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A B S T R A C T   

The potential coexistence of Alzheimer’s disease (AD) and atrial fibrillation (AF) is increasingly common as 
aging-related diseases. However, little is known about mechanisms responsible for atrial remodeling in AD 
pathogenesis. α7 nicotinic acetylcholine receptors (α7nAChR) has been shown to have profound effects on 
mitochondrial oxidative stress in both organ diseases. Here, we investigate the role of α7nAChR in mediating the 
effects of amyloid-β (Aβ) in cultured mouse atrial cardiomyocytes (HL-1 cells) and AD model mice (APP/PS1). In 
vitro, apoptosis, oxidative stress and mitochondrial dysfunction induced by Aβ long-term (72h) in HL-1 cells were 
prevented by α-Bungarotoxin(α-BTX), an antagonist of α7nAChR. This cardioprotective effect was due to rein-
stating Ca2+ mishandling by decreasing the activation of CaMKII and MAPK signaling pathway, especially the 
oxidation of CaMKII (oxi-CaMKII). In vivo studies demonstrated that targeting knockdown of α7nAChR in car-
diomyocytes could ameliorate AF progression in late-stage (12 months) APP/PS1 mice. Moreover, α7nAChR 
deficiency in cardiomyocytes attenuated APP/PS1-mutant induced atrial remodeling characterized by reducing 
fibrosis, atrial dilation, conduction dysfunction, and inflammatory mediator activities via suppressing oxi- 
CaMKII/MAPK/AP-1. Taken together, our findings suggest that diminished α7nAChR could rescue Aβ-induced 
atrial remodeling through oxi-CaMKII/MAPK/AP-1-mediated mitochondrial oxidative stress in atrial cells and 
AD mice.   

1. Introduction 

Both Alzheimer’s disease (AD) and atrial fibrillation (AF) are age- 
depended diseases that frequently coexist [1]. The association be-
tween AD and AF is confirmed by epidemiological researches [2,3], and 
several studies have also considered AF can dramatically raise the risk of 
AD, which could mainly be explained by AF-induced cerebral hypo-
perfusion, oxidative injury and inflammatory disequilibrium [4,5]. The 
accumulation of amyloid-β (Aβ) deposition caused by abnormal cleav-
age of the amyloid precursor protein (APP) into pathological Aβ frag-
ments is one of the pathological markers of AD [6]. The prevailing belief 
is that exacerbating Aβ accumulation and lowering Aβ clearance are the 
major determinants in the relationship of AD and AF [7]. Since AF could 

induce cognitive dysfunction leading to AD, the compromised cardiac 
function in AD patients, conversely, is still unclear. Recent evidence 
suggests that Aβ deposits are also present in myocardium of AD patients 
and contributes to myocardial dysfunction [8], indicating that Aβ might 
play a potential role in AF. 

AF is the most common cardiac arrhythmia characterized by short-
ened atrial refractoriness and abnormal conduction [9], which may be 
related to abnormality of neural regulation [10] and myocardial fibrosis 
[11]. α7 nicotinic acetylcholine receptors (α7nAChR) responding to 
acetylcholine, a neurotransmitter from vagal nerve endings, plays a key 
role in regulating memory and cognitive function in central nervous 
system. In fact, Aβ can competitively combine with α7nAChR to exert 
neurotoxic effect, owing to the binding with high affinity between Aβ 
and α7nAChR [12,13]. Recent research demonstrated that Aβ is not 
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simply a “garbage” product of APP metabolism; it is a peptide that can 
activate the α7nAChR and release neurotransmitters to enhance synaptic 
plasticity through a significant increase of Ca2+ [14,15]. Additionally, 
α7nAChR has been described in various non-neuronal cell types, 
including cardiac fibroblasts and cardiomyocytes [16,17]. Recent study 
has showed activation of α7nAChR by lipoprotein(a) induced car-
diomyocyte apoptosis and inflammation via CaMKII/ERK/p38 MAPK 
pathways, which could be suppressed by garcinol [18]. However, 
whether Aβ can affect α7nAChR in cardiomyocytes remains unreported 
and the effect of Aβ-α7nAChR on AF is still unclear. 

Oxidative stress may play a key role in Aβ-induced cytotoxicity [19] 
and is also an often-overlooked aspect of AF pathophysiology on 
increasing production of reactive oxygen species (ROS) [20]. Impaired 
intracellular Ca2+ handling is a major contributor to promote the ac-
tivity of CaMKII (calcium/calmodulin-dependent protein kinase II) 
which promotes atrial remodeling in structure and electrical substrates 
[21]. It was reported that ROS-dependent CaMKII oxidization is 
considered as the fundamental mechanism of angiotensin II (Ang 
II)-induced cardiac dysfunction and arrhythmias [22]. Despite these 
promising results, the role of CaMKII in atrial alterations impacted by 
Aβ-α7nAChR has not been tested. 

Based on the findings above, we hypothesized that the linking of Aβ 
and α7nAChR in cardiomyocytes may perform a worsening effect on AF 
development by CaMKII-dependent mitochondrial oxidative stress 
damage. Our present study demonstrated that inhibition of α7nAChR 
reversed Aβ-induced atrial arrhythmogenic remodeling by suppressing 
mitochondrial oxidative stress via regulation of oxidation of CaMKII 
(oxi-CaMKII)/MAPK/AP-1 signaling. The present study was designed to 
reveal underlying mechanisms in the relationship between AD and AF, 
and found a novel potential therapeutic strategy for AD patients with 
atrial fibrillation. 

2. Methods 

2.1. Cell culture and drug treatment 

HL-1 cells, mouse atria-derived cardiomyocytes, are similar to pri-
mary cardiomyocytes in mitochondrial bioenergetics, metabolism and 
morphology as an in vitro model [23]. HL-1 cells were purchased from 
American Type Culture Collection (CRL-1446, ATCC, Shanghai, China). 
HL-1 cells were cultured in Dulbecco’s Modified Eagle Media (DMEM) 
with 10% FBS (Gibco, California, USA) at 37 ◦C in a humidified atmo-
sphere of 5% CO2. The medium was changed every 2 days and cells were 
sub-cultured once reached 70–80% confluence. 

To contribute Aβ-treatment model in vitro, we employed lyophilized 
amyloid-β 1–42 (HY–P1388, purity = 96.46%, MedChem Express, USA) 
were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to 1 mM to 
completely monomerized. Re-dissolved the lyophilized amyloid-β in 

DMSO and diluted it to 1 mM in deionized water. After incubating at 
4 ◦C for 48 h to form oligomers, amyloid-β was diluted in culture media 
to the final concentration of 50 μM [24]. Then, HL-1 cells were 
administrated by Aβ after serum starvation, and cells in control group 
were treated with same volume of DMSO at 0.1% (v/v) in deionized 
water. α-Bungarotoxin (α-BTX, HY-P1264, MedChem Express, USA), an 
antagonist of α7nAChR, was chosen to suppress the expression of 
α7nAChR. α-BTX was dissolved in deionized water to 100 nM. As for 
over-oxidization model in vitro, we chose Ang II (A9525, Sigma-Aldrich, 
USA) to administrate HL-1 cells at 1 μM dissolved in DMSO, and control 
cells were treated with DMSO at 0.1% (v/v). For p38 or ERK inhibition, 
SB203580 (20 μM, HY-10256, MedChem Express, USA) or PD98059 (25 
μM, HY-12028, MedChem Express, USA) were introduced to cell cul-
tures for 2h after Ang II treatment. 

2.2. Cell transfection 

Short interfering RNA (siRNA) for CaMKII or CaMKII overexpression 
plasmids based on pCDNA3.1 were constructed and purchased from 
Hanbio, as well the negative controls. Transfections of HL-1 cells were 
performed using Lipofectamine 3000 transfection kit (2209761, Invi-
trogen, USA) according to the manufacturer’s protocol. 

2.3. Cell viability assay 

The viability of HL-1 cells was examined using a Cell Counting Kit 
(CCK-8, KGA317s, KeyGEN Biotech, Nanjing, China). Briefly, cells were 
seeded into 96-well plates with a cell density of 5×103 cells/well and 
applied with different treatments. Then, added 10 μL of CCK-8 reagent 
per well and incubated at 37 ◦C for 2 h. Optical density (OD) value of 
each well at 450 nm was detected by a microplate reader (Multiskan FC, 
Thermo Fisher Scientific Inc., Waltham, MA, USA). 

2.4. Apoptosis assay 

Apoptosis in vitro was detected using PE Annexin V Apoptosis 
Detection Kit I (559763, BD Biosciences, USA) according to the manu-
facturer’s instructions. Briefly, HL-1 cells after different treatment were 
trypsinized at 1×106 cells/pipe and washed twice with cold buffer. HL-1 
cells were incubated with 5 μl PE-Annexin V and 5 μl 7-AAD for 15 min 
at room temperature in the dark and measured by BD FACSCelesta flow 
cytometer. The data were analyzed by Flowjo Software (BD Biosciences, 
USA). 

Apoptosis of atrial tissues was analyzed using TUNEL assay kit 
(C1086, Beyotime Biotech, Shanghai, China). Sections of atrial tissues 
were stained with TUNEL assay kit and imaged under a laser-scanning 
confocal microscope (C2 plus, Nikon, Tokyo, Japan). The images of 
TUNEL positive for quantification were analyzed using Image J software 

Abbreviations 

α7nAChR α7 nicotinic acetylcholine receptors 
α-BTX α-Bungarotoxin 
AAV adeno-associated virus 
Aβ amyloid-β 
AD Alzheimer’s disease 
AF atrial fibrillation 
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APP amyloid precursor protein 
AP-1 activator protein 1 
CaMKII calcium/calmodulin-dependent protein kinase II 
CCK8 Cell Counting Kit-8 
DHE dihydroethidium 
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GSSG glutathione disulfide 
LA left atrial 
LVIDd left ventricular internal diameter at end-diastole 
LVIDs left ventricular internal diameter at end-systole 
MAPK mitogen-activated protein kinase 
MCU mitochondrial calcium unidirectional transporter 
mPTP mitochondrial permeability transition pore 
oxi-CaMKII oxidation of calcium/calmodulin-dependent protein 

kinase II 
ROS reactive oxygen species 
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(NIH, Baltimore, MD, USA). 

2.5. Detection of oxidative stress markers and reactive oxygen species 
(ROS) 

ROS generation in HL-1 cells were determined with dihydroethidium 
(DHE) assay kit (S0063, Beyotime Biotech, Shanghai, China). The cells 
were incubated with 5 μl DHE at 37 ◦C for 15 min in the dark and imaged 
under a laser-scanning confocal microscope. The levels of GSH/GSSG 
(S0053) and NAD+/NADH (S0175) were measured by spectrophotom-
etry using assay kits according to the manufacturer’s instructions 
(Beyotime, China, Shanghai, China). For mitochondrial ROS level in 
vivo, atrial sections were stained with MitoSOX Red mitochondrial su-
peroxide indicator (5 μM, M36008, Invitrogen, USA) for 15 min at room 
temperature as described previously [25]. 

2.6. Analysis of cellular mitochondrial membrane potential, 
mitochondrial morphology, ATP level and mitochondrial permeability 
transition pore (mPTP) opening 

Mitochondrial membrane potential was measured by JC-1 assay kit 
(C2003S, Beyotime Biotech, Shanghai, China). HL-1 cells were incu-
bated with JC-1 reagent reagent for 15 min and assessed the JC-1 signals 
presented as the red to green fluorescence intensity ratio of the dye 
under a confocal microscope. Mitochondrial morphology and ATP levels 
was evaluated by Mito-Tracker Red CMXRos (C1049B, Beyotime 
Biotech, Shanghai, China) and ATP-Red live cell dye (SCT045, Sigma- 
Aldrich, USA). Mitochondrial permeability transition pore (mPTP) was 
assessed by mPTP Assay Kit (C2009S, Beyotime Biotech, Shanghai, 
China) according to the manufacturer’s protocol. Briefly, since the 
mPTP of mitochondria is closed under normal circumstances, CoCl2 
cannot enter the mitochondria at this time, after Calcein AM staining 
and CoCl2 treatment, only the green fluorescence of Calcein will appear 
in the mitochondria measured using a fluorescence confocal microscope. 
The images for quantification were analyzed using Image J software. 

2.7. Measurement of intracellular and mitochondrial calcium levels 

Intracellular Calcium Levels was detected using calcium-sensitive 
indicator Fluo-3 AM (Thermo Fisher Scientific, Waltham, MA, USA) 
according to the manufacturer’s instructions by BD FACSCelesta flow 
cytometer. The effect of Aβ-α7nAChR on sarcoplasmic reticulum (SR) 
calcium kinetics was investigated in Fluo-4(S1060, Beyotime Biotech, 
Shanghai, China) loaded (5 μmol/L, 30 min, 37 ◦C) from changes in 
fluorescence throughout time with respect to the initial value (F/F0, 
Ex:488 nm/Em:520 nm) after induced by isoproterenol (4 μmol/L) in 
each group. The mitochondrial calcium levels were measured using 
Rhod-2 AM (Thermo Fisher Scientific, Waltham, MA, USA). Briefly, HL- 
1 cells were incubated with 5 μmol/L Rhod-2 AM and 0.02% Pluronic F- 
127 for 30 min at room temperature. After complete de-esterification of 
the mitochondrial AM esters, the fluorescence intensities were assessed 
using a fluorescence confocal microscope. The images for quantification 
were analyzed using Image J software. 

2.8. Animal and drug administration 

12-month-old male wild-type C57BL/6J mice (WT) and age-matched 
overexpressing hAPP695swe and presenilin-1 transgenic mice (APP/ 
PS1) were purchased from Beijing HFK bioscience co., LTD (Beijing, 
China). All animal-related procedures were approved by the General 
Hospital of Northern Theatre Command Animal Care Committee and 
conducted in strict compliance with Institutional Animal Care and Use 
protocols. All mice were group-housed (3–4 mice/cage) at room tem-
perature (24 ± 2 ◦C) exposed to a 12h/12h light-dark cycle with free 
access to water and food. 

2.9. Adeno-associated virus (AAV) transfection in vivo 

To evaluated the effect of α7nAChR on WT or APP/PS1 mice, an 
adeno-associated virus (AAV) 2/9 containing Chrna7-specific small 
hairpin RNA (AAV-Chrna7) or scrambled shRNA (AAV-CON) with car-
diac troponin T (cTnT)-promoter (viral titer = 2×1012vg/ml) were 
structured by HanBio. 12-month-old mice were injected 100 μl AAV 
through the caudal veins to establish a cardiomyocyte-specific α7nAChR 
gene knockout model. Follow up tests were carried out after 28 days of 
injection. 

2.10. Hemodynamic parameters 

Hemodynamic parameters, including heart rate (HR), systolic and 
diastolic blood pressure were noninvasively evaluated by a pressure 
recording sensor and the tail cuff (BP-2010A, Softron Beijing Biotech-
nology Co., Ltd, Beijing, China). Mice were tested on day 28 after AAV 
injection. 

2.11. Mouse echocardiography 

Echocardiography was performed as reported previously [26]. 
Briefly, transthoracic echocardiography (D700, Vinno Technology Co., 
Ltd, Suzhou, China) was performed, as mice were anesthetized with 
1.5% isoflurane. Left atrial diameter (LAD), LA systolic area, LA diastolic 
area, left ventricular internal diameter at end-diastole (LVIDd), left 
ventricular internal diameter at end-systole (LVIDs) and ejection frac-
tion (EF) were determined in the parasternal long axis view from 
M-mode images recorded over at least three cardiac cycles. 

2.12. Mouse ECG recording and AF induction 

The mice were anesthetized with isoflurane (2.0%) (VME, Matrx, 
USA) and fixed on the console. A surface 3-lead echocardiogram (ECG) 
was recorded (FE132-0641, ADinstruments Co Ltd., New South Wales, 
Australia) and analyzed with LabChart 8 (ADinstruments Co Ltd., New 
South Wales, Australia). We pricked a tiny hole on the right cervical vein 
of each mouse for performing an electrode catheter (FTS-1113A-1018, 
Transonic scisense Inc., Ontario, Canada) into atria. All mice underwent 
burst pacing by physiological signal acquisition and analysis system 
(RA834, iWorx, USA) with amplitude of 6V, cycle length of 40 ms, pulse 
duration of 6 ms, and stimulation time of 30s. Repeated the stimulation 
for 5 times and recorded the AF incidence and duration. AF incidence 
was defined as rapid, irregular atrial response over 2 s. AF duration was 
defined as the time from AF initiation to SR turning back. 

2.13. Langendorff-perfused isolated hearts and electrical mapping of ex 
vivo heart preparations and arrhythmia induction 

The mice were sacrificed by intraperitoneal injection with sodium 
pentobarbital (5 mg/100g). Hearts were rapidly excised by thoracotomy 
and mounted onto a Langendorff perfusion system perfused with 
Tyrode’s solution (140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 5 mM HEPES, 
10 mM D-glucose, 1.8 mM CaCl2, PH = 7.3–7.4, and equilibrated with 
5% CO2 and 95% O2) with the flow rate of 8 ml/min at 37 ◦C. Hearts 
were stabilized with perfusion for 10 min before experimental proced-
ures commenced. To activate and antagonize α7nAChR, we successively 
perfused hearts with nicotine (100 μM) and α-BTX (100 μM) and the 
procedure was shown in Fig. 6D. 

A multi-electrical array (MEA) mapping system (EMS128, Mappin-
gLab Ltd., Oxford, UK) was employed to record extracellular potentials 
(ECP). A 64 channel MEAs (MappingLab Ltd., Oxford, UK) were 
employed for left atrial simultaneous recordings. ECP signals were 
recorded using EMapRecord 5.0 software (MapingLab Ltd., Oxford, UK). 
The cardiac isochronal activation map was plotted as time differences 
between the first activation site and the individual activation site on 
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Fig. 1. α-BTX prevented Aβ long-term induced cytotoxicity and apoptosis in HL-1 cells in vitro. HL-1 cells were treated with (A) Aβ (0, 5, 10, 20 and 50 μM) for 24 
and 72 h, or (B) α-BTX (0, 5, 20 and 50 nM) followed by Aβ (50 μM) for 72h. CCK-8 assays were performed to measure cell viability (n = 6). (C) 50 μM Aβ and/or 50 
nM α-BTX administration of HL-1 cells at 72 h were selected for subsequent experiments using CCK-8 assay (n = 6). (D, E) α7nAChR protein level in HL-1 cells treated 
by 50 μM Aβ and/or 50 nM α-BTX, which were quantified in each group (n = 6). (F–G) Apoptosis was evaluated by flow cytometry using PE Annexin-V/7-AAD 
staining (n = 4). (H–K) Representative western blotting and quantitative analysis of Bcl-2, Cleaved Caspase3 and Caspase3 (n = 5). Data were presented as Mean 
± S.D. ns P > 0.05, *P < 0.05; **P < 0.01 and ***P < 0.001. 
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each channel. Activation times were calculated as the point of maximal 
negative slope of activation waveforms. The atrial conduction velocity 
was calculated from the conduction timing and the known distance 
between the recording points. The inhomogeneity index was calculated 
though the activation sequence. All mapping data were analyzed using 
EMapScope 5.0 software (MappingLab Ltd., Oxford, UK). 

2.14. Histopathological analysis 

Atrial tissues were fixed in 4% paraformaldehyde for Masson’s tri-
chrome staining. Tissues were paraffin-embedded and cut into 5 μm 
sections. Masson’s trichrome staining assay (KGMST-8004, KeyGEN 
Biotech, Nanjing, China) was used to evaluate the fibrosis. Additionally, 
the fibrotic areas were analyzed using Image J software. The percentage 
of fibrosis is shown as the ratio of blue-stained area normalized to the 
total area. 

The sections were used for immunofluorescent staining as described 
previously [27]. Brifly, the cell samples or sections were incubated for 
1h in 5% BSA and 0.3% Triton X-100. Then they were incubated with 
anti-Nicotinic acetylcholine receptor α7 (ab216485, Abcam, Cambridge, 
MA, USA) and anti-CaMKII (ab134041, Abcam, Cambridge, MA, USA) 
overnight at 4 ◦C. Next, rinsed thrice with PBS and incubated with 
fluorescent second antibody antibodies for 1h. After washing with PBS 
twice, the samples were counterstained with DAPI (C1002, Beyotime 
Biotech, Shanghai, China) for nucleus visualizing, and photographed 
using a fluorescent confocal microscope. The images for quantification 
were analyzed using Image J software. 

For investigating the location of CaMKII, immunofluorescence assay 
using both Mito-Tracker Red CMXRos (C1049B, Beyotime Biotech, 
Shanghai, China) and anti-CaMKII (ab134041, Abcam, Cambridge, MA, 
USA) was performed and the following steps were described above. The 
colocation of CaMKII and Mito-Tracker visualized by yellow staining 
were analyzed using Image J software. 

2.15. Total collagen assay 

The collagen was evaluated by the total collagen assay kit 
(ab222942, Abcam, Cambridge, MA, USA). The assay is based on the 
Alkaline hydrolysis of atrial tissues to release hydroxyproline combined 
oxidized to brightly-colored chromophore, which can be easily detected 
at OD 560 nm by microplate reader (Multiskan FC, Thermo Fisher Sci-
entific Inc., Waltham, MA, USA). The manipulation was performed in 
strict accordance with the manufacturer’s instructions. The protein 
contents were quantified against a standard curve calibrated with 
known amounts of protein. Samples were assayed in triplicate. 

2.16. Inflammatory factor detection 

The levels of tumor necrosis factor (TNF) -α (PT512), interleukin (IL) 
-1β (PI522), IL-6 (PI326) and IL-10 (PI522) in atria were tested via 
enzyme-linked immunosorbent assay (ELISA) using mouse ELISA kit, 
which were purchased from Beyotime Biotech, and the tests were per-
formed according to the manufacturer’s instructions. 

2.17. Western blotting 

The Western blotting assays were performed according to the pre-
vious description [26]. Briefly, HL-1 cells or atrial tissues were lysed 

with Radio Immunoprecipitation Assay (RIPA) lysate containing 1 mM 
phenylmethyl sulfonyl fluoride (PMSF). The samples were lysed on ice 
for 30 min and centrifuged at 12,000 rpm for 30 min. Afterwards protein 
concentration was determined by BCA method (P0012, Beyotime 
Biotech, China), the protein concentration was adjusted and placed in 
100 ◦C boiling water for 7 min. Use sodium dodecyl 
sulfate-polyacrylamide (SDS-PAGE) gel electrophoresis, electro-transfer 
method to transfer the protein to polyvinylidene (PVDF) membrane 
(IPVH00010, Millipore Corporation, Billerica, MA, USA). The primary 
antibody at 4 ◦C overnight, including α7nAChR (ab216485, Abcam, 
USA), Bcl-2 (sc-7382, Santa Cruz, USA), Cleaved Caspase3 (9661s, CST, 
USA), Caspase3 (93815s, CST, USA), NCX1 (ab177952, Abcam, USA), 
Serca2 (ab150435, Abcam, USA), RYR2 (A0298, ABclonal, China), 
CaMKII (ab134041, Abcam, USA), mitochondrial calcium unidirectional 
transporter (MCU) (14997, CST, USA), oxi-CaMKII (GeneTex, gtx36254, 
USA), p-p38 (4511, CST, USA), p38 (8690s, CST, USA), p-Erk (8544s, 
CST, USA) and Erk (4695s, CST, USA), c-Fos (2250t, CST, USA), c-Jun 
(9165s, CST, USA), GAPDH (5174s, CST, USA) and β-actin (AF5001, 
Beyotime, China). Incubated in the goat anti-rabbit IgG (A0208, Beyo-
time, China) or goat anti-mouse IgG (A0216, Beyotime, China) sec-
ondary antibodies for 1h at room temperature. The protein expression 
was detected by chemiluminescence HRP substrate (WBKLS0500, Mil-
lipore, USA) with electrochemiluminescence (ECL) derive (Tanon-5200, 
bioTanon, Shanghai, China). The optical density of each band was 
measured using Quantity One software (Bio-Rad, USA). 

2.18. Statistical analyses 

Continuous data are expressed as Mean ± S.D. deviation and cate-
gorical data were expressed as percentages. Student’s t-test were per-
formed to comparing two groups. One-way ANOVA followed by the 
Turkey’s comparison test was used to assess the differences among 
multiple groups. The statistical analysis is completed with SPSS 22.0 
software (IBM, Chicago, IL, USA). The statistical significance was 
defined as P < 0.05. 

3. Results 

3.1. α-BTX prevented Aβ long-term induced cardiomyocyte death in vitro 

Aβ has been reported to induce cardiomyocyte death. To investigate 
the exact effect of α7nAChR on Aβ-induced cytotoxicity, cell viability 
assays were determined in HL-1 cells. Within 24 h, Aβ treatment at 5 μm 
up to 50 μM did not show any significant differences in cell viability. 
Cytotoxicity effects of Aβ at 20 μM and 50 μM were markedly increased 
after 72 h treatment (Fig. 1A), indicating a long-term regulation of Aβ on 
HL-1 cells. α-BTX dose-dependently reversing cytotoxicity effects of Aβ 
were detectable as well (Fig. 1B). Thus, 50 μM Aβ and 50 nM α-BTX at 
72 h administration were chosen in subsequent experiments (Fig. 1C). 
Furthermore, we investigated the effects of α-BTX on α7nAChR expres-
sion against Aβ treatment on HL-1 cells. Compared to the control group, 
HL-1 cells treated by Aβ at 50 μM for 72 h showed dramatically 
increased level of α7nAChR, which could be down-regulated by α-BTX 
(Fig. 1D and E). Apoptosis analysis using flow cytometry of staining with 
Annexin V/7-AAD revealed that apoptotic cells in Aβ group was signif-
icantly more than those in Control, α-BTX and Aβ+α-BTX groups, 
respectively (Fig. 1F and G). Aβ treatment significantly promoted the 
Cleaved Caspase3, a pro-apoptotic protein, and reduced Bcl-2, an anti- 

Fig. 2. α-BTX attenuated Aβ-induced oxidative stress and mitochondrial dysfunction in vitro. (A, B) Representative images and quantitative analysis showing the 
levels of reactive oxygen species (ROS) of each group as measured by DHE staining (red). (C) Quantifications of glutathione (GSH)/glutathione disulfide (GSSG) ratio. 
(D) Quantifications of NAD+/NADH. (E, F) Representative images of aggregate (red)/monomeric (green) JC-1 fluorescence and quantitative analysis in HL-1 cells 
from each group. (G) Quantifications of mPTP opening evaluated using fluorescence intensity after treatment of Calcein AM and CoCl2. (H) Quantifications of mPTP 
opening evaluated using Mito-Tracker. (I) Quantifications of ATP concentration. n = 6 per group in each independent experiment. Data were presented as Mean ± S. 
D. ns P > 0.05, *P < 0.05, **P < 0.01 and ***P < 0.001. Calibration bar = 100 μm. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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apoptotic protein, while α-BTX significantly reversed these changes 
(Fig. 1H–K). These results indicate that α-BTX prevents Aβ-induced 
cytotoxicity and apoptosis through α7nAChR in vitro. 

3.2. α7nAChR inhibiting by α-BTX attenuated Aβ-induced oxidative 
stress and mitochondrial dysfunction in vitro 

Previous studies have shown that Aβ-induced cytotoxicity is closely 
related to oxidative stress damage and mitochondrial dysfunction [28]. 
Therefore, we investigated the role of mitochondria function in HL-1 
cells exposed to Aβ and/or α-BTX. Aβ treatment induced oxidative stress 
damage as evidenced by increased DHE-red staining and decreased 
GSH/GSSG and NAD+/NADH ratio, which were reversed by α-BTX 
(Fig. 2A–D and Supplementary Figs. 1A–B). Compared with Control, 
α-BTX and Aβ+α-BTX groups, administration of Aβ markedly induced 
depolarization of the mitochondrial membrane characterized by 
decreased ratio of aggregate/monomeric JC-1 and mPTP opening assay 
(Fig. 2E–G, Supplemental Fig. 1C). Furthermore, α-BTX-treated cells 
were also protected against Aβ-induced swelling of mitochondria and 
decreased ATP generation capacity, as evidenced by a decreased 

mitochondrial area and increased ATP concentration, compared with 
those in the Aβ group (Fig. 2H and I, Supplementary Fig. 1D). These data 
suggested that α-BTX inhibited Aβ-induced oxidative stress and mito-
chondrial dysfunction in HL-1 cells. Interestingly, there were no 
dramatically differences between control and α-BTX groups in all above 
tests, indicating that the inhibitory effects of α-BTX on oxidative stress 
and mitochondrial dysfunction were only with regard to Aβ. 

3.3. α-BTX restrained Aβ-induced Ca2+ mishandling and CaMKII 
expression of mitochondria in vitro 

Given the high permeability of α7nAChR to Ca2+, we investigated the 
intracellular Ca2+ level using Fluo 3-AM calcium indicator to adminis-
trate HL-1 cells. The mean fluorescence intensity (MFI) of Aβ group was 
significantly increased comparing with those of Control, α-BTX and 
Aβ+α-BTX groups (Fig. 3A and B). Considering the importance of 
sarcoplasmic reticulum in Ca2+ balance in the cytosol, we investigated 
the Ca2+ handling proteins level and Ca2+ kinetics in four groups. 
Western blotting analysis demonstrated increased expression levels of 
NCX1, Serca2 and RYR2 in Aβ group compared with the other three 

Fig. 3. α-BTX restrained Aβ-induced Ca2+ mishandling and CaMKII expression of mitochondria in vitro. (A, B) Intracellular Ca2+ levels were evaluated by flow 
cytometry using Fluo 3-AM calcium indicator and quantified in HL-1 cells of each group (n = 4). (C, D) Representative western blotting and quantitative analysis of 
NCX1 (n = 4). (E, F) Representative western blotting and quantitative analysis of Serca2 (n = 4). (G, H) Representative western blotting and quantitative analysis of 
RYR2 (n = 4). (I) Kinetics of calcium uptake (Fluo AM F/F0) with isoproterenol (black arrow) in HL-1 cells of each group (n = 6), **P < 0.01 compare with Control 
group. (J, K) Representative images and quantifications of mitochondrial Ca2+ content (n = 6). Calibration bar = 100 μm. (L, M) Representative western blotting and 
quantitative analysis of CaMKII (n = 5). (N, O) Representative western blotting and quantitative analysis of MCU (n = 5). (P, Q) Representative images and 
quantitative analysis of colocalization of CaMKII (green) and Mito-Tracker (red) fluorescence in HL-1 cells of each group (n = 6). Calibration bar = 10 μm. Data were 
presented as Mean ± S.D. ns P > 0.05, *P < 0.05, **P < 0.01 and ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

J. Zhao et al.                                                                                                                                                                                                                                     



Redox Biology 59 (2023) 102594

8

groups (Fig. 3C–H). Moreover, Aβ treatment resulted in more efficient 
Ca2+ uptake, which suppressed by α-BTX (Fig. 3I). In order to determine 
whether Aβ-induced Ca2+ uptake in response to sarcoplasmic reticulum 
calcium release, a mitochondrial Ca2+ content assay was followed. We 
found an increase in Ca2+ level in mitochondria of Aβ group, which was 
restrained by α-BTX treatment (Fig. 3J and K), suggesting a Ca2+ over-
load in mitochondria of Aβ treated cells and an inhibitory effect of α-BTX 
in it. CaMKII, a critical Ca2+ and reactive oxygen species (ROS) sensor, 
and mitochondrial calcium unidirectional transporter (MCU), the key 
mitochondrial Ca2+ uniporter complex, were thought to influence the 
mitochondrial Ca2+ handling [29,30]. With this in mind, we found a 
significantly increase in the CaMKII and MCU expression of Aβ treatment 
and α-BTX markedly decreased Aβ-induced the high level of CaMKII and 
MCU (Fig. 3L–O). Furthermore, conventional immunofluorescence 
showed an increased colocalization of CaMKII and Mito-Tracker in Aβ 
groups compared to the other groups (Fig. 3P and Q), suggesting an 
accumulation of CaMKII in mitochondria of Aβ treated HL-1 cells. These 
results indicate that Aβ leads to Ca2+ overload and α-BTX can prevent 
this process via regulating MCU and CaMKII in mitochondria. 

3.4. The protective effects of α-BTX against Aβ-prompted MAPK signaling 
pathway were regulated by oxi-CaMKII activity and expression 

To determine the role of α7nAChR in Aβ-mediated mechanism of HL- 
1 cells in vitro, CaMKII and downstream proteins were investigated. 

α-BTX significantly suppressed the Aβ-prompted high radio of oxidation 
of CaMKII (oxi-CaMKII)/total CaMKII (t-CaMKII), indicating the 
important role of oxi-CaMKII in the effect of Aβ-α7nAChR in HL-1 cells 
(Fig. 4A and B). We next investigated CaMKII related proteins and found 
that Aβ markedly increased the p-p38/p38 and p-Erk/Erk, which could 
be also downregulated by α-BTX (Fig. 4A, C-D). 

In order to clarify the involvement of CaMKII in Aβ-α7nAChR 
mechanism, we set up three additional groups which CaMKII were 
overexpressed using CaMKII overexpression plasmid (oCaMKII), 
knockout using siRNA-CaMKII (siCaMKII) or oxidated by AngII treat-
ment in vitro (Supplementary Fig. 2). As shown in Fig. 4E–H, western 
blotting showed that knockout of CaMKII, siCaMKII group, could not 
further down regulated the phosphorylation of MAPK key proteins (p38 
and Erk) on the basis of α-BTX, which might be due to α-BTX down- 
regulated CaMKII to reach the threshold, so it could not be further 
reduced. While treatment with overexpression of CaMKII, oCaMKII 
group, and AngII significantly activated CaMKII and MAPK pathway. 
Importantly and notably, the effect of AngII on MAPK pathway became 
more evident compared to CaMKII overexpression, suggesting that oxi- 
CaMKII directly promoted by AngII played a more considerable role in 
mediating Aβ-α7nAChR effect in HL-1 cells. 

To determine the roles of Erk and p38 activation in oxi-CaMKII- 
promoted oxidative stress in vitro, HL-1 cells were treated with p38 
inhibitor SB203580 or Erk inhibitor PD98059 (Fig. 5A–C). Both 
SB203580 and PD98059 removed the AngII-induced increase of 

Fig. 4. The protective effects of α-BTX against Aβ-prompted MAPK signaling pathway were regulated by CaMKII activity and expression. (A–D) Representative 
western blotting and quantitative analysis of oxi-CaMKII/t-CaMKII, p-p38/p38 and p-Erk/Erk in HL-1 cells with/without Aβ or α-BTX treatment. (E–H) Represen-
tative western blotting and quantitative analysis of oxi-CaMKII/t-CaMKII, p-p38/p38 and p-Erk/Erk in Aβ and α-BTX treated HL-1 cells with overexpression of 
CaMKII (oCaMKII), angiotensin II (AngII) or knockdown CaMKII (siCaMKII). n = 6 per group in each independent experiment. Data were presented as Mean ± S.D. ns 

P > 0.05, *P < 0.05, **P < 0.01 and ***P < 0.001. 
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Fig. 5. Inhibition of p38 or Erk 
reversed Aβ/α7nAChR/oxi-CaMKII 
induced oxidative stress and mito-
chondrial dysfunction in vitro. (A–C) 
Representative western blotting and 
quantitative analysis of p-p38/p38 and 
p-Erk/Erk in HL-1 cells with p38 or Erk 
inhibitor. (D–F) Representative images 
and quantitative analysis showing DHE 
staining and JC-1 fluorescence in HL-1 
cells of each group. (G) quantifications 
of mitochondrial Ca2+ content. (H–K) 
Representative western blotting and 
quantitative analysis of MCU, c-Fos and 
c-Jun and in HL-1 cells of each group. 
Calibration bar = 100 μm. Data were 
presented as Mean ± S.D. *P < 0.05, 
**P < 0.01 and ***P < 0.001, compare 
to Control group; *P < 0.05, **P < 0.01 
and ***P < 0.001, compare to Control 
group; #P < 0.05, ##P < 0.01 and 
###P < 0.001, compare to Aβ group; 
&P < 0.05, &&P < 0.01 and &&&P <
0.001, compare to Aβ+α-BTX + AngII 
group.   
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Fig. 6. Silencing α7nAChR in car-
diomyocytes attenuated structure 
remodeling in aged APP/PS1 mice. (A, 
B) Representative western blotting and 
quantitative analysis of Aβ and 
α7nAChR in the atrial tissues of WT and 
APP/PS1 mice at 3, 6 and 12 months of 
age (n = 4). (C) Quantitative analysis of 
escape latency for 12-month-old mice in 
each group. (D–F) Representative west-
ern blotting and quantitative analysis of 
Aβ and α7nAChR in the atrial tissues of 
12-month-old mice in each group (n =
5). (G) Measured echocardiographic 
positioning (Calibration bar = 2 mm) 
and the M-mode images (bar = 200 ms) 
of left atria (LA). Quantitative analysis 
of (H) LA systolic area, (I) LA diastolic 
area, (J) left atrial diameter (LAD), (K) 
left ventricular internal diameter at 
end-diastole (LVIDd), (L) left ventricu-
lar internal diameter at end-systole 
(LVIDs) and (M) ejection fraction (EF) 
(n = 10). (N) Representative images of 
Masson trichrome staining of left atria. 
Blue staining indicated collagen fibers 
and red staining indicated muscle fibers 
(Calibration bar = 200 μm). (O) Quan-
titative analysis of atrial fibrosis area (n 
= 6). (P) Quantitative analysis of total 
atrial collagen (n = 6). Data were pre-
sented as Mean ± S.D. ns P > 0.05, *P <
0.05, **P < 0.01 and ***P < 0.001. (For 
interpretation of the references to color 
in this figure legend, the reader is 
referred to the Web version of this 
article.)   
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oxidative stress and mitochondrial damage as evidenced by increased 
DHE-red staining and decreased ratio of aggregate/monomeric JC-1 
(Fig. 5D–F), indicating that oxi-CaMKII upregulation induced by AngII 
promoted oxidative stress and mitochondrial damage, which was p38 
and Erk dependent. Interestingly, SB203580 and PD98059 treatment 
reverse the AngII-induced mitochondrial Ca2+ overload (Fig. 5G) and 
MCU expression (Fig. 5H and I), suggesting p38 and Erk could regulate 
the mitochondrial Ca2+ by mediating MCU function. (Fig. 5H and I). 
Notably, AngII-induced up-regulation of transcription factor, c-Jun and 
c-Fos, was diminished by SB203580 and PD98059 (Fig. 5H,J,K). 

3.5. Silencing α7nAChR in cardiomyocytes attenuated structure 
remodeling in aged APP/PS1 mice 

In order to confirm the role of Aβ-α7nAChR in atrial dysfunction, 
APP/PS1 mice were utilized to confirm the effect of Aβ on atrial 
remodeling. First, we investigated expression of Aβ and α7nAChR in the 
atria of WT and APP/PS1 mice in 3, 6 and 12 months old. As mice aged, 
the expression of α7nAChR in WT and APP/PS1 mice were gradually 
increased. Compared to WT mice at 12 months old, α7nAChR and Aβ 
expression levels of APP/PS1 mice were significantly increased, indi-
cating that the effect of Aβ deposition on α7nAChR might be an aging 
related long-term process (Fig. 6A and B). And the AF incidence rate in 
APP/PS1 mice at 12 months old (7/10) was higher than those of WT 
mice and APP/PS1 mice at 3 and 6 months old (Supplementary Fig. 3A). 
Thus, 12-month-old WT and APP/PS1 mice were chosen in subsequent 
experiments in vivo. In order to precisely investigate the potential ef-
fects of α7nAChR on cardiomyocytes of aged WT or APP/PS1 mice, we 
specifically knocked down the expression of α7nAChR in car-
diomyocytes by AAV-Chrna7 (Supplementary Figs. 3B–C). The Morris 
water maze test revealed remarkable cognitive deficits in APP/PS1 mice 
characterized by increased the escape latency and the time in target 
zone, which could not be reversed by AAV-Chrna7 (Fig. 6C, Supple-
mentary Figs. 3D–G), indicating that the learning and memory ability of 
APP/PS1 mice was markedly weaker than that of WT mice no matter 
what kind of AAV transfection. In other words, AAV-Chrna7 did not 
apply to the brains and affect cognitive function. Therefore, compared to 
WT mice, AAV-Chrna7 successfully reduced the increased expression of 
α7nAChR, unfortunately not Aβ, in atria of APP/PS1 mice (Fig. 6D–F). 

Among the groups, there were not differences in body weight (BW), 
systolic blood pressure (SBP), diastolic blood pressure (DBP), mean 
blood pressure (MBP), heart rate (HR), heart weight (HW) and heart 
weight/body weight (HW/BW) (Table .1), indicating that the mice in 
four groups exhibit same normal baseline phenotype. We assessed the 

cardiac function through echocardiographic analysis (Fig. 6G). The re-
sults demonstrated AAV-Chrna7 prevented the atrial dilation in APP/ 
PS1 mice (Fig. 6H–J). However, there was no difference between WT 
and APP/PS1 mice with or without AAV-Chrna7 treatment in other 
echocardiographic parameters, including left ventricular internal 
diameter at end-diastole (LVIDd), left ventricular internal diameter at 
end-systole (LVIDs), ejection fraction (EF)(Fig. 6K-M). The atrial 
dysfunction in echocardiographic assays was in line with the structure 
remodeling characterized by increased fibrotic stain and total collagen 
level in APP/PS1 mice, which were suppressed by AAV-Chrna7 treat-
ment (Fig. 6N–P). These data suggest that silencing α7nAChR of car-
diomyocytes by AAV-Chrna7 treatment protects against APP/PS1 
mutant-induced atrial structure remodeling. 

3.6. Silencing α7nAChR blocked the high AF susceptibility and atrial 
electrical anomalies of APP/PS1 mice 

To evaluate AF susceptibility, we carried out a transvenous burst 
pacing to induce atrial fibrillation. After programmed stimulation, 
compared to the WT + AAV-CON (1/10) and WT + AAV-Chrna7 (1/10) 
groups, a higher AF incidence were observed in the mice of APP/ 
PS1+AAV-CON (7/10) group. which were attenuated by AAV-Chrna7 
(3/10) (Fig. 7A and B). The AF duration of APP/PS1+ AAV-CON mice 
was significantly higher compared with the other three groups (Fig. 7C). 
These data indicated that APP/PS1 mice increased the AF susceptibility 
and persistency, which could be suppressed by silencing α7nAChR. 
Furthermore, in order to investigate the atrial electrical remodeling, we 
performed a protocol of the cardiac perfusion using nicotine, an 
α7nAChR agonist, or α-BTX, an α7nAChR antagonist. Electrophysio-
logical mapping experiment showed that the atrial conduction velocity 
was markedly decreased by nicotine perfusion in the Langendorff- 
isolated hearts of WT. Surprisingly, nicotine did not significantly 
reduce the atrial conductivity of APP/PS1 mice, which might be due to 
the fact that both nicotine and Aβ act on α7nAChR, leading to a satu-
ration effect. However, α-BTX resulted in increased atrial conductivity in 
both mice (Fig. 7D–F). As shown in Fig. 7E, ectopic pacing (black arrow) 
was shown in APP/PS1 group. The nicotine-induced upregulation of 
calculated dispersion was restrained by α-BTX in APP/PS1 isolated 
hearts, but not in WT group (Fig. 7G). These results indicate that inhi-
bition of α7nAChR ameliorate electrical remodeling and reduces AF 
progression in APP/PS1 mice. 

3.7. Silencing α7nAChR inhibited oxidative stress damage, apoptosis and 
inflammation in APP/PS1 mice, accompanied by down-regulated CaMKII 
oxidation and MAPK/AP-1 signaling pathway 

We evaluated the effect of α7nAChR inhibition by AAV-Chrna7 on 
oxidative stress, apoptosis, and inflammation in WT and APP/PS1 mice. 
We found that AAV-Chrna7 exerted dramatically protective effect 
against APP/PS1-mutation induced mitochondrial oxidative damage as 
evidenced by reduced MitoSOX-Red fluorescence intensity (Fig. 8A and 
B). Increased TUNEL fluorescence intensity was shown in APP/PS1 
mice, which could be reversed by AAV-Chrna7 (Fig. 8C and D). More-
over, measurement of atrial inflammatory cytokines exhibited higher 
TNF-α, IL-1, IL-6 and IL-10 levels in APP/PS1+AAV-CON group, 
compared to WT + AAV-CON and WT + AAV-Chrna7 groups, and these 
cytokines, not IL-10, could be reversed by AAV-Chrna7 (Fig. 8E–H). To 
further confirm the mechanism of Aβ/α7nAChR in signaling pathways, 
the key protein expression of CaMKII and related MAPK was examined. 
Western blotting analysis showed that AAV-Chrna7 treatment inhibited 
the APP/PS1 mutant-induced upregulation of oxi-CaMKII/CaMKII, p- 
p38/p38, p-Erk/Erk, c-Fos and c-Jun (Fig. 8I-Q). In summary, these 
results showed that silencing α7nAChR of cardiomyocytes suppressed 
APP/PS1 mutant-induced oxidative stress, apoptosis and inflammation 
by downregulating the activity and expression of CaMKII and MAPK/ 
AP-1 signaling pathway. 

Table 1 
Physiological characteristics 
BW, body weight; HW, heart weight; HW/BW, heart weight/body weight; SBP, 
systolic Blood Pressure; DBP, diastolic Blood Pressure; MBP, mean Blood Pres-
sure; HR, heart rate.  

Variables WT +
AAV- 
CON 

WT +
AAV- 
Chrna7 

APP/ 
PS1+AAV- 
CON 

APP/ 
PS1+AAV- 
Chrna7 

F P 

BW, g 26.24 
± 0.75 

24.82 
± 1.02 

25.65 ±
0.62 

25.98 ±
0.66 

0.623 0.609 

HW, mg 144.95 
± 2.44 

142.30 
± 5.63 

138.75 ±
1.59 

145.18 ±
1.49 

3.718 0.049 

HW/BW, 
mg/g 

5.55 ±
0.17 

5.79 ±
0.35 

5.43 ±
0.15 

5.61 ±
0.18 

0.308 0.740 

SBP, 
mmHg 

155.33 
± 5.40 

166.50 
± 4.47 

162.17 ±
2.52 

157.17 ±
2.90 

1.593 0.222 

DBP, 
mmHg 

64.50 
± 2.97 

66.17 
± 4.48 

62.83 ±
2.27 

64.33 ±
6.25 

0.470 0.707 

MBP, 
mmHg 

91.00 
± 3.08 

87.00 
± 4.40 

92.67 ±
2.92 

93.33 ±
2.09 

0.774 0.522 

HR, bpm 585.33 
± 10.12 

544.80 
± 18.20 

592.83 ±
7.28 

580.33 ±
10.56 

3.033 0.053  
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Fig. 7. Silencing α7nAChR blocked the high AF susceptibility and atrial electrical anomalies of APP/PS1 mice. (A) Representative electrocardiogram AF episodes 
induced by intra-atrial burst pacing. (B) Quantitative analysis of AF incidence (n = 10). (C) Quantitative analysis of AF duration (n = 10). (D) Schematic of the 
experimental design of epicardial electrical mapping recording. (E) Successive isochronal conduction maps of left atria of WT and APP/PS1 mice. Black arrow means 
ectopic pacing. (F) Quantitative analysis of atrial conduction velocity (n = 6). (G) Quantitative analysis of Inhomogeneity index (n = 6). Data were presented as Mean 
± S.D. ns P > 0.05, *P < 0.05, **P < 0.01 and ***P < 0.001. 
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Fig. 8. Silencing α7nAChR inhibited oxidative stress damage, apoptosis and inflammation in APP/PS1 mice, accompanied by down-regulated CaMKII oxidation and 
MAPK/AP-1 signaling pathway. (A, B) Representative images and quantitative analysis of MitoSox (red) fluorescence in the atria of each group (n = 6). (C, D) 
Representative images and quantitative analysis of TUNEL (green) fluorescence in the atria of each group (n = 6). Quantifications of (E) tumor necrosis factor (TNF) 
-α, (F) interleukin (IL) -1β, (G) IL-6 and (H) IL-10 (n = 6). (I–K) Representative western blotting and quantitative analysis of oxi-CaMKII and CaMKII (n = 5). (L–N) 
Representative western blotting and quantitative analysis of p-p38/p38 and p-Erk/Erk (n = 5). (O–Q) Representative western blotting and quantitative analysis of c- 
Fos and c-Jun (n = 5). Data were presented as Mean ± S.D. ns P > 0.05, *P < 0.05, **P < 0.01 and ***P < 0.001. Calibration bar = 100 μm. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

J. Zhao et al.                                                                                                                                                                                                                                     



Redox Biology 59 (2023) 102594

14

4. Discussion 

In present study, the core findings are as follows: 1) α7nAChR is 
upregulated in long-term treated HL-1 cells and atrial myocytes of late- 
stage AD mice; 2) α7nAChR deficiency in cardiomyocytes attenuates Aβ- 
induced oxidative stress and mitochondrial injury with Ca2+ mishan-
dling in vitro; 3) Atrial remodeling and cardiac electrical dysfunction in 
APP/PS1 were ameliorated by specifically silencing α7nAChR in car-
diomyocytes mediated by oxi-CaMKII/MAPK/AP-1 axis, thereby, pre-
venting AF pathogenesis. Our study suggests that α7nAChR deficiency in 
cardiomyocytes may have a protection effect on Aβ-related AF patho-
genesis (Fig. 9), To our knowledge, this is the first report to demonstrate 
the role of α7nAChR in the relationship between AD and AF. 

AD is a neurodegenerative disease characterized by the obvious Aβ 
deposition and accumulation of neurofibrillary tangles [31]. Previous 
studies have shown that cardiac amyloidosis is associated with a high 
prevalence of AF [32,33]. A further study revealed that pathways of Aβ 
metabolic processes, Aβ formation and APP catabolic processes were 
activated in patients suffered from heart failure with concomitant AF 
[34], suggesting that Aβ deposition, as the marker of AD, also involved 
in pathophysiological processes of cardiac diseases. The pulmonary vein 
contains abundant amyloid peptides and directly influences atrial 
remodeling as a major substrate of AF [35]. Moreover, cardiac 
dysfunction of AD model mice and cytotoxicity of Aβ to cardiomyocytes 
have been reported [24,36,37]. Our study and others have reported that 
mitochondrial oxidative stress plays a pivotal role in the pathogenesis of 
both AD and AF [20,38], which could be attributed to Ca2+ overload, 
ROS generation and energy deprivation [39]. Importantly, we found 

that the adverse effects of Aβ on cardiomyocytes required a long-term 
accumulation both in vivo and vitro, which was consistent with the 
characteristics of AD and AF as senile diseases. Our data indicated the 
effect of Aβ-α7nAChR on cardiac dysfunction of late-stage AD model, 
however the targeted interruption of this ongoing worsening of cardiac 
dysfunction by Aβ need to be more investigated. 

α7nAChR is a pentamer ligand gated ion channel, which plays a 
variety of signal transduction roles in human physiological functions 
[40]. α7nAChR has made a lot of progress in the research related to the 
improvement of cognitive function, and therapeutic effects of α7nAChR 
agonists on AD have been widely reported [41]. However, it has been 
reported that the activation of α7nAChR can promote the formation of 
fibrosis, atherosclerosis and right ventricular dysfunction [42,43]. 
Hence one can see that α7nAChR plays various, even contrary, functions 
on different types of cells and diseases. In order to avoid the interference 
of α7nAChR influencing on other types of cells in vivo, such as 
anti-inflammatory effect of α7nAChR on macrophages (cholinergic 
anti-inflammatory pathway, CAP) [44], an adeno-associated virus 
which specifically bound to cardiomyocytes was employed in present 
study. Our data demonstrated that silencing α7nAChR of car-
diomyocytes reversed APP/PS1 mutant-induced atrial dysfunction and 
remodeling by suppressing ROS production, inflammation and 
apoptosis. Interestingly, silencing α7nAChR could successfully reverse 
the pro-inflammatory cytokines (TNF-α, IL-1β and IL-6), but not affect 
IL-10 in APP/PS1 mice. This different effect on pro- or 
anti-inflammatory factors might be related to diverse target pathways. 
IL-10 has strong anti-inflammatory properties and can block NF-κB ac-
tivity, and mediated the regulation of JAK-STAT signal pathway [45]. 

Fig. 9. A schematic illustration of the working model. The present study demonstrated that diminished α7 nicotinic acetylcholine receptor (α7nAChR) prevents 
amyloid-β (Aβ) induced mitochondrial oxidative stress and ameliorates atrial remodeling, by inhibiting oxi-CaMKII/MAPK/AP-1 signaling pathway. 
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The influences of IL-10 in ERK/MAPK pathway are indirect though 
inhibiting the expression of inflammatory factors such as TNF-α, IL-6 
and IL-1. In addition, in present study, we found that reinstating Ca2+

load caused by inhibiting α7nAChR in Aβ-treated cardiomyocytes 
contributed to the beneficial effect, suggesting that the activation and 
opening of α7nAChR caused by Aβ led to Ca2+ influx, which gave rise to 
oxidative stress and mitochondrial injury. It is known that increasing the 
permeability of Ca2+ is the principal function of α7nAChR, which, in 
general, plays a positive biological effect (e.g., promoting synaptic 
plasticity and cognitive ability in hippocampal cells [46] or regulating 
polarization and phagocytosis in macrophages [47]). However, intra-
cellular Ca2+ influx in cardiomyocytes can result in early or delayed 
afterdepolarization and spontaneous action potential, which trigger AF 
[48]. Interestingly, the effect of Aβ on α7nAChR increased the SR Ca2+

release and uptake, which promoted mitochondrial Ca2+ overload. The 
phenomenon could be caused by the CaMKII-mediated RYR2 and Serca2 
dysfunction. The pseudo activation resulting from Aβ-α7nAChR induced 
membrane potential change may be another reason of the Ca2+ kinetics 
imbalance. Taken together with our findings, the effect of Ca2+ load 
might explain the pleiotropic roles of α7nAChR in diverse cell types and 
the poor uniformity of results of α7nAChR on cardiac function by 
pharmacological systemic administration in different studies [43,49]. 
Therefore, in terms of AD therapeutic drugs targeting activating 
α7nAChR, its side effects on cardiac function need to be paid full 
attention. 

CaMKII is a multifunctional serine–threonine kinase as a pivotal 
connector of Ca2+ and ROS, which promote pluripotent signal for AF 
with atrial remodeling [21]. Recent studies revealed that CaMKII results 
in mPTP and MCU opening through the action of increasing mitochon-
drial Ca2+ and ROS, which leads to decreased ATP synthesis and 
apoptosis in cardiomyocytes [30,50]. In line with these findings, our 
data suggest that CaMKII, especially mitochondrial CaMKII, was 
involved in the effect of α7nAChR on Aβ-induced mitochondrial oxida-
tive stress and atrial remodeling via MAPK/AP-1 signaling. Previous 
studies have proved that MAPK signaling pathways and AP-1 involved in 
fibrosis-related AF and the interaction between Aβ and α7nAChR 
[51–53]. Furthermore, here, we observed oxi-CaMKII induced by Ang II 
seems to play a more significant role in regulating MAPK pathway. It has 
been reported that oxi-CaMKII, as an activation of CaMKII, contributes 
to AF pathogenesis observed in both mice models and AF patients [54]. 
In fact, Wang et al. demonstrated that the overexpression and oxidation 
of CaMKII have a synergistic role in increasing the activity of CaMKII in 
the CaMKII arrhythmogenic mechanism [55]. We interpret these find-
ings to support an important role for CaMKII as a transducer of Ca2+ and 
ROS in Aβ/α7nAChR-related AF. 

5. Conclusion 

In summary, we demonstrate, for the first time, that diminished 
α7nAChR of atrial myocytes plays a protective role against Aβ-induced 
mitochondrial oxidative stress and atrial remodeling, mediated by 
CaMKII/MAPK/AP-1 pathway. Importantly, our study provides a solid 
connection between AD and AF via α7nAChR, and highlight a new 
perspectives of targeting α7nAChR for elucidating the potential role of 
Aβ in cardiac dysfunction. 
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