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Introduction

Diabetic cognitive impairment (DCI) is a chronic complication of the central nervous system (CNS) caused by diabetes that affects learning and memory capacities over time. Recently, acupuncture has been shown to improve cognitive impairment in streptozotocin-induced diabetic rats. However, the effects of electroacupuncture on DCI and its underlying mechanism have not yet been elucidated in detail. 





Methods

In this study, we used db/db mice as DCI animal models which showed low cognitive, learning and memory functions. Electroacupuncture significantly ameliorated DCI, which is reflected by better spatial learning and memory function using behavioral tests. The db/db mice with cognitive impairment were randomly divided into a model group (Mod) and an electroacupuncture treatment group (Acup), while db/m mice were used as a normal control group (Con). First, the mice were subjected to behavioural tests using the Morris water maze (MWM), and body weight, blood glucose, insulin, triglycerides (TG) and total cholesterol (TC) were observed; HE, Nissl, and TUNEL staining were used to observe the morphological changes and neuronal apoptosis in the mice hippocampus; Finally, Western blot and rt-PCR were applied to detect the essential proteins and mRNA of ERS and insulin signalling pathway, as well as the expression levels of Tau and Aβ.





Results

Electroacupuncture significantly ameliorated DCI, which is reflected by better spatial learning and memory function using behavioral tests. Moreover, electroacupuncture attenuated diabetes-induced morphological structure change, neuronal apoptosis in the hippocampus of db/db mice. Our results revealed that electroacupuncture could regulate the expression levels of Tau and Aβ by improving hippocampal ERS levels in db/db mice, inhibiting JNK activation, attenuating IRS1 serine phosphorylation, and restoring normal transduction of the insulin signaling pathway.





Discussion

In summary, ERS and insulin signaling pathway paly causal roles in DCI development. Electroacupuncture can significantly alleviate the pathogenesis of DCI, improve mice's learning and memory ability, and improve cognitive dysfunction. This study adds to our understanding of the effect of acupuncture on DCI and opens the door to further research on DCI.
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Introduction

Diabetes mellitus (DM) is a chronic metabolic disease that may adversely affect several systems. DM may lead to severe neurological lesions in the central and peripheral nervous systems. In particular, damage to the central nervous system (CNS) can cause neurophysiological and structural changes, further leading to cognitive decline (1). Diabetic cognitive impairment (DCI) is one of the chronic complications of diabetes characterized by cognitive impairment, mainly manifested as impaired learning ability, memory function, perception, and central executive function, which is not pertinent to patient’s age and educational level. Consequently, patients with DCI can seriously affect their quality of life and reduce the self-management ability, probably aggravating the progression of diabetes and forming a vicious circle. Therefore, it is of great theoretical significance and social value to carry out in-depth investigation of DCI pathogenesis and explore new targets for the prevention and treatment of DCI.

DCI has a clinicopathological manifestation between normal brain ageing and Alzheimer’s disease (AD), and belongs to the pre-AD stage but does not meet the diagnostic criteria for AD (2). DCI and AD have a similar pathological basis, showing Aβ deposition and Tau hyperphosphorylation (3). Although multiple factors may contribute to DCI, its exact pathogenesis is still unclear. Impaired insulin signaling in the brain, abnormal phosphorylation of Tau protein, glucose toxicity, oxidative stress, endoplasmic reticulum stress (ERS), and amyloid β-protein (Aβ) deposition are reported to be associated with the pathogenesis of DCI (4). Studies have shown that the insulin signaling pathway can regulate the release and clearance of Aβ by allowing β-amyloid precursor protein (APP) to produce secreted APP (sAPP) (5–7). In the case of ERS, it is activated in brain neuronal cells in DCI and AD, and three stress marker molecules on the endoplasmic reticulum are dissociated from glucose-regulated protein 78 (GRP78), of which inositol-requiring enzyme 1α (IRE1α) can activate c-Jun N-terminal kinase (JNK) (3, 8).

As an essential part of traditional medicine, acupuncture has the characteristics of precise efficacy, multi-target, multi-link, and multi-level action. Acupuncture can also effectively improve the cognitive function and daily living ability of patients with cognitive impairment (9–11). Noteworthily, our previous studies have shown that electroacupuncture is very effective in treating diabetes and its complications, regulating blood glucose, improving nerve cell apoptosis, and delaying nerve damage (12). It has been reported that electroacupuncture protects nerve cells by stimulating the electrophysiological characteristics of human meridians and collaterals to strengthen the metabolic circulation of brain blood (13, 14). Since no effective treatment for DCI is available, currently, mainly based on hypoglycemic drugs, a new treatment strategy is urgently needed. On the basis of our previous study and the aetiology of DCI, we propose a new treatment method, “Adjust Zang Arouse Spirit” electroacupuncture”, where Baihui (GV20) and Shenting (GV24) are essential acupuncture points for treating mental disorders (15). This study was designed to prove the effectiveness of the “Adjust Zang Arouse Spirit” electroacupuncture treatment for DCI and to explore its mechanism of action. We focused on ERS, an important link to the pathogenesis of DCI. To understand it in more detail, we explored the effects of electroacupuncture on hippocampal ERS and insulin signaling in mice with DCI. This study is essential to reveal the effects and mechanism of action of “Adjust Zang Arouse Spirit” acupuncture in the treatment of DCI and may offer hope for new therapeutic avenue in DCI.





Materials and methods




Mice model of DCI

The T2D-the genetic LepR db/db (db/db) model is an autosomal stealth derivative of an inbred strain of C57BL/KsJ mice with a Leptin receptor site mutation resulting in a Leptin signaling pathway disruption, resulting in obesity, subsequently elevated blood glucose, insulin resistance and fatty liver (16). This phenomenon is most evident in mice from 8-12 weeks, with the development of diabetes-related complications. The db/db mice have spatial learning and memory dysfunction. Therefore, it can be seen as a typical model for studying DCI (17, 18).

A total of 15 male db/m mice (27 ± 3g) and 35 male db/db mice aged 8 weeks (40 ± 4g) were purchased from Changzhou Cavins Laboratory Animals Technology Co. Ltd. (Jiangsu, China; animal license no: SCXK (Su) 2016-0010]. These animals were housed and raised under standard laboratory conditions (21~25°C temperature; 40%~70% humidity; noise < 60 dB; 12:12 h light-dark cycle) at the animal experiment center of Changchun University of Chinese Medicine. The present study was approved by the Ethics Committee of the Changchun University of Chinese Medicine (Approval Number: 2020188). After acclimatization, mice were fed a breeding and growth feed diet (carbohydrate 60%, protein 22%, fat 4.0%), 5 per cage, free feeding and watering. All experimental procedures are strictly in accordance with the Ministry of Science and Technology’s “Guiding Opinions on Treating Experimental Animals Properly” (Version 2006), and the guidelines for the nursing and use of experimental animals of Changchun University of Chinese Medicine.





Screening for cognitive impairment in db/db mice

All mice were housed adaptively for 7 days prior to the beginning of the experiment. At 9 weeks of age, the Morris water maze (MWM) was used to test the spatial learning and memory abilities of animals in each group to verify the presence of cognitive impairment in db/db mice.





Animal treatment

The db/db mice with cognitive impairment were randomly divided into model control group (Mod) and electroacupuncture treatment group (Acup). The db/m mice reared under the same conditions were used as the normal control group (Con). At baseline, mice were measured for body weight, blood glucose, and activity, and the results were used to remove abnormal values. During the experiment, all three groups of mice were given the same diet and water. The Acup received electroacupuncture treatment, administered once per day, for 20 min each time, and six treatments were counted as a course of treatment, with continuous treatment for four courses. The main acupuncture points include: Baihui (GV20), Shenting (GV24), and bilateral Feishu (BL13), Pishu (BL20), Shenshu (BL23), Hegu (L14), Zusanli (ST36), Sanyinjiao (SP6), and Taichong (LR3). Acupoints were located according to the atlas of acupuncture points “Experimental Acupuncture and Moxibustion” (Beijing: China Traditional Chinese Medicine Publishing House Co., Ltd, 2021) (19). Mice were treated by a 0.18*13-mm acupuncture needles for single use (Zhongyan Taihe, Beijing Medical Instrument Co., Ltd, Beijing, China). Each acupuncture point is needled in the reverse direction of penetration, the unilateral GV20-GV24, BL20-BL23, and SP6-LR3 were used as electroacupuncture connection pairs by using Huatuo SDZ-V electronic acupuncture therapy instrument (Hwato, Suzhou Medical Appliance Factory, Suzhou, China), taking dilatational wave with frequency of 2 Hz (frequency ratio 1:5). A slight contraction of the muscles determined the intensity of the acupuncture point, and the mice could tolerate it. The duration of electroacupuncture treatment was 20 min. The mice in the Mod and Con group were fixed to the experimental plate in the same way as those in the Acup group, but without treatment, and restrained for 20 min. Throughout the experiment, we made every effort to minimize the pain of animals.

During the 4-week-treatment period, food intake and water intake were measured once a day in each group; body weight and blood glucose were measured at baseline, one week of treatment, two weeks of treatment, three weeks of treatment, and the end of treatment at week 4. At the end of all sessions, the mice in each group underwent MWM again to determine learning and cognitive function. After measuring basic indicators, mice were anaesthetized with breathing isoflurane. For hematoxylin & eosin (H&E), Nissl, and TUNEL staining, the brains were quickly separated, rinsed in saline, then perfused with 4% paraformaldehyde (PFA) in 0.1 M PBS following the saline solution perfusion for 24 h and embedded in paraffin for sectioning. For western blot and polymerase chain reaction, the hippocampus was isolated and stored rapidly at -80°C.





Morris water maze test

The Morris water maze consists of a cylindrical pool, a columnar station with flexible positioning, an animal behavior trajectory analysis system, and a camera system. The test was performed in a circular pool with a diameter of 120 cm and a height of 50 cm (The platform with a height of 25 cm and a diameter of 8 cm) (Zhongshidichuang Science and Technology Development Co., Ltd., Beijing, China). There are 4 central points on the wall of the pool, N (north), E (east), S (south) and W (west), dividing the pool into four quadrants, I, II, III, and IV. It was filled with clean water, the water depth was about 25 cm, and the water was about 0.5 cm higher than the upper layer of the platform. Water temperature was maintained at 23 ± 0.5 °C using an automatic heating system. MWM records escape latency and the number of the original platform crossings in mice. Each time, the mice were randomly assigned to one of the four quadrants and swam freely to find the platform. If the platform was not found within 60 s, it would be directed there for 15 s, and the escape latency was recorded as 60 s. Mice were trained for 5 days and used to examine spatial learning ability. The escape latency and the swimming trajectories were recorded. A spatial probe trial was performed on day 6 to test the learning and memory abilities of the mice, and the platform was removed. These mice were allowed to swim freely in water without a platform for 60 s. The number of times the mice crossed the platform site, the swimming distance and time in the target quadrant, and the swimming distance and time in the entry quadrant were recorded.





H&E staining and Nissl staining

The brains were rapidly isolated and placed in a 4% PFA fixative solution for 24 h at room temperature. The brain is then dehydrated in alcohol and embedded in paraffin. The 3-µm sections were dewaxed and hydrated, then stained with hematoxylin and eosin solution (Servicebio Science and Technology, Beijing, China). Morphological changes in brain tissue were observed under light microscopy. For Nissl staining, tissue sections were stained with cresol violet. They were differentiated using Nissl differentiation solution (Servicebio Science and Technology, Beijing, China) and dehydrated, transparent, and sealed. Neuronal staining in the hippocampal region of brain tissue was observed under light microscopy. Neuronal staining in the hippocampal region of brain tissue was observed under light microscopy, and the number of Nissl bodies was determined using Image-Pro plus software.





Enzyme-linked immunosorbent assay (ELISA)

The blood was obtained from the eyes of anaesthetized mice and transferred to anticoagulation tubes. After 2 hours at 4°C, the blood samples were centrifuged at 4000 rpm for 10 minutes, then we collected serum, and measured the levels of total cholesterol (TC) (Jiangsu Cote Biological Technology Co. Ltd., Product Number: KT30043-B), triglyceride (TG) (Jiangsu Cote Biological Technology Co. Ltd., Product Number: KT30053-B), and insulin (INS) (Jiangsu Cote Biological Technology Co. Ltd., Product Number: KT2579-B) using an ELISA kit according to the manufacturer’s instructions.





Western blot analysis

For protein extraction, the hippocampus was homogenized in lysis buffer containing protease inhibitor cocktail (Beijing Labgic Technology Co., Ltd., Product No. BL539A). Then, the complexes were centrifuged at 12,000 rpm for 10 min at 4°C, and the supernatant obtained was used for protein determination. The Bradford technique was used to determine the protein concentration. The isolated proteins were quantified using BCA assay. Separation of 20 ug protein by SDS-PAGE (8, 10, 12 or 15% gel) and transfer to PVDF membrane. After being blocked with 5% skimmed milk for 0.5 h at room temperature, the membranes were incubated overnight at 4°C with the specific primary antibodies. After washing 3 times with TBST (TrisHCL (1M, pH7.5): 50mL; Nacl: 8g; KCL: 0.2g; Tween: 0.5ml), the membranes were treated with a secondary antibody of the same genus for 2 hours at room temperature. ECL chemiluminescence detection reagents were used and detected using a gel imaging analyzer. The Alpha software (Alpha Innotech, San Leandro, CA, USA) processing system was used to analyse the optical density values of the target band. All experiments were repeated in triplicate with independently prepared tissue.





Quantitative real-time polymerase chain reaction (rt-PCR)

Total RNA was extracted from hippocampus tissues using Trizol reagent and transcribed to cDNA using the Servicebio®RT First Strand cDNA Synthesis Kit (Wuhan servicebio technology Co., Ltd., Product No. G3330) according to the protocol of our laboratory. The total RNAs were quantified by spectrophotometer (Bio-Rad, Hercules, CFX). cDNA was amplified for 5 min at 25°C, 30 min at 42 °C, and the terminative reaction temperature was 85°C for 5min. The change in cRNA expression was calculated employing the comparative change-in-cycle method (ΔΔCt), with GAPDH as the standardized gene.





TUNEL staining

TUNEL staining was performed using an in Situ Cell Death Assay kit (Wuhan servicebio technology Co., Ltd., Product No. G2006) to determine apoptosis in the hippocampal region by TdT-mediated dUTP nick-end labeling according to the manufacturer’s instructions. After dewaxingand hydration, the brain sections was incubated with proteinase K working solution for 20 min at 37°C. The slides were then rinsed 3 times with phosphate buffer saline (PBS, hyclone, America Co., Ltd., Product No. SH30256.01), which was followed by incubation with the TUNEL reaction mixture. Finally, use the DAPI dye solution to seal for 5 min at room temperature. TUNEL-positive and total cells were observed under a fluorescent microscope (Nikon Corporation, Eclipse Ci-L, Japan). TUNEL-positive cells and neurons were expressed as a percentage of total cells.





Statistical analysis

All the data were processed using SPSS 26.0 statistical analysis software and were expressed as mean ± SEM. If the experimental data conform to the normal distribution and meet the variance homogeneity test, the one-way analysis of variance (ANOVA) was used. In one-way ANOVA analysis, the Tukey test was used to estimate the significance of the results (p<0.05). Statistical results were considered significantly different at p<0.05.






Results




Electroacupuncture treatment improved the spatial learning and memory abilities of db/db mice

MWM was used to detect the spatial learning and memory ability of db/db mice. Before the beginning of the experiment, all mice underwent MWM behavior tests for six days to determine whether db/db mice had cognitive impairment (Figure 1A). After testing, it was found that compared with the Con group, db/db mice in the Mod group showed worse learning and spatial memory ability (p<0.05 or p<0.01) (Figures 1B, C). It indicated that db/db mice had cognitive impairment, which proved that the model was established. However, not all db/db mice have cognitive impairment, five mice (non-Mod) were excluded after MWM screening. The mice were trained to locate the platform, and all mice struggled to swim to the platform. In each group, the escape latency of mice decreased with increased training time. There was a significant difference in the escape latency in the Acup group to reach the platform on the fourth day of training compared with that in the Mod group (p<0.05), bringing it closer to that in the Con group (Figure 1D (1)- (2)). These results showed that electroacupuncture could improve the spatial learning ability of db/db mice.




Figure 1 | Electroacupuncture improves db/db mice’s learning and memory abilities of the MWM test, respectively. (A) Timeline of experimental procedures. (B, C) A comparison of escape latency in each group from day 1 to day 5 before treatment. (D) A comparison of escape latency in each group from day 1 to day 5 after treatment. (E) A comparison of passing times in each group through the platform quadrant on the sixth day. (F) A comparison of percentage of swimming distance in each group through the platform quadrant (SW) on the sixth day. (G) A comparison of percentage of swimming time in each group through the platform quadrant (SW) on the sixth day. (H) A comparison of percentage of swimming distance in each group through the entry quadrant (NE) on the sixth day. (I) A comparison of percentage of swimming time in each group through the entry quadrant (NE) on the sixth day. (J) The swimming track in each group on the sixth day in 60 s. Non-Mod represents db/db mice model without cognitive impairment. Data are expressed as means ± SEM. Mod vs Con, #p < 0.05, ##p < 0.01; Acup vs Mod, *p < 0.05, **p < 0.01.



On the sixth day of testing, we removed the platform and tested the difference in the spatial memory ability of the mice in a spatial probe trial. When the platform was removed, we tested the number of times that the mice crossed the platform, the swimming distance and time in the target quadrant, the swimming distance and time in the entry quadrant, and the swimming track within 60 s. Swimming distance was positively correlated with escape latency. Fewer crossings over the platform position was observed in the Mod group than those in theAcup group (p<0.05) (Figure 1E). In addition, as shown in Figures 1F–I, the mice in the Acup group and Mod group showed similar escape latency in percentage of swimming time and swimming distance in target and entry quadrants. The swimming track of mice in each group had a particular tendency, the mice in the Con group and Acup group swam in the target quadrant, while those in the Mod group swam in the entry quadrant, with the longest and most complex swimming track (Figure 1J). The above results showed that electroacupuncture treatment brought the spatial learning ability of the mice closer to the level of the Con group. It is suggested that electroacupuncture may have beneficial effects on the spatial learning and memory abilities of db/db mice.





Electroacupuncture treatment alleviated DCI-related physiological indicators in db/db mice

In order to evaluate the effects of “Adjust Zang and Arouse Spirit” electroacupuncture on db/db mice, we monitored the food intake, water intake, body weight, blood glucose, and some other diabetes-related serological indicators in each group. Before treatment (week 0), the values of food intake and water intake of mice in the Mod group and the Acup group were significantly higher than those in the Con group, and there was no significant difference between the Mod and Acup groups. However, compared with the Mod group, the food intake and water intake were seen reduced significantly in the Acup group after 3 and 2 weeks of electroacupuncture treatment (Figures 2A, B). At the same time, in comparison, the body weight was significantly improved in the Acup group after 2-week intervention, so as the blood glucose was also reduced after 3-week treatment (Figures 2C, D). In order to determine the effect of electroacupuncture treatment on IR and evaluate the function of islet β cells, insulin (INS) was also calculated in mice serum. The result showed INS in the Acup group was significantly reduced in comparison with that in the Mod group (Figure 2E).




Figure 2 | Effects of electroacupuncture on general indicators in db/db mice. (A) Food intake, (B) Water intake, (C) Weight and (D) Blood glucose changes before and after electroacupuncture treatment. (E) INS, (F) TC and (G) TG levels in mice serum were analyzed using Elisa kit. Data are expressed as means ± SEM. Mod vs Con, #p < 0.05, ##p < 0.01; Acup vs Mod, *p < 0.05, **p < 0.01.



Furthermore, electroacupuncture treatment significantly inhibited the increase of total cholesterol (TC) and triglyceride (TG) levels in serum in the Acup group compared to those in the Mod group (Figures 2F, G). According to the above results, it is suggested that “Adjust Zang and Arouse Spirit” electroacupuncture can improve the common indicators in db/db mice.





Electroacupuncture treatment modulated morphological structure changes and neuronal apoptosis in hippocampus of db/db mice

The hippocampus plays an essential role in learning and memory and is thought to be a specific target for diabetes-related changes (20). In this study, the neurons in the hippocampal CA1 region of the mice in the Mod group were widely lost, with nuclear rupture, nuclear pyknosis, and sparse arrangement (Figure 3A(1)-(6)). The number of neurons in the hippocampal CA1 region of the Acup group was increased, the staining was evident, and the number of Nissl bodies in the cytoplasm was significantly increased compared with those in the Mod group (Figure 3B(1)-(6)). The percentage of positive cell area and the number of neurons per unit area in the hippocampal CA1 region were also significantly increased in the Acup group compared to those in the Mod group (p<0.05, p<0.01) (Figure 3C(1)-(2)). It is suggested that electroacupuncture intervention may repair damaged neurons in the hippocampus of db/db mice and exert a neuro-protective effect.




Figure 3 | Electroacupuncture regulates morphological changes in the hippocampus of db/db mice. (A) The representative images of H&E stained mouse hippocampal sections in the three groups (20×/200×/400×). (B) The representative images of Nissl staining of the mouse hippocampal sections in the three groups (20×/200×/400×). (C) (1) Percentage of positive cells in the CA1 region of the mouse hippocampus; (2) Number of neurons per unit area in the CA1 region of the db/db mice’s hippocampus. Data are expressed as means ± SEM. Mod vs Con, ##p < 0.01; Acup vs Mod, *p < 0.05, **p < 0.01.



The results of the TUNEL assay also showed that the proportion of apoptotic neuronal cells in the CA1 region of the hippocampus was inhibited in the Acup group compared to that in the Mod group (p<0.01) (Figure 4A(1)-(2)). In contrast, WB analysis showed that Bcl-2 expression was reduced, and Bax expression was increased in the hippocampus of db/db mice in the Mod group (p<0.01) (Figure 4B). More importantly, the split level of caspase-3 was significantly higher in the hippocampus of db/db mice compared to that in Acup group (p<0.01) (Figure 4B), revealing that electroacupuncture treatment can reverse these results. These results indicate that electroacupuncture treatment can effectively improve the degree of damage to hippocampal neurons in db/db mice and protect the neuronal cell morphology via restoring the normal function of neurons.




Figure 4 | Electroacupuncture regulates db/db mice’s neuronal apoptosis in the hippocampus. (A) (1) The representative image of TUNEL assay showing apoptotic cells (green signal) in the CA1 regionof the db/db mice’s hippocampus. (2) The proportion of apoptotic neurons in the CA1 region of the hippocampus in three groups. (B) Western blotting and quantitative analysis of Bax, Bcl-2, and caspase-3 expression in the hippocampus of mice in three groups. Data are expressed as means ± SEM. Mod vs Con, ##p < 0.01; Acup vs Mod, **p < 0.01.







Electroacupuncture intervention regulated the expression of essential proteins related to the ERS in db/db mice

Many studies have suggested that ERS plays a vital role in the various pathological aspects of DCI development (21–23). In our research, WB and PCR were used to detect the expression of essential proteins related to the ERS and insulin signaling pathways in db/db mouse hippocampus. We examined the expression of ERS markers in the hippocampus and found that the protein and mRNA levels of GRP78, IRE1α, TNF receptor-associated factors 2 (TRAF2) and apoptosis signal-regulating kinase 1 (ASK1) were significantly decreased in the mouse hippocampal tissues in the Acup group when compared with those in the Mod group (p<0.05 or p<0.01) (Figure 5A(1)-(2)). Additionally, the expression levels of c-Jun N-terminal kinase (JNK) and p-JNK were decreased in the Acup group in comparison to those in the Mod group (p<0.05) (Figure 5B(1)-(2)). Here, we verified that electroacupuncture intervention affected Aβ and Tau expression by activating the IRE1α-JNK signaling pathway, initiating JNK-dependent IRS1 to phosphorylate it and thereby inhibiting the insulin signaling pathway.




Figure 5 | Electroacupuncture regulates the expression of key proteins in the ERS. (A) (1) Western blotting and quantitative analysis of GRP78, IRE1α, TRAF2 andASK1 expression in the hippocampus of mice in three groups; (2) RT-PCR analysis of GRP78, IRE1α, TRAF2 and ASK1 mRNA expression in the hippocampus of mice in three groups. (B) (1) Western blotting and quantitative analysis of JNK and p-JNK expression in the hippocampus of mice in three groups; (2) RT-PCR analysis of JNK mRNA expression in the hippocampus of mice in three groups. Data are expressed as means ± SEM. Mod vs Con, ##p < 0.01; Acup vs Mod, *p < 0.05, **p < 0.01.







Electroacupuncture treatment affected the expression of essential proteins related to the insulin signaling pathway

PI3K and Akt are essential downstream molecules that reflect the normal transduction of the insulin signaling pathway. When the insulin signaling pathway is abnormal, the phosphorylation expression of PI3K and AKT is significantly reduced (24). In this study, we detected the expression of Insulin receptor substrate 1 (IRS1), p-IRS1, phosphatidylinositol-3-hydroxykinase (PI3K), p-PI3K, protein kinase B (AKT), and p-AKT in the mouse hippocampus. Our findings indicated that there was no significant difference in protein and mRNA expression of PI3K and AKT between the Mod and the Acup groups. Meanwhile, when compared to the Mod group, the Con group and Acup group had significantly lower IRS1 and p-IRS1 levels (p<0.05 or p<0.01), higher p-PI3K and p-AKT levels (p<0.05 or p<0.01) (Figure 6A(1)-(2)), showing that acupuncture may have a regulatory influence on the levels of key proteins in insulin signaling pathway in the db/db mice.




Figure 6 | Electroacupuncture regulates the expression of key proteins of the insulin signaling pathway. (A) (1) Western blotting and quantitative analysis of IRS1, p-IRS1, PI3K, p-PI3K, AKT, and p-AKT expression in the hippocampus of mice in the three groups; (2) RT-PCR analysis of IRS1, PI3K and AKT mRNA expression in the hippocampus of mice in the three groups. (B) (1) Western blotting and quantitative analysis of GSK3β, p-GSK3β, Aβ and Tau expression in the hippocampus of mice in the three groups; (2) RT-PCR analysis of GSK3β mRNA expression in the hippocampus of mice in the three groups. Data are expressed as means ± SEM. Mod vs Con, ##p < 0.01; Acup vs Mod, *p < 0.05, **p < 0.01.



When insulin signal transduction was impaired, AKT lost its inhibition of glycogen synthase kinase-3β (GSK3β), increased the expression of Aβ and Tau, and further aggravated cognitive impairment. According to our findings, the Acup group’s expression of p-GSK3β, Aβ and Tau was lower as compared to the Mod group, but there was no substantial difference in the GSK3β between the two groups (p<0.01) (Figure 6B(1)-(2)). These findings suggest that acupuncture can influence the expression of Aβ and tau proteins in db/db mice by regulating key downstream proteins of insulin signaling.






Discussion

DCI is a severe, chronic diabetic-induced central nervous system complication that can lead to changes in brain structure and function (25). The pathological mechanisms of DCI are extremely complex. Currently, there is no effective drug to treat diabetes-related cognitive impairment. Electroacupuncture shows good therapeutic effect on cognitive impairment (26). Our results reveal that electroacupuncture can improve the learning and memory function of diabetic mice by reducing ERS, inhibiting JNK expression and removing Aβ and Tau from hippocampal neuron cells.

In this study, the “Adjust Zang-fu and Arouse Spirit” electroacupuncture treatment method has been chosen to treat cognitive impairment caused by diabetes, and this acupuncture method uses BL13, BL20, BL23, GV20 and GV24 as the main points, supplemented with L14, ST36, SP6 and LR3. BL13, BL20, and BL23 are the back-shu points of the bladder meridian.The back-shu points are the reaction points of the internal organs’ meridian qi in the back, so the BL13, BL20, and BL23 can benefit the lung, spleen, and kidney. GV20 and GV24 are located on the governor meridian. GV20 and GV24, located deep in the brain’s frontal lobe, regulate the nervous system and improve learning and memory. They are both essential acupoints for treating mental illness. ST36 is on the stomach meridian of foot-yang ming, an important point for health care, which has the effect of activating meridians, regulating qi and blood and can improve cognitive function. SP6 is a point where the Foot three Yin Meridian meet, and can tonify the qi and blood of the three meridians of the liver, spleen, and kidney, which has the impact of nourishing the mind, opening the orifices and promoting awakening. The combination of L14 and LR3 has the effect of regulating qi and blood as well as activating the meridians and cognitive-related areas (27). We selected three groups of acupoints, GV20-GV24, BL20-BL23, and SP6-LR3 for electroacupuncture stimulation. Among them, GV20-GV24 can invigorate yang qi, awaken the mind, calm the mind, and enhance intelligence, which may alleviate cognitive impairment caused by DCI. BL20-BL23 can strengthen the spleen, benefit the kidney, nourish the brain and generate marrow. SP6-LR3 can co-regulate yin and yang, tonify qi and invigorate blood. These acupoints are matched together.to achieve the function of regulating the qi and blood of the internal organs, opening the body, and awakening the mind, which may prevent and treat DCI.

In this study, we chose db/db mice as the experimental animal model of DCI and confirmed that db/db mice had cognitive dysfunction through MWM in advance. Compared with the Con group, the spatial learning and memory ability of db/db mice decreased (Figures 1B, C). Therefore, db/db mice can be used as a model for DCI research, which is consistent with previous research results (28). In the formal MWM experiment, the performance of the mice after five hidden platforms and one space exploration experiment indicated that acupuncture had a specific promotion role in the space learning and memory ability of db/db mice (Figures 1D, E). Swimming distance is related to the escape latency time. In this experiment, mice showed a certain tendency in swimming time and distance in the target quadrant and the entry quadrant. The results showed that acupuncture could induce mice to learn the best swimming style faster and tend to swim more in the target quadrant, resulting in longer swimming time and distance (Figures 1F–J). In the MWM-based spatial learning memory test, all values in the Acup group were significantly different compared to those in the Mod group, indicating that acupuncture positively modulated the memory ability of db/db mice.

Currently, there are many animal models of diabetes, including single-gene obesity models, multi-gene obesity models, induced obesity models, non-obesity models, β-cell dysfunction and gene-induced types (29, 30). The choice of each model has its advantages and disadvantages, so it is essential to choose the appropriate animal model for experiments. The animal model selected in this study was spontaneous T2DM db/db mice. After six weeks, they showed apparent obesity, increased fasting blood glucose and insulin levels, and increased water intake and food intake. It is most apparent at 8-12 weeks, diabetic complications can occur. After “Adjust Zang and Arouse Spirit” electroacupuncture intervention, the mice showed positive improvements in body weight, blood glucose, food intake and water intake (Figures 2A, C).

DCI is a pathology characterized by learning memory and cognitive impairment in the pathogenesis of DM, with blood glucose instability being a central factor in its development (31). Insulin is the only peptide hormone secreted by pancreatic β-cells that lowers blood glucose and plays a vital role in the body. Insulin connects with the receptor to transport glucose from the cell membrane to the cytoplasm to regulate glucose absorption (32). Although the human brain cannot store glucose, it can enter the brain through the peripheral blood. Thus, when the glucose content in the blood is abnormal, it will inevitably damage brain function. There is a large amount of insulin in different brain areas of humans and animals, especially in learning and memory-related hippocampal areas and prefrontal cortex areas, indicating that insulin may have a specific impact on cognitive functions besides maintaining a blood glucose steady-state (33). Insulin modulates higher brain functions, such as learning and memory, by affecting hippocampal synaptic plasticity (34). In this experiment, in addition to the increase in blood glucose, insulin content in db/db mice also increased significantly. After acupuncture intervention, the levels of blood glucose and insulin significantly declined (Figures 2D, E). We speculate that the “Adjust Zang-fu and Arouse Spirit” electroacupuncture may regulate blood glucose by lowering insulin levels and improving insulin resistance. Furthermore, after acupuncture intervention, TC and TG as the blood indicators related to this disease were also reduced considerably (Figures 2F, G).

The hippocampus is a complex and essential functional area located in the deep temporal lobe of the brain. The structural and functional integrity of the hippocampus is closely linked to the regulation of short-term memory, learning, executive ability and attention, and cognitive impairment (35–37). DM disrupts the structure and function of neurons, axons and synapses in the CA1 region, affecting synaptic plasticity and long-term potentiation (LTP). Significant hippocampal atrophy in patients aged 60-90 with T2DM has been found in clinical studies, mainly in bilateral hippocampal CA1 area volume reduction and with severe IR (38). Importantly, acupuncture can increase the expression of neurons in the hippocampal CA1 region of mice and restore the number of Nissl bodies; it can also delay the damage and atrophy of the hippocampus (Figure 3A(1)-(6))(Figure 3B(1)-(6))(Figure 3C(1)-(2)).

Apoptosis plays an essential role in diabetes-induced neuronal defects in the hippocampus, mainly in CA1 and CA2 regions of the hippocampus (39, 40). Many factors are involved in this process, and the key components include two protein families, caspases and Bcl-2 (41). Caspase 3 is the essential member of the caspase family and usually exists as an inactive pro-caspase 3 in various tissues and cells. Caspase 3 plays an influential role in neuronal apoptosis in the central nervous system, known as the “killer protein”, and is the final executor of apoptosis. Studies have shown that the hippocampus is a susceptible area of apoptosis in DM mice, and the expression of caspase 3 in the hippocampus is increased (42). Bcl-2 and Bax are essential molecules in ERS-induced apoptosis (43). Bcl-2, widely distributed in the cerebral cortex and hippocampus, is a recognized anti-apoptotic gene (44), while Bax can accelerate the process of cell apoptosis. Relevant studies have shown that in the dentate gyrus of DM mice with cognitive impairment, the expression levels of the Bcl-2 gene and protein are down-regulated, while the expression of Bax is up-regulated, resulting in a significant increase in the ratio of Bax/Bcl-2 (45). Our study showed that the expressions of Bax and caspase 3 in the hippocampus of db/db mice were increased. At the same time, Bcl-2 was decreased, resulting in the loss of neurons and destruction of synaptic structure, while acupuncture could reverse the related changes (Figure 4A(1)-(2)) (Figure 4B).

Cellular stress due to hyperglycemia is a major mediator in developing T2DM-related complications (46). Several studies have shown that ERS is one of the precipitating factors leading to the development of T2DM-related neuropathy (23, 47). In this study, we found that the activity of IRE1α in the hippocampus of db/db mice increased, and IRE1α was the primary medium of ER-related apoptosis. When ERS occurs, GRP78 dissociates from IRE1α. The IRE1α protein oligomerizes and activates its endoribonuclease activity by autophosphorylation. The enzyme domain of its cytoplasm recruited linker molecules TRAF2 and ASK1 together to form the apoptosis-promoting complex IRE1α-TRAF2-ASK1, which then activated JNK to phosphorylate and trigger cell apoptosis. After acupuncture treatment, the expression levels of ERS marker proteins GRP78, IRE1α, TRAF2, and ASK1, as well as their mRNA transcription levels, were down-regulated (Figure 5A(1)-(2)), and the expression of p-JNK in hippocampal neurons was decreased (Figure 5B(1)-(2)). This suggests that acupuncture may play an anti-apoptotic role by interfering with ERS-mediated JNK activation.

In a diabetic state, ERS leads to JNK activation and initiates JNK-dependent IRS1 serine phosphorylation, affecting insulin signal transduction (48). JNK has been shown to play a vital role in the development of IR (49). In peripheral tissues, ERS mediated by various factors can inhibit insulin signal transduction through JNK phosphorylation, leading to IR. Another aspect that cognitive impairment is closely related to T2DM is the IR of the central nervous system. IR leads to decreased insulin receptor sensitivity and abnormal insulin signal transduction, which affect the expression of Aβ and Tau and interfere with neuronal cell degeneration and cognitive brain function (50). Therefore, this study focused on the perspective of abnormal insulin signaling pathway transduction caused by central IR. As mentioned above, insulin is a major glucose regulator and widely distributed in different brain tissues and involved in the regulation of cognitive function (51). After combining with its receptor, insulin activates its tyrosine activity through the receptor’s phosphorylation, which activates IRS1 and initiates the downstream insulin signaling pathway. Under the condition of IR, phosphorylation of the serine site of IRS1 leads to inhibition of the downstream PI3K-Akt signaling pathway and activation of GSK3β (52). GSK3β is a major Tau protein kinase involved in Tau’s pathological development in AD. Aberrant GSK3β expression leads to Tau hyperphosphorylation and Aβ toxicity (53). In this study, we found that p-IRS1 expression was increased in the hippocampus of db/db mice; expression levels of its downstream molecules p-PI3k and p-Akt were decreased, while p-GSK3β showed the opposite trend. Acupuncture treatment can reverse the abnormal expression of the above molecules, alleviate IR, and restore normal insulin signal transduction (Figures 6A, B). Moreover, in this study, we found that Aβ and p-Tau in the hippocampus of mice in the Mod were significantly higher than those in Con. These results confirm that brain IR can lead to cognitive impairment by interfering with Aβ and p-Tau, which is consistent with the results of other researchers (54, 55), Acupuncture can effectively regulate the level of ERS and reduce the expression of Aβ and Tau (Figures 7A, B).




Figure 7 | Potential regulatory mechanisms of DCI by acupuncture. (A) ERS induces an unfolded protein response that dissociates GRP78 from IRE1α and activates JNK, leading to abnormal insulin signalling pathway transduction, increasing the expression of p-tau and Aβ; (B) Electroacupuncture improves cognitive impairment by regulating hippocampal ERS levels in db/db mice, inhibiting JNK activation, restoring normal insulin signalling pathway transduction, and causing a reduction in p-Tau and Aβ expression.







Conclusion

In this study, we demonstrated that insulin signal transduction was impaired in the hippocampus of db/db mice and was closely related to JNK activation induced by ERS activation. “Adjust Zang-fu and Arouse Spirit” electroacupuncture could inhibit JNK activation by reducing ERS, thereby reducing serine phosphorylation of IRS1 and restoring the normal function of insulin signal transduction. It also reduced the expression of p-Tau and Aβ, improved the learning and memory ability of mice, and exerted an effect of improving cognitive function. Therefore, acupuncture, as a holistic therapy, has the potential of significant contribution to the treatment and control of DCI.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The animal study was reviewed and approved by the Ethics Committee of the Changchun University of Chinese Medicine.





Author contributions

ML, LY, HZ, SY, SM and ZZ performed experiments, did the statistical analyses, and participated in data interpretation. ML, LY, HH and MH analyzed data, did the statistical analyses, and participated in data interpretation. MS and HW conceived and designed experiments. ML wrote the article. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by National Natural Science Foundation of China (Grant No.82074548) and Natural Science Foundation of Jilin Province (Joint Funds) (Permit Number: YDZJ202101ZYTS103).




Acknowledgments

We are appreciative of all those who have participated in this study.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1185022/full#supplementary-material




References

1. Marseglia, A, Fratiglioni, L, Laukka, EJ, Santoni, G, Pedersen, NL, Bäckman, L, et al. Early cognitive deficits in type 2 Diabetes:A population-based study. Alzheimers Dis (2016) 53(3):1069–78. doi: 10.3233/JAD-160266

2. Petersen, RC, Smith, GE, Waring, SC, Ivnik, RJ, Kokmen, E, Tangelos, EG, et al. Aging, memory, and mild cognitive impairment. Int psychogeriatrics (1997) 9(S1):65–9. doi: 10.1017/S1041610297004717

3. Kaneto, H, Matsuoka, T, Nakatani, Y, Kawamori, D, Miyatsuka, T, Matsuhisa, M, et al. Oxidative stress, ER stress, and the JNK pathway in type 2 diabetes. J Mol Med (2005) 83(6):429–39. doi: 10.1007/s00109-005-0640-x

4. Luchsinger, JA. Type 2 diabetes and cognitive impairment:linking mechanisms. J Alzheimers Dis (2012) 30(2):185–98. doi: 10.3233/JAD-2012-111433

5. Wang, Y, Li, M, Tang, J, Song, M, Xu, X, Xiong, J, et al. Glucocorticoids facilitate astrocytic amyloid-β peptide deposition by increasing the expression of APP and BACE1 and decreasing the expression of amyloid-β-degrading proteases. Endocrinology (2011) 152(7):2704–15. doi: 10.1210/en.2011-0145

6. Jeong, JH, Lee, DH, and Song, J. HMGB1 signaling pathway in diabetes-related dementia: blood-brain barrier breakdown, brain insulin resistance, and aβ accumulation. BioMed Pharmacother. (2022) 150:112933. doi: 10.1016/j.biopha.2022.112933

7. Yamamoto, N, Ishikuro, R, Tanida, M, Suzuki, K, Ikeda-Matsuo, Y, and Sobue, K. Insulin-signaling pathway regulates the degradation of amyloid β-protein via astrocytes. Neuroscience (2018) 385:227–36. doi: 10.1016/j.neuroscience.2018.06.018

8. Uddin, MS, Yu, WS, and Lim, LW. Exploring ER stress response in cellular aging and neuroinflammation in alzheimer's disease. Ageing Res Rev (2021) 70:101417. doi: 10.1016/j.arr.2021.101417

9. Deng, M, and Wang, XF. Acupuncture for amnestic mild cognitive impairment: a meta-analysis of randomized controlled trials. Acupunct Med (2016) 34:342–8.12. doi: 10.1136/acupmed-2015-010989

10. Cao, H, Wang, Y, Chang, D, Zhou, L, and Liu, J. Acupuncture for vascular mild cognitive impairment: a systematic review of randomized controlled trials. Acupunct Med (2013) 31:368–74.13. doi: 10.1136/acupmed-2013-010363

11. Zhou, J, Peng, WN, Xu, M, Li, W, and Liu, ZS. The effectiveness and safety of acupuncture for patients with Alzheimer disease: a systematic review and meta-analysis of randomized controlled trials. Med (Baltimore). (2015) 94:e933. doi: 10.1097/MD.0000000000000933

12. Zhang, L, Chen, X, Wang, H, Li, M, Yao, L, et al. “Adjusting internal organs and dredging channel” electroacupuncture ameliorates insulin resistance in type 2 diabetes mellitus by regulating the intestinal flora and inhibiting inflammation. Diabetes Metab Syndrome Obesity: Targets Ther (2021) 14:2595. doi: 10.2147/DMSO.S306861

13. Feng, X, Yang, S, Liu, J, Huang, J, Peng, J, Lin, J, et al. Electroacupuncture ameliorates cognitive impairment through inhibition of NF-κB-mediated neuronal cell apoptosis in cerebral ischemia-reperfusion injured rats. Mol Med Rep (2013) 7(5):1516–22. doi: 10.3892/mmr.2013.1392

14. Lin, R, Chen, J, Li, X, Mao, J, Wu, Y, Zhuo, P, et al. Electroacupuncture at the baihui acupoint alleviates cognitive impairment and exerts neuroprotective effects by modulating the expression and processing of brain-derived neurotrophic factor in APP/PS1 transgenic mice. Mol Med Rep (2016) 13(2):1611–7. doi: 10.3892/mmr.2015.4751

15. Su, K, Hao, W, Lv, Z, Wu, M, Li, J, Hu, Y, et al. Electroacupuncture of baihui and shenting ameliorates cognitive deficits via Pten/Akt pathway in a rat cerebral ischemia injury model. Front Neurol (2022) 13. doi: 10.3389/fneur.2022.855362

16. Chen, H, Charlat, O, Tartaglia, LA, Woolf, EA, Weng, X, Ellis, SJ, et al. Evidence that the diabetes gene encodes the leptin receptor: identification of a mutation in the leptin receptor gene in db/db mice. Cell (1996) 84:491–5. doi: 10.1016/S0092-8674(00)81294-5

17. Zhao, Q, Matsumoto, K, Tsuneyama, K, Tanaka, K, Li, F, Shibahara, N, et al. Diabetes-induced central cholinergic neuronal loss and cognitive deficit are attenuated by tacrine and a Chinese herbal prescription, kangen-karyu: elucidation in type 2 diabetes db/db mice. J Pharmacol Sci (2011) 117(4):230–42. doi: 10.1254/jphs.11115FP

18. Stranahan, AM, Arumugam, TV, Cutler, RG, Lee, K, Egan, JM, Mattson, MP, et al. Diabetes impairs hippocampal function through glucocorticoid-mediated effects on new and mature neurons. Nat Neurosci (2008) 11(3):309–17. doi: 10.1038/nn2055

19. Guo, Y. Experimental acupuncture and moxibustion. China Traditional Chinese Medicine Publishing House (2021).

20. Li, J, Liu, B, Cai, M, Lin, X, and Lou, S. Glucose metabolic alterations in hippocampus of diabetes mellitus rats and the regulation of aerobic exercise. Behav Brain Res (2019) 364:447–56. doi: 10.1016/j.bbr.2017.11.001

21. Wu, Y, Chen, Q, Wen, B, Wu, N, He, B, and Chen, J. Berberine reduces Aβ42 deposition and tau hyperphosphorylation via ameliorating endoplasmic reticulum stress. Front Pharmacol (2021) 12:640758. doi: 10.3389/fphar.2021.640758

22. Li, CW, Deng, MZ, Gao, ZJ, Dang, YY, Zheng, GD, Yang, XJ, et al. Effects of compound K, a metabolite of ginsenosides, on memory and cognitive dysfunction in db/db mice involve the inhibition of ER stress and the NLRP3 inflammasome pathway. Food Funct (2020) 11(5):4416–27. doi: 10.1039/C9FO02602A

23. Kong, FJ, Ma, LL, Guo, JJ, Xu, LH, Li, Y, and Qu, S. Endoplasmic reticulum stress/autophagy pathway is involved in diabetes-induced neuronal apoptosis and cognitive decline in mice. Clin Sci (Lond). (2018) 132(1):111–25. doi: 10.1042/CS20171432

24. Huang, X, Liu, G, Guo, J, and Su, Z. The PI3K/AKT pathway in obesity and type 2 diabetes. Int J Biol Sci (2018) 14(11):1483. doi: 10.7150/ijbs.27173

25. Moran, C, Beare, R, Wang, W, Callisaya, M, and Srikanth, V. Type 2 diabetes mellitus, brain atrophy, and cognitive decline. Neurology (2019) 92(8):e823–30. doi: 10.1212/WNL.0000000000006955

26. Ge, X, Wang, L, Cui, Q, Yan, H, Wang, Z, Ye, S, et al. Electroacupuncture improves cognitive impairment in diabetic cognitive dysfunction rats by regulating the mitochondrial autophagy pathway. J Physiol Sci (2022) 72(1):1–12. doi: 10.1186/s12576-022-00854-0

27. Lin, JG, Kotha, P, and Chen, YH. Understandings of acupuncture application and mechanisms. Am J Trans Res (2022) 14(3):1469.

28. Li, J, Deng, J, Sheng, W, and Zuo, Z. Metformin attenuates alzheimer's disease-like neuropathology in obese, leptin-resistant mice. Pharmacol Biochem Behav (2012) 101(4):564–74. doi: 10.1016/j.pbb.2012.03.002

29. Yu, WJ, Yang, M, He, CX, Jin, YJ, Li, Z, Li, P, et al. Construction of a rat model of Alzheimer disease combined with type 2 diabetes mellitus and preliminary evaluation of its pathological changes. Chin J Pathophysiol (2022) 38(11):1952–61.

30. Zhang, QL, Lin, HT, Zhou, G, Wen, ZL, Li, SW, and Gan, HN. The mode and dosage of streptozotocin intraperitoneal injection in establishment of type 2 diabetes rat model. Chin Manipulation Qi Gong Ther (2023) 14(02):77–80. doi: 10.19787/j.issn.1008-1879.2023.02.024

31. McCrimmon, RJ, Ryan, CM, and Frier, BM. Diabetes and cognitive dysfunction. Lancet (2012) 379(9833):2291–9. doi: 10.1016/S0140-6736(12)60360-2

32. Norton, L, Shannon, C, Gastaldelli, A, and DeFronzo, RA. Insulin: the master regulator of glucose metabolism. Metabolism (2022) 129:155142. doi: 10.1016/j.metabol.2022.155142

33. Dore, S, Kar, S, and Quirion, R. Insulin-like growth factor I protects and rescues hippocampal neurons against β-amyloid- and human amylin-inducedtoxicity. Proc Natl Acad Sci United States America (1997) 94(9):4772–7. doi: 10.1073/pnas.94.9.4772

34. Zhao, F, Siu, JJ, Huang, W, Askwith, C, and Cao, L. Insulin modulates excitatory synaptic transmission and synaptic plasticity in the mouse hippocampus. Neuroscience (2019) 411:237–54. doi: 10.1016/j.neuroscience.2019.05.033

35. Yao, P, Chen, Y, Li, YL, Zhang, Y, Qi, H, and Xu, W. Iron death in hippocampal cells leads to cognitive dysfunction in rats with sepsis-related encephalopathy through Nrf2/GPX4 signaling pathway. Chin J Crit Care Emergency Med (2019) 31(11):1389–94. doi: 10.3760/cma.j.issn.2095-4352.2019.11.015

36. Ye, L, Wang, F, and Yang, RH. Diabetes impairs learning performance and affects the mitochondrial function of hippocampal pyramidal neurons. Brain Res (2011) 1411:57–64. doi: 10.1016/j.brainres.2011.07.011

37. Zhao, CH, Liu, HQ, Cao, R, Ji, AL, Zhang, L, Wang, F, et al. Effects of dietary fish oil on learning function and apoptosis of hippocampal pyramidal neurons in streptozotocin-diabetic rats. Brain Res (2012) 1457:33–43. doi: 10.1016/j.brainres.2012.03.067

38. den Heijer, T, Vermeer, SE, Van Dijk, EJ, Prins, ND, Koudstaal, PJ, Hofman, A, et al. Type 2 diabetes and atrophy of medial temporal lobe structures on brain MRI. Diabetologia (2003) 46(12):1604–10. doi: 10.1007/s00125-003-1235-0

39. Li, ZG, Zhang, W, Grunberger, G, Wang, D, Li, H, Yang, L, et al. Hippocampal neuronal apoptosis in type 1 diabetes. Brain Res (2002) 946(2):221–31. doi: 10.1016/S0006-8993(02)02887-1

40. Fu, HY, Cui, Y, Li, Q, et al. LAMP-2A ablation in hippocampal CA1 astrocytes confers cerebroprotection and ameliorates neuronal injury after global brain ischemia. Brain Pathol (2022) 33(2):e13114. doi: 10.1111/bpa.13114

41. Bickler, PE, Fahlman, CS, and Gray, JJ. Hypoxic preconditioning failure in aging hippocampal neurons: impaired gene expression and rescue with intracellular calcium chelation. J Neurosci Res (2010) 88(16):3520–9. doi: 10.1002/jnr.22508

42. Jafari Anarkooli, I, Sankian, M, Ahmadpour, S, Ahmadpour, S, Varasteh, AR, Haghir, H, et al. Evaluation of bcl-2 family gene expression and caspase-3 activity in hippocampus STZ-induced diabetic rats. . Exp Diabetes Res (2008) 2008:638467. doi: 10.1155/2008/638467

43. Puthalakath, H, O'Reilly, LA, Gunn, P, Lee, L, Kelly, PN, Huntington, ND, et al. ER stress triggers apoptosis by activating BH3-only protein bim. Cell (2007) 129(7):1337–49. doi: 10.1016/j.cell.2007.04.027

44. Conradt, B. Genetic control of programmed cell death during animaldevelopment. Annu Rev Genet (2009) 43:493–523. doi: 10.1146/annurev.genet.42.110807.091533

45. Guo, YJ, Wang, SH, Yang, Y, Li, FF, Ye, KP, Huang, Y, et al. Vulnerability for apoptosis in the hippocampal dentate gyrus of STZ-induced diabetic rats with cognitive impairment. J Endocrinological Invest (2014) 37(1):87–96. doi: 10.1007/s40618-013-0030-0

46. Wu, Y, Li, Y, Jiang, T, Yuan, Y, Li, R, Xu, Z, et al. Reduction of cellular stress is essential for fibroblast growth factor 1 treatment for diabetic nephropathy. J Cell Mol Med (2018) 22(12):6294–303. doi: 10.1111/jcmm.13921

47. Wu, Y, Wang, F, Fu, M, Wang, C, Quon, MJ, Yang, P, et al. Cellular stress, excessive apoptosis, and the effect of metformin in a mouse model of type 2 diabetic embryopathy. Diabetes (2015) 64(7):2526–36. doi: 10.2337/db14-1683

48. Zhang, X, Tang, S, Zhang, Q, Shao, W, Han, X, Wang, Y, et al. Endoplasmic reticulum stress mediates JNK-dependent IRS-1 serine phosphorylation and results in tau hyperphosphorylation in amyloid β oligomer-treated PC12 cells and primary neurons. Gene (2016) 587(2):183–93. doi: 10.1016/j.gene.2016.05.018

49. Han, MS, Jung, DY, Morel, C, Lakhani, SA, Kim, JK, Flavell, RA, et al. JNK expression by macrophages promotes obesity-induced insulin resistance and inflammation. Science (2013) 339(6116):218–22. doi: 10.1126/science.1227568

50. Denver, P, English, A, and McClean, PL. Inflammation, insulin signaling and cognitive function in aged APP/PS1 mice. Brain behavior Immun (2018) 70:423–34. doi: 10.1016/j.bbi.2018.03.032

51. Tanokashira, D, Fukuokaya, W, and Taguchi, A. Involvement of insulin receptor substrates in cognitive impairment and alzheimer’s disease. Neural regeneration Res (2019) 14(8):1330. doi: 10.4103/1673-5374.253535

52. Saltiel, AR. Insulin signaling in health and disease. J Clin Invest (2021) 131(1):e142241. doi: 10.1172/JCI142241

53. Hobday, AL, and Parmar, MS. The link between diabetes mellitus and tau hyperphosphorylation: implications for risk of alzheimer's disease. Cureus (2021) 13(9). doi: 10.7759/cureus.18362

54. Bharadwaj, P, Wijesekara, N, Liyanapathirana, M, Newsholme, P, Ittner, L, Fraser, P, et al. The link between type 2 diabetes and neurodegeneration: roles for amyloid-β, amylin, and tau proteins. J Alzheimer's Dis (2017) 59(2):421–32. doi: 10.3233/JAD-161192

55. Rad, SK, Arya, A, Karimian, H, Madhavan, P, Rizwan, F, Koshy, S, et al. Mechanism involved in insulin resistance via accumulation of β-amyloid and neurofibrillary tangles: link between type 2 diabetes and alzheimer’s disease. Drug design Dev Ther (2018) 12:3999. doi: 10.2147/DDDT.S173970




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Li, Yao, He, Huang, Zheng, Ma, Zhong, Yu, Sun and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-1185022-g004.jpg
DAPI TUNEL MERGE
(O]

Con

& 100 i
2]
2 80 =
o
2 60
Mod 2 -
S 40
Qo
= 20
o
z
Pl M

Con Mod  Acup

Acup

4 1.5
B . - -
— T
31 . A
o 2 1.0 T
a g a
Con  Mod Acup = 21 o
x ~
@ e S 0.5 =2
Bcl-2 WS ww— 361D 11 = o
Bax s qmm— wwe— 21kDa 0 0.0 — T
Con Mod  Acup Col Mod Acup
Caspased = e 7uDa - - T
2.0 \‘ 4 " .
GAPDH NP S 261D g
I 1.5 j-[. g 3 =
g 2 £
< 2 = 8 =
) 1.0 5 22
3 S =
o 0.5 -1
°
>
®
0.0 —p— T 290 - - T
Mod  Acup o Con Mod Acup






OEBPS/Images/fendo.2023.1185022_cover.jpg
& frontiers | Frontiers in Endocrinology

“Adjust Zang and arouse spirit”
electroacupuncture ameliorates cognitive
impairment by reducing endoplasmic
reticulum stress in db/db mice





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        “Adjust Zang and arouse spirit” electroacupuncture ameliorates cognitive impairment by reducing endoplasmic reticulum stress in db/db mice

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Mice model of DCI

          



          		

            Screening for cognitive impairment in db/db mice

          



          		

            Animal treatment

          



          		

            Morris water maze test

          



          		

            H&E staining and Nissl staining

          



          		

            Enzyme-linked immunosorbent assay (ELISA)

          



          		

            Western blot analysis

          



          		

            Quantitative real-time polymerase chain reaction (rt-PCR)

          



          		

            TUNEL staining

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Electroacupuncture treatment improved the spatial learning and memory abilities of db/db mice

          



          		

            Electroacupuncture treatment alleviated DCI-related physiological indicators in db/db mice

          



          		

            Electroacupuncture treatment modulated morphological structure changes and neuronal apoptosis in hippocampus of db/db mice

          



          		

            Electroacupuncture intervention regulated the expression of essential proteins related to the ERS in db/db mice

          



          		

            Electroacupuncture treatment affected the expression of essential proteins related to the insulin signaling pathway

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-14-1185022-g001.jpg
Latency time(sec)

m

Platform crossover number

@
=3

IS
o

N
o

o

Blood collection

Adaptive feeding ~ Screening models Electroacupuncture treatment ' Ticue collection
/. Il Il 1 1
By P 14 23 28 30 day
1 1
Behavioral testing Behavioral testing
(Morris Water Maze) (Morris Water Maze)
C
W Con 60 :
4 = Mod I SECon
w 4w = non-Mod 3 ¢ - Mod
o
. R g
. . - :
H 20
©
-
0 T T T T T
dayl day2 day3 dayd day5 day1 day2 day3 day4 day5
Day 1 Day 3 Day 5
—_ 60 ~#- Con
o
;3, -= Mod
o 40 4+ Acup
£
oy
£ 20
g
-
day1 day2 day3 day4 day5
m @)
F G
o o v - o e
£ 40 £ 50
£ £ o
E= E 40
FEY iz
58 % < 30
c 20 o
- 10 £ 10
e e
g 0 g 0
Con Mod  Acup Con Mod  Acup
H i ! N
2 3 e 2 30
£ £
Es £
S P
20 g2
B e -y
85 8 E
82 10 s¥ 10
T c
o @
: :
g o o

Mod

Acup

Mod

Acup





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1185022-g005.jpg
GRP78

IREla

TRAF2

ASK1

GAPDH

p-INK

GAPDH

5- 15 |
.3 - -
Con  Mod Acup za z 2 ]
o a 104 ~
g3 8 s’
— W 78KDa S $ H
Ll ‘. g i
&4 x £
W &% 110KkDa i g
o ol e o
on Mod  Acup Con Mod  Acup Con Mod  Acup
- S e 53kDa
6 81 S
- —— T0kDa é . zel . I §N o
3 E $ 3
N 9 a4 E
P — 26D 52 % £ s 2
3 < 2 % 4
%) - £
0 0 o
Con  Mod Acup n Mod  Acup
Con Mod Acup O}
S D e 46kDa - 5 “ .
25 -
z g e
— —— 120 5 N
3 15 K] g 3
—— W 46kDa g0 g ré 2
% z 7 4 X
“os e z 1
—— — S4KDa " E
0.0 0-
Con Mod  Acup Con Mod  Acup Con Mod  Acup

S — LD
)

2)

IRE1a mRNA 24467

ASK1 mRNA 275!

c]

Con

1

Mod  Acup

Mod

Acup





OEBPS/Images/fendo-14-1185022-g007.jpg
hippocampus

db/db mice

A up-regulated

|, down-regulated

t

inflammatory response

o
2
H
<
g | "ot
o
H
3
;S
5
)

apoptosis

suisj01d Buyjeusis uynsur

B

Pathogenesis of DCT

acupuncture

db/db mice

4 up-regulated

|, down-regulated

v

inflammatory response
apoptosis

apoptosis

) suppioud Bupjeusss uyn

DCI treated with acupuncture





OEBPS/Images/fendo-14-1185022-g003.jpg
Percentage of positive
cells in CA1( %)

15

-
o

o

Con

Mod

Acup

(2)

Number of neurons in CA1

Con

Mod

Acup





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-14-1185022-g002.jpg
>
=]

40

230 %
x 9
£ 20 2
H s
L 10 i

week 0 week 1 week 2 week 3 week 4 week 0 week 1 week 2 week 3 week 4

o
o

60 £ 40
°
ESO
B 40 E
£ 2
=) S 20
o 3
20 T
o gw
0 )
week 0 week 1 week 2 week 3 week 4 week 0 week 1 week 2 week 3 week 4
E F . . G

2.0 . . 1.5 ,—\ L 3 = "ﬁ

15 [_"_|

-
o
N

INS(mIU/L)
b
TC(mmol/L)
TG(mmol/L)

o
o

1

Con Mod Acup Con Mod Acup Con Mod Acup





OEBPS/Images/fendo-14-1185022-g006.jpg
. 15

1.0
Con  Mod Acup

p-IRS1 “ . S = 131kDa

IRS1/GAPDH
e e = =2 N
5 @ o @ o
*
E. }
p-IRS1/GAPDH
3
7
3
IRS1 MRNA 274467
= =
b= o
E

IRS1 s g W 130kDa Con Mod Acup Con  Mod Acup Con Mod Acup

[N)

p-Akt — e w— S6KDa

o
]
3

Akt — — — 0kDa

-

©

o
i

PI3K/IGAPDH
o o
p-PI3K/IGAPDH
5
T
.
. tl

PI3K mRNA 244€T

PPBK  w— w— 26kDa

o

@
-
o

Con  Mod Acup Con Mod Acup ’ Con  Mod Acup

2.0 - 1
.

10

09

; 08

: 07

06

Mod Con  Mod Acup
@)

PI3K - e e 20kDa

GAPDH NP 2GiDa

APDH
p-AKT/GAPDH

AKTI/G,
AKT mRNA 24467
-

0.0

Mod

-
=

@

N

15
;

Con  Mod Acup

p-GSK3p — — 48KDa

GSK3p e amn — 48kDa

o
o
E]

Mod  Acup

Ap1-42 = e w=  87kDa

I

p-Tau - - e T9KDa

P-GSK3B/GAPDH
© o B @
F y J

GSK3B mRNA 24467
>

3
.

Con  Mod Acup
GAPDH P S 26kDa

AB1-42/GAPDH

p-tau/GAPDH
o ~ IS o
’
e N & o
.
E-
o

Con  Mod Acup Con  Mod Acup

[6)) )





