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Abstract. Astaxanthin (AST) is an oxygenated derivative of 
carotenoid, which possesses a strong antioxidant activity. AST 
can effectively remove active oxygen from the body, and is thus 
considered to have an important role in disease prevention and 
treatment. The present study aimed to determine the effects of 
AST on type 2 diabetic‑associated cognitive decline (DACD) 
in rats. Rats were intraperitoneally injected with streptozotocin 
(STZ), in order to establish a model of diabetes mellitus (DM). 
A total of 40 rats were randomly divided into five groups: 
The control group, the DM group, the AST (50 mg/kg) group, 
the AST (100 mg/kg) group, and the AST+LY294002 group 
(AST, 50 mg/kg and LY, 0.25 µg/100 g). Following a 14‑day 
treatment with AST, the body weight, blood glucose levels and 
cognitive function were determined. In addition, the protein 
expression levels of phosphatidylinositol 3‑kinase (PI3K)/Akt, 
glutathione peroxidase and superoxide dismutase activity, 
glutathione and malondialdehyde content, and inducible nitric 
oxide synthase (iNOS), caspase‑3 and caspase‑9 activity were 
detected in the rats with DM. AST clearly augmented body 
weight and reduced blood glucose levels in rats with DM. 
Furthermore, treatment with AST significantly improved the 
cognitive function of rats with DM. Treatment with AST acti-
vated the PI3K/Akt pathway, and suppressed oxidative stress 
in the DM rats. In the cerebral cortex and hippocampus of the 
rats with DM, the activities of iNOS, caspase‑3 and caspase‑9 
were markedly reduced. Furthermore, treatment with the Akt 
inhibitor LY294002 reduced the effectiveness of AST on 
DACD in rats. In conclusion, AST may reduce type 2 DACD 
in rats via activation of PI3K/Akt and attenuation of oxidative 
stress.

Introduction

Recent studies regarding type 2 diabetes mellitus (DM) have 
demonstrated that DM is an independent risk factor that can 
lead to diabetic‑associated cognitive decline (DACD), and 
even dementia (1-3). However, the exact mechanism of type 2 
DACD is currently unclear, and there are various factors, such 
as glucose metabolism, vascular structural function abnormal-
ities, diabetic complications, and aging that may be involved 
in its pathogenesis. In addition, an overlap phenomenon exists 
between these various risk factors (4‑6).

DACD dysfunction includes increased inducible nitric 
oxide synthase (iNOS)/nitric oxide (NO) expression, oxidative 
stress and the production of various cytokines (7). iNOS is a 
key enzyme that regulates the generation of endothelial‑derived 
NO via the phosphoinositide 3‑kinase (PI3K)/Akt signaling 
pathway. The PI3K/Akt signaling pathway has an important 
role in the regulation of cellular metabolism, growth, migra-
tion and proliferation. Zhu et al (8) previously demonstrated 
that ganoderma atrum polysaccharide was able to increase the 
aortic relaxation of diabetic rats via activation of the PI3K/Akt 
signal pathway. In addition, Jia et al (9) reported that fish oil 
augmented learning impairments of diabetic rats through 
upregulating the PI3K/AKT pathway (9).

The process of oxidative stress is inseparable from protein 
glycosylation. The high blood sugar levels associated with 
DM lead to the increased formation of advanced glycation 
end‑products (AGEs), which accumulate in the blood vessel 
walls and interfere with endogenous NO synthesis and vaso-
dilatation (10,11). Low‑density lipoprotein (LDL) oxidative 
modification weakens the recognition by the receptor (12), 
reducing LDL clearance and resulting in elevated LDL 
levels  (13). Oxidative stress has an important role in the 
activation and acceleration of arteriosclerosis. Furthermore, 
the chemical structure, and cell and tissue effects of AGEs 
accelerate aging‑related alterations; previous studies have 
demonstrated that oxidative stress and the formation of AGEs 
may lead to DACD (14-16).

Astaxanthin (AST) is an oxygen‑containing derivative of 
carotenoids, which can effectively quench activated oxygen, 
and has high nutritional and medicinal value (17). In the 1930s, 
AST was separated from shrimp and crab shells; however, the 
physiological function of AST did not gather attention until the 
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1980s (18). Since then, numerous studies have demonstrated 
that AST is able to inhibit tumorigenesis, enhance immune 
function, and prevent a wide range of physiological conditions, 
such as cardiovascular disease (19). AST is therefore consid-
ered to possess broad application prospects in animal studies 
and clinical trials  (20). A recent study demonstrated that 
AST could attenuate diabetes through its effects on oxidative 
stress and inflammation (21). However, despite the promising 
evidence regarding the effects of AST on diabetes, little is 
currently known regarding its effects on the amelioration of 
DACD in diabetic rats. Therefore, the present study aimed to 
investigate whether AST was able to attenuate pathological 
changes on DACD, and to explore the underlying molecular 
signaling pathway of this beneficial effect.

Materials and methods

Drugs and chemicals. AST (purity ≥97%; Fig.  1) and 
streptozotocin (STZ) were purchased from Sigma‑Aldrich 
(St. Louis, MO, USA). Glucose radioimmunoassay kit was 
purchased from Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). Bicinchoninic acid (BCA) protein assay kit, 
the glutathione peroxidase (GPx) and superoxide dismutase 
(SOD) activity assay kits, and the glutathione (GSH) and malo-
ndialdehyde (MDA) content assay kits were purchased from 
BestBio (Shanghai, China). An iNOS assay kit (cat. no. E-CL-
R0358c; Wuhan Elabscience Biological Technology Co., Ltd., 
Wuhan, China), and caspase‑3 and caspase‑9 activity assay 
kits (cat. no. E-EL-R0160c; Wuhan Elabscience Biological 
Technology Co., Ltd; cat. no. C1158, Beyotime Institute of 
Biotechnology (Haimen, China) were also purchased.

Experimental animals. The present study was conducted in 
accordance with the Principles of Laboratory Animal Care, 
and the Guide for the Care and Use of Laboratory Animals at 
Dalian Medical University (Dalian, China). Sprague‑Dawley 
(SD) rats (n=40; age, 8  weeks; weight, 200‑230  g) were 
purchased from the Comparative Medicine Center, Dalian 
Medical University and approved by the ethics committee of 
The First Affiliated Hospital of Dalian Medical University. 
All of the rats were allowed to acclimatize in an animal room 
(temperature, 22‑25˚C; humidity, 55‑60%; 12 h  light/dark 
cycle), and were provided access to chow and water ad libitum.

Establishment of the model and measurement of DM. After 
1 week acclimatization, each rat was injected intraperitoneally 
(i.p.) with 65 mg/kg STZ (pH 4.4), in order to induce DM. A 
total of 48 h after STZ injection, fasting blood glucose levels 
were determined using a radioimmunoassay kit (Nanjing 
Jiancheng Bioengineering Institute). Rats with fasting blood 
glucose levels >250 mg/dl were considered diabetic, and were 
used for further experimentation.

Experimental groups. A total of 40 rats were randomly 
divided into five groups: (i) The control (Con) group (n=8), 
which consisted of rats treated with i.p. isotonic NaCl; (ii) the 
DM group (n=8), which consisted of diabetic rats treated with 
i.p. saline; (iii)  the AST (50) group (n=8), which consisted 
of diabetic rats treated with i.p. 50 mg/kg AST; (iv) the AST 
(100) group (n=8), which consisted of diabetic rats treated with 

i.p.100 mg/kg AST; and (v) the AST+LY294002 (AST+LY; 
Sigma‑Aldrich) group (n=8), which consisted of diabetic rats 
treated with i.p. 50 mg/kg AST and 0.25 µg/100 g LY294002.

Morris water maze test. Following a 14‑day treatment with 
AST, cognitive function was evaluated using the Morris water 
maze test, as described previously (22). Each rat was trained 
five times a day at 20 min intervals. The test was performed 
blindly every day for 5 days. Swimming was video tracked 
(ANY‑maze; Stoelting Co., Wood Dale, IL, USA), and latency, 
path length, swim speed, and cumulative distance from the 
platform was recorded. Mean swim latency for all of the rats 
was evaluated on each day. After a training trial, the mean 
time spent in the correct quadrant containing the platform, 
and the mean number of times the mice crossed the former 
platform position during 60 sec was estimated.

Western blotting of phosphorylated (p)‑Akt and Akt. To 
determine protein concentrations, blood was obtained from 
every rat by retro-orbital blood collection under anesthe-
tization (pentobarbital sodium, 30 mg/kg, P11011; Merck 
KGaA, Darmstadt, Germany) and 50 mg brain tissue from 
the cerebral cortex/hippocampus was removed, which was 
incubated with 100 µl tissue lysis buffer on ice for 30 min 
and centrifuged at 20,000 x g for 15 min at 4˚C. Protein 
concentration was then determined using the BCA protein 
assay kit. For each sample, 50 µg of protein was separated by 
SDS‑PAGE (Beyotime Institute of Biotechnology) and trans-
ferred to a nitrocellulose membrane (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). The membrane was then 
blocked with 5% non-fat milk in PBS for 3 h, and washed 
in Tris‑buffered saline containing Tween-20 (Beyotime 
Institute of Biotechnology) overnight at 4˚C. Protein bands 
were detected using a BCIP‑NBT kit (Promega Corporation, 
Madison, WI, USA). The antibodies used were as follows: 
Monoclonal rabbit anti-mouse anti‑p‑Akt (1:800 dilution; 
cat. no. sc‑293094; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA), monoclonal rabbit anti-mouse anti‑Akt (1:1,000 
dilution; cat. no. sc-7126; Santa Cruz Biotechnology, Inc.) 
and anti‑β‑actin (1:500 dilution; Wuhan Boster Biological 
Technology, Ltd., Wuhan, China) at 4˚C overnight. After 
incubation with the primary antibodies, the membrane 
was incubated with horseradish peroxidase-conjugated 
anti‑mouse IgG (ZF-0312; 1:5,000; Zhongshan Golden 
Bridge Biotechnology Co., Ltd., Beijing, China) for 1 h at 
room temperature, followed by incubation with ECL Super 
Signal® West Pico Chemiluminescent Substrate (Pierce 
Biotechnology, Inc., Rockford, IL, USA).

Measurement of GPx, GSH, SOD and MDA activities. 
Approximately 5‑10 mg brain tissue was added to 100 µl 
tissue lysis buffer (Beyotime Institute of Biotechnology). 

Figure 1. Chemical structure of astaxanthin.
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The tissue pellet was homogenized on ice, and the 
mixture was incubated for 5‑10 min. The supernatant was 
obtained following centrifugation at 16,000‑20,000  x  g 
for 15 min at 4˚C. The activities of GPx, GSH, SOD and 
MDA were detected using kits, according to the manufac-
turer's instructions. Serum GPx activity was detected by 
measuring the absorbance at 340 nm using a plate reader 
(Wallac VICTOR 1420; PerkinElmer, Inc., Waltham, 
MA, USA). The levels of GPx and SOD were expressed in  
U/mg. The levels of serum GSH and MDA levels were 
expressed in µg/g and nmol/mg, respectively.

Measurement of iNOS activity. Approximately 5‑10  mg 
brain tissue was added to 100 µl tissue lysis buffer. The 
tissue pellet was homogenized on ice, and the mixture 
was incubated for 5‑10 min. The supernatant was obtained 
following centrifugation at 16,000‑20,000 x g for 15 min at 
4˚C. iNOS activity was measured using an iNOS assay kit in 
accordance with the manufacturer's instructions. The absor-
bance was measured at a wavelength of 530 nm to determine 
iNOS activity.

Measurement of caspase‑3 and caspase‑9 activity. 
Approximately 5‑10 mg brain tissue was added to 100 µl 
tissue lysis buffer. The tissue pellet was homogenized on ice, 
and the mixture was incubated for 5‑10 min. The supernatant 
was obtained following centrifugation at 16,000‑20,000 x g 
for 15 min at 4˚C. Caspase‑3 and caspase‑9 activity was 
measured using activity assay kits, according to the manu-
facturer's instructions; the samples were incubated at 37˚C 

for 2 h. Absorbance was measured at a wavelength of 405 nm 
to determine caspase‑3 and caspase‑9 activity.

Statistical analysis. Data are expressed as the mean ± standard 
deviation. Statistical significance was analyzed using one‑way 
analysis of variance followed by Dunnett's test. SPSS 17.0 
software (SPSS, Inc., Chicago, IL, USA) was used for statis-
tical analysis. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Effects of AST on body weight and blood glucose levels. The 
present study determined whether AST could influence the 
body weight and blood glucose levels of diabetic rats. The 
body weight of the DM group was successfully reduced, as 
compared with the control group (Fig. 2A). In addition, the 
blood glucose levels of the DM group were notably increased, 
as compared with the control group (Fig. 2B). Following a 
14‑day treatment with AST, the body weight and blood glucose 
levels were markedly augmented and reduced, as compared 
with the control group (Fig. 2A and B). However, the body 
weight and blood glucose levels of the AST+LY group were 
similar to the DM group (Fig. 2A and B).

Effects of AST on cognitive function. The escape latency of 
the DM rats was markedly increased, as compared with the 
control rats (Fig. 3A). Following a 14‑day treatment with AST, 
the escape latency of the DM rats was significantly reduced, as 
compared with the DM group (Fig. 3A).

Figure 2. Effects of AST on (A) body weight and (B) blood glucose levels in rats. *P<0.01, compared with the Con group; #P<0.01, compared with the DM 
group; ##P>0.05, compared with the DM group. AST, astaxanthin; Con, control group; DM, diabetes group; AST (50), AST (50 mg/kg)‑treated group; AST 
(100), AST (100 mg/kg)‑treated group; AST+LY, AST (50 mg/kg) and LY294002 (0.25 µg/100 g)‑treated group.

Figure 3. Effects of AST on diabetes‑induced cognitive deficit. Effects of AST on the (A) escape latency, (B) mean path length, (C) mean percentage of time 
spent in the target quadrant, (D) the number of times the platform was crossed, and (E) swimming speed in rats. *P<0.01, compared with the Con group; 
#P<0.01, compared with the DM group; ##P>0.05, compared with the DM group. AST, astaxanthin; Con, control group; DM, diabetes group; AST (50), AST 
(50 mg/kg)‑treated group; AST (100), AST (100 mg/kg)‑treated group; AST+LY, AST (50 mg/kg) and LY294002 (0.25 µg/100 g)‑treated group.

  A   B

  A   B

  C   D   E
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Mean path length was markedly increased in the DM rats, as 
compared with the control rats, whereas the mean path length of 
the AST‑treated rats was significantly decreased, as compared 
with the DM rats (Fig. 3B). Furthermore, there was a marked 
reduction in the time spent in the target quadrant for the DM rats, 
whereas the time spent in the target quadrant for the AST rats was 
significantly increased, as compared with the DM rats (Fig. 3C). 
Notably, the number of times the rats crossed the former platform 
location was also decreased for the DM rats, as compared with 
the control group, whereas the number of times the rats crossed 
the former platform location was significantly increased for the 
AST rats, as compared with the DM rats (Fig. 3D). There was no 
significant difference in swimming speed between the various 
groups (Fig. 3E). Notably, the cognitive function of the AST+LY 
group was similar to that of the DM group (Fig. 3).

Effects of AST on diabetes‑induced changes in p‑Akt and Akt 
expression. To assess the impact of AST on the expression 

levels of Akt proteins in the brain cells of rats, the expression 
levels of Akt proteins were detected in the cerebral cortex 
and hippocampus. Treatment with AST (50 and 100 mg/kg) 

Figure 5. Effects of AST on diabetes‑induced changes in GPx, SOD, GSH and MDA levels. Effects of AST on the levels of (A) GPx, (B) GSH and (C) SOD,  
and (D) the MDA content in rats. *P<0.01, compared with the Con group; #P<0.01, compared with the DM group; ##P>0.05, compared with the DM group. AST, 
astaxanthin; GSH, glutathione; GPx, glutathione peroxidase; SOD, superoxide dismutase; MDA, malondialdehyde; Con, control group; DM, diabetes group; AST 
(50), AST (50 mg/kg)‑treated group; AST (100), AST (100 mg/kg)‑treated group; AST+LY, AST (50 mg/kg) and LY294002 (0.25 µg/100 g)‑treated group.

Figure 6. Effects of AST on iNOS activity. Effects of AST on diabetes‑induced 
alterations in iNOS activity. *P<0.01, compared with the Con group; #P<0.01, 
compared with the DM group; ##P>0.05, compared with the DM group. AST, 
astaxanthin; iNOS, inducible nitric oxide synthase; Con, control group; 
DM, diabetes group; AST (50), AST (50 mg/kg)‑treated group; AST (100), 
AST (100 mg/kg)‑treated group; AST+LY, AST (50 mg/kg) and LY294002 
(0.25 µg/100 g)‑treated group.

Figure 4. Effects of AST on diabetes‑induced changes in p‑Akt/Akt expression in the cerebral cortex and hippocampus Representative western blot analyses 
and statistical analysis of the protein expression levels of p‑Akt and Akt p in the (A and B) cerebral cortex and (C and D) hippocampus. #P<0.01, compared with 
the DM group; ##P>0.05, compared with the DM group. AST, astaxanthin; Con, control group; DM, diabetes group; AST (50), AST (50 mg/kg)‑treated group; 
AST (100), AST (100 mg/kg)‑treated group; AST+LY, AST (50 mg/kg) and LY294002 (0.25 µg/100 g)‑treated group.

  A   B

  C   D

  A   B

  C   D
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significantly activated the expression of p‑Akt and Akt in the 
cerebral cortex and hippocampus of diabetic rats, as compared 
with the DM group (Fig. 4). The protein expression levels of 
p‑Akt and Akt in the AST+LY group were similar to in the 
DM group (Fig. 4).

Effects of AST on diabetes‑induced changes in GPx, GSH, 
SOD and MDA. To clarify the anti‑oxidative effects of AST 
on diabetic rats, the levels of GPx, GSH, SOD and MDA 
were detected. Following a 14‑day treatment, the levels of 
GPx, GSH and SOD in the cerebral cortex and hippocampus 
of the DM group were markedly decreased, as compared 
with the control group (Fig. 5A‑C). However, the levels of 
GPx, GSH and SOD in the cerebral cortex and hippocampus 
of the diabetic rats were markedly increased following a 
14‑day treatment with AST, as compared with the DM group 
(Fig. 5A‑C). Furthermore, the GPx, GSH and SOD levels in 
the AST+LY group were similar to those in the DM group 
(Fig. 5A‑C).

Simultaneously, the MDA content in the cerebral cortex 
and hippocampus of the rats with DM was significantly 
increased, as compared with the control group (Fig. 5D). 
However, the MDA content in the cerebral cortex and 
hippocampus of the DM rats was significantly decreased 
following a 14‑day treatment with AST, as compared with 
the DM group (Fig. 5D). Furthermore, the MDA content 
of the AST+LY group was similar to that in the DM group 
(Fig. 5D).

Effects of AST on iNOS activity. To investigate whether AST 
exerted protective effects via reducing NOS production, the 
activity of iNOS was detected. iNOS activity in the cerebral 
cortex and hippocampus of the DM group was increased, as 
compared with the control group (Fig. 6). However, iNOS 
activity in the cerebral cortex and hippocampus of diabetic 
rats was decreased following a 14‑day treatment with AST, 
as compared with the DM group (Fig. 6). Furthermore, the 
iNOS activity of the AST+LY group was similar to the DM 
group (Fig. 6).

Effects of AST on caspase‑3 and caspase‑9 activity. To 
evaluate the effects of AST on cellular apoptosis in diabetic 
rats, caspase‑3 and caspase‑9 activity was measured in the 
cerebral cortex and hippocampus. Caspase‑3 and caspase‑9 
activity in the cerebral cortex and hippocampus of the DM 
group was markedly increased, as compared with the control 
group (Fig. 7A and B). However, treatment with AST (50 and 

100 mg/kg) significantly reduced caspase‑3 and caspase‑9 
activity in the cerebral cortex and hippocampus of diabetic 
rats following a 14‑day treatment, as compared with the DM 
group (Fig. 7A and B). Furthermore, caspase‑3 and caspase‑9 
activity was similar in the AST+LY group, as compared with 
the DM group (Fig. 7A and B).

Discussion

Type 2 (T2) DM is a major cause of morbidity and mortality 
worldwide, and the prevalence of T2DM is increasing (23). 
The greater proportion of this is in Asia, Africa and South 
America. The biological mechanisms linking T2DM with 
impaired DACD remain unclear. Individuals with T2DM are at 
an enhanced risk for stroke, which is a risk factor for cognitive 
decline, and may also contribute to microvascular alterations 
and cerebral ischemia (24,25). The present study demonstrated 
that AST was able to markedly augment body weight and 
reduce the blood glucose levels of DM rats. Naito et al (26) 
previously reported that AST reduced blood glucose levels and 
increased body weight in a rodent model of T2DM. However, 
the effects of AST on the body weight and blood glucose levels 
of rats with DM were reversed by LY294002. Furthermore, 
the cognitive function of DM rats was improved following 
treatment with AST, whereas treatment with the Akt inhibitor 
LY294002 reduced the cognitive function of DM rats.

A recent study demonstrated that activation of the PI3K/Akt 
pathway serves as a pro‑survival signal in the protection of nerve 
cells, and has an important role in hypoxic‑ischemic neuronal 
damage (27). The PI3K/Akt pathway controls cell survival by 
regulating apoptosis and autophagy in the nervous system (28). 
Activation of PI3K and Akt can promote endothelial cell 
survival, reduce nerve damage, reduce inflammatory cell death, 
and block neuronal damage (29,30). Insulin‑like growth factor, 
hypothermia and ischemic preconditioning also have a protec-
tive role in the brain via the PI3K/Akt signaling pathway (31). In 
the present study, in the cerebral cortex and hippocampus, the 
protein expression levels of p‑Akt and Akt were significantly 
upregulated by treatment with AST in the rats with DM. However, 
treatment with AST (50 mg/kg) with LY294002 (0.25 mg/kg) 
was able to weaken the expression levels of p‑Akt and Akt in rats 
with DM. Li et al (32) reported that AST decreased oxidative 
stress of ARPE‑19 cells via activation of PI3K/Akt. In addition, 
treatment with AST increased cell apoptosis in a hamster model 
of oral cancer via inactivation of extracellular signal‑regulated 
kinases/mitogen‑activated protein kinases and PI3K/Akt 
pathways (33). Furthermore, Zhang et al (34) reported that the 

Figure 7. Effects of AST on caspase‑3 and caspase‑9 activity. Effects of AST on (A) caspase‑3 and (B) caspase‑9 activity in rats. *P<0.01, compared with the Con 
group; #P<0.01, compared with the DM group; ##P>0.05, compared with the DM group. AST, astaxanthin; Con, control group; DM, diabetes group; AST (50), AST  
(50 mg/kg)‑treated group; AST (100), AST (100 mg/kg)‑treated group; AST+LY, AST (50 mg/kg) and LY294002 (0.25 µg/100 g)‑treated group.

  A   B
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PI3K/Akt inhibitor, LY294002, was able to partially reverse the 
neuroprotection of AST in the early period after subarachnoid 
hemorrhage, by downregulating AST‑induced activation of Akt.

Numerous studies have focused on the association between 
oxidative stress and DACD. Free radicals are highly reactive, 
and can exert strong oxidative effects that damage biological 
macromolecules and numerous cellular components, and have 
significant toxic effects on nerve cells that can lead to lipofuscin 
deposition, increasing age spots, and vacuolar degeneration (35). 
In the present study, AST markedly increased GPx, GSH and 
SOD levels, and decreased MDA content in the cerebral cortex 
and hippocampus of diabetic rats. Notably, LY294002 effec-
tively reduced the protective effects of AST on the oxidative 
stress of rats with DM. Wu et al (36) demonstrated that AST 
was able to alleviate brain aging in rats through repairing 
the activities of GPx and SOD, increasing GSH content, and 
reducing MDA content. Augusti et al (37) indicated that AST 
may reduce oxidative stress in rabbits with atherosclerosis.

The present study demonstrated that in the cerebral cortex 
and hippocampus, iNOS activity was decreased following 
treatment with AST; however, the effects of AST on iNOS 
activity in DM rats were reduced by LY294002. Choi et al (38) 
previously suggested that AST was able to inhibit the produc-
tion of inflammatory mediators by blocking iNOS activation. 
In addition, AST may inhibit NO production by suppressing 
nuclear factor‑κB activation (39). Simultaneously, in the present 
study AST protected brain cells and reduced the cell apoptosis 
of DM rats by suppressing caspase‑3 and caspase‑9 activity. 
Song et al (40) demonstrated that AST inhibited apoptosis of 
alveolar epithelial cells via inhibition of cytochrome c release, 
and caspase‑9 and caspase‑3 activation (40). In addition, AST 
has been shown to protect against 1‑methyl‑4‑phenyl‑1,2,3,6
‑tetrahydropyridine/1‑methyl‑4‑phenylpyridinium‑induced 
mitochondrial dysfunction via inhibition of the activation of 
caspase‑3 (22).

In conclusion, the present study demonstrated that treatment 
with AST may reduce type 2 DACD in rats via activation of 
PI3K/Akt and downregulation of the oxidative stress pathway. 
These results suggest that AST may protect against cognitive 
decline in rats with T2DM.
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