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Abstract: Our study aimed to explore the impacts of liraglutide on brain dysfunction of type 2 diabetes mellitus. Rats in 
liraglutide treatment group were diabetic rats further received daily intraperitoneal administration of liraglutide for 
continuous 6 weeks. Body weight and blood glucose were measured weekly. Vascular structure changes in brain tissues 
were evaluated by Periodic acid-Schiff (PAS) staining. Angiopoietin-2 (ANG-2), high-mobility group box 1 (HMGB-1), 
CD105, NeuN, Oligo-2 in brain tissues were measured by immunohistochemistry staining and ANG-2, HMGB-1, and 
matrix metalloproteinase-9 (MMP-9) were detected by western blotting. Blood glucose levels of rats in diabetic model 
group were significantly elevated and blood glucose levels of rats in liraglutide treatment group were reduced to 
comparable levels with control group. PAS staining showed vascular basement membrane of rats in the diabetic model 
group was thicker than that of the control group. ANG-2, HMGB1 and MMP-9 were up-regulated in the diabetic model 
group comparing the control group, while down-regulated after treated with liraglutide (p<0.05). NeuN expressions were 
significantly higher in liraglutide treatment group. Liraglutide may have protective roles against brain injury of 
streptozotocin induced diabetic rats by inhibiting HMGB1, which further suppressing the MMP-9 and ANG-2.  
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INTRODUCTION 
 
Diabetes mellitus is a complex and heterogeneous 
metabolic disease, with the characterization of 
hyperglycemia, which is resulted from dysfunctions of 
insulin secretion or insulin action (Petersmann et al., 
2019). Around 463 million people worldwide had diabetes 
mellitus in 2019, and the number of people with diabetes 
mellitus is predicted to rise to 578 million by 2030, to 642 
million by 2040 and to 700 million by 2045 (Saeedi et al., 
2019 and Williams et al., 2020). The prevalence of 
diabetes mellitus is increasing worldwide and becoming 
one of the most important public health challenges of the 
twenty-first century (Glovaci et al., 2019). 
 
Type 2 diabetes mellitus, which accounts for 
approximately 90-95% of patietns with diabetes mellitus, 
is characterized by reduced insulin sensitivity and relative 
insulin deficiency (Kaur et al., 2018). Chronic 
hyperglycemia of diabetes can lead to micro vascular and 
macro vascular complications, which are associated with 
long-term organ damages, defections and failures of the 
eyes, nerves, brain kidneys, heart and blood vessels 
(McCrimmon et al., 2012 and Xia et al., 2020). Adults 
with type 2 diabetes have increased risk of developing 
certain brain or mental disorders (such as stroke, dementia 
and depression) and diabetes-related cerebral micro 
vascular dysfunction are mainly caused by hyperglycemia, 
obesity and insulin resistance and hypertension, indicating 
diabetes-related cerebral micro vascular dysfunction is 

associated with a higher risk of stroke, cognitive 
dysfunction and depression (van Sloten et al., 2020). 
Under the condition of hyperglycemia, glucagon-like 
peptide-1 (GLP-1) promotes insulin secretion and 
suppresses glucagon secretion in the pancreatic islets 
(Gallwitz, 2014). For treatment of type 2 diabetes, 
therapies targeting GLP-1, including GLP-1 receptor 
agonists and dipeptidyl peptidase 4 (DPP-4) inhibitors 
(that delay the degradation of endogenous GLP-1) have 
become widely used in clinical (Scheen, 2013). 
Liraglutide is one of the GLP-1 receptor agonists and has 
been shown to improve glycemic control and β cell 
function with a low risk of hypoglycaemia in people with 
type 2 diabetes (Seufert and Gallwitz, 2014). After six-
month treatment of liraglutide, greater improvements of 
arterial stiffness and left ventricular myocardial 
deformation were observed in subjects with newly 
diagnosed type 2 diabetes compared to the standard 
treatment with metformin (Lambadiari et al., 2018). 
Moreover, it has been demonstrated that liraglutide could 
function as a neuroprotective agent and attenuate the rat 
brain neuronal damage caused by cerebral ischemia 
through inhibiting apoptosis and reducing oxidative stress 
(Briyal et al., 2014, Wiciński et al., 2019). However, the 
impacts of liraglutide on type 2 diabetes mellitus with 
regarding to the brain dysfunction were seldomly studied.  
 
Our current study aimed to explore whether liraglutide 
has protective roles against brain dysfunction of type 2 
diabetes. Combination of high fat diet and multiple low 
dose of streptozotocin (STZ) could be used to develop the 
animal model mimicing the metabolic characteristics of *Corresponding author: e-mail: songyuejia_1@163.com 
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type 2 diabetes mellitus in humans, which has been 
usually applied as useful tool for anti-diabetic drug 
screening (Nath et al., 2017). In our study, rat model of 
type 2 diabetes mellitus was established based on the 
above method and vascular structure changes in brain 
tissues were evaluated by Periodic acid-Schiff staining. 
Moreover, diabetic rats were further received daily 
intraperitoneal administration of liraglutide with the dose 
of 0.3mg/kg body weight for continuous 6 weeks. The 
expression changes of angiopoietin-2 (ANG-2), high-
mobility group box 1 (HMGB-1), CD105, NeuN, Oligo-2 
in brain tissues were evaluated by immunohistochemistry 
staining and ANG-2, HMGB-1 and matrix 
metalloproteinase-9 (MMP-9) in brain tissues were 
detected by western blotting.  
 
MATERIALS AND METHODS 
 
Animals and experimental groups 
Male Sprague Dawley (SD) rats with the weight of 200-
250g were purchased from the Animal Experimental 
Center in The Second Affiliated Hospital of Harbin 
Medical University (Harbin, China). Rats were housed in 
a well-ventilated animal unit under a 12h light/dark cycle 
(humidity: 50±10%; temperature: 22±2°C). Animal 
protocols were approved by the Institutional Animal Care 
and Use Committee (IACUC) of the Harbin Medical 
University (Harbin, China, No. 2018014).  
 
The male SD rats were randomly divided into three 
groups: Control group (n=10), diabetic model group 
(n=10) and liraglutide treatment group (n=10). The 
diabetic model was established by streptozotocin 
induction. Briefly, diabetic rats were induced by 
intraperitoneal injection of streptozotocin with the dose of 
35mg/kg body weight after 4 weeks of continuous feeding 
with high-fat and high-carbohydrate diet (Vatandoust et 
al., 2018). The rats in liraglutide treatment group were 
STZ-induced diabetic rats further received daily 
intraperitoneal administration of liraglutide with the dose 
of 0.3mg/kg body weight for continuous 6 weeks.  
 
Body weight and blood glucose measurements 
The body weight of each rat was measured weekly for 6 
weeks. Meanwhile, blood glucose meter and test strips 
were used to measure blood glucose of rats. To be more 
specific, the rat tail and blood sampling needle were 
firstly sterilized with alcohol cotton. Blood samples were 
collected by puncturing sampling needle into the vein of 
the rat tail and dripped onto the blood glucose test strips 
(Sinocare Inc, Changsha, China). The blood glucose of rat 
was measured by the blood glucose meter (Sinocare Inc, 
Changsha, China) and results data were recorded.  
 
Periodic acid-Schiff and immunohistochemistry staining 
Brain tissues of rats were paraffin-embedded after fixation, 
dehydration and paraffin infiltration. Coronal sections 

with the thickness of 4μm were made using sliding 
microtome (Leica, Solms, Germany). Sections were 
stained with standard protocols of Periodic acid-Schiff 
(PAS) for evaluating the vascular changes. Moreover, 
immunohistochemistry staining was also performed after 
de-paraffinizing. For immunohistochemistry staining, 
after incubation in 0.03% hydrogen peroxide to block the 
activity of endogenous peroxidase and exposure the 
epitopes antigens by high pressure heating, the sections 
were incubated with primary antibodies against ANG-2 
(mouse anti-ANG-2; 1:200; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA), HMGB-1 (rabbit anti-HMGB-1; 
1:200; Abcam, Cambridge, UK), CD105 (rabbit anti-
CD105; 1:200; Abcam, Cambridge, UK), NeuN (rabbit 
anti-NeuN; 1:500; Abcam, Cambridge, UK), or Oligo-2 
(rabbit anti-Oligo-2; 1:200; Abcam, Cambridge, MA, 
USA) at 4ºC overnight. The slides were washed with 
phosphate buffer solution (PBS) and further incubated 
with horseradish peroxidase (HRP)-conjugated secondary 
antibodies (Abcam, Cambridge, UK) for 1h at room 
temperature. After washing with PBS, the sections were 
visualized using 3, 3-diaminobenzidine (DAB) kit (ZLI-
9017; Zhongshan Biotechnology Co., Ltd., Beijing, 
China). The slides were counterstained with hematoxylin. 
Images were taken by using Leica microscope 
(DMI6000B, Leica, Solms, Germany). Image J software 
was used to perform immunopositive area quantitation. 
 
Western blotting 
The protein levels in brain tissues were measured by 
Western blotting (Taylor and Posch, 2014). Rat brain 
tissues were lysed in radio immunoprecipitation assay 
(RIPA) lysis buffer with protease inhibitors, and lysate 
was separated by centrifugation with the speed of 12,000 
× g at 4°C for 15 min. The protein was quantified using 
the bicinchoninic acid (BCA) assay kit (P0012, Beyotime 
Biotech, Shanghai, China), separated by 10% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), and transferred onto polyvinylidene fluoride 
(PVDF) membranes (Millipore, Bedford, MA, USA) at 
300 mA for 1.5 h. The membrane was blocked with 0.1% 
bovine serum albumin (Beyotime Biotech, Shanghai, 
China) for 1 h at room temperature, and then incubated 
with primary antibodies against ANG-2 (mouse anti-
ANG-2; 1:200; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA), HMGB-1 (rabbit anti-HMGB-1; 1:200; 
Abcam, Cambridge, MA, USA), MMP-9 (rabbit anti-
MMP-9; 1:200; Abcam, Cambridge, MA, USA) and β-
actin (mouse anti-β-actin; 1:1,000, Zhongshan 
Biotechnology Co., Ltd., Beijing, China) at 4ºC overnight. 
After the membrane was washed with Tris-Buffered 
Saline with Tween 20 (TBS-T), the membranes were 
incubated with goat anti-mouse or anti-rabbit secondary 
antibodies (1:500, Zhongshan Biotechnology Co., Ltd., 
Beijing, China) for 1h at 37°C. Then, the membranes 
were washed with T-BST again. Protein bands were 
visualized by Beyo ECL Plus kits (Beyotime Biotech, 
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Shanghai, China). The optical densities of the detected 
proteins were obtained using UVP Software iBox 500 
Imaging System (Upland, CA, USA). 
 
STATISTICAL ANALYSIS 
 
The Shapiro-Wilk test was used to assess the normality of 
the quantitative variables. One way Analysis of variance 
(ANOVA) was used for comparisons of normally 
distributed variables, followed by least significant 
difference (LSD) test. Non-normally distributed variables 
were evaluated by using Kruskal-Wallis test, and 
Bonferroni procedure was applied to adjust for multiple 
testing. Data were assessed using the SPSS software 
(version 22.0, SPSS Inc, Chicago, IL, USA). The level of 
significance was p<0.05. 
 
RESULTS 
 
Effects of liraglutide on body weight and blood glucose 
The body weight and blood glucose of diabetic rats in 
control group, diabetic model group and liraglutide 
treatment group were listed in table 1. According to the 
statistical analysis, no significant difference was observed 
in the body weight of rats in liraglutide treatment group at 
day 0, day 7, day 14, day 21, day 28, day 35, and day 42, 
when comparing with control group or diabetic model 
group (p>0.05) (table 1).  

 

Fig. 1: Comparison of Periodic acid-Schiff (PAS) staining 
for vascular structures in brain tissues between rats of 
control group and rats of diabetic model group model. A, 
B: periodic acid-Schiff staining for vascular structures in 
brain tissues of rats in the control group; C, D: periodic 
acid-Schiff staining for vascular structures in brain tissues 
of rats in the diabetic model group. Representative images 
are shown at 40 ×10 magnifications. 
 
The blood glucose levels of rats in diabetic model group 
were significantly higher than those of the control group 
at day 0 (p<0.001), day 7 (p<0.001), day 14 (p=0.001), 
day 21 (p<0.001), day 28 (p<0.001), day 35 (p<0.001) 

and day 42 (p<0.001). After daily intraperitoneal 
administration of liraglutide with the dose of 0.3mg/kg for 
14 days, the blood glucose levels of rats in liraglutide 
treatment group were comparable with those in control 
group (p>0.05). 

 

Fig. 2: Protein expression levels of matrix 
metalloproteinase-9 (MMP-9) in brain tissues of rats in 
the control group, diabetic model group, and liraglutide 
treatment group by western blotting. #p<0.05 compared 
with control group; *p<0.05 compared with diabetic 
model group. 

 
Fig. 3: Protein expression levels of angiopoietin-2 (ANG-
2) in brain tissues by immunohistochemistry staining and 
western blotting. A, immunohistochemistry staining of 
ANG-2 in brain tissues of rats in control group; B, 
immunohistochemistry staining of ANG-2 in brain tissues 
of rats in diabetic model group; C, immunohistochemistry 
staining of ANG-2 in brain tissues of rats in liraglutide 
treatment group; D, comparison of ANG-2 expression 
levels detected by immunohistochemistry staining; E, 
western blotting image; F, comparison of ANG-2 
expression levels measured by western blotting. #p<0.05 
compared with control group; *p<0.05 compared with 
diabetic model group. Representative images of 
immunohistochemistry staining are shown at 40×10 
magnifications. 
 
Histopathological examination 
Periodic acid-Schiff staining for vascular structures in 
brain tissues of rats in the control group (fig. 1A and 1B) 
and diabetic model group (fig. 1C and 1D) were 
conducted. The images showed vascular basement 
membrane of rats in the diabetic model group was thicken 
than that of the control group. 
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Protein expression levels of MMP-9 in brain tissues 
According to the western blotting analysis, the protein 
expression levels of MMP-9 were significantly elevated 
in brain tissues of diabetic rats in the diabetic model 
group when comparing with the control group (p<0.05) 
(fig. 2). After daily intraperitoneal administration of 
liraglutide with the dose of 0.3 mg/kg for 6 weeks, the 
protein expression levels of MMP-9 in brain tissues of 
rats in the liraglutide treatment group were significantly 
lower than those in the diabetic model group (p<0.05) (fig. 
2). 

 

Fig. 4: Protein expression levels of high-mobility group 
box 1 (HMGB-1) in brain tissues by 
immunohistochemistry staining and western blotting. A, 
immunohistochemistry staining of HMGB-1 in brain 
tissues of rats in control group; B, immunohistochemistry 
staining of HMGB-1 in brain tissues of rats in diabetic 
model group; C, immunohistochemistry staining of 
HMGB-1 in brain tissues of rats in liraglutide treatment 
group; D, comparison of HMGB-1 expression levels 
detected by immunohistochemistry staining; E, western 
blotting image; F, comparison of HMGB-1 expression 
levels measured by western blotting. #p<0.05 compared 
with control group; *p<0.05 compared with diabetic 
model group. Representative images of 
immunohistochemistry staining are shown at 40 ×10 
magnifications. 
 

Protein expression levels of ANG-2 in brain tissues 
The immunohistochemical staining revealed that the 
ANG-2 was highly expressed in the brain tissues of 
diabetic rats in the diabetic model group in comparison 
with the control group (p<0.05) (fig. 3). An obvious 
decrease was observed in the positive expression area of 
ANG-2 in brain tissues of rats in the liraglutide treatment 
group after daily intraperitoneal administration of 
liraglutide with the dose of 0.3mg/kg for 6 weeks, 
comparing with the diabetic model group (p<0.05) (fig. 3). 
Moreover, the results of western blotting analysis were 
consistent with those of the immunohistochemical 
staining analysis (fig. 3). 
 

Protein expression levels of HMGB-1 in brain tissues 
The expressions of HMGB-1 were markedly higher in the 
brain tissues of diabetic rats in the diabetic model group 
in comparison with the control group based on the results 

of immunohistochemical staining (p<0.05) (fig. 4). In the 
brain tissues of rats in the liraglutide treatment group, the 
positive expression areas of HMGB-1 were obviously 
reduced by comparing with the diabetic model group (p < 
0.05) (fig. 4).  

 
Fig. 5: Assessment of microvessel density (MVD) in 
brain tissues by immunohistochemistry staining of CD105. 
A, immunohistochemistry staining of CD105 in brain 
tissues of rats in control group; B, immunohistochemistry 
staining of CD105 in brain tissues of rats in diabetic 
model group; C, immunohistochemistry staining of 
CD105 in brain tissues of rats in liraglutide treatment 
group; D, comparison of CD105 expression levels 
detected by immunohistochemistry staining. #p< 0.05 
compared with control group. Representative images of 
immunohistochemistry staining are shown at 40×10 
magnifications. 

 

Fig. 6: Immunohistochemistry staining of NeuN for 
labeling neurons in brain tissues by marking. A, 
immunohistochemistry staining of NeuN in brain tissues 
of rats in control group; B, immunohistochemistry 
staining of NeuN in brain tissues of rats in diabetic model 
group; C, immunohistochemistry staining of NeuN in 
brain tissues of rats in liraglutide treatment group; D, 
comparison of NeuN expression levels detected by 
immunohistochemistry staining. *p<0.05 compared with 
diabetic model group. Representative images of 
immunohistochemistry staining are shown at 40 ×10 
magnifications. 
 
Similarly, western blotting analysis showed the 
expressions of HMGB-1 were significantly higher in 
diabetic model group, while decreased tendency was 
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observed in rats of the liraglutide treatment group, which 
received daily intraperitoneal administration of liraglutide 
with the dose of 0.3mg/kg for 6 weeks (fig. 4). 

 
Fig. 7: Immunohistochemistry staining of Oligo-2 for 
labeling oligodendrocytes in brain tissues. A, 
immunohistochemistry staining of Oligo-2 in brain tissues 
of rats in control group; B, immunohistochemistry 
staining of Oligo-2 in brain tissues of rats in diabetic 
model group; C, immunohistochemistry staining of Oligo-
2 in brain tissues of rats in liraglutide treatment group; D, 

comparison of Oligo-2 expression levels detected by 
immunohistochemistry staining. *#p<0.05 compared with 
control group. Representative images of immunohisto 
chemistry staining are shown at 40 ×10 magnifications. 
 
Neovascularization evaluated by CD105 
The micro vessel density (MVD) of brain tissues were 
assessed by immunohistochemistry staining of CD105. 
The MVD of brain tissues of rats in the diabetic model 
group were obviously higher than those of the control 
group (p<0.05) (fig. 5). After received daily 
intraperitoneal administration of liraglutide with the dose 
of 0.3mg/kg for 6 weeks, the MVD of brain tissues were 
further elevated (fig. 5). 
 
Impacts of liraglutide on neurons and oligodendrocytes 
Neurons and oligodendrocytes in brain tissues were 
labeled by NeuN and Oligo-2, respectively. Comparative 
expressions of NeuN were observed between control 
group and diabetic model group (p>0.05), while 
significantly higher expressions of NeuN were shown in 
brain tissues of rats in the liraglutide treatment group, 
which received daily intraperitoneal administration of 

Table 1. Body weight and blood glucose of each rat in the control group, diabetic model group, and liraglutide treatment group at 
different time points 

 

Body weight (g) Blood glucose (mmol/L) 
Group Rat Day   

0 
Day   

7 
Day 
14 

Day 
21 

Day 
28 

Day 
35 

Day 
42 

Day   
0 

Day   
7 

Day 
14 

Day 
21 

Day 
28 

Day 
35 

Day 
42 

No.1 437 428 431 443 457 473 500 4.6 5.8 4.4 4.8 5.1 5.2 4.7 
No.2 375 345 340 363 390 391 391 3.2 5.1 4.1 4.2 4.4 3.9 5.1 
No.3 377 380 371 377 393 399 399 4.8 5.9 6.6 6.1 5.3 5.4 6.2 
No.4 394 352 392 365 395 393 399 4.9 5.2 5.7 5.9 6.1 6.0 5.8 
No.5 403 405 410 407 414 413 429 4.4 5.8 5.4 4.9 4.8 5.2 5.7 
No.6 390 380 390 400 402 419 430 5.2 5.5 5.4 5.3 5.4 5.8 5.1 
No.7 380 362 365 380 394 402 405 5.1 6.2 5.1 5.7 5.8 6.0 6.2 
No.8 392 378 394 400 420 411 425 5.0 5.9 6.4 6.2 5.8 6.4 6.2 
No.9 360 362 367 375 395 394 393 4.2 3.7 3.4 4.2 3.9 4.3 4.1 

Control 

No.10 343 362 362 360 365 374 370 4.4 4.1 4.5 4.7 5.0 4.2 4.8 
No.1 383 374 380 392 416 424 430 7.4 8.0 8.2 8.4 7.9 8.7 9.0 
No.2 420 404 413 425 441 450 457 7.4 18.2 18.4 16.5 18.0 >27.8 20.2 
No.3 405 392 397 399 394 401 399 7.1 16.1 16.5 15.5 19.5 19.6 23.0 
No.4 454 453 453 465 473 479 492 9.6 14.9 15.2 16.4 15.8 15.1 16.9 
No.5 373 370 367 392 399 403 417 9.1 9.3 15.2 18.2 17.3 15.9 22.0 
No.6 397 398 401 390 390 394 390 23.6 20.2 20.3 >27.8 27.1 >27.8 26.5 
No.7 357 360 365 363 374 390 395 7.2 10.8 12.5 11.0 14.5 13.9 17.1 
No.8 319 317 322 322 324 313 291 9.9 12.4 14.2 11.9 15.6 19.2 19.7 
No.9 335 327 325 314 307 297 295 13.1 14.2 15.2 15.9 >27.8 19.4 18.4 

Diabetic 
model 

No.10 325 295 234 264 255 248 254 14.9 13.4 15.4 17.5 18.4 19.5 22.3 
No.1 392 392 373 394 396 400 414 5.1 6.5 8.7 6.1 7.2 7.6 7.9 
No.2 427 407 431 420 442 463 465 7.1 3.3 5.6 5.4 6.9 9.2 9.6 
No.3 362 303 320 294 298 295 290 23.0 24.4 22.8 26.4 >27.8 23.8 22.7 
No.4 361 332 322 319 343 345 346 15.3 6.6 4.0 4.1 2.8 5.0 6.1 
No.5 325 319 324 303 320 315 260 5.2 7.3 6.1 4.9 6.7 6.7 3.6 
No.6 394 390 365 367 365 371 302 7.0 5.6 5.4 6.1 2.8 8.1 11.8 
No.7 379 395 395 373 393 321 395 12.6 9.3 3.9 4.9 6.2 27.4 5.2 
No.8 418 420 424 432 440 395 452 13.0 17.4 5.8 8.0 8.2 7.4 7.8 
No.9 424 403 404 410 415 415 425 7.8 6.8 5.5 7.1 6.8 6.0 7.3 

Liraglutide 
treatment 

No.10 430 399 401 407 414 401 390 21.5 25.9 18.8 20.0 24.9 >27.8 27.8 
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liraglutide with the dose of 0.3mg/kg for 6 weeks (p< 0.05) 
(fig. 6). On the other hand, by comparing with the control 
group, brain tissues of rats in the diabetic model group 
had obviously lower expressions of Oligo-2 (p<0.05) (fig. 
7). No significant difference was found in the expression 
of Oligo-2 between diabetic model group and liraglutide 
treatment group (p>0.05) (fig. 6). 
 
DISCUSSION  
 
In our study, rats in diabetic model group had 
significantly higher blood glucose levels than control 
group at day 0, day 7, day 14, day 21, day 28, day 35 and 
day 42, suggesting type 2 diabetes mellitus model was 
successfully developed by combination of high fat diet 
and injection of STZ. Moreover, the vascular basement 
membrane in brain tissues rats of the diabetic model 
group was obviously thicker than that of the control group 
according to the PAS staining. After daily intraperitoneal 
administration of liraglutide with the dose of 0.3mg/kg for 
14 days, the blood glucose levels of rats in liraglutide 
treatment group were comparable with those in control 
group, indicating liraglutide is useful for the treatment of 
induced type 2 diabetes mellitus.  
 
Predominant structural changes in the brain have been 
reported in type 1 and type 2 diabetes mellitus, such as 
changes in cerebral perfusion, neural slowing, 
microstructural abnormalities in white matter tracts and 
increased cortical atrophy (de Bresser, Tiehuis et al., 2010, 
Manschot, Biessels et al., 2007, Roy, Ehlert et al., 2020). 
Hippocampal atrophy is a more pronounced feature of 
type 2 diabetes than of type 1 diabetes (Convit, Wolf et al., 
2003). It seems to be that insulin resistance, hypertension, 
dyslipidaemia, and cerebro vascular disease are of great 
importance to the cognitive dysfunction in type 2 diabetes 
(Lyu, Wu et al., 2020, van Sloten, Sedaghat et al., 2020). 
ANG-1 and ANG-2 are secreted growth factors that exert 
downstream signaling through the Tie2 receptor tyrosine 
kinase, which is predominantly expressed in endothelial 
cells and participates in vessel remodeling and maturation, 
and Tie2 signaling in activated endothelium is mainly 
regulated via the expression of ANG-2 (Reiss, Scholz et 
al., 2015, Scholz, Harter et al., 2016). Moreover, highest 
levels of ANG-2 are found in myeloid-dominated 
inflamed brain tissues, and ANG-2 mediates the blood-
brain barrier permeability, maintaining homeostasis of the 
central nervous system (Gurnik, Devraj et al., 2016, 
Scholz, Lang et al., 2011). Previous studies have showed 
that significantly higher level of ANG-2 is closely related 
to vascular complications of type 2 diabetes mellitus (Li, 
Qian et al., 2015, Li, Y et al., 2016). In our study, 
immunohistochemical staining and western blotting 
revealed that ANG-2 was highly expressed in the brain 
tissues of diabetic rats in the diabetic model group in 
comparison with the control group, while down-regulated 
after receiving daily intraperitoneal administration of 

liraglutide with the dose of 0.3mg/kg for 6 weeks. Thus, 
liraglutide may have protective roles against brain injury 
of streptozotocin induced diabetic rats by reducing 
expressions of ANG-2. 
 
What’s more, up-regulated intravitreal concentrations of 
ANG-2 have been found significantly correlated with 
high MMP-9 levels in diabetic eyes, which may promote 
retinal angiogenesis synergistically (Loukovaara, Robciuc 
et al., 2013). We found protein expression levels of MMP-
9 were significantly elevated in brain tissues of diabetic 
rats and reduced levels of MMP-9 were observed after 
daily intraperitoneal administration of liraglutide with the 
dose of 0.3mg/kg for 6 weeks. It is well known that 
MMP-9 is implicated in cerebral ischemic injury, and 
higher levels of MMP-9 may cause blood-brain barrier 
degradation, vasogenic edema and hemorrhage (Leonardo 
and Pennypacker, 2009, Rempe, Hartz et al., 2016). Qiu 
et al. have uncovered that HMGB1 promotes MMP-9 
expression in neurons and astrocytes after cerebral 
ischemia, which primarily mediated via the Toll-like 
Receptor 4 (TLR4), suggesting HMGB1/TLR4 signaling 
pathway might be potential therapy target for cerebral 
ischemia to reduce acute inflammatory response and 
tissue damage (Qiu, Xu et al., 2010). HMGB1, a family 
member of molecules called alarmins, is rapidly released 
from injured cells after ischemia, and neuroprotective 
effects have been reported by suppression of HMGB1 via 
siRNA or neutralizing antibodies (Kim, Sig Choi et al., 
2006, Liu, Mori et al., 2007). Higher circulating levels of 
HMGB1 have been found in type 2 diabetic patients, and 
expression of HMGB1 in the retinas of diabetic patients 
and rat models with retinopathy were elevated (Skrha, 
Kalousová et al., 2012, Yu, Yang et al., 2015). In our 
study, expressions of HMGB-1 were significantly higher 
in diabetic model group, while decreased tendency was 
observed in rats of the liraglutide treatment group based 
on the immunohistochemical staining and western 
blotting. Therefore, reduced expressions of HMGB1 
caused by of liraglutide may suppress the MMP-9 
expression to protect brain from injuries.  
 
Neurons in brain tissues were labeled by NeuN and 
significantly higher expressions of NeuN were shown in 
brain tissues of rats in the liraglutide treatment group. 
Studies have shown neuroprotective actions of liraglutide 
in degenerative neurological disease models for 
Parkinson's disease, Alzheimer's disease, and 
neurovascular complications (such as stroke) (Femminella, 
Frangou et al., 2019, Yan, Pang et al., 2019). What’s more, 
immunohistochemical staining of Oligo-2 showed number 
of oligodendrocytes was obviously lower. It has been 
reported that streptozotocin-induced diabetic rats nhibits 
the activation of astrocytes, exacerbates the demyelination 
and delays the remyelination processes, which promoting 
the detrimental effects of hyperglycemia on ischemic 
brain damage (Baig and Panchal, 2019, Jing, He et al., 
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2013). Our results were similar to previous studies. 
However, no significant difference was found in the 
expression of Oligo-2 between diabetic model group and 
liraglutide treatment group, which might be due to the 
dose and duration of liraglutide injection. Thus, further 
studies with regarding to the different doses and durations 
of liraglutide injection are still needed. 
 
CONCLUSION 
 
In conclusion, diabetic rats induced by combination of 
high fat diet and injection of streptozotocin (STZ), which 
were further received intraperitoneal administration of 
liraglutide to study the impacts of liraglutide on type 2 
diabetes mellitus with regarding to the brain injury. Blood 
glucose levels of rats were reduced to comparable levels 
with control group after treated with liraglutide for 14 
days. Expressions of ANG-2, HMGB1 and MMP-9 were 
highly expressed in the diabetic model group comparing 
the control group, while down-regulated after treated with 
liraglutide. NeuN expressions were significantly higher in 
liraglutide treatment group. Our results suggested that 
liraglutide may have protective roles against brain injury 
of streptozotocin induced diabetic rats by reducing 
expressions of HMGB1, which further suppressing the 
MMP-9 and ANG-2. 
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