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Upregulation of P2X7 Exacerbates Myocardial Ischemia—
Reperfusion Injury through Enhancing Inflammation and
Apoptosis in Diabetic Mice

Fancan Wu,*' Hong Wei,*"! Yingxin Hu,* Jiahong Gao,* and Shiyuan Xu*

Diabetes-aggravated myocardial ischemia—reperfusion (MI/R) injury remains an urgent medical issue, and the molecular mechanisms
involved with diabetes and MI/R injury remain largely unknown. Previous studies have shown that inflammation and P2X7 signaling
participate in the pathogenesis of the heart under individual conditions. It remains to be explored if P2X7 signaling is exacerbated or
alleviated under double insults. We established a high-fat diet and streptozotocin-induced diabetic mouse model, and we compared the
differences in immune cell infiltration and P2X7 expression between diabetic and nondiabetic mice after 24 h of reperfusion. The antagonist
and agonist of P2X7 were administered before and after MI/R. Our study showed that the MI/R injury of diabetic mice was characterized
by increased infarct area, impaired ventricular contractility, more apoptosis, aggravated immune cell infiltration, and overactive P2X7
signaling compared with nondiabetic mice. The major trigger of increased P2X7 was the MI/R-induced recruitment of monocytes and
macrophages, and diabetes can be a synergistic factor in this process. Administration of P2X7 agonist eliminated the differences in MI/R
injury between nondiabetic mice and diabetic mice. Both 2 wk of brilliant blue G injection before MI/R and acutely administered A438079
at the time of MI/R injury attenuated the role of diabetes in exacerbating MI/R injury, as evidenced by decreased infarct size, improved
cardiac function, and inhibition of apoptosis. Additionally, brilliant blue G blockade decreased the heart rate after MI/R, which was
accompanied by downregulation of tyrosine hydroxylase expression and nerve growth factor transcription. In conclusion, targeting P2X7

may be a promising strategy for reducing the risk of MI/R injury in diabetes.

ardiovascular events are the leading cause of death in patients

with diabetes (1). Myocardial vulnerability of patients with

diabetes depends on the progression and duration of diabetes
(2). With the development of percutaneous coronary intervention,
patients with myocardial infarction are effectively treated, but there
is still a high mortality rate after reperfusion, which is as high as
7% in 1 y (3). Among them, patients with diabetes have higher
restenosis and a lower long-term survival rate, which is associated
with aggravated myocardial ischemia—reperfusion (MI/R) injury
(4). The underlying mechanisms are complicated. Identification of
mechanisms between diabetes and increased vulnerability to MI/R
injury has medical value and may reveal promising targets for
treating ischemic heart disease in patients with diabetes.

The P2X7 receptor belongs to the ligand-gated ion channel P2X
subfamily of purine-based P2 receptors, and overactivation of P2X7
is involved in the progression of inflammation and cardiovascular
disease (5). The most significant downstream effect of P2X7 activa-
tion is the nucleotide-binding oligomerization domain-like receptors
family pyrin domain-containing 3 (NLRP3) inflammasome assembly
and cleavages of pro-caspase-1 to caspase-1, resulting in the activa-
tion of pro-IL-13 into its mature form, which is the primary agent
in promoting sterile inflammation. ATP is the ligand for P2X7 and
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is stored at high concentrations (5—10 mM) in most cells (6). During
MI/R, disruption of coronary blood flow causes cell damage, leading
to a massive release of ATP. Following ATP into the extracellular
space, CD39 converts ATP into AMP and regulates ATP concen-
trations. Once the line is crossed, ATP becomes a potent damage-
associated molecular pattern, binds P2X7, and triggers cell death (7).
Furthermore, P2X7 plays a role in regulating the homeostasis of
metabolism and immunity in diabetes (1). Most studies have explored
alterations of P2X7 in diabetic nephropathy (8), retinopathy (9), and
neuropathy (10), but the effect of diabetes on P2X7 expression and
function of ischemic disease in the heart is unclear. Thus, it is
important to understand whether P2X7 is involved in the pathogene-
sis of diabetes-aggravated MI/R injury. Identification of the specific
functions of P2X7 in diabetes and the downstream molecules it acti-
vates will support evidence-based treatment design in diabetes-specific
conditions.

In the present study, we assessed the vulnerability of MI/R injury
in diabetic mice and then focused on the differences in the expres-
sion of P2X7 and its downstream molecules. We found that the
major trigger of increased P2X7 was the MI/R-induced recruitment
of monocytes macrophages, and diabetes can be a synergistic factor
in this process. Therefore, we hypothesized that inhibition of P2X7
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may overcome increased susceptibility of MI/R in diabetic mice. To
validate this hypothesis, pharmacological enhancement and blockade
of P2X7 using BzATP, brilliant blue G (BBG), and A438079, respec-
tively, were used to investigate the role of P2X7 in aggravated MI/R
injury. Of note, both 2 wk of BBG injection before MI/R and acutely
administered A438079 at the time of MI/R injury alleviated cardiac
injury in diabetic mice.

Materials and Methods

Ethics statement

All animal experiments were approved by the Animal Ethics Committee of Zhu-
jiang Hospital, Southern Medical University (Project Number LAEC-2021-101).

Induction of diabetes

The specific pathogen-free and 4-wk-old male C57BL6/J mice were bought
from Guangdong Sijiajingda Biotechnology Co. Mice were placed in a dedi-
cated pathogen-free facility with controlled temperature and humidity with a
12-h/12-h light/dark cycle and ad libitum access to water and standard labo-
ratory rodent chow or 60% high-fat fodder. The fodder was purchased from
Guangdong Medical Laboratory Animal Center. The high-fat diet (HFD) and
streptozotocin (STZ)-induced diabetic mouse model was developed as previ-
ously described (11). Briefly, 4-wk-old male C57BL6/J mice were fed an
HFD (60% fat) for 8 wk to induce diabetes. Age-matched nondiabetic mice
were fed a standard normal diet for 8 wk. STZ (Sigma-Aldrich, St. Louis, MO)
was dissolved in sodium citrate buffer and injected (100 mg/kg, one dose, i.p.
injection) into 8-wk-old mice, and 12-wk-old mice were fasted for 6 h (from
8:00 to 14:00). Blood glucose was quantified from a tail-vein blood sample
using a Freestyle blood glucose monitoring system (Abbott). The 12-wk-old
mice with blood glucose levels above 11.1 mmol/L were considered diabetic
mice.

MI/R

After i.p. injection of sodium pentobarbital (50 mg/kg), the trachea was intubated
and connected to a small animal ventilator (RoVent Jr. Small Animal Ventilator,
Kent Scientific). MI/R was performed by tying the left anterior descending
coronary artery (LAD) using an 8-0 silk suture slipknot. Thirty minutes after
ischemia, the slipknot was released, and reperfusion of the myocardium was
performed for 24 h.

Definition and harvest of cardiac injury region

Cardiac tissue regions were defined as the ischemic zone (left ventricular free
wall), border zone (left ventricular anterior and posterior wall), and distal zone
(interventricular septum) (12). The cardiac apex corresponds to the left ven-
tricle, which was also the main infarct area. In our study, the cardiac apex below
the ligation site was harvested 24 h after reperfusion and was used for the West-
em blots, immunofluorescence, immunohistochemistry, and flow cytometry.

Administration of drugs

BBG (S3217, Selleck), a P2X7 receptor antagonist, was diluted at 3 mg/ml
in vehicle (saline) solution and injected i.p. Briefly, mice were administered
BBG (45.5 mg/kg) every 48 h (once per day) for 2 wk, and the final BBG
treatment was performed 30 min before MI/R (13). A438079 (HY-15488A,
MedChemExpress), a selective P2X7 antagonist, was administered by i.p.
injection (diluted at 100 mg/ml in vehicle [saline] solution, 100 mg/kg) 30 min
after MI/R (14, 15). In addition, 0.1 wg/pl BzATP triethylammonium salt
(ab120444, Abcam, Cambridge, UK), a P2X7 agonist, was administered
3 wl/mouse before the slipknot was released (16).

Laser speckle contrast imaging (LSCI) of ischemic hearts

Left ventricular blood flow was quantitatively measured by LSCI (SIM BFI-HR
Pro, Wuhan XunWei Optoelectronic Technology), as previously described by
Kavanagh et al. (17). In brief, mice were surgically molded, and an LSCI
device was placed above the exposed heart. A defined area was delineated
with the left ventricle to observe blood flow downstream of the LAD ligation
site to help determine the success of the ligation.

Myocardial tissue staining

Myocardial infarct size was determined by Evans blue (Sigma-Aldrich)/
triphenyltetrazolium chloride (TTC) (Sigma-Aldrich) staining. In brief, the
LAD was religatured in the previous location following 24 h of reperfusion,
and 1.5% Evans blue was injected into the ascending aorta. The heart was
sliced, incubated in 1% TTC at 37°C for 15 min, and photographed. The
Evans blue—negative staining area of the myocardium indicated the area at
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risk, and the TTC-negative staining portion indicated the infarct. Myocardial
infarct size was expressed as a percentage of the infarct area over risk area.

Echocardiography and electrocardiogram analysis

After inhalation of 1.5% isofturane, mice were monitored by echocardiography
and electrocardiogram. Ventricular function was measured by the VisualSonics
Vevo 3100 imaging system (Fujifilm Corporation). Short-axis two-dimensional
echocardiography of the ventricle was collected on the maximum transverse
surface of the left ventricle, including two papillary muscles in a constant posi-
tion. Left ventricular ejection fraction (EF) and shortening fraction (FS) were
calculated by Vevo LAB software. The BIOPAC MP160 system (BIOPAC
Systems) was used to continuously monitor electrocardiograms every
5 min in mice, and the data were analyzed by AcqKnowledge software.

Measurements of creatine kinase-MB (CK-MB) and total cholesterol

Serum CK-MB level was determined using a commercially available mouse
ELISA kit (Nanjing Jiancheng Bioengineering Institute). Total cholesterol
was measured by a mouse total cholesterol ELISA kit (Shanghai Enzyme-
linked Biotechnology). Both experiments were based on the manufacturer’s
instructions.

Histochemical analysis and apoptosis determination

Each sample was embedded in paraffin, cut into 5-um-thick sections, and
stained with the following primary Abs: P2X7 (ab259942, 1:1000, Abcam)
and Iba-1 (ab178847, 1:1000, Abcam). Apoptosis was measured by TUNEL
assay, using a commercial kit according to the manufacturer’s protocol (KeyGEN
Biotech). ImagelJ software was used to count positive cells, which were expressed
as a percentage of positive cells. The percentage of TUNEL-positive nuclei
among total nuclei was calculated to determine the apoptosis index.

Immunofluorescence

Myocardial localization of P2X7 and F4-80 were identified by immunofiuo-
rescence using the following Abs: P2X7 (ab259942, 1:250, Abcam), F4-80
(ab6640, 1:1000, Abcam), goat anti-rabbit IgG H&L (Alexa Fluor 594, Abcam),
and goat anti-rat I[gG H&L (Alexa Fluor 488, Abcam). The fluorescence was
observed under a fluorescence microscope (TS100, Nikon).

Western blot analysis

Proteins were separated on a 10% or 12% NaDodSO,—PAGE SDS-PAGE
gel and transferred to a polyvinylidene fluoride (ISEQ00010, IPVH00010,
MerckMillipore) membrane. Membranes were blocked with 5% nonfat
milk for 1 h and then incubated with the following primary Abs overnight
at 4°C: P2X7 (ab259942, 1:2000, Abcam), NLRP3 (NBP1-77080, 1:1000,
Novus Biologicals), caspase-1 (24232, 1:500, Cell Signaling Technology),
IL-1B (ab254360, 1:500, Abcam), CD39 (14481, 1:1000, Cell Signaling
Technology), caspase-3 (14220, 1:500, Cell Signaling Technology), IL-10
(AF519, 1:500, R&D Systems, Minneapolis, MN), tyrosine hydroxylase
(25859-1-AP, 1:2000, Proteintech, Rosemont, IL), and B-tubulin (AP0064,
1:5500, Bioworld). The results were analyzed by ImagelJ software.

Quantitative real-time PCR analysis

NGF mRNA expression was assessed by quantitative real-time PCR with the
following primer sequences: 5'-AGACTCCACTCACCCCGTG-3" (forward
primer) and 5'-GGCTGTGGTCTTATCTCCAAC-3' (reverse primer).
Total RNA was extracted from myocardial tissue using TRIzol reagent
(Accurate Biology), and reverse transcription and amplification were
performed using a SYBR Green kit (RR820A, Takara). All data were nor-
malized to B-actin under the same conditions by the comparative cycle
threshold method.

Flow cytometry

In order to prepare single-cell suspensions from infarct tissue, 50 mg tissue
of the cardiac apex was harvested under aseptic conditions, washed in HBSS,
ground up with scissors, placed into a mixture of collagenase type I (Thermo
Fisher, Waltham, MA) and dispase II (Sigma-Aldrich), and digested at 37°C
for 45 min. The cells were then centrifuged (15 min, 1200 X g, 4°C) and fil-
tered through 40-pm nylon filters (BD Biosciences, San Jose, CA).

For extracellular staining, 1 10° cells were resuspended in 100 wl PBS/
2% BSA and costained for cell surface P2X7, CD45, CD11b, Ly6G, and
Ly6C. The cell suspensions were incubated with the following primary Abs for
30 min at room temperature: PE anti-mouse P2X7R (148703, 0.25 g/100 wl),
FITC anti-mouse CD45 (103107, 1:100), PerCP/cyanine 5.5 anti-mouse/human
CD11b (101227, 0.25 pg/100 wl), allophycocyanin anti-mouse Ly6G (127613,
0.06 wg/100 wl), Brilliant Violet 421TM anti-mouse Ly6C (128031, 1:20),
all Abs from BioLegend. Data were acquired on a FACSCalibur cytometer
(CytoFLEX, Beckman Coulter, Indianapolis, IN). The results were analyzed
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by FlowJo version 10.8.1 software and were expressed as a percentage of
cells within the selected gate among total cells.

Statistical analysis

All data are expressed as mean = SEM. p < 0.05 was considered statistically
significant. The Student # test or two-way ANOVA with post hoc testing
(Bonferroni) was used to compare differences between groups. Statistical
analysis was performed using Prism version 9.0 software (GraphPad Soft-
ware, La Jolla, CA).

Results
Mouse model of MI/R and diabetes

Echocardiography and LSCI were used to determine the stability of the
MI/R model. The Echocardiography showed a significant elevation of
the ST segment after ligation of the LAD. LSCI showed a deep blue
color at the cardiac apex, indicating substantial decreased ventricular
blood flow (Supplemental Fig. 1). The blood glucose was signifi-
cantly increased in the diabetic mice compared with the nondiabetic
mice at 12 wk (Fig. 1A; 13.51 + 0.40 mmol/L versus 5.61 + 0.08
mmol/L; p < 0.0001). The body weight was higher in diabetic mice
at 12 wk (Fig. 1B; 3249 + 0.64 g versus 26.22 + 046 g; p <
0.0001). Serum total cholesterol of diabetic mice was obviously ele-
vated (Fig. 1C; 344 + 0.11 mmol/L versus 1.42 + 0.12 mmol/L; p <
0.0001).

P2X7 and CD39 expression in HFD/STZ-induced diabetes mice

Myocardial P2X7 levels increased at the 12th week in diabetic mice
(Fig. 1E; diabetic mice [DM] [12 wk] versus non-DM [12 wk];
p < 0.05). There was no significant difference in P2X7 expression at
the 10th, 12th, and 14th weeks in diabetic mice (Fig. 1E; DM [10 wk]
versus DM [12 wk]; ns; DM [12 wk] versus DM [14 wk]; ns; DM
[10 wk] versus DM [14 wk]; ns). Myocardial CD39 expression
showed a significant increase at the 12th week in diabetic mice
compared with nondiabetic mice (Fig. 1F; DM [12 wk] versus non-
DM [12 wk]; p < 0.05). There was a significant increase of CD39
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at the 14th week in diabetic mice compared with other time points
(Fig. 1F; DM [14 wk] versus DM [12 wk]; p < 0.001; DM [14 wk]
versus DM [10 wk]; p < 0.01).

Characterization of MI/R injury in diabetic mice

Compared with the non-DM I/R group, the DM I/R group showed a
larger infarct area (Fig. 2C; 0.35 £ 0.01 versus 0.54 + 0.05; p < 0.01),
without a statistically significant difference in the myocardial infarction
risk area (Fig. 2B; 0.53 + 0.04 versus 0.51 + 0.05; ns). Moreover,
there was no significant difference in ventricular contractile function
between the sham groups (Fig. 2E, 2F; non-DM sham group versus
DM sham group: EF, 68.62 + 2.66% versus 69.24 + 3.25%; ns; FS,
37.87 + 2.00% versus 38.39 + 2.60%; ns), and the decreases in EF
(non-DM /R group versus DM I/R group: 52.26 + 2.12% versus
44.66 + 0.92%; p < 0.05) and FS (non-DM I/R group versus DM I/R
group: 26.41 + 1.46% versus 21.69 + 0.53%; p < 0.05) were more
evident in the diabetic mice after MI/R. Serum CK-MB levels were
further elevated in the DM I/R group compared with the non-DM
I/R group (Fig. 2I; 197.3 + 20.37 U/L versus 285.6 + 21.92 U/L;
p < 0.01). Additionally, the DM I/R group had increased apoptosis
(Fig. 2H; 11.35 £ 0.72% versus 24.83 + 3.75%; p < 0.05).

Infiltration levels and cell types of immune cells after MI/R in diabetic mice

After 24 h of reperfusion, immunohistochemistry showed extensive
macrophage infiltration after MI/R in the diabetic mice (Fig. 3A;
DM I/R group versus non-DM I/R group; p < 0.05). Flow cytome-
try was used to investigate the infiltration levels and cell types of
immune cells after MI/R in diabetic mice. The percentages of leuko-
cytes (CD45™ cells), myeloid cells (CD45" CD11b™ cells), mono-
cytes and macrophages (CD45" CD11b" Ly6G~ Ly6C cells), and
neutrophils (CD45% CDI11b" Ly6G™* cells) were significantly
higher in I/R groups than in the sham group (Fig. 3C-3G; DM I/R
group versus DM sham group; p < 0.0001, p < 0.0001, p <
0.0001, and p < 0.0001, respectively; non-DM I/R group versus
non-DM sham group, p < 0.0001, p < 0.0001, p < 0.0001, and

- DM
-# Non-DM

Kk

STZ

0 20 40 60 . 6
A DAY A
FD HFD

Non-DM(12w) DM(10w) DM(12w)

DM(14w)

P2x7 ) 75 kDa
B-tubuiin T — 55 kDa

cpso N 5O kDa
Bubuiin ——— 55 kDa

FIGURE 1.

20 40 60

Total cholesterol (mmol/L)

e - e oy
= o @» o

CD39/p-tubulin protein level
e
o

P2X7/B-tubulin protein level

g
o

Blood glucose, body weight, total cholesterol, P2X7, and CD39 levels in diabetic and nondiabetic mice. (A) Blood glucose of diabetic mice

(n = 100) and nonpatients with diabetes mice (n = 50) at 4 wk, 8 wk, and 12 wk after HFD/normal diet. (B) Body weight of diabetic mice (» = 100) and
nonpatients with diabetes mice (n = 50) at 4 wk, 8 wk, and 12 wk after HFD/normal diet. (C) Serum total cholesterol of diabetic mice (» = 8) and nondiabetic mice
(n = 6). (D) Western blot of myocardial P2X7 and CD39 in 12-wk-old nondiabetic mice (n = 4) and in 10-wk-, 12-wk-, and 14-wk-old diabetic mice (n = 4).
(E) Quantitative analysis of P2X7. (F) Quantitative analysis of CD39. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


http://www.jimmunol.org/lookup/suppl/doi:/-/DCSupplemental

The Journal of Immunology

A Non-DM sham

Non-DM I/R

B

o
)
]

i
)
]

1965

%k

e
»
1

Risk area
(percent of total area)
° o
N Y
] 1

s e~

ns

.
2]
1

&
Y
I

Infarct size
(percent of risk area)
(=]

IS
1

S S = S

E 100 __**ex G TEINEL il H = -
ns 4 ok ok ok Non-DM sham Non-DM I/R @ 40 =
80 . * L e, e SRR k. L =
= = = £ 30
A gl S e e 2 30-
g o0 E 2 — = S s
[T = % e = =3 )
H. B0 s - - s 20 * ek
- — = = =
20-] R e T i Tt R ‘@ 10— ns
.- '-_.i M o - ““-—f g-
0 T T T T 29 ~ 3 T S - o °
& & \\Q.. \\Q.. = o <" T % T T T T
5 & R ey W S Sy = & & o F &
N & & : . b 7 3 Sl S
& b N S ¢ < ind & s <
[ro— S T — <«
ns ok ok
F 50 DM sham | 500
* Eo s o = e * %
49 = - 400
- =
=30 o S 300
= o
i 20 : = m
S : 5 200
4 % N 1004
o T T T T o AN o
& & & ¢ :
OGN N 25 »F
e & X 3 S ® <
ol X ] _°
S A )

FIGURE 2. Characteristics of MI/R injury in diabetic mice. (A) The infarct size was determined by Evans blue/TTC staining. (B) Postischemia risk area
expressed as a percentage of risk area to the total area (n = 3-6). (C) Postischemia infarct size expressed as a percentage of infarct size to the area at risk
(n = 3-6). (D) Representative M-mode echocardiographic images. (E) EF (n = 6-11). (F) FS (» = 6-11). (G) TUNEL staining. Scale bar, 50 um. (H) TUNEL
positive/total myocytes (n = 3 or 4). (I) Plasma CK-MB levels (n = 10-12). *p < 0.05, **p < 0.01, ****p < 0.0001. DM I/R, diabetic mice with MI/R opera-
tion; DM sham, diabetic mice with sham operation; Non-DM I/R, nondiabetic mice with MI/R operation; Non-DM sham, nondiabetic mice with sham operation.

p < 0.01, respectively). Diabetes further deteriorated the infiltration
of these cells (Fig. 3C-3G; DM I/R group versus non-DM I/R group,
p < 0.0001, p < 0.0001, p < 0.001, and p < 0.01, respectively).

P2X7 signals and inflammation in diabetic mice after MI/R

In response to MI/R, myocardial P2X7 expression was further upre-
gulated in diabetic mice (Fig. 4B; DM I/R group versus non-DM I/R
group, p < 0.01), and myocardial P2X7 expression was elevated in
the MI/R group compared with the sham group (Fig. 4B; DM /R
group versus DM sham group, p < 0.05; non-DM I/R group versus
non-DM sham group, p < 0.05). Immunohistochemistry showed
that P2X7 was overexpressed in diabetic conditions (Fig. 4D; DM
/R group versus non-DM I/R group, p < 0.01; DM sham group
versus non-DM sham group, p < 0.01). To determine ATP hydro-
lysis, we found that CD39 expression was higher in the DM I/R

group than in the non-DM I/R group (Fig. 4C; p < 0.0001) and
that CD39 expression was upregulated in the MI/R group compared
with the sham group (Fig. 4C; DM I/R group versus DM sham
group, p < 0.001; non-DM I/R group versus non-DM sham group,
p < 0.01). We next investigated the correlation between the
NLRP3/caspase-1/IL-13 axis and P2X7 activation. The protein
levels of NLRP3, pro-caspase-1, cleaved caspase-1, pro-IL-13,
and IL-1B were significantly increased in the DM I/R group
compared with the non-DM I/R group (Fig. 4F, 4G; p < 0.01, p
< 0.01, p < 0.01, p < 0.05, and p < 0.01, respectively), and
these levels were low in the sham group (Fig. 4F, 4G; DM I/R
group versus DM sham group, p < 0.01, p < 0.0001, p < 0.05,
p < 0.01, and p < 0.05, respectively; non-DM I/R group versus
non-DM sham group, p < 0.05, p < 0.0001, p < 0.05, p <
0.05, and p < 0.05, respectively).
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Upregulated P2X7 was mainly expressed in monocytes and macrophages

As shown in Fig. 4H—4K, we found that the percentage of P2X7*
cells was elevated after 24 h of reperfusion, especially in the DM I/R
group (non-DM I/R group versus non-DM sham group, p < 0.0001;
DM I/R group versus DM sham group, p < 0.0001; DM I/R group
versus non-DM I/R group, p < 0.001). The percentage of P2X7*
CD45" CDI11b" cells was high in P2X7" cells (non-DM sham
group, 80.06 + 2.53%; DM sham group, 82.08 + 2.46%; non-DM
I/R group, 80.08 + 2.31%; DM I/R group, 84.41 + 1.17%). Further-
more, the main cell type of P2X7" CD45% CD11b" cells was
P2X7" CD45" CD11b* Ly6G~ Ly6C cells (non-DM sham group,

98.15 + 0.34%; DM sham group, 84.81 + 2.67%; non-DM I/R
group, 96.70 + 1.95%; DM I/R group, 97.96 + 0.53%). Immunofiu-
orescence staining also suggested that P2X7 could be located near
F4-80 (see Supplemental Fig. 3).

The role of P2X7 in diabetes-aggravated MI/R injury

The results described above indicated that the DM I/R group had
more severe MI/R injury and higher expression of P2X7 than the
non-DM I/R group. We further used BzATP in nondiabetic mice to
investigate if it could eliminate this effect. BZATP increased myocar-
dial P2X7 expression in nondiabetic mice and led to no significant
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difference with diabetic mice (Fig. 5A, 5B; non-DM I/R+BzATP
group versus DM I/R group; ns). Furthermore, there was no signifi-
cant difference in myocardial infarction area (Fig. SE, 5F; non-DM
I/R+BzATP group versus DM I/R group: risk area, 0.35 + 0.03 ver-
sus 0.43 + 0.03, ns; infarct size, 0.47 + 0.06 versus 0.56 £ 0.04, ns),
EF (Fig. 5H, 5I; non-DM I/R+BzATP group versus DM I/R group:
EF, 47.56 + 2.28% versus 43.25 + 3.71%, ns; FS, 23.47 + 1.35%
versus 20.75 + 2.06%, ns), serum CK-MB (Fig. 5C; non-DM
I/R+BzATP group versus DM I/R group: 313.2 = 15.01 U/L versus
332.3 £ 59.84 U/L, ns), and the 3-d survival rate (Fig. 5J; non-DM
I/R+BzATP group versus DM I/R group: 44.44% versus 46.67%,
p = 0.08). On the basis of these results, we believed that BZATP
eliminated the differences between diabetic and nondiabetic mice in
MI/R injury. Notably, BBG downregulated myocardial P2X7 expres-
sion (Fig. 5B; DM I/R group versus DM I/R+BBG group, p < 0.05).

A
Non-DM I/R +BzATP DM IR

DM I/R +BBG

D

Non-DM I/R +BzATP

DM I/R

DM I/R + BBG

BBG treatment in diabetic mice not only inhibited infarct area
(Fig. SE, 5F; DM I/R group versus DM I/R+BBG group: risk
area, 0.43 + 0.03 versus 0.45 + 0.03, ns; infarct size, 0.56 + 0.04 ver-
sus 0.31 £ 0.04, p < 0.001), decreased serum CK-MB levels (Fig. 5C;
DM I/R group versus DM I/R+BBG group: 332.3 + 59.84 U/L versus
192.3 £ 23.56 U/L, p < 0.05), and improved ventricular systolic func-
tion (Fig. SH, SI; DM I/R group versus DM I/R+BBG group: EF,
43.25 £ 3.71% versus 57.64 + 2.68%, p < 0.05; FS, 20.75 + 2.06%
versus 29.66 + 1.71%, p < 0.05) but also improved the 3-d survival
rate (Fig. 5J; DM I/R group versus DM I/R+BBG group: 46.67%
versus 82.35%, p = 0.04). BBG treatment did not affect the weight
or blood glucose in diabetic mice (see Supplemental Fig. 2). In addi-
tion, 2-wk administration of BBG in nondiabetic mice also alleviated
cardiac injury and inhibited the recruitment of immune cells (see
Supplemental Fig. 4).
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Effects of BzATP and BBG on NLRP3 and apoptosis

As shown in Fig. 6A—6F, BZATP eliminated the differences in NLRP3,
pro-caspase-1, cleaved caspase-1, pro-IL-1B8, and IL-1B expression
between nondiabetic mice and diabetic mice after MI/R. BBG blockade
of P2X7 effectively inhibited the NLRP3/caspase-1/IL-13 axis in dia-
betic mice (p < 0.05, p < 0.01, and p < 0.05, respectively). IL-10 was
increased in the DM /R + BBG group compared with the DM I/R
group (Fig. 6G; p < 0.05). In addition, the non-DM I/R + BzATP
group had no significant difference with the DM I/R group in myocar-
dial apoptosis (Fig. 6H, 6I; 22.75 + 2.10% versus 21.28 + 2.21%, ns)
and cleaved caspase-3 (Fig. 6J, 6L; ns). BBG decreased the incidence
of myocardial apoptosis (Fig. 6H, 6I; 21.28 + 2.21% versus 11.90 +
0.51%, p < 0.01) and downregulated the expression of cleaved cas-
pase-3 (Fig. 6L; p < 0.05).

Effects of administering A438079 30 min after reperfusion on diabetic
mice

A438079 effectively reduced infarct area (Fig. 7A—7C; DM I/R group
versus DM I/R + A438079 group: risk area, 0.51 + 0.05 versus 0.54 +
0.05, ns; infarct size, 0.53 £ 0.04 versus 0.35 + 0.01, p < 0.01) and
improved cardiac contractility (Fig. 7D-7F; DM I/R group versus
DM I/R + A438079 group: EF, 45.17 & 0.56% versus 52.59 + 2.11%,
p < 001; FS, 21.97 + 0.35% versus 26.63 £+ 1.44%, p < 0.01) in
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diabetic mice. In the results of Western blot analysis, there was low
expression of P2X7, NLRP3, cleaved capase-1, IL-13, and cleaved
caspase-3 in the DM I/R + A438079 group (Fig. 7G-7L; DM I/R
group versus DM I/R + A438079 group: p < 0.0001, p < 0.001,
p < 0.05, p <0.05,and p < 0.01).

BBG inhibited cardiac sympathetic nerve sprouts

As depicted in Fig. 8A, 8B, the heart rate significantly increased in
the DM I/R group (DM I/R group versus baseline: 492.0 + 24.17
beats/min versus 384.9 + 9.95 beats/min, p < 0.001), but not in the
DM I/R + BBG group (DM I/R + BBG group versus DM I/R group:
4006.7 + 8.66 beats/min versus 492.0 + 24.17 beats/min, p < 0.001).
We hypothesized that this may be associated with sympathetic nerve
activity. To confirm this hypothesis, we found that the expression
of tyrosine hydroxylase was higher in the DM sham group and
DM IR group than in nondiabetic conditions (Fig. 8C, 8E; p <
0.05 and p < 0.01), which indicated that the sympathetic nerve
was in an abnormally excited state in diabetes. These effects were
reversed by BBG (Fig. 8D, 8F; p < 0.05). Immunohistochemical
analysis showed significantly decreased macrophage recruitment in
the DM I/R + BBG group (Fig. 8G, 8H; p < 0.05). Additionally,
the NGF mRNA levels in the DM I/R + BBG group were lower
(Fig. 8I; p < 0.001).
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Discussion

Diabetes-aggravated MI/R injury remains an urgent medical issue,
but a clear target is still lacking. Our study helps to explain the long-
standing challenge of high cardiovascular morbidity and mortality
in patients with diabetes. In the present study, we demonstrated that
expression and function of P2X7 may be key to the relationship
between the magnitude of cardiac damage and diabetes. Induction
of diabetes was followed with the increased expression of P2X7.
Moreover, P2X7 was further upregulated after MI/R in diabetic mice,
thereby contributing to increased infarct size, ventricular function impair-
ment, inflammation, and apoptosis. Finally, BBG blockade—decreased

heart rate after MI/R may be related to inhibition of sympathetic
nerve sprouts.

MI/R injury is partially driven by inflammation through multiple
interacting pathways. Unfortunately, it is not limited to the heart,
but altered by a variety of conditions, including comorbidities and
age. To date, it is well accepted that a chronic, low-grade systemic
inflammatory state is one innate component of diabetes (18, 19).
Hyperglycemia-induced inflammation has been reported to contribute
to the diastolic dysfunction in heart failure (20). Several preclinical
and clinical studies strongly argue for anti-inflammatory treatment
of diabetes (21). Hence, the inflammation can be a comechanistic
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approach related to diabetes and MI/R. Nonetheless, current effec-
tive and safe pharmacological treatments to reduce inflammation
in diabetes MI/R are not sufficient. The Canakinumab Antibiotic
Thrombosis Outcomes Study has shown that inhibition of IL-1p is
effective in reducing the recurrence of cardiovascular events (22),
but that it also suppresses the host response to infection (23). Com-
paratively, a P2X7 antagonist is superior due to its ability to block
downstream effects beyond IL-13 and because it only binds to
extracellular accumulating ATP, so it is unlikely to affect systemic
immunosuppression due to additional off-target effects.

P2X7 has strong proinflammatory actions in response to ATP
released from stress or apoptotic cells, and the results of flow cytom-
etry showed that P2X7 was mainly expressed in CD45" CD11b"
Ly6G™ Ly6C cells (monocytes and macrophages) after 24 h of reper-
fusion. We found an increase in P2X7 expression after induction of
diabetes, which is different from the situation in MI/R. In the normal
heart, 45% were endothelial cells, 30% were cardiomyocytes, and
less than 6% were immune cells (24). Hyperglycemia may impair
coronary endothelial cells and expressed P2X7 (25). Hence, the upre-
gulation of P2X7 after induction of diabetes may be related to endo-
thelial cell damage caused by diabetic metabolic disorder. The same
trend was observed in diabetic mice after MI/R, and P2X7 expres-
sion was correlated with increased NLRP3/caspase-1/IL-1§3 signals
and macrophage recruitment. The increase of NLRP3 could further
enhance the myocardial vulnerability, as previously reported (26). In
fact, many kinds of cells in the heart can trigger NLRP3, whereas

the intensity of stimulation and the effect of NLRP3 may be differ-
ent. Studies have shown that the effects of NLRP3 activation in the
heart are cell specific (27). For example, monocytes have many
components of inflammatory substances and release large amounts
of IL-1p3 at the lowest substrate; cardiomyocytes produce low levels
of IL-1B3; and NLRP3 shows low expression in most tissue-resident
cells. Therefore, the cell types that induce more NLRP3 activation
and large amounts of IL-1[3 release are more likely to be monocytes.
In our study, we found that diabetic mice had more monocyte and
macrophage infiltration, and P2X7 was mainly expressed in mono-
cytes and macrophages after 30 min of reperfusion. Although we
cannot rule out other factors that activate NLRP3, the increased
P2X7-expressing monocytes and macrophages may significantly
trigger the upregulation and activity of NLRP3 in our model. Taken
together, the major trigger of increased P2X7 was the MI/R-induced
recruitment of monocytes and macrophages, and diabetes can be a
synergistic factor that promotes cells to release more ATP (28) and
recruit more monocytes and macrophages, which activates NLRP3
assembly, promotes the maturation of IL-13, and further accelerates
inflammation amplification.

P2X7 contains a specific cytoplasmic domain without desensitiza-
tion (29), and it causes persistent Ca®* inflow and intracellular Ca*"
overload, which results in mitochondrial dysfunction, reactive oxygen
species production, and suppression of ATP synthesis, ultimately
inducing apoptosis. As our results showed, upregulation of P2X7 was
significantly associated with cardiomyocyte apoptosis in diabetic mice,
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and cleaved caspase-3 and cardiomyocyte apoptosis could be inhibited
after BBG or A438079 treatment.

Cell lysis produces damage-associated molecular patterns, including
ATP, which have been identified as a pathway that causes inflamma-
tion. However, this effect may be limited by CD39. Our study showed
that either diabetes or MI/R increased CD39 expression. In fact, CD39
is just one indirect evidence reflecting extracellular ATP concentration
(30), and increased P2X7 activity also directly promotes CD39 upre-
gulation (30). In our study, we found that the upregulation of P2X7
was accompanied by increased CD39 at the 14th week in diabetic
mice and a significant increase in CD39 in the DM I/R group, which
indicated that a compensatory mechanism may exist: CD39 upregula-
tion for degradation of excess extracellular ATP. Thus, CD39 is a key
checkpoint that regulates the high extracellular ATP concentration and
P2X7 activation in diabetes, but it does not offset P2X7 upregulation.

Intriguingly, our study showed that BBG blockade was linked
with a slower heart rate after MI/R. It is known that the sympathetic
nervous system regulates the heart rate, and abnormal cardiac sym-
pathetic sprouts occur after myocardial infarction, which increases
the incidence of arrhythmia (31). Macrophages are the central link
between inflammation and sympathetic sprouting after myocardial
infarction (32). Furthermore, diabetes is characterized by abnormal
cardiac sympathetic activity (33). Hence, both MI/R and diabetes
are likely to increase the heart rate through abnormal sympathetic
activity, and the effects of BBG reducing the heart rate may be associ-
ated with interrupting this process. Considering that BBG may inhibit
other P2X receptors, BBG decreasing the heart rate may be an integra-
tive result of suppression of multiple P2X receptors.

Although ample experimental evidence shows that pharmacological
inhibition of P2X7 has therapeutic effects on cardiovascular disease
(34), it cannot produce the expected results in clinical trials, and com-
plex backgrounds of disease play a role. For example, diabetes causes
the heart to resist many protective measures. In this study, it was note-
worthy that both 2 wk of BBG injection before MI/R and acutely
administered A438079 at the time of MI/R injury were sufficient to
produce less inflammation as well as reduce myocardial infarct area,
improve cardiac function, and restrain apoptosis in diabetic mice.
Thus, these results reinforced that targeting P2X7 may still protect
against myocardial ischemic disease in patients with diabetes.

The present study has some limitations. First, the effects of P2X7
on MI/R injury have been investigated previously. Considering the
complexity of the inherent immune system in diabetes, the purpose
of this study was to further determine whether P2X7 plays a role in
diabetes-aggravated MI/R injury based on previous studies. Second,
we validated the role of P2X7 in HFD/STZ-induced diabetes mice,
and the condition of P2X7 in other diabetes models remains to be
explored. Finally, due to the problem of specificity in agonists and
inhibitors, we will generate P2X7 conditional knockout mice for addi-
tional studies.

In conclusion, the present findings demonstrated that MI/R-associated
cardiac injury differs between normal and diabetic hearts. P2X7 is a
critical trigger in vulnerability to MI/R injury under diabetes. Target-
ing P2X7 may be a novel strategy for attenuating diabetes-induced
cardiovascular injury.
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