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ABSTRACT

Inhalation anesthetics have been demonstrated to have protective effects against myocardial ischemia
reperfusion injury (MIRI). O-linked GlcNAcylation (O-GIcNAc) modifications have been shown to protect
against MIRI. This study aimed to investigate whether O-GIcNAcylation and necroptosis signaling were
important for sevoflurane postconditioning (SPC) induced cardioprotective effects. Apart from rats in the
SHAM and sevoflurane (SEVO) group, rats underwent 30 min ischemia followed by 2 h reperfusion. Cardiac
hemodynamics and function were determined. In addition, myocardial infarction size, cardiac function
parameters, myocardial lactic dehydrogenase (LDH) content, myocardium histopathological changes,
necrotic myocardium, O-GlcNAcylation, and protein expression levels of necroptosis biomarkers were
measured, together with co-immunoprecipitation experiments using proteins associated with the
necroptosis pathway and O-GlcNAcylation. SPC reduced myocardial infarction size, ameliorated cardiac
function, restored hemodynamic performance, improved histopathological changes, and reduced receptor-
interacting protein kinase 1 (RIPK1)/receptor-interacting protein kinase 3 (RIPK3)/mixed lineage kinase
domain-like (MLKL) mediated necroptosis. In addition, SPC up-regulated O-GIcNAc transferase (OGT)
mediated O-GIcNAcylation, increased O-GIcNAcylated RIPK3, and inhibited the association of RIPK3 and
MLKL. However, OSMI-1, an OGT inhibitor, abolished SPC mediated cardioprotective effects and inhibited
OGT mediated up-regulation of O-GIcNAcylation and down-regulation of RIPK3 and MLKL proteins induced
by SPC. Our study demonstrated that SPC restrained MIRI-induced necroptosis via regulating OGT-mediated
0O-GlcNAcylation of RIPK3 and lessening the formulation of RIPK3/MLKL complex.
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INTRODUCTION

Myocardial ischemia reperfusion injury (MIRI) is
central to the pathology of major cardiovascular
diseases, such as stroke and myocardial infarction.
Developing effective treatment strategies to protect the
myocardium against ischemia reperfusion injury is
critically important [1]. MIRI is a common
complication of ischemic heart disease. It refers to
further aggravation of myocardium injury due to blood
perfusion after ischemia myocardial injury.

Sevoflurane is a volatile anesthetic widely used in
cardiovascular surgery. It has a low blood-gas
distribution index, rapid induction and recovery after
drug withdrawal, and a slight effect on circular
respiration [2]. Our previous studies demonstrated that
sevoflurane postconditioning (SPC) had protective
effects against MIRI, and the cardioprotective effects
were modulated by multiple signaling pathways [3-4].
The potential cardioprotective effects of SPC has been
demonstrated in many clinical and laboratory studies.
However, the complex molecular mechanisms of SPC
have not been fully elucidated.

Previous studies have found that ischemic
preconditioning and postconditioning reduced cell
necroptosis induced by ischemia reperfusion injury [5].
Necroptosis, a form of cell death resembling a necrotic
phenotype, has been identified in cardiac pathologies.
Its inhibition has been demonstrated to be
cardioprotective. Previous studies have demonstrated
that ischemic preconditioning protects against ischemia
reperfusion injury by inhibiting receptor-interacting
protein kinase 1 (RIPKZ1)/receptor-interacting protein
kinase 3 (RIPK3)/mixed lineage kinase domain-like
(MLKL) axis mediated necroptosis [6]. Necroptosis is
mediated by the necrosome, a signaling protein complex
that is composed of RIPK3 and MLKL [7]. Recent
studies have shown that O-GIcNAc transferase (OGT)
suppresses necroptosis by targeting RIPK3 [8].

O-linked GlcNAcylation (O-GIcNAc), a dynamic and
reversible posttranslational modification, regulates
diverse cellular processes, including translation,
transcription, protein trafficking, stress responses, and
metabolic signaling [9, 10]. The cycling of O-GIcNAc
modifications is actively controlled by a pair of
enzymes, which consist of O-GIcNAc transferase
(OGT) and O-GIcNAcase (OGA). RIPK3 has been
demonstrated to be an important regulatory protein for
necroptosis, while OGT serves as a negative regulator
of necroptosis by inhibiting RIPK3 expression [11, 12].
Previous studies have shown that dysfunction in O-
GIcNAcylation sensitizes cells to various types of injury
and stress, eventually leading to cell necroptosis

[13, 14]. Previous studies have also demonstrated that
higher expression of O-GIcNAc modified proteins in
myocardia had anesthetic preconditioning mediated
cardioprotective effects on MIRI [15]. However, it is
unknown whether OGT mediated O-GIcNAcylation and
necroptosis signaling are involved in SPC mediated
protective effects on MIRI. The potential molecular
mechanisms underlying SPC protective effects are
complex and are yet to be deciphered.

We hypothesized that SPC reduces MIRI induced
necroptosis, and OGT mediated O-GlcNAcylation plays
a significant role. Hence, in the present study, we
investigated the cardioprotective effects and mechanism
of SPC by evaluating OGT mediated O-GIcNAcylation
and necroptosis signaling using an in vivo ischemia
reperfusion model and Langendorff isolated heart
perfusion model.

RESULTS

SPC reduces myocardial infarction size, improves
cardiac function and hemodynamic performance,
and attenuates histopathological changes

To demonstrate the protective effects of SPC on MIRI,
we measured myocardial infarction size using 1% TTC,
the levels of serum cardiac necroptosis marker enzyme
LDH, cardiac function by echocardiography, and
histopathological changes by H&E staining. Consistent
with previous studies [3], we observed that 30 min of
LAD occlusion induced significant myocardial
infarction in the IR group (48.26+1.61% of the total
area). As shown in Figure 1A, treatment with 1.0 MAC
sevoflurane during the first 15 min of reperfusion
reduced infarct size to 31.51+2.09% in the SPC group.
Compared to the IR group, the infarction area in the
SPC group was significantly reduced (P<0.05, Figure
1A). However, infarction areas in the SHAM and SEVO
group were not statistically different (P>0.05,
Figure 1A).

Myocardial damage was determined by measuring LDH
release into the coronary effluent. MIRI increased the
level of serum cardiac necroptosis marker enzyme LDH
in the IR group, while SPC administration attenuated
the increase in LDH levels in the SPC group (P<0.05,
Figure 1B). No statistical differences were observed in
LDH levels between the SHAM and SEVO group
(P>0.05, Figure 1B).

We next examined impaired left ventricle (LV) systolic
function by echocardiography. As shown in Figure 1C
and Table 1, there were no significant differences in LV
contractility between the SHAM and SEVO group
(P>0.05). Compared to the SHAM group, the systolic

www.aging-us.com 25453

AGING



function was dramatically reduced in the IR group, with
a significant decrease in EF%, FS%, and SV (P<0.05,
Figure 1C, Table 1). Indicators of cardiac remodeling
were reduced. Interventricular septal thickness at
diastolic phase (IVVSd), interventricular septal thickness
at systolic phase (IVSs), left ventricular posterior wall
thickness at diastolic phase (LVPWd) and left
ventricular posterior wall thickness at systolic phase
(LVPWSs) were significantly reduced, while left
ventricular internal diameter at diastolic phase (LVIDd)
and left ventricular internal diameter at systolic phase
(LVIDs) levels were significantly increased (P<0.05,
Table 1). After the administration of SPC, LV systolic
function was improved in the SPC group. The decrease
in EF%, FS%, and SV induced by MIRI were inhibited

(%ARR)

Myocardial Infarct Size

—

ns

r—

0=y
SHAM

ns

SEVO

SEVO

IR

L] L]
SHAM SEVO

after SPC administration in the SPC group (P<0.05,
Figure 1C, Table 1). Compared to the IR group,
indicators of cardiac remodeling were improved with an
increase in 1VSd, IVSs, LVPWd, LVPWSs, and a
decrease in LVIDd and LVIDs in the SPC group
(P<0.05, Figure 1C, Table 1).

Our study also evaluated hemodynamic performance.
Hemodynamic parameters included HR, MAP, and RPP.
The in vivo hemodynamics at baseline showed no
statistical differences for all the groups (P>0.05, Table 2).
At T,, T3 and T4, HR, MAP, and RPP decreased in the
IR and SPC group (P<0.05 vs T,, Table 2). Ischemia
reperfusion significantly deteriorated hemodynamic
performance with a decrease in HR, MAP, and RPP
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Figure 1. SPC reduced myocardial infarction size, recovered cardiac function, decreased LDH level and attenuated
histopathological changes. (A) Myocardial infarct size was measured by 1% TTC and expressed as a percentage of area at risk. n=6/group.
(B) Myocardial necroptosis marker enzyme LDH was determined by commercially available LDH kits. n=6/group. (C) Representative M-mode
images of echocardiography and EF%, FS% were recorded in all groups. n=8/group. (D) Representative H&E staining images are shown
(magnification, 400x). Scale bar, 50um. n = 3/group. The columns and errors bars represent means + SD. * P < 0.05 vs. SHAM group; # P <

0.05 vs. IR group.
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Table 1. Cardiac function measured by echocardiography.

Cardiac

SHAM

SEVO

function (n=8) (n=8) IR(n=8) SPC(n=8)
EF (%) 64.76+1.58  65.28+1.89  31.07+1.49" 46.56+4.347
FS (%) 33.91+2.05 34.98+2.34  15.98+2.12" 23.30+4.317
SV (ml) 152.16+7.58 156.27+9.53 100.28+9.66"  126.58+12.01"*
IVSd (mm) 1.44+0.13 1.51+0.11  1.07+0.12" 1.31+0.10"
IVSs (mm) 2.26+0.20 2.38£0.34  1.31+0.13" 1.95+0.20"
LVPWd (mm)  1.76+0.24 1.82+40.24  1.24+0.08" 1.48+0.117*
LVPWs (mm)  2.31+0.26 2.2840.16  1.48+0.13" 1.81+0.09"
LVIDd (mm) 6.61+0.27 6.4740.44  8.50+0.33" 7.48+0.15™
LVIDs (mm) 4.600.21 435+0.30  6.3620.30 5.54+0.23"

* P <0.05 vs SHAM group; # P <0.05 vs IR group. Values are means * standard
deviation. n = 8 /group. EF, ejection fraction; FS, fractional shortening; SV, stroke
volume; IVSd, interventricular septal thickness at diastolic phase; IVSs, interventricular
septal thickness at systolic phase; LVPWd, left ventricular posterior wall thickness at
diastolic phase; LVPWs, left ventricular posterior wall thickness at systolic phase;
LVIDd, left ventricular internal diameter at diastolic phase; LVIDs, left ventricular
internal diameter at systolic phase. SHAM, sham control; SEVO, sevoflurane alone; IR,
ischemia reperfusion; SPC, sevoflurane postconditioning.

Table 2. Hemodynamics in vivo experiments.

GrOUp TO T1 T2 T3 T4
SHAM 270+22 268+14 259+21 251+10  248+16
HR SEVO 275+12 267+14 262+14 261+16  258+25
(min™) IR 268+19 254+23 206+10" 156+28" 128+ 12"
SPC  258+18 251+25 211+24™% 191+21"% 182+16"%
SHAM 123+17 112+15 111+7 108 + 11 107 +8
MAP SEVO 121+11 113+11 109+7 109 + 11 108 + 10
(mmHg) IR 114+11 100+19 67457 52 + 3™ 47 + 3™
SPC 114 + 4 96+9 89+10% 84+10"% 75+7%
RPP SHAM 47+11  46+6 43+3 40+ 4 38+6
(minmmHg SEVO  47+7 44 +5 44 + §# 43 + Q# 40 + 1*7#
%109 IR 46 +3 41 +8 30 16*# 21+ Ei#& 19 + 31#&
SPC 45+ 7 41+4  34+3 29+ 4 28+3

* P<0.05 vs Ty; # P<0.05 vs SHAM group; & P<0.05 vs IR group. Values are means +

standard deviation. n = 6 /group. HR, heart rate;

MAP, mean arterial blood pressure; RPP,

rate pressure product. Ty, equilibration; T,, 30 min after reperfusion; T,, 60 min after
reperfusion; T;, 90 min after reperfusion; T,, 2h after reperfusion. SHAM, sham control;
SEVO, sevoflurane alone; IR, ischemia reperfusion; SPC, sevoflurane postconditioning.

(P<0.05 vs SHAM group, Table 2). SPC significantly
improved hemodynamic injury indexes induced by
MIRI during reperfusion (P<0.05 vs IR group, Table 2).

Myocardial histopathological changes were evaluated in
H&E-stained heart sections. As shown in Figure 1D,
H&E stained sections demonstrated that the hearts from
the SHAM and SEVO group had myocardial structures
arranged regularly, normal-sized cardiomyocytes with
clear boundaries, and arranged regularly. Compared to

the SHAM group, rat hearts from the IR group had
loosely and irregularly arranged, of which, the outlines
were difficult to identify. In addition, the myocardium
had unclear or disordered transverse striations,
intracytoplasmic  vacuoles, and edema in the
cardiomyocytes. However, compared to the IR group,
myocardium injury in the SPC group was significantly
reduced. Rat hearts in the SPC group had markedly
decreased percentage of aberrant and irregular
myocardium, relatively clear and well-distributed
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transverse striations, and cardiomyocytes (Figure 1D).
These results demonstrate that SPC alleviated MIRI
induced myocardial injury and improved cardiac
function in the ischemia reperfusion rat model.

SPC reduces MIRI-induced necroptosis and the
expression of RIPK3 and MLKL

Evans blue dye uptake, an indicator for detecting
necroptosis [16], was markedly increased after IR
injury. Evans blue staining was used to determine the
effect of SPC on necroptosis induced by MIRI.
Compared to the IR group, SPC administration
significantly reduced Evans blue dye uptake in the SPC
group (P<0.05, Figure 2A, 2B). We then measured the
protein expression levels of p-RIPK1, RIPK1, p-RIPKS3,
RIPK3, p-MLKL, and MLKL, which are important
regulatory proteins for necroptosis. Western blotting
demonstrated a significant increase in protein
expression for the above regulatory proteins in the IR
and SPC group compared to the SHAM group (P<0.05,
Figure 2C). Compared to the IR group, SPC inhibited the
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up-regulation of p-RIPK3, RIPK3, p-MLKL, and MLKL
protein expression (P<0.05, Figure 2C). The protein
expression levels of p-RIPK3 and RIPK3 in SPC group
were down-regulated significantly compared with the IR
group, the reduction ratio of p-RIPK3 and RIPK3 was
40.10% and 50.34% respectively (P<0.05, Figure 2C).
MLKL, as a downstream of RIPK3, promoted the
occurrence of necroptosis. The Figure 2C, 2D also
showed that the protein expression levels of p-MLKL and
MLKL in SPC group was 40.10% and 40.10% decreased
respectively compared with the IR group. However, the
expression levels of p-RIPK1 and RIPK1 in the IR group
and SPC group had no statistical differences (P>0.05,
Figure 2C). Collectively, our results indicate that
SPC administration suppressed the up-regulation of
RIPK3/MLKL mediated necroptosis induced by MIRI.

SPC up-regulates OGT mediated O-GIcNAcylation
OGT has been demonstrated to act as a negative regulator

of necroptosis by inhibiting RIPK3 expression, while O-
GlcNAcylation dysfunction sensitizes cells to various
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Figure 2. SPC inhibited necroptosis and the up-regulation of RIPK3, MLKL proteins induced by MIRI. (A) Analysis of IR injury
induced necroptosis via Evans blue dye uptake in the hearts. (B)The percent area of EBD positive myocardium is shown. n=3/group. (C)
Immunoblotting was used to examine the expression levels of p-RIPK1, RIPK1, p-RIPK3, RIPK3, p-MLKL and MLKL proteins. Representative
protein images and quantitative analysis were shown. n = 3 /group. The columns and errors bars represent means * SD. * P < 0.05 vs. SHAM

group; # P <0.05 vs. IR group.
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kinds of stress, which ultimately results in cell
necroptosis [13, 14, 17]. Hence, we measured the
expression levels of O-GIcNAc, OGT and OGA to
determine the underlying mechanism of SPC. OGT and
OGA act as a pair of enzymes that actively control O-
GIcNAc modification cycling. Western blot analysis
demonstrated that O-GIcNAc, OGT and OGA protein
expression levels in the IR and SPC groups were
increased compared to the SHAM and SEVO groups
(P<0.05, Figure 3). SPC administration further up-
regulated the expression levels of O-GIcNAc and OGT
in the SPC group (P<0.05, Figure 3). However, no
significant differences in OGA protein expression levels
were observed between the IR and SPC groups (P>0.05,
Figure 3). This indicated that SPC enhances OGT
mediated O-GIcNAcylation.

SPC increases O-GIcNAcylated RIPK3 and inhibits
the binding of RIPK3 and MLKL

RIPK3 has been demonstrated to be a target protein for
O-GIcNAc modification. To identify potential
mechanisms on how SPC enhances O-GIcNAcylation to
requlate  necroptosis, we performed reciprocal
immunoprecipitation and western blot assays. As shown
in Figure 4A, 4B, RIPK3 co-immunoprecipitated with
RL2, which was consistent with previous studies [8,
12]. However, MLKL was not detected in RL2
immunoprecipitates (Figure 4A, 4B). Moreover, rat
hearts from the SPC group had an increased ratio of

O-GlcNAc-modified RIPK3 compared to the SHAM
and IR groups (Figure 4A, 4B). We then performed
anti-RIPK3 antibody immunoprecipitations. As shown
in Figure 4C, 4D, both O-GIcNAc and MLKL were
detected in RIPK3 immunoprecipitates. Relatively
higher levels of O-GIcNAcylated RIPK3 were observed
in rat hearts from the SPC group compared to the other
groups. RIPK3-MLKL complex formation in the heart
was reduced after SPC administration (Figure 4C, 4D).
These results indicate that SPC promotes OGT-
mediated O-GIcNAcylation of RIPK3, reduces the
expression of RIPK3, and eventually lead to reduction
in the RIPK3-MLKL complex formation.

Pharmacological inhibition of OGT abrogates the
protective effects of SPC against MIRI in isolated
hearts

We demonstrated that SPC induced cardioprotection
may be associated with OGT mediated O-
GlcNAcylation. We then made use of the Langendorff
isolated heart perfusion model to validate the direct
relation between OGT mediated O-GIcNAcylation and
SPC cardioprotective effects. OSMI-1, an OGT
inhibitor, has been demonstrated to reduce global
protein O-GIcNAcylation levels [18]. As shown in
Figure 5A, 5B, MIRI dramatically increased rat heart
infarct size (2.53+0.52%vs.46.98+2.32%, P<0.05),
while SPC administration inhibited the increase in
myocardial infarct size in the SPC group (P<0.05,
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Figure 3. SPC up-regulated the expression of O-GIcNAc and OGT proteins. (A) Representative protein images of O-GlcNAc, OGT and
OGA from all groups were shown. (B) Quantitative analysis of O-GIcNAc, OGT and OGA proteins were performed. n = 3 /group. The columns
and errors bars represent means + SD. * P < 0.05 vs. SHAM group; # P < 0.05 vs. IR group.
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Figure 5A, 5B). However, after the administration of
OGT inhibitor, the myocardial infarct size was
significantly increased in the SPC+OSMI-1 group
compared to the SPC group (44.35+3.34% vs.
30.96+1.81%, P<0.05, Figure 5A, 5B). No statistical
difference in myocardial infarct size was observed
between the SPC and SPC+DMSO group (P>0.05,
Figure 5A, 5B).

Hemodynamic differences for all the experimental
groups had the same trend. Hemodynamics at baseline
(To) for the five groups showed no significant
differences (P>0.05, Table 3). Compared to the
equilibrium phase in the SHAM group, hemodynamic
indexes were exacerbated with the decrease in HR,
LVSP, +dp/dt,,x and the increase in LVEDP during the
ischemia reperfusion periods (T, T, T3 and Ty) in the
remaining groups (P<0.05, Table 3). As expected, SPC
administration significantly reduced the decline in
hemodynamic indexes induced by MIRI (P<0.05,
Table 3). More remarkably, compared to the SPC
group, the OGT inhibitor OSMI-1 significantly
restrained HR, LVSP, +dp/dty.x and enhanced LVEDP
in the SPC+OSMI-1 group (P<0.05, Table 3).

LDH levels were measured using an in vitro model.
MIRI up-regulated LDH levels in the IR group, while
SPC inhibited the increase in LDH levels induced by
MIRI  (P>0.05, Figure 5C). After OSMI-1
administration, LDH levels in the SPC+OSMI-1 group
were higher compared to the SPC group (P>0.05,
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Figure 5C). In line with our in vivo studies, SPC could
significantly reduce myocardial infarction induced by
MIRI and had cardioprotective effects against IR injury.
However, pharmacological inhibition of OGT using
OSMI-1 eliminated SPC induced protective effects on
MIRI in isolated rat hearts.

Pharmacological inhibition of OGT abrogates the
up-regulation of O-GIcNAcylation and down-
regulation of necroptosis signaling induced by SPC

We next investigated the effect of OSMI-1
administration on OGT mediated O-GlcNAcylation and
necroptosis signaling. Similar to our in vivo results, SPC
additionally  up-regulated OGT  mediated O-
GlcNAcylation (P<0.05 vs SHAM group) (Figure 6A,
6B). However, compared to the SPC group,
pharmacological inhibition of OGT could down-
regulate OGT mediated O-GlcNAcylation (P<0.05,
Figure 6A, 6B). Based on the direct measurement of
myocardial infract size and LDH levels, these results
indicated that OGT mediated O-GlcNAcylation is
mainly involved in SPC mediated protection in I/R
hearts.

Western blot analysis demonstrated that SPC down-
regulated p-RIPK3 and p-MLKL expression levels in
our in vitro model (P<0.05 vs SHAM group, Figure 6C,
6D), while OSMI-1 reversed the down-regulation
of p-RIPK3 and p-MLKL induced by SPC (P<0.05,
Figure 6C, 6D). Our results demonstrated that
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Figure 4. SPC increased O-GIcNAcylated RIPK3 and inhibited the combination of RIPK3 and MLKL. (A) RIPK3 and MLKL were
detected in O-GIcNAc immunoprecipitates. Representative protein images were performed. (B) Quantitative analysis of O-GlcNAcylated
RIPK3 and MLKL. n = 3 /group. (C) O-GlcNAc and MLKL in RIPK3 immunoprecipitates. Representative protein images were shown. (D)
Quantitative analysis of O-GlcNAcylated RIPK3 and the complex between RIPK3 with MLKL. n = 3 /group.
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OSMI-1 inhibits OGT mediated O-GIcNAcylation and
up-regulates necroptosis signaling to reverse the
protective effects of SPC.

DISCUSSION

We demonstrated, for the first time, that SPC
administration increased RIPK3 protein O-GIcNAc
levels in an OGT dependent manner and that
augmentation of this response was associated with
reduced myocardial infarction size, restoration of
cardiac function, and decreased necroptosis following
simulated ischemia reperfusion injury in vivo and in
vitro. Furthermore, we demonstrated that OSMI-1, a
putative OGT inhibitor, markedly reduced O-GIcNAc
levels and the interaction between RIPK3 and O-
GlcNAclation, which eventually lead to increased
expression of p-RIPK3 and p-MLKL. In addition, SPC
mediated cardioprotective effects were abrogated after
pharmacological inhibition of OGT.

Sevoflurane is an anesthetic of excellent quality,
possesses little systemic toxicity, undergoes limited
biotransformation, and plays an important role in
reducing MIRI. Numerous clinical and laboratory studies
have demonstrated the protective effects and associated
mechanisms of SPC on MIRI [19]. Our previous study
demonstrated that SPC protected against MIRI.
Activation of the phosphatidylinositol-3-hydroxykinase
(PI3K)/protein kinase B (AKT)/mammalian target of
rapamycin (MTOR) and extracellular signal-regulated
kinase (ERK)1/2 pathway, inhibition of the toll-like
receptor 4 (TLR4)/myeloid differential protein 88
(MyD88)/nuclear factor kappa-B (NF-xB) signaling

pathway, restoring mitochondrial function, reducing
oxidative stress and restoring autophagic clearance were
important mechanisms of this cardioprotective effects [3,
4, 20, 21]. In the present study, we demonstrated that
SPC reduced myocardial infarction size, restored cardiac
function, improved hemodynamic  performance,
attenuated histopathological changes, and induced
cardioprotective effects on MIRI (Figure 1).

Furthermore, recent studies have demonstrated that SPC
induced protective effects were not only limited to the
heart but was also observed in multiple organs, such as
the brain, liver, lungs, and kidneys [22-26]. SPC has
also been shown to alleviate hepatic ischemia
reperfusion injury by reducing reactive oxygen species
signaling and reducing neuronal apoptosis in
the hippocampus by blocking the opening of
mitochondrial permeability transition pore (mPTP) [27,
28]. In addition, recent studies have reported that
pharmacology  postconditioning  and  ischemia
preconditioning attenuated ischemia reperfusion injury
via the necroptosis pathway [26, 29]. Volatile anesthetic
postconditioning protects against ischemia reperfusion
injury by regulating the calcium/calmodulin-dependent
protein kinase Il (CaMKII). Sustained CaMKII
activation has been identified as a central mediator of
necroptosis in cardiovascular diseases [30, 31].

Necroptosis plays a major role in myocardial infarction
remodeling, heart failure, cardiac dysfunction, and
disease progression [32—34]. Necroptosis is a form of
regulated cell death that is regulated by RIPK3
and MLKL. Necroptosis generally manifests with
morphological features similar to necrosis [35].
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Figure 5. OSMI-1 eliminated SPC-mediated decreases in cardiac infarction and the LDH level. (A) Infarct size was determined by
using 1%TTC staining. Represetnative images were shown. (B) Infarct size was expressed as a percentage of area at risk. n=6/group. (C)
Myocardial necroptosis marker enzyme LDH level in all groups. OSMI-1, the OGT inhibitor; DMSO, the OSMI-1 solvent. n=6/group. The
columns and errors bars represent means * SD. * P < 0.05 vs. SHAM group; # P < 0.05 vs. IR group; & P < 0.05 vs. SPC group.
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Table 3. Hemodynamics in vitro experiments.

Group Ty T T, T T,
HR SHAM 262 + 16 250 + 22 248 + 10 246 + 22 235 + 32
(min™) IR 258 + 17 198 + 14™ 173 £ 12" 150 £ 9™ 124 + 12"
SPC 260 + 11 213+ 7% 198 + 10" 180 + 18 156 + 19"
SPC+DMSO 264 + 21 211+ 6% 193 + 11" 180 + 7% 157 + 18"
SPC+OSMI-1 265 + 20 205+ 9™ 158 + 12" 144 + 15™ 137 +13™
LVSP SHAM 110+5 108 +7 102 + 10 96 +5 94 +9
(mmHg) IR 115+ 12 64+ 6" 48 £6™ 44 + 47 354"
SPC 106 + 18 93 +5"#& 81 +6*& 64 + 47 59 + 47#&
SPC+DMSO 110+ 11 91+ 6" 85 + 47 66 + 6 & 58 + 6 &
SPC+OSMI-1 109 + 12 69 + 4™ 53+ 7°* 45 + 7% 35+ 4%
LVEDP SHAM 6.7+0.8 7.2 +0.6 73+05 7.4+05 76+1.1
(mmHg) IR 7.0+0.2 37.6+23" 421377 473+19" 51.7+4.2"
SPC 74+06 21.6+1.9%& 25.9+2.1%& 29.2+1.1%& 31.6+1.9%&
SPC+DMSO 7.0+0.4 235+15%& 27.7+347%& 29.8+ 0.8 31.7+2.1%&
SPC+OSMI-1 6.6 +0.6 385+27* 421+45™% 450+ 18" 51.4+58%
+dp/dtmay SHAM 2330 + 218 2272 +203 2159 + 92 2008 + 192 1924 + 158
(mmHg/s) IR 2188 + 183 1853 + 174™" 1586 + 93 1358 + 157" 1145 + 79"
SPC 2281 + 239 2160 £ 1647%& 2067 £202°%& 1786+ 156 "¢ 1457 + 107"
SPC+DMSO 2293 + 261 2078 £185%& 2001 + 169" 1748 +234™%& 1542 + 144"
SPC+OSMI-1 2324 + 191 1927 + 115 1721 + 145 1383 + 158 1141 + 1317
-dp/dtmay SHAM 2306 + 228 2215 +218 2158 + 140 2087 + 184 2053 + 219
(mmHg/s) IR 2335 + 213 1912 + 89 1418 + 175™ 1096 + 72" 888 + 64"
SPC 2322 + 173 2078 + 3017*& 1865 + 87 *& 1435 + 159" 1103 + 99™#&
SPC+DMSO 2269 + 137 2047 £139%& 1796 + 1997 1450 + 111" 1116 + 777%&
SPC+OSMI-1 2376 + 133 1864 + 217" 1557 + 228" 1024 +80°* 901 + 1017

*P < 0.05 vs TO; # P < 0.05 vs SHAM group; & P < 0.05 vs IR group. Values are means * standard deviation. n = 6 /group. HR,
heart rate; LVSP, left ventricular peak pressure; LVEDP, left ventricular end diastolic pressure; +dp/dt,.,, maximal rate of the
increase of left ventricular pressure; -dp/dtm., maximal rate of the decrease of left ventricular pressure. T,, equilibration; T,
30 min after reperfusion; T,, 60 min after reperfusion; T3, 90 min after reperfusion; T,, 2h after reperfusion. SHAM, sham
control; IR, ischemia reperfusion; SPC, sevoflurane postconditioning; OSMI-1, the OGT inhibitor; DMSO, the OSMI-1 solvent.

Necroptosis was shown to be dependent on the RIPK1-
RIPK3-MLKL signaling pathway in ischemia
reperfusion hearts [36-38]. Studies have demonstrated
that Necrostatin-1 prevents necroptosis after brain
ischemic stroke by inhibiting RIPK1-mediated
RIPK3/MLKL signaling. microRNA-325-3p has been
shown to protect the heart against ischemia reperfusion
injury by inhibiting RIPK3 and necroptosis in mouse
models [39, 40]. In this study, we measured the levels
of serum cardiac necroptosis marker enzyme LDH
using Evans blue dye uptake, as well as the expression
levels of important regulatory proteins of necroptosis.
Our results demonstrated that SPC administration
reduced LDH levels and RIPK3/MLKL mediated
necroptosis induced by MIRI. This strongly suggested
the cardioprotective effects of SPC. These results were
consistent with previous studies that demonstrated
that OGT deficient cells underwent excessive
necroptosis and exhibited elevated protein expression
levels of RIPK3 and MLKL, which are key mediators
of necroptosis. O-GIcNAc transferase suppresses

inflammation and necroptosis by targeting RIPK3
[8, 12]. Previous studies have reported that isoflurane-
induced cardiac protection against ischemia reperfusion
injury was via O-GIcNAc modification of mitochondrial
voltage-dependent anion channels [15].

O-GIcNAC plays a significant role in cellular function and
multiple diseases. O-GICNAc increases in response to
stress and has been shown to be protective against
ischemia reperfusion injury. Human, animal, and
laboratory studies have demonstrated that ischemic
preconditioning protects against ischemia reperfusion
injury and is associated with an increase in O-GIcNAc
levels [41]. In addition, glucosamine was shown to induce
neuroprotective effects against IR injury by increasing
cerebral O-GIcNAc levels [42]. In our study, O-GIcNACc,
OGT, and OGA protein expression levels in the IR group
were increased compared to the SHAM group. This may
be an endogenous protective response. Our in vivo
experiments demonstrated that SPC administration further
increased OGT mediated O-GIcNAcylation, enabled
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Figure 6. OSMI-1 abolished SPC induced activation in OGT mediated O-GIcNAcylation and reduction in p-RIPK3, p-MLKL.
(A, B) Expressions of O-GIcNAc, OGT and OGA in all groups were analyzed by Western Blot. Representative protein images and quantitative
analysis were shown. n=3/group. (C, D) Representative protein images and quantitative analysis of p-RIPK1, p-RIPK3, and p-MLKL in all groups
were presented. n=3/group. OSMI-1, the OGT inhibitor; DMSO, the OSMI-1 solvent. The columns and errors bars represent means + SD. * P <
0.05 vs. SHAM group; # P < 0.05 vs. IR group; & P < 0.05 vs. SPC group.
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Figure 7. Schematic diagram depicting the role of OGT mediated O-GIcNAcylation and necroptosis signaling in the SPC
induced cardioprotective effect on MIRI. MIRI could induce the up-regulation of RIPK1/RIPK3/MLKL axis mediated
necroptosis. And SPC promoted the increase of OGT induced O-GlcNAcylation, enhanced the RIPK3 O-GlcNAcylation, and then inhibited the
formation of the RIPK3/MLKL complex, finally lead to the inhibition of MIRI mediated necroptosis. Furthermore, the protective effects of SPC
against MIRI was abrogated by using the OGT inhibitor OSMI-1. In brief, SPC restrained cardiomyocytes necroptosis via regulating OGT
mediated O-GIcNAcylation of RIPK3 and lessening RIPK3/MLKL induced necroptosis, and hence protected the heart against MIRI.
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OGT-mediated O-GIcNAcylation of RIPK3, and reduced
the formation of the RIPK3/MLKL complex. SPC
induced cardioprotective effects may be associated with
OGT mediated O-GIcNAcylation. To further clarify the
effect of OGT mediated O-GIcNAcylation in SPC
mediated cardioprotection, an OGT inhibitor OSMI-1 was
used in our in vitro studies. We demonstrated that
OSMI-1 inhibited OGT mediated O-GlcNAcylation and
increased necroptosis to reverse the cardioprotective
effects induced by SPC.

CONCLUSIONS

In summary, we were the first to demonstrate that SPC
restrained cardiomyocytes necroptosis via regulating
OGT mediated O-GIcNAcylation of RIPK3 and
lessening RIPK3/MLKL induced necroptosis, and hence
protected the heart against MIRI.

Limitations of our study included the following: we did
not determine whether SPC promotes RIPK3 degradation
by directly affecting OGT. Our future studies will address
this mechanism. In a word, we demonstrated that SPC
administration had a cardioprotective role on MIRI. The
protective mechanism of SPC was via the activation of
OGT resulting in O-GlcNAcylation of RIPK3 to reduce
RIPK3/MLKL mediated necroptosis.

MATERIALS AND METHODS
Animals

A total of 105 healthy male Sprague-Dawley rats,
weighing 180-230 g were included in this study. All rats
were kept in individual cages with a 12-hour light, 12-
hour dark cycle at 22-24° C. The rats were allowed free
access to food and water, and both sexes were included
in the experiments. All the experiments in this study
were approved by the Institutional Animal Care and Use
Committee of Nanchang University and performed in
accordance with the guidelines for the Principles of
Laboratory Animal Care and Use of Laboratory
Animals published by NIH (NIH Publication, 8th
Edition, 2011).

MIRI in vivo surgical preparation

Coronary artery ligation method was used to establish
MIRI in vivo model [43]. Rats were anaesthetized with
sodium pentobarbital (50 mg/kg) and heparinized (1000
IU/kg) by intraperitoneal injection to ensure that pedal
and palpebral reflexes were absent throughout the
experimental protocol. The rats received endotracheal
intubation  and  artificial ~ ventilation under
electrocardiogram equipment (GE Medical, Milwaukee,
WI, USA) monitoring. A thoracotomy was performed in

the left fifth intercostal space, and the pericardium was
opened. Then, a 6-0 silk suture was placed around the
proximal left anterior descending (LAD) appendage for
2-3 mm through a small polytetra fluoroethylene tube,
which formed a snare. LAD occlusion was produced by
pulling the snare for 30 min, while successful
reperfusion was achieved by loosening the snare for 2 h.
A polyethylene catheter placed into the left ventricle
and connecting a pressure transducer to a data
acquisition system (Medlab-U/4C501H system) was
used to measure hemodynamic parameters (heart rate,
HR; mean arterial blood pressure, MAP; rate pressure
product, RPP). And they were recorded at 30 min of
equilibration (To), 30 min (Ty), 60 min (Tz), 90 min
(T3), and 2 h (T,) after reperfusion. Successful
occlusion and subsequent development of ischemia
were confirmed by prompt ST-segment changes on
ECG with progressive ST-segment elevation in at least
three leads with or without arrythmia, and
decolorization of the myocardium distal to the
occlusion. Moreover, reperfusion and restoration of
blood flow were confirmed by prompt ST-segment
changes on ECG with progressive ST-segment
normalization/depression and pathological Q-wave
formation in leads with previous ST-segment elevation
with or without arrythmia, and re-colorization of the
affected myocardium [44].

Langendorff isolated heart perfusion model

Anesthetization and preparation of isolated hearts were
performed as described previously with slight
modification [45]. In brief, rats were anaesthetized and
then the rat hearts were quickly excised and mounted on
a modified non-circulating Langendorff apparatus via
aorta cannulation for retrograde perfusion at constant
pressure (80 mmHg) with Krebs-Henseleit (K-H) buffer
(solution configuration: NaCl 118.0 mmol/L, KCI 4.8
mmol/L, KH2PSO4 1.2 mmol/L, NaHCO3 25.0
mmol/L, MgSO4 1.2 mmol/L, CaCl2 2.5 mmol/L,
glucose 11.0 mmol/L, and pH 7.35-7.45). The K-H
buffer was gassed with 95% 02-5% CO2, and the
temperature was maintained at 37C. And, a small latex
balloon connected to a cuff pressure transducer (SIA
Industrial & Trade, Beijing, China) was inserted into the
left ventricle through the mitral valve to monitor the rat
hemodynamics indexes (HR; left ventricular peak
pressure, LVSP; left ventricular end diastolic pressure,
LVEDP; maximal rate of the increase/decrease of left
ventricular pressure, +dp/dt;ax). Hemodynamics indexes
were recorded at Tg, T4, Ty, Tz and Ty.

In vivo IR model and Isolated IR model

Rats were randomly divided into four groups: SHAM
group, SEVO group, IR group and SPC group. Except
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the SHAM and SEVO groups, each rat was subjected to
30 min of LAD occlusion, followed by 2 h of
reperfusion. In the SEVO group, the rats received 1.0
minimum alveolar concentration (MAC) sevoflurane
(2.4% sevoflurane, 37° C) for 15 min without occlusion.
Sevoflurane (Maruishi Pharmaceutical Co, Chuoku,
Osaka, Japan) was added to the inspired gas starting 1
min before reperfusion to achieve the concentration at
1.0 MAC. In the SPC group, after 30 min of LAD
occlusion, the rats inhaled 1.0 MAC sevoflurane for 15
min starting from the end of ischemia until 15 min after
reperfusion, then reperfusion the hearts for 105 min.
The experimental design is shown in Figure 8A.

Isolated perfused rat hearts were randomly divided into
five groups: SHAM group, IR group, SPC group,
SPC+DMSO group and SPC+OSMI-1 group. Except
the SHAM group, each rat was subjected to 30 min of
global ischemia, followed by 2 h of reperfusion. In SPC
group, the hearts were perfused with K-H solution
saturated with 1.0 MAC sevoflurane for 15 min starting
from the end of ischemia until 15 min after reperfusion,
and then with plain K-H solution for 105 min. SPC was
administrated as previously described [46]. In brief,
sevoflurane was bubbled into the K-H solution by using

an agent specific vaporizer (Drager Medizintechnik
GmbH, Libeck, Germany) placed in the 95%02-
5%C02 gas mixtures line at a concentration of
(1.2£0.02) mmol/L (8%, v/v) measured in the liquid
phase by a datex infrared gas analyzer (Ohmeda, GE
Healthcare), and ensure that the concentration of
delivered sevoflurane in the K-H solution was
maintained at 1.0 MAC. Moreover, in the SPC+OSMI-1
group or SPC+DMSO group, in addition to SPC
administration, 50 uM OSMI-1 (the OGT inhibitor,
Abcam Co., Cambridgeshire, UK) or the OSMI-1
solvent DMSO was given in the K-H solution and
present throughout the experiment. The experimental
design is shown in Figure 8B.

Myocardial infarction size measurement

Myocardial infarction size was evaluated by 2,3,5-
triphenyltetrazolium chloride triazole (TTC; Sigma
Aldrich Co., St. Louis, MO, USA, 1% in PBS) staining
[47]. At the end of 2 h reperfusion, the rat hearts were
frozen at -20° C and then cut into five pieces in cross-
section. The hearts were incubated in 1% TTC (pH 7.4)
at 37° C for 10 min, and subsequently fixed overnight in
10% formalin. The area of infarcted tissues (white or
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Figure 8. Schematic illustration of the experimental protocol in vivo and in vitro. (A) All the groups underwent the same surgical
operation. (1) SHAM: rats were subjected to open chest surgery only; (2) SEVO: rats received 1.0 MAC sevoflurane for 15 min without
occlusion; (3) I/R: rats were subjected to 30 min LAD occlusion, followed by 2 h of reperfusion; (4) SPC: rats were subjected to I/R and
receiving 1.0MAC sevoflurane for 15 min at onset of reperfusion. (B) Except the SHAM group, all hearts was subjected to 30 min of global
ischemia, followed by 2 h of reperfusion. SPC group received 1.0 MAC sevoflurane for 15 min at onset of reperfusion. In the SPC+DMSO group
or SPC+OSMI-1 group, in addition to SPC administration, 50 uM DMSO or OSMI-1 was given and present throughout the experiment.
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pale color) could be differentiated from the area at risk
(red color). The infarct size was calculated for each
slice, and reported as the percent of infarct divided by
the total area at risk by Alpha Ease FC Imaging System.

Echocardiography evaluation

After rats were anaesthetized with sodium pentobarbital,
two-dimensional echocardiography measurements were
conducted at the end of reperfusion. The structure and
heart function of each subject were evaluated by M-mode
echocardiography using the Vevo770 system equipped
with a 35-MHz linear transducer as previous methods
[48]. Three consecutive cardiac cycles were captured by
digital image analysis software. The measurement was
operated by an independent professional ultrasound
technician, and the independent  professional
echocardiographer was blinded to the groups. Parameters
of cardiac function were obtained in the M-mode tracings.
Moreover, ejection fraction (EF)% and fractional
shortening (FS)% of the left ventricle were calculated
according to standard formulas: EF% = (LVEDd*-
LVESd®)x100%/LVEDd®, where LVEDd is left
ventricular end-diastolic diameter, LVESd is left
ventricular end-systolic diameter; FS% = (LVEDd-
LVESd)x100%/LVEDd. And EF, FS and stroke volume
(SV) were automatic calculated by Vevo770 Visual sonics
software.

Myocardial LDH content measurement

After the 2h reperfusion, serum samples were isolated
from the blood samples by centrifugation at 3000 rpm,
4° C, for 10 min. The level of serum cardiac marker
enzyme lactic dehydrogenase (LDH) was measured
using commercially available LDH kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instruction.

Histology

After the 2h reperfusion, the hearts tissue was
immediately removed, fixed in 10% formalin and then
embedded in paraffin. The staining of hematoxylin-
eosin (H&E) was performed on 3-5um sections of
cardiac tissue cut from the 10% formaldehyde solution-
fixed, paraffin-embedded blocks [49] (n = 3/group). The
histopathological changes were examined under an
optical microscope (Leica, Germany).

Myocardium tissue necrosis staining

As previously described, the degree of MIRI was
assessed using Evans blue (Sigma Aldrich Co., St.
Louis, MO, USA) staining [50]. In brief, rats were given
with Evans blue dye (final concentration of 1% volume

to body weight) through tail vein injection before
sacrifice. At the end of reperfusion, all heart tissues
were taken and cut into Sum cryosections to measure
the amount of Evans blue dye uptake (red
autofluorescence) by fluorescence microscopy equipped
to acquire fluorescence images with a light microscope
using 200x magnifications. And, EBD-positive areas
are expressed as the percent area of the myocardium
with red fluorescence, and all data were determined
with Scion Image software.

Co-immunoprecipitation

Co-immunoprecipitation (Co-IP) analysis was as
described previously [51]. The heart tissues were
homogenate in modified RIPA buffer by sonication and
frozen on dry ice for 60 min. Residual myocardial
debris was removed by centrifugation at 18,000 x g,
4° C for 15 min. Protein concentration was measured,
50 ug of total protein was used for immunoprecipitation,
25 yug was used as an input control. Then, each IP
reaction was adjusted to a total volume of 300 pl in
microfuge tubes by the addition of lysis buffer
containing protease and phosphatase inhibitors. 2 ul of
anti-O-GIcNAc antibody (RL2) or anti-RIPK3 antibody
(Santa Cruz Co., California, USA) was added. Tubes
were incubated for approximately 15 h at 4° C on a
rotor. Subsequently, 50 pl of a 50:50 slurry of protein
AJ/G plus-agarose beads (Santa Cruz Co., California,
USA) was added, followed by incubation at 4° C
overnight. The beads were resuspended in LDS buffer
that contained 50 mmol/L DTT. Finally, the resulting
co-IP reaction and input controls were detected by
western blotting with anti-RIPK3 (1:1000 dilution,
Santa Cruz Co., California, USA), anti-RL2 (1:2000
dilution, Santa Cruz Co., California, USA) and anti-
MLKL (1:1000 dilution, Santa Cruz Co., California,
USA).

Western blot analysis

Western blot analysis was performed as described
previously [52]. Briefly, after the 2h reperfusion, cardiac
tissue samples were collected and cellular protein
extracts were prepared. The concentrations of proteins
were determined using a bicinchoninic acid protein
assay kit (Thermo Fisher Co., Massachusetts, USA).
Equivalent amount of proteins (30 mg) were separated
by 12% SDS-polyacrylamide gel electrophoresis and
then transferred onto a polyvinylidene fluoride (PVDF)
membrane. After blocking with 5% non-fat milk at room
temperature for 1 h, primary antibodies against p-
RIPK1, RIPK1, p-RIPK3, RIPK3, p-MLKL, MLKL
(1:1000 dilution, Thermo Fisher Co., Massachusetts,
USA), O-GIcNAc, OGT, OGA (1:1000 dilution, Santa
Cruz Co., California, USA) were incubated with the
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PVDF membranes at 4° C overnight. Horseradish
peroxidase-conjugated mouse anti-rabbit IgG secondary
antibody (1:2,000 dilution, Cell Signaling Technology
Co., Colorado, USA) were incubated with the
membranes at room temperature for 1 h. The signals
were visualized with enhanced chemiluminescence
western blotting detection system (GE Healthcare,
Chicago, IL, USA). To control for lane loading, the
same membranes were probed with anti-GAPDH
(1:5000 dilution, Beyotime Institute of Biotechnology,
Shanghai, China). Quantitative analysis of the signals
was performed by scanning densitometry and analyzed
using Image Lab Software (version 4.1; Bio-Rad
Laboratories, Inc.).

Statistical analysis

The results are shown as means * standard deviation.
All experimental data were analyzed by using one-way
analysis of variance (ANOVA) followed by Tukey
multiple comparison test. P<0.05 was considered to be
statistically significant difference.
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