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Abstract

AMP-activated protein kinase (AMPK), an enzyme that plays a role in cellular energy 

homeostasis, modulates myocardial signaling in the heart. Myocardial dysfunction is a common 

complication of sepsis. Autophagy is involved in the aging related cardiac dysfunction. However, 

the role of AMPK in sepsis-induced cardiotoxicity has yet to be clarified, especially in aging. In 

this study, we explored the role of AMPK in lipopolysaccharide (LPS)-induced myocardial 

dysfunction and elucidated the potential mechanisms of AMPK/mTOR pathway regulating 

autophagy in young and aged mice. We harvested cardiac tissues by intraperitoneal injection of 

LPS treatment. The results by echocardiography, pathology, contractile and intracellular Ca2+ 

property as well as western blot analysis revealed that LPS induced remarkable cardiac 

dysfunction and cardiotoxicity in mice hearts and cardiomyocytes, which were more seriously in 

the aged mice. Western blot analysis indicated that the underlying mechanisms included inhibition 

autophagy mediated by AMPK/mTOR activation. LPS overtly promoted the expression of AMPK 

upstream regulator PP2A and PP2Cα. Pharmacological activation of AMPK improved cardiac 

function and upregulated cardiac autophagy induced by LPS in the aged mice. Collectively, our 

findings suggest that upregulation of autophagy by administration of AMPK could attenuate LPS-

induced cardiotoxicity, which enhances our knowledge to explore new drugs and strategies for 

combating cardiac dysfunction induced by sepsis.
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1. Introduction

Sepsis is a major healthcare issue in hospitalized patients, especially in intensive care units. 

It can result in the high mortality and costs. Cardiac functional alterations induced by sepsis 

are considered as major components in outcome. Lipopolysaccharides (LPS), component of 

outer membrane of gram-negative bacteria, can induce experimental endotoxemia that 

mimicks sepsis-induced cardiac dysfunction in clinic. Intraperitoneal injection of LPS to 

mice is a widely used animal model to assess sepsis-induced cardiac dysfunction. 

Nonetheless, the precise mechanistic progression involved in the heart failure under septic 

shock is still need to be elucidated.

AMP-activated protein kinase (AMPK) has been found to be a key character against 

cardiovascular diseases and cellular stress. When activated by certain stress, AMPK 

regulates sugars and fatty acids that are good or detrimental to the heart. For example, 

targeting AMPK phosphorylation is known to protect against ischemia reperfusion-induced 

injury [1,2]. The mammalian target of rapamycin complex 1 (mTORC1) has a central role 

among the intracellular signal transduction pathways adapting growth, metabolism and 

aging [3]. Genetic alterations of mTORC1 elements affect aging in mice [4]. It is helpful to 

clarify the molecular targets downstream of mTORC1 which specifically affect age-related 

disorders. S6 kinases 1 and 2 (S6Ks) are mTORC1 substrates that possess serine/threonine 

kinase enzymatic activity. S6K1 and S6K2 are homologous proteins sharing similar modes 

of regulation and substrate specificities. S6K activity increases during aging and has been 

associated to lifespan [5].

Autophagy mainly maintains a balance between manufacture of cellular components and 

break down of damaged or unnecessary organelles and other cellular constituents. If some 

exogenous stimuli such as microbial invasion of the body insult the occurrence of 

endotoxemia, autophagy could trigger cell death pathways to protect or adapt the response. 

Researchers have focused concentration on identifying small molecules acting as chaperones 

to stimulate or stabilize proteins that regulate autophagy [6]. There is evidence indicated that 

LPS can induce autophagy in macrophages and mice [7,8]. It was reported that cardiac-

specific Atg5-defcient mice showed age-related cardiomyopathy. Continuous constitutive 

autophagy plays an important role in maintaining cardiac structure and function [9].

The elderly population grows more rapidly in Asia now, especially in China. The elderly 

population will overtake the young in three decades later [10]. Aging is an important risk 

factor for heart diseases which the end stage is heart failure. The mechanisms of sepsis-

induced heart failure have been rised concerns both in basic and clinic research. An ample of 

molecular mechanisms such as apoptosis, immune regulation, mitochondria, and energy 

metabolism have been revealed [11–13]. Autophagy is associated with accelerated cardiac 

aging. Reduced autophagic potential leads to aging and increased autophagy delays aging 

[14,15]. However, the role of autophagy and cardiac dysfunction in sepsis of aging are not 

clearly till now.

Due to the precise mechanisms and their role in the pathogenesis of septic cardiac 

dysfunction in aging remain incompletely understood. Thus the purpose of this study is to 

Zhang et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2018 October 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



investigate the functional role and relevant mechanism of AMPK and autophagy in septic 

cardiac dysfunction in young and aged mice exposed to LPS. Furthermore, we assessed the 

relationship between AMPK and mTOR/S6 signaling molecules using A769662, a selective 

AMPK activator.

2. Material and methods

Experimental animals and LPS treatment

All animal procedures were approved by the Animal Care and Use Committee at University 

of Mississippi Medical Center. Sex-matched C57BL/6 young (3–4 months) and aged mice 

(18–20 months) were used. All animals were kept in our institutional animal facility with 

free access to laboratory chow and tap water. On the day of experimentation, both young and 

aged mice were injected intraperitoneally with 4 mg/kg Escherichia Coli LPS (Sigma-

Aldich, St. Louis, MO) dissolved in sterile saline or an equivalent volume of pathogen-free 

saline (for control groups). The dosage of LPS injection was chosen based on previous 

observation of overt myocardial dysfunction without significant mortality [16]. We observed 

the condition of treated mice 4 h until they were used for experimentation. Four hours 

following LPS challenge, mice were sacrificed by breaking the neck for experimentation. 

Activation of AMPK in vivo was assessed in LPS treated young and aged mice following 

intraperitoneal injection of AMPK activator 30 mg/kg A769662 (Selleckchem, Houston, 

TX) 30mins before LPS treated [17].

Echocardiography examination

The representative randomly selected animals from each group were anaesthetized 

(isoflurane) and transthoracic M-mode echocardiography (Vevo 770, Visual-Sonics, Toronto, 

Canada) was performed. Left ventricular end-diastolic dimension, left ventricular end-

systolic dimension and left ventricular diastolic interventricular septum thickness were 

measured [18]. Left ventricular ejection fraction was also calculated from M-mode 

echocardiograms. Data from three to five consecutive selected cardiac cycles were analyzed 

and averaged [19].

Immunohistochemistry

Hearts from young and aged mice were collected at the indicated times, fixed overnight in 

10% formalin, and embedded in paraffin. Serial 5-μm heart sections from each group were 

analyzed. Samples were stained with H&E for routine histologic examination. 

Immunohistochemical staining was performed as described previously [20]. The histological 

sections were stained with primary antibodies against Mac-2 (1:200, Abcam) at 4 °C 

overnight. The bound antibodies were labeled using a second antibody (Vectastain ABC Kit, 

VECTOR Laboratories, Inc., Burlingame, CA). Images were captured using a Zeiss 

Axioimager Motorized fluorescence microscope (Carl Zeiss, Oberkochen, Germany).

Isolation of murine cardiomyocytes

Mice were given 100 units of heparin i.p. (Sagent Pharmaceuticals, Schaumburg, IL) for 

anticoagulation before anaesthetized with 100 mg/kg sodium pentobarbital i.p. (Sigma, St. 

Louis, MO). The heart was excised and fastened onto the cardiomyocyte perfusion apparatus 

Zhang et al. Page 3

Biochem Biophys Res Commun. Author manuscript; available in PMC 2018 October 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Radnoti, Monrovia, CA) and perfusion was initiated in the Langendorff mode. Hearts were 

perfused at 37 °C with a Ca2+-free Krebs-Henseleit based buffer (pH 7.3) containing: 0.6 

mM KH2PO4, 0.6 mM Na2HPO4, 10 mM HEPES, 14.7 mM KCl, 1.7 mM MgSO4, 120.3 

mM NaCl, 4.6 mM NaHCO3, 30 mM taurine, 10 mM glucose, and 10 mM 2,3-butanedione 

monoxime that was bubbled with 95% O2/5% CO2. After a few minutes of stabilization, the 

heart was then digested with the same perfusion buffer containing 0.067 mg/mL Liberase 

Blendzyme 4 (Roche, Indianapolis, IN). After digestion, the heart was removed and minced. 

Extracellular Ca2+ was added back to the cells to reach a final concentration of 1 mM.

Cell shortening/relengthening

The mechanical properties of cardiomyocytes were assessed by using a SoftEdge MyoCam 

system (IonOptix Corporation, Milton, MA) [21]. Cardiomyocytes were placed in a chamber 

and stimulated with a suprathreshold voltage at a frequency of 0.5 Hz. IonOptix SoftEdge 

software was used to capture changes in sarcomere length during shortening and re-

lengthening. Cell shortening and re-lengthening were assessed using the following indices: 

peak shortening (PS), the amplitude myocytes shortened on electrical stimulation, which is 

indicative of peak ventricular contractility; time-to-90% relengthening (TR90), the duration 

of myocytes to reach 90% relengthening, an indicative of diastolic duration; and maximal 

velocities of shortening and re-lengthening (±dL/dt); time to peak shortening (TPS).

Intracellular Ca2+ fluorescence measurement

Intracellular Ca2+ was measured by using a dual-excitation, single emission photomultiplier 

system (IonOptix). Cardiomyocytes were loaded with fura 2-AM(2 μM) and were exposed 

to light emitted by a 75 W halogen lamp through either a 340- or 380-nm filter while being 

stimulated to contract at a frequency of 0.5 Hz. Fluorescence emissions were then detected 

[21].

Western blot analysis

The protein concentrations of all samples were measured by using Bradford dye-binding 

method (Dye Reagent Concentrate, Bio-Rad Protein Assay). Proteins from the heart were 

separated by SDS–PAGE, transferred to nitrocellulose membranes (Millipore, Bedford, 

MA), and probed with primary antibodies against p-AMPK, p-ACC, PP2A, PP2Cα, p62, 

atg5, LC3 I/II, p-mTOR, p-S6 and followed by incubation with horseradish peroxidase 

(HRP)-coupled anti-rabbit secondary antibody (Cell Signaling Technology Inc, Beverly, 

MA). Blue x-ray film (Phenix, Candler, NC) was used for photon detection and image 

development. Films were scanned with the Bio-Rad GS-700 scanner in the core facility of 

the SMBS and the relative density of the bands on the film was determined by Image J 

software.

Statistical analysis

Data were Mean ± SEM and analyzed by using GraphPad Prism 7.0 statistical analysis 

software. Difference was assessed using analysis of variance (ANOVA) followed by a 

Tukey’s post hoc test or Student’s t-test. A p value < 0.05 was considered statistically 

significant.
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3. Results

3.1. Morphological properties of young and aged mice treated with LPS

Echocardiographic analyses were conducted to evaluate the sepsis induced cardiac 

dysfunction in aged mice. LPS was intraperitoneally administrated to mice to induce septic 

myocardial dysfunction. Echocardiographic assessment revealed no changes in heart weight, 

heart rate and interventricular septum thickness between young and aged mice with or 

without LPS challenge. However, LPS treatment overtly increased myocardial volume in 

Left ventricular end-diastolic dimension and left ventricular end-systolic dimension, 

accompanying the decreased global left ejection fraction (Table 1 and Fig. 1A) in aged mice. 

These findings suggest aged mice were more sensitive to LPS challenge compared to young 

mice. Represent pictures in Fig. 1B showed the HE and Mac-2 staining of different groups. 

The arrangement of cardiomyocyte was disorder in aged mice challenged with LPS. More 

stained macrophages can be detected in aged mice challenged with LPS.

3.2. Effect of LPS on contractile responses and intracellular Ca2+ properties of murine 
cardiomyocytes

Contractile properties were evaluated to confirm the difference of LPS-induced 

cardiomyocyte mechanical anomalies in young and aged mice. Average values were showed 

representative cell shortening and relengthening obtained after exposure to LPS. Neither 

LPS nor age affected resting cell length. However, LPS challenge markedly reduced PS and 

±dL/dt in aged mice compared with young mice. Compared with young mice group TPS and 

TR90 are prolonged in aged mice group (Fig. 1C–H). These results favored a detrimental 

role of aging in LPS-induced cardiomyocyte contractile defect.

To further evaluate the possible mechanisms of action behind aging-elicited mechanical 

derangement, intracellular Ca2+ property was evaluated using the Fura-2 fluorescence 

technique.

Our data revealed that LPS challenge did not elicit any notable changes in resting and rise 

intracellular Ca2+ levels although it significantly prolonged intracellular Ca2+ clearance. 

(Fig. 2A–D).

3.3. Effect of LPS-induced changes of AMPK-mTOR signaling

Given that AMPK is an important intracellular regulator for cardiac function under various 

pathological conditions, we wondered to know whether the facilitation of cardiomyocytes 

contractile function was due to induced AMPK phosphorylation. We examined the AMPK 

and its downstream signaling target acetyl-CoA carboxylase (ACC) and other related 

proteins. Phosphorylation of AMPK and downstream target p-ACC were significantly 

suppressed following LPS challenge in murine hearts, especially in aged mice. PP2C-α and 

PP2A A were activated in aged mice treated with LPS (Fig. 2E). LPS overtly promoted 

phosphorylation of mTOR and S6, respective downstream targets for AMPK and mTOR 

(Fig. 3A).
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3.4. Effect of LPS on the activation of autophagy

Given the pivotal role of autophagy in the maintenance of cardiac geometry and function, we 

explore if autophagy contributes to LPS induced cardiac dysfunction, levels of autophagic 

markers Including Atg5, p62 and LC3 I/II were evaluated. Results shown in Fig. 3B 

depicted that aging itself did not affect the expression of these autophagy markers Atg5, 

LC3-II/LC3-I ratio, and the autophagy adaptor protein p62, while LPS significantly 

increased the expression in Atg5, LC3II/LC3I ratio and p62 in young-LPS group compared 

to aged-LPS group.

3.5. Effect of AMPK activator A769662 on mTOR, S6 signaling, autophagic markers and 
cardiomyocyte contractile responses

To better elucidate a cause-effect relationship for AMPK and autophagy in LPS-induced 

cardiac contractile response, aged mice were exposed to LPS in the presence or the absence 

of the AMPK activator A769662. Our data revealed that the activation of AMPK 

significantly decreased the expression of p-mTOR, p-S6 and increased the level of 

autophagic markers Atg5, p62 and LC3-II/LC3-I ratio (Fig. 4A).

We also observed the contractile properties with or without AMPK activator A769662 under 

the treatment of LPS in aged mice. The results showed the depressed maximal velocity of 

shortening/relengthening and prolonged duration of relengthening were restored 

significantly in LPS treated aged mice. There was no influence in resting cell length in 

different groups (Fig. 4B–G).

4. Discussion

Cardiac dysfunction, common complication of severe sepsis, is one cause of death in 

intensive care units. Accumulated evidence revealed the regulatory effect of autophagy on 

sepsis-induced cardiac dysfunction [15,22], although the mechanisms in young and aging 

are not elucidated. Our study demonstrated a notable increase in autophagy level in young 

mice hearts challenged with LPS. Also, we detected a significant attenuation of p-AMPK 

expression level in the aged mice with septic cardiac dysfunction, suggesting a closed 

relevance of AMPK in sepsis-induced cardiac dysfunction. Given the demonstration that 

both phosphorylated AMPK and phosphorylated mTOR contributed to the stimulation of 

cardiomyocytes contractility, we wondered to know whether the crosstalk between AMPK 

and mTOR exists. We found that pre-treatment of A769662, an activator of AMPK, restored 

the cardiomyocytes contractility partly due to the blunted phosphorylation of S6 which is the 

downstream protein of mTOR. Our study further demonstrated preserved autophagy against 

LPS in aged mice following A769662 treatment. It is highly needed to clarify the functional 

roles of autophagy in sepsis-cardiac dysfunction in young and aged mice. Interestingly, our 

data show that pharmacological induction of AMPK that enhanced the autophagy improves 

contractile responses in aged murine cardiomyocytes challenged with LPS. A new published 

study showed that myocardial aging is a T-cell-mediated phenomenon that heart-directed 

immune responses may spontaneously arise in the elderly [23]. Improvement of LPS-

induced mitochondrial dysfunction by fasudil was attributed to inhibition of ROCK-

dependent Drp1 phosphorylation and activation of autophagic processes [24]. Overall our 
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data indicate the relationship between AMPK and autophagy response to LPS treatment in 

heart dysfunction.

Autophagy which has been demonstrated to be essential for cellular homeostasis, is the 

catabolic process for delivering cytosolic cargo to the lysosome for degradation. The role of 

autophagy in cardiovascular injuries of different experimental models is still a controversial 

topic. Excessive autophagy can induce cell death, the process of which is called autophagic 

cell death. A study had indicated that inhibition of autophagy protects the heart from 

pathological cardiac dysfunction in animal models of ischemia-reperfusion and hypertrophy 

[25]. Alleviation of autophagy might have therapeutic benefit in treating several cardiac 

diseases [26]. A study newly demonstrates that TFEB mediated autophagy is crucial for 

protection against LPS induced myocardial injury particularly in aging senescent heart [15]. 

In our results, the Atg5, p62 and LC3 were elevated in response to LPS treatment in mice 

hearts in this study. This may indicate that LPS can stimulate severe autophagy, which is 

reported in previous studies [27]. A study showed that the a maladaptive role for autophagy 

in hearts subjected to LPS challenge [28]. Our data suggested that LPS challenge-induced 

myocardial autophagy is an adaptive response as evidenced by the favorable response from 

A769662 against LPS-induced cardiac injury which is expected to stimulate AMPK. More 

importantly, our results indicated that aging accentuated LPS-induced myocardial 

dysfunction and survival possibly through abating myocardial autophagy induction in 

response to LPS challenge demonstrating by cardiomyocytes contractility and intracellular 

Ca2+ homeostasis.

Although induction of AMPK has been demonstrated to prevent cardiac injury after LPS 

treatment in aged mice, the interaction between cardiac dysfunction and myocardial 

autophagy during sepsis still remains to be clarified, especially whether there is a “bridge” 

between them. In order to elucidate the upstream and downstream signals that regulate 

autophagy in our study, we examined several key molecules which may be involved in. The 

data here showed that PP2A, PP2Cα, mTOR and S6 were key factors in this process. It is 

known that The PP2 heterotrimeric protein phosphatase is ubiquitously expressed. Its serine/

threonine phosphatase activity has broad substrate specificity and diverse cellular functions. 

Moreover, the mTOR contributes to cell survival in cardiomyocytes and regulates cell 

proliferation, apoptosis, cell migration and metabolism. In our study, PP2A and PP2Cα 
decreased the phosphorylation of AMPK accompanied by inhancing autophagy. Further 

experiments showed that inhibition of AMPK could increase the p-mTOR and p-S6 proteins 

expression. The expression of phosphorylation of mTOR and S6 decreased in the presence 

of the AMPK activator A769662. These results favor the formation the AMPK/mTOR/S6 

pathway.

Two future works of this study should be highlighted. Firstly, Long time observation is 

needed to make sure whether the response of autophagy is a “double-edged sword” for 

cardiac function over a long period of time. Secondly, more clinical plasma samples of 

patients are needed to confirm this finding if autophagy biomarkers could be founded for 

sepsis-induced cardiac dysfunction.
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In conclusion, this study shows that autophagy is blunted in sepsis of aged mouse hearts. 

AMPK/mTOR pathway is involved the role for controlling it. Pharmacological induction of 

AMPK improves cardiac function in aged mice hearts with sepsis. To modulate the AMPK 

and autophagy might be a potential novel therapeutic target for septic myocardial 

dysfunction for aging.
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Fig. 1. 
(A) Representative echocardiographic recordings from four mice groups. (B) Representative 

pathological images of HE staining and Mac-2 stained for inflammation measurement. 

Cardiomyocyte contractile properties in young and aged mice treated with or without LPS. 

(C) Resting cell length; (D) Peak shortening (PS, normalized to cell length); (E) Maximal 

velocity of shortening (+dL/dt); (F) Maximal velocity of relengthening (- dL/dt); (G) Time-

to-PS (TPS); and (H) Time-to-90% relengthening (TR90). Mean ± SEM, 3–4 mice per 

group, *p < 0.05 vs. their littermates; †p < 0.05 vs. young -LPS group.
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Fig. 2. 
Intracellular Ca2+ properties in cardiomyocytes from young and aged mice treated with or 

without LPS. (A) Resting intracellular Ca2+; (B) Electrically-stimulated rise in intracellular 

Ca2+; (C) and (D) Single and bi-exponential intracellular Ca2+ decay rate. Mean ± SEM, 3–4 

mice per group, *p < 0.05 vs. their littermates. (E) Western blot analysis in myocardium 

from young and aged mice treated with or without LPS. Expression levels of p-AMPK, p-

ACC, PP2C-α and PP2A A proteins using specific antibodies. Mean ± SEM, n = 3–4 

samples per group, *p < 0.05 vs. their littermates; †p < 0.05 vs. young -LPS group.
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Fig. 3. 
(A) Expression levels of p-mTOR and p-S6 proteins using specific antibodies; Pooled data 

of above proteins normalized to GAPDH. Mean ± SEM, n = 3–4 samples per group, *p < 

0.05 vs. their littermates; †p < 0.05 vs. young -LPS group. (B) Western blot analysis about 

the autophagy markers in myocardium young and aged mice treated with or without LPS. 

Expression levels of Atg5, p62 and LC3I/II; Pooled data of above proteins normalized to 

GAPDH. Mean ± SEM, n = 3–4 samples per group, *p < 0.05 vs. their littermates; †p < 0.05 

vs. young -LPS group.
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Fig. 4. 
(A) Western blot analysis in myocardium of aged mice treated with LPS and AMPK 

activator A769662. Expression levels of p-mTOR, p-S6, Atg5, p62 and LC3I/II; Pooled data 

of above proteins normalized to GAPDH. Mean ± SEM, n = 3–4 samples per group, *p < 

0.05 vs. aged group; †p < 0.05 vs. aged -LPS group. Effect of AMPK activator A769662 on 

LPS induced cardiomyocyte contractile anomalies in aged mice. (B) Resting cell length; (C) 

Peak shortening (PS, normalized to cell length); (D) Maximal velocity of shortening (+dL/

dt); (E) Maximal velocity of relengthening (− dL/dt); (F) Time-to-PS (TPS); and (G) Time-

to-90% relengthening (TR90). Mean ± SEM, 3–4 mice per group, *p < 0.05 vs. aged group; 

†p < 0.05 vs. aged-LPS group.
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Table 1

Heart weight and echocardiographic parameters of LPS-treated C57BL/6J young and aged mice.

Parameter Young Young + LPS Aged Aged + LPS

Heart weight (mg) 116 ± 9 121 ± 18 119 ± 12 119 ± 10

Heart rate (bpm) 422 ± 39 441 ± 21 423 ± 30 394 ± 26

Interventricular septum thickness (mm) 0.93 ± 0.04 0.89 ± 0.06 0.83 ± 0.06 0.77 ± 0.07

Left ventricular end-diastolic dimension (mm) 2.17 ± 0.14 2.30 ± 0.21 2.21 ± 0.28 2.99 ± 0.19*#

Left ventricular end-systolic dimension (mm) 1.21 ± 0.17 1.49 ± 0.14 1.19 ± 0.15 1.99 ± 0.15*#

Ejection fraction (%) 80.3 ± 5.1 68.8 ± 5.9* 83.7 ± 3.0 50.6 ± 2.4*#

Mean ± SEM, n = 3 mice per group,

*
p < 0.05 vs. young group,

#
p < 0.05 vs. young-LPS group.
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