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中 文 摘 要 ： 路易氏體失智症是一種常見的老年認知障礙疾病，雖然目前並不清
楚這個疾病的成因，但已經確認患者腦內α-synuclein造成的路易
氏體沈積是最重要的病理特徵。令人感到興趣的是，此症患者其腦
內也經常發現在阿茲海默症中才會出現的Aβ沈積，以及分析路易氏
體成分也會發現α-synuclein與Aβ這兩個蛋白是經常共位聚集的
，但其原因目前仍不明。事實上越來越多的證據已指出，若路易氏
體失智症在疾病的發展過程中其與阿茲海默類似的症狀越明顯，則
此症的預後便越不佳。因此，我們提出一個假說，認為Aβ會透過抑
制AMPK的訊息傳遞，來影響α-synuclein的後修飾、聚集及廓清作
用，並增加氧化壓力傷害來惡化路易氏體失智症的疾病進展。而我
們的研究結果則發現，Aβ確實可促進α-synuclein聚集並協同性的
增強其神經毒性，此外Aβ也能透過減弱細胞自噬的活性來降低α-
synuclein被分解的速率，並經由抑制AMPK及Sirt1訊息傳遞來加速
神經細胞老化。我們認為這些研究結果將能解釋Aβ在DLB病程進展
中所扮演的角色，並評估藉由增進細胞自噬降解的方式是否能清除
已聚集的α-synuclein，我們希望這些研究結果能有助於在未來發
展出新型的DLB治療策略。

中文關鍵詞： 阿茲海默症、Aβ蛋白、細胞自噬、路易氏體失智症、α-synuclein

英 文 摘 要 ： Dementia with Lewy bodies (DLB) is a common cause of
geriatric cognitive impairments. The underlying biology of
DLB is complex, but the presence of α-synuclein
aggregation containing Lewy body is most important
features. It is interesting that many DLB cases are often
displayed amyloid β (Aβ) depositions that are associated
with Alzheimer's disease (AD). Additionally, α-synuclein
and Aβ are also frequently co-localized in Lewy body. The
reason for this overlap is unknown. Actually, the greater
the AD pathology in DLB patients, the more severe with
disease progression in DLB. As a result, we postulate Aβ
may contribute to α-synuclein-induced neurotoxicity by
protein modification, aggregation, clearance and oxidative
stress in DLB. According to our results, Aβ can promote
α-synuclein aggregation, and enhances neurotoxicity in a
synergistic effect. Moreover, Aβ also decreased the
degradation of aggregated α-synuclein by interfering
autophagy process, and induced neuronal cell senescence by
downregulating of AMP-activated protein kinase (AMPK) and
Sirt1 anti-aging signaling. We expect our results can
confirm and extend the contributing role of Aβ in DLB
pathogenesis, and demonstrates the confluence of aggregated
α-synuclein clearance by rescue of autophagic degradation
pathways. Based on these findings, we hope to provide novel
insights in DLB therapeutic strategies in future.

英文關鍵詞： Alzheimer’s disease (AD); amyloid β (Aβ); autophagy;
Dementia with Lewy bodies (DLB); α-synuclein.
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中、英文摘要及關鍵詞(keywords) 
摘要(中文) 

路易氏體失智症是一種常見的老年認知障礙疾病，雖然目前並不清楚這個疾病的成因，但已經確

認患者腦內 α-synuclein造成的路易氏體沈積是最重要的病理特徵。令人感到興趣的是，此症患者

其腦內也經常發現在阿茲海默症中才會出現的 Aβ 沈積，以及分析路易氏體成分也會發現 α-

synuclein與 Aβ這兩個蛋白是經常共位聚集的，但其原因目前仍不明。事實上越來越多的證據已

指出，若路易氏體失智症在疾病的發展過程中其與阿茲海默類似的症狀越明顯，則此症的預後便

越不佳。因此，我們提出一個假說，認為 Aβ會透過抑制 AMPK的訊息傳遞，來影響 α-synuclein

的後修飾、聚集及廓清作用，並增加氧化壓力傷害來惡化路易氏體失智症的疾病進展。而我們的

研究結果則發現，Aβ確實可促進 α-synuclein聚集並協同性的增強其神經毒性，此外 Aβ也能透過

減弱細胞自噬的活性來降低 α-synuclein被分解的速率，並經由抑制 AMPK及 Sirt1訊息傳遞來加

速神經細胞老化。我們認為這些研究結果將能解釋 Aβ在 DLB病程進展中所扮演的角色，並評估

藉由增進細胞自噬降解的方式是否能清除已聚集的 α-synuclein，我們希望這些研究結果能有助於

在未來發展出新型的 DLB治療策略。 

 

關鍵字：阿茲海默症、Aβ蛋白、細胞自噬、路易氏體失智症、α-synuclein 

 

Abstract (English) 

Dementia with Lewy bodies (DLB) is a common cause of geriatric cognitive impairments. The underlying 

biology of DLB is complex, but the presence of α-synuclein aggregation containing Lewy body is most 

important features. It is interesting that many DLB cases are often displayed amyloid β (Aβ) depositions that 

are associated with Alzheimer's disease (AD). Additionally, α-synuclein and Aβ are also frequently co-localized 

in Lewy body. The reason for this overlap is unknown. Actually, the greater the AD pathology in DLB patients, 

the more severe with disease progression in DLB. As a result, we postulate Aβ may contribute to α-synuclein-

induced neurotoxicity by protein modification, aggregation, clearance and oxidative stress in DLB. According 

to our results, Aβ can promote α-synuclein aggregation, and enhances neurotoxicity in a synergistic effect. 

Moreover, Aβ also decreased the degradation of aggregated α-synuclein by interfering autophagy process, and 

induced neuronal cell senescence by downregulating of AMP-activated protein kinase (AMPK) and Sirt1 anti-

aging signaling. We expect our results can confirm and extend the contributing role of Aβ in DLB pathogenesis, 

and demonstrates the confluence of aggregated α-synuclein clearance by rescue of autophagic degradation 

pathways. Based on these findings, we hope to provide novel insights in DLB therapeutic strategies in future. 

 

Key words: Alzheimer’s disease (AD); amyloid β (Aβ); autophagy; Dementia with Lewy bodies (DLB); 

α-synuclein. 
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前言 

路易氏體失智症(Dementia with Lewy bodies, DLB) 是一種中樞神經退化性疾病，除認知功能缺損外，

也常伴隨動作障礙的症狀，因此是一個臨床表現重疊於巴金森氏症(Parkinson's disease, PD)與阿茲海默

症(Alzheimer's disease, AD)之間的疾病。Lewy bodies因此被認為是 DLB最主要的病理特徵，在 DLB病

程的早期通常會先同時或分別在皮質(cortical)與皮質下(subcortical)之腦區產生，而靠近這些 Lewy 

bodies 的腦組織便會受其影響而逐漸衰弱凋亡，並因此引發出相對應的病徵。已知 Lewy body 的構成

物中包含著數種蛋白質，包括 ubiquitin、amyloid β (Aβ)與 neurofilament等，但最主要成分是 α-synuclein。

α-synuclein是由 SNCA基因所轉譯出的一個 140個胺基酸的蛋白質，在某些情況下會發生聚集沈積。

在中樞神經系統(central nervous system, CNS)中，α-synuclein主要表現在大腦 substantia nigra、striatum

及 hippocampus等區域，其明確生理功能至今仍不明，推測可能與神經突觸傳導功能的調節有關。奇怪

的是正常的 α-synuclein並不會表現出任何聚集沈積或誘發神經毒性的傾向，需要經由某些目前尚未知

曉的因子影響後才會被誘發聚集並形成 Lewy body。事實上 α-synuclein最早反而被認為是 AD相關的

致病因子，直到 1997年在歐洲幾個 familial PD 中發現 α-synuclein的突變會造成自發性的聚集並形成

Lewy body，自此 α-synuclein便被歸類於 PD的主要致病因子。截至目前為止 α-synuclein上已發現 3個

突變位，包括 A53T、A30P與 E46K等，但這些突變位都僅於少數的家族中被發現，是故因 α-synuclein 

突變而致使 Lewy body產生的病例其實僅只佔了極為少數，且這個機制也只能解釋遺傳性的 PD或 DLB。

因此對於絕大多數 sporadic DLB 而言，其 α-synuclein 究竟是受何種因子影響而傾向於發生聚集形成

Lewy body？我們認為此問題可能要從 α-synuclein 突變以外的因子來探討，其中最有可能的機制是所

謂的轉譯後修飾作用(post-translational modification)，但究竟如何影響這些修飾誘發 α-synuclein轉變形

成聚集反應？這個問題對於解析 DLB 的真正病因非常關鍵。雖然導致 DLB 發病機制目前尚不清楚，

但 DLB與 AD的關係一直都很密切。研究證實患者早期腦部之 acetylcholine分泌量都會明顯減少，且

choline acetyltransferase的活性也有明顯減低的現象。事實上如果分析 Lewy body的成分，會發現其中

主要構成物除了 α-synuclein外，也會發現幾乎等量的 Aβ存在於其中，因此有學者認為 DLB與 AD確

實存在著某種特定的關聯性。舉例來說，Colom-Cadena等人分析 DLB病人腦部受影響的神經元，發現

α-synuclein的表現量與 Aβ的含量呈現高度正相關，而 PET的影像結果亦指出 DLB與 AD兩者大腦其

Aβ 的沈積位置其實十分相似；此外 Crew 與 Haggerty 等人在動物實驗中也發現，讓小鼠的 Aβ 與 α-

synuclein 同時過量表現時，會促進明顯的 Lewy body 產生並導致神經元退化，而相對僅過量表現 α-

synuclein的小鼠則沒有以上的現象；另外 Aβ也被認為可透過影響 α-synuclein在細胞內的轉譯後修飾

作用，進而改變其蛋白質構型並造成折疊錯誤，其機制可能是透過 Aβ 影響某些調節酵素，導致 α-

synuclein遭受不正常的後修飾作用，包括 phosphorylation、nitration、ubiquitination及 proteolysis 等。

這些證據都指出 Aβ 確實有可能參與 DLB 之 α-synuclein的聚集過程。然而目前對於 Aβ 在 DLB 疾病

進展中其對 α-synuclein的影響所知仍有限，需要更詳細的研究才能證明上的觀點。 
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研究目的 

DLB在所有 dementia中其發生率僅次於 AD，但目前對 DLB的發病原因所知甚少，迄今也沒有任何藥

物可有效的治療或延緩此症，因此有必要對 DLB的分子致病機轉進行更詳細的研究。Lewy body是由

不正常折疊的 α-synuclein所構成，但在絕大多數的 DLB中並未發現 α-synuclein基因存在有遺傳缺陷，

表示蛋白質突變並不是 α-synuclein產生聚集與沈積的主要原因。而流行病學研究結果發現 DLB與 AD

其 pathogenesis確實具有某些密切的關聯性，再加上病理學檢查也發現 Lewy body經常是由 α-synuclein

與 Aβ 相互糾結構成，因此我們認為 Aβ 可能在 α-synuclein 所誘發的神經毒性中扮演了一定程度的角

色。而根據我們實驗室的初步研究，發現若僅讓神經細胞過量表達 α-synuclein，其實並不會產生明顯

的不良反應，這表示 α-synuclein本身確實無法單獨誘發神經退化的現象。此外在我們先前的研究也曾

發現，Aβ會干擾 ubiquitin-proteasome的作用，並透過抑制 AMPK-mTOR及 AMPK-Sirt1 signaling來降

低細胞內 autophagy與 antioxidative genes 的作用，而 Aβ這個特性很有可能會誘發 α-synuclein的後修

飾並因此影響到其細胞內聚集堆積的傾向，最終誘使 Lewy body產生以造成神經毒性。因此本研究的

主要目的，是希望深入探討 AMPK 在 Aβ與α-synuclein的細胞內沈積及細胞毒性中所扮演的角色，

並嘗試是否能夠藉由活化或回復 AMPK-Sirt1 signaling，來抑制α-synuclein的聚集沈積，以減輕其所造

成的神經毒性。我們希望此研究結果除了能對α-synuclein的生理及病理角色能更了解外，也能應用在

未來發展 DLB的預防、診斷與治療策略。 

 

實驗結果 
1. Overexpressed α-Synuclein enhances Aβ-induced cytotoxicity in SK-N-MC human neuronal cells 

 
(A) α-Synuclein-overexpressed cells were selected and maintained in complete medium post the pCMV-Sport6 transfection. 

Overexpressed cells display a significantly higher and stable levels of intracellular α-Synuclein, and is not altered by exposure to 2.5 

μM of Aβ1-42 for 24 h. (B) No obvious morphological change was observed in α-Synuclein overexpressed cells. However, treatment 

with Aβ markedly induced cell granules and shrinkage. (C) Effects of α-Synuclein induced-cytotoxicity by exposure to 2.5 µM of A
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β1-42 for 24 h, determined by the MTT assay. Treatment of Aβ in overexpressed α-Synuclein groups resulted in more cell death than 

Aβ only groups. Fragmented nuclei stained by DAPI (D) and caspase-3 and PARP activation (E) by immunoblotting were evaluated 

in Aβ -treated α-Synuclein overexpressed cells. Results are expressed as mean ± SEM of three independent experiments performed in 

triplicates; **P < 0.01 when compared with non-treated cells by using one-way ANOVA test. Scale bar represents 50 μm. 

  
2. Aβ stimulates α-Synuclein aggregation and inhibits autophagy in α-Synuclein-overexpressed cells 

 
(A) Immunoprecipitation results show that Aβ results in an increase of mono- but poly-ubiquitination of α-Synuclein. (B) 

Immunofluorescence analysis was performed using α-Synuclein antibody and DAPI staining. The arrows indicate the α-Synuclein-

positive aggregates. (C) Acridine orange staining. Exposure to 2.5 μM of Aβ for 24 h significantly decreased the formation of 

acridine orange-accumulating autophagic vacuoles in α-Synuclein overexpressed cells. (D) Western blots showing autophagy 

inhibition by monitoring LC3, Atg7, and Atg12-Atg5 conjugate in in both vector and α-Synuclein overexpressed cells. (E) Adding 

Aβ markedly suppressed phosphorylation of AMPK, and stimulated the induction of mTOR phosphorylation compared with the 

non-treated group. Scale bar represents 20 μm. 

 
3. Aβ mediates mitochondrial dysfunction and antioxidative stress signaling induced by overexpression of α-

Synuclein 

 
(A) JC-1 immunofluorescent staining. Red fluorescence indicates normal mitochondrial membrane potential, and green fluorescence 

represents Aβ-induced mitochondrial dysfunction in α-Synuclein overexpressed cells. (B) Effects of α-Synuclein overexpression in 

exacerbating Aβ-induced intracellular ROS accumulation, demonstrated by dihydroethidium staining. (C) Adding Aβ markedly 
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induces the reduction of Sirt1, FoxO3a and SOD1 compared with α-Synuclein non-overexpressed group. Scale bar represents 20 μm. 

 
4. Aβ-induced hippocampal neuronal loss and mTOR activation in SD rat by i. c. v. transfection with α-

Synuclein overexpression vector 

 

(A) Intracerebroventricular (i.c.v) co-injection of Aβ and α-synuclein in SD rat. The hippocampus and prefrontal cortex mRNA levels 

of α-synuclein was measured by using real-time RT-PCR, and the results are presented as means ± SEM. (B) Histopathological 

analysis revealed a loss of hippocampal pyramidal neurons of co-injection of Aβ and α-synuclein SD rat. (C) Aβ markedly stimulated 

the mTOR phosphorylation, revealing Aβ may inhibit autophagic process in rat brain. (D) Immunofluorescence results showed Aβ-

induced α-synuclein aggregation in SD rat brain. 

 
4. Aβ-induced hippocampal neuronal loss and mTOR activation in SD rat by i. c. v. transfection with α-

Synuclein overexpression vector 

 

(A) Intracerebroventricular (i.c.v) co-injection of Aβ and α-synuclein in SD rat. The hippocampus and prefrontal cortex mRNA levels 
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of α-synuclein was measured by using real-time RT-PCR, and the results are presented as means ± SEM. (B) Histopathological 

analysis revealed a loss of hippocampal pyramidal neurons of co-injection of Aβ and α-synuclein SD rat. (C) Aβ markedly stimulated 

the mTOR phosphorylation, revealing Aβ may inhibit autophagic process in rat brain. (D) Immunofluorescence results showed Aβ-

induced α-synuclein aggregation in SD rat brain. 

 
5. Treatment of insulin suppresses Aβ-induced αSyn aggregation and oxidative stress. 

(A) Western blotting results revealed that treatment with insulin causes limited effects on increased AMPK Thr172 phosphorylation 

and LC3-II levels, suggesting that impaired autophagy activity cannot be fully restored by insulin. (B) Immunofluorescence analysis 

showed that αSyn aggregates were markedly decreased by treating with insulin in Aβ-treated αSyn-overexpressed cells. Scale bar 

represents 10 μm. (C) Some antioxidant signaling-related proteins including Nrf2, HO-1 and SOD1 were analyzed by western blotting, 

and inhibitory effects of this antioxidant pathway were effectively restored by insulin treatment. (D) JC-1 immunofluorescent staining. 

Green fluorescence represents Aβ-induced mitochondrial dysfunction in αSyn-overexpressed cells by dissipation of mitochondrial 

membrane potential. Red fluorescence indicates that co-treatment with insulin preserves an intact mitochondrial membrane potential. 

Scale bar represents 20 μm. 
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6. The expression of Sirt1 and SOD1 mRNA in peripheral white blood cells of DLB patients 

The mRNA levels of Sirt1 and SOD1 were measured by using real-time RT-PCR, and the results are presented as means ± SEM. A 

detailed overview of the patient’s backgrounds is summarized in Table 1. Statistical analysis was performed by using two-tailed 

Student's t-test. *P < 0.05 when compared with the normal control groups. 

 

重要性及影響性 
DLB在所有退化性失智症中的發生率僅次於 AD，但目前仍缺乏有效的藥物來減緩神經元持續的退化，

即使給予病人良好的照護與處置，DLB病患的症狀終究不可避免的會持續惡化下去，因此發展機制性

的策略將是治療 DLB的關鍵。然而 DLB的臨床特徵十分複雜，經常合併表現類似 AD的失智症表現

或類似 PD 的運動障礙，且在 biomarkers 方面的檢查包括基因、血液或腦脊髓液等方面也都沒有好的

診斷指標。透過執行本計畫，我們已初步釐清 DLB的分子致病機轉，特別是證實了 Aβ在 DLB的病程

進展中所扮演的角色，並指出其所參與的詳細分子途徑及可能的預防機制，本研究結果將有助於未來

開發包括 DLB之 synucleinopathy相關疾病的預防、診斷與治療策略，具體獲致的結果如下： 

(1)釐清 Aβ是確實會影響到 α-synuclein的後修飾、聚集及廓清作用。 

(2)發現 AMPK-Sirt1 signaling確實參與在 α-synuclein神經毒性過程中，而 Aβ便是透過抑制本路徑，來

促使 α-synuclein產生變性聚集的現象。 

(3)成功的建立了 DLB的動物實驗模式，模擬 Aβ誘發 α-synuclein神經毒性之 DLB致病過程。 

(4)測量了 DLB 患者血液中 α-synuclein、autophagy與 AMPK-Sirt1 signaling 等相關蛋白表現，並發現

AMPK-Sirt1 signaling在 DLB患者的 PBMC中表現量顯著比對到組要低了許多，但詳細的臨床意義

和應用則仍須更多的實驗來加以驗證。 

(5)證實經由誘發 autophagy(例如提高神經胰島素訊息傳遞的活性)確實可作為清除已形成之 aggregated 

α-synuclein之 DLB治療策略。 
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Dementia with Lewy bodies (DLB) is a neurodegenerative disorder caused by abnormal accumulation of Lewy
bodies, which are intracellular deposits composed primarily of aggregated α-synuclein (αSyn). Although αSyn
has been strongly implicated to induce neurotoxicity, overexpression of wild-type αSyn is shown to be insuffi-
cient to trigger formation of protein aggregates by itself. Therefore, investigating the possible mechanism under-
lying αSyn aggregation is essential to understand the pathogenesis of DLB. Previous studies have demonstrated
that amyloid β (Aβ), the primary cause of Alzheimer's disease (AD), may promote the formation of αSyn inclu-
sion bodies. However, it remains unclear how Aβ contributes to the deposition and neurotoxicity ofαSyn. In the
present study, we investigated the cytotoxic effects of Aβ in αSyn-overexpressed neuronal cells. Our results
showed that Aβ inhibits autophagy and enhances αSyn aggregation in αSyn-overexpressed cells. Moreover,
Aβ also reduced sirtuin 1 (Sirt1) and its downstream signaling, resulting in increased intracellular ROS accumu-
lation and mitochondrial dysfunction. Our in vitro and in vivo studies support that Aβ-inhibition of AMP-
activated protein kinase (AMPK) signaling is involved in the neurotoxic effects ofαSyn. Taken together, our find-
ings suggest that Aβ plays a synergistic role inαSyn aggregation and cytotoxicity,whichmay provide a novel un-
derstanding for exploring the underlying molecular mechanism of DLB.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Dementia with Lewy bodies (DLB) is the secondmost common pro-
gressive dementia after Alzheimer's disease (AD) (Mayo and Bordelon,
2014). The main pathological features of DLB are abnormal protein de-
posits inside brain neurons. These deposits, known as Lewy bodies,
cause cytotoxic effects to the neuronal cells. Structurally, Lewy bodies
are composed primarily of α-synuclein (αSyn), a 140-amino soluble
protein encoded by the SNCA gene abundantly expressed in the central
nervous system (Kim et al., 2014). αSyn is likely to play a role in mem-
brane stability and neuronal plasticity; however, its exact function re-
mains largely unknown (Schulz-Schaeffer, 2010). Although some
studies have implicated that αSyn is associated with cytotoxicity in
DLB pathology, overexpression of wild-type αSyn is hard to generate
αSyn protein aggregates (Ko et al., 2008). Therefore, investigating the
mechanism underlying αSyn aggregation is of great importance in un-
derstandingDLB. To date, research has shown threemissensemutations

(A30P, E46K, A53T) present in the SNCA gene in causing familial
synucleinopathies (Ozansoy and Basak, 2013). However, mutations in
SNCA gene are responsible for only a very small fraction of familial
cases, indicating mutated αSyn cannot be the primary cause of most
DLB patients (Meeus et al., 2012). In fact, high levels of αSyn alone do
not readily aggregate or form fibrils even with prolonged incubation
(Hong et al., 2011). This indicates that some other pathological attri-
butes may contribute to the process of αSyn aggregation. In addition,
it is interesting that oxidative stress appears to accelerate abnormal ag-
gregation of αSyn, supporting a cause–effect relationship between oxi-
dative stress and αSyn aggregation in the pathogenesis of DLB (Pukass
andRichter-Landsberg, 2014). However, themolecularmechanisms un-
derlying wild-type αSyn aggregation are still largely unknown.

Although αSyn is the main component of Lewy bodies in DLB or
Parkinson's disease (PD), it is originally found in senile plaques from
AD patients' brains (Ueda et al., 1993). As we know, DLB shares symp-
toms and sometimes overlaps with AD. Actually, patients who develop
DLB often have behavioral and memory symptoms of dementia like
those in AD. Furthermore, most DLB patients also have concomitant
AD pathology, making it difficult to distinguish between AD and DLB
(Fujishiro et al., 2013). In fact, up to one-fourth of clinically-diagnosed
DLB patients also develop cortical deposition of amyloid-β (Aβ), the
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most characteristic hallmark of AD (Hishikawa et al., 2003). In addition,
imaging studies also show a significant increase of αSyn aggregates
in human brains coexisting with Aβ deposits (Maetzler et al., 2009).
Similarly, animal studies demonstrate Aβ brain deposits are highly asso-
ciated with local aggregation of αSyn in Tg2576 transgenic mice
(Emmer et al., 2012). These findings indicate that the presence of Aβ
in neurons may contribute to αSyn aggregation and neurotoxicity
(Pletnikova et al., 2005), but the exact nature of Aβ in this process is
still unclear.

In addition, αSyn neurotoxicity is also linked to oxidative stress
(Scarlata and Golebiewska, 2014). Likewise, Aβ-induced oxidative
stress has also been shown to interfere in protein folding and degrada-
tion in neuronal cells, and these pathologic features are very similar to
those found in DLB (Kotzbauer et al., 2001). In fact, emerging evidence
has implicated Aβ can suppress neuronal autophagy (Silva et al.,
2011), suggesting that a reduced autophagic clearance may deteriorate
the accumulation of some aggregation-prone proteins such as αSyn
(Nilsson and Saido, 2014). Particularly, Aβ has been reported to impair
the activity of AMP-activated protein kinase (AMPK) (Park et al.,
2012), a kinase which plays a key role in the activation of autophagy
by inhibiting activity of mammalian target of rapamycin (mTOR)
(Perez-Revuelta et al., 2014). Moreover, AMPK also stimulates sirtuin
1 (Sirt1) signaling to attenuate oxidative stress (Salminen and
Kaarniranta, 2012). For example, FoxO3a has been characterized as
the downstream substrate of Sirt1 which forms a complex that induces
ROS detoxifying enzymes such as superoxide dismutase (SOD) in re-
sponse to oxidative stress (Hori et al., 2013). This Sirt1–FoxO3a axis is
an evolutionarily conserved pathway that protects against oxidative
stress (Salminen et al., 2013). Since αSyn neurotoxicity is reported to
be associated with reduced AMPK activation (Dulovic et al., 2014),
these findings raise a possibility that Aβ may contribute to αSyn-
induced toxicity by suppression of AMPK. Particularly, increased levels
of reactive oxygen species (ROS) has been suggested to induce progres-
sive oxidative damage and aging, which ultimately leads to mitochon-
drial dysfunction and trigger several apoptotic pathways in the brain
(Navarro et al., 2009).However, the molecular basis that links Aβ and
αSyn-induced cytotoxicity remains unclear. Since αSyn aggregation
plays a key role in DLB pathogenesis, it is crucial to understand how
Aβ induces aggregation and cytotoxicity in αSyn.

2. Materials and methods

2.1. Materials

Chemicals such as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), 4′,6-diamidino-2-phenylindole (DAPI), acridine
orange (AO), 5-aminoimidazole-4-carboxamideribonucleoside (AICAR),
JC-1 and EX-527 were purchased from Sigma (München, Germany).
Amyloid-β (Aβ) 1–42 was purchased from AnaSpec Inc. (San Jose, CA,
USA). We purchased α-Synuclein (SNCA, GeneID: 6622) coding se-
quence from transOMIC (Huntsville, AL, USA). We purchased antibodies
against antibodies against αSyn (#sc-7011-R), AMPK (#sc-25792), p-
AMPK (#sc-33524), mTOR (#sc-8319), p-mTOR (#sc-101738), LAMP1
(#sc-17768), caspase 3 (#sc-7148), and poly(ADP-ribose) polymerase
(PARP) (#sc-7150) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA), and antibodies against SOD1 (#GTX13498),
FoxO3a (#EP1949Y) and Sirt1 (#E104) were purchased from GeneTex
(Irvine, CA, USA). Antibodies against Atg7 (#8558) and Atg12-Atg5
(#4180) were purchased from Cell Signaling Technology (Danvers,
MA, USA). The β-actin (#NB600-501) and LC3 (#NB100-2220) antibody
was obtained from Novus Biologicals. (Littleton, CO, USA). Primary anti-
bodieswere used at a dilution of 1:1000 in 0.1% Tween 20 and secondary
antibodies were used at 1:5000 dilutions. All the chemicals were pre-
pared by dissolving phosphate buffer saline solutions stored at −20 °C
until needed for use in experiments.

2.2. Vector construction and transfection

In αSyn overexpression studies, the human wild-type αSyn coding
sequence was amplified and cloned into the SPORT6-pCMV or recombi-
nant adeno-associated viral (rAAV) vectors. For in vitro transfection,
cells were transiently transfectedwith the SPORT6-pCMV-SNCA or con-
trol SPORT6-pCMV vector by using Lipofectamine 2000 (Life Technolo-
gies, Carlsbad, CA, USA) with Opti-MEM (Gibco, Carlsbad, CA, USA).
Cells are typically harvested 24 h post-transfection for studies designed
for exposure to Aβ. For in vivo transfection, rats were stereotaxically
injected by adeno-associated viral rAAV-pCMV-SNCA or control rAAV-
pCMV vector (viral titer: 1.5E12 genome copies per mL) (Aldrin-Kirk
et al., 2014).

2.3. Cell culture and viability assay

Human neuroblastoma SK-N-MC cells were obtained from the
American Type Culture Collection (Bethesda, MD, USA). Cells were
maintained in Minimal Eagle's medium (MEM; Gibco), supplemented
with 10% fetal calf serum, 100 units/mL penicillin, 100 μg/mL strepto-
mycin, and 2 mM L-glutamine at 37 °C, 5% CO2. The Aβ solutions were
prepared as described previously (Ono and Yamada, 2006). Briefly,
Aβ1–42 lyophilizates were dissolved at 10 mM in 10% 60 mMNaOH
and 90%10mMphosphate buffer (pH 7.4) as a stock reagent, and stored
at −78 °C until use. For the aggregation protocols, the Aβ1–42 peptide
was dissolved in dimethyl sulfoxide to a concentration of 5 mM. Based
on the amyloid-derived diffusible ligand protocols, MEM culture medi-
um was added to bring the peptide to a final concentration of 100 μM
and incubated at 4 °C for 24 h for oligomeric conditions, whereas
10 mM HCl was added to bring the peptide to a final concentration of
100 μM and incubated for 24 h at 37 °C for fibrillar conditions
(Dahlgren et al., 2002). For viability assay, cells were seeded in 96-
well plates at a density of 1 × 104 cells/well overnight and then treated
as indicated. After 24 h, the tetrazolium salt MTT was added to the me-
dium following the manufacturer's instructions. Only viable cells could
metabolizeMTT into a purple formazan product, ofwhich the color den-
sity (OD) was further quantified by an EZ Read 400 microplate reader
(Biochrom, Holliston, MA, USA) at 550 nm. Cell viability was deter-
mined by the percentage of OD of the treated cells divided by that of
the untreated controls. For trypan blue dye exclusion assay, the number
of viable cells was counted by 0.4% trypan blue stain using a hemocy-
tometer. The result was expressed as a percentage relative to control
groups.

2.4. Western blot analysis

After treatment, cells were harvested and homogenized in a protein
extraction lysis buffer (50 mM Tris–HCl, pH 8.0; 5 mM EDTA; 150 mM
NaCl; 0.5% Nonidet P-40; 0.5 mM phenylmethylsulfonyl fluoride; and
0.5 mM dithiothreitol), and centrifuged at 12,000 g for 30 min at 4 °C.
The supernatants were used as cell extracts for immunoblotting analy-
sis. To determine the SDS soluble and insoluble fractions of αSyn, sam-
ples were homogenized in RIPA buffer (Tris buffer containing 1% Triton
X-100; 0.1% SDS; 2 mMMgCl2 and 0.5% deoxycholate). The solubilized
pellet was centrifuged at 15,000 g at 4 °C for 30 min, and the superna-
tant was termed the SDS-soluble fraction and the final pellet the SDS-
insoluble fraction (Ihara et al., 2007). Equal protein amounts of
total cell lysates were resolved by 10% SDS-PAGE, transferred onto
polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA),
and then probedwith a primary antibody followed by a secondary anti-
body conjugated with horseradish peroxidase. The immunocomplexes
were visualized with enhanced chemiluminescence kits (Millipore).
The relative expression of proteins was quantified densitometrically
by using the software Quantity One (BioRad, Hercules, CA, USA), and
was calculated according to the reference bands of β-actin. Each blot
represents at least three independent experiments.
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2.5. Microscopic observation and nucleus morphology

Changes in cell nucleus morphology, characteristic of apoptosis, were
examined in cells grown on coverslips, using amicroscope. The cells were
fixed in 4% paraformaldehyde after 24 h of treatment with the indicated
compounds. For phase-contrast inverted microscopy, images of cells
were captured with no specific staining procedure. For nucleus morphol-
ogy microscopy, cells were fixed in ice-cold methanol, and incubated
for 15 min at room temperature with 1 ng/mL of 4′,6-diamidino-2-
phenylindole (DAPI) stain, andobservedunder afluorescencemicroscope
(DP80/BX53; Olympus; Tokyo, Japan). Apoptosis was quantified by aver-
aging cell counts in five random 400× fields. Values were expressed as
the percentage of apoptotic cells relative to total number of cells.

2.6. Immunocytochemistry and acridine orange staining

After treatment cells were fixed with 2% buffered paraformalde-
hyde, permeabilized in 0.25% Triton X-100 (Sigma-Aldrich) for
5 min at 4 °C, and then incubated with anti-αSyn. The slides were
then incubated with an FITC labeled second antibody (Santa Cruz)
depending on the origin of the primary antibody. For acridine orange
staining, cells were treated with the indicated conditions for 24 h,
and then stained with 1 μg/mL acridine orange for 15 min, washed
with MEM medium, and examined under the fluorescence
microscope. Slides were viewed using the fluorescence microscope
(DP80/BX53; Olympus) and Cell Sense, V 1.9 digital imaging
software.

Fig. 1.Aβ enhances cytotoxicity inαSyn-overexpressed SK-N-MC neuronal cells. (A) SK-N-MC neuronal cells transfectedwith SPORT6-pCMV-SNCAplasmid show overexpression ofwild-
type αSyn protein by Western blots. Treatment with 2.5 μM of Aβ1–42 for 24 h does not significantly alter the αSyn protein levels in αSyn-overexpressed cells. (B) αSyn-overexpressed
cells show no morphological evidence of cytotoxicity or apoptosis compared to mock-transduced cells. However, treatment with 2.5 μM of Aβ for 24 h markedly induces cell death, and
further exacerbation by overexpression ofαSyn. (C)MTT assays indicate 2.5 μMof Aβ induces cell death by 45% after 24 h incubation, andαSyn overexpression exacerbates Aβ toxicity up
to 72% of cell death. (D) Similarly, trypan blue exclusion assays reveal that Aβ significantly reduces the number of viable cells compared to mock-transduced groups for 24, 36 and 48 h.
(E) 2.5 μMofmonomeric but not oligomeric orfibrillar Aβ induces synergistic cytotoxic effects inαSyn-overexpressed cells after 24 h incubation. (F)Western blot results demonstrate that
Aβ enhances both caspase 3 and PARP activation in αSyn-overexpressed cells. (G) Aβ markedly increases the number of apoptotic cells with fragmented nuclei in αSyn-overexpressed
cells. Apoptosis is determined by fragmented morphology in the nucleus for DAPI fluorescence. The numbers of apoptotic cells are quantified by averaging cell counts in five random
400× fields. Other data were performed in three independent experiments, and values are presented as mean± SEM. Significant difference is determined by using themultiple compar-
isons of Dunnett's post-hoc test for *P b 0.05 and **P b 0.01 compared toαSyn-overexpressed only groups. Scale bar represents 50 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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2.7. Analysis of mitochondrial membrane potential

The vital mitochondrial cationic dye JC-1, which exhibits potential-
dependent accumulation inmitochondria,was used to investigatemito-
chondrial function. Cells were treated in fresh medium containing 1 μM
JC-1 and were incubated at 37 °C for 30 min. The staining mediumwas
then discarded and the cellswerewashed. Cellswere then imaged using
an inverted fluorescence microscope (DP72/CKX41; Olympus) excited
at 488 nm. In normal cells, JC-1 continues to exist as aggregates and pro-
duces a red fluorescence (~590 nm). During the induction of apoptosis,
the mitochondrial potential collapses and JC-1 forms a monomer pro-
ducing green fluorescence (~525 nm).

2.8. Measurement of reactive oxygen species (ROS)

To evaluate the levels of intracellular ROS, cells were seeded
onto glass coverslips and incubated with 10 μM of 2′,7′-

dichlorodihydrofluorescin diacetate (DCFH-DA, a general oxidative
stress indicator) for 0.5 h at 37 °C under 5% CO2 after treatment.
After incubation, the staining medium was discarded and cells
were washed twice immediately with PBS, after which the intensity
of fluorescence was imaged by fluorescence microscopy (DP72/
CKX41; Olympus) using an excitation wavelength of 488 nm and
an emission wavelength of 525 nm. One representative image of
three different experiments is shown.

2.9. Animal research

Three-month old Wistar rats were kept on a 12-h light/dark cycle
and housed individually with free access to food and water. The rats
were randomly divided into three groups including control rAAV-
pCMV vector, rAAV-pCMV-SNCA vector expressing human wild-type
αSyn, and Aβ1–42 co-administration in bilateral hippocampus with
rAAV-pCMV-SNCA vector by stereotaxic intracerebroventricular (ICV)

Fig. 1 (continued).
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injection. There were 6 rats for each group, and therefore, a total of 18
ratswere used in the current study. All experimental procedures involv-
ing animals were approved by the Institute Animal Care and Use Com-
mittee (CSMU No. 1394). The ICV injection protocol was in reference
to Hsieh et al. (2012). Briefly, rats were anesthetized with Zoletil 50®
(10 mg/kg, i.p.; Vibac Laboratories, Carros, France), and mounted in a
stereotaxic frame. The rAAV vector solution of 10 μL was injected into
the left lateral cerebral ventricle with the following coordinates,
0.8 mm posterior to the bregma, 1.5 mm lateral from the midline, and
3.8 mm ventral from the skull. The Aβ1–42 solution of 5 μL (2 μg/μL,
10 μg each side) was injected into each side of the hippocampus by
using the following stereotaxic coordinates: 3.6 mm posterior to the
bregma, 2.4 mm left/right to the midline, and 2.8 mm ventral to the
bregma. All the injections were performed within 5 min, and following
the needle remained in the target location for 10 min to avoid reflux
along the needle tract. After four weeks conducting ICV injection, the
animals were sacrificed, and the brains were then dissected, and ho-
mogenized or fixed immediately. Sagittal sections of 40 μm thickness

from brain hemisphere were made using a freezing microtome (Leica,
Nussloch, Germany).

2.10. mRNA expression analysis by reverse-transcription quantitative PCR
(qPCR)

After treatment, total mRNA was extracted by utilizing the kit
Qiagen RNeasy Kit (Qiagen, Germantown,MD, USA) andwas quantified
spectrophotometrically following the manufacturer's instructions.
RNAreverse transcription was performed at 25 °C for 10 min for primer
binding, 37 °C for 120min for reverse transcriptase and 85 °C for reverse
transcriptase denaturation using the TProfessional Thermocycler
(Biometra, Göttingen, Germany). Real time quantitative qPCR, using
an ABI 7300 Sequence Detection System (Applied Biosystems, Foster
City, CA, USA), was performed for quantification of mRNA. PCR amplifi-
cations of target mRNA genes were carried out in conjunction with
Power SYBR Green PCR Master Mix (Applied Biosystems) according to
the manufacturer's instructions. Each cDNA sample was tested in
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triplicate. The temperature parameters were the following: 95 °C/
10 min, 40 cycles of 95 °C/15 s, 60 °C/1 min and dissociation stage was
95 °C/15 s, 60 °C/15 s and 95 °C/15 s. The following primer pairs were
used: forward 5′-TAGCCTTGTCAGATAAGGAAGGA-3′ and reverse 5′-
ACAGCTTCACAGTCAACTTTGT′ for Sirt1, forward 5′-GCGTGGCCTAGC
GAGTTATG-3′ and reverse 5′-TCCTTCTGCTCGAAATTGATGA-3′ for
SOD1, and forward 5′-CCTCCTGCACCACCAACT-3′ and reverse 5′-GACC
TTGCCCACAGCCTT-3′ for GAPDH. Values of relative mRNA expression
were obtained by using the software SDS version 1.2.3 (Sequence De-
tection Systems 1.2.3-7300 Real Time PCR System; Applied Biosystems)
and the values were standardized by comparing with values from rela-
tive expression of GAPDH.

2.11. Blood samples from human subjects

A total of 10 Chinese human subjects (fivewithDLB, andfive healthy
controls) with negative or clinically diagnosed DLBwere recruited from

Chung Shan Medical University Hospital and Bodhi Hospital, Taichung,
Taiwan. DLB was diagnosed according to the Diagnostic and Statistical
Manual of Mental Disorders IV (DSM-IV) criteria. From each subject,
20 mL of venous peripheral ethylenediamine tetra-acetic acid (EDTA)
blood was obtained, and total RNA was isolated by utilizing the kit
Qiagen RNeasy Kit (Qiagen, Germantown, MD, USA) in accordance
with the manufacturer's instructions. The aforementioned protocol
was approved by the Chung Shan Medical University Hospital Institu-
tional Review Board (IRB) protocols (CSMUH No: CS12247), and in-
formed consent was also obtained from all participants according to
the Declaration of Helsinki and approved by the IRB.

2.12. Statistical analysis

All data are presented as means ± standard error of the means
(SEM). Statistical analysis of data was performed using analysis of vari-
ance (ANOVA), followed by Dunnett's post-hoc test for multiple
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comparisonswith SPSS statistical software (SPSS, Inc., Chicago, IL, USA).
Differences were considered statistically significant at P b 0.05.

3. Results

3.1. Aβ significantly enhances cytotoxicity inαSyn-overexpressed SK-N-MC
neuronal cells

Although the overexpression of wild-type αSyn has been reported
to be nontoxic to neuronal cells, the influence of Aβ in αSyn-
overexpressed cells is not well elucidated. To evaluate whether Aβ
plays a role inαSyn-induced cytotoxicity, we transiently overexpressed
wild-type αSyn in SK-N-MC human neuronal cells. Fig. 1A confirmed
that αSyn protein levels were about 3-fold greater in overexpressing
cells compared to mock-transduced cells by immunoblot analysis. As
mentioned above, Aβ usually correlates withαSyn pathology inDLB pa-
tients. To evaluate this cytotoxic effect, after 24 h of αSyn overexpres-
sion, 2.5 μM of Aβ1–42 peptides were added to the culture medium
and incubated for an additional 24 h. Our results showed that overex-
pression of αSyn alone do not induce significant toxicity. Conversely,
Aβmarkedly underwent cell death, and this cytotoxic effectwas further
deteriorated by overexpression of αSyn (Fig. 1B). In accord, MTT assays
showed that treatment with Aβ for 24 h decreased cell viability by 45%.
However, overexpression of αSyn exacerbated Aβ-induced insults, and
led to cell death up to 72% (Fig. 1C).The trypan blue exclusion assays

also revealed that Aβ significantly reduces the number of viable cells
compared to mock-transduced groups for 24, 36 and 48 h (Fig. 1D). In
addition, Fig. 1E demonstrated that monomers but not oligomers or
fibrils of Aβ show marked synergy with αSyn-mediated cytotoxicity.
To precisely determine which mode of cell death is induced by Aβ in
αSyn-overexpressed cells, we examined the expressions of cleaved cas-
pase 3 and poly (ADP-ribose) polymerase (PARP), two typical markers
of apoptosis. As shown in Fig. 1F, Aβ increased cleavage of caspase 3
and PARP, indicating that the apoptosis occurs mainly by Aβ treatment.
However, overexpression of αSyn further enhanced Aβ-induced cleav-
age of caspase 3 and PARP in αSyn-overexpressed cells. These results
were also confirmed by DAPI nucleus staining that overexpression of
αSyn significantly enhances Aβ-induced nuclei fragmentation as
shown in Fig. 1G. Taken together, our results support the idea that Aβ
can enhance apoptosis inwild-typeαSyn-overexpressed neuronal cells.

3.2. Aβ promotes αSyn aggregation and inhibits autophagy in αSyn-
overexpressed cells

Because αSyn overexpression significantly increased Aβ-induced
cytotoxicity in neuronal cells, we next examined whether Aβ can pro-
mote αSyn aggregation. As shown in Fig. 2A, both SDS-soluble αSyn
levels were significantly increased with or without treatment of Aβ in
αSyn-overexpressed cells. However, Aβ significantly increased
amounts of the SDS-insoluble αSyn in αSyn-overexpressed cells

Fig. 2. Aβ promotesαSyn aggregation and inhibits AMPK-dependent autophagy inαSyn-overexpressed cells. (A) Representative immunoblots and quantitation ofαSyn. Proteins soluble
or insoluble in 0.1% SDS from lysates of αSyn-overexpressed or mock-transduced cells are analyzed by quantitative blotting with antibodies to αSyn. (B) Immunofluorescence analysis
demonstrates that Aβ significantly increases the number of αSyn aggregates in αSyn-overexpressed cells compared to mock-transduced or non-Aβ treated groups. (C) Acridine orange
staining. Formation of acridine orange-accumulating acidic vacuoles (orange-red fluorescence) in αSyn-overexpressed or mock-transduced cells is significantly suppressed by Aβ treat-
ment. (D) Western blots show levels of some autophagy-related proteins in both mock and αSyn-overexpressed cells. Aβ markedly downregulates AMPK Thr172 phosphorylation and
upregulatesmTOR Ser2448 phosphorylation inαSyn-overexpressed cells. All datawere performed in three independent experiments, and values are presented asmean± SEM. Significant
difference is determined by using the multiple comparisons of Dunnett's post-hoc test for *P b 0.05 and **P b 0.01. Scale bar represents 20 μm.
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compared to the non-treated group, indicating that the combination of
Aβ and αSyn overexpression may stimulate αSyn aggregation. To fur-
ther confirm whether Aβ promotes αSyn aggregation, we performed
immunocytochemical staining. As shown in Fig. 2B, mock-transduced
cells showed no significant αSyn aggregation. By contrast, overexpres-
sion of αSyn significantly increased the number of αSyn aggregates by
Aβ treatment for 24 h, indicating that Aβ promotes the aggregation of
αSyn inαSyn-overexpressed cells. As discussed previously, impairment
of the autophagic activitymay lead to the accumulation of protein inclu-
sions such asαSyn (Tanaka andMatsuda, 2014). Therefore,we conduct-
ed acridine orange staining to examine whether acidic vacuoles (a
marker for autophagy) were reduced in αSyn-overexpressed cells by
Aβ. As shown in Fig. 2C, bothmock andαSyn transfected cells displayed

detectable orange fluorescence particles by acridine orange staining
without Aβ treatment, indicating the presence of acidic compartments
such as autophagolysosome. However, exposure to Aβ produced a sig-
nificant decrease in the orange fluorescence, and the overexpression
of αSyn further reduced the number of fluorescent spots. These results
were also confirmed byWestern blotting that Aβ causes marked inhibi-
tion of LC3-II, Atg7, Atg12-Atg5 conjugate, and lysosomal-associated
membrane protein 1 (LAMP1) in both vector and αSyn-transfected
cells (Fig. 2D). Several lines of evidence have indicated AMPK is a posi-
tive regulator in stimulation of autophagy by inhibiting mTOR-
dependent signaling. To further elucidate the molecular mechanism of
Aβ-mediated autophagy inhibition,Western blot analysis was conduct-
ed to detect the levels of phospho AMPK and mTOR at residue Thr172
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and Ser2448, respectively. As shown in Fig. 2D, treatment with Aβ for
24 h caused a significant increase in Ser2448 mTOR phosphorylation,
which is recognized as a hallmark of autophagy inhibition. Accordingly,
Aβ also suppressed AMPK Thr172 phosphorylation, indicating that the
suppression of AMPK activity may reduce autophagy by increasing
mTOR signaling. Taken together, these data showed that Aβ-inhibited
AMPK-mTOR signaling may lead to a defective autophagic clearance of
αSyn aggregates in αSyn-overexpressed cells.

3.3. Aβ mediates mitochondrial dysfunction and antioxidative stress
signaling induced by overexpression of αSyn

Previous studies showed strong evidence that aggregated αSyn can
induce mitochondrial deficit and oxidative stress in DLB (Kawamoto
et al., 2014; Mullin and Schapira, 2013). To determine whether Aβ pro-
motesmitochondrial deficit inαSyn-overexpressed cells, we performed
JC-1 staining to assess the mitochondrial membrane potential. As

Fig. 3. Aβ enhancesαSyn-inducedmitochondrial dysfunction and intracellular ROS accumulation inαSyn-overexpressed cells. (A) JC-1 immunofluorescent staining. Red fluorescence in-
dicates normal mitochondrial membrane potential, and green fluorescence represents Aβ-enhanced loss of mitochondrial membrane potential inαSyn-overexpressed cells. (B) Effects of
Aβ in enhancing αSyn-induced intracellular ROS accumulation determined by dichlorofluorescin diacetate (DCFH-DA) staining by fluorescence microscopy. (C) Effects of Aβ on the pro-
tein levels of Sirt1, FoxO3a and SOD1 in αSyn-overexpressed cells by immunoblotting. (D) Treatment with 50 μM of AICAR partially protects against Aβ-induced cytotoxicity in αSyn-
overexpressed cells. However, treatment of cells with 10 μM of EX-527, a specific inhibitor of Sirt1, significantly abolishes AICAR-mediated protection. All data were performed in three
independent experiments, and values are presented as mean ± SEM. Significant difference is determined by using the multiple comparisons of Dunnett's post-hoc test for *P b 0.05
and **P b 0.01. N.S., no significant difference. Scale bar represents 20 μm.

93C.-L. Lin et al. / Experimental Neurology 275 (2016) 84–98



shown in Fig. 3A, JC-1 aggregates were found in healthy mitochondria
by a red fluorescence without Aβ treatment. However, exposure of
αSyn-overexpressed cells to Aβ for 24 h resulted in significant increases
in green fluorescence, indicating a loss of mitochondrial membrane po-
tential. To gain more insights into mitochondrial oxidative stress, we
measured intracellular ROS levels by the 2′,7′-dichlorofluorescin
diacetate (DCFH-DA) fluorometric method. As expected, our results
showed that Aβ significantly increases the burden of intracellular ROS,
and this ROS accumulation was further enhanced by overexpression of
αSyn (Fig. 3B). This suggests that Aβ enhances ROS accumulation and
mitochondrial dysfunction in αSyn-overexpressed cells. It has been
demonstrated that Sirt1 can stimulate the expression of ROS detoxifica-
tion enzymes via FoxO3a signaling (Hasegawa et al., 2008).To test
whether such responses involve αSyn aggregation during Aβ-induced
oxidative stress, the Sirt1 and FoxO3a protein levels were determined
by immunoblotting. As shown in Fig. 3C, Aβ significantly downregulat-
ed Sirt1, FoxO3a, and SOD1 levels, suggesting that αSyn-induced cyto-
toxicity may be enhanced by Aβ-inhibited ROS-scavenging enzymes.
This observation was further confirmed by MTT assays. As shown in
Fig. 3D, treatment with the AMPK activator 5-Aminoimidazole-4-
carboxamide ribonucleotide (AICAR) can partially protect against Aβ-
induced cytotoxicity in αSyn-overexpressed cells, suggesting that the
activation of AMPK improves cell viability. By contrast, co-treatment
with the Sirt1 inhibitor EX-527 significantly abolished AICAR-
mediated protection, indicating that the upregulation of AMPK/Sirt1

pathwaymay play a central role in protection against oxidative damage
in Aβ and αSyn-induced cytotoxicity.

3.4. Aβ stimulates αSyn aggregation in the αSyn-overexpressed rat
hippocampus

Although transformed neuronal-like cell lines can be used to eluci-
date the toxicological mechanism of αSyn, some doubts still exist
when utilizing cells derived from cancerous origin in our present exper-
iments. Therefore, there is a need for animal models to examine more
closely DLB pathogenesis in order to mimic an in vivo situation. To cre-
ate a rat model exhibiting αSyn overexpression in the brain, we deliv-
ered human αSyn in a rAAV-pCMV-SNCA into brain ventricular space
in mimicking a primarily cerebral type of DLB by stereotaxic surgery
(Aldrin-Kirk et al., 2014). In addition, human Aβ1–42 peptides were
also stereotaxically injected bilaterally into the hippocampus to imitate
the action of Aβ. 4 weeks after stereotaxic injection, rats were sacrificed
and the brains were dissected and collected immediately. To evaluate
the mRNA and protein levels of αSyn, the hippocampus was homoge-
nized and evaluated by qPCR and Western blotting. As shown in
Fig. 4A, qPCR analysis revealed that injection αSyn expressing vector
in rats significantly increasesαSynmRNA levels (2 to 3-fold) in the hip-
pocampus.Western blot assays also revealed similar results, confirming
that hippocampalαSyn is indeed overexpressed by stereotaxic injection
(Fig. 4B). Next, we examined whether exposure of rat hippocampal
tissues to Aβ contributes to αSyn aggregation. As shown in Fig. 4C, im-
aging by fluorescencemicroscopy revealed that no significant aggregat-
ed αSyn is found in αSyn-overexpressed hippocampal areas. However,
exposure ofαSyn-overexpressed hippocampal tissues to Aβ significant-
ly increased the number of αSyn aggregates, indicating that Aβ
promotes αSyn aggregation in vivo. To further evaluate these findings,
we performed Western blotting to detect the expression of some
autophagy-associated proteins in hippocampal tissue lysates. As
shown in Fig. 4D, Aβ exposure significantly suppressed AMPK Thr172

phosphorylation and LC3-II formation in αSyn-overexpressed hippo-
campal tissues. This was accompanied by the upregulation of mTOR
Ser2448 phosphorylation, indicating that Aβ may repress autophagy
through AMPK/mTOR signaling pathway in vivo. In addition, Aβ also
downregulated the mRNA levels of Sirt1 and its related downstream
target SOD1 by using qPCR assays in αSyn-overexpressed hippocampal
tissues (Fig. 4E). Taken together, these datawere in accordwith our pre-
vious in vitro results, suggesting that Aβ promotes αSyn aggregation in
αSyn-overexpressed cells both in vitro and in vivo.

3.5. Peripheral blood leukocyte Sirt1 and SOD1 mRNA levels are reduced in
DLB patients

Sirt1 is thought to play an important role in protection against oxida-
tive damage. A previous study has reported that the Sirt1 and its down-
stream targets are significantly reduced in plasma samples obtained
from AD patients (Furuya et al., 2012). Since most AD patients develop
Aβ deposits, this raises the possibility that Aβ may also down regulate
Sirt1 and its downstream targets SOD1 in DLB patients. However, it re-
mains unclear whether Sirt1 or SOD1 is reduced in DLB patients com-
pared to healthy controls. To evaluate Sirt1 and SOD1 inhibition in
DLB patients, peripheral leukocyte mRNAs were isolated and deter-
mined in ten human subjects (five healthy controls, five clinically diag-
nosed DLB patients). A detailed overview of the patient's characteristics
is summarized in Table 1. In linewith our preliminary expectation, Sirt1
mRNA levels were markedly decreased in DLB patients compared to
healthy controls (Fig. 5). Accordingly, the mRNA levels of SOD1 were
also significantly reduced in DLB patients. These observations are con-
sistent with our previous results that DLB patients exposed to oxidative
stress may be a result of inhibition of Sirt1-related antioxidative path-
way, which plays a role in contributing to DLB pathogenesis.
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4. Discussion

DLB is considered a synucleinopathy along with PD. However, it
sharesmany featureswhich overlap clinicallywith bothAD and PD. Par-
ticularly, DLB is known to demonstrate some AD pathologic features in-
cluding Aβ deposits and neurofibrillary tangles (McKeith, 2006). In fact,
evidence suggests that genes which appear to confer risk of ADwill also
be of relevance to DLB (Paulson and Igo, 2011). For example, Apolipo-
protein E4 allele (ApoE4) is the most common genetic risk factor for
AD, which has also been shown to strongly associate with DLB. Con-
versely, no association is observed between any ApoE alleles and sus-
ceptibility to PD or age at onset in PD, indicating that DLB may be
more similar to AD than PD in terms of this genetic risk factor (Vefring
et al., 2010). As a result, a relationship between Aβ and αSyn-induced
neurotoxicity has been suggested by several studies (Marsh and
Blurton-Jones, 2012). However, the precise link between these two
disease-causing proteins remains unclear. Given the intriguing overlap
of DLB andADpathology, our present study provides a probability of as-
sociation between Aβ and αSyn-induced neurotoxicity. We demon-
strated that Aβ significantly promotes αSyn aggregation and enhances
apoptosis in αSyn-overexpressed cells. In addition, we found that the
Thr172 phosphorylation of AMPK is reduced by exposure of αSyn-
overexpressed cells with Aβ, and this inhibition was likely associated
with αSyn aggregation by inhibiting the autophagy. Interestingly, we
demonstrated that Sirt1, well-known for longevity signaling, wasmark-
edly reduced by Aβ treatment both in vitro and in vivo, indicating that
the ablation of Sirt1 and SOD1 expression by Aβ may exacerbate the
oxidative stress-induced damage in αSyn-overexpressed cells. Consid-
ering that aging is an important and unneglectable factor for the patho-
genesis of DLB, our research reveals a potential mechanism that Aβmay
enhance αSyn-mediated neurotoxicity by speeding up the aging pro-
cess. Together, although the precise molecular events underlying αSyn
aggregation are still unclear, these results support the idea that Aβ in-
deed contributes to αSyn aggregation by reducing AMPK signaling in
αSyn-overexpressed cells both in vitro and in vivo.

Impairments in the protein degradation in the neuronal cells can
lead to an aggregation of toxic proteins, thereby resulting in neuronal
dysfunction and neurodegeneration in diseases such as AD and PD

Table 1
Background characteristics of normal controls and patients with DLB.

Characteristics DLB (n = 5) Control (n = 5)

Age, years 75.0 ± 2.2 75.8 ± 4.8
Sex, female:male 3:2 3:2
MMSE score 19.8 ± 3.1 27.1 ± 2.8

Values shown are means ± SD. DLB, dementia with Lewy bodies. MMSE, Mini-Mental
Status Examination.

Fig. 4. Aβ increases αSyn aggregates and inhibits AMPK signaling in αSyn-overexpressed
rat hippocampus. (A) qPCR analysis reveals that cerebral ventricle injection of rAAV-
pCMV-SNCA induces significant mRNAexpression in rat hippocampus compared to non-
overexpressed control groups. (B) Western blots show that the levels of αSyn protein
are also increased inαSyn-overexpressed rat hippocampus. (C) Immunofluorescence im-
ages show that exposure of αSyn-overexpressed hippocampal tissues to Aβ increases the
number of αSyn aggregates. 4′,6-diamidino-2-phenylindole (DAPI)-stained nuclei can be
seen in the images on the right column. (D) Determination of the protein levels of p-
AMPK/AMPK, p-mTOR/mTOR and LC3-I/II in rat hippocampal tissues by Western blot.
(E) qPCR analysis of Sirt1 and SOD1 mRNA levels in rat hippocampal tissues. Both levels
of Sirt1 and SOD1 mRNA are significantly reduced in αSyn-overexpressed hippocampal
tissues by co-administration of Aβ. All data were obtained from three independent exper-
iments, and values are presented as mean ± SEM. Significant difference is determined by
using the multiple comparisons of Dunnett's post-hoc test for *P b 0.05 and **P b 0.01.
Scale bar represents 100 μm.

Fig. 5.Peripheral blood leukocyte Sirt1 and SOD1mRNA levels are reduced inDLBpatients.
DLB patients show significantly downregulated mRNA expression of Sirt1 and SOD1 in
their peripheral blood leukocytes. The mRNA levels of Sirt1 and SOD1 are measured by
using qPCR, and results are presented as means ± SEM. A detailed overview of the
patient's background is summarized in Table 1. Statistical analysis is performed by using
two-tailed Student's t-test.*P b 0.05 when compared with the healthy control groups.
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(Fecto et al., 2014). The autophagy process is particularly important for
the clearance of toxic protein aggregates in neurons. For example, sup-
pression of autophagy by knocking out autophagy-related genes can
lead to severe neurodegeneration (Komatsu et al., 2006). In addition, a
previous study has also reported that inhibition of autophagy generates
a favorable microenvironment for αSyn aggregation and accumulation
(Poehler et al., 2014). In fact, αSyn has been reported to display neuro-
protective effects responding to neuronal stress (Aoki and Li, 2011). This
indicates that some additional factors or conditions are required for the
process of wild-type αSyn aggregation. In accord with these findings,
our results demonstrated that simple overexpression of wild-type
αSyn in neuronal cells causes little or no obvious neurotoxicity. Notably,
Bachhuber et al. have demonstrated that αSyn inhibits rather than pro-
motes Aβ plaque formation. However, blocking Aβ fibril formation can
increase toxic Aβ species, thereby leading to a greater neurotoxic effect.
In addition, this Aβ–αSyn hybrid may disrupt membrane integrity and
intracellular calcium homeostasis (Bachhuber et al., 2015). Similarly,
Wang et al. also indicated that extracellular co-treatment of Aβ and
αSyn can display synergistic neurotoxic effects (Wang et al., 2015).
However, it is not clear how these factors interact directly or indirectly
in ourmodel. Further studies are needed to exploremechanisms behind
such interactions. In addition, increased Aβ is reported to suppress au-
tophagy via stimulation of mTOR (Godoy et al., 2014), suggesting that
Aβ exposure may exacerbate αSyn-induced neurotoxicity by insuffi-
cient autophagic clearance of aggregated αSyn. Considering the impor-
tant roles of the Aβ-suppressed AMPK/mTOR signaling in αSyn
aggregation and cytotoxicity, our results offer the potential that thera-
pies aimed at enhancing autophagy may represent promising new ap-
proaches for treating DLB.

As previously mentioned, αSyn aggregation is thought to induce
elevated levels of ROS levels, and is accompanied by progressive mito-
chondrial dysfunction (Malkus et al., 2009). Interestingly, an abnormal-
ly high level of oxidative stress has been found to cause protein
misfolding, leading to stimulation of αSyn aggregates and neurodegen-
eration (Chan et al., 2012). BecauseAβ is known as amajor source of ox-
idative free radicals in the brain (Butterfield et al., 2013), our findings
suggest the possibility that Aβ-induced oxidative stress may also pro-
moteαSyn aggregation indirectly. Moreover, our observations also con-
firmed that Sirt1 is significantly reduced when αSyn-overexpressed
cells are exposed to Aβ. This regulation is in part controlled by
FoxO3a, which activates downstream signaling by upregulation of ROS
detoxifying enzymes in response to oxidative stress (Hori et al., 2013).
Since the Sirt1/FoxO3a axis is known as an evolutionarily well con-
served pathway that favors cell survival in the face of oxidative stress
(Salminen et al., 2013), the inhibition of Sirt1 signaling by Aβ can ele-
vate intracellular levels of ROS, which may stimulate αSyn aggregation
and render the cells incapable of autophagic clearance. Since Aβ may
serve as a trigger for oxidative stress and protein misfolding (Pimentel
et al., 2012), we postulate that Aβ indeed contributes to αSyn aggrega-
tion and deteriorates its neurotoxicity in DLB. To our knowledge, this is
the first report demonstrating the AMPK/Sirt1 molecular mechanism of
Aβ in enhancingαSyn aggregation and cytotoxicity. Taken together, our
results provide the idea that Aβmay play a synergistic role in αSyn ag-
gregation and its neurotoxicity. We hope that these new insights into
the roles of Aβ in αSyn pathogenesis will provide a better understand-
ing of treatment or prevention of DLB in future.

Disclosure statement

No actual or potential conflict of interest.

Acknowledgments

This work was supported by grants from Ministry of Science and
Technology (101-2320-B-040-015-MY3, 102-2314-B-040-005 and
104-2314-B-040-007-MY2). The fluorescence microscopy and imaging

analysis were performed in the Instrument Center of Chung Shan
Medical University, which is supported by the Ministry of Science and
Technology, Ministry of Education and Chung Shan Medical University.

References

Aldrin-Kirk, P., Davidsson, M., Holmqvist, S., Li, J.Y., Bjorklund, T., 2014. Novel AAV-based
rat model of forebrain synucleinopathy shows extensive pathologies and progressive
loss of cholinergic interneurons. PLoS One 9, e100869.

Aoki, R., Li, Y.R., 2011. Alpha-synuclein promotes neuroprotection through NF-kappaB-
mediated transcriptional regulation of protein kinase Cdelta. Sci. Signal. 4, jc6.

Bachhuber, T., Katzmarski, N., McCarter, J.F., Loreth, D., Tahirovic, S., Kamp, F., Abou-
Ajram, C., Nuscher, B., Serrano-Pozo, A., Muller, A., Prinz, M., Steiner, H., Hyman,
B.T., Haass, C., Meyer-Luehmann, M., 2015. Inhibition of amyloid-beta plaque forma-
tion by alpha-synuclein. Nat. Med. 21, 802–807.

Butterfield, D.A., Swomley, A.M., Sultana, R., 2013. Amyloid beta-peptide (1–42)-induced
oxidative stress in Alzheimer disease: importance in disease pathogenesis and pro-
gression. Antioxid. Redox Signal. 19, 823–835.

Chan, T., Chow, A.M., Cheng, X.R., Tang, D.W., Brown, I.R., Kerman, K., 2012. Oxidative
stress effect of dopamine on alpha-synuclein: electroanalysis of solvent interactions.
ACS Chem. Neurosci. 3, 569–574.

Dahlgren, K.N., Manelli, A.M., Stine Jr., W.B., Baker, L.K., Krafft, G.A., LaDu, M.J., 2002. Olig-
omeric and fibrillar species of amyloid-beta peptides differentially affect neuronal vi-
ability. J. Biol. Chem. 277, 32046–32053.

Dulovic, M., Jovanovic, M., Xilouri, M., Stefanis, L., Harhaji-Trajkovic, L., Kravic-Stevovic, T.,
Paunovic, V., Ardah, M.T., El-Agnaf, O.M., Kostic, V., Markovic, I., Trajkovic, V., 2014.
The protective role of AMP-activated protein kinase in alpha-synuclein neurotoxicity
in vitro. Neurobiol. Dis. 63, 1–11.

Emmer, K.L., Covy, J.P., Giasson, B.I., 2012. Studies of protein aggregation in A53T alpha-
synuclein transgenic, Tg2576 transgenic, and P246L presenilin-1 knock-in cross
bred mice. Neurosci. Lett. 507, 137–142.

Fecto, F., Esengul, Y.T., Siddique, T., 2014. Protein recycling pathways in neurodegenera-
tive diseases. Alzheimers Res. Ther. 6, 13.

Fujishiro, H., Iseki, E., Nakamura, S., Kasanuki, K., Chiba, Y., Ota, K., Murayama, N., Sato, K.,
2013. Dementia with Lewy bodies: early diagnostic challenges. Psychogeriatrics 13,
128–138.

Furuya, T.K., da Silva, P.N., Payao, S.L., Rasmussen, L.T., de Labio, R.W., Bertolucci, P.H.,
Braga, I.L., Chen, E.S., Turecki, G., Mechawar, N., Mill, J., de Arruda Cardoso Smith,
M., 2012. SORL1 and SIRT1 mRNA expression and promoter methylation levels in
aging and Alzheimer's disease. Neurochem. Int. 61, 973–975.

Godoy, J.A., Rios, J.A., Zolezzi, J.M., Braidy, N., Inestrosa, N.C., 2014. Signaling pathway cross
talk in Alzheimer's disease. Cell Commun. Signal. 12, 23.

Hasegawa, K., Wakino, S., Yoshioka, K., Tatematsu, S., Hara, Y., Minakuchi, H., Washida, N.,
Tokuyama, H., Hayashi, K., Itoh, H., 2008. Sirt1 protects against oxidative stress-
induced renal tubular cell apoptosis by the bidirectional regulation of catalase ex-
pression. Biochem. Biophys. Res. Commun. 372, 51–56.

Hishikawa, N., Hashizume, Y., Yoshida, M., Sobue, G., 2003. Clinical and neuropathological
correlates of Lewy body disease. Acta Neuropathol. 105, 341–350.

Hong, D.P., Xiong, W., Chang, J.Y., Jiang, C., 2011. The role of the C-terminus of human
alpha-synuclein: intra-disulfide bonds between the C-terminus and other regions
stabilize non-fibrillar monomeric isomers. FEBS Lett. 585, 561–566.

Hori, Y.S., Kuno, A., Hosoda, R., Horio, Y., 2013. Regulation of FOXOs and p53 by SIRT1
modulators under oxidative stress. PLoS One 8, e73875.

Hsieh, M.H., Gu, S.L., Ho, S.C., Pawlak, C.R., Lin, C.L., Ho, Y.J., Lai, T.J., Wu, F.Y., 2012. Effects
of MK-801 on recognition and neurodegeneration in an MPTP-induced Parkinson's
rat model. Behav. Brain Res. 229, 41–47.

Ihara, M., Yamasaki, N., Hagiwara, A., Tanigaki, A., Kitano, A., Hikawa, R., Tomimoto, H.,
Noda, M., Takanashi, M., Mori, H., Hattori, N., Miyakawa, T., Kinoshita, M., 2007.
Sept4, a component of presynaptic scaffold and Lewy bodies, is required for the sup-
pression of alpha-synuclein neurotoxicity. Neuron 53, 519–533.

Kawamoto, Y., Ito, H., Ayaki, T., Takahashi, R., 2014. Immunohistochemical localization of
apoptosome-related proteins in Lewy bodies in Parkinson's disease and dementia
with Lewy bodies. Brain Res. 1571, 39–48.

Kim, W.S., Kagedal, K., Halliday, G.M., 2014. Alpha-synuclein biology in Lewy body dis-
eases. Alzheimers Res. Ther. 6, 73.

Ko, L.W., Ko, H.H., Lin, W.L., Kulathingal, J.G., Yen, S.H., 2008. Aggregates assembled from
overexpression of wild-type alpha-synuclein are not toxic to human neuronal cells.
J. Neuropathol. Exp. Neurol. 67, 1084–1096.

Komatsu, M., Waguri, S., Chiba, T., Murata, S., Iwata, J., Tanida, I., Ueno, T., Koike, M.,
Uchiyama, Y., Kominami, E., Tanaka, K., 2006. Loss of autophagy in the central ner-
vous system causes neurodegeneration in mice. Nature 441, 880–884.

Kotzbauer, P.T., Trojanowsk, J.Q., Lee, V.M., 2001. Lewy body pathology in Alzheimer's dis-
ease. J. Mol. Neurosci. MN 17, 225–232.

Maetzler, W., Liepelt, I., Reimold, M., Reischl, G., Solbach, C., Becker, C., Schulte, C., Leyhe,
T., Keller, S., Melms, A., Gasser, T., Berg, D., 2009. Cortical PIB binding in Lewy body
disease is associated with Alzheimer-like characteristics. Neurobiol. Dis. 34, 107–112.

Malkus, K.A., Tsika, E., Ischiropoulos, H., 2009. Oxidative modifications, mitochondrial
dysfunction, and impaired protein degradation in Parkinson's disease: how neurons
are lost in the Bermuda triangle. Mol. Neurodegener. 4, 24.

Marsh, S.E., Blurton-Jones, M., 2012. Examining the mechanisms that link beta-amyloid
and alpha-synuclein pathologies. Alzheimers Res. Ther. 4, 11.

Mayo, M.C., Bordelon, Y., 2014. Dementia with Lewy bodies. Semin. Neurol. 34, 182–188.
McKeith, I.G., 2006. Consensus guidelines for the clinical and pathologic diagnosis of de-

mentia with Lewy bodies (DLB): report of the Consortium on DLB International
Workshop. J. Alzheimers Dis. JAD 9, 417–423.

97C.-L. Lin et al. / Experimental Neurology 275 (2016) 84–98

http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0005
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0005
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0005
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0010
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0010
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0015
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0015
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0020
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0020
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0020
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0025
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0025
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0025
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0030
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0030
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0030
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0035
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0035
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0040
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0040
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0040
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0045
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0045
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0050
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0050
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0055
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0055
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0060
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0060
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0065
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0065
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0065
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0070
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0070
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0075
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0075
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0075
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0080
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0080
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0085
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0085
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0085
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0090
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0090
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0095
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0095
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0095
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0100
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0100
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0105
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0105
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0105
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0110
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0110
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0115
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0115
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0120
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0120
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0125
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0125
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0125
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0130
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0130
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0135
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0140
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0140
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0140


Meeus, B., Verstraeten, A., Crosiers, D., Engelborghs, S., Van den Broeck, M., Mattheijssens,
M., Peeters, K., Corsmit, E., Elinck, E., Pickut, B., Vandenberghe, R., Cras, P., De Deyn,
P.P., Van Broeckhoven, C., Theuns, J., 2012. DLB and PDD: a role for mutations in de-
mentia and Parkinson disease genes? Neurobiol. Aging 33, 629.e5–629.e18.

Mullin, S., Schapira, A., 2013. Alpha-synuclein and mitochondrial dysfunction in
Parkinson's disease. Mol. Neurobiol. 47, 587–597.

Navarro, A., Boveris, A., Bandez, M.J., Sanchez-Pino, M.J., Gomez, C., Muntane, G., Ferrer, I.,
2009. Human brain cortex: mitochondrial oxidative damage and adaptive response
in Parkinson disease and in dementia with Lewy bodies. Free Radic. Biol. Med. 46,
1574–1580.

Nilsson, P., Saido, T.C., 2014. Dual roles for autophagy: degradation and secretion of
Alzheimer's disease Abeta peptide. BioEssays 36, 570–578.

Ono, K., Yamada, M., 2006. Antioxidant compounds have potent anti-fibrillogenic and
fibril-destabilizing effects for alpha-synuclein fibrils in vitro. J. Neurochem. 97,
105–115.

Ozansoy, M., Basak, A.N., 2013. The central theme of Parkinson's disease: alpha-synuclein.
Mol. Neurobiol. 47, 460–465.

Park, H., Kam, T.I., Kim, Y., Choi, H., Gwon, Y., Kim, C., Koh, J.Y., Jung, Y.K., 2012.
Neuropathogenic role of adenylate kinase-1 in Abeta-mediated tau phosphorylation
via AMPK and GSK3beta. Hum. Mol. Genet. 21, 2725–2737.

Paulson, H.L., Igo, I., 2011. Genetics of dementia. Semin. Neurol. 31, 449–460.
Perez-Revuelta, B.I., Hettich, M.M., Ciociaro, A., Rotermund, C., Kahle, P.J., Krauss, S., Di

Monte, D.A., 2014. Metformin lowers Ser-129 phosphorylated alpha-synuclein levels
via mTOR-dependent protein phosphatase 2A activation. Cell Death Dis. 5, e1209.

Pimentel, C., Batista-Nascimento, L., Rodrigues-Pousada, C., Menezes, R.A., 2012. Oxidative
stress in Alzheimer's and Parkinson's diseases: insights from the yeast Saccharomyces
cerevisiae. Oxidative Med. Cell. Longev. 2012, 132146.

Pletnikova, O., West, N., Lee, M.K., Rudow, G.L., Skolasky, R.L., Dawson, T.M., Marsh, L.,
Troncoso, J.C., 2005. Abeta deposition is associated with enhanced cortical alpha-
synuclein lesions in Lewy body diseases. Neurobiol. Aging 26, 1183–1192.

Poehler, A.M., Xiang, W., Spitzer, P., May, V.E., Meixner, H., Rockenstein, E., Chutna, O.,
Outeiro, T.F., Winkler, J., Masliah, E., Klucken, J., 2014. Autophagy modulates SNCA/

alpha-synuclein release, thereby generating a hostile microenvironment. Autophagy
10, 2171–2192.

Pukass, K., Richter-Landsberg, C., 2014. Oxidative stress promotes uptake, accumulation,
and oligomerization of extracellular alpha-synuclein in oligodendrocytes. J. Mol.
Neurosci. MN 52, 339–352.

Salminen, A., Kaarniranta, K., 2012. AMP-activated protein kinase (AMPK) controls the
aging process via an integrated signaling network. Ageing Res. Rev. 11, 230–241.

Salminen, A., Kaarniranta, K., Kauppinen, A., 2013. Crosstalk between oxidative stress and
SIRT1: impact on the aging process. Int. J. Mol. Sci. 14, 3834–3859.

Scarlata, S., Golebiewska, U., 2014. Linking alpha-synuclein properties with oxidation: a
hypothesis on a mechanism underlying cellular aggregation. J. Bioenerg. Biomembr.
46, 93–98.

Schulz-Schaeffer, W.J., 2010. The synaptic pathology of alpha-synuclein aggregation in de-
mentia with Lewy bodies, Parkinson's disease and Parkinson's disease dementia. Acta
Neuropathol. 120, 131–143.

Silva, D.F., Esteves, A.R., Arduino, D.M., Oliveira, C.R., Cardoso, S.M., 2011. Amyloid-beta-
induced mitochondrial dysfunction impairs the autophagic lysosomal pathway in a
tubulin dependent pathway. J. Alzheimers Dis. JAD 26, 565–581.

Tanaka, K., Matsuda, N., 2014. Proteostasis and neurodegeneration: the roles of
proteasomal degradation and autophagy. Biochim. Biophys. Acta 1843, 197–204.

Ueda, K., Fukushima, H., Masliah, E., Xia, Y., Iwai, A., Yoshimoto, M., Otero, D.A., Kondo, J.,
Ihara, Y., Saitoh, T., 1993. Molecular cloning of cDNA encoding an unrecognized
component of amyloid in Alzheimer disease. Proc. Natl. Acad. Sci. U. S. A. 90,
11282–11286.

Vefring, H., Haugarvoll, K., Tysnes, O.B., Larsen, J.P., Kurz, M.W., 2010. The role of APOE al-
leles in incident Parkinson's disease. The Norwegian ParkWest Study. Acta Neurol.
Scand. 122, 438–441.

Wang, Y., Yu, Z., Ren, H., Wang, J., Wu, J., Chen, Y., Ding, Z., 2015. The synergistic effect be-
tween beta-amyloid(1–42) and alpha-synuclein on the synapses dysfunction in hip-
pocampal neurons. J. Chem. Neuroanat. 63, 1–5.

98 C.-L. Lin et al. / Experimental Neurology 275 (2016) 84–98

http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0145
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0145
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0150
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0150
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0155
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0155
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0155
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0160
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0160
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0165
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0165
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0165
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0170
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0170
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0175
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0175
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0180
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0185
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0185
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0190
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0190
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0190
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0195
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0195
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0200
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0200
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0200
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0205
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0205
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0205
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0210
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0210
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0215
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0215
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0220
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0220
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0220
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0225
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0225
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0225
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0230
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0230
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0230
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0235
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0235
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0240
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0240
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0240
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0245
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0245
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0245
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0250
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0250
http://refhub.elsevier.com/S0014-4886(15)30110-2/rf0250


From: CNS Neuroscience & Therapeutics 
<onbehalfof+CNSNT+wiley.com@manuscriptcentral.com>
Date: 2017-10-11 16:34 GMT+08:00
Subject: CNS Neuroscience & Therapeutics - Decision on Manuscript ID 
CNSNT-2017-162.R2
To: tejenlai@hotmail.com
Cc: fmaj7@seed.net.tw, vivid529@hotmail.com, a881612001@gmail.com, 
yjho@csmu.edu.tw, katrina82589687@gmail.com, paiyibox@gmail.com, 
bathroom79wf@gmail.com, dll@csmu.edu.tw, tejenlai@hotmail.com

11-Oct-2017

Dear Professor Lai,

I am happy to report that the Editor-in-Chief has decided to accept your 
manuscript entitled "Aβ exacerbates α-synuclein-induced neurotoxicity through 
impaired insulin signaling in α-synuclein-overexpressed human SK-N-MC 
neuronal cells" in its current form for publication in the CNS Neuroscience & 
Therapeutics.

COPYRIGHT ASSIGNMENT
Your article cannot be published until the publisher has received the appropriate 
signed license agreement. Within the next few days the corresponding author will 
receive an email from Wiley’s Author Services system which will ask them to log 
in and will present them with the appropriate license for completion. This will 
occur after the manuscript has been sent to production.

FLAT PAGE CHARGE PUBLICATION FEE
As stated in the author submission process, Original Articles, Meta-analyses will 
incur a flat page charge fee of USD1,000 upon acceptance.  The above fee will 
be waived if authors choose to publish their papers as Online Open (Open 
Access). Payment must be made before the paper is published. Authors will be 
sent an invoice for payment.

ONLINE OPEN
OnlineOpen is a pay-to-publish service from Wiley-Blackwell that offers authors 
whose papers are accepted for publication the opportunity to pay up-front for 
their manuscript to become open access (i.e. free for all to view and download) 
via the Wiley Interscience website. Each OnlineOpen article will be subject to a 
one-off fee of $3,000 to be met by or on behalf of the Author in advance of 
publication. Upon online publication, the article (both full-text and PDF versions) 
will be available to all for viewing and download free of charge.

If you wish your paper to be OnlineOpen please complete the OnlineOpen 

mailto:onbehalfof%2BCNSNT%2Bwiley.com@manuscriptcentral.com
mailto:tejenlai@hotmail.com
mailto:fmaj7@seed.net.tw
mailto:vivid529@hotmail.com
mailto:a881612001@gmail.com
mailto:yjho@csmu.edu.tw
mailto:katrina82589687@gmail.com
mailto:paiyibox@gmail.com
mailto:bathroom79wf@gmail.com
mailto:dll@csmu.edu.tw
mailto:tejenlai@hotmail.com


payment form in addition to the copyright form. The form should be completed 
online via our secure payment site: https://authorservices.wiley.com/bauthor/
onlineopen_order.asp.

PDF OFFPRINT
You will soon be contacted by the Wiley-Blackwell production team who will 
confirm receipt of your paper and invite you to register with the Author Services 
system. This service is highly recommended and, once registered, you will be 
able to track your article through the production process and will be provided with 
a free PDF offprint of your paper after publication. It also gives you the option of 
nominating up to ten colleagues to be contacted and given free access to your 
published paper. This is a great way to promote your work to those working in a 
similar area and who may be in a position to cite your paper.

PUBLICATION ALERTS
Finally, you and your co-authors (please forward this to them) can find out 
immediately when your paper is published in an CNSNT issue. You can do this 
by signing-up to receive CNSNT tables of contents by email. Please do this by 
completing the form here: http://onlinelibrary.wiley.com. There is no charge but 
you may have to register if you do not already have an account.

Thank you once again for your submission, and we look forward to your 
continued contributions to the Journal.

Best wishes,

Dr Agneta Nordberg
Associate Editor

on behalf of

Professor Ding-Feng Su
Editor-in-Chief
CNS Neuroscience & Therapeutics

***********************

Maximise the impact of your published research – FREE Promotional Toolkit

The marketing team at Wiley will do everything they can to make sure your 
research is discovered, but there are ways you can help too. Read and download 
a useful summary of promotional tools to learn about tried and tested techniques 
to make sure your research is read, cited and shared.

A more detailed promotional toolkit is also available to Wiley authors as part of 
Wiley’s Author Services website dedicated to supporting authors through their 

https://authorservices.wiley.com/bauthor/onlineopen_order.asp
https://authorservices.wiley.com/bauthor/onlineopen_order.asp
http://onlinelibrary.wiley.com/


publishing journey.

*Summary of promotional tools: https://authorservices.wiley.com/asset/photos/
promote.html/Promotionaltoolkitflyer.pdf
*Detailed promotional toolkit: https://authorservices.wiley.com/author-resources/
Journal-Authors/Promotion/index.html
*Wiley’s Author Services: https://authorservices.wiley.com/home.html

https://authorservices.wiley.com/asset/photos/promote.html/Promotionaltoolkitflyer.pdf
https://authorservices.wiley.com/asset/photos/promote.html/Promotionaltoolkitflyer.pdf
https://authorservices.wiley.com/author-resources/Journal-Authors/Promotion/index.html
https://authorservices.wiley.com/author-resources/Journal-Authors/Promotion/index.html
https://authorservices.wiley.com/home.html


For Review Only

 

 
 

 

 
 

Aβ exacerbates α-synuclein-induced neurotoxicity through 
impaired insulin signaling in α-synuclein-overexpressed 

human SK-N-MC neuronal cells 
 
 

Journal: CNS Neuroscience & Therapeutics 

Manuscript ID CNSNT-2017-162.R2 

Manuscript Type: Original Article 

Date Submitted by the Author: n/a 

Complete List of Authors: Chang, Ching-Chi; Chung Shan Medical University, Institute of Medicine 
Li, Hsin-Hwa; Chung Shan Medical University, Institute of Medicine 
Chang, Yen-Ting; Chung Shan Medical University, Institute of Medicine 
Ho, Ying-Jui; Chung Shan Medical University, School of Psychology 
Hsieh, Jia-Ling; Chung Shan Medical University, Institute of Medicine 
Chiu, Pai-Yi; Show Chwan Memorial Hospital, Department of Neurology 
Cheng, Yu-Shih; Chung Shan Medical University, Institute of Medicine 
Lin, Chih-Li; Chung Shan Medical University, Institute of Medicine 
Lai, Te-Jen; Chung Shan Medical University, Institute of Medicine; Chung 
Shan Medical University Hospital, Department of Psychiatry 

Keywords: AMP-activated protein kinase, amyloid β, dementia with Lewy bodies, 
insulin resistance, α-synuclein 

Scope of Manuscript: Alzheimer’s disease, Apoptosis, Neuropathology, Oxidative stress, 
Parkinson’s disease 

  
 

 

CNS Neuroscience & Therapeutics



For Review Only

 1

Aβ exacerbates α-synuclein-induced neurotoxicity through impaired insulin 

signaling in α-synuclein-overexpressed human SK-N-MC neuronal cells 

 

Ching-Chi Chang1,2, Hsin-Hua Li1, Yen-Ting Chang1, Ying-Jui Ho3, Ling-Jia Hsieh1, 

Pai-Yi Chiu4, Yu-Shih Cheng1, Chih-Li Lin1,5 and Te-Jen Lai1,2 

 
1Institute of Medicine, Chung Shan Medical University, Taichung, Taiwan, ROC. 
2Department of Psychiatry, Chung Shan Medical University Hospital, Taichung, 

Taiwan, ROC. 
3Department of Psychology, Chung Shan Medical University, Taichung, Taiwan, 

ROC. 

4Department of Neurology, Show Chwan Memorial Hospital, Changhua, Taiwan, 

ROC. 
5Department of Medical Research, Chung Shan Medical University Hospital, 

Taichung, Taiwan, ROC. 

 

Short title: Aβ exacerbates α-synuclein neurotoxicity 

 

The first two authors contributed equally to this work 

Corresponding authors 
Chih-Li Lin, Ph. D. / Associate Professor 
Institute of Medicine, Chung Shan Medical University. 
No. 110, Sec. 1, Jianguo N. Rd., Taichung City 40201, Taiwan 
Phone: +886-4-2473-0022, ext. 11696 
E-Mail: dll@csmu.edu.tw 
 
Te-Jen Lai, M. D./ Ph. D. / Professor 
Institute of Medicine, Chung Shan Medical University. 
No. 110, Sec. 1, Jianguo N. Rd., Taichung City 40201, Taiwan 
Phone: +886-4-2473-9595, ext. 38836 
E-Mail: ltj3123@ms2.hinet.net 
  

Page 1 of 24 CNS Neuroscience & Therapeutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

 2

Summary 
Aim 

α-Synuclein (αSyn) is known as a small soluble protein abundantly expressed in 

neuronal cells. Although its physiological role is still unclear, the aggregation of αSyn 

has been recognized as responsible for some neurodegenerative disorders such as 

dementia with Lewy bodies (DLB). In most cases, intracellular abnormal aggregates 

are caused by protein-coding mutations that alter primary structure and therefore 

increase propensity toward aggregation. However, no pathogenic alterations or 

polymorphisms in αSyn are found in DLB patients so far, suggesting genetic 

mutations may not play a major role in DLB pathogenesis. In contrast, emerging 

evidence reveals that amyloid β (Aβ) may contribute to aggregate formation and 

exacerbate neurotoxicity of αSyn. However, the underlying mechanism of action has 

remained unclear.  

Methods 

To investigate molecular pathways involved in Aβ-mediated αSyn pathology, we 

established an in vitro model for inducible αSyn overexpression in SK-N-MC human 

neuronal cells.  

Results 

Our results demonstrated that Aβ treatment in αSyn-overexpressed neuronal cells 

significantly increases αSyn intracellular aggregation and cytotoxicity. Moreover, Aβ 

also caused AMP-activated protein kinase (AMPK) inhibition and impaired insulin 

sensitivity, which leads to significant downregulation of nuclear factor erythroid 

2-related factor 2 (NRF2)/heme oxygenase 1 (HO-1) antioxidant signaling to elicit 

αSyn aggregation.  

Conclusions 

This raised the possibility that insulin resistance could be one of the causative factors 

of αSyn toxicity, and the strategies for insulin sensitization may have therapeutic 

potential for synucleinopathies including DLB. 

 

Keywords: AMP-activated protein kinase; amyloid β; dementia with Lewy bodies; 

insulin resistance; α-synuclein. 
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Introduction 
Dementia with Lewy bodies (DLB) is a form of progressive dementia caused by 

degeneration of the neurons in the brain. Among adults aged 65 and over, it is widely 

considered as the common cause of dementia after Alzheimer's disease (AD) and 

vascular dementia [1]. Clinically, the central features of DLB are composed by 

progressive decline in both motor and cognitive function, that share symptoms 

sometimes overlaps with AD or Parkinson's diseases (PD) [2]. At the molecular level, 

evidence has confirmed that α-synuclein (αSyn), a small (14.4 kDa) protein 

abundantly expressed in neuronal cells, plays a critical role in the pathogenesis of 

synucleinopathies such as DLB and PD [3]. Although the exact function of αSyn is 

not fully known, it is apparently essential for regulation of some neuronal function 

like synaptic plasticity and development [4]. However, αSyn can also be triggered to 

generate some cytoplasmic aggregates named as Lewy bodies that are strongly 

associated with DLB and PD pathology. Actually, aggregated αSyn inclusions are 

found where neuron death occurs, indicating the aggregation is the main pathogenic 

cause of αSyn toxicity [5]. Moreover, αSyn aggregates have been demonstrated to 

alter mitochondrial function and concomitant reactive oxygen species (ROS) 

intracellular accumulation [6], suggesting oxidative damage may also have an 

important pathogenic role in DLB [7]. In most cases of neurodegenerative disorders, 

abnormal aggregates are generally favored by protein-coding mutations that causes 

conformational changes and results in formation of the misfolded proteins. Although 

mutations in αSyn can account for a only small fraction of PD cases, no pathogenic 

alterations or polymorphisms in the SNCA gene (encoding αSyn) are found in DLB 

[8]. In addition, overexpression of wild-type αSyn has been demonstrated non-toxic to 

human neuronal cells, demonstrating that protein mutations do not play a major role 

in DLB [9]. 

 Past studies indicate that an overlap of pathologies is found in most individuals 

with DLB in more than half of AD cases [10]. Similarly, the AD risk fact 

apolipoprotein E (ApoE) ε4 allele has also been recognized as the strongest genetic 

risk factor for DLB [11]. These findings further delineate the pathophysiologic 

connection between AD and DLB. Furthermore, although the accumulation of 

amyloid β (Aβ) peptides in the brain is well known to play a driving mechanism of 

AD pathogenesis, Aβ plaques are also frequently present in DLB and linked to disease 

severity [12]. In particular, Aβ (particularly Aβ1-42) was shown to effectively promote 

wild-type αSyn oligomerization in vitro [13], and some studies reported Aβ may also 
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enhance αSyn aggregation and accelerate cognitive decline in animals [14]. These 

observations indicate that Aβ may pathologically contribute to the development of 

DLB by promoting the aggregation of wild-type αSyn. While there is a growing 

interest in the effects of Aβ in DLB pathogenesis, the exact role of Aβ in the DLB 

pathogenesis and αSyn aggregation are still not fully understood. 

Recently, we have reported that exogenous Aβ can potentially trigger the 

aggregation and accumulation of wild-type αSyn inside the neuronal cells [15]. By 

using a transient αSyn-overexpressed model, we demonstrated that Aβ inhibits 

autophagy thus causing intracellular accumulation of aggregated αSyn. Nevertheless, 

Aβ and αSyn synergistically repressed AMP-activated protein kinase (AMPK) 

signaling, that ultimately results in oxidative stress-mediated cell death. These results 

clearly indicated that Aβ indeed plays an important role in αSyn aggregation and 

neurotoxicity. However, the SNCA gene sequence is not introduced into most cell 

population during transient expression. Therefore, the effect of target gene 

overexpression is temporary and unstable, and the impact of transfection-mediated 

toxicity may also interfere with the data interpretations. To overcome this problem, 

the present study was undertaken to establish a stable in vitro model for inducible 

overexpression of αSyn in SK-N-MC human neuronal cells. Our results demonstrated 

that co-treatment of Aβ in αSyn-overexpressed cells significantly increases αSyn 

intracellular aggregation and cytotoxicity. This αSyn toxic effect is partly mediated by 

inactivation of AMPK, which impairs neuronal insulin signaling and leads to 

downregulation of nuclear factor erythroid 2-related factor 2 (NRF2)/heme oxygenase 

1 (HO-1) antioxidant pathway. This suggests a simultaneous increase in αSyn and Aβ 

may have a synergistic effect for αSyn aggregation and neurotoxicity, which 

suppresses endogenous antioxidant pathway and causes an increase in oxidative stress 

due to the impairment of insulin signaling. 

 

Materials and methods 
Materials 
Chemicals such as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT), 4′,6-diamidino-2-phenylindole (DAPI), human recombinant insulin, and JC-1 

were purchased from Sigma (München, Germany). Antibodies against αSyn, AMPK, 

p-AMPK, mTOR, p-mTOR, cleaved caspase 3, and poly(ADP-ribose) polymerase 

(PARP) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and 

antibodies against SOD1, FoxO3a and Sirt1 were purchased from GeneTex (Irvine, 
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CA, USA). Antibodies against Atg7 and Atg12-Atg5 were purchased from Cell 

Signaling Technology (Danvers, MA, USA). The β-actin and LC3 antibody was 

obtained from Novus Biologicals. (Littleton, CO, USA). We purchased α-synuclein 

(SNCA, GeneID: 6622) coding sequence from transOMIC (Huntsville, AL, USA). 

Amyloid β (Aβ) 1-42 was synthesized by LifeTein (Somerset, NJ, USA), and Aβ 

solution was prepared as described previously [16]. Primary antibodies were used at a 

dilution of 1:1000 in 0.1% Tween 20 and secondary antibodies were used at 1:5000 

dilutions. All the chemicals were prepared by dissolving phosphate buffer saline 

solutions stored at -20°C until needed for use in experiments. 

 

Vector construction and transfection 
For αSyn overexpression studies, we used a GeneSwitch System (Invitrogen, 

Carlsbad, CA, USA) to generate SK-N-MC cells inducible expressing human 

wild-type αSyn by manufacturer's protocols. Briefly, cells were seeded onto 100 mm 

diameter dishes (1 × 106 cells/dish) in Minimal Eagle's medium (MEM, Gibco) 

containing 10% FBS 24 h prior to transfection. Human αSyn coding sequence was 

amplified and cloned into an inducible expression plasmid pGene. For establishment 

of inducible expression condition, cells were firstly transfected with the regulatory 

plasmid pSwitch by using Lipofectamine 2000 (Life Technologies), which 

continuously expresses a mifepristone (MFP)-responsive GAL4 regulatory fusion 

protein (GAL4-DBD/hPR-LBD/p65-AD). The transfected cells were selected in 

hygromycin for four weeks in getting stable clones. For αSyn overexpression, these 

cells were then transfected with a regulatory plasmid pSwitch, and selected in zoecin 

for additional four weeks in getting another stable clone. Finally, a 

GeneSwitch-driven SK-N-MC cell line with doubly-stable gene expression, 

pGene-αSyn/pSwitch, was established. To stimulate αSyn overexpression, 

GeneSwitch-driven cells were treated with MFP for 48 h, and then co-treated with 

indicated conditions as described for each experimental design. 

 

Cell culture and viability assay 
Human neuroblastoma SK-N-MC cells were obtained from the American Type 

Culture Collection (Bethesda, MD, USA). Cells were maintained in minimal Eagle's 

medium (MEM, Gibco) supplemented with 10% fetal bovine serum, 100 units/mL 

penicillin, 100 µg/mL streptomycin, and 2 mM L-glutamine at 37 °C and 5% CO2. 

For the cell viability tests, cells were seeded in a 24-well plate overnight and then 
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treated with the indicated conditions. After 24 h, MTT was added to the medium 

following the manufacturer's instructions. Only viable cells can metabolize MTT into 

a purple formazan product, the color density of which was quantified by a Jasco 

V-700 spectrophotometer (JASCO, Tokyo, Japan) at 550 nm. The average population 

number of control cells was set to 100% to enable comparison of the survival rates of 

other tested cells. 

 

Western blot analysis 
Cells were harvested and homogenized with protein extraction lysis buffer. This 

buffer contained 50 mM Tris-HCl at pH 8.0, 5 mM ethylenediaminetetraacetic acid, 

150 mM sodium chloride, 0.5% Nonidet P-40, 0.5 mM dithiothreitol, 1 mM 

phenylmethylsulfonyl fluoride, 0.15 units/ml aprotinin, 5 µg/ml Leupeptin, 1 µg/ml 

pepstatin, and 1 mM sodium fluoride. The solution was centrifuged at 12,000 g for 30 

min at 4 °C to remove debris, and the supernatant cell lysate was used for 

immunoblotting analysis. Equal amounts (50 µg) of total proteins from the cell lysate 

were resolved by SDS-PAGE, transferred onto polyvinylidene difluoride membranes 

(Millipore, Bedford, MA, USA), and then probed with a primary antibody followed 

by another secondary antibody conjugated with horseradish peroxidase. Primary 

antibodies were used at a dilution of 1:1000 in 0.1% Tween-20, and secondary 

antibodies were used at 1:5000 dilutions. The immunocomplexes were visualized 

using enhanced chemiluminescence kits (Millipore). The relative expression levels of 

proteins were quantified densitometrically using QuantityOne software (BioRad, 

Hercules, CA, USA), further normalized according to the housekeeping β-actin 

protein, and then compared with the normalized protein levels from control cells. The 

control protein level was then set to 100% for further comparison. 

 

Flow cytometric analysis 
At the end of the experiments, cells were harvested by trypsinization. After 

centrifugation and washed twice, resuspended the cell pellet in PBS and fixed in 70% 

chilled ethanol. Cells were stained with propidium iodine (PI), and subsequently 

analyzed for DNA content by using a NovoCyte flow cytometer (NovoCyte 2000, 

ACEA Biosciences, San Diego, CA, USA), and data analysis was performed by 

NovoExpress Software. The number of apoptotic cells was quantified by measuring 

the sub-G1 population 
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Immunocytochemistry and acridine orange staining 
After treatment, cells were fixed with 2% buffered paraformaldehyde, permeabilized 

in 0.25% Triton X-100 (Sigma-Aldrich) for 5 min at 4 °C, and then incubated with 

anti-αSyn primary antibody. The slides were then incubated with an FITC labeled 

second antibody (Santa Cruz) depending on the origin of the primary antibody. For 

acridine orange staining, cells were stained with 1 µg/mL acridine orange for 15 min, 

washed with MEM medium. Then images were taken using the fluorescence 

microscope (DP80/BX53, Olympus) and cellSense, V 1.9 digital imaging software. 

 

Microscopic observation and nucleus morphology 
Changes in cell nucleus morphology, characteristic of apoptosis, were examined in 

cells grown on coverslips, using a microscope. The cells were fixed in 4% 

paraformaldehyde after 24 h of treatment with the indicated compounds. For 

phase-contrast inverted microscopy, images of cells were captured with no specific 

staining procedure. For nucleus morphology microscopy, cells were fixed in ice-cold 

methanol, and incubated for 15 min at room temperature with 1 ng/mL of 

4′,6-diamidino-2-phenylindole (DAPI) stain, and observed under a fluorescence 

microscope (DP80/BX53, Olympus). Apoptosis was quantified by averaging cell 

counts in five random 400 x fields. Values were expressed as the percentage of 

apoptotic cells relative to total number of cells. 

 

Analysis of mitochondrial membrane potential 
The vital mitochondrial cationic dye JC-1 was used as a tool for investigating 

mitochondrial function which exhibits potential-dependent accumulation in 

mitochondria. At normal cells, JC-1 continues to exist as a monomer and produces a 

red fluorescence. During the induction of Aβ cytotoxicity, the mitochondrial 

transmembrane potential collapse and JC-1 forms aggregates which produces a red 

fluorescence. After treatment for indicated conditions, cells were treated in fresh 

media containing 1 µM JC-1 and incubated at 37°C for 30 minutes in an incubator. 

After that staining medium was discarded, washed, and then the cell imaging was 

performed by using an inverted fluorescence microscope (DP72/CKX41, Olympus). 

 

Statistical analysis 
All data are presented as means ± standard error of the means (SEM). Statistical 

analysis of data was performed using analysis of variance (ANOVA), followed by 
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Dunnett’s post-hoc test for multiple comparisons with SPSS statistical software (SPSS, 

Inc., Chicago, IL, USA). Differences were considered statistically significant at *p < 

0.05 and **p < 0.01. 

 

Results 
Establishing an inducible in vitro model for αSyn overexpression in SK-N-MC 

neuronal cells 
To generate a reliable conditional gene expression in vitro model, we first used 

the GeneSwitch System to establish an inducible expression system for αSyn 

overexpression in SK-N-MC neuronal cells [17]. As shown in Fig. 1A, the 

GeneSwitch system is based on the binding of a mifepristone (MFP)-responsive 

GAL4 regulatory fusion protein to GAL4 upstream activating sequences (UAS) in the 

promoter controlling expression of SCNA gene. By co-transfection of two vectors, a 

regulatory plasmid pSwitch and an inducible expression plasmid pGene-αSyn, cells 

can be stimulated with MFP to induce αSyn overexpression. To test the induction 

efficiency for αSyn inducible overexpression, western blot analysis was conducted to 

detect the expression levels of αSyn at various concentrations of MFP for 24 and 48 h. 

As shown in Fig. 1B, incubation of GeneSwitch-driven SK-N-MC cells with MFP can 

function to induce αSyn protein overexpression stimulated by increasing 

concentrations of inducer MFP at 24 h, and this overexpression was further 

upregulated at 48 h. In addition, the highest enhancement of αSyn expression was 

about six-fold higher than that of the control at 10 µM of MFP at 48 h. Therefore, all 

subsequent experiments were carried out by using this induction time and MFP 

concentration to ensure the overexpression of αSyn. 

 

Aβ exacerbates αSyn-mediated cytotoxicity in αSyn-overexpressed cells 

As reported previously, increased expression of wildtype αSyn seems non-toxic 

and not to affect neuronal cell response, suggesting some other causal factors such as 

Aβ may play a role in αSyn-mediated neurotoxicity. To verify this speculation, 

GeneSwitch-driven SK-N-MC cells were incubated without or with MFP for 48 h to 

control the overexpression of αSyn, and then 2.5 µM of Aβ1-42 peptides were added to 

the culture medium for additional 24 h. As shown in Fig. 2A, the phase contrast images 

revealed that overexpression of wild-type αSyn does not did not show markedly 

cytotoxicity or morphological changes in cells, indicating αSyn alone is not sufficient 
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to cell death. Aβ treatment, on the other hand, resulted in a moderate decrease the 

viability of non-MFP-induced cells. However, this Aβ-induced cytotoxic effect was 

further deteriorated by the overexpression of αSyn. These results were in accordance 

with the findings obtained from MTT assay, which indicates overexpressed-αSyn 

significantly enhances Aβ-induced cell viability loss from 52 ± 9.6% to 26 ± 5.7% (Fig. 

2B). To precisely determine which mode of cell death is induced by Aβ in 

αSyn-overexpressed cells, we measured the sub-G1 population by flow cytometry. As 

shown in Fig. 2C, results revealed that both αSyn-overexpressed cells and control cells 

show a low sub-G1fraction without Aβ treatment. Conversely, Aβ significantly 

increased the sub-G1fraction of αSyn-overexpressed cells compared to non-induction 

groups, indicating apoptosis may be a major mode of cell death. Further studies in two 

apoptotic markers cleaved-caspase 3 and cleaved-PARP confirmed that Aβ-induced 

apoptosis was synergistically elevated in αSyn-overexpressed cells (Fig. 2D). Taken 

together, these findings demonstrated that Aβ synergistically exacerbates 

overexpressed αSyn-induced apoptosis in SK-N-MC neuronal cells. 

 

Aβ exacerbates αSyn intracellular deposits and suppresses AMPK signaling in 

αSyn-overexpressed cells 
It is generally accepted that the formation of αSyn intracellular aggregates is the 

major pathological hallmark of DLB. To investigate whether exogenous Aβ treatment 

stimulates αSyn aggregate formation in αSyn-overexpressed cells, we performed 

fluorescent immunostaining with a specific antibody against αSyn. As shown in Fig. 

3A, without Aβ treatment, no aggregates were observed in cells regardless of αSyn 

expression levels. On the contrary, only very few aggregates were observed in cells 

overexpressing αSyn only, but these aggregates were markedly increased in 

αSyn-overexpressed cells co-incubated with Aβ. This implicates Aβ may contribute to 

the process of intracellular aggregation or accumulation of αSyn. Some studies have 

also proposed that impaired autophagy function can led to the accumulation of 

abnormal aggregate-prone proteins inside the cell [18]. To determine whether Aβ 

could interfere with autophagy, immunoblotting analysis was performed to detect 

autophagic activity by evaluating some autophagy-associated markers such as LC3, 

Atg7 and Atg12-Atg5 conjugate. As shown in Fig. 3B, no obvious LC3-II inhibition 

was observed in cells without Aβ treatment. Conversely, LC3-II levels dropped 

slightly in control cells by Aβ treatment, and this LC3-II inhibition was further 
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enhanced by overexpression of αSyn. The same, other autophagy-related markers 

Atg7 and Atg12-Atg5 conjugate also displayed a similar pattern of reduction in 

LC3-II levels. It has been reported that AMPK can induce autophagy via inhibition of 

mTOR, and the inhibition of AMPK by Aβ has also been observed in neuronal cells 

[19], suggesting the suppression of AMPK signaling may result in decreased 

autophagic clearance [20]. As Fig. 3C shown, these observations were confirmed by 

our results that Aβ causes markedly activation of mTOR Ser2448 phosphorylation, 

which possibly as a result of the reduction in phosphorylation of AMPK at Thr172. 

These results were also confirmed by acridine orange staining that overexpressing 

αSyn only did not decrease the number of orange fluorescence particles (as markers 

of autophagosomes) However, Aβ causes markedly decreases the orange fluorescence 

particles in αSyn-overexpressed cells (Fig. 3D). Altogether, our data demonstrated 

Aβ-suppressed AMPK signaling may cause upregulation of mTOR activity, which 

leads to reduced clearance of αSyn aggregates in αSyn-overexpressed cells. 

 

Reduced neuronal insulin signaling activity is observed in αSyn-overexpressed 

neuronal cells co-treated with Aβ 
Our previous research has shown that Aβ can trigger neuronal insulin resistance, 

which may be functionally linked to the neurodegenerative processes [21]. To 

determine whether the Aβ-enhanced αSyn neurotoxicity is associated with impaired 

neuronal insulin signaling, we performed western blotting to detect the level of IRS-1 

phosphorylation in Ser307, a typical marker indicates the severity of insulin resistance. 

As shown in Fig. 4A, the serine-phosphorylated IRS-1 exhibited reduced expression 

levels in cells without Aβ treatment. On the contrary, Aβ caused an increased 

expression of serine-phosphorylated IRS-1, and this increase was further upregulated 

by overexpression of αSyn, suggesting neuronal insulin signaling is impaired by Aβ. 

To elucidate the role of insulin signaling in Aβ and αSyn-induced cell death, MTT 

assays were performed to assess cell death in the presence or absence of exogenous 

insulin. As shown in Fig. 4B, Aβ significantly enhanced αSyn-induced cell death 

without adding insulin in culture medium. Conversely, this cell death was attenuated 

by exogenous supplement of 0.1 µM or 1 µM insulin in a dose-dependent manner, 

demonstrating that upregulation of insulin signaling can protect against Aβ-induced 

cell death in αSyn-overexpressed cells. These results were also confirmed by DAPI 

staining that treatment with insulin significantly reduced nuclei fragmentation as 

shown in Fig. 4C, indicating Aβ-caused apoptotic events were attenuated by 
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co-treatment of insulin in αSyn-overexpressed cells. 

 

Insulin alleviates Aβ-induced αSyn aggregation and oxidative stress in 

αSyn-overexpressed cells  
As mentioned earlier, autophagy plays a pivotal role of in the clearance of 

intracellular misfolded protein such as αSyn aggregates. Hence, to identify the 

molecular basis of insulin-mediated neuroprotection, western blot analysis of 

autophagy-related proteins was performed as in Fig. 5A. Unexpectedly, the levels of 

LC3-II were shown to increase slightly in αSyn-overexpressed cells co-treated with 

Aβ and insulin. Similarly, the addition of insulin caused only moderate effects on 

increased phosphorylation at Thr172 of AMPK. These results implied that 

insulin-mediated neuroprotection in αSyn-overexpressed cells would be unlikely 

through the induction of autophagy. Since the aggregated αSyn is thought to play a 

central role in DLB pathogenesis, we therefore investigated if Aβ-induced αSyn 

aggregation can be attenuated by insulin. As shown in Fig. 5B, our results from 

immunofluorescence analysis revealed that compared to the Aβ+MFP group, the 

supplement of exogenous insulin significantly reduced the number of fluorescent 

spots, indicating insulin treatment effectively suppresses Aβ-induced αSyn 

aggregation in αSyn-overexpressed cells. It has been reported that oxidative stress can 

stimulate αSyn synuclein oligomerization via ROS increase-driven protein 

posttranslational modifications [22]. To elucidate whether insulin protects against 

Aβ-induced αSyn aggregation is mediated through reduction of oxidative stress, we 

performed western blot analysis to measure the levels of some antioxidant 

signaling-related proteins. As shown in Fig. 5C, the levels of Nrf2 and of its target 

gene HO-1 were markedly reduced by Aβ in αSyn-overexpressed cells. However, 

adding insulin to Aβ-treated cells resulted in upregulation of this antioxidant pathway 

significantly. The result of Nrf2/HO-1 downstream protein expression also provided 

further evidence that the levels of ROS detoxifying enzyme SOD1 were effectively 

restored by insulin treatment. Finally, we performed JC-1 staining to assess the 

mitochondrial membrane potential to further examine the details of insulin-mediated 

neuroprotection. As shown in Fig. 5D, exposure of αSyn-overexpressed cells to Aβ 

resulted in an increase in green fluorescence, indicating a great loss of mitochondrial 

membrane potential. However, co-treatment with insulin reduced the effects of Aβ on 

mitochondrial membrane potential significantly, suggesting that insulin preserves 

mitochondrial function against Aβ-induced αSyn toxicity. Taken together, these results 
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showed that Aβ-enhanced αSyn neurotoxicity can be related to impaired neuronal 

insulin signaling which appears to be a deleterious factor leading to increased 

propensity of αSyn aggregation. 

 

Discussion 
At present, there is still no cure for DLB, but symptoms sometimes can be 

alleviated with medications used for either AD or PD, indicating these diseases may 

have some shared pathogenic mechanisms. Although the common mechanism 

underlying these neurodegenerations are not fully understood, some factors have been 

associated with a higher risk of developing dementia. Particularly, impaired insulin 

signaling is associated with decreased cognitive ability and the development of 

dementia [23]. It is conceivable that AD can be mediated by defective insulin 

signaling in the brain [24]. In fact, the proximal cause of brain insulin resistance 

appears to be the deposition of Aβ [25]. Similarly, our recent finding also indicated 

that Aβ can directly cause insulin signaling blockade in neuronal cells, and thus 

contributed to the enhanced oxidative stress leading to neuronal damage [26]. All 

these findings indicate that Aβ may play a central role in inhibition of insulin 

signaling in αSyn-overexpressed cells. Interestingly, a previous study indicates that 

the presence of insulin resistance in patients with type 2 diabetes displays 

approximately a 40% increased risk of developing PD [27]. In addition, insulin 

resistance has been recognized to be associated with increased risk and more severe 

symptoms of PD dementia [28]. This raises the possibility that Aβ-caused insulin 

resistance may enhance the development of αSyn aggregation and its neurotoxicity, 

which has been recognized as a key mechanism involved in PD and DLB 

pathogenesis [29]. Given these growing links between insulin resistance and αSyn 

pathology, it is not surprising that Aβ may exacerbate αSyn toxicity by disrupting 

neuronal insulin signaling in αSyn-overexpressed cells, and therefore suggests that the 

insulin signaling pathway may be a novel therapeutic target for disease treatment. 

Our results also demonstrated that Aβ may suppress Nrf2/HO-1 endogenous 

antioxidant pathways via inhibition of insulin signaling. Actually, Nrf2 has been 

found to mediate the expression of a number of antioxidant genes, suggesting 

increased Nrf2 signaling may be able to suppress oxidative stress in brain tissues [30]. 

Notably, an insulin-sensitizing agent metformin which likely acts directly through 

activation of AMPK, was reported displaying their neuroprotective potential by 

increasing the level of Nrf2 and HO-1 in the brain [31]. In parallel with this finding, 
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our previous study also demonstrated that restoration of Aβ-induced neuronal insulin 

resistance can increase Nrf2/HO-1 signaling and subsequently elevate antioxidant 

enzyme expression [26]. All these supported that attenuated AMPK activation and 

impaired insulin signaling may act as a detecting factor representing an underlying 

mechanism of αSyn pathology. On the other hand, evidence suggesting that oxidative 

stress elicited by mitochondrial dysfunction may be involved in the process of 

αSyn-induced neurotoxicity [32]. Particularly, in vitro studies have shown that 

increasing levels of oxidative stress can lead to αSyn aggregation [33]. In fact, 

oxidative stress-induced posttranslational modifications have been demonstrated to 

play a major role in αSyn oligomerization and toxicity [34]. Moreover, ROS 

generated by dysfunctional mitochondria appears to accelerate αSyn phosphorylation 

at Ser129 [35], which has been identified as a pathological prognostic marker for 

synucleinopathy [36]. Based on these findings, we conclude that Aβ-suppressed 

insulin signaling may cause inhibition of Nrf2/HO-1 and result in oxidative damage to 

αSyn, which modulates post-translational modifications and finally affect protein 

aggregation. However, the precise mechanism of action for αSyn aggregation remains 

to be fully elucidated. 

Recently, Bassil et al. reported that the use of glucagon-like peptide-1 analogue 

exendin-4, an antidiabetic drug improving insulin sensitivity and action, has positive 

effects on αSyn pathologies of a multiple system atrophy animal model [37]. In 

accordance with our results, this indicates the restoration of neuronal insulin 

sensitivity can be a potential therapeutic target for treatment of these Lewy body 

diseases. These imply that antidiabetic drug acts against insulin resistance may 

provide some symptom relief for neurodegenerative synucleinopathy including DLB, 

since there are no effective treatments for these diseases. To our knowledge, this is the 

first study to shed light on the role and molecular mechanism of insulin signaling on 

αSyn neurotoxicity. In summary, the current study demonstrated that overexpression 

of αSyn alone shows nontoxic to SK-N-MC human neuronal cells. However, 

co-treatment of Aβ in αSyn-overexpressed cells significantly increased αSyn 

intracellular aggregation and neurotoxicity. Our results also raised the possibility that 

Aβ-induced neuronal insulin resistance could indeed be one of the causative factors of 

αSyn aggregation, due to suppressed Nrf2/HO-1 antioxidative signaling and 

mitochondrial dysfunction. However, whether the use of insulin-sensitizing agents for 

treatment or prevention of αSyn -related neurodegeneration requires further 

investigation. 
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Figure Legends 
Figure 1. Establishing an inducible expression system for αSyn overexpression in 

SK-N-MC cells. (A) Scheme of GeneSwitch System for αSyn inducible 

overexpression. Incubation of GeneSwitch-driven cells with mifepristone (MFP) can 

induce αSyn overexpression. (B) Intracellular levels of αSyn were analyzed by 

western blotting. At 24h post-induction by MFP, there was a slight increase of αSyn 

levels in a dose-dependent manner, and this overexpression was further upregulated at 

48 h. The highest enhancement of αSyn overexpression is about six-fold higher than 

that of the control at 10 µM of MFP. All western blotting data were performed in three 

independent experiments, and the densitometrical values are presented as mean 

±SEM. 

 

Figure 2. Treatment of Aβ exacerbates αSyn-mediated neuronal apoptosis. (A) 

MFP-induced αSyn-overexpressed cells showed no morphological evidence of 

cytotoxicity or apoptosis compared to control cells. However, 2.5 µM Aβ markedly 

induced cell death, and further exacerbated cytotoxicity in αSyn-overexpressed cells. 

(B) MTT assays indicated Aβ induces cell death by 48% after 48 h incubation, and 

αSyn overexpression exacerbated Aβ-stimulated cytotoxicity up to 74% of cell death. 

(C) Flow cytometry data analysis using propidium iodide DNA staining demonstrated 

that Aβ significantly increased the sub-G1fraction of αSyn-overexpressed cells 

compared to non-induction groups. (D) Western blot results showed that Aβ enhances 

caspase 3 and PARP cleavages in αSyn-overexpressed cells. All data were performed 

in three independent experiments, and values are presented as mean ±SEM. 

Significant difference is determined by using the multiple comparisons of Dunnett’s 
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post-hoc test for *P < 0.05 and **P < 0.01. N. S., no significant difference. Scale bar 

represents 100 µm. 

 

Figure 3. Aβ activates mTOR by inhibiting AMPK and increases αSyn aggregates in 

αSyn-overexpressed cells. (A) Fluorescent immunostaining images demonstrated that 

few αSyn aggregates were observed in αSyn-overexpressed only cells. However, 

these aggregates were markedly increased by co-treating with Aβ for 24 h. (B) 

Western blots showed the protein levels of some autophagy-associated markers 

including LC3-II, Atg7 and Atg12-Atg5 conjugate. Aβ treatment obviously inhibited 

the expression of these autophagy-related proteins suggesting reduced autophagy in 

these cells. (C) Effects of Aβ on the protein levels of p-AMPK and p-mTOR. The 

result showed that Aβ increases Ser2448 phosphorylation of mTOR and inhibits Thr172 

phosphorylation of AMPK in αSyn-overexpressed cells. (D) Formation of acridine 

orange-accumulating acidic vacuoles (orange-red fluorescence) is markedly reduced 

by Aβ treatment. Scale bar represents 10 µm. 

 

Figure 4. Aβ impairs neuronal insulin signaling in αSyn-overexpressed cells. (A) 

Immunoblotting revealed that treatment with Aβ for 24 h upregulates the 

phosphorylation of Ser307-IRS-1, and this increase was further upregulated by 

overexpression of αSyn. (B) MTT assay revealed that without insulin Aβ significantly 

enhanced αSyn-induced cell death; however, this cell death was attenuated by 

exogenous supplement of insulin in a dose-dependent manner. (C) DAPI staining 

yielded similar results, thereby indicating that treatment with insulin significantly 

reduced Aβ-induced nuclei fragmentation in αSyn-overexpressed cells. All data were 

performed in three independent experiments, and values are presented as mean ±SEM. 

Significant difference is determined by using the multiple comparisons of Dunnett’s 

post-hoc test for *P < 0.05 and **P < 0.01. Scale bar represents 20 µm. 

 

Figure 5. Treatment of insulin suppresses Aβ-induced αSyn aggregation and 

oxidative stress. (A) Western blotting results revealed that treatment with insulin 

causes limited effects on increased AMPK Thr172 phosphorylation and LC3-II levels, 

suggesting that impaired autophagy activity cannot be fully restored by insulin. (B) 

Immunofluorescence analysis showed that αSyn aggregates were markedly decreased 

by treating with insulin in Aβ-treated αSyn-overexpressed cells. Scale bar represents 

10 µm. (C) Some antioxidant signaling-related proteins including Nrf2, HO-1 and 
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SOD1 were analyzed by western blotting, and inhibitory effects of this antioxidant 

pathway were effectively restored by insulin treatment. (D) JC-1 immunofluorescent 

staining. Green fluorescence represents Aβ-induced mitochondrial dysfunction in 

αSyn-overexpressed cells by dissipation of mitochondrial membrane potential. Red 

fluorescence indicates that co-treatment with insulin preserves an intact mitochondrial 

membrane potential. Scale bar represents 20 µm. 
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Figure 1. Establishing an inducible expression system for αSyn overexpression in SK-N-MC cells. (A) Scheme 
of GeneSwitch System for αSyn inducible overexpression. Incubation of GeneSwitch-driven cells with 
mifepristone (MFP) can induce αSyn overexpression. (B) Intracellular levels of αSyn were analyzed by 
western blotting. At 24h post-induction by MFP, there was a slight increase of αSyn levels in a dose-

dependent manner, and this overexpression was further upregulated at 48 h. The highest enhancement of 
αSyn overexpression is about six-fold higher than that of the control at 10 µM of MFP. All western blotting 
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mean ±SEM.  
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Figure 2. Treatment of Aβ exacerbates αSyn-mediated neuronal apoptosis. (A) MFP-induced αSyn-
overexpressed cells showed no morphological evidence of cytotoxicity or apoptosis compared to control 
cells. However, 2.5 µM Aβ markedly induced cell death, and further exacerbated cytotoxicity in αSyn-

overexpressed cells. (B) MTT assays indicated Aβ induces cell death by 48% after 48 h incubation, and αSyn 
overexpression exacerbated Aβ-stimulated cytotoxicity up to 74% of cell death. (C) Flow cytometry data 

analysis using propidium iodide DNA staining demonstrated that Aβ significantly increased the sub-
G1fraction of αSyn-overexpressed cells compared to non-induction groups. (D) Western blot results showed 
that Aβ enhances caspase 3 and PARP cleavages in αSyn-overexpressed cells. All data were performed in 

three independent experiments, and values are presented as mean ±SEM. Significant difference is 
determined by using the multiple comparisons of Dunnett’s post-hoc test for *P < 0.05 and **P < 0.01. N. 

S., no significant difference. Scale bar represents 100 µm.  
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Figure 3. Aβ activates mTOR by inhibiting AMPK and increases αSyn aggregates in αSyn-overexpressed cells. 
(A) Fluorescent immunostaining images demonstrated that few αSyn aggregates were observed in αSyn-

overexpressed only cells. However, these aggregates were markedly increased by co-treating with Aβ for 24 
h. (B) Western blots showed the protein levels of some autophagy-associated markers including LC3-II, 

Atg7 and Atg12-Atg5 conjugate. Aβ treatment obviously inhibited the expression of these autophagy-related 
proteins suggesting reduced autophagy in these cells. (C) Effects of Aβ on the protein levels of p-AMPK and 

p-mTOR. The result showed that Aβ increases Ser2448 phosphorylation of mTOR and inhibits Thr172 
phosphorylation of AMPK in αSyn-overexpressed cells. (D) Formation of acridine orange-accumulating acidic 

vacuoles (orange-red fluorescence) is markedly reduced by Aβ treatment. Scale bar represents 10 µm.  
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Figure 4. Aβ impairs neuronal insulin signaling in αSyn-overexpressed cells. (A) Immunoblotting revealed 
that treatment with Aβ for 24 h upregulates the phosphorylation of Ser307-IRS-1, and this increase was 

further upregulated by overexpression of αSyn. (B) MTT assay revealed that without insulin Aβ significantly 
enhanced αSyn-induced cell death; however, this cell death was attenuated by exogenous supplement of 

insulin in a dose-dependent manner. (C) DAPI staining yielded similar results, thereby indicating that 
treatment with insulin significantly reduced Aβ-induced nuclei fragmentation in αSyn-overexpressed cells. All 

data were performed in three independent experiments, and values are presented as mean ±SEM. 
Significant difference is determined by using the multiple comparisons of Dunnett’s post-hoc test for *P < 

0.05 and **P < 0.01. Scale bar represents 20 µm.  
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Figure 5. Treatment of insulin suppresses Aβ-induced αSyn aggregation and oxidative stress. (A) Western 
blotting results revealed that treatment with insulin causes limited effects on increased AMPK Thr172 

phosphorylation and LC3-II levels, suggesting that impaired autophagy activity cannot be fully restored by 
insulin. (B) Immunofluorescence analysis showed that αSyn aggregates were markedly decreased by 
treating with insulin in Aβ-treated αSyn-overexpressed cells. Scale bar represents 10 µm. (C) Some 

antioxidant signaling-related proteins including Nrf2, HO-1 and SOD1 were analyzed by western blotting, 
and inhibitory effects of this antioxidant pathway were effectively restored by insulin treatment. (D) JC-1 

immunofluorescent staining. Green fluorescence represents Aβ-induced mitochondrial dysfunction in αSyn-
overexpressed cells by dissipation of mitochondrial membrane potential. Red fluorescence indicates that co-
treatment with insulin preserves an intact mitochondrial membrane potential. Scale bar represents 20 µm.  

 
335x241mm (300 x 300 DPI)  

 
 

Page 24 of 24CNS Neuroscience & Therapeutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 1 

科技部補助專題研究計畫出席國際學術會議心得報告 

                                     日期：106年 9月 10日 

                                 

一、參加會議經過 

    本次會議是由俄羅斯科學院(Russian Academy of Sciences)新西伯利亞分院

(Novosibirsk Branch)所舉辦，新西伯利亞分院位於 Novosibirsk 以南約 20 公里的森林

中，約有幾十座研究機構在其中，估計從業的專業科學家及相關人員高達數萬人，

是全世界知名的高科技科研園區，但全城融合入西伯利亞的白樺森林內，建築物與

自然環境相互融合在一起。我們一行人到達當地機場後便由俄羅斯科學院人員驅車

接待我們到達會場，本次會議的主要邀請人為 Dr. Tamara G. Amstislavskaya，會議期

計畫編號 MOST  104－2314－B－040－007－MY2 

計畫名稱 探討路易氏體失智症之AMPK-Sirt1訊息傳遞在Aβ與 α-synuclein蛋白

神經毒性加成效應中可能扮演的角色 

出國人員

姓名 
賴德仁 

服務機構

及職稱 
中山醫學大學醫學研究所 教授 

會議時間 
106 年 8 月 7 日至 

106 年 8 月 10 日 
會議地點 Novosibirsk, Russia 

會議名稱 

(中文) 2017 年 Belyaev 會議 

(英文) Belyaev conference 2017 

發表題目 

(中文) 路易氏體失智症中胰島素訊息傳遞調節異常扮演著重要的角

色 

(英文) Dysregulation of insulin signaling plays an important role in dementia with 

Lewy bodies (DLB) 
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間由 8 月 7 日起至 8 月 11 日止共計 4 天，而個人被排定於 8 月 8 日在此會議中發表

演講，主題是關於路易氏體失智症在我們研究中的最新進展。路易氏體失智症是僅

次於阿茲海默症之老年性失智症，但目前仍無任何已知的有效治療方法，因此亟需

尋找新的藥物治療機轉，而我們發現 Aβ 似乎參與在此症的致病機轉中，同時其病程

進展與也 Aβ所誘發的胰島素阻抗有關，未來我們也將就這個發現，測試是否能經由

給予能改善中樞神經系統胰島素阻抗的藥物，來減緩症狀的惡化速度。在場的人員

就此議題的討論相當熱烈，並有多名俄方學者給予我們非常多建設性的建議與回

饋，在國際交流方面非常具有實質意義。 

 

中俄雙方部分與會人員在會場合照，我方並致贈俄國友人簡單的紀念品 

二、與會心得 

    本次會議我方受到俄方非常良好且貼心的招待，主辦單位對於遠道而來的我們

充分展現了俄羅斯式的熱情與友善。在會議的過程中，中俄雙方均有非常積極的互

動及討論，本次會議的主題主要集中在探討神經科學相關的進展，議題包括路易氏
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體失智症、阿茲海默症、巴金森氏症、癲癇、憂鬱及思覺失調症等相關疾病的致病

機轉及最新的診斷或治療機制等，會後大家的收穫均十分豐碩。比較特別的是俄方

特別讓我們參觀了當地的狐狸農場，這個著名的農場是在 1954年由一位俄羅斯的遺

傳學者 Dmitry Belyaev 所創建，其目的是為了探討基因對於馴化過重中的影響力及

重要性，本年度的大會紀念主題便是要向 Dr. Belyaev 致敬。此外俄方也帶領我們

參觀了他們的附設醫院以及相關研究實驗設施，雙方並根據各自的專業經驗相互分

享，希望將來能藉由此發展出國際合作的機會，配合我方的臨床及基礎醫學研究能

量，進一步釐清這類疾病的分子醫學機轉，並據此找出未來可能的治療方向。 

 

與 Dr. Amstislavskaya 在 Institute of Cytology and Genetics, Siberian Branch 

of the Russian Academy of Sciences 的代表雕像前合照 
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參觀當地的附設醫院環境及相關設施 

三、發表論文全文或摘要 

本次議題以口頭演講的形式進行，發表的照片及摘要如下： 
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四、建議 

1. 俄方人員在整體大會的流程及周邊生活相關的安排上考慮周到並十分完善，這點

對於大多數是第一次到訪俄羅斯的我們非常具有幫助，使遠道而來的我們能在非

常短的時間專心投入在大會的活動之中，內心由衷的十分感謝。 

2. 此外也要致謝於科技部能支持參加本項極具實質意義的國際會議，相信此次的會

議的心得收穫將能有助於我們在未來完成更多更深遠的研究結果。 

五、攜回資料名稱及內容 

攜回資料共包括： 

1. 大會手冊 

2. 大會識別證 

六、其他 

 

我方人員與俄方學者在大會會場共同合照 
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