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Abstract

Impact Statement

Contusion concomitant with ischemia injury to
skeletal muscle always leads to disability in limbs
and remains a great challenge to be treated.
Unfortunately, the alterations that occur in skeletal
muscle after contusion concomitant with ischemia
injury remain unclear. This study demonstrated that
compared with contusion injury or ischemia injury
alone, contusion concomitant with ischemia injury
to skeletal muscle not only aggravates early muscle
fiber necrosis but also hinders muscle functional
recovery by impairing satellite cell differentiation
and exacerbating fibrosis during skeletal muscle
repair. This finding improves our understanding
of the pathological and functional alterations in
skeletal muscle after contusion concomitant with
ischemia injury. Furthermore, it provides insight into
the mechanism of muscle regeneration disorders
caused by this type of injury. Moreover, these find-
ings can arouse surgeons’ attention to promoting
the management of this type of injury.

Contusion concomitant with ischemia injury to skeletal muscles is common in
civilian and battlefield trauma. Despite their clinical importance, few experimental
studies on these injuries are reported. The present study established a rat skeletal
muscle contusion concomitant with ischemia injury model to identify skeletal
muscle alterations compared with contusion injury or ischemia injury. Macroscopic
and microscopic morphological evaluation showed that contusion concomitant
with ischemia injury aggravated muscle edema and hematoxylin—eosin (HE) injury
score at 24 h postinjury. Serum creatine kinase (CK) and lactate dehydrogenase
(LDH) levels, together with gastrocnemius muscle (GM) tumor necrosis factor-
alpha (TNF-a) content elevated at 24 h postinjury too. During the 28-day follow-up,
electrophysiological and contractile impairment was more severe in the contusion
concomitant with ischemia injury group. In addition, contusion concomitant with
ischemia injury decreased the percentage of larger (600—-3000um?) fibers and
increased the fibrotic area and collagen | proportion in the GM. Smaller proportions of
Pax7+ and MyoD+* satellite cells (SCs) were observed in the contusion concomitant
with ischemia injury group at 7 days postinjury. In conclusion, contusion concomitant
with ischemia injury to skeletal muscle not only aggravates early muscle fiber
necrosis but also hinders muscle functional recovery by impairing SC differentiation
and exacerbating fibrosis during skeletal muscle repair.

Keywords: Skeletal muscle, contusion, ischemia, inflammation, muscle regeneration, satellite cell

Experimental Biology and Medicine 2022; 247: 1577-1590. DOI: 10.1177/15353702221102376

Introduction

Skeletal muscle is widely distributed and superficially
located throughout the body, making it vulnerable to injury
in daily life.! Among the various types of injuries, contusion
injuries are common in the fields of traumatology, ortho-
pedics, and sports medicine.? They are mainly caused by
acute, relatively high-energy blunt trauma and are charac-
terized by myofiber rupture and secondary injuries, such as
inflammation and fibrosis.3 Skeletal muscle has a remarkable
ability to repair itself following contusion injury. The repair
process is complex but well understood, which consists of
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overlapping phases of degeneration, inflammation, regen-
eration, and fibrosis.*> Ischemia injury is another common
type of injury to skeletal muscle. Skeletal muscle has high
metabolic activity and therefore is acutely sensitive to a
decrease in blood supply.® Ischemia in skeletal muscle leads
to energy depletion, accumulation of toxic metabolic prod-
ucts, activation of phospholipase and lysozymes, and cell
damage.” Furthermore, reperfusion after ischemia causes
more extensive damage through oxidative stress, neutrophil
infiltration, and inflammation.®® Following ischemia injury,
skeletal muscle can be repaired itself, similar to after contu-
sion injury.10
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In the clinic, a large number of patients experience contu-
sion and ischemia injury to skeletal muscle simultaneously,
such as in the case of Gustilo type III open fracture, blunt
arterial injury, acute compartment syndrome, and tourni-
quet application during traumatic limb surgery.!1? In these
situations, progressive muscle necrosis requires multiple
debridements in the early treatment. After that, self-repair
process is initiated. Although skeletal muscle has a remark-
able self-repair ability, insufficient regeneration and fibrosis
are inevitable, leading to chronic muscle pain, disability, and
secondary amputation. It is of great challenge in managing
patients with contusion concomitant with ischemia injury to
skeletal muscle. However, alterations of skeletal muscle after
contusion concomitant with ischemia injury have not been
revealed clearly. This study aimed to establish a rat skeletal
muscle contusion concomitant with ischemia injury model
to identify skeletal muscle alterations and mechanism com-
pared with contusion injury or ischemia injury.

Materials and methods
Animals and model

A total of 135 male Sprague-Dawley (SD) rats (weighing
200-220g) from the Central Animal Facility of Sun Yat-sun
University were used in this study. All the animals were
housed in appropriate cages at a temperature of 22 =2°C
and a relative humidity of 40-60% on a 12-h light-dark
cycle with free access to food and water. All experimental
protocols were approved by the Animal Experimentation
Ethics Committee of First Affiliated Hospital of Sun Yat-sen
University (approval no. SYSU-IACUC-2020-000548). After
being acclimatized for 7 days, the rats were randomly allo-
cated into three groups. The right hindlimb was injured, and
the left hindlimb was used as a control. The rats were anes-
thetized by intraperitoneal (i.p.) injection of pentobarbital
(40mg/kg). After the rats were totally anesthetized, the right
lower limb was shaved and used for modeling.

In the contusion injury group (group C), a contusion
model was established using a self-designed drop-mass
device as described previously.!>!4 Briefly, the right hind leg
of each rat was fixed so that the knee was extended and the
ankle was dorsiflexed to 90°. A weight with a diameter of
38 mm (500g) was dropped from a height of 35cm through
a PVC tube with an interior diameter of 38.1 mm onto an
impactor with a surface area of 0.785cm? that rested on
the medial surface of the gastrocnemius muscle (GM). In
the pilot study, a hematoma developed immediately in the
impacted area of the GM, but no fracture or vascular injury
was detected in the injured leg. In the ischemia injury group
(group I), an ischemia model was established by applying
an elastic rubber band above the right greater trochanter as
described previously.!>1® Two hours later, the elastic rub-
ber band was removed. In the contusion concomitant with
ischemia injury group (group C +I), the animals were sub-
jected to GM contusion (as described for group C) followed
by hindlimb ischemia (as described for group I).

After injury, the rats were transferred to clean cages and
given free access to food and water. For further analysis, the
rats were anesthetized as described above or sacrificed by
overdose of pentobarbital.
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Muscle edema

The extent of GM edema was determined by measuring the
wet-to-dry weight ratio. At 24h postinjury, five rats from
each group were sacrificed, and the GMs were harvested
and weighed (wet weight). Then, the GM tissues were dried
for 48 h in a laboratory oven at 55°C and weighed again (dry
weight) to calculate the wet-to-dry weight ratio.

Triphenyl tetrazolium chloride assay

Triphenyl tetrazolium chloride (TTC) staining was performed
to detect the ischemic infarct in the GM as described previ-
ously.’” At 24h postinjury, rats from each group (n=5) were
sacrificed, and the GMs were harvested. After the adherent fas-
cia, fat, and tendons were removed, the muscles were cut into
2mm transverse slices and washed with cold normal saline to
eliminate any blood. The slices were blotted dry with paper
towels and incubated in 2% TTC (Servicebio, Wuhan, China)
at 37°C in the dark for 30 min for staining and photographed.
Viable skeletal muscle and infarcted muscle were stained in dif-
ferent colors. The infarct size in each slice was calculated using
Image] software (ImageJ, MD, USA) and summed. Ratios of
infarct area to the total area of the muscle were calculated.

Histology and morphometric analysis

Rats (n=>5) were sacrificed at different time points after
injury (1, 7, 14, and 28days), and the right GM was har-
vested. The GM tissues were fixed with 4% paraformalde-
hyde for 24h and then embedded in paraffin, specimens
were cut into 10 pm transects using a microtome (Leica
EG 1160, Germany). Then, the sections were deparaffi-
nized, hydrated, and stained with hematoxylin—eosin
(HE) (Jiancheng, Nanjing, China), and Masson trichrome
(Biosharp, Hefei, China). Images of each muscle section were
captured using a 20X objective (Labophot 2, Nikon, Tokyo,
Japan). The fourfold divided frame counting method was
used to assess HE staining and determine the muscle injury
score at 24h postinjury as described previously.!® In brief,
each image was divided into 15 fields that covered the entire
cross-section of the muscle. Then, each field was split into
four equal sections, and a random number generator was
used to determine the order in which the quadrants of the
field were scored. Myocytes were scored as uninjured or
injured based on individual morphology by two experiment-
ers in a blinded and independent manner. The muscle injury
score is expressed as a percentage and was calculated by
dividing the number of injured myocytes by the total num-
ber of myocytes in all slides. To analyze Masson trichrome
staining, five 2000 X 2000 pm fields were randomly selected
from each slice as the region of interest (ROI). Muscle fiber
cross-sectional areas (CSAs) in each ROI were manually
measured using Image] software (Image], MD, USA). Fiber
size distributions were further analyzed in each group with
a 600 pm? bin width as previously described.'*?° The per-
centage of collagen fiber area relative to the total area was
calculated using Image] software (Image], MD, USA) too.

Laboratory measurements

The serum creatine kinase (CK) and lactate dehydrogenase
(LDH) levels of each rat were measured 24h postinjury.
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In brief, blood samples were collected by cardiac punc-
ture. After centrifugation (2 X 10min, 1500rpm), the serum
samples were snap-frozen in liquid nitrogen and stored at
-80°C until they were analyzed with an automatic chemis-
try analyzer (Chemray 800, Rayto, Shenzhen, China). The
content of tumor necrosis factor-alpha (TNF-a)) in muscle
was measured at a wavelength of 450nm using an ELISA
kit according to the manufacturer’s instructions (ml002859,
Enzyme-linked, Shanghai, China).

Electrophysiological assessment

At different time points after injury (1 and 28 days), animals
(n=>5) were randomly selected from each group and anesthe-
tized. The sciatic nerves and GM were partially exposed. A
stimulating bipolar electrode was applied to the nerve trunk,
and data were recorded from the ipsilateral GM belly using
an EMG recorder (BL-420F, TaiMeng, Chengdu, China). The
compound muscle action potential (CMAP) amplitude was
recorded. This experiment was repeated five times. A pilot
study was used to determine the optimal electrical stimula-
tion settings before measurement. The stimulus intensity
was set to 2.0V, and the duration was set to 0.01 ms.

Muscle contractility test

After electrophysiological assessment, a muscle contractility
test was performed. The proximal GM belly and distal
Achilles tendon were exposed, and the middle portion of
the GM was kept under the skin to prevent cooling and des-
iccation. The Achilles tendon was cut at the ankle, and a 4-0
silk anchoring the distal tendon of the muscle was tied to a
force transducer (FT-102, TaiMeng, Chengdu, China). The
force transducer signal was processed using Labscribe soft-
ware (TaiMeng, Chengdu, China). The anchoring silk was
positioned, so that, the GM was in a position similar to its
anatomical position. Stimulation was accomplished via two
needle electrodes placed transversely across the bulk of the
GM fibers proximally within the GM belly. A pilot study was
used to determine the optimal electrical stimulation settings
before measurement. For twitch force measurement, the
optimal electrical stimulus intensity was set to 2V, and the
duration was set to 0.01 ms. For tetanic force measurement,
the stimulus intensity was set to 10V, the pulse duration was
set to 2ms, and the pulse frequency was set to 35 Hz. Equal
settings were used for all stimulating pulses in all measure-
ments. The GMs were rested for 1 min between stimulations
with no preload to avoid muscle fatigue. Force measure-
ments were displayed digitally, and the maximum value of
five measurements was obtained using Labscribe software
(TaiMeng, Chengdu, China).

Collagen analysis

Slides collected at 28 days postinjury were stained with Sirius
Red (Servicebio, Wuhan, China) as described in previous
publications. After staining, each slide was imaged using a
Nikon Eclipse E100 microscope (Nikon, Tokyo, Japan) with
a X10 objective and a Nikon DS-U3 camera (Nikon, Tokyo,
Japan) under polarized light, and the entire cross-section
was reconstructed by merging the images using Photoshop.
Collagen I and collagen IIl were identified as red-orange and
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green fibers, respectively, and Image] software (Image], MD,
USA States) was used to calculate the areas of collagen fibers.

Immunohistochemistry

The GMs of rats in each group were harvested at 7days
postinjury for immunofluorescence staining. After being
fixed with 4% paraformaldehyde for 24h and dehydrated
in 30% sucrose solution for 48h at room temperature, the
GM muscles were cut into 10 um transverse sections with a
cryostat (Thermo NX50) and stored at —80°C. The slides were
washed in phosphate-buffered saline (PBS) for 5min and
then immersed in blocking solution (10% normal goat serum
in PBS and 0.5% Triton X-100) for 1h and then incubated with
primary antibody (paired box protein 7 (Pax7), 1:20, super-
natant, Developmental Studies Hybridoma Bank; myogenic
determination protein (MyoD), 1:100, sc-377460, Santa Cruz;
laminin, 1:400, L9393, Sigma-Aldrich) at 4°C overnight. After
being washed three times for 5min in PBS, the slides were
incubated with secondary antibodies (Alexa Fluor 594-conju-
gated goat anti-mouse IgG, 1:500, A11005, Invitrogen; Alexa
Fluor 488-conjugated goat anti-rabbit IgG, 1:500, A11008,
Invitrogen) for 1h and then washed three times for 5min
each in PBS. Finally, the slides were incubated with DAPI
(2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochlo-
ride 1:1000, C1002, Beyotime) for 10 min, washed three times
for 5min each in PBS, and mounted with mounting solution
(AR-0851, Dingguo). The number of Pax7* and MyoD" cells
in five high-power fields (HPF, 200X magnification) per slide
from five rats in each group was counted.

Statistical methods

Statistical analysis was performed using GraphPad Prism 8.0
(GraphPad Software, San Diego, USA). The Kolmogorov—
Smirnov normality test and Brown—-Forsythe test were used
to determine whether the quantitative data were normally
distributed and whether the standard deviations were sig-
nificantly different, respectively. The data are presented as
the means * standard deviation. Significance was typically
analyzed by paired t-test, one-way analysis of variance
(ANOVA), and two-way ANOVA followed by the post hoc
Least—Significant Difference (LSD) test. A P <0.05 was con-
sidered to denote a statistically significant difference.

Results

Contusion concomitant with ischemia injury
aggravated muscle necrosis in the early stage

At 24h postinjury, the muscle fibers in group C were ruptured
or partially defective. In group I, the GM was intact but swol-
len. In group C +1, in addition to being ruptured and swollen,
the muscle fibers also appeared partially pale or gray (Figure
1(A)). The wet-to-dry ratios of group I and group C+1 were
significantly higher than that of group C (P <0.001, Figure 1(B)).

Representative results of TTC staining of the GM are
shown in Figure 1(C). Viable fibers were stained a dark pur-
ple-red color, and infarcted fibers appeared pale brown or
light pink. The ratio of the infarct area to the total area was
0.08 = 0.07% in the control group, 13.44 +2.12% in group C,
5.32+1.14% in group I, and 27.78 =7.06% in group C +1.
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The infarct area in group C + I was significantly larger than
that in group C (P <0.001), group I (P <0.001), and the con-
trol group (P <0.001) (Figure 1(D)).

HE staining of the GM was performed to further assess
the morphological changes that occurred after injury in each
group. Disordered myofibers, swollen intercellular spaces,
and ruptured myocytes were discovered at 24h postinjury
(Figure 1(E)). Injured muscle fibers were scattered in group
I'but more concentrated in group C. The injured muscle fib-
ers were concentrated in the injury area but also appeared
at scattered sites distant from the injury site in group C +1.
Furthermore, inflammatory cells were found to infiltrate
the interfiber space in each group. The muscle injury score
of group C+1 was 30.38 = 8.97%, which was significantly
higher than that of group C (17.48 =4.10%, P=0.004) and
group I (4.43 £0.69%, P<0.001) (Figure 1(F)).

Contusion concomitant with ischemia injury
induced more severe systemic and local reactions

At 24h postinjury, the serum concentration of CK in group
C+1 was 2099.74 =502.30U/L, which was significantly
higher than that in group C (1455.14 =313.36 U/L, P=0.03)
and group I (1326.40 +242.96U/L, P=0.008). No significant
difference in serum CK concentration was detected between
group C and group I (Figure 2(A)). The serum concentration
of LDH in group C +1 was 3152.50 = 339.37 U/L, which was
significantly higher than thatin group I (2034.84 +=258.44U/L,
P <0.001). No significant difference in serum LDH con-
centration was detected between group C +1 and group
C (2611.54 +478.31U/L) or between group I and group
C (Figure 2(B)). The muscle TNF-a content in group C +1
was 5.51 £1.08 pg/mL, which was significantly higher than
that in group C (3.36 = 1.02pg/mL, P=0.008) and group I
(2.78 £0.68 pg/mL, P=0.001). No significant difference in
muscle TNF-a content was detected between the control
(248 +0.76 pg/mL) and group C or group I (Figure 2(C)).

Furthermore, CMAPs and muscle force were measured at
24h postinjury to evaluate functional changes (Figure 2(D)
to (F)). No obvious CMAPs were detected in group C +1 or
group I, and the CMAP amplitude in group C (24.46 +1.79
mV) was significantly lower than that in the control group
(32.97 £1.56 mV, P=0.009) (Figure 2(G)). The twitch forces
of group C (48.88 =1.91N), group I (37.65 = 2.68 N), and
group C+1 (11.89 £ 1.48N) were significantly lower than
that of the control group (61.50 £1.24N), and the twitch
force of group C + I was the lowest (P <0.001) (Figure 2(H)).
Similarly, the tetanus forces of group C (55.46 = 6.70N),
group I (37.33 £4.26N), and group C+1 (16.69 =2.44N)
were significantly lower than that of the control group
(78.87 =5.35N), and the tetanus force of group C + I was the
lowest (P <0.001) (Figure 2(I)).

Contusion concomitant with ischemia injury
aggravated the loss of limb function during the
follow-up period

All animals immediately experienced motor dysfunction of
the limb to different degrees after injury. Compared with
that of the contralateral limb, the gait of the injured hindlimb
showed mild claudication in group C, while the flexion and
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extension of the knee and ankle joints were almost normal.
In contrast, the injured hindlimb exhibited obvious gait dys-
function in group I and group C+ 1. The rats walked with
a dragging motion and were unable to flex and extend the
knee and ankle joints. The motor function and gait of the
injured limbs gradually improved in each group. At 28 days
postinjury, no claudication was observed in group C, and
the motion of the injured hindlimb was normal. In addition,
mild claudication was observed in group I and group C + 1.
The flexion of the ankle was mildly restricted in group C +1
but was normal in group 1.

At 28 days postinjury, the appearance of the paws of
each rat in the resting (completely anesthetized) state was
recorded, and mild paw contracture was observed in group
I and group C +1 (Figure 3(A)). The GM was then dissected
for further assessment. The injured GMs of rats in each injury
group showed different degrees of muscle atrophy (Figure
3(B)) compared with those on the contralateral side. The
mass ratio of the injured side to the control side in group
C +1(0.62 +0.05) was significantly lower than that in group
C (0.84 =0.05; P<0.001) and group I (0.75*0.09; P<0.05)
(Figure 3(C)).

CMAPs and muscle force were measured 28 days postin-
jury (Figure 3(D) to (F)). There was no significant difference
in CMAP amplitude between group C (36.36 = 2.24mV) and
the control (38.43 =3.12mV). Similarly, no significant dif-
ference in CMAP amplitude was detected between group I
(26.09 £1.03mV) and group C +1(24.09 = 0.49mV), and the
CMAP amplitude of both of these groups was significantly
lower than that of the control group (P <0.001) (Figure 3(G)).

There was no significant difference in twitch force
between group I (82.27 = 3.64N) and control (86.79 = 2.57N).
The twitch force of group C (46.45 =2.37N) was lower than
that of group I and the control group, and the twitch force of
group C +1(24.83 = 1.35N) was the lowest (P <0.001) (Figure
3(H)). Similarly, no significant difference in tetanus force
was detected between group I (84.56 =5.31N) and control
(87.99 £ 5.59N). The tetanus force of group C (57.73 = 5.69 N)
and group C +1(37.43 = 1.51 N) was significantly lower than
that of the control group, and the tetanus force of group C +1
was the lowest (P <0.001) (Figure 3(I)).

Contusion concomitant with ischemia injury
hindered muscle fiber regeneration, aggravated
muscle fibrosis, and decreased SC differentiation

Masson trichrome staining of GMs was performed at dif-
ferent time points to further evaluate the morphological
changes that occurred during the recovery process. At 24h
postinjury, muscle necrosis was observed to different degrees
in each group, similar to what was revealed by HE staining.
After that, the necrotic areas were gradually replaced with
regenerated muscle fibers and fibrous tissue (Figure 4(A),
supplemental material Figure 1). At 28days postinjury, the
group C +1 demonstrated a higher percentage of 0-600 pm?
fibers and a lower percentage of 600-1200 um? fibers com-
pared with group C (P <0.05) and group I (P <0.05). The per-
centage of larger fibers (> 1200 um?) in group C + I was lower
than in group C (P <0.05) too. The group C + I demonstrated
a leftward shift in frequency distribution (toward smaller
fiber sizes) when compared with other groups (Figure 4(B)).
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contusion concomitant with ischemia injury resulted in a larger infarct area than contusion injury (P <0.001) and ischemia injury (P <0.001). Bar=500mm. (E, F)
HE staining of injured GMs from each group. The muscle injury score following contusion concomitant with ischemia injury was higher than that following contusion
injury (P=0.004) and following ischemia injury (P <0.001). Bar=100 um. All data are presented as the means + SDs. n=5. ***P <0.001; **P <0.01; *P <0.05; ns: not
significant. (A color version of this figure is available in the online journal.)

The fibrotic area in the control group was 1.35 = 0.71% of the
total area, and the fibrotic area in group C +1(15.90 = 1.48%)
was larger than that in group C (10.32 = 0.71%, P <0.001) and
group I (3.11 = 1.42%. P <0.001) (Figure 4(C)).

Moreover, Sirius red staining of the GM was performed
to evaluate the change in collagen content and type in each
group (Figure 5(A) and (B)). Under bright field microscopy,
collagens constituted 1.40 = 0.23% of the total area in the
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Figure 2. Contusion concomitant with ischemia injury induced more severe systemic and local reactions. (A—C) Contusion concomitant with ischemia injury resulted
in higher levels of serum CK and LDH and higher muscle content of TNF-a at 24 h postinjury. (D—F) CMAPs and muscle force at 24 h postinjury. (G) No obvious
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**P < 0.01; *P < 0.05; ns: not significant. (A color version of this figure is available in the online journal.)

control group. The proportion of collagen fibers in group C
(5.10%2.02%) and group I (2.97 = 0.72%) were higher than
that in the control group (Figure 5(C)). The proportion of
collagen fibers in group C +1 was 11.61 * 1.67%, which was

significantly higher than that in the other groups (P <0.001)
(Figure 5(C)). Two main types of collagens were observed
under polarized light in each group. Collagen I appeared red
or orange, while collagen III appeared green (Figure 5(B)).
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significant muscle atrophy in the GM than contusion injury (P < 0.001) or ischemia injury (P <0.05). (D—F) CMAPs and muscle force at 28 days postinjury. (G) In the
contusion concomitant with ischemia injury group and ischemia injury group, the CMAP amplitude was lower than that in the contusion injury group and control group.
(H, 1) The twitch force and tetanus force of the GM were the lowest in the contusion concomitant with ischemia injury group (P <0.001) among all groups. All data are
presented as the means = SDs. n=5. ***P <0.001; **P < 0.01; *P < 0.05; ns: not significant. (A color version of this figure is available in the online journal.)
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Figure 4. Contusion concomitant with ischemia injury hindered the regeneration of muscle fibers and aggravated muscle fibrosis. (A) Masson trichrome staining of
tissues from each group at 1, 7, 14, and 28days postinjury. (B) At 28 days postinjury, Masson trichrome staining revealed that the group C + | demonstrated a higher
percentage of smaller (0-600 um?) fibers and a lower percentage of larger (600—-3000 um?) fibers compared with group C or group |. (C) At 28days postinjury, Masson
trichrome staining revealed that the fibrotic area was the largest in the contusion concomitant with ischemia injury group. All data are presented as the means + SDs.
n=5.***P<0.001; **P <0.01; *P <0.05; ns: not significant. (A color version of this figure is available in the online journal.)
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Figure 5. Contusion concomitant with ischemia injury aggravated collagen | deposition. (A, B) Sirius Red staining of GMs from each group at 28 days postinjury,
under bright field (A, bar=200 um) and polarized light (B, bar=20um), respectively. (C) Under bright field microscopy, the largest number of collagens was observed
in the contusion concomitant with ischemia injury group (P <0.001). (D) Under polarized light, more collagen | than collagen Ill was observed in the contusion
concomitant with ischemia injury group (P <0.001) and ischemia injury group (P=0.012). Collagen | content was the highest in the contusion injury concomitant
ischemia injury group (P <0.001). All data are presented as the means += SDs. n=5. ***P <0.001; **P < 0.01; *P < 0.05; ns: not significant. (A color version of this figure

is available in the online journal.)

In the control group, there was no significant difference in the
proportion of collagen I (0.34 = 0.15%) and that of collagen III
(0.26 £ 0.06%) (P=0.370). Similarly, no significant difference
in the proportion of collagen I and that of collagen III was
detected in group C (3.87 =0.66% and 2.40 + 1.40%, respec-
tively, P=0.107). In addition, the proportion of collagen I
was greater than that of collagen III in group I (1.01 =0.46%
and 0.47 = 0.27%, respectively, P=0.012) and group C +1
(4.85+0.70% and 1.16 = 0.49%, respectively, P <0.001).
Furthermore, more collagen I was found in group C + I than
in the other groups (P <0.001) (Figure 5(D)).

To explore the reason for the discrepancies in muscle
regeneration between groups, the differentiation of satellite
cells (SCs) and muscle fiber regeneration were assessed by
immunofluorescence staining of Pax7* and MyoD™* nuclei, as
well as the basement membranes of injured muscles, at 7 days

postinjury (Figures 6(A) and 7(A)). The quantitative analysis
revealed that there were significantly fewer Pax7* nuclei in
group C +1(8.4*2.65/HPF) than in group I (42.4 = 7.20/HPF,
P <0.001). However, no difference in the number of Pax7*
nuclei was detected among group C +1, group C (8.2+2.04/
HPF), and the control group (8.0 =3.74/HPF) (Figure 6(B)).
Furthermore, there were more MyoD™ nuclei in all injured
groups than in the control group (5.0 = 0.89/HPF). There were
significantly fewer MyoD* nuclei in group C +1(12.2+1.83/
HPF) than in group C (25.4 =3.38/HPFE, P <0.001) and group
I (65*4.82/HPF, P<0.001) (Figure 7(B)).

Discussion

Contusion concomitant with ischemia injury skeletal muscle
is common in clinical practice. Most studies mainly focus
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on the outcomes brought by contusion injury or ischemia
injury alone. Even though the mechanisms of these injuries
are completely different, their associated morphological,
metabolic, and biochemical changes, especially those related
to the muscle regeneration process, are similar.2?2 Emerging
studies indicate that there are biological overlaps and cross-
talk between contusion and ischemia injury in brain®® and
spinal cord.?* Ghaly and Marsh? have demonstrated that
the induction of ischemia-induced oxidative stress in skeletal
muscle before contusion injury exacerbated the inflamma-
tory response and enhanced fibrotic scar tissue formation.
The alterations that occur in skeletal muscle after contusion
concomitant with ischemia injury have not been clearly
revealed. The results in this study indicated that compared
with contusion injury or ischemia injury alone, contusion
injury concomitant with ischemia injury not only aggravated
early muscle fiber injury but also hindered muscle functional
recovery by decreasing the differentiation of SCs and exac-
erbating fibrosis.

Significant muscle necrosis after contusion injury
with concomitant ischemia injury may be due to
dysfunction of the inflammatory response

CK and LDH are commonly used biomarkers in detecting
muscle injury.? In this study, results of CK, LDH, together
with HE staining results suggest that contusion injury con-
comitant with ischemia injury induces more severe muscle
necrosis than contusion injury or ischemia injury alone. TNF-
o, one of the most common inflammatory factors, plays a
role in the release of other cytokines and the recruitment
and migration of leukocyte.?” In this study, higher expres-
sion of muscle TNF-a indicates that inflammatory response
took place in skeletal muscle after contusion injury concomi-
tant with ischemia injury is more significant than contusion
injury or ischemia injury alone. Interestingly, muscle TNF-a
level in group I was close to normal at 24 h postinjury, seem-
ingly inconsistent with the HE staining results in this study.
One reason may be that TNF-a expression levels are time-
dependent, and another reason is that 2h of ischemia, used
in this study caused only minor muscle damage compared
with results from other studies.?8?

In this study, a decrease in the CMAP amplitude and force
production was observed in group I and group C +1at 24h
postinjury, indicating that ischemia causes severe harmful
effects on skeletal muscle in the early stage. These findings
are compatible with the previous study. Ferry et al. evaluated
the effects of ischemia on the mechanical activity of the tibia-
lis anterior muscles in the mouse hindlimb. It was found that
the tetanic force was significantly lower in ischemia muscles
than the control group.®

However, different results were discovered in the CMAP
amplitude and force production between group C and group
I. This is consistent with the results of the HE injury score
in this study. The reason may be that the degree of inflam-
matory response caused by contusion and ischemia is dif-
ferent. On one hand, contusion injury to skeletal muscle
not only causes myofiber rupture but also leads to leads to
inflammation and oxidative stress. Contusion to skeletal
muscle directly ruptures myofibers. And then, neutrophils
and macrophages infiltrate into the injury site in response
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to chemotactic signals and phagocytize the muscle debris.3!
They also simultaneously release inflammatory factors,
which cause secondary damage to the surrounding tissue.
A recent microarray and bioinformatics analysis indicates
that contusion injury to skeletal muscle down-regulates the
expression of oxidation- and respiratory complex-related
genes, and thus results in impaired mitochondrial respira-
tion and the production of a huge quantity of reactive oxy-
gen species (ROS) at 24-48 h after muscle injury.! ROS is the
main source of oxidative stress, which can activate several
transcription factors and lead to the differential expres-
sion of genes involved in inflammatory pathways.3> On the
other hand, ischemia to skeletal muscle induces inflamma-
tory response and oxidative stress radically.® First, ischemia
induces extensive inflammatory infiltration with robust
neutrophil extracellular trap (NET) formation in skeletal
muscle.” Second, ischemia induces ROS production via the
activation of xanthine oxidase (XO) in endothelial cells in
skeletal muscle, which could be further exacerbated after
reperfusion.'’ Excessive ROS accumulation attacks the mem-
brane lipids, resulting in myofiber ruptures,® aggravating
inflammations. The above mechanism well illustrates the
different phenotype of skeletal muscle necrosis after con-
tusion injury or ischemia injury alone. Although not been
clearly explored, we prefer to believe that dysfunction of the
inflammatory response leads to significant muscle necrosis
after contusion injury concomitant with ischemia injury.

Significant muscle function impairment after
contusion concomitant with ischemia injury

results from insufficient muscle regeneration
and progressive fibrosis

As discussed before, repair of skeletal muscle after injury
is a complex and well-understood process that includes
the inflammatory response, myofiber regeneration, and
remodeling of muscle tissue. Previous studies have demon-
strated that although the inflammatory response markedly
contributes to secondary damage, it is crucial for the repair
of skeletal muscle after injury.>* In the early Thl response,
for example, TNF-a mediates myeloid cells to stimulate the
proliferative of myogenesis.® However, persistent or potent
inflammation induces excess proliferation and activation of
fibroblasts, leading to extensive fibrosis and formation of
dense scar tissue.3¢ These pathological processes involve the
replacement of functional and contractile fibers with rigid
scar-like tissue containing extracellular matrix proteins,
such as fibronectin, collagens, and proteoglycans,® which
inhibit the muscle regeneration process and result in incom-
plete recovery. These findings are consistent with those of
our study, which suggest that the more severe inflamma-
tory response in the early stage was related to the formation
of more rigid collagen I after contusion concomitant with
ischemia injury.

The proliferation and differentiation of SCs dominate the
repair process. SCs remain quiescent (in a nondividing state)
in uninjured muscle and can be identified by the expression
of Pax7.38 After injury, quiescent SCs become activated and
give rise to myogenic progenitors that massively proliferate,
differentiate, and fuse to form new myofibers. This process
is partially mediated by induced expression of MyoD and
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other myogenic regulatory factors (MRFs).3 Emerging stud-
ies have revealed that when activated, SCs undergo asym-
metric cell division to generate a stem cell and a proliferative
progenitor, which forms new muscle.*? SCs that do not com-
mit to differentiation can downregulate the expression of
MyoD and undergo self-renewing proliferation to replenish
the pool of SCs.#! As introduced in other papers,*? the expres-
sion level of PAX7 was used to indicate increasing supple-
mentation of the SC pool, while the expression level of MyoD
was used to suggest increased differentiation and regen-
eration. The results in this study suggested that fewer SCs
committed to differentiation after contusion concomitant
with ischemia injury than after contusion injury or ischemia
injury alone. This result indicates that muscle regeneration
is more defective and fibrosis is more progressive following
contusion injury and ischemia injury.

Conclusions

Compared with contusion injury or ischemia injury alone,
contusion concomitant with ischemia injury to skeletal
muscle aggravates muscle fiber necrosis and the inflam-
matory response in the early stage after injury. During
the skeletal muscle repair process, contusion concomitant
with ischemia injury hinders muscle functional recovery
by impairing the differentiation of SCs and exacerbating
fibrosis. This study improves our understanding of the
pathological alterations in skeletal muscle after contusion
concomitant with ischemia injury and, provides insight
into the potential mechanism of muscle regeneration dis-
orders caused by this type of injury.
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