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Abstract. Butylphthalide, a component extracted from seeds 
of Chinese celery, is an effective neuroprotective agent used 
for the treatment of ischemic stroke and dementia. Diabetes 
may cause central nervous system damage, and diabetes is 
closely associated with dementia. The aim of the present study 
was to investigate the effects of butylphthalide on cognitive 
impairment in a streptozotocin-induced diabetic rat model, 
and the underlying mechanisms of action. A total of 30 healthy 
male Sprague Dawley rats were randomly divided into the 
following 2 groups: Normal control (NC; n=10) and diabetes 
model (DM) groups (n=20). Diabetes was induced in rats in the 
DM group by intraperitoneal injection of streptozotocin, and 
these rats were further subdivided into the following 2 groups: 
Diabetic control (n=10) and butylphthalide-treated groups 
(n=10). Following 8 consecutive weeks of treatment, a Morris 
water maze test was performed and the levels of blood fasting 
plasma glucose (FPG), superoxide dismutase (SOD), malo-
ndialdehyde (MDA) and tumor necrosis factor-α (TNF-α), 
interleukin (IL)-1β, and IL‑6 inflammatory cytokines in the 
hippocampus were measured. FPG levels were significantly 
decreased in the butylphthalide-treated group when compared 
with the DM group. In addition, cognitive deficits in diabetic 
rats were improved following butylphthalide treatment. 
Furthermore, butylphthalide significantly increased the level 
of SOD, reduced MDA levels, and reduced TNF-α, IL-1β, 
and IL-6 levels in the hippocampus when compared with 
the DM group. The results of the present study suggest that 
butylphthalide may be an effective neuroprotective agent to 
improve cognitive dysfunction during diabetes.

Introduction

Diabetes is one of the most common metabolic disor-
ders affecting individuals worldwide, and its incidence is 
increasing each year. Currently, approximately 347 million 
people are suffering from diabetes mellitus (DM) worldwide 
and the number will continue to increase (1). The prevalence 
of diabetes in China has risen significantly in past decades. A 
large body of research has demonstrated that diabetes is one 
of the major risk factors for dementia (2,3). Diabetes is associ-
ated with alterations in the central nervous system, including 
cognitive impairment and cerebrovascular disease (4-6). Type 
1 diabetes mellitus (T1DM) and type 2 DM (T2DM) have been 
associated with reduced performance in multiple domains 
of cognitive function. Previous studies have demonstrated a 
stronger association between dementia and T2DM compared 
with T1DM. Specifically, T2DM is associated with a 50% 
increase in the risk for dementia, and has been associated with 
impaired attention, processing and motor speed, executive 
functioning, and verbal memory. Among the components of 
metabolic syndrome, hyperglycemia demonstrates the strongest 
association with the risk of developing cognitive impairment. 
Hyperglycemia leads to oxidative stress and an inflammatory 
response, which are the risk factors for Alzheimer's disease 
in DM. The increased level of oxidative stress under diabetic 
conditions leads to morphological and functional alterations in 
different regions of the brain, including the hippocampus and 
the cerebral cortex (1). In addition, excessive malondialdehyde 
(MDA) production and decreased efficiency of superoxide 
dismutase (SOD) in various brain regions have been reported 
to lead to morphological abnormalities and memory deficits 
during aging (7). Inflammation is an additional key factor 
in diabetes-associated cognitive decline. The increased inci-
dence of diabetes is associated with serious socioeconomic 
problems (1). However, the precise mechanisms underlying 
diabetes‑associated cognitive deficits remain to be elucidated. 
Therefore, an improved understanding of the mechanisms 
underlying diabetes-associated cognitive impairment, and the 
identification of effective treatments for patients with DM is 
urgently required.

Butylphthalide, a promising drug for the treatment of isch-
emic stroke, has been approved for clinical use by the State 
Food and Drug Administration of China (8,9). Preclinical and 
clinical studies have demonstrated that butylphthalide is an 
effective neuroprotective agent for the treatment of ischemic 
stroke (10). In addition, previous studies have investigated the 
association between butylphthalide and cognition (11,12), as 
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well as the use of butylphthalide in the treatment of diabetic 
rats (13,14). However, the precise mechanisms remain to be 
elucidated. In the present study, a streptozotocin (STZ)-induced 
rat model of diabetes was employed to study the possible 
protective effects of butylphthalide in diabetes-associated 
cognitive decline.

Materials and methods

Generation of a diabetic rat model and butylphthalide 
administration. A total of 30 healthy male Sprague Dawley 
rats (age, 6 weeks; weight, 180-200 g) were obtained from 
the Animal Center of Tianjin Huanhu Hospital (Tianjin, 
China). All experiments were performed in compliance with 
the regulations approved by the Ethics Committee of Tianjin 
Huanhu Hospital, and the current study received ethical 
approval from this committee. Rats were housed in a room 
at 21‑25˚C with 12‑h light/dark cycles, one rat per cage, and 
had access to food and water ad libitum. A total of 20 rats 
received 10% STZ (60 mg/kg dissolved in citrate buffer, 
pH 4.5; cat. no. ab142155; Abcam, Cambridge, MA, USA) by 
intraperitoneal injection. At 72 h following injection, blood 
was collected from caudal vein, and blood glucose levels were 
measured. Diabetic models were considered successful if 
blood glucose levels were >16.7 mmol/l. Blood glucose levels 
were measured weekly, and rats with values <16.7 mmol/l 
were excluded from the study. Diabetic rats were divided 
into the following 2 groups at random: Diabetic model (DM) 
control (n=10) and butylphthalide-treated groups (n=10). A 
total of 10 rats without STZ injection were used as normal 
controls. Butylphthalide (CSPC NBP Pharmaceutical Co., 
Ltd., Shijiazhuang, China) was dissolved in vegetable oil. Rats 
in the butylphthalide-treated group were administered with 
80  mg/kg/day butylphthalide orally for 8 consecutive weeks. 
The control and DM groups received the same volume of 
vegetable oil orally.

Fasting plasma glucose (FPG) measurements. FPG was 
measured in all rats once a week at 24 h following drug treat-
ment. Tail vein blood was collected for FPG measurements 
with a blood glucose meter (Accu-Chek; Roche Applied 
Science, Penzberg, Germany), reading the blood glucose 
measurement results after 5 sec.

Food and water intake measurements. The body weight and 
water intake of rats were measured once every two weeks for 
8 weeks (56 days) immediately after the STZ injection.

Morris water maze (MWM) test. The MWM test (diameter, 
50 cm; height, 50 cm; water depth, 40 cm; temperature, 
22±1˚C)  (14) included a hidden platform (diameter, 10 cm) 
submerged 1 cm below the surface of the water. On day 1 
following the last treatment, all rats were subjected to the 
MWM test to assess learning and memory abilities. Tests were 
performed at a fixed time every day for 5 continuous days. A 
camera located above the center of the maze, together with a 
tracking system were used to record images and the time taken 
to locate the platform (the escape latency). If a rat failed to reach 
the platform within 60 sec, it was guided onto the platform 
(where it remained for 20 sec), and the latency was recorded 

as 60 sec. A probe trial was performed at day 6 following the 
final treatment. In this trial, the platform was removed, and 
rats were allowed to search for the missing platform for 60 sec. 
The frequency of platform crossings was then recorded.

SOD and MDA measurements. The rats in all groups were 
sacrificed by decapitation at 6 days following the final drug 
treatment. Hippocampal tissue samples were prepared for 
SOD and MDA tests. Hippocampal SOD and MDA activity 
were detected using the Superoxide Dismutase Activity 
Colorimetric assay kit (ab65354; Abcam). SOD and MDA 
levels were measured according to the manufacturer's protocol. 
Absorbance of MDA and SOD was measured using spectro-
photometer and microplate reader.

Western blotting analysis of brain‑derived neurotrophic 
factor (BDNF) expression. Hippocampal tissue sections were 
homogenized with a glass homogenizer in radioimmunopre-
cipitation assay lysis buffer. The homogenate was centrifuged 
(4˚C, 13,000 x g, 10 min) and the supernatants were collected 
and stored at ‑80˚C. The protein concentration was determined 
using a Bradford protein assay kit (cat. no. ab102535; Abcam). 
An equal quantity (100 µl) of protein from each sample was 
separated by 12% SDS‑PAGE, and transferred onto a polyvi-
nylidene difluoride membrane by electroblotting. Membranes 
were blocked for 1 h at 37˚C with 5% non‑fat milk, and then 
incubated overnight at 4˚C with a rabbit anti‑BDNF anti-
body (1:1,000; Abcam; ab108319) and a rabbit anti-β-actin 
(1:2,000; Abcam; ab8227). After several washes in TBST, 
the membranes were incubated with the appropriate horse-
radish peroxidase (HRP)-conjugated secondary antibodies 
(anti-Rabbit IgG H&L; cat no. ab6271; 1:10,000; Abcam) 
for 45 min at 37˚C. LuminataTM Crescendo Western HRP 
substrate (EMD Millipore, Billerica, MA, USA) was used 
to visualize the protein bands. Protein bands were detected 
using the ChemiDoc XRS system (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA) and Quantity One version 4.62 software 
(Bio-Rad Laboratories, Inc.).

Enzyme‑linked immunosorbent assay (ELISA) analysis of 
hippocampal cytokine levels. Rat hippocampal tissues were 
washed and then homogenized on ice with normal saline. 
Homogenates were centrifuged at 3,000 x g for 10 min at 
4˚C, and the supernatants (100 ml) were used for subsequent 
analysis. The levels of interleukin (IL)-1β, IL-6, tumor necrosis 
factor-α (TNF-α) were measured using the Rat TNF-α ELISA 
kit (cat. no. ab46070, Abcam), the Rat IL-1β ELISA kit (cat. 
no. ab100768, Abcam) and the Rat IL-6 ELISA kit (cat. 
no. ab100772; Abcam), respectively, according to manufac-
turer's protocol. TNF-α, IL-1β and IL-6 levels were measured 
according to the manufacturer's protocol. Absorbance was 
measured using a microplate reader at a wavelength of 210 nm.

Statistical analysis. The results are presented as the 
mean ± standard deviation. All statistical analyses were 
performed using SPSS (version, 13.0; SPSS, Inc., Chicago, IL, 
USA). Data were analyzed using repeated measures analysis 
of variance (ANOVA) followed by least significant difference 
post hoc analysis. P<0.05 was considered to indicate a statisti-
cally significant difference.



MOLECULAR MEDICINE REPORTS  16:  9131-9136,  2017 9133

Results

Butylphthalide decreases FPG levels in diabetic rats. Blood 
glucose was tested dynamically over the course of 8 weeks. 
The FPG levels of the DM and butylphthalide-treated diabetic 
groups were significantly higher than the NC group at all time 
points (P<0.001; Fig. 1). However, following administration 
of butylphthalide for 8 weeks, FPG levels were significantly 
decreased when compared with the DM group (P<0.001; 
Fig. 1).

Butylphthalide influences body weight and water intake in 
STZ‑induced diabetic rats. A significant reduction in the body 
weight of STZ-treated rats in the DM group was observed 
when compared with untreated control rats (P<0.01; Fig. 2A). 
By contrast, butylphthalide administration significantly 
reversed the body weight of diabetic rats (P<0.05; Fig. 2A). The 
water intake of rats over a 24-h period, which was measured 
at week 6 following the final drug treatment and when blood 
glucose levels and body weight had reached a steady state, was 
increased ~3-fold in the diabetic rats when compared with the 
control group, and ~2-fold compared with the control group 
(Fig. 2B).

Effects of butylphthalide on cognitive deficits in STZ‑induced 
diabetic rats. The results presented in Fig. 3 demonstrate that 
butylphthalide significantly ameliorated the cognitive defi-
cits observed in diabetic rats from the DM group. Compared 
with control group, the escape latency of rats in the DM 
group was significantly increased (P<0.001). However, 
treatment with butylphthalide significantly decreased the 
escape latency when compared with the DM group (P<0.001; 
Fig. 3A). In the probe test, the number of platform crossings 
was significantly decreased in DM group compared with the 
control group (P<0.001; Fig. 3B). By contrast, treatment with 
butylphthalide significantly increased the number of plat-
form crossings when compared with the DM group (P<0.001; 
Fig. 3B).

Effect of butylphthalide on diabetes‑induced alterations in 
oxidative stress. The production of MDA was significantly 
increased in rats from the DM group when compared with 
the controls (P<0.05, Fig. 4A). By contrast, administration 
of butylphthalide significantly decreased hippocampal MDA 
levels when compared with the DM group (P<0.05, Fig. 4A). 
In addition, SOD levels were significantly reduced in rat 
hippocampal tissues from the DM group compared with the 
control group (P<0.05, Fig. 4B). However, treatment with 
butylphthalide significantly reversed SOD levels in DM rats 
(P<0.05, Fig. 4B).

Effects of butylphthalide on the protein expression levels of 
BDNF in the hippocampus of STZ‑induced diabetic rats. 
Following establishment of the STZ-induced rat model of 
diabetes, a significant decrease in the protein expression levels 
of BDNF were observed when compared with normal controls 
(P<0.05, Fig. 5). However, following the administration of 
butylphthalide for 8 weeks, the protein expression of BDNF 
in the rat hippocampus was significantly increased when 
compared to the DM group (P<0.05, Fig. 5).

Effects of butylphthalide on the level of inflammatory cyto‑
kines in the hippocampus of STZ‑induced diabetic rats. The 

Figure 1. FPG levels in Con, DM and butylphthalide-treated rat groups over the 
course of 8 weeks. Statistical analysis was performed using repeated measures 
analysis of variance followed by the least significant difference post hoc test. 
*P<0.05 vs. DM group; #P<0.05 vs. butylphthalide group. FPG, fasting plasma 
glucose; Con, normal control group; DM, diabetic model group.

Figure 2. (A) Body weight and (B) water intakes were measured in rats from 
the Con, DM and butylphthalide-treated groups. Statistical analysis was 
performed using repeated measures analysis of variance followed by the 
least significant difference post hoc test. The results are presented as the 
mean ± standard deviation (n=5). *P<0.05 vs. Con group; #P<0.05 vs. DM 
group. Con, normal control group; DM, diabetic model group.
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effects of butylphthalide on the diabetes-associated increase 
in inflammation were investigated in the present study. As 
demonstrated in Fig. 6, the expression of inflammatory factors, 
TNF-α, IL-1β and IL‑6, were significantly increased in the 
hippocampus of rats in the DM group when compared with 
normal controls (P<0.01). By contrast, butylphthalide treat-
ment significantly reduced the level of these inflammatory 
factors in the hippocampus of diabetic rats (Fig. 6).

Discussion

DM is characterized by dysfunctional insulin secretion and/or 
insulin function, which leads to the development of metabolic 
glucose disorders with secondary complications that affect the 
kidneys, heart, eyes and brain. It has been reported that DM is 
associated with subtle cognitive decline and an increased risk 
for reduced cognitive flexibility in the form of dementia. The 
mechanisms of diabetes-associated cognitive decline include 
impaired neurogenesis, synaptic dysfunction and reduced 
blood-brain barrier function (15-18), hyperglycemia and 
hypoglycemia (19,20), inflammatory and oxidative stress (15), 
microvascular and macrovascular dysfunction (21,22), and 
alterations in the insulin signaling pathway (23).

The association between obesity and T2DM has been 
previously described in an in vivo study, where it was 
demonstrated that adipose-derived TNF-α levels in rats were 
elevated with increasing body weight (24). During obesity and 
metabolic dysfunction, immune cells in adipose tissues secrete 
proinflammatory cytokines that affect glucose and lipid 
metabolism (25). The excessive migration of macrophages to 
adipose tissues and their subsequent activation is a key factor 

Figure 3. A Morris water maze test was used to analyze the (A) escape 
latency and (B) number of platform crossings of rats in the Con, DM and 
butylphthalide-treated groups. The results are presented as the mean ± stan-
dard deviation (n=5). Statistical analysis was performed using repeated 
measures analysis of variance followed by the least significant difference 
post hoc test. *P<0.05 vs. Con group; #P<0.05 vs. DM group. Con, normal 
control group; DM, diabetic model group.

Figure 5. (A) Western blotting analysis of BDNF expression in the hippo-
campal tissues of rats from the Con, DNA and butylphthalide-treated groups, 
and (B) quantification of protein band densities. Quantified band densities 
are presented as the mean ± standard deviation (n=5). Statistical analysis 
was performed using repeated measures analysis of variance followed by the 
least significant difference post hoc test (*P<0.05 vs. Con group; #P<0.05 vs. 
DM group). BDNF, brain-derived neurotrophic factor; Con, normal control 
group; DM, diabetic model group.

Figure 4. Hippocampal (A) MDA and (B) SOD levels in rats from the Con, 
DM and butylphthalide-treated groups. Statistical analysis was performed 
using repeated measures analysis of variance followed by the least significant 
difference post hoc test. The results are presented as the mean ± standard 
deviation (n=5). *P<0.05 vs. Con group; #P<0.05 vs. DM group. MDA, malo-
ndialdehyde; SOD, superoxide dismutase; Con, normal control group; DM, 
diabetic model group.
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for TNF-α and IL-6 production and release, which decreases 
the activity of the lipoprotein lipase enzyme and increases 
blood lipid levels.

Oxidative stress has been demonstrated to be involved 
in the generation of STZ-induced diabetic rats, and has been 
associated with characteristics of memory decline (26). Due to 
individual differences, the uptake of STZ is different among 
rats, therefore the rate of successful generation of a diabetic 
rat model by oral administration of STZ may be lower when 
compared with intraperitoneal injection. These methods of 
model generation will differ in the extent of hyperglycemia 
and inflammation induced, as well as in the effects of different 
treatments (27). It is well known that oxidative stress leads to 
the oxidative damage of biomacromolecules. An increase in 
MDA is considered to be a specific marker of lipid peroxi-
dation during oxidative damage (28). In addition, oxidative 
injury may lead to damage of the antioxidant defense system, 
involving factors such as SOD. Notably, it was previously 
reported that oxidative stress-induced brain injury contributed 
to the severe impairment of learning and memory abilities 
in STZ-induced rats (29). The results of the present study 
demonstrated that oxidative injury, as evidenced by increased 
MDA content and decreased SOD activity, and cognitive 
impairment was observed in a rat model of diabetes. However, 
these diabetes‑associated effects were significantly reversed 
by butylphthalide treatment.

Butylphthalide is a promising agent for the treatment of isch-
emic stroke (30). Its mechanisms of action include, decreasing 
oxidative damage (31), inhibiting platelet aggregation and 
inflammatory responses (8,32,33), improving mitochondrial 
function (34) and reducing neuronal apoptosis (35,36). Taking 
the results of these previous studies into account, there is a 
strong possibility that butylphthalide may restore cognitive 
deficits in diabetic rats.

In the present study, diabetic rats underwent continuous 
butylphthalide treatment for 8 weeks. The escape latency of 
butylphthalide‑treated rats was significantly reduced when 
compared with untreated diabetic rats, which indicated 
that STZ-induced cognitive deficits were ameliorated by 
butylphthalide treatment. In addition, serum FPG levels were 
significantly decreased in butylphthalide‑treated rats, which 

suggests that butylphthalide may alter glucose metabolism. 
Hippocampal SOD and BDNF levels were then assessed. SOD 
is used as a marker of oxidative stress during diabetes (37,38). 
The results of the present study demonstrated that 
butylphthalide significantly reversed the diabetes‑associated 
decrease in SOD levels, which suggests that butylphthalide 
may exhibit antioxidative effects.

BDNF is a type of neurotrophin that serves an important 
role in regulating the growth and survival of neurons (39). 
BDNF enhances neuronal plasticity in the hippocampus and 
improves learning and memory abilities (40). The results of 
the present study indicated that BDNF protein expression was 
decreased in STZ-induced diabetic rats, and the expression 
was upregulated by butylphthalide treatment. These results, 
together with the known role of BDNF in enhancing neuronal 
plasticity, suggest that the protective effects of butylphthalide 
in diabetic rats may involve increased neurogenesis and 
neuronal plasticity.

Butylphthalide is used for the clinical treatment of 
acute ischemic stroke, which effectively ameliorates injury 
of the central nervous system and promotes functional 
recovery (7). The results of the present study demonstrated 
that butylphthalide improved diabetes-associated cognitive 
deficits in rats. It is possible that this may have been due to the 
antioxidative effects, which is similar to the pharmacological 
effects of butylphthalide in the treatment of acute ischemic 
stroke. This was verified by the follow-up experiments, in 
which butylphthalide is currently used to treat chronic neuro-
degenerative diseases and those associated with diabetes, 
butylphthalide may be used to treat chronic neurodegenerative 
diseases including cognitive impairment in diabetes.

In conclusion, the results of the current study demonstrated 
that butylphthalide treatment ameliorated the cognitive defi-
cits in STZ-induced diabetic rats. In addition, the protective 
effects of butylphthalide may be associated with upregulation 
of BDNF expression and SOD levels in the hippocampus. A 
single dose of 80 mg/kg butylphthalide was selected for the 
purposes of the present study, therefore the effects of different 
doses need to be investigated in future studies. In addition, 
clinical studies will be required to validate the neuroprotective 
effects of butylphthalide on cognitive function in diabetes.

Figure 6. Levels of (A) TNF-α, (B) IL-1β and (C) IL-6 levels in the hippocampus of rats from the Con, DM and butylphthalide-treated groups. The results 
are presented as the mean ± standard deviation (n=5). Statistical analysis was performed using repeated measures analysis of variance followed by the least 
significant difference post hoc test. *P<0.05 vs. Con group; #P<0.05 vs. DM group. TNF‑α, tumor necrosis factor-α; IL, interleukin; Con, normal control group; 
DM, diabetic model group.
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