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Background: Coptis chinensis Franch is extensively used in traditional Chinese medicine to 

treat diabetes and dementia. Alkaloids are the main active ingredients of C. chinensis.

Purpose: This study was designed to probe the effects and possible mechanisms of the total 

alkaloids from C. chinensis (TAC) on cognitive deficits in type 2 diabetic rats.

Methods: Cognitive deficits were induced in rats by streptozotocin and high glucose/high fat 

diet. After treatment with TAC (80, 120, and 180 mg/kg) for 24 weeks, the behavioral param-

eters of each rat were assessed by Morris water maze and Y-maze tests. The indexes of glucose 

and lipid metabolism, pathological changes of brain tissue, and the phosphorylation levels of 

insulin signaling related proteins were also evaluated.

Results: The type 2 diabetic rats showed significantly elevated levels of fasting blood glucose, 

glycosylated hemoglobin and glycosylated serum protein, as well as apolipoprotein B, free fatty 

acid, triglyceride and total cholesterol but decreased the content of apolipoprotein A1, and TAC 

treatment dose-dependently reversed these abnormal changes. Furthermore, the behavioral results 

showed that TAC alleviated the cognitive deficits in type 2 diabetic rats. Moreover, immunohis-

tochemical and histopathologic examinations indicated that the diabetic rats showed significant 

Aβ deposition, and neuronal damage and loss, which can be reversed by TAC treatment. The 

western blot results showed that TAC treatment markedly increased the phosphorylation of IRS, 

PI3K, and Akt, and inhibited the overactivation of GSK3β in the brain of type 2 diabetic rats. 

Conclusion: These findings conclude that TAC prevents diabetic cognitive deficits, most likely 

by ameliorating the disorder of glucose and lipid metabolism, attenuating Aβ deposition, and 

enhancing insulin signaling.

Keywords: cognitive deficits, type 2 diabetes, Coptis chinensis Franch, total alkaloids, insulin 

signaling

Introduction
Cognitive deficits, one of the most common complications of diabetes, are strongly corre-

lated with the degeneration and dysfunction of the central nervous system.1,2 The incidence 

rate of diabetes and related cognitive deficits increases steadily together with the changes 

of lifestyle and population aging.3,4 Thus, identification of treatment strategies for diabetes-

induced cognitive deficits has been an important research goal. Cognitive dysfunction in 

diabetics appears to be caused by various factors.5 Increasing studies have revealed that 

chronic hyperglycemia and hyperlipidemia is a major trigger factor for the initiation and 

development of diabetes-induced cognitive deficits.6,7 In addition, disorder of carbohydrate, 

lipid, and protein metabolism under diabetic circumstances can cause amyloid β (Aβ) deposi-

tion, abnormal insulin signaling, and severe inflammatory response, which also contribute 

to diabetes-induced neuronal damage and cognitive deficits.8–10 Therefore, amelioration of 

hyperglycemia and hyperlipidemia and alternation of abnormal insulin signaling may be 

beneficial for the treatment of cognitive deficits induced by diabetes.
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Herbal medicines have been used in the treatment of 

diseases since the earliest days of human kind. In China, and 

some other oriental countries, there are plenty of medicinal 

plants that are used in the treatment of cognitive deficits. For 

example, Acorus tatarinowii and its main active components 

α-asarone and β-asarone have been demonstrated to be effec-

tive in experimental models of cognitive deficits.11–13 Coptis 

chinensis Franch, a famous Chinese herbal medicine, has 

been used for thousand years to treat diabetes and related 

complications in China, Japan, and Korea.14 Our previous 

results showed that the extract from C. chinensis exhibited 

significant antidiabetic effect in streptozotocin (STZ)- and 

high-glucose/high-fat diet-induced diabetic rats through anti-

oxidant and pancreatic β-cell protection.14 Furthermore, the 

total alkaloids from C. chinensis (TAC) including berberine 

have also been demonstrated as potential anti-dementia 

agents.15 However, the underlying mechanisms and activ-

ity of the TAC on diabetic cognitive deficits have not been 

fully understood. In the present study, for the first time, we 

assessed the possible mechanisms and effect of TAC on 

cognitive deficits in STZ- and high-glucose/high-fat diet-

induced type 2 diabetic rats.

Materials and methods
Preparation of the TAC
C. chinensis Franch was purchased from Derentang Pharmacy 

(Chengdu, China), and identified by Prof. Jian Gu (College 

of Pharmacy, Southwest Minzu University). The rhizomes of 

C. chinensis Franch (83.5 g) was soaked in 835 mL of 70% 

ethanol for 1 hour at room temperature and thereafter reflux-

extracted three times (2 hours each time). Total alkaloids were 

enriched and purified using D101 macroporous resin and then 

concentrated in vacuo and freeze-dried (yield 13.40%). The 

extract was suspended in 0.5% sodium carboxymethyl cellulose 

before administration to animals during the experiment. The 

quality of TAC was checked using HPLC, and the results are 

shown in Figure S1.

Chemicals and drugs
STZ was purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Metformin was provided by Beijing Coway Phar-

maceutical Co., Ltd. (Beijing, China). OneTouch Ultra™ 

glucometer and test paper were purchased from Johnson & 

Johnson (New Brunswick, NJ, USA). All other chemicals 

were of analytical grade.

Experimental animals
All protocols involving animal experiments were conducted 

strictly adhering to and in accordance with the Guide for the 

Care and Use of Laboratory Animals published by the US 

National Institutes of Health (NIH Publication No 85-23, 

revised 1996), and approved by Medical Ethics Committee 

of Sichuan University. Male Wistar rats (220–240 g) were 

obtained from Laboratory Animal Institute, Sichuan Academy 

of Medical Sciences and Sichuan Provincial People’s Hospital 

(Chengdu, China). All animals were allowed to acclimatize to 

the laboratory environment for 7 days before the experiments 

and were group-housed under a normal 12-hour light/dark cycle 

in plastic cages with food and water available ad libitum.

Induction of type 2 diabetes and 
treatment
Induction of type 2 diabetes was performed as per our previ-

ous method.14 In brief, diabetes was induced in the rats by 

intraperitoneal injection of a single dose of 40 mg/kg STZ 

freshly dissolved in citrate buffer. Rats with fasting plasma 

glucose levels .11.1 mmol/L were defined as diabetic and 

selected for further study. Then, the diabetic and nondiabetic 

rats were divided into six groups, each comprising ten rats, as 

follows: normal control rats; diabetic rats without any drug 

treatment; diabetic rats treated with TAC at a dose of 80, 120, 

and 180 mg/kg; and diabetic rats treated with metformin at 

a dose of 250 mg/kg (as a positive control). The rats were 

intragastrically administrated continuously for 24 weeks once 

a day. In addition, the diabetic rats were allowed free access 

to the high-glucose/high-fat diet for 24 weeks to induce 

dyslipidemia. Subcutaneous injection of D-galactose was 

started 20 weeks after the STZ injection and continued for 

4 weeks to aggravate cognitive deficits.

Morris water maze test
Spatial memory ability of rats was evaluated by Morris water 

maze test. The test was carried out in a black circular pool 

(diameter: 120 cm). The temperature of water was kept at 

25°C ± 2°C. A black round platform (diameter: 9 cm) was 

placed 1 cm below the water surface in a middle fixed posi-

tion of the pool. The pool was divided into four equal-spaced 

quadrants. The rats were subjected to three consecutive daily 

training trials for 4 days (two times per day), with each trial 

having a time limit of 90 seconds and with an intertrial 

interval of 30 minutes. For each trial, the rat swam until it 

climbed onto the submerged platform. After climbing onto 

the platform, the rat was allowed to remain on the platform 

for 20 seconds. If a rat failed to find the platform within a 

maximum of 90 seconds, it was gently placed on the platform 

and allowed to remain there for an equivalent amount of time. 

The escape latency to find the platform was measured in each 

trial and averaged over three trials for each rat.
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Y-maze test
The Y-maze also served as an exteroceptive model to 

evaluate the acquisition of spatial memory in rats. A Y-maze 

with three identical Plexiglas arms (100×20×20 cm, named as 

A, B, and C arm, respectively, 120° apart) was placed at the 

center of a room under dim lighting conditions. The walls of 

each arm had a distinct design to provide visual cues. The A 

arm was kept in dark and B arm under light. The rats were 

subjected to five consecutive daily training trials for 4 days 

(10 times per day). At the beginning of the test, each rat was 

placed at the end of C arm facing the center and allowed to 

explore the maze. Successful response was defined as arriving 

at the end of B arm within 15 seconds. A total of 10 attempts 

were allowed for each rat. Percent successful response was 

calculated according to the following formula: Successful 

response (%) = 100% × (Number of successful responses)/

(Total number of attempts).

Biochemical analysis
At the end of the experimental period, all rats were fasted for 

8 hours. Then, rats were anesthetized with chloral hydrate 

(360 mg/kg), and blood specimens were collected from femo-

ral artery with or without EDTA for plasma or serum separa-

tion, respectively. The biochemical indexes including fasting 

blood glucose (FBG), glycosylated hemoglobin (GHb), gly-

cosylated serum protein (GSP), total cholesterol (TC), total 

glyceride (TG), free fatty acid, apolipoprotein A1 (ApoA1), 

and apolipoprotein B (ApoB) were tested using commercial 

diagnostic kits (Nanjing Jiancheng Bioengineering Research 

Institute, Nanjing, China).

Western blot assay
The brain tissues were removed carefully and quickly to 

ice-cold saline (0.9% sodium chloride) and weighed. The 

hippocampus was homogenized in an ice-cold lysis buffer. 

Then, the homogenate was centrifuged at 15,000 × g for 

5 minutes at 4°C prior to collecting the supernatants. Protein 

concentrations were measured using the bicinchoninic acid 

(BCA) protein assay kit (Thermo Fisher Scientific, Waltham, 

MA, USA). Samples (50 µg protein) were subjected to SDS-

PAGE. The proteins were then blotted onto nitrocellulose 

membranes. Western blotting analyses were performed with 

the primary antibodies, followed by horseradish peroxidase-

conjugated goat anti-rabbit secondary antibody (1:1,000, 

#A0208 and #A0216; Beyotime Institute of Biotechnology, 

Haimen, China). Signals were detected by enhanced chemi-

luminescence reagent (Beyotime Institute of Biotechnology). 

Primary antibodies against phospho-IRS1 (#2384), IRS1 

(#2382), phospho-PI3K (#4228), PI3K (#4249), phospho-Akt 

(#13038), Akt (#9272), phospho-GSK3β (#9322), and 

GSK3β (#5676) with 1:1,000 dilution were obtained from 

Cell Signaling Technologies (Danvers, MA, USA). GAPDH 

(1:1,000, #AF0006) was purchased from Beyotime Institute 

of Biotechnology, which was used as the reference.

H&E staining and toluidine blue Nissl 
staining
After behavioral evaluation and biochemical analysis, remain-

ing rats were used for histopathological examination. Briefly, 

the remaining rats were anesthetized using 10% chloral 

hydrate, transcardially perfused with 150 mL cold 0.1 M PBS 

(pH 7.4), and treated with 150 mL cold 4% paraformaldehyde 

for 30 minutes. The brain tissues were taken and immersed 

in 10% formaldehyde solution. The tissues were dehydrated 

in series concentrations of ethanol, cleared in xylene, and 

embedded in paraffin wax, and then cut into 7 µm thick 

sections. Deparaffinization was performed by heating the sec-

tions for 25 minutes at 60°C. After gradual hydration through 

graded alcohols, the sections were rinsed in distilled water 

and stained by H&E or toluidine blue (1%; Sigma-Aldrich). 

Finally, the sections were viewed under a light microscope 

to observe the pathological changes of brain tissues.

Immunohistochemical analysis
The paraffin sections were dewaxed with xylene and hydrated 

with gradient ethanol. Then, the sections were treated in a 

microwave oven at low power for 10 minutes in 0.01 M sodium 

citrate buffer (pH 6.0) and blocked with 10% goat serum at 

room temperature for 2 hours. Subsequently, the sections were 

stained with anti-Aβ42 (1:100; Abcam, Cambridge, UK) rab-

bit polyclonal antibody at 4°C overnight. The sections were 

then washed with tris-buffered saline/Tween 20 (TBST), and 

endogenous peroxidase was inactivated using 3% hydrogen 

peroxide for 15 minutes. Next, the sections were incubated 

with biotin-labeled goat anti-rabbit secondary antibody and 

horseradish peroxidase-labeled streptomycin ovalbumin 

(1:1,000; Zhongshan Golden Bridge Biotechnology, Beijing, 

China) for 1 hour at room temperature, and antibody-

binding sites were visualized by diaminobenzidine (DAB) 

kit (Zhongshan Golden Bridge Biotechnology). Thereafter, 

the sections were stained with hematin for 10 minutes and 

dehydrated and cleared using gradient ethanol and xylene, 

respectively. Finally, the sections were sealed with neutral 

balsam on slides and observed under a light microscope.

Statistical analysis
Data were expressed as mean values ± SD. Statistical analy-

ses were performed with GraphPad Prism 5.0 software 
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(GraphPad, La Jolla, CA, USA). The data were compared 

by one-way ANOVA followed by Dunnett’s post hoc test. 

The differences were considered statistically significant at 

P,0.05.

Results
TAC improves the disorder of glucose and 
lipid metabolism in type 2 diabetic rats
To test the effects of TAC on disorder of glucose and lipid 

metabolism, type 2 diabetic rats were established by STZ 

and high-glucose/high-fat diet. After STZ injection and 

administration of high-glucose/high-fat diet, disorder of glu-

cose and lipid metabolism was induced. TAC at the doses of 

80, 120, and 180 mg/kg ameliorated STZ- and high-glucose/

high-fat diet-induced hyperglycemia, which manifested as 

decreased FBG, GHb, and GSP levels (Figure 1). Moreover, 

elevated levels of lipid components including nonesterified 

fatty acid (NEFA), TC, and TG (Figure 2), as well as reduced 

level of ApoA1 and elevated level of ApoB (Figure 2), were 

significantly adjusted by TAC treatment. These results sug-

gest that TAC could improve the disorder of glucose and 

lipid metabolism in type 2 diabetic rats.
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Figure 1 Effects of TAC on hyperglycemia in type 2 diabetic rats.
Notes: Serum levels of (A) FBG, (B) GHb, and (C) GSP were evaluated. Data are expressed as mean ± SD, n=10. *P,0.05 and **P,0.01 vs diabetic control.
Abbreviations: TAC, total alkaloids from Coptis chinensis Franch; FBG, fasting blood glucose; GHb, glycosylated hemoglobin; GSP, glycosylated serum protein.
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Figure 2 Effects of TAC on lipid components and apolipoproteins in type 2 diabetic rats.
Notes: Serum levels of (A) TC, (B) TG, (C) NEFA, (D) ApoA1, (E) ApoB, and (F) ratio of ApoA1 and ApoB were evaluated. Data are expressed as mean ± SD, n=10. 
*P,0.05 and **P,0.01 vs diabetic control.
Abbreviations: TAC, total alkaloids from Coptis chinensis Franch; TC, total cholesterol; TG, total glyceride; NEFA, nonesterified fatty acid; ApoA1, apolipoprotein A1; 
ApoB, apolipoprotein B.
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TAC treatment enhances the cognitive 
ability in type 2 diabetic rats
Type 2 diabetes is a strong risk factor for cognitive deficits. 

To assess whether TAC treatment affects the cognitive func-

tion, we performed Morris water maze test and Y-maze test 

in the present study. During the tests, type 2 diabetic rats 

showed severe learning deficit in the Morris water maze 

test (Figure 3A) and Y-maze test (Figure 3B), including 

prolonged escape latency and increased error responses, 

respectively. After 24 weeks of TAC treatment (120 and 

180 mg/kg), diabetic rats showed decreased escape latency 

in Morris water maze test and elevated successful response 

in Y-maze test (Figure 3A and B). The data suggested that 

TAC is beneficial in improving the cognitive deficits of rats 

with type 2 diabetes.

TAC attenuates the pathological changes 
of brain tissue in type 2 diabetic rats
Histological evaluation of the brain tissues in the vehicle-

treated animals revealed obvious signs of cognitive deficits, 

with marked injury and loss of hippocampal neurons, as 

well as gliocyte proliferation (Figure 4B), compared with 

the normal rats (Figure 4A). The degree of injury and loss 

of hippocampal neurons and gliocyte proliferation were sig-

nificantly alleviated after administering TAC or metformin 

(Figure 4C–F). Nerve cell arrangements were also orderly 

after TAC treatment (Figure 4C–F). Moreover, toluidine 

blue Nissl staining demonstrated the beneficial function of 

TAC in attenuating the loss of hippocampal neurons, a major 

pathological characteristic of cognitive deficits (Figure 5). 

This result showed an important repressor effect of TAC 

on neuronal damage and loss in type 2 diabetic rats, which 

contributes to its improvement of cognitive deficits.

TAC treatment reduces Aβ deposition 
in type 2 diabetic rats
Type 2 diabetes-induced cognitive deficits are characterized 

by the presence of senile plaques composed of aggregated 

extracellular Aβ protein. Thus, in addition to changes in 

histopathology, we hypothesized that TAC would attenuate 

the process of Aβ deposition in the brain of type 2 diabetic 

rats. As expected, obvious Aβ42 deposition was observed 

in the brain of type 2 diabetic rats (Figure 6B), compared 

to the normal rats (Figure 6A). However, treatment with 

TAC (80, 120, and 180 mg/kg) or metformin (250 mg/kg) 

significantly attenuated the accumulation of Aβ42 in neurons 

in the hippocampus of type 2 diabetic rats (Figure 6C–F). 

These results indicated that TAC ameliorates the memory 

impairment in type 2 diabetic rats due to its inhibitory effect 

on Aβ deposition (Figure 6A–G).

TAC treatment regulates insulin signaling 
in the brain of type 2 diabetic rats
As impaired IRS/PI3K/Akt insulin signaling and overactiva-

tion of GSK3β are involved in type 2 diabetes-induced cogni-

tive deficits, we investigated whether TAC altered the IRS/

PI3K/Akt/GSK3β signaling pathway in the brain of type 2 

diabetic rats. As shown in Figure 7, reduced phosphorylation 
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Figure 3 Effects of TAC on cognitive deficits in type 2 diabetic rats.
Notes: (A) Escape latency in Morris water maze test and (B) successful response in Y-maze test were recorded. Data are expressed as mean ± SD, n=10. *P,0.05 and 
**P,0.01 vs diabetic control.
Abbreviation: TAC, total alkaloids from Coptis chinensis Franch.
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Figure 4 Effects of TAC on histopathology of the brain in type 2 diabetic rats.
Notes: (A) Normal, (B) diabetic, (C) TAC 80 mg/kg, (D) TAC 120 mg/kg, (E) TAC 180 mg/kg, and (F) metformin. Bar=25 µm.
Abbreviation: TAC, total alkaloids from Coptis chinensis Franch.

levels of IRS1, PI3K, Akt, and GSK3β were observed in the 

brain of type 2 diabetic rats, compared to the normal rats. 

TAC (80 and 180 mg/kg) treatment significantly reversed 

the reduced phosphorylation levels of IRS1, PI3K, Akt, and 

GSK3β. The resulting efficacy of TAC at 180 mg/kg on IRS/

PI3K/Akt/GSK3β signaling was similar to that of metformin 

(Figure 7). This result indicated that TAC improved the type 2 

diabetes-induced cognitive deficits, in part, by enhancing the 

IRS/PI3K/Akt signaling and inhibiting the overactivation 

of GSK3β.

Discussion
Although the pathogenesis of diabetic cognitive deficits is 

still not well understood, pharmacological treatment for this 

disease warrants exploration. Natural products are histori-

cally invaluable as a source of therapeutic reagents. Recently, 

growing concerns have been paid to the development of new 

therapeutic reagents from natural products or traditional 

medicinal plants due to their effectiveness and wider safety 

range. C. chinensis, a well-known traditional Chinese herbal 

medicine, has been found to have antidiabetic effect. In the 

present study, we found that the total alkaloids, the main 

active ingredients of C. chinensis, potentially improved the 

cognitive deficits in STZ- and high-glucose/high-fat diet-

induced type 2 diabetic rats.

Increasing evidence suggested that hyperglycemia can be 

considered as a determinant of cognitive decline in patients 

with diabetes,16 implicating that intensive blood glucose 

control is imperative for ameliorating diabetes-induced 

cognitive deficits. A previous report has shown that hypogly-

cemic agents and insulin sensitizers reduce the risk of cogni-

tive dysfunction under diabetic conditions.17 In this study, 

TAC treatment markedly reduced the excessive elevated level 

of blood glucose and nonenzymatic glycosylation products 

including GHb and GSP, which suggested that TAC could be 

used as a good hypoglycemic reagent or an insulin sensitizer. 

The hypoglycemic action of TAC was mainly attributed to the 

total alkaloids, especially berberine.18 Based on these data, 

the effective blood glucose control of TAC facilitated its alle-

viation of cognitive impairment induced by diabetes, which 

was further confirmed by behavioral experiments including 

Morris water maze test and Y-maze test. Furthermore, an 

epidemiological study has reported an association between 

Alzheimer’s disease and some vascular risk factors, includ-

ing hyperlipidemia.19 Therefore, hyperlipidemia-induced 

intracranial vascular dysfunction may be a contributing factor 

to cognitive deficits.20 Our results indicated that TAC also 

attenuated the increased levels of NEFA, TC, TG, and ApoB 

in type 2 diabetic rats. The hypolipidemic effect of TAC may 

contribute to its anti-dementia effect through improving the 

intracranial vascular dysfunction.

Some clinical studies showed that Aβ accumulation was 

more obvious in the brain of patients with cognitive decline.21 

Aβ protein can trigger apoptotic cascades in neurons and 

then lead to neurodegeneration, DNA fragmentation, and 

apoptosis proteins expression, which are the leading causes 

of cognitive deficits.22 Moreover, chronic hyperglycemia can 

promote Aβ accumulation23 and enhance the susceptibility of 
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Figure 5 Effects of TAC on Nissl granules in the brain of type 2 diabetic rats.
Notes: (A) Normal, (B) diabetic, (C) TAC 80 mg/kg, (D) TAC 120 mg/kg, (E) TAC 180 mg/kg, and (F) metformin. Bar=25 µm. (G) Quantification of the average IOD of 
Nissl bodies. Data are expressed as mean ± SD, n=10. *P,0.05 and **P,0.01 vs diabetic control.
Abbreviations: TAC, total alkaloids from Coptis chinensis Franch; IOD, integrated optical density.

nerve cells and brain microvascular endothelial cells to Aβ 

toxicity.24 In our study, we found a significant Aβ deposition 

in the brains of type 2 diabetic rats. As expected, neuronal 

damage and loss were also observed in the brains of type 2 

diabetic rats by H&E staining and toluidine blue Nissl stain-

ing. These changes were consistent with the results obtained 

from the Morris water maze test and Y-maze test. TAC 

treatment suppressed the Aβ deposition and neuronal loss, 

which was beneficial in restoring the learning and memory 

in diabetic rats. Additionally, ApoA1 has been shown in vivo 

to participate in the amylogenesis process by binding to Aβ 

protein and to involve in the regeneration process of neuronal 

cells after injury.25 TAC treatment elevated the serum level of 

ApoA1 and decreased the content of ApoB in type 2 diabetic 

rats. This result may help explain the underlying mechanism 

and effect of TAC on attenuating Aβ deposition and neuronal 

loss as well as cognitive deficits.

Recent epidemiological evidence also suggests that 

insulin resistance in central nervous system is a risk factor 

for cognitive decline.26 Because elevations in insulin lead 

to accumulation of Aβ, which then further impairs insulin 

signaling, impairment in brain insulin signaling can initiate 

a vicious spiral of decline in brain metabolism, synaptic 

dysfunction, and cognitive impairment.27 Downstream targets 

of insulin signaling pathway, for example, p-Ser302 IRS1, 

are downregulated and involved in the process of insulin 
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Figure 6 Effects of TAC on Aβ42 deposition in the brain of type 2 diabetic rats.
Notes: (A) Normal, (B) diabetic, (C) TAC 80 mg/kg, (D) TAC 120 mg/kg, (E) TAC 180 mg/kg, and (F) metformin. Bar=25 µm. (G) Quantification of the average IOD of 
Aβ42. Data are expressed as mean ± SD, n=10. *P,0.05 and **P,0.01 vs diabetic control.
Abbreviations: TAC, total alkaloids from Coptis chinensis Franch; IOD, integrated optical density.

resistance.28 Akt, a key kinase of insulin signaling, medi-

ates the effect of insulin via important intracellular signal-

ing cascades including the PI3K/Akt pathway.29 This study 

identified reductions of p-Ser302 IRS1 and p-Thr308 Akt in the 

hippocampus of type 2 diabetic rats, suggesting an impaired 

insulin signaling in the brain. TAC treatment corrected the 

insulin resistance in the brain by regulating IRS1/PI3K/

Akt signaling, which was beneficial for the improvement of 

memory impairment.

Furthermore, we revealed that TAC obviously enhanced 

the phosphorylation of GSK3β at Ser9. A major target of 

Akt, GSK-3β is inhibited when it is phosphorylated at Ser9, 

resulting in glycogen synthesis and dephosphorylation of tau 

protein.30 On the other hand, activated GSK-3β is implicated 

in the process of Aβ deposition31 and disturbs the growth 

and survival of neurons.32 Therefore, GSK-3β is the bridge 

connecting insulin signaling and maintenance of neuronal 

functions. In this study, we found that GSK3β activity was 

inhibited after TAC treatment, indicating that TAC exerted an 

inhibitory effect on Aβ deposition, neuronal loss, and cogni-

tive deficits, in part, by the regulation of GSK3β activity. This 

result is consistent with a previous report, which showed that 

GSK-3β inhibition ameliorated diabetes-induced cognitive 

deficits in rats.33

Meanwhile, we have also identified several compounds 

in the TAC, such as berberine. Previous studies have 
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Figure 7 Effects of TAC on IRS/PI3K/Akt/GSK3β signaling in the brain of type 2 diabetic rats.
Notes: (A) Representative Western blots and bar graphs of gray-scale analysis are shown. Quantification of the ratio of (B) p-IRS1 and IRS1, (C) p-PI3K and PI3K, (D) p-Akt 
and Akt, and (E) p-GSK3β and GSK3β normalized to GAPDH. Data are expressed as mean ± SD, n=3. *P,0.05 and **P,0.01 vs diabetic control.
Abbreviation: TAC, total alkaloids from Coptis chinensis Franch.

demonstrated the regulation of berberine on several kinases 

and biomarkers that play crucial roles in the development 

of diabetic cognitive deficits, such as Akt and GSK3β, as 

well as Aβ.34,35 Therefore, the improvement of cognitive 

deficits by TAC is largely due to berberine. Moreover, many 

natural products exhibit their activities through regulating 

multiple targets. For example, several proteins, such as 

AchE, AMPK, and PPAR, are identified as the targets of 

berberine.36,37 Taking into account the general agreement that 

molecules interfering simultaneously with multiple targets 

might be more effective than single-target agents,38 other 

potential mechanisms should be explored in further study. 

Taken together, the findings of the present study provide 

pharmacodynamic and molecular biological evidence for 

the preventive effects of TAC on diabetes-induced cogni-

tive deficits.

Conclusion
Overall, our findings demonstrated the protective effect of 

TAC on cognitive deficits in STZ- and high-glucose and 

high-fat diet-induced type 2 diabetic rats. This action may be 

attributed to its ability to reverse pathological changes of the 

brain including loss of neurons and Aβ deposition, as well 

as regulate the IRS1/PI3K/Akt insulin signaling and GSK3β 

activity. The data thus suggest that TAC may be beneficial 

for the treatment of diabetic cognitive deficits.
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Figure S1 The fingerprint chromatogram of TAC.
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