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Abstract

Introduction—Skeletal muscle wasting and weakness with mitochondrial dysfunction (MD) are 

major pathological problems in burn injury (BI) patients. Fibrinogen levels elevated in plasma is 

an accepted risk factor for poor prognosis in many human diseases, and is also designated one of 

damage-associated molecular pattern (DAMPs) protein. The roles of upregulated fibrinogen on 

muscle changes of critical illness including BI are unknown. The hypothesis tested was that BI-

upregulated fibrinogen plays a pivotal role in the inflammatory responses and MD in muscles, and 

that DAMPs inhibitor, glycyrrhizin mitigates the muscle changes.

Methods—After third degree BI to mice, fibrinogen levels in the plasma and at skeletal muscles 

were compared between BI and sham-burn (SB) mice. Fibrinogen effects on inflammatory 

responses and mitochondrial membrane potential (MMP) loss were analyzed in C2C12 myotubes. 

In addition to survival, the anti-inflammatory and mitochondrial protective effects of glycyrrhizin 

were tested using in vivo microscopy of skeletal muscles of BI and SB mice.

Results—Fibrinogen in plasma and its extravasation to muscles significantly increased in BI 

versus SB mice. Fibrinogen applied to myotubes evoked inflammatory responses (increased 

MCP-1 and TNF-α; 32.6 and 3.9 fold, respectively) and reduced MMP; these changes were 

ameliorated by glycyrrhizin treatment. In vivo MMP loss and superoxide production in skeletal 

muscles of BI mice were significantly attenuated by glycyrrhizin treatment, together with 

improvement of BI survival rate.

Conclusions—Inflammatory responses and MMP loss in myotubes induced by fibrinogen were 

reversed by glycyrrhizin. . Anti-inflammatory and mitochondrial protective effect of glycyrrhizin 

in vivo leads to amelioration of muscle MD and improvement of BI survival rate.

INTRODUCTION

Muscle wasting and the associated muscle weakness (1, 2) is a concomitant feature of many 

types of critical illnesses including burn injury (BI), major trauma, or sepsis, and also seen 

with immobilization, and denervation. The muscle wasting and muscle weakness of critical 

illness often leads to dependence on mechanical ventilation (3), with increased morbidity, 

mortality and medical costs (4). The “muscle wasting condition” of critical illness does not 
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imply a state of muscle atrophy alone, but also include metabolic derangements manifested 

as hyper-turnover of proteins, insulin resistance, and mitochondrial dysfunction (MD) in 

muscle, all of which have systemic implications (5). Importantly, the distant muscles away 

from the site of BI are often affected, leading to a generalized muscle asthenia. It is therefore 

imperative to establish therapeutic targets with the aim to prevent the muscle asthenia in 

critically ill patients including BI. Clear delineation as to how these catabolic events are 

switched on, and how they affect the muscle changes remain to be fully elucidated. Of note, 

many lines of evidence document that MD and derangements in the regulation of reactive 

oxygen species (ROS) accompany muscle wasting during critical illnesses (6).

MD is closely related to ongoing cellular detrimental processes including superoxide 

production (7) and release of apoptotic-signal mediators (8) and damage-associated 

molecular patterns (DAMPs) (9), all of which have systemic effects including increased risk 

for multiple organ failure (10). By post-mortem analyses of harvested samples, we 

previously provided indirect evidence for the involvement of MD during BI-induced muscle 

changes in mice (11). Although several therapeutic approaches targeting protection of 

mitochondria have been proposed, the link between MD and ROS and their role in overall 

survival has not been investigated in detail especially in the in vivo settings due to technical 

difficulties associated with mitochondrial analyses in vivo.

Fibrinogen is a major constituent of the blood coagulation cascade. In clinical pathological 

states, plasma levels of fibrinogen correlates well with the prognosis of patients including 

cardiovascular (12) and non-cardiovascular diseases (13), and has been accepted as a 

biochemical marker for the patient prognosis. Still unanswered question, however, is 

whether fibrinogen serves as the causative pathological protein or just an auxiliary 

inflammatory marker. Accumulating evidence mainly from cell culture work suggests that 

fibrinogen directly stimulates, and thus acts an intrinsic ligand for toll-like receptor (TLR)-4 

in many cells (14), implying that fibrinogen can be an inflammatory mediator and also act as 

a constituent of DAMPs (15). Whether fibrinogen has deleterious effects directly on muscle 

cells has not been studied, however.

Glycyrrhizin is a major component purified from licorice root and has been widely used as 

herbal medicine. Previously, it has been used to effectively treat various inflammatory 

diseases including chronic hepatitis (16), and suggested as therapy against other 

inflammatory pathologies including BI (17). Previous studies have demonstrated that 

glycyrrhizin exerts anti-inflammatory effects by blocking TLR2/4 signaling (18), and 

through mitochondria-protective effects (19). The in vivo role of glycyrrhizin on skeletal 

muscle mitochondria protection or its effect on improving the prognosis of critical illnesses, 

however, has not been investigated. In the current study, direct pathological roles of 

fibrinogen on myotubes and the protective efficacy of glycyrrhizin were examined in C2C12 

cell culture system. Using BI mouse as a paradigm of critical illness and muscle wasting, the 

hypothesis tested was that BI-induced increased fibrinogen levels lead to inflammatory 

responses and MD in muscle, and that glycyrrhizin treatment mitigates these muscle changes 

and overall prognosis after BI.
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METHODS

Materials

MitoSOX, DiOC6 (3,3'-Dihexyloxacarbocyanine Iodide), Cell Tracker, JC-1, LinearFlow 

Intensity Calibration beads, Trizol and SYBR Green were from ThermoFisher Life 

Technologies (Grand Island, NY). Antibody against fibrinogen-γ was obtained from Abcam 

(Cambridge, MA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from Abgent (San 

Diego, CA) and glycyrrhizin from Sigma (St. Louis, MO). Enzyme Linked Immunosorbent 

Assay (ELISA) kit for fibrinogen was from Genway Biotech (San Diego, CA)

Animal Study

The study protocol was approved by the Institutional Animal Care Committee at 

Massachusetts General Hospital. Male BL6 mouse (Jackson, MA), of 6 weeks age, 

weighting 20–30g, were used. After acclimatization, the animals were randomly allocated to 

different experimental groups.

Burn Injury (Local): Under anesthesia with pentobarbital (65mg/kg BW), a third degree 

burn injury was inflicted on the tibialis anterior (TA) muscle according to the method 

previously described (20). Burn Injury (Systemic): A third degree BI covering 35% of body 

surface area was administered under pentobarbital anesthesia as previously described (21). 

SB injury served as the control group. Survival rate was measured and compared among 

groups.

Drug Treatment

Dosage of glycyrrhizin: Based on previous cell culture studies with glycyrrhizin 

administered directly to cells showed no cytotoxic effect at least up to 50μg/ml (22, 23). 

Thus, 50μg/ml dose of glycyrrhizin was selected for the C2C12 cell culture experiments and 

in vivo intramuscular-injection experiment. According to the previous in vivo experiments in 

rodents with systemic administration, the glycyrrhizin effective doses ranged from 5 - 

200mg/kg (24, 25) The current study utilized intraperitoneal injection of 50mg/kg.

Local administration of glycyrrhizin: In the treatment group, 50μg/ml glycyrrhizin in Krebs-

Ringer solution (KR) was intramuscularly injected at the acute phase after BI (30 minutes), 

and incubated for 60 minutes. In the control groups, only solvent (KR) and no glycyrrhizin 

was injected by the same method.

Systemic administration: In the in vivo glycyrrhizin treatment experiments, 50mg/kg 

glycyrrhizin was administered daily by intra-peritoneal injection. In the control group, the 

same amount of normal saline was injected daily.

Staining for ROS

After the 60 minute incubation with glycyrrihizin or saline, a fluorescent indicator dye for 

detection of mitochondria-derived superoxide, MitoSOX (5μM) was injected 

intramuscularly into the tibialis anterior after local BI and incubated for 60 minutes. In vivo 
microscopy was performed as previously described (26). For in vivo detection of ROS, mice 
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were anesthetized with pentobarbital, intubated and mechanically ventilated. Tibialis 

muscles were exposed and immersed in Krebs Ringer for observation. The specificity and 

validity of the fluorescent signal detected were confirmed by signal elimination with anti-

oxidant, ascorbic acid. The consistency of image signals among assays was confirmed with 

fluorescent intensity standard beads co-injected into the tissue (488nm LinearFlow 

Calibration beads). The timing of measurement was expressed as the time point of data 

acquisition.

Measurement of mitochondrial membrane potential

In the systemic BI, the sternomastoid muscles were exposed and incubated with 40nM 

DiOC6 for 30 minutes, for mitochondria-specific staining (27). Cell Tracker Orange was 

used as non-specific staining to validate the consistency of the staining among groups. After 

the incubation with dyes, muscles were washed with Krebs-Ringer and the mouse was 

placed under the microscope for observation. Previously DiOC6 has been used for staining 

endoplasmic reticulum (ER) and nuclear envelop at 1 to 5 μM (20-100 times higher 

concentration than that used of mitochondrial membrane potential). Thus, under conditions 

employed in this study, ER or nuclear envelope is not stained (27).

Fibrinogen assay (Western blot)

The blood sampling for fibrinogen levels was performed in the three groups of mice (SB, BI 

alone, and BI with glycyrrhizin). After plasma separation by centrifugation, the samples 

were diluted 500 times and run on SDS-polyacrylamide gel and fibrinogen in each plasma 

sample was quantified by Western blot. Anti-fibrinogen gamma chain antibody was used as 

the first antibody followed by anti-rabbit HRP as the second antibody.

ELISA

Plasma levels of fibrinogen were quantified by ELISA according to manufacturer's 

instructions. Briefly, appropriately diluted plasma samples both from burn mice and sham-

burn controls were applied to ELISA plate along with fibrinogen standards. After binding of 

the peroxidase-conjugated antibody, the bound quantity was measured by the reaction of 

chromogenic substrate at 450nm.

Immunohistochemistry

As previously described (11), after rinsing of tissue blood, the harvested muscle samples 

were snap-frozen in pre-cooled methylbutane, cryosectioned, fixed in 4% paraformaldehyde, 

blocked and stained with anti-fibrinogen antibody.

Tissue homogenization

According to the standard homogenization method (21), harvested muscle samples were 

homogenized using Polytron tissue grinder in the homogenization buffer containing 20mM 

Tris/HCl (pH 7.4), 2% Triton X-100, 150mM NaCl, 1mM (EDTA) supplemented with 

5μg/ml aprotinin, 10μg/ml leupeptin, 10μg/ml pepstatin A and 1mM PMSF. Crude tissue 

homogenates were obtained by low-speed centrifugation at 800xg for 10 minutes. Total 

protein concentrations were measured and adjusted among samples.
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Mitochondria staining assay in C2C12 myogenic cells

C2C12 cell were cultured in DMEM with 10% FBS, 1% penicillin and streptomycin. To 

induce differentiation, medium was changed to DMEM with 2% horse serum. After 1 hour 

of pre-incubation with or without glycyrrhizin (50μg/ml), the C2C12 cells were stimulated 

with different concentrations of fibrinogen for 2 hours. Then, the dishes were washed with 

PBS and incubated with 10μg/ml JC-1 for 10 minutes with constant rocking. After washing, 

the cells were observed under the fluorescent microscope.

RT-PCR of inflammatory mediators produced by C2C12 cells

Following pre-incubation with or without glycyrrhizin (50μg/ml), differentiated C2C12 

myotubes were incubated with different concentrations of fibrinogen for 2 hours. After 

washing, the cells were harvested by snap freezing in liquid nitrogen. The cells are scraped 

and homogenized in a standard Trizol homogenization method. After extracting mRNAs, 

inflammatory mediators were quantified by SYBR-Green mediated quantitative real-time 

PCR method using ViiA™ 7 Real-Time PCR System (Thermo Fisher Scientific, Waltham, 

MA).

Data analysis

Fluorescent Signal was captured by Nikon Eclipse 800 microscope equipped with CCD-Spot 

Camera. The captured images were fed into a post-acquisition analysis software, Image J. 

Data are expressed as mean ± standard error of the mean and analyzed with Student's t-test 

for two-group comparison, one-way ANOVA and Tukey's method for three-group 

comparison (GraphPad Prism), Welch's ANOVA with Games-Howell's method was used for 

time-course analysis, and Kaplan-Meier method for the survival curve analyses. A value of 

p<0.05 was considered significant.

RESULTS

Fibrinogen in plasma is increased after burn injury

To examine whether BI causes upregulation of circulating fibrinogen in the blood, plasma 

samples from experimental and control groups at post burn day 3 (PBD3) were analyzed by 

Western blotting (Fig.1a). The intensity of the plasma fibrinogen band was significantly 

higher than sham. The plasma concentration of fibrinogen was 10.69 +/− 0.91 vs. 1.34 +/

− 0.25 (mg/ml) for burn and sham-burn mice by ELISA (Fig.1b). The observed increase of 

the band at 50kD indeed represents fibrinogen based on the velocity gradient endogenous 

molecular weight confirmation (migrates at 300kD to 400kD, supplementary data) 

corresponding to the full size of fibrinogen complex.

To analyze whether increased plasma fibrinogen leads to extravasation of fibrinogen to the 

skeletal muscle tissues, immunofluorescent staining of the tibialis anterior muscle was 

performed at day 3 after BI to trunk. As shown in Fig.2, the tibialis muscle distant from 

body burn showed significantly higher cell surface staining suggesting extravasated 

fibrinogen accumulated in the interstitial space or attached to the sarcolemmal surface.

Ueki et al. Page 5

Shock. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To confirm the increased fibrinogen level in the vicinity of muscle tissue, tibialis anterior 

muscles harvested at PBD3 were homogenized and tissue fibrinogen amount was quantified 

by Western blotting using an anti fibrinogen antibody. As show in Fig.3, distant muscle from 

burn injury showed significant increase in the amount of fibrinogen as compared to sham-

burn controls (Fig.3), confirming the data from immunofluorescence staining (Fig2).

Fibrinogen causes loss of MMP in myotubes

Previous studies reported that critical illnesses including burn injury and sepsis lead to MD 

(8, 11). One reflector of mitochondrial function is the measure of the mitochondrial 

membrane potential (8). To examine whether fibrinogen has direct biological effect on 

muscle cells, differentiated C2C12 cells were treated with increasing doses of fibrinogen 

(0-10mg/ml). Fibrinogen treatment decreased MMP in a dose-dependent manner (Fig.4a-f). 

This finding is consistent with previous studies reporting direct effect of fibrinogen on other 

cell types (14), where enhanced TLR-mediated signaling was attributed to fibrinogen. The 

concentrations producing MMP loss (1-10mg/ml) overlap the range of the estimated 

fibrinogen concentrations in the interstitial fluid in muscle from BI mice (2.5-7.5mg/ml, see 

above). Based on the previous reports for glycyrrhizin attenuating TLR signaling (18) and 

inflammation (19), we incubated the C2C12 muscle cells with glycyrrhizin before and 

during the treatment with fibrinogen. MMP loss induced by fibrinogen was ameliorated by 

glycyrrhizin (Fig.4s-x&y).

Fibrinogen-induced inflammatory responses in myotubes are reduced by glycyrrhizin 
treatment

To further evaluate the effect of fibrinogen on muscles, differentiated C2C12 myotubes were 

stimulated by 3mg/ml fibrinogen for 2 hours with or without glycyrrhizin treatment. Total 

RNA was extracted and mRNAs for monocyte chemoattractant protein-1 (MCP-1), tumor 

necrosis factor-α (TNF-α), and GAPDH were quantified by real-time RT-PCR. Relative 

quantification after normalization against GAPDH transcripts revealed inflammatory 

response evoked by fibrinogen, with MCP-1 and TNF-α upregulated to 32.6 and 3.9 time, 

respectively. Glycyrrhizin significantly ameliorated the inflammatory response (Fig.5).

BI-induced disturbed MMP is ameliorated by glycyrrhizin treatment—Despite 

the well-established importance of mitochondria in skeletal muscle functions, most previous 

studies related to critical illnesses measured MMP using cell culture models or using 

purified mitochondria due to the technical difficulties in measuring its functions directly in 
vivo. Whether the whole body BI to mice leads to reduction in skeletal muscle membrane 

potential was examined using in vivo in distant sternomastoid muscle.

MMP was analyzed in the skeletal muscles from three groups of mice (burn, sham-burn 

control, and burn with glycyrrhizin treatment) at PBD3 under in vivo microscopy using 

DiOC6, the MMP dependent dye (27). The consistency of staining condition was confirmed 

by the counter staining with non-specific CellTracker dye. BI mice showed significant 

decrease in mitochondrial membrane potential (Fig.6), supporting the presence of a systemic 

MD in burns. Consistent with the cell culture work (Fig.4), glycyrrhizin treatment 

ameliorated the MMP defect.
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Burn injury increases mitochondria-derived superoxide production in skeletal muscles

Previous reports have documented ROS production is closely related to various organ 

dysfunctions in critical illnesses including burn injury (6) and sepsis (28). We thus next 

measured mitochondria-derived superoxide production in muscle samples following BI. At 

pre-determined time points after local BI, tibialis anterior muscles were stained with 

MitoSOX and observed under in vivo microscopy (Fig.7). Time course analysis showed that 

superoxide production in the muscles of BI mice follows chronological changes. Among the 

time points tested, 2.5 hour after BI gave the highest degree of superoxide staining, which 

gradually diminished during the next few days. By day 3 to 7 after burn injury, the 

superoxide production was down to the basal levels.

Glycyrrhizin ameliorates elevated mitochondrial superoxide production in BI 
mice—To test whether blocking the inflammatory effect by glycyrrhizin reverses the 

increase in burn-induced superoxide production from mitochondria, MitoSOX signals were 

compared between burn injury groups with and without glycyrrhizin at 2.5 hour after burn 

injury. As shown in Fig.8, local BI caused a significant increase in the superoxide production 

as compared to sham-burn injury. Burn-induced superoxide production was suppressed by 

glycyrrhizin treatment.

Glycyrrhizin improves burn survival rate—Previous studies have documented the 

association of MD to the poor prognosis in critical illness models (29). Indicators of tissue 

MD, including serum lactate and mitochondria DNA, have been related to poor prognosis in 

critical illnesses in the clinical studies (30, 31). To assess the impact of mitochondria 

protection by glycyrrhizin treatment on the prognosis of BI mice, the efficacy of glycyrrhizin 

treatment on BI survival rate was examined. The survival rate of BI mice significantly 

improved from 50% to 80% by glycyrrhizin treatment (Fig.9, p<0.05). The improved 

survival rate is consistent with the hypothesis that burn-induced MD and superoxide 

production can lead to poor survival after burn injury.

DISCUSSION

In the current study, we document that BI-induces upregulation of the inflammatory 

mediator, fibrinogen. The increased levels of plasma fibrinogen extravasated onto the 

skeletal muscle tissues. Using in vitro cell culture experiment, we demonstrate for the first 

time that fibrinogen can induce MD and inflammatory responses (increased MCP-1 and 

TNF- α) in the skeletal myocytes and that glycyrrhizin treatment ameliorated the MD and 

inflammatory responses. In vivo microscopy experiments demonstrated for the first time that 

glycyrrhizin treatment reversed BI-induced MD and ROS production in the mouse skeletal 

muscle, and also resulted in improved survival rate after BI.

Increased levels of plasma fibrinogen

The current study demonstrated plasma fibrinogen levels are significantly increased at PBD3 

as compared to sham-burn controls using Western Blotting and ELISA. Accordingly 

previous studies with burns, serum/plasma fibrinogen level is increases from PBD1 to PBD5 

(32-34). Previous studies showed maximal metabolic changes are often observed at PBD3 
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(35). Thus, the current study prioritized showing differences in fibrinogen levels at PBD3, 

but does not exclude the possibility that plasma fibrinogen levels and other parameters may 

show peak at earlier or later time points.

Roles of mitochondria dysfunction in burn injury

Severe burn injury in humans has poor prognosis because of major complications which 

include neuromuscular dysfunction with muscle mass loss (36), increased vascular 

permeability (37), systemic inflammation, hypermetabolic state (38), insulin resistance (39) 

and multiple organ failure. Notably, MD has been implicated in these specific conditions 

(40), but detailed understanding of the mitochondrial changes have not been elucidated (38). 

Specifically, MD leads to release ROS and various damaged mitochondrial molecules 

including high mobility group box 1 (HMGB-1). ROS can also trigger production of pro-

inflammatory cytokines and inflammatory mediators including MCP-1 and TNF-α (41). 

Pro-inflammatory cytokines and ROS can stimulate JAK-STAT signaling (42), leading to the 

production and release of fibrinogen by the liver, thus creating a vicious cycle of 

inflammation. Suppression of this vicious circle could possibly lead to tissue preservation 

and organ survival. The current study, by using novel in vivo microscopic techniques 

combined with conventional assays and cell culture approaches, provide evidence that 

mitochondria protection can impact prognosis in severe BI. This study focused on skeletal 

muscle mitochondria, given that skeletal muscle MD is considered to play a major role in 

muscle wasting of BI and a major risk factor for the poor prognosis in critical illness when 

there is severe muscle asthenia of BI patients.

Novel role of fibrinogen

It has been well accepted that increased fibrinogen is a risk factor not only for cardiovascular 

but also for non-cardiovascular diseases (13). Recent mechanistic studies demonstrated that 

TLR4 can be stimulated by fibrinogen (14). There have been accumulating reports 

suggesting crosstalk between innate immunity and coagulation system (43). There has been 

no study, however, that has examined the direct effect of fibrinogen on the muscle cells. In 

the current study, we have demonstrated the fibrinogen directly evokes pro-inflammatory 

responses and causes decreased MMP in myotubes. One reasonable question will be why 

nature has evolved so that fibrinogen plays two different roles. In major trauma, coagulation 

system including activation of fibrinogen plays pivotal roles in controlling the bleeding and 

thus essential for the survival of individuals and the species.

Activation of inflammation and suppression of the mitochondrial functions in muscle tissue 

by fibrinogen may be an evolutionary adaptation benefiting survival of animals under 

traumatic conditions by decreased protein synthesis and enhancing protein breakdown for 

transport of amino acids to tissue repair sites. For example, when there is massive bleeding, 

the individual has to survive by suppressing and controlling the energy expenditure, 

reminiscent of the process employed during hibernation, a reasonable evolutionary approach 

by nature when no surgical intervention was available. In the modern era with advanced 

medical technologies where bleeding and infection can be controlled, however, the negative 

impact of excess inflammatory responses or suppression of organ functions seem to continue 

to occur despite surgical and medical maneuvers.
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Therapeutic value of glycyrrhizin on burn-induced mitochondrial dysfunction and ROS

The current work has provided novel in vivo evidence that glycyrrhizin ameliorates the 

defect in mitochondrial function and suppresses mitochondria-derived superoxide 

production after burn injury. It does not, however, exclude the possibility that the effect of 

glycyrrhizin exerts its effect on mitochondria protection secondarily through suppression of 

systemic and local inflammation (44) or the possibility that improvement of survival may be 

through other mechanisms. The fact the glycyrrhizin inhibited mitochondrial changes ex 
vivo suggests a direct action also. Further studies are necessary to determine the primary in 
vivo target of glycyrrhizin. Mitochondrial protective effect and anti-inflammatory action of 

glycyrrhizin may cross-talk, based on previous studies documenting that glycyrrhizin by 

blocking TLR2/4 signaling inhibits inflammatory mediators (18), and suppresses the release 

of DAMPs from cells which are put under destructive stresses (45).

Among many other anti-inflammatory agents and interventions (46), however, glycyrrhizin 

has a long history of clinical use for treatment of chronic hepatitis (16), and its safety has 

been well studied. The current study therefore provides scientific evidence of glycyrrhizin as 

the promising therapeutic choice in BI-induced metabolic changes.

Conclusion

This study demonstrates a direct effect of fibrinogen on inflammatory responses and MMP 

in myotubes. Anti-inflammatory and mitochondrial protective effect of glycyrrhizin leads to 

amelioration of MD in vivo and improvement of survival rate after BI. This study does not, 

however, exclude the possibility that mitochondrial functions in other vital organs are also 

involved in affecting the prognosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Plasma fibrinogen is increased in burn-injured mice
(a) Western blotting with anti-fibrinogen-γ antibody shows a single band at 50kD increased 

in the plasma from burned mice (Burn), as compared to that from SB control (Sham). Three 

representative results from samples from different mice are shown. (b) Plasma fibrinogen 

concentration measured by ELISA is shown. ***: p<0.001, Student's t-test, n=4.
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Figure 2. Immunohistochemistry of fibrinogen on the skeletal muscle tissues
(a) At day 3 after burn injury, tibialis anterior muscle was harvested, cyrosectioned and 

stained for fibrinogen-γ. Burn injury increased the cell surface staining for fibrinogen as 

pointed by white arrows. (b) Cell membrane staining was quantified by densitometry. *: 

p<0.05 by Student's-t, N=5. White bar=20μm.
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Figure 3. Western blotting of tibialis muscle confirms fibrinogen accumulation in the tissue
At day 3 after burn injury, tibialis anterior muscles were harvested, homogenized and total 

homogenate were immunoblotted against fibrinogen. Band intensity of the Western blotting 

results was quantified by densitometry. y-axis represents arbitrary densitometric unit. 

GAPDH was used as internal control *:p<0.05, n=5, Student's t-test.
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Figure 4. Fibrinogen directly induces reduction in membrane potential
Differentiated C2C12 cells were treated with increasing fibrinogen concentrations and 

mitochondrial membrane potential was measured by staining with JC-1. Red fluorescence, 

representing high mitochondrial membrane potential, diminished with increasing doses of 

fibrinogen without glycyrrhizin treatment (a-f) while green staining for low membrane 

potential in mitochondria was relatively unchanged (g-l). Glycyrrhizin treatment (m-x) 

ameliorated the reduction in mitochondrial membrane potential.

Inlet in each figure shows magnified view of the mitochondria staining. With the loss of 

membrane potential, the red staining changes from elongated form into punctuate staining. 

(y) Fluorescence intensity was quantified by densitometry, and the ratio of red/green was 

plotted for the groups with or without glycyrrhizin treatment. *:p<0.05 by Student's-t test, 

n=3. White bar=20μm.
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Figure 5. Fibrinogen induces inflammatory responses in myotubes
C2C12 cells were treated with 3mg/ml fibrinogen for 2 hours with or without glycyrrhizin. 

Total RNA was purified from the harvested cells and quantitative real time RT-PCR 

performed. Relative quantification of inflammatory cytokines (MCP-1 and TNF-α) 

expression normalized against GAPDH (internal control) is shown as bar graphs with 

standard error. ***:p<0.001, **:p<0.01 by one-way ANOVA with Tukey's comparison. N=4.
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Figure 6. Mitochondrial membrane potential loss in burns is ameliorated by glycyrrhizin 
treatment
(a) In vivo microscopic images of sternomastoid muscles are shown to investigate the 

systemic effect of burn injury. Muscles were stained by DiOC6 for mitochondrial membrane 

potential after whole body burn injury with or without glycyrrhizin treatment. (b) DiOC6 

signal for mitochondrial membrane potential was analyzed by densitometry and shown as 

the average value of fluorescent intensity with the standard error (N=7). (c) Counterstaining 

with CellTracker as the internal control is shown. (d) The staining intensity was equivalent 

among all three groups. Fluorescent signal of burn group was significantly lower than that of 

sham-burn control group (Sham). Glycyrrhizin treatment group (Burn+Gly) showed 

improved signal as compared to burn treated with normal saline (Burn). N=7, *:p<0.05, 

**:p<0.01 by ANOVA with Tukey's comparison. n.s: not statistically significant. White 

bar=200μm.
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Figure 7. Burn injury alters mitochondria-derived superoxide production in a time-dependent 
manner
At predetermined time points after burn injury, superoxide production from mitochondria, 

stained by MitoSOX, was measured in tibialis anterior muscles under in vivo microscopy to 

study the local effect of BI. Superoxide increased at 2.5 hours after burn injury (‘2.5hr’) and 

decreased with time following days after burn injury (‘PBD’ on the x-axis represents post 

burn day). **:p<0.01, *:p<0.05, n=5, Welch's ANOVA with Games-Howell's comparison. 

White bar=200μm, x-axis is shown in a logarithmic scale.
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Figure 8. Burn injury-induced increased superoxide production from mitochondria in skeletal 
muscle was ameliorated by glycyrrhizin treatment
In vivo microscopic image are shown for the mitochondria-derived superoxide stained in 

tibialis anterior muscles by MitoSOX (upper panel) to study the effect of local BI. MitoSOX 

signal was quantified by densitometry and expressed as the mean value in each group with 

the standard error (lower panel, N=5). Burn injury (Burn) increased the signal as compared 

to sham-burn control (Sham), and glycyrrhizin (Burn+Gly) ameliorated the increased signal. 

**:p<0.01, *:p<0.05 by ANOVA with Tukey's comparison. N=5. White bar represents 

200μm.
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Figure 9. Kaplan-Meier analysis of the efficacy of glycyrrhizin treatment
Survival rate of the whole body burn injury was analyzed with or without glycyrrhizin 

treatment. As compared to control group with normal saline injection (‘Burn NS’), 

glycyrrhizin treatment (‘Burn Gly’) significantly improved the BI survival rate. Sham-burn 

control group with or without treatment showed no mortality. #: p<0.05 by log-rank test. 

N=20 for Burn NS, 20 for Burn Gly, 5 for Sham NS, 5 for Sham Gly. X-axis represents post-

burn days and y-axis shows percent survival.
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