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Abstract
Sepsis is characterized by systematic inflammation where oxidative damage plays a key role in organ
failure. This study was designed to examine the impact of the antioxidant metallothionein (MT) on
lipopolysaccharide (LPS)-induced cardiac contractile and intracellular Ca2+ dysfunction, oxidative
stress, endoplasmic reticulum (ER) stress and autophagy. Mechanical and intracellular Ca2+

properties were examined in hearts from FVB and cardiac-specific MT overexpression mice treated
with LPS. Oxidative stress, activation of mitogen-activated protein kinase pathways (ERK, JNK and
p38), ER stress, autophagy and inflammatory markers iNOS and TNFα were evaluated. Our data
revealed enlarged end systolic diameter, decreased fractional shortening, myocyte peak shortening
and maximal velocity of shortening/relengthening as well as prolonged duration of relengthening in
LPS-treated FVB mice associated with reduced intracellular Ca2+ release and decay. LPS treatment
promoted oxidative stress (reduced glutathione/glutathione disulfide ratio and ROS generation).
Western blot analysis revealed greater iNOS and TNFα, activation of ERK, JNK and p38,
upregulation of ER stress markers GRP78, Gadd153, PERK and IRE1α, as well as the autophagy
markers Beclin-1, LCB3 and Atg7 in LPS-treated mouse hearts without any change in total ERK,
JNK and p38. Interestingly, these LPS-induced changes in echocardiographic, cardiomyocyte
mechanical and intracellular Ca2+ properties, ROS, stress signaling and ER stress (but not autophagy,
iNOS and TNFα) were ablated by MT. Antioxidant N-acetylcysteine and the ER stress inhibitor
tauroursodeoxycholic acid reversed LPS-elicited depression in cardiomyocyte contractile function.
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LPS activated AMPK and its downstream signaling ACC in conjunction with an elevated AMP/ATP
ratio, which was unaffected by MT. Taken together, our data favor a beneficial effect of MT in the
management of cardiac dysfunction in sepsis.
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INTRODUCTION
Sepsis, a major medical problem often leading to multiple organ failure, is one of the main
causes of death in critical care medicine (1;2). Among all afflicted organs, heart failure is
perhaps the most devastating organ anomaly in septic shock, which contributes to reduced
systemic oxygen delivery en route to the ultimate multiple organ failure and death (3). Impaired
cardiac function is usually the most predominant clinical presentation in septic patients
manifested as biventricular dilatation, decreased ejection fraction and myocardial contractility,
as well as severe systemic vasodilation with decreased response to fluid resuscitation (4–6). It
is widely accepted that the pathogenesis of sepsis is triggered by toxic components of the
invading microorganisms including endotoxin from the Gram-negative bacteria
lipopolysaccharide (LPS), resulting in systemic disruption of normal inflammatory response
(7;8). Nonetheless, the jury is still out with regards to the precise mechanistic processes
involved in the progression to organ failure, which has largely hindered the rational therapeutic
approaches for sepsis (3).

Up-to-date, activation of multiple stress signaling cascades such as inducible nitric oxide
synthase (iNOS), oxidative stress and mitogen-activated protein kinase (MAPK) are believed
to play a pivotal role in the pathogenesis of septic cardiac dysfunction (3;9–11). This notion
has received convincing supports from the beneficial effects of antioxidants, free radical
scavengers and peroxisome proliferator-activated receptor (PPAR)-α agonists against sepsis
(12;13). Recent evidence also depicted a role of disrupted mitochondrial ATP production due
to mitochondrial oxidative damage, which may serve as a major cause of cell death and organ
failure in sepsis (14;15). Moreover, profound oxidative stress was reported in septic patients,
and is manifested by elevated lipid peroxides and circulating free radicals, reduced antioxidant
capacity, generation of redox-reactive iron, activation of xanthine oxidase and poor handling
of exogenous antioxidants (16–18) Furthermore, a deranged mitochondrial redox state has been
described in septic patients and experimental sepsis (14;19). Nonetheless, whether oxidative
damage is a central pathological mechanism in sepsis-induced organ failure is still controversial
since no conclusive evidence is available with regards to the beneficial effect of antioxidant in
critically ill patients (20). Recently, N-acetylcysteine and the mitochondria-targeted
antioxidant MitoQ were demonstrated to reconcile oxidative damage and mitochondrial
dysfunction in multiple organs including liver and kidney in experimental models of sepsis
(14;21;21). However, little information is available with regards to the impact of antioxidant
on cardiac dysfunction in sepsis. More recent evidence from our group indicated a beneficial
role of insulin-like growth factor I (IGF-1) in rescuing cardiac contractile dysfunction in sepsis
(22). Therefore, the present study was designed to examine the effect of metallothionein (MT),
a low molecular weight heavy metal chelating antioxidant, on LPS-induced septic cardiac
dysfunction and oxidative damage. Recent data have implicated the cardioprotective properties
of MT against diabetes mellitus-, obesity- and aging-induced cardiac damage (23;24).
Echocardiographic, cardiomyocyte contractile and intracellular Ca2+ properties, accumulation
of reactive oxygen species (ROS), oxidative stress, proinflammatory markers (iNOS and
TNFα) and MAPK stress signaling cascades [extracellular signal related kinase (ERK), c-jun
N-terminal kinase (JNK) and p38] were evaluated in adult wild-type FVB and transgenic mice
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with cardiac-specific overexpression of MT treated with or without LPS. Given that
endoplasmic reticulum (ER) stress and autophagy are closely associated with septic shock
(25;26), protein markers of ER stress [GRP78, Gadd153, protein kinase RNA (PKR)-like ER
kinase (PERK), eukaryotic initiation factor 2α (eIF2α) and inositol-requiring protein-1α
(IRE1α)] and autophagy [Beclin-1, microtubule-associated protein-1 light chain-3β (LC3B)
and Atg7] were also monitored in myocardium of MT transgenic and FVB mice with or without
LPS challenge. Levels of AMP and ATP as well as activation of the cellular fuel sensor AMP-
activated protein kinase (AMPK) were assessed since sepsis is known to interrupt
mitochondrial ATP production in response to mitochondrial oxidative damage (14;15). Last
but not the least, lysosomal membrane stability was evaluated in MT and FVB mice following
LPS treatment as MT may preserve cell survival and function through protection against
oxidative stress-induced lysosomal destabilization (27).

MATERIALS AND METHODS
Experimental animals and LPS treatment

All animal procedures were approved by the Animal Care and Use Committee at the University
of Wyoming (Laramie, WY, USA). In brief, adult male mice (5–6 months of age) with a 10-
fold transgenic overexpression of MT in the hearts driven by the cardiac-specific mouse α-
MHC promoter were used (28). Age- and sex-matched albino FVB mice were used as the wild-
type control. All animals were kept in our institutional animal facility with free access to
laboratory chow and tap water. On the day of experimentation, both FVB and MT transgenic
mice were injected intraperitoneally with 4 or 40 mg/kg Escherichia Coli O55:B5 LPS (unless
otherwise specified in LD50 determination) dissolved in sterile saline or an equivalent volume
of pathogen-free saline (for control groups). The dosages of LPS injection were chosen based
on earlier report of overt myocardial dysfunction without significant mortality (22;29). Four
hrs following LPS challenge, mice were sacrificed for experimentation.

Echocardiographic assessment
Cardiac geometry and function were evaluated in anesthetized (Avertin 2.5%, 10 µl/g body
weight, i.p.) mice using the 2-D guided M-mode echocardiography (Sonos 5500) equipped
with a 15-6 MHz linear transducer. Left ventricular (LV) anterior and posterior wall dimensions
during diastole and systole were recorded from three consecutive cycles in M-mode using
methods adopted by the American Society of Echocardiography. Fractional shortening was
calculated from LV end-diastolic (EDD) and end-systolic (ESD) diameters using the equation
(EDD-ESD)/EDD. Estimated echocardiographic LV mass was calculated as (LVEDD + septal
wall thickness + posterior wall thickness)3 − LVEDD3) × 1.055, where 1.055 (mg/mm3) is the
density of myocardium. Heart rates were averaged over 10 cardiac cycles (24).

Median lethal dose (LD50) of LPS
Adult male FVB and MT mice (5–6 months of age) were each randomly divided into 5 groups
(6 mice per group) and were given a single i.p. injection of LPS (8, 17, 25, 33 and 50 mg/kg
body weight). Mortality was monitored over a period of 72 hrs. LD50 was calculated using the
probit analysis method using a BioStat 2008 software (30).

Lysosomal membrane stability
Hearts were rinsed in ice-cold PBS to remove blood contaminants before a portion of the hearts
was homogenized in 0.25 ml/l sucrose solution at 4°C. A portion of the homogenate was
centrifuged at 600 ×g for 10 min at 4°C. The sediment, which contains nuclei, unbroken cells
and plasma membrane (nuclear fraction), was suspended in 0.1 M acetate buffer (pH 5.0)
prepared in 0.25 M sucrose solution. The supernatant was then centrifuged at 16.000 ×g for
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30 min at 4°C before sediment (lysosomal fraction) and supernatant (soluble fraction) were
collected separately. The lysosomal fraction was used to determine the characteristic lysosomal
enzyme β-glucuronidase activity, which was taken as an index of lysosomal membrane stability
(31). In brief, the assay mixture contained 0.5 ml of freshly prepared 4 mM p-nitrophenyl β-
D-glucuronide (final concentration 2 mM) in 0.1 M sodium acetate buffer (pH 5.0). Twenty-
five µl of subcellular fraction was made up to 1.0 ml with assay buffer and was incubated at
37°C for 1 hr. The reaction was stopped by adding 3 ml of 0.2 M glycine-NaOH buffer (pH
11.7). The enzyme was added to the controls after adding glycine buffer. The absorbance was
measured at 410 nm using a spectrophotometer (Model Spectra Max 190, Molecular Devices
Corp, Sunnyvale, CA, USA). The enzyme activity was expressed as µmol p-nitrophenol
liberated per hr per 100 mg protein for lysosomal fraction (32).

Isolation of murine cardiomyocytes and in vitro drug treatment
Cardiomyocytes were isolated as described previously (22). In brief, mice were anesthetized
using ketamine and xylazine (3:5, 1.32 mg/kg). Hearts were rapidly removed and perfused with
oxygenated (5% CO2/95% O2) Krebs-Henseleit bicarbonate (KHB) buffer containing (in mM)
118 NaCl, 4.7 KCl, 1.25 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3, 10 HEPES, and 11.1
glucose. Hearts were then perfused with a Ca2+-free KHB containing Liberase Blendzyme 4
(Hoffmann-La Roche Inc., Indianapolis, IN, USA) for 20 min. After perfusion, left ventricles
were removed and minced to disperse cardiomyocytes in Ca2+-free KHB buffer. Extracellular
Ca2+ was added incrementally back to 1.25 mmol/l. Myocyte yield was ~ 70% which was not
affected by either LPS or MT transgene. Only rod-shaped myocytes with clear edges were
selected for mechanical and intracellular Ca2+ transient studies. Cells were used within 6 hrs
of isolation. To directly assess the role of oxidative stress, ER stress and activation of stress
signaling in LPS-induced cardiomyocyte dysfunction, murine cardiomyocytes were incubated
with LPS (4 µg/ml) at 37°C for 2 hrs in the absence or presence of the antioxidant N-
acetylcysteine (NAC, 500 µM), the ER stress inhibitor tauroursodeoxycholic acid (TUDCA,
500 µM), the ERK inhibitor U0126 (1 µM), the JNK inhibitor SP600125 (1 µM), or the p38
MAPK inhibitor SB203580 (1 µM) prior to mechanical function assessment (33).

Cell shortening/relengthening
Mechanical properties of cardiomyocytes were assessed using a SoftEdge MyoCam system
(IonOptix Corporation, Milton, MA, USA) (33). In brief, cardiomyocytes were placed in a
chamber mounted on the stage of an inverted microscope (Olympus, IX-70) and superfused at
25°C with a buffer containing (in mM): 131 NaCl, 4 KCl, 1 CaCl2, 1 MgCl2, 10 Glucose and
10 HEPES, at pH 7.4. The cells were field stimulated with suprathreshold voltage at a frequency
of 0.5 Hz, 3 msec duration, using a pair of platinum wires placed on opposite sides of the
chamber and connected to an electrical stimulator (FHC Inc, Brunswick, NE,USA). The
myocyte being studied was displayed on a computer monitor using an IonOptix MyoCam
camera. An IonOptix SoftEdge software was used to capture changes in cell length during
shortening and relengthening. Cell shortening and relengthening were assessed using the
following indices: peak shortening (PS), maximal velocities of cell shortening and
relengthening (± dL/dt), time-to-PS (TPS), and time-to-90% relengthening (TR90).

Intracellular Ca2+ fluorescence measurement
Myocytes were loaded with fura-2/AM (0.5 µM) for 10 min and fluorescence measurements
were recorded with a 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 lamp and passed
through either a 360 or a 380 nm filter, while being stimulated to contract at 0.5 Hz.
Fluorescence emissions were detected between 480 and 520 nm by a photomultiplier tube after
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first illuminating the cells at 360 nm for 0.5 s then at 380 nm for the duration of the recording
protocol (333 Hz sampling rate). The 360 nm excitation scan was 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 exponential curve fit was
applied to calculate the intracellular Ca2+ decay constant (28).

Western blot analysis
Expression of the stress signaling molecules ERK, JNK and p38, the cell fuel AMPK and
acetyl-CoA carboxylase (ACC), the ER stress proteins GRP78, Gadd153, PERK, eIF2α and
IRE1α, the autophagy markers Beclin-1, LC3B and Atg7 as well as the proinflammatory
markers iNOS and TNFα were assessed. In brief, left ventricular tissue was sonicated in a lysis
buffer containing (in mmol/l): Tris 10, NaCl 150, EDTA 5, 1% Triton X-100 and protease
inhibitor cocktail followed by centrifugation at 12,000× g for 10 min. Equal amount (30 µg)
protein and prestained molecular weight marker were separated using the 7%–12% SDS-
polyacrylamide gels in a minigel apparatus (Mini-PROTEAN II, Bio-Rad, Hercules, CA,
USA), and were then transferred to nitrocellulose membranes (0.2 µm pore size, Bio-Rad).
Membranes were blocked for 1 hr in 5% nonfat milk before being rinsed in TBS-T. The
membranes were incubated overnight at 4°C with anti-ERK (1:1,000), anti-pERK (Thr202,
1:1,000), anti-JNK (1:1,000), anti-pJNK (Thr183/Ttyr185, 1:1,000), anti-p38 (1:1,000), anti-
pp38 (Thr180/Tyr182, 1:1,000), anti-IRE1α (1:1,000), anti-eIF2α (1:1,000), anti-GRP78
(1:1,000), anti-PERK (1:1,000), anti-Gadd153 (1:1,000), anti-AMPK (1:1,000), anti-pAMPK
(Thr172, 1:1,000), anti-ACC (1:1,000), anti-pACC (Ser79, 1:1,000), anti-Beclin-1 (1:1,000),
anti-Atg7 (1:1,000), anti-LC3B (1:1,000) anti-TNFα, (1:1,000) and anti-iNOS (1:1,000)
antibodies. Anti-ERK and anti-pERK antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-pACC and anti-iNOS antibodies were obtained
from Upstate Biotechnology (Lake Placid, NY, USA). All other antibodies were acquired from
Cell Signaling Technology (Beverly, MA, USA). After incubation with the primary antibodies,
blots were incubated with horseradish peroxidase-linked secondary antibodies (1:5,000) for
60 min at room temperature. Immunoreactive bands were detected using the Super Signal West
Dura Extended Duration Substrate (Pierce, Milwaukee, WI, USA). The intensity of bands was
measured with a scanning densitometer (Model GS-800; Bio-Rad) coupled with a Bio-Rad
personal computer analysis software. GAPDH was used as the loading control (28).

Generation of intracellular reactive oxygen species (ROS)
Production of ROS was evaluated by changes in the fluorescence intensity resulted from
oxidation of the intracellular fluoroprobe 5- (and -6)-chloromethyl-2′,7′-
dichlorodihydrofluorescein diacetate (CM-H2DCF-DA, Molecular Probes, Eugene,
OR,USA). In brief, cardiomyocytes were incubated with 25 µM CM-H2DCFDA for 30 min
at 37°C. Myocytes were then rinsed and the fluorescence intensity was measured using a
fluorescent micro-plate reader at the excitation and emission wavelengths of 480 nm and 530
nm, respectively (Molecular Devices, Sunnyvale, CA, USA). Untreated cells without
fluorescence were used to determine the background fluorescence. The final results were
expressed as the ratio of the fluorescent intensity to respective protein content (28).

Glutathione and glutathione disulfide (GSH/GSSG) assay
The ratio of GSH/GSSG was used as an indicator for oxidative stress. Isolated cardiomyocytes
were homogenized in 4 volumes (w/v) of 1% picric acid. Acid homogenates were centrifuged
at 13,500 × g (30 min) and supernatant fractions collected. Supernatant fractions were assayed
for total GSH and GSSG by the standard recycling method. Half of each sample was used for
GSSG determination and the other half was used for GSH. Samples for GSSG determination
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were incubated at room temperature with 2 µl of 4-vinyl pyridine (4-VP) per 100 µl sample
for 1 hr after vigorous vortexing. Incubation with 4-VP conjugates any GSH present in the
sample thus only GSSG is recycled to GSH without potential interference by GSH. The GSSG
(as GSH×2) was then subtracted from the total GSH to determine actual GSH level and GSH/
GSSG ratio (28).

HPLC assay of AMP/ATP content
The heart tissues were extracted by 6% perchloric acid (Sigma, St. Louis, MO). The acidic
homogenate was kept on ice for 30 min, and then centrifuged at 14,000 rpm at 4°C for 10 min.
An aliquot of the pellets was set aside for protein measurements. The supernatant was
neutralized with 1mol/l K2CO3, adjust pH to 3.5. Then kept the supernatant on ice for 10 min
and at −80°C for 1–2h to promote precipitation of the perchlorate and centrifuged again.
Supernatants were stored at −80°C until HPLC assay. The chromatographic separation of AMP
was performed using a Grace Partisil SAX column (250 mm × 4 mm i.d., particle size 10 µm)
(Deerfield, IL). The mobile phases were composed of a gradient of 5 mM ammonium
dihydrogen phosphate (pH 2.8) and 750 mM ammonium dihydrogen phosphate (pH 3.9). The
flow rate was varied from1–2 ml/min over the course of the gradient profile to provide a
reasonable assay time of 25 min. The sample injection volume was 50 µl and the components
were monitored at 254 nm. The Beckman GOLD HPLC system was operated in laboratory at
room temperature (23–25 °C). Concentrations were determined by construction of a calibration
curve range from 1 to 80 nmoles per 50 µl injected. Standard stock solutions for calibration
curve construction were 6.4 µmole/ml AMP and ATP prepared in 5 mmol/l ammonium
dihydrogen phosphate (pH 2.8). These solutions were stored at −80°C and used as references
for peaks quantification. Fresh dilution was made before each assay to construct a calibration
curve, adding 5 mmol/l ammonium dihydrogen phosphate (pH 2.8) in order to obtain 1, 5, 10,
20, 40 and 80 nmoles per 50 µl injected (34).

Statistical analysis
Data were Mean ± SEM. Difference was assessed using a two-way analysis of variance
(ANOVA) followed by a Tukey’s post hoc test. LD50 value was calculated using the probit
analysis program with the BioStat2008 software. A p value < 0.05 was considered statistically
significant.

RESULTS
General features and echocardiographic properties of FVB and MT mice fed with LPS

LPS treatment did not affect body, liver and kidney weights in either FVB or MT mice. MT
transgene did not affect body or organ weights. Heart rate, LV wall thickness, EDD and LV
mass (normalized to body weight) were comparable among all groups. LPS significantly
increased LV ESD and reduced fractional shortening in FVB hearts, the effect of which was
attenuated or ablated by MT transgene. MT transgene did not affect ESD or fractional
shortening by itself (Table 1).

Median lethal dose (LD50) of LPS and lysosomal membrane stability
Calculation of LD50 exhibited that FVB mice were more susceptible to LPS-induced lethality
with a LD50 value of 28.89 mg/kg compared with MT mice (LD50 = 40.66 mg/kg, p < 0.05
vs. FVB) within the 72-hr surveillance period (Fig. 1A). Given that MT was reported previously
to protect against oxidative stress-induced lysosomal destabilization (27), the characteristic
lysosomal enzyme β-glucuronidase activity was evaluated in lysosomal fraction. Our result
shown in Fig. 1B indicated neither LPS treatment nor MT transgene affected β-glucuronidase
activity, an essential index for lysosomal membrane stability.
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Mechanical and intracellular Ca2+ properties of murine cardiomyocytes in FVB and MT mice
Neither LPS treatment (both 4 and 40 mg/kg) nor MT transgene affected resting cell length.
However, cardiomyocytes from the LPS-treated FVB mice displayed significantly reduced
peak shorting (PS) and maximal velocity of shortening/relengthening (±dL/dt) associated with
prolonged time-to-90% relengthening (TR90) and normal time-to-PS (TPS). Both doses of LPS
elicited comparable changes in cardiomyocyte mechanical function. Interestingly, the
antioxidant MT protected the cardiomyocyte mechanical dysfunctions elicited by both low-
and high-dosage of LPS without eliciting any overt effect by itself (Fig. 2). To explore the
potential mechanism(s) of action involved in the MT-elicited protection against LPS-induced
cardiomyocyte contractile dysfunction, intracellular Ca2+ homeostasis was evaluated using the
fluorescence dye fura-2. Our results indicated that LPS (both 4 and 40 mg/kg) significantly
reduced peak intracellular Ca2+ and electrically-stimulated rise in intracellular Ca2+ as well as
prolonged intracellular Ca2+ decay rate without affecting the basal intracellular Ca2+ levels,
the effects of which were nullified by the MT transgene. MT transgene failed to affect
intracellular Ca2+ properties by itself (Fig. 3).

Effect of MT on LPS-induced ROS generation and oxidative stress
To assess the antioxidant property of MT against LPS-induced endotoxemia in mice, ROS
generation and oxidative stress were examined by DCF fluorescence technique and GSH/
GSSG assay, respectively. Fig. 4 depicted that LPS treatment (4 mg/kg) greatly facilitated
generation of ROS while it reduced the GSH levels as well as the GSH/GSSG ratio in FVB
group, consolidating a state of overt oxidative stress. As expected, the heavy metal scavenger
MT effectively alleviated the LPS-induced ROS generation and oxidative stress (restored GSH
levels and GSH/GSSG ratio).

Effect of MT on LPS-induced activation of stress signaling
LPS challenge is usually associated with activation of stress signaling (35). Results shown in
Fig. 5 reveal activation of the stress signaling molecules ERK, JNK, and p38 MAPK in
myocardium following LPS treatment (4 mg/kg). While MT itself did not elicit any effect on
the phosphorylation status of these signaling molecules, it ablated LPS-induced activation of
ERK, JNK and p38. Protein expression of total ERK, JNK and p38 was unaffected by either
LPS treatment or MT transgene.

Effect of stress signaling inhibition on LPS-induced cardiomyocyte mechanical dysfunction
To examine if activation of stress signaling molecules contributes to the LPS-induced cardiac
contractile defects, freshly isolated cardiomyocytes from wild-type FVB mice were treated
with LPS (4 µg/ml) for 2 hrs in the absence or presence of the ERK inhibitor U0126 (1 µM),
the JNK inhibitor SP600125 (1 µM) or the p38 MAPK inhibitor SB203580 (1 µM). Similar to
the in vivo finding, in vitro LPS treatment significantly depressed PS and ± dL/dt as well as
prolonged TR90 without affecting resting cell length and TPS in murine cardiomyocytes.
Interestingly, all three kinase inhibitors significantly attenuated or ablated LPS-induced
mechanical defects (Fig. 6). None of the kinase inhibitors elicited any significant effects on
cardiomyocyte mechanics by themselves (data not shown). This observation provided direct
evidence for a role of MAPK stress signaling cascades in the LPS-induced cardiac contractile
dysfunction.

Involvement of ER stress and AMPK activation in MT- or LPS-induced cardiac dysfunction
Our result revealed significantly upregulated expression of the ER stress markers GRP78,
Gadd153, PERK and IRE1α but not eIF2α in the LPS (4 mg/kg)-treated FVB murine hearts,
the effect of which was obliterated by MT. The MT transgene did not affect the expression of
GRP78, Gadd153, PERK, eIF2α and IRE1α by itself (Fig. 7). To further consolidate a role of
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ER stress in the LPS-induced cardiac contractile defects, freshly isolated FVB cardiomyocytes
were treated with LPS (4 µg/ml) for 2 hrs in the absence or presence of the ER stress inhibitor
TUDCA (500 µM) or the antioxidant NAC (500 µM) (33). Data shown in Fig. 8 depicted that
both TUDCA and NAC effectively reconciled LPS-induced cardiomyocyte mechanical defects
(decreased PS and ± dL/dt as well as prolonged TR90) without eliciting any effect by
themselves, suggesting direct involvement of both ER stress and oxidative stress in LPS-
induced cardiac contractile dysfunction.

Our further study indicated that LPS (4 mg/kg) significantly enhanced the activation of AMPK
and its downstream signal ACC, the effect of which was unaffected by MT transgene. MT did
not affect the activation of AMPK nor ACC by itself. Neither LPS nor MT significantly affected
the expression of total AMPK and ACC (Fig. 9A–B). Consistent with the activation of AMPK
and ACC following LPS treatment, AMP levels (data not shown) and the AMP-to-ATP ratio
were significantly elevated in response to LPS challenge. Similar to the activation response of
AMPK and ACC, MT transgene failed to alter both AMP levels (data not shown) and the AMP-
to-ATP ratio (Fig. 9C) under either basal or LPS-challenged condition.

Effect of MT on LPS-induced autophagy and proinflammatory responses
Sepsis is known to be associated with activation of autophagy and proinflammatory response
(3;26). To evaluate if autophagy and proinflammatory response play a role in the MT-offered
cardioprotection against endotoxemia, protein markers of autophagy (Beclin-1, LC3B and
Atg7) and inflammation (iNOS and TNFα) were determined. Data displayed in Fig. 10 reveal
upregulation of both autophagy and proinflammatory pathways following LPS treatment (4
mg/kg) evidenced by elevated expression of Beclin-1, LC3B, Atg7, iNOS and TNFα in
myocardium, the effects of which were unaffected by the MT transgene. MT did not elicit any
effect on these proteins by itself either.

DISCUSSION
Our present study demonstrated that cardiac-specific overexpression of the heavy metal
scavenger MT rescued LPS-induced cardiac contractile and intracellular Ca2+ dysfunctions.
The MT-offered cardioprotection in sepsis may be underscored by alleviation of ROS
accumulation, oxidative stress and ER stress. In addition, MT alleviated LPS-induced
activation of ERK, JNK and p38 signaling cascades. Our in vitro study further consolidated
the causative role of oxidative stress, ER stress and stress signaling in LPS-elicited cardiac
contractile anomalies. The beneficial myocardial effect of MT was also associated with
improved survival and a greater LD50 value for LPS in MT mice. Our data did not favor a
major role of lysosomal membrane stability, AMP/ATP production, activation of AMPK,
autophagy and proinflammatory cascade in the MT-elicited cardioprotection in sepsis. These
findings implicate a direct cardiac benefit of antioxidants as opposed to a secondary response
of inflammation although the later cannot be fully excluded at this time. Since MT transgene
did not alter cardiac geometry and contractile function in the absence of endotoxemia, its
beneficial role against LPS-induced cardiac dysfunction, oxidative stress and ER stress entails
a therapeutic potential of antioxidants in the clinical management of cardiovascular
complication in sepsis.

An ample of clinical and experimental evidence has consolidated the dysregulated cardiac
contractile function in sepsis (3;5;35). Our results revealed reduced fractional shortening, PS
and ± dL/dt, prolongation of relaxation duration (TR90) in septic hearts, consistent with the
previous reports (3;5;22;26;36). The echocardiographic finding of a significantly low fractional
shortening in LPS-treated mice is likely attributed to the enlarged end systolic volume (ESD)
with unchanged end diastolic volume (EDD), which symbolizes compromised ventricular
systolic contractility. The observation that MT alleviated LPS-induced cardiac contractile
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dysfunction, intracellular Ca2+ dysregulation, ROS accumulation, oxidative stress, activation
of stress signaling and ER stress favors a role of improved intracellular Ca2+ homeostasis and
reduced intracellular ROS accumulation as well as ER stress by the antioxidant MT. The fact
that MT failed to alter cardiac geometry, mechanical function and oxidative/ER stress in normal
mice suggested that endogenous overexpression of this antioxidant is not innately harmful to
the heart. The myocardial benefit of MT in endotoxemia is somewhat consistent with its
protective role against cardiac dysfunction in diabetes, obesity and aging (23;24). LPS
treatment significantly attenuated electrically-stimulated rise and peak intracellular Ca2+,
suggesting an essential role of intracellular Ca2+ homeostasis in endotoxemia-induced cardiac
dysfunction. Our finding of ablated activation of ERK, JNK and p38 in MT-LPS mice received
some convincing support from the kinase inhibitors (U0126, SP600125 and SB203580) and
NAC-elicited defense against LPS-induced cardiac contractile defects. These findings are in
line with the crucial role of MAPK signaling and oxidative stress in sepsis-induced organ
dysfunction including myocardial contractile dysfunction (3;35;37). Involvement of MAPK
stress signaling in LPS- and MT-induced myocardial response was further supported by
measurement of ROS generation and oxidative stress in these mice.

To-date, the precise role of oxidative damage in the pathogenesis of sepsis-induced heart failure
still remains elusive. Although our current study favors a beneficial role of the endogenous
antioxidant MT in sepsis-induced cardiac contractile dysfunction and oxidative stress,
convincing clinical evidence regarding such beneficial role of antioxidant supplementation in
heart failure is lacking (20). One of the possible explanations is that antioxidants are not densely
accumulated in mitochondria where they are most required despite the wide distribution of
antioxidants throughout the body (14). Recent evidence suggested that archetypal
mitochondria-targeted antioxidant MitoQ antagonized sepsis-induced oxidative stress in
multiple organs including hearts. The lipophilic triphenylphosphonium cation attached to the
ubiquinone antioxidant moiety of the endogenous antioxidant coenzyme Q10 enables MitoQ
to be readily taken up through plasma and mitochondrial membranes in the absence of a carrier
(14;38). In addition, the huge membrane potential across the mitochondrial inner membrane
may help to trap MitoQ in the mitochondria. In consequence, MitoQ is likely several
hundredfold more potent in rescuing mitochondrial oxidative stress than an untargeted
antioxidant. MT, an intracellular metal-binding proteins with high cysteine contents, may
efficiently protect against oxidative damage through suppression of mitochondrial oxidative
stress (e.g., mitochondrial GSH depletion) (39). Although it is beyond the scope of our current
study, the MT transgene may exert its cardioprotective effect through rescuing mitochondrial
oxidative damage. This is in line with the fact that mitochondrial dysfunction contributes
directly to impaired cardiac function in sepsis (40). Our data also revealed enhanced AMP/
ATP ratio, activation of AMPK and ACC in septic hearts, suggesting an altered energy
metabolism and cell fuel status in sepsis. To our surprise, our data did not favor a major role
of AMP/ATP production and activation of the cell fuel AMPK in the MT-elicited beneficial
effect against cardiac dysfunction and oxidative stress in sepsis. It was reported earlier that
little change in the basal high-energy phosphate (i.e., ATP) stores was found in septic canine
hearts, despite the overt mitochondrial swelling and impaired contractile function (41). These
data suggest that impaired mitochondrial ATP formation may not be a major factor in
myocardial contractile dysfunction in sepsis (41). It is plausible to speculate that the heart was
already operating at or near maximum capacity in sepsis, thus implying a possible loss of
cardiac reserve in sepsis.

ER is an extensive intracellular membranous network involved in Ca2+ storage, Ca2+ signaling,
glycosylation and trafficking of membrane and secretory proteins. Sepsis may perturb these
processes in the lung thus creating a condition defined as ER stress (25). Our result revealed
overt ER stress in myocardium following LPS-induced endotoxemia. ER stress has been shown
to contribute to neurodegenerative disorders, diabetes and ischemia reperfusion-induced heart
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damage (42;43). Three distinct classes of ER stress transducers are known namely IRE1,
PERK-translation initiation factor eIF-2α pathway and activating transcription factor-6
(ATF6), with each governing a distinct arm of ER stress-induced unfolded protein response
(UPR) (43). Our data revealed upregulated ER chaperone GRP78 (also known as BiP) which
directly interacts with all three ER stress sensors, PERK/eIF2α, ATF6 and IRE1, under sepsis.
Upregulation of GRP78 is pivotal for cell survival to facilitate folding and assembly of ER
proteins and prevent them from aggregation during ER stress (43). Our results also depicted
upregulation of the UPR pro-apoptotic protein Gadd153, a marker for PERK activity in the
UPR (44). Our observation that MT nullified the LPS-induced increase in GRP78, Gadd153,
PERK and IRE1α suggests contribution of myocardial ER stress in the antioxidant-elicited
beneficial effects in the hearts. The unchanged eIF2α in LPS- and MT-associated responses
may be due to the issue of total versus phosphorylated protein expression. Our in vitro study
using the ER stress inhibitor TUDCA further supported the interplay between ER stress and
cardiac dysfunction in septic shock. Our recent data revealed that ER stress directly triggers
cardiomyocyte contractile dysfunction (45), consistent with a role of ER stress in sepsis-
induced cardiac dysfunction.

Autophagy is a catabolic pathway through which mammalian cells degrade and recycle
macromolecules and organelles. Enhanced autophagy in myocardium has been reported in a
wide array of cardiovascular diseases including sepsis (26). Autophagy usually starts with an
“induction phase” which can be initiated by Beclin-1 as an internal stimulus followed by a
second “formation phase” involving Atg proteins such as Atg7 and autophagosomal membrane
specific protein light chain 3 (LC3) or Atg8, a marker for autophagosome membrane.
Autophagosome fuses with the lysosme before being degraded by lysosomal proteases (46).
Data from our present study suggest enhanced autophagy associated with cardiac dysfunction
and oxidative stress in septic heart, which is consistent with the notion that autophagy may be
upregulated under environmental stress conditions including ATP depletion, reactive oxygen
species and mitochondrial dysfunction (46). Paradoxically, recent evidence indicated that
autophagy may protect against LPS-associated oxidative stress (47). Our results did not favor
a role of autophagy in MT-elicited cardioprotection. Further study is warranted to elucidate
the precise role of autophagy in myocardial function in sepsis. Last but not the least,
observations from our present study did not favor a major role of lysosomal membrane stability
and proinflammatory cascade (such as iNOS and TNFα) in the MT-elicited cardioprotection
in sepsis.

In conclusion, our study revealed that the heavy metal scavenger MT rescues LPS-induced
cardiac contractile dysfunction and intracellular Ca2+ mishandling possibly through alleviation
of ROS/oxidative stress, stress signaling activation, and ER stress. The beneficial myocardial
effect of MT was associated with improved survival in mice and an increased LD50 for LPS.
Although more mechanistic scenario remains to be explored such as the role of autophagy, it
is becoming apparent that oxidative and ER stress are the main regulatory machineries for
cardiac contractile and intracellular Ca2+ function under endotoxemia. Nonetheless, the
interplay and the sequential relationship between oxidative and ER stress in cardiac and
mitochondrial function remains to be determined in the context of sepsis. These approaches
should be essential to the application of antioxidants and ER stress inhibitors in the clinical
management of endotoxemia-associated cardiac dysfunction.
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Fig. 1.
Median lethal dose (LD50) and lysosomal membrane stability in FVB and MT mice treated
with or without LPS. A: Various dosages of LPS-induced mortality in mice over a period of
72 hrs. LD50 was calculated using the probit analysis method; B: Lysosomal membrane
stability evaluated by the lysosomal enzyme β-glucuronidase activity in FVB and MT mice
treated with or without LPS (4 mg/kg, i.p.) for 4 hrs. Mean ± SEM, n = 30 mice in each strain
for panel A; n = 6–7 per group for panel B, p value provided in panel A exhibited significant
difference between the two.
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Fig. 2.
Cardiomyocyte contractile properties in FVB and MT transgenic mice treated with or without
LPS (4 and 40 mg/kg, i.p.). A: Resting cell length; B: Peak shortening (PS, normalized to cell
length); C: Maximal velocity of shortening (+ dL/dt); D: Maximal velocity of relengthening
(− dL/dt); E: Time-to-PS (TPS); and F: Time-to-90% relengthening (TR90). Mean ± SEM, n
= 85–87 cells from 4 mice per group, * p < 0.05 vs. FVB group; # p < 0.05 vs. respective FVB-
LPS group.
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Fig. 3.
Intracellular Ca2+ properties in cardiomyocytes from FVB and MT mice treated with or without
LPS (4 and 40 mg/kg, i.p.). A: Resting intracellular Ca2+; B: Peak intracellular Ca2+; C;
Electrically-stimulated rise (peak – resting) in intracellular Ca2+; and D: Intracellular Ca2+

decay rate. Mean ± SEM, n = 58–60 cells from 4 mice per group, * p < 0.05 vs. FVB group; #
p <0.05 vs. respective FVB-LPS group.
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Fig. 4.
ROS production and oxidative stress in cardiomyocytes from FVB and MT transgenic mice
treated with or without LPS (4 mg/kg, i.p.). A: ROS production measured by DCF fluorescence;
B: Glutathione (GSH) and oxidized glutathione (GSSG) levels; and C: GSH/GSSG ratio. Mean
± SEM, n = 5 – 6 mice per group, * p < 0.05 vs. FVB; # p < 0.05 vs. FVB-LPS group.
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Fig. 5.
Western blot analysis exhibiting phosphorylation of ERK, JNK and p38 in myocardium from
FVB and MT transgenic mice treated with or without LPS (4 mg/kg. i.p.). A: Representative
gel blots depicting total and phosphorylated ERK, JNK and p38 proteins using specific
antibodies; B: pERK-to-ERK ratio; C: pJNK-to-JNK ratio; and D: pp38-to-p38 ratio. Mean ±
SEM, n = 4–6 samples per group, * p < 0.05 vs. FVB group, # p < 0.05 vs. FVB-LPS group.
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Fig. 6.
Effect of MPA kinase inhibition on LPS-induced cardiomyocyte contractile dysfunction. FVB
(control) cardiomyocytes were incubated with LPS (4 µg/ml) at 37°C for 2 hrs in the absence
or presence of the ERK inhibitor U0126 (1 µM), the JNK inhibitor SP600125 (1 µM) or the
p38 MAPK inhibitor SB203580 (1 µM) prior to functional assessment. A: Resting cell length;
B: Peak shortening (PS, normalized to cell length); C: Maximal velocity of shortening (+ dL/
dt); D: Maximal velocity of relengthening (− dL/dt); E: Time-to-PS (TPS); and F: Time-to-90%
relengthening (TR90). Mean ± SEM, n = 52–54 cells from 3 mice per group, * p < 0.05 vs.
control, # p < 0.05 vs. LPS group.
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Fig. 7.
Western blot analysis displaying expression of the ER stress markers GRP78, Gadd153, PERK,
eIF2α and IRE1α in myocardium from FVB and MT transgenic mice treated with or without
LPS (4 mg/kg, i.p.). A: Representative gel blots depicting GRP78, Gadd153, PERK, eIF2α and
IRE1α proteins using specific antibodies; B: Pooled data of GRP78, Gadd153, PERK, eIF2α
and IRE1α proteins (normalized to GAPDH). Mean ± SEM, n = 3–6 samples per group, * p <
0.05 vs. FVB, # p < 0.05 vs. FVB-LPS group.
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Fig. 8.
Effect of inhibition of ER stress and oxidative stress on LPS-induced cardiomyocyte contractile
dysfunction. FVB (control) cardiomyocytes were incubated with LPS (4 µg/ml) at 37°C for 2
hrs in the absence or presence of the ER stress inhibitor tauroursodeoxycholic acid (TUDCA,
500 µM) or the antioxidant N-acetylcysteine (NAC, 500 µM) prior to mechanical assessment.
A: Resting cell length; B: Peak shortening (PS, normalized to cell length); C: Maximal velocity
of shortening (+ dL/dt); D: Maximal velocity of relengthening (− dL/dt); E: Time-to-PS (TPS);
and F: Time-to-90% relengthening (TR90). Mean ± SEM, n = 49–52 cells from 3 mice per
group, * p < 0.05 vs. control, # p < 0.05 vs. LPS group.
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Fig. 9.
Expression of total and phosphorylated AMPK and ACC proteins as well as the AMP-to-ATP
ratio in myocardium from FVB and MT transgenic mice treated with or without LPS (4 mg/
kg, i.p.). A: pAMPK-to-AMPK ratio; B: pACC-to-ACC ratio; and C: AMP-to-ATP ratio. Mean
± SEM, n = 3–5 per group, * p < 0.05 vs. FVB, #p < 0.05 vs. FVB-LPS group.
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Fig. 10.
Protein expression of the autophagy markers Beclin-1, LC3B and Atg7 as well as the
proinflammatory markers iNOS and TNFα in myocardium from FVB and MT mice treated
with or without LPS (4 mg/kg, i.p.). A: Representative gel blots depicting Beclin-1, LC3B,
Atg7, iNOS, TNFα and GAPDH (loading control) proteins using specific antibodies; B: Beclin
1; C: LC3B; D: Atg7; E: iNOS; and F: TNFα. Mean ± SEM, n = 3–4 per group, * p < 0.05
vs. FVB group.
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Table 1

Biometric and echocardiographic parameters of LPS-treated FVB and MT mice

Parameter FVB FVB-LPS MT MT-LPS

Body Weight (g) 27.1 ± 1.0 27.9 ± 2.2 27.4 ± 1.0 27.8 ± 1.4

Heart Weight (mg) 138 ± 8 152 ± 19 147 ± 15 157 ± 8

Heart/Body Weight (mg/g) 4.87 ± 0.28 4.88 ± 0.18 4.57 ± 0.45 5.34 ± 0.17

Liver Weight (g) 1. 39 ± 0.10 1. 42 ± 0.20 1.28 ± 0.08 1.39 ± 0.07

Kidney Weight (g) 0.33 ± 0.02 0.34 ± 0.09 0.31 ± 0.01 0.30 ± 0.02

Heart Rate (bpm) 454 ± 24 455 ± 27 439 ± 41 445 ± 27

Wall Thickness (mm) 0.81 ± 0.04 0.79 ± 0.06 0.90 ± 0.09 0.82 ± 0.04

EDD (mm) 2.33 ± 0.17 2.16 ± 0.29 2.26 ± 0.23 2.14 ± 0.26

ESD (mm) 1.13 ± 0.14 1.44 ± 0.14* 1.20 ± 0.11 1.28 ± 0.09

LV Mass/Body Weight (mg/g) 2.07 ± 0.21 2.05 ± 0.30 2.34 ± 0.32 1.99 ± 0.41

Fractional Shortening (%) 51.8 ± 4.3 31.6 ± 3.8* 44.8 ± 2.9 46.8 ± 3.1#

EDD = end diastolic diameter; ESD = end systolic diameter; LV = left ventricular. Mean ± SEM, n = 8 – 10 mice per group,

*
p < 0.05 vs. FVB group,

#
p < 0.05 vs. FVB-LPS group
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