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Abstract
Since no definitive treatment has been suggested for diffuse traumatic brain injury (TBI), and also as the effect of exercise 
has been proven to be beneficial in neurodegenerative diseases, the effect of endurance exercise on the complications of 
TBI along with its possible neuroprotective mechanism was investigated in this study. Our objective was to find out whether 
previous endurance exercise influences brain edema and neurological outcome in TBI. We also assessed the probable mecha-
nism of endurance exercise effect in TBI. Rats were randomly assigned into four groups of sham, TBI, exercise + sham and 
exercise + TBI. Endurance exercise was carried out before TBI. Brain edema was assessed by calculating the percentage of 
brain water content 24 h after the surgery. Neurological outcome was evaluated by obtaining veterinary coma scale (VCS) 
at − 1, 1, 4 and 24 h after the surgery. Interleukin-1β (IL-1β), total antioxidant capacity (TAC), malondialdehyde (MDA), 
protein carbonyl and histopathological changes were evaluated 24 h after the surgery. Previous exercise prevented the 
increase in brain water content, MDA level, histopathological edema and apoptosis following TBI. The reduction in VCS in 
exercise + TBI group was lower than that of TBI group. In addition, a decrease in the level of serum IL-1β and the content of 
brain protein carbonyl was reported in exercise + TBI group in comparison with the TBI group. We suggest that the previous 
endurance exercise prevents brain edema and improves neurological outcome following diffuse TBI, probably by reducing 
apoptosis, inflammation and oxidative stress.
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Introduction

Each year, 10 million people worldwide suffer from trau-
matic brain injury (TBI) that leads to hospitalization or 
death. Cognitive, physical and psychological impairments 
are seen among TBI survivors (Ansari et al. 2008). Cellular 
and biochemical events, leading to secondary brain damage 
in TBI, contribute to long-term disabilities (Jacotte-Siman-
cas et al. 2015). The processes of secondary brain damage 
such as the formation of free radicals and the activation of 
inflammatory processes play roles in delayed neuronal dys-
function and death (Khaksari et al. 2018b). Accordingly, 
increased level of oxidative stress markers has been found in 
cerebrospinal fluid (CSF) after human and animal TBI (Opii 
et al. 2007; Varma et al. 2003).

The production of free radicals at the initial time of brain 
damage (3 to 72 h) causes oxidative damage and impair-
ment of synaptic function after the injury (Ansari et al. 2008; 
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Singh et al. 2006). The increase in free radicals (Khaksari 
et al. 2018a) and impairment of antioxidant mechanisms 
(Hall et al. 2004) play essential roles in the secondary events 
induced by TBI. Traumatic neuroinflammation may be a link 
between the mechanism of acute injury and chronic neurode-
generation (Ramlackhansingh et al. 2011). Inflammation and 
oxidative stress result in long-term structural changes and 
progressive practical defects (Byrnes et al. 2012b).

Trauma to head initiates responses of both the neuronal 
degeneration and the neuronal restoration, whereby the rela-
tive balance between these activities determines the extent 
of delayed neurological disorders (Adkins et al. 2006; Car-
michael 2006). Evidence suggests that these responses are 
modulated by exercise due to an increment in neurotrophic 
factors leading to increased neuronal plasticity, and anti-
inflammatory and anti-apoptotic agents (Itoh et al. 2011; 
Mota et al. 2012). The exercise has been propounded to 
adjust inflammatory responses in animals and humans 
(Petersen and Pedersen 2005). In recent years, neuroprotec-
tive effects of exercise have been studied and shown as an 
intervention in healthy elder people and people with neu-
rological disorders (Hindin and Zelinski 2012; Smith et al. 
2010). The benefits of exercise have been shown in animal 
models of stroke (Hicks et al. 1998). Exercise exerts benefi-
cial effects on cortical function through neurogenesis and 
angiogenesis (Cotman et al. 2007).

Physical activity can reduce neuronal loss and inflamma-
tion and facilitate post-injury recovery (Zhao et al. 2014). 
Better outcomes following exercise have been reported in 
rodents with TBI (Kim et al. 2010; Wu et al. 2013). How-
ever, the improvement in neurological outcome has not been 
observed following exercise in some TBI research (Piao 
et al. 2013; Silva et al. 2013). Clinical studies of the effect of 
exercise on TBI have led to the contradictory results (Bland 
et al. 2011). The acute exercise exerted after TBI exacerbates 
neuronal damage by inducing greater energy consumption 
(Griesbach et al. 2012). Therefore, performing exercise 
immediately after TBI may produce detrimental outcomes.

Although pre-injury exercise for humans may not be the 
most effective prophylactic strategy since the time of injury 
cannot be predicted (Vaynman and Gomez-Pinilla 2005), 
regular exercise may have preventive potential as it induces 
metabolic changes that can modulate the response of organs 
involved in metabolism like liver and brain, which ultimately 
lead to the prevention of cell damage and disabilities after TBI 
(da Silva Fiorin et al. 2016). The evidence has demonstrated 
that oxidative and inflammatory cascades in TBI alter signal 
transduction in peripheral organs and CNS (Bayır et al. 2007; 
Lima et al. 2013). Also, inflammatory reaction in the liver in 
response to brain injury might contribute to the inflammatory 
cascades of the brain. Thus, peripheral inhibition of inflam-
mation may reduce the inflammatory cascades in the brain 
(Soltani et al. 2015). A cross-sectional study has suggested 

that regular exercise could have a protective effect in diseases 
associated with systemic inflammation (Petersen and Pedersen 
2005). It is believed that the favorable changes in the hepatic 
antioxidant and anti-inflammatory status induced by previous 
exercise may have a prophylactic effect on the early inflam-
matory and oxidative response after TBI (Hoene and Weigert 
2010; Sun et al. 2010). Therefore, people who undertake regu-
lar exercise may experience less damage and disability follow-
ing TBI compared to others.

It has been demonstrated that regular exercise before the 
brain ischemia produces prophylactic effects on brain dam-
age after ischemia (Endres et al. 2003). In a study, mice that 
had intense exercise on treadmill before middle cerebral artery 
occlusion (MCAO) showed a decline in MCAO-induced 
infarction volume and an increase in NO production, which 
resulted in increased blood flow without altering oxidative 
stress (Arrick et al. 2014). Previous exercise reduces lipid and 
protein peroxidation and levels of IL-1β and TNF-α cytokines 
and also increases the level of IL-10 anti-inflammatory 
cytokine in fluid percussion injury (FPI), (Lima et al. 2009), 
which probably lead to improved motor function after injury 
(Carvalho et al. 2005; Mota et al. 2012). Previous exercise has 
a protective effect against cell loss in the hippocampus of FPI 
animals (Castro et al. 2017). Beneficial effect of exercise in 
TBI is exerted by upregulation of hippocampus BDNF (Gries-
bach et al. 2009). Although exercise before TBI may not be the 
most effective treatment for humans (Vaynman and Gomez-
Pinilla 2005), it may have prophylactic effects on brain injury.

It has been proposed that performing exercise is useful after 
TBI (Ang and Gomez-Pinilla 2007) and may have a prophylac-
tic role in TBI (Lima et al. 2009). However, the prophylactic 
effect of endurance exercise on deleterious consequences of 
diffuse TBI has not been studied so far, and only few studies 
have been conducted on neuroprotective mechanisms of pre-
vious endurance exercise in TBI. The current study aimed to 
examine the prophylactic effect of eight-week treadmill exer-
cise on male rates with diffuse TBI and its probable mecha-
nisms. For this reason, the effect of previous treadmill exercise 
on brain edema and neurological outcome following TBI was 
assessed by obtaining brain water content and veterinary coma 
scale (VCS) 24 h after the injury. Meanwhile, biochemical 
factors associated with the inflammation [interleukin-1beta 
(IL-1β)] and oxidative stress (lipid and protein peroxidation 
and total antioxidant capacity), as well as factors related to 
histopathological injury (edema and apoptosis), were evalu-
ated to investigate the probable neuroprotective mechanisms 
of previous exercise.



557Cellular and Molecular Neurobiology (2020) 40:555–567	

1 3

Materials and Methods

Study Subjects

Mature male Wistar rats (weighing 180–210 g) were pur-
chased from animal center of Afzalipour Medical College 
of Kerman University of Medical Sciences to be used in this 
study. The animals were kept in an air-conditioned room 
at 22–25 °C in a 12 h light and 12 h dark cycle. Food and 
water were available to the animals during the study. The 
study was executed in accordance with the guidelines for 
animal experimental protocols of Kerman University of 
Medical Sciences and the internationally accepted princi-
ples for animal use and care (EU Directive of 2010; 010/63/
EU). The research protocol was approved by the ethics com-
mittee of Kerman University of Medical Sciences (No. EC/
KNRC/94-420).

Study Groups

Twenty-four animals were randomly assigned into two main 
groups (n = 12 per group) of true traumatic brain injury (TBI 
group) and false traumatic brain injury (sham group). The 
animals were further divided into two exercise groups (exer-
cise + TBI and exercise + sham groups).

Model of Diffuse TBI

The moderate diffuse TBI was induced using Marmarou’s 
weight drop model (Marmarou et al. 1994) as previously 
explained (Soltani et al. 2016). First, the animal was anesthe-
tized with a mixture of 2% isoflurane/66% N2O/33% O2 and 
a midline incision was made in the scalp. Then, a steel disc 
(10 mm in diameter, 3-mm thick) was fixed between bregma 
and lambda sutures by polyacrylamide glue. The animal was 
positioned on a piece of foam under the device and a 250 g 
weight was dropped on the disc from 2-m distance. Then, 
the animal was immediately attached to a respiratory pump 
(TSE animal respirator, Germany) until it began spontaneous 
respiration in its cage. Only animals with the VCS score of 
8–12 immediately after TBI were selected for the study. The 
sham animal received all stages of TBI induction except the 
falling weight part.

Protocol of Treadmill Exercise

Treadmill exercise was carried out for 8 weeks, 5 days per 
week until the day before the TBI surgery (Arrick et al. 
2014). For the first 5 days, the exercise was performed for 
duration of 10 min per day and speed of 20 m/min on a 
flat surface. During the next 5 days, exercise duration was 

increased by 10 min each day to reach the duration of 60 min 
with the speed of 25 m/min on a sloped surface. During the 
next 3 days, the speed (25 m/min) and duration (60 min/
day) of exercise remained constant, but the surface had a 5% 
slope. Finally, for the remainder of the experimental proto-
col, the speed (25 m/min) and duration (60 min) remained 
the same, and the incline increased to 10%.

Assessment of Brain Edema

Edema was assessed by calculating the brain water content 
for each rat (O’Connor et al. 2005). The anesthetized rat 
was decapitated 24 h after the surgery, and its brain was 
removed and dissected into left and right hemispheres. The 
left hemisphere was immediately stored at − 70 °C for other 
investigations. The right hemisphere was placed in a pre-
weighed vial. Each vial was weighed (wet weight of brain) 
and placed in an incubator (Memmert, Germany) at 100 °C 
for 48 h and then was reweighed (dry weight of brain). The 
brain water content (%) was calculated by [(wet wt-dry wt)/
wet wt]*100.

Evaluation of Neurological Outcome

The neurological outcome was evaluated according to VCS 
as described previously (Soltani et al. 2009). The VCS was 
reported as a score of 3 to 15 that was the sum of three 
scores of motor situation (ranging 1–8), eye situation (1–4) 
and respiration situation (1–3). Higher score indicated a bet-
ter neurological outcome, and lower score reflected a worse 
neurological outcome. In the present study, the outcome was 
reported 1 h before the surgery, and 1, 4 and 24 h after the 
surgery.

Sample Collection

Blood samples were taken from the jugular vein of anes-
thetized animal 24 h after the surgery. The blood samples 
collected with ethylenediaminetetraacetic acid (EDTA) were 
centrifuged, and obtained plasma was used to determine the 
ferric reducing ability of plasma (FRAP). Non-heparinized 
blood samples were centrifuged, and the serum was immedi-
ately used to assess interleukin-1beta (IL-1β), malondialde-
hyde (MDA) and protein carbonyl groups. Collected samples 
were frozen and stored for biochemical experiments.

The left hemisphere of brain was weighed and homoge-
nized by T-PERTM tissue protein extraction reagent (500 mg 
tissue per 2 mL of the reagent) with 0.5% Triton- × 100, 
150 mM NaCl, 50 mM tris and a protease inhibitor cocktail 
(Taupin et al. 1993). Homogenate was stirred by a shaker 
(Behdad, Iran) for 90 min and then was centrifuged at 4000 g 
(4 °C) for 15 min. Then, the supernatant was collected to 
determine MDA and protein carbonyl content in the brain. 



558	 Cellular and Molecular Neurobiology (2020) 40:555–567

1 3

The MDA and protein carbonyl levels were measured in the 
brain tissue as they did not show any changes in the serum.

Assay of Serum IL‑1β Level

An equal amount of protein from each sample was used 
for the assay of serum IL-1β level after protein content of 
the supernatant was determined by BCA protein assay rea-
gent kit (Pierce) (Taupin et al. 1993). ELISA kit for IL-1 
(sensitivity range 31.2–2000 pg/mL) was purchased from 
R&D systems (Minneapolis, Minnesota, USA), and the 
manufacturer’s protocols were followed. Cytokine level was 
evaluated in duplicate. The concentration of cytokine was 
reported as picograms (pg) of antigen per milliliter (mL) in 
the supernatant.

Assay of Plasma Total Antioxidant Capacity (TAC)

Total antioxidant power was evaluated by measuring the 
ferric reducing ability of plasma (FRAP) to withstand the 
oxidative effects of reactive species generated according to 
Benzie and Strain (Benzie and Strain 1996). This method 
measures the reduction in ferric-tripyridyltriazine (Fe III-
TPTZ) complex to ferrous (Fe II)-TPTZ formed by colori-
metric method.

The FRAP reagent was prepared by mixing acetate buffer 
(300 mM, pH = 3.6), 2, 4, 6-Tripyridyl-sTriazine (TPTZ) 
(10 mM in 40 mM HCl) and FeCl3 (20 mM) in a 10:1:1 
ratio (v:v:v). Then, reagent and plasma were mixed (100:1 
ratio) and incubated at 37 °C for 10 min. The reduction in 
Fe3+-TPTZ complex to a colored Fe2+-TPTZ complex was 
read at 593 nm against a blank reagent (1 mL FRAP rea-
gent + 10 mL distilled water). The results were reported as 
micromoles (µM) of FRAP per mL serum.

Determination of Lipid Peroxidation Level 
in the Serum and Brain

Malondialdehyde (MDA) is a well-established indicator of 
lipid peroxidation. It was evaluated by the thiobarbituric acid 
reactive substance (TBARS) assay (Ohkawa et al. 1979). In 
this method, sample was incubated with 0.8% thiobarbituric 
acid solution, acetic acid buffer (pH = 3.2) and 8% sodium 
dodecyl sulfate solution at 95 °C for 1 h. Then, the color 
reaction of mixture was read at 532 nm. The results were 
reported as µM of MDA per mL supernatant or serum.

Determination of Protein Oxidation Level 
in the Serum and Brain

Protein carbonyl content is an indicator of protein oxidation, 
which was assessed by the method of Yan et al. (1995). Each 
sample was diluted to contain 750–800 μg/mL of protein, and 

1 mL aliquot was mixed with 0.2 mL of 2,4-dinitrophenylhy-
drazine (DNPH, 10 mM) or 0.2 mL HCl (2 M). After incuba-
tion at room temperature for 1 h in a dark environment, 0.6 mL 
of denaturing buffer (150 mM sodium phosphate buffer, 
pH = 6.8, containing 3% SDS), 1.8 mL of heptane (99.5%) 
and 1.8 mL of ethanol (99.8%) were added, mixed for 40 s 
and centrifuged for 15 min. Then, the isolated protein was 
washed twice by 1 mL of ethyl acetate/ethanol 1:1 (v/v) and 
suspended in 1 mL of denaturing buffer. Each DNPH sample 
was read at 370 nm against the corresponding HCl sample 
(blank). The total carbonylation was calculated using a molar 
extinction coefficient of 22,000 M−1 cm−1 that was reported 
as nanomoles (nM) per milligram (mg) protein in supernatant 
or serum.

Histopathological Assay

Brain samples of anaesthetized animals (50 mg/kg, thiopen-
tal) were removed 24 h after the TBI, fixed in 10% buffered 
formaldehyde, sliced into Sections (5 µm) with microtome 
automatically (LEICA, Germany) and stained with hematoxy-
lin–eosin. The brain injury was evaluated in light microscope 
by two pathologists who were blinded to the animal group. The 
apoptosis was scored as scant (0), mild (1), moderate (2) and 
severe (3). The severity of apoptosis was graded using a micro-
scope with a magnification of 10 × in the following manner: 
Scant; when apoptosis was hardly seen in a high power field. 
Mild; when apoptosis was seen in a high power field. Moder-
ate; when apoptosis was seen in more than one field. Severe; 
when apoptosis was seen in almost all of the high power fields. 
Brain edema was considered for the spaces that were seen in 
the extracellular spaces and separated parenchymal cells. It 
was graded by a microscope with a magnification of 10 × in 
the following manner: mild (when edema was < 10%), mod-
erate (when edema was 10–50%) and severe (when edema 
was > 50%).

Statistics

The results were presented as mean ± SEM. The normality of 
variables was checked using Shapiro–Wilk’s W test. A mixed 
design analysis of variance was used to evaluate the interaction 
between the times of VCS and the groups. Greenhouse–Geis-
ser correction was used when sphericity was rejected. Also, the 
VCS was analyzed by one-way analysis of variance (ANOVA) 
as with other variables of the study. Tukey’s test was used for 
post hoc analysis, and P < 0.05 was considered as the level of 
significance.
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Results

Exercise Prevented the Development of Brain 
Edema Following TBI

The effect of exercise on brain edema by determining brain 
water content 24 h post-TBI is shown in Fig. 1. Brain water 
content in TBI group (79.48 ± 0.1%) was higher than the 
sham (78.22 ± 0.09%) and exercise + sham (77.65 ± 0.34%) 
groups (p < 0.01, p < 0.001, respectively). The exercise pre-
vented the increase in brain water content following TBI 
(exercise + TBI group, 78.03 ± 0.17%) in comparison with 
TBI group (p < 0.01).

Neurological Outcome Improved Following TBI 
in Rates with the History of Exercise

The alteration in the neurological outcome by evaluat-
ing VCS at − 1, 1, 4 and 24 h post-TBI in the presence of 
previous treadmill training is shown in Fig. 2. Before the 
trauma, there was no statistical difference in VCS between 
the groups. A decrease in VCS appeared in TBI group 
(7.33 ± 0.33, 9.5 ± 0.34, 12 ± 0.26, respectively) compared 
to that of sham and exercise + sham groups (15 ± 0) at the 
evaluation times post-TBI (p < 0. 001). Also, VCS reduced in 
exercise + TBI group following TBI (9 ± 0.26, 11.83 ± 0.31, 
14 ± 0, respectively) compared to the sham and exer-
cise + sham groups (p < 0. 001). However, the decrease in 
VCS in exercise + TBI group was lower than the TBI group 
(p < 0. 001).

Serum Level of IL‑1β Reduced Following TBI in Rates 
with the History of Exercise

Serum level of IL-1β 24 h post-TBI in rates with the history 
of exercise is shown in Fig. 3. An increase in IL-1β level 
was discerned in TBI group (129.73 ± 2.37 pg/mL) in com-
parison with that of the sham group (122.13 ± 0.83 pg/mL; 
p < 0.05). However, a decrease in IL-1β level was reported 

Fig. 1   Brain water content (%) in exercised male rats, 24 h post-TBI 
(n = 6 in each group). Data are shown as mean ± SEM. **p < 0.01 
compared to sham group; ††p < 0.01 compared to TBI group. TBI 
traumatic brain injury

Fig. 2   Veterinary coma scale (VCS) in exercised male rats at − 1, 
1, 4 and 24  h post-TBI (n = 6 in each group). Data are shown as 
mean ± SEM. ***p < 0.001 compared to sham group at 1, 4 and 24 h 
after TBI; ###p < 0.001 compared to exercise + sham group at 1, 4 
and 24 h after TBI; †††p < 0.001 compared to TBI group at 1, 4 and 
24 h after TBI. TBI traumatic brain injury

Fig. 3   Serum level of IL-1β in exercised male rats, 24  h post-TBI 
(n = 6 in each group). Data are presented as mean ± SEM. *p < 0.05 
compared to sham group; ††p < 0.01 compared to TBI group. TBI 
traumatic brain injury
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in exercise + TBI group (119.42 ± 1.97 pg/mL) compared to 
TBI group (p < 0.01).

Exercise Did Not Influence the Serum Level of TAC 
Following TBI

The effect of exercise on serum level of TAC, which was 
determining by FRAP level 24 h post-TBI, is shown in Fig. 4. 
FRAP level decreased in TBI group (431.32 ± 9.93 µM/mL) 
in comparison with the sham group (520.1 ± 29.72 µM/
mL; p < 0.01). Meanwhile, a decrease in FRAP level was 
observed in the exercise + sham (355.9 ± 11.76 µM/mL) 
and exercise + TBI (413.4 ± 12.3 µM/mL) groups compared 
to the sham group (p < 0.001, p < 0.01, respectively). The 
FRAP level of exercise + sham group was lower than that of 
TBI group (p < 0.05).

Exercise Did Not Alter Lipid Peroxidation Index 
in Serum Following TBI

The alteration in lipid peroxidation index of serum deter-
mined by MDA level 24 h post-TBI in rats with exercise 
preconditioning is illustrated in Fig. 5. The MDA level of 
serum did not change due to TBI. An increase in MDA 
level of serum was observed in exercise + sham group 
(1025.72 ± 55.67 µM/mL) in comparison with the TBI group 
(853.85 ± 53.62 µM/mL; p < 0.05). The MDA level of serum 
was the same among exercise + TBI (981.55 ± 18.18 µM/
mL) and sham groups.

Previous Exercise Reduced Protein Peroxidation 
Index in Serum Following TBI

The effect of exercise on protein peroxidation index in serum 
following TBI determined by protein carbonyl level 24 h 
post-TBI is presented in Fig. 6. The protein carbonyl level 
of serum was not affected by TBI. Protein carbonyl level of 
serum declined by previous exercise in TBI-induced rats 
(0.52 ± 0.01 nM/mg) and in sham rats (0.59 ± 0.02 nM/mg 
protein) in comparison with the TBI group (0.72 ± 0.04 nM/
mg; p < 0.05). Although protein carbonyl level of serum 

Fig. 4   Serum level of FRAP in exercised male rats, 24  h post-TBI 
(n = 6 in each group). Data are presented as mean ± SEM. **p < 0.01 
compared to sham group; ***p < 0.001 compared to sham group. TBI 
traumatic brain injury, FRAP ferric reducing antioxidant power

Fig. 5   Serum level of MDA in exercised male rats, 24  h post-TBI 
(n = 6 in each group). Data are presented as mean ± SEM. TBI trau-
matic brain injury, MDA malondialdehyde

Fig. 6   Serum level of protein carbonyl in exercised male rats, 24  h 
post-TBI (n = 6 in each group). Data are shown as mean ± SEM. 
†p < 0.05 compared to TBI group. TBI traumatic brain injury
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in exercise + sham group did not differ from sham group 
(0.67 ± 0.03 nM/mg), it was lower in the exercise + TBI 
group than the sham group (p < 0.05).

Exercise Impeded Brain Lipid Peroxidation 
Following TBI

The amount of brain lipid peroxidation 24 h post-TBI in rats 
with the history of exercise is shown in Fig. 7. An increase 
in MDA level was reported in TBI group (454.6 ± 45.07 µM/
mL) in comparison with the sham (299.1 ± 11.58  µM/
mL) and exercise + sham (335.99 ± 19.5 µM/mL) groups 
(p < 0.01, p < 0.05, respectively). Previous exercise impeded 
the increase in MDA level following TBI in the exer-
cise + TBI group (355.84 ± 12.73 µM/mL) compared to TBI 
group (p < 0.05).

Previous Exercise Decreased Brain Protein 
Peroxidation Following TBI

The effect of exercise on brain protein peroxidation 24 h 
post-TBI is presented in Fig.  8. Protein carbonyl level 
increased following TBI (6.37 ± 0.53 nM/mg protein) in 
comparison with the sham group (2.4 ± 0.17 nM/mg pro-
tein; p < 0.001). Exercise increased protein carbonyl level 
(6.1 ± 0.63 nM/mg protein) in comparison with the sham 
group (p < 0.001), but it decreased the protein carbonyl 
level following TBI compared to TBI and exercise + sham 
(3.98 ± 0.19 nM/mg protein) groups (p < 0.01, p < 0.05, 
respectively).

Exercise Prevented the Induction 
of Histopathological Brain Edema and Apoptosis 
Following TBI

The effect of exercise on brain edema and apoptosis meas-
ured by histopathological evaluation 24 h post-TBI is shown 
in Fig. 9. Histopathological edema and apoptosis scores in 
TBI group (2.5 ± 0.22, 2 ± 0.2; respectively) were higher 
than that the sham (0.83 ± 0.31, 0.83 ± 0.17; respectively), 
exercise + sham (1.3 ± 0.21, 1 ± 0.1; respectively) and exer-
cise + TBI (1.67 ± 0.21, 1.33 ± 0.21; respectively) groups 
(p < 0.01, p < 0.05, p < 0.05, respectively). These scores were 
the same among exercise groups and sham group (Fig. 10).

Discussion

Despite extensive research, no successful treatment for TBI 
has been reported so far. Our study was conducted as the first 
research to investigate the effect and the probable mecha-
nism of previous endurance exercise on brain edema and 
neurological outcome following diffuse TBI. This study had 
the following main findings: (1) Previous endurance exercise 
prevented the development of brain edema and apoptosis fol-
lowing TBI. (2) Previous endurance exercise improved neu-
rological outcome post-TBI. (3) Serum IL-1β level reduced 
following TBI in rates with the history of exercise. (4) Pre-
vious exercise prevented lipid peroxidation and decreased 
protein oxidation in brain following TBI. (5) Serum TAC 

Fig. 7   Brain level of MDA in exercised male rats, 24  h post-TBI 
(n = 6 in each group). Data are presented as mean ± SEM. **p < 0.01 
compared to sham group; †p < 0.05 compared to TBI group. TBI trau-
matic brain injury, MDA malondialdehyde

Fig. 8   Brain level of protein carbonyl in exercised male rats, 24  h 
post-TBI (n = 6 in each group). Data are shown as mean ± SEM. 
***p < 0.001 compared to sham group; ††p < 0.01 compared to TBI 
group; #p < 0.05 compared to exercise + sham group. TBI traumatic 
brain injury
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Fig. 9   Histopathological changes in exercised male rats, 24  h post-
TBI with magnification of 400 X. a Normal brain tissue in sham 
group. b Edema (thin white arrow) and apoptosis (thick black arrows) 

in TBI group. c Normal brain tissue in exercise + sham group. d 
Decrease in apoptosis and brain edema in exercise + TBI group. TBI 
traumatic brain injury

Fig. 10   Histopathological brain edema (a) and apoptosis (b) in the 
brain of exercised male rats, 24  h post-TBI (n = 6 in each group). 
Data are shown as mean ± SEM. **p < 0.01 compared to sham group; 

††p < 0.01 compared to TBI group; †p < 0.05 compared to TBI group. 
TBI traumatic brain injury
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level did not change following TBI in rates with the history 
of exercise.

The existence of brain edema and neurological distur-
bance following TBI in the present study has also been 
reported in our previous study (Soltani et al. 2015). Endur-
ance exercise prevented the increase in brain water content 
following TBI. Also, reduction in VCS following TBI was 
small in rates with the history of exercise. Reduction in brain 
edema and improvement in neurological outcome have been 
reported in rats with ischemic stroke that exercised on a 
treadmill (Nishioka et al. 2016). Also, reduction in brain 
edema and post-ischemic infarction following stroke have 
been reported in exercised rats (Stummer et al. 1994). Exer-
cise preconditioning reduces brain edema and neurological 
disorders in MCAO (Ding et al. 2006; Taylor et al. 2015). 
Some studies do not report better neurological outcome after 
cerebral injury in exercised group (Piao et al. 2013; Silva 
et al. 2013), which could be attributed to the time, type, 
severity and duration of exercise.

Brain edema plays a role in neurological deterioration 
(Battey et al. 2014). Physical exercise may improve neuro-
logical outcomes by preventing the formation of brain edema 
at the first place.

Pathological pathways responsible for neuronal death in 
TBI primarily include excitotoxicity, free radical produc-
tion, inflammation and apoptosis. Protective mechanisms 
that spontaneously initiate in TBI include the expression 
of anti-inflammatory cytokines, growth factors (GFs) and 
endogenous antioxidants (Leker and Shohami 2002). Inflam-
mation and oxidative stress contribute to the creation of pro-
gressive structural alterations and functional defects (Byrnes 
et al. 2012a). We speculated the inflammation and oxidative 
stress-related factors to be associated in the beneficial effects 
of treadmill exercise on TBI. An augmentation in IL-1β level 
of serum post-TBI was found similar to a study (Khaksari 
et al. 2010). A decrease in serum IL-1β level was observed 
in TBI rats with the history of exercise in this study that con-
firms other reports related to this subject (Mota et al. 2012; 
Petersen and Pedersen 2005). Pro-inflammatory cytokines 
aggregation (e.g. IL-1β), neutrophil infiltration and diminu-
tion of anti-inflammatory cytokines (e.g. IL-10) are sup-
pressed in the presence of previous exercise in animals with 
FPI, which may mediate the improvement in motor function 
(Mota et al. 2012; Petersen and Pedersen 2005). Delayed 
voluntary exercise for four weeks reduced IL-1β level and 
increased IL-10 and IL-6 levels after the TBI (Piao et al. 
2013). The athletes did not show any enhancement in their 
serum level of IL-1β after repetitive head trauma in competi-
tion compared to pre-trauma period (Di Battista et al. 2016).

Cytokines stimulate the expression of MMP-3 and MMP-
9, partly by effecting nuclear factor-kappa-B (NF-κB) gene 
transcription (Cheng et al. 2006). The imbalance between 
metalloproteinase 9 (MMP-9) and TIMP-1 (tissue inhibitors 

of metalloproteinase-1), and also the disruption of occlu-
din (a substrate of MMP-9) could cause a disruption in 
blood–brain barrier (BBB) (Rosenberg et al. 1998; Zhang 
et al. 2013). The loss of BBB integrity during MCAO is an 
early event that contributes to the initiation of inflamma-
tory activity, edema formation and ultimately poor outcomes 
(Khan et al. 2012). Three days of treadmill exercise after 
MCAO suppressed the ischemia-induced upregulation of 
MMP-9 and downregulation of TIMP-1 as well as occlu-
din (Zhang et al. 2013). The palliation of BBB permeability 
associated with a reduction in brain edema was observed in 
animals with pre-ischemic exercise (Guo et al. 2008). Exer-
cise also attenuated inflammation by decreasing activation of 
microglia, astrocytosis and expression of pro-inflammatory 
cytokines, such as IL-1β and tumor necrosis factor-alpha 
(TNF-α) (Yang and Rosenberg 2011). Therefore, exercise 
may protect BBB morphology by inhibiting accumulation of 
pro-inflammatory cytokine and thus declining brain edema 
formation in TBI. This latter hypothesis needs additional 
research for confirmation.

In the present study, TBI raised oxidant markers (e.g. 
MDA and protein carbonyl), but lowered antioxidant mark-
ers (e.g. TAC), which correspond with the results of studies 
conducted by others (de Castro et al. 2017; Hall et al. 2004). 
Since the brain has a high potential for oxidative damage 
with its low antioxidant capacity (Floyd and Hensley 2002), 
oxidant markers were examined both in serum and in brain; 
however, antioxidant markers were assessed only in serum 
as IL-1β. Although an increment in levels of MDA and pro-
tein carbonyl in brain was revealed after TBI, there was no 
alteration in serum levels of these factors possibility due to 
insufficient permeability of BBB caused by moderate and 
diffuses TBI. In a human assay containing serum biomark-
ers, the serum level of MDA was not defined as a blood-
based biomarker predicting the presence of intracranial 
injury demonstrated by initial brain CT scanning (Sharma 
et al. 2017). Also, the majority of studies have assessed oxi-
dative stress-related biomarkers in brain rather than in serum 
(Dong et al. 2017; Jia et al. 2017). However, patients with 
mild TBI showed an increase in serum level of MDA, unlike 
protein carbonyl. It seems that some serum biomarkers could 
not be used as evaluation criteria in all cases of TBI.

Exercised rats displayed elevated serum levels of MDA 
contrary to decreased serum levels of protein carbonyl and 
TAC, both in the presence and absence of TBI. This find-
ing suggests that exercise could induce systemic oxidative 
stress as reported in another study (Shi et al. 2007). The 
ROS produced by exercise can be harmful in some tissues 
but can also stimulate adaptive responses to oxidative stress 
including the upregulation of antioxidant genes expression 
(Bouzid et al. 2014). From the one hand, mitochondria are 
both sources of oxidant production and targets of oxidants, 
and on the other hand, regular exercise causes an increase in 
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O2 consumption and mitochondrial biogenesis (Boveris and 
Navarro 2008), so previous physical training may result in 
ROS generation in some periods (Soustiel and Sviri 2007).

In another part of the current study, a decrease in brain 
protein carbonyl content was observed following TBI in 
rates with the history of exercise. Also, exercise impeded 
the increase in brain MDA level following TBI. However, 
the previous exercise did not influence serum level of FRAP 
after the TBI. Six weeks of previous swimming training 
reduced the level of MDA and protein carbonyl associated 
with Na + ,K + -ATPase dysfunction induced by TBI (Lima 
et al. 2009). According to existing evidence, oxidative stress 
may inhibit Na + , K + -ATPase activity leading to neurologi-
cal dysfunction in TBI (da Silva Fiorin et al. 2016). Oxi-
dative stress, the most important component of secondary 
injury cascade in TBI, is an imbalance in the ratio of harmful 
reactive oxygen and nitrogen species and useful antioxidants 
defense enzymes (Radak et al. 2013). It seems that treadmill 
training in this study developed systemic oxidative stress as 
an adaptive response and prevented local oxidative stress in 
diffuse TBI. The findings related to the effects of treadmill 
training on brain oxidant and antioxidant factors in rats with 
TBI may be due to adaptive responses of endurance exercise 
(Packer et al. 2008).

Irisin, an exercise-induced neuroprotective myokine, is 
decreased in cerebral ischemia (Kuloglu et al. 2014). Irisin 
is also expressed in the brain, the skeletal muscles and the 
heart (Dun et al. 2013), and its blood level increases fol-
lowing acute exercises (Löffler et al. 2015). A negative cor-
relation was found between plasma irisin levels and plasma 
pro-inflammatory cytokines levels (Li et al. 2017). Irisin 
administration reduced brain infarct volume, brain edema, 
neurological deficits, neuroinflammation and oxidative stress 
after cerebral ischemia (Li et al. 2017). The improvement in 
neurological function and the reduction in neuroinflamma-
tion suggested by physical exercise were largely weakened 
with the administration of neutralizing antibody in cerebral 
ischemia. Thus, irisin has a key role in the beneficial effects 
of exercise on the brain (Farshbaf et al. 2016). The neuro-
protective effects of irisin may be mediated by the activation 
of Akt and ERK1/2 (Li et al. 2017). It is presumed that an 
increase in irisin after treadmill training modifies oxidative 
stress and inflammation-related biomarkers resulting in par-
tial debarment or diminution in TBI-induced brain edema 
and neurological deficits. This hypothesis will be considered 
in a future investigation.

The cooperative roles of aquaporin 4 (AQP4) and 
sodium–hydrogen exchanger 1 (NHE1) have been sug-
gested in the genesis of brain edema following stroke 
(Nishioka et al. 2016). NHE1 enhances the intracellular 
osmotic pressure by increasing the influx of Na + leading 
to water influx via AQP4 in glial cells. Treadmill train-
ing before MCAO has been reported to reduce AQP4 

and NHE1 expression in the brain, possibility through a 
moderate increase in corticosterone level exerted by both 
gluco- and mineralocorticoid receptors; therefore, it pro-
hibits the formation of brain edema (He et al. 2014). Thus, 
physical exercise may prevent the development of brain 
edema post-TBI partly by attenuating AQP4 and NHE1 
expression. This hypothesis requires further investigation.

Histopathological evaluation of brain tissue in current 
research indicated that apoptosis is not induced in exer-
cised rats following TBI and edema. The pathological 
results are confirmed by an animal study that showed rats 
exercised prior to CCI (controlled cortical impact) had 
better neurological and motor outcomes associated with 
reduced apoptosis markers and increased anti-apoptotic 
markers (Zhao et al. 2014).

Conclusion

Previous exercise prevented the development of brain 
water content and improved the neurological outcome fol-
lowing TBI. Neuroprotective effect of previous exercise in 
TBI may be mediated by modulating inflammation, oxida-
tive stress and apoptosis. Consequently, some athletes may 
be protected against TBI. It is assumed that an increase in 
protective molecules created by physical exercise before 
TBI reduces the immediate and late detrimental outcomes 
of injury. However, this hypothesis requires more research 
for confirmation. One of the limitations of study was the 
use of VCS to evaluate neurological outcome, as this index 
is beneficial in short-term evaluation.
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