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Purpose. The purpose of this study is to describe the time course of gene expression in a skeletal muscle
local injury induced by an intramuscular (IM) injection, and to compare the dynamics of gene expression
with pathological events.

Materials and Methods. Ten piglets received 4 IM injections of propylene glycol in the longissimus dorsi
muscles 6 h, 2, 7, and 21 days before euthanasia, where control and injected muscle sites were sampled
for RNA isolation and microscopic examination. The hybridization of nylon cDNA microarrays was
carried out with radioactive probes obtained from the muscle RNA.

Results. 153 genes were found under- or over-expressed at least once among the investigated time-
conditions. The eight most discriminant genes were also identified: Two genes (GTP-binding protein
RAD and Ankyrin repeat domain protein) were over-expressed at 6 h and six genes between 2 and
21 days (Osteonectin, Fibronectin, Matrix metalloproteinase-2, Collagen alpha 1(I) chain, Collagen
alpha 2(I) chain, and Thymosin beta-4). Necrosis, inflammation and regeneration were observed through
both the dynamics of gene expression profiles and through the microscopic examinations.

Conclusion. Our data demonstrate that several pathways are involved in post-injection muscle injury,
and that necrosis, inflammation and regeneration are not sequential but occur in parallel.

KEY WORDS: gene expression profiling; injury; intramuscular injection; local tolerance;

pathophysiology.

INTRODUCTION

The intramuscular (IM) route is widely used for drug
administration. It has been formerly estimated that more
than half a million IM injections are administered daily
within the US (1). It was also observed by the Boston
Collaborative Drug Surveillance Program that 46% of
patients received at least one IM injection during hospitali-
zation. Adverse events were observed after 0.4% of the total
number of IM administrations (2), with skeletal muscle injury
and patient discomfort or pain. More recently, a survey
showed that 23% of 639 pediatric nurses had observed
serious complications after the IM injections they had
performed (3). An IM injection is mainly associated with
pain, swelling, redness and movement discomfort. Chronic
effects with local fibrosis of the muscles leading to muscle
contractures (4,5), and abscesses (6) or Staphylococcus
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aureus sepsis (7) have also been observed. Macrophagic
myofasciitis, an emerging medical pathology, has been
described and hypothetically associated with the IM injection
of vaccinal drugs (8).

The basic gross and microscopic pathologic examina-
tions carried out during the development of a drug formula-
tion for IM use allow rough evaluation of the extent and
severity of muscle lesions in connection with the drug,
vehicle, pH or injected volume and concentration. However,
no accurate information about the pathophysiological path-
ways involved can be drawn from these studies. The global
skeletal muscle lesion has been described as a degenerative
inflammatory process followed by regeneration through the
proliferation and differentiation of myoblasts into adult
myocytes (9). Although histological studies are useful for
documenting the muscle tolerance of the various formula-
tions under development, they are descriptive only of the
cellular events occurring in the muscle. The acute hemody-
namic events occurring in the injected muscle have recently
been evaluated in the rabbit (10), and different pathways
leading to the acute muscle damage described. Further
documentation of the development of drug-induced muscle
lesions at the molecular level would improve the understand-
ing of the muscle reactions, and could lead to the develop-
ment of new well-tolerated formulations.

The aim of the present study was to assess the gene
expression profiles in control skeletal muscle and during the
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post-injury process in muscle from a non-rodent animal
model at different times after an IM injection, in order to
describe the whole molecular pathways, and to identify some
new target genes involved in this pathophysiological situa-
tion. Propylene Glycol, a carrier solvent, was administered
IM in piglets to induce a local muscle injury. A transcriptome
analysis using cDNA microarrays was set up to evaluate the
process of tissue injury and repair from the variation in
expression of hundreds of genes that were examined over
21 days, along with the histological process.

MATERIALS AND METHODS
Animals and Husbandry

Ten crossbred male piglets ranging from 23 to 32 kg
body weight at the onset of the acclimatization period
(Bernussou, Villefranche de Rouergue, France) were used
after being acclimated to the experimental conditions for
two weeks.

The animals were kept at the National Veterinary
School of Toulouse. They were provided with conventional
starch food for piglets (Bernussou, Villefranche de Rouergue,
France) and tap water ad libitum. They were observed daily
throughout the experimental phase. The housing facilities had
been approved by the French Ministry of Agriculture. All the
experimental procedures were performed according to guide
for the care and use of laboratory animals from the US
National Institutes of Health. The study protocol had been
reviewed and approved by the local ethical committee.

IM Injections of Propylene Glycol

Propylene Glycol (PG) was purchased from Sigma-
Aldrich Chimie (Lyon, France). PG is commonly used as an
organic solvent for topical or injectable pharmaceuticals (11),
and it has been previously described as a model to induce
post-injection muscle injury (12). The lumbar area of the
animals was thoroughly shaved. A volume of 4 ml of PG was
injected aseptically in a standardized manner using a 25 mm-
long and 23-Gauge needle inserted perpendicularly to the
lumbar area into the middle of the left or right Longissimus
dorsi (LD) muscle. Each animal received a series of 4 IM
injections of PG at five random sites in the left and right LD
muscles at different time-intervals in order to obtain muscle
lesions at different stages: the IM administrations were
performed in the same animal at 6 h, and 2, 7 and 21 days
before euthanasia. The additional fifth site did not receive any
IM administration and was used as control non-injected
muscle.

Muscle Sampling and Microscopic Examination

The piglets were euthanized using an overdose of
pentobarbital (Dolethal, Vétoquinol, Lure, France). Samples
from the muscle lesions and from control non-injected
muscle were quickly excised in a standardized way and
roughly cut up. The muscle samples for RNA isolation were
immediately frozen in liquid nitrogen and stored at —80°C
until analysis. The samples for the microscopic pathological
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examination, containing both normal and injured tissue, were
immersed in standard buffered 4% formaldehyde solution.
After fixation, they were dehydrated and embedded in
paraffin. Slices of 3 um thickness were obtained from each
lesion and stained with hemalun-eosin and observed by a
trained pathologist.

Total RNA Isolation

Total RNA was isolated from each of the 50 muscle
samples (four injection sites per animal + one control non-
injected site). Briefly, the muscle samples were disrupted,
homogenized and ground to a fine powder by rapid agitation
for 1 min in a liquid-nitrogen cooled grinder with stainless
steel beads. An aliquot of 250-300 mg of the fine powder was
then processed for total RNA isolation and purification using
RNeasy®™ Fibrous Tissue Midi kit according to the manu-
facturers’ instructions (Qiagen SA France, Courtaboeuf,
France). The method included a proteinase K digestion step
to remove proteins and a DNase digestion step to remove
contaminating DNA. The extracted total RNA was eluted
in 300 pl of RNase-free water and stored at—80°C. RNA qual-
ity and concentration were controlled using an AGILENT
2100 bioanalyzer (RNA solutions and RNA 6000 Nano Lab-
Chip Kit, Agilent Technologies France, Massy, France).

cDNA Arrays Design

Gene expression was analyzed by hybridization of nylon
cDNA arrays (18x72 mm, Immobilon-NY+, Millipore, Bed-
ford, MA) with radioactive probes. The arrays contained
PCR products from 3,456 pig cDNA clones, spotted in
duplicate on two separate fields of the same membrane with
a Microgrid II fitted with a 32 pins microarray tool (Bio-
Robotics MicroGrid, Genomic Solutions Ltd., Huntingdon,
United Kingdom). The cDNA clones came mainly from a pig
normalized multi-tissue cDNA library (“scag”, Tosser-Klopp
G, unpublished; 1,056 clones) and from a muscle library
(Bendixen C, Department for Livestock Breeding and Genetics,
Danish Institute of Agricultural Sciences, Tjele, Denmark;
2,208 clones). Other clones came from USDA MARC 1PIG
and 2PIG libraries (13) and from the SENAH INRA
laboratory (INRA-UMR SENAH, Domaine de la Prise, F
35590 Saint Gilles, France). Among these 3,456 clones, 1,651
corresponded to genes with an accession number and were
only considered in the following analyses (MIAME standards,
(14)). Sequences were annotated by BLAST analysis against
SIGENAE contigs (Systeme d’information du projet d’analyse
des génomes des animaux d’élevage, http://www.sigenae.org)
and search for SWISSPROT features.

Hybridization of cDNA Arrays

The cDNA arrays were first hybridized with a vector
oligonucleotide labeled with y*’P-ATP at 42°C for 12 h to
determine the quality of the spotting process. After washing,
the arrays were exposed for 6 or 24 h to radioisotopic-
sensitive imaging plates (BAS-2025, Fujifilm, Raytest France
S.A.R.L., Courbevoie, France). The imaging plates were
scanned thereafter with a phosphor imaging system at 25 pum
resolution (BAS-5000, Fujifilm, Raytest France S.A.R.L.,
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Courbevoie, France). The arrays were then stripped and
hybridized with a complex target. Briefly, cDNA was
synthesized and labeled from 5 pg total RNA by simultaneous
reverse transcription of mRNA using SuperScript™ IT RNase
H-Reverse Transcriptase (Invitrogen SARL, Life Technol-
ogies, Cergy Pontoise) and o—>*P-deoxy-CTP. The mRNA of
each muscle sample was hybridized at 68°C for 24 h to a single
array containing two duplicated separate fields. The hy-
bridization images from vector and complex targets were
quantified using the semi-automated software, BZScan (15).
Fixed circle segmentation, i.e. a grid process with a fixed spot
diameter was applied. The grid obtained with vector hybrid-
ization images was used to assess the reproducibility of the
quantification signals between array replicates and also to
analyze the complex target hybridization images. The complex
hybridization images were quantified by extracting the inten-
sity of each spot.

Data Analysis

Step 1. Data from the BZScan output were logarithmically
transformed and the mean of the two duplicates calculated.
Experimental variations in signal intensity between the 50
hybridizations were taken into account by normalizing,
within each hybridization, the signal intensity for each spot
by the average intensity of all the spots of the corresponding
hybridization. The time-profile evolution of the expression of
each mRNA was analyzed by calculating the differences in
the quantified hybridization signals for each spot and for
each animal between control non-injected muscle and the
four consecutive time-conditions. Hence, four time-intervals
were investigated, i.e.: 0-6 h, 6-48 h, 48 h-7 days, and 7-
21 days.

Step 2. Two consecutive time conditions were compared for
each spot by a paired-data Student’s ¢ test with the significance
level set at 0.0125. In a second time, a ratio of at least 1.5
between two consecutive time-conditions was arbitrarily
considered to demonstrate a significant increase or decrease
in mRNA abundance. For each gene, at each time interval, the
mRNA level could be stable, increased or decreased. Thus,
taking together the variation of the mRNA level during the
four successive defined time intervals, a global pattern of
expression was then obtained over 21 days for each gene.

Step 3. A random Forest (RF) data analysis (16) was applied
using R statistical software (R Development core team
(2005), R: a language and environment for statistical
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computing, R Foundation for statistical computing, Vienna,
Austria, http://www.cran.r-project.org). This approach has
been used to identify predictors for prostate cancer tissue
microarray data (17) and the methodology has been recently
described for use in gene selection (18). Briefly, RF is a
classification algorithm that performs a series of classification
trees: For each classification tree, the overall data is cleaved
in two groups, 2/3 sub-group is the learning data and the 1/3
sub-group is the testing data according to a random process
for each sub-group and each tree. The genes are at the split
decision and the samples are at the final allocation to a class.
The learning data is used to build the classification tree and
the testing data is used to verify if the expression of the genes
gives a correct classification of the samples. During the
testing process, the genes are permutated to test their
importance or discriminant power for the classification. If a
gene is important for a classification tree when it is permu-
tated, the classification tree of the samples is lost. At the end,
an aggregation process of the trees by majority vote gives a
rank of importance for the genes. A total of 15,000 trees were
performed, and 42 random inputs were attempted at each
split. In the end, the first eight genes with the most discrimant
power were selected.

Data Management

The experimental design, its implementation and the
data handling complied with MTIAME standards (14) and all
the experimental data were managed using the free BASE
software (19). A list of all the genes included in these
microarrays and the normalized data have been deposited in
the Gene Expression Omnibus database (http:/www.ncbi.
nlm.nih.gov/geo/) under GEO accession number GSE3217.

RESULTS
Pathological Findings

During muscle sampling, the muscle lesions, with a dark
focal area in the case of acute lesions, and a white, dense and
clearly identified scar in the late stages, could be easily
distinguished from normal tissue. Both control non-injected
muscle and muscle lesions are shown in Fig. 1.

Six hours after injection, the microscopical examination
revealed prominent mechanical disruption of the myofibers
along the junction between normal muscle and the injected
area. Endomysial neutrophils and oedema were observed
around the injured cells. At 2 days post-injection, the myocytes

Fig. 1. Pathological examination of injured muscle. a, d, g, and j were taken at the same magnification x100, with the injection area on the
right side and normal muscle on the left. b, e, h, and k were taken at the same magnification x250. ¢, f, i, and 1 were taken at the same
magnification x400. Control (non-injected) muscle images are shown at x100, x250 and x400 magnifications. abe: 6 h after the IM injection.
a: The area on the right side corresponds to myocytes that have been dissociated by the injected substance. b: Almost all the altered cells are
located at the junction between the healthy and injured muscle tissue. ¢: Oedema and polynucleate (Check) cells surrounding the injured
muscular cells are clearly observed. DEF: 2 days after the IM injection. d: Infiltrated lymphocytes are observed at the junction between the
healthy and injured muscle tissue. e: Densification and hyalinisation of the injured cells is apparent. f: The cellular infiltrate is mainly
composed of lymphocytes. ghi: 7 days after the IM injection. g: A thick fibro-inflammatory tissue layer has developed at the junction between
the healthy and injured muscle tissue. h: This area contains fibroblast cells and regenerating but immature myocytes. i: Coagulated myocytes
are being phagocytosed (Check)by giant cells. jkl: 21 days after the IM injection. j: Dense fibrous tissue is observed throughout the injected
area. k: Some regenerating myocytes are observed. I: Giant cells containing some myocyte debris from the injected area remain in the centre
of the injected area.
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Table I. Gene Expression Patterns

Gene Expression Pattern
Gene Function Gene Description (Gene name)

6h 2d 7d 21d

AV - - - Metabolism Fructose-bisphosphate aldolase A (ALDOA)
Creatine kinase M (CKM)
Glyceraldehyde-3-phosphate dehydrogenase (GAPD)
Glycerol-3-phosphate dehydrogenase (GPD1)
Pyruvate kinase, isozymes M1/M2 (PKM2)
Phosphoglycerate mutase 2 (PGAM2)
Glycogen phosphorylase, muscle (PYGM)
Muscle type phosphofructokinase (M-PFK)
Triosephosphate isomerase (TPI1)
Mitochondrial metabolism Cytochrome c oxidase subunit VIIa
polypeptide 2 (COX7A2)
Cytochrome c oxidase polypeptide
VIII-heart (COX8H)
NADH-ubiquinone oxidoreductase
19 kDa subunit (NDUFAS)
Structure / Contraction Actinin alpha 3 (ACTN3)
Alpha-actin 1 (ACTA1)
ATPase Ca++ transporting (ATP2A1,
Skeletal muscle, fast
twitch muscle (type II) fibers)
Band 4.1-like protein 2 (EPB41L2)
Myosin regulatory light chain 2 (Mylpf)
Myosin binding protein C (MYBPC2)
Myosin Heavy Chain (MYH1), MYH2, MYH4, MYH7
Troponin C (TNNC2)
Myozenin 1 (MYOZ1), Myozenin 3 (MYOZ3)
Nebulin (NEB)
Tropomyosin 1 (alpha) (TPM1)
Tropomyosin 2 (beta) (TPM2)
Nuclear activity Carboxy-terminal domain RNA
polymerase II polypeptide
A small phosphatase 2 (CTDSP2 or OS4)
- A - - Metabolism ALDOA, CKM, PGAM2
Enolase 3 (ENO3)
Structure / Contraction ACTAL, TNNC2, Mylpf, ATP2A1
Metabolism ALDOA, ENO3, CKM
Metabolism ENO3
Structure / Contraction MYH4
Unknown FKSG26
Structure / Contraction ACTN3
Inflammation, immune Inhibitor of carbonic
reaction anhydrase precursor (ICA)
Major seminal plasma glycoprotein (PSP1)
NF-kappaB inhibitor-like protein 1 (NFKBIL1)
Synaptic vesicle Pantophysin ( SYPL)
Signal transduction Annexin A5 (ANXAS)
Glia maturation factor gamma (GMFG)
Nucleoprotein (TPR)
Tensin (TNS, signalling route JNK and p38 MAPK)
Transcription/Translation Trifunctional purine biosynthetic
protein adenosine-3
(GART)
tRNA synthase cofactor p38 (JTV1)
Protein chaperone Peptidyl-prolyl cis-trans isomerase like 2 (PPIL2),
Heat shock 70 kDa protein 1 (HSPA1B)
Protein interaction Ankyrin repeat domain 6 (ANKRD6)
Proteolysis Carboxypeptidase D (CPD)
Proliferation BCL2-associated athanogene (BAG3, antiapoptotic)
Unknown Coborfl134, C200rf160, KIAA0644
= P - = Inflammation, Beta-2 microglobulin (B2M)
immune reaction Thymosin beta-4 (TMSB4)
HLA-B associated transcript 1 (BAT1)
Ferritin heavy polypeptide (FTH)
Ferritin light polypeptide (FLH)
Mitochondrial metabolism Cytochrome c oxidase III (MTCO3)
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Structure
Protein synthesis

Protein chaperone
Proteolysis

Unknown
Inflammation,

immune reaction
Proliferation
Extracellular matrix
Metabolism
Proteolysis
Structure

{
a
{

Extracellular matrix
Protein interaction
Signal transduction

ATP synthase alpha chain,
mitochondrial (ATP5A1)
Tubulin alpha 1 (TUBAL1), Cofilin 1 (CFL1)
Translation elongation factor alpha (EEF1A1)
Ribosomal proteins L8, L11, L18, L19, L23a, S3,
S5, S11, S15, S19, S26
Cyclophilin A (PPIA)
Heat shock protein HSP 90-alpha (HSPCA)
Calpain small subunit 1 (CAPNSI)
Legumain, protease cystein (LGMN)
C200rf178
Complement cytolysis inhibitor or
Clusterin (CLU)
Osteonectin (SPARC)
Annexin A2 (ANXA2)
Pyruvate kinase (PKM2)
Matrix metalloproteinase 2 (MMP2)
Collagen type 1 alpha 1(COL1A1)
Fibronectin (FN1)
Collagen type 1 alpha 2 (COL1A2)
Ankyrin repeat domain 2 (ANKRD2)
Ras-related associated with diabetes (RRAD)
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Structure
Unknown

ey 2y
19 ey 9y
VIR
1 1N 3

Desmin (DES)
H19, imprinted maternally expressed
untranslated mRNA

Gene expression patterns and detailed list of genes that were significantly differentially expressed during at least one of the time-intervals
after IM injection of propylene glycol in porcine skeletal muscle: 0 h (control) to 6 h, from 6 h to 2 days, from 2 to 7 days, and then from 7 to
21 days. =® = stable gene expression, ZJ = increased gene expression, 8 = decreased gene expression

exhibited coagulation necrosis and the lymphocytes were
clustered along the junction between the healthy and injured
areas. At 7 days post-injection, the junction between these two
areas consisted of a broad band of collagen containing
regenerating myocytes. The final phase was observed at
21 days as a homogeneous fibrous and collagenous tissue
invading the entire injected area, and maturing myocytes
spreading from the periphery to the center of this area.

Validation of the Expression Data

The coefficient of variation calculated between all
duplicate signals from vector and complex hybridization
respectively were 19.5 and 18.9%. These results demonstrat-
ed the reliability of the whole process used in this study to
generate expression data.

Identification of the Gene Expression Patterns

Out of the 1,651 genes, 324 were found to have a
variable expression at the 0.0125 significance level. Among
them, a total of 153 genes showed differential expression, i.e.
under-or overexpression, with a ratio higher than 1.5, during
at least one time interval. The expression was modified
between control non-injected and 6 h after the IM injection
for 54 genes, between 6 and 48 h for 41 genes, between 48 h and
7 days for 15 genes, and between 7 and 21 days for three genes.

The different gene expression patterns over time are
presented in Table I. For each pattern, the genes are grouped
in the table according to their main functions.

Most Discriminant Genes

The RF was used to classify genes according to their
discriminant power, and the top eight genes were selected.

Indeed, two selected genes had an increased level at 6 h:
RRAD (GTP-binding protein RAD) and ANKRD2 (Ankyrin
repeat domain protein 2), and six genes had an increased level
between 2 and 21 days: SPARC (Secreted protein acidic and
rich in cystein or Osteonectin), FN1 (Fibronectin), MMP2
(Matrix metalloproteinase-2), COL1A1 (Collagen alpha 1(I)
chain), COL1A2 (Collagen alpha 2(I) chain) and TMSB4
(Thymosin beta-4). The individual expression data for these
eight genes are presented in Fig. 2.

DISCUSSION

The strength of this study lies in the assessment of both
histopathology and global gene expression profiles in a group
of homogeneous animals in which the response of the same
muscle to post-injection skeletal muscle injury could be
studied within each animal at multiple time points. The
major findings are that (1) Post-injection muscle injury is a
complex pathophysiological situation involving several reac-
tion pathways (2) the main changes in muscle gene expres-
sion occurred within the first 2 days, with a decrease of genes
involved in muscle metabolism and contraction, and an
increase of genes involved in inflammation, (3) the repairing
process is concomitant with expression of genes involved in
proteolysis, extracellular matrix development and myoblast
activation, (4) such gene expression profiles are supported by
pathological changes, and (5) these expression patterns were
reproducible.

DNA microarray experiments have previously been
used to address differences in gene expression profiles
between various skeletal muscles, in studies of muscular
metabolism in mice (20) and pig (21), ontogenesis in cattle
(22), acute muscle reaction to freezing injury in mice (23),
and several other muscular diseases. The pig was chosen here
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as a non-rodent model for the histopathology and tran-
scriptome analysis because of its homogeneous Longissimus
dorsi muscle allowing several independent IM injections to
be performed at different stages within the same individuals,
hence reducing the response variability. The pig is also
known for its particular sensitivity to post-injection muscle
injury, and propylene glycol was selected as the irritant test
article because previous studies had shown this organic co-
solvent to be poorly tolerated by the skeletal muscle (12,24).
By solely using a vehicle, instead of a drug formulation to
induce the injury, any pharmacological effects that could
have been related to an active substance was avoided.

The paired comparisons of gene expression between the
consecutive stages of muscle injury were made longitudinally,
which is rarely performed but improves the reliability of the
analysis. This process highlighted the variation of expression
in spite of differences in the individual basal expression
levels. We focused here on the genes that were differentially
expressed between consecutive time-intervals at both the
selected significance level of 0.0125 and the differential
expression ratio of at least 1.5. This approach reduced the
risk of false discovery but probably also reduced the
possibility of identifying the less variable genes. As new
possible target genes were to be found, it was necessary to
obtain the highest confidence in the identification of truly
differentially expressed genes, rather than organizing all the
investigated genes using traditional clustering approaches.

The gene expression data obtained here could be
qualitatively analyzed with regard to results obtained for
muscle degeneration and regeneration in other pathophysio-
logical settings (9). The skeletal muscle is able to regenerate
after injury due to a regulated balance of growth, fusion, and
differentiation of the muscle precursor cells. Schematically, in
a mechanically-induced muscle lesion, activated polymorpho-
nuclear cells invade the injured area during the first 12 h and
are followed by macrophages that remove the necrotic tissues
within 2 days. Fibroblasts synthesize connective tissue while
satellite cells become activated into myoblasts within the basal
lamina. By day 7, the regenerating myoblasts have fused into
myotubes, and by day 21, a scar with new myofibers and
connective tissue has been formed (25). The histopathological
findings in our study indicate that similar sequential events
occur in porcine skeletal muscle after the induction by PG of
local injury. It is also apparent from our study that muscle
degeneration involved intracellular proteolysis, and started
early with an increased expression of carboxypeptidase D
followed at 48 h by the increased expression of calpain and
legumain (cystein protease) transcripts. Concomitantly, the
expression of genes encoding for the main structural and
contractile muscle proteins as well as for the cellular and
mitochondrial metabolism proteins, was decreased. This could
be interpreted as a reduction of the muscle energy needs for
contractile activities, since a degeneration period occurred
immediately after the onset of injury. The gene for creatine
kinase M, a specific muscular enzyme which is released into

Fig. 2. Expression data for each animals for the eight most discrimi-
nant genes. Each gene is represented in one individual sub-figure, and
each animal is represented by one single plot. Normalized values of
gene expression levels (y-axis) are expressed for each time-condition
(x-axis: control muscle, 6 h, 2 days, 7 days and 21 days lesions).
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the plasma when muscle cells suffer, and is used as an index of
muscle injury (26,27), was downregulated between control
non-injected muscle and 6h muscle lesion. The genes encoding
for the different ribosomal subunits were upregulated as early
as 48 h after the IM injection. It probably resulted from
activation of the quiescent satellite cells, and preceded the
onset of protein synthesis that would later occur during the
regeneration process. Indeed, muscle regeneration after an
injury starts relatively rapidly, once the macrophages have
phagocytosed the necrotic muscle fibers, and usually within
2 days (25). The fibroblasts seemed also to be involved in the
formation of a scar at the injection site, since an increased
transcription of different collagen subunits was observed from
48 h onwards. The tensin protein gene was activated from
6 h after injury. This gene is involved in muscle regeneration, as
this process exhibits a 2-fold delay in KO mice (28). Desmin is
an intermediate muscle-specific filament protein which is
expressed in proliferating myoblasts as early as 12 h after
muscle injury. It is increased later and is used as an index of
skeletal muscle regeneration. The expression of desmin genes
was increased during the time interval from 48 h to 7 days
after injection, which is consistent with early muscular
regeneration. In contradiction to the classical models which
describes successive steps of necrosis, inflammation and
regeneration, our expression data also clearly suggest that
these processes occur simultaneously. This is in accordance
with the pathological examination which revealed the devel-
opment of a thick layer of fibro-inflammatory tissue next to
the necrotic area, leading to muscle regeneration.

Using the Random Forest method, the genes were
sorted according to their discriminant power without the
need to refer to arbitrary thresholds to rank the genes, and
the top eight genes were selected (18). This non parametric
method is particularly adapted to data with many more genes
(variables) than samples, and even to correlated variables.
The two genes up-regulated at 6 h were RRAD and
ANKRD2. RRAD codes for a cytoplasmic protein involved
in signal transduction and ANKRD2, a putative muscle-
specific myogenic regulator (29), codes for a cytoplasmic
protein interacting with p53 transcriptional factor (30,31).
The six genes up-regulated from 2 days or later after IM code
for proteins involved in myogenic cell migration and in the
extracellular matrix remodeling during muscle tissue repair.
The gene expression of two collagens (COL1A1 and
COL1A?2), fibronectin (FN1) and matrix metalloproteinase
(MMP2) was closely related to the fibrogenic tissue devel-
opment clearly visible in the pathological examination.
Expression of the matricellular SPARC protein is restricted
to tissues that undergo consistent turnover or to sites of injury
and disease (32,33). Another microarray analysis also iden-
tified MMP2, SPARC and COL1A?2 as being over-expressed
during development of fibrosis in radiation-induced enteritis
(34). Thymosin B4 acts as an anti-inflammatory agent (35)
and its expression was abruptly up-regulated between 6 and
48 h. Thymosin B4 also accelerates wound healing (36).
Further experiments should explore the possibility of using
these discriminant genes as markers of the repair process and
of evaluating any complications of the muscle lesions due to
fibrosis.

Muscle reaction to IM administration has been shown in
the present study to be complex, involving multiple reaction
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pathways, with a large number of genes significantly down or
upregulated over 21 days. However, on the whole and as
summarized in Table I only 14 different patterns of gene
expression profile were encountered. This is far from the
total number of all the possible patterns, ie 81, or 3”4 (the
expression level of each gene may indeed increase, decrease
or may be at a constant level at each of the four time
intervals). This total number of patterns was theoretically
possible but not biologically relevant, since our data showed
that only 17% (14/81) of the theoretical patterns were found.
This suggest that the pathophysiological reaction observed in
this study at the molecular level is not anarchic but rather
well organized. Several concomitant pathways had been
already observed in a short term evaluation of the muscle
blood flow response during the first 6 h following the IM
administration, and the inhibition of each pathway induced a
decrease in the observed blood flow, with or without
reduction of the actual muscle injury (10). Similarly, in the
current study about long-term muscle reaction, it is unclear
which of the reaction pathways would be to inhibit or to
enhance in order to ameliorate muscle healing. Indeed,
proteolysis might be detrimental to the muscle for a transient
period, but in many pathophysiological settings, it might be a
favourable cleaning process that is a pre-requisite for muscle
healing.

In conclusion, this study illustrated the relevance of
longitudinal microarray data analysis within the same sub-
jects. This porcine model of post-injection muscle injury
offers a good model for assessing gene expression of different
types of muscle lesions (especially acute vs. chronic) within
the same subjects, and might be used to investigate other
pathophysiological settings in muscle.

Several variable genes involved mainly in inflammation,
energy metabolism and cytoskeleton organization were
identified. Thus post-injection muscle injury must be consid-
ered as multifactorial. However, the muscle reaction is not
anarchic but a rather organized phenomenon since only a
limited number of gene expression profile patterns was
observed. This organization of molecular events associated
with the development of muscle damage implies that it might
be possible to control this development pharmacologically.
To date, no straightforward and univocal solution can be
proposed to improve or predict the tolerance of drug
formulations, but understanding the underlying signaling
pathways at the molecular level could provide new knowl-
edge for potential modulation of the resulting muscle
damage. Another relevant investigation would be to compare
several different vehicles using the same model, in an attempt
to identify the prevailing patterns of gene expression profiling.

Eight genes were shown to be the most discriminant in
muscle damage development. Further investigations are
needed to assess the relationship between the expressions
of these genes and lesion severity, but they might serve as
useful biomarkers to assess muscle tolerance of a drug
vehicle or formulation in the future.
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