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Objective
To analyze gene expression patterns in skeletal muscle from
burned children.

Summary Background Data
Analysis of gene expression patterns in skeletal muscle from
burned children can help provide a fundamental understand-
ing of muscle wasting at the molecular level. This study is the
first to use such an approach in burned children receiving an-
abolic treatment.

Methods
Children who received 0.1 mg/kg oxandrolone twice a day
(n � 7) were compared to placebo (n � 7). Net protein bal-
ance was determined before and after treatment with oxan-
drolone. Total RNA, extracted from muscle biopsies obtained

from burned children age 3 to 18 years, was purified, reverse
transcribed, and biotinylated cRNA hybridized to the human
high-density oligonucleotide array (U95Av2). Western blot
analysis verified the mRNA changes at their protein level.

Results
DNA microarray analysis showed two genes significantly
changed in muscle from burned children receiving placebo,
while the expression of 21 genes was altered with oxan-
drolone. Muscle net protein balance increased with oxan-
drolone treatment compared to placebo.

Conclusions
DNA microarray technology will help identify molecular
changes that can serve as targets for new therapies to atten-
uate muscle wasting in severely burned children and thus im-
prove recovery and early rehabilitation.

The hypermetabolic stress response to severe burn is char-
acterized by persistent muscle weakness, tachycardia, early
fatigue with normal activity, growth arrest, loss of lean body
mass, and muscle wasting.1–6 A prolonged hypermetabolic
response keeps burn patients debilitated and severely limits
their rehabilitation. It has been shown that protein synthesis
and breakdown are stimulated in human muscle after severe
burn, with protein breakdown exceeding synthesis.7–9 Ade-
quate nutritional support, with additional protein and amino

acid intake increased several times higher than normal require-
ments, has failed to compensate for the protein breakdown in
muscle after a severe thermal injury.10 Increased activity of
several protein breakdown pathways has been identified, the
most prominent being an increase in expression and activity of
the ubiquitin-proteasome pathways.11,12

Pharmacologic agents have been used after trauma to
stimulate growth and increase muscle mass and strength.
We have used several anabolic agents to diminish muscle
catabolism in burn patients. Insulin has been shown to be
beneficial in protein metabolism, primarily by stimulating
protein synthesis.13,14Recombinant human growth hormone
and IGF-1-BP3 have also shown efficacy in improving
muscle protein kinetics and wound healing in severely
burned children.15–17Testosterone can increase protein syn-
thesis, but there are risks of virilism and hepatotoxicity.18
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Anabolic steroids have been used to restore lean body
mass and muscle loss as a consequence of starvation and
more recently severe thermal injury, trauma, or HIV and
chronic infections.19–21 Oxandrolone, a synthetic analog of
testosterone, is being studied as an adjunctive therapy to
facilitate weight gain after surgery, chronic infections, and
severe trauma. Oxandrolone has been used to enhance pro-
tein synthesis and lean muscle mass in burned children.22 It
is currently used in the treatment of delayed growth and
puberty in patients with Turner syndrome, in patients with
AIDS wasting myopathy,20,23,24 and in acute treatment and
the rehabilitation of adult burn patients.17,25

The purpose of this study was to investigate the effect of
oxandrolone on gene expression changes in skeletal muscle
of burned children using high-density oligonucleotide ar-
rays and to determine muscle protein kinetics. Patients
selected for this study were admitted to our institution at
least 7 days after injury and demonstrated signs of acute
starvation and had documented weight loss. Oxandrolone
was used to blunt weight loss as the treatment of choice.

METHODS

Patients

Fourteen burned children were enrolled in the study. All
were between 3 and 18 years of age and admitted to our
hospital at least 1 week after burn. The average age was
7.9 � 1.4 years and the average burn size was 42 � 5% total
body surface area.

Standard Treatment

Within 48 hours after admission each patient underwent
total burn wound excision and grafting with 4:1 meshed
autograft skin with human homograft overlay, or 2:1 au-
tograft skin. All remaining open areas were covered tem-
porarily with homograft skin. Patients were returned to the
operating room after healing of autograft donor sites. Se-
quential staged grafting procedures were performed until

wound closure was completed. During the study period, all
patients received total enteral nutrition (Vivonex TEN, No-
vartis Nutrition, Minneapolis, MN) through a nasoduodenal
tube, containing 82.3% carbohydrate, 3% fat (linoleic acid),
and 14.7% protein. Daily caloric intake delivered 1,500
kcal/m2 of total body surface area burned plus 1,500
kcal/m2 of total body surface area. Enteral nutrition began
with admission and continued until wound healing.

Study Design

Burn children were randomized to receive oxandrolone
(n � 7) or placebo (n � 7). All underwent stable isotope
studies. Figure 1 depicts the schedule protocol. Beginning in
the morning, children in the continuously fed state were
infused with a prime-constant L-[ring-2H5]phenylalanine
(Cambridge Isotopes, Andover, MA). The initial priming
does was 2 �mol/kg, followed by a dose of 0.08 �mol/kg/
min given intravenously. Phenylalanine is not synthesized
or degraded in the peripheral tissues; thus, measurements
across the leg reflect net balance of protein synthesis and
breakdown. Indocyanine green dye concentration was mea-
sured between hours 3 and 4 to determine leg blood flow.
Femoral arteriovenous sampling during the fifth hour mea-
sured cross-leg phenylalanine balance. Biopsy of the vastus
lateralis muscle was taken 2 and 5 hours after the start of
infusion. Muscle biopsies for DNA microarray analysis,
Western blot analysis, and protein kinetic studies were
snap-frozen and stored at �70°C. Cross-leg amino acid
kinetics were calculated according to the three-compartment
model described by Biolo et al.26,27 Immediately after the
second operation, the oxandrolone group received oral ox-
androlone at 0.1 mg/kg twice daily. Five days later, a second
series of protein kinetic studies were performed. Arterial
and venous amino acid concentrations were determined in
heparinized plasma at 4 and 5 hours of the isotope infusion
study by high-performance liquid chromatography.

Figure 1. Study protocol for
burned children admitted at least 7
days after burn who were nutrition-
ally depleted. Initial baseline studies
were conducted 5 days after the
first operation and muscle biopsies
were taken. Patients were treated
with placebo or oxandrolone until
discharge. Five days after the sec-
ond operation, protein kinetic stud-
ies and muscle biopsies were
repeated.
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Total RNA Extraction

Total RNA was isolated from muscle biopsies by acid
guanidinium thiocyanate-phenol-chloroform extraction us-
ing TRI Reagent (Molecular Research Center Inc., Cincin-
nati, OH). This method was based on the single-step method
of RNA isolation described by Chomcyzynski and Sacchi.28

Samples were homogenized in TRI Reagent on ice and total
RNA was extracted following the manufacturers’ instruc-
tions. Purified RNA was quantified by UV absorbance at
260 and 280 nm and stored in 25-�g aliquots at �70°C for
DNA microarray hybridization and analyses. The adequacy
and integrity of the extracted RNA were determined by gel
electrophoresis. Three oxandrolone-treated and one placebo
muscle biopsy showed an insufficient quantity of RNA for
microarray analysis. These patients were omitted from any
further analysis.

High-Density Oligonucleotide Array
Analysis

Probe labeling, hybridization, and image acquisition were
done according to the standard Affymetrix protocol. Briefly,
25 �g purified, total RNA was transcribed into cRNA,
purified, and used as templates for in vitro transcription of
biotin-labeled antisense RNA. Biotinylated antisense RNA
preparation was fragmented and placed in a hybridization
mixture containing four biotinylated hybridization controls
(BioB, BioC, BioD, and Cre). Samples were then hybrid-
ized to an identical lot of Affymetrix Gene Chip arrays
(HG-U95 Av2) for 16 hours. The arrays were washed and
stained using the instrument’ s standard Eukaryotic GE
Wash 2' protocol and antibody-mediated signal amplifica-
tion. The images were scanned and analyzed with Af-
fymetrix GeneChip Analysis Suite 3.2. Images from each
Gene Chip were scaled and adjusted to an average intensity
value for all arrays of 1,500. Scaled average difference
values and absolute call data from each Gene Chip were
exported to data files and used for statistical analysis.29 In
vitro transcription and chip hybridization were performed in
collaboration with the University of Texas Medical Branch
Genomic Core Facility.

Data Analysis

Data analysis of genomic data included chip validation,
cluster analysis of transcription profiles, identification of
genes expressed only in one group, temporal analysis of
gene expression at different time points after burn or treat-
ment, and analysis of interaction among groups. The first
step in the analysis was to cluster the data to detect gross
discrepancies among array data. The degree of similarity or
dissimilarity among sample transcription profiles was tested
using model-based expression analysis of oligonucleotide
arrays.29 The next step was the elimination of genes that
showed little variation across the samples or that were

absent in the majority of the samples. The first criterion was
that the ratio of standard deviation and the mean of a gene’ s
expression values across all samples was 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 or absence
of each probe within the group (according to the Affymetrix
algorithm). A probe is present if its absolute call was P for
at least two members of the group containing three samples;
otherwise, the gene was considered not expressed in the
group. The primary goal was to identify genes with signif-
icant differences in expression between the test and control
group. The within-group average of expression was calcu-
lated and comparisons were made between groups. Com-
parisons were done by computing the expression fold dif-
ference for each gene and listing those that showed larger
than twofold increase or decreases in activity. An entry was
discarded as an outlier when its value was outside three
standard deviations. Only the statistically significant differ-
ences at P � .05 were retained.30 Considering the number of
samples per group and its influence 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. The
expression profiles of the skeletal muscle biopsies taken
from oxandrolone- and placebo-treated burned children
were analyzed. Samples were taken at time point 1 (base-
line), before oxandrolone treatment, and at time point 2,
after treatment began. By using HG-U95A Affymetrix ar-
rays, about 4,000 genes of 12,000 genes present in the array

Table 1. DEMOGRAPHICS OF STUDY
PATIENTS

Control
(n � 7)

Oxandrolone
(n � 7)

Age (yrs) 8.4 � 2.1 8.7 � 1.8
Sex (% male) 57% 50%
Weight (kg) 28.7 � 7.9 24.0 � 4.5
Burn size (% TBSA) 48 � 7 48 � 10
Third-degree burn (% TBSA) 29 � 7 32 � 10
Time of burn to admission (day) 29 � 10 35 � 12
Time of burn to first study (day) 37 � 9 43 � 12

Values are means � SEM. TBSA, total body surface area.

Table 2. NUMBER OF GENES ALTERED

Comparisons Total Increased Decreased

Baseline vs. placebo 2 2 0
Baseline vs. oxandrolone 7 7 0
Placebo vs. oxandrolone 21 4 17
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were expressed. This was in agreement with Affymetrix
DNA array analysis of mouse skeletal muscle.31

Western Blot Analysis

Total protein from the muscle tissue was extracted and 20
�g was separated on a 4% to 20% SDS-polyacrylamide gel
under reducing conditions and transferred to nitrocellulose
membranes (Hybond-C; Amersham Pharmacia Biotech,
USA) in a semidry blotting chamber. After blocking non-
specific binding sites with 5% nonfat milk in TBS contain-
ing 0.1% Tween-20 (Sigma, St. Louis, MO), blots were
incubated in a 1:1,000 dilution of anti-Myf-6 rabbit poly-
clonal antibody, anti-GADD45 mouse monoclonal antibody
(Santa Cruz Biotechnology), antimyosin goat polyclonal
antibody (ventricular light chain) (Cortex Biochem, CA),
and anti-actin rabbit polyclonal antibody (Sigma) as an
internal control, for 2 hours at room temperature. After three
to five washings, the blots were incubated with HRP con-
jugated anti-rabbit IgG, anti-mouse IgG, and anti-goat IgG,
respectively (final concentration 1:2,000), for 90 minutes at
room temperature. Bound antibodies were detected with ECL
Western blotting detection reagents (Amersham Pharmacia
Biotech) according to the manufacturer’s instructions.

This study meets all requirements for exemption from the
IND regulation and was conducted in compliance with the
requirements for institutional review and informed consent
at the University of Texas Medical Branch, Galveston,
Texas.

RESULTS

Age, gender distribution, weight, burn size, admission
time from injury, and delay to first study were not signifi-
cantly different between groups (Table 1). Comparison of
12,000 genes in burned children receiving placebo or oxan-
drolone showed increased expression of 11 genes compared
to placebo, while the expression of 17 genes decreased

(Table 2). Thus, 0.18% of the genes were altered in muscle
from burned children treated with oxandrolone when com-
pared to placebo.

Gene Expression Patterns

There were 30 genes affected by oxandrolone treatment
as determined by DNA microarray analysis. Categories of
genes affected were transcription factors, growth factors,
and stress response modulators and muscle-associated pro-
teins. We further grouped genes whose expression increased
or decreased according to their function and involvement in
metabolic pathways. Exemplary genes whose expression
was altered in the muscle of burned children treated with
oxandrolone are shown in Tables 3 and 4.

Verification of mRNA Changes

We verified mRNA changes through expression of re-
lated proteins by Western blot analyses. Myogenic factor-6
and GADD-45, whose transcription was inhibited by oxan-
drolone treatment, showed a significant decrease in their
protein expression (Fig. 2). The stimulatory effect of oxan-
drolone on myosin light chain was verified by a significant
increase in protein expression after treatment.

Protein Kinetics

Muscle protein synthesis, presented as nmol phenylala-
nine min�1 per 100 mL leg volume, was calculated from a
three-pool model of amino acid kinetics.26,27 Oxandrolone
increased muscle protein synthesis, calculated from the in-
corporation of labeled phenylalanine into skeletal muscle
protein, from a baseline value of 125 to 384 nmol phenyl-
alanine min�1 per 100 mL leg volume (n � 4) compared to
a decrease in muscle protein synthesis from 258 to 189 nmol
phenylalanine min�1 per 100 mL leg volume for placebo
(n � 6). The change in net protein balance for placebo-

Table 3. IDENTIFICATION OF SPECIFIC GENES

Accession # Gene Fold Change*

Paired changes from baseline after
5 days with placebo

X 52011 Myogenic factor-6 (herculin) 1.70

M60974 Growth arrest and DNA damage inducible (GADD-45�) 1.63
Paired changes from baseline after

5 days with oxandrolone
AI341656 LIM protein (similar to PKC-binding enigma) 1.79

U09813 ATP synthase, H� transporting isoform 1.76
U70063 N-acylsphingosine amidohydrolase (acid ceramidase) 1.62
AB018339 Synaptic nuclei expressed gene b1 1.55
U57877 Succinate dehydrogenase complex-15KD 1.55
AF034102 Solute carrier family 29 (nucleoside transporters), member 2 1.52
Y13374 CAAX box 1 1.41

Paired t test.
* P � .05.
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treated burned children was �50 nmol phenylalanine min�1

per 100 mL leg volume compared to �146 nmol phenylal-
anine min�1 per 100 mL leg volume for oxandrolone
treatment.

DISCUSSION

The bulk of muscle protein is made up of myofibrillar
components, specifically actin and myosin. Animal studies
have shown a decrease in net myofibrillar protein synthesis
in response to burn and sepsis. Myofibrillar protein consti-
tuted the majority of protein undergoing breakdown, which
resulted in net protein loss. Adequate nutritional support
with additional protein and amino acid intake several times
higher than the normal requirement has failed to completely
reverse the net protein catabolism. Increased activity of
several protein breakdown pathways has been shown, with
the most prominent being an increase in expression and
activity of the ubiquitin-proteasome pathways.

In our study, oxandrolone did not change the inward
transport of protein but did increase the efficiency of protein

synthesis in muscle. With an increase in protein synthesis
while protein breakdown remained unchanged, the net bal-
ance of protein increased. This supports the hypothesis that
the mechanism for improved net protein balance across the
leg was the stimulation of muscle protein synthesis. We
found no adverse side effects with oxandrolone treatment in
children. While the number of patients reported in this study
is relatively small, the comparison of gene expression pat-
terns in a paired study design provides evidence that the
results are not outliers associated with the large number of
gene probes used (12,000-Affymetrix).

We found gene expression changed for 32 genes in males
treated with oxandrolone compared to 12 genes for females
treated with oxandrolone. In no instance did a gene whose
expression changed in males show a change in females. A
further dramatic difference is that the expression of only 6
of 32 affected genes in the male pool increased. The ma-
jority of the oxandrolone-induced changes here represent
repression of transcription. Just the opposite was true of the
female pool, where 11 of 12 genes affected by oxandrolone
showed activated transcription. A larger number of subjects
are needed to validate these differences between males and
females; thus, these variations are not presented in the
results.

For oxandrolone-treated versus untreated burned chil-
dren, there was a strong decrease in the expression of a
multitude of transcription factors and signaling molecules
consistent with a “quenching” effect of the treatment along
with stimulation of myosin actin gene expression, which is
consistent with the beneficial effects associated with oxan-
drolone. This would suggest that a component of the benefit
provided by oxandrolone treatment is due to its attenuation
of the inflammatory response to burns.

GADD45 has been shown to play an important role in
stress response processes, typically believed to be robust
and prompt but transient. GADD45 is known to stimulate
p38- and JNK-mediated cellular commitment to apopto-
sis.32 The fact that there was a continued or delayed increase
in GADD45 expression would suggest that there are de-
layed or long-term responses to burn trauma that correlate

Figure 2. Western blot analysis using antibodies against myogenic
factor-6, GADD-45, and myosin light chain in muscle from burned chil-
dren treated with oxandrolone. Beta-actin is depicted here to show any
loading differences. Each lane represents total protein extracted from
one muscle biopsy.

Table 4. PLACEBO GROUP VS.
OXANDROLONE GROUP AFTER 5 DAYS

Accession # Gene
Fold

Change*

AJ001612 Phosphoserine phosphatase-like 6.27
Y10275 Phosphoserine phosphatase 5.00
AL050141 Phosphatidic acid phosphatase type II 1.81
X78992 Butyrate response factor-2

(EGF-response factor-2)
1.64

M90683 HLA-G histocompatibility Ag, Class IA �1.60
AF007150 Angiopoetin-like 2 �1.64
D32129 MHC complex, class I A �1.85
X59892 Tryptophanyl-tRNA synthetase �2.17
U72649 BTG family, member 2 �2.29
M15169 Beta-2-adrenergic receptor, surface �2.34
M83667 CCAAT/enhancer binding protein

(E/EBP) delta
�2.40

AF078077 Growth arrest and DNA damage
inducible, beta

�2.46

M60974 Growth arrest and DNA damage
inducible, alpha

�2.58

J02973 Thrombomodulin �3.37
L19871 Activating transcription factor-3 �3.57
M92843 Zinc finger protein homolog to Zfp-36

in mouse
�3.66

AI952982 Growth arrest and DNA damage
inducible (GADD45�)

�3.83

M55542 Guanylate binding protein 1, IFN-
inducible, 67KD

�3.93

U70426 Regulator of G-protein signaling 16 �4.41
M36820 GRO2 oncogene �4.97
M29039 Jun B proto-oncogene �13.44

Unpaired t test.
* P � .05.
Negative signs indicate downregulation.
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well with the known consequences on developmental
growth following burns. Specifically, this would be in
agreement with the hypothesis that GADD45 may play a
key role both in early trauma-induced cell death and in
tissue remodeling events that occur later in wound healing
that may involve apoptosis of activated cells (fibroblasts and
macrophages) involved in the inflammatory response. Thus,
GADD45 could trigger inflammation as well as be involved
in its quenching.

Comparison of the gene expression profile in muscle
biopsies before treatment and 10 days after treatment with
oxandrolone showed a general stimulatory effect significant
in the expression of seven genes with a variety of roles. As
an example, after 10 days, there was an increase in the
expression of acid ceramidase, which plays an important
role in NF-�B transcription factor activation. The NF-�B
transcription factor is known to play an important role in
stress responses to trauma and the regulation of cytokine-
mediated expression mediating inflammation and cell death
processes. There were also significant changes in the ex-
pression of several zinc finger proteins and genes known to
be regulated by AP-1-type transcription factors. The in-
volvement of the AP-1/NF-�B signal transduction pathways
is consistent with the involvement of stress response path-
ways, which is not surprising in itself. The prolonged nature
of the changes may be more specific to severe burn trauma
in light of the prolonged metabolic changes.

The effects of oxandrolone treatment on gene expression
in burned children compared to untreated patients are per-
haps more comprehensive in that a broad category of genes
are suppressed by oxandrolone. For example, oxandrolone
treatment suppressed the expression of GADD45, which
was found to have been stimulated twofold in the untreated
burned children. We found a similar inhibitory effect on the
expression of the Jun B transcription factor (with a 13-fold
decrease), suggesting that while beneficial to wound heal-
ing, oxandrolone may not be as beneficial to developmental
processes. This is consistent with the marked increased
expression of myogenic factor 6, which plays a dual role in
early myogenesis and the regeneration of injured skeletal
muscle, even though Fos/Jun proteins are involved in the
regulation of muscle specific genes in vitro.33

The participation of a large number of genes critical to
inflammation and other stress response signal transduction
pathways in response to oxandrolone treatment suggests a
mechanism principally consisting of a quenching or ame-
lioration of the stimulation of gene expression resulting
from thermal trauma. We feel that alterations in the expres-
sion of these selective genes may help identify molecular
changes for specific therapeutic and diagnostic purposes.
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