
ORIGINAL ARTICLES

Gene Expression Changes With Time in Skeletal Muscle of
Severely Burned Children

Mohan R. K. Dasu, PhD, Robert E. Barrow, PhD, and David N. Herndon, MD

Objective: The purpose of this study was to identify gene-expres-
sion changes in leg muscle for up to 24 months after a severe
thermal injury.
Summary Background Data: Hypermetabolism associated with
severe burns was thought to cease with wound healing and closure.
It has been recently shown that hypermetabolism does not com-
pletely resolve after healing, and muscle catabolism continues after
hospital discharge; however, just how long after discharge has not
been established.
Methods: Six children, admitted to our hospital within 1 week after
injury, were studied. Patients ranged in age from 3 to 18 years, with
flame or scald burns covering more than 40% of their body surface
area. At 1.5, 6, 12, 18, and 24 months postburn, a biopsy of the
vastus lateralis muscle was taken and snap frozen at �80°C. Total
RNA was isolated and in vitro transcribed and hybridized to HG-
U95 Av.2 Affymetrix arrays. The images were scanned and ana-
lyzed using Affymetrix GeneChip Analysis Suite 5.2 and dChip
programs. Using 1 to 7 days after injury as baseline, comparisons
were made of expression profiles at the various time intervals after
injury.
Results: When comparisons are made to nonburned children, 38
genes were significantly altered at 1.5 months, 10 genes remained
altered at 6 months, 4 remained altered at 12 months, and 2 at 18
months. No differences could be shown at 24 months. Western blot
analysis of �-2 microglobulin and myosin light chain was used to
corroborate the microarray data.
Conclusions: Gene changes can be identified for up to 18 months
after burn but not at 24 months. These gene changes may provide
information concerning what genes in skeletal muscle contribute to
recovery from burn trauma.

(Ann Surg 2005;241: 647–653)

Increased energy expenditure and substrate release from
protein and fat stores are both characteristic of the hyper-

metabolic response to large severe burns. In severe trauma,
there is an increase in protein catabolism with a loss of lean
muscle mass.1,2 Hypermetabolism associated with severe
burns was thought to end with wound closure;3,4 however, as
more children survived severe burns, the long-term compli-
cations of the hypermetabolic response become apparent. It
has been shown that hypermetabolism does not resolve after
burn wound healing, but muscle catabolism continues for
nearly 9 months or more5 and growth arrest for 2 years.6

These delays in muscle growth and strength occur at a critical
time in burn recovery and severely prolong rehabilitation and
the reentry back into society as a productive citizen.

The purpose of this study was to identify changes in
gene expression patterns in skeletal muscle at different times
after a severe thermal injury. The identification of changes in
gene expression patterns may lead to new therapies, which
ameliorate prolonged muscle catabolism and growth arrest.

METHODS

Study Subjects
Six children, admitted to our hospital within 1 week

after injury, were studied. These patients ranged in age from
3 to 18 years, with flame or scald burns covering more than
40% of their total body surface area. Six cleft-lip and cleft-
palate patients between 3 and 18 years of age admitted to our
hospital for reconstructive surgery were used as nonburned
normal controls. Those with other severe injuries, not related
to the burn or preexisting conditions such as asthma or
pneumonia, were excluded.

All subjects received standard burn care as previously
described.7 Each patient underwent wound excision and
grafting with skin autografts and allografts within 72 hours of
admission. Sequential grafting procedures were performed
over time until the wounds were 95% healed. Enteral nutri-
tion was started at admission and continued until the wounds
were 95% healed. Patients were fed a commercial enteral
formula (Vivonex T.E.N.; Sandoz Nutritional, Minneapolis,
MN) through a nasoduodenal tube. The daily caloric intake
was calculated to deliver 1500 kcal per square meter of
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body-surface area burned plus 1500 kcal per square meter of
total body surface area. Patients remained in bed for 5 days
after each excision and grafting procedure and then were
allowed daily walks. All patients were administered antianx-
iety medication after the first week postburn. Biopsy of the
vastus lateralis muscle was taken during the first 1 to 7 days
and 1.5, 6, 12, 18, and 24 months postburn. Biopsies were
snap frozen at �80°C for microarray and Western blot
analysis (Fig. 1).

RNA Extraction
For microarray analysis, we used sequential muscle

biopsies collected from 6 patients. Total RNA was isolated
from muscle biopsies by acid guanidinium thiocyanate–phe-
nol-chloroform extraction using TRI reagent (Molecular Re-
search Center Inc., Cincinnati, OH). This method was based
on the single-step method of RNA isolation described by
Chomcyzynski and Sacchi.8 Samples were homogenized in
TRI reagent on ice, and total RNA was extracted following
the manufacturer’s instructions. Purified RNA was quantified
by UV absorbance at 260 and 280 nm and stored in 25 �g
aliquots at �80°C for microarray hybridization and analyses.
The adequacy and integrity of the extracted RNA were
determined by gel electrophoresis. Sequential muscle biop-
sies from 2 patients showed insufficient quantity of RNA for
microarray analysis and were omitted from any further anal-
ysis.

Microarray Analysis
Probe labeling, hybridization, and image acquisition

were done according to the standard Affymetrix protocol.
Briefly, 25 �g of purified, total RNA were transcribed into
cRNA, purified, and used as templates for in vitro transcrip-
tion of biotin-labeled antisense RNA. Biotinylated antisense
RNA preparation was fragmented and placed in a hybridiza-
tion mixture containing 4 biotinylated hybridization controls
(BioB, BioC, BioD, and Cre) and hybridized to an identical
lot of 24 Affymetrix Gene Chip arrays (HG-U95 Av2) for 16

hours. The arrays were washed and stained using the instru-
ment’s standard Eukaryotic GE Wash 2� protocol and anti-
body-mediated signal amplification. The images were
scanned and analyzed with Affymetrix GeneChip Analysis
Suite 5.2. Images from each Gene Chip were scaled and
adjusted to an average intensity value for all arrays of 1500.
Scaled average-difference values and absolute call data from
each Gene Chip were exported to data files and used for
statistical analysis. In vitro transcription and chip hybridiza-
tion were performed in collaboration with the UTMB
Genomic Core Facility.

Data Analysis
Microarray data analyses included chip validation, nor-

malization, filtering, and generation of consensus gene lists
by comparing burn groups over time, using methods previ-
ously described.9–12 The first criterion was that the ratio of
standard deviation and the mean of a gene’s expression
values across all samples were greater than the threshold of
0.85 and the upper limit of 8. Data were discarded if there
was a large deviation in the number of present calls or if the
correlation coefficient among samples within the group was
less than 0.85. The second criterion required a gene to be
called present in more than 80% of arrays at all times. We
determined the presence (P) or absence (A) of each probe
within the group (according to the Affymetrix algorithm). A
probe is “present” if its absolute call was “P” for at least 2
members of the group containing 3 samples. Otherwise, the
gene was considered not expressed in the group. The primary
goal was to identify genes with significant differences in
expression between the test and control group. The within-
group average of expression was calculated and comparisons
were made between groups. Comparisons were done by
computing the expression-fold difference for each gene and
listing those that show larger than 1.5-fold increase or de-
creases in activity. An entry was discarded as an outlier when
its value was outside 3 standard deviations. Only the statis-
tically significant differences at P � 0.05 were retained.9

Considering the number of samples per group and its influ-
ence on the validity of the analysis, the power of the t test was
computed. If it was less than 0.8, results were discarded even
when significant. By using HG-U95A Affymetrix arrays,
about 4000 genes of 12,000 genes present in the array were
always expressed.

Western Blot Analysis
Total protein from the muscle tissue was extracted, and

20 �g of the protein were separated on a 4% to 20%
SDS-polyacrylamide gel under reducing conditions and trans-
ferred to nitrocellulose membranes (Hybond-C; Amersham
Pharmacia, NJ) in a semidry blotting chamber, as previously
described.13 After blockage of nonspecific binding sites with
5% nonfat milk in TBS containing 0.1% Tween-20 (Sigma,

FIGURE 1. Study protocol for burned children admitted within
7 days after burn. Initial baseline studies were conducted 5
days after the first operation to replace burn tissue with donor-
site or cadaver skin. Muscle biopsies were taken at the indi-
cated time points.
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St. Louis, MO), blots were incubated in 1:1000 dilution of
anti-�-2 microglobulin mouse monoclonal antibody (Abcam,
Cambridge, MA), antimyosin goat polyclonal antibody (ven-
tricular light chain; Cortex Biochem, CA), and antiactin
rabbit polyclonal antibody (Sigma) as an internal control for
2 hours at room temperature. After extensive washing, the
blots were incubated with HRP-conjugated antimouse IgG,
antigoat IgG, and antirabbit IgG (final concentration, 1:2000)
for 90 minutes at room temperature, respectively. Bound
antibodies were detected with ECL Western blotting detec-
tion reagents (Amersham Pharmacia) according to manufac-
turer’s instructions.

This study was approved by the institutional review
board of the University of Texas Medical Branch, Galveston,
TX, with written informed consent obtained from each pa-
tient’s parent or guardian.

Statistical Analysis
Data are presented as means � SEM. Comparisons

between groups was by paired t test. P � 0.05 was accepted
as statistically significant.

RESULTS

Patient Demographics and Gene-Expression
Profiles

Patient demographics are listed in Table 1. Compari-
sons were made using 1 to 7 days after injury as baseline
versus expression profile at time intervals of 1.5, 6, 12, 18,
and 24 months after injury. The specific number of genes
altered at each time point is depicted in Table 2. Sixteen
genes at 1.5 months, 8 genes at 6 months, 7 genes at 12
months, and 9 genes at 18 and 24 months postburn were
altered compared with 1 to 7 days after injury (Fig. 2). A list
of 7 genes altered across all time points is shown in Table 3.
Nine genes were specifically altered at 1.5 months (total
number of genes altered, 16, minus number of common genes
altered, 7, across all time points � specific number of
genes altered at each time point, 1 gene after 6 months and
2 genes at 18 and 24 months in a paired comparison; Fig. 2).
The categories of genes affected include structural proteins,
genes related to developmental processes, transcription fac-
tors, glucose metabolism, growth factors, stress response
modulators, and collagen-associated proteins.

TABLE 1. Demographics of Study Patients (n � 6)*

Age (y) 6.4 � 2.1
Sex (% male) 50%
Weight (kg) 28.7 � 7.9
Burn size (% TBSA) 48 � 7
Third-degree burn (% TBSA) 29 � 7
Time of burn to admission (days) 4 � 3

TBSA indicates total body surface area.
*Values are means � SEM.

TABLE 2. List of Genes Altered in Skeletal Muscle Compared to 1–7 d Postburn

Accession Number Gene Fold Change* Broad Function

1.5 mo after injury
L27479 Friedreich ataxia region gene X123 3.6 Autosomal recessive disease
L24564 Ras-related associated with diabetes (RAD) 3.4 Insulin resistance
D32129 MHC class I antigen 2.5 Inflammatory myopathies
X98296 Ubiquitin hydrolase 2.1 Oocyte proliferation
M86667 Nucleosome assembly protein 1-like 1 2.4 Cell proliferation
BC000617 NADH dehydrogenase �1.8 Energy metabolism
AF038406 NADH dehydrogenase �2.3 Energy metabolism
AF032886 Forkhead box O3A �3.8 Transcription factor
U60061 Fasciculation and elongation protein �-2 �2.9 Signal transduction

6 Mo after injury
J00153 Human-�-gobin gene on chromosome 16 5.6 Transcription/translation

18 Mo after injury
D13748 Eukaryotic translation initiation factor 4A 1.8 Protein synthesis
U48707 Protein phosphatase 1 inhibitor 2.2 Insulin signaling

24 Mo after injury
L48215 Hemoglobin � 14.8 Growth and differentiation
J00153 Human-�-globin gene on chromosome 16 13.5 Transcription/translation

*All the fold changes are compared to acute phase (P � 0.05).
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A comparison was also made using the normal controls
as baseline versus expression profile at intervals of 1.5, 6, 12,
18, and 24 months after injury. Thirty-eight genes that were
altered at 1.5 months postburn when compared with normal
are depicted in Table 4. Time course of genes returning to
normal in more than 1.5 months postburn is shown in Table
5. The categories of genes affected include skeletal/muscle
development, genes related to protein catabolism/ubiquitina-

tion, metabolism, intracellular signaling, transcription, and
cytoskeleton.

Verification of mRNA Changes
Messenger RNA changes were verified through expres-

sion of related proteins by Western blot analyses. Beta-2
microglobulin and myosin light-chain transcription, which
was altered across all time points, corroborated our microar-
ray data (Fig. 3).

DISCUSSION
The role of altered genes in the etiology or adaptation

to reduced muscle mass and performance in burn children is
unclear. To address this issue, we have shown the efficacy of
anabolic agents to effectively diminish muscle catabolism in
burn patients. Insulin has been shown beneficial in protein
metabolism primarily by stimulating protein synthesis.14,15

Recombinant human growth hormone and insulin-like growth
factor-1 binding protein-3 have also shown efficacy in im-
proving muscle protein kinetics and wound healing in se-
verely burned children.16–18 Anabolic steroids have been
used to restore lean body mass and muscle loss as a conse-
quence of starvation and, more recently, severe thermal
injury, trauma, or HIV and chronic infections.19–22 We iden-
tified genes specifically altered in skeletal muscle with ana-
bolic therapies using microarrays.23,24 Some genes whose
expression is restored with anabolic therapy continue to be
suppressed. For example, myosin light polypeptide-3
(M24122) gene expression was stimulated with oxandrolone;
however, without oxandrolone this polypeptide continued to
be inhibited for 6 months after burn. Myosin, in association
with actin and other contractile proteins, plays an important
role in the maintenance of cell shape and in cellular move-
ment and is a major structural component of muscle sarco-
mere. Several isoforms of myosin light-chain polypeptide
have been identified, which is in keeping with our previous

TABLE 3. List of Genes Altered in Skeletal Muscle of Severely Burned Children Across All Time Points When Compared to 1–7
d Postburn

Acc. No. Gene Broad Function

Fold Change*

1.5 mo 6 mo 12 mo 18 mo 24 mo

X64364 Basigin (OK blood group) Immune response �2.3 2.2 3.6 2.8 2.5
M24122 Myosin, light polypeptide 3 Protein synthesis �4.3 3.7 3.9 5.2 6.1
X15183 Heat shock 90-kD protein 1� Molecular chaperone �2.8 �2.0 1.5 1.8 1.5
M25079 Hemoglobin � Growth/differentiation 2.9 5.1 4.8 5.3 8.0
X86693 SPARC-like 1 (mast9, hevin) Tissue remodeling 3.5 3.2 1.9 2.8 2.2
S82297 �-2-Microglobulin Stress response 2.1 3.2 �1.5 �2.5 �3.3
J02611 Apolipoprotein D Lipid transport �5.2 �3.1 �3.5 �4.5 �3.5

*Vs 1–7 d after burn, paired t test (P � 0.05); (�) � down-regulated.

FIGURE 2. Total number of genes altered in skeletal muscle of
severely burned children over time. Open bars indicate the
total number and closed bars indicate the specific number of
genes altered (up- or down-regulated) at the indicated time
points.
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findings of increased muscle mass in association with ana-
bolic drug therapy24 and increases in mRNAs encoding
energy metabolism and glucose metabolism.

The perturbation of normal homeostasis in critical ill-
nesses and sepsis is brought about by injurious external
stimuli to cells. Whether the stimuli are thermal, chemical,
mechanical, or infection, the cell has adapted an intricate

system to propagate this external signal to the nucleus in an
effort to achieve an appropriate gene-induction response. In
this respect, the integration of multiple cellular signal
transduction pathways regulates most cellular functions. One
common mechanism used by signal transduction pathways
calls on rapid and reversible protein phosphorylation. The
process of protein phosphorylation is mediated by protein

TABLE 4. List of Genes in Skeletal Muscle That Are Significantly Different From Normal

Acc. No. Gene Fold Change* Function, 1.5 MPB

L20971 Phosphodiesterase 4B 11.2 Signal transduction
X02419 Plasminogen activator, urokinase 8.7 Tissue remodeling
D31887 KIAA0062 protein 6.0 Membrane transport
X16396 Methylene tetrahydrofolate dehydrogenase 4.9 e�2 Transport activity
D15050 Transcription factor 8 (represses IL-2) 4.9 Immune response
M33336 Protein kinase C-� 4.8 Intracellular signaling
D13630 Basic leucine zipper and W2 domains 1 4.7 Regulation of translation initiation
AF052131 Heterogeneous nuclear ribonucleoprotein 4.5 RNA binding
W63793 S-adenosylmethionine decarboxylase 1 4.5 Metabolism
U19247 IFN-� receptor �-chain gene 4.4 Cytokine binding
U29185 Prion protein (p27–30) 4.4 Metabolism
X81625 Eukaryotic translation termination factor 1 4.4 Regulation of translational termination
AB004066 Basic helix-loop-helix domain class B, 2 4.3 Regulation of transcription
L24564 Ras-related associated with diabetes 4.3 Insulin resistance
AJ012755 TL132 protein 4.2 Protein catabolism
AF070614 Schwannomin interacting protein 1 4.1 Cytoskeleton
X63547 Ubiquitin specific protease-6 3.9 Protein catabolism
AF050110 TGF-� inducible early growth response 3.7 Skeletal development
NM_198591 Basigin (CD147) 3.6 Immune response
X84373 Nuclear receptor interacting protein 1 3.6 Regulation of transcription
AL031681 Splicing factor, arginine/serine-rich 6 3.6 Unknown
BC017449 PAI-1 mRNA-binding protein 3.5 Tissue remodeling
AF041080 D15F37 (pseudogene) 3.1 Unknown
AF069250 Acid-inducible phosphoprotein 2.8 Apoptosis; stress response
AC004084 EST �3.6 Unknown
AF029729 Neuralized-like (Drosophila) �3.6 Protein ubiquitination
W72186 S100 calcium binding protein A4 �3.6 Motility, invasion, tubulin polymerization
U41518 Aquaporin 1 �3.8 Membrane transport
X58079 S100 calcium binding protein A1 �4.1 Inhibition of microtubule assembly
AI767675 Chymotrypsin-like �4.4 Metabolism
Y08682 Carnitine palmitoyltransferase I �4.4 Metabolism
X15880 Collagen, type VI, �1 �4.8 Cytoskeleton
AA522530 HIF-1 responsive RTP801 �5.0 Stress response
AJ004832 Neuropathy target esterase �5.1 Catabolism
AI888563 Smoothelin �5.2 Muscle development
AB000520 Adaptor protein with pleckstrin homology �5.6 Intracellular signaling
U40571 Syntrophin-�1 �7.9 Actin binding; cytoskeleton
AI127424 Myosin light chain-1a �8.8 Muscle development

MPB indicates months postburn.
*Versus normal, P � 0.05.
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kinases, whereas dephosphorylation is by phosphatases. Pro-
tein phosphatase-1 inhibitor (U48707) is a 19-kD protein
which is phosphorylated by cyclic AMP-dependent protein
kinase, which subsequently inhibits protein phosphatase-1.
This event is primarily initiated in the skeletal muscle and
leads to imbalance in the enzymatic activity critical for
glygenolysis.25

In this study �-2-microglobulin (S82297) gene expres-
sion was up-regulated for up to 6 months after burn and
down-regulated 12 months after injury, which indicated a
positive recovery from the trauma. �-2-Microglobulin, the
light chain of the class I major histocompatibility antigens
(histocompatibility locus antigens A, B, and C), is present in
all nucleated cells, through noncovalent attachment to the
heavy chain of the HLA molecule.26 Association with �-2-
microglobulin is generally required for the transport of class-I
heavy chains from the endoplasmic reticulum to the cell

surface. �-2-Microglobulin is present in smaller amounts in
serum, csf, and urine of normal people and to a much greater
degree in the urine and plasma of patients with tubular
proteinemia, renal failure, or kidney transplants.27

In this study, increases in the expression of SPARC-
like 1 mRNA were identified across all time points. SPARC-
like 1 (SPARCL1, X86693), also known as MAST9 or hevin,
is expressed at high levels in bone tissue, is distributed widely
in many other tissues and cell types, and is associated gen-
erally with tissue remodeling (eg, tissues undergoing mor-
phogenesis, mineralization, angiogenesis, and pathologic re-
sponses to injury and tumorigenesis). Experiments in vitro
have provided evidence that SPARC disrupts cell adhesion,
promotes changes in cell shape, inhibits the cell cycle, regu-
lates cell differentiation, inactivates cellular responses to
certain growth factors, and regulates extracellular matrix and
matrix metalloprotease production. SPARC has demonstrated
activities in angiogenesis, tumorigenesis, cataractogenesis,
and wound healing.28

Data suggest that burn children return to near-normal
conditions by 12 months postburn, with protein catabolism
diminishing at 24 months. In this study, the comparison of
gene-expression patterns in a paired study design provides
some validity that the results are not outliers associated with
the large number of gene probes used (12,625; Affymetrix).
It is possible that some of the important changes, which occur
at a lower level of significance, might be masked, as the fold
change is volume averaged over the entire muscle volume.
This suggests that there are genes that are highly regulated
within small compartments of muscle and may escape detec-
tion with this assay.

While little information is currently available on
changes in gene expression in the muscle of burn children

FIGURE 3. Western blot for �-2-microglobulin and myosin
light chain in muscle from severely burned children. �-Actin is
depicted to show any loading differences. Each lane represents
pooled muscle protein extract from 3 patients.

TABLE 5. Time Course of Genes Returning to Normal in More Than 6 Mo Postburn

Gene

Fold Change*

1.5 MPB 6 MPB 12 MPB 18 MPB 24 MPB

Protein kinase C-� 4.8 3.3 Normal
S-adenosylmethionine decarboxylase 1 4.5 3.1 Normal
Heterogeneous nuclear ribonucleoprotein 4.5 4.6 3.4 Normal
Prion protein (p27–30) 4.4 3.3 Normal
Eukaryotic translation termination factor 1 4.4 2.5 Normal
TL132 protein 4.2 5.0 Normal
Schwannomin interacting protein 1 4.1 5.0 3.7 3.1 Normal
Ubiquitin specific protease-6 3.9 4.7 Normal
TGF-�-inducible early growth response 3.7 4.7 5.3 Normal
Nuclear receptor interacting protein 1 3.6 2.9 3.6 3.8 Normal

MPB indicates months postburn.
*Versus normal, P � 0.05.
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with time, new technology currently stimulates the measure-
ment of changes in gene expression using high-density oli-
gonucleotide microarrays in a timed sequence. This gene
profiling is expected to provide valuable information con-
cerning the genes in skeletal muscle which may contribute to
burn recovery.
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