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Abstract

Multiple organ dysfunction syndrome (MODS) is a detrimental clinical complication in critically 

ill patients with high mortality. Emerging evidence suggests that oxidative stress and endothelial 
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activation (induced expression of adhesion molecules) of vital organ vasculatures are key, early 

steps in the pathogenesis. We aimed to ascertain the role and mechanism(s) of enhanced 

extracellular superoxide dismutase (EcSOD) expression in skeletal muscle in protection against 

MODS induced by endotoxemia. We showed that EcSOD overexpressed in skeletal muscle-

specific transgenic mice (TG) redistributes to other peripheral organs through the circulation and 

enriches at the endothelium of the vasculatures. TG mice are resistant to endotoxemia (induced by 

lipopolysaccharide [LPS] injection) in developing MODS with significantly reduced mortality and 

organ damages compared with the wild type littermates (WT). Heterogenic parabiosis between TG 

and WT mice conferred a significant protection to WT mice, whereas mice with R213G knock-in 

mutation, a human single nucleotide polymorphism leading to reduced binding EcSOD in 

peripheral organs, exacerbated the organ damages. Mechanistically, EcSOD inhibits vascular cell 

adhesion molecule 1 expression and inflammatory leukocyte adhesion to the vascular wall of vital 

organs, blocking an early step of the pathology in organ damage under endotoxemia. Therefore, 

enhanced expression of EcSOD in skeletal muscle profoundly protects against MODS by 

inhibiting endothelial activation and inflammatory cell adhesion, which could be a promising 

therapy for MODS.
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Introduction

Multiple organ dysfunction syndrome (MODS) is a serious clinical syndrome as a result of 

trauma, hemorrhagic shock and sepsis (see Review[1]). Starting as an inflammatory 

response in the originally affected tissues/organs, it perpetuates to damage all organs if left 

unchecked. Despite extensive research, MODS remain the main cause of death in the 

intensive care units with an extremely high rate of mortality (30–80%)[2]. To date, there is 

no effective therapy for MODS[2], probably due to an incomplete understanding of the 

pathogenic process.

The pathogenesis of MODS involves cascades of events including systemic inflammatory 

responses, local cell activation, inflammatory cell infiltration, coagulation, ischemia and 

eventually failure of the vital organs[3]. Emerging evidence suggests that oxidative stress 
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and activation of the endothelium are key, early steps in the etiology [3]. Free radicals 

produced by leukocytes and/or endothelial cells [4] activate endothelial cells to expression 

cell surface adhesion molecules and promote inflammatory cell adhesion and transmigration 

into the interstitial space. These will eventually cause organ damage, as well as platelet 

adhesion and the consequent coagulation in the vasculature, which further impairs the 

circulation and metabolism of the vital organs in a vicious cycle. At the center of the 

pathology is the induction of oxidant and free radicals by leukocytes and/or endothelial cells 

that trigger endothelial activation[4]. Although general antioxidants have been shown to 

have promising effects against MODS in preclinical studies, they failed in clinical trials[5] 

probably due to lack of target specificity, which leads to ineffectiveness and sometimes fatal 

side effects [5].

Extracellular superoxide dismutase (EcSOD) functions in scavenging biologically toxic 

superoxide in the extracellular space, and is widely expressed in all tissues with the highest 

expression in the lung and kiney[6, 7]. EcSOD expression decreases in affected tissues in a 

variety of chronic diseases[8–10], and genetic approaches in animal models have provided 

strong evidence for functional roles of ectopic expression of EcSOD in cardiovascular, 

pulmonary and neuronal disorders[11–19]. We have previously shown that EcSOD is 

expressed by myofibers in adult skeletal muscle, which can be enhanced by exercise 

training, leading to elevated EcSOD levels in the blood and peripheral organs[20, 21]. Using 

molecular genetics model in mice, we showed that EcSOD expressed in muscle-specific 

EcSOD transgenic mice (TG) also redistributes to other peripheral organs through the 

circulation[20, 21]. These TG mice are resistant to dexamethasone- and heart failure-

induced muscle wasting [21] as well as diabetic cardiomyopathy[20], supporting a role of 

EcSOD in protecting peripheral organs against oxidative stress. Therefore, induced EcSOD 

expression in skeletal muscle may mediate the health benefits of exercise in protection 

against chronic disease. We speculated that enhanced EcSOD expression in skeletal muscle 

might provide protection against severe disease conditions, such as MODS. The premise is 

that enhanced expression of EcSOD in skeletal muscle enriches at and enters endothelium of 

the peripheral organs [21, 22], which can effectively mitigate oxidative stress and endothelial 

activation, the two nodal steps in MODS development.

Herein, we took advantage of gain- and loss of function molecular genetics approaches in 

endotoxemia-induced MODS model in mice in combination with powerful parabiosis and 

intraperitoneal serum transfusion to determine if enhanced expression of muscle-derived 

EcSOD protects against MODS and to elucidate the underlying mechanism(s) with a focus 

on endothelial activation and organ damage. Since skeletal muscle is the largest organ 

(~40% body mass), positive findings would justify using exercise training and/or muscle-

mediated gene therapy to prevent and/or treat MODS.

Materials and methods

Animals

Mice were housed in temperature-controlled (22 °C) quarters with a 12:12-h light-dark cycle 

and free access to water and normal chow (Harlan). Muscle-specific EcSOD transgenic 

mouse line was generated at the University of Virginia Gene Targeting and Transgenic 
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Facility as described[21] and backcrossed into pure C57BL/6J background (≥10 

generations). CX3CR1-GFP mice were purchased from the Jackson Laboratory. To induce 

endotoxemia, mice received a single injection of LPS (20 mg/kg i.p.)(Sigma, St. Louis) with 

normal saline or PBS injection (same volume) as control. All animal protocols were 

approved by the University of Virginia Institutional Animal Care and Use Committee.

Parabiosis

Parabiosis surgery was performed as previously described[23]. Briefly, after anesthetizing 

and aseptically preparing the mouse, a 1-cm flap of skin was removed running the length 

from the forelimb to the hindlimb on opposing dorsal sides of animals to be surgically 

united. Elbows and knees were united using sterile chromic gut suture (5-0) and sterile 

braided silk suture was used to close the skin opening. Baytril (100 mg/ml) in drinking water 

was given to help protect against infection for the first 10 days post-surgery. Ketoprofen was 

administered immediately after surgery and for 3 days post-surgery to help minimize pain. 

Parabiotic unions were euthanized if any adverse effects were observed, including loss of 

body mass (>10%), lethargy, mucus in the eyes, or tearing of the suture. Blood sharing was 

confirmed at 2 weeks post-surgery by analyzing serum EcSOD levels from a tail vein bleed. 

Endotoxemia was induced at 4 weeks post-surgery.

Intravital microscopy imaging of monocyte adhesion and rolling

To measure monocyte rolling and adhesion the vasculature using a dorsal skinfold window 
chamber. Briefly, mice were anesthetized using isoflurane (2 – 3% in oxygen) for the 

duration of the surgery and imaging. The entire back was shaved and depilated. The dorsal 

skin was tented and pinned to a corkboard placed under the sterile surgical area. Three small 

holes were punched into the double layer of skin using a 1.5 mm biopsy punch. The dorsal 

skinfold window chamber frame was placed on the skin, lining up with the three skin 

punctures. Sterile steel nuts and bolts fixed the frame to the dorsal skin. The skin directly 

under the window portion of the chamber was carefully removed to expose the cutaneous 

microcirculation. Saline was applied to keep the exposed vasculature from drying out during 

imaging. Intravital microscopy was performed on a Nikon Eclipse 80i microscope equipped 

with an EXFO XCite 120 xenon light source for epifluorescence imaging. Video was taken 

using a high-speed Photometrics HQ2 CCD camera controlled by Nikon NIS Elements 

Advanced Research (Laboratory Imaging) with a 20x objective. All mice were imaged 

immediately after their cutaneous vessels were exposed. Fields of view were selected so that 

vessels were clearly visible and had blood flow. Videos of GFP+ cells were taken for 60 

seconds. Each animal had a minimum of 3 vessels imaged. Each video was analyzed for 

adhered and rolling GFP+ cells. To be considered “adhered”, a cell had to be at rest at the 

start of the video, and remain arrested for the length of the video. To count rolling cells, a 

line was made perpendicular to the blood vessel using the NIS Elements software. Only 

rolling cells which crossed this line during the video recording were counted. Rolling cells 

were identified by their variable velocity (stop-and-go behavior). The vessel diameter was 

measured where the perpendicular line was made, and the vessel area was determined by 

outlining the vessel in NIS Elements.
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Pulmonary function measurement

The functional properties of the lung i.e. the airway and vascular mechanics are 

characterized by different lung function parameters, including the pulmonary compliance, 

the airway resistance and pulmonary artery pressure. The airway resistance is an index for 

the resistive forces against the airflow in the airways and depends on the diameter and length 

of the airways. The airway resistance can be calculated from the relation between 

transpulmonary pressure and airflow velocity. The airway resistance increases as a 

consequence of narrowing of the airways due to bronchoconstriction or obstructive 

processes, e.g. bronchial edema or enhanced mucus deposition. The pulmonary compliance 

is a marker for the functional stiffness of the lung and can be calculated from the relation 

between tidal volume and transpulmonary pressure. The pulmonary compliance decreases 

during restrictive pathological processes e.g. atelectasis, fibrosis, pulmonary edema or 

disturbed surfactant secretion. The increase in pulmonary artery pressure is an index of 

vasoconstriction of lung and represents an underlying pathophysiology resulting in 

pulmonary edema or changes in pulmonary vascular resistance. We measured the lung 

function using a buffer-perfused mouse lung system (Hugo Sachs Elektronik). Briefly, mice 

were anesthetized with ketamine and xylazine and ventilated with room air at 100 

strokes/min with a tidal volume of 7 μl/g body weight with a positive end expiratory 

pressure of 2 cm H2O using the MINIVENT mouse ventilator (Hugo Sachs Elektronik). The 

animals were exsanguinated by transecting the inferior vena cava. The pulmonary artery was 

cannulated via the right ventricle, and the left ventricle was immediately tube-vented 

through a small incision at the apex of the heart. The lungs were then perfused at a constant 

flow of 60 μl/g body weight/min with Krebs-Henseleit buffer containing 2% albumin, 0.1% 

glucose, and 0.3% HEPES. The perfusate buffer and isolated lungs were maintained at 37°C 

throughout the experiment. Isolated lungs were allowed to equilibrate on the apparatus 

during a 5-min stabilization period. After equilibration, data were recorded for an additional 

10 minutes. Hemodynamic and pulmonary parameters were continuously recorded during 

this period by the PULMODYN data acquisition system (Hugo Sachs Elektronik).

Serum markers analysis

Blood was collected at the orbital vein prior to animal sacrifice to minimize any influence 

from organ harvest of serum markers. Serum was isolated from the blood and the following 

kits were used to assess the effect of endotoxemia and organ failure: Creatinine Serum 

Detection Kit (Arbor Assays, Ann Arbor, MI, USA), Urea Nitrogen (BUN) Colorimetric 

Detection Kit (Arbor Assays), Lactate Dehydrogenase Activity Assay Kit (Sigma-Aldrich), 

and Alanine Transaminase Colorimetric Activity Assay Kit (Cayman Chemical, Ann Arbor, 

MI, USA). All samples were run in triplicate and according to the manufacturer’s 

instructions.

Lung open airspace analysis—The entire lung cross-section images were analyzed for 

lung open airspace. First, the image was opened in ImageJ and converted to 8-bit. Then, the 

image was inverted and threshold applied so that the tissue was a grey color and the open 

space was colored red. Next, area fraction was selected in the Set Measurements-Analyze 

tool. For a selected area, ImageJ reported the %area that was red (or open airspace) using the 
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measure tool under Analyze. The entire lung was quantified and average open airspace 

calculated for each sample.

Serum EcSOD activity analysis—EcSOD activity was measured in serum samples 

from TG and WT littermates using Superoxide Dismutase Colorimetric Activity Kit from a 

commercial source (EIASODC, Thermo Fisher Scientific, Massachusetts) following the 

manufacturer’s instructions.

Immunoblot analysis—Immunoblot analysis was performed as described[24] with the 

following primary antibodies: EcSOD (R&D, Minneapolis), VCAM-1. Immunoblots were 

analyzed by Odyssey Infrared Imaging System (LI-COR Biosciences, NE) and quantified by 

Scion Image software.

Immunohistochemistry—Tissue was harvested and fixed in 10% neutral buffered 

formalin, dehydrated and infiltrated with paraffin and sectioned at 4 μm thickness. General 

structure was demonstrated by staining with the Hematoxylin-Eosin procedure (HHS-128, 

Sigma, St. Louis MO). Picrosirius red staining was used to identify collagen deposition 

(Polysciences #09400, Warrington PA). For immunohistochemistry, sections were pretreated 

to quench endogenous peroxidase (H2O2 in methanol) and endogenous biotin (Avidin-Biotin 

blocking kit, Vector Laboratories, Burlingame, CA). Oxidative damage was assessed with 

antibodies against 4-hydroxynonenal (ab485606, Abcam, Cambridge MA, 1:2000 dilution) 

and 8 Hydroxyguanosine (ab48508, Abcam, Cambridge MA, 1:100 dilution)

Intraperitoneal serum transfusion—WT mice received intraperitoneal transfusion of 

serum (1 ml) from either WT or TG mice through intraperiotoneal injection followed by 

LPS injection 12 hours after transfusion.

Microbubble imaging of VCAM-1 expression in vivo—Microbubbles were 

manufactured as described[25]. Ultrasound imaging was performed as reported with minor 

modifications[26]. Briefly, at 6 hours post LPS injection, each mouse under anesthesia (1% 

isoflurane in oxygen) was injected via the retro-orbital vein (i.v.) with a bolus of VCAM-1 

targeted microbubbles (1.7 × 106). All images were acquired with an Acuson Sequoia 512 

ultrasound system (Siemens, Issaquah, WA) with a 15L8 high-frequency linear assay 

transducer. The acoustic focus was set proximal to the left kidney to acquire images before 

microbubble injection and for 5 minutes, at which point all unbound microbubbles had been 

cleared. To verify the binding specificity of targeted MBs, a high power destructive pulse 

was applied (8 MHz; MI=1.9). All images were digitally stored on magneto-optical (MO) 

disk and transferred onto a personal computer for subsequent off-line analysis using ImageJ. 

The relative intensity was calculated as ratio of stable signal to peak signal normalized by 

baseline signal.

Statistics—The results are presented as mean ± SE. Survival curves were analyzed using 

the Kaplan-Meier analysis. Comparisons between two paired groups were analyzed by a 

paired student’s t-test. Comparisons among groups were analyzed by one-way ANOVA, and 

when appropriate a Tukey’s HSD post-hoc test was used for detection of differences across 
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specific means. All data passed ANOVA assumptions for normality and equal variance. A p-

value <0.05 was required to report significance.

Results

Enhanced EcSOD expression in skeletal muscle profoundly protects against MODS with 
reduced mortality under endotoxemia

TG mice had significantly increased EcSOD in all peripheral organs except for the brain 

(Fig. 1A and S4) probably due to the blood-brain barrier, and a 6-fold increase of serum 

EcSOD assessed by western blot (p < 0.001; Fig. S1A)[21] as well as colorimetric 

measurement of the enzyme activity (4.27 ± 1.96 U/ml in WT mice vs 25.2 ± 1.61 U/ml in 

TG mice; p < 0.001) (Fig. S1A). This finding confirms that the transgene-encoded EcSOD is 

biologically active with antioxidant enzyme activity. TG mice had completely normal 

morphology in peripheral organs by H&E staining (Fig. S1B) and showed increased EcSOD 

at endothelium of the blood vessels in the lung compared with WT mice by 

immunohistochemistry (Fig. 1B). Since the transgene is under the control of the creatine 

kinase promoter, which is skeletal muscle-specific with weak leaky activity in the heart[27], 

the great majority of increased EcSOD protein in the circulation and peripheral tissues is of 

skeletal muscle origin. To determine if enhanced expression of EcSOD in skeletal muscle 

reduces mortality caused by endotoxemia, we injected a lethal dose of lipopolysaccharide 

(LPS, 20 mg/kg, i.p.) to WT and TG mice (referred to WT-LPS and TG-LPS, respectively). 

All WT-LPS mice died by 91 hours post-injection with a 50% survival at 37.5 hours (Fig. 

1C). The survival was significantly improved in TG-LPS mice (p < 0.001) with more than 

half the mice (54.5%) viable 10 days post injection. These findings demonstrate a profound 

protection against endotoxemic death in TG mice.

Since this lethal dose of LPS injection causes MODS in mice[28], we elected to determine if 

enhanced EcSOD expression reduces the severity of MODS by comparing biomarkers of 

organ damages of kidney, liver, heart and skeletal muscle between WT-LPS and TG-LPS 

mice using WT mice with saline injection (WT-Saline) as control. Kidney injury was evident 

in WT-LPS mice as shown by significantly elevated levels of blood urea nitrogen (BUN, 

80.9 ± 1.7 mg/dl; p < 0.001) and serum creatinine (SCR, 1.67 ± 0.19 mg/dl; p < 0.001) 

compared with WT-Saline mice (25.6 ± 0.44 mg/dl for BUN and 0.64 ± 0.02 mg/dl for SCR) 

(Fig. 1D). TG-LPS mice had significantly reduced BUN (50.5 ± 1.7 mg/dl; p < 0.001) and 

SCR (0.76 ± 0.13 mg/dl; p < 0.01) compared with WT-LPS mice. Serum lactate 

dehydrogenase (LDH), a marker of muscle damage and other types of cell death, was 

significantly elevated in WT-LPS (175.4 ± 6.3 mU/ml; p < 0.001) compared to WT-Saline 

mice (45.3 ± 12.0 mU/ml), and was attenuated in TG-LPS mice (118.3 ± 12.3 mU/ml; p < 

0.01 vs. WT-LPS) (Fig. 1D). LPS also induced liver injury in WT-LPS mice, indicated by 

significantly increased serum alanine aminotransferase (ALT) activity (26.98 ± 2.23 mU/ml) 

compared to WT-Saline mice (5.66 ± 1.85 mU/ml; p < 0.001) (Fig. 1D). TG-LPS mice had 

significantly reduced serum ALT activity (10.78 ± 0.91 mU/ml) compared to WT-LPS mice 

(p < 0.001). These findings clearly demonstrate that TG mice are resistant to endotoxemia-

induced MODS.
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To further examine the organ damages by endotoxemia and the protection by enhanced 

EcSOD expression in skeletal muscle, we evaluated the morphological changes by H&E 

staining of the lungs, kidney, liver, and heart at 6 hours after LPS injection. WT-LPS mice 

showed profound pathology of vascular coagulation and signs of inflammatory cell 

infiltration in the lung, kidney and liver with unappreciable changes in the heart (Fig. S1C). 

In particular, WT-LPS mice demonstrated a significant loss of open space of the alveoli in 

the lungs likely due to serum exudate, neutrophils and inflammatory monocytes (Fig. S1C). 

When WT-LPS lungs were placed in 10% formalin, the increase density made them sank 

(Fig. S1D), whereas, TG-LPS lungs had greater open airspace (Fig. S1C) and remained 

floating in fixative, similar to WT-Saline lung (Fig. S1D). Therefore, morphological data 

also strongly support that TG mice had significantly less severe MODS, particularly in the 

lung, compared with WT mice under the condition of endotoxemia.

We then assessed oxidative stress in the lung and kidney, the two most affected organs by 

endotoxemia. Using immunohistochemistry with antibodies against 4-hydroxynonenal (4-

HNE) for lipid peroxidation, we found that WT-LPS mice had significantly increased 4-

HNE staining in the lung, which was significantly reduced in TG-LPS mice (Fig. S1E). 

These findings were associated with significantly less collagen deposition. Picrosirius red 

staining showed restricted staining to the blood vessels in WT-Saline mice, but it became 

widespread in WT-LPS mice. Importantly, TG-LPS mice showed significantly less collagen 

deposition (Fig. S1F). To investigate oxidative stress in the kidney, 8-

hydroxydeoxyguanosine (8-OHdG, a marker of DNA oxidative stress) was measured 

immunohistochemically. WT-LPS mice had profoundly positive nuclear staining, but not in 

WT-Saline or TG-LPS mice (Fig. S1G). Taken together, these findings provide direct 

evidence of increased oxidative stress in vital organs under the condition of endotoxemia, 

which are mitigated in transgenic mice with muscle-specific overexpression of EcSOD.

Finally, we assessed pulmonary function using an isolated perfused lung system for 

physiologically relevant respiration and perfusion ex vivo[29]. We observed a significant 

increase in airway resistance from 1.39 ± 0.06 cm H2O/μl/sec in WT-saline mice to 2.18 

± 0.21 in WT-LPS mice (p < 0.01), which was completely abolished in TG-LPS mice (1.40 

± 0.10; p < 0.01) (Fig. 1E). Similarly, LPS injection resulted in reduced pulmonary 

compliance (2.79 ± 0.29 μl/cm H2O) and increased pulmonary artery pressure (11.53 ± 0.15 

cm H2O) compared with WT-Saline mice (7.50 ± 0.52, p < 0.001 and 5.45 ± 0.09, p < 0.001, 

respectively), both of which were completely abolished in TG mice (6.61 ± 0.71, p < 0.001 

and 6.50 ± 0.25, p < 0.001, respectively) (Fig. 1E). These functional data provide direct 

evidence for profound protection of pulmonary function in TG mice.

Parabiosis reveals a protection from TG to WT mice through the circulation against MODS

To determine if a blood-borne factor(s) in TG mice is responsible for the protection against 

MODS, we performed surgery to induce heterogenic parabiosis between WT and TG mice 

(WT-TG) using isogenic parabiosis between WT mice (WT-WT) as control (Fig. 2A, top). 

Four weeks after the surgery, WT-TG and WT-WT pairs were administered LPS (20 mg/kg 

to both mice in the pair), and tissues and serum samples were collected at 6 hours post-

injection. Blood sharing after parabiosis was confirmed by detection of increased EcSOD in 
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the sera of heterogenetic WT mice compared to isogenic WT-WT pairs (Fig. 2A, bottom, 

and S5). Lungs from WT-WT pairs sank when placed in fixative at 6 hours post LPS 

injection, while TG-WT lungs remained floating (Fig. 2B). These findings were further 

confirmed by histology as WT-WT pairs had reduced lung open airspace to ~40–50% 

(similar to WT-LPS mice) while TG-WT mice had ~70% open space similar to WT-Saline 

control mice (p < 0.001 vs. WT-LPS) (Fig. 2C and S2A). To further investigate EcSOD-

mediated protection in the lung, we performed immunofluorescence to assess macrophage 

infiltration and activation (iNOS-positive) in lung sections from TG-WT and WT-WT pairs 

(Fig. 2D). TG-WT heterogenic pairs had significantly reduced total macrophages (−44%, p 
< 0.01) and activated macrophages (−50%, p < 0.001) compared to WT-WT isogenic pairs 

(Fig. S2B).

Importantly, TG-WT pairs had significantly reduced BUN (52.9 ± 1.8 mg/dl, p < 0.001) and 

SCR (0.58 ± 0.07 mg/dl, p < 0.05) in the serum compared to those in WT-WT mice (67.6 

± 1.6 and 1.29 ± 0.15, respectively) (Fig. 2E). In addition, TG-WT pairs had significantly 

reduced serum LDH (124.2 ± 3.4, p < 0.001) and ALT (9.13 ± 2.07, p < 0.001) activities 

compared with WT-WT pairs (187.1 ± 6.2 and 24.6 ± 3.27, respectively) (Fig. 2E). 

Therefore, blood sharing via parabiosis bestowed a clear protection from TG mice to WT 

mice against MODS. These are the first findings using parabiosis to confirm that a blood-

borne factor(s), presumably EcSOD, is sufficient to protect MODS.

R213G knock-in mice are more vulnerable to organ damage under endotoxemia

A common single nucleotide polymorphism (SNP) in the EcSOD gene in humans with 

R213G codon change and loss of binding of EcSOD protein to sulfated polysaccharides has 

been shown to predispose patients to poor prognosis in oxidative stress-related diseases[30–

32]. This adverse phenotypic change has been recapitulated in R213G knock-in mice (KI)

[33, 34]. We compared EcSOD protein levels in the serum and different organs between KI 

mice and their wild type littermates (Fig. 2F, S2C, S2D, S5 and S8). We found that 

homozygous KI mice have significantly elevated EcSOD protein levels in the serum, but 

reduced levels in the lung and kidney with reduced trend in the skeletal muscle, heart and 

liver (Fig. 2F, S2C, S2D, S5 and S8), confirming that R213G mutation leads to loss of 

EcSOD binding to sulfated polysaccharides in peripheral organs. Under endotoxemia, KI 

mice demonstrated significantly more severe kidney injury as measured by BUN (51.4 

± 6.8% in KI vs 78.6 ± 4.7 in WT, p < 0.05) (Fig. 2G). These findings with a loss-of-

function molecular genetic approach that mimics a clinically relevant human SNP support 

the notion that binding of increased EcSOD to peripheral organs is critical for protection 

against organ damage under endotoxemia. This information could potentially be of great 

clinical value for prevention and treatment of MODS.

Enhanced EcSOD expression in skeletal muscle inhibits endothelial activation

Since endothelial activation is a key, early step in MODS, we explored if increased EcSOD 

reduces vascular cell adhesion protein 1 (VCAM-1) expression in vital organs under the 

condition of endotoxemia. Immunohistochemistry confirmed a low degree of VCAM-1 

expression at the endothelium in the control WT-Saline lung (Fig. 3A). LPS injection 

resulted in a significant increase of VCAM-1 in WT-LPS mice, which was significantly 
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reduced in TG-LPS mice (Fig. 3A). This finding was further confirmed by immunoblot 

showing a marked induction (~4.5-fold, p < 0.001) of VCAM-1 protein in WT-LPS mice 

compared WT-Saline injection, which was significantly mitigated in TG-LPS mice (p < 

0.05, vs. WT-LPS) (Fig. 3B and S6). Since kidney is also sensitive of endotoxemia with 

evident pathology (Fig. S1C) and oxidative stress (Fig. S1G), we determined if endotoxemia 

resulted in endothelial activation in the kidney. Immunoblot showed ~4-fold greater 

VCAM-1 protein expression in WT-LPS (p < 0.001) compared with WT-Saline mice, which 

was reduced to 2.5-fold in TG-LPS (p < 0.01 vs. WT-Saline) (Fig. 3C and S6). Taken 

together, these findings demonstrate that endotoxemia induces profound endothelial 

activation in vital organs, such as the lung and kidney, in WT mice. This endothelial 

activation is significantly attenuated in mice with muscle-specific overexpression of EcSOD.

EcSOD is sufficient to inhibit endothelial activation in vitro and in vivo

To test whether it is elevated EcSOD that directly inhibits endothelial activation, we pre-

treated human umbilical vein endothelial cell (HUVEC) monolayer with WT or TG serum 

(containing significantly different levels of EcSOD) (Fig. S1A) followed by tumor necrosis 

factor α (TNF-α) treatment, which is known to induce mitochondrial superoxide production 

and VCAM-1 expression [35] in a free radical-dependent manner[36]. This cell culture 

model recapitulates endothelial activation in vivo as endothelial cells are stimulated by 

cytokines released during inflammatory cell-endothelial cell interaction. We first pre-

incubated the HUVEC monolayer with serum from WT or TG mice followed by TNF-α 
treatment and assessed VCAM-1 expression by immunoblot and mitochondrial superoxide 

production by MitoSOXTM Red staining. HUVEC monolayers pre-treated with WT serum 

had a 2-fold increase of VCAM-1 protein expression (Fig. 4A, S3B and S7) and a significant 

increase of MitoSOX fluorescence (Fig. S3A) following TNF-α stimulation, both of which 

were abolished in HUVECs pre-incubated with TG serum (Fig. 4A, S3A, S3B and S7). 

These findings suggest that endothelial cells targeted by EcSOD with binding in the 

extracellular space and/or endocytosis-mediated entry are resistant to cytokine-induced 

endothelial activation with reduced mitochondrial ROS production.

To further test if EcSOD in TG serum per se is sufficient to reduce endothelial activation in 
vivo, we performed intraperitoneal serum transfusion, which is free of blood cells. We first 

confirmed that a bolus injection of TG serum (1 ml) resulted in elevated EcSOD in the blood 

in WT mice as early as 30 min with a peak at 12 hours (Fig. S3C and S9). LPS injection in 

the receipient mice (12 hours post serum transfusion) did not lead to significant reduction of 

EcSOD at 6 hours (Fig. 4B and S7), indicating no aberrant degradation of EcSOD by LPS 

injection. We performed Ultrasound-based imaging with intravenous bolus injection of 

VCAM-1 targeted microbubbles to assess endothelial activation in the kidney. WT mice 

receiving WT serum transfusion showed a 2-fold increase (p < 0.05) in ultrasound retention 

signal after LPS injection, which was blunted in mice receiving TG serum (Fig. 4C and 4D). 

These mice also showed a moderate, but significant reduction of blood urea nitrogen 

compared with mice receiving WT serum transfusion (Fig. 4E). Altogether, these in vitro 
and in vivo findings support that it is the elevated EcSOD, rather than cells in the blood, that 

prevents endothelial activation and protects against MODS under endotoxemia. In addition, 
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the findings may support the potential practicality of using serum transfusion in MODS 

treatment.

EcSOD inhibits inflammatory cell adhesion to endothelial cells under endotoxemia

To ascertain if reduced endothelial activation in TG mice leads to reduced inflammatory cell 

adhesion in the vasculature in vivo, we took advantage of intravital imaging with fluorescent 

labeled inflammatory cells in transgenic mice. We first crossbred transgenic reporter mice of 

CX3C chemokine receptor 1 (CX3CR1, also known as fractalkine receptor)-green-

fluorescent protein (GFP) with TG mice to generate CX3CR1-GFP;TG transgenic mice 

(hereafter referred to as GFP-TG) and littermate GFP-CX3CR1-GFP;WT controls (GFP-

WT), both of which have GFP-positive circulating monocytes. A vascular window chamber 

was surgically installed on the back of GFP-WT and GFP-TG mice 6 hours after LPS 

injection, and GFP monocytes rolling and adhesion were visualized and recorded using a 

fluorescent microscopy (Fig. 5A). GFP-WT mice after LPS injection showed nearly a 2-fold 

increase in GFP monocytes adhesion per vessel surface area compared with GFP-WT-PBS, 

which was blunted in GFP-TG-LPS (Fig. 5B). The total number of rolling cells decreased 

dramatically in WT mice following LPS injection (p < 0.001 vs. GFP-WT-PBS), which was 

completely intact in GFP-TG-LPS mice. These findings provide in vivo evidence that 

elevated EcSOD mitigates monocyte adhesion through inhibition of endothelial activation, 

which is a mechanism by which enhanced EcSOD expression in skeletal muscle protects 

against MODS under endotoxemia.

Discussion

MODS is a major cause of mortality in intensive care units, and accumulating evidence 

suggests that oxidative stress and endothelial activation are major contributing factors to the 

pathology[5]. Although general antioxidants have been shown to be effective in various 

MODS models in animals, clinical trials have failed, probably due to lack of targeting 

specificity of the antioxidants[5]. We therefore need antioxidants that target the vital organs 

to break the vicious cycle of endothelial activation and inflammatory cell-mediated damage. 

Fortunately, our body produces EcSOD, which is secreted by producing cells and gets to 

redistribute to other tissues/organs through the circulation to execute its physiological 

function. Herein, we tested the hypothesis that enhanced EcSOD expression in skeletal 

muscle protects against MODS. Our premise is that enhanced EcSOD expression gets 

redistributed to vital organs and targets endothelial cells with great specificity. We showed 

that TG mice were profoundly protected from LPS-induced mortality and MODS with 

reduced endothelial activation in the lung and kidney, whereas a genetic mutation of EcSOD 

with loss of extracellular binding leads to exacerbation of MODS. To definitely prove that 

EcSOD mediates the protection, we performed heterogenic parabiosis between TG and WT 

mice. We showed that parabiosis led to elevated circulating EcSOD in WT mice and that the 

WT mice became resistant to endotoxemia, but not in isogenic WT-WT pairs. Furthermore, 

we have used culture human endothelial cells and serum transfusion and obtained direct 

evidence to support that EcSOD rather than the blood cells was sufficient to inhibit 

endotoxemia-induced endothelial activation in vitro and in vivo. These findings for the first 

time show comprehensive evidence of the protective role of muscle-derived EcSOD in 
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protection against MODS and provide strong rationale for further exploration of EcSOD as a 

therapy for MODS.

The pathogenesis of endotoxemia-induced MODS is a complex process with cascades of 

events in a vicious cycle[3]. Many of these events occur rapidly making it difficult to 

elucidate the causal relationship. Nevertheless, emerging evidence suggests that endothelial 

injury with oxidative stress and endothelial activation in vital organ vasculatures are key, 

early steps in the etiology[3]. These events promote adhesion and transmigration of 

inflammatory cells into the interstitial space, further exacerbating the circulation to and 

metabolism of the vital organ. Endothelial injury may also lead to vascular dysfunctions, 

such as leaky vessels and impaired vasoreactivity, with clinical symptoms of failure in 

maintaining normal blood pressure.

EcSOD is a glycoprotein that is secreted by various cells and binds to extracellular matrix[7] 

due to its high affinity for sulfated polysaccharides. EcSOD can be redistributed to other 

cells, tissues and organs in a paracrine or endocrine manner and taken up by targeted 

cells[22]. EcSOD expression decreases in tissues affected by oxidative stress in many 

diseases[8–10], and loss-of-function and gain-of-function genetic approaches in animal 

models have confirmed the functional role of ectopic expression of EcSOD[11–19]. The 

most intriguing and clinically relevant finding of EcSOD function is that a common SNP in 

humans (R213G) leads to loss of binding of EcSOD to sulfated polysaccharides and 

predisposes the patients to cardiovascular and other oxidative stress-related diseases with 

poor prognosis[30–32]. Genetic studies in animals showed loss of protection due to loss of 

extracellular binding, but not loss of enzyme activity[37, 38], strongly supporting the 

importance of extracellular binding. This may also explain why delivery of recombinant 

SOD from bacteria without correct posttranslational modification failed to protect 

myocardial infarction[39]. To date, there is no evidence that EcSOD protects against MODS, 

particularly by redistributing from skeletal muscle to and protect other tissues/organs. Here, 

we provide both gain- and loss-of-function evidence that EcSOD distribution and binding to 

the peripheral organs from skeletal muscle protect against oxidative stress-induced organ 

damage under endotoxemia.

The importance of skeletal muscle in organ-organ crosstalk in health and disease has been 

exemplified by molecules, called myokines, secreted into circulation that initiate or alter 

signaling and cellular processes in other peripheral tissues[40]. Myokines have been 

implicated in regulating biological processes in many peripheral organs as well as the central 

nervous system[41]. Our previous findings with exercise training and current findings with 

muscle-specific EcSOD transgenic mice and R213G knock-in mice are consistent with the 

myokine theory; the only difference here is that EcSOD serves as an antioxidant, not a 

signaling molecule. Our following findings are particularly supportive: 1) exercise training 

increases EcSOD expression in skeletal muscle with elevated serum EcSOD; 2) enhanced 

expression of EcSOD in skeletal muscle redistributes to all peripheral tissues through the 

circulation; and 3) there is elevated serum EcSOD in WT mice through shared circulation by 

parabiosis from TG mice. We believe that EcSOD from skeletal muscle provides protects 

against MODS by inhibiting oxidative stress-induced endothelial activation, a critical step in 
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MODS. It remains to be determined whether enhanced expression of EcSOD in skeletal 

muscle by exercise training is necessary for the protection.

Regular exercise is the most effective intervention against oxidative stress-related 

diseases[42–44]. Particularly relevant to this study, exercise training has been shown to 

attenuate vital organ dysfunction/damages induced by endotoxemia or sepsis in animal 

models[45–49], triggering great interests in the underlying mechanisms[50–53]. Exercise 

has been shown to promote EcSOD expression in skeletal muscle and peripheral organs. 

Following an acute bout of exercise in mice, EcSOD mRNA is increased in both skeletal 

muscle and aorta[54], while exercise training increases EcSOD protein level in the blood[55] 

and peripheral organs[56, 57]. Our current data show that EcSOD overexpressed in skeletal 

muscle is sufficient to protect against MODS under endotoxemia, and systemic 

administration of EcSOD has therapeutic potential. Future studies should focus on the 

causative role of exercise training-enhanced EcSOD expression in skeletal muscle in disease 

prevention.

Our collective findings with cultured endothelial cells, parabiosis and serum transfusion 

combined with intravital imaging provide novel insights into the underlying mechanism by 

which enhanced expression of EcSOD in skeletal muscle could profoundly protect against 

MODS. Mechanistically, our findings in cultured HUVAC cells show evidence that 

treatment with endogenously produced wild type EcSOD is sufficient to block cytokine-

induced endothelial activation along with blunted mitochondrial ROS production. This 

finding is consistent with phenomenon of “ROS-induced ROS release” originally observed 

in cardiomyocytes[58, 59] and recently found in endothelial cells[60]. A straightforward 

explanation is that scavenging superoxide near the endothelium that is produced by 

inflammatory cells and/or by the endothelial cells will block endothelial activation in the 

cascade events that lead to tissue injuries in MODS. It is also conceivable that the protection 

is in part mediated by the elevated cytosolic EcSOD due to clathrin-mediated endocytosis of 

EcSOD[22]. Our findings unveil the elegant antioxidant system of our body with precise 

targeting against insults to the first line of defense of the vital organs, the endothelium.

We have previously demonstrated that enhanced expression of EcSOD in skeletal muscle is 

sufficient to protect against muscle atrophy[21] and diabetic cardiomyopathy in mice[20]. 

Here, we for the first time prove the advantage of enhancing EcSOD expression in skeletal 

muscle in protection against MODS. These findings raise the question how we might 

promote EcSOD expression in skeletal muscle, which could be of great translational value. 

Since the EcSOD gene has been shown to be regulated by transcriptional factors and 

modulators[61, 62], interventions that promote the expression and/or activity of these 

regulatory factors may promote EcSOD expression with excellent therapeutic values. In 

addition, NO signaling has been linked to EcSOD expression in skeletal muscle[21, 63]. 

Therefore, combinatory approaches may optimally enhance EcSOD expression in vivo as a 

potential therapeutic intervention for MODS in the future.
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Conclusions

We have obtained novel findings to show that EcSOD overexpressed in skeletal muscle 

redistributes through the circulation to peripheral organs and provides potent protection 

against MODS under endotoxemia. On the contrary, loss of binding of EcSOD binding to 

the peripheral organs due to mutation mimicking a human SNP leads to exacerbated organ 

damages. This EcSOD-mediated protection is a result of decreased oxidative stress and 

reduced endothelial activation. Importantly, systemic delivery of EcSOD can recapitulates 

the protective effects in vivo. We now propose a model whereby muscle-derived EcSOD in 

the circulation adheres to and enters endothelial cells in peripheral organs to mitigate 

oxidative stress, adhesion molecule expression and inflammatory cell-endothelial cell 

interaction. Future endeavors should promote EcSOD expression and/or systemic 

administration of correctly modified recombinant EcSOD as therapeutic option to combat 

MODS and other oxidative stress-related diseases in clinical settings.
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4-HNE 4-hydroxynonenal

8-OHdG 8-hydroxydeoxyguanosine

ALT alanine aminotransferase

ARE antioxidant response element

BUN blood urea nitrogen

CX3CR1 CX3C chemokine receptor 1

EcSOD extracellular superoxide dismutase

GFP green-fluorescent protein

HUVEC human umbilical vein endothelial cell

LDH lactate dehydrogenase

LPS lipopolysaccharide

MODS multiple organ dysfunction syndrome
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Nrf2 nuclear factor (erythroid-derived 2)-like 2

SCR serum creatinine

SNP single nucleotide polymorphism

TG transgenic

TNF-α tumor necrosis factor α

VCAM-1 vascular cell adhesion molecule 1

WT wild type
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Highlights

• Increased EcSOD in vital organs from skeletal muscle protects against 

MODS.

• EcSOD mutation mimicking human R213G SNP exacerbates MODS.

• Parabiosis and serum transfusion confirm causation of EcSOD in protection.

• The mechanism is inhibition of endothelial activation in endotoxemia.
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Fig. 1. Skeletal muscle-specific EcSOD transgenic mice are protected from LPS-induced MODS
A) Immunoblot images showing that EcSOD levels are increased in various peripheral 

tissues and serum in muscle-specific EcSOD transgenic mice under the control of muscle 

creatine kinase promoter, but not in the brain, compared with WT littermate mice. The 

vertical lines separates images from different parts of the same membrane or different 

membranes with the exact same experimental condition (probed together) and exposure; B) 

EcSOD was detected at smooth muscles of blood vessel in WT lung, not so much at vascular 

endothelial cells (v) (arrows) bronchial (br) and alveoli (al). Significantly elevated EcSOD 

was detected at smooth muscles, vascular endothelial cells (arrows) and alveoli, but not at 

bronchial in TG mice. Experiments were repeated three times for each conditions; C) Mann-

Whitney survival curves for TG and WT following LPS injection (20 mg/kg) (n = 10–11). 

*** denotes p < 0.001); D) Quantification of BUN, SCR, LDH and ALT (n = 7–12). ** and 

*** denote p < 0.01 and p < 0.001, respectively; and E) Quantitative measurements of lung 

physiological function in airway resistance, pulmonary compliance and pulmonary artery 

pressure (n = 6). ** and *** denote p < 0.01 and p < 0.001, respectively.
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Fig. 2. Heterogenic parabiosis confers protection of WT mice against MODS from TG mice and 
R213G KI mice are more vulnerable to organ damage
A) Graphical representation of WT, TG and isogenic (WT-WT) and heterogenic (WT-TG) 

parabiotic mice (top) and representative immunoblot of serum EcSOD protein demonstrating 

elevated serum EcSOD in WT mice of the WT-TG parabiotic pairs, but not in WT-WT 

parabiotic pairs (bottom); B) Representative image of lung in fixative (float or sink) 

demonstrating greater lung density in WT-WT compared with WT-TG pairs following LPS 

injection; C) Representative H&E histological images of the lungs; D) Representative pan-

macrophage and iNOS immunohistochemistry images; E) Quantification of BUN, SCR, 

LDH, and ALT (n = 4). * and *** denote p < 0.05 and p < 0.001, respectively. F) PCR-based 

genotyping for KI and WT mice showing the detection of the KI and WT alleles (top) and 

immuoblot analysis of EcSOD proteins in the kidney and serum using GAPDH and Ponseau 
staining as controls for loading. The vertical lines separates images from different parts of 

the same membrane; and G) Quantification of BUN in homozygous KI and WT mice 

following LPS injection (6 hrs) (n = 4–5). * denotes p < 0.05.
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Fig. 3. TG mice are resistant to endotoxemia-induced endothelial activation
A) Representative VCAM-1 immunohistochemistry image of the lung demonstrating less 

endothelial cell activation in TG-LPS compared to WT-LPS. The experiment was done in 4–

5 mice for each condition with similar findings; B) Representative immunoblot and 

quantitative representation of VCAM-1 protein in the lung (n = 5–11). The vertical lines 

separates images from different parts of the same membrane. * and *** denote p < 0.05 and 

p < 0.001, respectively; and C) Representative immunoblot and quantitative representation 

of VCAM-1 protein in the kidney (n = 5–9). *, ** and *** denote p < 0.05, p < 0.01 and p < 

0.001, respectively.

Call et al. Page 22

Free Radic Biol Med. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Serum EcSOD is sufficient to reduce endothelial cell activation in vitro and in vivo
A) Immunoblot of VCAM-1 protein in HUVEC cells pre-incubated with WT or TG serum 

followed by TNF-α treatment; B) Representative immunoblot for serum EcSOD protein in 

recipient WT mice before and after receiving WT or TG serum (Pre vs. Post serum, 

respectively), and following LPS injection (Post LPS) (n = 6–10); C) Representative 

ultrasound-based images of VCAM-1 target microbubbles in WT recipient mice that 

received WT or TG serum followed by LPS injection. Kidneys were imaged prior to 

microbubble injection (Baseline), immediately (Peak signal) and 5 minutes after injection 

(Stable signal), and after application of a high power destructive pulse (After burst); D) 

Quantification of stable signal (n = 6–10). * denotes p < 0.05; and E) Quantification of BUN 

(n = 4–7). * and *** denotes p < 0.05 and p < 0.001, respectively.
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Fig. 5. Muscle-specific EcSOD transgenic mice are resistant the endotoxemia-induced monocyte 
adhesion
A) CX3CR1-GFP (Monocyte-GPF reporter mice)-TG double transgenic mice or CX3CR1-

GFP-WT control mice receiving LPS injection were fitted with a vessel-chamber window 

(left panel) at 6 hours post LPS injection to observe and record vascular monocyte adhesion 

and rolling (middle and right panels). Red arrows indicate GFP-monocytes adhered to the 

vessel walls; B) Quantification of monocyte adhesion per vessel wall surface area for 

CX3CR1-GFP-WT controls (WT) and CX3CR1-GFP-TG (TG) mice after LPS injection (n 

= 4–9); C) Quantification of rolling monocytes per vessel wall surface area (n = 5–9). * and 

*** denote p < 0.05 and p < 0.001, respectively; and D) A working model of EcSOD-

mediated protection against endothelial cell activation and monocyte adhesion under 

endotoxemia. Endotoxemia induces expression of adhesion and chemokines in endothelial 

cells via NFκB mediated transcription to promote inflammatory cell interaction and 

adhesion. This process will in turn promote free radical generation from both inflammatory 

and endothelial cells, exacerbating the inflammatory responses. EcSOD could scavenge the 

free radicals at and inside the endothelial cells and attenuate the inflammatory cell-

endothelial cell interaction.
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