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Introduction
Autophagy is an evolutionarily conserved catabolic mechanism 
for intracellular components, from cytosolic proteins to organ-
elles, which are engulfed into double-membrane vesicles called 
autophagosomes and delivered to lysosomes for degradation 
(1). Autophagy eliminates misfolded proteins and dysfunctional 
organelles under both basal and stress conditions, including oxi-
dative, ER, metabolic, and genotoxic stress (2–4). In addition, 
autophagy supplies sources of energy, including amino acids and 
fatty acids, under nutrient- and energy-depleted conditions.

Beclin 1, the ortholog of yeast Atg6, is one of the key regula-
tors of the autophagy pathway. Beclin 1 associates with class III 
PI3K (PI3KC3) and vacuolar protein sorting 15 (VPS15) to form the 
PI3KC3 complex, which mediates vesicle trafficking and autopha-
gy. In addition, several other components, including Atg14L, the 
UV radiation resistance–associated gene (UVRAG), and Rubicon, 
associate with the PI3KC3 complex in a context-dependent man-
ner. Rubicon suppresses autophagy by interacting with Beclin1 and 
UVRAG during multiple steps of the autophagic process, including 
the autophagosome-lysosome fusion step (5). 

Like many biological processes, such as proteasomal degrada-
tion and the ER stress response, autophagy is generally beneficial 
when its activity is maintained at appropriate levels. However, 
increasing lines of evidence suggest that dysregulated autopha-
gy can be detrimental (6). Morphological studies using electron 

microscopy (EM) have suggested that in many contexts, cell 
death takes place when autophagy is observed (7). However, since 
autophagy is often activated by stress as an adaptive mechanism 
and may continue until cells die, it is challenging to determine 
whether cell death is triggered by autophagy or occurs concur-
rently with autophagy. In order to prove that cell death is caused 
by autophagy, it is necessary to establish a direct link between 
autophagy and cell death. Previous studies have suggested that 
some molecular mechanisms activating autophagy can directly 
stimulate cell death (8–10). However, the currently available evi-
dence is somewhat inconclusive, in that many interventions to 
inhibit autophagy can directly affect mechanisms shared by oth-
er types of cell death. Thus, whether autophagy can directly kill 
cells under pathophysiologically relevant conditions has been a 
subject of debate in the field.

A study by Levine and colleagues described a novel form of 
cell death caused by autophagy, termed autosis (11). Cell death by 
autosis is induced by strong activation of autophagy by either Tat–
Beclin 1 or starvation in HeLa cells and has unique morphological 
and biochemical features that distinguish it from other forms of 
cell death. Morphologically, autosis is characterized by accumula-
tion of vacuoles, including autophagosomes, autolysosomes, and 
empty vacuoles, and by separation of the inner and outer nuclear 
membranes and swelling of the perinuclear space (PNS). In lat-
er stages of autosis, disappearance of intracellular organelles is 
observed (12). Autosis is inhibited by suppression of autophagy 
but not by suppression of apoptosis or necrosis. Importantly, unbi-
ased compound library screenings showed that pharmacological 
inhibition or genetic inactivation of Na+,K+-ATPase inhibits auto-
sis (11). Levine and colleagues showed that autosis is induced by 
hypoxia-ischemia in the neonatal mouse brain in vivo (11); how-
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(19), nor necrostatin-1 (Nec1), an inhibitor of receptor-interact-
ing serine/threonine-protein kinase 1–mediated (RIPK1-mediat-
ed) necrosis (20), attenuated Tat–Beclin 1–induced cell death, as 
indicated by CellTiter-Blue assays (Figure 1F). shRNA-mediated 
knockdown of regulators of autophagy including as ULK1, Beclin 1,  
and Atg7 significantly decreased Tat–Beclin 1–induced cell death 
in NRCMs (Supplemental Figure 1I). In addition, Tat–Beclin 1–
induced cell death was significantly attenuated in AMCMs isolat-
ed from cardiac tissue-specific Atg7-knockout mice (21) compared 
with those from WT mice (Supplemental Figure 1, C and D). These 
results suggest that Tat–Beclin 1 triggers both autophagy and cell 
death in CMs, and that the cell death is autophagy dependent but 
necrosis and apoptosis independent.

We next examined whether Tat–Beclin 1–induced CM cell 
death is autosis (11). EM analyses showed that NRCMs treated with 
5 μM Tat–Beclin 1 exhibited morphological features of autosis (12), 
including upregulation of autophagic vacuoles and empty vacu-
oles, and focal ballooning of the PNS, which were not observed in 
NRCMs treated with either a low dose of Tat–Beclin 1 or Scram-
bled (Figure 1, G–I). It has been shown that autosis is inhibited 
by cardiac glycosides, inhibitors of Na+,K+-ATPase α1 (11). Since 
Na+,K+-ATPase α1 in rodents is relatively insensitive to cardiac 
glycosides (22), we generated an adenovirus harboring shRNA 
against the α1 subunit of Na+,K+-ATPase (Figure 1J). Knockdown of 
the α1 subunit of Na+,K+-ATPase attenuated Tat–Beclin 1–induced 
cell death in NRCMs (Figure 1K). Together, these data show that 
Tat–Beclin 1–induced autophagic cell death in CMs exhibits both 
morphological and biochemical features of autosis.

In addition, we tested whether autosis can be induced in 
NRCMs by other forms of pathological stress. Hypoxia-induced 
cell injury can be aggravated by reoxygenation. Here, we tested 
whether autosis is involved in hypoxia/reoxygenation-induced 
cell death. Interestingly, knockdown of the α1 subunit of Na+,K+- 
ATPase significantly attenuated hypoxia/reoxygenation-induced 
cell death in NRCMs (Supplemental Figure 1J). Thus, autosis also 
partially contributes to hypoxia/reoxygenation-induced cell death.

Autosis in CMs is accompanied by increased consumption of intra-
cellular membranes. We next investigated additional features of 
death induced by Tat–Beclin 1 in CMs. Since Tat–Beclin 1 strongly 
activates autophagy, we hypothesized that CMs might degrade vital 
cellular components. To evaluate whether Tat–Beclin 1–induced 
cell death occurs through lysosomal degradation, we treated 
NRCMs with bafilomycin A1, a lysosomal inhibitor. Interestingly, 
suppression of lysosomal degradation did not rescue Tat–Beclin 1–
induced cell death (Supplemental Figure 2A), suggesting that Tat–
Beclin 1 does not induce cell death through lysosomal degradation.

Tat–Beclin 1–induced autosis is accompanied by accumulation 
of many autophagic vacuoles, including autophagosomes, autol-
ysosomes, and empty vacuoles. In order to generate autophagic 
vacuoles, cells recruit membranes from intracellular organelles, 
including the ER, mitochondria, and plasma membrane (23, 24). 
Therefore, we speculated that autosis is triggered by excessive  
consumption of organelle membranes. We first performed sub-
cellular fractionations to quantify the level of ER, mitochondria, 
and plasma membrane in NRCMs after treatment with Scrambled 
or Tat–Beclin 1. Compared with treatment with Scrambled, Tat–
Beclin 1 treatment significantly and dose-dependently decreased 

ever, it remains unclear whether autosis is observed under other 
pathophysiological conditions in vivo.

Autophagy generally plays an important role in maintaining 
cardiac function in the adult heart under baseline conditions, in 
response to fasting or ischemia, and during heart failure (13, 14). 
However, activation of autophagy in the heart can be detrimen-
tal under some conditions. For example, autophagy is strongly 
activated during ischemia/reperfusion (I/R), and suppression of 
autophagy due to haploinsufficiency of Beclin 1 reduces I/R injury 
(13, 15). Similarly, autophagy is activated during the acute phase of 
pressure overload, and its suppression improves cardiac function. 
The chemotherapy agent doxorubicin (DOX) also activates exces-
sive autophagy in conjunction with cardiac injury, and inhibiting 
DOX-induced autophagy improves cardiac function (16, 17). How-
ever, whether autophagy induces detrimental effects in the heart, 
including induction of cardiomyocyte (CM) death, is controver-
sial, since, as in other cell types, it has been difficult to establish a 
direct link between autophagy and cell death mechanisms in CMs.

Thus, the goals of this study were to investigate (i) whether auto-
sis can be induced by activation of autophagy in CMs, (ii) wheth-
er autosis is induced by I/R in the heart in vivo, (iii) the molecular 
mechanism by which autosis is induced during I/R, and (iv) wheth-
er suppression of autosis protects the heart against I/R injury.

Results
High doses of Tat–Beclin 1 induce autosis in CMs. Tat–Beclin 1 acti-
vates autophagy without cytotoxicity at low dosages, but it induces 
autosis at high dosages in HeLa cells (11). To evaluate the effect of 
Tat–Beclin 1 on autophagic flux in CMs, we employed an autopha-
gy probe, GFP-LC3-RFP (18). GFP-LC3-RFP is cleaved into GFP-
LC3 and RFP fragments in cells. Although the level of GFP-LC3 
is decreased by autophagic degradation, the level of RFP is main-
tained even in the presence of autophagic flux. Thus, the GFP/
RFP ratio is decreased when autophagic flux is increased (Figure 
1A). Treatment of neonatal rat CMs (NRCMs) with Tat–Beclin 1 
induced a significant decrease in the GFP/RFP ratio (yellow in the 
ratiometric image), indicating that Tat–Beclin 1 increased auto-
phagic flux. Autophagic flux was not increased after treatment with 
a control peptide, Scrambled (Figure 1B and Supplemental Figure 
1A; supplemental material available online with this article; https://
doi.org/10.1172/JCI132366DS1). Treatment with Tat–Beclin 1 sig-
nificantly increased the LC3-II/GAPDH ratio and decreased the 
level of p62 (Figure 1, C and D). Similar results were observed with 
adult mouse CMs (AMCMs) and human induced pluripotent stem 
cell–derived (iPSC-derived) CMs (Supplemental Figure 1, B and E). 
These results suggest that Tat–Beclin 1 increases autophagic flux in 
NRCMs, AMCMs, and human iPSC-derived CMs.

We next examined the cell death–promoting effect of Tat–
Beclin 1 in CMs. Tat–Beclin 1 induced cell death in NRCMs at con-
centrations as low as 2.5 μM and increased cell death in a dose- 
dependent manner, as determined using CellTiter-Blue (Figure 
1E), trypan blue exclusion (Supplemental Figure 1G), and SYTOX 
Green assays (Supplemental Figure 1H). Tat–Beclin 1 also induced 
cell death in AMCMs and human iPSC-derived CMs (Supple-
mental Figure 1, C, D, and F). Treatment with 3-methyladenine 
(3MA), an inhibitor of the PI3KC3 complex, inhibited Tat–Beclin 
1–induced cell death; but neither Z-VAD, a pan-caspase inhibitor 
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Figure 1. Tat–Beclin 1 induces autosis in CMs. (A) The autophagic flux probe GFP-LC3-RFP. 
(B) NRCMs were transduced with Ad-GFP-LC3-RFP and treated with Tat–Beclin 1 (TB) for 3 
hours. GFP/RFP ratio is shown. n = 5 each; scale bar: 20 μm. (C) NRCMs were treated with 
Tat–Beclin 1 for 2 hours and analyzed by Western blotting. See complete unedited blots in 
the supplemental material. (D) Ratios of LC3-II to GAPDH and p62 to GAPDH. Mean ± SD, n 
= 3; *P < 0.05, **P < 0.01, 1-way ANOVA with Tukey’s post hoc test. (E) NRCMs were treated 
with Tat–Beclin 1 for 3 hours and analyzed with CellTiter-Blue assays. Mean ± SD, n = 4 values 
were measured from more than 8 different wells per experiment; **P < 0.01, 1-way ANOVA 
with Dunnett’s post hoc test. (F) NRCMs were pretreated with Z-VAD, Nec1, or 3MA for 1 hour; 
treated with Tat–Beclin 1 for 3 hours; and analyzed with CellTiter-Blue assays. Mean ± SD, n = 
11 (Scrambled, 5 μM Tat–Beclin 1), n = 8 (10 μM Tat-Beclin 1); *P < 0.05, **P < 0.01 vs. Scram-
bled, ##P < 0.01 vs. 10 μM Tat–Beclin 1 with vehicle (Veh.), 2-way ANOVA. (G–I) NRCMs were 
treated with Tat–Beclin 1 for 3 hours and subjected to EM analyses. (G) Nuclei (Nu), ballooning 
of the PNS, empty vacuoles (EVs), mitochondria (Mito), sarcomeres, and autophagic vacuoles 
(AVs) (scale bars: 2 μm). Number of AVs per cell (H) and percentage of cells with PNS (I) were 
evaluated from more than 10 different areas (H) and more than 20 CM nuclei (I) in each exper-
iment. Mean ± SEM, n = 6 (Tat-Scrambled [TS], 5 μM Tat–Beclin 1), n = 3 (1 μM Tat–Beclin 1); 
**P < 0.01 vs. Tat-Scrambled; ##P < 0.01, 1-way ANOVA with Tukey’s post hoc test. (J) NRCMs 
were transduced with Ad–shNa+,K+-ATPase α1 and analyzed by Western blotting. (K) NRCMs 
were transduced with Ad-shNa+,K+-ATPase α1, then treated with Tat–Beclin 1 for 3 hours, and 
analyzed with CellTiter-Blue assays (mean ± SD, n = 4, values were measured from more than 
16 wells per experiment; *P < 0.05, **P < 0.01 vs. Scrambled, ##P < 0.01, 2-way ANOVA). See 
also Supplemental Figure 1.
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tacts with isolation membranes, and depletion of VAPs impairs pro-
gression of isolation membranes into autophagosomes (25). Since 
VAPs directly control the interaction between the ER and isolation 
membranes, we reasoned that downregulation of VAPA and VAPB 
with siRNAs (Supplemental Figure 2H) might inhibit the consump-
tion of ER membranes for autophagosome biogenesis. Thus, we 
investigated whether VAPA/B double knockdown prevents Tat–
Beclin 1–induced decreases in the ER membrane. Although Tat–
Beclin 1 substantially decreased the level of the ER marker protein 
calnexin, in the presence of siControl, VAPA/B double knockdown 
abolished Tat–Beclin 1–induced decreases in calnexin in CMs (Fig-
ure 2E). Furthermore, Tat–Beclin 1–induced cell death was signifi-
cantly attenuated in the presence of VAPA/B double knockdown 
compared with siControl-treated CMs (Figure 2F). These results 
suggest that autosis is accompanied by increased consumption of 
ER membranes for autophagosome biogenesis in CMs.

I/R induces autosis of CMs in the mouse heart. We have shown 
previously that autophagy is strongly activated during I/R and 
promotes myocardial injury (13). We next asked whether autosis 
occurs in the heart in vivo during I/R. To this end, the mouse heart 
was subjected to 30 minutes of ischemia, followed by reperfusion. 
First, we evaluated autophagic flux in the ischemic border region 
by Western blot analyses. The level of LC3-II was increased in 
a time-dependent manner during reperfusion (Figure 3, A and 
B). The level of p62 was decreased during the early phase (2–6 

the levels of calnexin, an ER marker protein; pyruvate dehydroge-
nase (PDH), a mitochondrial protein; and calcium pump of the plas-
ma membrane (PMCA), a plasma membrane protein in the heavy 
membrane fraction that includes ER, mitochondria, and plasma 
membrane (Figure 2, A–D). In addition, although Scrambled- 
treated NRCMs showed normal ER and mitochondrion morphol-
ogy, Tat–Beclin 1–treated NRCMs exhibited both abnormal ER 
patterns, namely shrinkage and fragmentation, and abnormal 
mitochondria patterns, including a dot scatter form (Supplemen-
tal Figure 2, B and C). To examine whether consumption of mem-
brane affects membrane potential of mitochondria, we tested 
mitochondria membrane potential using JC1 dye in the presence 
of Tat–Beclin 1. Mitochondrial membrane potential was signifi-
cantly decreased by Tat–Beclin 1 dose-dependently (Supplemen-
tal Figure 2, D and E). However, treatment with cyclosporin A, 
which blocks the mitochondrial permeability transition pore and 
prevents swelling of mitochondria, did not significantly affect Tat–
Beclin 1–induced cell death in NRCMs (Supplemental Figure 2, F 
and G). These results suggest that strong activation of autophagy 
may facilitate alterations in organelle membranes, which may, in 
turn, lead to a shortage of essential membranes.

The ER forms contacts with isolation membranes, precursors 
of autophagosomes, to facilitate their progression into autophago-
somes. Vesicle-associated membrane protein–associated proteins 
(VAPs), integral ER proteins, participate in establishing ER con-

Figure 2. Tat–Beclin 1–treated CMs show decreased levels of cellular membranes. (A–D) NRCMs were treated with Scrambled or Tat–Beclin 1 (5 and 10 
μM) for 3 hours and subjected to membrane fractionation assays. The heavy membrane and cytosolic fractions were analyzed by Western blotting using 
anti-calnexin (ER), anti-PDH (mitochondria), anti-PMCA (plasma membrane), and anti–α-tubulin antibodies (A). Expression ratios of calnexin (B), PDH (C), 
and PMCA to α-tubulin (D) were quantified; mean ± SD, n = 5 (B), n = 4 (C and D); *P < 0.05, **P < 0.01, 1-way ANOVA with Dunnett’s post hoc test. (E and 
F) NRCMs were transfected with siControl (siCtrl) or siVAPA and siVAPB. After 60 hours, cells were treated with Scrambled or Tat–Beclin 1 at the indicated 
doses for 3 hours and subjected to membrane fractionation assays. (E) Whole cell lysates (WCL) and heavy membrane (mem.) fractions were used for 
immunoblot analyses with anti-calnexin, anti-VAPA, anti-LC3, and anti–α-tubulin antibodies. (F) Cell death induced by 10 μM Tat–Beclin 1 was quanti-
fied with CellTiter-Blue assays; mean ± SD, n = 4 values were measured from more than 4 different wells per experiment; **P < 0.01, 1-way ANOVA with 
Tukey’s post hoc test. See also Supplemental Figure 2.
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hours) of reperfusion but was increased 24 hours after reperfu-
sion (Figure 3, A and C). To exclude the possibility that I/R affects 
the transcription of LC3 or p62, which could affect the protein 
level of LC3 or p62 independently of autophagy, we examined 
the mRNA levels of LC3 and p62 during I/R. LC3 mRNA levels 
were not altered during early reperfusion and were decreased 24 
hours after reperfusion, while p62 mRNA levels were not altered 
during I/R (Supplemental Figure 3, A and B). These results sug-
gest that autophagic flux is activated during the early phase (up to 
6 hours) of I/R but is attenuated thereafter in the ischemic border 
region. To further evaluate how I/R affects autophagic flux, we 
used transgenic mice with CM-specific expression of GFP-LC3-
RFP-LC3ΔG. GFP-LC3-RFP-LC3ΔG is cleaved by Atg4 to produce 
GFP-LC3 and RFP-LC3ΔG. Although GFP-LC3 binds to autopha-
gosomes and is degraded by autophagy, RFP-LC3ΔG cannot bind 
to autophagosomes and remains undegraded in the cytosol, serv-
ing as an internal control. Thus, the ratio between GFP and RFP 
inversely correlates with autophagic flux. These mice are useful 
for evaluating the tissue distribution of autophagic flux via con-
focal microscopic analyses (18). In the ischemic border area, the 
GFP/RFP ratio was decreased 4 hours after reperfusion, whereas 
it was increased 24 hours after reperfusion, suggesting that auto-
phagic flux was increased during the early phase but decreased 
thereafter (Figure 3, D–G). In the ischemic core area, autophagic 
flux was decreased compared with in the remote areas at both 4 
and 24 hours after reperfusion. We also evaluated autophagic flux 
in the border region using transgenic mice with cardiac tissue–
specific expression of Tg-tandem fluorescent-tagged LC3 (tf-LC3) 
(15). Both GFP/RFP double-positive (yellow) dots, indicating 
autophagosomes, and RFP-positive (red) dots, indicating autoly-
sosomes, were significantly increased in number in hearts subject-
ed to ischemia or 2 hours after I/R compared with sham-operated 
mouse hearts (Supplemental Figure 3, C and D). However, after 
6 hours of reperfusion, there was more prominent accumulation 

of autophagosomes (Supplemental Figure 3, C and D), indicating 
that autophagic flux starts to be blunted 6 hours after reperfusion. 
EM analyses showed that the numbers of both autophagosomes 
and autolysosomes were increased after ischemia and reperfusion 
in a time-dependent manner (Figure 3, H and I). Interestingly, 
the number of autophagosomes containing nondegraded cellular 
material significantly increased starting 6 hours after reperfusion 
(Figure 3, J and K). Taken together, these results indicate that auto-
phagic flux is increased by ischemia and during the early phase (up 
to 6 hours) of reperfusion. However, autophagic flux deteriorates 
during the late phase of reperfusion, which induces further accu-
mulation of autophagic vacuoles in the border region of myocardi-
al infarction (MI) (Supplemental Figure 3E).

Morphological features of autosis can be divided into 2 
phases. In phase 1, the number of autophagic vacuoles and empty 
vacuoles is drastically increased; and fragmented ER, electron- 
dense mitochondria, and mild chromatin condensation are 
observed. In phase 2, ballooning of the PNS is detected (Supple-
mental Figure 4A and ref. 11). To evaluate whether autosis is acti-
vated in the heart during I/R, we conducted EM analyses. Typical 
signs of phase 1 autosis — namely autophagic vacuoles and empty 
vacuoles and electron-dense mitochondria that have undergone 
damage-induced calcium overload (26) — and mild chromatin 
condensation were observed in mouse hearts subjected to I/R but 
not sham operation (Figure 4, A–C). Ballooning of the PNS, indi-
cating phase 2 autosis, was increased dramatically between 6 and 
24 hours after reperfusion (Figure 4, D and E).

It has been suggested that CM cell death is completed during 
the early phase of MI. To evaluate whether cardiac cell death is 
increased 6–24 hours after I/R, when the occurrence of autosis 
becomes more obvious, we conducted triphenyltetrazolium chlo-
ride (TTC) staining experiments at various time points after reper-
fusion. The MI area was significantly greater after 24 hours of 
reperfusion than after 6 hours of reperfusion (Supplemental Fig-
ure 4, B–D, and ref. 27). However, the number of TUNEL-positive 
CMs was significantly increased after 6 hours of reperfusion but 
was not further increased after 24 hours of reperfusion (Supple-
mental Figure 4, E and F). These results suggest that autosis may 
contribute to the progression of myocardial injury during the late 
phase of reperfusion.

Inhibition of autosis attenuates I/R injury in the heart. If auto-
sis contributes to death of CMs during I/R, selective suppression 
of autosis may reduce myocardial injury during I/R. Since one of 
the important characteristics of autosis is that it can be inhibit-
ed by cardiac glycosides, which inhibit Na+,K+-ATPase, we asked 
whether death of CMs during the late phase of I/R is sensitive to 
such intervention and, if so, whether it is possible to reduce infarct 
size through suppression of autosis. Since rodent Na+,K+-ATPase 
α1 is largely resistant to cardiac glycosides, we employed human-
ized Na+,K+-ATPase α1–knockin mice, which are sensitive to car-
diac glycosides (Figure 5A and ref. 22). To inhibit Na+,K+-ATPase 
activity during late reperfusion, we injected ouabain, a cardiac 
glycoside, at 3 and 6 hours after reperfusion and then examined 
the MI (Figure 5B). The area at risk (AAR) was not significant-
ly affected by ouabain treatment (Figure 5, C and E). However, 
injection with ouabain significantly reduced the size of MI/AAR 
after I/R compared with injection of vehicle in humanized Na+,K+- 

Figure 3. Autophagic flux is increased during early reperfusion but is 
inhibited during late reperfusion in the mouse heart. (A–C) Three-month-
old C57BL/6J mice were subjected to 30 minutes of ischemia (Is.) followed 
by reperfusion for the indicated times, and the border region of infarction 
in the heart was analyzed by Western blotting using anti-p62, anti-LC3, 
and anti–α-tubulin antibodies (A). The ratios of LC3-II (B) and p62 to  
α-tubulin (C) were quantified (mean ± SEM, n = 6; *P < 0.05 vs. Sham, 
1-way ANOVA with Dunnett’s post hoc test). (D–G) Three-month-old cardi-
ac tissue–specific GFP-LC3-RFP-LC3ΔG transgenic mice were subjected to 
I/R for 4 and 24 hours. and hearts were analyzed by confocal microscopy to 
assess autophagic flux. Representative fluorescence ratio images of heart 
sections from cardiac tissue–specific GFP-LC3-RFP-LC3ΔG transgenic mice 
subjected to I/R for 4 (D) and 24 hours (E). Scale bars: 100 μm. The graph 
shows quantification of GFP/RFP fluorescence ratio intensities at 4 (F) and 
24 hours (G) (mean ± SEM, n = 3; *P < 0.05, **P < 0.01 vs. remote region, 
1-way ANOVA with Dunnett’s post hoc test). (H–K) Samples of hearts 
from mice subjected to I/R for various periods of time were subjected to 
EM analyses. Autolysosomes (ALs, arrow) and autophagosomes (APs, 
arrowhead) are indicated (H) and enlarged (J). Scale bars: 1 μm. Cytoplas-
mic ALs and APs (I) and enlarged APs with nondegraded materials (K) were 
counted. (I and K) Mean ± SEM, n = 7 for sham, n = 3 for ischemia, n = 5 
for IR 2 hours, n = 4 for IR 6 hours, n = 7 for IR 24 hours; **P < 0.01 versus 
Sham, ##P < 0.01; values were measured from more than 10 different areas 
per mouse; 2-way ANOVA (I) and 1-way ANOVA with Dunnett’s post hoc 
test (K). See also Supplemental Figure 3.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/6
https://www.jci.org/articles/view/132366#sd
https://www.jci.org/articles/view/132366#sd
https://www.jci.org/articles/view/132366#sd
https://www.jci.org/articles/view/132366#sd
https://www.jci.org/articles/view/132366#sd
https://www.jci.org/articles/view/132366#sd
https://www.jci.org/articles/view/132366#sd
https://www.jci.org/articles/view/132366#sd
https://www.jci.org/articles/view/132366#sd
https://www.jci.org/articles/view/132366#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 9 8 4 jci.org   Volume 130   Number 6   June 2020

ATPase-knockin mice but not in WT mice (Figure 5, C and D). EM 
examination showed that levels of CMs with typical morpholog-
ical features of autosis, including ballooning of the PNS and the 
presence of many vacuoles, were decreased in the heart 24 hours 
after I/R in Na+K+-ATPase–knockin mice treated with ouabain 
compared with hearts of ouabain-treated WT mice (Figure 5, 
F–J). These results suggest that inhibition of autosis by inhibiting 
Na+,K+-ATPase activity reduces I/R injury in vivo.

Na+,K+-ATPase contributes significantly to cardiac and vascu-
lar signaling and calcium homeostasis (28). Therefore, we exam-
ined whether inhibition of Na+,K+-ATPase affects other types of 
cell death besides autosis such as apoptosis or necrosis during the 
late phase of I/R. We evaluated apoptosis and necroptosis using 
humanized Na+,K+-ATPase–knockin mice treated with ouabain. 
Although ouabain-injected humanized Na+,K+-ATPase–knockin 
mice exhibited significantly smaller infarcts (Figure 5, C–E), the 

amount of apoptosis, evaluated by TUNEL assay, and necropto-
sis, evaluated via phosphorylation of Rip1, was not changed (Sup-
plemental Figure 5, A–C). These results suggest that inhibition of 
Na+,K+-ATPase attenuates I/R injury through inhibition of autosis. 
Since inhibition of Na+,K+-ATPase can change the CM calcium 
environment, we next investigated whether calcium signaling is 
involved in the regulation of autosis. To this end, we pretreated 
NRCMs with Bapta-AM (29), a calcium chelator, in the presence 
or absence of Tat–Beclin 1. Pretreatment with Bapta-AM did not 
have any additional effect on Tat–Beclin 1–induced cell death in 
NRCMs (Supplemental Figure 5D), suggesting that the regulation 
of intracellular calcium level is not involved in autosis signaling.

Drastic accumulation of autophagosomes during the late phase of 
reperfusion is caused by upregulation of Rubicon. We next focused on 
identifying the molecular mechanism by which cardiac autosis is 
triggered in response to I/R. In contrast to in Tat–Beclin 1–treated  

Figure 4. Autosis is induced in the heart during I/R. (A–E) Mice were subjected to 30 minutes of ischemia with reperfusion for the indicated periods of 
time, and heart samples were subjected to EM analyses. (A) Autophagic vacuoles (AVs, arrowheads), empty vacuoles (EVs, arrow), and electron-dense 
mitochondria (asterisks) are indicated (scale bars: 2 μm). SR, sarcoplasmic reticulum. Cytoplasmic AVs and EVs (B) and electron-dense mitochondria (C) 
were counted. Representative images of CM nuclei showing ballooning of the PNS (scale bar: 2 μm) (D). (E) The percentage of cells with ballooning of the 
PNS was calculated. Mean ± SEM, n = 7 for sham and IR 24 hours; n = 3 for ischemia, IR 2 hours, and IR 6 hours. **P < 0.01 versus Sham; values were mea-
sured from more than 10 different areas (B and C) and more than 100 CM nuclei (E) per mouse; 2-way ANOVA (B), unpaired Student’s t test (C), and 1-way 
ANOVA with Dunnett’s post hoc test (E). See also Supplemental Figure 4.
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a negative regulator of autophagy and endosomal trafficking. 
Overexpression of Rubicon inhibits the autophagosome matura-
tion step and induces accumulation of autophagosomes (5). To 
examine the effect of increasing Rubicon in CMs, we generated 
adenovirus harboring Rubicon and used it to overexpress Rubicon 
in NRCMs. Overexpression of Rubicon increased the level of LC3-
II in both Tat-Scrambled- and Tat–Beclin 1–treated CMs. Overex-
pression of Rubicon induced further accumulation of autopha-
gosomes, but not autolysosomes, in the presence of Tat–Beclin 1  

CMs in vitro, where autophagic flux was persistently increased 
(Supplemental Figure 6, A and B), autophagic flux was increased 
initially but then decreased during the late phase in response to 
I/R in the mouse heart in vivo. Interestingly, among several auto-
phagy-related factors, the protein level of Rubicon was signifi-
cantly increased 2 hours after reperfusion and was drastically 
increased starting 6 hours after reperfusion, a time course that 
coincided with that of autosis (Figure 6, A and B). Rubicon was 
initially identified as a component of the PI3KC3 complex and 

Figure 5. Inhibition of Na+,K+-ATPase α1 activity attenuates I/R injury in the mouse heart. (A) Schematic diagram of the humanized sequence of 
Na+,K+-ATPase used to produce the Na+,K+-ATPase–knockin (NaK-KI) mice. (B) Schematic diagram of the experimental design for injection of ouabain 
during I/R. (C–E) Three-month-old WT and homozygous NaK-KI mice were subjected to 30 minutes of ischemia and 24 hours of reperfusion. They were 
injected with PBS or ouabain intraperitoneally as indicated in B. Hearts of PBS- or ouabain-injected WT and NaK-KI mice were subjected to TTC staining. 
(C) Representative images of LV myocardial sections after Alcian blue and TTC staining (scale bar: 1 mm). Ratios of AAR to total LV (E) and infarction area 
to AAR (D) were compared in WT and NaK-KI mice with PBS or ouabain injection (mean value ± SEM, n = 3 with PBS injected, n = 6 with ouabain injected; 
**P < 0.01, 2-way ANOVA). (F–J) Twenty-four hours after reperfusion, ouabain-injected WT and NaK-KI mice were subjected to EM analyses. (F) Represen-
tative images show AVs (arrowheads) and EVs (arrow) (scale bar: 2 μm). Cytoplasmic AVs and EVs (G) and electron-dense mitochondria (H) were counted. 
(I) Representative images of CM nuclei showing ballooning of the PNS (scale bar: 2 μm). (J) Percentage of cells with ballooning of the PNS was calculated. 
Mean ± SEM, n = 4; **P < 0.01 versus ouabain-injected WT; values were measured from more than 10 different areas (G and H) and more than 100 CM 
nuclei (J) per mouse; 2-way ANOVA (G) and unpaired Student’s t test (H and J). See also Supplemental Figure 5.
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formation. Consistent with the aforementioned results, although 
application of Tat–Beclin 1 before I/R was protective, during the 
late phase of I/R it exacerbated myocardial injury (Figure 6, D–F). 
These results support our hypothesis that stimulation of autopha-
gosome formation during the late phase of I/R, when autophagic 
flux is attenuated, is detrimental in the heart.

Cardiac tissue–specific knockout of Rubicon attenuates I/R injury 
and simultaneously inhibits autosis. We next focused on Rubicon, 
which is drastically upregulated specifically during the late phase 
of I/R. To evaluate the role of endogenous Rubicon in the heart 
in mediating autosis during the late phase of I/R, we generated 
Rubicon floxed mice and crossed them with Myh6-Cre–transgenic 
mice to obtain cardiac tissue–specific Rubicon-KO (rubi-cKO) mice 
(Supplemental Figure 7A and ref. 31). rubi-cKO mice were born at 
the expected Mendelian ratios and showed normal cardiac func-
tion under basal conditions (Table 1). We confirmed heart-specific 
reduction of Rubicon in rubi-cKO mice (Supplemental Figure 7, B 
and C). Western blotting revealed that Rubicon protein is drasti-
cally increased by I/R in WT mice, whereas heterozygous rubi-
cKO mice showed significantly attenuated upregulation during 
I/R (Supplemental Figure 7, E and F). Although the mRNA level 
of Rubicon was upregulated around 2-fold during I/R, the protein 
level of Rubicon was increased more than 5-fold (Supplemen-
tal Figure 7, D and F). This may suggest that the level of Rubicon 

in NRCMs (Supplemental Figure 6, C–F). Next, we investigated 
whether increasing the level of Rubicon triggers autosis in CMs. 
Overexpression of Rubicon alone was insufficient to induce auto-
sis in NRCMs at baseline (Supplemental Figure 6G). However, 
Rubicon further enhanced cell death in the presence of hypoxia/
reoxygenation (Supplemental Figure 6G). These results suggest 
that autophagic flux is inhibited by upregulation of Rubicon but 
that an additional stress triggering enhanced production of auto-
phagosomes is needed for the induction of autosis.

Stimulation of autophagosome formation when autophagic 
flux is impaired during the late stage of reperfusion may induce 
excessive accumulation of autophagosomes and thus become tox-
ic. To test this hypothesis, we applied Tat–Beclin 1 to activate auto-
phagy at different time points during I/R. Injection of a low dose 
of Tat–Beclin 1 into the jugular vein has been shown to increase 
autophagy without causing autosis, effectively activating cardi-
ac autophagic flux without cardiac damage (30). To validate the 
effective duration for induction of autophagic flux by Tat–Beclin 
1, we treated Tg-GFP-LC3 mice with Tat–Beclin 1. Autophagic flux 
induced by Tat–Beclin 1 was drastically activated at 3 hours and 
gradually declined time-dependently (Supplemental Figure 6, 
H and I). Therefore, we injected Tat–Beclin 1 three hours before 
surgery, right after reperfusion, or 3 hours after reperfusion (Fig-
ure 6C) to evaluate the effect of stimulation of autophagosome 

Figure 6. Marked accumulation of autophago-
somes during late reperfusion is accompanied 
by upregulation of Rubicon. (A) Three-month-
old mice were subjected to 30 minutes of isch-
emia with reperfusion for the times indicated, 
and heart lysates were analyzed by Western blot 
using anti-Rubicon, anti-Vps34, anti-Atg14L, 
and anti–α-tubulin antibodies. (B) The ratio of 
Rubicon to α-tubulin was quantified (mean ± 
SEM, n = 4; *P < 0.05, **P < 0.01 versus Sham, 
1-way ANOVA with Dunnett’s post hoc test). 
(C–F) Three-month-old mice were subjected to 30 
minutes of ischemia and 24 hours of reperfusion. 
The mice were injected with 5 mg/kg Scrambled 
or Tat–Beclin 1 in the jugular vein 3 hours before 
ischemia (Pre), at the time of reperfusion (At 
rep.), or 3 hours after reperfusion (Post). (C) Sche-
matic diagram of Tat–Beclin 1 injection during 
I/R. (D) Representative images of LV myocardial 
sections after Alcian blue and TTC staining (scale 
bar: 1 mm). Ratios of AAR to total LV (F) and 
infarction area to AAR (E) were compared (mean 
± SEM, indicated n; *P < 0.05, **P < 0.01 vs. 
Scrambled, 1-way ANOVA with Dunnett’s post 
hoc test [E] and Tukey’s post hoc test [F]). See 
also Supplemental Figure 6.
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and of Rubicon reduces the size of MI through a common mech-
anism, namely suppression of autosis. These results suggest that 
normalization of autophagic flux and consequent reduction of the 
number of autophagosomes through downregulation of Rubicon 
reduce I/R injury by inhibiting autosis in the mouse heart.

Discussion
Cardiomyocytes undergo autophagy-dependent cell death through 
autosis. We show here that strong activation of autophagy induces 
cell death with both morphological and biochemical features con-
sistent with autosis in NRCMs. Tat–Beclin 1–induced cell death 
was inhibited either by 3MA or downregulation of Atg7 but not 
by inhibitors of apoptosis or necrosis, suggesting that autophagy, 
but not apoptosis or necrosis, mediates Tat–Beclin 1–induced cell 
death in CMs. Tat–Beclin 1–induced death in CMs was also inhib-
ited when Na+,K+-ATPase was downregulated. Thus, Tat–Beclin 1– 
induced cell death in CMs is accompanied by all the reported fea-
tures of autosis. Since the features of Tat–Beclin 1–induced cell 
death were similar in AMCMs and human iPSC-derived CMs, it is 
likely that CMs can die by autosis.

How does autosis kill CMs? Since autophagy degrades proteins 
and organelles at lysosomes, one might speculate that cell death 
by autophagy occurs through massive self-digestion in lyso-
somes. However, Tat–Beclin 1–induced cell death was not alle-
viated by bafilomycin A1, a lysosome inhibitor. How, then, does 
Tat–Beclin 1 induce cell death? One possibility is that excessive 
autophagosome formation causes cellular malfunction. Autosis is 
accompanied by a characteristic ballooning of the PNS, in which 
the structure of the nuclear envelope is disrupted, and disappear-
ance of perinuclear organelles, including ER and mitochondria. 
We show that the levels of intracellular membrane proteins were 
decreased in the presence of Tat–Beclin 1 in a dose-dependent 
manner (Figure 2, A–D). Since the materials used to form the 
double-membrane structures of autophagosomes originate from 
intracellular membranes, including ER, mitochondria, and plas-
ma membrane, we speculate that massive generation of autopha-
gosomes depletes intracellular and plasma membranes, thereby 
leading to the degradation of intracellular organelles and conse-
quently to organelle dysfunction.

Is autosis stimulated by I/R and involved in myocardial injury? It 
has been shown previously that severe cerebral hypoxia-ischemia 
induces autosis in neonatal rat brain in vivo (11). Here we show 
that autosis of CMs is induced by I/R in the mouse heart in vivo. 
CM death induced by myocardial I/R exhibited all known mor-
phological and biochemical features of autosis. Ballooning of the 
PNS, one of the most prominent morphological features of autosis, 
was observed as early as 2 hours after reperfusion but was further 
increased after 6 hours. Myocardial reperfusion after ischemia 
increased autophagic flux and lysosomal activity in the border 
zone within 2–4 hours, which increased the number of autopha-
gosomes and autolysosomes in the myocardium. Although lyso-
somal activity returned to normal levels around 6 hours and the 
autophagic flux in the border zone decreased to below physiolog-
ical levels thereafter, the number of autophagosomes continued 
increasing 24 hours after reperfusion. Interestingly, the individual 
vacuoles became larger during the late phase of reperfusion, and 
many of the vacuoles contained undigested cytosolic materials. 

was stabilized during the late phase of I/R. Moreover, autophagic 
flux was consistently attenuated 24 hours after reperfusion in WT 
mice. However, autophagic flux was normalized and increased at 
this time point in rubi-cKO mice (Supplemental Figure 7, G and 
H). EM analyses also revealed that the number of autolysosomes 
was significantly increased, indicating increased autophagic flux, 
even under basal conditions, in rubi-cKO mice (Supplemental Fig-
ure 7, I and J). Interestingly, the number of autophagosomes and 
enlarged autophagosomes containing nondegraded cellular mate-
rial, which was increased in WT mice after 24 hours of I/R, was 
normalized in rubi-cKO mice (Supplemental Figure 7, I–K). Taken 
together, these results suggest that suppression of autophagic flux 
during the late phase of reperfusion and consequent accumulation 
of autophagosomes are normalized in rubi-cKO mice.

We next tested whether MI during I/R is reduced in rubi-cKO 
mice. Three-month-old WT and heterozygous rubi-cKO mice 
were subjected to I/R and then, after 24 hours, TTC staining was 
conducted to compare infarction volume. Although the AAR did 
not differ significantly between WT and rubi-cKO mice (Figure 7, 
A and C), rubi-cKO mice showed a drastically reduced infarction 
size/AAR ratio compared with WT mice (Figure 7, A and B). We 
examined whether the decreased infarction size in rubi-cKO mice 
was caused by inhibition of autosis. EM analyses showed that elec-
tron-dense mitochondria and ballooning of the PNS, typical mor-
phological features of autosis, were almost completely abolished 
in the rubi-cKO mouse heart 24 hours after I/R (Figure 7, D–F). We 
also evaluated whether inhibition of Na+,K+-ATPase by ouabain in 
rubi-cKO mice would induce a further reduction in the size of MI. 
To this end, we crossed homozygous humanized Na+,K+-ATPase–
knockin mice with heterozygous rubi-cKO mice, and applied I/R. 
AAR did not differ significantly between groups (Figure 7, G and 
I). Inhibition of Na+,K+-ATPase by ouabain injection into human-
ized Na+,K+-ATPase–knockin mice significantly reduced the size 
of MI compared with WT mice. However, injection of ouabain 
into humanized Na+,K+-ATPase–knockin mice/rubi-cKO failed 
to produce a further reduction in infarct size compared with rubi-
cKO mice (Figure 7, G and H). Thus, inhibition of Na+,K+-ATPase 

Table 1. Echocardiographic analyses of cardiac tissue–specific Rubicon-
knockout mice at baseline

WT Het-cKO Homo-cKO P
n 6 7 6  
IVS;d 0.86 ± 0.05 0.90 ± 0.05 0.92 ± 0.03 NS
LVID;d 4.00 ± 0.18 3.67 ± 0.06 3.69 ± 0.11 NS
LVPW;d 0.83 ± 0.06 0.85 ± 0.04 0.78 ± 0.04 NS
LVID;s 2.93 ± 0.16 2.66 ± 0.11 2.7 ± 0.09 NS
%EF 52.84 ± 2.65 53.92 ± 3.02 53.29 ± 1.51 NS
%FS 26.87 ± 1.58 27.46 ± 1.90 26.91 ± 0.94 NS

Het-cKO and Homo-cKO, Rubicon-heterozygous and -homozygous cardiac 
tissue–specific knockout mouse. IVS;d, interventricular septal end diastole. 
LVID;d, LV internal dimension at end diastole. LVPW;d, LV posterior wall 
thickness at end diastole. LVID;s, LV internal dimension at end systole. 
%EF, %LV ejection fraction. %FS, %LV fractional shortening. Values are 
mean ± SEM. P value indicates comparison of 3 groups with 1-way ANOVA 
with Tukey’s post hoc test.
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al injury was significantly greater 24 than 6 hours after reperfu-
sion. Thus, myocardial injury continues to expand between 6 and 
24 hours. Since autosis becomes more prominent after 6 hours 
— in contrast to other forms of cell death, which develop within 
a short period of reperfusion — it may contribute to myocardial 
injury during the late phase of reperfusion. Second, treatment of 
humanized Na+,K+-ATPase–knockin mice with ouabain signifi-
cantly inhibited both autosis and myocardial reperfusion injury. 

Since the time at which the vacuoles increase in size correlates well 
with the appearance of ballooning of the PNS, it is likely that auto-
sis occurs when CMs produce many autophagosomes and autoly-
sosomes with attenuated recycling. The finding that endogenous 
Na+,K+-ATPase was upregulated 6–24 hours after reperfusion also 
supports activation of autosis during the late phase of reperfusion.

Furthermore, our data suggest that autosis contributes to 
myocardial injury after reperfusion. First, the extent of myocardi-

Figure 7. Cardiac tissue–specific knockout of Rubicon attenuated I/R injury and reduced autosis in the mouse heart. Three-month-old WT (Rubiconfl/+ 
without αMHC-Cre) and cardiac tissue–specific Rubicon heterozygous knockout (rubi-cKO [hetero]) mice were subjected to 30 minutes of ischemia and 24 
hours of reperfusion. Mice were subjected to TTC staining (A–C) or subjected to EM analyses (D–F). (A) Representative images of LV myocardial sections 
after Alcian blue and TTC staining (scale bar: 1 mm). Ratios of the infarction area to AAR (B) and AAR to total LV (C) were compared in WT and rubi-cKO 
mice (mean ± SEM, n = 3 WT and n = 5 rubi-cKO; **P < 0.01, unpaired Student’s t test). (D) Electron-dense mitochondria (arrows) and ballooning of the 
PNS are indicated (scale bars: 2 μm). Electron-dense mitochondria (E) and cells with PNS (F) were counted; mean ± SEM, n = 4; **P < 0.01 versus WT, 
unpaired Student’s t test; values were measured from more than 10 different areas (E) and more than 100 CM nuclei (F) per mouse. (G–I) Three-month-old 
WT (Rubiconfl/+ without αMHC-Cre), homozygous NaK-KI (humanized Na+,K+-ATPase–knockin with Rubiconfl/+ without αMHC-Cre), rubi-cKO (Rubiconfl/+  
with αMHC-Cre), and homozygous NaK-KI/rubi-cKO (humanized Na+,K+-ATPase–knockin with Rubiconfl/+ with αMHC-Cre) mice were subjected to 30 
minutes of ischemia and 24 hours of reperfusion. They received intraperitoneal injection of PBS or ouabain, as indicated in Figure 5B. (G) Hearts were sub-
jected to TTC staining. Representative images of LV myocardial sections after Alcian blue and TTC staining (scale bar: 1 mm). Ratios of the AAR to total LV 
(I) and infarction area to AAR (H) were compared in WT and NaK-KI mice or rubi-cKO and NaK-KI/rubi-cKO mice with either PBS or ouabain injection (mean 
± SEM; *P < 0.05, **P < 0.01, 2-way ANOVA). See also Supplemental Figure 7.
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that autosis may be a calcium-sensitive event. However, a cal-
cium chelator did not affect autosis in CMs (Supplemental Fig-
ure 5D). We have shown recently that Na+,K+-ATPase physical-
ly interacts with Beclin 1 to stimulate autosis. This interaction 
between Na+,K+-ATPase and Beclin 1 was observed in the mouse 
kidney during I/R. Moreover, enhancing this interaction with 
DigiFab, an antibody that effectively blocks endogenous digoxin- 
like molecules, aggravates autosis in the mouse heart during exer-
cise (33). Since Rubicon also physically interacts with Beclin 1, 
it would be interesting to investigate how Rubicon and Na+,K+- 
ATPase affect the interactions between Beclin 1 and Na+,K+-AT-
Pase and between Beclin 1 and Rubicon, respectively, and how 
they therefore regulate autosis.

It would appear that promotion of autophagy by Tat–Beclin 1 
when autophagic flux is suppressed due to upregulation of Rubi-
con promotes autosis. However, the molecular mechanisms 
through which stimulation of autophagy and accumulation of 
autophagosomes induce autosis remain to be elucidated. In par-
ticular, it is necessary to analyze more precisely the mechanisms 
by which stimulation of autophagy leads to the disappearance of 
intracellular organelles and ballooning of the PNS. In addition, 
the causative involvement of organelle dysfunction in autotic cell 
death requires further clarification.

In summary, we show that CMs can die as a result of dysreg-
ulated autophagy in the presence of myocardial I/R in vivo, and 
that autosis contributes to myocardial injury during the late phase 
of reperfusion. Since the ultimate goal of interventions in patients 
with acute MI is to minimize the death of myocardial tissue, pre-
venting CMs from dying by autosis is highly relevant. Thus, fur-
ther study is warranted to investigate the underlying mechanism 
and identify effective interventions to selectively prevent autotic 
cell death of CMs during reperfusion.

Methods
Mouse models. Humanized Na+,K+-ATPase α1–knockin mice were gen-
erated according to a previous report (22). Transgenic mice expressing 
mRFP-GFP-LC3 (tf-LC3) have been described (15). Cardiac tissue–
specific Rubicon-KO mice were generated by crossing Rubiconfl/fl mice 
(31) with Myh6-Cre transgenic mice.

Generation of GFP-LC3-RFP-LC3ΔG mice. A cDNA fragment was 
isolated from αMHC-pBluescriptII-GFP-LC3-RFP-LC3ΔG using NotI, 
purified using an endotoxin-free preparation kit from QIAGEN (cat-
alog 12362), and microinjected into the pronucleus of 1-cell embryos 
from C57BL/6J mice. The transgenic founders were confirmed by 
genomic PCR using 5′-ATGACAGACAGATCCCTCCTATCTCC-3′ 
and 5′-GGGTAGCGGCTGAAGC-3′ as primers. Twenty-five mice 
were screened, of which 2 were positive for the transgene. The trans-
genic line showing the highest expression was used in this study.

CM cultures. Primary cultures of CMs were prepared from 1-day-
old Charles River Laboratory (Crl)/Wistar Institute (WI) BR-Wistar 
rats (Harlan Laboratories) as described previously (33). A CM-rich 
fraction was obtained by centrifugation through a discontinuous Per-
coll gradient. Human iPSCs were differentiated into beating human 
iPSC-CMs as described previously (34). Isolation and culture of 
AMCMs were conducted according to a protocol described previously 
(35). This method uses direct needle perfusion of the left ventricle (LV) 
ex vivo, which allows isolation, separation, and culture of AMCMs.

These results strongly support the notion that autosis contributes 
to myocardial injury during the late phase of reperfusion.

Upregulation of Rubicon during reperfusion stimulates autosis. 
Autosis became more prominent during the late phase of reperfu-
sion, when the number of autophagic vacuoles was dramatically 
increased but fusion of autophagosomes to lysosomes started to 
show attenuation. We found that the level of Rubicon, a negative 
regulator of autophagy, was significantly increased 6 hours after 
reperfusion when autophagic flux started to exhibit attenuation. 
Multiple lines of evidence suggest that marked accumulation of 
autophagosomes can be detrimental for the heart. Stimulation 
of autophagy with Tat–Beclin 1 three hours after reperfusion and 
thereafter exacerbated myocardial injury (Figure 6, C–F). Fur-
thermore, downregulation of Rubicon improved autophagic flux 
during the late phase of I/R. This improvement was accompanied 
by alleviation of autophagosome accumulation, and reduced auto-
sis and myocardial injury during the late phase of I/R. In addition, 
downregulation of Rubicon and inhibition of Na+,K+-ATPase failed 
to elicit additive effects in reducing MI size. Interestingly, infarct 
size in ouabain-treated humanized Na+,K+-ATPase–knockin/ 
rubi-cKO mice was further reduced compared with that in 
ouabain-treated humanized Na+,K+-ATPase–knockin mice (Figure 
7, G and H). This may be due to rescue of other types of cell death 
affected by knockdown of Rubicon (31). Although one might argue 
that CM death during the late phase of I/R may be caused by the 
decline in autophagic flux, injection of Tat-Beclin1, an interven-
tion to stimulate autophagy, exacerbated CM death during the late 
phase of I/R, suggesting that excessive autophagosome forma-
tion, rather than impaired autophagic activity, is the cause of CM 
death in this condition. Thus, it would be important to eliminate 
the block caused by upregulation of Rubicon rather than enhance 
autophagosome formation in order to prevent autosis-mediated 
injury during the late phase of I/R injury. Alternatively, inhibiting 
excessive accumulation of autophagosomes by inhibiting autoph-
agy might be equally effective in normalizing the flux to prevent 
autosis during the late phase of I/R (13).

Can autosis be inhibited by cardiac glycoside treatment? Since 
autosis promotes myocardial injury during the late phase of reper-
fusion, effective suppression of autosis should reduce overall myo-
cardial injury during reperfusion and act protectively to preserve 
cardiac function. Digitalis is known to be highly selective for the 
Na+,K+-ATPase α2/3 subunit rather than the α1 subunit, cause tox-
icity, and increase the risk of cardiac arrhythmia; thus, it may not 
be suitable for reducing autosis in patients with acute MI at risk 
of developing life-threatening ventricular arrhythmia. However, 
small molecules capable of targeting Na+,K+-ATPase without side 
effects could be effective. It is known that mammals endogenous-
ly produce digitalis-like substances (32). Interventions to induce 
production of these endogenous substances may help inhibit auto-
sis during the late phase of reperfusion. Alternatively, since the 
endogenous Na+,K+-ATPase α1 subunit is upregulated during the 
late phase of reperfusion, interventions to inhibit its upregulation 
may also be effective.

Molecular mechanism of autosis. The molecular mechanism 
through which Na+,K+-ATPase regulates autosis remains to be 
elucidated. Since Na+,K+-ATPase is an important regulator of 
calcium homeostasis in cardiomyocytes, one might speculate 
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(TS), consisted of the Tat protein transduction domain, a GG linker, 
and a scrambled version of the 11 C-terminal amino acids of Tat–
Beclin 1 (YGRKKRRQRRGGWNHADHTFVWI). For in vivo exper-
iments, d-amino acid peptides were dissolved in H2O and stored at 
–80°C until use. For induction of autophagy in vitro, CMs were washed 
with PBS (without calcium or magnesium) and treated with peptides 
dissolved in OPTI-MEM acidified with (0.15% v/v) 6 N HCl (37). For 
in vivo induction, mice were injected with TS or Tat–Beclin 1 at 5 mg/
kg through the jugular vein.

EM. Conventional EM was performed as described previously 
(13). The average number of vacuoles or electron-dense mitochondria 
was calculated per 400-μm2 area.

Real-time quantitative PCR. Total RNA was extracted from mouse 
hearts using the RNeasy Plus Universal Kit (QIAGEN). Total RNA was 
converted to cDNA using PrimeScript RT Master Mix (Takara). Primer 
sequences are shown in Table 2.

RNA interference. For siRNA interference, cells were transfected 
using Lipofectamine RNAi MAX (Thermo Fisher Scientific) and cul-
tured for 60 hours before analysis. siRNA oligonucleotides were pur-
chased from Dharmacon (ON-TARGETplus SMARTpool).

AAV transduction. Adeno-associated viruses (AAVs) were generat-
ed by Vector BioLabs. Doses of 1 × 1012 particles of each vector were 
administered intravenously through the jugular vein (30).

Evaluation of mitochondrial membrane potential and integrity. In 
order to evaluate mitochondrial membrane potential and integrity, 
staining of cultured CMs with JC-1 (Molecular Probes) was conducted 
according to the manufacturer’s instructions.

Immunoblot analyses. The methods used for preparation of cell 
lysates from in vitro and in vivo samples and for immunoblot analy-
ses have been described previously.(14) The antibodies used include 
LC3 (Novus, NB100-2220), p62 (Abnova, H00008878-M01), GAP-
DH (Cell Signaling Technology, 2118S), Na+,K+-ATPase α1 (Santa Cruz 
Biotechnology, sc-21712), α-tubulin (Sigma-Aldrich, T6199), calnex-
in (Abcam, ab22595), Tom20 (Santa Cruz Biotechnology, sc-17764), 
Rubicon (MBL International, PD027), Vps34 (Cell Signaling Tech-
nology, 4263), Atg7 (Cell Signaling Technology, 8558), PDH (Cell 
Signaling Technology, 2784), VAPA (Proteintech, 15275-1-AP), PMCA 
(Abcam, ab2825), cleaved poly(ADP-ribose) polymerase (PARP) (Cell 
Signaling Technology, 5625), RIP1 (Cell Signaling Technology, 3493), 
phospho-RIP1 (Ser166) (Cell Signaling Technology, 65746), and Atg14 
(Sigma-Aldrich, A6358).

Statistics. Statistical analyses were conducted using GraphPad 
Prism 8.0 software. Data are presented as line graphs expressing 
mean ± SD of the indicated number of experiments or as dot plots 
expressing mean ± SEM for the indicated number of mice. The dif-
ference in means between 2 groups or multiple groups was evaluat-
ed using 2-tailed Student’s t test (paired or unpaired, as appropriate, 
for 2 groups); 1-way ANOVA with Tukey’s post hoc tests (for multiple 
comparisons); or 1-way ANOVA with Dunnett’s post hoc test (for mul-
tiple comparisons to control). A P value less than 0.05 was considered 
statistically significant. The reported significance values are 2-sided. 
Normal distribution of data was confirmed by the Shapiro-Wilk test. 
Non-normally distributed data were tested by the nonparametric 
Mann-Whitney U test after confirmation of equality of rank variances.

Study approval. All experiments involving animals were approved 
by the Rutgers New Jersey Medical School’s Institutional Animal Care 
and Use Committee.

I/R in vivo. C57BL/6J mice were obtained from the Jackson Lab-
oratory. Mice were housed in a temperature-controlled environment 
with 12-hour light/12-hour dark cycles, where they received food and 
water ad libitum. Three-month-old C57BL/6J mice were anesthetized 
by intraperitoneal injection of pentobarbital sodium (60 mg/kg). A 
rodent ventilator (Minivent; Harvard Apparatus Inc.) was used with 
65% oxygen during the surgical procedure. The animals were kept 
warm using heat lamps. Rectal temperature was monitored and main-
tained between 36.8°C and 37.2°C. The chest was opened by a horizon-
tal incision at the fourth intercostal space. Ischemia was achieved by 
ligating the anterior descending branch of the left anterior descending 
artery (LAD) using an 8-0 Prolene suture, with silicon tubing (1 mm 
OD) placed on top of the LAD, 2 mm below the border between the left 
atrium and LV. Ischemia was confirmed by ECG change (ST elevation) 
and color change of myocardium. After occlusion for 30 minutes, the 
silicon tubing was removed to achieve reperfusion. When recovered 
from anesthesia, the mice were returned to their cages and housed in a 
climate-controlled environment.

Measurement of infarct size. After I/R, the animals were anesthe-
tized and intubated, and the chest was opened. To demarcate the isch-
emic AAR, Alcian blue dye (1%) was perfused into the aorta and coro-
nary arteries. Hearts were excised, and LVs were sliced into 1-mm-thick 
cross sections. The heart sections were then incubated with a 1% TTC 
solution at 37°C for 15 minutes. The infarct area (white), AAR (not blue), 
and total LV area from both sides of each section were measured using 
ImageJ software (NIH), and the values obtained were averaged. The 
percentages of area of infarction and AAR of each section were mul-
tiplied by the weight of the section and then totaled from all sections. 
AAR/LV and infarct area/AAR were expressed as percentages (13).

Ouabain injection. In order to maximize the possibility that 
ouabain would successfully inhibit Na+,K+-ATPase α1 activity, we 
injected ouabain twice, at 3 and 6 hours after reperfusion, when auto-
sis is triggered. Digitalis is highly selective to the α2/3 compared with 
the α1 subunit. On the other hand, ouabain is moderately selective 
to the α1 subunit compared with the other subunits (36). In order to 
inhibit Na+,K+-ATPase in the humanized Na+,K+-ATPase α1 subunit–
knockin mice, we applied ouabain instead of digitalis.

Viability of the cells. Viability of the cells was measured by 
CellTiter-Blue assays (Promega). In brief, CMs were seeded onto 
96-well dishes. The cells were preincubated with the indicated 
adenovirus for 48 hours. Viable cell numbers were measured after 
Scrambled or Tat–Beclin 1 treatment. The CellTiter-Blue assays 
were performed according to the supplier’s protocol. Staining of 
cultured CMs with SYTOX Green nucleic acid stain (Invitrogen, 
Thermo Fisher Scientific) to evaluate cell death was conducted 
according to the manufacturer’s instructions.

Tat–Beclin 1. The Tat–Beclin 1 amino acid sequence was YGRK-
KRRQRRGGVWNATFHIWHD. The control peptide, Tat-Scrambled 

Table 2. qPCR primers

Name Forward primer Reverse primer
GAPDH CATGGCCTTCCGTGTTCCTA CCTGCTTCACCACCTTCTTGA
Rubicon CAAAGAAGAGCCATATTCGCTCC CTGATGAGGGACTGTCCTTCTG

qPCR, quantitative PCR.
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