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1 Introduction
Accounting for 90 ± 5% of all diabetes worldwide, type 

II diabetes (T2D) is characterized by peripheral insulin 
resistance which will eventually lead to glucose intolerance 
and hyperglycemia (J.Y. Sung et.al., 2017). Numerous studies 
have shown that diabetes affects the nervous system. Currently 
due to the extended life expectancy of T2D patients, cognitive 
impairment and dementia have become new complications of 
T2D. Complications of cognitive deficits caused by T2D are 
also called diabetic encephalopathy. At present, many studies 
have focused on diabetic peripheral neuropathy, and the 
pathophysiological mechanism of neuropathy caused by diabetic 
encephalopathy has received less attention. However, as the 
survival period of diabetic patients is significantly prolonged, 
the prevalence of diabetic cognitive dysfunction is bound to 
increase sharply (Gratuze et al., 2017; Kim & Feldman, 2015). 
Therefore, it is extremely urgent to clarify the pathogenesis of 

diabetic cognitive dysfunction and to find effective prevention 
and treatment strategies.

LBP can promote the immune function of T, B, CTL, NK 
and macrophages, promote the production of cytokines such 
as IL-2, IL-3 and TNFβ, enhance the immune function of 
tumor-bearing, chemotherapy and radiation-damaged mice, 
and regulate neuroendocrine immune regulatory network 
(Muatasim et al., 2018). However, whether LBP has a protective 
effect in T2D-induced neuronal axonal transport disorder, or 
whether it can improve the impaired axonal transport, has not 
yet been reported. Therefore, in this experiment, we used the 
T2D rat model induced by streptozotocin (STZ) and the primary 
neuronal insulin resistance model induced by high glucose to 
systematically clarify the molecular mechanism that LBP can 
improve the tau hyperphosphorylation and axonal transport 
disorder through the PI3K/Akt/GSK-3β signaling pathway.
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Abstract 
This study aims to explore the molecular mechanism of neuronal axonal lesions caused by high glucose, and to investigate the 
protective effect of Lycium barbarum polysaccharide (LBP) on neuronal axon damage with in vitro models. A rat model of type 
II diabetic encephalopathy was established, and the rats were treated with LBP for 10 weeks. Morris water maze experiment was 
used to detect spatial learning and memory ability. Neuronal axon lesions were measured by in vivo neuron tracing experiment. 
Immunohistochemistry and Western-blot technology were employed to detect protein localization and expression. Combined 
with in vitro primary neuron culture, total internal reflection fluorescence microscopy was used to detect the effects of high 
glucose and LBP on neuronal axon transport. PI3K inhibitors LY294002 and an activator of insulin signaling pathway were used 
to investigate the possible molecular mechanism. In vivo and in vitro experiments showed that in the hippocampus tissue of 
STZ-induced type II diabetic encephalopathy model rats, neuronal axons were damaged, accompanied by hyperphosphorylation 
of Tau protein, which subsequently resulted in axonal transport damage and cognition dysfunction. LBP significantly reduced 
peripheral blood glucose and serum insulin levels in type II diabetic encephalopathy model rats, thereby alleviating peripheral 
insulin resistance. At the same time, LBP can significantly improve the learning and memory impairment and brain neuron 
axon pathology in model rats. LY294002 treatment can effectively block the PI3K/Akt signaling pathway. The phosphorylation 
level of Tau protein in the LY294002+ LBP treatment group is higher than that of the LBP intervention group, while the insulin 
treatment can effectively reverse the blocking effect of LY294002 on LBPs. LBP can reduce the phosphorylation level of Tau 
protein by up-regulating the PI3K/Akt/GSK3β signaling pathway, with a protective effect on neuronal axon damage, thereby 
improving the cognitive function performance of type II diabetic encephalopathy model rats.
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Practical Application: LBP on the Cognitive Function
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2 Methods

2.1 Establishment and grouping of in vitro and in vitro models

Establishment of type II diabetic encephalopathy rat model

Male Wistar rats, weighing 180 to 200 g, were fed in an SPF 
animal room, adaptively fed for 2 weeks, high-sugar and high-fat 
feeding for 4 weeks, then injected with STZ (25 mg/kg) into the 
tail vein. One week after the model was established, blood glucose 
after 12 hours of fasting and 1 hour and 2 hours postprandial 
blood glucose were measured. The mice with a blood glucose 
value greater than 11.2 were collected as successful model mice. 
After the OGTT test, 65 model mice were obtained. Apart from 
the normal group, 65 mice were randomly divided into the 
model group, the 50 mg/kg LBP dose group, and the 100 mg/
kg LBP dose group. In the 15th week, or the 10th week after the 
drug administration, the behavioral experiment was performed.

Establishment of cell models

Primary cortical neurons were extracted from Sprague-Dawley 
pregnant mice at the age of 17 days. After 8 days, the primary 
cortical neurons were used for the experiment. Experiment one 
groups: A, Control; B, 45 mM glucose treatment for 24 h; C, 20 
μM LBP and 45 mM glucose administration for 24 h; D, 40 μM 
LBP and 45 mM glucose administration for 24 h.

Experiment two groups: A, Control; B, 45 mM glucose 
treatment for 24 h; C, 40 μM LBP treatment and 45 mM glucose 
treatment for 24 h; D, 10 nm insulin pretreatment for 1h, 45 mM 
glucose treatment for 24 h; E, 40 μM LY294002 pretreatment 
30 min, 40 μM wolfberry polysaccharide treatment and 45 mM 
glucose treatment for 24h; F, 10 nm insulin pretreatment for 
1h, 40 μM LY294002 pretreatment for 30 min, 45 mM glucose 
treatment for 24h; G, 40 μM LY294002 pretreatment for 30 min, 
45 mM glucose treatment for 24 h.

2.2 Morris water maze test of rat behavior

According to the Morris water maze test procedure, the 
operation was repeated for 6 consecutive days, and the escape 
latency was automatically recorded. Space exploration test: the 
platform was removed, following the above operation, the stay 
time in the target quadrant within 60 s was recorded, and the 
percentage of time the animal stays in the target quadrant was 
calculated.

2.3 In vivo neuron tracing

10% BDA solution was slowly injected into the cortex of the 
sensorimotor zone on the right. After heart perfusion with 4% 
paraformaldehyde solution, the brain tissue was taken out and 
stored in 4% paraformaldehyde solution at 4°C. BDA staining and 
development: The brain tissue stored in 4% paraformaldehyde 
solution is sectioned with a cryostat, and then developed in 
DAB for 5 minutes. Finally, the slices were taken out, air-dried, 
dehydrated and sealed for preservation. Pictures were taken 
with a microscope.

2.4 Living cell total internal reverse color fluorescence 
microscopy technology

According to the instructions, Lipofectamine 2000 was used 
to transiently transfect pEGFP-NFM into cortical neurons. The 
cells used for the axon transport study were cultured in fresh 
medium for 24 hours, and then treated with 45 mM glucose, with 
or without 40 μM LBP, and the cells were observed by evanescent 
field fluorescence. The exposure time (100-300 ms) and interval 
time (4-7 s) were adjusted according to the fluorescence intensity 
of the image. The single time image was viewed, processed and 
analyzed through TILL vision 4.0 and Photoshop 7.0.

2.5 Western-blot method to detect various proteins

According to the instructions, Western blot was employed 
to detect the Tau protein expression and the PI3K/Akt/GSK3β 
signaling pathway.

2.6 Statistical analysis

Prism 5 (Graph pad, USA) was used for statistical analysis. 
All data are expressed as mean ± standard error (Mean ± S.E.M). 
One/Two-way ANOVA was performed, followed by Tukey’s Post 
test. P < 0.05 was considered statistically different.

3 Result

3.1 Morris water maze test of rat behavior

The results showed that, compared with the control group, the 
rats in the model group needed a longer incubation time during the 
5 collection periods to reach the platform. It is worth noting that 
the time to reach the platform gradually shortened after training, 
especially in the 100 mg/kg drug administration group. Similarly, 
the positioning cruise experiment was performed. Statistics 
showed that the rats in the model group spent longer time to find 
the platform. However, after drug treatment, the escape latency 
was significantly reduced. In addition, the space exploration test 
was performed to evaluate the ability to maintain the platform 
spatial memory. Compared with the model group, the drug group 
rats stayed longer in the target quadrant, as shown in Figure 1.

3.2 Effect of LBP on neuronal axon pathology in diabetic 
rats

The axons of rats in the model group showed disordered 
nerve fiber arrangement, which was characterized by bubble-like, 
bead-like, leaky and swollen nerve fibers in the axons. Meanwhile, 
typical axon mutations were observed in the hippocampus, 
which was significantly reduced in the control group and the 
administration group, as shown in Figure 2.

3.3 Effect of LBP high sugar inducing the axon transport of 
injured neurons

After high glucose treatment, the proportion of immobile 
and slow-moving ρEGFP-NFM particles in neurons increased 
significantly, but after drug treatment, it was significantly 
improved, as shown in Figure 3.
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Figure 1. The effect of LBP on the cognitive function of diabetic rats.

Figure 2. The effect of LBP on neuronal axon pathology in diabetic rats.

Figure 3. The effect of high sugar content of LBP on axon transport in injured neurons.
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3.4 The effect of LBP on Tau protein in in vivo and in vitro 
experiments
The effect of LBP on various proteins of diabetic rats

It was found that in the hippocampus of diabetic rats, the 
phosphorylation degree of Tau protein Ser 202 and Ser 404 
increased by about 2 times. There was no difference in total Tau 
levels between the groups, indicating that the changes in the Tau 
protein phosphorylation immunoreactivity were not correlative 
to changes in the total Tau protein in the hippocampus of the 
brain, as shown in Figure 4.

The effect of LBP on the proteins in primary neurons induced 
by high glucose

The drug treatment reduced the hyperphosphorylation of 
Ser 202 and Ser 404 of Tau protein, indicating that LBP treatment 
can effectively inhibit the hyperphosphorylation of Tau protein 
in primary neurons, as shown in Figure 5.
The molecular mechanism of LBP regulating GSK-3β and Tau 
protein phosphorylation

LBP participated in the PI3K/Akt/GSK3β signaling pathway 
to regulate Tau protein phosphorylation. The results showed 
that pretreatment of neurons with PI3K inhibitor LY294002 can 
partially block Berberine-induced down-regulated phosphorylation 
of Tau protein and berberine-activated PI3K/Akt signaling. In 
addition, after pre-incubation of PI3K inhibitor LY294002, the 
degree of phosphorylation of Akt and GSK3β induced by LBP 
and insulin were both inhibited. Therefore, it is suggested that 
p-Akt and p-GSK3β are the key molecules for the protective 
effect of LBP, as shown in Figure 6.

Figure 4. The effect of LBP on various proteins in diabetic rats.

Figure 5. The effect of LBP on the proteins in primary neurons induced 
by high glucose.’

Figure 6. The molecular mechanism of LBP regulating GSK-3β and 
Tau protein phosphorylation.
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4 Discussion
Tau protein binds to microtubules, promotes the assembly 

of tubulin into microtubules and stabilizes the microtubules 
of neurons. However, Tau protein hyperphosphorylation can 
reduce the stability of microtubules and affect microtubule 
organization. Besides, Tau protein hyperphosphorylation is also 
considered to be a key target for mediating neuronal degeneration. 
More and more evidences show that axon pathology caused by 
hyperphosphorylation of Tau protein leads to diabetes-related 
cognitive deficits (Huang et al., 2021). Similarly, in animal models 
and primary neurons, it is also noticed that the degree of Tau 
protein hyperphosphorylation was positively correlated with 
glucose levels and cognitive dysfunction. The phosphorylation 
process can be regulated by the upstream kinase of Tau protein 
such as GSK-3β, which is mainly controlled by the insulin 
signaling pathway. The down-regulation of insulin signaling 
in the brain leads to the over-activation of GSK-3β, which 
promotes the hyperphosphorylation of Tau protein (Dey et al., 
2017; Chen et al., 2017b; Xu et al., 2017).

Axonal transport refers to the process in which some 
substances in neurons are transported from the cell body to 
the axon end or from the axon end to the cell body along the 
axon. The normal physiological functions of neurons depend 
on the morphology of axons and dendrites and the normal 
maintenance of transport functions (Pintana  et  al., 2017). 
Axonal transport disorders may impair synaptic plasticity and 
lead to neurodegenerative diseases (S.A. Hamed, 2017;). More 
and more evidences indicate that axon diseases, including 
axon swelling, varicose and axon leakage, represent an early 
pathogenic characteristic of T2D (Ramos-Rodriguez et al., 2017; 
Chen et al., 2017a; Yildiz et al., 2021). In addition, site-specific 
hyperphosphorylation of Tau protein was also detected in the brain 
of diabetic rats (Bergstrom, 2016). These results together reveal 
that axonopathy and Tau protein hyperphosphorylation play a 
key role in the pathogenesis of diabetic encephalopathy. Even in 
the case of peripheral hyperinsulinemia, down-regulation of the 
insulin signaling pathway can be observed in the brain of T2D 
rats, and it is accompanied by the occurrence of neurodegenerative 
diseases (Sung et al., 2017; Tian et al., 2016). During this process, 
the kinase GSK-3β is activated, which is a key enzyme in the 
insulin signaling pathway in the brain of T2D rats and a key 
upstream kinase of Tau protein (Huang et al., 2017). In addition, 
studies have shown that intranasal insulin administration can 
improve the disorder of abnormal insulin signaling and Tau 
hyperphosphorylation in the brain of diabetic rats, indicating 
that abnormal insulin signaling in diabetic encephalopathy is 
closely related to Tau protein hyperphosphorylation.

5 Conclusion
In conclusion, the paper clarified the molecular mechanism 

of LBP through PI3K/Akt/GSK-3β signaling pathway to improve 
Tau protein hyperphosphorylation and axonal transport disorder, 
thereby improving the cognitive function of Type II diabetic 
encephalopathy model rats.
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