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Abstract

Sepsis is the overwhelming systemic immune response to infection, which can result in multiple 

organ dysfunction and septic shock. Myocardial dysfunction during sepsis is associated with 

advanced disease and significantly increased in-hospital mortality. Our group has shown that 

energetic failure and excess reactive oxygen species (ROS) generation constitute major 

components of myocardial dysfunction in sepsis. Because ROS production is central to cellular 
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metabolic health, we tested if the synthetic anti-oxidant lignan secoisolariciresinol diglucoside 

(SDG; LGM2605) would alleviate septic cardiac dysfunction and investigated the underlying 

mechanism. Using the cecal ligation and puncture (CLP) mouse model of peritonitis-induced 

sepsis, we observed impairment of cardiac function beginning at 4 hours post-CLP surgery. 

Treatment of mice with LGM2605 (100mg/kg body weight, i.p.) 6 hours post-CLP surgery 

reduced cardiac ROS accumulation and restored cardiac function. Assessment of mitochondrial 

respiration (Seahorse XF) in primary cardiomyocytes obtained from adult C57BL/6 mice that had 

undergone CLP and treatment with LGM2605 showed restored basal and maximal respiration, as 

well as preserved oxygen consumption rate (OCR) associated with spare capacity. Further 

analyses aiming to identify the cellular mechanisms that may account for improved cardiac 

function showed that LGM2605 restored mitochondria abundance, increased mitochondrial 

calcium uptake and preserved mitochondrial membrane potential. In addition to protecting against 

cardiac dysfunction, daily treatment with LGM2605 and antibiotic ertapenem (70 mg/kg) 

protected against CLP-associated mortality and reversed hypothermia when compared against 

mice receiving ertapenem and saline. Therefore, treatment of septic mice with LGM2605 emerges 

as a novel pharmacological approach that reduces cardiac ROS accumulation, protects cardiac 

mitochondrial function, alleviates cardiac dysfunction, and improves survival.

1. INTRODUCTION

Sepsis is a life-threatening condition that is caused by the uncontrolled inflammatory 

response of the host to infection resulting in substantial hospital-associated morbidity and 

mortality. If not identified early and treated properly, sepsis can progress to septic shock 

which is a lethal condition characterized by hypotension, decreased tissue perfusion, and 

multiple organ failure[1]. Current treatment guidelines are limited to source control, 

administration of broad-spectrum antibiotics, and supportive therapy. For this reason, 

targeted therapies aimed at protecting against sepsis-associated organ dysfunction will 

benefit the clinical management of patients with sepsis.

Cardiovascular dysfunction is a major complication of sepsis associated with advanced 

disease and poor prognosis[2–4]. Septic cardiac dysfunction is characterized by impaired 

contractility, diastolic dysfunction, and reduced cardiac index and ejection fraction (EF)[2, 

5]. This outcome has been correlated with various pathophysiological events, such as 

increased inflammation, oxidative stress, impaired β-adrenergic signaling, energetic 

deficiency, and mitochondrial dysfunction[6–9]. Currently, there is no therapy for sepsis-

induced cardiomyopathy. Previous work by our lab has established cardiac energetic 

changes associated with sepsis as a feasible target for intervention to improve cardiac 

function during sepsis[9–12]. We have further shown that inhibition of reactive oxygen 

species (ROS) formation via inhibition of the extra-mitochondrial protein NOX2 protected 

against septic cardiomyopathy[12]. Based upon these results, we investigated how sepsis 

affects mitochondria-related parameters, and assessed the impact of an anti-oxidant therapy 

which has never been applied to sepsis, on cardiac function.

In the present study, we evaluated the therapeutic potential of the mammalian lignan 

precursor secoisolariciresinol diglucoside (SDG). SDG is an ingredient of flaxseed, a non-
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toxic whole grain that consists of high concentrations of omega-3 fatty acids and lignans. 

Both flaxseed and SDG are potent antioxidants with anti-inflammatory and anti-fibrotic 

properties[13–15]. Previous studies have identified beneficial effects of SDG in treating a 

variety of conditions including hypercholesterolemia, diabetes, postmenopausal symptoms, 

cardiovascular disease, metabolic syndrome, bone disease, ARDS, ischemia-reperfusion 

injury, radiation-induced pneumonopathy, and hyperoxia[13–18]. In this study, we show for 

the first time that chemically synthesized SDG, LGM2605, is cardioprotective and protective 

against mortality in a mouse model of peritonitis-induced sepsis. In addition, we show major 

beneficial effects of LGM2605 in increasing mitochondrial abundance, mitochondrial 

calcium uptake, and mitochondrial respiration, which are significantly compromised during 

septic cardiac dysfunction[11]. Thus, treatment with LGM2605 emerges as a potential 

therapeutic intervention for the alleviation of septic cardiac dysfunction.

2. METHODS

2.1 Animal care, cecal ligation and puncture procedure, surface temperature 
measurements, and echocardiography –

Animal protocols were approved by the Temple University Institutional Animal Care and 

Use Committee and were carried out in accordance with the NIH guidelines for the care and 

use of laboratory animals. Wild type (WT) 7 to 12-week old C57BL/6 mice were purchased 

from Jackson labs. Male and female mice were used for experiments assessing the effect of 

CLP surgery on cardiac function. As only male mice exhibited signs of cardiac dysfunction, 

subsequent studies were restricted to male animals. Cecal ligation and puncture (CLP) was 

performed as previously described[12]. Mice were anesthetized with 3.5% inhaled 

isoflurane. Under aseptic conditions, a 1–2 cm midline laparotomy was performed and 

exposure of the cecum with adjoining intestine. The cecum was tightly ligated at its base 

below the ileo-cecal valve at a distance of 1cm and was punctured twice with a 19-gauge 

needle. The length of the ligated cecum was defined as the distance from the distal end of 

cecum to ligation point, which affects the degree of disease severity. Fecal material was 

extruded from the punctured cecum, and it was returned to the peritoneal cavity. The 

peritoneum and the skin were closed with three sutures. The mice were resuscitated by 

injecting subcutaneously 1ml of pre-warmed 0.9% saline solution to induce the 

hyperdynamic phase of sepsis and for post-operative analgesia the mice received 

subcutaneously buprenorphine (0.05mg/kg body weight). Mice received a single 

intraperitoneal injection of LGM2605 (100mg/kg i.p.) that was administrated either 2h prior 

to CLP or 6h post CLP.

Two-dimensional echocardiography was performed on anesthetized mice (1.5% inhaled 

isoflurane) using a VisualSonics Vevo 2100 machine 12h post-CLP. Echocardiographic 

images were recorded in a digital format. A single observer blinded to the respective 

treatments of mice analyzed short-axis M-mode images by LV trace. To measure myocardial 

strain and strain rate, speckle-tracking probe was applied to the long-axis B-mode images 

using VevoStrain software. For this analysis, B-mode images of 300 frames at greater than 

200 frames/second were used. Strain calculates the change in length relative to initial length 

was calculated for the anterior, posterior, and apical regions of the myocardium. Global 
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longitudinal strain (GLS) and strain rate (GLS rate) was calculated by the software using 

these values. Reverse GLS rate, as a measurement of early diastolic filling, was calculated 

using the reverse peak function as previously described[19].

Xiphoid surface temperature was assessed using the Etekcity Lasergrip infrared thermometer 

held approximately 3 inches from xiphoid process as previously described[20]. The number 

of mice used for each experiment are mentioned in the figure legends.

2.2 RNA purification and gene expression analysis-

Total RNA was purified from heart tissue using the TRIzol reagent according to the 

instructions of the manufacturer (Invitrogen). DNase-treated RNA was used for cDNA 

synthesis using the ProtoScript II First Strand cDNA Synthesis Kit (New England Biolabs). 

Quantitative real-time PCR was performed with the SYBR Select Master Mix (Applied 

Biosystems). Incorporation of the SYBR green dye into the PCR products was monitored 

with the Applied Biosystems StepOnePlus Real-Time PCR System. Samples were 

normalized against mouse 36B4. The sequences of the primers used for realtime PCR are 

shown in Supplemental Table 1.

2.3 Protein purification and analysis-

Isolated heart tissue was homogenized in radioimmune precipitation assay buffer containing 

protease and phosphatase inhibitors (Pierce Protease and Phosphatase Inhibitor Mini Tablets, 

Thermo Scientific). 30–50 μg of total protein extract was applied to SDS-PAGE and 

transferred onto PVDF membranes. Antibodies used for this study include anti-IκBα 
(sc-1643, Santa Cruz), anti-phosphoIκBα at Ser-32 (sc-7977, Santa Cruz), anti-LC3B 

(Sigma L7543), anti-MCU (Cell Signaling D2Z3B), anti-MICU1[21], and anti-ATP5A 

(Santa Cruz sc-136178).

2.4 Inflammatory cytokines measurement—

Circulating levels of IL-1α, IL-1β, IL-6, IL-10 and TNFα were quantified simultaneously 

from frozen plasma samples using the Milliplex MAP Mouse Cytokine kit 

(MCYTOMAG-70K-05) following the kit specifications. Samples were read using the 

Luminex MAGPIX multiplexing unit.

2.5 Adult mouse cardiomyocytes isolation –

Adult mouse cardiomyocytes (ACMs) were isolated from ventricles of C57BL/6 mice 12 

hours post-sham surgery, CLP surgery or combined performance of CLP and treatment with 

LGM2605 at 6 hours post-surgery. Hearts from heparinized mice (90 USP; ip) were 

cannulated through the aorta. Hearts were perfused with perfusion buffer (120.4 mM NaCl, 

14.7 mM KCL, 0.6 mM NaH2PO4, 0.6 mM KH2PO4, 1.2 mM MgSO4, 10 mM HEPES, 4.6 

mM NaHCO3, 30 mM taurine, 10 mM BDM, 5.5 mM glucose; pH 7.4) for 3 min followed 

by digestion with perfusion buffer containing 19,250 units Collagenase type II 

(Worthington), 5–6 mg trypsin and 0.02 mM CaCl2 for 7 min. Ventricles were gently teared 

into small pieces, perfusion buffer containing 5 mg/ml BSA and 0.125 mM CaCl2 was 

added and filtered with 100 μm nylon. The filtrate was pelleted by gravity for 5 min, 

centrifuged for 30 sec at 700 rpm and the pellet resuspended in perfusion buffer containing 5 
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mg/ml BSA and 0.225 mM CaCl2. The cells were pelleted by gravity for 10 min, 

centrifuged for 30 sec at 700 rpm and the pellet resuspended in perfusion buffer containing 5 

mg/ml BSA and 0.525 mM CaCl2. Following isolation, cells were counted via 

hemocytometer and assessed for viability via Tryptan blue staining and observation of cell 

morphology. Only cell preparations with greater than 90% viable cells were used for 

subsequent experiments.

2.6 Cell culture –

A human ventricular cardiomyocyte-derived cell line, designated AC16[22], was used for in 
vitro experimentation. Cells were maintained in Dulbecco’s modified Eagle’s medium-

nutrient mixture F-12 (DMEM-F-12; Invitrogen, Carlsbad, CA).

2.7 Measurement of mitochondrial superoxide, mitochondrial membrane potential and 
mitochondrial number –

AC16 cells were cultured in sterile cell culture dishware at approximately 80% confluence. 

After overnight incubation, cells were treated with LPS (1 μg/ml), LPS and LGM2605 (50 

μM). LPS and LGM2605 were diluted in serum free media and the control group was 

incubated as well with serum free media. At 12 h after the treatment the AC16 cells were 

loaded with mitochondrial superoxide indicator MitoSOX Red (5 μΜ, M36008, Molecular 

Probes) and incubated for 30 min in the dark. Excess MitoSOX Red was removed following 

three washes with PBS solution. MitoSOX red fluorescence was imaged at a fluorescent 

microscope using the Cy3 filter (510 nm excitation wavelength). Fluorescence intensity 

subtracted for background intensity was quantified for single cells using ImageJ software.

To assess changes in the mitochondrial number, LPS-stimulated AC16 cells and adult 

cardiomyocytes isolated 12 hours post-CLP were stained with 200 nM Mitotracker Red 

(M22425, Molecular Probes), and incubated for 30 min in the dark. Excess Mitotracker Red 

was removed with three washed of PBS solution. Mitotracker Red fluorescence was 

recorded at 581 nm (excitation) and quantified for single cells using ImageJ software. To 

quantify mitochondrial copy number, heart tissue collected 12 hours after surgery was 

homogenized and DNA isolated by chloroform extraction. Primers directed against the 

mitochondrial COXII gene (FWD-GCCGACTAAATCAAGCAACA; REV-

CAATGGGCATAAAGCTATGG) and nuclear β-Globin (FWD-

GAAGCGATTCTAGGGAGCAG; REV-GGAGCAGCGATTCTGAGTAGA) using 100 ng 

of template DNA.

To measure mitochondrial membrane potential, AC16 cells were stained with TMRM (62.5 

nM, T668, Molecular Probes) for 30 min in the dark. TMRM stain was washed in warm 

PBS three times and imaged at 200x magnification using the Cy3 filter (510 nm excitation 

wavelength).

2.8 DHE staining of cardiac tissue-

Live myocardium was isolated from mice 12 hours after surgery and sectioned into 10 

sections using a clean razor blade. Tissue was stained with 20 μM dihydroethidium (DHE) 

for 30 min at room temperature and imaged on a Zeiss Axio Observer Z1 fluorescent 
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microscope at 490 ± 10 nm excitation and 632 ± 30 nm emission. Oxidized DHE fluoresces 

red and intercalates DNA. Individual nuclei were measured within each visual field using 

Zeiss Zen Blue software, and visual fields were averaged to measure mean fluorescence 

intensity for each mouse.

2.9 Radioligand binding assay –

Plasma membranes from excised mouse hearts were prepared, and saturation radio-ligand 

binding was performed as described previously[23], using 125I-CYP (iodocyanopindolol; 

PerkinElmer, Waltham, MA) for β-AR density measurement. Data were analyzed by 

nonlinear regression analysis using GraphPad Prism (GraphPad Software, La Jolla, CA).

2.10 Seahorse analysis –

Isolated primary ACMs were counted with Hematocytometer. Dead cells were detected with 

Trypan Blue Dye staining. Cells were platted (3000 cells per well) in XF96 Seahorse® 

plates pre-coated with laminin with 20 μg/ml laminin (Invitrogen, 23017). In order to assess 

oxygen consumption rates (OCR) for fatty acid oxidation (FAO) recordings, cells were 

incubated in FA-limited medium (DMEM containing 10mM Glucose, 1.025mM CaCl2, 

0.5mM carnitine, pH=7.4) and assayed with FAO medium as per manufacturer’s protocol. 

Before starting the assay, 1mM palmitate conjugated with BSA was added in each well. 

Drugs used for maximal response during FAO were: Oligomycin (3μM) (Sigma, O4875), 

which blocks complex V, FCCP (2μM) (Sigma, C2920) that leads to the collapse of the 

proton gradient, and rotenone/antimycin A (0.5μM) (Sigma, A8674)/ (Sigma, R8875) where 

rotenone blocks complex I and antimycin A blocks complex III. The pre-hydrated with XF 

assay calibrant, XF cartridges were filled with the drugs and the cartridge was calibrated for 

30 min in Seahorse Analyzer. All experiments were performed at 37°C. Calculations were 

made as described in the Seahorse manual and XF Seahorse Mito Stress Test kit user guide, 

and OCR measurements were normalized to the number of viable rod-shaped 

cardiomyocytes plated. Briefly, basal respiration was calculated with subtraction of non-

mitochondrial respiration rate from the last measurement prior to first injection. Maximal 

respiration was calculated by subtraction of the non-mitochondrial respiration measurement 

from maximum measurement after FCCP injection. ATP synthesis-related OCR was 

obtained indirectly by measuring ATP-linked respiration in the presence of complex V 

inhibitor (oligomycin). The decrease of oxygen consumption rate representing the portion of 

basal respiration that was used to drive ATP synthesis was calculated with subtraction of the 

minimum measurement after oligomycin injection from the last measurement prior to 

oligomycin injection. Spare Respiratory Capacity was equal to (maximum respiration)- 

(basal respiration).

2.11 In vivo cardiac adrenergic sensitivity measurements –

Hemodynamics measurements were performed, as published[24]. Mice were anesthetized 

with 2% Tribromoethanol (Avertin). The right carotid artery was cannulated with a 1.4 

French micro-manometer (Millar Instruments, Houston, TX) and was advanced into LV 

cavity, measuring LV pressure, LV end-diastolic pressure (LVEDP) and heart rate (HR). 

These parameters as well as maximal values of the instantaneous first derivative of LV 

pressure (+dP/dtmax, as a measure of cardiac contractility) and minimum values of the 
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instantaneous first derivative of LV pressure (−dP/dtmin, as a measure of cardiac relaxation) 

were recorded at baseline and after administration, through the jugular vein, of increasing 

doses of the β-adrenergic receptor (βAR) agonist, isoproterenol (0.1 ng, 0.5 ng, 1 ng, 5 ng, 

10 ng). Data was recorded and analyzed on a PowerLab System (AD Instruments).

2.12 Calcium uptake assay in permeabilized adult cardiomyocytes –

Cardiomyocytes were isolated from mice 12 hours after CLP or sham surgery and 6 hours 

after LGM2605 or saline injection. Calcium uptake was performed as previously described 

[25] and detailed below. Before permeabilization, cardiomyocytes were washed in a Ca2+-

free buffer (120  mM NaCl, 5 mM KCl, 1 mM KH2PO4, 0.2 mM MgCl2, 0.1 mM EGTA and 

20 mM HEPES–NaOH, at pH 7.4) and stored on ice for at least 10 min. Cardiomyocytes 

were pelleted by centrifugation and transferred to an intracellular-like medium 

(permeabilization buffer: 120 mM KCl, 10 mM NaCl, 1 mM KH2PO4, 20 mM HEPES–Tris, 

at pH 7.2, protease inhibitors (EDTA-free complete tablets, Roche Applied Science), 2 μM 

thapsigargin and digitonin (80 μg ml−1). The cell suspension supplemented with succinate (2 

mM) was placed in a fluorimeter and permeabilized by gentle stirring. Fura2FF (0.5 μM) 

was added at 0 s, and JC-1 (800 nM) at 20 s. Fluorescence signal was monitored in a 

temperature-controlled (37 °C) multiwavelength-excitation dual-wavelength-emission 

spectrofluorometer (Delta RAM, Photon Technology International) using 490 nm 

excitation/535 nm emission for the JC-1 monomer, 570 nm excitation/595 nm emission for 

the J-aggregate of JC-1 and 340 nm/380 nm for Fura2FF. At 400 s, a single 10 μM Ca2+ 

pulse was added, and changes in cytosolic [Ca2+] was monitored. Carbonyl cyanide m-

chlorophenyl hydrazone (CCCP) was added at 750 s to collapse the mitochondrial 

membrane potential and measure calcium expelled from the mitochondria.

2.13 Survival Analysis-

Mice were assessed every 12 h for survival until 72 h post-CLP. Mice were randomized to 

receive either daily administration of ertapenem (70 mg/kg) and saline or ertapenem (70 

mg/kg) and LGM2605 (100 mg/kg). Mice were dosed beginning 6 h after CLP and 

subsequently every 24 h for three days. Following 72 h, animals were euthanized in 

accordance with Temple University guidelines for appropriate animal care.

2.14 Statistical analysis-

Results are presented as mean ± SEM. The unpaired t-test was used for comparisons of two 

means; a 2-tailed value of P<0.05 was considered statistically significant. Statistical analysis 

was performed using Prism v5, GraphPad Software. For groups of 2 or more, ANOVA was 

used with Bonferroni post-hoc test or Kruskall-Wallis non-parametric test when a normal 

distribution could not be assumed. Survival curves were compared using Mantel-Cox 

(logrank) test.
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3. RESULTS

3.1 LGM2605 treats cardiac dysfunction in a mouse model of cecal ligation and puncture 
(CLP)- induced sepsis –

We induced mid-to-low grade sepsis (ligation site: 1cm) in male C57BL/6 mice using CLP 

and assessed cardiac function with 2D-echo up to 12 h post-surgery. Cardiac function 

significantly declined 6 h post-CLP which was sustained up to 24 h post-CLP (Fig. 1A-B). 

Septic mice showed a significant decrease in body temperature (Fig. 1C), as well as in 

contractility represented by dP/dtmax (Fig. 1D) and increased expression of cardiac 

inflammatory genes (Fig. 1E) 12 h post-CLP. As opposed to male mice, female C57BL/6 

mice that underwent CLP surgery were protected against septic cardiac dysfunction and did 

not develop reduced EF or FS 12 h post-CLP (Suppl. Fig. 1). We therefore focused the 

remainder of our investigation to male mice.

To assess the effect of LGM2605 in septic cardiac dysfunction, we first administered 

LGM2605 via i.p. injection (100 mg/kg body weight) 2 h prior to CLP in one group of mice 

and 6 h post-CLP in another group of mice. Both pre-CLP (Suppl. Fig. A,B and Suppl. Table 

2) and post-CLP (Fig. 2A-B and Suppl. Table 2) treatments prevented CLP-mediated cardiac 

systolic dysfunction. As opposed to septic mice that did not receive LGM2605, which 

showed a 17.61% reduction in ejection fraction, and 13.07% reduction in fractional 

shortening, the mice that were treated with LGM2605 had normal EF/FS. This occurred 

despite reduced end-diastolic volume following CLP that was not restored by LGM2605 at 

the tested dose and mode of administration. Using speckle-tracking echocardiography 

(Suppl. Fig. 2C), we assessed if the treatment with LGM2605 would affect GLS and GLS 

rate, as alternative measurements of systolic function, and reverse GLS rate, an indicator of 

early diastolic filling. In accordance with our previous observation, GLS and GLS rate were 

impaired by CLP and restored to normal by LGM2605 (Suppl. Fig. 2D-E). However, 

treatment with LGM2605 did not restore reverse GLS rate (Suppl. Fig. 2F). Thus, LGM2605 

restores cardiac systolic function but not diastolic function in sepsis, and the beneficial effect 

of LGM2605 occurred when LGM2605 was administered either preventively or after the 

onset of cardiac dysfunction.

We tested if improvement in cardiac function by LGM2605 was associated with improved β-

AR sensitivity. Hemodynamic measurements showed that septic mice had lower basal 

myocardial LV dP/dtmax (Fig. 2C) and LV dP/dtmin (Fig. 2D) with or without LGM2605 

administration, compared to sham surgery. Responsiveness to isoproterenol was less robust 

in both septic groups regardless of LGM2605 treatment (Fig. 2C,D). From this approach, we 

also observed that septic mice had lower heart rate and systolic blood pressure that was not 

restored by LGM2605 (Suppl. Fig. 2G,H). As basal levels of LV dP/dtmax and LV dP/dtmin 

were lower in mice with CLP, we performed radioligand binding assay to assess the density 

of β-AR in hearts obtained from septic mice (12 h post-CLP) that were treated with 

LGM2605 (6 h post-CLP). This analysis showed a significant decrease of cardiac β-AR 

density in mice that underwent CLP, which was not reversed by treatment with LGM2605 

(Fig. 2E).

Kokkinaki et al. Page 8

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2 LGM2605 influences cardiac NF-κB activation but not cardiac expression and plasma 
inflammatory cytokines levels –

To assess if the cardioprotective effect of LGM2605 relies on anti-inflammatory properties, 

we tested the expression of inflammatory markers in the hearts of septic C57BL/6 mice. 

Mice with CLP had increased phosphorylation of IκBα, suggesting activation of NF-κΒ, 

which was prevented by LGM2605 (Fig. 2F). Analysis of inflammatory markers in septic 

mice showed increased inflammatory cytokine mRNA levels at 6 h post-CLP which was not 

reduced by LGM2605 administered at the time of surgery (Suppl. Fig 3A), and 12 h post-

CLP which was not affected by LGM2605 administered 6 h post-surgery (Fig. 2G). 

Accordingly, LGM2605 administration 6 h post-surgery did not reduce circulating levels of 

proinflammatory cytokines IL-1α, IL-1β, IL-6, and TNFα, or the anti-inflammatory 

cytokine IL-10, which was also elevated during sepsis (Fig. 2H). Thus, although inhibition 

of NF-κB signaling seems to be alleviated by LGM2605 treatment, LGM2605-mediated 

cardiac function improvement does not lower production of inflammatory cytokines.

3.3 LGM2605 does not affect glucose and fatty-acid metabolism related gene expression 
–

We measured cardiac mRNA levels of glucose uptake and catabolism markers in mice that 

underwent CLP with and without LGM2605 6 h post-surgery. GLUT1 and GLUT4 cardiac 

mRNA levels did not change significantly in septic heart tissue, but we observed a 

significant increase in the mRNA levels of cardiac PDK4, which inhibits pyruvate utilization 

by inactivating pyruvate dehydrogenase (Fig. 3A). This increase was not alleviated by 

administration of LGM2605 (Fig. 3A). We measured plasma glucose levels in septic mice 6 

h with administration of LGM2605 2 h pre-CLP (Suppl. Fig. 3B) and 12 h post-CLP with 

LGM2605 administration 6 hours after surgery (Fig.3B). We observed that hypoglycemia in 

septic mice was not alleviated by the administration of LGM2605.

We then assessed cardiac expression of genes associated with fatty-acid metabolism, which 

constitutes approximately 70% of the cardiac ATP production[26], that are known to be 

affected during sepsis. Mice with CLP had lower expression levels of PPARα and LCAD, 

while PPARβ/δ, PPARγ, MCAD, VLCAD, CPT1β and CD36 mRNA levels were not 

altered (Fig. 3C). LGM2605 6 h post-surgery did not reverse the CLP-mediated changes in 

the PPARα and LCAD mRNA levels (Fig. 3C). Plasma triglyceride levels showed a trend of 

increase, which did not occur in septic mice treated with LGM2605 (Fig. 3D). Collectively, 

these data suggest that the beneficial effect of LGM2605 in septic cardiac dysfunction is not 

associated with alterations in fatty-acid metabolism-related gene expression.

3.4 LGM2605 alleviates oxidative stress without altering antioxidant-related gene 
expression –

We measured mitochondrial superoxide generation using Mitosox Red staining in AC16 

cells treated with E. coli lipopolysaccharides (LPS). Treatment of AC16 cells with LPS for 

12 h increased mitochondrial superoxide levels, which was suppressed by LGM2605 (Fig. 

3E). Accordingly, dihydroethidium (DHE) staining of ventricular tissue isolated from septic 

mice 12 h post-CLP showed increased staining intensity which was alleviated significantly 

by LGM2605 administration 6 h after surgery (Fig. 3F). The beneficial effect of LGM2605 
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was not accompanied by prevention of the CLP-mediated changes in cardiac expression of 

antioxidant genes, including nuclear respiratory factor 2 (NRF2), heme oxygenase 1 (HO1), 

glutathione Stransferase Mu 1 (GSTM1), NAD(P)H:quinone oxidoreductase 1 (NQO1), and 

uncoupling proteins 2 and 3 (UCP2, UCP3) (Fig. 3G). Taken together, these results show 

that the beneficial effect of LGM2605 is accompanied by direct alleviation of ROS 

accumulation, while gene expression program of antioxidant systems is not altered.

3.5 LGM2605 increases mitochondrial abundance without affecting mitochondrial 
biogenesis-related gene expression or autophagy markers –

To assess whether the beneficial effect of LGM2605 involves changes in mitochondrial 

number that is known to be affected in septic cardiac dysfunction[10], we treated AC16 cells 

with LPS and LGM2605 for 12 h and stained them with Mitotracker Red. LPS treatment 

decreased mitochondrial number, which was prevented by treatment with LGM2605 (Fig. 

4A-B). In accordance with these results, Mitotracker Staining analysis performed in adult 

cardiomyocytes isolated from septic mice 12 h post-CLP suggests that LGM2605 

administration 6 h post-surgery prevents CLP-associated reduction in mitochondrial 

abundance (Fig. 4C-D). We also observed a robust decrease in mitochondrial DNA copy 

number 12 h after CLP surgery which is reversed by LGM2605 6 h post-surgery(Fig. 4E). 

Based upon these data, we conclude that LGM2605 restores mitochondrial abundance in 

sepsis.

To determine if restoration in mitochondrial abundance is associated with increased oxygen 

consumption rate, we isolated cardiomyocytes from mice 12 h after CLP treated with or 

without LGM2605 6 hours after surgery and performed Seahorse XF mitostress analysis 

(Fig. 4F). In coordination with reduced mitochondrial abundance, we observed suppression 

of basal respiration (Fig. 4G), respiration associated with ATP production (Fig.4H), maximal 

respiration (Fig.4I), and spare capacity (Fig.4J). Suppression of basal respiration, maximal 

respiration, and spare capacity was reversed by LGM2605 treatment. To investigate the 

mechanism that may mediate LGM2605-driven restoration of mitochondria abundance, we 

measured the expression of various markers of mitochondrial biogenesis, fusion/fission, and 

mitophagy. Cardiac gene expression of mitochondrial biogenesis markers including PGC1α 
and PGC1β were reduced 12 h post-CLP, whereas mtTFA was not significantly changed. 

None of these changes were affected by LGM2605 administered 6 h post-surgery (Fig. 4K).

We then examined whether the effect of LGM2605 was associated with changes in the 

expression of mitochondrial fusion and fission markers. Heart tissue of mice that underwent 

CLP had increased mRNA levels of MFN1, MFN2, and DRP1, and a trend towards reduced 

mRNA levels of Fis1 (Fig 4L). LGM2605 treatment restored the CLP-mediated changes in 

MFN1, MFN2, DRP1, and FIS1 expression (Fig.4L), suggesting that LGM2605 may affect 

the dynamics between mitochondrial fission and fusion by suppressing cardiac expression of 

fusion markers that seem to be induced in mice with CLP.

To assess activation of autophagy pathways that mediate mitochondrial flux in sepsis, we 

measured conversion of LC3BI to LC3BII, a known marker of autophagosome formation. 

We found increased LC3BII/LC3BI ratio (Fig. 4M, 4N) demonstrating activation of 

autophagy pathways in cardiac tissue isolated from septic mice. We further found an 
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induction of Map1lc3b and BNIP3 mRNA levels (Fig. 4O). Neither marker was alleviated 

by LGM2605 treatment 6 h post-surgery suggesting that LGM2605 does not prevent 

activation of autophagy pathways.

3.6 Increased cardiac mitochondrial abundance in LGM2605-treated mice is associated 
with increased mitochondrial calcium uptake –

Mitochondrial calcium uptake was assessed in digitonin-permeabilized adult cardiomyocytes 

treated with thapsigargin that inhibits SERCA-mice 12 h after CLP surgery showed reduced 

Ca2+ uptake and lower release of Ca2+ following CCCP administration (Fig. 5B, 5C). We 

found that administration of LGM2605 6 h post-surgery to septic mice increased 

mitochondrial Ca2+ uptake rate and release of Ca2+ following CCCP administration beyond 

that observed for sham operated mice (Fig. 5B, 5C). To determine if changes in Ca2+ uptake 

were associated with changes in mitochondrial Ca2+ uptake-associated genes, we measured 

expression of mitochondrial calcium uniporter (MCU) and mitochondrial calcium uptake 

protein 1 (MICU1). On the mRNA and protein level, neither MCU nor MICU1 were altered 

12 h post-CLP, and LGM2605 did not affect expression of these proteins. (Fig. 5D, 5E).

3.7 LGM2605 prevents mitochondrial membrane depolarization –

Because the mitochondrial membrane potential is the major driving force for mitochondrial 

calcium uptake and mitochondrial respiration, we tested if LGM2605 alters mitochondrial 

depolarization using TMRM staining, which is sequestered by active mitochondria 

dependent on the mitochondrial membrane potential. LPS treatment significantly reduced 

TMRM staining intensity compared to vehicle and LGM2605-treated controls, suggesting 

that LPS reduces the mitochondrial membrane potential (Fig. 6A, 6B). Treatment with 

LGM2605 significantly restored TMRM staining toward baseline (Fig. 6A, 6B).

As a control experiment, we tested if LGM2605 would affect membrane depolarization that 

is driven by the uncoupling agent 2,4-dinitrophenol (2,4-DNP), which depolarizes the 

mitochondrial membrane independent of ROS generation. First, to select the right dose of 

2,4-DNP that would not incur significant toxicity for AC16 cells, we applied a series of 

treatments with increasing concentrations of 2,4-DNP (Suppl. Fig 4). Based on this analysis, 

we selected to treat cells with 50 μΜ 2,4-DNP. Combined treatment of AC16 cells with 

LGM2605 and 2,4-DNP showed that LGM2605 lost its beneficial effect in restoring TMRM 

staining in cells that received 50 μM 2,4-DNP either with or without LPS (Fig. 6B).

3.8 LGM2605 prevents CLP-associated mortality and reverses hypothermia –

To assess if LGM2605 improves survival after CLP surgery, we performed survival analysis 

in mice that were treated once daily with Ertapenem (70 mg/kg) and either saline or 

LGM2605 (100 mg/kg) only treated with ertapenem and saline (Fig. 7A). We also observed 

that LGM2605 reverses CLP-associated hypothermia, which has previously been identified 

as a negative prognostic indicator in septic patients and murine models[20, 27]. Septic 

animals that received LGM2605 were more active than the control septic mice that received 

saline only (Suppl. Videos). Therefore, systemic LGM2605 administration not only reverses 

septic cardiac dysfunction, but also improves survival and markers of animal well-being.
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4. DISCUSSION

Sepsis is the most common cause of death among critically ill patients in intensive care units 

(ICU)[28]; particularly when it is accompanied by acute organ dysfunction. Myocardial 

damage has been described in patients with bacteremia, as shown by higher serum troponin 

levels[29]. Nevertheless, cardiovascular impairments have been associated with significantly 

higher sepsis-related mortality[30]. Despite years of research, the pathophysiology of 

sepsisinduced myocardial dysfunction has not yet been defined, and the responsible cellular 

mechanisms still remain unclear[3]. No effective treatments or specific medications are used 

in clinical practice to reverse sepsis-induced cardiomyopathy[31]. The pathophysiology of 

septic cardiac dysfunction has been attributed to increased oxidative stress, elevated 

inflammation, impaired β-adrenergic signaling, activation of apoptosis, suppression of 

metabolic pathways, and reduced ATP synthesis in the cardiomyocytes[11, 12, 32, 33].

Previous evidence from our group has shown that a major component of myocardial 

dysfunction in sepsis is energetic failure, the correction of which improves cardiac function 

despite increased levels of inflammatory cytokines[9–12]. Mitochondria constitute major 

cellular organelles involved in the energetic machinery of the heart and other organs. Thus, 

mitochondrial dysfunction can be detrimental for cardiac function in sepsis and other 

diseases[34–36]. ROS such as superoxide and peroxide compromise mitochondrial integrity 

and function during sepsis. Previous work from our team has shown that the inhibition of 

NOX2, which is an extramitochondrial protein involved in the generation of superoxide, 

alleviated oxidative stress and preserved cardiac function in a murine model of sepsis, 

suggesting a crucial role of ROS stress in aberrant cardiac function associated with 

sepsis[12].

In the present study, we focused on the effects of antioxidant therapy in mitochondrial 

function during sepsis. The antioxidant LGM2605 successfully restored normal cardiac 

function in septic mice when administered either after or prior to the induction of sepsis 

despite sustained elevation of inflammatory cytokines. The cardioprotective effect of 

LGM2605 was associated with restoration in mitochondrial abundance, and a reduction in 

LPS and CLPmediated increase in ROS in vitro and in vivo respectively. Mitochondria are 

central to the detrimental effects of oxidative stress on cellular function in cardiomyocytes. 

Increased ROS generation is associated with mitochondrial membrane depolarization, 

reduced mitochondrial respiration, and initiation of apoptotic pathways[37]. In our study, we 

observed restoration in cardiomyocyte mitochondrial respiration and preservation of 

mitochondrial membrane potential with LGM2605 antioxidant therapy, suggesting that 

LGM2605 protects mitochondrial function.

Various other studies have proposed that antioxidant therapy alleviates organ dysfunction in 

sepsis. Antioxidants acting on various components of the redox signaling pathway including 

redox defense systems[38], ROS scavenging systems[39], mitochondrial ROS 

generation[40], and extra-mitochondrial ROS generation[12] have been shown to improve 

outcome in preclinical animal models and in patients. LGM2605, a novel compound with 

ROS scavenging and anti-inflammatory properties, is currently under development for the 

treatment of radiation-induced pneumopathy and lung injury[13–17]. This compound has the 

Kokkinaki et al. Page 12

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



benefit of being a non-toxic compound with favorable bioavailability and pharmacokinetics, 

and a potent ability to reduce multiple ROS species with a lower EC50 compared with 

ascorbic acid which also improves outcome in septic patients[17, 41]. Further, the ROS 

scavenging capabilities of LGM2605 do not rely on endogenous antioxidant defense systems 

which are depleted during sepsis [38, 42]. Previous studies using SDG to prevent diabetes 

have suggested that single daily oral administration of 22mg/kg is sufficient to confer its 

anti-oxidant effects with minimal side effects[43]. Once daily administration of 100 mg/kg 

LGM2605 I.P. improved survival in our septic animals compared to standard treatment alone 

thereby suggesting that LGM2605 may constitute a supplemental therapy for severe sepsis 

and organ dysfunction.

Surprisingly, we observed that LGM2605 did not restore dP/dt in our in situ measurements 

despite increasing EF and FS. These measurements of cardiac contractility must be 

interpreted in alignment with the decrease in preload and afterload that occurs during sepsis, 

as well as the lack of reversal of β-AR density with LGM2605 treatment. Reduced dP/dt 

may reflect the lower load that the heart must overcome during the ejection phase [44–46]. 

We observed that LGM2605 treatment did not improve diastolic volume, blood pressure, and 

heart rate, but it did improve GLS and GLS rate. GLS and GLS rate are calculated using 

speckle-tracking echocardiography and represent myocardial wall deformation along the 

longitudinal axis. GLS has been proposed as an early and sensitive marker of septic cardiac 

dysfunction and independent predictor of mortality[47]. LGM2605 administration restored 

GLS and GLS rate to normal levels as it did for EF and FS. This indicates greater 

myocardial wall movement, which may account for the improved efficiency of the heart to 

pump higher blood volume particularly in a situation of reduced peripheral resistance that 

happens in sepsis. Furthermore, the diastolic dysfunction that is manifested by combined 

reduction in end-diastolic volume, impaired reverse GLS rate and lower dP/dtmin is not 

resolved by LGM2605 treatment. Thus, LGM2605 restores systolic but not diastolic 

function in septic mice.

Alterations in mitochondrial abundance, regulation of fission/fusion pathways, and energetic 

failure have been described in cardiac disease[48]. Our present study indicates the role of 

reduced mitochondrial abundance resulting from oxidative stress in aggravating cardiac 

function in sepsis. LGM2605 treatment was accompanied by increased mitochondrial 

calcium uptake and mitochondrial respiration. Calcium import in mitochondria takes place 

primarily through the mitochondria calcium uniporter (MCU) and is driven by the 

mitochondrial membrane potential. As MCU protein levels are not significantly altered in 

septic mice treated with LGM2605, the improvement in mitochondrial calcium uptake may 

be driven by restoration of mitochondrial potential that the beneficial treatment incurs and 

the increase in mitochondrial abundance. Mitochondrial calcium serves as a regulator of 

enzymes associated with fatty acid and pyruvate oxidation, the Krebs cycle and oxidative 

phosphorylation and stimulates enzymatic activity associated with cellular respiration[49]. 

On the other hand, inhibition of increased Ca2+ uptake has been proposed as a therapeutic 

intervention during cardiac stress[50, 51], and unregulated Ca2+ uptake by mitochondria 

increases ROS production[52, 53]. In our study, increased Ca2+ uptake was associated with 

lower ROS accumulation. This effect may be attributed to either increased mitochondrial 
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abundance or the anti-oxidant effect of LGM2605, which seems to act as a dual 

mitochondrial Ca2+ uptake inducer and ROS scavenger (Fig.8).

Increased mitochondrial calcium uptake has also been proposed as an essential process 

underlying the energetic adaptations to adrenergic signaling in the heart[50]. A prior study, 

using a different sepsis animal model, reported reduced mitochondrial calcium uptake in 

isolated non-permeabilized rat cardiomyocytes. They suggested that reduced calcium uptake 

may underlie lower responsiveness to adrenergic challenge in septic rats[54]. In our study, 

LGM2605 increased calcium uptake in permeabilized cardiomyocytes but did not improve 

β-AR responsiveness. Therefore, we propose that increased mitochondrial abundance and 

calcium uptake restore mitochondrial respiration, but they do not suffice to reverse lack of β-

AR responsiveness in sepsis.

Based on our previous studies that identified energetic failure as a major cause of septic 

cardiomyopathy[9–12], our present study focuses on the role of the oxidative stress-

mediated impairment of mitochondrial parameters in aggravating cardiac function in sepsis. 

We observed that sepsis activated the expression of mitofusin genes, which was suppressed 

by LGM2605. This result may suggest that LGM2605 alleviates cardiac stress thereby 

reducing stressinduced mitochondrial hyperfusion, that has been previously described as a 

pre-apoptotic cellular response to stress conditions[55]. In agreement with our observations, 

others have shown that oxidative stress promotes mitochondrial hyperfusion in 

myocytes[56]. Surprisingly, LGM2605 did not affect gene expression associated with 

mitochondrial biogenesis or activation of autophagy pathways, which mediate mitophagy. 

Importantly, our gene expression analyses show trends of restored expression of autophagy-

related markers by LGM2605. Further, the beneficial effect of LGM2605 on mitochondrial 

membrane potential suggests that LGM2605 may affect mitophagic flux by preventing 

mitochondrial damage. Nevertheless, mitochondrial membrane depolarization is an 

important signal that targets mitochondria to mitophagy pathways[57], which could explain 

the elevation in mitochondrial abundance despite sustained activation of autophagy 

pathways. This response may constitute early secondary signals that ameliorate mitophagy 

due to lower oxidative stress, preserved mitochondrial membrane potential, increased 

mitochondrial respiration, and reduced mitochondrial damage.

We found that the beneficial effects of LGM2605 exceeded restoration of cardiac function. 

LGM2605 also improved survival and reversed hypothermia, suggesting that our treatment 

alleviates hypodynamic sepsis. These findings imply that systemic administration of 

LGM2605 may be protective for other organs beyond the heart, alleviate ischemia- and 

inflammatory-related organ injury and eventually prevent multiple organ failure that 

accounts for mortality in sepsis [58]. Despite the beneficial effects that LGM2605 may incur 

in other organs, improvement of cardiac systolic function per se is an important event that 

can prevent shock and reverse its complications. Cardiac output is directly involved in the 

regulation of arterial pressure[59]. In addition, improvement in cardiac function can improve 

the ability to provide fluids without causing fluid overload following antibiotic and fluid 

treatment[60].
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This study was designed to be consistent with current preclinical guidelines for sepsis 

research including documentation of organ dysfunction, comparison to standard of care, and 

clinically relevant dosing schedules[61]. Future studies may apply this protocol to assess 

how antioxidant therapy with LGM2605 affects function of other organs that are damaged 

during sepsis, and to validate the beneficial effect of LGM2605 in large animal studies.

Limitations:

While we observed that CLP results in a progressive deterioration in EF and FS in male 

C57BL/6 mice, we did not see the same phenotype in female mice at the timepoints we 

investigated. Previous studies have shown that females are protected against sepsis-induced 

organ dysfunction[62]. For this reason, we focused our study on male animals. It is also 

unknown what biological factors mediate the beneficial effect of LGM2605 in sepsis, as well 

as if this treatment may be beneficial in other organ systems that may affect cardiac 

function.

In our study, we found that LGM2605 increased mitochondrial abundance which was 

associated with improved cardiomyocyte respiration and mitochondrial calcium uptake. 

While increases in these measurements may reflect an increase in mitochondrial abundance 

to some extent, assessment of individual mitochondrial function remains to be tested. 

Importantly, we observed in vitro that mitochondrial membrane potential is reduced by LPS 

stimulation, which seems to be a ROS driven phenomenon since LGM2605 restored TMRM 

staining. As maintenance of membrane potential is important for both mitochondrial 

respiration and calcium uptake, the combined reduction in mitochondrial abundance and 

quality likely contribute to the deficits we observed in our study.

5. CONCLUSIONS

We demonstrate for the first time that CLP deteriorates cardiac systolic function that is 

dependent on oxidative stress. We also demonstrate that oxidative stress underlies metabolic 

dysfunction, which underlies CLP-induced septic cardiomyopathy. Treatment with 

LGM2605 is a novel pharmacological approach that reduces cardiac ROS accumulation, 

protects cardiac mitochondrial function, reverses cardiac dysfunction, and improves survival.
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HIGHLIGHTS

• Sepsis results in progressive cardiac dysfunction associated with oxidative 

stress.

• ROS formation underlies mitochondrial dysfunction in septic 

cardiomyopathy.

• Antioxidant LGM2605 scavenges ROS and alleviates mitochondrial 

dysfunction

• LGM2605 treats septic cardiac dysfunction and improves survival.
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Figure 1: Establishment of septic cardiac dysfunction using the cecal ligation and puncture 
model (CLP) –
(A) Representative M-mode echocardiograms after CLP surgery. (B) Graph of ejection 

fraction (EF) and fractional shortening (FS); n=5 mice, One-way ANOVA analysis *p:<0.05 

vs baseline (BL), **p:<0.01 vs BL, ##p<0.01 vs 2h, ###p<0.001 vs 2 h by ANOVA with 

Bonferroni post-test. (C) Body temperature of mice 12 h after sham or CLP surgery. n=3–4 

mice. (D) Graph of DP/dt maximum of mice 12 h post-sham and CLP surgery. n=3 mice. (E) 

Gene expression of inflammatory cytokines in ventricular tissue of mice 12hours post-sham 

and CLP surgery, n = 4–5 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001 vs Sham by 

t-test.
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Figure 2. LGM2605 corrects septic cardiac dysfunction in C57BL/6 mice following CLP surgery 
without reducing inflammatory cytokines.
(A-B) Representative M-mode echocardiograms (A) and ejection fraction (EF), fractional 

shortening (FS), end diastolic volume, and end-systolic volume of C57BL/6 mice treated 

with LGM2605 6hrs post-CLP and monitored for 12hrs after the surgery (B). Sham: n=9, 

Sham+6hrs SDG: n=4, CLP: n=12, CLP+6hrs SDG: n=12, **P < 0.01 vs Sham, ###P < 

0.001 vs CLP, $P < 0.05 vs Sham + LGM2605 by ANOVA with Bonferroni post-test. (C) 

LVdP/dtmax and (D) LVdP/dtmin in response to increasing doses of isoproterenol in mice 

that underwent sham surgery, CLP and combined CLP and LGM2605 treatment (6 h post-

CLP), at 12 hrs timepoint. n=3 mice per group, **P < 0.01, ***P < 0.001 versus sham at 

corresponding timepoints, #P < 0.05 versus baseline, ##P < 0.01 versus baseline, ###P < 

0.001 versus baseline, +P < 0.05 and ++ P < 0.01 versus 0.1ng isoproterenol, @ P<0.05 

versus 0.5ng isoproterenol, by ANOVA with Bonferroni posttest. (E) Density of p adrenergic 

receptors using radio ligand binding assay, n=4–5 mice per group. ***P < 0.001 by ANOVA 
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with Bonferroni post-test. (F) Immunoblotting and densitometric analysis of phosphorylated 

and total IkBa from ventricular tissue of mice 12 hours post-surgery. (G) Cardiac mRNA 

expression and (H) plasma levels of cytokines 12-hours post-surgery, n = 4–5 mice per 

group. *P < 0.05, **P < 0.01, ***P < 0.001 by ANOVA with Bonferroni post-test.
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Figure 3: LGM2605 alleviates mitochondrial oxidative stress without altering fatty acid and 
glucose metabolism-related gene expression program –
(A) Expression of glucose metabolism-related genes in ventricular tissue 12 h post-CLP or 

control sham surgery, n=4 mice per group. (B) Plasma glucose levels 12 h post-CLP or 

control sham surgery; n=4 mice per group. (C) Expression of lipid metabolism-related genes 

in ventricular tissue 12 h post-CLP or control sham surgery; n=4–5 mice per group. (D) 

Plasma triglyceride content 12 hours post-CLP or control sham surgery; n=4 mice per group. 

(E) Representative fluorescence microscopy images and quantification of Mitosox Red 

staining in AC16 cells treated with LPS or LPS+LGM2605 for 12 hours, n=250. (F) 

Representative confocal microscopy images and quantification of DHE staining intensity in 

ventricular tissue of mice 12 h post-CLP or control sham surgery; n=3 mice per group. (G) 

Antioxidant-related gene expression in ventricular tissue 12 h post-CLP or control sham 

surgery; n=4–5 mice per group. *P<0.05, ** P<0.01, ***P < 0.001 vs Control/Sham 
###p<0.001 vs LPS/CLP; ANOVA with Bonferroni post-test.
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Figure 4: LGM2605 increases mitochondrial abundance and restores oxygen consumption 
during sepsis –
(A) Representative fluorescent images and (B) quantification of mitotracker signal in AC16 

cells treated with LPS, LPS+LGM2605 or vehicle for 12 hours, n=250 cells per group. (C) 

Representative fluorescent images and (D) quantification of mitochondria detection by 

Mitotracker Red in adult cardiomyocytes isolated from mice 12 h post-CLP or control sham 

surgery, n=150 cells. (E) Mitochondrial copy number from cardiac tissue collected 12 hours 

post-CLP or control sham surgery. n=6–9 per group. (F-J) Oxygen consumption rate using 

Seahorse XF Mito Stress analysis in isolated adult cardiomyocytes 12 h after CLP surgery or 

CLP followed by treatment with LGM2605 at 6 h post-CLP measured. Basal respiration 
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(G), respiration related to ATP production (H), maximal respiration (I), and spare capacity 

(J). *P < 0.05, ***P < 0.001 vs Ctrl, #P<0.05 vs CLP, ###P<0.001; ANOVA with 

Bonferroni post-test n = 3–6 mice per group. (K) Graph of mitochondrial biogenesis- related 

gene expression from ventricular tissue of mice 12 h alter surgery, n = 4–5 mice per group. 

(L) Fusion and fission gene expression-related markers in ventricular tissue of mice 12hrs 

after surgery, n=4 mice per group. (M,N) Representative LC3B and densitometric 

quantification of LC3BII/LC3BI ratio, n=8–9 mice per group. (O) Quantitative RT-PCR 

analysis of autophagy related genes. *p<0.05, **p<0.01, ***p<0.001 vs Sham/Saline, 

#p<0.05, ###p<0.001 vs LPS/CLP; ANOVA +

Kokkinaki et al. Page 26

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: LGM2605 increases mitochondrial calcium uptake in isolated primary cardiomyocytes 
from septic mice –
(A-C) Mitochondrial calcium uptake after a single bolus of calcium in permeabilized adult 

cardiomyocytes isolated from mice at 12 h post-CLP or control sham surgery; n=3 mice per 

group. #P<0.05 vs CLP; Kruskall-Wallis test with Dunn’s multiple comparisons. (D) MCU, 

MICU1 gene expression from ventricular tissue of mice 12 h after sham surgery, CLP with 

or without treatment with LGM2605 at 6 h post-CLP, n=4–5 mice. (E) Immunoblots and 

densitometric analysis of cardiac MCU, MICU1 normalized with ATP5A 12 h after
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Figure 6: LGM2605 preserves mitochondrial membrane potential in LPS stimulated AC16 
cardiomyocytes –
(A) Representative images and (B) fluorescence intensity quantification from AC16 cells 

treated for 12 hours with LPS and LGM2605 with and without uncoupling agent 2,4-DNP 

(50 MM). *p<0.05, ***P<0.001 vs Vehicle; ##P<0.01 vs LPS, $ $ $P<0.001 vs LGM2605; 

ANOVA + Bonferroni post-hoc analysis.
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Figure 7: LGM2605 prevents mortality and improves body temperature following CLP surgery –
(A) Survival curve and (B) xiphoidal surface temperature (measured by infrared 

thermometer) of C57BL/6 mice that underwent CLP surgery and received ertapenem 

(70mg/kg) and either saline or LGM2605 (100 mg/kg) every 24 hours beginning 6 hours 

post-surgery. n=8–12 mice **p<0.01 by Mantel-Cox test. **p<0.01 vs CLP + Saline; t-test.
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Figure 8: Proposed mechanism of action for alleviation of cardiac dysfunction by LGM2605 –
Graphical model of the proposed mechanism by which LGM2605 alleviates oxidative stress, 

increases mitochondrial respiration, and restores cardiac systolic function. Figure was 

produced using Servier Medical Art (http://www.servier.com/ ).
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