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Abstract

Reperfusion after acute myocardial infarction further exaggerates cardiac injury and adverse remodeling. Irrespective of
cardiac cell types, loss of specifically the o isoform of the protein kinase GSK-3 is protective in chronic cardiac diseases.
However, the role of GSK-3a in clinically relevant ischemia/reperfusion (I/R)-induced cardiac injury is unknown. Here, we
challenged cardiomyocyte-specific conditional GSK-3a knockout (cKO) and littermate control mice with I/R injury and
investigated the underlying molecular mechanism using an in vitro GSK-3a gain-of-function model in AC16 cardiomyocytes
post-hypoxia/reoxygenation (H/R). Analysis revealed a significantly lower percentage of infarct area in the cKO vs. control
hearts post-I/R. Consistent with in vivo findings, GSK-3a overexpression promoted AC16 cardiomyocyte death post-H/R
which was accompanied by an induction of reactive oxygen species (ROS) generation. Consistently, GSK-3a gain-of-function
caused mitochondrial dysfunction by significantly suppressing mitochondrial membrane potential. Transcriptomic analy-
sis of GSK-3a overexpressing cardiomyocytes challenged with hypoxia or H/R revealed that NOD-like receptor (NLR),
TNF, NF-kB, IL-17, and mitogen-activated protein kinase (MAPK) signaling pathways were among the most upregulated
pathways. Glutathione and fatty acid metabolism were among the top downregulated pathways post-H/R. Together, these
observations suggest that loss of cardiomyocyte-GSK-3a attenuates cardiac injury post-I/R potentially through limiting the
myocardial inflammation, mitochondrial dysfunction, and metabolic derangement. Therefore, selective inhibition of GSK-3a
may provide beneficial effects in I/R-induced cardiac injury and remodeling.

Key messages e GSK-3a overexpression upregulates NOD-like receptor
e GSK-3a promotes cardiac injury post-ischemia/reperfu- (NLR), TNF, NF-kB, IL-17, and MAPK signaling path-
sion (I/R). ways in cardiomyocytes post-H/R.

e GSK-3aregulates inflammatory and metabolic pathways
post-hypoxia/reoxygenation (H/R).

GSK-3a downregulates glutathione and fatty acid meta-
bolic pathways in cardiomyocytes post-H/R.
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Introduction

Acute myocardial infarction (MI) is a common cause of
heart failure which is characterized by loss of cardiomyo-
cytes, infarct size expansion, left ventricle wall thinning, and
cardiac remodeling [1]. Percutaneous coronary intervention
(PCI) can effectively re-perfuse the infarcted cardiac tissue;
however, reperfusion further exacerbates the cardiac tissue
injury due to oxidative stress and cell death. No effective

Extended author information available on the last page of the article

treatment is currently available to limit PCI-induced cardiac
injury, progressive cardiac remodeling, and heart failure.
Glycogen synthase kinase-3 (GSK-3), a Ser/Thr kinase
downstream of Akt, has been reported to play key roles
in a variety of pathological conditions including cancers,
infertility, Alzheimer’s disease, diabetes, obesity, cardiac
development as well as cardiovascular diseases like MI and
pressure-overload (PO)-induced cardiac remodeling and
heart failure [2—7]. The two isoforms of GSK-3, a and f3, are
largely similar (~97%) in their catalytic domain but display
overlapping as well as unique functions [8—10]. GSK-3 was
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initially identified as one of the key regulators of glycogen
metabolism by modulating the rate-limiting enzyme glycogen
synthase [11]. Later, once cloned, GSK-3 was recognized as a
regulator of a variety of cell signaling pathways and cellular
processes including proliferation, differentiation, metabolism,
and cell death [12—-14]. Apoptosis and necrosis are the most
common types of cell death reported in ischemic cardiac dis-
eases. Ischemia/reperfusion (I/R) promotes cell death largely
through apoptosis and necrosis. Apoptosis is a well-explored,
programmed cell death mechanism that is regulated by sign-
aling pathways including caspase signaling and a variety of
mitochondrial components. In contrast, necrosis is character-
ized by cell swelling and a subsequent rupture followed by
releasing the intracellular contents [15, 16].

Accumulating evidence suggests that GSK-3a plays a cru-
cial role in heart diseases [3, 4]. In vivo studies employing
loss-of-function and gain-of-function models have shown
that GSK-3a plays a unique role in cardiac pathophysiol-
ogy [9, 10, 17-19]. These in vivo studies, employing chronic
ischemia and pressure overload (PO) models, have demon-
strated that GSK-3a limits cardiomyocyte proliferation and
promotes cardiac cell death and fibrosis, with consequent
adverse effects on remodeling. Most importantly, we recently
reported a key role of GSK-3a in mitochondrial dysfunction
and cardiomyocyte apoptosis. Loss of GSK-3« in cardio-
myocytes limits mitochondrial permeability transition pore
(mPTP) opening, cardiomyocyte death, fibrosis, adverse
cardiac remodeling, and dysfunction under chronic PO [20].

Cardiomyocyte-specific conditional targeting of GSK-3f3
is protective against ischemic cardiac disease [21]; however,
this has a detrimental cardiac effect in a diet-induced obe-
sity model [5]. The loss of GSK-3f in cardiac fibroblasts
promotes ischemia-induced fibrotic remodeling and heart
failure [22]. In stark contrast to GSK-3f, a recent study has
reported that loss of GSK-3a in cardiac fibroblasts limited
cardiac fibrosis post-MI [19]. Surprisingly, cardiomyocyte-
specific conditional double deletion of GSK-3a and GSK-3f
in the adult heart leads to cardiac fibrosis and fatal dilated
cardiomyopathy (DCM) even without cardiac stressors [23,
24]. These studies strongly suggest that targeting both GSK-3
isoforms chronically is not biologically useful, but irrespec-
tive of cardiac cell type, loss of GSK-3a is protective.

Available GSK-3 inhibitors target both isoforms o
and P non-selectively and have been validated in phase II
clinical trials for neurological disorders (ClinicalTrials.
gov:NCT01096082, NCT01543724) and used in the clinic.
Studies from double knockout raise concerns that chronic
use of non-selective inhibitors could lead to fibrotic cardiac
remodeling, DCM, and heart failure in patients. These stud-
ies provide a strong rationale for the selective targeting of
GSK-3a to limit I/R-induced cardiac injury.

Herein, we investigated the unknown role of GSK-3a in I/R-
induced cardiac injury by employing a cardiomyocyte-specific

@ Springer

GSK-3a knockout mouse model. To study the underlying mech-
anisms, transcriptomic studies were performed employing the
GSK-3a gain-of-function model in human AC16 cardiomyocyte
cells challenged with hypoxia/reoxygenation (H/R). We identified,
for the first time, that loss of GSK-3a in cardiomyocytes limits
I/R-induced cardiac injury. Consistently, GSK-3a overexpression
promotes cardiac cell death post-H/R through excess ROS genera-
tion and mitochondrial dysfunction. Mechanistically, GSK-3o was
identified to enhance inflammatory pathways including NOD-like
receptor (NLR), TNF, NF-kB, IL-17, and mitogen-activated pro-
tein kinase (MAPK) signaling pathways and metabolic derange-
ment in cardiomyocyte post-ischemic stressor.

Methods

Cardiomyocyte-specific conditional GSK-3a
knockout animal

Tamoxifen-inducible cardiomyocyte-specific GSK-3a
knockout mice were generated as described previously
[18]. Briefly, mice with a floxed exon 2 of GSK3A gene
(GSK3A™) were crossed with alpha-myosin heavy chain
(a-MHC) promoter-driven MerCreMer mouse for two gen-
erations to obtain GSK3A™Cr(+/~) genotype. At 12 weeks,
both GSK3AMCre(+/~)and littermate control GSK3A™" male
mice were treated with tamoxifen through feeding with a
tamoxifen containing chow diet for 2 weeks, followed by
two additional weeks on a regular diet to clear the tamox-
ifen from the circulation to minimize confounding factors.
All animal procedures were carried out as per current NIH
guidelines. The Institutional Animal Care and Use Com-
mittee (IACUC) of Vanderbilt University Medical Center
approved all animal procedures and treatments, and animal-
related experiments were performed at the Vanderbilt Uni-
versity Medical Center.

Cardiac ischemia/reperfusion surgery

Myocardial ischemia/reperfusion (I/R) surgery was per-
formed as described previously [25]. Briefly, post-tamoxifen
treatment and washout period, GSK3Aﬂ/ﬂC’€(knock0ut) and
littermate GSK3A™(control) mice were anesthetized with
2% isoflurane inhalation using an isoflurane delivery sys-
tem (Viking Medical, Medford, NJ). A skin cut of ~1.2 cm
was made on the left chest, and the heart smoothly popped
out. The left anterior descending coronary artery (LAD) was
ligated with a slipknot for 30 min. After ischemia, the slip-
knot was released gently to re-perfuse the myocardium. Post-
24 h reperfusion, the chest was re-opened in anesthetized
mice, and the LAD was re-ligated using the same suture.
Evan’s blue dye was injected through the aorta, and the heart
was quickly excised and frozen.
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Triphenyl tetrazolium chloride staining

Triphenyl tetrazolium chloride (TTC) staining was per-
formed using transverse heart sections as described pre-
viously [18]. The frozen whole heart was sliced into five
1-mm-thick sections and then incubated with 1% TTC
(Sigma #T8877) solution for 15 min at room temperature.
The imaging was done under an inverted Nikon microscope
using a 4X objective. The area at risk was calculated by
measuring Evan’s blue negative and TTC positive area, and
the infarcted area was calculated by measuring the TTC neg-
ative area with NIS-Elements software. Myocardial infarct
size is expressed as a percentage of the total LV area.

Cell culture and GSK-3a plasmid transfection
and treatment

AC16 cardiomyocytes were purchased from Sigma-Aldrich
(SCC109) and cultured as per vendor instructions. Briefly,
AC16 cells were maintained in Dulbecco’s Modified Eagle’s
Medium/F12 nutrient mixture (Sigma-Aldrich #D6434)
containing 2 mM L-glutamine supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin antibi-
otic cocktail (Sigma-Aldrich #P4333). The culture flasks
were incubated in a 37 °C CO, humidified incubator contain-
ing 5% CO, and 95% air. Cells were split at 80-90% conflu-
ency using 0.05% trypsin-EDTA (Sigma-Aldrich #T4299).
AC16 cells were transfected as described previously [26].
Briefly, 0.32x 10° AC16 cells were seeded onto 6-well tis-
sue culture plates. At~60% confluency, cells were serum-
starved with 1X Opti-MEM (Gibco #00448) for 2 h prior to
transfection with Flag control or Flag-GSK-3o0 WT human
plasmid using Fugene 6 (Promega #E2693) in a 3:1 ratio and
incubated for 4 h in a CO, incubator. After 4 h of transfec-
tion, an equal volume of complete DMEM containing 2X
FBS and 2X penicillin-streptomycin cocktail was added and
the cells incubated for a further 24 h in a CO, incubator.

Hypoxia and reoxygenation

The AC16 cardiomyocytes were challenged with H/R as
described previously [27]. Briefly, H/R was performed using
a regulated Whitley H45 hypoxic chamber and incubator.
Prior to challenging cells with hypoxia, media was replaced
with serum-free media and cells were incubated for 3 h in
a CO, incubator for acclimatization. Cells were then trans-
ferred to the hypoxic chamber containing 95% N,, 5% CO,,
and 1% O, concentrations, which was maintained through-
out the hypoxia period. Hypoxia incubation was done either
chronically (overnight) for cell death/viability assays or
acutely (6 h) for cell signaling studies, if otherwise speci-
fied. To simulate reperfusion conditions, cells were taken
out from the hypoxia chamber and media were replaced with

pre-warmed complete DMEM supplemented with 10% FBS
and 1% antibiotic cocktail and were incubated in a CO, incu-
bator for reoxygenation accordingly.

AnnexinV and 7-AAD labeling

To assess the level of cell death, Annexin V (Ann V) and
7-amino-actinomycin D (7-AAD) staining was performed as
described previously [28]. Briefly, an equal number of AC16
cardiomyocytes were seeded on 6 well culture plates, and
following transfection with GSK-3a or control plasmid, H/R
was performed. AC16 cells, including floating ones, were
harvested and collected through centrifugation at 600 g for
5 min. The supernatant was discarded, and cells were resus-
pended in a complete DMEM medium. A total of 0.4 x 10°
cells were re-suspended in 100 ul of Annexin binding buffer
(Biolegend #B266205) containing Ann V antibody (Biole-
gend 640906) and 7-AAD reagent (Biolegend 420403) and
incubated for 30 min at room temperature in the dark. After
30 min, 100 ul of PBS was added to each tube and vortexed
quickly. Results were acquired using BD FACS Aria III
Flow Cytometer and data analyzed using FlowJo software.

Reactive oxygen species measurement

To assess the total reactive oxygen species (ROS) generation
post-H/R, AC16 cells were seeded on 24 well tissue culture
plates and transfected with GSK-3a plasmid followed by H/R
for 6 h/2 h, respectively. 2',7'-Dichlorofluorescin diacetate
(DCFDA) (Sigma-Aldrich #D6883) was added to the cul-
ture plates at a concentration of 10 pM for 30 min. Results
were obtained using the spectrophotometer (Glomax) at an
excitation wavelength of 485 nm and an emission wavelength
of 535 nm. For cellular ROS generation, assay cells were
harvested, washed, resuspended in 100 pl PBS and stained
with 10 pM 2',7'-dichlorofluorescin diacetate (DCFDA) for
30 min. Results were acquired under BD FACS Aria III Flow
Cytometer, and data was analyzed using FlowJo.

Mitochondrial membrane potential assay

Mitochondrial membrane potential was assessed using
TMRE-mitochondrial membrane potential assay kit (Abcam
#113852) following the manual instructions. Briefly, 2 x 10
AC16 cells/well were seeded in 6 well plates and transfected
with either Flag or Flag-GSK-3a plasmid as described
above. Post-H/R, a cardiomyocyte group was treated with
20 pM FCCP (a compound that eliminates the mitochondrial
membrane potential) as a positive control for 10 min fol-
lowed by treatment with 200 nM TMRE for 20 min. Other
groups were treated with only either DMSO or TMRE. Cells
were harvested by trypsinization, and TMRE was detected
in the resuspended cells through flow cytometry.
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Cell lysate preparation and immunoblotting

LV tissue lysate was prepared as described previously [10].
For AC16 cardiomyocytes, post-H/R treatment cells were
placed on ice and washed twice with ice-cold PBS (Sigma-
Aldrich #8537). After PBS aspiration from culture plates, 1X
lysis buffer (Thermo Scientific TB263248), containing phos-
phatase and protease inhibitor cocktail (Abcam #ab201114),
was added to the culture plate. Cells were collected through
scrapers into microcentrifuge tubes. The lysate was centri-
fuged at 14,000 RPM at 4 °C for 20 min. The supernatant
was transferred to a fresh tube, and protein estimation was
done using a colorimetric protein assay (Bio-Rad #5000006).

Immunoblotting was performed as described previously
[27]. Briefly, an equal amount of protein was loaded on
4-12% gradient Tris-glycine SDS-polyacrylamide gel (Inv-
itrogen #NP0321BOX) and electrophoresed. The gel was
then transblotted onto nitrocellulose membranes using a
semi-dry method (Bio-Rad Trans-Blot Turbo). The mem-
brane was then blocked with 5% skimmed milk in 1X TBST
for 1 h. The membrane was incubated with primary antibod-
ies for GSK-3a/f (Cell Signaling #5676S), p-GSK-3a (Cell
Signaling #9327), COX IV (3E11) (Cell Signaling #4850),
B-actin (Sigma #A5441-2ML), and GAPDH (Fitzgerald
#10R-G109a) overnight at 4 °C. The next day membrane was
washed 3X with TBST solution for 5 min each and incubated
with a secondary antibody of Donkey anti-mouse IgG (HRP)
(Abcam #ab205724) or Goat anti-rabbit IgG (HRP) antibody
(Abcam #ab6721) for 1 h on a shaker at room temperature.
After washing with TBST, the membrane was quickly incu-
bated with a Clarity Western ECL Substrate Kit (Bio-Rad
#170-5060) and the blot developed under a gel documenta-
tion system (Bio-Rad Chemidoc Touch Imaging System).
Blot quantification was done using ImagelJ software, and all
samples were normalized with respective loading controls.

Mitochondrial extraction

A total of 1x 10% AC16 cells were seeded and reoxygenated
for 6 h post-hypoxia. Cells were harvested and rinsed with
ice-cold PBS and pelleted. Cell pellets were then frozen
overnight and thawed the following day to weaken the cell
membranes. Mitochondrial extraction was carried out as
per manufacturer’s protocol (Abcam ab110170). Briefly,
cells were resuspended in a hypotonic buffer, reagent A,
to a concentration of 5 mg/ml and incubated on ice for
10 min, followed by homogenization. After centrifuga-
tion, the supernatant was collected and labeled as “1.” The
remaining pellet was resuspended in reagent B and centri-
fuged, and the supernatant was collected as “2.” Superna-
tants 1 and 2 were combined, mixed vigorously, and centri-
fuged. The mitochondrial pellet was resuspended in reagent
C, supplemented with protease and phosphatase inhibitors.
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For cytosolic extraction, acetone precipitation was carried
out. Ice-cold acetone was added to the remaining superna-
tant from the samples, vortexed, incubated for 90 min at —20
°C, and then centrifuged. The pellet was air dried for 30 min
and then subjected to lysis using RIPA buffer supplemented
with protease and phosphatase inhibitors. After centrifuga-
tion, the supernatant was collected and used as the cytosolic
fraction for Western blotting.

RNA extraction and cDNA preparation

Total RNA was isolated from AC16 cells using RNeasy kit 74106
(Qiagen), and complementary DNA (cDNA) was prepared as
described previously [27]. Briefly, cells were lysed directly with
lysis buffer containing -mercaptoethanol followed by ethanol
washing. RNA was eluted and dissolved in RNase-free water.
The quality of total RNA was assessed by OD,,/OD,g, and
OD,/OD,5, ratios using a NanoDrop. cDNA was synthesized
using iScript™ cDNA Synthesis Kit (Bio-Rad #170-8891).

Library construction, quality control,
and sequencing

For sequencing, mRNA was purified from total RNA using
poly-T oligo-attached magnetic beads. The first strand cDNA
was synthesized, and the library was checked with Qubit and
real-time PCR for quantification and bioanalyzer for size
distribution detection. Quantified libraries were pooled and
sequenced on Illumina platforms. Clustering of the index-
coded samples was performed according to the manufac-
turer’s instructions, and paired-end reads were generated.

For analysis, raw reads of FASTQ format were processed
through in-house Perl scripts and clean reads were obtained
by removing reads containing adapter, reads containing
poly-N, and low-quality reads from raw data. Q20, Q30, and
GC contents for the clean data were calculated. The quality
of produced data was determined by Q20 at each cycle.

RNA-seq data analysis

Transcriptomic analysis was performed as described previ-
ously [29, 30]. Briefly, the expected number of fragments per
kilobase of transcript sequence per million (FPKM) base pairs
sequenced was determined with consideration of the effect
of sequencing depth and gene length for the reads counted at
the same time. FPKM of each gene was calculated based on
the length of the gene and read count mapped to this gene.
Differential expression analysis of two conditions/groups
(triplicates per condition) was performed using the DESeq2
R package (1.20.0), which determines differential expression
in digital gene expression data using a model based on the
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negative binomial distribution. The resulting p-values were
adjusted using Benjamini and Hochberg’s approach for con-
trolling the false discovery rate (FDR). Genes with an adjusted
p-value <0.05 found by DESeq2 were assigned as differen-
tially expressed. In gene set enrichment analysis (GSEA),
the genes were ranked according to the degree of differential
expression in the two samples, and then, the predefined gene
sets were tested to see if they were enriched at the top or bot-
tom of the list. Enrichment was performed with Gene Ontol-
ogy (GO) analysis of differentially expressed genes which
was implemented by the clusterProfiler R package and GO
terms with adjusted p-values <0.05 considered significantly
enriched, differentially expressed genes. KEGG, DisGeNET,
and Reactome were the databases used for enrichment analy-
sis. clusterProfiler software was used to test the statistical
enrichment of differentially expressed genes in the KEGG,
Reactome pathway, and DisGeNET pathway.

Quantitative real-time PCR (qRT-PCR)

A set of top dysregulated genes were randomly selected for
qRT-PCR to validate the transcript data. qRT-PCR was per-
formed as described previously [31]. Briefly, total RNA was
extracted using the RNeasy kit (Qiagen), and cDNA was
synthesized using SuperScript II reverse-transcriptase (Life
Technologies). qRT-PCR was performed using SYBR Green
PCR master mix and appropriate primers (Sup Table 1).
The calculations were performed using the delta-delta-Ct
method, and results were normalized with GAPDH.

Statistical analysis

Differences between data groups were evaluated for signifi-
cance using an unpaired ¢-test or one-way/two-way ANOVA
followed by Tukey’s post hoc test for multiple comparisons

Fig.1 Cardiomyocyte-GSK-3a
inactivation promotes I/R-
induced cardiac injury. A
Immunoblotting using LV

A

(GraphPad Prism Software Inc., San Diego, CA). Data are
presented as mean + SEM. For all tests, a p-value <0.05 was
considered statistically significant.

Results

GSK-3a promotes ischemia/reperfusion-induced
cardiacinjury

Post-tamoxifen treatment, cardiomyocyte-specific condi-
tional KO mice were characterized for levels of GSK-3a
expressed in the heart. Immunoblotting of LV lysates
revealed ~90% reduction in GSK-3a protein expression in
the cKO vs. littermate controls whereas the level of GSK-3f
was unchanged, as expected. Irrespective of genotype, the
protein levels of GSK-3p were significantly higher in com-
parison to GSK-3a in the LV tissues (Fig. 1A, B). To iden-
tify the specific role of GSK-3a in ischemia/reperfusion
(I/R)-induced cardiac injury, cKO and littermate controls
were subjected to I/R. Following TTC staining, the area
at risk and infarcted area were measured and the LV per-
centage was calculated. The area at risk was comparable
between cKOs vs. control hearts, but there was significantly
less infarcted area in GSK-3a cKOs compared to the con-
trol hearts subjected to I/R (Fig. 1C, D). These data suggest
that GSK-3a promotes I/R-mediated cardiac tissue loss and
deletion of GSK-3a in cardiomyocytes limits I/R-induced
cardiac injury.

GSK-3a overexpression promotes AC16
cardiomyocyte death post-hypoxia/reoxygenation

To better understand the potential role of GSK-3a in a model
of I/R, AC16 cardiomyocytes were employed. First, we
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assessed the GSK-3a activity in AC16 cardiomyocytes chal-
lenged with H/R. A significantly increased level of GSK-3a
phosphorylation at Serine 21 (associated with inhibition)
was observed in cardiomyocytes post-H/R (6 h/4 h) (Fig. 2A,
B). We then transiently transfected AC16 cells with either
Flag control or wild-type human Flag-GKS-3a plasmid to
generate a gain-of-function model. AC16 cells were trans-
fected for two different time points (24 and 48 h). Trans-
fection efficiency of the plasmid was verified by assessing
the total GSK-3a protein expression level compared to their
respective Flag control group. The total level of GSK-3a
protein was found to increase by ~4 fold after 24 h of trans-
fection (Fig. 2C, D). This time point was selected for further

experiments. The H/R model was used to simulate in vivo
acute I/R conditions. Flag or Flag-GSK-3a transfected cell
groups were exposed to either normoxia or H/R, and the
level of cardiomyocyte death was assessed using Annexin-V
and 7-AAD labeling (Fig. 2E). The cell viability was sig-
nificantly lower in GSK-3a overexpressing cardiomyocytes
post-H/R (Fig. 2F). We observed significantly higher cell
death both in controls and GSK-3a overexpressing cardio-
myocytes subjected to H/R when compared to normoxia
groups. The level of necrotic cell death was comparable
between GSK-3a overexpressing vs. control cardiomyocyte
groups challenged with H/R (Fig. 2G). However, a signifi-
cantly higher degree of cell death (measured by both early
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Fig.2 GSK-3a promotes cardiomyocyte death post-H/R. A Immu-
noblotting and B quantification show time-dependent increases of
GSK-3a phosphorylation (inhibition) under H/R. C Representative
immunoblot shows endogenous expression levels of GSK-3a/f and
expression of transfected Flag-GSK-3a in AC16 cardiomyocytes. D
Quantification shows significantly increased GSK-3a expression in
transfected cardiomyocytes. E Representative flow cytometry scat-
ter dot plots show Annexin-V-FITC and 7-AAD staining in control
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and GSK-3a overexpressing cardiomyocytes under normoxia or
hypoxia-reoxygenation (H/R) conditions. The bar diagrams show the
percentage of F viable cells, G total necrotic cells, H total apoptotic
cells, and I cells in late apoptosis. Upon H/R, cells overexpressing
GSK-3a exhibited significant decreases in cell viability and increases
in apoptosis compared to normoxia control groups. n=6 each group;
*p<0.05, **p <0.005, ***p <0.0005
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and late apoptosis) was observed in GSK-3a overexpressing
vs. control cells subjected to H/R (Fig. 2H, I). Most impor-
tantly, among the apoptotic cell population, late apoptotic
cells (dual positive for Annexin-V and 7-AAD) were more
prevalent than early apoptotic cells (Fig. 2H, I). These obser-
vations suggest that GSK-3a promotes cardiomyocyte death
post-H/R.

GSK-3a promotes ROS production in AC16
cardiomyocytes post-H/R

Levels of ROS are known to increase upon stresses such as
I/R. An increased level of ROS is damaging to the cell and
can induce cell death leading to cardiac injury upon I/R.
Since overexpression of GSK-3a exacerbates cardiomyocyte

apoptosis (Fig. 2E-I), we hypothesized that GSK-3a pro-
motes cell death through induction of ROS generation post-
H/R. In this series of experiments, GSK-3a overexpressing
AC16 cardiomyocytes and control groups were subjected
to either normoxia or H/R. Total and cellular ROS levels
were measured using DCFDA staining. Total ROS genera-
tion was assessed by measuring the fluorescence intensity
of DCFDA in the culture plate containing cells and medium.
Irrespective of GSK-3a overexpression, ROS generation was
increased in H/R compared to normoxia groups. However,
consistent with the level of cell death, ROS generation was
significantly elevated in the GSK-3a overexpressing vs. con-
trol cells post-H/R (Fig. 3A).

Since intracellular ROS has a direct effect on mitochon-
drial function, we sought to assess the level of specifically
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Fig.3 GSK-3a induces reactive oxygen species and mitochondrial
dysfunction in cardiomyocytes post-H/R. A Bar diagrams show the
mean fluorescence intensity (MFI) of dichlorodihydrofluorescein
diacetate (DCFDA) in control and GSK-3a overexpressing cardio-
myocytes post-hypoxia-reoxygenation (H/R) measuring total reac-
tive oxygen species (ROS) generation. n=6 for each group. B ROS
analysis by FACS indicates that GSK-3a overexpression significantly
increases the percentage of DCFDA-positive cells compared to nor-
moxia and H/R control groups. C Mitochondrial membrane poten-

tial (MMP) was measured in AC16 cells using TMRE red, and rep-
resentative histograms show the MMP levels in DMSO, FCCP, Flag
controls, and GSK-3a overexpressing cell groups. D TMRE (MMP)
quantification reveals a low signal in the DMSO only control com-
pared to FCCP (positive control) in the AC16 cells. GSK-3a overex-
pression in AC16 cells significantly reduced MMP in comparison to
the Flag-transfected control group. n=3; **p <0.005, ***p <0.0005,
*#x%p <0.0001
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cellular ROS in AC16 cardiomyocytes post-H/R. Trans-
fected AC16 cells were subjected to H/R along with appro-
priate vehicle and normoxia controls. Post-H/R, cells were
stained with DCFDA, and flow cytometry analysis was
done to measure DCFDA-positive cardiomyocytes. Con-
sistent with results that displayed increased levels of cell
death in the GSK-3a overexpression group, a significantly
higher number of DCFDA-positive cells were identified in
GSK-3a overexpressing cells vs. control groups post-H/R
(Fig. 3B). These findings strongly suggest that increased
level of GSK-3a induces ROS generation post-H/R.

Mitochondrial GSK-3a overexpression suppresses
mitochondrial membrane potential post-H/R

I/R-induced cardiac cell deaths are largely regulated by an
aberrant mitochondrial function. The mitochondrial mem-
brane potential (AWm) is an essential component in the
process of energy storage during oxidative phosphorylation
(OXPHOS) [32]. We hypothesized that GSK-3a modulates
mitochondrial membrane potential in I/R. To address this,

Cytosolic

GSK-3a overexpressing AC16 cardiomyocytes and control
cells were challenged with H/R and A¥Wm was assessed
through tetramethyl rhodamine ethyl ester (TMRE) stain-
ing. FACS analysis showed a significantly lower AWm in
the cells overexpressing GSK-3a compared to the control
group (Fig. 3C, D).

We next assessed the expression levels of GSK-3 iso-
forms in cytosolic and mitochondrial fractions and explored
whether their levels change under H/R. We observed signifi-
cantly higher levels of both GSK-3a and GSK-3f isoforms
in the cytosolic fraction under H/R compared to normoxia
(Fig. 4A-C). Interestingly, GSK-3 isoform levels were low
in mitochondria under normoxia but profoundly elevated
upon H/R (Fig. 4A—C) though the ratio of GSK-3x vs.
GSK-3p was comparable both in cytoplasm as well as mito-
chondria (Fig. 4D). These observations indicate that H/R
promotes expression of GSK-3 isoforms in mitochondria,
which directly facilitates the suppression of A¥m. These
results strongly suggest that GSK-3a plays critical roles in
regulating mitochondrial function post-I/R.

Mitochondrial
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Fig.4 H/R induces the expression of GSK-3 isoforms in mitochon-
dria. Representative Western blot images (A) and quantification show
higher levels of B GSK-3a and C GSK-3f in cytosolic (including
nuclear) and mitochondrial fractions of AC16 cells post-H/R vs. nor-
moxia. D The relative expression of GSK-3a vs. GSK-3f in both cel-
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lular compartments was comparable. The levels of GSK-3 isoforms
in cytosolic fraction were normalized with B-actin and mitochon-
drial fraction with mitochondrial marker COX IV. n=3, **p <0.005,
**%p <0.0005, #**+*p <0.0001
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Transcriptomic profiling of GSK-3a overexpressing
human cardiomyocyte identifies several novel
potential targets

To investigate the molecular mechanism underscoring the
identified role of GSK-3a in I/R-induced cardiac injury,
RNA transcriptomic studies were performed in cardio-
myocytes subjected to normoxia, hypoxia, or H/R. mRNA

sequencing and transcriptomic analysis revealed differ-
entially expressed genes and pathways associated with
GSK-3a overexpression compared to control cells. We
performed differential gene expression analysis in each
cluster to identify GSK-3a-dependent changes (Fig. 5A).
The analysis revealed that 549 genes were upregulated
while 330 genes were downregulated under normoxia
conditions (Fig. 5A). Moreover, increased expression
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Fig.5 Transcriptomic analysis of GSK-3a overexpressing AC16
cardiomyocytes. A Differential gene expression (DGE) analysis in
GSK-3a overexpressing and Flag control cardiomyocytes under dif-
ferent conditions shows the number of upregulated and downregu-

lated genes. B Venn diagrams show the number of overlapping and

differentially expressed genes between GSK-3a overexpressing and
Flag control cardiomyocytes under normoxia, hypoxia, and hypoxia/
reoxygenation (H/R). C Volcano plots show upregulated (red dots),
downregulated genes (green dots), and non-significantly different
genes within the threshold line (blue dots)
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of GSK-3ua differentially regulated 2664 and 2263 genes
during hypoxia and HR, respectively, compared to Flag-
transfected controls. Specifically, CCNDI and IL24 were
the most upregulated genes post-H/R. These observations
indicate that the GSK-3a overexpression dysregulates a sig-
nificant number of genes under stress conditions. The top

differentially expressed genes in each treatment condition
are listed in Table 1 and Suppl. Tables 1-3.

Further analysis revealed several uniquely and differen-
tially expressed genes in these stress conditions. GSK-3a
overexpression in cardiomyocytes was associated with
induction of 382 genes while 251 genes were repressed

Table 1 The top 10 differentially expressed genes (based on p-adjusted values) in cardiomyocytes challenged with different stressors

GSK-3a vs. Flag (normoxia)

Upregulated Downregulated

Gene p-adj log2FoldChange Gene p-adj log2FoldChange
MX1 247E-129 6.295 TNFRSF10D 1.37E-07 —-1.155
OAS2 4.16E-106 6.667 NT5DC2 7.63E-06 —0.969
OAS1 2.94E-72 5.482 LTBPI 2.13E-05 -0.713
IFI6 2.10E-62 4.136 ACO011330.1 2.61E-05 —1.690
IF127 2.29E-61 5.997 RFLNB 3.26E-05 —0.692
BST2 1.16E-42 5.045 NANOSI1 7.30E-05 -2.015
ISG15 1.58E-41 3.557 METTL7A 0.00011 —-0.796
IFITM1 7.46E-37 3.696 MTURN 0.000115 —-0.882
OAS3 3.54E-35 2.419 TRIM16L 0.000143 —-0.885
XAF1 3.24E-34 3.428 CERK 0.000297 —0.635
USP18 3.46E-32 6.295 KIF20A 0.000336 —1.155
GSK-3a vs. Flag (hypoxia)

Upregulated Downregulated

Gene p-adj log2FoldChange Gene p-adj log2FoldChange
GSK3A 1.57E-87 5.900 TSC22D3 1.59E-09 -1.674
OAS3 1.47E-66 4.028 UNCI119B 4.76E-07 -1.332
BST2 1.01E-64 6.013 PCYOX1 4.80E-06 —1.446
OAS1 1.05E-62 6.007 ABCC4 1.03E-05 —1.508
MX2 3.24E-62 6.708 BHLHE41 1.68E-05 -1.517
IFI6 2.20E-55 3.906 MAP7D3 2.15E-05 -1.212
OAS2 4.05E-55 5.192 RPA1 3.88E-05 —1.060
CMPK2 6.29E-48 6.353 RPL26 3.90E-05 -1.311
MX1 7.47E-46 5.246 RBMSA 5.54E-05 —1.095
HELZ2 1.31E-45 3.552 BX679664.3 6.12E-05 —1.299
GSK-3a vs. Flag (hypoxia/reoxygenation)

Upregulated Downregulated

Gene p-adj log2FoldChange Gene p-adj log2FoldChange
CCND1 3.22E-16 2.670 LCNL1 3.29E-10 —3.589
1L24 2.64E-15 3.140 OLFML2A 3.79E-10 —1.587
ISG15 3.52E-15 2.675 LRRC17 4.25E-10 -1.979
PDCDILG2 1.33E-12 2.097 AKRI1C3 4.29E-10 -2.076
GSK3A 1.43E-12 2.346 METTL7A 5.72E-10 -2.414
RGS4 1.86E-12 1.981 PCDHI8 1.58E-09 -2.357
IFI6 5.52E-12 3.196 TUBAIA 4.33E-09 —1.400
KRT34 2.75E-11 2.423 TMEM119 1.73E-07 -2.276
DKK1 6.66E-11 1.777 FAM198B 1.92E-07 -2.154
ABCC9 1.06E-10 3.502 PEG10 2.02E-07 —1.403
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in the absence of stressor. This number of dysregulated
genes profoundly increased in cardiomyocytes challenged
with hypoxia where 550 genes were upregulated while
523 genes were downregulated in GSK-3a overexpress-
ing AC16 cardiomyocytes vs. control. Reoxygenation after
hypoxia further increases the number of upregulated genes
to 579; however, the number of downregulated genes was
less (346) in H/R vs. hypoxia (Fig. 5B). Volcano plot analy-
sis revealed statistically significant differentially expressed
genes in GSK-3a overexpressing cardiomyocytes relative
to control cells under different conditions (Fig. 5C). The
total numbers of upregulated genes were 1484 in cells chal-
lenged with H/R, 1488 genes in hypoxia, and 549 genes in
normoxia group while 979 genes were repressed in H/R,
1176 genes in hypoxia, and 330 genes in normoxia groups,
respectively. These results show the gain-of-GSK-3a func-
tion impacts significant numbers of genes in addition to
uniquely expressed genes in all three conditions.

GSK-3a regulates genes associated with ECM
organization, inflammatory pathways,
and metabolic derangement in cardiomyocytes

The list of differentially expressed genes was analyzed for
GO terms and KEGG pathway enrichment (p <0.05) to
gain insights into the molecular processes that are affected
by GSK-3a in normoxia, hypoxia, and reoxygenation. The
significant GO terms enriched in upregulated genes in nor-
moxia conditions were ECM, response to /FNy and other
immunology-related terms (Fig. 6A), while the most signifi-
cant downregulated pathways were related to cell substrate
junctions and cell substrate adhesion junctions (Fig. 6B). In
cardiomyocytes challenged with hypoxia, the most signifi-
cant upregulated term was inflammatory response; however,
the most downregulated processes were related to ATPase
activity, acyl-CoA, thioester, and other similar metabolic pro-
cesses (Suppl. Fig. 1A, B). Upon reoxygenation, the immune-
related genes were profoundly upregulated; however, the
terms related to ECM, focal adhesion, and cell-substrate
adherens junctions were downregulated (Fig. 6C, D).
KEGG pathway analysis revealed that genes associ-
ated with JAK-STAT and TNF signaling pathways and
cytokine-cytokine receptor interaction were most enriched
in the upregulated set in GSK-3a overexpressing AC16
cells under normoxia (Fig. 7A). However, the primary
KEGG pathways enriched in the downregulated genes were
mostly related to metabolism, including 2-oxo carboxylic
acid and glutathione metabolism (Fig. 7B). In hypoxic
conditions, the main KEGG pathways including NOD-like
receptor, TNF, NF-xB, C-type lectin receptor (CLR), toll-
like receptor (TLR), and JAK-STAT signaling pathways
were enriched in the upregulated genes (Suppl. Fig. 1C).
In contrast, metabolic pathways including fatty acid and

pyruvate metabolism and OXPHOS were enriched in the
downregulated gene set (Suppl. Fig. 1D). Consistent with
hypoxia, NOD-like receptor (NLR), TNF, and NF-xB sign-
aling pathways were most enriched in upregulated genes in
cells challenged with H/R. Interestingly, mitogen-activated
protein kinase (MAPK) and interleukin-17 (IL-17) signal-
ing pathways were specifically enriched in the upregulated
genes of AC16 cells challenged with H/R, and these were
not observed in cells challenged with hypoxia (Fig. 7C,
Table 2). Glutathione metabolism was one of the most
enriched pathways in the downregulated genes of GSK-3a
overexpressing cardiomyocytes post-H/R, which was not
seen in the cells post-hypoxia (Fig. 7D). These observa-
tions suggest that GSK-3a activity modulates ECM organi-
zation, inflammation, and metabolism in cardiomyocytes
in post-stress conditions.

Validation of top dysregulated genes

Based on adjusted p-value and Log2 fold change, we randomly
selected several of the highly differentially regulated genes
(five most upregulated and downregulated) for validation. The
overexpression of GSK-3a was first validated in the overex-
pressing cells; then, mRNA expression levels of PDCDILG?2,
CCNDI,1L24,ISG15, and RGS4 genes were assessed from the
upregulated group (Fig. 8A) and genes LCNLI, OLFML2A,
LRRC17,AKRIC3, and PCDH1S8, from the downregulated
group (Fig. 8B). These data confirmed the trends of gene
expression observed in transcriptome sequencing.

Discussion

Ischemic attack followed by reperfusion/stenting promotes
myocardial cell death through apoptosis and/or necrosis and
is associated with ROS production and mitochondrial dys-
function [16]. However, a better understanding of under-
lying molecular mechanisms of I/R-induced cardiac cell
death would help design an effective therapeutic strategy
to limit cardiac damage and remodeling post-I/R. Herein,
we identified, for the first time, that cardiomyocyte-specific
loss of GSK-3a significantly limits cardiac injury post-I/R.
In vitro studies further attest the in vivo findings as increases
in GSK-3a expression enhanced ROS production, mitochon-
drial dysfunction, and cardiomyocyte death post-H/R. The
transcriptomic studies support the notion that GSK-3a acts
to promote inflammatory pathways and metabolic derange-
ment in the heart post-I/R.

The cell survival Akt/PKB pathway plays critical roles
in cardiac pathogenesis [33, 34]. Akt is activated through
upstream extracellular stimuli such as growth factors and
cytokines [35]. It is well documented that Akt activation is
critically important for the activity of downstream GSK-3a
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Table 2 The top differentially

S.no. KEGGID Pathway p-value p-adj Gene count

regulated pathways (based on

p-adjusted \{alues) if} GSK-3a Significantly upregulated pathways

;Z:f;‘ll/’l;e“mg cardiomyocyte 1 hsa05164  Influenza A 1.33E-06  0.00038 26
2 hsa04064 NF-kappa B signaling pathway 5.05E-05  0.005355 17
3 hsa04668 TNF signaling pathway 5.62E-05  0.005355 20
4 hsa05202 Transcriptional misregulation in cancer ~ 7.83E-05  0.005601 26
5 hsa05323 Rheumatoid arthritis 0.000138  0.007876 14
6 hsa04380 Osteoclast differentiation 0.000231  0.011004 18
7 hsa04621 NOD-like receptor signaling pathway 0.000404  0.01651 23
8 hsa04060 Cytokine-cytokine receptor interaction 0.00098 0.035043 26
9 hsa04010 MAPK signaling pathway 0.001224  0.038112 34
10 hsa05169 Epstein-Barr virus infection 0.001333  0.038112 23
11 hsa05168 Herpes simplex infection 0.001466  0.038112 21
Significantly downregulated pathways
1 hsa00100 Steroid biosynthesis 7.59E-06  0.002118 8
2 hsa00480 Glutathione metabolism 6.91E-05  0.009635 11
3 hsa00900 Terpenoid backbone biosynthesis 0.000178  0.016538 7
4 hsa01040 Biosynthesis of unsaturated fatty acids 0.000349  0.02434 7

and its roles played in the cellular processes. Our in vivo ~ mitochondrial dysfunction and decreases in ATP produc-
studies show that the specific loss of GSK-3a limits I/R- tion which, ultimately, induces cell death [37]. Similarly,
induced cardiac injury. The related protein kinase GSK-3f  we observed that GSK-3a overexpression promotes ROS
has also been reported to limit I[/R-induced cardiac injury = generation and cardiomyocyte death post-H/R. Here,
by regulating mTOR and autophagy [36]. Myocardial =~ we have shown that H/R induces the GSK-3a expres-
I/R induces an enormous amount of ROS generation and  sion in mitochondria that essentially acts to suppress
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GSK-3a overexpressing vs. Flag control cardiomyocytes post-hypoxia/reoxygenation (H/R)
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the mitochondrial membrane potential which is essential
for the process of energy storage during OXPHOS [32].
Dysregulated OXPHOS can also alter cellular metabolic
homeostasis, and cells are often forced to shift to less
efficient, alternative energy production pathways. Our
transcriptomic studies indicate that gain-of-GSK-3a func-
tion significantly downregulates the OXPHOS pathway
in cardiomyocytes post-H/R, which is consistent with the
observed detrimental role of GSK-3a post-I/R. These find-
ings are in complete agreement with our previous ex vivo
and in vivo studies where we reported that GSK-3a over-
expression reduces the maximum respiration capacity of
the mitochondria and OXPHOS ATP production in cardio-
myocytes [20]. These observations suggest that GSK-3a
induces cardiac cell death partly through regulating mito-
chondrial bioenergetics post-I/R.

Accumulating evidence suggests that inflammatory media-
tors play a crucial role in I/R-induced cardiac injury [16].
Our transcriptomic studies displayed profound upregulation
of inflammatory genes /L24 and pro-inflammatory signal-
ing pathways such as NOD-like receptor, TNF, NF-xB, CLR,
TLR, and JAK-STAT in cardiomyocytes overexpressing
GSK-3a under stressor. Normally, cytokines and growth fac-
tors play important roles in healing processes post-infarction
[38]. However, the recruitment of excess amounts of inflam-
matory mediators further damages cardiac tissue. Though the
relative role of IL-24 in acute cardiac injury is not well char-
acterized, a recent study demonstrates that [L-24 promotes
acute renal injury post-I/R [39], which is consistent with our
finding of higher cardiac cell death in a model of acute cardiac
I/R. It was previously unclear whether IL-24 is expressed by
cardiomyocytes, but we observed a significant upregulation,
at least at mRNA level, of IL-24 in AC16 cardiomyocytes
post-H/R. IL-24-mediated signaling promotes secretion of
inflammatory cytokines such as IFN-vy, IL-6, and TNF-a and
increases inflammatory cell migration and recruitment [40].
Moreover, IL-24 is also known to activate the JAK/STAT
pathway [41] which was identified as one of the most upreg-
ulated pathways in GSK-3a overexpressing cardiomyocytes
post-hypoxia but not H/R. However, pro-inflammatory TNF,
NF-xB, and NLR signaling pathways were found upregulated
both under hypoxia and H/R conditions.

Interestingly, IL-17 and MAPK signaling pathways were
upregulated in GSK-3a overexpressing cardiomyocytes spe-
cifically under H/R which suggests the specific implications
of these pathways in GSK-3a-mediated H/R-induced cell
deaths. There is evidence to suggest that IL-17-mediated
signaling induces the expression of a variety of chemokines
and cytokines in target cells [42, 43]. Though the precise role
of IL-17 in I/R-induced cardiac injury is undefined, recent
studies have reported the key roles of IL-17 in I/R-induced
inflammatory processes and renal and intestinal injuries [44,
45]. Consistent with these reports, our transcriptomic studies

revealed upregulation of IL-17 signaling pathways which
suggests that GSK-3a may play a pivotal role in the induc-
tion of IL-17-mediated inflammatory reaction post-I/R. A
study suggested that IL-17 induces I/R-mediated cell death
and injury through MAPK pathway activation [44]. In agree-
ment, MAPK pathway signaling was found to be profoundly
upregulated in the GSK-3a overexpressing cardiomyocytes,
particularly under H/R condition. Hence, GSK-3a promotes
I/R-induced inflammatory reaction and cell death potentially
through activation of MAPK.

Other than inflammatory pathways, we identified
GSK-3a as an important regulator of cardiac metabolism
under stressors. Several metabolic pathways, including
glutathione and fatty acid metabolism, were among the top
downregulated pathways in the GSK-3a overexpressing
cells post-H/R. Glutathione is considered a potent endog-
enous antioxidant system that helps in detoxifying xenobi-
otics, scavenging ROS, and balancing cellular redox, which
ultimately limits oxidative damage and cell death in the
ischemic heart [46, 47]. GSK-3a-mediated downregulation
of glutathione metabolism may partly contribute to elevated
levels of ROS and oxidative stress in GSK-3a overexpressing
cardiomyocytes. Studies have demonstrated that glutathione
protects the heart from peroxynitrite-induced damage post-
I/R [48, 49]. It is possible that GSK-3« induces peroxynitrite
levels in cardiomyocytes through downregulation of the glu-
tathione metabolism pathway post-I/R which may, in part,
contribute to increased cell death.

In summary, we have identified a critical role of GSK-3a
in promoting cell death under I/R conditions. Cardiomy-
ocyte-specific loss of GSK-3a promotes cardiac injury
post-I/R. GSK-3a overexpression significantly reduced cell
viability and enhanced cardiomyocyte apoptosis post-H/R,
which were accompanied by increased ROS generation
and mitochondrial dysfunction. Transcriptomic analysis
of GSK-3a overexpressing cardiomyocytes revealed that
GSK-3a plays important roles in regulating inflammatory
pathways and cellular metabolism under conditions that
model ischemic stressors suffered by the heart. An increase
in GSK-3a function upregulates MAPK, NLR, TNF,
NF-xB, and IL-17 signaling pathways and downregulates
glutathione and fatty acid metabolism indicating induction
of inflammation and metabolic derangement in cardiomyo-
cytes under ischemic stressors. These findings suggest that
targeting specifically GSK-3a may limit cardiac injury and
remodeling post-I/R. Small molecule inhibitors selective
for GSK-3a may have therapeutic benefits in conditions
associated with ischemic cardiac injury.
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