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Abstract 

The neurofibrillary tangles containing abnormal hyperphosphorylated tau protein correlates 

with the degree of dementia in Alzheimer's disease (AD). In addition, features of 

autophagosome accumulation and damage due to autophagy, a degradation process of toxic 

protein aggregation in the cytosol, are also found in AD brain. These features indicate that 

regulation of the autophagy-lysosome system could be a therapeutic strategy for AD. 

Activation of Transcription factor EB (TFEB), a master regulator of autophagy-lysosome 

system gene transcription, reduces the amount of tau in transgenic mice that overexpress 

amyloid precursor protein (APP mice). Here, to search for therapeutic compounds for AD, it 

conducted two kinds of screening to identify pharmacologically active compounds that 

increase 1) neuronal viability in okadaic acid-induced tau hyperphosphorylation-related 

neurodegeneration models and 2) the nuclear localization of TFEB in high-content screening. 

Ouabain, a cardiac glycoside, was discovered as a common-hit compound in both screenings. 

It also exhibited significant protective effects in tau transgenic fly and mouse models in vivo. 

Through inhibition of the mechanistic target of rapamycin (mTOR) pathway and activation 

of TFEB, ouabain enhances downstream autophagy–lysosomal gene expression and cellular 

restorative properties and reduces phosphorylated tau in vitro and in vivo. This study reports 

the effects of ouabain as a promising therapeutic to modulate autophagy through the 

activation of TFEB and reduce the accumulation of abnormal toxic tau. 
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1. Introduction 

The alzheimer's disease (AD) is accompanied by atrophy phenomenon in brain, and 

eventually leads to death. The main pathologic elements of the disease are neurofibrillary 

tangles (NFTs) and senile plaques (1, 2). NFTs are formed by intra-neuronal accumulation of 

paired helical filaments composed of abnormally hyper-phosphorylated tau protein. Senile 

plaques contain β-amyloid peptide (Aβ), which arises through proteolytic processing of 

amyloid precursor protein (APP) by two site-specific proteases: β-secretase and γ-secretase.  

The current medication helps to cover the symptoms rather than treating the underlying 

disorder or delaying the progression of AD. This is related to the failure of many studies and 

clinical trials targeting Aβ, one of the pathologic elements of AD. Recently, the other major 

pathogenic molecule, tau, focus as a therapeutic target for AD and other neurodegenerative 

diseases (3). In fact, the pathology of NFT containing abnormal hyper-phosphorylated tau is 

more consistent with the Braak stage, which plaque and tangle distribution at AD 

progression (1, 4, 5). 

The physiological role of tau binds to microtubules and supports its function, during the 

tauopathy, proteases cleave both 3- and 4-repeat tau to produce neurotoxic fragments (6, 7). 

Proteolytic fragments of tau can have increased trend to be phosphorylated and aggregate 

into neurofibrillary tangles. Fragments of tau can cause its separation from the microtubules, 

which potentially lead to microtubule collapse (8). These phenomena lead to the synaptic and 

neuronal loss to support tauopathy-associated neurodegeneration. Tau-directed therapeutics 

included the following methods for relieving the neurotoxic gain of tau function or the loss 

of tau function (9). These methods contain tau reduction (10, 11), inhibition of tau 

phosphorylated and aggregation (12, 13), microtubule stabilizers (14, 15), and 

immunotherapy using tau-specific antibodies (16, 17). In addition, there is protein quality 

control that is induced through proteasome or autophagy as a major role to prevent tau 
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aggregation and reduce toxic tau, which can promote refolding or degradation of misfolded 

tau (18-20). 

The disturbance of autophagy is believed to play an important role in AD pathophysiology, 

and autophagy has gained interest as a therapeutic target (21). Autophagy regulates cellular 

homeostasis by degrading toxic protein aggregates in the cytosol through fusion with 

lysosomes (22). Many features related to autophagy disturbance, such as autophagosome 

accumulation and lysosomal dysfunction, were reported in AD models (23). This means 

lysosome fusion and degradation in the late stage of autophagy are important for substrate 

clearance (24) and suggests that strengthening the autophagy-lysosome system may be 

considered as a treatment strategy for AD (25-27). 

Transcription factor EB (TFEB) is the master regulator of the autophagy-lysosome system 

(28). TFEB is present in its phosphorylated form in cytosol, but under special condition 

environment, such as starvation, it is dephosphorylated and translocated to the nucleus, 

where it initiates transcription of genes involved in autophagy and lysosome machineries 

(29). The autophagy-lysosome system induces degradation of abnormal proteins not only by 

autophagy but also lysosomes (30). In APP/PS1 mice of AD amyloidosis, the enhancement 

of TFEB increases the level of autophagy-lysosome related proteins and decreases 

phosphorylated tau (31).  

Okadaic acid (OA), a protein phosphatase 2A inhibitor, induces hyper-phosphorylated tau 

and cell death in neurons (32, 33). OA leads to pathological progression in vivo similar to 

AD and subsequent neuronal degeneration, synaptic loss, and memory loss (34, 35). Thus, 

the OA-induced neurodegeneration model is useful for studies involving tau phosphorylation 

in the neuronal degeneration process.  

In this study, the 1,280-compound Library of Pharmacologically Active Compounds 
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(LOPAC1280) were screened and identified that ouabain, a cardioactive glycoside composed 

of rhamnose and ouabagenin (36), protected against cell damage induced by OA in neurons 

and induced autophagy pathway via TFEB activation. Ouabain also resulted in the reduction 

of phosphorylated tau, improving a rough-eye phenotype of a Drosophila melanogaster tau 

model as well as memory performance in Tau-P301L mice. 
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2. Materials and Methods  

2. 1. Reagents 

Approximately 1,280 compounds are listed in the LOPAC® (Sigma–Aldrich, St Louis, MO, 

USA), spanning a broad range of cell signaling and neuroscience areas of activity. Okadaic 

acid, ouabain, MG132, and bafilomycin A1 were purchased from Sigma-Aldrich. Hoechst 

33342, LysoTracker Red DND-99, and phalloidin were obtained from Invitrogen (CA, USA).  

2. 2. Antibodies 

The following antibodies and reagents were used. TFEB for human (cat. 4240, 1:1000), 

histone H3 (D1H2) (cat. 4499, 1:2000), p-mTOR(S2448) (cat. 2971, 1:1000), mTOR (cat. 

2983, 1:1000), p-P70S6K Thr389 (cat. 9234, 1:1000), P70S6K (cat. 2708, 1:1000), p4EBP1-

Thr37/46 (cat. 2855, 1:1000) and 4EBP1 (cat. 9644, 1:1000) were from Cell Signaling 

Technology. LC3B (L7543, 1:1000) and beta-actin (A5441, 1:3000) were from Sigma. 

MAP2 (AB5622, 1:100) was from Chemicon. TFEB for human and mouse (A303-673A, 

1:1000) was from Bethyl Laboratories. GAPDH (MAB374, 1:2000) was from Millipore. 

LAMP1 (ab13523, 1:1000) was from Abcam. p-Tau199/202 (44-798G, 1:1000) and p-

TauThr231(AT180, MN1040, 1:1000) were from Invitrogen. p-TauSer396(44-736, 1:1000) 

was from Biosource. Tau5 (MAB3420, 1:2000) was from Calbiochem. 

2. 3. Cell culture and transfection 

Primary cortical neuron culture was performed as described before (37). HeLa and SH-

SY5Y cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Hyclone) with 

10% fetal bovine serum. All cells were cultured in a 5% CO2 atmosphere at 37°C. Cells were 

transiently transfected with DNA plasmids: Human full-length TFEB-NT-GFP (pcDNA5 

vector) from ADDGENE, and GFP-TauP301S using Lipofectamine-2000 from Invitrogen, 

according to the protocol from the manufacturers. 
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2. 4. High-throughput ATP assay screening  

Primary cortical neurons were seeded in 96-well plates (655098, Greiner Bio-One). 

Compounds (2 μΜ) were added to neurons (DIV10), and after 30 min, OA (10 nM) was 

added, followed by incubation for 24 h. Cells were then washed with phosphate-buffered 

saline (PBS), and ATP activity was determined immediately using CellTiter-Glo® 

Luminescent Cell Viability Assay (Promega), according to the manufacturer’s guidelines on 

a Perkin Elmer plate reader. The approximately 15,000 cells were analyzed for each 

experimental condition and the raw luminescence values were normalized using negative 

(DMSO treated) and positive (OA treated) controls in the each plate. The converted data was 

then normalized using Equation 1. Normalized well values were then corrected for position 

artifact based on proprietary pattern detection algorithms. Finally, robust Z-scores were 

calculated using Equation 2. 

Equation 1.  

Normalized data 

= Converted datasample - Median of converted dataDMSO|Median of converted dataOA - Median of converted dataDMSO| × 100
 

Equation 2. 

Robust Z score = Converted datasample - Median of converted dataall sample

Converted robust standard deviationall sample
 

For the primary screen, each compound was tested as N=1, and primary hits were selected 

with robust Z-scores less than 4. For the validation screen, the primary hits were assayed in 

triplicated. For each compound, the normalized activity values were condensed to a single 

value (condensed activity score) using the “Robust Condensing” method (38). The 

condensed activity is the most representative single value of the triplicates. Six compounds 



６ 

 

with highest condensed activity values and robust Z-score values were selected as the hits. 

2. 5. High-content GFP-TFEB chemical screening  

HeLa cells-transfected with TFEB-GFP were incubated in 384-well black plates (Greiner 

Bio-One) for 12 h, and treated using each compound for 8 h in 5% CO2 at 37°C. Cells were 

fixed with 4% formaldehyde and stained with Hoechst 33324. For the acquisition of images, 

at least 9 fields were prepared per well in the 384-well plate by using confocal automated 

microscopy (Opera high-content system; Perkin-Elmer, 20× objective). The analysis of 

TFEB localization was performed on different images (Harmony and Acapella software; 

Perkin-Elmer) using 405 and 488 nm laser lines with DAPI (4’, 6-diamidino-2-phenylindole) 

and FITC (fluorescein isothiocyanate) emission filters. Briefly, nuclei were segmented using 

the Hoechst channel and the cytosol was segmented using the FITC channel. These calculate 

the ratio of the average numbers of cells with nuclear TFEB-GFP fluorescence divided by 

the average numbers of total cells with TFEB-GFP fluorescence. On average, approximately 

8,000 HeLa cells were analyzed in this screening and the results were normalized using 

negative (DMSO treated) and positive (starvation) controls in the same plate. The same 

method as mentioned above was used to generate the seven compounds with highest 

condensed activity values and robust Z-score values as the hits. 

2. 6. Lactate dehydrogenase (LDH) assay 

Primary cortical neurons were plated in a 96-well plate with a white wall and a clear bottom. 

After 24 h of OA (10 nM) treatment, cell injury in DIV10 neurons was quantitatively 

assessed by measuring the LDH activity released into the bathing medium from damaged 

cells, using a CytoTox 96® NonRadioactive Cytotoxicity assay kit (G1780, Promega), 

according to the manufacturer’ guidelines. Absorbance was measured spectrophotometrically 

at 490 nm in Tecan Infinite® 200 PRO. 
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2. 7. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

After 24 h of OA (10 nM) treatment, cell viability in DIV10 neurons was assessed using the 

MTT (Thiazolyl Blue Tetrazolium Bromide, Sigma Aldrich) reduction assay, using the 

manufacturer’s guidelines. Absorbance was measured spectrophotometrically at 540 nm in 

Tecan Infinite® 200 PRO. 

2. 8. Immunocytochemistry 

Immunocytochemistry was performed according to protocol previously (37). After fixation, 

cell membranes were permeabilized by incubation with blocking buffer (1% Triton x-100, 5% 

goat-serum, 1% bovine serum albumin in PBS). Cells were incubated with primary 

antibodies at 4°C and followed by secondary antibodies for 1 h at room temperature. Cells 

were then treated with Hoechst stained and mounted on glass slides with mounting medium 

(Daco). All digital images were made using a 40X objective on a Nikon microscope and 

were further processed using NIS-Elements (Nikon Instruments Inc.). Ten images were 

evaluated for each sample, and three independent experiments were performed to generate 

the graphed values. F-actin was visualized with Rhodamine phalloidin (R415, Invitrogen) 

according to the manufacturer’s guidelines. 

2. 9. Neurite length 

Cultured primary cortical neuron cells were treated with OA for 24 h or ouabain for 8 h, or 

were untreated. Cells were then fixed with 4% formaldehyde and stained with Hoechst 

33342 and MAP2 antibodies according to the immunocytochemistry protocol. All images 

were made using a 20X objective on a Nikon microscope and were further processed and 

measured the neurites length on the NIS software. The analysis of neurite length was 

performed from MAP2-stained images for a total of 40 images (number of cells >200).  
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2. 10. Nuclear/cytosolic fraction 

Cells transfected with TFEB-GFP were cultured in 6-well plates and treated with ouabain or 

remained untreated. Subcellular fractionation was carried out as follows: cells were lysed in 

Triton x-100 lysis buffer (50 mM Tris-HCl, 0.5% Triton x-100 supplemented with protease 

and phosphatase inhibitors in PBS). After 10 min, the lysate was centrifuged at 4°C. The 

supernatant consisting of the cytosolic fraction and pellet (nuclear fraction) was washed 

twice, lysed in buffer, and sonicated. 

2. 11. Western blot 

Western blots were performed according to standard methods under denaturing and reducing 

conditions. Briefly, samples were homogenized in lysis buffer containing phosphatase 

inhibitor cocktail (#P2850, Sigma-Aldrich, St. Louis, MO, USA) and protease inhibitors 

(#P8340; Sigma-Aldrich). Protein samples were separated on SDS-PAGE. Blots were 

incubated overnight at 4°C with the primary antibodies. Band analysis was performed using 

ImageJ software (National Institutes of Health, Bethesda, MD, USA). 

2. 12. Staining for lysosome 

The cells were stained with 500-nM LysoTrackerTM Red DND-99 (L7528, Invitrogen) 

according to the material’s guideline. After staining, cells were washed 3 times with PBS and 

fixed in 4% paraformaldehyde. 

2. 13. Experiments on using drosophila 

2. 13. 1. Transgenic fly stocks and maintenance 

The transgenic flies were regularly grown and maintained at 25°C and 60% humidity on a 

12-h light-dark cycle and a standard cornmeal medium (recipe by Bloomington Drosophila 

Stock Centre, [BDSC], Bloomington, Indiana, USA). It obtained D. melanogaster elavc155-
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GAL4 (#25750) and GMR-Gal4 (#1104) lines from BDSC. In this research work BestGene 

Inc. (MA, USA) generated Tau-transgenic flies (UAS-htau2N4RP301L) and dMitf-

knockdown (UAS-MitfKD), by insertion at the attP site in the VIE260B genetic background, 

a fly line used to generate the VDRC-KK collection 23. The flies were backcrossed all lines 

for at least five generations to a w1118 line (#60000, VRDC), a well-known fly control line 

with normal circadian rhythm, learning, and memory. 

2. 13. 2. D. melanogaster rough-eye phenotype 

Up to 100 GMR-Gal4 transgenic virgins were crossed to UAS-TauWT, UAS-MitfKD male 

flies. Five days post egg-laying, it was collected up to 50 age-matched larvae from each 

genotype and incubated them at 27°C in standard fly food containing ouabain or solvent 

(Oua 2 μM and Oua 20 μM or 0.05% DMSO). It was collected male and female progeny 5–

10 d PE and assessed light stereomicroscope images of their eyes for the presence of the 

rough-eye phenotype, using the 5 MP color digital camera. The fly-eye images were 

analyzed in ImageJ software (NIH) and calculated the eye size.  

2. 13. 3. D. melanogaster survival assay 

elavc155-Gal4 virgins were collected, sorted into batches of 50–100 flies, and crossed with 

age-matched males (wild w1118 and UAS-dMitfKD transgenic lines as well as UAS-tau and 

UAS-tau, UAS-dMitfKD), to produce the desired genotypes. At least 120 male flies per 

genotype (expressing one copy of tau transgene) were collected at d 0–1 PE and aged on 

standard cornmeal food (Bloomington recipe) complemented with 1.0 % agar. Each vial (9.5 

× 2.4 cm) was kept on its side at 25°C and 60% humidity under a 12-h light-dark cycle. The 

number of flies per vial was optimized to 25, to avoid any mortality unrelated to phenotype. 

The fly food was exchanged every 2-3 days and the dead flies were collected and counted. 

The differences in survival were analyzed by the Kaplan-Meier equation in GraphPad Prism 
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5 (GraphPad Software, Inc., La Jolla, CA). 

2. 14. Experiments on using Mouse 

2. 14. 1. Mouse maintenance 

The transgenic mouse was used TauP301L mouse, a well-characterized model of tauopathy 

(39-41). TauP301L mice originated from Taconic Biosciences (stock number 1638) were 

bred. PCR genotyping was conducted with human tau transgene (forward 5'-

ACTTTGAACCAGGATGGCTGAGCCC-3', reverse 5'-CTGTGCATGG 

CTGTCCCTACCTT-3'). At 20 weeks of age, ouabain at a dose of 1.5 µg/kg or vehicle 

(saline) was administered by intraperitoneal injection for 6 weeks (3 times a week). All 

mice were sacrificed after the behavior test at a final age of 26 weeks. Body weight was 

measured once a week prior to the treatment. All the mice used in this study had a C57BL6 

background. Animals were bred at the Laboratory Animal Facility in the Asan Institute for 

Life Sciences under specific pathogen-free conditions and maintained at a constant 

ambient temperature (22 ± 1°C) with a 12-h light-dark cycle. Animals were housed 3-5 

per cage with ad libitum access to food and water. Littermates were used in all 

experiments. All experiments were designed to minimize the number of animals used, and 

all procedures were carried out in accordance with the Institute of Laboratory Animal 

Resources (ILAR) Guide for the Care and Use of Laboratory Animals. This study was 

reviewed and approved by the Institutional Animal Care and Use Committee of the Asan 

Institute for Life Science (approval number. 2015-02-093). 

2. 14. 2. Y maze test 

The Y maze test was performed as described in previous studies (42). Specifically, the Y 

maze was made of polyvinylidene and had 3 arms, and each arm (8(width) × 35(length) × 

15(high) cm) had an angle of 120°. The 3 arms included a starting arm (always open), where 



１１ 

 

the mouse began to explore; a novel arm, which was blocked in the first trial but held open in 

the second trial; and a third arm (always open). In the experiment, the starting arm and the 

third arm were randomly designed to avoid spatial memory errors. The Y-maze test was 

performed by dividing the 2 tests by the inter-test interval (ITI). In the first trial, the mouse 

searches for 2 arms for 5 min, except for the blocked novel arm. After 4 h, a second trial was 

performed. In the second trial, the mice were free to enter all 3 arms for 5 min, and were 

placed in the same labyrinth position as in the first experiment. The spatial recognition 

memory was analyzed by the number of alternation and the spent of time in new arm region 

(learned behavior). Each arm of the Y maze was rinsed with 70% ethanol between trials.  

2. 15. Statistical analysis 

All details of sample sizes and reproducibility are shown in the figure legends. Data are 

presented as means ± standard error of the mean (SEM), based on 3 independent experiments. 

The data were analyzed using one-way analysis of variance (ANOVA), followed by the 

Tukey post-hoc test.  
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3. Results 

3. 1. Two-step screening assay for protective effect against OA-induced 

neurodegeneration and for TFEB activation  

Two targeted screening systems, the protection from neurotoxicity of tau and the stimulation 

of the autophagy-lysosomal pathway through activation of TFEB, were screened using the 

LOPAC1280 library of pharmacologically relevant compounds. This library is biologically 

annotated collection of inhibitors, receptor ligands, pharma-developed tools, and approved 

drugs impacts most signaling pathways and covers all major drug target classes. 

To confirm compounds of neuro-protective effect, the ATP assay was used in OA-induced 

neurodegeneration model (Fig. 1a). Using high throughput screening of LOPAC1280 library, I 

considered compounds with a cut-off value (Z-score) of ≥ 4 as potential hits (Fig. 2a); 

primary hits, six out of 1,280 compounds, were identified as putative candidates with the 

ability to improve neuron survival. To confirm compounds of autophagy-lysosome activity 

effect, the effect on TFEB activity was tested using the LOPAC1280 library (Fig. 1b). 

Transcriptional competence of TFEB is modulated by physical compartmentalization in the 

cytosol versus the nucleus. Therefore, TFEB translocation to nucleus was analyzed using 

high-content screening for compounds in GFP-TFEB transfected Hela cells. Seven active 

compounds with a cut-off value of ≥2 as potential hits showed persistent TFEB nuclear 

localization (cut-off> 2; Fig 2b). As a result, the ouabain, which has significant activity in 

OA-induced neuroprotection and TFEB activation, was identified (Fig. 1c and 2c).  
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Figure 1. A cell-based screen workflow. Schematic of workflow used to screen and validate 

neuroprotective (a) and TFEB translocating (b) drugs. (c) Schematic showing overlapping 

compounds among the top hit lists from the 2 screens. 
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Figure 2. Ouabain improves cellular content of ATP and induces TFEB nuclear 

translocation. (a) Robust Z score of >4 identified 6 compounds from the cellular ATP 

activity screen. (b) The plot of the NucGFP/Cyt-GFP ratio of two of seven identified 

compounds from TFEB screen. (c) The chemical structures of ouabain. 
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3. 2. Ouabain protects against OA-induced neuronal damage  

To confirm the neuroprotective effects of ouabain, the compound selected in the primary 

screening, the assay examined about neuronal cytotoxicity and viability using ATP, LDH and 

MTT assays. ATP reduction was recovered in the presence of ouabain dose-dependently (Fig. 

3a). In particular, ATP levels increased more than 2-fold in the presence of 5 μM ouabain. 

The amount of LDH released into media was measured for the mechanism of cytotoxicity. In 

the cell toxicity assay, exposure to ouabain increased neuroprotection by 30% compared to 

OA only (Fig. 3b). This suggests that ouabain protects cell membrane damage caused by OA. 

A colony formation assay was performed to more accurately determine the effect of ouabain 

on cytotoxicity. The neuronal viability was fully restored in the presence of ouabain (Fig. 3c) 

as compared to the OA-only condition. The length of MAP2 stained neurite was measured 

and analyzed on an average of 200 cells. OA-treated neurons had a 30% reduction in neurite 

length compared to normal, while ouabain treatment remained up to 80% in neurite length 

(Fig. 3d; MAP2 immunofluorescence, red). These data suggest that ouabain effectively 

prevented neuronal damage in OA-treated neurodegeneration model. 
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Figure 3. Ouabain exhibits neuroprotective activity against OA-induced 

neurodegeneration in vitro. (a) Mouse primary cortical neurons (DIV 10) were incubated 

with 10 nM OA for 24h pre-treated with the indicated concentration of ouabain. The graph 
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represents the ratio of OA. (mean ± s.d. for n = 3 independent experiments, **p < 0.01, and 

***p < 0.001 by one-way ANOVA, the Tukey post-hoc test). (b-d) Primary neurons were 

treated with 10 nM OA for 24 h, following pretreatment with 0.5 μM ouabain. Cell 

cytotoxicity and viability were examined using LDH in b and MTT in c assays, respectively. 

(mean ± s.d. for n = 3 independent experiments, *p < 0.05, and ***p < 0.001 by one-way 

ANOVA, the Tukey post-hoc test). (d) In immunofluorescence microscopic images of 

neurons (MAP2-red), neurite length was analyzed under different culture conditions to show 

outgrowth recovery after treatment with ouabain. Scale bar, 20 μm. (mean ± s.d. for n = 200 

neurons per group from 3 independent experiments, ***p < 0.001 by one-way ANOVA, the 

Tukey post-hoc test).  
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3. 3. TFEB activation and autophagy gene regulation  

In normal conditions, phosphorylated TFEB is located in the cytoplasm, whereas in some 

conditions, such as starvation, TFEB is dephosphorylated and translocated from the cytosol 

to the nucleus (29). In the presence of ouabain, TFEB was dephosphorylated and active in 

HeLa cells (Figs. 4a, b) and neurons (Figs. 4c, d). The molecular size of nuclear TFEB was 

slightly lower than cytoplasmic TFEB (see Figs. 4a and c, arrowhead), indicating that TFEB 

was dephosphorylated and active. In addition, I observed TFEB translocation from ouabain-

treated cytoplasm to nucleus (Fig. 4b and d) through fluorescence imaging of GFP-TFEB 

after staining with Hoechst, a nuclear marker and phalloidin, an actin cytoskeleton marker in 

HeLa cells and neurons. 

Dephosphorylated, active TFEB induces the autophagy-lysosome pathway by acting, as a 

transcription factor to increase the expression of αutophagy-1ysosome related proteins such 

as p62/sequestosome (SQSTM) 1, LAMP1 and LC3B (43, 44). In Hela cells (Fig.5a) and 

neurons (Fig.5d), ouabain significantly increased the level of autophagy-lysosome related 

proteins, LAMP1 and LC3B. These results were further supported by fluorescence analysis 

using Lysotracker (Figs. 5b, e) and LC3B (Figs. 5c, f). Lysotracker-Red selectively stains the 

acidic lysosomal organelles. OA inhibits autophagy induced by metabolic stress resulting in 

accumulation of autophagosomes in neurons (45). The level of Lamp1 and LC3B 

investigated under OA alone or ouabain, which confirmed a pattern of increase (Figs. 5g-i). 

LC3BII showed a 2-fold increase compared to OA-alone (Fig. 5i). These results indicate that 

ouabain can promote biogenesis of lysosome and activation of autophagy-lysosomal system 

via augmenting TFEB activity. 
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Figure 4. Ouabain induces cytosol-to-nucleus translocation of TFEB. HeLa cells (a-b) 

and mouse primary cortical neurons (c-d) were incubated with 0.5 μM ouabain for 8 h. (a, c) 

The cytosol and nuclear fractions were assessed for TFEB translocation by ouabain. Western 

blots show distribution of TFEB translocation from cytosol to nucleus after ouabain 

treatment in HeLa (with TFEB-antibody for human) and neurons (with TFEB-antibody for 

human and mouse). Arrow head shows the dephosphorylated TFEB. The blot was probed 

with antibodies to histone H3, a marker for the nuclear fraction, and GAPDH, a marker for 

the cytosol fraction. (b, d) The fluorescence images show localization of GFP-TFEB after 

ouabain treatment in HeLa and neurons. Scale bar, 10 μm.  
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Figure 5. Ouabain up-regulates autophagy–lysosome clearance system. GFP-TFEB in 

HeLa cells (a-c) and primary cortical neurons (d-f) were incubated with or without 0.5 μM 

ouabain for 8 h. (a, d) Western blot analysis of LAMP1 and LC3B, autophagy related 
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proteins, in HeLa (a) and neurons (d). (b, e) The fluorescence images showed punctate 

pattern of Lyso-tracker, a marker of autophago-lysosome in HeLa (b) and neurons (e). Scale 

bar, 10 μm. (c, f) The immunofluorescence images showed punctate of LC3B, a marker of 

autophagy-related protein, observed in Hela (c) and neurons (f). Scale bar, 10 μm. (g-i) 

Primary cortical neurons (DIV 10) were incubated in 10nM OA or with 0.2μM ouabain for 

8h. (g) Western blot analysis of LAMP1 and LC3B in OA or with ouabain. (h, i) 

Quantification of Lamp1 (h) and LC3BⅡ (i) relative to treated vehicle. (mean ± s.d. for n = 

3 independent experiments, *p < 0.05 and **p < 0.01 by one-way ANOVA, the Tukey post-

hoc test).  
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3. 4. Phosphorylated tau is reduced through the autophagy-lysosomal pathway 

Recent studies of the tauopathy mouse model showed that pathological tau species are 

effectively reduced via TFEB activation and downstream autophagy pathway (26). To 

confirm that ouabain regulates phosphorylated tau (p-tau) via TFEB activation, the 

experiments were conducted in GFP-TauP301S overexpressed SH-SY5Y (Fig. 6a) and 

primary cortical neurons (DIV6; Fig. 6d). In both SH-SY5Y and neurons, the p-tau species 

(Ser199/202 and Ser396 region) significantly reduced in ouabain treatment (Figs. 6b, c and 

Figs. 6e, f). Intracellular abnormal proteins are typically degraded through the proteasome or 

autophagy-lysosome (46-48).  

To study the relationship between phosphorylated tau reduction and intracellular clearance 

system, the inhibitors, MG 132 (a proteasomal protease inhibitor) and bafilomycin A1 (the 

lysosomal decomposition inhibitor), were processed and confirmed p-tau levels in blots. 

Indeed, bafilomycin A1 blocked ouabain-induced tau clearance (Thr231; AT180 and Ser396 

region), whereas MG 132 had no effect on the p-tau level (Figs. 6g-i). This result shows that 

ouabain reduces p-tau through the autophagy-lysosome pathway, not the ubiquitin-

proteasome pathway.  

To evaluate these data in another physiological condition, a similar experiment was 

performed in the OA-induced neurodegeneration model (Fig. 6j). The p-tau species (Thr 231; 

AT 180, Ser 199/202 and Ser 396 region) in OA-treated conditions were significantly 

decreased by ouabain (Figs. 6k-m). 

Because the mechanistic target of rapamycin complex 1 (mTORC1) is a negative regulator 

of autophagy (49, 50), western blots were analyzed in phosphorylation of p70S6K and 

4EBP1, downstream proteins of mTORC1. The phosphorylated 4EBP1 and p70S6 kinase 
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were significantly decreased in a time- and dose-dependent manner following treatment with 

ouabain (Figs. 7a-d). Upon exposure to OA, phosphorylation of mTOR (Ser2448) and its 

substrate, p70S6K, are increased (51). In OA-treated neurons, blots also were analyzed in 

downstream proteins of mTORC1. In the presence of ouabain, there was a significant 

decrease in phosphorylated mTOR and p70S6K (Figs. 7e-g). These results reveal that 

ouabain induces autophagy by dephosphorylation and activation of TFEB, whose action is 

dependent on mTORC1 inhibition. 
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Figure 6. Ouabain decreases phosphorylated tau via autophagy–lysosome pathway. 

GFP-TauP301S transfected SH-SY5Y cells (a-c) and mouse primary cortical neurons (d-e) 

were treated with 0.5μM ouabain. (a and d) Western blot analysis phosphorylated tau at 
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Ser199/202 and Ser396 and total tau (Tau5) after ouabain treatment in SH-SY5Yand neurons. 

(b, c, e and f) Quantification of phosphorylated tau (Ser199/202 in b and e, Ser396 in c and f) 

relative to treated vehicle. (mean ± s.d. for n = 3 independent experiments, *p < 0.05, **p < 

0.01  and ***p < 0.001 by one-way ANOVA, the Tukey post-hoc test). (g-j) Primary 

cortical neurons (DIV 10) were incubated with 10 nM OA or 0.2μM ouabain for 8 h. (g) 

Western blot analysis tau phosphorylated at Thr231 (AT180), Ser199/202 and Ser396, and 

total tau (Tau5) after treatment in neurons. (h-j) Quantification of phosphorylated tau 

(Thr231 in h, Ser199/202 in i and Ser396 in j) relative to treated vehicle. (mean ± s.d. for n = 

3 independent experiments, *p < 0.05, **p < 0.01  and ***p < 0.001 by one-way ANOVA, 

the Tukey post-hoc test). (k-m) Primary cortical neurons (DIV 5) were transfected with GFP-

TauP301S, and pre-treated with vehicle or 0.5 μM ouabain (8 h) before treated with 5 μM 

MG132 (1 h) or 25 nM bafilomycin A1 (4 h). (k) Western blot analysis tau phosphorylated at 

Thr231 (AT180) and Ser396, total tau (Tau5), and TFEB. Arrowhead indicates the 

dephosphorylated TFEB. (l and m) Quantification of phosphorylated tau (Thr231; AT180 in l, 

Ser396 in m) relative to treated vehicle. (mean ± s.d. for n = 3 independent experiments, **p 

< 0.01  and ***p < 0.001 by one-way ANOVA, the Tukey post-hoc test).   
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Figure 7. Ouabain inhibits mTOR. (a-d) GFP-TauP301S SH-SY5Y cells were treated with 

vehicle or ouabain (0.5 μM). (a) Western blot analysis of mTOR, p70S6K, and 4EBP1 

phosphorylation after ouabain treatment. (b-d) Quantification of phosphorylated mTOR, 

p70S6K, and 4EBP1 relative to treated vehicle. (mean ± s.d. for n = 3 independent 

experiments, *p < 0.05, **p < 0.01  and ***p < 0.001 by one-way ANOVA, the Tukey 

post-hoc test). (e-g) Mouse primary cortical neurons (DIV 10) were treated by 10 nM OA 

with or without ouabain (0.2 μM) for 8 h. (e) Western blot analysis of mTOR and p70S6K 
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phosphorylation after treatment in neurons. (f, g) Quantification of phosphorylated mTOR 

and p70S6K relative to treated vehicle. (mean ± s.d. for n = 3 independent experiments, **p 

< 0.01  and ***p < 0.001 by one-way ANOVA, the Tukey post-hoc test).  
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3. 5. Ouabain treatment decreases p-tau and neurodegeneration in a Drosophila tau 

model 

In order to address the effects of ouabain in vivo, a D. melanogaster model of tauopathy in 

which human tau were used, which expressed through the glass multiple reporter promoter 

(gmr-Gal4 > tau). This produces a “rough-eye” phenotype with disordered and fused 

ommatidia (52). The ouabain were administered in food during the larval period at a 

concentration of 2 μM and 20 μM in three double-blind rounds and then the eye phenotype 

was assessed in adults (Fig. 8a). This allowed to directly evaluation responses in eye-

phenotype and ommatidia. The average lifespan of all the ouabain-uptake flies was no 

different from solvent-uptake flies, indicating that the ouabain did not cause generalized 

toxicity (Fig. 8b). After ouabain ingestion, gmr-Gal4 > tau-2N4R Drosophila clearly 

exhibited well-organized ommatidia compare to control (Fig. 9a) and decreased 

phosphorylated tau (Fig. 9b), confirming the protective effect against tau overexpression in 

fruit flies. A microphthalmia-associated transcription factor (dMitf) is the only homolog of 

TFE3 and human TFEB in fruit flies (53). I investigated whether dMitf could be involved in 

the reduction of p-tau and improvement of the rough-eye phenotype. Tau2N4R-expressing 

flies with knockdown of dMitf (dMitfKD), exhibited abolished ouabain-induced 

improvement in their ommatidia (Fig. 9c), and the rough-eye phenotype was observed in all 

progeny. Protein levels also did not find significant changes in the amount of p-tau by with 

or without ouabain in this model (Fig. 9d). These results suggest that Mitf (also known as 

TFEB), is necessary for ouabain-induced p-tau reduction in D. melanogaster.  
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Figure 8. Effect of ouabain on the transgenic flies. (a) Schematic of the eye phenotype 

assay. (b) No significant lifespan difference was observed according to uptake of ouabain-

treated food between elav or elav;dMitfKD flies. Elav;dMitfKD flies tended to have a 

shorter lifespan than controls, but no difference attributed to ouabain was observed. n = 200 

per group. 
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Figure 9. Ouabain improves the gmr<tau phenotype and is related to dMitf/TFEB 

expression in Drosophila. (a) The eyes of adult flies overexpressing human tau 2N4R, 

under the control of the eye-specific gmr-Gal4 driver, expressed abnormal surface and 
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condensation of the size (upper right). This eye defect was effectively rescued by feeding 

with 2 μM of ouabain (bottom right). n = 50 per group. (b) Western blot analysis of tau 

phosphorylated at Ser199/202 and Ser396, and total tau (Tau5). (c) The eyes of 

dMitfKD;Tau2N4R adult flies, and of control flies bearing only dMitfKD. The eyes of 

dMitfKD;Tau2N4R adult flies expressed abnormal surface (upper right). This eye defect was 

not changed by feeding with 2 μM of ouabain (bottom right). n = 50 per group. (d) Western 

blot showing distribution of tau phosphorylated at Ser199/202 and Ser396, and total tau 

(Tau5). 
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3. 6. Ouabain ameliorates the memory deficit in TauP301L mice and reduces the tau 

level 

To test whether ouabain has therapeutic effects on memory impairment of AD, the behavior 

test was performed in JNPL3 transgenic mice, a tau-P301L tauopathy model. These mice 

present an adjustable level of human tau with a P301L mutation and are associated with age-

dependent pathology, neurodegeneration, and gradual onset of memory deficits (54), similar 

to those seen in AD, the most common tauopathy. TauP301L mice exhibit age-related spatial 

memory deficits due to neuronal loss caused by increased accumulation of 

hyperphosphorylated tau and NFTs (54, 55). To confirm that ouabain did not have an overt 

harmful effect, body weight and locomotor activity were assessed. There was no significant 

difference in body weight in any of the groups between the initial stage and the end of the 

experiment (Fig. 10b). An anxiety-related measure, the total distance in open field, was 

similar between WT and TauP301L groups in 6-month-old mice (Fig. 10c). Treatment with 

1.5 μg/kg ouabain had no significant effect on WT or TauP301L mice. These results suggest 

that ouabain treatment is not toxic and did not cause any change in the search behavior or 

anxiety level of the mice used in the experiment. To determine whether ouabain modifies 

memory deficits in Tau mice, a Y-maze test was performed (Fig. 11a) in 20-weeks–old 

TauP301L mice and wild-type littermates with or without ouabain injection. 

Spontaneous alternation in the Y-maze, an index of short-term spatial working memory in 

mice, was evaluated in TauP301L and wild-type (WT) strains, and no significant differences 

in mouse activity in the new arm were observed between the groups (Fig. 11b). However, the 

time in new arm was significantly improved in TauP301L mice injected with ouabain 

compared with TauP301L mice (Fig. 11c). Time-resolution analysis in the new space showed 

a 40% reduction in tau mice compared to WT mice (with or without ouabain), significantly 

improved behavior in ouabain-injected TauP301L mice, restoring memory to WT-like levels 
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(Fig. 11c).  

Western blot analysis using antibodies against p-tau (S199/202 and S396) and total tau (Tau 

5) at the end of behavior tests showed that intraperitoneal ouabain injection markedly 

reduced p-tau species in both the cortex (Fig. 11d) and hippocampus (Fig. 11e) of TauP301L 

mice. In the cortex of TauP301L mice, the amount of p-tau (S199 / 202 and S396 region) 

versus total tau was reduced to half of the initial level after ouabain treatment, whereas WT 

mice showed no change in the amount of p-tau even after ouabain treatment (Figs. 11f, g). In 

the hippocampus of TauP301L mice, the amount of pS199/202 tau versus total tau reduced to 

half of the initial level after ouabain treatment (Fig. 11h). For p-tau (S396), the value of the 

change was not significant (Fig. 11i). These results suggest that ouabain decreases p-tau and 

improves behavioral disturbances caused by hyper-phosphorylated tau. 
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Figure 10. Effects of ouabain on body weight and total distance. (a) Experimental 

paradigm for the drug injection and behavioral testing. Mouse were injected (i.p.) for the 6 

weeks post-injury with either 1.5 μg/kg ouabain or vehicle. (b) Body weight following 

intraperitoneal injection of ouabain or PBS. (c) Quantification of the total distance by 

animals from open field areas in treated ouabain or not. n=4, each of WT groups and n=10, 

each of TauP301L groups.   
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Figure 11. Effect of ouabain in TauP301L mice with induced memory impairment and 

elevated tau level. (a) Schematic diagram of the Y maze apparatus. (b) The number of 

alternation in new arm region by control and TauP301L mice treated with vehicle or 1.5 

μg/kg ouabain. (c) The spent of time in new arm region by control and TauP301L mice with 

vehicle or 1.5 μg/kg ouabain. (d-e) The cortex (d) and hippocampus (e) of wild-type and 

TauP301L mice injected with vehicle or ouabain were homogenized for immuno-blot. 

Western blot analysis of tau phosphorylated at Ser199/202 and Ser396, and total tau (Tau5). 

Quantification of phosphorylated tau at Ser199/202 and Ser396 normalized with Tau5 in 

cortex (f, g) and hippocampus (h, i). n=4, each of WT groups and n=10, each of TauP301L 
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groups. (mean ± s.d. for n = 3 independent experiments, *p < 0.05 and **p < 0.01 by one-

way ANOVA, the Tukey post-hoc test).  
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4. Discussion 

In this study, ouabain discovered as a common-hit compound, both among the 

neuroprotective compounds and in the TFEB activator screening. Ouabain treatment resulted 

in protective effects in both the in vitro OA-induced neurodegeneration model and the in vivo 

tau transgenic fly and P301L mouse models.  

Ouabain is well known as a plant-derived toxic substance that was used as an arrow poison. 

However, in lower doses, it can be used medically to treat hypotension and arrhythmias (56). 

Intravenous ouabain has a long history in the treatment of heart failure in France and 

Germany (57). Endogenous ouabain was discovered in the human blood as a regulatory 

hormone (58, 59). In a rat model of pregnancy-induced hypertension, ouabain reduced mean 

arterial pressure without any adverse effects on pups, suggesting the potential therapeutic 

application in preeclampsia (60). Ouabain may also play a role in suppressing cancer 

metastasis via integrin regulation (61). Ouabain pretreatment induced concentration- and 

time-dependent RNA/DNA synthesis and overexpression of many stress-induced signals, 

including the production of mortalin (heat shock protein 70), c-Fos, and c-Jun proteins. A 

neuroprotective effect by ouabain at low concentrations was also reported in traumatic brain 

injury (62). I also observed ouabain’s protective effects in tau transgenic mice at low 

concentrations with no overt side effects (Figs. 10 and 11). 

This study reveals that ouabain decreases phosphorylated tau accumulation and tau 

pathology (Figs. 6-11) via TFEB-induced autophagy activation (Figs. 2, 4, and 5). Ouabain 

and other cardiac glycosides have been reported to activate autophagy in tumor cells (63-66), 

which further accords with our findings. Ouabain’s in vivo protective effect is dependent 

upon TFEB, as demonstrated by our findings that the tau-induced rough-eye phenotype was 

improved by ouabain, but was abolished by knock-down of Drosophila TFEB (Fig. 9). The 



３８ 

 

effect of ouabain on tau reduction is also dependent upon TFEB-induced autophagy; the 

inhibition of lysosomal degradation with bafilomycin-A1 abolished the tau reduction effect 

(Figs. 6f and g). These results suggest that ouabain, a Na/K-ATPase inhibitor, can be used 

therapeutically in AD or tauopathy, inducing tau reduction through the autophagy-lysosomal 

pathway enhanced by the activation of TFEB. 

The activity of TFEB is regulated by mTOR and calcineurin, where mTOR phosphorylates 

TFEB at S142 and S211 to sequester it in the cytosol, while calcineurin dephosphorylates 

TFEB to move it to the nucleus (50, 67, 68). The mTOR pathway is involved in cellular 

processes and pathways affected by the Na/K-ATPase effect (69, 70). Ouabain inhibits 

mTOR in neuronal cells (Fig. 7), thereby contributing to the activation of TFEB. Na/K-

ATPase, by binding to cardiotonic steroids such as ouabain, induces multiple cell signaling 

pathways and promotes autophagy (63). It was also recently reported that digoxin inhibits 

Na/K-ATPase, increasing the cytosolic Ca2+ level, which activates calcineurin and inhibits 

mTOR, leading to TFEB dephosphorylation and activation (38). Indeed, pharmacologic 

intervention directed at upstream targets of TFEB activation such as mTORC1 inhibitors (71) 

and AMPK activators (72) or digoxin (38), a Na/K-ATPase inhibitor, has already 

demonstrated significant potential for mitigating metabolic abnormalities and even 

prolonging lifespan. Nevertheless, ouabain has a narrow therapeutic range due to 

cardiovascular risk, including arrhythmia (73). Therefore, additional research of dose-

response and dose-toxicity relationships and further evaluation of the effects of neuronal 

TFEB activation, which reduces hyperphosphorylated tau accumulation and tauopathy, are 

needed before initiating clinical trials. 

Our study highlights the therapeutic potential of ouabain for AD treatment by reduced hyper-

phosphorylated tau accumulation and tauopathy through neuronal TFEB activation. 
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Activation of cell clearance due to TFEB activators further clarifies the roles of TFEB 

activation and the autophagy-lysosome system in the accumulation of abnormal protein, such 

as tau aggregates, and it indicates a new therapeutic strategy for AD (26). The results of this 

study advance the development of a viable pharmacological strategy to treat AD and 

neurodegenerative diseases by reducing tau via TFEB-induced autophagy.  
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국문 초록 

서론: 알츠하이머 병 (Alzheimer’s disease; AD)의 주요 병원성 분자 중 하나인 

신경원섬유얽힘 (Neurofibrillary tangles; NFTs)는 비정상적으로 과인산화 된 독성 타우 (Tau) 

단백질의 축적에 의해 형성한다. 또 다른 주요 병원성 분자인 아밀로이드 베타 (Amyloid 

beta; Aβ)를 표적으로 하는 치료제의 거의 모든 시도가 실패하고, 실제 환자에서 

신경원섬유얽힘 진행 과정이 알츠하이머 병의 병리 증상 기준이 되는 Braak stage와 

일치를 보임에 따라 타우 단백질이 치료 표적으로 떠오르고 있다. 타우 단백질의 직접적 

치료 방법 중 하나로 세포 내 프로테아좀 (Proteasome; 단백질분해효소복합체)이나 

자가포식 (Autophagy) 자극을 통한 독성 타우 단백질의 제거가 있는데, 실제 알츠하이머 

환자 뇌에서 자가포식소체 (Autophagosome)의 축적과 라이소솜의 기능장애 (Lysosomal 

dysfunction)가 확인되고 있어 치료 전략으로 기대가 높다. 전사조절인자EB (Transcription 

factor EB; TFEB)의 활성화는 자가포식과 라이소솜 과정을 자극시키므로 이를 통한 독성 

타우 단백질의 제거를 기대한다. 오카다익산 (Okadaic acid; OA) 는 신경세포에서 타우를 

과인산화시키고 신경세포의 퇴행과 시냅스 손실 등과 같이 알츠하이머 병과 유사한 생체 

내 병리학 적 진행을 유도하기에 독성 타우 단백질에 대한 신경퇴행 질병 연구 모델로 

유용하다. 

목적: 본 연구는 타우에 의해 유도되는 세포손상에 대한 신경보호와 전사인자 EB를 

활성화 시키는 물질을 발굴하고 이 물질의 신경보호 효과와 타우의 효과적인 억제를 

확인하여 그 메커니즘을 규명하고자 한다.  

결론: 본 연구는, 1) 오카다익산에 의한 과인산 타우 관련 신경 퇴행 모델에서 신경세포 

보호 효과와 2) 세포질에서 핵으로 위치 이동되는 TFEB의 활성화를 타겟으로 

스크리닝을 진행 하여 공통으로 활성을 보인 화합물, 와베인(ouabain)을 확인하였다. 신경 

세포 독성 및 생존력에 대한 실험에서 와베인은 오카다익산 유발 신경퇴행 모델에서 

유의하게 신경 세포 보호 효과를 보였다. 와베인은 TFEB을 세포질에서 핵으로 

전위시키고 LAMP1과 LC3B 같은 자가포식-라이소솜 관련 단백질을 활성화 하였다. 타우 
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과발현 된 SH-SY5Y와 신경세포에서 와베인 처리는 인산화된 타우 (Ser199 / 202 및 

Ser396 영역)의 감소를 야기했는데, 라이소솜 억제제인 bafilomycin A1 (10 nM, 4 h)과 

와베인 처리 하에서 인산화 타우 감소가 차단되는 결과들은 와베인의 독성 타우 

인산화의 분해 과정이 자가포식 경로를 통한다는 것을 의미한다. 또한, 인산화 된 

4EBP1과 p70S6-kinase는 와베인 처리 시간과 용량 의존적으로 유의하게 감소를 보였는데 

이러한 결과는 와베인이 mTORC1 억제를 통해 TFEB의 탈인산화 및 자가포식 과정의 

활성화에 관여한다는 것을 의미한다. human-타우가 발현할 경우 무질서하고 융합된 거친 

눈 표현형을 나타내는 초파리 모델 실험에서, 와베인 섭취 그룹의 명확하게 잘 조직 된 

눈 표현형과 타우 인산화 단백질 양의 감소가 보였다. 또, P301L 돌연변이가 있는 human-

타우를 발현하며 연령에 따른 타우 병리학, 신경세포 변성 및 점진적 기억력 결핍을 

나타내는 TauP301L생쥐 실험은 6 주간 와베인이 투여된 그룹에서 인지 및 기억의 

향상과 인산화된 타우의 감소를 검증했다.  

토의: 본 연구에서는 심장 배당체로 알려진 와베인을 이용하여 오카다익산 유발 

신경퇴행모델에서 세포 보호 효과 및 TFEB의 활성화를 통한 자가포식-라이소솜 관련 

단백질의 증가와 이에 따른 인산화된 타우 단백질의 감소를 확인하였다. 이러한 

결과들은 세포 실험과 동물 실험에서 직접적으로 확인되었으며, 이는 TFEB의 활성화가 

자가포식을 통해 세포독성 타우를 감소시켜 알츠하이머 병 및 신경 퇴행성 질환을 

치료할 수 있는 약리학적 전략 발전에 의의가 있다. 
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