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INTRODUCTION 
 

The incidence of diabetes mellitus, the most common 

metabolic disorder worldwide, is dramatically 

increasing. It has been estimated that 451 million people 

between the ages of 18-99 were afflicted in 2017 and a 

number that is expected to rise to 693 million by 2045 

[1]. The two major subtypes of DM, type 1 (T1DM) and 

type 2 (T2DM), account for approximately 7-12% and 

87-91% of all cases, respectively [2].  

 

T2DM is characterized by insulin resistance and/or 

impaired insulin secretion, resulting in hyperglycemia. 

In recent decades, due to the improvement of blood 

glucose control and additional treatment strategies for 

diabetic complications, the treatment of typical diabetic 

complications (including cardiovascular disease, 

peripheral neuropathy, retinopathy and nephropathy) 

has been significantly improved, so the life span of 

diabetic patients has been greatly extended. However, 

other diabetes related factors downstream of chronic 
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ABSTRACT 
 

Cognitive impairment caused by diabetes has been gradually recognized. Generally, nicotinic acetylcholine 
receptors (nAChRs) play an important role in the pathogenesis in dementia disorders including Alzheimer's disease 
(AD). However, the expression of nAChRs in the brains of type 2 diabetes mellitus (T2DM) is unexplored. This study 
explored the alterations of nAChRs in the postmortem brains of patients with T2DM and brains of db/db mice. 
Morris water maze test was used to appraise the ability of spatial learning and memory; Western blotting and RT-
qPCR were performed to determine the expressions of target protein and mRNA, respectively; TUNEL was used to 
detect the apoptosis of neurons. We found that the protein levels of nAChR α7 and α4 subunits were significantly 
decreased and the apoptosis rates in neurons elevated in the hippocampus of T2DM patients and db/db mice as 
comparison to controls. Furthermore, the db/db mice exhibited the impaired cognition, the elevated level of pro-
apoptotic protein and the reduced level of anti-apoptotic and synaptic proteins. This study shows the lowered level 
of nAChR α7 and α4 subunits and the elevated apoptosis in the hippocampus of T2DM patients and db/db mice, 
which might help explain the impaired cognition in T2DM. 
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hyperglycemia may gradually affect the brain over time, 

including cognitive impairment, neurophysiological and 

structural changes in the brain. Indeed, T2DM is a risk 

factor for developing dementia, including Alzheimer’s 

disease (AD) [3–5]. The mechanisms by which 

cognitive abilities are impaired by diabetes have not yet 

been clearly established. However, altered neuro-

genesis, electrophysiological deficits, injury due to 

oxidative stress, neuroinflammation and neuronal 

apoptosis may be involved [6–8]. 

 

AD, the most common form of dementia, is 

characterized by loss of memory, confusion and 

impairment of cognitive function. Early neurobio-

chemical findings on AD revealed impaired cholinergic 

transmission due to the reduced activity of nicotinic 

acetylcholine receptors (nAChRs) [9, 10], as well as 

fewer numbers of these receptors in the cortex and 

hippocampus [11, 12]. Actually, nAChRs are members 

of the cysteine-loop family of ligand-gated ion 

channels, and to date, a total of 17 subunits (α1-α10, β1-

β4, γ, δ, and ε) have been identified [13]. In the case of 

the mammalian brain, 12 different nAChR subunits 

have been detected (α2-α10 and β2-β4) [14]. These 

receptors comprised of five subunits arranged around a 

pore that functions as an ion channel. Neuronal nAChRs 

are either homomeric, containing with five α subunits, 

or heteromeric, with a combination of α and β subunits 

from two different subfamilies. The two major subtypes 

of nAChRs expressed in the mammalian central nervous 

system (CNS) are the heteromeric α4β2 nAChRs and 

homomeric α7 nAChRs [15, 16], both of which are 

expressed of high levels in the hippocampus, cortex, 

thalamus, ventral tegmentum and striatum [17]. 

 

In the CNS, nAChRs are expressed in the postsynaptic, 

presynaptic and axonal regions of neurons. 

Interestingly, extensive investigations indicated that 

nAChRs are important regulators of memory, learning, 

locomotion, attention and addiction [18–21]. Moreover, 

stimulation of nAChRs may protect against the toxic 

effects of β-amyloid peptide through activation of 

phosphatidylinositol 3-kinase/protein kinase B axis and 

the anti-apoptotic factor B-cell lymphoma-2 (Bcl-2), as 

well as down-regulation of glycogen synthase kinase-3 

(GSK3) [22]. Over-activation of GSK3 is associated 

with high levels of toxic β-amyloid oligomers, hyper-

phosphorylated tau and neurofibrillary tangles [23, 24]. 

In addition, activation of nAChRs is also anti-

inflammatory by down-regulating nuclear factor-kappa 

B via Janus kinase 2 [25]. Moreover, oral administration 

of the selective α7 nAChR agonist TC-7020 to db/db 

mice reduced their weight gain, food intake and blood 

levels of glucose, glycosyl hemoglobin (HbA1c),  

and triglyceride [26]. Recently, the beneficial effects  

of cholinergic stimulation in alleviating neuro-

inflammation and metabolic derangements associated 

with obesity have been demonstrated [27].    

 

To date, the possibility concerning whether the 

expression and composition of nAChRs in pivotal 

regions of the brain (e.g., the cerebral cortex and 

hippocampus) is influenced by T2DM remains 

unexplored, although this might lead to novel pharma-

cological treatment of T2DM. The current investigation 

was designed to compare nAChR α4, α7 and β2 

subunits in the postmortem brains of patients with 

T2DM and age-matched control individuals, as well as 

in an animal model of T2DM (db/db mouse) and non-

diabetic control (db/m mouse). 

 

RESULTS 
 

Expression of nAChR subunits at protein level in 

postmortem brain tissues 
 

The levels of nAChR α7 and α4 subunit proteins in the 

hippocampus (CA3, which is well-known as one of the 

areas as most critical to cognitive function) were 

significantly lower in the T2DM than control samples 

(α7 subunit: 100.0±5.1% in NDM, 79.2±2.9% in 

T2DM, F=1.522, p<0.01; α4 subunit: 100.0±4.7% in 

NDM, 74.8±4.7% in T2DM, F=0.008, p<0.01), but no 

significant differences in these levels in the frontal and 

temporal cortices were observed (Figure 1A, 1B). For 

the levels of nAChR β2 subunit protein, no significant 

changes were found in the hippocampus (CA3), and the 

frontal and temporal cortices in the T2DM as compared 

to control samples (Figure 1C). 
 

The Morris Water Maze (MWM) test to db/db mice 

and controls 
 

The MWM test reflects the spatial learning and memory 

ability of experimental animals. When the mice were 

ten weeks old, there were no significant differences in 

the number of platform crossings, the times spent in the 

target quadrant or the escape latency between the db/db 

mice and controls. However, at 19 weeks of age, the 

number of platform crossings (7.2±0.7 in db/m group, 

2.0±0.3 in db/db, F=3.904, P<0.01; 3.6±0.4 in db/db at 

10 weeks, 2.0±0.3 in db/db at 19 weeks, F=0.269, 

P<0.01) and the times spent in the target quadrant 

(25.5±2.3s in db/m, 10.7±2.6s in db/db, F=0.111, 

P<0.01; 18.2±1.2s in db/db at 10 weeks, 10.7±2.6s in 

db/db at 19 weeks, F=3.039, P<0.05) were significantly 

lower in db/db mice as compared to controls. The 

escape latency (8.2±1.8s in db/m, 48.1±3.1s in db/db, 

F=2.879, P<0.01; 26.3±4.3 in db/db at 10 weeks, 

48.1±3.1s in db/db at 19 weeks, F=0.520, P<0.01) was 

significantly longer in the db/db group as compared to 

the db/m mice and also the corresponding db/db values 
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at 10 weeks of age (Figure 2). Thus, the diabetic mice 

exhibited age-related impairment of spatial learning and 

memory. 

 

Expressions of nAChR subunits at protein and 

mRNA levels in the mouse brains  

 

The levels of α7 and α4 subunit proteins in the 

hippocampus of db/db mouse brains were significantly 

lower than those in db/m mice (α7  subunit: 100.0±1.7% 

in db/m, 86.9±1.6% in db/db, F=0.022, p<0.01; α4 

subunit: 100.0±1.8% in db/m, 88.3±2.0% in db/db, 

F=0.158, p<0.01) (Figure 3A and 3B). Whereas, no 

significant differences of α7 and α4 proteins were 

determined in the case of the cortices (Figure 3A and 3B) 

between two groups or in the corresponding levels of 

mRNA (Figure 4). On the other hand, the levels of β2 

subunit protein both in the hippocampus and cortices  

were no significant changes in db/db mice compared to 

db/m mice (Figures 3C and 4). 

 

 
 

Figure 1. Immunofluorescent staining for nAChR α7 (A), α4 (B) and β2 (C) subunits in the hippocampus (CA3), and the frontal and temporal 
cortices of patients with T2DM (n=6) and age-matched controls (NDM, n=6). Photographs were taken by using a laser confocal microscope. 
The α7, α4 and β2-positive neurons were reacted by specific antibodies as shown as green (a); cell nuclei are stained as blue (using DAPI) (b); 
a and b were merged as one picture (c); and a partial area from c was selected to be magnified (d) with scale bars=20 µm. The values 
presented as percentage of the control by relative quantification for α7, α4 or β2 subunit staining in those regions are means ± SEM; 
**p<0.01 as compared to NDM employing the two-tailed unpaired Student’s t test. 
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Figure 2. Evaluation of the spatial learning and memory of db/db (n=8) and db/m (n=8) by MWM test. (A) The number of 
platform crossings (n); (B) escape latency (s); (C) times spent in the target quadrant (s); (D) typical swimming paths to reach the original 

position of the platform. The values presented are mean ± SEM. **p<0.01, #p<0.05 and ## p<0.01 as determined by the two-tailed unpaired 
Student’s t test. 

 

 
 

Figure 3. The levels of nAChR α7 (A), α4 (B) and β2 (C) subunit proteins in the hippocampus and cortex of db/db and db/m mouse brains as 
determined by Western blotting. The values presented as percentage of the control by relative quantification are mean ± SEM (n=8 for each 
group). **p<0.01 as compared to db/m mice determined by the two-tailed unpaired Student’s t test. Representative Western blots are 
displayed in the upper left corner of the figure.  
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Apoptosis in the brains of patients with T2DM and 

db/db mice 

 

Apoptosis, a type of programmed cell death involving 

characteristic morphological and biochemical changes, 

is executed by a number of different proteins. The rate 

and extent of apoptosis are frequently characterized 

determined on the basis of the activity of caspases, 

proteases that cleave specific substrates. The Bcl-2 

family concerning cell apoptosis includes anti-

apoptotic Bcl-2 and pro-apoptotic Bcl-2 associated X 

protein (Bax) [28]. In the hippocampus of the db/db 

mice, cleaved caspase-3 and Bax were significantly 

increased as compared with controls (cleaved caspase-

3: 100.0±3.5% in db/m, 110.9±1.9% in db/db, 

F=2.094, p<0.05; Bax: 100.0±2.7% in db/m, 

109.9±2.3% in db/db, F=0.602, p<0.05) (Fig 5). 

Whereas, Bcl-2 (100.0±2.0% in db/m, 93.9±1.2% in 

db/db, F=0.905, p<0.05) and Bcl-2/Bax ratio 

(100.0±2.4% in db/m, 91.4±1.5% in db/db, F=4.282, 

p<0.05) in db/db group were significantly decreased as 

compared to controls (Figure 5). However, no such 

differences in case of the cortex were found between 

the two groups (Figure 5). 

 

 
 

Figure 4. The levels of mRNA encoding nAChR α7 (A), α4 (B) and β2 (C) subunits in the hippocampus and cortex of db/db and db/m mouse 
brains as determined by RT-qPCR. The values presented as percentage of the control by relative quantification are mean ± SEM (n=8 for each 
group). Application of the two-tailed unpaired Student’s t test revealed no significant differences. 

 

 
 

Figure 5. Levels of apoptosis-related protein expressions in the hippocampus and cortex of db/db and db/m mouse brains as 
determined Western blotting. (A) cleaved caspase-3; (B) Bcl-2; (C) Bax; (D) the Bcl-2/Bax ratio. The values presented as percentage of the 
control by relative quantification are mean ± SEM (n=8 for each group). *p<0.05 as compared to db/m mice as determined by the two-tailed 
unpaired Student’s t test. Representative Western blots are displayed in the upper left corner of the figure.  
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Detection of DNA fragmentation by the terminal 

deoxynucleotidyl transferase-mediated nick end 

labeling (TUNEL) technique is a standard and reliable 

histochemical approach for detecting and quantitating 

cells in later stages of apoptosis [29]. Here, an elevated 

neurons apoptosis rate in the hippocampus of patients 

with T2DM and db/db mice was determined as compared 

to controls (100.0±1.3% in NDM, 105.3±2.0% in T2DM, 

F=0.000, p<0.05; 100.0±1.3% in db/m, 106.2±0.9% in 

db/db, F=2.192, p<0.05) (Figure 6). 

 

 
 

Figure 6. Apoptotic cells in the brains of the patients with T2DM and db/db mice as well as controls in situ detected with the 
TUNEL assay. Photographs were taken by using a laser confocal microscope (scale bars=20 µm). The co-localization of nuclei (DAPI, blue) 
and TUNEL-positive cells (green) indicated by red arrow are shown in the merged images. (A) NDM; (B) T2DM; (C) apoptosis rate of neurons 
in the human brains; (D) db/m mice; (E) db/db mice; (F) apoptosis rate of neurons in the mouse brains; (G) negative control for the method; 
(H) positive control for the method. The values presented as percentage of the control by relative quantification are mean ± SEM (n=5 for 
each group). *p<0.05 as compared to NDM (C) or db/m mice (F) as determined by the two-tailed unpaired Student’s t test.  
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Levels of synaptic proteins in the brains of db/db and 

db/m mice  

 

The levels of synaptic proteins including synaptophysin 

(Syn) and 25-kD synaptosomal protein (Snap-25) were 

significantly lower in the hippocampus of db/db mice 

than those of db/m mice (Syn: 100.0±3.1% in db/m, 
88.7±3.1% in db/db, F=0.003, p<0.05; Snap-25: 

100.0±1.7% in db/m, 92.4±1.7% in db/db, F=0.034, 

p<0.05) (Figure 7), while no difference was found in the 

case of the cortex. 

 

The relationship between the levels of nAChR 

subunits and Bcl-2/Bax Syn and Snap-25 in the 

hippocampus of the brain of db/db mice 

 

In the hippocampus of the brains of db/db mice, the 

levels of nAChR α7 and α4 subunits at protein levels 

were positively correlated to the levels of Bcl-2/Bax, 

Syn and Snap-25 (Figure 8). 

 

DISCUSSION 
 

In the present study, the levels of nAChR α7 and α4 

subunit proteins (but no β2) in the hippocampus (CA3) 

of patients with T2DM were significantly lower than 

those in age-matched controls, with no significant 

differences in the case of the frontal or temporal cortex, 

indicating region specific alterations and subunit 

changes of the receptors caused by this disorder. In our 

earlier reports in AD patients as compared with age-

matched controls, the level of α4 subunit protein was 

reduced significantly both in the hippocampus and 

temporal cortex; the level of α7 was obviously 

decreased in the hippocampus but no significant change 

in the temporal cortex; and the level of β2 in either the 

hippocampus or the temporal cortex was no significant 

difference [11]. Thus, the alterations associated with 

AD and T2DM differed somewhat; furthermore, in both 

cases the levels of the α7 and α4 subunits in the 

hippocampus, one of the most important tissues of the 

brain limbic system and critical for learning and 

memory, were affected. 

 

In the current investigation, we found that the spatial 

learning and memory (as determined with the MWM 

test) of db/db mice did not differ significantly from that 

of db/m mice at 10 weeks of age, but were gradually 

impaired with the prolongation of diabetes, in 

agreement with a previous report [30]. These results 

further confirm that a deficiency in the leptin receptor 

may not be the primary cause of cognitive decline in 

db/db mice and that T2DM leads to gradual cognitive 

impairment in these animals. Previous studies have also 

found that the novel object recognition ability of db/db 

mice is declined [31]. However, the db/db mice did not 

show apparent working memory disturbance in the 

spatial working memory version of the MWM or in the 

radial water maze [32], which may need a further 

investigation. 

 

In the hippocampus of db/db mice with cognitive 

impairment, the levels of α7 and α4 subunits were 

significantly lower than those in db/m mice, with no 

significant difference between those groups in the case 

of the cortex; and the level of β2 subunit in the 

hippocampus and cortex of db/db mice was no 

significant difference as compared with db/m mice. 

These changes were thus consistent with those observed 

in the postmortem brains of patients with T2DM. 

 

At the same time, there were no differences in the levels 

of mRNAs encoding α7, α4 and β2 subunits in the 

hippocampus and cortex of the two groups of mice, 

indicating that the deficit of nAChRs in the db/db 

mouse brain may be related to changes in synthesis, 

 

 
 

Figure 7. The levels of synaptic proteins in the hippocampus and cortex of db/db and db/m mouse brains as determined by 
Western blotting. (A) Syn; (B) Snap-25. The values presented as percentage of the control by relative quantification are mean ± SEM (n=8 
for each group). *p<0.05 as compared to db/m mice as determined by the two-tailed unpaired Student’s t test. Representative Western blots 
are displayed in the left site of the figure.  
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posttranslational modifications, and/or turnover 

(including membrane insertion). Hellstrom-Lindahl and 

colleagues [33] compared the regional expression of 

mRNA encoding the α4 and α7 subunits in postmortem 

brain tissues from patients with AD and controls and 

observed no differences in the case of α4 mRNA in any 

of the regions analyzed, whereas the level of α7 mRNA 

was significantly higher only in the hippocampus of AD 

brains. Here, our results indicate that the decrease in the 

number of nAChRs reflects a post-transcriptional event. 

 

In the hippocampus of db/db mice, cleaved caspase-3 and 

Bax were up-regulated, while Bcl-2 down-regulated and 

the Bcl-2/Bax ratio reduced in comparison to db/m mice; 

and the number of TUNEL-positive cells elevated both in 

the hippocampus of patients with T2DM and db/db mice 

comparison to controls, indicating enhanced apoptosis by 

the disorder, similar to previous report [34].  

 

Syn is closely related to the regulation of synaptic 

structural and functional plasticity, in which numerous 

proteins in presynaptic vesicles play important roles in 

the circulation of these vesicle and release of 

neurotransmitters. Since the levels of Syn can reflect the 

density and number of synapses, this level is often used 

as an indicator of synaptic integrity. Snap-25 mediates 

primarily the anchoring and fusion of synaptic vesicles 

and thereby plays a key role in the release 

neurotransmitters. In the present study, the levels of 

both Syn and Snap-25 in the hippocampus of db/db 

mice were significantly decreased, indicating a 

reduction in the number of synapses. Moreover, the 

levels of the α7 and α4 subunit proteins were 

significantly positively correlated to those of Bcl-2/Bax, 

Syn, and Snap-25, individually. Loss of neurons and a 

reduction in the number of synapses are also seen in 

many areas of the cortices of patients with AD [35, 36]. 

In addition, Ramos-Rodriguez and co-workers [37] 

reported that pre-diabetes and T2DM both promoted 

neuronal cell apoptosis and synaptic loss in a mouse 

model of AD. Accordingly, these phenomena might 

give an explanation to the reductions in the levels of 

nAChR subunits. 

 

Accumulating evidence indicates that nAChRs are 

essential for optimal performance of numerous 

cognitive processes [18–21]. For instance, nicotine and 

inhibitors of cholinesterase improve cognitive function 

in patients suffering from neurodegenerative disorders 

such as AD [21, 38]. Moreover, as recently demons-

trated, galantamine (a cholinesterase inhibitor) also 

exerts beneficial anti-inflammatory and metabolic 

effects in patients with metabolic syndrome [39]. Such 

findings indicate that region-specific alterations in the 

levels of α7 and α4 subunits in the brain might account 

for some of the functional disorders associated with 

T2DM and that nAChRs are probably an attractive 

therapeutic target for treatment of this disease. 

 

 
 

Figure 8. Correlation between nAChR subunits and Bcl-2/Bax ratio, Syn or Snap-25 in the hippocampus of db/db mouse 
brains. (A1–3) the correlation between α7 and Bcl-2/Bax, Syn or Snap-25; (B1–3) the correlation between α4 and Bcl-2/Bax, Syn or Snap-25. 
The values presented are mean ± SEM (n=8) as determined with the Pearson correlation test. 
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In summary, we document here region-specific 

alterations in the levels of nAChR α7 and α4 subunit 

proteins, both in the brains of patients with T2DM and 

db/db mice, which might help explain the impaired 

cognition in T2DM. 

 

MATERIALS AND METHODS 
 

Samples of human brains  

 

Postmortem human brain samples were provided by the 

Netherlands Brain Bank (Amsterdam, the Netherlands). 

Material Transfer Agreement and Implementing Letter 

Regarding Project (No.1060) were granted by the 

Netherlands Brain Bank and ethical permission for the 

study by the Ethical Committee of Guizhou Medical 

University (No. 2018-067). The hippocampus and 

frontal and temporal cortices were from six patients 

with a clinical diagnosis of T2DM, and from six 

subjects (no-diabetes mellitus, NDM) with no known 

history or symptoms of this disease. The case histories 

of these subjects in the study are listed in Table 1. 

 

Experimental animals 
 

Male eight-week-old C57BLKS/J-db/db mice (n=8) and 

their age-matched non-diabetic db/m littermates (n=8) 

were purchased from the Model Animal Research 

Center of Nanjing University, China (License No. 

SCXK (Su) 2018-0008, Certificate No. 201804455). All 

were housed at 22-25°C with a 12 h light/dark cycle and 

access to food (a normal chow diet (NCD) with 5% fat 

(8.5 KJ/g) and water in the SPF (specific pathogen-free) 

Animal Laboratory Center of Guizhou Medical 

University. The experiments described here were pre-

approved by the Ethical Committee of Guizhou Medical 

University, China (No. 1800456). 

 

In preclinical diabetic research, db/db mice are 

commonly used as a model [40]. It should be noted, 

however, that db/db mice are deficient in leptin 

receptors and leptins is involved in the development of 

the brain of mouse embryos [41]. Nonetheless, this 

deficiency in leptin receptors appears not to be the main 

cause of cognitive decline in these animals [42, 43]  

 

The Morris water maze (MWM) test 
 

When the mice were 10 weeks old, the MWM test was 

conducted to evaluate their spatial learning and memory 

as reported previously [44]. In brief, this test was 

performed in a circular pool with a diameter of 110 cm 

and a height of 30 cm, filled with opaque water at 26°C. 

An escape platform with a diameter of 7 cm was 

submerged 1 cm below the surface of the water. During 

four consecutive days of training (four trials per day), 

mice which could not find this escape platform within 

60 s were guided to it. Thereafter, the mice were placed 

at the same starting location and subjected to a 60 s trial 

without the escape platform. Their behavior was tracked 

and recorded by an overhead video camera and a 

computer system equipped with ‘Viewer 2’ software 

(Biobserve GmbH, Bonn, Germany) in order to 

calculate the time required to swim to the original 

position of the platform, as well as the number of passes 

over and time spent at this position. Eight weeks later, 

the MWM test was conducted again. 

 

Immunofluorescent staining 
 

Immunofluorescent staining and quantitation of α4, α7 

and β2 subunits in the brains of samples were 

performed as described previously [45]. In brief, 

sections were first heated at 58°C for 1 h and 

thereafter deparaffinized and hydrated. After three 

washes in phosphates buffered saline (PBS) and 

microwaving in 0.01 M citric acid buffer (pH 6.0) for 

20 min to achieve antigen repair, the sections were 

treated with normal goat serum for 1 h and then 

incubated with antibodies against α4 (1:250), α7 

(1:250), or β2 (1:200) (all obtained from Gene Tex, 

USA) overnight at 4°C. The following day, these 

samples were washed three times with PBS and 

incubated with secondary antibodies labeled with 

Alexa Fluor 488 (FITC, green, Thermo Fisher 

Scientific) for 1 h at room temperature, followed by 

washing with PBS and staining of nucleus with DAPI 

(blue, Vector Laboratories, Inc. USA) for 5 min. 

Digital images were collected with an epifluorescence 

microscope (Nikon, Japan) were captured using Nis-

Elements D software (Nikon, Japan). For each sample, 

ten cells chosen at random were counted. The 

threshold for integrated optical density was defined 

automatically by Image-Pro Plus 6.0 software, which 

compares the optical density of all samples to the same 

standard.  

 

Preparation of samples of mouse brains  
 

At nineteen weeks age, mice were euthanized with a 

lethal injection of sodium pentobarbital (200 mg/kg 

BW) and their brains then dissected out immediately. 

Each brain was first divided into its left and right 

hemispheres along the sagittal median line, after which 

the hippocampus and cortex were dissected out of the 

left hemisphere. Portions of these tissues were placed 

into RNAlater (Ambion, Thermo Fisher Scientific) for 

analysis of gene expression by Real-time qPCR, while 

other portions were snap-frozen in liquid N2 and stored 

for subsequent Western blotting. The right hemisphere 

was fixed in 4% paraformaldehyde for routine 

histological and immunofluorescent examination. 



 

www.aging-us.com 14214 AGING 

Table 1. Characteristics of the patients with T2DM and control individuals (NDM). 

 T2DM NDM 

Cases 6 6 

Age at times of death (years, mean±SD) 78.67±1.51 77.33±1.97 

Sex (M/F) 3/3 3/3 

Postmortem delay (h) 6.1±0.9 7.2±1.6 

Tissue pH 6.48±0.3 6.65±0.36 

Brain weight (g) 1191.67±147.71  1280.67±116.49 

Duration of T2DM (years) 9±2.7 not applicable 

Notice: T2DM, type 2 diabetes mellitus; NDM, no-diabetes mellitus. 
 

Table 2. Sequences of the primers employed. 

Gene Primer Sequence (5′-3′) NCBI Reference Number 

nAChR α4 F:CCGGAATTCCTCGTCTAGAGCCCGTTCTG NM_01730.5 

 R:CCGAAGCTTGTCCGCGTTGTTGTAGAGGA  

nAChR α7 F:CCGGAATTCTCATTCTTCTGAATTGGTGTGC NM_007390.3 

 R:CCGAAGCTTTCTCGTCCTCCAGATTCTCTTC  

nAChR β2 F:CCGGAATTCGGTGTTCCTGCTGCTCATCTC NM_009602.4 

 R:CCGAAGCTTCTCACACTCTGGTCATCATCT  

β-actin F:CGTTGACATCCGTAAAGACC NM_007393.5 

 R:CTAGGAGCCAGAGCAGTAATC  

 

Western blotting  
 

Samples of the left hippocampus or cortex were 

homogenized in PBS containing complete protease 

inhibitors in a glass vesicle; the resulting homogenate 

was centrifuged at 12,000 rpm at 4°C for 20 min; and 

the protein concentrations of the supernatant thus 

obtained determined with the BCA protein assay kit. 

Proteins (30 μg) were subsequently separated by 8-

10% SDS-PAGE and then blotted onto polyvinylidene 

difluoride (PVDF) membranes with a transfer unit 

(Bio-Rad Inc.). For the relative quantification of the 

proteins, these membranes were thereafter incubated 

with antibodies against α7 (1:1000), α4 (1:1500) and 

β2 (1:1000), cleaved caspase-3 (1:1000, Gene Tex, 

USA), Bcl-2 (1:1000, CST, USA), Bax (1:1000, CST, 

USA), Snap-25 (1:1000, Gene Tex, USA), Syn 

(1:1000, Gene Tex, USA) or β-actin antibody (1:5000, 

Gene Tex, USA) at 4°C overnight. After washing, the 

membranes were incubated with horseradish 

peroxidase-conjugated secondary antibody (1:5000, 

Gene Tex, USA) for 60 min. Finally, these 

membranes were incubated in ECL Plus (Pierce, 

Thermo Fisher Scientific) reagent and the signals thus 

obtained visualized by exposure to hyper-performance 

chemiluminescence film for 30 sec to 5 min. 

Real-time quantitative PCR 
 

The levels of mRNA encoding α7, α4 and β2 investigated 

using Real-time quantitative PCR were performed as 

described previously [46]. In brief, total RNA was 

extracted from the hippocampus and cortex with TRIzol 

reagent (Invitrogen, Carlsbad, USA) using a homogenizer, 

according to the manufacturer’s instructions. Reverse 

transcription was performed using Prime Script RT 

reagent kit (TAKARA BIO INC.). The real-time 

quantitative PCR was performed in the Step One Plus 

Real-Time PCR System (Life Technologies) with the ABI 

SYBR Green Master Mix (Applied Bio systems, Thermo 

Fisher Scientific). Eight mice from each group were tested 

in this manner and all reactions were analyzed in 

triplicate. Relative quantitation values were calculated 

using the 2-ΔΔCT method. The primer sequences utilized 

are shown in Table 2. 

 

Assessment of apoptosis 
 
In situ detection of cells with DNA strand breaks in brain 

sections (fixed in paraformaldehyde and embedded in 

paraffin) was achieved by the terminal deoxynucleotidyl 

transferase (TdT)–mediated deoxy-UTP nick end labeling 

(TUNEL) technique [47] utilizing a TUNEL Apoptosis 
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Detection kit (Alexa Fluor 488, Yeasen Biotech Co., Ltd. 

Shanghai, China). For the negative and positive controls 

carried out for all assays, tissue sections were processed in 

an identical manner, except that the TdT enzyme was 

replaced by the same volume of distilled water or DNA 

enzyme I, respectively. TUNEL-positive nucleus 

appeared green and staining with DAPI revealed all 

nucleus. Images were captured with a fluorescent 

microscope (Nikon, Japan). 

 

Statistical analyses 
 

Statistical analyses were performed using GraphPad 

Prism 6.0 and SPSS 22.0 software (SPSS Inc., USA) and 

the values presented are mean±SEM. The two-tailed 

unpaired Student’s t-test was to applied compare group 

differences. Potential correlations between the levels of 

neurons expressing the nAChR α7 and α4 subunits, and 

Bcl-2/Bax, Syn and Snap-25 were examined with the 

Pearson correlation test. Differences of p<0.05 was 

considered statistically significant.  

 

Ethics approval 
 

Material Transfer Agreement and Implementing 

Letter Regarding Project (No.1060) were granted by 

the Netherlands Brain Bank and ethical permission for 

the study by the Ethical Committee of Guizhou 

Medical University (No. 2018-067); animal use for 

this study was approved by the Ethical Committee of 

Guizhou Medical University, China (No. 1800456). 

 

AUTHOR CONTRIBUTIONS 
 

YX performed the experiment and wrote initial draft of 

the manuscript. KC, BG, JX and YTD performed parts 

of the experiment; XLQ, WFY and XY gave valuable 

suggestion for the methods and discussed the results; 

ZZG planed the experiment, guided the experimental 

process and revised the manuscript. All authors read 

and approved the final manuscript. 

 

ACKNOWLEDGMENTS 
 

We highly appreciated the Netherlands Brain Bank 

(Amsterdam, the Netherlands) for providing of the 

postmortem human brain samples.  

 

CONFLICTS OF INTEREST 
 

All authors claim that there are no conflicts of interest. 

 

FUNDING 
 

This work was supported financially by the National 

Natural Science Foundation of China (No. U1812403) 

and the Foundation of Guizhou Province of China 

(2014-06, 2014-6008, 2016-4001). 

 

REFERENCES 
 

1. Cho NH, Shaw JE, Karuranga S, Huang Y, da Rocha 
Fernandes JD, Ohlrogge AW, Malanda B. IDF diabetes 
atlas: global estimates of diabetes prevalence for 2017 
and projections for 2045. Diabetes Res Clin Pract. 
2018; 138:271–81. 

 https://doi.org/10.1016/j.diabres.2018.02.023 
 PMID:29496507 

2. Ogurtsova K, da Rocha Fernandes JD, Huang Y, 
Linnenkamp U, Guariguata L, Cho NH, Cavan D, Shaw 
JE, Makaroff LE. IDF diabetes atlas: global estimates for 
the prevalence of diabetes for 2015 and 2040. 
Diabetes Res Clin Pract. 2017; 128:40–50. 

 https://doi.org/10.1016/j.diabres.2017.03.024 
 PMID:28437734 

3. van Bussel FC, Backes WH, van Veenendaal TM, 
Hofman PA, van Boxtel MP, Schram MT, Sep SJ, 
Dagnelie PC, Schaper N, Stehouwer CD, Wildberger JE, 
Jansen JF. Erratum. Functional brain networks are 
altered in type 2 diabetes and prediabetes: signs for 
compensation of cognitive decrements? the maastricht 
study. Diabetes 2016; 65:2404–2413. Diabetes. 2017; 
66:560. 

 https://doi.org/10.2337/db17-er02a 
 PMID:27908916 

4. Klimova B, Kuca K, Maresova P. Global view on 
alzheimer’s disease and diabetes mellitus: threats, risks 
and treatment alzheimer’s disease and diabetes 
mellitus. Curr Alzheimer Res. 2018; 15:1277–82. 

 https://doi.org/10.2174/1567205015666180925110222 
 PMID:30251605 

5. Li J, Liu B, Cai M, Lin X, Lou S. Glucose metabolic 
alterations in hippocampus of diabetes mellitus rats 
and the regulation of aerobic exercise. Behav Brain 
Res. 2019; 364:447–56. 

 https://doi.org/10.1016/j.bbr.2017.11.001 
 PMID:29113873 

6. Sarter M, Parikh V, Howe WM. nAChR agonist-induced 
cognition enhancement: integration of cognitive and 
neuronal mechanisms. Biochem Pharmacol. 2009; 
78:658–67. 

 https://doi.org/10.1016/j.bcp.2009.04.019 
 PMID:19406107 

7. Muriach M, Flores-Bellver M, Romero FJ, Barcia JM. 
Diabetes and the brain: oxidative stress, inflammation, 
and autophagy. Oxid Med Cell Longev. 2014; 
2014:102158. 

 https://doi.org/10.1155/2014/102158 
 PMID:25215171 

https://doi.org/10.1016/j.diabres.2018.02.023
https://pubmed.ncbi.nlm.nih.gov/29496507
https://doi.org/10.1016/j.diabres.2017.03.024
https://pubmed.ncbi.nlm.nih.gov/28437734
https://doi.org/10.2337/db17-er02a
https://pubmed.ncbi.nlm.nih.gov/27908916
https://doi.org/10.2174/1567205015666180925110222
https://pubmed.ncbi.nlm.nih.gov/30251605
https://doi.org/10.1016/j.bbr.2017.11.001
https://pubmed.ncbi.nlm.nih.gov/29113873
https://doi.org/10.1016/j.bcp.2009.04.019
https://pubmed.ncbi.nlm.nih.gov/19406107
https://doi.org/10.1155/2014/102158
https://pubmed.ncbi.nlm.nih.gov/25215171


 

www.aging-us.com 14216 AGING 

8. Asmat U, Abad K, Ismail K. Diabetes mellitus and 
oxidative stress-a concise review. Saudi Pharm J. 2016; 
24:547–53. 

 https://doi.org/10.1016/j.jsps.2015.03.013 
 PMID:27752226 

9. Sabri O, Kendziorra K, Wolf H, Gertz HJ, Brust P. 
Acetylcholine receptors in dementia and mild cognitive 
impairment. Eur J Nucl Med Mol Imaging. 2008 (Suppl 
1); 35:S30–45. 

 https://doi.org/10.1007/s00259-007-0701-1 
 PMID:18228017 

10. Wevers A, Schröder H. Nicotinic acetylcholine 
receptors in Alzheimer's disease. J Alzheimers Dis. 
1999; 1:207–219. 

 https://doi.org/10.3233/jad-1999-14-503 
 PMID:12214120 

11. Guan ZZ, Zhang X, Ravid R, Nordberg A. Decreased 
protein levels of nicotinic receptor subunits in the 
hippocampus and temporal cortex of patients with 
alzheimer’s disease. J Neurochem. 2000; 74:237–43. 

 https://doi.org/10.1046/j.1471-4159.2000.0740237.x 
 PMID:10617125 

12. Liu RY, Gu R, Qi XL, Zhang T, Zhao Y, He Y, Pei JJ, Guan 
ZZ. Decreased nicotinic receptors and cognitive deficit 
in rats intracerebroventricularly injected with beta-
amyloid peptide(1-42) and fed a high-cholesterol diet. J 
Neurosci Res. 2008; 86:183–93. 

 https://doi.org/10.1002/jnr.21463 
 PMID:17705292 

13. Nemecz Á, Prevost MS, Menny A, Corringer PJ. 
Emerging molecular mechanisms of signal transduction 
in pentameric ligand-gated ion channels. Neuron. 
2016; 90:452–70. 

 https://doi.org/10.1016/j.neuron.2016.03.032 
 PMID:27151638 

14. Dani JA, Bertrand D. Nicotinic acetylcholine receptors 
and nicotinic cholinergic mechanisms of the central 
nervous system. Annu Rev Pharmacol Toxicol. 2007; 
47:699–729. 

 https://doi.org/10.1146/annurev.pharmtox.47.120505
.105214 PMID:17009926 

15. Dani JA. Neuronal nicotinic acetylcholine receptor 
structure and function and response to nicotine. Int 
Rev Neurobiol. 2015; 124:3–19. 

 https://doi.org/10.1016/bs.irn.2015.07.001 
 PMID:26472524 

16. Terry AV Jr, Callahan PM, Hernandez CM. Nicotinic 
ligands as multifunctional agents for the treatment of 
neuropsychiatric disorders. Biochem Pharmacol. 2015; 
97:388–98. 

 https://doi.org/10.1016/j.bcp.2015.07.027 
 PMID:26231940 

17. Gotti C, Zoli M, Clementi F. Brain nicotinic acetylcholine 
receptors: native subtypes and their relevance. Trends 
Pharmacol Sci. 2006; 27:482–91. 

 https://doi.org/10.1016/j.tips.2006.07.004 
 PMID:16876883 

18. Dineley KT, Pandya AA, Yakel JL. Nicotinic ACh 
receptors as therapeutic targets in CNS disorders. 
Trends Pharmacol Sci. 2015; 36:96–108. 

 https://doi.org/10.1016/j.tips.2014.12.002 
 PMID:25639674 

19. Nees F. The nicotinic cholinergic system function in the 
human brain. Neuropharmacology. 2015; 96:289–301. 

 https://doi.org/10.1016/j.neuropharm.2014.10.021 
 PMID:25446570 

20. Molas S, DeGroot SR, Zhao-Shea R, Tapper AR. Anxiety 
and nicotine dependence: emerging role of the 
habenulo-interpeduncular axis. Trends Pharmacol Sci. 
2017; 38:169–80. 

 https://doi.org/10.1016/j.tips.2016.11.001 
 PMID:27890353 

21. Hampel H, Mesulam MM, Cuello AC, Farlow MR, 
Giacobini E, Grossberg GT, Khachaturian AS, Vergallo A, 
Cavedo E, Snyder PJ, Khachaturian ZS. The cholinergic 
system in the pathophysiology and treatment of 
alzheimer’s disease. Brain. 2018; 141:1917–33. 

 https://doi.org/10.1093/brain/awy132 
 PMID:29850777 

22. Beaulieu JM. A role for akt and glycogen synthase 
kinase-3 as integrators of dopamine and serotonin 
neurotransmission in mental health. J Psychiatry 
Neurosci. 2012; 37:7–16. 

 https://doi.org/10.1503/jpn.110011 
 PMID:21711983 

23. Jaworski T, Dewachter I, Lechat B, Gees M, Kremer A, 
Demedts D, Borghgraef P, Devijver H, Kügler S, Patel S, 
Woodgett JR, Van Leuven F. GSK-3α/β kinases and 
amyloid production in vivo. Nature. 2011; 480:E4–5. 

 https://doi.org/10.1038/nature10615 
 PMID:22158250 

24. Chu J, Lauretti E, Praticò D. Caspase-3-dependent 
cleavage of akt modulates tau phosphorylation via 
GSK3β kinase: implications for alzheimer’s disease. Mol 
Psychiatry. 2017; 22:1002–08. 

 https://doi.org/10.1038/mp.2016.214 
 PMID:28138159 

25. Kalkman HO, Feuerbach D. Modulatory effects of α7 
nAChRs on the immune system and its relevance for 
CNS disorders. Cell Mol Life Sci. 2016; 73:2511–30. 

 https://doi.org/10.1007/s00018-016-2175-4 
 PMID:26979166 

26. Marrero MB, Lucas R, Salet C, Hauser TA, Mazurov A, 
Lippiello PM, Bencherif M. An alpha7 nicotinic 

https://doi.org/10.1016/j.jsps.2015.03.013
https://pubmed.ncbi.nlm.nih.gov/27752226
https://doi.org/10.1007/s00259-007-0701-1
https://pubmed.ncbi.nlm.nih.gov/18228017
https://doi.org/10.3233/jad-1999-14-503
mailto:https://pubmed.ncbi.nlm.nih.gov/12214120
https://doi.org/10.1046/j.1471-4159.2000.0740237.x
https://pubmed.ncbi.nlm.nih.gov/10617125
https://doi.org/10.1002/jnr.21463
https://pubmed.ncbi.nlm.nih.gov/17705292
https://doi.org/10.1016/j.neuron.2016.03.032
https://pubmed.ncbi.nlm.nih.gov/27151638
https://doi.org/10.1146/annurev.pharmtox.47.120505.105214
https://doi.org/10.1146/annurev.pharmtox.47.120505.105214
https://pubmed.ncbi.nlm.nih.gov/17009926
https://doi.org/10.1016/bs.irn.2015.07.001
https://pubmed.ncbi.nlm.nih.gov/26472524
https://doi.org/10.1016/j.bcp.2015.07.027
https://pubmed.ncbi.nlm.nih.gov/26231940
https://doi.org/10.1016/j.tips.2006.07.004
https://pubmed.ncbi.nlm.nih.gov/16876883
https://doi.org/10.1016/j.tips.2014.12.002
https://pubmed.ncbi.nlm.nih.gov/25639674
https://doi.org/10.1016/j.neuropharm.2014.10.021
https://pubmed.ncbi.nlm.nih.gov/25446570
https://doi.org/10.1016/j.tips.2016.11.001
https://pubmed.ncbi.nlm.nih.gov/27890353
https://doi.org/10.1093/brain/awy132
https://pubmed.ncbi.nlm.nih.gov/29850777
https://doi.org/10.1503/jpn.110011
https://pubmed.ncbi.nlm.nih.gov/21711983
https://doi.org/10.1038/nature10615
https://pubmed.ncbi.nlm.nih.gov/22158250
https://doi.org/10.1038/mp.2016.214
https://pubmed.ncbi.nlm.nih.gov/28138159
https://doi.org/10.1007/s00018-016-2175-4
https://pubmed.ncbi.nlm.nih.gov/26979166


 

www.aging-us.com 14217 AGING 

acetylcholine receptor-selective agonist reduces 
weight gain and metabolic changes in a mouse model 
of diabetes. J Pharmacol Exp Ther. 2010; 332:173–80. 

 https://doi.org/10.1124/jpet.109.154633 
 PMID:19786623 

27. Chang EH, Chavan SS, Pavlov VA. Cholinergic control of 
inflammation, metabolic dysfunction, and cognitive 
impairment in obesity-associated disorders: 
mechanisms and novel therapeutic opportunities. 
Front Neurosci. 2019; 13:263. 

 https://doi.org/10.3389/fnins.2019.00263 
 PMID:31024226 

28. Ifandi V, Al-Rubeai M. Regulation of cell proliferation 
and apoptosis in CHO-K1 cells by the coexpression of c-
myc and bcl-2. Biotechnol Prog. 2005; 21:671–77. 

 https://doi.org/10.1021/bp049594q PMID:15932241 

29. Loo DT. In situ detection of apoptosis by the TUNEL 
assay: an overview of techniques. Methods Mol Biol. 
2011; 682:3–13. 

 https://doi.org/10.1007/978-1-60327-409-8_1 
 PMID:21057916 

30. Ramos-Rodriguez JJ, Ortiz O, Jimenez-Palomares M, 
Kay KR, Berrocoso E, Murillo-Carretero MI, Perdomo G, 
Spires-Jones T, Cozar-Castellano I, Lechuga-Sancho AM, 
Garcia-Alloza M. Differential central pathology and 
cognitive impairment in pre-diabetic and diabetic mice. 
Psychoneuroendocrinology. 2013; 38:2462–75. 

 https://doi.org/10.1016/j.psyneuen.2013.05.010 
 PMID:23790682 

31. Zhao Q, Niu Y, Matsumoto K, Tsuneyama K, Tanaka K, 
Miyata T, Yokozawa T. Chotosan ameliorates cognitive 
and emotional deficits in an animal model of type 2 
diabetes: possible involvement of cholinergic and 
VEGF/PDGF mechanisms in the brain. BMC 
Complement Altern Med. 2012; 12:188. 

 https://doi.org/10.1186/1472-6882-12-188 
 PMID:23082896 

32. Yermakov LM, Griggs RB, Drouet DE, Sugimoto C, 
Williams MT, Vorhees CV, Susuki K. Impairment of 
cognitive flexibility in type 2 diabetic db/db mice. 
Behav Brain Res. 2019; 371:111978. 

 https://doi.org/10.1016/j.bbr.2019.111978 
 PMID:31141724 

33. Hellström-Lindahl E, Mousavi M, Zhang X, Ravid R, 
Nordberg A. Regional distribution of nicotinic receptor 
subunit mRNAs in human brain: comparison between 
alzheimer and normal brain. Brain Res Mol Brain Res. 
1999; 66:94–103. 

 https://doi.org/10.1016/s0169-328x(99)00030-3 
 PMID:10095081 

34. Wang H, Chen F, Du YF, Long Y, Reed MN, Hu M, 
Suppiramaniam V, Hong H, Tang SS. Targeted inhibition 

of RAGE reduces amyloid-β influx across the blood-
brain barrier and improves cognitive deficits in db/db 
mice. Neuropharmacology. 2018; 131:143–53. 

 https://doi.org/10.1016/j.neuropharm.2017.12.026 
 PMID:29248482 

35. DeKosky ST, Scheff SW. Synapse loss in frontal cortex 
biopsies in alzheimer’s disease: correlation with 
cognitive severity. Ann Neurol. 1990; 27:457–64. 

 https://doi.org/10.1002/ana.410270502 
 PMID:2360787 

36. Gómez-Isla T, Hollister R, West H, Mui S, Growdon JH, 
Petersen RC, Parisi JE, Hyman BT. Neuronal loss 
correlates with but exceeds neurofibrillary tangles in 
alzheimer’s disease. Ann Neurol. 1997; 41:17–24. 

 https://doi.org/10.1002/ana.410410106 
 PMID:9005861 

37. Ramos-Rodriguez JJ, Spires-Jones T, Pooler AM, 
Lechuga-Sancho AM, Bacskai BJ, Garcia-Alloza M. 
Progressive neuronal pathology and synaptic loss 
induced by prediabetes and type 2 diabetes in a mouse 
model of alzheimer’s disease. Mol Neurobiol. 2017; 
54:3428–38. 

 https://doi.org/10.1007/s12035-016-9921-3 
 PMID:27177549 

38. Newhouse P, Kellar K, Aisen P, White H, Wesnes K, 
Coderre E, Pfaff A, Wilkins H, Howard D, Levin ED. 
Nicotine treatment of mild cognitive impairment: a 6-
month double-blind pilot clinical trial. Neurology. 2012; 
78:91–101. 

 https://doi.org/10.1212/WNL.0b013e31823efcbb 
 PMID:22232050 

39. Consolim-Colombo FM, Sangaleti CT, Costa FO, Morais 
TL, Lopes HF, Motta JM, Irigoyen MC, Bortoloto LA, 
Rochitte CE, Harris YT, Satapathy SK, Olofsson PS, 
Akerman M, et al. Galantamine alleviates inflammation 
and insulin resistance in patients with metabolic 
syndrome in a randomized trial. JCI Insight. 2017; 
2:e93340. 

 https://doi.org/10.1172/jci.insight.93340 
 PMID:28724799 

40. Kleinert M, Clemmensen C, Hofmann SM, Moore MC, 
Renner S, Woods SC, Huypens P, Beckers J, de Angelis 
MH, Schürmann A, Bakhti M, Klingenspor M, Heiman 
M, et al. Animal models of obesity and diabetes 
mellitus. Nat Rev Endocrinol. 2018; 14:140–62. 

 https://doi.org/10.1038/nrendo.2017.161 
 PMID:29348476 

41. Udagawa J, Hashimoto R, Suzuki H, Hatta T, Sotomaru 
Y, Hioki K, Kagohashi Y, Nomura T, Minami Y, Otani H. 
The role of leptin in the development of the cerebral 
cortex in mouse embryos. Endocrinology. 2006; 
147:647–58. 

 https://doi.org/10.1210/en.2005-0791 PMID:16282354 

https://doi.org/10.1124/jpet.109.154633
https://pubmed.ncbi.nlm.nih.gov/19786623
https://doi.org/10.3389/fnins.2019.00263
https://pubmed.ncbi.nlm.nih.gov/31024226
https://doi.org/10.1021/bp049594q
https://pubmed.ncbi.nlm.nih.gov/15932241
https://doi.org/10.1007/978-1-60327-409-8_1
https://pubmed.ncbi.nlm.nih.gov/21057916
https://doi.org/10.1016/j.psyneuen.2013.05.010
https://pubmed.ncbi.nlm.nih.gov/23790682
https://doi.org/10.1186/1472-6882-12-188
https://pubmed.ncbi.nlm.nih.gov/23082896
https://doi.org/10.1016/j.bbr.2019.111978
https://pubmed.ncbi.nlm.nih.gov/31141724
https://doi.org/10.1016/s0169-328x(99)00030-3
https://pubmed.ncbi.nlm.nih.gov/10095081
https://doi.org/10.1016/j.neuropharm.2017.12.026
https://pubmed.ncbi.nlm.nih.gov/29248482
https://doi.org/10.1002/ana.410270502
https://pubmed.ncbi.nlm.nih.gov/2360787
https://doi.org/10.1002/ana.410410106
https://pubmed.ncbi.nlm.nih.gov/9005861
https://doi.org/10.1007/s12035-016-9921-3
https://pubmed.ncbi.nlm.nih.gov/27177549
https://doi.org/10.1212/WNL.0b013e31823efcbb
https://pubmed.ncbi.nlm.nih.gov/22232050
https://doi.org/10.1172/jci.insight.93340
https://pubmed.ncbi.nlm.nih.gov/28724799
https://doi.org/10.1038/nrendo.2017.161
https://pubmed.ncbi.nlm.nih.gov/29348476
https://doi.org/10.1210/en.2005-0791
https://pubmed.ncbi.nlm.nih.gov/16282354


 

www.aging-us.com 14218 AGING 

42. Stranahan AM, Arumugam TV, Cutler RG, Lee K, Egan 
JM, Mattson MP. Diabetes impairs hippocampal 
function through glucocorticoid-mediated effects on 
new and mature neurons. Nat Neurosci. 2008; 
11:309–17. 

 https://doi.org/10.1038/nn2055 
 PMID:18278039 

43. Dinel AL, André C, Aubert A, Ferreira G, Layé S, 
Castanon N. Cognitive and emotional alterations are 
related to hippocampal inflammation in a mouse 
model of metabolic syndrome. PLoS One. 2011; 
6:e24325. 

 https://doi.org/10.1371/journal.pone.0024325 
 PMID:21949705 

44. Nunez J. Morris water maze experiment. J Vis Exp. 
2008; 897. 

 https://doi.org/10.3791/897 
 PMID:19066539 

45. Yu WF, Guan ZZ, Bogdanovic N, Nordberg A. High 
selective expression of alpha7 nicotinic receptors on 
astrocytes in the brains of patients with sporadic 
alzheimer’s disease and patients carrying swedish APP 
670/671 mutation: a possible association with neuritic 
plaques. Exp Neurol. 2005; 192:215–25. 

 https://doi.org/10.1016/j.expneurol.2004.12.015 
 PMID:15698636 

46. Wang Y, Wei S, Chen L, Pei J, Wu H, Pei Y, Chen Y, Wang 
D. Transcriptomic analysis of gene expression in mice 
treated with troxerutin. PLoS One. 2017; 12:e0188261. 

 https://doi.org/10.1371/journal.pone.0188261 
 PMID:29190643 

47. Majtnerová P, Roušar T. An overview of apoptosis 
assays detecting DNA fragmentation. Mol Biol Rep. 
2018; 45:1469–78. 

 https://doi.org/10.1007/s11033-018-4258-9 
 PMID:30022463 

https://doi.org/10.1038/nn2055
https://pubmed.ncbi.nlm.nih.gov/18278039
https://doi.org/10.1371/journal.pone.0024325
https://pubmed.ncbi.nlm.nih.gov/21949705
https://doi.org/10.3791/897
https://pubmed.ncbi.nlm.nih.gov/19066539
https://doi.org/10.1016/j.expneurol.2004.12.015
https://pubmed.ncbi.nlm.nih.gov/15698636
https://doi.org/10.1371/journal.pone.0188261
https://pubmed.ncbi.nlm.nih.gov/29190643
https://doi.org/10.1007/s11033-018-4258-9
https://pubmed.ncbi.nlm.nih.gov/30022463

