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Editorial

Cardioprotective effects of autophagy induction in sepsis
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Introduction

Macroautophagy (herein referred to as autophagy) is a 
protein and organelle quality control process that is essential 
for homeostasis and survival of many if not all eukaryotic 
cell types, including those composing the cardiovascular 
system. During autophagy, long-lived, dysfunctional and 
damaged cytoplasmic constituents are safely degraded into 
molecular building blocks for anabolic cellular renewal, 
energy production or detoxification (1). The process begins 
with the sequestration of such potentially toxic cellular 
material—designated for degradation—in de novo formed 
double-membraned vesicles, called autophagosomes. These 
then fuse with lysosomes to form autolysosomes, where 
their cargo undergoes enzymatic degradation by lysosomal 
acidic hydrolases (1). Remarkably, autophagy can operate 
in a selective and non-selective manner (2). Selective forms 
of autophagy are initiated to remove specific organelles or 
molecules, which typically pose harm to the cell. A well-
characterized example of a highly specialized form of 
autophagy is mitophagy, where damaged and dysfunctional 
mitochondria are removed to minimize oxidative stress 
and protect from cell death. In contrast, non-selective 
autophagy is activated during times of nutrient deficit to 
maintain energy levels sufficient for sustaining cellular 
metabolism and functionality. Via providing versatile 
homeostatic resolution, autophagy plays a fundamental role 

in the maintenance of cellular fitness and overall organismal 
homeostasis under physiological and stress conditions, 
including starvation, hypoxia, physical exercise and immune 
responses to pathogens (1). As such, autophagy relies on 
a complex and well-orchestrated machinery and a wide 
regulatory network (3). 

Beclin 1, the mammalian orthologue of yeast autophagy-
related protein (ATG)-6, is a key regulator within this 
autophagic cascade. Beclin 1 regulates different phases 
of autophagy through its interaction with PI3KC3/
VPS34 (class III phosphatidylinositol 3-kinase/vacuolar 
protein sorting-34) lipid kinase. After the formation of 
the Beclin 1-PI3K3/VPS34 complex, other co-factors 
interact with Beclin 1 to control its autophagic activities (4).  
Specifically, ATG14 binds heterodimerically with Beclin 1,  
thereby forming the Beclin 1-PI3KC3/VPS34-ATG14 
complex to promote autophagosome nucleation (an early 
stage of autophagosome formation). Another co-factor 
is UVRAG (UV radiation resistance-associated gene), 
which upon binding to Beclin 1-PI3KC3/VPS34 complex 
stimulates a later phase of autophagy, namely autolysosomal 
maturation. In contrast, Beclin 1 is blocked by anti-apoptotic 
multidomain proteins from the BCL2 family, which interact 
with the BCL2 homology 3 (BH3) domain of Beclin 1,  
thereby preventing its pro-autophagic activation by ATG14 
or UVRAG (4). Beclin 1 is not only implicated in autophagy 
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but also in other membrane trafficking processes, such as 
endocytosis (4). Accordingly, Beclin 1 is a pivotal modulator 
of vitally important biological processes. In fact, homozygous 
deletion of Beclin 1 in mice results in early lethality during 
embryogenesis, while its heterozygous disruption promotes 
premature tumorigenesis (5). Contrarily, activation of Beclin 1  
(via a knock-in mutation that decreases BCL2 inhibitory 
binding) promotes basal autophagy and improves different 
aspects of health during the course of aging, including 
unwanted cardiac, renal and oncogenic alterations, thus 
extending the lifespan of mice (6). 

Beclin 1-mediated autophagy is cardioprotective 
in sepsis

Sepsis is a leading cause of intensive care unit admission and 
subsequent mortality likely due to a dysregulated systemic 
inflammatory response that typically results from a serious 
infection (7). If not adequately and timely controlled by 
antibiotics, sepsis leads to a precipitous reduction in blood 
pressure and multiple organ failure, a life-threatening 
condition termed septic shock (8). Although the primary cause 
of death in these critically-ill patients is still enigmatic (7),  
a key determinant of outcome is the cardiovascular system 
performance (9). Interestingly, unlike other forms of shock, 
compromised cardiac output is not a typical characteristic 
of septic shock, albeit myocardial depression can be present 
in the form of reduced ejection fraction and dilation of both 

ventricles (8). Instead, the major hemodynamic crisis during 
septic shock is a severe drop in systemic vascular resistance, 
which leads to increased fluid permeability and plasma 
leakage to the extravascular compartments, resulting in 
‘distributive shock’ (8). 

Various clinical trials testing anti-inflammatory drugs in 
sepsis failed to improve patients’ prognosis, thus, shedding 
doubts on the hypothesis that a fulminant immune reaction 
is the only culprit in sepsis-induced organ dysfunction (7).  
Therefore, other mechanisms that may contribute to 
the pathogenesis of sepsis are being extensively explored 
with the aim of providing novel therapeutic avenues for 
efficiently attenuating or reversing the associated organ 
dysfunction. In this regard, Sun et al. (10) carried out a 
cogent study that assessed autophagy in an animal model of 
sepsis induced by lipopolysaccharide (LPS), while focusing 
on cardiac parameters. In line with a previous liver-centric 
report (11), they observed inhibition of cardiac autophagy 
during severe sepsis, but more importantly, they uncovered 
a bi-phasic modulation of autophagy according to the 
severity of sepsis (Figure 1). On the one hand, during mild 
or early-stage sepsis imitated by low LPS doses, cardiac 
autophagy is increased in a dose-dependent manner, 
coinciding with preserved cardiac function. In contrast, 
autophagy is progressively disabled and cardiac function is 
clearly impaired upon administration of higher LPS doses, 
which induce a pathology resembling severe or late stages 
of sepsis (10).

To examine whether such autophagy modulation in 
the heart underlies, rather than results from, sepsis-
related cardiac phenotypes, the authors employed mouse 
models harbouring Beclin 1 haploinsufficiency (due to 
the full-body knockout of one of the two Beclin 1 alleles) 
or a gain-of-function of Beclin 1 (due to the transgenic 
overexpression of the gene specifically in the heart) (10).  
Beclin 1 haploinsufficiency, which led to systemic attenuation 
of autophagy, was associated with an increased predisposition 
to myocardial inflammation, remodelling and dysfunction even 
at low LPS doses. This finding was further corroborated by 
reduced survival upon exposure to elevated LPS doses. In 
contrast, administration of Tat-Beclin 1, a cell-penetrating 
peptide that activates Beclin 1/autophagy, effectively 
reduced systemic inflammation and, more importantly, 
rescued cardiac function during LPS-induced sepsis both 
in Beclin 1 haploinsufficient and WT mice, supporting 
the argument for a causal role of impaired autophagy in 
the pathophysiology of cardiac dysfunction during sepsis. 
However, as both Beclin 1 haploinsufficiency and Tat-Beclin 

Figure 1 Bi-phasic modulation of autophagy during sepsis. During 
mild sepsis induced by low doses of LPS, autophagy appears to be 
activated in a dose-dependent manner, an effect that is associated 
with preserved cardiac function. In contrast, high doses of LPS, 
modelling severe sepsis, disable autophagy and induce cardiac 
dysfunction. LPS, lipopolysaccharide.
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1 peptide act at the whole-body level, it is not possible to 
distinguish between the anti-inflammatory effects of Beclin 
1/autophagy (i.e., reduction of cytokine storm in response 
to LPS) versus cell-autonomous cardioprotective effects. 
Only the cardio-specific transgene-enforced overexpression 
of  Becl in  1  might  shed l ight  on this  dichotomy. 
Astonishingly enough, such a cardiomyocyte-specific Beclin 
1 overexpression appeared to confer cardioprotective effects 
during sepsis by preserving contractility and reducing 
fibrosis at higher LPS doses than those endured by WT 
mice (10). Notably, this was coupled to an attenuated 
LPS-induced myocardial production of multiple pro-
inflammatory cytokines including that of factors that most 

likely are not produced by cardiomyocytes themselves (such 
as IL-10, IL-17-alpha and IFN-gamma) (10). This suggests 
that the cytoprotection of cardiomyocytes by Beclin 1/
autophagy can interrupt local inflammatory circuitries put 
into motion by sepsis-induced cardiomyocyte stress and 
death. In accord with this idea, cardiomyocyte-specific 
Beclin 1 overexpression reduced the LPS-induced influx of 
neutrophils into the myocardium (Figure 2).

Enhanced autophagy in Beclin-1 transgenic hearts was 
also associated with improved mitochondrial function 
and unexpectedly high mitochondrial abundance. This 
perplexing observation, i.e., simultaneous mitophagy 
activation and increased mitochondrial mass, was attributed 
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Figure 2 Beclin 1 activation counteracts LPS detrimental effects and confers cardiac resilience to sepsis. Whereas cardiac function is 
maintained intact during mild sepsis (induced by low LPS dose), it is impaired during severe sepsis (induced by sublethal LPS doses)—likely 
due to failure of persistent adaptive responses, such as autophagy. Interestingly, reinforcement of autophagy by activating Beclin 1-systemically 
by Tat-Beclin 1 peptide administration or locally by transgenic cardiomyocyte-specific Beclin 1 overexpression—confers cardiac resilience to 
high-dose LPS, as indicated by (I) preserved cardiac function, (II) reduction of pro-inflammatory cytokine production and (III) attenuation 
of collagen deposition. Of note, cardiomyocyte-specific Beclin 1 overexpression was sufficient to attenuate the overexpression of myocardial 
pro-inflammatory cytokines, including those that are not produced by the cardiomyocytes themselves. This intriguing finding could be the 
result of interrupted local inflammatory circuitries, whereby reduced local oxidative stress in cardiomyocytes due to activated autophagy/
mitophagy attenuates cardiomyocyte-produced cytokines (depicted as red circles). In turn, this leads to reduction of neutrophil influx and 
inhibition of further cytokine production by leukocytes and non-myocytes e.g., fibroblasts (depicted as brown circles). AP, autophagosome; 
AL, autolysosome; L, lysosome; LPS, lipopolysaccharides; ROS, reactive oxygen species.
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to balanced mitochondrial degradation vs. biogenesis. While 
Beclin 1 activates the PINK1-Parkin pathway to promote 
mitophagic removal of defective mitochondria, it may 
simultaneously stimulate mitochondrial biogenesis, at least 
under in vitro conditions (12). Mitochondrial biogenesis, 
albeit not directly measured in this study, could be further 
upregulated by AMPK and ULK1 (AMP-activated protein 
kinase and Unc-51 like autophagy activating kinase-1, 
respectively), both of which were found activated in septic 
Beclin-1 transgenic hearts. Moreover, the activation of the 
mitophagy receptor BNIP3 that is usually observed during 
sepsis was less evident upon Beclin 1 overexpression (10).  
This adds an additional level of complexity to Beclin 
1-mediated regulation of mitochondrial homeostasis, 
considering that during mitochondrial damage BNIP3 
is known to mediate cytoprotection (via mitophagy) or 
cytotoxicity (via the induction of mitochondrial transition 
pore opening) (13). 

Future perspectives and concluding remarks

While the study substantially improves our understanding 
of the dynamic modulation and the cardioprotective role 
of autophagy and Beclin 1 in sepsis (10), some questions 
remain and warrant further investigation. For instance, 
the question as to whether Beclin 1/autophagy activation 
protects against sepsis-induced vascular dysfunction 
and hyperpermeability is still to be elucidated. In fact, 
pathological reduction of vascular resistance may cause 
cardiovascular failure and mortality even at normal or 
increased cardiac output, a condition known as vasoplegia. 
Thus, it is critical to determine the integrity of vascular 
endothelial barriers in sepsis upon the activation of Beclin 
1-dependent autophagy. Despite the substantial protection 
against sublethal doses of LPS, Tat-Beclin 1 and Beclin 
1 overexpression did not avoid the lethality of high LPS 
doses. That said, such extreme doses do not necessarily 
reflect the human setting where cytokines levels never 
reach such intensity (7). Nonetheless, it is tempting to 
speculate whether combining autophagy activators with 
other therapies, e.g., anti-inflammatory drugs, can have 
additive or synergistic effects to palliate this extreme, but 
plausibly rescuable (14), condition. Future studies will also 
need to test whether other xenophagy, the destruction of 
intracellular pathogens by a pathway resembling autophagy, 
may contribute to the beneficial effects of Beclin 1 by 
directly targeting the aetiology of sepsis, i.e., infection. In 
addition, together with enhanced mitochondrial function 

due to mitophagy, non-selective forms of autophagy may 
help resolve the energy crisis encountered during sepsis and 
that has been suggested to precipitate cardiac dysunction 
(15). Another aspect that warrants investigation is the 
mechanism(s) driving protective autophagy induction during 
mild sepsis. Autophagy appears to be regulated by mTOR-
inhibitory signalling only during severe sepsis, however, this 
is not the case for mild sepsis, wherein autophagy induction 
is mediated by yet-to-be elucidated signalling pathways. 
Moreover, it is of utmost importance to examine whether 
the protective effects of Beclin 1 activation during sepsis 
are limited to the cardiovascular system or extend to other 
organs. Finally, the contribution exerted by other non-
autophagic functions of Beclin 1 to health benefits awaits to 
be clarified.

An ever increasing body of evidence suggests that 
leveraging autophagy by dietary, genetic and pharmacologic 
interventions confers protection against undesirable cardiac 
alterations and functional decay associated with aging (16)  
and several chronic cardiac diseases (17). The study by 
Sun et al. (10) pleads in favour of autophagy-mediated 
cardioprotection against an acute cardiac injury induced by 
sepsis, thus, further broadening the potential therapeutic 
value of autophagy induction in cardiovascular medicine. 
In this regard, Tat-Beclin 1 peptide, which efficiently 
activates autophagy in vivo and protects the heart against 
sepsis, and other insults, like pressure overload, holds a 
great promise (18). Nonetheless, more efforts are needed to 
develop—ideally orally available—molecules that activate 
the autophagic activity of Beclin 1 with high specificity. 
It is important to note that caloric restriction mimetics 
that are clinically-approved (e.g., metformin) or naturally-
occurring (e.g., spermidine) (19) and have established  
pro-autophagic (20,21), anti-inflammatory (22,23), and 
cardioprotective effects (23-25) may provide a safe, readily-
available, and possibly equally effective alternative for 
immediate testing in humans. That said, future clinical 
trials will reveal whether autophagy-boosting molecules will 
prove useful for the treatment of cardiac dysfunction caused 
by severe infections such as sepsis and perhaps infective 
endocarditis. 
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