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Cardiomyocyte-specific overexpression
of GPR22 ameliorates cardiac injury in mice
with acute myocardial infarction

Chin-Chuan Chang'?3, Chih-Hung Chen?, Shu-Yuan Hsu>®" and Steve Leu®”

Abstract

Background The activation of G protein-coupled receptors (GPCR) signaling by external stimuli has been implicated
in inducing cardiac stress and stress responses. GPR22 is an orphan GPCR expressed in brains and hearts, while its
expression level is associated with cardiovascular damage in diabetes. Previous studies have suggested a protective
role of GPR22 in mechanical cardiac stress, as loss of its expression increases susceptibility to heart failure post-
ventricular pressure overload. However, the involvement and underlying signaling of GPR22 in cardiac stress response
to ischemic stress remains unexplored.

Methods In this study, we used cultured cells and a transgenic mouse model with cardiomyocyte-specific

GPR22 overexpression to investigate the impact of ischemic stress on GPR22 expression and to elucidate its role in
myocardial ischemic injury. Acute myocardial infarction (AMI) was induced by left coronary artery ligation in eight-
week-old male GPR22 transgenic mice, followed by histopathological and biochemical examination four weeks post-
AMI induction.

Results GPR22 expression in H9C2 and RL-14 cells, two cardiomyocyte cell lines, was decreased by cobalt

chloride (CoCl,) treatment. Similarly, reduced expression of myocardial GPR22 was observed in mice with AMI.
Histopathological examinations revealed a protective effect of GPR22 overexpression in attenuating myocardial
infarction in mice with AMI. Furthermore, myocardial levels of Bcl-2 and activation of PI3K-Akt signaling were
downregulated by ischemic stress and upregulated by GPR22 overexpression. Conversely, the expression levels of
caspase-3 and phosphorylated ERK1/2 in the infarcted myocardium were downregulated with GPR22 overexpression.

Conclusion Myocardial ischemic stress downregulates cardiac expression of GPR22, whereas overexpression of
GPR22 in cardiomyocytes upregulates Akt signaling, downregulates ERK activation, and mitigates ischemia-induced
myocardial injury.
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Background

G protein-coupled receptors (GPCRs) constitute the larg-
est and most diverse group of membrane-bound recep-
tors, characterized by a conserved structure comprising
seven transmembrane a helices, an extracellular N-ter-
minus, and an intracellular C-terminus [1, 2]. Initiation
of GPCR-mediated signal transduction occurs through
the sensing of molecules from extracellular stimuli, fol-
lowed by activation of intracellular signaling pathways
via coupling to G proteins [2, 3]. Heterotrimeric G pro-
teins are organized in a manner utilizing one « subunit
alongside one  and y subunits [4]. Upon binding to spe-
cific ligands, GPCRs undergo a conformational change,
leading to the dissociation of Ga from Gy subunits [4].
Ga-subunits are classically divided into four families
based on similarity: Gai/o, Gas, Gaq/11, and Gal2/13.
Each Ga-family activates a distinct profile of effectors,
such as adenylyl cyclase and phospholipase C, and then
continues diverse signaling cascades [5]. Apart from ade-
nylyl cyclase pathways, GPCR signaling is also reported
to regulate the activation of mitogen-activated protein
kinase (MAPK) and Akt pathways [6—8].

The role of GPCRs has been extensively studied in the
cardiovascular system, where activation of these recep-
tors exerts profound homeostatic and regulatory effects.
Mutation and dysregulation of GPCRs, G proteins, and
downstream effectors are found to be associated with
physiological dysfunction in the cardiovascular system
[9, 10]. Pharmacological therapeutics targeting GPCR
modulation are widely employed in managing cardiovas-
cular diseases, including hypertension, arrhythmias, and
heart failure [10, 11]. However, most identified GPCR
signaling pathways in cardiac cells are primarily involved
in regulating contractility and cellular hypertrophy [12].
Although recent studies have implied the involvement
of GPCR in regulating apoptosis via downstream effec-
tors and signaling cascades, such as the Bcl-2 family,
NF-kB, PI3K, MAPKs, and small GTPases [13], the role
of GPCRs and their downstream signalings in ischemic
heart injury remains elusive.

GPR22 is an orphan GPCR expressed in the brain and
heart [14-17]. In diabetic rats, decreased expression
of GPR22 was observed in the right ventricle [15]. Fur-
thermore, loss of GPR22 increased the susceptibility to
functional cardiac decompensation following transverse
aortic constriction (TAC)-induced ventricular pressure
overload in mice [16]. Our recent study also demon-
strated that maternal fructose intake during pregnancy
and lactation reduces myocardial expression of GPR22
and exacerbates cardiac remodeling after induction of
ventricular pressure overload [18]. However, the role of
GPR22 in myocardial ischemic stress response remains
unclear. In the present study, we generated a transgenic
mouse model carrying cardiomyocyte-specific GPR22
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over-expression to directly investigate the role of GPR22
in ischemic myocardial infarction and elucidate its
underlying mechanisms.

Materials and methods

Ethics

All animal experimental procedures were approved by
the Institute of Animal Care and Use Committee at Kaoh-
siung Chang Gung Memorial Hospital (no. 2019092502).
All methods are reported in accordance with ARRIVE
guidelinesc(https://arriveguidelines.org) for the report-
ing of animal experiments [19].

Generation of cardiomyocyte-specific GPR22
overexpression mice

For mice production, a linearized plasmid carrying myo-
sin heavy chain 6 (MYH6) promoter and 3X flag-tagged
mouse GPR22 ¢cDNA (MYH6-Flag-GPR22) was diluted
with injection buffer to a final concentration of 100 ng/
pl. Four-week-old C57BL/6] female mice were super-ovu-
lated with 3.75-5 i.u. of PMSG (Sigma-Aldrich G4877)
followed by 3.75-5 i.u. of hCG (Sigma-Aldrich CG1063)
46 hours later. Super-ovulated female mice were set mat-
ing to C57BL/6] male mice, and one-cell stage zygotes
were collected on the next day. Diluted MYH6-Flag-
GPR22 plasmid was injected into the zygotes. Injected
zygotes were cultured in KSOM in a humidified incuba-
tor (37 °C, 5% CO2) overnight. 2-cell stage embryos were
transferred into the oviduct of 0.5-dpc pseudo-pregnant
ICR female mice. The primer set: 5-CCCCCCGCTAG
CCTAGTCTGTGACAACCTG-3" (mGPR22-C-R-Nhel)
and 5- AATTCTGCGGCCGCCATGTCAGAATTGTC
AATG-3’ (mGPR22-N-Notl-F) was used for synthesizing
full-length mouse GPR22 and subseqnet genotyping.

Animals and induction of acute myocardial infarction

All animal experiments in this study were housed in an
Association for Assessment and Accreditation of Labo-
ratory Animal Care International (AAALAC)-certified
animal facility in our hospital with controlled tempera-
ture and light cycles (24 °C and 12/12 light cycle). Mice
were placed in a supine position on a warming pad at
37 °C after being shaved on the chest and then intubated
with positive-pressure ventilation with room air using a
Small Animal Ventilator (30 ml/min, SAR-830/A, CWE,
Inc., USA) with inhalation of 2% isoflurane. Under sterile
conditions, a left thoracotomy was performed at the level
of the 5th intercostal space to expose the heart. AMI was
induced by left coronary artery ligation approximately
2 mm below the left atrium using a 7—0 prolene suture.
The induction of AMI was confirmed by the rapid discol-
oration observed over the anterior surface of the left ven-
tricle, accompanied by the development of akinesia and
dilatation within the at-risk area.
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Speckle tracking echocardiography-based strain imaging
Speckle tracking echocardiography-based strain analy-
sis of 2D echocardiographic images acquired from the
long-axis views of B-mode images (Vevo 2100, Visual-
Sonics Inc., Toronto, Canada). All images were acquired
at a frame rate exceeding 200 frames per second. The
strain imaging analysis was performed using VevoStrain
software (VisualSonics Inc., Toronto, Canada). Briefly,
appropriate B-mode loops were selected from digitally
acquired echocardiographic images based on clear visu-
alization of the endocardial border and the absence of
image artifacts. The long-axis view of the left ventricular
myocardium was divided into six segments for regional
speckle-tracking-based strain analysis. Global and
regional strains were calculated by tracking the move-
ment of the endocardium and epicardium border in three
consecutive cardiac cycles.

Western blot

Equal amounts (10-30 mg) of protein extracts from myo-
cardium or cells were loaded and separated by SDS-PAGE
using 8—12% acrylamide gradients. Following electropho-
resis, separated proteins were transferred electrophoreti-
cally to a polyvinylidene difluoride (PVDF) membrane
(Amersham Biosciences). Nonspecific proteins were
blocked by incubating the membrane in a blocking buffer
(5% nonfat dry milk in T-TBS containing 0.05% Tween
20) overnight. The membranes were incubated with pri-
mary antibodies against GPR22 (1:1000, Proteintech),
Flag (1:1000, Sigma), Bcl-2 (Abcam 1:500), Akt (Cell sig-
naling, 1:1000), p-Akt (Abcam, 1:3000), ERK1/2 (Cell sig-
naling, 1:2000), p-ERK1/2 (Cell signaling, 1:1000), JNK
(Cell signaling, 1:500), p-JNK (Cell signaling, 1:300), p38
(Abcam, 1:1000), p-p38 (Abcam, 1:300), and actin (Santa
Cruz, 1:1000) for one hour at room temperature. Signals
were detected with HRP-conjugated goat anti-mouse or
goat anti-rabbit with ECL (Perkin Elmer, MA).

Cell culture and isolation of cardiomyocytes

Eight-week-old MYH6-Flag-GPR22 male mice were used
for isolating ventricular cardiomyocytes, according to a
previous study [18]. For euthanasia, mice were anesthe-
tized with 5% isoflurane inhalation, and the chest was
opened to expose the heart. Following chest opening
and descending aorta incision, the heart was promptly
flushed with 7 mL of EDTA buffer via injection into
the right ventricle. Subsequently, the ascending aorta
was clamped using Reynolds forceps, and the heart was
transferred to a 60-mm dish containing fresh EDTA buf-
fer. Digestion was achieved by sequential injection of 10
mL EDTA buffer, 3 mL perfusion buffer, and 30 to 50 mL
collagenase buffer into the left ventricle (LV). The myo-
cardial tissues were then carefully dissected into 1-mm
pieces using forceps. Cellular dissociation was facilitated
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by gentle trituration for 2 min, followed by the addition
of 5 mL of stop buffer. The resulting cell suspension was
filtered through a 100-um filter, and the cells underwent
four sequential rounds of gravity settling over a duration
of 20 min each. The resulting cell pellet was enriched with
myocytes, while the supernatant contained nonmyocyte
cardiac populations. For culturing cardiomyocyte cell
lines, H9C2 and RL-14 cells were purchased from ATCC
and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) with 10% fetal bovine serum and DMEM/F-12
with 12.5% FBS, respectively.

Immunofluorescent staining and histopathological
examination

Animals were euthanized by heart removal following
anesthetization with inhalation of 5% isoflurane. For
immunofluorescent staining, isolated myocardium was
embedded in optimal cutting temperature (OCT) com-
pound and used for preparing cryosections, whereas car-
diomyocytes were seeded on coverslips and cultured for
24 h. Cryosections or coverslips were fixed and permea-
bilized using either ice-cold acetone or 4% paraformalde-
hyde supplemented with 0.5% Triton X-100, followed by
overnight incubation at 4 °C with antibodies against Flag
and GPR22. Subsequently, coverslips or slides were incu-
bated with Alexa Fluor 488 or Alexa Fluor 594-conju-
gated secondary antibodies against mouse or rabbit IgG
(Invitrogen, Carlsbad, CA, USA). After counterstaining
with DAPI, samples were visualized under a fluorescent
microscope. To assess the extent of collagen synthe-
sis and deposition, cardiac paraffin Sect. (6 pm thick) at
3 mm intervals were subjected to Masson’s Trichrome
(MTC) staining. The staining procedure followed the
manufacturer’s protocol: sections were initially fixed in
Bouin’s solution, then incubated in Weigert’s Iron Hema-
toxylin solution, followed by staining with Biebrich Scar-
let-Acid Fuchsin and Aniline Blue. Subsequently, sections
were dehydrated in ethanol and xylene. For Hematoxylin
and Eosin (H&E) staining, cryo-sections were fixed with
10% buffered formalin and incubated with hematoxylin
for nuclear staining, while cytoplasm was stained with
eosin. Sections were mounted with a mounting medium
after ethanol dehydration.

Statistical analysis

Data were expressed as mean values with standard devia-
tion (mean*SD). One-way ANOVA was used to evaluate
the significance of differences among the groups, fol-
lowed by Bonferroni multiple comparison post hoc test.
Statistical analysis was performed using Prism 9.2 statis-
tical software (GraphPad Software, La Jolla, CA, USA). A
probability value<0.05 was considered to be statistically
significant.
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Results

Chemical hypoxia reduced expression of GPR22 in cultured
cardiomyocytes

To assess the impact of hypoxia on GPR22 regulation
in cardiomyocytes, two cultured cardiomyocyte cell
lines, RL-14 (human ventricular cardiomyocytes) and
HOC2 (rat cardiac myoblasts), were subjected to chemi-
cal hypoxia induced by cobalt chloride treatment (Fig. 1).
In both RL-14 and H9C2 cells, the expression levels of
GPR22 exhibited a gradual decrease with increasing con-
centrations of cobalt chloride (Fig. 1, A-B). Furthermore,
elevated expression levels of hypoxia-inducible factor
(HIF)-1a were detected in H9C2 cells treated with cobalt
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chloride, suggesting a cellular stress response to cobalt
chloride-induced chemical hypoxia (Fig. 1, C-D).

Generation of cardiomyocyte-specific GPR22
overexpression mice

To investigate the role of GPR22 expression in the
myocardial stress response to ischemic conditions, we
generated a transgenic mouse model with cardiomyo-
cyte-specific overexpression of GPR22 and induced AMI
via left coronary artery ligation. To achieve cardiomyo-
cyte-specific overexpression of GPR22, we synthesized
full-length murine GPR22 ¢cDNA and inserted it into a
vector containing the MYH6 promoter and a 3X Flag tag
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Fig. 1 Protein expression of GPR22 in cultured cardiomyocytes under chemical hypoxia. Protein expression of GPR22 in cultured cardiomyocytes under
chemical hypoxia. RL-14 (human ventricular cardiomyocytes) and H9C2 (Rat cardiac myoblasts) were incubated with CoCl, (0-1 mM) for 24 h to induce
chemical hypoxia. Western blots were used to determine the expression level of GPR22 and hypoxia inducible factor (HIF)-1q, respectively. (A) The protein
expression level of GPR22 in RL-14 cells with a gradual increase in CoCl,. (B) The protein expression level of GPR22 in H9C2 cells with a gradual increase

in CoCl,.

(C-D) To validate cobalt chloride-stimulated hypoxia response in cells, protein expressions of HIF-1a were examined with Western blottings.

Along with the increase in cobalt chloride concentration and HIF-1a expression, a gradual decrease in GPR22 expression in both RL-14 and H9C2 cells

was observed. n=3 for each group,
in Supplementary Fig. 2

*indicates a statistical significance compared with the control group (0 mM of CoCl,). Full-length blots are presented
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(MYH6-Flag-GPR22, Fig. 2A). Zygote injection with lin-
earized MYH6-Flag-GPR22 plasmid was utilized to gen-
erate GPR22 transgenic mice, which were subsequently
crossed with wild type mice and genotyped using PCR.
Antibodies against the Flag tag and GPR22 were used
to examine the distribution of endogenous and exog-
enous GPR22 and to assess the predicted N-terminal
protein cleavage at amino acid positions 33 (Pro)—34
(Leu). Immunostaining of myocardial sections revealed
distinct intracellular distribution patterns of GPR22 and
the Flag tag in cardiomyocytes, suggesting N-terminal
cleavage in GPR22 (Fig. 2, B-G). To further confirm the
cardiomyocyte-specific expression of exogenous GPR22,
adult cardiac cells were isolated from the myocardium
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of 8-week-old MYH6-Flag-GPR22 mice and subjected to
immunofluorescent staining. The results demonstrated
that immunofluorescent signals of GPR22 and the Flag
tag were exclusively detected in cardiomyocytes, with no
signal observed in other non-cardiomyocyte cells (Fig. 2,
H-J). Interestingly, unlike the observation in myocardial
sections, colocalization of GPR22 and the Flag tag was
observed in isolated adult cardiomyocytes.

Cardiac overexpression of GPR22 decreased myocardial
infarcted area in mice with acute myocardial infarction
Left coronary artery ligation was used to induce AMI
in MYH6-Flag-GPR22 transgenic mice, aiming to inves-
tigate the impact of myocardial GPR22 overexpression

Predicted cleavage site (Pro (33) - Leu (34))

(A)

Myh6 promoter

transmembrane domain

Myocardium

Primary cardiomycyte

Fig. 2 Generation of cardiomyocyte-specific GPR22 overexpression mice. (A) Schematic presentation of plasmid for exogenous GPR22 expression in
cardiomyocytes. A predicted endogenous cleavage site was localized at amino acid position 33-34 in the N-terminal extracellular domain of GPR22. (B-G)
Examination of exogenous and endogenous GPR22 expression in the myocardium of MYH6-Flag-GPR22 mice with immunofluorescent stainings. (H-J)
Distribution of exogenous and endogenous GPR22 in primary adult cardiomyocytes. Expressions of Flag-tag and GPR22 were observed in cardiomyo-
cytes but not in non-cardiomyocyte cells (white arrows). WT, wild-type mice. GPR22Tg, MYH6-Flag-GPR22 transgenic mice
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Fig. 3 Histopathological examinations to assess the influence of GPR22 overexpression on myocardial fibrosis after acute myocardial infarction. (A-D)
Four weeks after induction of AMI, hematoxylin and eosin (H&E) stainings were applied to myocardial cryosections. (E) Comparisons of myocardial infarct
areas among different treatment groups (E). A significant increase in infarct area was observed in wild-type mice with AMI, while cardiomyocyte-specific
overexpression of GPR22 reduced the myocardial infarct area. WT, wild-type mice. GPR22Tg, MYH6-Flag-GPR22 transgenic mice. n=6 for each group. *

indicates a statistical significance compared with the WT-AMI group
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Fig. 4 Examination of myocardial collagen deposition in mice with acute myocardial infarction. (A-D) Four weeks after induction of AMI, Masson’s Tri-
chrome (MTC) stainings were applied on cryosections of the myocardium to examine collagen deposition (blue color). (E) Comparisons of myocardial
collagen deposition areas among different treatment groups. A significant increase in myocardial collagen deposition was observed in wild-type mice
with AMI, while the AMI-induced collagen deposition was reduced by overexpression of GPR22 in cardiomyocytes. WT, wild-type mice. GPR22Tg, MYH6-
Flag-GPR22 transgenic mice. n=6 for each group. * indicates a statistical significance compared with the WT-AMI group

on myocardial ischemic stress. Four weeks post-AMI
induction, myocardial dysfunction and remodeling were
assessed using echocardiographic strain images (Fig. S1).
To evaluate ischemia-induced myocardial infarction and
collagen deposition, two indices of cardiac remodeling,

histopathological examinations with H&E staining
(Fig. 3, A-D) and MTC staining (Fig. 4, A-D), were con-
ducted on myocardial sections of mice four weeks post-
AMI. H&E staining revealed an increase in infarct area in
mice with AMI, whereas myocardial infarction induced
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by AMI was attenuated in mice overexpressing myocar-
dial GPR22 (Fig. 3E). Similarly, compared to wild-type
mice, areas of myocardial ischemia-induced collagen
deposition were reduced in mice with GPR22 overex-
pression (Fig. 4E).

Myocardial overexpression of GPR22 regulated the
expression of apoptosis-associated proteins and activation
of PI3K/Akt signaling

Previous studies have shown that GPR22 couples con-
stitutively to Gai/o and leads to the inhibition of adenyl
cyclase [16], whose activation increases intracellular level
of cAMP and regulates cardiac contractility [20]. In addi-
tion to cAMP-dependent signaling, activation of PI3K-
Akt signaling was found to be regulated by Gai and play a
role in regulating apoptosis [21]. To clarify the underlying
mechanisms mediating the protective effect of GPR22
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against myocardial ischemic stress, we examined the acti-
vation of PI3K-Akt signaling and the expression of apop-
tosis-associated proteins in the myocardium of mice four
weeks after AMI induction (Fig. 5A). Compared to wild-
type mice, myocardial protein expression of GPR22 was
higher in MYH6-Flag-GPR22 transgenic mice. Further-
more, the expression of myocardial GPR22 was reduced
with induction of AMI, while GPR22 transgene replen-
ished its expression level in the myocardium (Fig. 5B).
In mice with AMI, myocardial expression of Bcl-2, an
anti-apoptotic protein, was higher in GPR22 overexpres-
sion mice compared to wild-type mice (Fig. 5C). Addi-
tionally, a significant decrease in pro-apoptotic caspase-3
expression was observed in GPR22 overexpression mice
under normal condition (Fig. 5D). Although the ratios of
phosphorylated PI3K to total PI3K and phosphorylated
Akt to total Akt showed no statistical difference between
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Fig. 5 Myocardial expression of proteins involved in apoptosis and PI3K-Akt signaling. (A) Western blots to examine the protein expression of GPR22,
Bcl-2, Caspase-3, PI3K, phosphorylated PI3K, Akt, phosphorylated Akt, and actin. (B-G) Comparisons of protein expression among different treatment
groups. An increase in myocardial expression of GPR22 and Bcl-2 was observed in MYH6-Flag-GPR22 transgenic mice with AMI, while GPR22 overexpres-
sion reduced the level of caspase-3 in the myocardium. In both normal and AMI conditions, myocardial levels of phosphorylated Akt in MYH6-Flag-GPR22
mice were higher than those without GPR22 overexpression. WT, wild-type mice. GPR22Tg, MYHé-Flag-GPR22 transgenic mice. n=6 for each group. *
indicates a statistical significance compared with the WT group. T indicates a statistical significance compared with the WT-AMI group. Full-length blots

are presented in Supplementary Fig. 2
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mice with or without GPR22 overexpression (Fig. 5, E-F),
myocardial levels of phosphorylated Akt in MYH6-Flag-
GPR22 mice were higher than those without GPR22
overexpression (Fig. 5, E-G).

Myocardial overexpression of GPR22 downregulated
activation of ERK signaling in mice with acute myocardial
infarction

In addition to PI3K-Akt signaling, we also investigated
the myocardial expression and activation of MAPK sig-
nal transduction proteins, which are known to be regu-
lated by GPCR signaling and involved in the cardiac
stress response (Fig. 6A). Although the activation of
MAPK-p38 and JNK was reduced following AMI induc-
tion, the ratios of phosphorylated p38 to total p38 and
phosphorylated JNK to total JNK did not differ between
wild-type and GPR22 overexpression mice (Fig. 6, B-C).
However, while the ratio of phosphorylated ERK1/2 to
total ERK1/2 showed no statistical significance between
WT mice and AMI mice (Fig. 6D), myocardial levels of
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phosphorylated ERK1/2 in MYH6-Flag-GPR22 mice
post-AMI were lower than those without GPR22 overex-
pression (Fig. 6E).

Discussion

Myocardial infarction (MI), one of the most life-threat-
ening coronary events, is a leading cause of global mor-
bidity and mortality and the primary contributor to
heart failure [22]. Recent meta-analysis studies indicated
a global 9.5% prevalence of MI among individuals older
than 60 years [23]. The limited regenerative capacity
of the cardiomyocytes following MI results in cardiac
remodeling, a significant cellular interstitial change in the
myocardium [24]. During cardiac remodeling, inflam-
mation, oxidative stress, activated cardiac fibroblast,
and disordered extracellular matrix collectively contrib-
ute to myocardial fibrosis and cardiac dysfunction [25].
Moreover, the recruitment of immune cells, and inter-
cellular communication among cardiomyocytes, cardiac
fibroblasts, and immune cells have been identified to
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Fig. 6 Myocardial expression and activation of MAPK signaling proteins. (A) Western blottings were used to examine the protein levels of total p38,
phosphorylated p38, total JNK, phosphorylated JNK, total ERK1/2, phosphorylated ERK1/2, and actin. (B-E) Comparisons of protein expressions among
different treatment groups. In both normal and AMI conditions, ratios of phosphorylated p38 to total p38 and phosphorylated JNK to total JNK showed no
statistical significance between WT mice and MYH6-Flag-GPR22 mice (B-D). In AMI condition, myocardial levels of phosphorylated ERK1/2 in MYH6-Flag-
GPR22 mice were lower than that without GPR22 overexpression. WT, wild-type mice. GPR22Tg, MYH6-Flag-GPR22 transgenic mice. n=6 for each group.
*indicates a statistical significance compared with the WT group. T indicates a statistical significance compared with the WT-AMI group. Full-length blots

are presented in Supplementary Fig. 2
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play crucial roles in the pathophysiology of MI [26—29].
A recent study further indicated that cutaneous lupus
erythematosus, an autoimmune skin disease, is associ-
ated with a higher risk of arterial diseases and MI [30].
Beyond its impact on cardiac function, neuropsychiatric
disorders following circulatory disorders are significantly
more common and result in higher mortality rates post-
MI compared to individuals without MI [31]. The devel-
opment of novel diagnostic techniques and therapeutic
strategies through preclinical studies and clinical valida-
tion has been a crucial focus in cardiovascular research
[32-34].

Expressions of over 200 GPCRs have been observed in
hearts [35]. Although ligands and downstream signalings
of certain myocardial GPCRs have been revealed in past
decades [9, 20], the physiological roles and downstream
effectors of numerous myocardial orphan GPCRs, includ-
ing GPR22, remain largely unknown. GPR22 was origi-
nally identified as a neuronal GPCR expressed in several
specific brain regions, including the frontal cortex, cau-
date, and thalamus [36]. Recent studies also indicated a
decrease in GPR22 expression in the brain of Alzheimer’s
disease (AD) patients [14, 37]. Concurrently, reduced
expression of GPR22 was observed in the myocardium
of rodents with ventricular pressure overload and diabe-
tes [15, 16]. Our recent study further demonstrated that
maternal nutritional insult reduces myocardial GPR22
expression and leads to exacerbated cardiac remodel-
ing in offspring with ventricular pressure overload [18].
These findings suggest a negative correlation between
GPR22 expression and various types of cardiac stresses.
In addition to mechanical and nutrition stress, our pres-
ent study indicates that the expression of GPR22 is down-
regulated by hypoxic and ischemic stress. Insights from
clinical observations in AD and studies in animal models
exposed to different types of cardiac stresses collectively
suggest that decreased GPR22 expression could serve as
a stress indicator or an index for predicting organ failure,
particularly in the brain and heart.

So far, the ligand or activator of GPR22 remains
unknown, while its intracellular trafficking and down-
stream signaling are also not clear. Previous studies
have demonstrated that N-terminal cleavage in GPCRs,
such as that in fl-adrenergic receptors and proteinase-
activated receptors (PARs), is associated with the activa-
tion, translocation, and stabilization of GPCRs [38—41].
In this study, we utilized an N-terminal Flag-tag to label
full-length GPR22 for monitoring the distribution, trans-
location, and protein cleavage of GPR22. In the myo-
cardial section of MYH6-Flag-GPR22 transgenic mice,
distinct distribution patterns of GPR22 and Flag-tag were
observed, indicating the existence of N-terminal cleavage
of GPR22 under normal physiological conditions (Fig. 2,
B-G). Of interest, in isolated adult cardiomyocytes,
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whose intercellular interaction as well as microenviron-
ments were disrupted, a cytoplasmic co-localization of
GPR22 and Flag-tag was found (Fig. 2, H-J). This result
suggests that the N-terminal cleavage and membrane
translocation of GPR22 were blocked in cardiomyocytes
under physiological or environmental stresses. While the
N-terminal cleavage of GPR22 may be associated with its
stability, degradation, and downstream signaling activa-
tion during cellular stress responses remains unclear.

A previous study using mice with GPR22 depletion
has revealed the necessity of GPR22 in preserving car-
diac function after ventricular pressure overload [16].
Although GPR22 was found to couple with Gai/o and
reduce the intracellular level of cAMP [16], the detailed
underlying mechanisms linked to cardiac stress response
and prognosis remain unclear. Among GPCR down-
stream signaling pathways, PI3K-Akt and MAPK signal-
ings are considered to participate in regulating survival
and apoptosis of cardiomyocytes under myocardial isch-
emia [42-44]. Through examinations on expression and
phosphorylation levels of PI3K-Akt and MAPK (MAPK-
p38, JNK, ERK1/2) signaling proteins, an upregulation
of PI3K-Akt signaling as well as a downregulation of
ERK1/2 phosphorylation were observed in the myocar-
dium of with GPR22 overexpression and AMI. This find-
ing echoes a previous study in which the hypoxia-induced
apoptosis in neonatal cardiomyocytes was protected by
activation of PI3K-Akt signaling through p2-adrenergic
receptor-coupled Gai/o [21].

Despite the widespread use of G protein-coupled
receptor (GPCR)-targeted drugs in cardiovascular dis-
eases, such as those targeting B-Adrenergic receptors
(BARs), angiotensin II type 1 receptors (AT1Rs), and
glucagon-like peptide-1 (GLP-1) receptors [32, 45], only
specific types of GPCRs, including f2-adrenergic recep-
tors, opioid receptors, and adenosine receptors, have
been identified to exert cardiomyocyte protective func-
tions against ischemic stress [21, 46, 47]. In our previous
study, we have demonstrated a cardiomyocyte-specific
expression of GPR22 in the myocardium [18]. The pres-
ent study, utilizing a transgenic mouse model, further
indicated an increased expression of GPR22 in cardio-
myocytes and showed that upregulating its downstream
signaling pathways could ameliorate myocardial injury
following acute myocardial infarction (AMI). These find-
ings suggest a potential clinical application of GPR22
in the management of ischemic heart diseases. How-
ever, there are limitations to the present study. We only
used a gain-of-function model to evaluate the role of
GPR22 in AMI. Future studies incorporating additional
cell models with GPR22 silencing may provide further
evidence to validate the physiological role of GPR22 in
cardiomyocytes.
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Conclusion

In this study, through induction of AMI on a mouse
model with cardiomyocyte-specific GPR22 overexpres-
sion mice, we demonstrated that ischemic stress reduces
the expression of GPR22 in the myocardium. Over-
expression of GPR22 in cardiomyocytes ameliorates
myocardial infarction and collagen deposition in mice
post-AMI through regulating myocardial activation of
PI3K-Akt signaling.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512872-024-03953-5.

Supplementary Material 1

Supplementary Material 2

Author contributions

CCC participated in the design of the study, data acquisition, data analysis, and
drafting the manuscript. CCC and CHC were responsible for data acquisition,
analysis, and interpretation. SL and SYH conceived the study, participated in its
design and coordination, and edited the manuscript.

Funding

This study was supported from Chang Gung Medical Research Program
Grant (Grant number: CMRPG 8K0321) and from the Ministry of Science and
Technology, Taiwan (MOST 110-2320-B-182 A-005).

Data availability
The datasets during and/or analysed during the current study available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All animal experimental procedures were approved by the Institute of Animal
Care and Use Committee at Kaohsiung Chang Gung Memorial Hospital (no.
2019092502).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Nuclear Medicine, Kaohsiung Medical University Hospital,
Kaohsiung 80756, Taiwan

2School of Medicine, College of Medicine, Kaohsiung Medical University,
Kaohsiung 80756, Taiwan

3Neuroscience Research Center, Kaohsiung Medical University,
Kaohsiung 80756, Taiwan

“Division of Hepato-Gastroenterology, Department of Internal Medicine,
Kaohsiung Chang Gung Memorial Hospital, Chang Gung University
College of Medicine, Kaohsiung 83301, Taiwan

>Department of Anatomy, Graduate Institute of Biomedical Sciences,
College of Medicine, Chang Gung University, Taoyuan 33302, Taiwan
®Institute for Translational Research in Biomedicine, Kaohsiung Chang
Gung Memorial Hospital, Kaohsiung 83301, Taiwan

"Department of Biotechnology, College of Life Science, Kaohsiung
Medical University, Kaohsiung 80756, Taiwan

Received: 23 January 2024 / Accepted: 22 May 2024
Published online: 30 May 2024

Page 10 of 11

References

1. Rockman HA, Koch WJ, Lefkowitz RJ. Seven-transmembrane-spanning recep-
tors and heart function. Nature. 2002;415(6868):206-12.

2. de Mendoza A, Sebe-Pedros A, Ruiz-Trillo |. The evolution of the GPCR signal-
ing system in eukaryotes: modularity, conservation, and the transition to
metazoan multicellularity. Genome Biol Evol. 2014;6(3):606-19.

3. Hermans E. Biochemical and pharmacological control of the multiplicity of
coupling at G-protein-coupled receptors. Pharmacol Ther. 2003;99(1):25-44.

4. Tuteja N. Signaling through G protein coupled receptors. Plant Signal Behav.
2009;4(10):942-7.

5. Cabrera-Vera TM, Vanhauwe J, Thomas TO, Medkova M, Preininger A, Mazzoni
MR, Hamm HE. Insights into G protein structure, function, and regulation.
Endocr Rev. 2003;24(6):765-81.

6. New DC, Wu K, Kwok AW, Wong YH. G protein-coupled receptor-induced akt
activity in cellular proliferation and apoptosis. FEBS J. 2007,274(23):6025-36.

7. Nakano N, Matsuda S, Ichimura M, Minami A, Ogino M, Murai T, Kita-
gishi Y. PI3K/AKT signaling mediated by G proteincoupled receptors is
involved in neurodegenerative Parkinson’s disease (review). Int J Mol Med.
2017;39(2):253-60.

8. Goldsmith ZG, Dhanasekaran DN. G protein regulation of MAPK networks.
Oncogene. 2007;26(22):3122-42.

9. Salazar NC, Chen J, Rockman HA. Cardiac GPCRs: GPCR signaling in healthy
and failing hearts. Biochim Biophys Acta. 2007;1768(4):1006-18.

10. Foster SR, Roura E, Molenaar P, Thomas WG. G protein-coupled receptors in
cardiac biology: old and new receptors. Biophys Rev. 2015;7(1):77-89.

11. DeWire SM, Violin JD. Biased ligands for better cardiovascular drugs: dissect-
ing G-protein-coupled receptor pharmacology. Circ Res. 2011;109(2):205-16.

12. Kang M, Chung KY, Walker JW. G-protein coupled receptor signaling in myo-
cardium: not for the faint of heart. Physiol (Bethesda). 2007,22:174-84.

13. YanamadalaV, Negoro H, Denker BM. Heterotrimeric G proteins and
apoptosis: intersecting signaling pathways leading to context dependent
phenotypes. Curr Mol Med. 2009;9(5):527-45.

14.  Marzi SJ, Leung SK, Ribarska T, Hannon E, Smith AR, Pishva E, Poschmann J,
Moore K, Troakes C, Al-Sarraj S, et al. A histone acetylome-wide association
study of Alzheimer’s disease identifies disease-associated H3K27ac differ-
ences in the entorhinal cortex. Nat Neurosci. 2018;21(11):1618-27.

15.  Ruiz-Hernandez A, Sanchez-Munoz F, Rodriguez J, Calderon-Zamora L,
Romero-Nava R, Huang F, Hong E, Villafana S. Expression of orphan receptors
GPR22 and GPR162 in streptozotocin-induced diabetic rats. J Recept Signal
Transduct Res. 2015;35(1):46-53.

16.  Adams JW, Wang J, Davis JR, Liaw C, Gaidarov |, Gatlin J, Dalton ND, Gu Y, Ross
JJr, Behan D, et al. Myocardial expression, signaling, and function of GPR22: a
protective role for an orphan G protein-coupled receptor. Am J Physiol Heart
Circ Physiol. 2008;295(2):H509-521.

17.  Flegel C, Manteniotis S, Osthold S, Hatt H, Gisselmann G. Expression profile
of ectopic olfactory receptors determined by deep sequencing. PLoS ONE.
2013;8(2):e55368.

18. Leu S, Wu KLH, Lee WC, Tain YL, Chan JYH. Maternal fructose intake exacer-
bates cardiac remodeling in offspring with ventricular pressure overload.
Nutrients 2021, 13(9).

19. Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, Browne
WJ, Clark A, Cuthill IC, Dirnagl U, et al. The ARRIVE guidelines 2.0: updated
guidelines for reporting animal research. PLoS Biol. 2020;18(7):e3000410.

20. Wang J, Gareri C, Rockman HA. G-Protein-coupled receptors in Heart Disease.
Circ Res. 2018;123(6):716-35.

21, Chesley A, Lundberg MS, Asai T, Xiao RP, Ohtani S, Lakatta EG, Crow MT.The
beta(2)-adrenergic receptor delivers an antiapoptotic signal to cardiac myo-
cytes through G(i)-dependent coupling to phosphatidylinositol 3'-kinase. Circ
Res. 2000;87(12):1172-9.

22. YinX,Yin X, Pan X, Zhang J, Fan X, Li J, Zhai X, Jiang L, Hao P, Wang J, et al.
Post-myocardial infarction fibrosis: pathophysiology, examination, and inter-
vention. Front Pharmacol. 2023;14:1070973.

23. Salari N, Morddarvanjoghi F, Abdolmaleki A, Rasoulpoor S, Khaleghi AA,
Hezarkhani LA, Shohaimi S, Mohammadi M. The global prevalence of myocar-
dial infarction: a systematic review and meta-analysis. BMC Cardiovasc Disord.
2023,;23(1):206.

24.  Prabhu SD, Frangogiannis NG. The Biological basis for Cardiac Repair
after myocardial infarction: from inflammation to Fibrosis. Circ Res.
2016;119(1):91-112.

25.  Venugopal H, Hanna A, Humeres C, Frangogiannis NG. Properties and func-
tions of fibroblasts and myofibroblasts in myocardial infarction. Cells 2022,
11(9).


https://doi.org/10.1186/s12872-024-03953-5
https://doi.org/10.1186/s12872-024-03953-5

Chang et al. BMC Cardiovascular Disorders

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

(2024) 24:287

Cheng P, Wang X, Liu Q Yang T, Qu H, Zhou H. Extracellular vesicles mediate
biological information delivery: a double-edged sword in cardiac remodeling
after myocardial infarction. Front Pharmacol. 2023;14:1067992.

Zhuang L, Zong X, Yang Q, Fan Q, Tao R. Interleukin-34-NF-kappaB signaling
aggravates myocardial ischemic/reperfusion injury by facilitating macro-
phage recruitment and polarization. EBioMedicine. 2023;95:104744.
Varda-Bloom N, Leor J, Ohad DG, Hasin Y, Amar M, Fixler R, Battler A, Eldar M,
Hasin D. Cytotoxic T lymphocytes are activated following myocardial infarc-
tion and can recognize and kill healthy myocytes in vitro. J Mol Cell Cardiol.
2000;32(12):2141-9.

Bansal SS, Ismahil MA, Goel M, Patel B, Hamid T, Rokosh G, Prabhu SD.
Activated T lymphocytes are essential drivers of pathological remodeling in
ischemic heart failure. Circ Heart Fail. 2017;10(3):e003688.

Olbrich H, Kridin K, Zirpel H, Sadik CD, Terheyden P, Thaci D, Ludwig RJ, Boch
K. Cutaneous lupus erythematosus is associated with an increased risk of
cardiac and vascular diseases: a large-scale, propensity-matched global
retrospective cohort study. EBioMedicine. 2023;93:104639.

Hayward CJ, Batty JA, Westhead DR, Johnson O, Gale CP, Wu J, Hall M. Disease
trajectories following myocardial infarction: insights from process mining of
145 million hospitalisation episodes. EBioMedicine. 2023,96:104792.

Deng G,Ren J, Li R, Li M, Jin X, Li J, Liu J, Gao Y, Zhang J, Wang X, et al. System-
atic investigation of the underlying mechanisms of GLP-1 receptor agonists
to prevent myocardial infarction in patients with type 2 diabetes mellitus
using network pharmacology. Front Pharmacol. 2023;14:1125753.

Gao J, Zhang X, Xu M, Deng S, Chen X. The efficacy and safety of sacubitril/
valsartan compared with ACEI/ARB in the treatment of heart failure follow-
ing acute myocardial infarction: a systematic review and meta-analysis of
randomized controlled trials. Front Pharmacol. 2023;14:1237210.
Demeulenaere O, Mateo P, Ferrera R, Chiaroni PM, Bize A, Dai J, Sambin L,
Gallet R, Tanter M, Papadacci C, et al. Assessment of coronary microcircula-
tion alterations in a porcine model of no-reflow using ultrasound localization
microscopy: a proof of concept study. EBioMedicine. 2023;94:104727.
Hakak Y, Shrestha D, Goegel MC, Behan DP, Chalmers DT. Global analysis

of G-protein-coupled receptor signaling in human tissues. FEBS Lett.
2003;550(1-3):11-7.

O'Dowd BF, Nguyen T, Jung BP, Marchese A, Cheng R, Heng HH, Kola-

kowski LF Jr, Lynch KR, George SR. Cloning and chromosomal mapping

of four putative novel human G-protein-coupled receptor genes. Gene.
1997;187(1):75-81.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

Page 11 of 11

Zhao J, Deng Y, Jiang Z, Qing H. G protein-coupled receptors (GPCRs) in
Alzheimer’s Disease: a focus on BACE1 related GPCRs. Front Aging Neurosci.
2016;8:58.

Hakalahti AE, Vierimaa MM, Lilja MK, Kumpula EP, Tuusa JT, Petaja-Repo UE.
Human betal-adrenergic receptor is subject to constitutive and regulated
N-terminal cleavage. J Biol Chem. 2010;285(37):28850-61.

Zhu J, Steinberg SF. betaT-adrenergic receptor N-terminal cleavage by
ADAM17; the mechanism for redox-dependent downregulation of cardio-
myocyte betal-adrenergic receptors. J Mol Cell Cardiol. 2021;154:70-9.
Hakalahti AE, Khan H, Vierimaa MM, Pekkala EH, Lackman JJ, Ulvila J, Kerkela
R, Petaja-Repo UE. beta-adrenergic agonists mediate enhancement of beta1-
adrenergic receptor N-terminal cleavage and stabilization in vivo and in vitro.
Mol Pharmacol. 2013;83(1):129-41.

Cottrell GS. Roles of proteolysis in regulation of GPCR function. Br J Pharma-
col. 2013;168(3):576-90.

Fan Q, Chen M, Zuo L, Shang X, Huang MZ, Ciccarelli M, Raake P, Brinks H,
Chuprun KJ, Dorn GW 2, et al. Myocardial ablation of G protein-coupled
receptor kinase 2 (GRK2) decreases Ischemia/Reperfusion Injury through an
anti-intrinsic apoptotic pathway. PLoS ONE. 2013;8(6):e66234.

Penela P, Inserte J, Ramos P, Rodriguez-Sinovas A, Garcia-Dorado D, Mayor F Jr.
Degradation of GRK2 and AKT is an early and detrimental event in myocardial
ischemia/reperfusion. EBioMedicine. 2019;48:605-18.

Adams JW, Brown JH. G-proteins in growth and apoptosis: lessons from the
heart. Oncogene. 2001;20(13):1626-34.

LiY, Li B, Chen WD, Wang YD. Role of G-protein coupled receptors in cardio-
vascular diseases. Front Cardiovasc Med. 2023;10:1130312.

Ashton KJ, Peart JN, Morrison RR, Matherne GP, Blackburn MR, Headrick JP.
Genetic modulation of adenosine receptor function and adenosine handling
in murine hearts: insights and issues. J Mol Cell Cardiol. 2007;42(4):693-705.
Headrick JP, See Hoe LE, Du Toit EF, Peart JN. Opioid receptors and
cardioprotection - ‘opioidergic conditioning’ of the heart. Br J Pharmacol.
2015;172(8):2026-50.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Cardiomyocyte-specific overexpression of GPR22 ameliorates cardiac injury in mice with acute myocardial infarction
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Ethics
	﻿Generation of cardiomyocyte-specific GPR22 overexpression mice
	﻿Animals and induction of acute myocardial infarction
	﻿Speckle tracking echocardiography-based strain imaging
	﻿Western blot
	﻿Cell culture and isolation of cardiomyocytes
	﻿Immunofluorescent staining and histopathological examination
	﻿Statistical analysis

	﻿Results
	﻿Chemical hypoxia reduced expression of GPR22 in cultured cardiomyocytes



