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Abstract

Background—Severe burn causes muscle mass loss and atrophy. The balance between muscle 

cell death and growth maintains tissue homeostasis. We hypothesize that pre-existing cellular 

structural defects will exacerbate skeletal muscle mass loss after burn. Using a Duchenne muscular 

dystrophy (mdx) mutant mouse, we investigated whether severe burn caused more damage in 

skeletal muscle with pre-existing muscle disease.

Methods—The mdx mice and wild type mice received 25% total body surface area (TBSA) scald 

burn. Gastrocnemius, tibialis anterior, and gluteus muscles were obtained at day 1 and 3 after burn. 

Gastrocnemius muscle function was measured on day 3. Animals without burn served as controls.

Results—Wet tissue weight significantly decreased in tibialis anterior and gluteus in both mdx 
and wild type mice after burn (p<0.05). The ratio of muscle-to-body weight decreased in mdx 
mutant mice (p<0.05) but not wild type. Isometric force was significantly lower in mdx 
gastrocnemius and this difference persisted after burn (p<0.05). Caspase-3 activity increased 

significantly after burn in both groups, while HMGB1 expression was higher in burn mdx mice 

(p<0.05). Proliferating cell nuclear antigen (PCNA) decreased significantly in mdx mice (p<0.05). 

Myogenic markers pax7, myoD and myogenin increased after burn in both groups, and were 

higher in mdx mice (p<0.05).

Conclusion—More muscle loss occurred in response to severe burn in mdx mutant mice. Cell 

turnover in mdx mice after burn is differed from wild type. Although markers of myogenic 

activation are elevated in mdx mutant mice, the underlying muscle pathophysiology is less tolerant 

of traumatic injury.
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1. Introduction

The hyper-metabolic response to severe burn causes muscle loss to exceed muscle gain 

resulting in a negative net balance of muscle tissue (1). The mechanisms of muscle loss after 

burn are not completely understood. Severe burn results in increased resting energy 

expenditure due to elevated stress hormones, production of acute phase proteins, and 

increased immunologic mediators (2). Prior studies have demonstrated that increased whole 

body protein turnover, specifically from breakdown of skeletal muscle, provides amino acid 

substrates for wound healing after burn (3). However, shunting of amino acids to the burn 

wound cannot account for muscle loss entirely as net protein loss with elevated catabolism is 

known to persist nine months to one year after burn, well after wound closure (4, 5).

At the molecular level, it has been observed that caspases and the activated ubiquitin-

proteasome pathway leads to accelerated degradation of myofibrillar proteins in the acute 

phase following burn (6). Specifically, the atrophy-related ubiquitin E3 ligases MuRF-1 and 

atrogin-1 have been noted to have an 8 and 3 fold increase respectively 48 hours after burn 

(7). E3 ubiquitin ligases and caspases are regulated through the PI3K pathway, a target of 

IGF-I and insulin (8).

Skeletal muscle damage is not just limited to depletion of proteins. It has been noted by 

Duan et al. that skeletal muscle cell apoptosis is induced on the first day following burn with 

a peak at 4 days post-injury. Elevation of circulating apoptotic ligands and caspases as well 

as an increase in muscle tissue pro-apoptotic genes and proteins suggest a mechanism for 

this finding (9).

To maintain muscle homeostasis, muscle cell regeneration must compensate for cell death. 

Myogenesis after burn is not compensatory to cell loss leading to atrophy (10). Myogenesis 

is dependent on muscle progenitor satellite cells. Satellite cells are a small population of 

quiescent cells found between the sarcolemma and basal lamina. In response to external 

stimulation, activated satellite cells first proliferate and then differentiate to fuse into new 

fibers in the process of repair (11).

The role of myogenesis after burn is not clear. Wu et al. have observed satellite cell 

activation in muscles of severe burn rat models (12). However, Duan et al. showed that 

proliferative activity of myoblasts decreased in the tibialis anterior on the first day after burn, 

suggesting an inhibition of muscle cell growth (13). After burn, several pathways at the 

hormonal, cellular, and molecular levels control protein turnover, apoptosis, and 

myogenesis, all contributing to the end result of muscle atrophy.

Human Duchenne's muscular dystrophy (DMD) is a recessive X-chromosome linked 

muscular dystrophy caused by a mutation in the dystrophin gene. Patients present with 
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progressive proximal muscle weakness and loss of muscle mass eventually leading to 

paralysis. Dystrophin is a cytoplasmic protein that links myofilaments and structural proteins 

to the sarcolemma. Dmdmdx mutant mice (mdx) lack dystrophin expression and have been 

extensively used as an animal model for the human muscular disease (14) (15). This rodent 

model is considered a less severe phenotype of the human disease, possibly due to the 

presence of a robust regenerative response or increased expression of utrophin and α7β1-

integrin, proteins that fulfill the same structural role as dystrophin (16). To our knowledge, 

there is no information about the response to severe burn in the dystrophin defective mdx 
mouse. We hypothesize that pre-existing cellular structural defects will exacerbate skeletal 

muscle mass loss after burn resulting in more severe atrophy. The aim of the current study is 

to investigate whether severe burn causes more damage in skeletal muscle with pre-existing 

muscle disease.

2. Materials and methods

Adult male C57BL/10ScSn-Dmdmdx/J mutant (mdx) mice (6 to 8 weeks old) and aged-

matched wild type control mice were purchased from Jackson Laboratory (Bar Harbor, ME) 

and allowed one week acclimation prior to the experiment. Mice were housed in a 

temperature-controlled room with a 12-hour light/dark cycle and ad libitum laboratory chow 

and water. All animal procedures were approved by the Institutional Animal Care and Use 

Committee of the University of Texas Southwestern Medical Center following the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals.

2.1. Burned mice

Mice received 25% total body surface area (TBSA) scald burn under general anesthesia with 

1.2% avertin (250mg/kg) injected intraperitoneally (ip). The burn procedure was described 

in previous study (17). Briefly, shaved mice received 1 ml of 0.9% saline injection 

subcutaneously along the spinal column. Mice were placed in a mold with an opening to 

expose a 12.5% TBSA. Mice were then immersed in 97°C water for 10 seconds on the 

dorsal and 2 seconds on the ventral side to receive a total 25% TBSA full thickness scald 

burn. Mice received 1ml of Lactated Ringers solution (ip) for resuscitation, and 0.05 mg/kg 

of buprenorphine SR subcutaneously for analgesia. Sham animals underwent anesthesia and 

shaving with immersion in room temperature water (25°C). Hindlimb muscles including 

gastrocnemius, tibialis anterior and gluteus were obtained when mice were euthanized on 

day 1 and 3 after burn. Muscle tissue was weighed, halved, and either stored in 10% neutral 

buffered formalin for histological process, or snap frozen in liquid nitrogen for further 

molecular biological analysis.

2.2. Muscle function test

Isometric contractile properties of the gastrocnemius muscles were measured on day 3 after 

burn using an ASI muscle level system with dynamic muscle control and analysis software 

(1305A whole animal system, Aurora Scientific, Inc.). Under anesthesia, the gastrocnemius 

muscle was gently dissected free of skin, fascia, and surrounding musculature. The Achilles 

tendon was sutured and attached to the lever arm of a dual mode servo muscle lever system 
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(model 305c, Aurora Scientific, Inc). The hind limb was secured to the 806D in-situ rodent 

platform. Electrodes were implanted into the distal end of severed sciatic nerve.

The muscle stimulation protocol was followed the previous study (18) with minor 

modifications. The gastrocnemius was stimulated by the 701C electrical stimulator (Aurora 

Scientific, Inc.) with a single twitch (0.2 ms impulse duration, 200 Hz frequency, 10 mA), 

and the muscle was stretched 0.2 mm every 25 seconds to reach the optimal length (Lo), 

where there was less than 2% change between twitches. The muscle isometric functions 

twitch (Pt) and tetanic force (Po) were measured afterwards. Muscle Po was obtained with a 

total 1 second of electric stimulation at 150 Hz with impulse duration of 0.2 ms and 75 

pulses per train. Po was measured triplicated with a 2 minute off tension interval.

2.3. Muscle tissue histology

Fixed muscle tissues were paraffin embedded, and sectioned longitudinally through the 

middle transverse plane. Tissue sections (5 urn) were deparaffinized and rehydrated 

following the standard Hematoxylin & Eosin (H&E) staining procedure. With a calibrated 

eyepiece at 10× magnification, total 100 myofibers from 5 random scope views of each 

muscle tissue were counted by blinded observers. Values of cell size were analyzed by NIH 

ImageJ software.

2.4. Western blot

Fifty milligrams of frozen muscle tissue were homogenized in 0.5 ml of T-PER tissue 

protein extraction reagent containing 1x Halt protease and phosphatase inhibitor cocktail 

(ThermoFisher Scientific, Rockford, IL).The homogenate was centrifuged at 20,000×g for 

30 minutes at 4°C and the supernatant was collected. Thirty micrograms of sample protein 

were analyzed by SDS-PAGE and western blot following the published procedure (19). 

Band intensities were quantified with the Gene Snap/Gene Tools software (Syngene, 

Frederick, MD). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was utilized as a 

loading control. All antibodies including High-mobility group box 1 (HMGB1), 

proliferating cell nuclear antigen (PCNA), and GAPDH antibodies were purchased from 

(Cell signaling Tech, Danvers, MA). SuperSignal West Pico Chemiluminescent Substrate 

was purchased from Thermo Scientific Inc., (Rockford, IL).

2.5. Caspase 3 activity assay

The assay was performed as previously described (17). Tissue protein (20 μg) was incubated 

with 5 mM Z-DEVD-R110 in reaction buffer containing 5 mM PIPES, pH 7.4, 1 mM 

EDTA, 0.05% Triton, 5 mM DTT for 30 minutes at room temperature. Fluorescent intensity 

was detected by FLUOstar OPTIMA microplate reader (BMG-LABTECH Inc., Cary, NC) 

with excitation/emission 485/520nm filters. Caspase-3 activity was quantified as the change 

in fluorescence per minute per microgram of protein.

2.6. Real time qPCR

RNA extraction and real time qPCR procedures were published previously (20) and briefly 

described as following: Total RNA was extracted from 25mg of tissue using RNeasy Fibrous 

tissue mini kit (Qiagen, Valencia, CA). RNA yield was measured by NanoDrop 3300 
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Fluorospectrometer (Thermo Fisher Scientific Inc, Wilmington, DE). One microgram (1 μg) 

of RNA sample was utilized for the first reverse transcription step to make the 

complementary DNA (cDNA) template using High-capacity cDNA Reverse Transcription 

kits (Applied Biosystems, Foster city, CA). The cDNA template was stored at -20oC prior to 

the real time PCR procedure.

Real time quantitative PCR (qPCR) was performed with the standard curve method using 

IQ5 Multicolor real-time PCR system (Bio-Rad Laboratories, Hercules, CA). The cycle set 

included stage 1 at 50°C for 2 minutes, stage 2 at 95°C for 10 minutes and stage 3 was 

repeated 40 times at 95°C for 15 seconds, 60°C for 1 minute. Each sample was run in 

triplicate. FAM labeled TaqMan probes were purchased from Applied Biosystems. GAPDH 
was set as the reference gene. Relative quantitation of target gene expression was evaluated 

by the 2-ΔΔCt method.

2.7. Statistical analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA) with 

Bonferroni post hoc test and paired student's t-test where appropriate. All data are presented 

as mean ± stand error of the mean (SEM). Significance was accepted at p<0.05.

Results

The mdx mice had greater body weight (26.38 ± 0.31g vs. 23.51 ± 0.21g) at the beginning of 

the experiment [Figure 1A]. Following thermal injury, body weight changed significantly 

with a 10% and 8% decrease at day 1 and 3 in the mdx mice compared to a 4% change in 

wild type (WT) at both days (p<0.05) [Figure 1B]. The mdx mice had low mRNA and 

protein expression of dystrophin in muscle tissue [Figure 1C,D]. No significant changes of 

dystrophin expression were observed in either wild type or mdx mice in response to thermal 

injury. All animals in both groups survived after burn.

We analyzed the wet tissue mass of three muscle types. Tissue wet weight significantly 

decreased in the tibialis anterior (TA) of all burned animals with a significantly greater loss 

of TA tissue mass in the mdx mice (p<0.05) [Figure 2A]. Gastrocnemius tissue weight in 

non-burn animals was greater in the mdx mice, however, gastrocnemius tissue loss was 

greater in mdx mice at day 1 after burn (p<0.05) [Figure 2B]. The gluteus mass significantly 

decreased over 50% in the mdx mice at day 1 and remained low on day 3; it did not decrease 

significantly until day 3 in WT (p<0.05) [Figure 2C]. The ratio of tissue to body weight 

decreased in all three muscle types in mdx mice compared to non-burn, and there was a 

significant decrease compared to WT mice at day 1 and 3 after burn (p<0.05) [Figure 

2D,E,F]. Isometric muscle function including twitch (Pt) and tetanic force (Po) were 

significantly lower in the gastrocnemius of mdx mice and remained low when normalized to 

body weight and after burn (p<0.05) [Figure 3].

On histological examination of muscle tissue, we identified progressive degeneration and 

necrosis in the mdx mice. H&E staining showed apparent cell damage with immune cell 

infiltration in the mdx mouse muscle tissue. The muscle cells were swollen with a round 

shape due to tissue edema and the inflammatory response after burn [Figure 4A]. Single 
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myofiber size increased 1-fold in the gastrocnemius of mdx mice on day 1 after burn with a 

significant increase in myofiber size of burned mdx mice compared to WT [Figure 4B].

Caspase 3 activity increased significantly in the gastrocnemius muscle tissue from both burn 

mdx and WT mice (p<0.05). There was not a significant difference in caspase-3 observed 

between the two burn groups at each time point [Figure 4C]. HMGB1, a necrosis marker, 

was significantly higher in the mdx mice in controls (p<0.05) [Figure 4D]. Western blot 

analysis showed that the band intensity ratio of HMGB1 to GAPDH significantly increased 

in mdx mice at day 1 after burn, and quickly dropped below the baseline on day 3 (p<0.05); 

no significant response was observed in burn WT mice.

Western blot data showed that the absorbance ratio of PCNA to GAPDH was 3-fold higher 

in muscle from mdx mice than wild type mice, and after burn, the ratio of PCNA to GAPDH 

significantly decreased at day 3 in mdx mice (p<0.05) [Figure 4E].

The mRNA expression of paired box protein pax7, and myogenic regulatory factors (MRFs) 

including myoD and myogenin, were examined in gastrocnemius with real time qPCR. 

Myogenin expression was elevated in mdx mice compare to WT mice (13.8 ± 1.48 fold 

change vs. 3.13 ± 0.35 fold change, p<0.05). All mRNA expressions of pax7, myoD and 

myogenin increased in burn mdx mice. MyoD and myogenin mRNA expression were 

significantly higher in burned mdx compared to burned WT mice. Myogenin expression was 

significantly increased in both burn groups on day 3, with a 7-fold increase seen in mdx 
compared to WT mice (p<0.05). [Figure 5]

Discussion

Our investigation of the response to burn in the mdx mouse, a model of Duchenne's 

muscular dystrophy, identified a greater inflammatory response, increased muscle damage, 

increased cell turnover, and increased cell loss accompanied with a stronger but insufficient 

myogenic response leading to severe muscle atrophy and body mass loss. The mdx mutant 

mouse has a dystrophin genetic defect causing a muscular dystrophy phenotype. The 

dystrophin associated protein complex connects the cytoskeleton to the extracellular matrix 

and stabilizes the sarcolemma. Loss of dystrophin causes instability of the plasma 

membrane. In the current study, we found that while mdx mice had greater body weight at 

baseline, there was a greater loss of muscle and body mass after burn. Our findings of 

elevated HMGB1 expression and caspase-3 activity in mdx mice suggest increased cell 

death compared to wild type. Myogenic activation was even higher in response to burn 

evidenced by an increase in the myogenic factors MyoD, Pax7, and myogenin. However, this 

did not appear to correlate with an increase in proliferation given the decrease in PCNA 

expression and the severity of muscle atrophy.

Caspase-3 is a conventional apoptotic cascade signal. In this study we observed that 

caspase-3 activity increased in both mutant and wild type burn groups, indicating that the 

apoptosis pathway is activated after burn. HMGB1 is a marker that is passively released by 

damaged and necrotic cells (21) and we found it was elevated following burn in only mdx 
mice. These findings suggest muscle tissue damage was a cause of necrotic cell death in 
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mdx mutant mice, while apoptosis is a major cell death pathway in both mutant and wild 

type mice after burn. The underlying structural defect of the mdx mouse muscle fiber 

appears to increase susceptibility to cellular damage in response to a systemic insult.

Proliferating cell nuclear antigen (PCNA), located in the cell nucleus has an increased 

expression during the DNA synthesis phase of the cell cycle. It functions as a cofactor of 

DNA polymerase delta and increases DNA strand synthesis. PCNA has been considered a 

cell proliferation marker in the study of tissue homeostasis for decades (22, 23). In the 

current study, we found that PCNA decreased after burn in mdx mice. This finding suggests 

an inhibitory phase of muscle cell growth in mdx mice right after burn. Although higher 

levels of myogenic regulatory factors were found, decreased cell proliferation identifies a 

breakdown in the myogenesis pathway of mdx mice after burn. This finding indicates a 

mechanism of insufficient muscle homeostasis leading to worsening atrophy.

In this study, we did not observe a trend in the wild type expression of PCNA following 

burn, however, previously we found that PCNA expression increased after burn in wild type 

gluteus muscle at day 1 (20). The difference in observations is likely due to the power of the 

individual studies. The etiology of the decrease in PCNA in burn mdx mice compared to 

controls and wild type mice is not known, however disturbances in intracellular calcium and 

its effects on endoplasmic reticulum (ER) stress could be a possible mechanism for this 

finding. Our previous work identified increased stress of the ER in relation to calcium 

signaling after burn (24). ER stress results in the prevention of protein synthesis. It is 

established that a deficit in dystrophin results in the disturbance of intracellular calcium 

homeostasis and effects rates of protein synthesis and turnover; it is possible our 

observations are related to the interaction of these pathways (25).

We found elevation of the myogenic regulatory factors myoD and myogenin in burn mdx 
mice. Of these, myogenin expression was the most prominent after burn. Myogenin is not 

only related to myogenesis, but also is an inducer of neurogenic muscle atrophy. There is 

evidence that myogenin is associated with the activated MRUF1 and atrogin-1 ubiquitin 

pathway (26). It has previously been shown that necrotic and degenerative muscle fibers in 

mdx mice display an over-activation of the ubiquitin-proteasome system (27). Our finding of 

increasingly elevated myogenin in mdx mice after burn could be reflective of the increased 

ubiquitin-proteasome protein degradation pathway.

The loss of lean body mass after severe burn is associated with poor clinical outcomes, 

including an increased chance of infection or sepsis and delayed functional recovery (28) 

(1). We have shown that pre-existing muscle disease worsens the loss of muscle mass after 

burn. Muscle homeostasis is not just a problem in the burn unit, but also for the patient with 

a critical illness causing a hypermetabolic state. Moisey et al. reported that critically ill 

elderly patients with sarcopenia are prone to severe complications and higher mortality (29). 

Thus patients with pre-existing muscle abnormalities should be evaluated critically by 

clinical healthcare professionals and the muscle condition taken into consideration of their 

treatment.
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In conclusion, we found increased lean muscle loss in response to severe burn in mdx 
mutant mice. Cell turnover in mdx mice after burn is differed form wild type. Our 

investigation has uncovered the importance of structural muscle proteins in the maintenance 

of muscle homeostasis after severe burn. The current data implies patients with pre-existing 

muscle disease are less tolerant of traumatic injury and critical illness.
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Figure 1. 
A) Animal body weight from mdx and wild type groups. B) Percentage change of body 

weight to pre-burn. C) Real time qPCR detected dystrophin mRNA expressions, and D) 

Western blot images showed protein expressions of dystrophin and PCNA from 

gastrocnemius muscle in sham groups of mdx and wild type mice. * p<0.05 mdx vs. wild 

type; + p<0.05 mdx mice vs. non-burn group; # p<0.05 wild type vs. non-burn group (n=6/

group)
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Figure 2. 
Tissue weight change after burn. Muscle tissue wet weight alteration of A) tibialis anterior 

(TA), B) gastrocnemius (GM), and C) gluteus (Glu) in both mdx and wild type mice after 

burn. Normalized muscle tissue wet weight to animals body weight (BW), statistical analysis 

results of D) the ratio of TA to BW, E) the ratio of GM to BW and F) the ratio of Glu to BW 

in both mdx and wild type mice after burn. * p<0.05 mdx vs. wild type; + p<0.05 mdx mice 

vs. non-burn group; # p<0.05 wild type vs. non-burn group (n=6/group)
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Figure 3. 
Muscle isometric force including A) twitch force (Pt), B) tetanic force (Po) at day 3 after 

burn, C) specific Pt (sPt) and D) specific Po (sPo) forces normalized to tissue weight. * 

p<0.05 mdx vs. wild type (n=3/group)
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Figure 4. 
Muscle histology and cellular homeostasis in response burn. A) Cross sectional tissue slide 

of mouse gastrocnemius stained with hematoxylin and eosin; B) Myofiber size; C) 

Caspase-3 activity alterations in both groups after burn; D) HMGB1 western protein 

expression; E) PCNA protein expression. * p<0.05 mdx vs. wild type; + p<0.05 mdx mice 

vs. non-burn group; # p<0.05 wild type vs. non-burn group (n=6/group)
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Figure 5. 
Myogenic markers A) Pax7, B) MyoD, and C) Myogenin mRNA expression in mdx and 

wild type mice after burn. * p<0.05 mdx vs. wild type; + p<0.05 mdx mice vs. non-burn 

group; # p<0.05 wild type vs. non-burn group (n=6/group)
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