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Microarray analysis suggests that burn injury results in
mitochondial dysfunction in human skeletal muscle
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Abstract. Burn injuries to extensive areas of the body are
complicated by muscle catabolism. Elucidating the molecular
mechanisms that mediate this catabolism may facilitate the
development of a medical intervention. Here, we assessed the
functional classification of genes that were differentially
expressed in skeletal muscle following burn injury in 19
children (5.2+4.0 years of age), (64+15% total burn surface
area, TBSA) relative to 13 healthy controls (11.9+6.0 years of
age). Microarray analysis of samples taken within 10 days of
burn injury revealed altered expression of a variety of genes,
including some involved in cell and organelle organization and
biogenesis, stress response, wound response, external stimulus
response, regulation of apoptosis and intracellular signaling.
The genes that encode peroxisome proliferator-activated
receptors (PPARs; 3 isotypes PPARa, PPARy and PPARS
also known as PPARS or PPARB/§), which may serve as
transcriptional nodal points and therapeutic targets for
metabolic syndromes, were among those affected. In particular,
expression of the main mitochondrial biogenesis factor
PPARy-1B (or PGC-16) was downregulated (P<0.0001),
while the expression of PPARS was upregulated (P<0.001).
Expression of PGC-1a, the closest homolog of PGC-18 was
upregulated (P=0.0037), and expression of the gene encoding
mitochodrial uncoupling protein 2 (UCP2) was also
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upregulated (P=0.008). These results suggest that altered
PPAR and mitochondrial gene expression soon after burn
injury may lead to metabolic and mitochondrial dysfunction
in human skeletal muscle.

Introduction

Almost two million people become burn victims in the US
each year. A small percentage of these injuries are fatal, and
all require immediate medical attention. While the clinical
consequences for a patient with a large total body surface area
(TBSA) burn injury are grave, the mechanisms mediating
post-burn metabolic alterations and muscle catabolism remain
uncertain.

When burn injury exceeds 30% of the TBSA, local
inflammation generalizes into a severe systemic response
metabolically characterized as muscle catabolism, leading to
muscle wasting or cachexia (1). Burn injury is associated with
anatomical, physiological, endocrinological and immuno-
logical alterations leading to general cachexia, and metabolic
alterations appear to play a central role in this pathophysio-
logical progression (2). While early burn wound excision has
been shown to favorably influence the metabolic response
and reduce catabolism (3), agents that could actually alter
post-burn physiology would be powerful tools for ameliorating
cachexia.

Recent nuclear magnetic resonance (NMR) and micro-
array studies from our laboratory have indicated that burn
injury causes mitochondrial dysfunction in skeletal muscle
(4). Hence, post-burn cachexia may be due, at least in part, to
alterations in the activities of molecules controlling
mitochondrial function. Such alterations could potentially be
achieved through the actions of peroxisome proliferator-
activated receptors (PPARs; 3 isotypes PPARa, PPARy and
PPARS also known as PPARB or PPARB/S). PPARs are
nuclear receptors that act as transcription factors and have
been described as nodes of inputs and outputs involved in
energy homeostasis (4). They are involved in the trans-
criptional regulation of key metabolic pathways, such as lipid
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metabolism and insulin sensitivity, and accordingly have
been shown to play roles in inflammation, diabetes, athero-
sclerosis, obesity and hypertension (5,6). In light of their
ability to act as transcriptional nodal points, PPARs have been
implicated as therapeutic targets for metabolic syndromes (5).
PPARa and PPARS, in particular, are known to play roles in
a number of physiological processes including cell growth,
cell differentiation and cell death (7).

A recent study reported downregulation of the PPARy
coactivator 18 (PGC-18) in a murine burn model (8),
suggesting a novel mode of regulation for numerous complex
biological programs, including metabolism by coactivator
proteins (9,10). The first member of the PGC-1 family, PGC-1a,
was identified from brown adipose tissue as a PPARy-
interacting protein (11). PGC-1 was later identified as the
closest homolog of PGC-1a; the two molecules share
extensive sequence identity (12,13). PGC-1 coactivators play
a critical role in the maintenance of glucose, lipid, and energy
homeostasis and are thus likely to be involved in pathogenic
conditions such as neurodegeneration, cardiomyopathy,
obesity, diabetes (14), and, presumably, burn injury (8).
PGC-18 regulates numerous downstream genes including
adenosine triphosphate (ATP) synthase and the H* transporting
mitochondrial F1 complex. It is thus suggested that the
decreased ATP synthesis observed by NMR in burn victims
may be the result of downregulation of these molecules (8).
Furthermore, nuclear respiratory factors 1 and 2 (NRF-1 and
NRF-2) are transcription factor targets of PGC-1a and  and
thus regulate the expression of some nuclear-encoded mito-
chondrial genes (14). An interplay between PGC-1a and
forkhead box O (FoxO) family transcription factors has been
reported. In particular, decreased levels of PGC-1a in atrophied
muscle has been suggested to facilitate FoxO-dependent
cachexia (15). A possible interplay between PGC-16 and
FoxO has also been suggested (8).

The aim of the present study was to evaluate the functional
classification of differentially expressed genes and to
characterize the concerted expression of selected PPARs and
associated genes, including PGC-1s and uncoupling proteins
(UCPs), in the skeletal muscle of burned versus healthy
control children. This study is based on the fundamental
hypothesis that the effects of burn injury on expression of
PPARSs and related molecules such as PGC-1s may underlie
the metabolic complications of burn injury through influences
on mitochondrial function. Our study is discussed relative to
potential implications for advancing mitochondrial molecular
medicine.

Materials and methods

Human biopsy collection. Biopsies collected as part of the
Glue grant on the genomics of inflammation (www.
gluegrant.org) were used in this study. The review and analysis
of the records was approved by the Subcommittee on
Research of Massachusetts General Hospital, Boston, MA,
USA.

Patient biopsies. As this study focused on gene expression
soon after injury, time points that were 10 or more days post-
burn were not used. A total of 24 patients were in the original
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study cohort, but data from 5 patients were excluded since
the biopsies had been collected beyond this 10-day cutoff.
Hence, the final analyzed group included 19 pediatric burn
patients. Two samples were analyzed per subject, and only
genomic data corresponding to the earliest biopsy time point
were used in the analysis (n=19). The biopsies were collected
2.8+1.6 days post-burn (range 1-7 days post-burn). The patient
mean age was 5.2+4.0 years (range 1-14 years). The mean
TBSA affected was 64+15% (range 41-93%).

Control biopsies. Control biopsies were collected (2 samples
per subject) from the skeletal muscle of 13 healthy subjects.
The mean age of the control subjects was 11.9+6.0 years.

Extraction of RNA. Fresh specimens were immersed in 1 ml
Trizol® (GibcoBRL, Invitrogen, Carlsbad, CA, USA). Each
specimen was homogenized for 60 sec with a Brinkman
Polytron 3000 before extraction of total RNA. Chloroform
(200 pl) was added to each homogenized muscle sample and
mixed with the sample by inverting the tube for 15 sec. After
centrifugation at 12000 x g for 15 min, the upper aqueous
phase was collected and precipitated by adding 500 pul
isopropanol. Further centrifugation at 12000 x g for 10 min
separated the RNA pellet, which was then washed with 500 pl
of 70% ethanol and centrifuged at 7500 x g for 5 min prior to
air drying. The pellet was re-suspended in 100 1 DEPC-H,0.
An RNeasy Kit (Qiagen, Germantown, MD, USA) was used
to purify the RNA according to the manufacturer's protocol.
Purified RNA was quantified by UV absorbance at 260 and
280 nm and stored at -70°C for later DNA microarray analysis.

Microarray hybridization. Biotinylated cRNA was generated
with 10 ug of total cellular RNA according to the protocol
outlined by Affymetrix Inc. (Santa Clara, CA, USA). The
cRNA was hybridized onto Affymetrix MOE430A oligo-
nucleotide arrays and stained, washed, and scanned according
to the Affymetrix protocol.

Genomic data analysis. Two specimens from each subject
were analyzed. Data files consisted of scanned images of
probes hybridized with RNA extracted from the skeletal
muscle specimens isolated at the specified times from burned
or control subjects. These data files were converted to cell
intensity files (.CEL files) with the Microarray suite 5.0
(MAS, Affymetrix). The data were scaled to a target intensity
of 500, and all possible pair-wise array comparisons of the
replicates to normal control mice were performed for each
time point (i.e., four combinations when two arrays from each
time point were compared to the two arrays hybridized to
RNA from control mice) using an MAS 5.0 change call
algorithm. Probe sets that had a signal value difference greater
than 100, and in which one of the two samples being compared
was not called ‘absent’, were scored as differentially
modulated when i) the number of change calls in the same
direction were at least 3, 4 and 6 when the number of
comparisons were 4, 6 and 9, respectively; and ii) the other
comparisons were unchanged. Such scoring is designed to
partially compensate for biological stochasticity and technical
variation. Based on the ratios of 100 genes determined by
Affymetrix to be invariant in most conditions tested, an
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Figure 1. Functional classification of differentially downregulated genes in skeletal muscle biopsies of 19 burned children relative to those of 13 healthy
control subjects. Genes showing significant differential expression (cutoff of 5% false discovery rate and 1.4-fold change) were grouped based on Gene
Ontology functional classification. Bars indicate the number of downregulated genes ("P<0.05; “P<0.01).
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Figure 2. PGC-18 and PGC-1la gene mRNA expression in muscle tissue
from patients who suffered 30% TBSA burns. Gray columns represent gene
expression from 19 burned children and white columns represent gene
expression from 13 control subjects. PGC-1 expression was significantly
downregulated at early time points post-burn. There was a concurrent
compensatory increase in PGC-la expression. (“t-test, 2-tailed, equal
variances).

additional constraint of a minimum ratio of 1.65 was applied
to control the known false positives at 5%.

Statistical analysis. The focus of this analysis was the small-N
set of PPARs and associated (PGC-1 and UCP) genes. For
this type of analysis, the number of multiple comparisons is
small. For this reason, correction for multiple comparisons to

control the family-wise error rate (FWER) using a Bonferroni
procedure was not applied (FWER/Bonferroni is a very
conservative error control procedure aiming to control the
probability of even a single type I error for all multiple
comparisons performed). Instead, a t-test was used under the
assumption that the error rate for false positives is not signifi-
cantly altered due to the small number of comparisons.

Results

Burn injury affects the functional classification of gene
expression in human skeletal muscle. Fig. 1 shows the tran-
scriptome profiles of differentially expressed genes involved
in key regulatory pathways at early time points following
burn injury in 19 children with 230% TBSA and in 13 controls.
Expression levels of a variety of genes were downregulated,
including many involved in cell and organelle organization
and biogenesis, stress response, wounding response, external
stimulus response, regulation of apoptosis and intracellular
signaling.

Burn injury downregulates expression of PGC-1f3 and
upregulates expression of PGC-la. Expression of PGC-18
and PGC-1a differed in burned children relative to that in the
controls (Fig. 2). PGC-18 expression was significantly
downregulated whereas that of PGC-1a showed a significant
compensatory increase of a lesser magnitude.

Burn injury regulates expression of PPARa PPARS and UCP2
in human skeletal muscle. As shown in Fig. 3, expression of
PPAR genes was affected by the presence of burn injury.
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Figure 3. PPARa, PPARS and UCP2 transcription in tissue from burn
patients. Gray columns represent gene expression from 19 burned children
and white columns represent gene expression from 13 control subjects.
PGC-1a expression was significantly downregulated at early time points
post-burn. There was a concurrent significant compensatory increase in
PGC-15 expression. The expression of UCP2 was also significantly increased.
(“t-test, 2-tailed, unequal variances).

Note that PPARa gene expression was downregulated in
burn victim tissue, while that of the PPARS gene was
upregulated. UCP2 gene expression was also upregulated
(Fig. 3). Other uncoupling proteins were not differentially
expressed.

Discussion

The present study demonstrated a distinct pattern of functional
classifications of genes differentially expressed in burn
victim tissue specimens relative to that in uninjured controls.
Our microarray experiments revealed significant down-
regulation of a great variety of genes in skeletal muscle soon
after burn trauma. Downregulated genes included those
encoding proteins involved in cell and organelle organization
and biogenesis, wound response, external stimulus response,
regulation of apoptosis, intracellular signaling and stress
response, including ability to deal with oxidative stress (16). It
is our view that the pattern of altered transcription observed
can be attributed in large part to the concerted action of
PPARs and PGC-1s.

Burn trauma was associated with downregulation of
PPARs and PGC-16 expression and with upregulation of
PGC-1a and UCP2 expression. This pattern of altered
expression leads to mitochondrial uncoupling and thus
dysfunction in human burn injury as suggested previously in
murine studies (4,8). The presently observed downregulation
of PGC-18 transcription, which may be an upstream regulatory
mechanism involving mitochondrial uncoupling, coincided
with downregulation of ATP synthase and other oxidative
phosphorylation genes. This type of response is accompanied
by a concomitant reduction in ATP synthesis rate, which can
lead to skeletal muscle cell apoptosis (17,18), and thus may
underlie muscle wasting (2).

Such processes may occur in response to the increased
levels of cytokines (e.g., TNFa in systemic burns) (19) causing
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dysregulation of PPARs and PGC-1s, as observed in liver cells
(20). These findings thus suggest a more general role for
PPARs and PGC-1s in human skeletal muscle metabolism,
implicating them in inflammation, diabetes, and obesity, and
are in agreement with previous findings in murine models of
burn injury (4,8). On the other hand, skeletal muscle PGC-1a
and PPARS gene expression was significantly lower in
diabetic patients (21). Rosiglitazone treatment has been shown
to restore PGC-1o and PPARS levels while improving insulin
sensitivity and muscular oxidative capacity (21).

Our noteworthy finding of PGC-18 downregulation is
consistent with prior data in mice (8) and may explain the
concurrent downregulation of mitochondrial biogenesis
observed (Fig. 1) inasmuch as PGC-18, like PGC-1aq, is a
major mitochondrial biogenesis factor (22). The observed
upregulation of PGC-1a may be related to dysregulation of
the thyroid hormone triiodothyronine (T3), which controls
PGC-1a expression (23). Meanwhile, PPARa, which has a
biogenesis effect on mitochondria (24), was downregulated
in burn injury tissue. Since PGC-1a regulation involves both
NRF-1 and T3 (23,24), its upregulation in burn injury tissue
may also be an effect of T3 dysregulation, in addition to or
rather than, an indirect effect of burn injury via cytokines or
reactive oxygen species (ROS).

Downregulation of PGC-18 has been linked to insulin
resistance through Irsl (8) and Akt (25) in mice. Both of
these mechanisms may be operating in human burns. In the
latter case, inhibition of Akt phosphorylation prevents
subsequent Akt-mediated phosphorylation of FoxOl1, 3 and
4, which would normally suppress atrogen expression and
proteolysis. In addition, Akt would normally contribute to
protein synthesis via mTOR, but Akt attenuation leads to
inhibition of protein synthesis and cachexia (26). These
findings, together with recent published reports (15,25,27),
suggest that these two mechanisms, which may involve an
increase in FoxO3 expression, may account for the muscle
wasting observed in burned patients (8).

Given that PGC-16 has recently been recognized as an
activator of UCPs (14,22,28), its downregulation would be
expected to cause UCP downregulation rather than the
upregulation observed in this study (Fig. 3). Therefore, the
question of whether PGC-18 has a role in mitochondrial
uncoupling induced by UCP2 in burn trauma needs to be
investigated further using in vivo assessment by NMR, which
is superior to electric potential measurements across the inner
mitochondrial membrane (29). Regardless, UCP2 expression
may be stimulated by PGC-1a, and UCPs seem to greatly
reduce mitochondrial production of ROS (14). Thus, we
propose that the downregulation of PGC-18 observed herein
may leave the muscle unprotected against damage caused by
ROS, which would likely be further exacerbated by the burn.
PGC-1a-mediated induction of UCP2 expression may then
compensate for the fact that UCP3 is not differentially
expressed.

We report two novel findings in this study, namely the
downregulation of PPARa and the upregulation of PPARS in
burn-injured skeletal muscle. PPAR$-mediated reduction in
PPARy expression (30) may explain the presently observed
downregulation of PGC-1B. A direct effect of burn injury on
PGC-186 expression, however, cannot be ruled out (8).
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Incidentally, agents that elevate PPARs and PGC-1s have
been reported to improve mitochondrial biogenesis and
skeletal muscle function (31). Hence, we posit that such
remedies may be helpful for burn injury.

Our demonstration of PPAR and PGC-1 induction may
have direct clinical relevance. Recent clinical studies indicated
that PGC-1a agonists can alleviate post-burn insulin resistance
(32,33) and prevent burn-induced damage in remote organs
(34). Furthermore, since PPARs are transcriptional nodal
points, they have been suggested as potential therapeutic
targets for metabolic syndromes (5,35). We are thus pursuing
research to investigate the mechanism of this burn-induced
aberration in metabolic control in an effort to understand
burn pathology well enough to design treatments to prevent
and/or minimize the extent of burn damage. Such studies may
provide new insights into the biology of burn injury, and their
results could lead to advances in burn treatment that will
reduce the morbidity and mortality of burn victims and improve
their quality of life.

The present findings help to pave the way to a better
understanding of the physiological and pathological processes
that accompany systemic burn trauma and suggest that
further research exploring the role of PPARs, PGC-1s and
UCPs in a variety of inflammatory circumstances in which
agonists may have protective effects should be pursued.
Since PPARs are controllable factors in most tissues and
respond to common signaling pathways, they are promising
pharmaceutical targets. To this end, elucidating the role of
PPARs and related molecules in burn-associated muscle
catabolism through physiological and molecular genetic
analyses should significantly advance mitochondrial molecular
medicine.
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