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Abstract

Objective—This study investigated microRNA and target gene profiles under different 

conditions of burn, bed rest, and exercise training.

Methods—Male Sprague-Dawley rats (n = 48) were assigned to sham ambulatory, sham 

hindlimb unloading, burn ambulatory, or burn plus hindlimb unloading groups. Rats received a 

40% total body surface area scald burn or sham treatments and were ambulatory or hindlimb 

unloaded. Rats were further assigned to exercise or no exercise. Plantaris tissues were harvested on 

day 14 and pooled to analyze for microRNA and gene expression profiles.

Results—Compared to the sham ambulatory-no exercise group, 73, 79, and 80 microRNAs were 

altered two-fold in the burn ambulatory, sham hindlimb unloading, and burn hindlimb unloading 

groups, all with no exercise, respectively. Over 70% of microRNAs were upregulated in response 

to burn and hindlimb unloading, while 60% microRNA of the profile decreased in hindlimb 

unloaded burn rats with exercise training. MiR-182 was the most affected in rat muscle. GO 

biological process and pathway analysis showed that the oxidative stress pathway was most 

stimulated in the hindlimb unloaded burn rats; while in response to exercise training, all genes in 

related pathways such as hypermetabolic, inflammation and blood coagulation were alleviated.

Conclusions—MicroRNAs and transcript gene profiles were altered in burn and hindlimb 

unloading groups, with additive effects on hindlimb unloaded burn rats. The altered genes' signal 

pathways were associated with muscle mass loss and function impairment. Muscle improvement 

with exercise training was observed in gene levels with microRNA alterations as well.
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Introduction

Following a severe burn, patients suffer a hypercatabolic state in response to cytokine and 

stress hormone challenges. These stress signals, such as cortisol, catecholamine, and TNF-α, 

induce a catabolic/anabolic imbalance.1 The body's flood of catabolic signals increases 

muscle breakdown and metabolism in muscle to call upon its role as an energy reservoir. 

Patients with severe burn showed 83% muscle protein degradation and a 50% increase in 

protein synthesis. Alongside protein degradation, skeletal muscles demonstrate a net loss of 

amino acids, with a 50% increased transport into the blood and a 40% decreased transport 

from the blood.2

Scientists explored a robust bi-phase genomic profile in response to burn and sepsis from 

animals and patients.3 In this multicenter study, they found that circulating leukocytes 

increase production of these inflammatory signals via a “genomic storm” of transcriptional 

changes. Genomic networks constructed for several major pathways such as inflammation 

and proteolysis are precisely demonstrated in burn patients.

Epigenetic changes are caused by external environmental stimulations which regulate the 

transcriptome but not the DNA sequence directly. Mechanisms of epigenetics include DNA 

methylation, histone modification microRNA (miRNA), etc. The miRNA is a conserved 

class of small (20-25 bases), abundant RNA-interfering (RNAi) molecules that inhibit gene 

expression at the translational level. It acts by transiently binding to the 3′ UTR of 

messenger RNA (mRNA) with partial complementarity and by blocking their translation. At 

least 20%-30% of protein-encoding genes in human are regulated by miRNAs, and these 

genes are often targeted by multiple miRNAs.4 Clinically, miRNAs have been studied as 

markers for cancer progression, which are related to tumor cell growth or death through 

tumor-suppressor gene silencing. miRNAs are also involved in other disease states, such as 

type 2 diabetes, and PTSD neural trauma injury.5 The alteration of miRNA profiles were 

related to muscle disuse and atrophy,6 and further affected with exercise.7 Particularly in the 

area of burn, Liang et al. previously studied the miRNA profile of cells in burned dermis and 

found 66 miRNAs that were significantly up- or downregulated.8 However, there is little 

information regarding the mechanism of miRNAs mediating skeletal muscle atrophy after 

burn.

Due to the injury, burn patients are often in bed for extended periods of time.9 Wu 

demonstrated that rat muscle function decreased after burn and hindlimb unloading in an 

animal model.10 We speculated that miRNA changes in skeletal muscle after burn and bed 

rest contribute to muscle atrophy due to its abundance and sweeping range of actions on 

different genes.

Exercise studies have shown to positively mitigate muscle atrophy.11 In pediatric burn 

patients, beneficial improvement of muscle mass was achieved with a combination of 

aerobic and resistance exercise training.12,13 We recently studied the effects of resistance 

exercise on muscle function recovery in burn rats with hindlimb unloading.14 There was the 

question of whether gene expression alteration with exercise training is correlated with 

miRNA regulation. Therefore, we further hypothesized that exercise improves muscle 
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pathophysiological change that is associated with epigenetics-regulated gene expression 

after burn and muscle disuse. The purpose of the current study was to characterize the 

miRNA and genomic profile in burn and hindlimb unloaded animals with exercise training.

Methods

Forty-eight adult male Sprague-Dawley rats (Envigo [Harlan Labs], Indianapolis, IN) were 

used in this study. The animals' protocol was approved by the Institutional Animal Care and 

Use Committee at the University of Texas Health Science Center at Houston in accordance 

with NIH guidelines. All animal procedures were carried out at UT Houston and fully 

described previously.14 The experiment flow chart is presented in Figure 1 and briefly 

addressed below.

Burn procedure: All animals received a full-thickness scald burn of 40% total 

body surface area under 2%-4% isoflurane anesthesia. The burned animals (B) 

were resuscitated with 20 ml of intraperitoneal lactated Ringer's with 

buprenorphine for analgesia treatment. Sham animals (S) received the same 

procedure except for the scald burn.

Hindlimb unloading: Animals were placed in a hindlimb unloading system 

described by Morey-Holton and Globus after burn or sham injury.15 Rats were 

able to freely access regular chow (Harlan Teklad #2018) and water without 

the hindlimbs contacting the walls of the cage. Animals in the ambulatory 

groups (A) were housed in similar cages but without hindlimb unloading.

Resistance exercise: On the day of injury, animals were trained (E) to climb 1 

meter at an 80-degree incline with tail weights five times twice daily. Weights 

were calculated as percent body mass of each individual rat and gradually 

increased in increments of 10% every few days as tolerated with a maximum 

weight of 50% body mass. All animals including the non-exercised group (N) 

were pre-trained 10 days prior to injury.

Total RNA extraction and genomic analysis

On day 14 after injury, all animals were euthanized, and the hindlimb muscles on the right 

were harvested and weighed. Half the plantaris tissue was immersed in RNA stabilization 

reagent (Qiagen, Hilden, Germany) and stored at -80°C. Tissue samples from 3 animals in 

each group were pooled, and total RNA was extracted using Qiagen miRNeasy Mini Kit 

(Qiagen, Hilden, Germany). RNA purity was over 99%, and 1 μg of RNA sample was 

processed at the UT Southwestern microarray core facility for the following miRNA and 

gene expression measurements.

The Affymetrix miRNA 4.0 Arrays chip (Santa Clara, CA) was applied for miRNA 

detection. The chips' reproducibility (intra and inter-lot) is greater than 0.95. A total of 

36,333 small non-coding RNA probes, including varied species and controls coated in one 

chip for each sample. Rat gene expression from each pooled sample was detected in 

triplicate using the Affymetrix Rat Gene 2.0 chip (Santa Clara, CA). The chips contains 

30,429 rat gene probes. Raw signal intensity data was normalized with robust multi-array 
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average (RMA) from the Affymetrix data bank. The raw intensity values ratio of signal 

intensity were background corrected, log 2 transformed, and then quantile normalized. A 

linear model was then fitted to the normalized data to obtain an expression measure for each 

probe set on each array. The linear fold change of signal data was analyzed with Affymetrix 

Transcriptome Analysis Console 3.0 software. Threshold filters were set as the default value 

for both miRNA and gene expression data analysis. The absolute linear fold change value 

was greater than 2. For triplicated genomic sample data analysis, a one-way between-subject 

ANOVA (unpaired) was further applied with significant acceptance of p < 0.05. The 

interaction of miRNA and target genes, gene ontology (GO) biological processing, and 

related pathways were also analyzed.

Results

General description of miRNA and gene expressions

There were 1218 rat species miRNAs in a total of 36,333 miRNAs detected in rat muscle 

samples, including 728 rat mature miRNA probe sets and 490 pre-miRNA probes. Most 

signal intensities were lower than 2 in all groups. The highest probe signal intensity (binary 

log ratio) was 15.4 for miRNA-206-3p in all groups. We observed 74.5% of transcripts in the 

S/A/N group and 73.9% of the B/A/N group with a signal intensity of less than 2. There 

were 73, 79 and 80 miRNAs altered in the B/A/N, S/H/N, and B/H/N groups, respectively, 

compared to S/A/N group. Over 70% of the miRNAs were upregulated in response to burn 

and hindlimb unloading, while about 60% of miRNAs were upregulated in B/H rats with 

exercise training (Figure 2 A).

There were 30,429 rat genes detected using the Rat Gene 2.0 chip. GAPDH (transcript 

cluster ID 17799923) demonstrated the greatest signal intensity (13.5 binary log ratio). 

Filtered by default threshold values, there were 47 and 135 genes altered in rat muscle with 

burn or hindlimb unloading, respectively, while 239 genes were disturbed in combined burn 

and hindlimb unloading rats. There were 2, 20, and 22 genes that increased greater than 

fourfold in the B/A, S/H, and B/H groups separately. In contrast, 62 out of 71 genes 

decreased in the B/H/E versus B/H/N groups (Figure 2 B).

MiRNA and gene expression profiles are distinguished in response to burn, hindlimb 

unloading, and exercise and described separately as follows:

The miRNA and gene expression profile in response to burn (B/A/N vs. S/A/N)

In all, 79.4% of 73 miRNAs were upregulated in burn animals. The amplitude of 

upregulated miRNAs was higher than that of downregulated ones. There were 14 miRNAs 

upregulated more than fourfold, including the 3 most upregulated miRNAs, miR-182 

(12.81), miR-184 (10.50) and miR-155-5p (8.82). Fold changes were less than 3 in all 15 

downregulated miRNAs. The miR-409a-3p was the most decreased (-2.95) in burn animals 

(Supplemental Table 1-1).

There were 47 genes changed, 12 down- and 35 upregulated, in the B/A/N group compared 

to the S/A/N group (Supplemental Table 1-2). Thirty-two changed genes were associated 

with multiple GO biological processes, and 6 signal pathways were altered. The ketone body 

Song et al. Page 4

J Burn Care Res. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



metabolism, inflammatory response, and striated muscle contraction pathways were most 

activated (Supplemental Table 1-3).

In viewing the interaction network, the most upregulated miRNA, miR-182, decreased the 

col1a2 gene, which collaborates with downregulated miR-409-3p. MiR-182 also works with 

miR-193-3p and 125-b-1p to downregulate the neu2 gene, which participates in muscle cell 

differentiation. The second most upregulated miRNA, miR-184, was associated with the 

decreased obp3 and chad genes (which are associated with GO biological processes of small 

molecular transportation and cartilage condensation, respectively), and also collaborates 

with other miRNAs (Figure 3).

The miRNA and gene expression profile in rats with hindlimb unloading (S/H/N vs. S/A/N)

There were 79 total altered miRNAs, including 19 downregulated and 60 upregulated ones. 

The amplitude of upregulated miRNAs was greater than that of the downregulated. Eighteen 

of the miRNAs' linear fold changes were upregulated over fourfold, and 10 miRNAs even 

changed over eight-fold; in contrast, downregulated miRNAs were all changed less than 

fourfold. MiR-182 (23.83), miR-184 (17.73), miR-183-5p (16.61), and miR-122-5p (14.19) 

were the most upregulated in the S/H/N group, and the most downregulated miRNAs 

included miR-489-3p (-3.54), miR-665 (-3.21), and miR-675-5p (-3.19) (Supplemental 

Table 2-1).

There were 135 genes, 100 up- and 35 downregulated, in rat muscle in response to hindlimb 

unloading. In all, 20 genes increased more than fourfold; only 2 genes decreased more than 

fourfold (Supplemental Table 2-2). Seventy-nine genes had varied biological process 

functions involving 9 pathways, with the 3 most prominent pathways being the MAPK 

cascade, the blood-clotting cascade, and fatty acid synthesis (Supplemental Table 2-3).

In viewing the interaction network, a large complex network was constructed between 

miRNAs and genes demonstrating altered expression. The most increased miRNA, miR-182, 

upregulated the clnd19 gene (for neuronal action potential propagation) in collaboration with 

decreased miR-489-3p. MiR-182 also worked with other miRNAs such as miR-335 and -484 

to decrease the neu2 gene (for myotube differentiation positive regulation). The second most 

upregulated miRNA, miR-184, worked with miR-342 and miR-484 to increase obp3 and 

decrease cib2 and plcd4 genes, which are both for calcium ion binding (Figure 4).

The miRNA and gene expression profile in rats with combined burn and hindlimb 
unloading (B/H/N vs. S/A/N)

We found 80 miRNAs, including 61 upregulated miRNAs and 19 downregulated miRNAs, 

with only 3 downregulated over fourfold. There were 17 miRNAs upregulated over fourfold, 

and miR-182 even increased 35-fold (Supplemental Table 3-1).

There were 239 genes altered between the B/H/N versus S/A/N group. Only 3 of 115 

downregulated genes changed more than fourfold, whereas there were 22 out of 124 genes 

upregulated more than fourfold (Supplemental Table 3-2). Overall, 165 genes related to 

multiple GO biological processes were involved in 14 pathways. Oxidative stress, the 

MAPK cascade, fatty acid synthesis, and the blood-clotting pathway were activated, and 
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cardiovascular signaling and the p53 signal pathway were inhibited (Supplemental Table 

3-3).

In viewing the interaction network, there were independent and additive effects in miRNA 

and gene expression levels when comparing the effects of burn and hindlimb unloading 

factors. While miR-409a-3p decreased 2.95-fold in B/A/N without detection in S/H/N mice, 

in B/H/N, miR-409a-5p decreased 2.03-fold. MiR-92b-3p only demonstrated an 8.04-fold 

upregulation in the S/H/N group but increased to a 9.46-fold upregulation in the B/H/N 

group. Most strikingly, miR-182 has an additive increased effect with combined burn and 

hindlimb unloading (35.35) compared to burn (12.81) and hindlimb unloading (23.82) 

individually. At the transcriptional level, Fmod only increased in burn rats but not in rats 

with hindlimb unloading; the Mbp gene increased in an opposite manner; while Nr4a3 had 

an additive effect in response to the combination of burn and hindlimb unloading 

(Supplemental Table 4).

The miRNA and gene expression profile in rats with burn and hindlimb unloading 
response to exercise training (B/H/E vs. B/H/N)

There were 52 miRNAs altered, including 21 down- and 31 upregulated, in burn and 

hindlimb unloading rats with exercise training. There were 9 miRNAs downregulated over 

fourfold, while 7 were upregulated over fourfold. The most upregulated miRNAs include 

miR-1843-3p (8.52), miR-495 (5.92), and miR-6324 (5.78) (Supplemental Table 5-1).

In viewing the interaction network, there were 71 gene changes, with 62 downregulated 

genes and only 9 genes upregulated less than fourfold in transcriptional level (Supplemental 

Table 5-2). Overall, 54 genes partook in different biological processes and 7 pathways. The 

MAPK cascade, fatty acid synthesis, and the inflammation response pathway were the top 3 

alleviated pathways (Supplemental Table 5-3).

We further estimated the different effect of exercise between burn rats with hindlimb 

unloading and sham controlled rats. In S/A/E rats, there were 66 miRNAs altered, with 11 

down- and 55 upregulated. We found that miR-182 increased 10.06-fold in S/A/E. There 

were only 12 genes altered, with 7 upregulated and 5 downregulated. Though 9 of these 

genes had functions in various biological processes, no pathway change was observed in 

normal rats with exercise training.

Discussion

In this study, we characterized the miRNA and gene profiles in rat plantaris under conditions 

of burn, hindlimb unloading, and resistance exercise. The complexity of this regulation's 

network is displayed at both the epigenetic and transcriptome levels. Those consequent 

changes of biological processing and involved signal pathways reflect muscle 

pathophysiological changes in response to burn and hindlimb unloading. Hyper-metabolic 

response ketone bodies KEGG and glucose, and inflammation response were activated after 

burn injury; oxidative stress, MAPK cascade, and fat acid synthesis pathways were 

stimulated by hindlimb unloading; and striated muscle contraction and blood clotting 

pathways were stimulated by both burn and hindlimb unloading. Resistance exercise altered 
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the transcriptome profile associated with muscle structure and function improvement (Figure 

5).

Cells respond to the body's stress signals by making coordinated changes in gene expression. 

Padfield et al. reported the genomic profile in mice mouse muscle by 3 days after burn, 

including muscle development and function, inflammation and acute-phase immune 

response, amino acid and protein synthesis, and energy metabolism pathways.16 Vemula et 

al. verified this, linking 28% of the changed genes to metabolism. These included genes 

responsible for triglyceride utilization, fatty acid import, and acute phase proteins.17 Merritt 

reported that the inflammatory response activated stat/NFκβ to calcium-mediated 

proteolysis and ubiquitin-proteasome with absence of protein synthesis inhibition.18 In 

addition, we found that muscle mass loss is associated with insufficient myogenesis in 

response to burn and that TNF-α as a pro-inflammatory cytokine plays an important role in 

inhibiting muscle myogenesis 19. Though samples were collected 14 days after burn in the 

current study, we still observed increased numbers and amplitudes of gene and miRNA 

profile changes. Furthermore, we found those affected genes were mainly related to the 

metabolic and inflammatory response signal pathways. We are therefore not surprised by 

Jeschke's previous report that the hypermetabolic status can even last for years in burn 

patients.20

In human patients with bed rest, a gene profile reveals changes in energy pathways: 

oxidative phosphorylation, TCA cycle, organic compound usage, and carbohydrate 

metabolism.21 Bonaldo and Sandri revealed the intracellular mechanism by which hindlimb 

unloading activates cell apoptosis in an NF-KB dependent manner.22 In the current study, we 

found that burn mainly affects inflammation and metabolic pathways in rats, such as ketone 

bodies synthesis and degradation, inflammatory response, striated muscle contraction, and 

glucose metabolism; hindlimb unloading affects muscle signal pathways, including 

oxidative stress, MAPK cascade, fatty acid synthesis, and blood clotting cascade pathways; 

and Mal, Hmox1 and Btg2 genes are directly related to GO biological process of cell 

apoptosis. Severe burn and disuse have independent roles in body composition change.23 

Therefore, it is logically believed that burn and hindlimb unloading might activate different 

major pathways with distinguishable characteristic profiles.

Muscle disuse amplified muscle function impairment in severely burned rats. In plantaris, 

the tissue's wet weight significantly decreased in response to burn and hindlimb unloading, 

respectively. Normalized to body mass, the tissue weight still decreased between the 

ambulatory and hindlimb unloading with decreased twitch and tetanic forces.10 In our 

current study, we observed that muscle disuse affects more genes in rat muscle than burn, so 

hindlimb unloading could be more closely associated with muscle impairment and function 

loss than burn. Furthermore, an overlap of miRNA and gene changes were observed in burn 

rats with hindlimb unloading. The double factors of burn and hindlimb unloading could 

amplify the signal strength and extend the pathophysiological phenotype in muscle.

The current study is the first to investigate miRNA profiles related to their target genes in 

muscle atrophy after burn. The miRNA differs from a similar class of RNAi, short 

interfering RNA (siRNA), in that it does not usually cleave the complement mRNA or affect 
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gene transcription. The importance of miRNAs has been observed in regulating skeletal 

myogenesis. MiRNAs are highly-enriched in skeletal muscle and participate in skeletal 

myogenesis and muscle regeneration.24 In addition, miRNA-1 improves myogenic 

differentiation by inhibiting histone deacetylate 4, and miR-133a increases myoblast 

proliferation by repressing serum response factor.25 Cardiomyocyte hypertrophy can be 

induced by miR-195, and miR-195 with other 4 miRNAs increased in human heart failure 

and upregulated during cardiac hypertrophy in vivo.26

Exercise affects gene expression through miRNA changes. Following 90 minutes of 

exhaustive endurance exercise (forced treadmill running) in mice, miR-1 and miR-181, both 

thought to increase muscle differentiation and development, and miR-107, were increased.7 

Resistance exercise training reduced anabolic signaling with gene alteration, including 

hypertrophic growth, protein degradation, and angiogenesis.27 In another clinical study, 

investigators distinguished an miRNA profile from human vastus lateralis with a 5 day/week 

resistance exercise for 12 weeks, and speculated those miRNAs served as compensatory 

mechanisms.28 We observed that there was a complicated network of epigenetic regulation 

in the current study. Not just one but several miRNAs control one single gene, and a single 

miRNA is also involved in multiple genes' regulation. It is therefore better to examine the 

whole profiles of miRNA and the related genes, and furthermore understand the protein 

structure and function change.

Previous studies showed that miR-182 has multiple-functions as a regulator of apoptosis, 

growth, and differentiation programs. Kouri reported that the injection of synthesized 

miR-182-based spherical nucleic acids suppressed tumor glioma burden and increased 

animal survival.29 More interestingly, miR-182 was shown to prevent skeletal muscle 

atrophy by interfering with forkhead box O3 (FoxO3) mRNA. The miR-182 decreased 

Foxo3 expression in C2C12 with further inhibition of atrohgin-1 and ATG12.30 Overall, 

miR-182 was the most phenomenally affected microRNA within all treatment groups in the 

current study. It increased 12.8- and 23.8-fold in burn and hindlimb unloading, respectively, 

and additively 35.5-fold in B/H/N rats. Exercise training decreased its expression 7.8-fold 

afterwards.

Burn causes a hypermetabolic status with a hyper-inflammation response, and muscle is a 

key participant in the systemic metabolic response. The current study could provide novel 

insight into potential target treatment at the epigenetic level. For instance, we have shown 

insulin resistance in animal models and burn patients.31 One review paper discussed the 

possibility of targeting miRNA to treat insulin resistance in burn patients.32

In summary, miRNAs and transcript gene profiles in rat plantaris were affected in burn and 

hindlimb unloading. These changes seen in signal pathways are associated with muscle 

pathophysiological changes, including muscle mass loss and function impairment. The 

muscle improvement observed with exercise training was also observed at the gene level 

with miRNA and genomic pathway alterations. The current exploration of regulation 

networks involving epigenetics- and gene-pathophysiological changes might aide the 

development of future biomarkers and potential therapeutic development in patients with 

muscle atrophy.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Flow chart of animal experiment that outlines the size of animal and the order of operation
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Figure 2. 
Stacked bar figures showing the number of miRNA (2A) and genes (2B) in rat plantaris 

altered in response to burn (B/A/N vs. S/A/N), hindlimb unloading (S/H/N vs. S/A/N), 

combination of burn and hindlimb unloading (B/H/N vs. S/A/N), exercise in normal rats 

(S/A/E vs. S/A/N), and exercise in burn and hindlimb unloaded rats (B/H/E vs. B/H/N).
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Figure 3. 
The network of miRNA and related genes after burn (B/A/N vs. S/A/N). Square shape 

stands for miRNA, oval shape stands for gene. Pseudo-color from green to red stands for 

fold change from -16 to 16.
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Figure 4. 
The network of miRNA and related genes after hindlimb unloading (S/H/N vs. S/A/N). 

Square shape stands for miRNA, oval shape stands for gene. Pseudo-color from green to red 

stands for fold change from -16 to 16.
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Figure 5. 
The scheme of affected signal pathways in response to burn, hindlimb unloading and 

exercise training. Red arrows indicated activated pathways. Green arrows indicates inhibited 

pathways.
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