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Abstract

Enhanced reactive oxygen species (ROS) at the beginning of reperfusion activated signal transducer and activator of tran-
scription 3 (STAT3) in intermittent hypobaric hypoxia (IHH)-afforded cardioprotection against ischemia/reperfusion (I/R).
However, its mechanism remains largely unknown. This study aimed to investigate the role and the downstream of STAT3 in
exogenous enhanced post-ischemic ROS-induced cardioprotection using the model of moderate hydrogen peroxide postcondi-
tioning (H,0,PoC) mimicking endogenous ROS in IHH. Moderate H,O,PoC not only improved the post-ischemic myocardial
contractile recovery and reduced the infarct size in isolated rat I/R hearts, but also alleviated mitochondrial calcium overload
and ameliorated Ca2* transients, cell contraction, and mitochondrial membrane potential in rat I/R cardiomyocytes. However,
the cardioprotective effects of moderate H,0,PoC were abrogated by Janus kinase 2 (JAK2)/STAT3 inhibitor AG490 in
rat hearts as well as adenovirus-delivered short hairpin RNA specific for STAT3 and the opener of mitochondrial calcium
uniporter (MCU) spermine in rat cardiomyocytes. Notably, the moderate H,0,PoC-afforded cardioprotection abrogated by
spermine could be rescued by STAT3 over-expression with adenovirus in rat I/R cardiomyocytes. Besides, moderate H,O,PoC
enhanced mitochondrial STAT3 expression during I/R. A co-localization/interaction of STAT3 or phospho-STAT3*""?” and
MCU was observed in rat cardiomyocytes with moderate H,O,PoC at 5 and 30 min of reperfusion but not in rat I/R car-
diomyocytes. Further, STAT3 interacted with the N-terminal domain (NTD) of MCU in rat cardiomyocytes with moderate
H,0,PoC. These findings indicated that post-ischemic moderate ROS activate STAT3 against cardiac I/R by inhibiting MCU
opening via its interaction with the NTD of MCU to alleviate mitochondrial calcium overload.

Keywords Post-ischemic moderate ROS - Hydrogen peroxide postconditioning - Mitochondrial Ca>* concentration -
Cardiac contraction - Signal transducer and activator of transcription 3 - Mitochondrial calcium uniporter

Introduction

Myocardial ischemia/reperfusion (I/R) injury is the com-
mon clinical manifestation of the pathological scenario of
ischemic heart disease. Myocardial contractile dysfunc-
tion due to I/R is partly incited by calcium overload [9].
Calcium overload in myocytes, including mitochondrial
[Ca2+]m and cytosolic free calcium concentration [Ca“]C
overload, is especially considered as one of the primary
elements resulting in cardiac I/R injury [44]. [Ca2+]m over-
load has been proved to be the cause of [Ca2+]C overload
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and contractile dysfunction [10, 15]. Thus, the reduction
of [Ca2+]m overload is an essential way to achieve cardio-
protection. During myocardial I/R, mitochondrial calcium
uniporter (MCU) selectively transport significant amounts
of calcium from the cytosol into mitochondria [14]. The
observations show that MCU serves as an important ion
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channel in the regulation of [Ca2+]m overload, such as
treatment with MCU inhibitor Rusg, decreasing [Ca®*],,
overload in cardiac I/R [13], small interfering RNA tar-
geting MCU reducing [Ca”]m overload in cardiomyo-
cytes [40] and conditional cardiac-specific MCU™'~ mice
subjected to I/R resulting in a significant reduction of
[Ca2+]m overload [27]. However, the regulatory mecha-
nism of MCU during cardiac I/R injury and cardioprotec-
tion remains unveiled.

Reactive oxygen species (ROS) production during early
reperfusion should reach a threshold to trigger the ischemic
preconditioning (IPC)-, ischemic postconditioning (IPoC)-,
remote ischemic preconditioning (RIPC)- and intermittent
hypobaric hypoxia (IHH) adaptation-induced cardiopro-
tection [20, 42, 52, 53]. Meanwhile, ROS generated inad-
equately or excessively during early reperfusion are main
factors of I/R injury [4, 53]. The stable form of ROS is
hydrogen peroxide (H,0,) [4]. It has been found that mod-
erate concentrations of H,0, postconditioning (H,0,PoC), a
model of enhanced ROS at early reperfusion in an exogenous
manner, significantly promote post-ischemic left ventricu-
lar (LV) contractile recovery [53]. Besides, moderate H,0,
preconditioning alleviates calcium paradox in hearts and car-
diomyocytes [12, 37]. However, whether moderate H,0,PoC
protects the hearts and cardiomyocytes from calcium over-
load and contractile dysfunction due to I/R remains elusive.
Although the inhibition of MCU seems to play a crucial role
in IPC and IPoC [57, 60], whether moderate H,O,PoC can
reduce calcium overload and improve cardiac contraction
via inhibiting MCU is unknown.

Signal transducer and the activator of transcription 3
(STAT?3) is a significant protein contributing to the sig-
nal transduction of cardioprotection [5, 18, 55]. Not only
STAT3 acts as a transcription factor in the nucleus with its
phosphorylation at tyrosine 705 and serine 727 for regulat-
ing gene transcription [3, 39, 41], but also STAT3 phos-
phorylated at tyrosine 705 (pY-STAT3) and serine727
(pS-STAT3) is required in the mitochondria for its fast car-
dioprotective effect in pig and mouse [6, 22, 23, 25]. Endog-
enous enhanced ROS in IHH can activate STAT3 during
early reperfusion via improving postischemic sarcoplasmic
reticulum (SR) Ca*"-ATPase (SERCA?2) activity through
increasing SR B cell lymphoma-2 (Bcl-2), which interacts
with SERCA2 and maintains mitochondrial function [55].
However, whether STAT3 preserves mitochondrial func-
tion in moderate H,O,PoC is still unknown. Tumor necrosis
factor-alpha (TNF-a) preconditioning only activates STAT3
during reperfusion [29] or inhibits the opening of MCU [16]
to achieve cardioprotection in isolated rat I/R hearts, nev-
ertheless, whether activated STAT3 in moderate H,O,PoC
can alleviate myocyte calcium overload and improve cardiac
contractile via inhibiting MCU against cardiac I/R insult is
unclear.
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To address the aforementioned issues, a model of mod-
erate H,0,PoC was designed to examine (1) the effects of
post-ischemic moderate ROS on [Ca**]_ in myoctes, [Ca*'] ,
in myocytes, mitochondrial membrane potential, Ca** tran-
sients, and myocytes contractile during I/R; (2) the role of
STAT3 in post-ischemic moderate ROS-induced cardio-
protection; (3) the role of MCU in post-ischemic moder-
ate ROS-induced cardioprotection; (4) the correlation of
STAT3 with MCU and its role in post-ischemic moder-
ate ROS-induced cardioprotection; and (5) the molecular
mechanism of action of STAT3 on MCU in post-ischemic
moderate ROS-induced cardioprotection.

Methods
Animals

In this study, adult male Sprague—Dawley (SD) rats (Shang-
hai Slac Laboratory Animal Co. Ltd.) were used according
to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Pub-
lication, 8th Edition, 2011) and animal procedures approved
by the Institutional Review Board of Shanghai University of
Medicine & Health Sciences (Shanghai, China). The weight
of rats was from 280 to 320 g.

Langendorff-perfused rat I/R hearts

Sodium pentobarbital (50 mg/kg i.p.) was used to anes-
thetize the rats. The hearts were rapidly isolated from the
rats and mounted on the Langendorff apparatus with the
Krebs—Henseleit solution at 37 °C as previously described
[12, 32]. The pressure transducer (Gould P23Db, AD Instru-
ment, New South Wales, Australia) was coupled to a fluid-
filled balloon and we inserted it into the LV cavity. After
LV end-diastolic pressure (LVEDP) was maintained at
5-10 mmHg by inflating the balloon, the isolated heart was
put onto the Langendorft system with global non-flow I/R
(30-min/45-min). The PowerLab system (AD Instrument,
New South Wales, Australia) was used to evaluate LV devel-
oped pressure (LVDP), LVEDP, maximum rates of pressure
development or decay over time (+ dP/dt max) and heart
rate (HR). H,0, (20 pmol/L, Merck, Darmstadt, Germany)
[53] and AG490 (20 pmol/L, Merck, Darmstadt, Germany),
a Janus kinase 2 (JAK2)/STAT?3 inhibitor, were used at the
beginning of reperfusion for 5 min (Online Fig. 1a).

Infarct size estimation
The isolated rat hearts were subjected to global non-flow I/R

(30-min/2-h), following which they were frozen the hearts
and cut LV into 2-mm-thick slices. Subsequently, 1% (w/v)
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triphenyltetrazolium chloride (phosphate buffer, pH 7.4) was
used to stain the slices and used 10% formaldehyde to fix
them [8, 31, 52, 61]. Image-Pro Plus software (Media Cyber-
netics, Maryland, USA) was used to calculate the infarct size
and the infarct area was expressed as a percentage of the LV
area at risk.

Construction of recombinant adenoviruses

Recombinant adenoviruses expressing rat STAT3
(AdSTAT3), short hairpin RNA of STAT3 (AdSTAT-
3shRNA), rat Flag-MCU (AdFlag-MCU WT), rat Flag-
MCU with N-terminal domain (NTD) deletion (AdFlag-
MCUA,5_45), vector (AdVector) and short hairpin RNA
of scramble (AdScramble) were prepared as described
previously [32] using the pHBAd vector system (Hanbio,
Shanghai, China). The detailed method is available in Sup-
plementary materials online.

Isolation, culture, and adenoviral infection
of myocytes

A standard method was used to isolate and culture LV myo-
cytes as previously described [11, 32]. Then, the LV myo-
cytes were infected with recombinant adenoviruses. The
detailed method is available in Supplementary materials
online.

Simulated I/R in isolated cardiomyocytes

A simulated I/R (20-min/30-min) model in isolated cardio-
myocytes was set up as previously described [11, 15]. First,
the myocytes were perfused in the modified Krebs—Hense-
leit solution (35 °C, pH 7.4) and then in ischemic solution,
containing (mmol/L): NaCl, 123.0; KCI, 8.0; NaHCO;, 6.0;
NaH,PO,, 0.9; MgSO,, 0.5; Na-lactate, 20.0; and CaCl,, 1.8,
gassed with 95% N,/5% CO,, (pH 6.8) for 20 min. Finally,
they were reperfused in the modified Krebs—Henseleit solu-
tion again for 30 min. Different concentrations of H,0,
(0.1, 0.3, 1, 3, 10 and 30 pmol/L), N-(2-mercaptopropionyl)
glycine (2-MPG, 300 pmol/L, Merck), a ROS scavenger,
AG490 (300 nmol/L), and spermine (2 pmol/L, Merck), a
MCU agonist [36, 57, 58], were administered at the begin-
ning of reperfusion for 5 min. LV myocytes were harvested
from the same heart for protein extraction at preischemia
(Pre), reperfusion 5 min (R5) and reperfusion 30 min (R30).

Measurement of [Ca®*], [Ca®*],,, Ca®* transients
and cell shortening

An IonOptix system (Milton, Massachusetts, USA) was
used to measure Ca’" transients and cell shortening simul-
taneously as previously described [11, 15, 32]. The calcium

indicator Indo-1 AM (5 pmol/L, Thermo Fisher, Massachu-
setts, USA) was used to measure [Ca”]C and Rhod 2-AM
(5 pmol/L, Thermo Fisher, Massachusetts, USA) was used to
measure [Caz+]m as previously described [12]. The detailed
method is available in Supplementary materials online.

ROS detection

ROS production in isolated cardiomyocytes during simu-
lated I/R was detected using 5 (and 6)-carboxy-2,7-di-
chlorodihydrofluerescein diacetate (DCF; Thermo Fisher,
Massachusetts, USA) as previously described [52]. Cardio-
myocytes from control or moderate H,O,PoC groups were
loaded with DCF (20 pmol/L) for 10 min before plating on
the dish. The acetate groups of the probe can be removed
by intracellular esterases, which allow the retention of the
probe by the cells. Because DCF is nonfluorescent until it is
oxidized by ROS within the cell, the intracellular generation
of ROS was reflected by monitoring the increase in DCF
fluorescence. Fluorescence was detected using an inverted
microscope (Nikon, Tokyo, Japan) and recorded (excitation/
emission: 495/525 nm) every 5 min during I/R with a fixed
field of view including 30-50 rod-shaped cardiomyocytes.
The excitation light source was set at low power to avoid
inducing oxidation and opened only when it was needed for
imaging. Fluorescence intensity was analyzed with Image-
Pro Plus software (Media Cybernetics).

ATP quantification by luminescence

The ATP level within the mitochondria was quantified using
the ATPlite luminescence ATP detection assay system (Per-
kin Elmer, Massachusetts, USA) as per the kit instructions.

Mitochondrial function

The electron transport chain supercomplex activities of
mitochondrial function were estimated spectrophotometri-
cally using specific donor—acceptors chemistry following the
kit (GENMED, Shanghai, China) instructions. For complex
I, rotenone-sensitive NADH-oxidoreductase was used; suc-
cinate decylubiquinone dichlorophenolindophenol (DCPIP)
reductase was used to assess complex II. Ubiquinol reduc-
tase was used to assess the activities of complex III and
cytochrome ¢ was used to assess complex I'V. All the mito-
chondrial activities were normalized with protein.

Mitochondrial membrane potential (A¥Ym) assay
A¥m was determined by a 5,5',6,6'-tetrachloro-1,1',3,3'-
tetraethylimidacarbocyanine iodide (JC-1) assay kit (Beyo-

time, Nantong, China) using a Gemini™ EM fluorescence
microplate reader (Molecular Devices, California, USA) as
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previously described [55]. The detailed method is available
in Supplementary materials online.

Western blot analysis

The standard western blot analysis for mitochondrial protein
or immunoprecipitates from LV myocytes was performed
as previously described [11, 12, 32] with antibodies against
STAT3 (1:2000, Cell Signaling Technology, Massachusetts,
USA), MCU (1:2000, Cell Signaling Technology, Massa-
chusetts, USA), Flag (1: 5000, Proteintech, Illinois, USA),
phospho-STAT3*7?7 (pS-STAT3) (1:2000, Cell Signaling
Technology, Massachusetts, USA), cytochrome c oxidase
IV (COXIV) (1:2000, Santa Cruz, California, USA) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(1:8000, Cell Signaling Technology, Massachusetts, USA).
The detailed method is available in Supplementary materi-
als online.

Co-immunoprecipitation assay

The co-immunoprecipitation experiments were performed
as described previously [32]. The LV myocytes lysates
were immunoprecipitated with anti-STAT3 (Cell Signaling
Technology), anti-pS-STAT3 (Cell Signaling Technology)
anti-MCU (Cell Signaling Technology) and anti-Flag (Pro-
teintech) as well as with negative control antibodies, normal
rabbit (Proteintech) or mouse IgG antibodies (Santa Cruz).
The detailed method is available in Supplementary materi-
als online.

Immunofluorescence analysis

The immunofluorescence experiments were performed as
described previously [32]. First, the myocytes were fixed
with paraformaldehyde and then co-immunostained with
antibodies against STAT3 (Cell Signaling Technology),
MCU (Abcam, Cambridge, UK). Finally, laser-scanning
confocal microscopy (Leica, Heidelberg, Germany) was
used to observe them. The detailed method is available in
Supplementary materials online.

Statistical analysis

All values were expressed as mean =+ standard error of the
mean (SEM) and analyze the differences among groups
by one-way repeated or muti-way analysis of variance
(ANOVA) followed by the Tukey—Kramer multiple-com-
parison post hoc tests using SPSS v 22.0 (SPSS). P <0.05
was considered statistically significant.
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Results

Moderate H,0,PoC promoted the post-ischemic
myocardial contractile function recovery
and decreased infarct size via activated STAT3

To determine the role of STAT3 in the cardioprotection
afforded by moderate H,0,PoC, LV contractile function
and infarct size were detected in the I/R injury model
of Langendorff-perfused rat hearts. LVDP, LVEDP,
+dP/dt,,,, and —dP/dt,, were remarkably suppressed
after global non-flow I/R (30-min/45-min, Fig. 1a), while
the suppression was markedly attenuated by moderate
H,0,PoC (20 pmol/L, Fig. la) [53]. These protections
were abrogated by AG490 (20 umol/L) administered dur-
ing reperfusion for the first 5 min (Fig. 1a, Online Fig. 1a),
although the HR of the different groups remained simi-
lar after global non-flow I/R (30-min/45-min, Online
Fig. 1b). Consistently, moderate H,O,PoC significantly
attenuated myocardial infarct size after global non-flow
I/R (30-min/2-h) and such a protection was attenuated in
the AG490 group (28.8 +1.2% in H,0,PoC vs. 58.5+2.9%
in H,O,PoC with AG490, P <0.001), but no effect was
observed in the control I/R heart (Fig. 1b). These results
suggested a key role of the activated STAT3 during early
reperfusion in cardioprotection afforded by moderate
H,0,PoC.

Moderate H,0,PoC achieved cardioprotection
in cardiomyocytes and simulated enhanced ROS
production during early reperfusion

To determine the different roles of H,O, during reperfu-
sion in I/R injury and cardioprotection in cardiomyocytes,
the concentration-dependent effects of H,O,PoC on post-
ischemic [Ca2+]c, Ca”* transients and cell shortening were
examined in isolated cardiomyocytes from rat hearts.
Moderate H,0,PoC (1 pmol/L and 3 pmol/L) significantly
reduced [Ca®*], overload induced by I/R in cardiomyocytes,
whereas low-dose H,O,PoC (0.1 pmol/L and 0.3 pmol/L)
and high-dose H,0O,PoC (10 pmol/L and 30 pmol/L) were
the same with control I/R, without statistical significance
(Fig. 2a). Moreover, moderate H,O,PoC (3 pmol/L) obvi-
ously reversed the I/R-altered parameters, including ampli-
tude, maximum upstroke velocity (upstroke V., ), and half-
decay time (decay rate 7) or maximum return velocity (return
V..) of Ca®* transients (Online Fig. 2a) and cell shortening
(Online Fig. 2b). However, H,0,PoC (1 pmol/L) improved
the decay rate of Ca** transients (Online Fig. 2a) and return
Viax Of cell shortening (Online Fig. 2b). Thus, H,O,PoC
(3 pmol/L) was chosen as the moderate H,O,PoC.
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Fig.1 Effects of H,0,PoC A Pre Ischemia Reperfusion Pre Ischemia Reperfusion
(20 umol/L) during global 20, 30 , 45 ' 20, 30 , 45 '
no-flow I/R (30-min/45-min) Time (min) Time (min)
on post-ischemic myocardial
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To determine whether H,O,PoC (3 pmol/L) could
mimic the endogenously enhanced ROS production dur-
ing early reperfusion seen in IHH [52], the ROS produc-
tion was monitored in isolated cardiomyocytes subjected
to simulated I/R using DCF fluorescence. The DCF fluo-
rescence intensity was significantly enhanced during early
reperfusion in the simulated I/R cardiomyocytes isolated
from control rat hearts and was further enhanced by
H,0,PoC. Such enhancement was totally suppressed by
2-MPG (Online Fig. 3a), a similar pattern seen in the IHH-
enhanced ROS production during the early reperfusion
[52]. Further, the mitochondrial function was detected.
Moderate H,0,PoC significantly improved post-ischemic
mitochondrial function, including the content of ATP

(Online Fig. 3b) and the activities of complex I (Online
Fig. 3c), complex II (Online Fig. 3d) and complex IV
(Online Fig. 3f) at R30. H,0,PoC also improve the activi-
ties of complex III (Online Fig. 3e) at R30,but with no
statistical significance.

Moderate H,0,PoC activated mitochondrial STAT3
during early reperfusion

To further confirm moderate H,O,PoC on activation
of STAT3 in cardiomyocytes, the endogenous expres-
sion pattern of mitochondrial pS-STAT3 and STAT3
was examined in cardiomyocytes with or without I/R
and moderate H,0,PoC. I/R suppressed the pS-STAT3

@ Springer
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Fig.2 Moderate H,0,PoC A
(3 umol/L) alleviated Ca* over- 150 -
load and improved the expres-
sion of mitochondrial phospho-
STAT3 and STAT3 during

I/R. a Cytosolic free calcium
concentration [Ca®*], in differ-
ent concentrations (0.1, 0.3, 1,
3, 10, 30 pmol/L) of H,0,PoC.
The number of myocytes is
indicated in parentheses. b
Expression of mitochondrial pS-
STATS3 (left) and STAT3 (right)
in isolated cardiomyocytes from 90

140 -

130 -

120 -

110 -

Resting [Caz"']c
(F405/F485, % of preischemia)

100 -

Ctri(12)
0.1 uM H,0,PoC(6)
0.3 uM H,0,PoC(7)
1.0 uM H,0,PoC(8)
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10.0 uM H,0,PoC(6)
30.0 M H,0,PoC(8)
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XX,

aPrepq Ischemiap.q Reperfusion py
1 T T 1 1 T T

control or H,0,PoC group with 0 10
or without AG490, as detected

by western blot analysis.

COXIV, cytochrome c oxidase B

IV, was used as a housekeeping
protein of mitochondria. n=3-8
each. AG490, 300 nmol/L;

Pre, preischemia; RS, 5 min of
reperfusion; and R30, 30 min of
reperfusion. Statistical signifi-
cance was achieved by one-way
repeated ANOVA followed by
Tukey—Kramer multiple com-
parison: *P <0.05, **P<0.01,
*##%P < (.01 vs. corresponding
preischemic values; Statistical
significance was achieved by
muti-way ANOVA followed by
Tukey—Kramer multiple com-
parison: #P<0.05, P <0.01,
##p <0.001 vs. correspond-

ing control values. P<0.05,

a Ctri

H H,0,PoC
O Ctrl+AG490
B H,0,PoC+AG490

H,0,PoC values

pS-STAT3/CoxIV

and STAT3 levels, although the COXIV level was still
unchanged during reperfusion. Therefore, I/R decreased
the ratios of pS-STAT3 to COXIV (Fig. 2b left) and
STAT3 to COXIV (Fig. 2b right) at RS and R30. The
pS-STAT3, STAT3, and COXIV were comparable dur-
ing preischemia among each group. Moderate H,0,PoC
(3 pmol/L) further recovered the I/R-suppressed pS-
STAT3 and STAT3 at R5 and R30, although moderate
H,0,PoC did not affect COXIV. Interestingly, the mito-
chondrial pS-STAT3 and STAT3 expression in I/R car-
diomyocytes was not changed by AG490 (300 nmol/L)
treatment during reperfusion for the first 5 min, but the
effects of H,0,PoC on the levels of mitochondrial pS-
STAT3 and STAT3 were weakened by AG490 at both R5
and R30 (Fig. 2b). The aforementioned results demon-
strated that mitochondrial STAT3 was required in moder-
ate H,0,PoC-conferred cardioprotection.
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Moderate H,0,PoC protected the post-ischemic
[Ca®*], [Ca®*],, AWm, Ca®* transients and cell
shortening through activated STAT3

To examine whether activated STAT3 contributed to mod-
erate H,0,PoC-induced calcium homeostasis, normal cell
contraction and normal A¥m during reperfusion, [Caz‘L]C in
myocyes, [Ca2+]m in myocytes, A¥m, Ca>" transients and
cell shortening of LV myocytes were detected during simu-
lated I/R (20-min/30-min). The preischemic and ischemic
levels of [Ca*'], and [Ca*'],, were similar in all groups.
However, moderate H,O,PoC remarkably alleviated rest-
ing [Ca®*], and [Ca®*] overload due to I/R at R30. Such
a protection was abolished by knocking down STAT3 with
adenovirus delivery of shRNA (AdSTAT3shRNA, Online
Fig. 4a), although the resting [Ca2+]C (Online Fig. 5a) and
[Ca®*],, (Fig. 3a) of the control AdScramble group were not
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Fig.3 Effects of H,0,PoC A
(3 umol/L) during simulated
I/R (20 min/30 min) on post-
ischemic [Ca®*],, A¥m, Ca®*
transients and cell shortening in
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affected by the interventions (Online Fig. 4b). Moreover,
I/R-induced decreases in A¥m (Fig. 3b) at RS and R30 were
completely reversed by moderate H,O,PoC, while these pro-
tective effects were abrogated by AASTAT3shRNA (Fig. 3b).

Consistently, moderate H,O,PoC obviously reversed the
I/R-altered parameters, including amplitude, upstroke V.,
and decay rate 7 or return V, . of Ca®" transients (Fig. 3c)
and cell shortening (Fig. 3d) at R30. No difference in these
parameters was detected among all groups before ischemia.
This protection was abolished by AASTAT3shRNA (Fig. 3c,
d), while the aforementioned parameters of the control
AdScramble group were not affected by the interventions

200
150
100

50

Pre R5 R30

(Fig. 3). These results implied that STAT3 plays a vital role
in H,0,PoC-induced maintenance of Ca ** homeostasis and
enhancement of Ca** transients and cell shortening during
I/R.

Moderate H,0,PoC protected the post-ischemic
[Ca®*], [Ca®*],, A¥m, Ca®* transients and cell
shortening via the inhibition of MCU

To explore whether inhibiting MCU contributed to the cardi-

oprotective effects of H,0,PoC during reperfusion, [Ca®*],,
[Ca®*],,, A¥m, Ca®" transients, and cell shortening with or
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Fig. 4 Effects of H,0,PoC A -O-Ctrl (10) B Octrl (3)
(3 umol/L) during simulated I/R -»-H,0,PoC (9) M H,0,PoC (5)
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without the MCU agonist spermine (2 pmol/L) were exam-
ined during I/R (Fig. 4, Online Fig. 4b). The preischemic
and ischemic levels of [Ca®*]_ and [Ca®*],, were similar in
all groups, whereas moderate H,O,PoC (3 pmol/L) reduced
[Ca**]. (Online Fig. 5b) and [Ca**],, (Fig. 4a) overload
and preserved the reduced A¥m (Fig. 4b) due to I/R dur-
ing reperfusion. These attenuations and preservations were
abrogated by spermine added during reperfusion for the first
5 min. Similarly, the dynamics of Ca®* transients and cell
shortening were altered by I/R and improved by moderate
H,0,PoC at R30, but such improvement was also totally
inhibited by spermine (Fig. 4c, d). These parameters of the
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control group were not affected by the interventions (Fig. 4).
These results indicated that inhibiting MCU played an
important role in moderate H,0,PoC-induced maintenance
of Ca 2* homeostasis and enhancement of Ca®" transients
and cell shortening during I/R.

STAT3 inhibited the opening of MCU in moderate
H,0,PoC-afforded cardioprotection

[Ca**], overload is caused by the opening of MCU
during I/R and the activation of STAT3 in moderate
H,0,PoC-alleviated [Ca®*],, overload. Hence, the role of
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MCU in STAT3-mediated moderate H,O,PoC-induced
cardioprotection was clarified through simultaneously
examining the time course of [Ca’*] , [Ca®**] ,, A¥m, Ca’*
transients, and cell shortening with spermine (2 pmol/L)
in cardiomyocytes transfected with recombinant adenovi-
ruses expressing rat STAT3 (AdSTATS3, Online, Fig. 6a)
in H,O,PoC (Fig. 5, Online Fig. 4b). No significant dif-
ferences were observed in preischemic resting [Ca“]C
(Online Fig. 5c¢), [Ca2+]m (Fig. 5a), A¥m (Fig. 5b) and the
dynamics of Ca®" transients (Fig. 5c) and cell shortening
(Fig. 5d) among all groups. However, moderate H,0,PoC

and STAT?3 overexpression by adenoviruses significantly
rescued I/R-changed resting [Ca”]C (Online Fig. 5c¢),
[Ca2+]m (Fig. 5a), A¥m (Fig. 5b) and the parameters of
Ca?* transients (Fig. 5¢) and cell shortening (Fig. 5d).
Moderate H,O,PoC-conferred cardioprotection was mim-
icked by AASTAT3 but AdSTAT3-induced cardioprotec-
tion was blocked by spermine (Fig. 5a—d, Online Fig. 5¢).
Besides, the cardioprotective effects of H,0,PoC remained
unchanged with spermine in cardiomyocytes transfected
with AASTAT3 (Fig. 5a—d, Online Fig. 5c). Therefore, it
was concluded that STAT3 mediates the cardioprotection
of H,0,PoC through inhibiting the opening of MCU.

Fig.5 Effects of H,0,PoC A -O- AdVector(10) B O AdVector(3)
(3 umol/L) and spermine during T+ AdVector+Sper(10) O AdVector+Sper(3)
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Fig.6 Co-localization and inter- A
action of STAT3 with MCU in Control H,0,PoC
rat cardiomyocytes. a Repre-
MCU STAT3 merge MCU STAT3 merge

sentative images of cardiomyo-
cytes with dual immunostaining
in the control and H,0O,PoC
groups at Pre, R5 and R30. Red
represents STAT3, green repre-
sents MCU, and blue represents
nuclei. Scale bars, 25 pm. b
Co-immunoprecipitation analy-
sis for the interaction between
STAT3 and MCU in the control
and H,O,PoC groups at Pre,

R5 and R30. ¢ Co-immuno-
precipitation analysis for the
interaction between pS-STAT3
and MCU in the control and
H,0,PoC groups at Pre, R5 and
R30. The interaction of STAT3
or pS-STAT3 with endogenous
MCU in the immunoprecipi- B
tates was detected by Western

blot analysis with anti-STAT3,
anti-pS-STAT?3 or anti-MCU

Pre

R5

antibodies. n=3 IP:
Pre
1B R5
R30
C
IP:
Pre
1B R5
R30

Moderate H,0,PoC facilitated the interaction
between STAT3 or pS-STAT3 and MCU
during reperfusion

Subsequently, whether MCU was the direct target of STAT3
was examined. The specific immunofluorescent images were
used. STAT3 and MCU seem to be co-localized in the mod-
erate- H,O,PoC cardiomyocytes at RS and R30, whereas
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no co-localization of the two proteins was found in con-
trol simulated I/R cells and before ischemia (Fig. 6a). Next,
co-immunoprecipitation was performed to check the pro-
tein interaction between STAT3 or pS-STAT3 and MCU.
MCU was detected in the immunoprecipitates from cardio-
myocytes of moderate-H,0,PoC groups with anti-STAT3
(Fig. 6b) or anti-pS-STAT?3 (Fig. 6¢). STAT3 (Fig. 6b) or
pS-STAT?3 (Fig. 6¢) was detected in the immunoprecipitates
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from cardiomyoctes of moderate-H,0O,PoC groups with anti-
MCU at R5 and R30 but not before ischemia. The inter-
action of STAT3 or pS-STAT3 and MCU was not seen in
the control I/R cadiomyocytes (Fig. 6b, c¢). These data were
consistent with the effect on the expression of mitochondrial
STAT3 and regulation of [Ca**], and [Ca®*], by activated
STATS3 through the inhibition of MCU by H,0,PoC.

To further explore the interacting domains of MCU and
STAT3, mutant MCU with NTD deletion MCUA ;5_;45
(Flag-MCUA5_,¢5) was expressed as a Flag fusion protein.
Wild-type MCU (Flag-MCU WT) also expressed as a Flag
fusion protein (Fig. 7a).Co-immunoprecipitation was per-
formed using lysates harvested from myocytes transfected
with recombinant adenoviruses expressing rat Flag-MCU
WT (AdFlag-MCU WT) or Flag-MCUA5_,4s (AdFlag-
MCUA;5s_;65) subjected to simulated I/R with moderate
H,0,PoC. Immobilized Flag-MCUA5_, (5 failed to interact
with STAT3, whereas Flag-MCU WT still interacted with
STAT3 at R5 (Fig. 7b). Immunoblotting with Flag anti-
body revealed the same amount of Flag-MCU WT or Flag-
MCUA;5_,¢5 in the immunoprecipitates (Online, Fig. 6b).
Thus, STAT3 probably prevented MCU activity via the inter-
action of STAT3 with MCU NTD.

Fig. 7 Interacting regions A
of MCU with STAT?3 in rat
cardiomyocytes. a Schematic
representation of 3xFlag-tagged
wild-type MCU (Flag-MCU
WT) and 3xFlag-tagged mutant
MCU with the N-terminal
domain (NTD) deletion (Flag-
MCUA75-165) fusion proteins.
b Co-immunoprecipitation
analysis for the interacting
regions between STAT3 and B R5
MCU at RS in H,0,PoC. The
interaction of STAT3 with
exogenous Flag-MCU WT

or Flag-MCUA75-165 in

the immunoprecipitates was
detected by Western blot analy-
sis with anti-STAT3 or anti-Flag IB:
antibodies. n=3

Flag-MCU WT

Flag-MCUA75-165

NH,-terminus

NH,-terminus

Discussion

This study demonstrated that (1) moderate H,O,PoC pro-
tected the heart from I/R injury via activating STAT3; (2)
moderate H,O,PoC significantly activated mitochondrial
STAT3; (3) moderate H,O,PoC alleviated I/R-induced cal-
cium overload and contraction suppression in ventricu-
lar myocytes via activating STAT3 and inhibiting MCU;
(4) STAT3 inhibited the opening of MCU in moderate
H,0,PoC-alleviated I/R-induced [Ca**],, overload through
its interaction with MCU; (5) STAT3 could interact with
MCU at NTD, which might be involved in the uptake
of cytosolic calcium into mitochondria. These findings
extended previous findings, demonstrated a vital role of
STAT3 in the post-ischemic moderate ROS-induced car-
dioprotection, and provided new insights into the mecha-
nisms underlying the cardioprotection of STAT3.

The role of ROS in cardioprotection or I/R injury
depends on different kinds of ROS, ROS concentrations
and availability of ROS reaction partners. Superoxide
and H,0, are produced normally and may have protec-
tive actions via signaling for preconditioning activating
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multiple groups of protective proteins. However, with I/R
the normal balance is lost and hydroxyl radicals can be
produced direct cellular injury [4]. Low levels of H,0,
aggravate contractile dysfunction through endoplasmic
reticulum stress, moderate levels of H,0, are associated
with increased postischemic LV performance through
protein kinase B (PKB/Akt) and protein kinase C epsi-
lon (PKCe) activation. However, high amounts of H,0,
aggravate contractile dysfunction through oxidant stress
[53]. In the models of cardioprotection by RIPC, IPC and
TNF-a preconditioning, mitochondrial ROS was reduced
[17, 24, 26, 49]. Myocardial I/R injury was effectively
reduced after administering melatonin, vitamin C, res-
veratrol, N-acetylcysteine or N-mercaptopropionylglycine
[7]. However, RIPC protected the heart from I/R injury
through the ROS-dependent mechanism because ROS
scavengers attenuated infarct size reduction by RIPC
[19]. Besides, ROS signaling at the onset of reperfusion
play an important role in a model of cardioprotection by
IPoC because ROS scavenger administered during the
whole reperfusion phase abolished its effects [7]. Exces-
sive ROS production during early reperfusion is a criti-
cal cause of calcium overload in cardiomyocytes [1, 49].
However, enhanced ROS during early reperfusion in IHH
significantly reduced calcium overload [55]. These find-
ings suggested that ROS generation should be quantified
at a moderate level to achieve calcium homeostasis. As
the ROS production in the IHH model is endogenous and
it is hard to quantified, the H,O,PoC model was designed
to represent the exact concentration of ROS during early
reperfusion in an exogenous manner. The data confirmed
the previous findings that moderate H,O,PoC (20 pmol/L)
promoted the recovery of post-ischemic myocardial con-
tractile function and limited the infract size reported
recently [53]. Moreover, this study demonstrated that
moderate H,O,PoC (3 pmol/L) reduced calcium overload
due to I/R in cardiomyocytes. This was consistent with the
observation that moderate H,0, (25 pmol/L) given at the
beginning of reoxygenation alleviated calcium accumula-
tion in isolated adult rat hypoxia/reoxygenation cardio-
myocytes [46].

Although several signal pathways interacting with mito-
chondria such as the reperfusion injury salvage kinases
(RISK3s), including PKB/Akt and PKCe, are implicated in
IPC, IPoC, RIPC, IHH and H,0,PoC [20, 21, 26, 33, 47, 52,
53], the role of the survivor activating factor enhancement
(SAFE) pathway, including JAK2/STAT?3, remains unclear
in H,O,PoC. Similar to an increase of STAT3 phosphoryla-
tion in a ROS-dependent manner in the IHH rat heart [55],
an increase in I/R-decreased mitochondrial STAT3 expres-
sion in moderate-H,0O,PoC cardiomyocytes implied a crucial
role of STAT3 in the moderate H,0,PoC-conferred cardio-
protection against I/R insult. This was further supported by
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the disappeared better post-ischemic cardiac contraction and
more infarct size of H,O,PoC rat hearts treated with AG490.
Accordingly, IPC-, IPoC-, IHH-induced cardioprotection
was attenuated by AG490 in rat/mouse hearts [5, 18, 55]. It
has been also reported that along with reduced infarct size,
the ratio of pY-STAT3/total STAT3 protein at early reper-
fusion was significantly increased by IPC, but only trend-
wise by IPoC and RIPC and the expression of pY-STAT3
was increased at late reperfusion by RIPC in pig heart [23,
25]. The possible reason for the difference is different ani-
mal model with different treatment. Moreover, moderate
H,0,PoC attenuated I/R-induced [Ca®*], and [Ca**] , over-
load and improved I/R-altered Ca* transients and cell short-
ening depending on STAT3. This was also consistent with
the observation that IHH-induced attenuation of [Ca2+]C and
[Caz+]m overload and enhancement of Ca* transients and
cell shortening was cancelled by AG490 in cardiomyocytes
[55]. These data revealed that STAT3 participated in ROS
signal transduction during cardioprotection as an important
down-stream mediator.

Mitochondria are one of the major effectors that regu-
late Ca** homeostasis in cardiomyocytes. Calcium enters
the mitochondria primarily through the MCU [14]. Previ-
ous studies found that the cardioprotective effects of B-type
natriuretic peptide (BNP) postconditioning were through
preventing the opening of MCU partly related to recover-
ing mitochondrial membrane potential and attenuating ROS
generation in I/R cardiomyocytes [50]. However, inhibiting
MCU was found to play a crucial role in post-ischemic mod-
erate ROS-induced cardioprotection with the model of mod-
erate H,O,PoC. This was similar to the finding on perfusing
the heart with spermine, and the cardioprotective effects of
IPC and IPoC were abolished [57, 60]. Although previous
studies also found that ROS production was reduced in
the mice with a dominant-negative form of MCU [45], the
present study showed that inhibiting MCU contributed to
moderate ROS-induced attenuation of [Ca®*], and [Ca®*],,
overload. This result was consistent with the previous results
that Ru360 or ruthenium red, at certain concentrations, abol-
ished [Ca®*], and [Ca®*],, overload in cardiac I/R injury
[1, 10]. These data demonstrated that inhibiting MCU was
one of the targets of post-ischemic moderate ROS during
cardioprotection.

Activated STAT3 is involved in TNF-a preconditioning
and postconditioning [28, 29], and TNF-a precondition-
ing attenuates Ca>" overload in rat organotypic hippocam-
pal cultures [2]. Thus, activated STAT3 during reperfusion
would act as an important mediator for the attenuation of
calcium overload in cardiomyocytes as observed in IHH
[55]. Moreover, diazoxide preconditioning against transient
focal cerebral ischemia was attenuated by spermine in rats
[58] and protected spinal cord from I/R insult by signifi-
cantly increasing the phosphorylation of STAT3 [56]. The
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present study found that mitochondrial STAT3 during early
reperfusion reduced Ca>* overload via inhibiting the open-
ing of MCU in H,0,PoC-induced cardioprotection. This was
consistent with the finding that inhibiting MCU contributed
to TNF-a preconditioning in isolated rat I/R hearts [16].
Drugs or RNAi-induced inhibition of MCU abrogated cell
death in mouse heart during I/R, presumably by reducing
Ca”* influx into mitochondria and inhibiting the opening
of mitochondrial permeability transition pore (mPTP) [27].
Inhibiting the opening of mPTP in cardiomyocytes isolated
from preconditioning rats and skeletal muscle isolated from
postconditioning rats significantly attenuated [Ca2+]m over-
load [35, 61]. pS-STAT?3 inhibited the opening of mPTP
via interacting with cyclophilin D in rat cardiomyocytes [6,
48]. This raised the question whether STAT3 inhibited the
opening of MCU through the regulation of mPTP. However,
no cardioprotective effect was found in MCU knockout mice
I/R heart treated with the mPTP inhibitor [14]. Therefore,
other mechanisms involved in the direct regulatory effect of
STAT3 on MCU were explored.

pS-STATS3 is crucial for interacting with 14-3-3(, a regu-
latory signaling molecule in mitochondria that phosphoryl-
ates other proteins in an interaction-dependent manner and
acts as a chaperone [59]. The 14-3-3 protein isoforms v, p,
€ have been demonstrated to interact with uncoupling pro-
tein 2 (UCP2), a member of mitochondrial ion transporters
and a mitochondrial membrane protein [43]. Further, UCP2
has been shown to probably interact with MCU to regulate
the process of transferring calcium from the cytoplasm to
mitochondria in cardiomyocytes [38]. The data revealed
an interaction between the STAT3 protein and the MCU
protein using co-immunoprecipitation and immunofluores-
cence. STAT3 has been proved to regulate ROS generation
and mitochondrial respiration for its interacting with mito-
chondrial complex I and complex II [51, 54]. This study
was novel in proving that STAT3 inhibited the opening of
MCU via interacting with MCU in cardioprotection. STAT3
is imported into mitochondria and recruited into complex
I located in the inner mitochondrial membrane [54] and
MCU is an ion channel in mitochondria composed of trans-
membrane proteins with N- and C-termini facing the matrix
[34]. Hence, the possible interaction domains of STAT3 and
MCU need investigation. A previous study showed that the
NTD of MCU was an essential domain of MCU interacting
with the regulators to modulate the mitochondrial calcium
uptake [30]. Thus, it was confirmed that STAT3 could not
interact with mutant MCU with NTD deletion MCUA;5_;¢5)
but interact with MCU WT in an exogenous-overexpression
manner in cardiomyocytes, indicating that STAT3 might
serve as a new regulator for MCU.

In conclusion, this study demonstrated that moderate
H,0,PoC-mimicked IHH protected the heart/cardiomyo-
cytes from I/R-induced calcium overload and contractile

dysfunction via mitochondrial STAT3 interaction with the
NTD of MCU to achieve the inhibition of MCU opening
(Online Fig. 7). These findings suggested that moderate
H,0,PoC might be a proper approach to study the quantity
of post-ischemic ROS during early reperfusion and its car-
dioprotective mechanism.
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