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stress, nitric oxide synthase and inflammation through 
upregulation of PI3K/Akt in diabetes rat
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Abstract: Diabetes-induced cognitive deficit (DICD) is a prevalent disease with substantial morbidity and mortality 
and as a global health problem with serious economic burdens. Astaxanthin (AST) has a good prospect in produc-
tion of nutritional, medical, and particularly functional health drug. The present study was aimed to study the effect 
of AST on DICD in diabetes mellitus (DM) rat through suppression of oxidative stress, nitric oxide synthase (NOS) 
pathway, inflammatory reaction and upregulation of PI3K/Akt. In the study, Morris water maze teat was used to 
detect the cognitive function of DM rat. Afterwards, we measured the body weight and blood glucose levels of DM 
rats. Then, oxidative stress, the activities of eNOS and iNOS, and inflammatory factors were analyzed using a com-
mercial kit in cerebral cortex and hippocampus. Finally, the caspase-3/9 and phosphoinositide 3-kinase (PI3K)/Akt 
expressions were also checkout with Real Time PCR and immunoblotting, respectively. In this experiment, AST could 
availably enhance the body weight and reduce blood glucose levels of DM rats. Moreover, AST could observably 
perfect cognitive function of DM rat. Next, the activities of oxidative stress, nitric oxide synthase and inflammation 
were distinctly diminution in DM rat, after the treatment of AST. Furthermore, our present results demonstrated that 
AST had the protective effect on the brain cell of DM rat, decreased the caspase-3/9 expression and promoted the 
expression of PI3K/Akt in cerebral cortex and hippocampus.

Keywords: Diabetes-induced cognitive deficit, astaxanthin, oxidative stress, nitric oxide synthase, inflammatory, 
PI3K/Akt

Introduction

With the change in lifestyles and the aging of 
population, the incidence rate of diabetes mel-
litus (DM) shows an increasing trend [1]. As a 
systemic disease, DM can cause a variety of 
structural and functional changes in tissues 
and organs, and the lesions can affect the 
whole body. The studies on DM combined with 
lesions of heart, brain, kidney and retina have 
been very extensive, and the studies of the 
impact on cognitive function gain more and 
more attention. Early recognition and treat-
ment of diabetes-induced cognitive deficits 
(DICD) can delay and reduce the incidence of 
dementia and improve the quality of life of 
patients with DM [2].

Studies have shown that DICD is closely related 
to the oxidative stress of the body [3]. The fluc-

tuation state of high blood sugar inside the 
body is found through in-vitro experiments, 
which is high blood sugar fluctuation of the 
body of causes some unusual biochemical 
pathways so that the production of inflamma-
tory cytokines is increased and gene expres-
sion and regulation is altered, resulting in over-
transported mitochondrial electrons and the 
excessive oxide produced, thus catalyzing oxi-
dative stress and then the endothelial cells are 
damaged, resulting in vascular lesions. Studies 
have shown that high blood sugar fluctuation in 
the body will increase oxidative stress, resulting 
in enlarged oxidative stress, and promote the 
apoptosis of endothelial cells, thereby affecting 
cognitive function [4].

More recently, the role of nitric oxide (NO) in the 
effects of DM on the central nervous system is 
attracting adding attention, which is considered 
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to be a connection between diabetes neuropa-
thy vascular doctrine and the theory of metabo-
lize. The regulations of the body on the different 
functions of NO are mainly realized by the fine 
regulation of different nitric oxide synthase 
(NOS), in order to make NO achieves different 
accumulation degrees in different media inside 
and outside of cells [5]. Next, endothelial nitric 
oxide synthase (eNOS) present in fewer neu-
rons is primarily implicated in the regulation of 
vascular function, however inducible nitric 
oxide synthase (iNOS) is involved in pathologi-
cal conditions and unspecific immune response 
of nervous tissue [6].

DM is an autoimmune and chronic inflammato-
ry disease. The levels NF-κB p65, tumor necro-
sis factor alpha (TNF-α), interleukin-1β (IL-1β) 
and interleukin-6 (IL-6) are closely associated 
with abnormally elevated insulin resistance 
(IR), which is one of the most important rea-
sons for DM microangiopathy and neuropathy 
[7]. Nervous system and immune system con-
stitute inflammation reflex loop via the vagus 
nerve, regulating systemic or local inflammato-
ry reactions: activating the vagus nerve and 
promoting the increased secretion of the neu-
rotransmitter acetylcholine so that can antago-
nize or inhibit the synthesis and the release of 
proinflammatory cytokinein tissue [8]. Mao et 
al. concluded that HupA ameliorated diabetes-
associated cognitive decline through oxidative 
stress and inflammation (NF-κB p65 unit, TNF-
α, IL-1β, IL-6) [9]. Meanwhile, Wang et al. report-
ed that chronic treatment with Oxymatrine alle-
viated diabetes-associated cognitive decline 
through the NF-κB p65 unit, TNF-α, IL-1β levels 
in rats [10]. 

Phosphoinositide 3-kinase (PI3K)/Akt is an 
important signal transduction molecule in cell. 
The activated Akt is further activated by phos-
phorylation or inhibits its downstream target 
protein, thus further playing a role in regulating 
cell proliferation, differentiation, glucose 
metabolism and migration. There has been 
part of the trail about the apoptosis inhibition 
effect and mechanism of PI3K/Akt. Li et al. 
reported that chitosan coating markedly ame-
liorates diabetes-induced impaired bio-perfor-
mance of titanium alloy implant through reacti-
vation of PI3K/AKT pathway [11]. Francis et al. 
showed intranasal insulin prevents cognitive 
decline through upregulation of PI3K/Akt in 
murine type I diabetic encephalopathy [12]. 

Astaxanthin (AST), oxygen-containing derivative 
of carotenoids, can effectively quench reactive 
oxygen, having high nutritional and medicinal 
value. AST has been separated from the shells 
of shrimp and crab since 1930s, of which the 
physiological function gained widespread 
attention till 1980s [13]. Since then many 
scholars have proved through animal and clini-
cal trials that AST can inhibit tumorigenesis, 
enhance immune function and prevent cardio-
vascular disease with a wide range of physio-
logical functions, having broad application 
prospects [14]. Therefore, the current study 
aims to investigate the effect of AST to amelio-
rate DICD in rats. Meanwhile, we designed the 
present study to explore the potential effect of 
AST on DICD rats and also to elucidate the 
underline mechanism.

Materials and methods

Drugs and chemicals 

AST (purity ≥ 97%) were purchased from Sigma 
(St. Louis, MO, USA) and the chemical structure 
of it was represented in Figure 1. Malondi- 
aldehyde (MDA), superoxide dismutase (SOD) 
and glutathione (GSH) ELISA kits were provided 
from KeyGen Biotech (Nanjing, China). A com-
mercial NOS radioimmunoassay (RIA) kit was 
provided from Jiancheng Bioengineering 
Institute (Nanjing, China). NF-κB p65, TNF-α, 
IL-1β and IL-6 ELISA immunoassay kits were 
provided from Sangon Biotech (Shanghai, 
China). RNeasy Plus Mini kit and cDNA was 
transcribed using the RevertAid H Minus 
Reverse Transcriptase were provided from 
Beyotime (Nanjing, China). Power SYBR Green 
was provided from (TAKARA, Japan). Bicin- 
choninic Acid (BCA) protein assay kit was pro-
vided from Bio-Rad, (Hercules, CA, USA).

Animals

Male Wistar rats (300 ± 10 g) were acquired 
from the Shanghai Experimental Animal Center 
(Shanghai, China). The present study was con-
ducted according to the National Institutes of 
Health guide for the care and use of laboratory 
animals. All rats were housed in a laboratory 
animal room for at least 1 week before the start 
of the experiments and maintained at 25°C ± 
1°C with 65% ± 5% humidity on a 12-h light/
dark cycle (lights on: 07:30-19:30). The experi-
ment rats were freely given food and water ad 
libitum.
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Induction and measurement of diabetes

After 1 week of acclimatization, a single dose of 
65 mg/kg streptozotocin was injected intraper-
itoneally (i.p.) to induce diabetes except in nor-
mal healthy controls [15]. Fasting blood glu-
cose levels was confirmed using an enzymatic 
glucose oxidase peroxidase diagnostic kit by 
the elevated glucose level in plasma, deter-
mined at 48 h after injection. Fasting blood glu-
cose levels > 250 mg/dL were considered dia-
betic and used for further.

Experimental design

Animal were randomly divided into 5 groups of 
eight rats each: (1) control group (Con) (n = 8): 
normal rats were injected with physiological 
saline (0.1 mL/100 g, i.p.); DM group (n = 8): 
the diabetic rats were received with physiologi-
cal saline (0.1 mL/100 g, i.p.); (3-5) DM + AST 
group (DM + AST (10), DM + AST (20) and DM + 
AST (40)) (n = 8): the diabetic rats were treated 
with AST at doses of 10, 20 and 40 mg/kg, 
respectively [16]. All rats were anesthesia using 
chloral hydrate (300 mg/kg, i.p.) in the study. 
Immediately, the rats were sacrificed, the 
brains were removed and blood samples were 
collected under anesthesia. Meanwhile, the 
samples were stored at -80°C until used for fur-
ther experimentation measurements.

Morris water maze teat 

After the treatment of AST for 5 days, Morris 
water maze was evaluated by slightly modifying 
the protocol adopted in previous studies [17, 
18]. All rats were received the non-visible plat-
form trial twice per day (every morning and 
afternoon) for the first 5 days, a probe trial on 
the 6th day, and a visible platform trial on the 
7th day. The apparatus consisted of a circular 
water tank (diameter, 120 cm; height, 50 cm), 
filled with water (25 ± 5°C) made opaque with 

milk power. Each time, the mouse was put into 
the pool from different quadrants for training 
for 120 seconds. The latency and swimming 
distance in finding the platform were recorded. 
If the mouse did not find the platform within 
120 seconds, the latency was recorded as 120 
seconds. Then, the mouse was replaced on the 
platform for 20 seconds, and the next training 
was performed after 120 seconds of rest. On 
day 5 of training, the platform was removed, 
and the number of crossings of the platform 
location within 120 seconds (crossing number) 
was recorded.

Measurement of oxidative stress

After the treatment of AST for 5 days, a portion 
of the brain tissue was homogenized in physio-
logical saline (0.1 mL/100 g) and then centri-
fuged at 15,000 g for 15 minutes. The clear 
upper supernatants were collected for analysis 
of oxidative stress (MDA, SOD and GSH). In 
according to the manufacturer’s instructions 
(KeyGen Biotech, Nanjing, China), the MDA, 
SOD and GSH concentrations were measured 
by MDA, SOD and GSH ELISA kits, respectively.

Measurement of eNOS and iNOS activities

After the treatment of AST for 5 days, a portion 
of the brain tissue was homogenized in physio-
logical saline (0.1 mL/100 g) and then centri-
fuged at 15,000 g for 15 minutes. The clear 
upper supernatants were collected for analysis 
of NOS (eNOS and iNOS) activity assay. In 
according to the manufacturer’s instructions 
(Jiancheng Bioengineering Institute), the activi-
ties of eNOS and iNOS were detected using a 
commercial NOS radioimmunoassay (RIA) kit.

Measurement of inflammation

The p65 subunit has a positive correlation with 
activated NF-κB signaling. After the treatment 

Figure 1. The chemical structure of AST.
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Table 1. The body weight and blood glucose levels of rats at the onset and at the end of the experi-
ment (n = 8, mean ± S.D.)

Treatment 
Body weight (g) Plasma glucose (mg/dl)

Onset of study End of study Onset of study End of study
Con 303.10 ± 4.51 308.40 ± 6.82 118.40 ± 1.38 120.20 ± 1.28
DM 302.30 ± 5.31 241.70 ± 4.29** 116.40 ± 1.36 612.70 ± 3.73**

DM + AST (10) 299.80 ± 5.68 268.60 ±6.12## 115.80 ± 1.27 321.10 ± 3.21##

DM + AST (20) 301.80 ± 6.68 273.70 ± 6.28## 111.20 ± 2.31 304.70 ± 3.18##

DM + AST (40) 304.20 ± 5.26 286.40 ± 6.88## 109.80 ± 2.41 298.50 ± 3.82##

**P<0.01 compared with Con group; ##P<0.01 compared with DM group. Con, control group; DM, diabetes group; DM + AST 
(10), astaxanthin (10 mg/kg)-treated group; DM + AST (20), astaxanthin (20 mg/kg)-treated group; DM + AST (40), astaxanthin 
(40 mg/kg)-treated group.

of AST for 5 days, a portion of the brain tissue 
was homogenized in physiological saline (0.1 
mL/100 g) and then centrifuged at 15,000 g 
for 15 minutes. The clear upper supernatants 
were collected for analysis of inflammatory 
cytokines (NF-κB p65, TNF-α, IL-1β and IL-6). In 
according to the manufacturer’s instructions 
(Sangon Biotech, Shanghai, China), the activi-
ties of NF-κB p65, TNF-α, IL-1β and IL-6 were 
measured using ELISA immunoassay kits.

Real Time PCR

After the treatment of AST for 5 days, total RNA 
was isolated from the brain tissue using an 
RNeasy Plus Minikit (Beyotime, Nanjing, China). 
cDNA was transcribed using the RevertAid H 
Minus Reverse Transcriptase (Beyotime, 
Nanjing, China). Real time PCR reactions were 
performed using Power SYBR Green (TAKARA, 
Japan) and Applied Biosystems 7500 In- 
strument. The typical thermal profile: 95°C for 
5 min, followed by 35 cycles of 95°C for 30 s 
and 58°C for 30 s. The primer sets used were 
rat caspase-3: 5’-GCATGATCCGCGACGTGG- 
AA-3’, 5’-AGATCCATGCCGTTGGCCAG-3’, respec-
tively; rat caspase-9: 5’-ATGCAGGTCCCTGT- 
CATG-3’, 5’-GCTTGAGGTGGTTGTGGA-3’; and 
β-actin: 5’-AGAGGGAAATCGTGCGTGAC-3’, 5’- 
CAATAGTGATGACCTGGCCGT-3’. All primers 
were compound and purchased form (Sangon 
Biotech, Shanghai, China).

Immunoblotting

The brain tissues were homogenized with lysis 
buffer and centrifuged at 1000 × g for 3000 
min at 4°C. Protein content was measured 
using with the Bicinchoninic Acid (BCA) protein 

assay kit (Bio-Rad, Hercules, CA, USA). An equal 
amount of protein were separated by SDS-
PAGE, loaded onto 12% polyacrylamide gels 
and then transferred to PVDF membrane 
(Millipore, Bedford, MA). Membranes were 
blocked at room temperature for 2 h in blocking 
buffer containing 5% (v/v) nonfat milk for 2 h in 
TBST buffer. The membranes were then incu-
bated with anti-PI3K (1:2000, Santa Cruz 
Biotechnology, Inc, Calif, USA), anti-Akt (1:1500, 
Santa Cruz Biotechnology, Inc, Calif, USA) and 
anti-β-actin (Boster Biological, Wuhan, China). 
The membranes were washed 3 times with 
TBST for 30 min. Then membranes were detect-
ed by incubating with anti-mouse IgG (1:1000, 
Santa Cruz Biotechnology, Inc, Calif, USA) con-
jugated with horseradish peroxidase for 2 h. 
The relative band intensity was visualized using 
the ECL Western Blotting Detection kit (Bio-
Rad, USA) and X-ray films (Bio-Rad, USA). 

Statistical analysis

Statistical analyses were done using SPSS 
19.0. Data were presented as means ± stan-
dard deviation (S.D). One-way analysis of vari-
ance was used for the determination of differ-
ences in measurements between the groups. A 
p-value of less than 0.05 was considered the 
statistically significant.

Results

Effect of AST on body weight and blood glu-
cose levels

To verify the establishment of the diabetic 
model, we first evaluated the body weight and 
blood glucose levels of all rats at the onset and 
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Figure 2. Effect of AST on diabetes-induced cognitive deficit. Effect of AST on the escape latency (A) mean path length (B) mean percentage of time spent in the 
target quadrant (C) the number of times of crossing platform (D) and swimming speed (E). **P<0.01 compared with Con group; ##P<0.01 compared with DM group. 
Con, control group; DM, diabetes group; DM + AST (10), AST (10 mg/kg)-treated group; DM + AST (20), AST (20 mg/kg)-treated group; DM + AST (40), AST (40 mg/
kg)-treated group.

Figure 3. Effect of AST on diabetes-induced changes in oxidative stress. 
Effect of AST on the expression of the MDA content (A), GSH (B), and SOD 
(C). **P<0.01 compared with Con group; ##P<0.01 compared with DM 
group. Con, control group; DM, diabetes group; DM + AST (10), AST (10 
mg/kg)-treated group; DM + AST (20), AST (20 mg/kg)-treated group; DM 
+ AST (40), AST (40 mg/kg)-treated group.
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at the end of the experiment. Our results indi-
cated that the body weight of the DM group was 
observably decrease form 302.30 ± 5.31 to 
241.70 ± 4.29 g, compared with the control 
group (Table 1). However, after the treatment of 
AST (10, 20 and 40 mg/kg) for 5 days, the body 
weight of diabetic rats were significantly 
reversed from 299.80 ± 5.68 to 268.60 ±6.12 
g, 301.80 ± 6.68 to 273.70 ± 6.28 g, and 
304.20 ± 5.26 to 286.40 ± 6.88 g, respective-
ly, compared with the DM group (Table 1). 
Meanwhile, our results reveal that the blood 
glucose of the DM group was distinctly 
increased from 116.40 ± 1.36 to 612.70 ± 
3.73 g, compared with the control group (Table 
1). However, after the treatment of AST (10, 20 
and 40 mg/kg) for 5 days, the body weight of 
diabetic rats were significantly reversed from 
115.80 ± 1.27 to 321.10 ± 3.21 g, 111.20 ± 
2.31 to 304.70 ± 3.18 g, and 109.80 ± 2.41 to 
298.50 ± 3.82 g, respectively, compared with 
the DM group (Table 1).

Effect of AST on diabetes-induced cognitive 
deficit

To test whether AST would affect cognitive 
function of DM rat, we performed Morris water 
maze tests. The effect of AST on DICD, there 
was a significant reduction of the escape laten-
cy in the DM rats from second day to 4th day 
training. After treatment with AST (10, 20 and 
40 mg/kg) for 5 days, shorter escape latency 
was markedly reduce from second day to 4th 
day training (Figure 2A). Meanwhile, the mean 
path length of DM rats was observably reduced 
at 5th day training, compared with that of con-
trol rats (Figure 2B). The mean path length of 
DM/ AST rats was significantly lower than that 
of DM rats at 5th day training (Figure 2B). In the 
probe trials, when compared to that of control 
rats, DM rats spent less time in the target 
quadrant, and these differences were statisti-
cally significant (Figure 2C). Furthermore, the 
number of times the animals crossed the for-
mer platform location of DM rats was also 
markedly reduced, compared with that of con-
trol group (Figure 2D). After treatment of AST 
(10, 20 and 40 mg/kg), spent more time of 
DM/AST rats could significantly mitigated these 
changes, compared to those of DM rats (Figure 
2D). However, no difference in the swimming 
speed was observed in the each group (Figure 
2E).

Effect of AST on diabetes-induced changes in 
oxidative stress

To explore the mechanism underlying the effect 
of AST (10, 20 and 40 mg/kg) on restraining 
oxidative stress of DM rat brains, we detected 
the MDA, SOD and GSH concentrations after 
the treatment of AST for 5 days. This result indi-
cates that the MDA level in cerebral cortex and 
hippocampus of DM rats were markedly 
increased compared with the control group 
(Figure 3A). However, the expression of MDA 
level in cerebral cortex and hippocampus of 
DM/AST rats were effectually reduce compared 
with that in the DM rat group (Figure 3A). 
Oppositely, the SOD and GSH concentrations in 
cerebral cortex and hippocampus of DM rats 
were dramatically decreased compared with 
the control group (Figure 3B, 3C). Certainly, the 
SOD and GSH concentrations in cerebral cortex 
and hippocampus of DM/AST rats were aug-
mented compared with that in the DM rat group 
(Figure 3B, 3C).

Effect of AST on diabetes-induced changes in 
the activities of eNOS and iNOS

To test whether AST would affect the activity 
NO of DM rat brains, we performed the activi-
ties of eNOS and iNOS using NOS radioimmu-
noassay (RIA) kit after the treatment of AST (10, 
20 and 40 mg/kg) for 5 days. We detected the 
activities of eNOS and iNOS in cerebral cortex 
and hippocampus of DM rats were promoted 
compared with the control group (Figure 4A, 
4B). Interestingly, we found that AST could sig-
nificantly reversed the tendency and decrease 
the activities of eNOS and iNOS in cerebral cor-
tex and hippocampus of DM/AST rats com-
pared with that in the DM rat group (Figure 4A, 
4B).

Effect of AST on diabetes-induced changes in 
the activities of inflammation

To check the inflammation activities of DM rat 
brains, the activities of NF-κB p65, TNF-α, IL-1β 
and IL-6 were analyzed using ELISA immunoas-
say kits. The result showed that the activities of 
NF-κB p65, TNF-α, IL-1β and IL-6 were signifi-
cantly increased in cerebral cortex and hippo-
campus of DM rats compared with the control 
group (Figure 5A, 5D). However, these inflam-
matory factors of cerebral cortex and hippo-
campus of DM/AST rats were markedly reduced 
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Figure 4. Effect of AST on diabetes-induced changes in the activities of eNOS and iNOS. Effect of AST on diabetes-induced changes in the activities of eNOS and 
iNOS (A and B). **P<0.01 compared with Con group; ##P<0.01 compared with DM group. Con, control group; DM, diabetes group; DM + AST (10), AST (10 mg/kg)-
treated group; DM + AST (20), AST (20 mg/kg)-treated group; DM + AST (40), AST (40 mg/kg)-treated group.
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compared with that in the DM rat group (Figure 
5A, 5D).

Effect of AST on the expression of caspase-3 
and caspase-9 

To test if AST prevented apoptosis of DM rat 
brains, the activities of caspase-3 and cas-
pase-9 were detected using real time PCR after 
the treatment of AST (10, 20 and 40 mg/kg) for 
5 days. In this study we therefore found the 
activities of caspase-3 and caspase-9 in cere-
bral cortex and hippocampus of DM rats were 
increased compared with the control group 
(Figure 6A, 6B). Furthermore, the activities of 
caspase-3 and caspase-9 in cerebral cortex 
and hippocampus of the DM/AST rats were sig-
nificantly reduced compared with that in the 
DM rat group (Figure 6A, 6B).

Effect of AST on diabetes-induced changes in 
the expression of PI3K/Akt

We next sought to study that the effect of AST 
on diabetes-induced changes in the expression 
of PI3K/Akt. We found that AST remarkably pro-
moted the expressions of PI3K and Akt protein 
in cerebral cortex and hippocampus of the DM/
AST rats compared with that in the DM rat 
group (Figure 7A-D).

Discussion

DICD is the result of multiple elements and 
multiple factors, of which the pathogenesis is 
related to hyperglycemia and hypoglycemia, as 
well as the lack of insulin action, insulin resis-
tance, vascular factor, etc. [19]. Early DICD may 
be mainly due to the direct damage on the cen-
tral nervous cells from high blood sugar; with 
the further development of the disease, if the 
blood sugar cannot be effectively controlled, 
more and more pathogenic factors are involved, 
including high blood pressure, high cholesterol 
and DM complications, which can increase cog-
nitive impairment, even lead to dementia [20]. 
Therefore, early detection and treatment is 
especially important. Our most significant find-
ing was that AST could observably augment the 
body weight and decrease blood glucose levels 

of DM rats. Zhao et al. reported AST could ame-
liorate diabetic endothelial dysfunction through 
down-regulation the ox-LDLLOX-1-eNOS path-
way [21]. Moreover, our data revealed, AST 
could effectively improve cognitive function of 
DM rat. Previous studies suggested that AST 
improves cognitive function in the healthy aged 
individuals [22].

SOD and GSH are important antioxidant 
enzymes in vivo, and play an important role in 
protecting the body from oxidative stress, 
removing superoxide anion radicals and pro-
tecting cells from damage. Experimental results 
show that the SOD and GSH activities decrease 
in rat brain model, and MDA value is significant-
ly increased, indicating oxidative damage of 
free radicals has been occurred in rat brain to 
some extent. Researchers have found that 
increasing SOD and GSH activity and decreas-
ing MDA content can protect the brain nerve 
from oxidative stress damage. In the present 
study, the effect of AST could availably changes 
oxidative stress of DM rat. In cerebral cortex 
and hippocampus, the MDA level was markedly 
increased and the SOD and GSH concentra-
tions were dramatically decreased in DM/AST 
–treatment rats. Previous studies also indicat-
ed that AST could significantly increased plas-
ma and kidney MDA levels for the rats [23]. 
Leite et al. showed that ASTA caused a reduc-
tion in SOD and GSH activities in dental pulp 
tissue [24]. Meanwhile, AST could significantly 
decrease the activities of eNOS and iNOS in 
cerebral cortex and hippocampus of diabetic 
rats of DM rats. Ohgami et al. reported that AST 
also decreased production of NO, activity of 
iNOS in RAW264.7 cells [25]. 

TNF-α and IL-6 levels in the serum of DICD 
patient are high, correlated to the degree of 
cognitive impairment. For the patient of TNF-α, 
both the Wechsler Adult Intelligence Scale and 
Mini-Mental State Examination scores are low. 
Overexpression of IL-6 can accelerate neural 
apoptosis, and decrease learning ability [26]. 
Moreover, AST also reduced NF-κB p65 unit, 
TNF-α, IL-1β and IL-6 levels in the cerebral cor-
tex and hippocampus of DM rats. Park et al. 
reported that AST decreased oxidative stress 

Figure 5. Effect of AST on diabetes-induced changes in the activities of inflammation. Effect of AST on diabetes-
induced changes in the activities of NF-κB p65 (A), TNF-α (B), IL-1β (C) and IL-6 (D). **P<0.01 compared with Con 
group; ##P<0.01 compared with DM group. Con, control; DM, diabetes; DM + AST (10), AST (10 mg/kg)-treated 
group; DM + AST (20), AST (20 mg/kg)-treated group; DM + AST (40), AST (40 mg/kg)-treated group.
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Figure 6. Effect of AST on the activities of caspase-3 and caspase-9. Effect of AST on the activities of caspase-3 and caspase-9 (A and B). **P<0.01 compared with 
Con group; ##P<0.01 compared with DM group. Con, control; DM, diabetes; DM + AST (10), AST (10 mg/kg)-treated group; DM + AST (20), AST (20 mg/kg)-treated 
group; DM + AST (40), AST (40 mg/kg)-treated group.
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and inflammation (TNF-α and IL-6) of humans 
[27]. Kim et al. suggest that AST regulated IL-6 
production through NF-κB p65-dependent 
pathway in activated microglial cells. Nagend- 
raprabhu et al. indicated that AST inhibited 
tumor invasion via modulating the expressions 
of NF-κB-p65 [28].

PI3K-Akt signaling pathway is necessary for the 
regulation of cell proliferation and apoptosis. 
PI3K/Akt signaling pathway is involved in the 
differentiation process from endothelial pro-
genitor cells into endothelial cells. High-density 
lipoprotein can activate PI3K/Akt signaling 
pathway to promote progenitor cells differentia-
tion into endothelial-like cells; HMG-CoA reduc-
tase inhibitors and vascular endothelial growth 
factor can promote the differentiation of pro-
genitor cells via PI3K/Akt pathway. These stud-
ies indicate that PI3K/Akt an important way to 
promote progenitor cell proliferation and differ-
entiation. Our present results demonstrated 
that AST could effectually reduce the activities 
of caspase-3 and caspase-9 in cerebral cortex 
and hippocampus. Taken together, these 
results explained that AST have protected and 
reduced apoptosis of the heart cells. Song et al. 
suggested that AST inhibits apoptosis, the acti-
vation of caspase-9, caspase-3 in alveolar epi-
thelial cells and SH-SY5Y cells [29, 30]. 
Meanwhile, we found AST remarkably activated 
the expressions of PI3K and Akt protein in cere-
bral cortex and hippocampus of the DM rats. Li 
et al. reported that AST protected ARPE-19 cells 
from oxidative stress through upregulation of 
activation of PI3K/Akt [31]. Zhang et al. provid-
ed the evidence that AST alleviated early brain 
injury following subarachnoid hemorrhage 
through involvement of Akt/bad signaling in 
rats [32]. 

Numerous studies have demonstrated natural 
AST has the potential effect of physiological 
regulation in the human body, so that it has a 
good prospect in production of nutritional, 
medical, and particularly functional health drug 
[33]. According to the strong antioxidant effect 
and the potential role in the human body of 
AST, it can be inferred that supplementing AST 
is expected to be effective in regulating body 

functions and maintaining human health [34]. 
In summary, the present study provides an evi-
dence of the potential protective effect of AST 
on DICD through suppression of oxidative 
stress, activity of NOS, inflammatory reaction 
and up-regulation of PI3K/Akt in diabetes rat. 
Future studies are needed to complete the pic-
ture of the cellular mechanisms of effect on 
neurological function damage.
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