
Beclin-1-dependent autophagy protects the heart during sepsis

Yuxiao Sun, PhD#1,&, Xiao Yao, PhD#1,&, Qing-Jun Zhang, PhD2, Min Zhu, PhD2, Zhi-Ping 
Liu, PhD2, Bo Ci, BS3, Yang Xie, PhD3, Deborah Carlson, PhD1, Beverly A. Rothermel, 
PhD2, Yuxiang Sun, MD, PhD5, Beth Levine, MD4, Joseph A. Hill, MD, PhD2, Steven E. Wolf, 
MD1, Joseph P. Minei, MD1, and Qun S. Zang, PhD1

1Department of Surgery, Quantitative Biomedical Research Center,

2Department of Internal Medicine, Cardiology Division, Quantitative Biomedical Research Center,

3Department of Clinical Science, Quantitative Biomedical Research Center,

4Department of Internal Medicine, Center for Autophagy Research, Howard Hughes Medical 
Institute, University of Texas Southwestern Medical Center, Dallas, TX;

5Department of Nutrition & Food Science, Texas A&M University, College Station, TX

# These authors contributed equally to this work.

Abstract

Background: Cardiac dysfunction is a major component of sepsis-induced multi-organ failure in 

critical care units. Changes in cardiac autophagy and its role during sepsis pathogenesis have not 

been clearly defined. Targeted autophagy-based therapeutic approaches for sepsis are not yet 

developed.

Methods: Beclin-1-dependent autophagy in the heart during sepsis and the potential therapeutic 

benefit of targeting this pathway were investigated in a mouse model of lipopolysaccharide (LPS)-

induced sepsis.

Results: LPS induced a dose-dependent increase in autophagy at low doses, followed by a 

decline that was in conjunction with mTOR activation at high doses. Cardiac-specific 

overexpression of Beclin-1 promoted autophagy, suppressed mTOR signaling, improved cardiac 

function, and alleviated inflammation and fibrosis after LPS challenge. Haplosufficiency for beclin 
1 resulted in opposite effects. Beclin-1 also protected mitochondria, reduced the release of 

mitochondrial DAMPs, and promoted mitophagy via PINK1-Parkin but not adaptor proteins in 

response to LPS. Injection of a cell-permeable Tat-Beclin-1 peptide to activate autophagy 

improved cardiac function, attenuated inflammation, and rescued the phenotypes caused by beclin 
1 deficiency in LPS-challenged mice.
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Conclusions: These results suggest that Beclin-1 protects the heart during sepsis and that the 

targeted induction of Beclin-1 signaling may have important therapeutic potential.
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Introduction

Sepsis is a leading cause of death in intensive care units1, and cardiac dysfunction is an 

identified serious component of the multi-organ failure associated with this critical 

condition2. Mitochondria comprise about 30% of myocardial volume3. Using both in vitro 
and in vivo models, we have focused on understanding how sepsis deregulates mitochondrial 

signaling and thereby leads to cardiac dysfunction. We have shown that impairments in 

mitochondrial structure and function, in association with overproduction of mitochondrial 

reactive oxygen species (mtROS) and generation of mitochondria-derived danger-associated 

molecular patterns (DAMPs), play a pivotal role in inducing cardiac inflammation and 

functional deficiencies during sepsis4–7.

The quality and quantity of mitochondria are tightly regulated. Dysfunctional mitochondria 

can be segregated and eliminated through autophagy8, a lysosome-dependent process of 

removing damaged proteins and organelles9. Autophagy impacts a diverse range of cellular 

responses, such as metabolic balance10, cell fate11 and inflammation12. Under normal 

physiological responses or mild stress, autophagy provides a level of control to promote 

survival and is therefore adaptive. However, under severe or chronic stress, either excessive 

autophagic activity or inadequate autophagy can lead to massive self-degradation or the 

accumulation of toxic materials respectively; either of these outcomes is maladaptive and 

can ultimately cause cell death13.

Clinical and preclinical studies indicate that sepsis triggers autophagy in multiple organs 

including the heart14–16. However, our current understanding of the role of autophagy in the 

pathogenesis of sepsis remains limited and inconclusive. Evidence obtained in vivo using a 

mouse cecal ligation and puncture (CLP) sepsis model17 and in vitro using cultured, 

lipopolysaccharide (LPS)-challenged cardiomyocytes18 suggests that stimulating autophagy 

via pharmacological approaches protects the myocardium, thus providing evidence that 

autophagy is an adaptive response. Conversely, a recent publication showed that reducing 

autophagy using an autophagy inhibitor or antioxidants improved cardiac contractility in a 

mouse model of LPS-induced sepsis, supporting the conclusion that autophagy is 

maladaptive19. The discrepancy of these observations may be due to the differences in 

experimental settings, in which the severity of sepsis, drug specificity, and timing of delivery 

differed.

Beclin-1, one of the first mammalian autophagy effectors identified20, 21, is ubiquitously 

expressed. Homozygous deletion of the beclin-1 gene results in early embryonic lethality22. 

Beclin-1 functions during the initiation of autophagy through interaction with PtdIns(3)-

kinase (Vps34)23. Together, this protein complex initiates the nucleation step of autophagy 

to begin autophagic flux and also participates in later steps involving the fusion of 
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autophagosomes to lysosomes24–26. Our studies, summarized in this report, were aimed at 

addressing how autophagic activity changes in response to the severity of sepsis, and on 

determining the role of Beclin-1 in the autophagic response of the septic heart. The 

investigation was performed using a mouse model of sepsis induced by LPS, a known toxic 

component of gram-negative bacteria. Transgenic mice with cardiac-specific overexpression 

of Beclin-1 and heterozygous deficiency were used to increase and decrease Beclin-1. The 

role of Beclin-1 in quality control of cardiac mitochondria through mitophagy, a process of 

selective degradation of mitochondria by autophagy, was also examined. Lastly, the 

therapeutic potential of pharmacologically inducing autophagy using a novel peptide derived 

from Beclin-1 was evaluated27, 28.

Methods

The data, analytic methods, and study materials will be made available to other researchers 

for purposes of reproducing the results or replicating the procedure.

A detailed Methods section is available in the online-only Data Supplement. Animal 

experiments were reviewed and approved by the University of Texas Southwestern Medical 

Center Institutional Animal Care and Use Committee and conformed to all guidelines for 

animal care as outlined by the American Physiology Society and the National Institutes of 

Health.

Statistical analysis.

Results were expressed as mean ± SEM using the indicated number of experiments or mice. 

Non-parametric Mann–Whitney U tests were applied for comparisons between groups. A 

log-rank test was applied in the survival study to compare survival curves. All computations 

were conducted in the R environment, version 3.4.3, and the R packages “survival” (version 

2.41–3) and “coin” (version 1.2–2) were used. Differences were considered statistically 

significant when p ≤ 0.05.

Results

There are dose-dependent changes in cardiac autophagic flux during LPS-induced sepsis.

Mice were given intraperitoneal (i.p.) injections of either LPS (0.25–15 mg/kg) or vehicle 

PBS in shams. Heart tissue was harvested 18 hours post challenge. LC3II, a marker of 

autophagosome formation, was examined by Western blot. Compared to shams, the level of 

LC3II was higher in LPS-challenged animals (Figure 1A). Interestingly, LC3II was 

increased dose dependently in response to low doses of LPS, 0.25–2.5 mg/kg, but this was 

followed by a gradual decline in response to higher doses of 5–15 mg/kg. Consistent with an 

increase in autophagy, p62/SQSTM1, a polyubiquitin-binding protein that is degraded 

during autophagy, showed the reverse trend. LPS had modest effect on Beclin-1 levels. 

These data suggest that LPS stimulates dose-dependent changes in cardiac autophagy, 

initially activating, then declining at high doses.

To confirm the above trend of LC3II representing the activation of autophagy rather than a 

blockage in autophagosomal maturation, we treated mice with Bafilomycin A1 (BafA1), an 
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inhibitor that blocks the fusion of autophagosomes with lysosomes29. As expected, BafA1 

caused significant accumulations of both LC3II and p62 in sham and LPS-challenged 

animals, indicating that a LPS-induced increase in LC3II was not due to a downstream 

inhibition in autophagic flux (Figure 1B).

These data demonstrate that LPS induces a dose-dependent autophagic flux in the heart. 

This reaction is comprised of two phases: a steady state increase when LPS doses are low, 

modeling less severe or mild sepsis, and a gradual decline when LPS doses are high, 

resembling events during severe sepsis.

Changing Beclin-1 levels alters the autophagic response and mTOR signaling in the heart 
in response to LPS.

To examine the role of autophagy in cardiac dysfunction after sepsis, we analyzed mouse 

lines that had either cardiac-specific overexpression of Beclin-1 under the α-myosin heavy 

chain promoter (Becn1-Tg) or were haploinsufficient for beclin 1 (Becn1+/−). At baseline, 

wild type (WT), Becn1-Tg, and Becn1+/− mice were indistinguishable and displayed similar 

levels of physical activity. As anticipated, Beclin-1 levels were lower than WT in the hearts 

of Becn1+/− mice but higher in the Becn1-Tg (Figure 2A). Mice were treated with LPS in a 

dosage range sufficient to cause a detectable decline in cardiac function, 2.5–10 mg/kg (see 

data in Figure 3). The level of LC3II was higher in the Becn1-Tg compared to WT both at 

baseline and in response to LPS. A stronger degradation of p62 was observed in parallel, 

consistent with an increase in autophagic flux in Becn1-Tg mice (Figure 2B). Conversely, 

these responses in the hearts of the Becn1+/− animals were significantly blunted. These 

results confirmed previously reported differences in autophagy phenotypes between these 

mouse lines 30.

The kinase mammalian target of rapamycin (mTOR) is a key regulatory point suppressing 

Beclin-1-dependent autophagic activity31. We examined the activation of mTOR and its 

downstream factors, including eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4E-

BP1) and the p70 ribosomal S6 kinase 1 (S6K1)32, in the hearts of sham and LPS-

challenged mice. Higher doses of LPS, including 5 mg/kg and 10 mg/kg, significantly 

increased phosphorylation of all three effectors (Figure 2C), indicating activations of mTOR 

signaling in WT hearts. However, at the lower dose of LPS, 2.5 mg/kg, where we previously 

showed that autophagy was most robust, LPS had little, or no effect on the phosphorylation 

of mTOR and its downstream factors. These results show the correlation between the 

activation of mTOR signaling and the decline in inducing cardiac autophagy in response to 

higher LPS dosages. In addition, since a significant difference in mTOR activation between 

shams and low-dose LPS-treated groups, such as 2.5 mg/kg, was not detectable, the data 

suggest a possibility that the activation of autophagy by LPS at low doses might be mediated 

through an mTOR-independent mechanism.

The activation of mTOR was significantly blunted in the hearts of Becn1-Tg, but was much 

stronger in Becn1+/− mice as compared to WT (Figure 2C). Thus, the activation of mTOR 

was inversely correlated with autophagic activities, suggesting that enhancing Beclin-1 

signaling can suppress mTOR activation, thereby sustaining autophagy even under 

conditions of severe sepsis. Additionally, the signals of AMP-activated protein kinase 

Sun et al. Page 4

Circulation. Author manuscript; available in PMC 2019 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(AMPK) and Unc-51 like-autophagy-activating kinase 1 (ULK1) in the hearts of these mice 

were compared. The levels of phosphorylation at the active sites of these two kinases were 

significantly higher in Becn1-Tg but lower in Becn1+/− mice (Figure 2D), suggesting that 

Beclin-1 involves a positive feedback regulation of autophagy by enhancing AMPK and 

ULK1. This result also suggests a mechanism of Beclin-1’s suppression of mTOR 

activation.

Increasing Beclin-1 levels improves cardiac outcomes in LPS-induced sepsis.

We examined heart performance by echocardiography in sham and LPS-challenged WT, 

Becn1-Tg, and Becn1+/− mice. LPS challenge of ≥5 mg/kg substantially reduced fractional 

shortening (FS%) 18 hours post LPS challenge in WT mice (Figure 3A). However, a lower 

dose of 2.5 mg/kg LPS was sufficient to impact cardiac function in Becn1+/− mice. 

Conversely, only the highest dose tested, 10 mg/kg LPS reduced FS% in Becn1-Tg mice. 

The decline in cardiac function in WT mice treated with 5 mg/kg LPS occurred in concert 

with the failure in induction of autophagic flux (Figure 1) and the activation of mTOR 

signaling (Figure 2C). With the observed preservation of cardiac function in the Becn1-Tg 

mice, these results suggest that Beclin-1-dependent autophagy is an adaptive, protective 

response to sepsis in the heart.

As an additional index of damage, we examined cytokine levels in the heart tissue of WT, 

Becn1-Tg, and Becn1+/− mice (Figure 3B). Consistent with the literature, LPS dose-

dependently increased inflammatory cytokines in the heart. The overexpression of Beclin-1 

significantly decreased cytokine levels, with the greatest reduction found in IL-6, IL-17α 
and IFN-λ. The haploinsufficiency of Becn1 led to elevated cytokines following LPS 

challenges.

Myocardial content of myeloperoxidase, a marker of neutrophil accumulation33, was 

examined in WT, Becn1-Tg, and Becn1+/− mice by immunohistochemistry. LPS stimulated 

significant neutrophil infiltration in the heart, which was worsened in Becn1+/− but much 

less dramatic in Becn1-Tg mice (Figure 3C).

Fibrosis is often a consequence of inflammation. We examined cardiac fibrosis in WT, 

Becn1-Tg, and Becn1+/− mice using the presence of known markers, α-smooth muscle actin 

(αSMA) and the deposition of collagen34. LPS induced a progressive increase in cardiac 

content of αSMA in WT hearts. This response was significantly reduced in Becn1-Tg mice 

but elevated in Becn1+/− mice (Figure 3D). Masson’s trichrome staining to detect collagen in 

the heart tissues showed a similar pattern in the fibrotic response (Figure 3E). These data are 

consistent with Beclin-1 activity protecting the myocardium from fibrotic injury during 

sepsis.

Increasing Beclin-1 levels preserves cardiac mitochondrial quality during sepsis.

We have previously observed that sepsis damages mitochondrial structure and results in a 

deficiency in cardiac mitochondrial function4, 5, 7. Electron microscopy (EM) was used to 

compare mitochondrial morphology in the left ventricular wall of hearts from WT, Becn1-
Tg, and Becn1+/− mice at baseline and following LPS. In WT hearts, an increase in LPS 

dosage led to a dose-dependent increase in the frequency of isolated, small, rounded 
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mitochondria, and the loss of clearly defined cristae structures of the inner mitochondrial 

membrane (Figure 4A). These changes were less evident and required higher doses of LPS 

to manifest in Becn1-Tg mice. Conversely, these disruptions were more severe in the 

Becn1+/− mice.

In response to sepsis or other trauma conditions, mitochondrial DNA (mtDNA) fragments 

can be released from damaged mitochondria into the cytoplasm and/or the extracellular 

space, and they function as a type of DAMP to stimulate inflammation35–37. We quantified 

the level of free mtDNA in the cytoplasm of the hearts of WT, Becn1-Tg, and Becn1+/− mice 

following an LPS challenge. There was a dose-dependent release of mtDNA in WT hearts, 

which was suppressed in the Becn1-Tg but exaggerated in the Becn1+/− mice (Figure 4B).

To evaluate changes in mitochondrial content, protein levels of mtDNA-encoded cytochrome 

c oxidase I (COX I) and nuclear DNA-encoded voltage-dependent anion-selective channel 1 

(VDAC-1) were assessed (Figure 4C). LPS triggered a dose-dependent decrease in the 

abundance of these two mitochondrial proteins, suggesting a LPS-induced reduction in 

mitochondria content in the heart, consistent with our previous report of mitochondrial loss 

obtained in a pneumonia-related sepsis model35. Mitochondrial loss was alleviated in 

Becn1-Tg mice but accentuated in Becn1+/− mice. Similarly, mitochondrial function, 

measured as complex I and complex II-III activity, was better preserved in the Becn1-Tg 

mice as compared to WT following an LPS challenge of 5 mg/kg, a dose which clearly 

caused cardiac dysfunction in WT but not Becn1-Tg mice (Figure 4D). Comparison of 

mitochondrial mass between groups based on EM images additionally confirmed the above 

results (Figure 4E).

Beclin-1 increases LC3II associated with mitochondria and factors of PINK1-Parkin 
pathway but suppresses an increase in mitophagy receptors following LPS.

Damaged mitochondria with lost membrane potential or accumulated misfolded proteins can 

be cleared by PINK1(PTEN-induced putative kinase 1)-Parkin mitophagy38–40. 

Alternatively, mitophagy receptors in the outer mitochondrial membrane, such as BNIP3L/

NIX, BNIP3 and FUNDC1, can bind directly to LC3 and direct mitochondria to 

autophagosomes for degradation41. We examined whether these mitophagy pathways are 

differentially stimulated in WT, Becn1-Tg, and Becn1+/− mice in response to LPS.

LPS triggered a gradual increase in LC3II that was associated with mitochondrial fractions 

in WT hearts, a response that was greater in Becn1-Tg mice but lower in the Becn1+/− mice 

(Figure 5A). This detected trend of mitophagy was confirmed by co-immunostaining the 

heart tissue with antibodies against mitochondrial protein mitofusin 2 (Mfn2) and lysosomal 

protein Lamp1 (Figure 5B). Co-localization of mitochondria and lysosomes, shown in white 

and pale green, was increased with LPS challenge, and this trend was evidently stronger in 

Becn1-Tg mice but weaker in Becn1+/− mice. These results are also consistent with the 

observation obtained under electron microscopy that there were more mitophagosomes and 

mitolysosomes, in which mitochondria were engulfed by and closely associated with the 

membrane structures of autosomes, in Becn1-Tg mice, but more lysed, deformed 

mitochondria in Becn1+/− mice (red arrows; Figure 4, and quantifications in Figure 5C).
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Interestingly, mitochondria-associated PINK1 and Parkin were highest in the Becn1-Tg mice 

and their levels were elevated or maintained following LPS treatment, whereas these signals 

decreased following LPS in both WT and Becn1+/− (Figure 5A). In contrast, LPS induced 

increases in mitochondrial-localized BNIP3L and BNIP3 in both WT and Becn1+/− hearts. 

The increases were most pronounced in the Beclin-1 deficient Becn1+/− hearts, but barely 

detectable in the Becn1-Tg mice. No significant changes were found in the levels of 

FUNDC1. Consistent with a previous report that Parkin is protective in the heart during 

LPS-induced sepsis42, our data suggest that Beclin-1 may help to suppress the activation of 

receptor-mediated mitophagy while facilitating a more adaptive mitophagic response via 

PINK1/Parkin.

Therapeutic potential of a Beclin-1-activating peptide.

A cell-permeable, autophagy-inducing peptide, Tat-beclin-1 (TB-peptide), has been shown 

to have antiviral activities27 and to attenuate cardiac dysfunction after pressure overload43. 

In our investigation, a recently developed, optimized version of the TB-peptide28 was given 

to mice via i.p.. Based on publications27, 28, 43, we chose a dose that was able to induce 

sufficient autophagy without causing detectable toxicity. As expected, TB-peptide 

dramatically enhanced cardiac autophagy, as shown by an increase in LC3II and a decrease 

in p62, in both sham animals and those given a sublethal LPS challenge of 5 mg/kg (Figure 

6A). The TB-peptide significantly improved cardiac function (Figure 6B) and reduced 

increases in circulating cytokines, especially TNF-α, IFN-γ, IL-17α and IL-6, following 

LPS (Figure 6C). TB-peptide rescued the phenotypes of Becn1+/− mice, confirming that the 

peptide’s mechanism of action is mediated though a direct-targeted stimulation of Beclin-1-

dependent autophagy.

When mice were challenged with 10 mg/kg LPS, there was a significant decrease in the 

survival of Becn1+/− mice compared to WT (Figure 6D), indicating the importance of 

Beclin-1-dependent processes in sepsis. However, TB-peptide did not significantly improve 

the survival of WT mice when LPS was increased to a lethal dose of 15 mg/kg (data not 

shown). Taken together, these data suggest that enhancing Beclin-1-dependent autophagy by 

TB-peptide holds a therapeutic potential for alleviating secondary organ failure during 

sepsis.

Discussion

This investigation was aimed at determining the role of Beclin-1-dependent autophagy in the 

heart during sepsis and to test the therapeutic potential of targeting this pathway using a 

mouse model of LPS-induced sepsis. We found that LPS triggered a dose-dependent 

autophagic response (Figure 1). When LPS was given at low doses, modeling mild sepsis, 

autophagy increased proportionally to the magnitude of the insult. However, under 

conditions of severe sepsis, this capability declined proportionally to the severity of the 

insult. The failure of autophagy induction at high-dose LPS challenges correlated with the 

activation of mTOR signaling (Figure 2) and the appearance of clinical signs of 

pathogenesis, manifested as a decline in cardiac function, elevation in inflammation, and 

evidence of fibrotic injury (Figure 3). Our observations in the heart are consistent with 
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previous studies in the liver showing increased autophagy in the early phases of sepsis 

followed by a decline near late-stage organ failure in a mouse CLP sepsis model15, 44. Thus, 

the changes we have documented in the heart may mimic the progression of systemic organ 

failure.

Previous studies have used pharmacological interventions to examine the role of autophagy 

in sepsis15, 44–48. Our studies, however, are the first use of genetically modified mouse 

strains with cardiac-specific overexpression of Beclin-1 (Becn1-Tg) and global depletion of 

Beclin-1 (Becn1+/−) to manipulate levels of autophagy in vivo. The presence of the Becn1-
Tg increased the signs of autophagy, suppressed mTOR signaling, enhanced AMPK and 

ULK1 activation, preserved cardiac function, and reduced evidence of cardiac inflammation 

and fibrosis in response to LPS (Figures 2 and 3). Becn1+/− mice showed opposite 

phenotypes in the above measurements, and additionally, they displayed a reduced survival 

rate at higher doses of LPS (Figure 6D). These results suggest that Beclin-1-dependent 

autophagy is an adaptive, protective response in the heart during sepsis. Lastly, an 

intervention by TB-peptide alleviated LPS-induced outcomes in both WT and Becn1+/− 

mice, suggesting that this novel peptide possesses a therapeutic potential for sepsis (Figure 

6).

The mTOR pathway is a well-known upstream nodal point that acts to inhibit autophagy49. 

In our experimental settings, we were unable to detect significant changes in mTOR 

activation in the heart of animals challenged by low-dose LPS, such as 2.5 mg/kg, compared 

with shams. However, the attenuation of autophagy in response to high-dose LPS, such as 5 

mg/kg and 10 mg/kg, is clearly associated with mTOR activation (Figure 2C). We propose 

that sepsis-induced autophagy is an initial adaptive defense mechanism in early stages, 

whereas during severe stages of sepsis, mTOR activation inhibits beneficial autophagic 

activities, which then become maladaptive. The data may also suggest that the activation of 

autophagy in early sepsis is mTOR-independent. Recent studies have identified a number of 

autophagy pathways whose actions are mTOR-independent, such as the intracellular 

inositol-IP3 pathway50, Ca2
+-calpain pathway51, cAMP-exchange protein activated by 

cAMP (Epac)-PLCε-IP3 pathway51, leucine-rich repeat kinase 252 , and trehalose53, etc. 

Whether sepsis utilizes any of these signals or other unknown mechanisms to operate 

autophagy machinery in the heart as well as in other organs remains to be investigated. 

Additionally, while mTOR suppresses autophagy by inhibiting ULK1, the activating kinase 

that lies upstream of Beclin-154, our demonstration here shows that mTOR activation is 

suppressed in the Becn1-Tg hearts (Figure 2C). The underlying mechanism of this Beclin-1 

action on mTOR may involve the activation of AMPK and ULK1 (Figure 2D). Together, 

these results suggest a positive feedback regulation of autophagy by Beclin-1.

Sepsis-induced systemic inflammatory syndrome is a result of combined actions of PAMPs 

(pathogen-associated molecular patterns) and DAMPs. Recognized by pattern recognition 

receptors (PPRs), such as toll-like receptors, RIG-I-like receptors, and NOD-like receptors, 

PAMPs and DAMPs initiate an overwhelming production of cytokines through NF-κB, 

MAPKs, inflammasomes and caspases55, 56. LPS triggers cytokine production via binding to 

the TLR4/CD14/MD2 receptor complex on cellular membranes and/or to caspase inside of 

cells, resulting in the activation of NF-κB and inflammasomes57, 58. This action sequentially 
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causes the release of DAMPs from activated, injured, or necrotic cells56, 59. LPS also 

stimulates mtROS overproduction, leading to mitochondrial damage60 and a release of 

mitochondrial DAMPs including mtDNA fragments36, N-formyl peptides61, mtROS35, 

cardiolipin62, ATP63, mitochondrial transcription factor A64, and cytochrome c65.

Autophagy presents a control over inflammation by limiting the availability of 

inflammasome activators and/or components66, and by reducing mitochondrial DAMPs via 

mitophagy37. However, an increase in autophagy under certain severe or prolonged stress 

may exacerbate unwanted outcomes due to deregulated degradation of cellular components, 

resulting in aggressive inflammation12, 30. Our previous investigations have shown that 

cardiac inflammation during sepsis and burn trauma is mediated at least partially by the 

activation of TLR4/CD14 signaling6 and the increase in mitochondrial DAMPs5, 35. In this 

present investigation, using an LPS-induced sepsis model, we observed that increasing 

Beclin-1-dependent autophagy alleviates sepsis outcomes, shown by improved contractility, 

attenuated cytokines, and reduced fibrotic injury in the heart (Figure 3). However, this 

benefit comes with certain limitations, since in response to high-dose LPS (10 mg/kg), 

overwhelming inflammation still occurs in Becn1-Tg mice even when significant autophagic 

activity was provided. Thus, inflammation remains, at least in part, a major cause of cardiac 

dysfunction in Becn1-Tg mice. It is uncertain whether the increase in autophagy itself 

contributes to heart failure in this group of animals. Signaling crosstalk between autophagy 

and inflammation happens dynamically throughout the development of various disease 

conditions12. How autophagy alters individual inflammation pathways via inflammasomes, 

caspases, NFκB and/or MAPKs, etc. at different stages of sepsis remains to be defined.

As evidenced in this study, damage in cardiac mitochondria progresses with the severity of 

sepsis, shown by the disruption of mitochondrial structure, a reduction in metabolic 

function, and the release of mtDNA fragments to the cytosol, which can subsequently act as 

a type of mitochondrial DAMP to promote inflammation35–37. These manifestations of 

mitochondrial damage following LPS challenge were all reduced in the Becn1-Tg but 

increased in Becn1+/− mice (Figure 4). Additionally, we observed more mitophagosomes/

mitolysosomes in Becn1-Tg mice when compared with WT and Becn1+/− mice, suggesting 

a functional significance of Beclin-1 in the clearance of dysfunctional mitochondria via 

mitophagy in the myocardium during sepsis. Since combined signals from PAMPs and 

DAMPs stimulate inflammation in the heart after sepsis, it is not a surprise that levels of 

cytosolic mtDNA measured are not proportional to the production of total cytokines in the 

heart tissue measured in Figure 3. In addition to mtDNA, other types of mitochondrial 

damage, such as a deficiency in energy supply and alterations in mitochondrial metabolisms, 

are considered significant impact factors in cardiac dysfunction after sepsis. Therefore, in 

Beclin1+/− mice, LPS triggers an aggressive accelerated overall mitochondrial deterioration 

that contributes to the animals’ rapid decline in cardiac performance via multiple pathways.

A striking difference in the spectrum of proteins involved in mitophagy was found when 

comparing mice with increased Beclin-1 availability versus those deficient in Beclin-1 

(Figure 5). In the mitochondrial fractions isolated from Becn1+/− hearts, there was a robust 

increase in mitophagy adaptor proteins BNIP3L and BNIP3, occurring with reduced 

evidence of activity along the PINK1-Parkin axis. The converse was observed in Becn1-Tg 
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hearts that showed little increase in the association of BNIPL3 or BNIP3 with mitochondria 

but a drastic elevation in PINK1 and Parkin. PINK1 recruits Parkin to damaged 

mitochondria via phosphorylated Mfn238–40. In our experimental setting, we were unable to 

detect the phosphorylated form of either Parkin or Mfn2 in the heart tissue of Becn1-Tg 

mice using the published approach of Phos-tag Western blotting38, 39. However, we realized 

that the detection of phosphorylated Parkin or Mfn2 was accomplished in cultured cells with 

an overexpression of protein targets38, 39. We suspect that the current method may have a 

limitation in detecting low contents of phosphorylation in in vivo models when PINK1, 

Parkin and Mfn2 are expressed at endogenous physiological levels. Based on ongoing 

investigation in our lab (data not shown), we hypothesize that the stimulation of PINK1-

Parkin mitophagy by Beclin-1 may involve mitochondria-associated membranes (MAMs). 

MAMs are specialized subcellular domains that physically link mitochondria with the 

endoplasmic reticulum (ER)67, and they are essential to mitochondrial health68, 69. Beclin-1 

and PINK1 are found to re-localize to MAMs during mitophagy initiation, and via direct 

interaction, they promote ER-mitochondria tethering and the formation of autophagosome 

precursors to facilitate mitophagy70, 71. Beclin-1 was also found to interact with Parkin, and 

this association is required for the progress of PINK1-Parkin mitophagy72. Thus, the 

PINK1-Parkin mitophagy pathway is more accessible for activation when Beclin-1 signaling 

is upregulated. Intriguingly, recent studies suggest that PINK1/Parkin exert an additional 

control over mitochondrial quality in addition to mitophagy. Parkin positively regulates 

mitochondrial biogenesis through proteasomal degradation of its substrate PARIS, a zinc-

finger protein73, 74. Following PINK1-Parkin mitophagy, increases in mitochondrial and 

lysosomal biogenesis via transcription factors, Nrf2 and TFEB, were detected in 

neuroblastoma cells75. In vivo, a lack of Parkin expression in the ventral midbrain resulted 

in decreases in mitochondrial size, number, and mitochondrial biogenesis makers, together 

with declines in mitochondrial respiration73. Whether similar mechanisms are utilized to 

regulate mitochondria in septic hearts remains for further investigation. In this report, we 

observed that the quality control of mitochondria was improved, as well as cardiac 

outcomes, in Becn1-Tg mice under LPS challenge (Figures 3 and 4). The result suggests a 

signaling pathway from Beclin-1 to PINK1/Parkin that protects cardiac mitochondria during 

sepsis.

The stimulation of BNIP3 is a pathological response under conditions of hypoxia76 and 

ischemia/reperfusion77. It is regulated transcriptionally via hypoxia-inducible factor 178 and 

FOXO3a79 and/or by posttranslational oxidation via ROS77. However, the mechanism for 

how Beclin-1 suppresses BNIP3 signaling remains to be determined. According to literature, 

BNIP3 functions as a dual regulator in mitochondria. Upon activation, BNIP3 prompts the 

opening of the mitochondrial permeability transition pore (mPTP), recruits LC3 for 

autophagosome formation, and initiates mitophagy80–82. This protein also causes 

mitochondrial dysfunction and subsequently induces cell death via the activation of 

downstream effectors Bax/Bak under stress conditions76. Both BINP3-induced mitophagy 

and mitochondrial damage were observed in the myocardium80, 83. It was further revealed 

that transcriptional upregulation of BNIP3 by FOXO3a caused a decrease in mitochondrial 

membrane potential and an increase in mitochondrial Ca2+, leading to mitochondrial 

fragmentation and apoptosis of cardiomyocytes79. Hence, the effect of BNIP3 accumulation 
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on mitochondria is a result of the balance between its double actions. In the hearts of LPS-

induced septic mice, the increase in mitochondrial BNIP3 may aggravate detrimental 

mitochondrial deficiency while the induced mitophagy is not strong enough to clear 

damaged mitochondria. Our data suggest that Beclin-1 may have a control to mitigate 

BNIP3 signaling.

Taken together, we consider that the improved status of the mitochondria in the hearts of 

Becn1-Tg mice is likely the result of several folds of signaling regulations. While PINK1-

Parkin mitophagy facilitates the clearance of damaged mitochondria, both the AMPK/ULK1 

pathway and PINK1/Parkin pathway have the capability to promote mitochondrial 

biogenesis73–75, 84–86. These effects act together, leading to preservation of the mass of 

functional mitochondria during sepsis in Becn1-Tg mice. In contrast, an enhanced 

mitochondrial BNIP3 signal and low levels of AMPK and ULK1 activation, together with 

the stronger inflammatory responses, aggravate the deterioration of cardiac mitochondria in 

WT and Becn1+/− mice under challenge by LPS.

Nonetheless, our observations suggest that Beclin-1-dependent processes may help suppress 

the processing of cardiac mitochondria via mitophagy adaptor receptor pathways while 

supporting PINK1/Parkin-mediated quality control and preventing the release of 

mitochondrial DAMPs to promote inflammation. This conclusion is consistent with previous 

reports that Parkin is at least partially protective in the heart during LPS-induced sepsis42.

The induction of autophagy by TB-peptide preserved cardiac function and suppressed the 

increase in circulating cytokines following LPS challenge (Figure 6). This peptide was able 

to rescue the phenotypes of Becn1+/− mice, supporting its mechanism of action by directly 

targeting the Beclin-1 pathway. Previous preclinical studies evaluating autophagy as a 

therapeutic approach for sepsis were mainly focused on the mTOR inhibitor 

rapamycin17, 45–48. Though certain beneficial effects were observed in a mouse CLP-sepsis 

model17, 45, 48, adverse effects of rapamycin on lung injury were reported in a LPS-sepsis 

model46, 47. Since mTOR is involved in the regulation of a variety of pathways87, rapamycin 

impacts a broad spectrum of cellular functions in addition to autophagy and may cause 

unwanted toxicity46. In this regard, altering Beclin-1 levels provides a more targeted 

approach for modulating autophagy. Thus, TB-peptide, used by itself or in combination with 

other therapies, may prove to be a potent beneficial therapeutic approach in the treatment of 

sepsis. However, it should be noted that Beclin-1 is involved in other cellular functions, such 

as endocytosis88. We will investigate these aspects in future studies to fully understand the 

role of Beclin-1 in sepsis.
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Clinical Perspective

What Is New?

• We examined the status of cardiac autophagy and its role during sepsis 

pathogenesis using a rodent lipopolysaccharide (LPS)-induced sepsis model.

• Forced overexpression of Beclin-1 in the heart promotes autophagy and 

mitophagy, protects mitochondria, improves cardiac function, and alleviates 

inflammation and fibrosis after LPS challenge, whereas haplosufficiency for 

beclin 1 results in the opposite effects.

• Injection of a cell-permeable Tat-Beclin-1 peptide improves outcomes in 

LPS-challenged animals.

What Are the Clinical Implications?

• Promoting Beclin-1-dependent signaling may be a novel and effective 

intervention to alleviate organ dysfunction caused by insufficient and 

maladaptive autophagy during severe sepsis.
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Figure 1. 
Changes of cardiac autophagy in response to different doses of LPS. Wild-type C57BL/6 

mice were given LPS via i.p. at indicated doses, heart tissues were harvested 18 hours later 

and total tissue lysates were prepared. A. Levels of LC3II, p62, Beclin and GAPDH were 

analyzed by Western blots using GAPDH as a loading control. B. LPS-induced autophagy 

flux was further confirmed by comparison of LC3II and p62 between animals with and 

without treatment of bafilomycin A1 (BafA1, 1.5 mg/kg). Results were quantified by 

densitometry and expressed as fold changes relative to shams. All values are means ± SEM. 
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Significant differences are shown as * for sham vs. LPS-treated and Δ for vehicle vs. BafA1-

treated groups (p < 0.05, n = 5, Mann-Whitney U test).
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Figure 2. 
LPS-induced changes of cardiac autophagy and mTOR signaling in WT, Becn1-Tg, and 

Becn1+/− mice. Mice were given LPS via i.p. at indicated doses, heart tissues were harvested 

18 hours later and total tissue lysates were prepared. Expression levels of Beclin-1 were 

confirmed (A), levels of LC3II and p62 (B), total and phosphorylated mTOR pathway 

molecules (C), and total and phosphorylated AMPKα and ULK1 (D) were examined by 

Western blots using GAPDH as a loading control. Results obtained by densitometry were 

expressed as fold changes relative to WT shams. All values are means ± SEM. Significant 
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differences are shown as * for sham vs. LPS-treated and Δ for WT vs. Becn1-Tg or Becn1+/− 

groups (p < 0.05, n = 5, Mann-Whitney U test).
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Figure 3. 
Evaluation of outcomes in LPS-challenged WT, Becn1-Tg, and Becn1+/− mice. Mice were 

given LPS via i.p. at indicated doses and analyzed 18 hours post challenge. A. Cardiac 

function was examined by echocardiography (n=5). B. Cytokines were measured in the heart 

tissue lysates by multiplex ELISA assays (n=5). C. Heart tissue sections were immune-

stained with myeloperoxidase (MPO; purple) and co-stained with DAPI (blue) to show 

nucleus. D. Heart tissue sections were immune-stained with αSMA (purple) and co-stained 

with DAPI (blue) to show nucleus. E. Histological trichrome stain was applied to the heart 
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tissue sections to visualize collagenous connective tissue fibers (blue). In C-E, images are 

representative of n ≥ 3 animals per group, and results were quantified using NIS Elements 

microscope imaging software. All values are means ± SEM. Significant differences are 

shown as * for sham vs. LPS-treated and Δ for WT vs. Becn1-Tg or Becn1+/− groups (p < 

0.05, Mann-Whitney U test).

Sun et al. Page 23

Circulation. Author manuscript; available in PMC 2019 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
LPS-induced changes in mitochondrial structure and function in the heart of WT, Becn1-Tg, 

and Becn1+/− mice. Mice were given LPS via i.p. at indicated doses; heart tissues were 

harvested 18 hours later. A. Ultrastructure of myocardial mitochondria was observed by 

transmission electron microscope (EM). Red arrows indicated various stages of 

mitochondrial degradation. These images are representative of n≥3 animals per group. B. 
Total DNA was isolated from equal amount of cytosolic fractions and an exogenous internal 

positive control (IPC) DNA was spiked into all samples prior to DNA isolation as a positive 

Sun et al. Page 24

Circulation. Author manuscript; available in PMC 2019 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



control. Real-time PCR assays were performed using primers against mouse mtDNA 

NADH, cytochrome B or IPC. Results were expressed as a ratio of a target mtDNA to IPC. 

C. Levels of mtDNA encoded COX 1 and nuclear DNA encoded VDAC1 were examined in 

heart lysates by Western blots using GAPDH as a loading control. Results obtained by 

densitometry were expressed as fold changes relative to WT shams. D. Mitochondrial 

fractions were subjected to the measurements of complex I-V activities. E. Representative 

EM images of myocardial mitochondria at indicated magnitude. Mitochondrial mass was 

compared between groups. All values are means ± SEM. Significant differences are shown 

as * for sham vs. LPS-treated and Δ for WT vs. Becn1-Tg or Becn1+/− groups (p <0.05, n = 

5, Mann-Whitney U test).
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Figure 5. 
LPS-induced changes in mitophagy signaling molecules in the heart of WT, Becn1-Tg, and 

Becn1+/− mice. Mice were given LPS via i.p. at indicated doses, heart tissues were harvested 

18 hours later. A. Levels of mitochondria-associated LC3II, Parkin, PINK1, BNIP3L, 

BNIP3, and FUNDC1 were examined by Western blots using VDAC1 as a loading control in 

mitochondrial fractions. Results obtained by densitometry were expressed as fold changes 

relative to WT shams. B. Heart tissue sections were co-stained with antibodies against 

Lamp1 (green) and Mfn2 (purple). Colors in white and pale green indicate the overlay of 
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these two signals. Images are representative of n ≥ 3 animals per group. C. Number counts 

of mitophagosomes and mitolysosomes based on EM images. In A and C, all values are 

means ± SEM. Significant differences are shown as * for sham vs. LPS-treated and Δ for 

WT vs. Becn1-Tg or Becn1+/− groups (p < 0.05, n = 5, Mann-Whitney U test).
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Figure 6. 
Effects of Tat-beclin-1 peptide (TB-peptide) in LPS-challenged mice. WT and Becn1+/− 

mice were given 5 mg/kg (A-C) or 10 mg/kg (D) LPS i.p. TB-peptide, 16 mg/kg, was 

administered i.p. 30 minutes post LPS challenge. Cardiac function was measured and tissues 

collected 18 hours post LPS challenge. A. Levels of LC3II, p62 and GAPDH were analyzed 

by Western blots using GAPDH as a loading control in heart tissue lysates. B. Cardiac 

function was examined by echocardiography. C. Cytokines in serum were measured by 

ELISA assays. In A-C, all values are means ± SEM. Significant differences are shown as * 

for with sham vs. LPS-treated, Δ for vehicle vs. TB-peptide-treated, and ¶ for WT vs. 
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Becn1+/− groups (p < 0.05, n = 5, Mann-Whitney U test). D. Survival was monitored in LPS 

(10 mg/kg)-challenged WT ± TB-peptide and Becn1+/− mice, and * indicates a statistical 

significance when compared with WT (p < 0.05, n = 12, log-rank test).
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