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Abstract

Background—Lipopolysaccharide (LPS), an essential component of outer membrane of Gram-

negative bacteria, plays a pivotal role in myocardial anomalies in sepsis. Recent evidence has

depicted a role of Akt in LPS-induced cardiac sequelae although little information is available

with regards to the contribution of Akt isoforms in the endotoxin-induced cardiac dysfunction.

This study examined the effect of Akt2 knockout on LPS-induced myocardial contractile

dysfunction and the underlying mechanism(s) with a focus on TNF receptor-associated factor 6

(TRAF6).

Methods—Echocardiographic and cardiomyocyte contractile function [peak shortening (PS),

maximal velocity of shortening/ relengthening, time-to-PS, time-to-90% relengthening] were

examined in wild-type and Akt2 knockout mice following LPS challenge (4 mg/kg, 4 hrs).
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Results—LPS challenge enlarged LV end systolic diameter, reduced fractional shortening and

cardiomyocyte contractile capacity, prolonged TR90, apoptosis, upregulated caspase-3/-12,

ubiquitin, and the ubiquitination E3 ligase TRAF6 as well as decreased mitochondrial membrane

potential without affecting the levels of TNF-α, toll-like receptor 4 and the mitochondrial protein

ALDH2. Although Akt2 knockout failed to affect myocardial function, apoptosis, and

ubiquitination, it significantly attenuated or mitigated LPS-induced changes in cardiac contractile

and mitochondrial function, apoptosis and ubiquitination but not TRAF6. LPS facilitated

ubiquitination, phosphorylation of Akt, GSK3β and p38, the effect of which with the exception of

p38 was ablated by Akt2 knockout. TRAF6 inhibitory peptide or RNA silencing significantly

attenuated LPS-induced Akt2 ubiquitination, cardiac contractile anomalies and apoptosis.

Conclusions—These data collectively suggested that TRAF6 may play a pivotal role in

mediating LPS-induced cardiac injury via Akt2 ubiquitination.
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INTRODUCTION

The bacterial endotoxin lipopolysaccharide (LPS) is deemed the principal culprit factor

responsible for multi-organ failure including myocardial depression in sepsis [1–3]. The

LPS-induced innate immune response is believed to be mediated through toll-like receptor-4

(TLR-4). Recognition of LPS by TLR4 usually triggers the recruitment of adaptors

including MyD88, IL-1 receptor-associated kinases and TNF receptor-associated factor 6

(TRAF6) [4, 5], leading to the release of proinflammatory cytokines such as tumor necrosis

factor α (TNF-α), interleukin (IL)-1β and IL-6 [6]. These proinflammatory cytokines may

be responsible for LPS-induced multiple organ failure including heart failure [6, 7]. Up-to-

date, a number of scenarios have been postulated for LPS-induced cardiac sequelae

including decreased β-adrenergic sensitivity, elevated inducible nitric oxide synthase

(iNOS), generation of reactive oxygen species (ROS), oxidative stress and activation of

stress signaling including mitogen-activated protein kinase (MAPK), all of which prompt

apoptotic cell death and myocardial dysfunction [7–10]. ROS is known to compromise

mitochondrial integrity and cell survival through activation of essential stress signaling

molecules including c-Jun N-terminal kinase (JNK) and p38 MAPK [11, 12]. Along the

same line, recent eevidence from our lab suggested that LPS-induced myocardial depression

may be attenuated by antioxidants including metallothionein and insulin-like growth factor I

[13, 14]. Nonetheless, the precise mechanisms behind LPS-induced cardiac contractile

dysfunction still remain elusive.

It has been documented that Akt may play a rather important role in LPS-induced cardiac

responses [15, 16]. Akt serves as an essential cell survival signaling molecule with a pivotal

role in cardiomyocyte survival and contractile homeostasis [17, 18]. While a number of

studies have reported that beneficial outcome of Akt activation in the protection against

sepsis-induced cardiac anomalies [19, 20], others have indicated a unique permissive role

for PI3K/Akt in LPS-induced cardiac responses [21, 22]. Akt comprises three closely related

isoforms namely Akt1, Akt2 and Akt3. Although these Akt proteins share high structural
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and functional homology, genetic studies have suggested over-lapping although differential

roles for these Akt isoforms in both physiological and pathophysiological settings [17].

Finding from our own laboratory has reported that Akt2 knockout is capable of protecting

against high fat intake and NOS inhibition-induced cardiac contractile dysfunction [23, 24].

Nonetheless, the role of Akt isoform in LPS-induced cardiac anomalies remains unknown.

To this end, this study was designed to examine the effect of Akt2 knockout on LPS-induced

cardiac contractile dysfunction. Echocardiographic, cardiomyocyte contractile properties,

and protein markers for apoptosis, inflammation (TNF-α and TLR4), mitochondrial integrity

mitochondrial aldehyde dehydrogenase (ALDH2), ubiquitination (ubiquitin and the E3

ligase TRAF6), cell survival signaling Akt and GSK3β as well as the stress signaling

molecules ERK, p38 and IКB were evaluated in adult wild-type and Akt2 knockout mice

challenged with or without LPS. Recruitment of TRAF6 to the plasma membrane is

necessary for TLR2- and TLR4-induced transactivation of NFĸB and regulation of the

subsequent pro-inflammatory response [25–27]. Deubiquitination of TRAF6 may be related

to suppressed interleukin-6 production and inflammatory autoimmune diseases [27]. This E3

ligase is found to be essential to Akt ubiquitination [28]. TRAF6 synthesis has been shown

to be induced at both mRNA and protein levels by LPS challenge [29]. Therefore, special

attention was engaged towards the role for TRAF6 in LPS and Akt2 knockout-induced

responses.

METHODS AND MATERIALS

Murine model of Akt2 knockout and LPS treatment

All animal procedures described here were in accordance with the Guide for the Care and

Use of Laboratory Animals published by the US National Institutes of Health (NIH

Publication No. 85-23, revised 1996) and were approved by the University of Wyoming

Animal Care and Use Committee. The Akt2 knockout mice were obtained from Dr. Morris

Birnbaum at the University of Pennsylvania (Philadelphia, PA) and were characterized

previously [30]. In brief, Akt2 knockout and wild-type (WT) mice were housed in a

pathogen-free environment. Mice were maintained with a 12/12-light/dark cycle with free

access to regular rodent chow and tap water. On the day of experimentation, 4–5 month-old

male WT and Akt2 knockout mice were injected intraperitoneally with 4 mg/kg Escherichia

Coli O55:B5 LPS dissolved in sterile saline or an equivalent volume of pathogenfree saline

(vehicle groups). The dosage and duration (4 hrs) of LPS challenge was chosen based on

earlier reports on the presence of myocardial dysfunction without significant mortality

during the treatment period [13, 14, 31]. Four hours following LPS challenge, systolic and

diastolic blood pressures were examined using a KODA semi-automated, amplified tail cuff

device (Kent Scientific Corporation, Torrington, CT) (9, 9, 8 and 8 mice used for WT, WT-

LPS, AKO and AKO-LPS groups, respectively).

Echocardiographic assessment

Four hrs after LPS challenge, cardiac geometry and function were evaluated in anesthetized

(ketamine 80 mg/kg and xylazine 12 mg/kg, i.p.) mice using a 2-dimensional (2-D) guided

M-mode echocardiography (Phillips Sonos 5500) equipped with a 15–6 MHz linear

transducer (Phillips Medical Systems, Andover, MD). Adequate depth of anesthesia was
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monitored using toe reflex. The heart was imaged in the 2-D mode in the parasternal long-

axis view with a depth setting of 2 cm. The M-mode cursor was positioned perpendicular to

interventricular septum and posterior wall of left ventricle (LV) at the level of papillary

muscles from the 2-D mode. The sweep speed was 100 mm/s for the M-mode. Diastolic wall

thickness, end diastolic dimension (EDD) and end systolic dimension (ESD) were measured.

All measurements were done from leading edge to leading edge in accordance with the

Guidelines of the American Society of Echocardiography [32]. The percentage of LV

fractional shortening was calculated as [(EDD-ESD)/EDD] × 100. Heart rates were averaged

from 10 cardiac cycles [33]. A total of 9, 9, 8 and 8 mice were used for WT, WT-LPS, AKO

and AKO-LPS groups, respectively.

Isolation of cardiomyocytes

After ketamine/xylazine sedation, hearts were rapidly removed and mounted onto a

temperature-controlled (37°C) Langendorff system. After perfusing with a modified Tyrode

solution (Ca2+ free) for 2 min, the heart was digested for 20 min with 0.9 mg/ml Liberase

Blendzyme 4 (Hoffmann-La Roche Inc., Indianapolis, IN) in a modified Tyrode solution.

The modified Tyrode solution (pH 7.4) contained the following (in mM): NaCl 135, KCl

4.0, MgCl2 1.0, HEPES 10, NaH2PO4 0.33, glucose 10, butanedione monoxime 10, and the

solution was gassed with 5% CO2-95% O2. The digested heart was then removed from the

cannula and left ventricle was cut into small pieces in the modified Tyrode’s solution. Tissue

pieces were gently agitated and pellet of cells was resuspended. Extracellular Ca2+ was

added incrementally back to 1.20 mM over a period of 30 min. Isolated cardiomyocytes

were used for study within 8 hrs of isolation. Only rod-shaped cardiomyocytes with clear

edges were selected for study [33].

Cell shortening/relengthening

Mechanical properties of cardiomyocytes were assessed using an IonOptix™ soft-edge

system (IonOptix, Milton, MA). Cardiomyocytes were placed in a chamber mounted on the

stage of an Olympus IX-70 microscope and superfused ~2 ml/min at 25°C) with a KHB

buffer containing 1 mM CaCl2. Myocytes were field stimulated at 0.5 Hz. Cell shortening

and relengthening were assessed including peak shortening (PS), time-to-PS (TPS), time-

to-90% relengthening (TR90) and maximal velocities of shortening/relengthening (± dL/dt)

[33]. To assess the role of TRAF6 in cardiomyocyte contractile function in response to LPS,

cardiomyocytes were treated with LPS (1 µg/ml) for 4 hrs [34] in the absence or presence of

the TRAF6 peptide inhibitor (DRQIKIWFQNRRMKWKK RKI PTE DEY, TRAF6 binding

sequence underlined, IMG-2002, IMGEENEX, San Diego, CA) and control peptide

(DRQIKIWFQNRRMKWKK, IMG-2002, IMGEENEX) (both at 300 µM) prior to

mechanical assessment. A total of 35–37 cells were used from each mouse with a total of 4

mice being used per group.

Intracellular Ca2+ transient

Cardiomyocytes were loaded with fura-2/AM (0.5 µM) for 10min and fluorescence

measurements were recorded with dual-excitation fluorescence photo multiplier system

(Ionoptix). Cardiomyocytes were placed on an Olympus IX-70 inverted microscope and

imaged through a Fluor 40× oil objective. Cells were exposed to light emitted by a 75-W
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lamp and passed through either 360 nm or a 380 nm filter, while being stimulated to contract

at 0.5Hz. Fluorescence emissions were detected between 480 nm and 520 nm by a photo

multiplier tube after first illuminating the cells at a 360nm 0.5s, then at 380 nm for the

duration of the recording protocol (333Hz sampling rate). The 360 nm excitation scan can be

repeated at the end of the protocol and qualitative changes in intracellular Ca2+

concentration were inferred from the ratio of fura-2 fluorescence intensity at two

wavelengths (360/380). Fluorescence decay time was assessed as an indication of

intracellular Ca2+ clearing. Single and bi-exponential curve fit was applied to calculate the

intracellular decay Ca2+ constant [33]. A total of 20 cells were used from each mouse with a

total of 4 mice being used per group.

TUNEL assay

TUNEL staining of myonuclei positive for DNA strand breaks were determined using a

fluorescence detection kit (Roche, Indianapolis, IN) and fluorescence microscopy. Briefly,

paraffin-embedded sections (5 µm) were deparaffinized and rehydrated. The sections were

then incubated with Proteinase K solution at room temperature for 30 min. TUNEL reaction

mixture containing terminal deoxynucleotidyl transferase (TdT), fluorescein-dUTP was

added to the sections in 50-µl drops and incubated for 60 min at 37°C in a humidified

chamber in the dark. The sections were rinsed three times in PBS for 5 min each. Following

embedding, sections were visualized with an Olympus BX-51 microscope equipped with an

Olympus MaguaFire SP digital camera. DNase I and label solution were used as positive

and negative controls. To determine the percentage of apoptotic cells, micrographs of

TUNEL-positive and DAPI-stained nuclei were captured using an Olympus fluorescence

microscope and counted using the ImageJ software (ImageJ version 1.43r; NIH) from 8–9

random fields at 400× magnification At least two hundred cells were counted in each field

[35].

Measurement of mitochondrial membrane potential

Freshly isolated murine cardiomyocytes were suspended in HEPES-saline buffer and

mitochondrial membrane potential (ΔΨm) was detected as described [36]. Briefly, after

incubation with JC-1 (5 µM) for 10 min at 37°C, cells were rinsed twice by sedimentation

using the HEPES saline buffer free of JC-1 before being examined under a confocal laser

scanning microscope (Leica TCS SP2) at excitation wavelength of 490 nm. The emission of

fluorescence was recorded at 530 nm (monomer form of JC-1, green) and at 590 nm

(aggregate form of JC-1, red). Results in fluorescence intensity were expressed as 590-

to-530-nm emission ratio.

RNA interference

Small interfering RNA (siRNA) against TRAF6 (On-TARGET plus SMART pool siRNA)

or a non-targeting sequence was purchased from Dharmacon. The H9C2 cell cultures were

transfected with siRNA (20 nM) in DMEM medium using the transfection reagent

(DharmaFECT 1) following manufacturer’s directions. Ninety-six hrs later, cells were

challenged with LPS (1 µg/ml for 4 hrs).
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Caspase-3 assay

Caspase-3 activity was measured as described [32]. Briefly, 1 ml PBS was added to a flask

containing H9C2 myoblast homogenates prior to centrifugation at 10,000 g at 4°C for 10

min. The supernatant was discarded and homogenates were lysed in 100 µl of ice-cold cell

lysis buffer [50 mM HEPES, pH 7.4, 0.1% CHAPS, 1 mM dithiothreitol (DTT), 0.1 mM

EDTA, 0.1% NP40]. The assay was carried out in a 96-well plate with each well containing

30 µl of cell lysate, 70 µl of assay buffer (50 mM HEPES, 0.1% CHAPS, 100 mM NaCl, 10

mM DTT and 1 mM EDTA) and 20 µl of caspase-3 colorimetric substrate Ac-DEVDpNA

(Sigma). The 96-well plate was incubated at 37°C for 1 hr, during which time the caspase in

the sample was allowed to cleave the chromophore p-NA from the substrate molecule.

Absorbency was detected at 405 nm with caspase-3 activity being proportional to color

reaction. Protein content was determined using the Bradford method. The caspase-3 activity

was expressed as picomoles of pNA released per µg of protein per min.

Western blot analysis

Myocardial protein was prepared as previously described [32]. Samples containing equal

amount of proteins were separated on 10% SDS-polyacrylamide gels in a minigel apparatus

(Mini-PROTEAN II, Bio-Rad, Hercules, CA)and transferred to nitrocellulose membranes.

Membranes were blocked with 5% milk in TBS-T, and were incubated overnight at 4°C

with anti-cleaved Caspase-3 (1:1,000, #9664, Cell Signaling Technology, Danvers, MA),

anti-Caspase-12 (1:1,000, #2202 Cell Signaling), anti-TNF-α (1:1,000, #3707, Cell

Signaling), anti-TLR4 (1:1,000, #2219, Cell Signaling), anti-ALDH2 (1:1,000, kindly

provided by the late Dr. Henry Weiner, Purdue University, West Lafayette, IN), anti-TRAF6

(1:1000, #ab33915, Abcam, Cambridge, MA), anti-Ubiquitin (1:1,000, #ab7780, Abcam,

Cambridge, MA), anti-Akt (1:1,000, #9272, Cell Signaling), anti-Akt1 (1:1,000, #2967, Cell

Signaling), anti-Akt2 (1:1,000, #2962, Cell Signaling), anti-Akt3 (1:1,000, #3788, Cell

Signaling), anti-phosphorylated Akt (pAkt, Ser473, 1:1,000, #4058, Cell Signaling), anti-

GSK3β (1:1,000, #9315, Cell Signaling), anti-phosphorylated GSK3β (pGSK3β, Ser9,

1:1,000, #9323, Cell Signaling), anti-ERK (1:1,000, #9102, Cell Signaling), anti-

phosphorylated ERK (pERK, Thr202/Tyr204, 1:1,000, #4377, Cell Signaling), anti-p38

(1:1,000, #9212, Cell Signaling), anti-phosphorylated (pp38, Thr180/Tyr182, 1:1,000,

#9211, Cell Signaling), anti-IКB (1:1,000, #9242, Cell Signaling), anti-phosphorylated IКB

(pIКB, Ser32, 1:1,000, #2859, Cell Signaling) and anti-GAPDH (1:1,000, loading control,

#2118, Cell Signaling) antibodies. After immunoblotting, the film was scanned and the

intensity of immunoblot bands was detected with a Bio-Rad Calibrated Densitometer.

Co-Immunoprecipitation (Co-IP)

Co-IP assay was performed with an anti-Akt antibody (Cell Signaling Technology, Danvers,

MA) using a Pierce Co-Immunoprecipitation Kit (Thermo Scientific, Rockford, IL)

according to the manufacturer’s instruction. In brief, the Akt antibody (1: 100) was

incubated with the AminoLink Plus coupling resin for 120 min at room temperature. After

rinsing with coupling buffer, the resin was incubated with the cell lysate overnight at 4°C.

Then, the resin was washed again with the IP washing buffer. Target protein complex was

collected with elution buffer. A negative control that was provided with the IP kit was

Zhang et al. Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



employed as the negative control. Collected samples were analyzed using Western blot to

detect the levels of Akt1, Akt2 and ubiquitin [37]. Next, reverse Co-IP was performed

following the same procedure to pull down ubiquitinated proteins. In the samples pulled

down with ubiquitin antibody, expression of Akt1 and Akt2 was examined using Western

blot analysis.

Statistical analysis

Mean ± SEM. Statistical significance (p < 0.05) for each variable was estimated by one-way

analysis of variance (ANOVA) followed by Tukey’s post hoc test where appropriate.

RESULTS

General features and echocardiographic properties of WT and Akt2 knockout mice with or
without LPS challenge

LPS challenge did not overtly affect body, heart, liver and kidney weights in WT or Akt2

knockout mice. Akt2 knockout did not affect body or organ weights. Systolic and diastolic

blood pressure, heart rate, LV wall thickness, LV EDD and LV mass were comparable

among all groups. LPS challenge significantly increased LV ESD and reduced fractional

shortening in WT mice, the effect of which was ablated by Akt2 knockout. Akt2 knockout

itself did not affect any of the echocardiographic indices tested (Table 1).

Effect of Akt2 knockout on LPS-induced cardiomyocyte contractile and intracellular Ca2+

responses

Neither LPS challenge nor Akt2 knockout affected the overall appearance of murine

cardiomyocytes (supplemental Fig. S1). Assessment of cardiomyocyte contractile function

revealed little difference in resting cell length between WT and Akt2 knockout mice in the

absence of LPS treatment. As expected, LPS challenge significantly reduced PS, ± dL/dt,

prolonged TR90 without affecting TPS. Akt2 knockout itself did not affect cardiomyocyte

mechanical indices although it overtly attenuated or abrogated LPS-induced cardiomyocyte

mechanical defects (Fig. 1). To better understand the mechanism(s) behind Akt knockout-

offered beneficial effect, fura-2 fluorescence was monitored to evaluate intracellular Ca2+

handling. Cardiomyocytes from LPS-challenged WT mice displayed reduced intracellular

Ca2+ release in response to electrical stimuli (ΔFFI) and prolonged intracellular Ca2+ decay

(single but not bi-exponential curve fitting) along with unchanged resting intracellular Ca2+

(resting FFI), the effect of which was reconciled by Akt knockout. Akt knockout itself did

not alter intracellular Ca2+ homeostasis (Fig. 2).

Effect of Akt2 knockout on LPS-induced changes in apoptosis, inflammation,
mitochondrial membrane potential, mitochondrial integrity and ubiquitination

To examine the mechanism(s) of action behind Akt2 knockout-elicited protective effect

against LPS-induced myocardial dysfunction, TUNEL staining, protein markers for

apoptosis, inflammation, mitochondrial integrity and ubiquitination were examined. Our

data depicted that LPS challenge promoted myocardial apoptosis (as shown by percent

TUNEL positive cells) and loss of cardiomyocyte mitochondrial membrane potential.

Although Akt2 knockout itself did not affect cardiac apoptosis and mitochondrial membrane
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potential, it mitigated LPS-induced changes in apoptosis and mitochondrial membrane

integrity (Fig. 3). Consistently, our data revealed that LPS upregulated pro-apoptotic

markers caspase-3/-12, the ubiquitination protein ubiquitin and the ubiquitination E3 ligase

TRAF6. Although Akt2 knockout did not affect myocardial apoptosis, inflammation,

mitochondrial integrity and ubiquitination, it ablated LPS-induced changes in caspase-3/-12

and ubiquitin without affecting LPS-induced increase in TRAF6. Neither Akt2 knockout nor

LPS challenge, or both, affected the levels of proinflammatory proteins TNF-α and TLR4 as

well as the mitochondrial protein ALDH2 (Fig. 4).

Role of Akt2 knockout on LPS-induced changes in Akt, GSK3β and stress signaling
activation

To examine the possible role of signaling mechanisms for cell survival and stress in Akt2

knockout- and LPS-induced myocardial responses, activation of the cell survival signal Akt

and its downstream signal GSK3β as well as the stress signaling molecules ERK, p38 and

IКB were examined in WT and Akt2 knockout mice treated with or without LPS. Our data

shown in Fig. 5 and Fig. 6 depicted that LPS treatment significantly enhanced

phosphorylation of Akt, GSK3β and p38 without affecting that of ERK and IКB. Akt2

knockout significantly decreased the pan and phosphorylated Akt. Although Akt2 knockout

itself failed to affect the pan and phosphorylated protein expression of GSK3β, ERK, p38

and IКB, it nullified LPS-induced activation of Akt and GSK3β without affecting that of the

stress signaling cascades (ERK, p38 and IКB). LPS challenge did not overtly affect pan

protein expression of Akt, GSK3β, ERK, p38 and IКB. Our result further revealed complete

deletion of Akt2 isoform by Akt2 knockout, validating the murine model. LPS did not alter

the protein expression of Akt2 isoform. Neither LPS challenge nor Akt2 knockout overtly

affected the levels of Akt1 and Akt3 isoforms (supplemental Fig. S2).

Effect of inhibition of TRAF6 on LPS-induced changes in cardiomyocyte mechanics

To further examine the role of TRAF6 in LPS-induced cardiomyocyte contractile defects,

freshly isolated cardiomyocytes from WT and Akt2 knockout mice were challenge with LPS

(1 µg/ml) for 4 hrs in the absence or presence of the TRAF6 peptide inhibitor or control

peptide (300 µM). In line with the in vivo findings, LPS significantly decreased PS and ±

dL/dt as well as prolonged TR90 without affecting resting cell length and TPS, the effects of

which were abolished by TRAF6 peptide inhibitor and Akt2 knockout without any additive

effect between the two. The control peptide failed to affect LPS-induced cardiomyocyte

mechanical defects. Neither TRAF6 peptide inhibitor nor control peptide affected

cardiomyocyte contractile properties themselves (Fig. 7). These data provided evidence for a

role of the E3 ligase TRAF6 and Akt2 in LPS-induced cardiac contractile anomalies.

Effect of siRNA silence of TRAF6 on LPS-induced changes in apoptosis and Akt

To further consolidate a role of TRAF6 in LPS-induced cell survival and regulation of Akt

activation, H9C2 myoblasts were transfected with siRNA to silence TRAF6 prior to

challenge with LPS (1 µg/ml) for 4 hrs. Our data shown in Fig. 8 revealed that knockdown

of TRAF6 ablated LPS-induced apoptosis (at 2-, 4- and 8-hrs of exposure) and Akt
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phosphorylation without eliciting any over effect by TRAF6 silencing itself. These data

support a role of TRAF6 in LPS-induced cell death and Akt activation.

TRAF6 and Akt2 mediate LPS-induced Akt ubiquitination

Given the role of TRAF6 in the regulation of Akt ubiquitination [28], we examined the role

of TRAF6 in LPS-induced Akt ubiquitination, if any, using the co-immunoprecipitation

technique. Cardiomyocytes from WT and Akt2 knockout mice were challenge with LPS (1

µg/ml) for 4 hrs in the absence or presence of the TRAF6 peptide inhibitor or control peptide

(300 µM) prior to immunoblotting analysis. Following direct immunoprecipitation (IP) for

pan Akt, levels of Akt1 were found to be similar in WT or Akt2 knockout groups with or

without LPS or TRAF inhibitor treatment (Fig. 9A, B). Furthermore, our co-IP results

revealed that LPS dramatically increased Akt ubiquitination, the effect of which was ablated

by TRAF6 inhibitor and Akt2 knockout (Fig. 9A, C). Moreover, basal level of Akt

ubiquitination was dramatically decreased in response to Akt2 depletion. To further confirm

these co-IP findings, a reverse co-IP was performed to pull down the ubiquitinated proteins

prior to probing for Akt isoforms. LPS challenge was found to dramatically increase the

level of ubiquitinated Akt2, the effect of which was ablated by TRAF6 peptide inhibitor.

Interestingly, little Akt1 was pulled down with ubiquitinated proteins in the reverse co-IP

experiment (Fig. 9D, E). These data suggested that LPS challenge significantly promoted

Akt2 (but not Akt1) ubiquitination through regulation of TRAF6.

DISCUSSION

The salient findings from our study depicted that Akt2 knockout rescued LPS-induced

cardiac contractile dysfunction, intracellular Ca2+ mishandling, mitochondrial injury and

apoptosis. The beneficial effects of Akt2 knockout against LPS-induced myocardial

anomalies appear to be mediated through inhibition of the E3 ligase TRAF6-mediated Akt2

(but not Akt1) ubiquitination. Furthermore, Akt2 knockout alleviated LPS-induced

phosphorylation of Akt and GSK3β but not p38 phosphorylation. Our in vitro study

consolidated the causative relationship of TRAF6 and LPS-elicited cardiac anomalies. Our

results did not favor a predominant role for pro-inflammatory signaling and mitochondrial

protein (ALDH2) in the Akt2 knockout-elicited cardioprotection against LPS. These

findings implicate beneficial role of Akt2 knockout against LPS-induced myocardial

anomalies possibly through a TRAF-6-dependent Akt2 ubiquitination. Given that Akt2

knockout itself did not alter cardiac contractile function and cell survival in the absence of

endotoxin exposure, its beneficial role against LPS-induced cardiac dysfunction and

apoptosis suggests the potential of Akt2 as a therapeutic target in the clinical management of

cardiovascular complication in sepsis.

Sepsis is a serious clinical problem with rather high mortality [38]. Compromised cardiac

contractile function is common in sepsis [13, 14, 31, 39]. LPS, the major component of

bacterial outer membrane, plays an important role in the pathogenesis of cardiac anomalies

in sepsis [8]. Data from our study revealed reduced fractional shortening, PS and ± dL/dt,

prolongation of TR90 following LPS challenge, in line with earlier reports [32, 33, 40]. The

echocardiographic observation of a decreased fractional shortening in LPS-treated mice is
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likely attributed to enlarged LVESD along with unchanged LVEDD, symbolizing

compromised systolic function. The fact that Akt2 knockout alleviated LPS-induced cardiac

contractile and intracellular Ca2+ derangement, apoptosis, mitochondrial injury and

activation of Akt and GSK3β favors a role of lessened phosphorylation of Akt and its

downstream signal GSK3β in Akt2 knockout-elicited cardiac injury. The observation that

Akt2 knockout failed to alter cardiac mechanical function and cell survival possibly suggests

that Akt2 knockout itself may not be innately harmful to the heart. We did not note any

major changes in the levels of Akt1 and Akt3 in LPS- or Akt2 depleted mice, not favoring

compensatory regulation from other Akt isoforms (Akt1 and Akt3). Possible involvement of

Akt1 in LPS-induced anomalies was also denied by the co-IP (reverse co-IP) experiments

where Akt1 isoform was unlikely to be ubiquitinated (only a rather faint band was noted for

Akt3 in the heart as shown in Fig. S2). Oxidative stress and stress signaling activation have

been demonstrated in sepsis-induced organ dysfunction in particular myocardial anomalies

[7, 40, 41]. In our hands, LPS-induced elevation of p38 MAPK phosphorylation was

unaffected by Akt2 knockout, not favoring a role of stress signaling regulation in Akt2

knockout-elicited cardioprotection against LPS exposure.

Although our study favors a beneficial role of Akt2 knockout in LPS-induced cardiac

contractile dysfunction, intracellular Ca2+ defect and apoptosis, convincing clinical evidence

regarding a role of Akt in heart failure in sepsis is still lacking. Our data revealed that Akt2

knockout protected against LPS-induced cardiac apoptosis and loss of mitochondrial

membrane potential, in line with the notion that mitochondrial injury contributes to cardiac

dysfunction in sepsis [42]. Nonetheless, data from our study did not favor a major role of

mitochondrial chaperone protein ALDH2 in the Akt2 knockout-elicited beneficial effect

against cardiac contractile anomalies and apoptosis in sepsis.

TRAF6 has been identified as a ligase for Akt ubiquitination and membrane recruitment and

its phosphorylation on growth factor stimulation [28]. Findings from our study revealed that

TRAF6 peptide inhibitor or siRNA knockdown (but not non-target RNA) alleviated or

ablated LPS-induced contractile anomalies, apoptosis and Akt activation, indicating a role of

TRAF6 in LPS-induced cell injury. Inhibition of TRAF6 using RNA silence or decoy

peptides decreases tumor cell proliferation and promotes apoptosis [26, 27, 43] although

insufficient information is available with regards to the role of TRAF6 in heart failure.

Ubiquitination, an essential component of the ubiquitin-proteasome system (UPS), is a cell

degradation machinery through which mammalian cells degrade and recycle

macromolecules and organelles [44]. Enhanced myocardial ubiquitination has been reported

in various cardiovascular diseases including sepsis [29, 44]. Inhibition of Akt ubiquitination

has been reported to suppress Akt phosphorylation [28], indicating that TRAF6 may

promote Akt phosphorylation by way of Akt2 ubiquitination. Data from our study suggest

enhanced Akt2 but not Akt1 ubiquitination in association with cardiac contractile and

intracellular Ca2+ abnormalities and apoptosis in response to LPS challenge (depicted in the

scheme from Fig. 10), consistent with the notion that ubiquitination may be upregulated

under cell stress [45]. Our results strongly favor a role of ubiquitination and subsequent Akt

phosphorylation in Akt2 knockout-elicited cardioprotection. Further scrutiny is warranted to

better understand the sequential cellular event of ubiquitination-phosphorylation as well as

protein quality control in myocardial dysfunction under sepsis.
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In conclusion, findings from our current study revealed that Akt2 may be the crucial Akt

isoform mediating LPS-induced cardiac sequelae under sepsis. Akt2 knockout is capable of

rescuing LPS-induced cardiac contractile defect, intracellular Ca2+ mishandling, apoptosis

and mitochondrial injury possibly through interruption of TRAF6-mediated Akt2

ubiquitination and activation. These findings have shed some lights towards the

understanding for a pivotal role of ubiquitination in endotoxemia-induced myocardial injury.

Furthermore, our study has revealed the clinical value of Akt2 and TRAF6 (as well as

ubiquitination) as potential therapeutic targets in the management of heart failure in sepsis.

Given that TRAF6 may also be ubiquitinated to govern TLR4-triggered autophagic cell

injury [46], further study should focus on the interplay between protein quality control (e.g.,

autophagy and ubiquitination) and myocardial contractile function in the face of sepsis.
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Highlights

• Lipopolysaccharide induces cardiac anomalies, elevated TRAF6 and Akt2

ubiquitination;

• Akt2 knockout alleviates LPS-induced changes in cardiac function and

apoptosis;

• Akt2 knockout-induced protection is mediated via suppression of TRAF6-

mediated Akt2 ubiquitination;
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Fig. 1.
Cardiomyocyte contractile properties in WT and Akt2 knockout (AKO) mice treated with

LPS (4 mg/kg, i.p.) or saline for 4 hrs. A: Resting cell length; B: Peak shortening

(normalized to cell length); C: Maximal velocity of shortening (+ dL/dt); D: Maximal

velocity of relengthening (−dL/dt); E: Time-to-peak shortening (TPS); and F: Time-to-90%

relengthening (TR90). Mean ± SEM, n = 4 mice (35–37 cells per mouse) per group; * p <

0.05 vs. WT group, # p < 0.05 vs. WT-LPS group.
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Fig. 2.
Cardiomyocyte intracellular Ca2+ properties in WT and Akt2 knockout (AKO) mice treated

with LPS (4 mg/kg, i.p.) or saline for 4 hrs. A: Resting Fura-2 fluorescence intensity (FFI);

B: Electrically-stimulated rise in FFI (ΔFFI); C: Intracellular Ca2+ decay rate (single

exponential); D: Intracellular Ca2+ decay rate (bi-exponential). Mean ± SEM, n = 4 mice (20

cells per mouse) per group; * p < 0.05 vs. WT group, # p < 0.05 vs. WT-LPS group.
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Fig. 3.
Assessment of myocardial apoptosis and cardiomyocyte mitochondrial membrane potential

(MMP) using TUNEL staining and JC-1 fluorescence, respectively, from WT and Akt2

knockout mice treated with LPS (4 mg/kg, i.p.) or saline for 4 hrs. A: TUNEL staining. All

nuclei were stained with DAPI (blue) and the TUNEL-positive nuclei were visualized with

fluorescein (green). Original magnification = 400×, scale bar = 100 µm; B: MMP

itochondrial membrane potential. Representative images of monomeric JC-1 staining of

cardiomyocytes (top row), aggregate JC-1 staining (middle row); and merged images
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(bottom row), scale bar= 50 µm; C: Quantitative analysis of TUNEL positive cells from 7–8

fields from 3 mice per group; and D: Quantitative analysis of red/green fluorescence ratio (5

mice per group). Mean ± SEM, * p < 0.05 vs. WT group, # p < 0.05 vs. WT-LPS group.
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Fig. 4.
Western blot analysis of protein markers for apoptosis, inflammation, mitochondrial

integrity and ubiquitination in myocardium from WT and Akt2 knockout (AKO) mice

treated with LPS (4 mg/kg, i.p.) or saline for 4 hrs. A: Representative gel blots (2 mice per

group were shown) depicting expression of Caspase-3, −12, TNF-α, TLR4, the

mitochondrial protein ALDH2, the ubiquitin E3 ligase TRAF6 and ubiquitin (GAPDH was

used as loading control) using specific antibodies; B: Cleaved caspase-3; C: Caspase-12; D:

TNF-α; E: TLR4; F: ALDH2; G: TRAF6 and H: Ubiquitin; Mean ± SEM, n = 4 mice for
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WT group and 6 mice per group for all other groups, * p < 0.05 vs. WT group, # p < 0.05 vs.

WT-LPS group.
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Fig. 5.
Western blot analysis of pan and phosphorylated Akt and GSK3β in myocardium from WT

and Akt2 knockout (AKO) mice treated with LPS (4 mg/kg, i.p.) or saline for 4 hrs. A: Pan

Akt; B: Pan GSK3β; C: Phosphorylated Akt (pAkt); D: Phosphorylated GSK3β (pGSK3β);

E: pAkt-to-Akt ratio; and F: pGSK3β-to-GSK3β ratio; Insets: Representative gel blots (2

mice per group) depicting expression of pan or phosphorylated Akt and GSK3β (GAPDH

used as loading control) using specific antibodies; Mean ± SEM, n = 5 mice for WT group
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and 6 mice per group for all other groups, * p < 0.05 vs. WT group, # p < 0.05 vs. WT-LPS

group.
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Fig. 6.
Western blot analysis of pan and phosphorylated ERK, p38 and IКB in myocardium from

WT and Akt2 knockout (AKO) mice treated with LPS (4 mg/kg, i.p.) or saline for 4 hrs. A:

Pan ERK; B: Pan p38; C: pan IКB; D: Phosphorylated ERK (pERK); E: Phosphorylated p38

(pp38); F: Phosphorylated IКB; G: pERK-to-ERK ratio; H: pp38-to-p38 ratio; and I: pIКB-

to-IКB ratio; Insets: Representative gel blots (2 mice per group) depicting expression of pan

and phosphorylated ERK, p38 and IКB (GAPDH used as loading control) using specific

antibodies; Mean ± SEM, n = 3 per group for WT group and 4 mice per group for all other

groups, * p < 0.05 vs. WT group, # p < 0.05 vs. WT-LPS group.
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Fig. 7.
Effect of the TRAF6 inhibitory peptide and control peptide on lipopolysaccharide (LPS)-

induced cardiomyocyte contractile defects. Freshly isolated cardiomyocytes from WT or

akt2 knockout (AKO) mice were incubated with LPS (1 µg/ml) in the presence or absence of

TRAF6 inhibitory peptide (300 µM) or control peptide (300 µM) for 4 hrs. A: Resting cell

length; B: Peak shortening (normalized to resting cell length); C: Maximal velocity of

shortening (+ dL/dt); D: Maximal velocity of relengthening (− dL/dt); E: Time-to-peak
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shortening (TPS) and F: Time-to-90% relengthening (TR90). Mean ± SEM, n = 62 cells per

group, * p < 0.05 vs. WT group, # p < 0.05 vs. WT-LPS group.
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Fig. 8.
Effect of TRAF6 silencing (for 96 hrs) on lipopolysaccharide (LPS, 100 µM)-induced

apoptosis and Akt phosphorylation in H9C2 myoblasts. Non-target RNAi (ntRNAi) was

used as negative control. A: Apoptosis measured using caspase-3 activity at 2- 4- and 8-hrs

after LPS challenge; and B: pAkt-to-Akt following TRAF6 siRNA or ntRNAi and 4 hrs of

LPS treatment. Insets: Representative gel blots depicting expression of TRAF6, pan and

phosphorylated Akt (GAPDH was used as loading control) using specific antibodies; Mean

± SEM, n = 4 independent cultures, * p < 0.05 vs. control group, # p < 0.05 vs. LPS group.
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Fig. 9.
Role of TRAF6 and Akt2 in LPS-induced Akt ubiquitination. Cardiomyocytes from WT and

Akt2 knockout mice were challenge with LPS (1 µg/ml) for 4 hrs in the absence or presence

of the TRAF6 peptide inhibitor or control peptide (300 µM) prior to immunoblotting

analysis. A: Cardiomyocyte samples from WT and Akt2−/− mice were immunoprecipitated

with the anti-pan Akt antibody. Akt1 and ubiquitin levels were detected using western

blotting. Pan Akt was used as the input and ubiquitin was pulled down with pan Akt and

detected by western blotting. Akt1 level was also examined in the protein extract pulled

down by pan Akt. AminoLink Plus coupling resin uncoupled with the pan Akt antibody was

Zhang et al. Page 27

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



employed as the negative control. B: Quantitative analysis of Akt1 levels in protein extracts

pulled down by pan Akt; C: Quantitative analysis of ubiquitinated protein (Ub) pulled down

with pan Akt; D: Cardiomyocyte samples from WT and Akt2−/− mice were

immunoprecipitated with the anti-ubiquitin antibody. Ubiquitin was employed as the input;

Akt2 and Akt1 protein levels were detected using western blotting. AminoLink Plus

coupling resin uncoupled with the ubiquitin antibody was used as the negative control; and

E: Quantitative analysis of Akt2 protein precipitated with ubiquitin. Mean ± SEM, n = 4–5

mice per group, * p < 0.05 vs. WT group, # p < 0.05 vs. WT-LPS group.
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Fig. 10.
Schematic diagram depicting the proposed signaling mechanism behind LPS- and Akt2

knockout-induced myocardial contractile responses. TLR4: toll-like receptor 4; TRAF6:

TNF receptor-associated factor 6.
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Table 1

Biometric and echocardiographic parameters of WT and Akt2 knockout (AKO) mice with or without LPS

challenge (4 mg/kg, i.p., for 4 hrs)

Parameter WT (9) WT-LPS (9) AKO (8) AKO-LPS (8)

Body Weight (g) 27.2 ± 0.9 26.1 ± 1.1 27.4 ± 1.0 28.2 ± 0.4

Heart Weight (mg) 158 ± 4 155 ± 5 165 ± 5 164 ± 4

Heart/Body Weight (mg/g) 5.85 ± 0.17 5.97 ± 0.11 6.06 ± 0.28 5.82 ± 0.18

Liver Weight (g) 1.36 ± 0.03 1.36 ± 0.05 1.37 ± 0.03 1.38 ± 0.03

Liver/Body Weight (mg/g) 50.4 ± 1.7 52.3 ± 2.1 50.5 ± 2.0 49.2 ± 1.4

Kidney Weight (mg) 361 ± 9 352 ± 7 358 ± 4 364 ± 7

Kidney/Body Weight (mg/g) 13.3 ± 0.2 13.6 ± 0.5 13.2 ± 0.5 12.9 ± 0.3

Diastolic BP (mmHg) 84.5 ± 2.9 79.8 ± 3.4 79.3 ± 3.1 82.5 ± 2.6

Systolic BP (mmHg) 112.2 ± 1.6 109.5 ± 3.1 110.3 ± 3.6 110.7 ± 3.7

Heart Rate (bpm) 478 ± 32 466 ± 33 466 ± 35 442 ± 18

Wall Thickness (mm) 1.00 ± 0.14 0.97 ± 0.11 0.99 ± 0.06 1.01 ± 0.05

LVEDD (mm) 2.15 ± 0.10 2.10 ± 0.21 2.25 ± 0.14 2.27 ± 0.11

LVESD (mm) 1.12 ± 0.07 1.44 ± 0.07* 1.19 ± 0.10 1.19 ± 0.05#

Calculated LV Mass (mg) 71.4 ± 7.4 63.0 ± 13.5 64.9 ± 7.3 64.7 ± 8.4

Fractional Shortening (%) 48.6 ± 1.8 32.4 ± 3.1* 44.3 ± 3.3 47.6 ± 2.5#

BP = blood pressure; LVEDD = left ventricular end diastolic diameter; LVESD = left ventricular end systolic diameter. Mean ± SEM, sample size
is given in parentheses,

*
p < 0.05 vs. WT group,

#
p < 0.05 vs. WT-LPS group.
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