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Diabetic cardiomyopathy (DCM) is a complication of diabetes mellitus which result in
cardiac remodeling and subsequent heart failure. However, the role of P2X7 receptor
(P2X7R) in DCM has yet to be elucidated. The principal objective of this study was
to investigate whether P2X7R participates in the pathogenesis of DCM. In this study,
the C57BL/6 diabetic mouse model was treated with a P2X7R inhibitor (A438079).
Cardiac dysfunction and remodeling were attenuated by the intraperitoneal injection of
A438079 or P2X7R deficiency. In vitro, A438079 reduced high glucose (HG) induced cell
damage in H9c2 cells and primary rat cardiomyocytes. Furthermore, HG/streptozotocin
(STZ)-induced P2X7R activation mediated downstream protein kinase C-p (PKCB) and
extracellular regulated protein kinases (ERK) activation. This study provided evidence
that P2X7R plays an important role in the pathogenesis of STZ-induced diabetic cardiac
damage and remodeling through the PKCB/ERK axis and suggested that P2X7R might
be a potential target in the treatment of diabetic cardiomyopathy.

Keywords: diabetic cardiomyopathy, P2X7 receptor, cardiac remodeling, PKCg, ERK

INTRODUCTION

Many patients are diagnosed with diabetes worldwide, and the complications caused by diabetes
are also diverse, such as diabetic nephropathy, diabetic retinopathy, and diabetic heart diseases.
Among these complications, diabetic cardiomyopathy (DCM) is a serious complication that results
in a poor prognosis for patients with diabetes (Zhao et al., 2012; Forbes and Cooper, 2013; Ofstad,
2016; Ogurtsova et al., 2017). In individuals with diabetes mellitus, a high blood glucose level is
an independent causal factor for cardiomyopathy, one of the leading causes of hospitalization and
death worldwide (Wang et al., 2006). DCM is characterized by structural and functional disorders,
including ventricular dysfunction, interstitial fibrosis, cardiomyocyte hypertrophy, myocardial
apoptosis, and metabolic deregulation (Wang et al., 2006). These pathophysiological changes
eventually lead to cardiac remodeling and decreased cardiac output, preventing the heart from
adequately pumping blood. Thus, an effective drug or target to treat DCM must be identified.

The P2X7 receptor (P2X7R), which is composed of 595 amino acids, is a non-selective cationic
gated channel that assembles into a trimeric complex and belongs to the P2X family (Surprenant
et al,, 1996). After binding to extracellular ATP, the ion channel opens and allows K*, Na*t, and
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Ca’?" plasma permeation (predominantly Ca®*) (Surprenant
et al., 1996). The P2X7R is widely expressed in vivo, including
nerve cells, liver cells, cardiomyocytes, monocytes, and
macrophages (Burnstock and Knight, 2004). According to
recent studies, P2X7R inhibition attenuates liver and lung
fibrosis (Riteau et al., 2010; Huang et al., 2014). Simultaneously,
P2X7R inhibition (using a siRNA or a pharmacological inhibitor)
prevents the progression of atherosclerosis and myocardial
infarction (Mezzaroma et al.,, 2011; Peng et al.,, 2015; Stachon
et al., 2017). In diabetic animal models, the increase in P2X7R
activity is involved in the pathogenesis of diabetic nephropathy
(Kreft et al., 2016). P2X7Ri has been suggested to exert specific
anti-inflammatory and anti-macrophage effects on diabetic
nephropathy, ameliorating glomerular damage and fibrosis
(Menzies et al., 2017). However, the role of the P2X7R in DCM
has not been systematically determined.

The aim of the present study was to elucidate the essential
role of the P2X7R in regulating DCM and its underlying
mechanisms. The P2X7R-selective inhibitor A438079 was used
in a streptozotocin (STZ)-induced type I diabetes mouse model,
cultured H9¢2 cells, and primary rat cardiomyocytes. The
expression of P2X7R was significantly upregulated in the STZ-
induced diabetic mouse model and high glucose (HG)-treated cell
model. Moreover, P2X7R inhibition dramatically relieved cardiac
damage by ameliorating fibrosis, apoptosis, and cardiomyocyte
hypertrophy in STZ- or HG-induced models in vivo and in vitro.
In addition, we further described the crucial role of P2X7R in
knockout mice with diabetes.

MATERIALS AND METHODS

Animal Experiments

Male C57BL/6 wild-type mice and male P2X7R™/~ mice on a
C57BL/6 background were provided by GemPharmatech Co.,
Ltd. (Nanjing, Jiangsu, China). Non-knockout male C57BL/6
mice were obtained from the Animal Center of Wenzhou Medical
University. Animals were housed on a 12:12 h light-dark cycle
at a constant room temperature and fed a standard rodent diet.
The animals were acclimated to the laboratory for at least 2 weeks
before initiating the studies. All operations were performed in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. Animal care and
experimental protocols were approved by the Committee on
Animal Care of Wenzhou Medical University.

Eight- to twelve-week-old mice weighing 23-25 g were used
to develop the diabetes mellitus model. Diabetes mellitus was
induced by a single intraperitoneal (i.p.) injection of STZ (Sigma
Chemicals, St. Louis, MO, United States) at a dose of 50 mg/kg
formulated in 100 mM citrate buffer (pH 4.5) for 5 consecutive
days. After 1 week, blood samples were collected. Fasting blood
glucose levels were measured using a glucometer after a 12 h
fast. Mice with fasting blood glucose levels >12 mmol/L were
considered diabetic and chosen for further experiments. C57BL/6
wild-type mice and P2X7R™/~ mice were randomly divided
into four groups: (i) non-treated C57BL/6 control mice that
received buffered saline (WT group, n = 7); (ii) non-treated

P2X7R ™/~ control mice that received buffered saline (P2X7R~/~
group, n = 7); (iii) STZ-induced diabetic mice (WT + STZ
group, n = 7); and (iv) P2X7R~/~ mice that received an ip.
injection of STZ (STZ + P2X7R ™/~ group, n = 7). Non-knockout
male C57BL/6 mice were randomly divided into four groups: (I)
non-treated C57BL/6 control mice that received buffered saline
(Ctrl group, n = 8); (II) STZ-induced diabetic mice without
treatment (STZ group, n = 8); (III) STZ-induced diabetic mice
that received an i.p. injection of 10 mg/kg A438079 every second
day for 16 weeks (STZ + A-10MG group, n = 8); and (IV) STZ-
induced diabetic mice that received an i.p. injection of 20 mg/kg
A438079 every second day for 16 weeks (STZ 4 A-20MG group,
n = 9). All animals were sacrificed by administering sodium
pentobarbital anesthesia. The hearts were collected and weighed.
In addition, heart tissues were placed in 4% paraformaldehyde for
the pathological analysis and/or snap-frozen in liquid nitrogen
for gene and protein expression analyses.

Cardiac Function

Systolic and diastolic cardiac function were determined
non-invasively using transthoracic echocardiography in
mice 2 h before sacrifice. Diastolic function was assessed by
performing pulsed-wave Doppler imaging of the transmitral
filling pattern. The ejection fraction (EF) was calculated

from the left ventricle end-diastolic volume (LVEDV)
and end-systolic volume (LVESV) wusing the following
equation: (LVEDV — LVESV)/LVEDV x 100%. Fractional

shortening (FS) was calculated using the following equation:
FS = [(LVIDd — LVIDs) /LVIDd] x 100%. The Tei index
was determined based on the Doppler recordings of
the left ventricular isovolumetric relaxation time (IRT),
isovolumetric contraction time (ICT), and ejection time
(ET):Tei = (IRT + ICT)/ET.

Isolation of Primary Rat Cardiomyocytes
Newborn (2-3 days old) SD rats were obtained from the Animal
Center of Wenzhou Medical University. The incision on the
sternal left margin was disinfected with 75% alcohol. The hearts
were removed from the chest, washed twice with cold PBS, and
gently dissected. The heart fragments were digested with 0.08%
trypsin for 8 min at 37°C with magnetic stirring. This step was
repeated approximately 16 times until the tissue organization
was no longer visible. The supernatant was collected, and
the digestion was terminated by an incubation with DMEM
containing 10% FBS. All the collected liquid was centrifuged
at 1000 rpm for 10 min. The cells were incubated for 1 h at
37°C after suspension. The non-adherent cells were primary
cardiomyocytes, and the adhesive cells were fibroblasts, which
were all collected and cultivated for the experiment.

H9c2 Cell and Primary Cardiomyocyte
Culture and Treatment

The rat myocardium-derived cell line H9c2 was obtained
from the Shanghai Institute of Biochemistry and Cell Biology
(Shanghai, China). H9¢2 cells or primary cardiomyocytes were
maintained in DMEM (Gibco, Eggenstein, Germany) containing
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5.5 mmol/L D-glucose, 10% FBS, 100 U/ml penicillin, and
100 mg/ml streptomycin at 37°C in a 5% CO; incubator (Thermo
Fisher Scientific, Waltham, MA, United States). Experiments
were performed when the cell density is about 70-80%. In the
HG-treated group, H9¢2 cells or primary cardiomyocytes were
incubated with DMEM containing 33 mmol/L glucose. A438079,
LY317615, and PD98095 were dissolved in DMSO and added to
the cells for 1 h. The final concentration of the three inhibitors
was 10 uM. Afterward, the cells were exposed to HG for 24 h.

Reagents

The P2X7R inhibitor (A438079), PKC inhibitor (LY317615), and
ERK-specific inhibitor (PD98095) were purchased from Selleck
(Shanghai, China). A RevertAid First Strand cDNA Synthesis
Kit was obtained from Thermo Fisher Scientific (Waltham,
MA, United States). SYBR Premix Ex Taqg'™ (TliRnaseH Plus)
was obtained from Takara (Dalian, China). The primary anti-
P2X7R antibody (#APR-004) was obtained from Alomone Labs
(Israel). Anti-collagen 1 (anti-COL-1, ab34710), anti-matrix
metalloproteinase-9 (anti-MMP9, ab38898), and anti-heavy
chain cardiac myosin (ab185967) antibodies were obtained from
Abcam (Cambridge, United Kingdom). Moreover, antibodies
against TGFp (#3711), GAPDH (#5174), Caspase-3 (#9662),
Bcl2 (#2870), phospho-PKCPII (Thr638/641) (#9375), Bax
(#5023), and Phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204;
#4370) were obtained from Cell Signaling Technology (Danvers,
MA, United States).

Western Blot Analysis

Protein isolation and western blot analyses were performed
using methods described in the literature (Huang et al., 2008).
Protein samples were loaded and separated on SDS-PAGE gels
before being transferred to a PVDF membrane (Millipore, MA,
United States). Membranes were blocked with a 5% fat-free milk
solution in TBST (TBS containing 0.1% Tween-20) at room
temperature for 1 h, followed by an overnight incubation at 4°C
with the appropriate primary antibodies. Immunoreactive bands
were incubated with a secondary antibody at room temperature
for 1 h and labeled with horseradish peroxidase after three
washes. Proteins were detected with the ECL reagent (Bio-
Rad, United States).

Real-Time Quantitative PCR

Total RNA was extracted from H9c2 cells or heart tissues (20—
50 mg) using TRIzol reagent according to the manufacturer’s
protocol (Invitrogen Life Technologies). One microgram of total
RNA from each sample was used to generate cDNAs using the
RevertAid First Strand cDNA Synthesis Kit (#K1622; Thermo
Fisher Scientific). The resulting cDNA templates were amplified
using SYBR in a real-time polymerase chain reaction with
primers from Sangon Biotech (Shanghai, China) (Table 1). PCR
was directly monitored using CFX 96 (Bio-Rad, United States).
All results were normalized to GAPDH.

Terminal Deoxynucleotidyl
Transferase-Mediated dUTP Nick End
Labeling Staining

Paraffin tissue sections with a thickness of 5 pm were used
for terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) staining of apoptotic cells using a One-
Step TUNEL Apoptosis Assay Kit from Beyotime (Shanghai,
China) according to the manufacturer’s instructions. TUNEL-
positive cells were imaged under a fluorescence microscope
(400x amplification; Nikon, Japan).

Histopathological Masson’s Trichrome,
Sirius Red and Rhodamine Staining

Excised heart tissue specimens were fixed with 4%
paraformaldehyde, processed in a graded series of alcohol
and xylene solutions and then embedded in paraffin. Paraffin
blocks were sliced into sections at a thickness of 5 um. After
rehydration, the sections were stained with hematoxylin and
eosin (H&E). Images of each section were captured using a
light microscope (400x amplification; Nikon, Japan) to evaluate
the histopathological damage. Paraffin sections (5 pm) were
stained with 0.1% Sirius Red and Masson’s trichrome (Sigma) to
evaluate the level of collagen deposition and fibrosis, respectively.
H9c2 cells were pretreated with HG (33 mM) for 24 h in the
presence or absence of A438079. Then, the cells were stained
with rhodamine (Beyotime; Shanghai, China) according to the
manufacturer’s instructions. The stained sections or cells were

TABLE 1 | The primer sequences of each target gene.

Gene Species FW RW

P2X7R Rat CGGGCCACAACTATACTACGA CCTGAACTGCCACCTCTGTAA
TGF-B Rat GACTCTCCACCTGCAAGACC GGACTGGCGAGCCTTAGTTT
ANP Rat GTACAGTGCGGTGTCCAACA ATCCTGTCAATCCTACCCCC
MyHC Rat GAACACCAGCCTCATCAACC CCTTCTTGGCCTTCTCCTCT
GAPDH Rat ACAGCAACAGGGTGGTGGAC TTTGAGGGTGCAGAGAACTT
P2X7R Mouse AGAATGAGTTCCCCTGCAAA AAGCTGTACCAGCGGAAAGA
TGF-B Mouse TGACGTCACTGGAGTTGTACGG GGTTCATGTCXATGGATGGTGC
ANP Mouse AAGAACCTGCTAGACCACCTGGAG TGCTTCCTCAGTCTGCTCACTCAG
MyHC Mouse CAAAGGCAAGGCAAAGAAAG TCACCCCTGGAGACTTTGTC
GAPDH Mouse ACCCAGAAGACTGTGGATGG TTCAGCTCAGGGATGACCTT
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FIGURE 1 | P2X7 receptor expression was increased in the STZ-induced type 1 diabetes model and HG-treated cell model in vitro. Representative images (A) and
quantification (B) of immunofluorescence staining for P2X7R in myocardial tissues (400x magnification). The expression of the P2X7R mRNA (C) and protein (D)
with the corresponding statistics (E) (data from three independent experiments were analyzed: *p < 0.05, **p < 0.01, and **p < 0.001 compared with the Ctrl;
#n < 0.05, "p < 0.01, and **p < 0.001 compared with STZ alone).

then viewed under a Nikon fluorescence microscope (400x  Annexin V-EGFP/PI Cell Apoptosis Detection Kit (KeyGen
amplification; Nikon, Japan). Biotech, Nanjing, China) was used for this experiment. Then,

0.25% trypsin without EDTA was used to digest cells, and the cells
Flow Cytometry were centrifuged at 2000 rpm for 5 min. Pellets were washed twice
H9c2 cells were pretreated with HG (33 mM) for 24 h before  with PBS. Binding buffer (500 1) was added to suspend the cell
the level of apoptosis was measures using flow cytometry. An  pellets. After mixing the cells with 5 .l of Annexin V-FITC and
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5 1 of propidium iodide and reacting for 5-15 min lucifugally,
the cells were immediately analyzed using a FACSCalibur flow
cytometer (Becton Dickinson & Co., United States).

Statistical Analysis

All data were obtained from three independent experiments
and are presented as the means &+ SEM. All statistical
analyses were performed using GraphPad Pro Prism 5.01
software (GraphPad, San Diego, CA, United States). One-way
ANOVA followed by the multiple comparisons test with the
Bonferroni correction were employed to analyze the differences
between sets of data. A p-value < 0.05 was considered
statistically significant.

RESULTS

P2X7 Receptor Expression Was
Substantially Increased in the
STZ-Induced Type 1 Diabetes Model and

HG-Treated Cell Model in vitro

In the diabetic mouse model induced by STZ,
immunofluorescence staining was utilized to inspect P2X7R
expression in the myocardial tissue of C57BL/6 mice (Figure 1A).
The expression of P2X7R was significantly increased after the
administration of STZ. However, the administration of A438079,
a selective inhibitor of the P2X7R, significantly reduced the
fluorescence intensity. Moreover, compared with the low-
dose group (10 mg/kg), the decreasing trend observed in the
high-dose group (20 mg/kg) was more evident based on the
fluorescence intensity (Figure 1B). As expected, the results
obtained for the protein and mRNA levels were consistent
with the immunofluorescence double staining (Figures 1C-E).
Collectively, the expression of the P2X7R was upregulated in the
STZ-induced diabetic model.

We used HG (33 mM) to stimulate H9¢2 cells at different
time points and evaluate whether the upregulation of the P2X7R
in vitro was consistent with the changes observed in vivo. As
shown in Supplementary Figures 1A,B, P2X7R levels increased
and leveled off after 24 h. Thus, we chose 24 h as the time
point for our subsequent experiments. In H9¢2 cells and primary
rat cardiomyocytes pretreated with A438079 for 1 h, P2X7R
expression was significantly reduced at both the protein and
mRNA levels (Supplementary Figures 1C,D). Interestingly, in
primary fibroblasts, the expression of the P2X7R was not altered
after HG stimulation (Supplementary Figures 1E,F). Based on
this phenomenon, HG mainly altered the level of the P2X7R at
the myocardial cell surface.

P2X7 Receptor Inhibition Alleviated
STZ-Induced Cardiac Dysfunction

We performed additional experiments to detect the effect of
P2X7R inhibition on the status and cardiac function of mice.
The weight of C57BL/6 mice was decreased and fasting blood
glucose levels increased significantly after the administration
of STZ (Supplementary Figures 1G,H). However, a slight

increase in body weight was detected in A438079-treated mice,
and no change in fasting plasma glucose levels was observed
(Supplementary Figures 1G,H) after treatment with A438079.

Non-invasive transthoracic echocardiography was used to
examine the cardiac function of all experimental mice 2 h before
sacrifice (Table 2). Echocardiography data revealed that the heart
rate was not affected. Heart weight/body weight (HW/BW) was
significantly increased in the STZ group compared with the
other groups. Furthermore, STZ not only disrupted diastolic
function (as observed in the IVSd, LVIDd, IRT, and Tei indices)
but also reduced contraction function (EF% and FS%). As
expected, these dysfunctions were substantially attenuated by the
A438079 treatment.

Blockade of the P2X7 Receptor
Attenuated STZ-Induced Cardiac

Remodeling and Apoptosis in vivo

Although A438079 improved the cardiac function of diabetic
mice, we were not sure whether it improved cardiac remodeling.
Thus, H&E staining was used to detect the structural
morphology. The hearts of STZ-challenged mice displayed
structural abnormalities, such as disorganized myofibers. This
disorder was improved in the other groups treated with the
inhibitor (Figure 2A).

Fibrosis is also an important pathological variation observed
in individuals with DCM (Wang et al., 2006). The connective
tissue in the myocardium was examined using Masson’s
trichrome and Sirius Red staining for collagen (Figure 2A). The
hearts from the STZ group showed apparent collagen and fibrous
tissue accumulation, which were suppressed by treatment with
A438079 (Figures 2A,C). At the protein level, the expression
of the profibrotic markers TGF-B, COL-1, and MMP-9 was
increased in the hearts of STZ-induced diabetic mice (Figure 2B).
The results of PCR for TGF-f showed the same trend (Figure 2F).
These molecular biological changes were remarkably reversed

TABLE 2 | Biometric and echocardiographic parameters of the C57BL/6
experimental mice.

Ctrl (n = 8) STZ

n=8 A-1OMG (n=8) A-20MG (n=9)
HR, bpm 525 + 79 489 + 78 514 + 54 527 + 41
HW/BW, mg/g 5.78 £ 0.26 6.61 + 0.36™* 5.74 + 0.34"# 594 + 0.23"*
IVSD, mm 0.7834+0.04 0.75+0.08  0.73+0.03 0.70 + 0.03
LVIDd, mm 223+010 2454006 217+0.15" 216+0.12%
IRT, ms 1414 £2.03 245+ 1,91 16.67 £1.37 17.33 & 2.1g"##
Tei index 0.704+0.07 0.84+0.14 073 +0.02 0.70 + 0.02
EF% 82.03+£2.94 73.26+1.45™ 7958 +2.11% 79.26 + 1.86*
FS% 44,00 + 2.37 36.85 &+ 2.25* 43.36 + 3.33"  42.99 + 3.22*

Ctrl, control; HR, heart rate; HW/BW, heart weight/body weight; IVSD, diastole
interventricular septal thickness; LVIDd, diastole left ventricle internal dimension;
IRT, isovolumic relaxation time; EF%, ejection fraction %, FS%, fractional shortening
%.

Data presented as Mean + SD, **p < 0.01, and ***p < 0.001, compared to Ctrl
group; *p < 0.05, *p < 0.01, and **p < 0.001, compared to STZ group.
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by A438079 administration (Figures 2B,F). Moreover, higher
expression of myosin heavy chain (MyHC), a biomarker of
cardiac hypertrophy, was observed in the STZ-induced group
than in the A438079 treatment groups (Figures 2B,E). Similar
results were observed for the expression of the ANP mRNA
(Figure 2D). Taken together, P2X7R inhibition significantly
improved myocardial remodeling.

In addition, apoptosis plays an important role in DCM. As
shown in images of TUNEL staining, A438079 played a role
in preserving myocardial cell survival and reducing apoptosis
caused by diabetes (Figures 3A,C). The levels of apoptosis-related
proteins, such as Caspase-3 and Bax, were increased due to
diabetes, and the level of the antiapoptotic protein Bcl-2 was
decreased (Figures 3B,E). P2X7R inhibition led to changes in
the levels of apoptotic proteins, and the Bax-to-Bcl-2 ratio was
decreased (Figure 3D).

P2X7 Receptor Inhibition Prevented
HG-Induced Phenotypic Changes in
H9c2 Cells and Primary Rat

Cardiomyocytes

The tests described below were performed to confirm whether
P2X7R inhibition using A438079 protected the myocardium
in vitro. H9c2 cells and primary rat cardiomyocytes were
incubated with A438079 for 1 h prior to HG (33 mM) stimulation
for 24 h. The protein levels of the hypertrophic marker MyHC
and profibrotic proteins TGF-B, MMP-9, and COL-1 in the
respective cells were remarkably decreased by the A438079
pretreatment (Figures 4A-D). The results of quantitative
PCR showed that P2X7R inhibition alleviated HG-induced
hypertrophy and fibrosis to varying degrees (Figures 4E,F). As
intuitively observed from the rhodamine staining, the inhibition
of the P2X7R improved the hypertrophic response of H9c2
cells to HG (Figure 4G). These phenotypic changes were
consistent with the results obtained from the hearts of STZ-
induced diabetic mice.

Pharmacological Inhibition of the P2X7
Receptor Attenuated HG-Induced
Apoptosis in H9¢c2 Cells and Rat Primary

Cardiomyocytes

A selective inhibitor of the P2X7R was used in vitro to confirm
the role of the P2X7R in HG-induced apoptosis. H9c2 cells
and rat primary cardiomyocytes were pretreated with A438079
for 1 h and then exposed to HG (33 mM) for 24 h. As
shown in Figures 4H,I, the expression of Bax and Caspase-3
was significantly increased in the HG group but was obviously
downregulated by the A438079 treatment in H9¢2 cells and
rat primary cardiomyocytes. Similar trends in the ratio of Bax
to Bcl-2 and the ratio of Caspase-3 to GAPDH were also
observed (Supplementary Figures 2A-D). The flow cytometry
results for H9c2 cells revealed a higher percentage of apoptotic
cells in the HG stimulation group than in the normal group.
In addition, the A438079 treatment significantly suppressed
apoptosis, particularly late apoptosis (Figure 4J).

P2X7 Receptor Knockout Improved
STZ-Induced Cardiac Dysfunction

Based on previous animal experiments and in vitro experiments,
pharmacological inhibition of the myocardial P2X7R reduced
cardiac remodeling and apoptosis in the STZ-induced model
or HG-treated cells. P2X7R knockout mice (P2X7R~/~) were
used as experimental models to better clarify its role. Figure 5C
shows the expression of the P2X7R in cardiac tissue from
P2X7R™/~ mice.

All mice were subjected to echocardiography 2 h before
sacrifice. A significant difference in the heart rate was not
observed among the four groups. Under basal conditions, P2X7R
knockout alone had no effect on cardiac function (Figure 5A and
Table 3). As shown in Table 3, STZ caused systolic dysfunction
(as evidenced by the EF% and FS% indices). As expected, these
dysfunctions improved in P2X7R™/~ mice. Figure 5A shows a
representative echocardiogram of each group, which presents the
findings more intuitively.

The P2X7 Receptor Was Involved in
STZ-Induced Cardiac Remodeling and
Apoptosis
P2X7R knockout mice were transformed into diabetic mouse
models by administering them STZ, and then myocardial
tissues were observed using histochemical staining. HE staining
revealed that STZ-induced cardiomyocyte hypertrophy and
histopathological alterations were alleviated by P2X7R knockout
(Figure 5B). Masson’s trichrome staining showed that P2X7 R/~
decreased cardiac fibrosis in STZ-induced mice (Figures 5B,D).
Strikingly, STZ-induced changes in the expression of the
profibrotic proteins collagen I, MMP 9, and TGF-f were reversed
in the P2X7R~/~ mouse hearts (Figures 5E,F). Myocardial tissue
apoptosis is shown in Figures 5G,H. The STZ treatment induced
Caspase 3 and Bax expression and inhibited Bcl-2 expression. As
expected, these abnormal changes were ameliorated by knockout
of the P2X7R (Figures 5G,H). Based on these results, P2X7R
enhanced STZ-induced remodeling and apoptosis in the mouse
myocardial tissue.

P2X7R Regulated the Activation of the
PKCB/ERK Axis in High Glucose-Induced

Cardiomyocytes

The underlying mechanism by which HG causes damage must
be elucidated. By reviewing previous studies, the PKC/MAPK
pathway participates in the development of DCM (Soetikno et al.,
2012). A PKC phosphorylation site was identified in the short
N terminus of P2X7R (Boue-Grabot et al.,, 2000). Among the
many subtypes of PKC, protein kinase C-p (PKCp) is stimulated
by HG (Hayashi et al., 2017). Furthermore, PKCB is involved
in many heart diseases (Mochly-Rosen et al., 2012; Newton
etal., 2016). Here, we measured the levels of phosphorylated and
total PKC and ERK in HG (33 mM)-induced myocytes treated
with or without A438079. As shown in Figures 6A,B, the levels
of phosphorylated PKCB and ERK were increased upon HG
stimulation and were remarkably reduced after the addition of
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A438079, indicating that the P2X7R, an upstream regulator, may
adjust PKCP and ERK activation in HG-induced myocytes.

We pretreated cells with inhibitors of these kinases (LY317615,
an inhibitor of PKCp, or PD98059, an inhibitor of ERK) for
1 h and then incubated them with HG to further elucidate the
relationship between PKCp and ERK. After the addition of PKCf
and ERK inhibitors, the expression of the P2X7R did not change
upon HG stimulation (Figures 6C,D). In contrast, LY317615 not
only inhibited PKCp activity but also reduced the activity of
ERK (Figures 6C,E). However, PD98059 did not affect P2X7R
and phospho-PKCB activation (Figures 6C,F). Additionally, the
levels of the molecular markers of cardiac hypertrophy, fibrosis,
and apoptosis (such as MyHC, Col-1, MMP-9, TGF-f, Bax, Bcl-
2, and Caspase-3) were decreased by PD98059 or LY317615
(Figure 6G). Thus, the activation of PKCP and ERK was involved
in HG-induced myocardial injury.

DISCUSSION

Cardiovascular disease remains one of the main causes of death
worldwide. In the present study, we systematically revealed the
novel role of the P2X7R in DCM. The P2X7R was upregulated
in the diabetic hearts and in HG-treated cardiomyocytes. The
inhibition or knockout of the P2X7R significantly mitigated
cardiac damage, including cardiomyocyte fibrosis, apoptosis,
and hypertrophy, in vivo and in vitro. We confirmed that
the suppression of P2X7R inhibited PKCP and ERK activation
and then decreased the hallmarks of HG-induced myocardial
remodeling. In addition, PKCP was identified as an upstream
molecule that regulates the activation of ERK in this process.
Figure 6H summarizes the graphical abstract.

Diabetic cardiomyopathy is caused by prolonged diabetes
(Aneja et al., 2008). Diabetes mainly changes the structure
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and function of the myocardium. Hyperglycemia not only
causes morphological changes in the myocardium, such as
cardiomyocyte hypertrophy, but also affects the myocardial
structure and induces interstitial and perivascular fibrosis,

eventually leading to heart failure (Kannel and McGee, 1979;
Mizushige et al., 2000; Singh et al., 2008; Bugger and Abel, 2009,
2014). Reversing these detrimental processes will improve the
cardiac function of patients with diabetes mellitus.
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TABLE 3 | Biometric and echocardiographic parameters of the C57BL/6 gene
knockout experimental mice.

WT WT +STZ P2X7R~/~ P2X7R~/~ 4+ STZ
HR, bpm 460 + 41 400 + 63 460 + 67 418 + 54
HW/BW, mg/g 5.21 +0.27 6.59 + 0.56" 5.38 + 0.33 6.07 + 0.58"
IVSD, mm 0.63+0.04 0.64+003 0.63+0.08 0.63 + 0.05
LVIDd, mm 355+0.32 3.83+024* 340+036 3.60+0.18"§8
LVPWd, mm  0.62+0.06 0.69 4+ 0.05* 0.63 + 0.04 0.67 + 0.06*
LVIDs, mm 2234027 2504035 215+025  2.39+ 020"
EF% 76 £5.94 62+ 7.50" 77.96 + 4.85 71.23 + 3.91### §§§
FS% 39.23 + 5.26 28.8 + 5.35"* 40.63 & 4.68 35.52 + 2.66"# 55§

HR, heart rate; HW/BW, heart weight/body weight; IVSD, diastole interventricular
septal thickness; LVIDd, diastole left ventricle internal dimension; LVPWQ, left
ventricular diastole posterior wall thickness; LVIDs, systole left ventricle internal
dimension; EF%, ejection fraction %, FS%, fractional shortening %.

Data presented as Mean + SD, *p < 0.05, **p < 0.01, and ***p < 0.001,
compared to WT; *p < 0.05, *p < 0.01, and ***p < 0.001, compared to
P2X7R~/~;%8p < 0.01, and $%8p < 0.001, compared to WT + STZ.

The P2X7R was first cloned from a rat brain (Surprenant et al.,
1996). With advances in research, the P2X7R was subsequently
detected in all types of cells in vivo (Collo et al., 1997; Rassendren
et al., 1997; Fountain and Burnstock, 2009). In addition, P2X7R
expression was not obvious in the kidney under physiological
conditions. However, in abnormal cases, such as diabetes and
hypertension, P2X7R expression was significantly increased in
rats (Vonend et al., 2004). Moreover, increased P2X7R activity
may contribute to the pathogenesis of diabetic nephropathy,
and P2X7R inhibition reduces renal macrophage accumulation
and contributes to reducing the high prevalence of kidney
disease observed in patients with diabetes (Kreft et al., 20165
Menzies et al, 2017). Thus, the P2X7R exerts detrimental
effects and is associated with organ damage caused by high
sugar levels. Additionally, the P2X7R also exerts important
physiological and pathological effects on the cardiovascular
system (Burnstock, 2017). For example, stimulation of the
P2X7R regulates pro-inflammatory responses in endothelial cells
(Sathanoori etal., 2015) and induces autoimmunity in individuals
with dilated cardiomyopathy (Martinez et al., 2015). In the
present study, the cardiac function of the STZ-induced groups
was significantly worse, based on the echocardiography results
(Tables 2, 3). Cardiac function and corresponding parameters
were significantly improved in P2X7R knockout mice or in
mice administered the P2X7R inhibitor. Meanwhile, P2X7R
expression was substantially upregulated, and subsequently
increased the expression of B-Myhc, Collagen I, and TGEF-
B in both animal models and cells exposed to HG, whereas
P2X7R blockade significantly reversed myocardial fibrosis and
reduced hypertrophy, indicating that high P2X7R expression
is involved in cardiac remodeling by modulating fibrosis and
hypertrophy in subjects with DCM. Notably, cell apoptosis
contributes to the development of cardiac remodeling (Wang
et al.,, 2014), and reducing the apoptosis of cardiac tissue may
be an effective therapeutic strategy. Here, Caspase 3 and Bax
levels increased, whereas the level of the antiapoptotic protein
Bcl-2 was decreased, similar to the results from the TUNEL

assay. However, the addition of the P2X7R inhibitor (A438079)
or P2X7R™/~ reversed these aberrant changes. Collectively,
the P2X7R is involved in the process of fibrosis, hypertrophy,
and apoptosis in heart tissues of diabetic mice, suggesting
that the inhibition of P2X7R expression to prevent cardiac
remodeling will be an effective cardioprotective strategy for
abolishing DCM. Interestingly, the change in P2X7R expression
only occurred in cardiomyocytes, but not in cultured rat
primary fibroblasts (Supplementary Figure 1D), which is
supported by the results showing that fibroblasts in the heart
mostly mediate fibrosis through P2Y receptors (Certal et al,
2017). This phenomenon indicates that cardiomyocytes are
the main sources of P2X7R expression leading to cardiac
remodeling in DCM.

Based on the P2X7R structure, the N terminus contains
a consensus PKC phosphorylation site (Boue-Grabot et al,
2000). Furthermore, P2X7R activation promotes calcium influx,
which activates the PKC protein (Surprenant et al., 1996).
Thus, various phenomena indicate a link between the P2X7R
and PKC protein. Naturally, the PKC protein becomes the
focus because of its important function in cells (Antal et al.,
2015). Given its different structures, PKC is divided into three
subfamilies. PKCP is one of the conventional PKCs detected
in heart tissue. Based on ample evidence, the PKCp isoform
is overactivated in the hearts of rats with diabetes mellitus
(Disatnik et al., 1994; Connelly et al., 2009; Liu et al., 2012).
Mice with specific overexpression of PKCp in the myocardium
exhibit left ventricular hypertrophy, cardiac myocyte necrosis,
and multifocal fibrosis (Wakasaki et al., 1997). Therefore, we
investigated whether the activation of PKCP is involved in the
mechanism by which the P2X7R in cardiomyocytes regulates
hyperglycemia/STZ-induced cardiac remodeling. As expected,
the phosphorylation of PKCp was increased when H9¢2 cells were
stimulated with HG (Figure 6A). On the other hand, P2X7R
inhibition decreased the phosphorylation of PKCP (Figure 6A).
We explored the possible downstream targets of PKCB to
further mechanistically investigate the effect of PKCp on diabetes.
Extracellular signal-regulated kinases (ERK) are an important
subfamily of mitogen-activated protein kinases that control a
broad range of cellular activities and physiological processes
(Lu and Xu, 2006; Keshet and Seger, 2010; Roskoski]r., 2012).
P2X7R stimulation in HEK-293 cells leads to the activation
of ERK1 and ERK2 independent of Ca’* influx (Amstrup
and Novak, 2003), and ERK1/2 are activated by similar PKC-
dependent signaling pathways (Bradford and Soltoft, 2002). In
the present study, the P2X7R inhibitor A438079 suppressed
phospho-PKCp activity and decreased phospho-ERK activity
in HG-induced H9c2 cells (Figures 6A,B), indicating that
P2X7R is a critical upstream molecule of PKCB and ERK.
However, when the inhibitor of PKCB was added to the cells,
P2X7R activity was not affected, but ERK phosphorylation
was reduced (Figure 6C). Interestingly, neither PKCP nor
P2X7R activity was altered by the administration of the ERK
inhibitor PD98059 (Figure 6C). Thus, PKCP mediates ERK
activation initiated by the P2X7R in HG-induced H9c2 cells.
Similarly, the inhibition of PKC and ERK abolished HG-induced
cell hypertrophy, fibrosis, and apoptosis (Figure 6G). Taken
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together, the P2X7R, which is upstream of PKC, subsequently
regulates the ERK pathway to participate in the pathogenesis of
DCM (Figure 6H).

In general, we described the role of the P2X7R in DCM using
its specific inhibitors and P2X7R~/~ mice. P2X7R inhibition
or deficiency reduces myocardial hypertrophy, fibrosis, and
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apoptosis to subsequently improve cardiac function. Moreover,
we further clarified that the P2X7R/PKCB/ERK pathway is
involved in the process and provided a new target for the
treatment of DCM.
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