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 Background: Ischemic stroke, featuring high incidence, morbidity, and mortality, is one of the three major diseases troubling 
human beings. The purpose of the study was to examine the impact of early high-protein diet on neurofunc-
tional recovery in rats with ischemic stroke as well as their cerebral infarct areas and molecular expressions of 
oxidative stress.

 Material/Methods: The middle cerebral artery occlusion model (MCAO) was established, and 48 adult, male Sprague Dawley (SD) 
rats of clean grade aged seven to eight months (250–280 g body weight) were randomized into four groups: 
the MCAO group with high-protein diet (MH), the MCAO group with standard-protein diet (MS), the sham group 
with high-protein diet (SH), and the sham group with standard-protein diet (SS). High-protein diet intervention 
started on the first day of the surgery, and the rats’ body weights and their neurological deficit scores were 
measured on each postoperative day while the scores of motors coordination and balance ability were record-
ed every other day. In addition, their cerebral infant areas and the molecular expressions of oxidative stress in-
juries were detected as well.

 Results: Compared to the MS group, the rats in the MH group gained faster weight growth (p<0.05), presented signif-
icantly lower neurological impairment scores (p<0.05), remarkably improved motor coordination and balance 
ability (p<0.05) as well as showed smaller cerebral infarct areas (p<0.05), increased expression of SOD (super-
oxide dismutase), and reduced expressions of MDA (malondialdehyde) and iNOS (inducible nitric oxide syn-
thase). However, there was no significant difference between the SS group and the SH group (p>0.05).

 Conclusions: Early high-protein diet facilitates the recovery of body weights and neurological functions as well the reduc-
tion of the cerebral infarct areas of rats, thus alleviating ischemic stroke-caused oxidative stress injuries.
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Background

Ischemic stroke includes a group of acute cerebrovascular dis-
eases characterized by clinical manifestations, such as hemipa-
resis, ataxia, and sudden decrease in the level of consciousness; 
as well as by high incidence, morbidity, and mortality [1–3].
The main symptom of cerebral ischemic stroke is the sudden 
occurrence of neurological deficits, which are also character-
ized by deep disturbances of human body homeostasis. With 
the current process of clinical diagnosis and treatment, more 
and more stroke patients are surviving. However, the morbid-
ity among them still exceeds 80%, leading to poor quality of 
life [4]. Therefore, early stroke intervention is very important 
for the early rehabilitation of these patients.

Currently, there are many types of rehabilitation methods for 
post-stroke functional limitations [5,6], including joint activity 
training, neurophysiological methods such as the Bobath meth-
od [7], proprioceptive neuromuscular facilitation (PNF) [8], mo-
tor relearning program (MRP) [9], and some other new thera-
peutic methods. But these procedures largely rely on patients’ 
initiative and cooperation, which leads to different treatment 
effects. However, timely introduction of nutritional supplement 
is relatively simple and easy for patients to comply with [10,11]. 
Besides, patients with stroke often suffer from malnutrition 
because of chronic bed rest, which is extremely unfavorable to 
a patient’s recovery [12]. Research has also shown that mal-
nourished patients, or those at risk for nutritional deteriora-
tion, have poor prognosis and significantly increased mortality 
rates [13]. Therefore, timely and reasonable nutritional inter-
vention in the early stage of stroke could be very important 
for clinical applications and basic research.

There are many studies on high-protein diets in obesity, di-
abetes, chronic kidney function, and so on, which have indi-
cated that a high-protein diet can increase insulin secretion 
in normal individuals [14], lead to skeletal muscle insulin re-
sistance [15], increase the sense of satiety, reduce calorie in-
take, and decrease the weight of obese people [16]. Thus, a 
high-protein diet plays a positive role in the treatment of re-
lated diseases. However, recent epidemiological findings also 
have shown the adverse effects of long-term high-protein diet, 
for instance, a regular low-carbon and high-protein diet was 
found to be associated with an increasing risk of cardiovascu-
lar disease [17,18], and the clinical application of high-protein 
diet still remains controversial. Furthermore, introducing high-
protein diet intervention in the early stage of ischemic stroke 
reduces neurological deficit, which has not been reported in 
current clinical and basic research.

In order to investigate the role of early high-protein diet in 
rehabilitation of rats with ischemic stroke, this study used 
an early high-protein diet in rats with middle cerebral artery 

occlusion (MCAO), and obtained a series of experimental in-
dexes. The measures were aimed at assessing the impact of 
an early high-protein diet on the postoperative neurological 
deficit, cerebral infarct area, and molecular expression of oxi-
dative stress injuries caused by ischemic stroke, providing the 
theoretical foundation for early high-protein diet intervention 
and its clinical application in patients with stroke.

Material and Methods

Animals and groups

All Sprague Dawley (SD) rats were obtained from Shanghai 
Slaccas Experimental Animal Co., Ltd., and raised at the 
Laboratory Animal House of Fudan University on 12: 12 hour 
light cycle and at 23±1°C. The standard-protein and high-pro-
tein diets were purchased from Suzhou Shuangshi Animal Feed 
Technology Co., Ltd. Afterwards, the SD rats were randomized 
into four groups with 12 rats in each group: the MCAO group 
with high-protein diet (MH),the MCAO group with standard-
protein diet (MS), the sham group with high-protein diet (SH), 
and the sham group with standard-protein diet (SS).

After the surgery, each rat and the food pellet in each cage were 
weighed every day and the neurofunctional deficit scoring as 
well as behavioral tests were recorded on postoperative day 
1, 3, 5, and 7. On the postoperative day 7, all rats were sacri-
ficed to detect the cerebral infarct area by triphenyl tetrazoli-
um chloride (TTC) staining. In addition, serum and the cerebral 
cortex were collected for the identification of the molecular 
mechanisms involved. It should be noted that this study was 
carried out in strict accordance with the recommendations in 
the Guide for the Care and Use of Laboratory Animals of the 
National Institutes of Health and protocol for the animal use 
was reviewed and approved by the Institutional Animal Care 
and Use Committee (IACUC) of Capital Medical University.

Preparation of the MCAO model

In this study, we prepared MCAO rat models to simulate cere-
bral ischemia and reperfusion injury. The rats were anesthe-
tized with 10% chloral hydrate (0.3 mL/kg) and maintained 
in automated heat blankets (Yuyan Instruments, Shanghai, 
China) at 36.7±1.0°C. All groups received a midline incision in 
the neck and the mandibular glands, pretracheal strap along 
with sternomastoid muscles were retracted. In MCAO groups 
(Figure 1), the exposed right common carotid (CCA) was ligat-
ed at the proximal end, and the following external carotid ar-
teries (ECA) branches were cut after electrocoagulation: the 
occipital, the cranial thyroid, and the ascending pharynge-
al artery. A microclip was used to occlude the CCA. The right 
ECA was lighted and cut distally to the cranial thyroid artery. 
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Then a silicone filament embolus of 0.40–0.42 mm in diam-
eter was placed against the right side of the skull and gently 
advanced through the internal carotid artery until its tip oc-
clude the origin of the middle cerebral artery (MCA). The cere-
bral blood flow changes in the sensorimotor cortex of MCAO 
rats were monitored with a Laser Doppler Perfusion Monitor 
(Moor Instruments, Axminster, UK). The microclip at the CCA 
was removed and silicone filament embolism was withdrawn 
after 60 minutes (the blood flow in the ischemic brain dropped 
to ~20% of the baseline) for reperfusion of the brain. At the 
completion of surgery, animals were kept warm during recovery 
with their muscles and glands replaced and wounds sutured. 
In addition, any MCAO rats that did not show restoration of 
blood flow after removal of the filament were euthanized, for 
this could indicate subarachnoid hemorrhage. The sham group 
did not have the silicone thread embolus inserted.

Behavioral assessment

In neurofunctional deficit scoring, it is assumed that the high-
er the score, the more serious the symptoms of the nerve 

function deficit appeared. For this assessment, the rat was lift-
ed up by the tail, suspended about 1 m above the ground, and 
observed for forelimb flexion. Scoring criteria were 0 to 7. A 
score of 0 was if both forelimbs were extended to the ground 
and no other neurological features were present. A score of 
1 was if the contralateral forelimb was bending continuously 
with movement ranging from mild wrist bending and shoul-
der joint adduction to full wrist and elbow flexion with inter-
nal rotation of the shoulder joint. In addition, the limbs of the 
rats showed persistent bending without other abnormal signs. 
A score of 2 was if the rat was pulled by its tail and was giv-
en a gentle push behind the shoulders until the forelimbs slid 
a few centimeters on the ground. This was repeated several 
times. Rats showing normal ability or mild impairment were 
able to resist lateral thrust similarly on both sides. But if the 
rats had serious impairment, the resistance to the paralyzed 
side thrust decreased. A score of 3 was if the rat was on the 
ground and pulling its tail towards the paralyzed side. A score 
of 4 was if the rat was on the ground and moving freely, cir-
cling towards the paralyzed side. A score of 5 was if the rat just 
walked by the stimulation. A score of 6 was if the rat showed 
no response to the stimuli, almost unconscious. A score of 7 
was if the rat was dead [19].

One of the most significant symptoms in the rat MCAO model 
is the forelimb dysfunction induced by the ischemia in cerebral 
hemisphere. Foot fault test was used to assess the motor co-
ordination of rats, according to the existing experimental pro-
tocol in our laboratory, with slight modifications [20]. Scoring 
criteria were 0 to 6. A score of 0 was if the rats completely 
missed the rail and fell off without touching the rail or the 
body lost its normal position and balance. A score was 1 if the 
rats fell after touching the rail, affecting the normal walking. 
A score was 2 if the rats’ feet were placed on the rail. When 
bearing the weight, they slipped but did not fall or affect the 
walk, and the balance and gait were maintained. A score was 
3 if the feet were placed on the rail. But before bearing the 
weight, they quickly moved on to another rail. A score was 4 
if the feet aimed at a rail, but because there was no contact 
with the rail, it was moved on to another rail. A score was 5 
if the feet were placed on the rail with the ankle and toes, or 
knees as weight-bearing. A score was 6 if the rats were nor-
mal and their feet fully bore the body weight. Each animal was 
only evaluated on double forelimb and every step of each foot 
was used to calculate the average score for statistical analysis.

Beam balance test was used to assess the ability to main-
tain balance in rats. The scoring criteria were 1 to 7. A score 
was 1 if rats steadily stayed on the crossbar. A score was 2 
if rats grasped the end of grab bar. A score was 3 if rats held 
the crossbar, but a paw fell off. A score was 4 if rats held the 
crossbar but two paws fell off, or rats stayed on the rail for 
60 seconds. A score was 5 if rats tried to stay on the crossbar, 
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Figure 1.  Illustration of the middle cerebral artery occlusion 
model of ischemic stroke. In the intraluminal filament 
model, the external carotid artery (ECA) is dissected 
and cauterized, and the common carotid artery (CCA) 
temporarily ligated. The internal carotid artery (ICA) 
is dissected and an arteriotomy is performed in the 
ECA. The ECA is then reflected so as to run into the ICA 
and a filament is introduced into the ICA via the ECA 
arteriotomy. The filament is advanced until resistance 
is felt where it occludes the proximal middle cerebral 
artery (MCA). The filament remains in place for a set 
period of time before withdrawal and wound closure. 
Confirmation of occlusion is usually via concomitant 
Laser Doppler Perfusion Monitor. ACA – anterior 
cerebral artery; PCmA – posterior communicating 
artery; PCA – pterygopalatine artery.
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succeeding in staying for more than 40 seconds. A score was 
6 if rats tried to stay on the crossbar, staying for more than 
20 seconds. A score was 7 if rats fell off the crossbar within 
20 seconds. Each rat was evaluated five times a day, and the 
average scores of the runs were used for statistical analysis.

TTC staining

Briefly, each brain was sliced horizontally to obtain five slices. 
Then the slices were incubated in 2% TTC (2,3,5-triphenyl-2H-
tetrazolium chloride, Sigma-Aldrich, St. Louis, MO, USA) for 15 
minutes at 37°C and fixed by immersion in 10% neutral buff-
ered formalin. The area of infarction on both sides of each slice 
was calculated by an image analyzer. And the infarct area of 
each slice was summed up for each brain.

Molecular analysis

Ischemic stroke leads to the increase of oxidative stress inju-
ries, which results in cell damage and apoptosis [21]. To as-
sess the peculiarities in the development of oxidative stress 
injuries, we measured the expression level of SOD (superoxide 
dismutase), an enzyme that alternately catalyzes the dismuta-
tion (or partitioning) of the superoxide radical into either ordi-
nary molecular oxygen or hydrogen peroxide and MDA (malo-
ndialdehyde), one of the most frequently used indicators of 
lipid peroxidation in both serum and cerebral cortex tissue, 
as well as the protein expression of iNOS (inducible nitric ox-
ide synthase), an important material to produce free radical, 
thus leading to injuries, in injured cerebral cortex tissues by 
the corresponding kit (SOD assay kit, MDA assay kit, Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) and per-
formed in accordance with the manufacturer’s instructions. 
The molecular level in the serum could be measured with-
out diluting the serum. However, when measuring the molec-
ular level in the cerebral cortex tissue, the cerebral cortex tis-
sue homogenate should be prepared in advance: the cerebral 
cortex was accurately weighed before being added into 0.9% 
normal saline (Supply Department, Shanghai Medical College, 
Fudan University). After being centrifuged at 2,500–3,000 r/
minute for 10 minutes, the supernatant was separated and 
used for the detection of protein content in cortical tissue ho-
mogenate (total protein quantitation test kit, associated stan-
dards, Coomassie brilliant blue method, Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China).

iNOS content was detected with western blot. Briefly, proteins 
were separated by 10% SDS-PAGE, blotted onto nitrocellulose 
membranes (Hybond ECL Membrane, Amersham Biosciences, 
UK), and incubated with iNOS primary antibodies diluted in 
5% milk TBS–Tween overnight (anti-GAPDH, Sigma-Aldrich, 1: 
1,000, 42 kDa). After being washed and incubated with horse-
radish peroxidase conjugated secondary antibodies, labeled 

proteins were visualized with ECL-reagent kit according to 
the manufacturer’s instructions (Amersham Biosciences, UK).

Statistical analysis

SPSS 20.0 (IBM, USA) was used for statistical processing. All 
the results were expressed as mean ±SE (standard error) and 
the intergroup comparisons used the one-tailed t-test, with 
p<0.05 as a statistical difference.

Results

Body weight changes

The changes in body weight can comprehensively reflect the 
recovery of sensory and other physical function in rats after 
stroke. As Figure 2A shows, body weights of rats in sham groups 
decreased until day 1 after surgery while MCAO groups until 
day 2 after surgery. In the following days, body weights of rats 
in each group increased but the growth trend of the MH and 
SH groups were significantly higher than that of the MS and 
SS groups, respectively (p<0.01). Overall, the early high-protein 
diet was able to help rats recover their body weights (p<0.05).

Neurofunctional deficit scoring

In this study, we used a seven-point system to score the neu-
rofunctional deficits in MCAO rats. Apparent neurofunctional 
deficit symptoms were found in the MH and MS groups, espe-
cially within two days after surgery, but not in the sham-op-
erated group (SH and SS groups). However, on the third day, 
the scores of neurofunctional deficit started to decrease in the 
MCAO groups and the scores in the MH group were significant-
ly higher than that in the MS group, day 2 and day 4–7 in par-
ticular (p<0.01). Besides, the scores in the MH and MS groups 
were always significantly higher than that in the SH and SS 
groups respectively (p<0.01) and there was no significant dif-
ference between the SH and SS groups. In general, the ear-
ly high-protein diet was able to facilitate the neurofunctional 
recovery (p<0.01, Figure 2B) in MCAO rats.

Motor coordination scoring

In this study, the foot fault test was used to score the fore-
limb dysfunction in all rats. The results showed that in the 
MH and MS groups, the level of forelimb injury was similar 
within the first three days after surgery. Subsequently, motor 
coordination ability of the MCAO groups gradually recovered 
in the following days and the recovery of the MH group was 
significantly better than the MS group on the fifth and sev-
enth day (p<0.01). In addition, there appeared significant dif-
ferences between the MH group and the SH group as well as 
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between the MS group and the SS group (p<0.01) while no 
difference between the SH group and the SS group was ob-
served. All in all, the early high-protein diet was able to pro-
mote the rehabilitation of motor coordination (p<0.05) in the 
MCAO rats and facilitate the recovery of motor function in the 
injured forelimb (Figure 2C).

Balance ability assessment

To assess the balance abilities of rats in each group, the pres-
ent study applied the balance beam test. The result showed 
that the recovery of balance ability in the MH group was re-
markably greater than that in the MS group at 7 days after 
surgery (p<0.05). In addition, the differences between the MH 
group and the SH group as well as between the MS group and 
the SS group were always significant (p<0.01) while no differ-
ence between the SH group and the SS group appeared. Which 
means that early high-protein diet promotes the recovery of 
balance ability in MCAO rats (Figure 2D).

Impacts of early high-protein diet on cerebral infarct area

In order to determine whether the early high-protein diet had 
an effect on MCAO rehabilitation, we applied the TTC staining 

method to detect the cerebral infarct area in all rats at 7 days 
after surgery. As we can see in Figure 3, the cerebral infarct 
area of the MS group and the MH group was about 45% and 
40%, respectively, while the area of the sham group was 1.2%. 
Moreover, the MH group showed a significant smaller cere-
bral infarct area than the MS group (p<0.01). We then came 
to the conclusion that early high-protein diet could reduce 
the cerebral infarct area (p<0.01) in MCAO rats, thus promot-
ing brain recovery.

Molecular detection

As is shown in Figure 4A and 4C, the expression of SOD in se-
rum and tissue were similar, with SOD expressions significantly 
higher in the MH group than in the MS group, in the SS group 
than in the MS group as well as in the SH group than the MH 
group (p<0.01) while rare differences between the SS group 
and the SH group. However, as to the expressions of MDA, we 
can see apparent differences in serum and tissue. In Figure 4B, 
MDA expression in serum in the MS group was significantly 
higher than in the MH and the SS groups (p<0.01) while the 
differences between the MH group and the SH group were rel-
atively less significant, only slightly higher in the MH group 
than in the SH group (p<0.05). In Figure 4D, MDA expression in 
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Figure 2.  Impacts of early high-protein diet on body weight, neurofunctional deficits, motor coordination and balance performance in 
rats. (A) The weights of MCAO groups were generally lower than the sham groups. In the MCAO and sham groups, rats with 
early high-protein diet had higher weights. (B) As time went on, the neurological function of the MCAO groups recovered 
gradually and the MH group showed a faster recovery than the MS group. (C) Score changes were detected by the foot fault 
method on postoperative D7. (D) Beam balance method was applied to observe the differences of balance ability in the MH 
and MS groups. MH versus MS, * p<0.05, ** p<0.01; MH versus SH, ## p<0.01; MS versus SS, && p<0.01; n=6 in each group.
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tissue was significantly higher in the MS group than in the MH 
group, in the MS group than in the SS group as well as in the 
MH group than the SH group (p<0.01) while small differences 
between the SS group and the SH group were observed. Then 
we focused on relative iNOS expression. In Figure 4E, we can 
see iNOS expression in the MS group was significantly high-
er than in the MH and SS groups (p<0.01) and the differences 
between the MH group and the SH group as well as between 
the SS group and the SH group were not significant. In sum-
mary, early high-protein diet was able to effectively regulate 
the expressions of SOD, MDA, and iNOS.

Discussion

Ischemic stroke is one of the most devastating diseases. The 
high stress level after stroke often induces the body to enter 
into high catabolic state, thus resulting in considerable protein 
loss, and leading to the increased incidence of infection, pro-
longed hospitalization, and increased mortality [22]. Moreover, 
according to Gao et al., hypokalemia is a complication of hos-
pitalized patients and correcting serum K+ improved the clin-
ic outcome of ischemic stroke patients [23]. In our study, we 
established the MCAO models to investigate the effects of 
early high-protein diet on treating ischemic stroke patients.

To understand brain pathophysiology and to determine the ef-
ficacy of new therapies, numerous animal models have been 
used for mimicking clinical ischemic stroke [24]. Among them, 
mechanical, pharmacological, photothrombotic, and embol-
ic means on mice or rats have been the most widely used 

models [25]. In rodents, the intraluminal filament MCAO model 
is widespread used because of its non-invasiveness compared 
to direct surgical occlusion of cerebral vessels [24]. Liu et al. 
substantiated that the transient MCAO model in rodents is also 
one of the widely utilized models in used for studying focal 
cerebral ischemia. [26]. Mecca et al. revealed that the endo-
thelin-1 (ET-1)-induced MCAO model of cerebral ischemia was 
found to more closely mimic the temporal events of an em-
bolic stroke [27]. Furthermore, Boltze et al. also demonstrated 
that permanent MCAO model was a novel large animal model 
for focal cerebral ischemia [28]. However, the outcome of the 
MCAO model is often affected by a variety of factors includ-
ing the age, sex, and weight of the animals and the size of 
the filament, and its reproducibility varies among laboratories 
and species. In the study byTao et al., they applied a two hour 
MCAO to induce the cortical infarction [29]. However, in our 
study, two hour of MCAO not only induced large brain injury 
but also caused a high death rate, while 60 minutes of MCAO 
induced large brain injury but caused a low death rate. Thus, 
60 minutes of ischemic duration was applied in our study. To 
the best our knowledge, this was the first study to identify the 
effects of early high-protein diet on promoting the rehabili-
tation of MCAO rats. According to the results of the present 
study, the early high-protein diet could facilitate the recovery 
of body weight and improve the symptoms of neurofunction-
al deficits. It has been reported that the higher the degree of 
neurofunctional deficits was, the worse the ability of nutri-
tional support to improve the nutritional status appeared [30]. 
Thus, the recovery of neurofunctional function could help pa-
tients to absorb nutritional formulas, such as high-protein 
nutritional feeding or intravenous fluid replenishment, which 
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Figure 3.  Impact of early high-protein diet on cerebral infarct area in rats. Representative images of TTC-stained brain slices (coronal 
level 1–6) after seven days of permanent MCAO. In living tissue, TTC is enzymatically reduced by dehydrogenases to 
1,3,5-triphenylformazan (TPF), which is red in color, while in necrotic areas it remains white due to the absence of such 
enzymatic activity. Therefore, the area of infarction can be identified by its white color due to lack of conversion of TTC to 
TPF. The MCAO groups showed a significant larger cerebral infarct area then the sham groups and the area in the MS group 
was significant larger than that in the MH group. MS versus sham, ** p<0.01; MH versus sham, ** p<0.01; MS versus SS, 
## p<0.01; n=6 in each group.
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could subsequently promote the recovery of sensory and oth-
er body functions in the rats.

The early high-protein diet has also been found to help re-
store motor coordination. Residual motor dysfunction is often 
observed in stroke survivors and patients’ lives are adverse-
ly affected. The affected limb functions in post-stroke hemi-
plegia can be gradually improved by training and drug treat-
ment [31,32]. Nowadays, hospitals use exercise therapies, such 
as teaching healthy side posture, relearning of movement pat-
terns, and elbow flexor and extensor training. Although they 

can help the patients to restore their full limb motion, the ef-
fects tend to be minimal for severely disabled patients and 
those unwilling to cooperate. The early high-protein diet may 
facilitate patients’ cooperation, in consequence lead to the im-
provement of patients’ motor coordination. In our study, the 
early high-protein diet significantly reduced the cerebral in-
farct area in the rat MCAO models and enhanced motor co-
ordination. This showed that the limb motor dysfunction in 
stroke patients may be related to the infarct size. The study by 
Jung et al. suggested that sensory motor functional recovery af-
ter brain injury might be a consequence of the reorganization 
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Figure 4.  Impacts of early high-protein diet on the SOD, MDA, and iNOS contents in the serum and tissues of the rats. (A) Expressions 
of SOD in the serum. (B) Expressions of MDA serum. (C) Expressions of SOD in the injured cerebral cortex tissue. 
(D) Expressions of MDA in the injured cerebral cortex tissue. (E) Relative iNOS expression in injured cerebral cortex tissues 
(in the vertical bar). MH versus MS, ** p<0.01; MH versus SH, # p<0.05, ## p<0.01; MS versus SS, && p<0.01; n=6 in each group. 
SOD – superoxide dismutase; MDA – malondialdehyde; iNOS – inducible nitric oxide synthase.
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of the neural network as a process of neuroplasticity [33]. This 
may explain why the decrease of infarct area was positively 
correlated with the increase motor coordination.

The early high-protein diet has also been verified to exert reg-
ulatory effects at the molecular level. The reduced oxygen sup-
ply after stroke can affect the oxidative stress, which plays an 
important role in cell damage and death in stroke. When cere-
bral ischemia occurs, the oxidative stress level increases, and 
the excess oxygen-free radicals can thus cause lipid peroxida-
tion and produce peroxide and other products among which 
MDA can cause the most severe damage [34]. SOD is an im-
portant antioxidant that can directly eliminate free radicals. In 
vivo, the activity of SOD and MDA could indirectly reflect the 
body’s ability to eliminate oxygen free radicals and the sever-
ity of the free radical attack respectively, therefore, the com-
bined detection of these could initially detect the oxidative 
stress status. Ischemic stroke -caused hypoxia, ischemia, etc., 
could induce the production of iNOS [35]. As one of important 
inflammatory mediators produced by macrophages, the pro-
duction of NO and iNOS expression are major signs reflecting 
macrophages’ responses towards pro-inflammatory stimuli, 
and play an important role in the formation of atherosclero-
sis [36]. Once activated, iNOS will continue to produce high 
levels of NO, and caused oxidative stress injuries and increase 
the pathology [37]. In our study, SOD expression was lower 
in the MCAO groups than in sham groups and MDA expres-
sion was higher in the MCAO groups than in the sham groups. 
However, the early high-protein diet helped to increase the 
expression of SOD and inhibit the expressions of MDA in the 
MCAO groups. The early high-protein diet was able to restore 

iNOS expression in MCAO rats as well, indicating that the ear-
ly high-protein diet could inhibit oxidative stress injuries, thus 
helping the body to eliminate free radicals, reduce inflamma-
tion, and promote the post-stroke recovery.

This study was subject to several limitations that should be 
taken into account. First, the purpose of this study was to in-
vestigate the effects of the early high-protein diet on the re-
habilitation of MCAO rats; however, the long-term effect of 
high-protein diet seems to be of interest to be investigated as 
well. Second, our study was carried out on rats; further stud-
ies with human samples might yield more reliable results on 
the effects of early high-protein diet. Third, the side effect of 
the early high-protein diet should be taken into consideration, 
such as obesity, osteoporosis, and others side effects.

Conclusions

The early high-protein diet could promote the rehabilitation of 
MCAO rats, and this could provide a theoretical basis for the 
clinical applications of the early high-protein diet in patients 
with stroke. Indeed, there are various factors affecting pa-
tients with stroke, and patients’ individual differences should 
not be ignored; therefore, the roles of the early high-protein 
diet in the rehabilitation of patients with stroke still needs to 
be investigated clinically.
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