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Summary

Regeneration of skeletal muscle following injury is dependent on numerous factors
including age, the inflammatory response, revascularization, gene expression of myo-
genic and growth factors and the activation and proliferation of endogenous progeni-
tor cells. It is our hypothesis that oxidative stress preceding a contusion injury to
muscle modulates the inflammatory response to inhibit muscle regeneration and
enhance fibrotic scar formation. Male F344/BN rats were assigned to one of four
groups. Group 1: uinjured control; Group 2: ischaemic occlusion of femoral vessels
for 2 h followed by reperfusion (I-R); Group 3: contusion injury of the tibialis ante-
rior (TA); Group 4: I-R, then contusion injury. The acute inflammatory response
(8 h, 3 days) was determined by expression of the chemokine CINC-1, TGF-p1,
IFN-y and markers of neutrophil (myeloperoxidase) and macrophage (CD68) activity
and recruitment. Acute oxidative stress caused by I-R and/or contusion, was deter-
mined by measuring GP91P"* and lipid peroxidation. Muscle recovery (21 days)
was assessed by examining the fibrosis after I-R and contusion injuries to the TA
with Sirius Red staining and quantification of collagen I expression. Consistent with
our hypothesis, I-R preceding contusion increased all markers of the acute inflamma-
tory response and oxidative stress after injury and elevated the expression of colla-
gen. We conclude that ischaemia-induced oxidative stress exacerbated the
inflammatory response and enhanced fibrotic scar tissue formation after injury. This
response may be attributable to increased levels of TGF-B1 and diminished expres-
sion of IFN-y in the ischaemic contused muscle.
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Damage to skeletal muscle can be a common occurrence (Crisco et al. 1994; Menetrey et al. 1999; Malm et al.
after workplace injuries, sports injuries, motor vehicle 2004). Regeneration of skeletal muscle or conversely, the
accidents or surgery. Under ideal conditions, skeletal muscle formation of a fibrotic scar following injury, is dependent
is capable of extensive muscle regeneration after several on numerous factors including type and severity of injury,
types of injury including strains, contusions and lacerations age, oxidative stress, revascularization of the tissue and gene
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expression of several myogenic and growth factors (Charge
& Rudnicki 2004). The relative activation and proliferation
of two cell types: endogenous muscle progenitor cells and
fibroblasts may be the determining variable in deciding the
ultimate fate of the injured skeletal muscle (Conboy et al.
2003; Charge & Rudnicki 2004; Ehrhardt & Morgan
20035). Muscle progenitor cells (MPC, satellite cells) become
myoblasts and repair muscle by fusing with injured, but sur-
viving myofibres or by de novo formation of new myotubes
that regenerate lost myofibres. After injury, fibroblasts pro-
liferate in the damaged muscle and begin to produce a colla-
gen-rich extracellular matrix to restore the muscle’s
connective tissue framework (Lehto et al. 1986; Menetrey
et al. 1999; Li & Huard 2002). Activated fibroblasts also
release chemoattractants which recruit additional fibroblasts
and inflammatory cells to the injured tissue (Kovacs & DiP-
ietro 1994; Toumi & Best 2003). Excess proliferation and
activation of fibroblasts can lead to extensive fibrosis and
formation of dense scar tissue, which can obstruct the mus-
cle regenerative process and result in incomplete recovery
(Lehto et al. 1986; Kasemkijwattana et al. 1998; Menetrey
et al. 1999).

It is the hypothesis of this project that after muscle injury,
factors affecting the inflammatory response may also regu-
late fibrotic scar formation. To test this hypothesis, ischae-
mia-reperfusion-induced oxidative stress will be used to
modulate the affecting the inflammatory
response. Ischaemia-reperfusion (I-R) was chosen as a stres-

sor because I-R is known to generate reactive oxygen and

conditions

nitrogen species (RONS) and to activate inflammatory cells
(Pattwell et al. 2003; Huda et al. 2004; Zimiani et al.
20035). Oxidative stress also increases the expression of pro-
inflammatory mediators such as cytokines, chemokines and
adhesion molecules. In response, first neutrophils and then
macrophages infiltrate the tissue which leads to further pro-
duction of RONS, cytokines, chemokines and cytotoxic pro-
teases by these leukocytes and exacerbation of the
inflammatory cascade (Taoka ef al. 1995; Prisk & Huard,
2003; Aoi et al. 2004). In addition, activated macrophages
produce transforming growth factor (TGF)-B1 that induces
fibrosis after injury or disease in a variety of tissues (Lagord
et al. 2002; Flanders 2004; Kuusniemi et al. 2005; Nieto &
Cederbaum 2005; Izumi et al. 2006). Since oxidative stress
occurs in aging tissues (Lass ef al. 1998; Wickens 2001) or
during intense anaerobic exercise (Ulloa et al. 1999; Cuevas
et al. 2005), regulation of inflammation in the presence of
oxidative stress has implications for recovery from muscle
injuries in the elderly and in athletes.

In the experiments described in this paper, I-R was used
to produce an oxidative environment to determine its subse-
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quent effects on the inflammatory response and histological
recovery of muscle following injury. It is predicted that I-R
and subsequently increased oxidative free radicals, will
enhance TGF-B1-mediated scar formation after injury. It is
hypothesized that: (i) 2 h of ischaemia followed by 2 h of
reperfusion is sufficient to cause an increase in RONS
and oxidative stress in skeletal muscle and exacerbate the
inflammatory response to contusion injury; and (i) I-R
occurring prior to a contusion injury will result in increased
collagen levels and fibrotic scar tissue formation in the skele-
tal muscle.

Materials and methods

Animals

Specific  pathogen-free  Fischer =~ 344/Brown  Norway
(F344/BN) F1 hybrid male rats, aged 2 months, were
obtained (Harlan, Indianapolis, IN, USA). The animals were
housed two per microisolator cage and maintained in a
temperature- and light-controlled room. All animal proce-
dures were performed according to the Canadian Council
on Animal Care (CCAC) Guide to the Care and Use of
Experimental Animals (Olfert et al. 1993). The animals were
assigned to one of the following four groups: (a) uninjured
controls; (b) I-R; (c) contusion injury of the tibialis anterior
(TA); and (d) I-R followed by contusion injury of the TA.
For each group, the injuries were bilateral and individual
muscles were used for either histology or biochemistry. All
animals were anesthetized by inhalation of isoflurane gas
(4%). Animals were given 0.1 ml daily injections of Enro-
floxacin (Baytril, 50 mg/ml; Bayer, Pittsburgh, PA, USA)
subcutaneously for 3 days to prevent infection after surgery
and individually housed in clean microisolator cages.

I-R and contusion injury

Ischaemia of the lower limb musculature, including the TA,
was induced by occluding the femoral artery using a small
microvascular clamp (B2-V; S&T, Fine Science Tools, Van-
couver, BC, Canada) for 2 h followed by reperfusion. If the
animal was to receive a contusion injury in addition to I-R,
it was performed after 2 h of reperfusion. An incision was
made in the skin overlying the anterior compartment of the
lower limb and the TA muscle was separated from the
extensor digitorum longus using a fine pair of scissors. A
Yasargil Phynox aneurysm clip (FE 623 K; Center Valley,
PA, USA) with a closing force of 200 g was then placed
around the TA muscle for 20 s to cause a compression
contusion injury. This contusion injury was adapted from a
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similar method used commonly on the spinal cord (Weaver
et al. 2001). Animals assigned to the uninjured control
group were anesthetized and received a 1.0 cm incision in
the skin overlying the TA muscle. All incisions in the skin
were closed with silk suture.

Muscle harvesting and preparation

The animals were euthanized at 8 h (7 = 8 per group) and
3 days (7 =8 per group) postinjury to examine oxidative
stress and acute inflammation. At 21 days postinjury, rats
(n = 8 per group) were euthanized to examine chronic fibrosis
in the muscle. The rats were euthanized with an intraperito-
neal injection of 25% urethane in saline (3.0 ml) and the entire
TA muscle was immediately harvested from each limb and
frozen in liquid nitrogen-cooled isopentane. If a muscle was to
be sectioned for histological purposes, it was frozen in a 2:1
mixture of optimal cutting temperature (OCT) compound
(Tissue-Tek 4583; Sakura Finetek Inc., Torrence, CA, USA)
and 20% sucrose in Phosphate Buffered Saline (PBS). The
muscle samples were kept at —80 °C until further analysis.

Tissue homogenization

The TA muscle was crushed to a powder with a liquid nitro-
gen-cooled mortar and pestle and sonicated in 10 volumes of
MPO buffer [25 mM potassium phosphate buffer (pH 6),
0.25% hexadecyltrimethyl ammonium bromide, 10 pg/ml
aprotinin, 0.5 mM dithiothreitol (DTT), Complete EDTA-free
protease inhibitor cocktail tablet (Roche, Mississauga, ON,
Canada)] and centrifuged at 10,000 g for 20 min at 4 °C
(Nakauchi et al. 1996; Bao et al. 2004;). The supernatant
(cytosolic protein fraction) was collected and the pellet was
resuspended on ice with a sonicator in 200 pl of membrane
lysis buffer (pH 7.6) [100 mM potassium chloride (KCl),
10 mM sodium phosphate (Na,HPO,), 1 mM ethylenedia-
mine tetraacetic acid (EDTA), 1% Triton-X 100, 0.1%
sodium dodecyl sulphate (SDS), 0.5% sodium deoxycholate,
10 pg/ml aprotinin, 0.5 mM dithiothreitol (DTT), complete
EDTA-free protease inhibitor cocktail] and centrifuged at
20,000 g for 30 min at 4 °C. The supernatant (membranous
protein fraction) was collected and the pellet was discarded.
Cytosolic and membranous protein fractions were assayed for
total protein concentration using the BCA Protein Assay
(Pierce, Rockford, IL, USA) and stored at —80 °C until needed.

Western blot analysis

For Western blot analyses of GP91P"% CD68, and TGF-p1,
40 pg of total protein from TA muscle homogenates was

separated by SDS polyacrylamide gel electrophoresis (SDS-
PAGE) followed by transfer to polyvinylidene fluoride
(PVDF) membranes. Standard Western blotting techniques
were used using Tris-Buffered Saline with 0.1% Tween-20
(TBS-T) for wash steps and 5% non-fat milk in TBS-T for
blocking. Primary antibodies used were specific to GP91Phox
(1:500; 611414, BD Biosciences, Mississauga, ON, Canada),
CD68 (1:500; MCA 341R, Serotec via Cedarlane Laborato-
ries, Hornby, ON, Canada) and TGF-B1 (1:1000; LC-1-30.1
Dr. Kathy Flanders Laboratory, NCI/NIH, Bethesda, MD,
USA). Measurement of TGF-B1 by Western blot with
this antibody will determine total TGF-B1 that includes
both latent and active forms of the protein. After incubation
in anti-mouse IgG-, or anti-rabbit IgG-conjugated horserad-
ish peroxidase (HRP) (1:15,000; Jackson Immunore-
search Laboratories, West Grove, PA, USA). The protein
was detected using an ECL chemiluminescence kit (Amer-
sham, Piscataway, NJ, USA), exposed to film and then quan-
tified as a percentage of controls using an Alpha Imager
2200 and software (Alpha Innotech, San Leandro, CA,
USA). Membranes were then stripped and re-probed with
anti-glyceraldehyde phosphate dehydrogenase (GAPDH)
(1:10,000; AB9485; Abcam, Cambridge, MA, USA) as a
loading control.

Lipid peroxidation (TBARS) assay

The membranous protein fraction of the TA muscle homo-
genates were used to measure lipid peroxidation with a col-
orimetric assay. Lipid peroxidation was quantitated using a
thiobarbituric acid reactive substances (TBARS) assay with
malondialdehyde (MDA) standards (Bao et al. 2004; Dawn-
Linsley et al. 2005). Samples and standards (25 ul) were
mixed with 25 pl of 8.1% SDS, 200 pl of 20% acetic acid
(pH 3.5), 200 pl of 0.8% thiobarbituric acid (TBA) in 50%
acetic acid (pH 3.5), 50 ul of distilled water, and then
heated for 1 h at 95 °C. Following heating, 250 ul of a 15:1
mixture of z-butanol and pyridine were added to the mix-
ture and samples were vortexed and centrifuged for 10 min
at 4000 rpm. Two hundred microlitres of the organic layer
was pipetted in duplicates on 96 well microplates with
MDA standards and the absorbance was measured at
532 nm using a Synergy HT universal plate reader with
KC4 software (Bio-Tek Instruments, Winooski, VT, USA).

Mpyeloperoxidase assay

The cytosolic protein fraction of the TA muscle homogen-
ates were used to measure myeloperoxidase (MPO) activity
with a colorimetric assay (Taoka et al. 1997). Samples and
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standards (20 pl) were pipetted in duplicates onto 96-well
plates and 200 ul of substrate solution (0.167 mg/ml o-dian-
isidine hydrochloride, 0.24 mM hydrogen peroxide (H,O,),
10 mM potassium phosphate buffer) was added to initiate
the reaction. The change in absorbance was measured over
5 min at 450 nm using a plate reader (described above).

Enzyme-linked immunosorbant assays

IFN-y and CINC-1 levels were measured in the cytosolic
protein fraction of TA muscle homogenates using enzyme-
linked immunosorbant assay (ELISA) kits from R&D
Systems (IFN-y DYS585; CINC-1 DYS515) (Minneapolis,
MN, USA). Both ELISA kits used horse radish peroxidase
(HRP)-conjugated antibodies with a 1:1 mixture of 0.01%
hydrogen peroxide (H,O,) and tetramethylbenzidine (TMB)
as the substrate. Plates were read at 450 nm with correction
at 540 nm on a plate reader (described above).

Glutathione and glutathione disulfide assay

The ratio of glutathione (GSH) and glutathione disulfide
(GSSG) is a widely-used indicator of oxidative stress and the
cellular redox environment in tissues (Schafer & Buettner
2001; Shi & Liu 2006). The GSH and GSSG were measured
with a glutathione assay kit (Cayman Chemical, Cat.
#703002) from approximately 100 mg of muscle tissue
homogenized in the buffer provided. The GSH:GSSG ratio
was calculated according to the manufacturer’s instructions.

Immunobhistochemistry

The TA muscles were embedded in OCT/sucrose, frozen in
liquid nitrogen and sectioned (40 um) on a cryostat. Thaw-
mounted sections were fixed for 10 min in —20 °C acetone,
washed in PBS and then placed in 4% formaldehyde for
2 min. The sections were incubated with 5% normal goat
serum (NGS) in TBS with 0.1% Triton-X 100 (TBS-X) for
1 h and probed overnight at room temperature with anti-
collagen T (AB6038; Abcam, Cambridge, MA, USA). Protein
expression was revealed after incubation with Alexa-Fluor
568 conjugated secondary antibody (1:300; A11004, Molec-
ular Probes/Invitrogen, Burlington, ON, Canada). Images
were captured on a Zeiss Axioplan II microscope equipped
with Axiocam HRC camera and software. The intensity and
integrated area of immunoreactive staining was quantified
on inverted grayscale images using Image Pro Discovery
software (MediaCybernetics, Silver Spring, MD, USA).
Approximately 10 images per muscle were quantified and
then averaged.
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Histology

Cryostat sections of TA were fixed in Bouin’s Fixative and
processed for Hematoxylin and Eosin (H&E) and Sirius Red
staining to examine morphology and connective tissue, respec-
tively, in the uninjured and injured muscles (Kiernan 1999).

Statistical analysis

An analysis of variance (ANovA) was used to determine
whether significant differences occurred at the P < 0.05 level
using SPSS statistical software. Student—-Neuman—Keuls post
hoc comparisons were used to assess significant differences
relative to uninjured controls and among experimental
groups.

Results

Oxidative stress

To determine the level of oxidative stress in our muscle sam-
ples we measured the ratio of the reduced (GSH) to the oxi-
dized (GSSG) forms of glutathione (Shi & Liu 2006), lipid
peroxidation and quantified expression of the marker protein,
GP91Pr* 3t 8 h and 3 days postinjury. GP91P™%, together
with P21°"% form an integral membrane cytochrome bssg
which interacts with various cytosolic proteins (P67 PEo%, P47
phox ' pg( Phox 1ac2) to produce RONS (Javesghani ef al.
2002). The results are presented in Figures 1 and 2.

The enzyme glutathione peroxidase uses GSH as a cofactor
as it metabolizes hydrogen peroxide to oxygen and water.
When levels of hydrogen peroxide are high, glutathione per-
oxidase activity depletes GSH and is unable to metabolize all
the hydrogen peroxide. Excess hydrogen peroxide then can
react with metal ions to become highly reactive hydroxyl
radical. Therefore, a low GSH:GSSG ratio infers elevated
levels of oxidative stress. Compared to uninjured control
muscles the ratio of GSH:GSSG was unaltered 8 h or 3 days
after I-R or muscle contusion injury. In contrast, when
ischaemia preceded contusion, the GSG:GSSG ratio was
significantly decreased 3 days after injury (Figure 1a).

Lipid peroxidation was measured using an assay for mal-
ondialdehyde (MDA) content. The MDA assay measured a
significant increase in lipid peroxidation at 8 h only when the
contusion injury was preceded by I-R (19.9 = 5.6 uM/
mg) compared to uninjured control muscle (7.9 = 2.5 uM/
mg). Three days after injury, the lipid peroxidation was fur-
ther increased in the contused (23.8 = 6.2 ptM/mg) and I-R
contused (26.2 = 9.5 uM/mg) TA muscle homogenates com-
pared to the homogenate of uninjured control TA (Figure 1b).
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Figure 1 (a) The ratio of reduced (GSH) to oxidized (GSSG)
forms of glutathione in ischaemia-reperfused (I-R) and contused
muscle is illustrated at 8 h and 3 days postinjury. A decrease in
GSH:GSSG indicates elevated oxidative stress. (b) Lipid peroxi-
dation in I-R and contused muscle. Lipid peroxidation was
quantified using the TBARS assay to measure levels of malondi-
aldehyde (MDA). * denotes a significant difference relative to
uninjured control, P < 0.05. o denotes a significant difference
from earlier time point within the same experimental group,

P < 0.05. \ denotes a significant difference between contusion
and IR-contusion at same time point, P < 0.05. Error bars rep-
resent the SE of the mean (SEM, 7n = 8 per group).

GP91P"% levels were measured relative to uninjured con-
trol TA muscles at 8 h and 3 days postinjury. The GP91Phox
levels were elevated in TA muscle homogenates 8 h after
contusion alone or after ischaemia and contusion combined
relative to uninjured control. At 3 days post injury, the
levels of GP91P"°* were similar among uninjured controls,
ischaemia-reperfused (I-R) muscle and muscle after
contusion. However, when I-R preceded the contusion there
was a greater level of GP91P"°* in the TA muscle samples

(Figure 2).

Inflammmation

Neutrophil recruitment and oxidative activity was measured
using assays for the concentration of cytokine-induced

(a) U I-R C I-R+C
8h 3day 8h 3day 8h 3day

T e . R S MR 58 KDa

GP91P"™*

GAPDH s s caiiemm—am— /() KDa

3507 ot *Oy
W3 day

3001

2501

2001

150

100 *

50+ /
7 7 7

Control I-R Contusion I-R + Contusion

h —_—
GP91P"™* (relative to control) <

Figure 2 (a) Representative samples at 3 days postinjury quan-
tified by Western blot analysis for GP91P"°%, The protein glycer-
aldehyde phosphate dehydrogenase (GAPDH) was used as a
loading control. Samples were all from the same gel, but cut
with Adobe Photoshop for appropriate presentation. Photoshop
editing was performed to all samples equally. (b) Relative
GP91P2°* [evels in control, ischaemia—reperfused and clip-
injured muscle at 8 h (dimpled fill) and 3 days postinjury as
determined by densitometry. * denotes a significant difference
from control, P < 0.05. o denotes a significant difference earlier
time point within the same experimental group, P < 0.05. s
denotes a significant difference between contusion and IR-contu-
sion at same time point, P < 0.05. Error bars represent the SE
of the mean (SEM, 7 = 8 per group).

neutrophil chemoattractant-1 (CINC-1; rat homolog of
1I-8) and for myeloperoxidase (MPO) activity at 8 h and
3 days following injury. The results of these indepen-
dent assays are shown in Figure 3. At 8 h postinjury, there
was a significant increase in CINC-1 concentration after
I-R (15.2 = 7.8 pg/mg), after contusion (86.5 = 13.2 pg/mg
muscle) and after I-R combined with contusion (85.4 =
20.5 pg/mg) compared  to
(1.8 = 0.8 pg/mg). By the third day after the injury, the level
of CINC-1 had decreased in all groups that had received an
insult (Figure 3a).

when uninjured  muscle

When MPO activity was determined, similar results were
observed. At 8 h postinjury, MPO levels were significantly
greater after contusion (1.58 = 0.40 U/mg) and when ischae-
mia preceded contusion (1.83 = 0.14 U/mg) when compared
to ischaemic (I-R) muscle (0.02 = 0.01 U/mg) or uninjured
control muscle homogenates (0.12 = 0.05 U/mg). The level
of MPO activity decreased in both the contused muscle and
I-R contused muscle by the third day, but still remained
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Figure 3 (a) The concentration of CINC-1 in ischaemia-reper-
fused (I-R) and contused muscle at 8 h and 3 days postinjury.
CINC-1 concentration was quantified by ELISA. (b) Myeloper-
oxidase (MPO) activity in I-R and contused muscle after injury.
MPO activity was quantified by a kinetic enzymatic assay.

* denotes a significant difference from control, P < 0.05.

o denotes a significant difference from earlier time point within
the same experimental group, P < 0.05. \/ denotes a significant
difference between contusion and IR-contusion at same time
point, P < 0.05. Error bars represent the SE of the mean (SEM,
n = 8 per group).

greater than uninjured control muscle. However, 3 days
postinjury, MPO levels remained elevated to a greater
extent in ischaemic-contused muscles (1.22 = 0.10 U/mg)
than MPO levels after contusion alone (0.65 = 0.13 U/mg)
(Figure 3b). At this oxidative activity of
macrophages may be contributing to the activity of persist-
ing neutrophils in the MPO assay.

time point,

Macrophage infiltration

CD68 is a lysosomal protein found in macrophages. CD68
protein levels were used to assess the extent of macrophage
infiltration into the TA muscle following injury. Western blot
analysis of TA muscle homogenates at 8 h and 3 days postin-
jury are shown in Figure 4. At 8 h postinjury there was a sig-
nificant increase in the levels of CD68 in contusion and I-R
contusion groups when compared to uninjured controls. At
3 days, macrophage content had increased in the contused
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Figure 4 (a) Representative samples at 8 h and 3 days postinju-
ry quantified by Western blot analysis for CD68. (b) Relative
CD68 levels in ischaemia-reperfused and clip-injured muscle at
8 h and 3 days postinjury measured by densitometry. * denotes
a significant difference from control, P < 0.05. o denotes a sig-
nificant difference from control and earlier time point within
the same experimental group, P < 0.05. \y denotes a significant
difference between contusion and IR-contusion at same time
point, P < 0.05. Error bars represent the SE of the mean (SEM,
n = 8§ per group).

muscles, but this increase occurred to a greater extent when
ischaemia (I-R) was combined with contusion injury. The
infiltration of monocytes 3 days postinjury was also readily
apparent in haematoxylin and eosin stained sections of mus-
cle tissue (Figure 6). The dark purple-stained nuclei were
more abundant after contusion compared to ischaemic (I-R)
or uninjured muscles. The combination of ischaemia and con-
tusion appeared to cause the most infiltration of monocytes
into the skeletal muscle tissue (Figures 4 and 6).

Fibrotic response

TGEF-B1 is produced by macrophages during inflammation
and is a known mediator of fibrosis (Flanders 2004; Nieto
& Cederbaum 2005). As shown in Figure 5b, quantification
of total TGF-B1 at 3 days postinjury by Western blot analy-
sis revealed a significant increase in TGF-B1 when the contu-
sion injury was preceded by I-R (152 = 21%) compared to
uninjured control muscle (100 = 4%). In contrast, TGF-f1
levels were similar to uninjured control muscle 3 days after
either I-R (99 = 14%) or contusion injury (120 = 13%). At
8 h postinjury, TGF-B1 levels in all groups were similar to
that of uninjured control muscle (Figure 5b).
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Figure 5 Expression of TGF-B1 and IFN-y in injured and con-
trol tibialis anterior (TA) muscle homogenates. (a) Representa-
tive samples at 8 h postinjury quantified by Western blot
analysis for TGF-B1. Samples were all from the same gel, but
cut with Adobe Photoshop for appropriate presentation. Photo-
shop editing was performed to all samples equally. (b) Relative
TGEF-B1 levels in ischaemia—reperfused (I-R) and contused mus-
cle at 8 h and 3 days postinjury were determined by densitome-
try of Western blots and averages from each group are
displayed in centre panel. (c) [FN-y concentration (pg/mg total
protein) was quantified by ELISA in TA muscles after I-R, con-
tusion and I-R combined with contusion and compared to unin-
jured controls. * denotes a significant difference from control,
P < 0.05. o denotes a significant difference from earlier time
point within the same experimental group, P < 0.05. \ denotes
a significant difference between contusion and IR-contusion at
same time point, P < 0.05. Error bars represent the SE of the
mean (SEM, n = 8 per group).

IFN-y concentrations, as measured by ELISA, are shown
in Figure 5c. A significant decrease in IFN-y concentration
was observed in ischaemic (I-R) contused muscle
(39 = 8 pg/mg) at 8 h postinjury when compared to unin-
jured control muscle (84 = 18 pg/mg). In contrast, IFN-y
levels in the I-R muscle or contused muscle, were both simi-

lar to the uninjured control muscle. By 3 days postinjury,

H&E Sirius red Collagen |

Figure 6 Muscle morphology and collagen expression in unin-
jured and injured tibialis anterior muscle cross-sections. Panel
(a) Hematoxylin and eosin staining of ischaemia—reperfused
(I-R), contusion (C) and I-R and contusion combined (C+I-R)
muscle cross-sections at 3 days postinjury compared with unin-
jured controls (U). Scale Bar = 100 um. Panel (b) Sirius Red
staining of ischaemia-reperfused (I-R), contusion (C) and I-R
and contusion combined (C+I-R) muscle cross-sections at 3 days
postinjury compared with uninjured controls (U). Scale Bar =
100 pm. Panel (c). Representative images illustrating immunore-
activity for collagen I expression in uninjured, ischaemia—reper-
fused (I-R), contused (C) and ischaemic-contused (C+I-R)
muscles. Scale Bar = 200 um.

IFN-vy levels were significantly decreased in all injury groups
relative to uninjured control muscle.

Connective tissue

Sirius Red staining was used to visualize muscle morphology
and the distribution of connective tissue in the muscle
21 days after injury. With this stain, muscle tissue is stained
pale yellow and collagen fibres are stained dark red (Fig-
ure 6). Cross-sections of uninjured and ischaemic (I-R) TA
muscles revealed similar morphology, whereas contused TA
muscles appeared to contain an increase in fibrotic tissue
and a dissolution of muscle fibre morphology. When ischae-
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and IR-contusion at same time point, P < 0.05. Error bars represent the SE of the mean (SEM, 7 = 6 per group).

mia was combined with contusion, there was a dramatic
increase in collagen deposition and fibrotic connective tissue.
There also appeared to be excessive tissue destruction and
several damaged muscle fibres.

The results observed after immunohistochemistry for
collagen I expression are also illustrated in Figure 6. The
specific immunohistochemistry for type I collagen in the
uninjured, ischaemic, contused and ischaemic-contused TA
muscles was similar to the staining with Sirius Red. At
21 days postinjury, computer-aided image analysis of colla-
gen I expression in muscle revealed a significant increase in
collagen I expression. Collagen I expression was increased in
contused TA muscles. This increase in collagen I expression
was enhanced by ischaemia (Figure 7).

Discussion

Infiltration and activation of inflammatory cells are impor-
tant factors in the response of muscle to injury and are mod-
ulated by TGF-B1 and the cycoloxygenase (COX)-2
pathway (Bondesen et al. 2004; Shen et al. 2008). Muscle
regeneration has been shown to be diminished after deple-
tion of macrophages by clodronate liposomes (Shen et al.
2008), by specific pharmacological inhibition of COX-2 and
in COX-2 null mice (Bondesen et al. 2004; Shen et al.
2005). These results highlight the importance of sufficient
inflammation-derived macrophage infiltration and TGF-B1-
induced activation of COX-2 pathways in muscle growth
and regeneration. However, if excessive, the phagocytic
activities of neutrophils and macrophages after injury are
not benign. The infiltration and activation of neutrophils are

© 2010 The Authors

especially cytotoxic and have been linked to secondary tissue
damage (Tonai et al. 2001; Pizza et al. 2005). The balance
between beneficial inflammation that facilitates muscle
regeneration and deleterious inflammation that inhibits mus-
cle regeneration and promotes fibrotic scar formation, may
depend on the local environment and presence of oxidative
stress. Oxidative stress prior to or during inflammation,
enhances the production of proinflammatory cytokines and
cytotoxic free radicals, including RONS, by neutrophils and
macrophages (Bartnik ez al. 2000; Lu & Wahl 2005).

A model of transient I-R was used in this study to increase
oxidative stress and to modulate the inflammatory response
prior to contusion injury of the TA muscle. The I-R para-
digm used has been shown previously to produce RONS and
elevate oxidative stress without causing any significant dam-
age to the muscle (Sayan et al. 2001; Hatoko et al. 2002;
Dupouy et al. 2006). If the ischaemia is prolonged more
than 2 h, significant morphological damage to the muscle
has been shown to occur (Sayan et al. 2001; Hatoko et al.
2002; Dupouy et al. 2006). Interestingly, brief ischaemic
preconditioning has been shown to minimize structural dam-
age of skeletal muscle to subsequent prolonged ischaemia
(Bushell et al. 2002) by a mechanism that may included
reduced production of RONS (Vanden Hoek et al. 2000).
The purpose of this study was to compare the inflammatory
response and fibrotic scar formation in the TA muscle
among control, I-R, contused and I-R contused muscles. The
results obtained from this study suggest that I-R prior to
contusion modulated the muscle’s regenerative response to
trauma, such that inflammation and fibrosis were more
robust. Sirius Red staining and the deposition of type I colla-
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gen, indicate that fibrotic scar formation has occurred to a
greater extent after ischaemia and contusion, than after con-
tusion injury alone (Figures 6 and 7).

Acutely after muscle injury, TGF-B1 is an important
modulator of inflammation and macrophage activity (Shen
et al. 2008). Chronic, elevated TGF-B1 expression is a
potent mediator of fibrosis via receptor-mediated Smad sig-
nalling pathways (Dennler ez al. 2002; Roberts et al. 2003).
The increased content of total TGF-B1 in ischaemic cont-
used muscle 3 days postinjury (Figure 5b) is likely attribut-
able to macrophage activation and recruitment to the injury
site (McTigue et al. 2000). Macrophages are a primary
source of TGF-B1 and we observed that macrophage
content was greatest in the I-R contused muscle 3 days
postinjury (Figure 4). Overproduction of TGF-B1 is a major
cause of fibrosis after injury or disease in various tissues
and is increased after injury in regenerating muscle (Kovacs
& DiPietro 1994; Logan et al. 1999; Lijnen et al. 2000;
Foster et al. 2003; Flanders 2004; Venkatesan et al. 2004).
Although there was a significant increase in TGF-B1 follow-
ing injury to the I-R muscle, it was surprising to observe
little change in TGF-B1 levels following injury alone.
Differentiating between total and active forms of TGF-B1
present in the TA muscles of each experimental group may
have provided additional, more relevant information for
comparison.

TGEF-B1 stimulates fibroblasts to increase synthesis of col-
lagen, vimentin, proteoglycans, fibronectin and other extra-
cellular matrix components which lead to an overall increase
in fibrotic scar tissue (Bassols & Massague 1988; Ritzenthal-
er et al. 1993; Carey & Zehner 1995). In addition, TGF-p1
has also been shown to inhibit the regenerative process of
skeletal muscle both in vitro and in vivo (Brennan et al.
1991; Liu et al. 2001; Li et al. 2004; Zhu et al. 2004). In
cultures of C2C12 myoblasts, TGF-B1 was shown to
increase proliferation, but diminish MyoD and myogenin
levels and subsequently reduce terminal differentiation and
myosin heavy chain expression (Schabort et al. 2009). In
addition, TGF-B1 has been suggested to convert myoblasts
and muscle-derived stem cells into a fibroblast lineage that
eventually contributes to the development of fibrosis. Fur-
thermore, inhibiting, or disrupting TGF-B1 signal transduc-
tion 1-2 weeks after injury, has been associated with
reduced fibrosis and enhanced muscle regeneration (Foster et
al. 2003; Sato et al. 2003). In the current study, increased
collagen content in the TA muscle 21 days following com-
bined ischaemia and contusion injury is associated with
increased levels of total TGF-B1 (Figure 5b and 7).

It has been shown in previous studies that IFN-y can act
as an anti-fibrosis agent, reducing scar tissue to facilitate

improved muscle functional recovery (Fukushima et al.
2001; Foster et al. 2003; Prisk & Huard 2003). In this
study, IFN-v levels were significantly diminished in I-R con-
tusion TA muscles (Figure 8). The anti-fibrotic actions of
IFN-y reportedly occur within the TGF-B1 signalling path-
way and increase the production of Smad 7 (Ulloa et al.
1999). Smad 7 inhibits the nuclear translocation of Smad 3,
which is an important transcription factor associated with
transcription with extracellular matrix- and fibrosis-related
genes (Ulloa et al. 1999; Flanders 2004). In this study, a
decrease in IFN-y in injured muscle was correlated with
TGF-B1-mediated fibrosis that occurs in the I-R contused
TA muscle. Indeed, it has been reported that exogenous
IFN-y injected into injured muscle inhibits TGF-B-mediated
fibrosis (Foster et al. 2003). These acute changes in the bal-
ance of TGF-B1 to IFN-y levels, ultimately lead to increased
type I collagen and vimentin in the recovering muscle which
form a fibrotic scar capable of impeding regeneration.

We hypothesized that 2 h of I-R would increase oxidative
stress in the TA muscle and exacerbate the inflammatory
response to contusion injury. A 2 h I-R paradigm was
selected to be sufficient to elevate oxidative stress (Buttemey-
er et al. 2002), but not to induce inflaimmation or tissue
damage on its own (Hatoko et al. 2002). We found this to
be only partly true as an overt increase in oxidative stress
(GSH:GSSG ratio, GP91PM%) was not observed after I-R
alone (Figures 1 and 2). However, the I-R paradigm was
effective as it elevated Cinc-1 (Figure 3a) and exacerbated
inflammation in ischaemic-contused muscle (Figures 3 and
4). This effect was not evident acutely (8 h), but was evident
3 days after muscle contusion injury. This time course
suggests that neutrophil activity may have created the
environment, but it was recruitment and activation of
macrophages that was required for elevated oxidative stress
after injury. The CINC-1 and CD68 data all indicate that by
3 days, recruitment of neutrophils is negligible and that
macrophages are the dominant population. At 3 days postin-
jury, the MPO assay is measuring phagocytic activity of
neutrophils and macrophages. The elevated MPO observed
in ischaemic-contused muscle is attributable to increased
macrophage content and activity. The delay in observing the
I-R effect on our markers of oxidative stress, while possibly
attributable to macrophage activity, may also be due to the
necessary time for the activation of signal transduction path-
ways by RONS and oxidative stress (Hensley et al. 2000)
and the subsequent transactivation of nuclear factor NFxB
(Meyer et al. 1993; Christman et al. 2000; Kefaloyianni et
al. 2006). NFkB is a transcription factor that has been impli-
cated in stimulating pro-inflammatory gene expression and
modulating subsequent inflammatory response and muscle
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recovery from injury (Callejas et al. 2003; Cuevas et al.
20035; Hnia et al. 2008).

The main finding of this study is that I-R of skeletal mus-
cle is capable of exacerbating inflammation and fibrosis after
contusion injury. This is true despite a lack of a significant
increase in levels of oxidative stress measured in the muscle
after I-R. In this study, when ischaemic muscle was sub-
jected to a contusion injury, oxidative stress and expression
of neutrophil chemoattractant was enhanced and leukocyte
infiltration increased resulting in a positive feedback loop
that ultimately exacerbated the inflammatory response to the
injury. Consequently, greater amounts of TGF-B1 are
released from macrophages and the production of collagen,
vimentin and other fibrotic proteins is stimulated in the
recovering muscle. There are implications of these findings
for sports-related injuries or performing surgery involving
skeletal muscle and ischaemia. If ischaemic or hypoxic, con-
ditions exist in the muscle prior to, or at the time of injury,
then the risk of poor muscle regeneration and enhanced scar
formation is significant.
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