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Abstract

Receptor-interacting protein 3 (Ripk3)-mediated necroptosis contributes to cardiac
ischaemia-reperfusion (IR) injury through poorly defined mechanisms. Our results
demonstrated that Ripk3 was strongly upregulated in murine hearts subjected to IR
injury and cardiomyocytes treated with LPS and H,0,. The higher level of Ripk3 was
positively correlated to the infarction area expansion, cardiac dysfunction and
augmented cardiomyocytes necroptosis. Function study further illustrated that
upregulated Ripk3 evoked the endoplasmic reticulum (ER) stress, which was
accompanied with an increase in intracellular Ca** level ([Ca**]c) and xanthine
oxidase (XO) expression. Activated XO raised cellular reactive oxygen species (ROS)
that mediated the mitochondrial permeability transition pore (mPTP) opening and
cardiomyocytes necroptosis. By comparison, genetic ablation of Ripk3 abrogated the
ER stress and thus blocked the [Ca**]c overload-XO-ROS-mPTP pathways, favouring

a pro-survival state that ultimately resulted in the inhibition of cardiomyocytes

1 These authors contributed equally to this work.



necroptosis in the setting of cardiac IR injury. In summary, the present study helps to
elucidate how necroptosis is mediated by ER stress, via the calcium overload
IXO/ROS/mPTP opening axis.
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1. Introduction
The percutaneous coronary intervention (PCI) is the primary treatment strategy
for acute myocardial infarction (AMI). It works via dredging blocked vessels and

restoring cardiac circulation, which significantly reduces cardiovascular mortality in



patients with AMI[1, 2]. Although PCI opens the blocked coronary vessels, however,
it also causes reperfusion damage to the heart, referred to as ischaemia-reperfusion
(IR) injury[3], in approximately 30% of patients with AMI, per our clinical studies[4,
5]. IR injury aggravates the irreversible cardiomyocyte death and infarcted zone
expansion, predisposing AMI patients to adverse left-ventricular remodelling and poor
clinical prognosis[6]. Therefore, investigations into the molecular basis of
IR-mediated cardiomyocytes may open a pathway to new treatment modalities, which
are desperately needed for cardiac IR-injury treatment in clinical practice.

Necroptosis is now recognized as an important contributor to necrotic damage in
cardiac IR injury. Necroptosis is considered a subtype of necrosis, morphologically
indistinguishable from other types but defined by a specific mode of pathway
activation[7]. At the molecular level, necroptosis is reported to be regulated by
Ripk3[8]. However, the sequence of events downstream of Ripk3 that ultimately
transmits the necroptotic signal to cardiomyocytes is still muddled in the case of
reperfusion injury. An association between Ripk3 upregulation and mPTP opening has
been illustrated in several studies, which confirms the necessity of mPTP for
Ripk3-mediated necroptosis[9, 10]. One consequence of mMPTP opening is
mitochondrial potential collapse, oxidative phosphorylation attest, and ATP
undersupply; following this, the energy shortage induces cardiomyocytes to swell and
rupture. These findings indicate that necroptosis is initiated by Ripk3 and executed by
mPTP opening. However, the question still needs to be answered how Ripk3 regulates
mPTP opening, especially in the cardiac IR-injury setting.

Many previous studies have found that ROS overproduction contributes to mPTP
opening via mitochondrial ATP-sensitive potassium channels[11, 12] and
voltage-dependent anion channel-1 (VDAC1) oligomerization[13], suggesting that
ROS outburst functions as the upstream molecular mechanism for controlling mPTP
opening and consequent cellular necroptosis. In addition, recent work by our team
showed that IR-mediated ROS generation was primarily due to the upregulation of
xanthine oxidase (XO)[14, 15]. Under hypoxia, cellular ATP was gradually

decomposed to ADP, AMP, adenosine, inosine, and hypoxanthine, whereas



reoxygenation simultaneously promoted the metabolism of hypoxanthine to uric acid
by XO and evoked excessive electrons to bind to oxygen and other electron acceptors,
ultimately generating excessive ROS[16]. However, it remains unknown whether
XO-induced ROS promotes cellular necroptosis via mPTP opening in response to IR
injury.

Notably, our early description confirmed that XO activation and upregulation are
signalled by cytoplasmic Ca”* ([Ca?*]c) overload resulting from ER dysfunction. This
indicates that endoplasmic reticulum (ER)-Ca®* balance is the key determinant of
ROS levels and mPTP opening rate. Interestingly, other studies have noted the
potential association between ER stress and Ripk3. ER-related heat-shock protein 90
(HSP90) is the upstream activator of Ripk3[17, 18], and the dissociation of HSP90
from its cochaperone CDC37 leads to the inhibition of Ripk3-dependent
necroptosis[19]. Moreover, HSP90 activity is required for MLKL oligomerization and
membrane translocation and the induction of necroptotic cell death[20]. These studies
and our previous study show that Ripk3-mediated necroptosis may be associated with
ER stress in cardiac IR injury. Accordingly, the aim of the present study is to explore
the role of ER stress in Ripk3-triggered necroptosis, with a focus on calcium overload,

oxidative stress, and mPTP opening.

2. Materials and Methods
2.1. Animal and cardiac IR injury in vivo

The present study was approved by the PLA General Hospital Institutional
Animal Care and Use Committee. Ripk3” mice with a C57BL/6 background were
generated as previously described[21]. IR surgery was performed on wild type (WT)
and Ripk3” male mice (12-wk-old, n = 140) in accordance with a previous study[22].
The mice were anaesthetized with isoflurane, and the heart was exposed via a left
thoracotomy. Next, a 7-0 silk suture was tied around the left anterior descending
coronary artery (LAD) with a slipknot and left for 45 minutes to induce ischaemia.
This was followed by 0-24 hours of reperfusion. Pravastatin (5mg/kg, Sigma-Aldrich,
USA) and tunicamycin (2mg/kg, Sigma-Aldrich, USA) were administered



intraperitoneally 1 hour before IRI[23]. After the reperfusion period, a blood sample
was collected for LDH, troponin T, and CK-MB measurements, as previously
described[24]. The infarct size was measured by 2% Evans blue and 1% TTC,

following the manufacturer’s instructions.

2.2. Electron microscopy and echocardiography

Electron microscopy was conducted as previously described[5]. After treatment,
the samples were dehydrated using acetonitrile and graded methanol, embedded in
epoxy resin (EMbed-812; Electron Microscopy Sciences, USA) and polymerized at
70°C overnight. Hitachi H600 Electron Microscope (Hitachi, Japan) was used to
capture the images. The samples were imaged using a Hitachi H600 Electron
Microscope (Hitachi, Japan). At least 30 cells in at least 5 randomly selected fields
were observed. Echocardiography was performed in all mice at 6 hours after

reperfusion by echocardiogram (14.0 MHz, Sequoia C512; Acuson, Germany).

2.3. Cardiomyocytes isolation, cells culture and IR injury induction in vitro
Cardiomyocytes were isolated from the hearts of Ripk3” and WT mice using the
enzyme dissociation method as previously described[25]. Cardiomyocytes obtained
from American Type Culture Collection (ATCC) were cultured in DMEM (high
glucose, Gibco) containing 20% foetal bovine serum (FBS, HyClone, USA) at 37-C
with 5% CO, and 95% air. At 70%-80% confluence, the cells were incubated with
LPS (10 pg/ml) and H,0; (0.1 mM) in DMEM to induce IR injury. Tunicamycin (100
nM, Sigma-Aldrich, USA) and pravastatin (10 uM, Sigma-Aldrich, USA), the agonist
and antagonist for ER stress, respectively[26], were administered to pretreat
cardiomyocytes for 12 h before LPS and H,O, stimulation. Febuxostat (10uM,
Selleck, USA), the inhibitor of XO, was administered to pretreat cardiomyocytes for

12 h before LPS and H,0, stimulation.

2.4. Cell shortening and relengthening

The mechanical properties of myocytes were assessed using a SoftEdge Myocam



system (lonOptix, Milton, MA). SoftEdge software was used to capture changes in
cardiomyocyte length during shortening and re-lengthening. The myocytes were
photographed with a MyoCam camera and displayed on a computer monitor. Cell
shortening and re-lengthening were assessed using the following indices: peak
shortening (PS), the amplitude myocytes shortened on electrical stimulation, which is
indicative of peak ventricular contractility; time-to-PS (TPS), the duration of myocyte
shortening, which indicates duration of contraction; time-to-90% relengthening (TRgp),
which represents the duration of cardiomyocyte relaxation (90% was used rather than
100% to avoid a noisy signal at baseline concentration), and maximal velocity of
shortening (+dL/dt) and relengthening (-dL/dt), the maximal slope (derivative) of the
shortening and relengthening phases, which indicate the maximal velocities of rise

and fall of ventricular pressure.

2.5. Cellular necroptosis detection

Cell suspension was seeded in 6-well cell-culture plates at a density of 10°
cells/well and incubated at 37°C for 24 h. After treatment, the cells were treated with
0.4% trypan blue, a vital stain used to selectively color dead cells blue. Trypan-blue—
positive cell images were acquired and analysed using a fluorescence microscope. To
discriminate cellular necroptosis, the samples were simultaneously stained with 2 pL
of calcein AM working solution and 4 pL of 2-mM ethidium homodimer-1 for 15-20
minutes at room temperature using the LIVE/DEAD Viability/Cytotoxicity Kit
(L3224, Molecular Probes, USA).

Cellular necroptosis was also detected quantitatively using the FITC Annexin V
Apoptosis Detection Kit (556547, BD Bioscience). The cells were stained with 5 pL
of FITC Annexin V and Pl and incubated for 15 min at RT (25°C) in the dark. The
stained cells were subsequently analysed using a BD FACS-Calibur cytometer (BD

Bioscience).

2.6. Reactive oxygen species (ROS), malondialdehyde (MDA), superoxide dismutase
(SOD), glutathione (GSH), and glutathione peroxidase (GPx) assays.



The ROS was measured with 2',7'-dichlorofluorescein-diacetate (DCFHDA,
Beyotime Institute of Biotechnology, Jiangsu, China) and dihydroethidium (DHE,
Invitrogen, San Diego, CA, USA) staining, and observed using a microscope or
analysed by flow cytometry[27]. DCFHDA was alternately excited at the wavelengths
of 488 nm and 525 nm and DHE was alternately excited at the wavelengths of 300 nm
and 535 nm following the manufacturer's instructions. MDA content, SOD activity
and GSH concentration were measured using commercial kits (Beyotime Institute of

Biotechnology, China) following the manufacturer's instructions.

2.7. Calcium imaging and [Ca®*]c detection

After treatment, cardiomyocytes were loaded with 1 uM Fura-2/AM for 30 min
at room temperature. Then, the cells were observed on an inverted microscope
(Olympus America, Melville, NY, USA), and Fura-2 fluorescence was alternately
excited at 340 and 380 nm wavelengths using a monochromator (TILL Photonics,
Polychrome V, Munich, Bavaria, Germany). The intracellular free calcium
concentration was calculated according to a previous study[28]. For quantification of

the concentration changes of [Ca?*]c, Fura-2 flow cytometry was used.

2.8. Real-Time PCR

RT-PCR (Q-PCR) was performed according to a standard protocol. The
following primers were used for polymerase chain reaction: XO, forward,
AAGTAGAGGGGGCATTTGTCCAG, reverse,
TGATGGCAAAGAAGATAGAGGAAGC; GADPH, forward,
TGGAGTCTACTGGCGTCTT, reserve, TGTCATATTTCTCGTGGTTCA. The
MRNA levels were determined by gRT-PCR in triplicate for each of the independently
prepared RNAs, and GADPH was used as the endogenous control[29].

2.9. Western blot analysis
First, mouse heart tissues and cardiomyocytes after treatment were homogenized

and sonicated in a lysis buffer containing 20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM



EDTA, 1 mM EGTA, 1% Triton, 0.1% sodium dodecyl sulfate, and a protease
inhibitor cocktail[30]. Subsequently, samples were centrifuged for approximately 10
min at 4°C to obtain the supernatant. Next, the protein concentrations were detected
via the BCA Protein Quantification Kit. Equivalent protein amounts (generally 50 or
100 pg) were separated by SDS-PAGE and subsequently transferred to a
polyvinylidene difluoride (PVDF) membrane[31]. After the blocking step, the
membranes were incubated with the following primary antibodies at 4°C overnight:
anti-mouse polyclonal antibodies: PAGM5 (1:1000, Abcam, abl126534), GRP78
(1:1000, Abcam, ab21685), GADPH (1:1000, Abcam, ab8245); anti-mouse
monoclonal antibodies: p-MLKL (1:1000, Abcam, ab196436), XO (1:1000, Cell
Signaling Technology, 5865), MLKL (1:1000, Cell Signaling Technology, 37705),
Ripk3 (1:1000, Cell Signaling Technology, 95702), CHOP (1:1000, Cell Signaling
Technology, 2895), PERK(1:1000, Cell Signaling Technology, 3192). Secondary
antibodies including Anti-mouse IgG (1:1000, 14709) and Anti-rabbit 1gG (1:1000,
14708) were purchased form Cell Signaling Technology.

The antigen-antibody complexes were detected by an enhanced chemiluminescence
(ECL) substrate kit (Thermo, USA). The bands were scanned and quantified by

ImageJ (Bio-Rad, USA) analysis software.

2.10. Immunofluorescence staining

After treatments, the samples were washed three times with PBS and were fixed
with 4% paraformaldehyde for 30 min at room temperature[32]. Subsequently, the
samples were incubated with the primary antibody at 4°C overnight. Next, PBS was
used to wash the samples three times, and subsequently the samples were stained with
fluorescent second antibody at 37°C for 30 min. DAPI was used for nuclear staining.
The pictures were acquired using a fluorescence microscope (Olympus Corporation,
Tokyo, Japan) with standard excitation filters. The following primary antibodies were
used for immunofluorescence staining: Ripk3 (1:1000, Cell Signaling Technology,
95702), GRP78 (1:1000, Abcam, ab21685), and Cardiac Troponin T (1:1000, Abcam,
ab50576). Anti-mouse 1gG (1:500, 4408, green), anti-mouse 1gG (1:500, 4409, red),



anti-rabbit 1gG (1:500, 4412, green) and anti-rabbit 1gG (1:500, 4413, red) were
purchased from Cell Signaling Technology. DAPI (Sigma-Aldrich, USA) and
ER-Tracker™ Green (Molecular Probes, USA) were used to detect the nuclei and ER,

respectively.

2.11. Mitochondrial membrane potential (A¥Ym) measurement, mitochondrial
permeability transition pore (mPTP) opening evaluation

The A¥m was visualized using the JC-1 Kit (Beyotime, China). The red
fluorescence was alternately excited at the wavelengths of 585 nm and 590 nm and
the green fluorescence was alternately excited at the wavelengths of 514 nm and 529
nm following the manufacturer's instructions. The mPTP opening was assessed as the
rapid dissipation of tetramethylrhodamine ethyl ester (TMRE) fluorescence. TMRE
fluorescence was alternately excited at the wavelengths of 550 nm and 575 nm. The
arbitrary mPTP opening time was determined as the time when TMRE fluorescence
intensity decreased by half between initial and residual fluorescence intensity

according to a previous study[28].

2.12. Lactate dehydrogenase (LDH) release, MTT and Cytokines measurement

LDH release was measured using an LDH release kit (Beyotime, Beijing, China).
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was
used to measure cell viability as previously described[33]. Cells were plated onto
96-well plates (10* cells/well). To examine the amount of IL-6, TNF-a and IL-10 in
the heart tissues, measurements were carried out using commercially available ELISA

Kits (Sen-Xiong Company, Shanghai, China)[34].

2.13. RNA interference

XO were knocked down by transient transfection of small interfering RNA
(siRNA). These siRNAs and their non-targeting sequences (negative controls) were
purchased from GenePharma Co., Ltd. (Shanghai, China). The expression levels of

proteins in transfected cells were determined by Western blot analysis[35].



2.14. Statistical analysis

All results were expressed as the means + standard error of mean (SEM). We
performed statistical analysis using one- or two-way ANOVA and
Student-Newman-Keuls post hoc tests or t-test. A value of P < 0.05 was considered to

be statistically significant.

3. Results
3.1. Ripk3-mediated necroptosis contributed to cardiac IR injury

First, western blot was used to analyse the alterations of Ripk3 before and after
IR injury. Ripk3 expression was primarily upregulated at reperfusion stage (Figs. 1A—
B) in comparison to the sham group. We thus asked whether elevated Ripk3 played a
causal role in cardiac IR injury, so the Ripk3-deficient mice (Ripk3™) were used.
Meanwhile, given that Ripk3 expression was highest after 6 hours of reperfusion, 45
minutes of ischemia and 6 hours of reperfusion were used in the following
experiments. Through analysis of the infarction area, we confirmed that Ripk3-deleted
mice demonstrated a significant reduction in infarction zone over the WT group (Figs.
1C-D). Loss of Ripk3 also reduced the secretion of pro-inflammatory TNF-a, IL-6,
and increased the secretion of anti-inflammatory I1L-10 in the infract heart
(Supplemental Figs. A-C). Ripk3 genetic ablation also attenuated the cardiac
necroptosis caused by IR injury, as evidenced by reduced phosphoglycerate mutase 5
(PGAMDS) and p-MLKL (Figs. 1E-F). These data show that Ripk3 is activated by IR
injury and contributed to the cardiac necroptosis.

The regulatory role of Ripk3 in cardiac IR injury is further evidenced by cellular
experiments isolating cardiomyocytes from WT (called WT-cells) and Ripk3™ mice
(called Ripk3™-cells). Notably, we used LPS and H,O, co-treatment to mimic animal
reperfusion injury because inadequate oxygen supply is not the primary factor in IR
injury and, more importantly, is not enough to induce Ripk3 upregulation and cellular
necroptosis in vitro (unpublished data). Accordingly, to determine the role of Ripk3 in

vitro, we applied LPS and H,0, co-treatment. As shown in Supplemental Figs. K-L,



LPS and H,O, increased the cardiomyocyte necroptosis index, as shown by
upregulated Ripk3, PGAMS5, and p-MLKL, and this effect was nullified in the
Ripk3™-cells. Furthermore, the decrease in cellular necroptosis was closely associated
with an increase in cellular survival via MTT assay and LDH release (Supplemental
Figs. D-E). Moreover, to observe the cellular death directly, we used trypan blue
staining, and fewer dead cells appeared under LPS and H,O, co-treatment in
Ripk3"'-ce|ls than in WT-cells (Figs. 1G-H). Subsequently, Annexin V/PI
flow-cytometry analysis was also used to precisely quantify the cellular necroptosis.
As shown in Figs.11-J, LPS and H,O, co-treatment elevated the ratio of PI”
cardiomyocytes, and this effect was reduced in Ripk3™-cells. Altogether, these data
indicate that increased Ripk3 expression aggravates the cardiomyocytes’ reperfusion

death, and this is partially mediated by activating cellular necroptosis.

3.2. Genetic ablation of Ripk3 sustained cardiac function after IR injury
Apart from the cellular necroptosis, we also observed cardiac function under IR
injury with Ripk3 deletion. Through echocardiography analysis, we demonstrated that
IR reduced the left-ventricular ejection fraction (LVEF) and left-ventricular fractional
shortening (LVFS). By contrast, the left-ventricular diastolic dimension (LVDd)
increased in response to IR injury. Interestingly, Ripk3 deletion largely reversed the
cardiac function parameters, as evidenced by increased LVEF and LVFS and
decreased LVDd (Figs. 2D—F). The cardiac dysfunction may be a result of extensive
myocardial injury, given the higher levels of LDH, troponin T, and CK-MB that
appeared in the reperfused hearts, whereas Ripk3 deficiency was positively associated
with less LDH, troponin T, and CK-MB contents after IR injury (Figs. 2A-C).
Furthermore, the functional change would be derived from the structural alteration, so
electron microscopy was used to observe the ultra-structural destruction of
myocardium after IR injury. As shown in Fig. 2M, myocardial breakdown and Z-line
disappearance could be identified in the WT group but not in the Ripk3™ group.
Solid evidence was also obtained from the analysis of cardiomyocyte

contraction properties via acute isolation of cardiomyocytes from the WT and Ripk3™



mice, following our previous study[36]. Neither IR injury nor Ripk3 knockdown
obviously affected the resting cell length in cardiomyocytes (Fig. 2G). However,
cardiomyocytes from WT mice exposed to IR injury displayed significantly depressed
PS, xdL/dt, TR90, and TPS (Figs. 2H-1). By contrast, the ablation of Ripk3 did not
affect the mechanical parameters tested; it apparently reduced or reversed IR-induced
cardiomyocyte dysfunction (Fig 2H-1). Collectively, these data confirm that Ripk3

deletion maintains cardiac function during IR injury.

3.3. Ripk3 initiated necroptosis via ROS-mediated mPTP opening

To figure out the mechanism underlying the Ripk3-mediated necroptosis, the
mitochondrial mPTP opening rate was evaluated, as previous studies have identified
mPTP opening as the upstream trigger of cellular necroptosis[9, 37, 38]. By analyzing
the mPTP opening time, we demonstrated that LPS and H,O, co-treatment increased
the time of mPTP opening, which was completely reduced by Ripk3 deficiency (Figs.
3A-B). A similar result was observed in mitochondrial potential, which would be
dissipated upon mPTP opening (Figs. 3C-D). CsA, the inhibitor of mPTP opening,
was used as the negative control group. Notably, application of CsA could further
maintain cellular viability under LPS and H,0, stress (Fig. 3E), similar to the results
of Ripk3 ablation, suggesting that mPTP closing was helpful for necroptosis
inhibition.

ROS has been reported as the primary factor activating mPTP opening and has
been implicated in the process of Ripk3-induced cellular necroptosis in cardiac IR
injury[39-41]. Therefore, we asked whether mPTP opening was derived from the ROS
outburst. To address this question, we first observed the ROS alterations under IR
injury with Ripk3 ablation. Through DHE staining, we demonstrated that ROS
content was elevated after IR injury and was reduced to normal levels by Ripk3
deletion (Supplemental Figs. F-G). In addition, IR injury produced more MDA and
consumed a large amount of anti-oxidant factors, such as GSH/SOD, which was
reversed by Ripk3 deletion (Supplemental Fig. H-J). To provide more direct evidence,

we measured ROS production by DCFHDA flow-cytometry analysis in vitro (Figs.



3F-G). ROS content was elevated after LPS/H,0, treatment and was reduced to
normal levels by Ripk3 deletion. Together, these results suggest that ROS production
is regulated by Ripk3. We subsequently investigated whether ROS eruption played a
causal role in mPTP opening. NAC, an ROS scavenger, was used to neutralize
excessive ROS under LPS/H,0; treatment. After the fatal ROS in cardiomyocytes was
cleared, the mPTP opening time was strongly reduced, similar to the results of Ripk3
deletion (Fig. 3H). Furthermore, Ripk3 deletion and NAC also promoted cell survival
under LPS/H,0, stress, indicated by calcein AM/EthD-1 flow-cytometry analysis (Fig.
31). This verified our hypothesis that ROS was regulated by Ripk3 and contributed to

the mPTP opening that mediated cellular necroptosis under IR injury.

3.4. Ripk3 induced ROS overproduction via ER -calcium-XO signalling pathways

Our previous study demonstrated that cardiac IR-related ROS outburst was
primarily derived from ER-calcium-XO signaling [42]. IR injury induced the release
of ER-calcium into the cytoplasm, which activated calcium-dependent XO expression,
leading to ROS overproduction. On this basis, we wondered whether this signal
pathway was implicated in Ripk3-mediated ROS eruption. First, we verified that
calcium balance was manipulated by Ripk3, because loss of Ripk3 limited cellular
calcium overload under LPS/H,0, stress (Fig. 4A). Subsequently, we found that the
inhibitory effect of Ripk3 on calcium overload further attenuated expression of XO, a
calcium-dependent protein, via western blots (Fig. 4B) and gPCR assay (Fig. 4C).
Last, to determine whether the higher XO expression was associated with ROS
outburst, we used siRNA and Febuxostat (a XO inhibitor) against XO. Inhibiting XO
with siRNA and Febuxostat was able to repress the excessive ROS generation, as in
the results for Ripk3 ablation (Fig. 4D). Collectively, these data show that
IR-mediated ROS overproduction is governed by Ripk3 via ER-calcium-XO pathway.

3.5. Ripk3 contributed to calcium overload via activating ER stress.
What remains unclear is how Ripk3 evokes ER-calcium liberation into the

cytoplasm. The ER lumen is the main storage of intracellular Ca**, and ER



dysfunction promotes calcium output from the ER into the cytoplasm, termed
“calcium overload”. To answer this question, we first observed the ER stress markers.
In vivo, IR injury contributed to overexpression of GRP78, CHOP, and PERK in
comparison with the control group, as indicated by immunofluorescence (Figs. 5A-B)
and western blotting (Figs. 5C—F). Interestingly, this phenomenon was reversed by
Ripk3 deletion. Similar results were observed in vitro (Figs. 5G-H). These data
suggest that Ripk3 upregulation is closely associated with ER stress.

Subsequently, to explore whether ER stress contributed to Ripk3-induced
calcium overload, we used tunicamycin (TM), an activator of ER stress, in
Ripk3-deleted cells to recall ER stress. In contrast, we applied pravastatin (Pr), an
inhibitor of ER stress, in WT-cells. Through immunofluorescence assay of CHOP, we
confirmed that ER stress (CHOP expression) was triggered by LPS and H,0,
co-treatment or TM and was inhibited by Ripk3 deletion and Pr (Supplemental Fig.
N). Moreover, ER-stress activation was coupled to calcium overload via flow
cytometry in WT-cells, the effect of which was cancelled by Pr, similar to the results
of Ripk3 deletion (Fig. 51). By contrast, reactivation of ER stress by TM could
re-elevate the cytoplasmic calcium in Ripk3” cells. Together, these results suggest to
us that Ripk3 causes calcium overload via ER stress.

Next, we asked how Ripk3 induces ER stress. Ripk3 has been reported to have a
high affinity with cellular membrane[43, 44]. Thus, we used immunofluorescence to
test whether Ripk3 could translocate to ER under LPS/H,0; stress. The results, shown
in Supplemental Fig. M, demonstrated that more Ripk3 migrated onto the ER under
LPS/H,0; in co-treatment in WT-cells, and this effect was reversed by Ripk3 deletion.
This experiment showed the mechanism by which Ripk3 may translocate onto the ER

and mediate ER stress.

3.6. Inhibition of ER stress improved cardiac function following IR injury
Finally, to examine whether ER stress is required for Ripk3-mediated cardiac
function in vivo, an animal IR-injury model was evaluated. Figures 6A-D showed

that the inhibition of ER stress, or Ripk3 depletion, can reduce cardiac damage and



dysfunction after IR injury. However, the reactivation of ER stress abolishes the
cardiac protection provided by Ripk3 depletion. To obtain further evidence for the
role of ER stress in Ripk3-induced cardiac dysfunction, we observed the
cardiomyocyte properties again and observed that the inhibition of ER stress
apparently reduced or abrogated LPS and H,O,-induced TPS and TR90 changes (Figs.
6E-F). To explore the potential mechanism of action underlying the impaired
contractile dysfunction in cardiomyocytes under the inhibition of ER stress, we
evaluated intracellular Ca?* handling. Functionally, Fura-2/AM was used to observe
changes in intracellular Ca?* transients in spontaneously beating cardiomyocytes (Figs.
6G-I1). The intracellular resting calcium level increased following treatment with LPS
and H,O; but decreased to a normal level upon the loss of Ripk3 or treatment with
pravastatin. The activation of ER stress in Ripk3” mice induced a rebound of resting
calcium. By contrast, the intracellular Ca®* transient amplitude was reduced after LPS
and H,O, treatment but increased after the deletion of Ripk3. Interestingly, the
activation of ER stress in Ripk3” mice could alleviate the intracellular Ca®* transient
amplitude. These data suggest that ER stress is responsible for Ripk3-induced Ca*

dis-homeostasis.

4. Discussion

Necroptosis contributes to approximately 50% of cellular death in the context of
cardiac IR injury. By comparison, apoptosis contributes to ~30% of IR-injury—
induced cellular death[8]. t is well-known that Ripk3 plays the critical role in the
activating process of necroptosis. In the current study, through loss- and
gain-of-function assays of Ripk3, we illustrate the comprehensive role of Ripk3 in
cardiac IR injury: (1) Ripk3 was increased in the setting of cardiac IR injury and was
positively involved in cardiac damage. (2) Functional assay demonstrated that loss of
Ripk3 dramatically improves cardiac function via strongly reducing cardiomyocytes
necroptosis. (3) Mechanically, Ripk3 may evoke ER stress via direct interaction with
ER. (4) As a result of ER stress, the cellular calcium concentration [Ca**] was greatly

elevated and subsequently promoted XO activation and ROS outburst. (5) The



increase in cellular ROS contributed to the opening of mPTP. (6) Through the
regulation of ER stress, [Ca®‘]c overload, XO, and mPTP pathways, Ripk3 initiated
necroptosis under IR-injury stimulation. To our knowledge, this is the first study to
explain the mechanism by which Ripk3 induces necroptosis via ER stress, calcium
overload, XO-mediated oxidative stress, and mPTP opening. These findings advance
our understanding of the molecular signalling underlying Ripk3-mediated necroptosis
in response to cardiac IR injury.

Mechanistically, the formation of ‘“necrosome” by Ripk3 induces cellular
necroptosis during IR injury[45-47]. Recent studies have confirmed that myocardial
necroptosis is distinct from that of other cell types during IR injury in being
dependent on the activation of Ripk3[8] and the mPTP opening[9, 10]. Nevertheless,
the fundamental mechanisms underlying Ripk3-induced mPTP. opening are poorly
understood. This study fills this gap and confirms that Ripk3 activates mPTP opening
via the ER stress/calcium overload/XO/ROS pathway.

mPTP opening has been identified as an important therapeutic target for limiting
myocardial infarct size, inhibiting cardiac IR injury, and alleviating
hypertension[48-51]. mPTP opening is activated by mitochondrial calcium overload,
ROS, mitochondrial ROS (mROS), and the constituent components of the channel
itself[52]. Recently, cyclophilin D (CypD) has been regarded as a critical regulator of
the mPTP and as promoting mPTP opening by activating mROS and inducing
mitochondrial dysfunction[50, 51]. Several studies have confirmed that inhibiting
CypD with cyclosporine A reduces myocardial infarct size but does not have a
detrimental effect on left-ventricular (LV) remodeling in patients with AMI[53-56].
The present study confirms that mPTP opening is caused by ROS, which is consistent
with previous studies.

The production of ROS is very complicated. It is now appreciated that there are
various sources of ROS, including mitochondria[57, 58], NAD(P)H oxidase[57, 59,
60], XO[61, 62], and autoxidation of diverse substances[63]. XO, a calcium
concentration-dependent superoxide-producing enzyme, is localized to the ER and

generates ROS by promoting the metabolism of hypoxanthine to uric acid. The



present study confirms that XO-induced ROS plays a critical role in Ripk3-mediated
necroptosis in cardiac IR injury. Whether other ROS-producing enzymes also
contribute to necroptosis in cardiac IR injury is unclear. Further experimental
evidence is needed.

We have also determined that ER stress is the mediator of cytoplasmic calcium
overload. Previous studies on ER stress focused mainly on the unfolded protein
response (UPR) for ER stress-mediated cellular apoptosis[64, 65]. However, few were
found defining the relationship between ER stress and necroptosis. Our present
research identifies ER stress as the key regulator of Ripk3-mediated necroptosis. It is
also well-known that ER stress contributes to cellular apoptosis in response to cardiac
IR injury. We believe that ER stress, as a common downstream signal, participates in
the regulation of both apoptosis and necroptosis in response to cellular stress. This
conclusion suggests that ER stress is an important therapeutic target for attenuating
IR-mediated myocardial damage by interrupting apoptosis and necroptosis
simultaneously.

The significance of this article is that we discovered the relationship between ER
stress, ROS overproduction, and mPTP opening in necroptosis. Previous studies
focused primarily on protein interaction (Ripk3 and Ripkl) in necroptosis[66]. We
show that necroptosis requires cellular organelle interaction (ER and mitochondria).
Accordingly, this study extends our understanding of the molecular mechanisms
underlying necroptosis.

In summary, the present study helps to elucidate how necroptosis is mediated by
ER stress, which transmits the death signal to mitochondria via the Ca?*/XO/ROS axis.
This study links traditionally independent injury factors, including calcium overload
and oxidative stress, with the ER and mitochondria during IR injury and suggests that
Ripk3 is the upstream signal for these factors, thereby updating these traditional

concepts.
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Figure legends

Fig. 1. Ripk3-mediated necroptosis contributed to cardiac IR injury (n=6/group).
(A-B) Western blot analysis was performed to detect the expression of Ripk3 after
45-minutes ischaemia and 0-24-hour reperfusion. (C-D) Representative images of
heart sections with TTC and Evans Blue staining of the infarcted area. Bar graph
indicates the infarct size. (E-F) Quantitative analysis of the relative expression of
Ripk3, p-MLKL, T-MLKL and PGAMS. (G-H) Loss of Ripk3 reduced the number of
trypan blue-positive cells in cardiomyocytes. (I-J) The effects of Ripk3 depletion on
the necroptosis of cardiomyocytes by flow cytometry with Annexin V/PI staining.
Necroptosis group: the percentage of P1" cells. *P < 0.05 vs the sham group (in vivo)
or WT group (in vitro), *P < 0.05 vs the WT+IR injury (in vivo) or WT+LPS+H,0,

group (in vitro).

Fig. 2. Genetic ablation of Ripk3 sustained cardiac function after IR injury
(n=6/group). (A-C) Content of cardiac damage markers, including LDH, Troponin T,
and CK-MB. (D-F) Cardiac function is evaluated through echocardiography.
Quantitative analysis of the data derived from echocardiography. (G) Resting cell
length. (H) Peak shortening (normalized to cell length). (I) Maximal velocity of
shortening (+dL/dt). (J) Maximal velocity of relengthening (-dL/dt). (K) Time-to-peak
shortening (TPS). (L) Time-to-90% relengthening (TRgy). (M) TEM was used to
observe the ultrastructural changes after IR injury in vivo. *P<0.05 vs the sham group;

#P<0.05 vs IR+WT group.

Fig. 3. Ripk3 initiated necroptosis via ROS-mediated mPTP opening (n=6/group).
(A-B) Arbitrary mPTP opening time was determined as the time when the TMRE
fluorescence intensity decreased by half between the initial and residual fluorescence
intensity. (C-D) The change in membrane potential (A¥m) by JC-1 staining. (E) The
cellular viability was evaluated by MTT assay. (F-G) The ROS production was
detected by flow cytometric analysis of ROS-DCFHDA in cardiomyocytes. (H) The

change of arbitrary mPTP opening time. (1) Cell death was determined by calcein



AM/EthD-1 flow cytometry. The x-axis shows calcein AM staining, and the y-axis
show EthD-1 staining. *P < 0.05 vs WT (in vitro), “P < 0.05 vs the WT+LPS+H,0,

group (in vitro)

Fig. 4. Ripk3 induced ROS overproduction via ER -calcium-XO signalling pathways.
(n=6/group). (A) The Ca*" levels under LPS and H,0O, were observed by fluo-2. (B)
The change of XO expression by western blot. (C) The change of XO mRNA
expression by PCR. (D) ROS production was observed by DHE staining. *P < 0.05 vs.
WT group, “P < 0.05 vs. the WT+LPS+H,0, group.

Fig. 5. Ripk3 contributed to calcium overload via activating ER stress (n=6/group).
(A-B) Loss of Ripk3 reversed the upregulated GRP78 in response to IR injury as
indicated by immunofluorescence. (C-F) The changes of ER stress markers, including
PERK, CHOP and GRP78, in vivo were measured by Western blotting. (G-H) The
changes of ER stress markers, including PERK, CHOP and GRP78, in vitro were
measured by Western blotting. (1) The change in Ca®* concentration was measured by
flow cytometry. *P < 0.05 vs the sham group (in vivo) or WT group (in vitro), “P <

0.05 vs the WT+IR (in vivo) or WT+LPS+H,0, group (in vitro).

Fig. 6. Inhibition of ER stress improved cardiac function followed IR injury
(n=6/group). (A, B) Cardiac function was evaluated through echocardiography.
Quantitative analysis of the data derived from echocardiography. Tunicamycin (TM),
an activator of ER stress was used to recall ER stress. Pravastatin (Pr), an inhibitor of
ER stress, was used to inhibit ER stress. (C-E) The contractile properties of
cardiomyocytes, including TPS and TRy, in WT and Ripk3™ mice in the context of IR
injury. (F) Representative tracings of F340/F380 fluorescence ratio. (G) [Ca']i
transient baseline. (H) Amplitude of [Ca*]i transient. Data are presented as the means
+ SEM (n = 6, for each group). *P < 0.05 vs the WT+IR injury (in vivo) or control
group (in vitro); *P < 0.05 vs the Ripk3™+IR injury (in vivo) or LPS+H,0, group (in
vitro); %P < 0.05 vs the Ripk3™"+LPS+H,0, group (in vitro).



Fig. 7. Ripk3 was strongly upregulated in murine hearts subjected to IR injury and
cardiomyocytes treated with LPS and H,O,. The upregulated Ripk3 may evoke the
ER stress, which was accompanied with intracellular calcium overload and XO
expression. Activated XO raised cellular reactive oxygen species (ROS) that mediated
the mPTP and cardiomyocytes necroptosis.

Supplemental Fig. (A-C) Cardiac levels of IL-10, TNF-a and IL-6 by ELISA. (D)
LDH release. (E) Cell viability was measured by MTT. (F-G) ROS content was
measured by DHE staining. (H-J) The changes of GSH, SOD and MDA were detected
by ELISA in cardiac tissue after IR injury. (K-L) The expression of Ripk3, PGAMD5,
p-MLKL and T-MLKL were measured by western blot. (M) More Ripk3 migrated on
the ER under LPS/H,0; in co-treatment in WT-cell, which was reversed by Ripk3
deletion. (N) The reactivation of ER stress under Ripk3 knockout re-upregulated the
expression of CHOP by immunofluorescence in response to LPS and H,0,. *P < 0.05

vs. WT group, “P < 0.05 vs. the WT+LPS+H,0, group. n=6/group



Figure 1
A

L ey
Ischemia for 2 h B¢ :;'
> < 2
Ctrl Oh 1h 3h 6h 12h 24h Reperfusion time g é
=
Ripk3| — — — — —| 57kDa z 2
= =
2=
]
GAPD][I--— — — — — | 371 ) Q< Ctrl 0h 1h 3h 6h 12h 24h Reperfusion time
Ischemia
C Sham (WT) Sham (Ripk3 /) IRI (WT) IRI (Ripk3 I) D 3100%
— 80%
60%
40%

20%

0

Infarction area (%

RS ~
¥ &
S & ¢
) °&
< IR injury
XN
& )
\8’ F ® Sham(WT) @ Sham (Ripk3’)
N © IRI(WT) © IRI(Ripk3")
57kDa - —~ 250
5 3%
5 . ] " 2 7 2.00
PGAMS -.-Q.- 32kDa -
= S 150
z @
p-MLKL - 54kDa g é 1.00
ZE 050
T-MLEKL | oo s s s am— o— o— | 51LDa [SI=has
0
GADPH | SE—-G—————— | Ripk3 ~ PAGMS  p-MLKL
G WT Ripk3" WT+LPS+H,0, H .100%
58 80%
g ¢ . B E,*-; 60% &
= ;=X : EZ 40%
] .o Pa “ 25 20% 4
g et v PRI
4 =7~ 0%
g FE O o0 S g
= A R
, : f- g & <
[ S
& < , 5 LPS+H,0,
I = wr i Rifk3” . *1 Ripk3 " +LPS+H,0, J z100%
g 80%
& o] - -
L 2 2 = 60%
5 40% "
% % 5 20%
0%
I [ H @‘& & 4-& ‘3.\
¢ il o8
g & &
o' 102 100 10t E\u" 10! 102 03 10t evo“ 104 LPS+H202

Annexin V



; B
Y |2
% |2
&
—
Y,
@&
K70
szes %,
= s
a (%) JAAT
=
; ]
g )
g
=]
&%
%
eSS e ¢
oW oW
u m ~ w8
CS\:V IN-MD =
% e
It %,
«.vmv £
¥ .\\a\ m
4
..vo.&.
7/, 7
¢ <,
K7 %
w oW S S &AV v = v
L B B % ~ wi (o]
(ju/3u) |, wruodouxy, (p3uay 1122 %)
==} H Sutuasoys yea g
= o, E * H
%, | =
| £ =
¥ &\\ﬂ & ¥ &
C
o,
(@\| )
[<P] 0\¢ 1 osev
o R EE] &m. ¢ =)
S REEERT %W C
o - (/) HA'T (ww) paA LIELLTRICERECY |
= < = &)

IR injury

IR injury

e 9
)
2 2 =

(as/wl) 3p/ 1P +
L)

(oaswr) "y,

(dasw) §d I

IR injury

IR injury



Figure 3 S,

Ripk3™” wWT Ripk3™” WT+NAC

0

A TMRE fluorescence (% basline)

WwWT
S0pum

g

120 ——WT £

——Ripk3” T 2

100 - e & 3

—— Ripk3”+LPS+H,0, £

s0{ ! N ==—WT+CsA+LPS+H O, =
wl N\ T WTHLPSHH,0,

40 N g

\ = t=l

pIR TSN SRR | N | SUba R g2

5 E

O g

0+ =

0 50 100 150 200 =

=

E
£ %
&S 5
=R =
2
¥
5% : 2
= 20 3 N s
< £ & < V}
Lo & y & = =
g &8 R D i E 5%
E — B : =&
LPS+H,0 P 2 e
2 2 S8
F - * € =3
B /- 3 ) ]
Ripk3 LPS+H,0, s Oz
% e s S <
f " X E & o~ C-R'
e | [ & X
== Q—‘Q &
= <
2 LPS+H,0,
I G s . H. -
X 2 _20 =3
£ 215 # E o
Esw0 e a
E :
5505 z £
=200 %
g€ & ¥ S " g
a = M-I M.
R X &
< &
N . PO il V>
LPS+H,0, LPS+H.O,
10 272 y Yo }
I [*T4a WT 2 Ripk3’ 2T WT+LPF+H,0, *T Ripk3 " +LPStH,0,| *]{WI+NACHLPS+H,O)
e %
= live
£
=
[ E e
2 e %
b7 AL o 100 K 2 o8 100 10

Calcein AM



Figure4 n——
A

+
a

<

&)

C &
=
B z
LPS+H,0, $
-
WwWT Ripk3”’ WwT Ripk3'/' a'
v
X0 l-———--——lldﬁkna ;
(-
GAPDH |- —_— > — — —— -|37kDa £
o
~
LPS+H O
WT Ripk3™" Febuxostat




Figure5 B
S 2.5 ”
A Sham (WT) Sham (Ripk3") IRI (WT) IRI (Ripk3") S o2
= #
ZR1s
2510
-
: Epos
4 0.0
o= .
2 = S
- ™ . Nl
= & <
g}‘
IR injury
. C
s
=
g -
7] 2 2.0
2 15
10
o 0.5
g 08
& 0.0
=
N &
g &
= LA™ IR injury
o injury
'.\:\'\ IR injury
Q &
D E F & & &
o g 55 & & & Q¥
& 22 " & & &
2 2 20
] 2 15 PERKI - —OE - |125kD=
o =9
2 z 10
5 -
a ® 05 o r’! Y a2 ! ! ’ 27kDa
g 2 00 H 2 4 A
& N N >
: . ~N > .
@} &} g-& \'_\} & N GRP78|———_---—'|78"Da
S & <
S o
4 IR injury o IR injury GADPH | —— - — —— -lsvkua
LPS+H,0,
G ®WT @Ripk3 ™" H ey : i
OOWI+LPS+H,0, ORIpk3”+LPS+H,0, WI Ripk3 W Ripk3
g 5 M 4 PERKmnsm)a
= ::. * -
3% 200 ks
=3 (?HOP|..-“-] Da
S < 150 # s # £
g @ =
25 =
g'«g 100 GRP78|- ——————— — |78kDa
4 050
i GADPH | ol T S Vo e |37k1)a

PERK CHOP GRP78

WT+Pr+LPS+H,0,

Ca

2

+
fluorescence

1 WT+LPS+H O, Ripk3+LPS+H,0,  Ripk3"+TG+LPS+H,0,

) % 2 Y

- & 2 i

@ 2 £} 3

2

] . LY £ h

z

| 3 . TR\ S QR SRR

= ®) & X

D) @Q ~

© % ® % &
s 10 10? 10 w0t 10° o' 0? 108 o' wo? 10 0 10° wt o a? ' 10° w0 10t Q-‘

LPS+H,0,



=~
@)
o

=25 -4
| E E
w30 # E a3
215 = 22
=10 @ a
= = = 1
s [ 2 2
§' 0 & & 0 A
1% R N N N
2 - < g o 4
5] < _Q\?’Q(f“ o) 'Q‘b@;‘ ‘?}
> ' - -
& & R Ea
- D
IR injury IR injury IR injury
—_— 10s
G u_?g 104 T
g
"E h‘-"l 0.8
z e
g 5 06
o 7
& =
= £ 04
A 02
8 % A SN X N < N
< & & ) < < &
) %
R V)
=
Q'_\Q
IR injury > 4
LPS+llZO1

¥ A

& &S
S

A
.\q‘:‘:
\"Q-
2

&

Baseline of [Ca2'| transient
Amplitude of [Ca?'| transient
(F340/Fg0)

IR injury LPS+HZOZ LI’S+IIZO,

Highlights:

1. ER stress is activated by Ripk3 in cardiac IR injury.

2. Excessive ER  stress induces cellular calcium overload which triggers
XO-dependent ROS overproduction.

3. Superfluous ROS generation promotes mPTP opening that accounts for the
Ripk3-dependent necroptosis.

4. Inhibition of ER stress/calcium overload/XO/ROS/mPTP pathway favors

cardiomyocytes survival and protects heart against reperfusion injury.





