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Abstract
Cardiomyocytes undergo a variety of cell death events during myocardial ischemia‒reperfusion injury (MIRI). Understanding 
the causes of cardiomyocyte mortality is critical for the prevention and treatment of MIRI. Among the various types of cell 
death, autosis is a recently identified type of autophagic cell death with distinct morphological and chemical characteristics. 
Autosis can be attenuated by autophagy inhibitors but not reversed by apoptosis or necrosis inhibitors. In recent years, it has 
been shown that during the late phase of reperfusion, autosis is activated, which exacerbates myocardial injury. This article 
describes the characteristics of autosis, autophagic cell death, and the relationship between autophagic cell death and autosis; 
reviews the mechanism of autosis in MIRI; and discusses its clinical significance.
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Introduction

MIRI is a common clinical problem that often occurs during 
reperfusion therapy after acute myocardial infarction (AMI)
[1]. Despite extensive research on MIRI, medical interven-
tions have had minimal effects on MIRI[2]. Ischemia causes 
a sharp decrease in tissue oxygen levels, which inhibits aero-
bic energy metabolism. The cessation of mitochondrial oxi-
dative phosphorylation and decrease in tissue ATP levels 
stimulate glycolysis, which rapidly depletes fermentable 
substrates[3]. Subsequent reperfusion and reoxygenation 

cause an excessive inflammatory response that exacer-
bates ischemic tissue damage, which is termed I/R[4]. I/R 
injury is closely associated with oxidative damage, includ-
ing impaired endothelial barrier function, mitochondrial 
dysfunction, the activation of cell death, calcium overload, 
aseptic inflammation, and autoimmune responses[4]. Car-
diomyocyte structure and function are especially depend-
ent on calcium homeostasis.  Ca2+ plays a crucial role in 
excitation–contraction coupling (ECC) in cardiac tissue[5]. 
Intracellular  H+ accumulation following cardiac ischemia 
causes a decrease in intracellular pH and an increase in the 
intracellular  Na+/H+ exchanger (HNX). Excess intracellu-
lar  Na+ promotes  Na+ excretion and  Ca2+ uptake via  Na+/
Ca2+ exchanger (NCX), significantly increasing intracellular 
calcium levels and leading to calcium overload. Extracel-
lular pH levels increase significantly during reperfusion, 
and HNX and NCX activity are increased, exacerbating 
intracellular calcium overload[5, 6]. These alterations typi-
cally lead to aberrant changes in the membrane potential, 
a higher likelihood of diastolic  Ca2+ release, increased 
susceptibility to arrhythmias (both early and delayed after 
depolarization), and injury to cells[5, 6]. KATP channels 
are closely associated with the pathophysiological sequelae 
of myocardial ischemia, and their opening protects the heart 
from the effects of ischemia. Sarcolemmal KATP channels 
induce action potential shortening and intracardiac  K+ loss, 

 * Hui Wu 
 wuhui@ctgu.edu.cn

1 Institute of Cardiovascular Diseases, China Three Gorges 
University, Yichang 443003, HuBei Province, China

2 Department of Cardiology, Yichang Central People’s 
Hospital, Yiling Road 183, Yichang 443000, 
HuBei Province, China

3 HuBei Clinical Research Center for Ischemic Cardiovascular 
Disease, Yichang, HuBei Province, China

4 Central Laboratory, The First College of Clinical Medical 
Science, China Three Gorges University & Yichang Central 
People’s Hospital, Yichang, HuBei Province, China

5 Hubei Key Laboratory of Ischemic Cardiovascular Disease, 
Yichang, HuBei Province, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11010-024-04988-0&domain=pdf


 Molecular and Cellular Biochemistry

thereby maintaining energy expenditure and reducing  Ca2+ 
accumulation during ischemia[7].

Cell death is a stable pathological indicator of I/R injury, 
and increasing evidence suggests that targeting cell death 
to counteract I/R injury is a new therapeutic strategy. Dif-
ferent forms of cell death have been identified in I/R injury, 
including apoptosis, necroptosis, mitochondrial-mediated 
cell death, pyroptosis, ferroptosis, and autophagic cell 
death[8]. An increase in cardiac-specific caspase-3 dur-
ing MIRI increases infarct size and the risk of death after 
MIRI[9]. In addition, apoptosis was also induced by elevated 
Bax, TNF-α, and TRAIL at the onset of reperfusion in an 
I/R model[10]. In contrast, cardiac-specific overexpression 
of Bcl-2 significantly attenuated cardiomyocyte apoptosis 
and infarct size after I/R injury[11]. Necroptosis is a form 
of regulated cell necrosis characterized by both necrosis 
and apoptosis. Necroptosis is triggered by death receptors 
(e.g. tumor necrosis factor receptor 1, TNFR1) and requires 
the kinase activity of RIPK1 and RIPK3. Necroptosis is 
often accompanied by the release of damage-associated 
molecular patterns (DAMPs) and cytokines, which induce 
an immune-inflammatory response and exacerbate tissue 
damage[12, 13]. In contrast to the necroptosis pathway, 
the defining event in the mitochondrial-mediated cell death 
pathway is the calcium  (Ca2+)-dependent opening of the 
mitochondrial permeability transition pore (mPTP), which 
is located in the inner mitochondrial membrane (IMM)[14]. 
Griffiths and Halestrap confirmed that mitochondrial perme-
ability transition (MPT) occurs during reperfusion of the 
ischemic heart[15]. During reperfusion, mitochondria with 
reduced electron transfer capacity due to ischemia are at 
high risk of PTP opening due to elevated Ca and  Pi levels, 
ROS bursts, and acidosis clearance. The fate of the cell is 
determined by the degree of PTP opening. If it is minimal, 
the cell may recover and survive; if it is moderate, the cell 
may undergo programmed cell death even if energy pro-
duction is adequate; and if it is severe, the cell will die of 
necrosis due to insufficient energy production[16]. Necrop-
tosis is a type of receptor-mediated cell death that occurs 
following the recognition of pathogen-associated molecular 
patterns (PAMPs) or damage-associated molecular patterns 
(DAMPs). DAMPs cause MIRI through the activation of 
the transcription factor NF-κB[17]. Ferroptosis is a process 
in which iron-dependent ROS accumulation exceeds the 
ability of the cell to maintain REDOX homeostasis, leading 
to lipid peroxidation and ultimately cell death[18]. Nota-
bly, there is evidence that iron and lipid peroxidation are 
required for ferroptosis but not for cell rupture[19]. During 
MIRI, increased intracellular iron concentrations and lipid 
peroxidation may be important for the increase in the infarct 
size during reperfusion[20]. Ferroptosis occurs during the 

reperfusion phase but not the ischemic phase, the levels of 
the key ferroptosis enzymes GPX4 and long-chain fatty acid 
coenzyme a ligase 4 (ACSL4) are significantly regulated 
only during reperfusion and are accompanied by elevated 
iron concentrations and malondialdehyde (MDA) levels[21]. 
During the reperfusion phase, mitochondrial respiration is 
enhanced, which triggers ROS release and ferroptosi22s[22]. 
Although ROS may cause other forms of cell death, they do 
not cause autosis[23, 24].

It has now been shown that autosis occurs in MIRI, and 
autosis is a new form of autophagic cell death; therefore, 
we will first examine autophagy[23, 25, 26]. Autophagy 
is involved in a variety of cellular functions, including 
the maintenance of homeostasis, metabolism, and defense 
mechanisms, and has traditionally been classified as a ben-
eficial (adaptive) process associated with cellular function 
and survival[27]. However, many morphological features 
of autophagy are often observed in dead cells; therefore, 
whether autophagy promotes or inhibits cell death has been 
a topic of debate[24, 26, 27]. Many researchers have shown 
that autophagy has dual roles: an increase in autophagy pro-
motes cell survival under many stress conditions, but exces-
sive autophagy leads to cell death under certain conditions. 
For instance, during MIRI, autophagy has dual roles and 
can support survival or death[28, 29]. During myocardial 
reperfusion, an inadequate exogenous energy supply induces 
cardiomyocytes through adenosine phosphate-activated pro-
tein (adenosine monophosphate-activated protein kinase, 
AMPK), which mediates mammalian target of rapamycin 
(mTOR)-dependent autophagy to supply amino acids and 
fatty acids to maintain cell survival and thus has a cytopro-
tective effect[30, 31]. During myocardial reperfusion, the 
restoration of the energy supply inhibits the AMPK/mTOR 
signaling pathway, and processes such as the inflammatory 
response and oxidative stress induce excessive autophagy 
in cardiomyocytes by upregulating the expression of the 
autophagy-associated protein Beclin 1, which leads to 
autophagic cell death[32, 33]. In 2013, Yang Liu et al. intro-
duced the term "autosis," which is a new form of autophagic 
cell death, and provided new insights into the direct link 
between dysregulated autophagy and cell death[23].

Autophagic cell death and autosis

Autophagic cell death

In yeast and mammals, there are three types of autophagy 
(macroautophagy, microautophagy, and chaperone-medi-
ated autophagy), and autophagy is typically referred to as 
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macroautophagy[27]. Macroautophagy begins with the 
formation of autophagic vesicles by a series of autophagy-
related (ATG) proteins at the assembly sites, and substrate 
molecules are recruited to form an autophagosome with a 
double-membrane structure through vesicle expansion and 
closure. Subsequently, the outer membrane of the autophago-
some fuses with the lysosomal or vesicular membrane, 
releasing the contents into the lysosomal lumen or vesicle 
as single-membrane autophagic vesicles and degrading them 
into small molecules for recycling by acidic hydrolases[34]. 
Autophagy is regulated at multiple steps from autophago-
some formation to lysosomal degradation, and under certain 
conditions, autophagy may become dysregulated and lead to 
autophagic cell death[35]. Historically, three types of pro-
grammed cell death have been defined based on morphologi-
cal criteria: Type I apoptotic cell death, Type II autophagic 
cell death, and Type III, which includes necrosis and cyto-
plasmic cell death[36]. Autophagic cell death was initially 
defined as a type of cell death that occurred in the absence 
of chromatin condensation and was accompanied by massive 
autophagic vacuolization of the cytoplasm[37].

Autosis

Autosis was first identified in HeLa cells and later reported 
in mouse kidneys during ischemia‒reperfusion and newborn 
rat brains during hypoxia–ischemia[23, 38]. Recently, auto-
sis has been observed in cardiomyocytes during late reperfu-
sion[25]. To date, the best method for determining autosis 
is electron microscopy, and immunofluorescence assays can 
also help to differentiate cells undergoing autosis by detect-
ing fragmented endoplasmic reticulum or mitochondria with 
nuclear depressions[26]. The development of autosis is asso-
ciated with dysregulated autophagy and cannot be prevented 
by inhibiting apoptosis or necrosis[35]; it can be inhibited 
by knocking down ATG13 or ATG14 and by treatment with 
the autophagy inhibitor 3-methyladenine (3MA)[23, 35]. 
Chemical inhibitors of autophagosome-lysosome fusion, 
such as bafilomycin A1, also do not inhibit autosis[23, 25]. 
These features of autosis may support the hypothesis that 
excessive autophagosome accumulation rather than exces-
sive lysosomal degradation can induce autosis[35]. Autosis 
differs from other forms of cell death, such as necrosis and 
apoptosis, and is characterized by the presence of unique 
morphological and biochemical features[39]. According 

Fig. 1  During the early phase of autosis, the numbers of autophago-
somes (APs), autolysosomes (ALs), and empty vacuoles (EVs) are 
drastically increased, and separation of the inner and outer nuclear 
membranes is observed. The later phase is characterized by focal 

nuclear concavity, focal ballooning of the perinuclear space (PNS), 
and the disappearance of subcellular organelles. ER endoplasmic 
reticulum, Nu nucleus
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to electron microscopic observations, autosis involves a 
unique morphology (Fig. 1); during the early stage (phase 
1a), the formation of large numbers of autophagosomes and 
autophagic lysosomes, electron-dense mitochondria, con-
voluted nuclear membranes, and a dilated and fragmented 
endoplasmic reticulum. In the middle stage (stage 1b), the 
inner and outer nuclear membranes are separated, and a 
dense membrane-bound region is formed. In the late stage 
(stage 2), focal balloon-like changes in the perinuclear space, 
mitochondrial swelling, and the beginning of the disappear-
ance of the endoplasmic reticulum, autophagosomes, and 
autophagic lysosomes occur[23]. Thus, autosis fulfills the 
two basic criteria proposed by the Nomenclature Committee 
on Cell Death: it is inhibited by inhibition of the autophagy 
pathway and is characterized by a lack of apoptosis and 
necrosis[40].

The relationship between autophagic cell death 
and autosis

Although autosis has certain characteristics, it shares sev-
eral biochemical and morphological traits with other types 
of autophagic cell death[35]. Whether autosis is a type of 
autophagic cell death is one of the main questions surround-
ing it[35, 39–41]. Autosis acts independently of other modes 
of cell death, whereas autophagic cell death occurs primarily 
during the developmental phase and otherwise delays the 
onset of apoptosis or necrosis; hence, the hypothesis is that 
autosis is a more invasive form of autophagic cell death[35]. 
Because autosis is independent and specific, it is a desirable 
therapeutic target.

Autosis in ischemia‒reperfusion injury

Autophagosomes and autosis

A growing number of studies have demonstrated that an 
imbalance between autophagosome synthesis and degrada-
tion causes the excessive build-up of autophagosomes, which 
triggers autosis[26]. Jihoon Nah et al. examined autophagic 
flux-related parameters in mouse hearts following 30 min of 
ischemia and subsequent reperfusion to determine whether 
autosis could occur from an imbalance between the syn-
thesis and destruction of cardiac autophagosomes during 
I/R. The findings showed that autophagic flux increased 
during ischemia and early reperfusion (up to 6 h); however, 
it deteriorated in the later stages of reperfusion, leading to 
further accumulation of autophagosomes in the border zone 
during myocardial infarction[25]. The area of myocardial 

infarction after 24 h of reperfusion was significantly larger 
than that after 6 h of reperfusion. Electron microscopy 
analysis revealed a time-dependent increase in the number 
of both autophagosomes and autolysosomes during MIRI. 
These results suggest that autophagy may be induced by 
increasing autophagosome accumulation, thereby promoting 
myocardial injury in the late phase of reperfusion. However, 
it has also been suggested that the death of cardiomyocytes 
in the late phase of reperfusion may be caused by a decrease 
in autophagic flux and can be exacerbated by the injection of 
Tat-Beclin 1[25]. Tat-Beclin 1 is a potent autophagy-induc-
ing cell-permeable peptide that leads to the accumulation 
of autophagosomes rather than activating the lysosomal 
degradation pathway for the induction of autosis[23, 25], 
suggesting that cardiomyocyte autosis is caused by exces-
sive autophagosome accumulation rather than a decrease in 
autophagic flux[25]. Therefore, suppressing the excessive 
accumulation of autophagosomes by inhibiting autophagy in 
the late phase of reperfusion may be effective in normalizing 
autophagic flux and thus preventing autosis[29].

To create autophagosomes, cells enlarge the mem-
branes of the plasma membrane and organelles such 
as mitochondria and the endoplasmic reticulum[42]. 
The occurrence of autosis in cardiomyocytes increases 
the depletion of endoplasmic reticulum membranes for 
autophagosome biogenesis. The level of intracellular 
membrane proteins decreases in a dose-dependent manner 
when Tat-Beclin 1 is present. Additionally, high levels of 
autophagosome production deplete the plasma membrane, 
which causes intracellular organelle degradation and, 
eventually, organelle dysfunction. It has been suggested 
that the excessive consumption of organelle membranes 
is the cause of autosis[25, 26].

Rubicon and autosis

Rubicon directly interacts with Rab7 is a negative regulator 
of class III PI3K complex-2, and suppresses autophagy and 
endosomal transport[43–45]. In 2009, it was discovered that 
Rubicon interacted with Beclin 1 to suppress autophagy[46, 
47]. According to recent research, Rubicon plays a role in 
cardiovascular disease in response to cardiac damage[25, 
48].

Two hours after reperfusion, Rubicon protein levels 
increased, and six hours later, they started increasing dramat-
ically[25]. However, during reperfusion, autophagic flux was 
inhibited in a time-dependent manner, and Rubicon levels 
increased. Following this inactivation, autophagosomes con-
tinued to form, and significant levels of autophagic vacuoles 
accumulated, which causes a deficiency in autophagosome 
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cell-derived membranes, resulting in cardiotoxicity[25, 26]. 
Since autosis is accompanied by a lack of essential cytoplas-
mic membranes, the overproduction of autophagosomes due 
to an increase in Rubicon inhibits autophagosome degrada-
tion by lysosomes and recirculation and promotes autosis 
in the mouse heart during the late phase of reperfusion[25, 
49]. Reductions in autophagosome formation during the 
late phase of ischemia/reperfusion, autophagy, and cardiac 
damage are all benefits of downregulating Rubicon during 
the late phase of ischemia/reperfusion[25]. Rubicon inhib-
its autophagic flux, which leads to a substantial increase 
in autophagosomes; however, autosis cannot be induced 
by Rubicon upregulation alone, indicating that additional 
mechanisms are needed to boost autophagosome produc-
tion to induce autosis[25]. Jihoon Nah et al. demonstrated 
that the upregulation of Tfeb (transcription factor EB) was 
one of the mechanisms that promoted autosis during rep-
erfusion to promote cardiac autosis in the later stages of 
reperfusion[50]. Interestingly, it has also been shown that 
the interaction of Rubicon with Beclin 1 leads to autophago-
some accumulation by inhibiting autophagosome-lysosome 
fusion[47]. Therefore, eliminating Rubicon upregulation-
induced autophagosome formation or inhibiting Rubicon 
upregulation and targeting of Beclin 1 are important for 
preventing autosis-mediated cardiac injury during the late 
phase of reperfusion.

Na+‑K+‑ATPase and autosis

Na+-K+-ATPase, which is a ubiquitous membrane pump 
involved in the pathophysiological mechanisms of human 
disorders, is necessary for autosis and creates a sodium‒
potassium gradient across the plasma membrane by deplet-
ing ATP[23, 51]. Cardiac glycosides, which are a broad 
family of naturally occurring steroid chemicals that are 
antagonists of  Na+-K+-ATPase, were first reported to be 
used in 1785 to treat heart illness[52]. Cardiac glycosides 
have been shown to prevent autosis in recent studies [3]. 
Jihoon Nah et al. injected the cardiac glycoside ouabain at 
3 and 6 h after reperfusion to determine whether death in 
cardiomyocytes with advanced I/R was sensitive to cardiac 
glycosides. They then examined the MI and showed that 
autosis was reduced by inhibiting  Na+-K+-ATPase activity 
to inhibit autosis could reduce MIRI[25]. However, treat-
ment of cardiomyocytes with the calcium chelator 1,2-bis(2-
aminophenoxy)ethane-N,N,N’,’N-tetraacetic acid tetrakis 
(acetoxymethyl ester) did not affect autosis[25]. This finding 
indicates that intracellular autosis signaling is not mediated 
by calcium levels[25, 37]. It has been found that activation of 
the local calcium-related signaling pathway PKA regulates 

autophagic flux by increasing autophagic lysosomes and 
decreasing autophagosomes[53]. Since excessive accumula-
tion of autophagosomes can lead to autosis, we hypothesize 
that activation of PKA may have a protective effect on the 
cell by attenuating autosis, but this needs to be investigated 
extensively.

According to a recent study, autosis-inducing condi-
tions such as ischemia, exercise, hunger, and I/R can cause 
physical interactions between  Na+-K+-ATPase and Beclin 1, 
which can stimulate autosis[38]. Interestingly, cardiac gly-
cosides decrease autosis and the degree of ischemic injury 
by decreasing the interaction between  Na+-K+-ATPase and 
Beclin 1[23, 38]. However, how  Na+-K+-ATPase interacts 
with Beclin 1 to control autophagy is unknown. This inter-
action may alter the ion-pumping activity or ion-exchange-
dependent effects of  Na+-K+-ATPase, which can cause auto-
sis[26]. Another possibility is that  Na+-K+-ATPase alters the 
function of Beclin 1, which causes autosis by influencing 
vesicular transport or autophagic activity[26]. Since Beclin 
1 and Rubicon physically interact, it has been suggested that 
Beclin 1 plays a key role in autosis; however, more research 
is needed to determine how this interaction controls autosis, 
as well as the motifs and residues that it binds and where that 
binding occurs within the cell[47]. Downregulating Rubi-
con and inhibiting  Na+-K+-ATPase did not synergistically 
reduce myocardial infarct size, and so further studies are 
needed to determine how the interaction between Beclin 1 
and  Na+-K+-ATPase or Rubicon affects autosis[25].

Tfeb and autosis

Tfeb is a major regulatory molecule associated with lysoso-
mal biogenesis that coordinates autophagosome-lysosome 
fusion and substrate degradation by driving autophagy and 
lysosomal gene expression[53]. Tfeb binds a coordinated 
lysosomal expression and regulation (CLEAR) motif (GTC 
ACG TGAC) and regulates lysosomal gene expression[54, 
54].

Tfeb is activated during ischemia‒reperfusion in the 
mouse heart and remains activated during the later stages 
of reperfusion. In addition, Tfeb targets such as Beclin 1 
and VPS11 are also upregulated in the late reperfusion 
phase[50]. Autophagosome accumulation and autosis were 
dysregulated in cardiomyocytes when Tfeb was activated in 
the presence of autophagic flux blockers. Conversely, after 
cardiac reperfusion, suppressing endogenous Tfeb decreased 
cardiomyocyte autosis in mice. Jihoon Nah et al. assessed 
the extent of myocardial infarction following the injection 
of 3,4-dimethoxychalone (3,4-DC), a chemical activator of 
Tfeb, after reperfusion in mice to further explore whether 



 Molecular and Cellular Biochemistry

the activation of Tfeb in the late stage of reperfusion could 
exacerbate MIRI. The findings demonstrated that injecting 
3,4-DC worsened myocardial damage. This finding suggests 
that MIRI is promoted by Tfeb activation during the late 
phase of reperfusion[50, 55]. Consequently, during the late 
phase of reperfusion, cardiomyocyte autosis is promoted by 
Tfeb activation[50]. Tfeb knockdown reduces autophago-
some and autophagic lysosome accumulation during reper-
fusion, which decreases cardiomyocyte autosis but exacer-
bates myocardial infarction[50]. This finding suggests that 
Tfeb is beneficial in the early stages of ischemia and reperfu-
sion and that its upregulation in the later stages of ischemia 
and reperfusion is functionally harmful but that sustained 
downregulation throughout ischemia and reperfusion may 
also be detrimental[50]. Tfeb activity appears to be time 
dependent, similar to the role of autophagy in ischemia and 
reperfusion[25]. Tfeb should therefore be targeted only in 
the later phases of reperfusion to prevent autosis but not 
autophagy[50]. This group also reported that Tfeb overex-
pression enhanced high-dose Tat-Beclin 1-induced cardio-
myocyte autosis, whereas Atg7 knockdown reversed Tfeb 
overexpression-induced cardiomyocyte death[25, 50].

Sodium–glucose cotransporter 2 inhibitors 
and autosis

SGLT2 inhibitors have shown unprecedented cardiac and 
renal benefits in large-scale clinical trials in patients with 
type 2 diabetes mellitus with preexisting cardiovascular 
disease or multiple cardiovascular risk factors[56, 57]. 
It is unknown how SGLT2, which is mostly expressed in 
the kidney, protects the cardiovascular system[58–61]. 
The theory that SGLT2 inhibitors may protect the heart 
by promoting autophagy was proposed by Avogaro A, 
Packer M, et  al.[62–64]. An emerging hypothesis is 
that SGLT2 inhibitors can directly inhibit the  Na+/H+ 
exchanger (NHE) 1 isoform in the myocardium[58, 61]. 
NHE1 is predominantly expressed in cardiomyocytes, 
and its activity is markedly increased in pathological 
conditions such as diabetes mellitus, heart failure, and 
acute ischemia‒reperfusion injury[65].

According to a recent study, the primary target by 
which SGLT2 inhibitors act on cardiomyocytes is 
NHE1[67]. NHE1 knockdown ameliorates  MIRI in 
mice, and NHE1 activation increases the intracellular 
sodium load in cardiomyocytes, which causes calcium 
overload during ischemia‒reperfusion and exacerbates 
reperfusion injury[67]. Autosis is strongly stimulated 
by ischemia and nutrient and glucose deprivation, and 
the SGLT2 inhibitor empagliflozin (EMPA) attenuates 
excessive autosis by directly inhibiting NHE1 activity in 

cardiomyocytes. NHE1 knockdown significantly reversed 
glucose deprivation-induced autosis. Furthermore, a 
study demonstrated that the cardioprotective effect of 
EMPA was achieved by reducing the excessive accumu-
lation of autophagosomes[67]. Consequently, NHE1 is 
a target by which EMPA can reduce autosis in cardio-
myocytes and exert cardioprotective effects on a mouse 
model of MI without diabetes. By creating cardiac-spe-
cific NHE1 inhibitors, autosis can be reduced for the 
benefit of MIRI patients.

In another study, cardiomyocyte-specific NHE1-knock-
out (NHE1 cKO) mice did not exhibit cardioprotection in 
a model of nondiabetic myocardial infarction with acute 
hyperglycemia, and EMPA exerted significant cardiopro-
tective effects by inhibiting autophagy levels by targeting 
Beclin 1 but not NHE1. Additionally, EMPA decreased 
autosis and exerted cardioprotective effects by reversing 
the autophagic cell death caused by Tat-beclin1 or GD 
in cardiomyocytes[68]. SGLT2 inhibitors can effectively 
ameliorate myocardial injury during nondiabetic myo-
cardial infarction with acute hyperglycemia by inhibit-
ing Beclin 1-dependent autophagy in cardiomyocytes 
rather than by targeting NHE1[68]. The reason for this 
is that diabetes induces a process that prevents EMPA 
from binding to NHE1 and exerting its effect. Beclin 1 is 
therefore a therapeutic target for EMPA in the treatment 
of acute hyperglycemia during nondiabetic myocardial 
infarction with acute hyperglycemia.

Cariporide is an NHE1 inhibitor that is used to pre-
vent or reduce ventricular fibrillation when used in acute 
therapy, and it has also been shown to be cardioprotective 
during IR in vivo and in isolated hearts[69–72]. The car-
dioprotective mechanism involves attenuating myocardial 
injury by regulating cellular pH, reducing excess sodium 
entry into cardiomyocytes, reducing calcium overload via 
the  Na+/Ca+ exchanger (NCX), and reducing myocardial 
infarct size but does not involve attenuating autosis[73, 
74]. Its protective effect on the heart occurs by regulating 
cellular pH, reducing excessive sodium entry into cardio-
myocytes, and reducing calcium overload through NCX 
to reduce myocardial injury and myocardial infarct size 
but does not involve reducing autosis [73, 74]. Cariporide 
reduces the incidence of myocardial infarction, but there 
is an adverse effect of cerebrovascular occlusion leading 
to ischemic stroke[73].
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Conclusion

In summary, autosis is a new form of cell death that occurs 
in the late stages of myocardial reperfusion and has thera-
peutic potential in MIRI. Further studies on the mechanism 
of autosis occurrence will not only contribute to a clearer 
understanding of the relationship between autophagy and 
autosis but also provide new strategies for treating MIRI in 
the clinic.

Clinical significance

Studies have demonstrated that the activation of autophagy 
in early ischemia protects the myocardium, and overactiva-
tion of autophagy can occur in the reperfusion stage; over-
activation of autophagy can exacerbate MIRI by inducing 
autophagic cell death (Fig. 2). Thus, understanding the point 
at which autophagy shifts from protecting the heart to harm-
ing the heart is essential for the medical treatment of MIRI.

Autosis is a novel form of autophagic cell death 
induced by high doses of autophagy-inducing peptides, 
starvation, and ischemia-hypoxia (Fig. 3). Because auto-
sis can be inhibited by autophagy inhibitors but cannot be 
reversed by apoptosis or necrosis inhibitors, the discovery 
that autosis is involved in MIRI is highly clinically rel-
evant. Therefore, the effects of using autophagy inhibitors 
in combination with other medications that prevent cell 
death during the late phase of reperfusion may be addi-
tive. The upregulation of Tfeb and Rubicon during the 
late phase of reperfusion results in autosis by inactivat-
ing autophagic flux and autophagosome accumulation. 
Rubicon upregulation induces autosis mainly by promot-
ing autophagosome accumulation. As a result, interven-
tions that block the upregulation of Rubicon and prevent 
the excessive build-up of autophagosomes during the 
late phase of reperfusion may be cardioprotective. Tfeb 
upregulation, however, protects the myocardium during 
the early stages of ischemia, but it can cause myocardial 
damage during the late stages of reperfusion. For this 
reason, the exact time at which Tfeb changes from hav-
ing a beneficial to a harmful effect on the heart is crucial 
when treating MIRI patients, and altering the upregula-
tion of Tfeb should be used to inhibit autosis only in the 
late phase of reperfusion. Beclin 1 may play a key role in 
autosis, and it has been demonstrated that Rubicon and 
 Na+-K+-ATPase can interact with this factor to induce 
autosis. However, but the exact mechanism remains to 
be investigated, and further studies will be conducted to 
determine the regulatory relationship between Rubicon 
and  Na+-K+-ATPase and Beclin 1 and identify a more 
effective target for the treatment of MIRI in the clinic. 
Since the onset of autosis during MIRI is accompanied 
by the activation of NHE1, NHE1 could also be a novel 
target for the development of cardiac-specific NHE1 
inhibitors to attenuate autosis. It has been demonstrated 
that cardiac glycosides inhibit NHE1 to reduce autosis 
during MIRI; however, since arrhythmias are a poten-
tial side effect of cardiac glycosides and the infarcted 
heart is prone to them, cardiac glycosides may not be the 
best treatment for MIRI[25]. Autosis is also observed in 

Fig. 2  The occurrence of autophagy during MIRI. During myocar-
dial ischemia, ATP is deficient, and ADP levels are increased, which 
decreases the ATP/ADP ratio, leading to the activation of AMPK, 
which activates ULK1, thereby initiating autophagy. Moreover, 
AMPK can induce autophagy by inhibiting the activity of mTOR, 
and the induction of autophagy during the ischemic phase of myo-
cardial ischemia exerts protective effects on the myocardium. During 
myocardial reperfusion, the energy supply is restored to the myocar-
dium during the reperfusion phase; therefore, autophagy is initiated 
by the large amounts of reactive oxygen species generated during 
reperfusion, and Bcl-2 protein expression is decreased and attenu-
ates the inhibition of the Beclin 1 protein, which activates the Beclin 
1-dependent autophagy pathway, leading to excessive organelle and 
protein depletion and ultimately causing autophagic death
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various cardiovascular disorders; the coadministration of 
copper and homocysteine causes autosis and cardiomyo-
cyte apoptosis in a p62-dependent manner[76]. The mech-
anisms underlying autosis are not entirely understood, 
even though many factors have been linked to this pro-
cess [76]. There are no other effective treatments avail-
able to prevent cell death in ischemic regions. Therefore, 
the development of new drugs targeting the late phase of 
reperfusion has important clinical implications for the 
treatment of autosis.
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