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a b s t r a c t

After patients has been trapped into skeletal muscle injury, hypoxic and dysfunctional mitochondria
brings about a crisis in energy supply that severely disrupts the repair of skeletal muscle. This study aims
to elucidate injury-induced adaptations in the mitochondria and provide statistics for the role of complex
II in instilling cells with energy under hypoxic conditions. Fifty-six male Wistar rats were divided into
control, 12 h, 2 d, 5 d, 7 d, 10 d, 15 d, and 30 d postinjury groups. Contusion injury was made via an instru-
mented drop-mass technique delivering single impact to the posterior surface of the gastrocnemius of
one limb of the rats. ROS levels, loss of mitochondrial membrane potential (MMP), activities of marker
enzymes (miCK, LDH, and ALP), and activities of complexes I–III were determined. Our findings reveal
that the first 2 d postinjury, especially at 12 h, is the period with most severe oxidative stress. After injury,
the activities of mitochondrial complexes I–III display different behaviors based on time and various
energy production mechanisms. Our results highlight that complex II participates in electron transport
in the acute phase of blunt trauma. We proposed that CII could be a therapeutic target in muscle lesions.
� 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Skeletal muscle lesions are the most commonplace traumas in
sports, accounting for 55% in all injuries (Delos et al., 2013). Among
all the muscle injuries, contusions or strains account for 90%. Other
scholars have determined three phases on the basis of histopatho-
logic changes after muscle injury: (1) destruction (postinjury in the
week 1), (2) repair (postinjury in the week 2–6), and (3) remodel-
ing (postinjury in the week 7 and afterwards) (Järvinen et al., 2014,
2005). The destruction stage witnesses the formation of myofibers
and local blood vessels rupture, and a hematoma. These events fur-
ther bring about inflammatory responses and a decrease in meta-
bolic activities (Tsai et al., 2018). The treatment in the initial
phase immediately after injury is a key to the full outcome of
recovery (Hardy et al., 2016). Reducing blood loss and inflamma-
tion are the primary goals for emergency treatment on postinjury.

However, energy, which is another essential element for cellular
life, activity, and metabolism, has yet to be fully investigated.

Oxygen is key for classical mitochondria to realize ATP synthe-
sis. Electrons of NADH and succinate are transferred to ubiquinone
through complex I (CI) and complex II (CII) in the respiratory chain,
respectively. Oxygen deprivation rapidly halts mitochondrial ATP
production because CI can be deactivated through producing
superoxide in acute hypoxia (Hernansanz-Agustín et al., 2017).
During the destruction period, ischemia causes oxygen deficiency,
hence resulting in energy stress of cells. Thus, respiratory adapta-
tion is needed to address this energy deficiency.

The mitochondria of some eukaryotes, such as protists and
metazoans, can produce ATP without any oxygen, which shows
the anaerobic function of mitochondria (Tielens et al., 2002). CII
is at the intersection of two essential pathways: OXPHOS and
TCA cycle. As an oxygen sensor (Baysal et al., 2000) and key regu-
lator of respiratory and metabolic activities, it responds to chang-
ing inflammation-linked pathologies and abnormalities
(Hollinshead and Tennant, 2016; Rasheed and Tarjan, 2018;
Bezawork-Geleta et al., 2018). Under harsh conditions, such as
hypoxia, CII shows an increased activity, which is stimulated by
reactive oxygen species (ROS) (Acín-Pérez et al., 2014; Tretter
et al., 2016; Tropeano et al., 2018). Therefore, it can be concluded
that CII may be the major source for the remodeling of mitochon-
drial energy systems in anaerobic energy metabolism (Bezawork-
Geleta et al., 2017).
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In addition to energy stress, mitochondrial dyfunction is also
manifested in mitochondrial membrane potential breakdown in
injured muscle tissues (Boekema and Braun, 2007). Then, proteins
are released from the intermembrane space (Ge et al., 2013). Even-
tually, ATP-related disorders are caused. Multiple adverse effects
increase ROS levels and aggravate mitochondrial dysfunction,
thereby causing severe oxidative stress (Serra et al., 2018). Here,
the changes of postinjury mitochondrial oxidative damage and res-
piratory dysfunction based on the time courses were investigated
to show the important role of CII in response to energy stress
and oxidative stress at the acute stage of postinjury.

2. Materials and methods

2.1. Animals

After 1 week of environmental acclimatization, fifty-six male
Wistar rats (body mass = 231.5 ± 22.7 g) were randomly divided
into either the control group (n = 7) or the lesioned group
(n = 49). The lesioned rats were subject to standard contusion in
the skeletal muscle and then randomly divided into seven sub-
groups, that is, 12 h, 2 d, 5 d, 7 d, 10 d, 15 d, and 30 d group after
lesion, respectively. Gastrocnemius specimens were collected at
different time points (n = 7 per group). The experimental protocol
has been approved by the Animal Care and Use Committee of Shan-
dong Sport University and follows the principles of laboratory ani-
mal care (NIH publication No. 86-23, revised 1985).

2.2. Muscle trauma model

We developed a muscle trauma model based on the method of
Crisco et al. (1994) with few modifications. The rats were anes-
thetized through intraperitoneal injection of ketamine (50 mg/kg;
i.p.) and xilazine (10 mg/kg; i.p.). Then, they were placed in a prone
position. Their right hind limbs were exposed to induced contu-
sion. A mass of 0.336 kg was dropped down from a height of
40 cm to directly ram the skin covering the mid-abdomen in the
right gastrocnemius muscle (radius of 5.0 mm). Hence, the impact
kinetic energy of 1.317 J was delivered. To ensure standardization,
the control rats that were not subject to muscle trauma were also
anesthetized.

2.3. Assessment on ROS levels

ROS assay kits were purchased from a bioengineering institute
(Nanjing Jiancheng, China) to determine the intracellular ROS
levels. The free radical activity of ROS in total was measured
through using dichlorofluorescin diacetate (DCFH-DA) as a fluores-
cent probe. 500 lL of ice cold PBS were used to wash muscle tis-
sues (5 mg). At the same time, insoluble substances were
removed via centrifuging at 10,000g for 5 min. A kit of Coomassie
brilliant blue protein was used to determine the total protein con-
tent in the supernatant (Nanjing Jiancheng, China). The super-
natant of all of the samples were treated with 10 mM DCFH-DA
and then incubated at 37 �C for 30 min. A fluorescent microplate
reader was used for determining fluorescence at 480 nm excitation
and 530 nm emission. The amount of ROS was calculated based on
the ratio of fluorescence intensity and protein content (OD/lg).

2.4. Isolation of skeletal muscle mitochondria

The animals were sacrificed through cervical dislocation. The
right gastrocnemius muscle was removed. Fat and connective tis-
sue were trimmed. The mitochondria were separated based on
the instructions (mitochondrial isolation kit, Nanjing Jiancheng,

China). In brief, damaged muscles were resuspended with lysis
buffer. In addition, they were homogenized with a hand-held
borosilicate glass homogenizer. The homogenate was centrifuged
at 800g for 5 min at 4 �C. The supernatant was then added to ice-
cold medium A with a ratio of 1:1 and recentrifuged at 15,000g
for 10 min at 4 �C. The pellet of the mitochondria was resuspended
in a wash buffer and then centrifuged at 15,000g for 10 min at 4 �C.
As a result, pellet of the mitochondria was suspended in a small
volume of storage buffer.

2.5. Measurement of MMP

The MMP of the purified mitochondria was quantified in a JC-1
MMP assay kit and a fluorescence microplate. The mitochondria
were incubated with JC-1. Right after the incubation, it was imme-
diately measured by a microplate reader. The 590 nm/530 nm ratio
was therefore obtained.

2.6. Biochemical assays

In the study, mitochondrial protein extraction kits were pur-
chased from Nanjing Jiancheng Bioengineering Institute (China).
Mitochondrial protein extraction kits were used for assessing the
total protein in the mitochondria and calculating the activities of
other enzymes. Commercial alkaline phosphatase (ALP), mitochon-
drial creatine kinase (miCK), lactate dehydrogenase (LDH). Mito-
chondrial respiratory chain enzymes (CI, CII, and CIII) assay kits
were provided by Nanjing Jiancheng (China).

2.7. Statistical analysis

We used SPSS 18.0 (IBM, Chicago, IL, USA) to analyze the data.
One-way ANOVA was adopted for determining statistical signifi-
cance. The LSD multiple comparison test was used to examine
the differences among groups. Data were displayed as mean ± SD,
and significant differences were considered at P < 0.05.

3. Results

3.1. Changes in mitochondrial ROS levels postinjury

ROS production induced by oxidative stress causes cell death by
oxidizing many important proteins, leading to mitochondrial dys-
function and cell death (Avery, 2011; Cheong et al., 2016). To
investigate the changes in post-traumatic muscle oxidative dam-
age based on the time course, the research determined ROS levels
at different time points by using DCFH-DA. The ROS level signifi-
cantly increased as early as 12 h after injury. At 2, 5, and 7 d, the
ROS levels decreased compared with that at 12 h, but still signifi-
cantly increased than those of control rats. At 10 d, the baseline
levels recovered (Fig. 1). These results suggested that after blunt
trauma, the most severe periods of oxidative stress occurred on
the first 7 d postinjury, and oxidative stress in the muscles was sig-
nificantly alleviated 10 d postinjury.

3.2. Time course of changes in mitochondrial membrane potential
postinjury

Excessive ROS impairs mitochondrial membrane, so there is
possibility of arousing mitochondrial dysfunction (Karbowski and
Neutzner, 2012). Mitochondrial dysfunction includes a decrease
in MMP (Kim et al., 2013; Cheong et al., 2016). MMP is essential
for mitochondrial homeostasis during oxidative phosphorylation.
To investigate the time course of mitochondrial dysfunction, the
research determined MMP at different time points. As early as 12
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h after injury, the lowest level of significant loss in MMP was
observed. At 2 d, 5 d and 7 d, MMP increased compared with that
at 12 h but still significantly lower than the level of control
(P < 0.01). At 10 d, MMP was still significantly lower than that of
control, but the loss was alleviated (P < 0.05). Then, at 15 d, the
baseline level recovered (Fig. 2).

3.3. Biochemical parameters of skeletal muscle damage and
mitochondrial antioxidant status

CK, LDH, and ALP are indicators for muscle damage and mito-
chondrial functions (Malaguti et al., 2013). Fig. 3 shows the
changes in the activities of miCK, LDH, and ALP after lesion within
30 d. The miCK activity significantly increased during the period of
30 days with the observable highest activity at 2 d. At 2 d, the value
was 13.96-fold higher than that of the control (0.26 ± 0.126 U/mg
prot vs. 3.821 ± 1.212 U/mg prot, respectively, P < 0.01; Fig. 3A).
Generally, its activity initially peaked at 2 d, and then dramatically
decreased to a low ebb from 7 d to 10 d. Then, the activity
increased again from 15 d to 30 d. The LDH activity remarkably
enhanced at 12 h after injury (Fig. 3B). The significant increase of
ALP activity was observed at 12 h and 2 d (Fig. 3C) respectively.

3.4. Activity of mitochondrial respiratory chain complexes

We analyzed the activities of CI-III after muscle blunt traumatic
injury (Fig. 4). The activity of CI did not change at 12 h and 2 d
postinjury. Its activity significantly decreased at 5 d and signifi-
cantly increased at 10 d. The activity of CII significantly decreased
as early as 12 h and significantly increased at 2 d. The activity of
CIII significantly increased at 2 d, gradually decreased thereafter,
reached a secondary climax at 15 d, and dramatically decreased.

Fig. 1. Relative levels of intracellular ROS after injury. *P < 0.05, **P < 0.01, n = 7.

Fig. 2. Mitochondrial membrane potential (MMP) after injury. *P < 0.05, **P < 0.01,
n = 7.

Fig. 3. The changes in the activities of different enzymes in the mitochondria after
injury: (A) miCK; (B) LDH; and (C) ALP. *P < 0.05, **P < 0.01, n = 7.

Fig. 4. Activity changes in CI-III in the skeletal muscle after injury (30 days) based
on different periods. *P < 0.05, **P < 0.01, n = 7.
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4. Discussion

Muscle contusion, the main cause for morbidity from sports-
related injuries, ranks second, following the strain. It corresponds
to a structural damage of muscle cells along with mitochondrial
dysfunction (Puntel et al., 2011). Mitochondria are powerhouse
organelles for ATP. During this process, CI, CIII, and CIV extract
and pump protons from the mitochondrial matrix to the inter-
membrane space. As a result, between the intermembrane space
and the matrix, a proton gradient develops. As the energy stored
as an electrochemical gradient of protons drives, ATP synthesizes.
Oxidative phosphorylation drives ATP production by mitochondria
to maintain skeletal muscle homoeostasis. In an injured muscle,
mitochondria is dysfunctional and thereby causes ATP-related dis-
orders. Tissue repair, affected by ATP production, is a dynamic
interactive process of at least 4 weeks. Therefore, in addition to
short-term or early-stage postinjury studies(Singh et al., 2006;
Gilmer et al., 2009; Hernansanz-Agustín, et al., 2017), follow-up
studies in the long term of the research are necessary for revealing
the functional characteristics of mitochondria at different stages of
injury. Hardy et al. (2016) have demonstrated that the initial phase
right after the infliction of injury is critical and would further bring
about the overall outcome of regeneration. However, the underly-
ing reason is rarely known. In the study, changes based on time
courses in postinjury mitochondrial oxidative damage and respira-
tory dysfunction were investigated. This study attempts to explain
why the initial phase following injury could affect the subsequent
remodeling from the perspective of energy supply.

Mitochondrial dysfunction in contusion-lesioned muscle is sim-
ilar to that in ischemia-reperfusion (IR) injury of skeletal muscles.
It is characterized by reduced blood flow as a common circulatory
disorder (Puntel et al., 2011, 2013). Under the physiological condi-
tions of hypoxia, the oxygen delivered to the injured area is far
from meeting the needs of mitochondrial oxidation in postis-
chemic muscle, which makes mitochondrial ETS in a more reduced
state. This leads to an increase in electron leakage of ETS that in
turn reacts with residual molecular oxygen to form ROS and
increase oxidative stress (Sudheesh et al., 2013). The ROS levels
in our study suggested that the severe periods of oxidative stress
after blunt trauma were observed on the first 7 d. Importantly,
the most severe oxidative stress time occurred on the first 2 days
after injury, especially at 12 h. The worst loss of MMP and the low-
est levels of ROS were at 12 h postinjury. The miCK, ALP, and LDH
activities peaked at 2 d, 12 h, and 12 h, respectively, indicating that
the levels of mitochondrial antioxidant defenses were upregulated.
These results suggested that 2 d and 12 h were the critical periods
of postinjury.

After injury occurred, the activities of mitochondrial complexes
I–III displayed different behaviors based on different periods. In
our research, the marked increase in the activity of CII was
observed at 2 d. The activity of CI significantly increased during
10–15 d. Additionally, the activity of CIII significantly increased
at 2 and 10–30 d, respectively. Its significant increase at 2 d might
come from the significant increase in the activity of CII. The signif-
icant improvement of activity at 10–30 d might be related to the
significant increase in the activity of CI. These results indicated that
CII was the place where electrons enter the ETS at the early stage of
injury, such as 2 d postinjury. However, CI performed electron
transfer at the following stage of injury. ROS can trigger the phos-
phorylation of CII so as to increase its activity (Acín-Pérez et al.,
2014). Therefore, cumulative stress from ROS induced an explosive
increase in the activity of CII at 2 d and strengthened CII-driven
respiration. These results show that CII plays a predominant role
in injury-induced oxidative stress during a muscle blunt traumatic
injury. Also, according to the results, electrons are transferred to
the ETS mainly through CII in this period.

CII is the second entrance in the electron transport chain. More
importantly, the electron transport process in CII is not coupled to
proton translocation across the inner mitochondrial membrane
(Boekema and Braun, 2007). Therefore, the contribution of CII to
mitochondrial electrochemical gradient (Dp) is less than that of
CI, indicating that CII was unsusceptible to changes in Dp. Dp,
which comprises the pH gradient (DpH) and MMP, is crucial to
controlling energy transduction. In the present study, MMP signif-
icantly declined within 7 d after injury (P < 0.01). Therefore, we
hypothesized that CII played a key role in electron transfer and
attenuated CI-driven respiration in the early period of postinjury.
At 10 d, MMP increased based on the level at 12 h. With vascular
remodeling and mitochondrial repair, the electrochemical gradient
is reconstructed, CI plays a major function in electron transfer and
CII is deactivated.

CII may have two forms, anaerobic and aerobic ones so as to
accommodate electron and proton transport under different oxy-
gen conditions (Cecchini et al., 2003). Under hypoxic conditions,
CII plays an important role in anaerobic energy metabolism. CII
also acts as a potential target for several complicated conditions,
such as cancer, IR injury and inflammation, and shows possible
clinical relevance (Bezawork-Geleta et al., 2017). CII oxidizes succi-
nate to fumarate and transfers electrons from succinate to ubiqui-
none. Some treatments related to CII and CII-dependent respiration
intermediates are applied to deal with pathologies and abnormal-
ities. For example, small molecules can enhance CII so as to better
maintain the energy homeostasis of cells (Kluckova et al., 2013).
On the basis of our results, we proposed that CII participated in
electron transport at the early stage of muscle injury. Mechanisms
for enhancing the activity of CII are crucial to muscle injury treat-
ment. CII is a flavoenzyme functionally dependent on biologically
active flavin adenine dinucleotide (FAD), which is derived from
the dietary component riboflavin (Udhayabanu et al., 2017). Ribo-
flavin or FAD supplements have been efficiently used for some
inheritable diseases (Yatsyshyn et al., 2014). On the basis of our
results, we further proposed that riboflavin or FAD supplementa-
tion at the early stage of postinjury might improve the function
of CII, promote the recovery of an injured muscle, and shorten
the course of a disease. However, it still remains to be explored
about the stress response mechanism of CII postinjury. As such,
further studies are needed to explore the details of the pharmaco-
logical and clinical effects of CII.

5. Conclusion

Skeletal muscle contusion leads to ischemia and hypoxia,
accompanied by oxidative stress and mitochondrial dysfunction.
The data from the research revealed that the most severe oxidative
stress covered the first 2 days postinjury, especially at 12 h. CI was
deactivated due to oxygen deficiency, superoxide production, and
mitochondrial ultrastructural destruction. However, these harsh
conditions greatly upregulated the energy metabolism functions
of CII. In late postinjury, with mitochondrial repair, the electro-
chemical gradient was reconstructed so that CI performed a major
electron transfer function. The time-course changes in CI–CIII
activities following a muscle blunt traumatic injury in rats had
an implication for the role of CII in early postinjury in terms of
electron transfer. Then, it is proposed that CII could be a therapeu-
tic target in muscle lesions. In addition, the pharmacological and
clinical effects of CII need to be further studied.

Data availability

The data used to support the findings of this study are available
from the corresponding author upon request.
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