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Osmotin attenuates amyloid beta-
induced memory impairment, 
tau phosphorylation and 
neurodegeneration in the mouse 
hippocampus
Tahir Ali, Gwang Ho Yoon, Shahid Ali Shah, Hae Young Lee & Myeong Ok Kim

The pathological hallmarks of Alzheimer’s disease (AD) include amyloid beta (Aβ) accumulation, 
neurofibrillary tangle formation, synaptic dysfunction and neuronal loss. In this study, we 
investigated the neuroprotection of novel osmotin, a plant protein extracted from Nicotiana tabacum 
that has been considered to be a homolog of mammalian adiponectin. Here, we observed that 
treatment with osmotin (15 μg/g, intraperitoneally, 4 hr) at 3 and 40 days post-intracerebroventricular 
injection of Aβ1-42 significantly ameliorated Aβ1-42-induced memory impairment in mice. These results 
revealed that osmotin reverses Aβ1-42 injection-induced synaptic deficits, Aβ accumulation and 
BACE-1 expression. Treatment with osmotin also alleviated the Aβ1-42-induced hyperphosphorylation 
of the tau protein at serine 413 through the regulation of the aberrant phosphorylation of p-PI3K, 
p-Akt (serine 473) and p-GSK3β (serine 9). Moreover, our western blots and immunohistochemical 
results indicated that osmotin prevented Aβ1-42-induced apoptosis and neurodegeneration in the Aβ1-

42-treated mice. Furthermore, osmotin attenuated Aβ1-42-induced neurotoxicity in vitro.
To our knowledge, this study is the first to investigate the neuroprotective effect of a novel 

osmotin against Aβ 1-42-induced neurotoxicity. Our results demonstrated that this ubiquitous plant 
protein could potentially serve as a novel, promising, and accessible neuroprotective agent against 
progressive neurodegenerative diseases such as AD.

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder. AD is the most prevalent cause of 
dementia in the elderly and is characterized by the progressive dysfunction of memory and higher cog-
nitive functions. The neuropathological hallmarks of AD include senile plaques, neurofibrillary tangles, 
synaptic dysfunction and neuronal loss in the brain. Senile plaques are extracellular aggregates consisting 
of amyloid beta (Aβ ) peptides, and neurofibrillary tangles are composed of hyperphosphorylated tau 
protein1,2.

Aβ  peptides are primarily generated from the cleavage of the transmembrane glycoprotein amyloid 
precursor protein (APP) by the enzymes β -secretase and γ -secretase3. Aβ  plaque formation is a major 
pathological event in the brains of AD patients and results in memory and cognitive dysfunction. Aβ  
acts as a neurotoxin by initiating a group of biochemical cascades that ultimately lead to synaptotoxicity 
and neurodegeneration4. In addition to Aβ 1-42 accumulation, tau hyperphosphorylation is an important 
pathological hallmark of AD. The increased aggregation of phosphorylated tau protein decreases micro-
tubule binding, leading to axonal transport dysfunction and neuronal loss5. Nevertheless, the molecular 
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mechanisms underlying Aβ  accumulation, tau phosphorylation, synaptic loss and neurodegeneration 
remain unknown.

Advancements in the prevention and treatment of neurodegenerative diseases, such as AD, have been 
made using natural products; therefore, plant-derived compounds are promising for the treatment of 
these conditions6. Osmotin is a plant protein that belongs to the pathogenesis-related (PR)-5 family of 
the plant defense system, which includes the sweet-tasting thaumatin protein7. Osmotin is a homolog of 
the mammalian adiponectin hormone (based on both structural and functional similarity). An adiponec-
tin agonist for biological activities, osmotin mimics the anti-inflammatory activity of adiponectin in 
murine models of colitis8,9. Several studies have reported that adiponectin acts as a neuroprotective agent 
against various neurotoxic insults, e.g., kainic acid-induced excitotoxicity in rat hippocampal neurons 
and 1-methyl-4-phenylpyridinium ion (MPP+)-induced apoptosis in human SH-SY5Y neuroblastoma 
cells10,11. Prior to 2012, a study by Une, K. et al. (2011) reported that a high circulating level of adiponec-
tin leads to cognitive impairments12. Moreover, Bigalke, B. et al. (2011) and Gu, Y. et al. (2010) did not 
observe any significant difference or correlation in circulating adiponectin levels between AD patients 
and healthy subjects13,14. However, after 2011, Chan, H. K. et al. (2012) found that adiponectin protects 
against Aβ -induced neurotoxicity in SH-SY5Y cells15, Diniz, B.S. et al. (2012) observed a reduced serum 
adiponectin level in elderly patients with major depression16, Teixeira, A. L. et al. (2013) reported an 
association between low levels of adiponectin and mild cognitive impairment in AD patients17, and 
recently, Miao, J. et al. (2013) revealed that the overexpression of adiponectin enhanced the behavioral 
performance of aged mice to a greater extent than young mice18. Furthermore, Song, J. and Lee, J.E. 
(2013) reported that adiponectin is a novel target for the treatment of AD19. In our group, Shah, S.A. 
et al. (2014) and Naseer, M.I. et al. (2014) recently demonstrated the neuroprotective effect of osmotin 
against glutamate- and ethanol-induced apoptosis and neurodegeneration in the postnatal rat brain20,21. 
We therefore investigated whether osmotin, a homolog of the mammalian adiponectin hormone, exerts 
a neuroprotective effect against Aβ 1-42-induced memory impairment, synaptotoxicity, tau hyperphospho-
rylation and hippocampal neuronal degeneration in AD.

Results
Osmotin treatment ameliorates Aβ1-42-induced memory impairment. To evaluate the effects of 
osmotin on memory impairment induced by Aβ 1-42 injection, we evaluated the spontaneous alternation 
behavior of mice (n =  15/group) after 4 hr of osmotin and saline injection at 3 and 40 days post-injection 
of Aβ 1-42 using a Y-maze test. Spontaneous alternation behavior is a measure of spatial working memory, 
which is a form of short-term memory. After a single injection of Aβ 1-42, the percentage of spontaneous 
alternation behavior was significantly reduced after 3 and 40 days in the Aβ 1-42-treated mice compared 
with the control mice. We subjected the control mice to the Y-maze at 3 days and at 40 days, and the 
spontaneous alternation behavior was the same in both groups. Therefore, we used the 40-day control 
group for behavioral and further molecular analyses. The results suggested that Aβ 1-42 injection induced 
memory dysfunction. Treatment with osmotin (15 μ g/g, i.p., 4 hr) significantly increased spontaneous 
alternation behavior at 3 and 40 days post-Aβ 1-42 injection compared with mice injected with Aβ 1-42 alone 
(p <  0.05, p <  0.01, Fig. 1), indicating that osmotin ameliorated Aβ 1-42-induced memory impairment.

Osmotin treatment alleviated Aβ1-42-induced synaptotoxicity. To assess synaptic integrity after 
Aβ 1-42 treatment, we quantified the expression of presynaptic vesicle membrane proteins [synaptophysin 
and synaptosomal-associated protein 25 (SNAP-25)] and postsynaptic markers [post-synaptic density 
protein 95 (PSD95) and α -amino-3-hydroxy-5-methylisoxazol-4-propionic acid (AMPA) receptors 
(AMPARs)].

A western blot analysis showed a significant reduction in synaptophysin and SNAP-25 levels in 
Aβ 1-42-treated mice after 3 days and 40 days post-Aβ 1-42 injection compared with the control, indicat-
ing the induction of synaptic dysfunction (Fig. 2A). Osmotin treatment (15 μ g/g, i.p., 4 hr) significantly 
increased synaptophysin (p <  0.01) and SNAP-25 (p <  0.001) expression after 3 and 40 days post-Aβ 1-42 
injection compared with Aβ 1-42 alone (Fig. 2A).

The brain tissue was also histologically examined for synaptophysin expression via immunofluores-
cence. Representative images (Fig. 2B) showed that (at 40 days) post-Aβ 1-42 injection reduced the immuno-
fluorescence reactivity for synaptophysin (TRITC-labeled, red) and increased that for Aβ  (FITC-labeled, 
green) in the CA3 region of the hippocampus compared with the control treatment. Osmotin treatment 
significantly increased the immunofluorescence reactivity for synaptophysin and decreased that for Aβ  
(p <  0.001, Fig. 2B).

The western blot results revealed a significant decrease in the PSD95 level in the Aβ 1-42-treated groups 
at both 3 and 40 days compared with the control group. However, the magnitude of this effect after 40 
days was greater than that after 3 days. Treatment with osmotin reduced this effect for Aβ 1-42 and signif-
icantly increased the level of PSD95 at both 3 and 40 days post-injection compared with Aβ 1-42 treatment 
alone (p <  0.01, Fig. 2C).

Aβ 1-42-induced synaptic dysfunction has been associated with the alternation of AMPARs, notably 
the phosphorylation of the AMPAR 1 subunit (GluR1) at Ser845, which plays an important role in 
the trafficking of postsynaptic glutamate receptors22. Therefore, we examined the phosphorylation of 
GluR1 at Ser845. The results revealed that the level of p-GluR1 at Ser845 was significantly reduced after 
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both 3 and 40 days in the Aβ 1-42-treated mice compared with the control mice. Similarly to the PDS95 
expression, the magnitude of the effect of Aβ 1-42 treatment after 40 days was greater than that after 3 
days. Treatment with osmotin significantly increased the levels of p-GluR1 at Ser845 at 3 and 40 days 
post-injection compared with Aβ 1-42 injection alone (p <  0.001, Fig. 2C).

Osmotin attenuated Aβ accumulation and β-site APP-cleaving enzyme-1 (BACE-1) expres-
sion. To determine whether Aβ 1-42 injection promoted Aβ  accumulation, we performed western blot 
analysis. The results showed that the levels of Aβ  were significantly higher in the Aβ 1-42-treated mice at 
3 and 40 days post-injection than in the control mice. Notably, the level of Aβ  was higher after 40 days 
than after 3 days. Osmotin (15 μ g/g, i.p., 4 hr) administration ameliorated this effect of Aβ 1-42 due to a 
significant reduction in Aβ  accumulation after both 3 and 40 days compared with Aβ 1-42 treatment alone 
(p <  0.001 and p <  0.01, Fig. 3A).

To examine plaque formation after 40 days of Aβ 1-42 injection, we performed thioflavin S staining. In 
the Aβ 1-42-treated mice, the number of plaques and the plaque burden (%) were determined; no plaque 
formation was observed in the control mice. Treatment with osmotin significantly decreased the number 
of plaques and the plaque burden (%) compared with Aβ 1-42 treatment alone (p <   0.001, Fig. 3B).

Further we also analyzed the immunofluorescence of Aβ  (6E10) in the experimental mice of 40 days 
groups. Osmotin treatment significantly reduced the immunofluorescence reactivity of Aβ  (6E10) in the 
CA3 (p <   0.001) and CA1 (p <   0.001) region of hippocampus in the Aβ 1-42-treated group (Supp. Fig. 1).

We examined the expression of BACE-1 after Aβ 1-42 injection, and the western blot analysis results 
showed that Aβ 1-42 treatment significantly increased BACE-1 expression after both 3 and 40 days com-
pared with the control treatment. Interestingly, at 3 days, BACE-1 expression was higher than that at 
40 days post-Aβ 1-42 treatment, suggesting that either BACE-1 is expressed independently of Aβ 1-42 or 
that BACE-1 is involved in a potential negative feedback mechanism. Moreover, osmotin significantly 
decreased the expression of active BACE-1 after 3 and 40 days compared with Aβ 1-42 alone (p <  0.001, 
Fig. 3A).

Osmotin treatment prevents the Aβ1-42-induced hyperphosphorylation of tau through the 
regulation of PI3K/Akt/GSK-3β signaling. Considering the protective effect of osmotin on synap-
tophysin toxicity, Aβ  accumulation and BACE-1 expression, we examined the effects of osmotin on tau 
phosphorylation in Aβ 1-42-treated mice. The dysregulation of the PI3K/Akt/GSK3β  signaling pathway, 
which affects tau hyperphosphorylation, has been associated with the Aβ  model of AD23.

Western blot analysis revealed that the phosphorylated phosphatidylinositol 3-kinase (p-PI3K) was 
significantly reduced in the Aβ 1-42-treated mice after both 3 and 40 days compared with the control mice. 

Figure 1. Effect of osmotin on spontaneous alternation behavior. The mice were treated with Aβ 1-42 (3 μ l/
mouse, i.c.v.) or vehicle (control) and maintained for 3 or 40 days, represented by Aβ 1-42 (3 days), Aβ 1-42 (40 
days) and control. Osmotin (15 μ g/g, i.p., 4 hr) was administered to the mice on days 3 and 40 post-injection 
of Aβ 1-42, represented by Aβ 1-42 (3 days) + Os and Aβ 1-42 (40 days) + Os, respectively. The spontaneous 
alternation behavior percentages were measured for 8 min using the Y-maze task in the respective groups 
after 4 hr of osmotin and saline administration The columns represent the means ±  SEM; n =  15 for each 
experimental group. #significantly different from the vehicle-treated control mice; *significantly different 
from the Aβ 1-42-treated mice.
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Figure 2. Osmotin reduced Aβ1-42-induced synaptotoxicity. (A) Western blot analysis of the mouse 
hippocampus using anti-synaptophysin and anti-SNAP-25 antibodies. The cropped bands were quantified 
using Sigma Gel software, and the differences are represented in the histogram. An anti-β -actin antibody 
was used as a loading control. The band density values are expressed in arbitrary units (A.U.) as the 
means ±  SEM for the indicated proteins (n =  10 mice/group). (B) Representative images showing the results 
of immunofluorescence reactivity for Aβ  (D-11) (FITC-labeled, green) and synaptophysin (TRITC-labeled, 
red). The 40-day post-Aβ 1-42-treated mice exhibited decreased synaptic strength based on a reduction 
in synaptophysin immunoreactivity compared with the control mice. Osmotin treatment prevented the 
Aβ 1-42-induced reduction in immunofluorescence reactivity for synaptophysin. #significantly different from 
the vehicle-treated control mice; *significantly different from the Aβ 1-42-treated mice. n =  5 mice/group, n =  3 
experiment. Magnification 40x; scale bar =  50 μ m. (C) Western blot analysis of the mouse hippocampus 
using anti-p-GluR1 (Ser845), anti-total GluR1 and anti-PSD95 antibodies. The cropped bands were 
quantified using Sigma Gel software, and the differences are represented in the histogram. An anti-β -actin 
antibody was used as a loading control. The band density values are expressed in A.U. as the means ±  SEM 
for the indicated proteins (n =  10 mice/group). #significantly different from the vehicle-treated control mice; 
*significantly different from the Aβ 1-42-treated mice.
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However, the magnitude of this effect after 40 days was greater than that after 3 days. The administration 
of osmotin (15 μ g/g, i.p., 4 hr) significantly elevated the levels of p-PI3K after both 3 and 40 days com-
pared with Aβ 1-42 injection alone (p <  0.001, Fig. 4A).

Western blot analysis revealed that the phosphorylation of Akt at Ser473 was significantly reduced in 
the Aβ 1-42-treated mice after both 3 and 40 days compared with the control mice. Similar to the results for 
p-PI3K, the magnitude of this effect after 40 days was greater than that after 3 days. The administration 
of osmotin (15 μ g/g, i.p., 4 hr) significantly elevated the levels of p-Akt (Ser473) after both 3 and 40 days 
compared with Aβ 1-42 injection alone (p <  0.001, Fig. 4A).

Glycogen synthase kinase 3 beta (GSK-3β ) activity is inhibited by its phosphorylation at Ser9 via the 
phosphorylation of Akt24. The western blot results showed that the phosphorylation of GSK3β  at Ser9 
was significantly reduced at both 3 and 40 days after Aβ  treatment compared with the control treatment. 
Osmotin treatment at both 3 and 40 days significantly increased the phosphorylation of GSK3β  at Ser9 
compared with Aβ 1-42 treatment alone (p <  0.001, Fig. 4A). Immunohistochemical analysis revealed that 
the expression of p-GSK3β  (Ser9) was decreased in the DG, CA1 and CA3 regions of the hippocampus 
after the 40-day Aβ 1-42-treated mice compared with the control mice. Treatment with osmotin reversed 
this effect of Aβ 1-42, and osmotin treatment significantly increased the expression of p-GSK3β  (Ser9) 
compared with Aβ 1-42 treatment alone in the DG, CA1 and CA3 regions of the hippocampus (p <  0.001, 
Fig. 4B).

We investigated the phosphorylation of the tau protein (p-tau) at serine 413 (Ser 413) in the control 
and Aβ 1-42-treated mice via western blot analysis. Treatment with Aβ 1-42 increased the level of p-tau 
(Ser413) after both 3 and 40 days compared with the control treatment. Osmotin treatment significantly 
attenuated the Aβ 1-42-induced hyperphosphorylation of tau at Ser 413 after both 3 and 40 days compared 
with Aβ 1-42 treatment alone (p <  0.001, Fig. 4A).

Figure 3. Osmotin attenuated the expression levels of Aβ and BACE-1. (A) Western blot analysis of Aβ  
(D-11) and BACE-1 expression in the mouse hippocampus. The cropped bands were quantified using Sigma 
Gel software, and the differences are represented in the graphs. β -actin was used as a loading control. The 
density values are expressed in A.U. as the means ±  SEM for the indicated proteins (n =  10 mice/group). (B) 
Thioflavin S staining demonstrating the formation of Aβ  plaques at 40 days post-Aβ 1-42 injection. Treatment 
with osmotin significantly reduced the plaque number and burden (%) compared with Aβ 1-42 treatment 
alone. n =  5 mice/group, n =  3 experiment. Magnification 10x and 40x. Scale bar =  100 μ m and 20 μ m. 
#significantly different from the vehicle-treated control mice; *significantly different from the Aβ 1-42-treated 
mice.
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Figure 4. Osmotin treatment prevents Aβ-induced tau hyperphosphorylation via the regulation of the 
PI3K/Akt/GSK-3β signaling pathway. (A) Western blot analysis of the mouse hippocampus using anti-p-
PI3K, anti-total PI3K, anti-p-Akt (Ser473), anti-total Akt, anti-p-GSK-3β  (Ser9), anti-total GSK3β , anti-p-
Tau (Ser413) and anti-total tau antibodies. The cropped bands were quantified using Sigma Gel software, 
and the differences are represented by the histogram. An anti-β -actin antibody was used as a loading 
control. The band density values are expressed in A.U. as the means ±  SEM for the indicated proteins 
(n =  10 mice/group). #significantly different from the vehicle-treated control mice; *significantly different 
from the Aβ 1-42-treated mice. (B) Immunohistochemistry for p-GSK3β  (Ser9) showing that p-GSK3β  
(Ser9) immunoreactivity was decreased in the 40-day post-Aβ 1-42-treated mice. Treatment with osmotin 
significantly increased the expression of p-GSK3β  (Ser9) compared with Aβ 1-42 treatment alone in the 
DG, CA1 and CA3 regions of the hippocampus. n =  5 mice/group, n =  3 experiment. Scale bar =  100 μ m. 
#significantly different from the vehicle-treated control mice; *significantly different from the Aβ 1-42-treated 
mice.



www.nature.com/scientificreports/

7Scientific RepoRts | 5:11708 | DOi: 10.1038/srep11708

Furthermore, we examined the p-tau (Ser413) and Aβ  levels via immunofluorescence. Consistent with 
the western blot analysis results, representative images (Fig.  5A,B) showed that at 40 days, post-Aβ 1-42 
injection significantly increased the Aβ  (FITC-labeled, green) and p-tau immunofluorescence reactivity 
at Ser 413 (TRITC-labeled, red) compared with the control mice in the CA3 and DG regions of the 
hippocampus. Treatment with osmotin significantly reduced these effects of Aβ 1-42 in the CA3 and DG 
regions of the hippocampus (p <  0.001; Fig. 5A,B).

Osmotin prevents the apoptosis and neurodegeneration induced by Aβ1-42. Previous studies 
determined that the apoptotic activity of Aβ 1-42 plays a critical role in neurodegeneration in AD25. Studies 
have shown that the PI3K/Akt/GSK3β  neuroprotective and survival pathway is directly affected by Aβ  
exposure and that the activity of this pathway is impaired in the AD brain26. Adiponectin has been 
reported to activate various survival pathways. One important survival pathway is the PI3K/Akt pathway, 
which is activated by adiponectin and prevents apoptosis27. In plants, osmotin acts as a pro-apoptotic 
factor and is expressed in many fruits, seeds and vegetables, such as grapes, oats and tomatoes28. In our 
animal model of this study, osmotin appeared to protect against Aβ 1-42-induced apoptosis. Recently, our 
group, Shah, S.A. et al. (2014) and Naseer, M.I. et al. (2014) demonstrated the neuroprotective effect of 

Figure 5. (A,B) Representative images showing immunofluorescence using the anti-Aβ  (D-11) (FITC-
labeled, green) and anti-p-tau (Ser413) (TRITC-labeled, red) antibodies. The mice treated 40 days 
post-Aβ 1-42exhibited increased Aβ  (green FITC-labeled) and p-Tau (Ser413) (red TRITC-labeled) 
immunofluorescence reactivity in the CA3 and DG regions of the hippocampus. Treatment with osmotin 
ameliorated the effects of Aβ 1-42 and significantly decreased the immunoreactivity for p-tau (Ser413) and  
Aβ  (D-11). n =  5 mice/group, n =  3 experiment. Magnification 40x; scale bar =  50 μ m. #significantly different 
from the vehicle-treated control mice; *significantly different from the Aβ 1-42-treated mice.
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osmotin against glutamate- and ethanol-induced apoptosis and neurodegeneration in the postnatal rat 
brain20,21. Aβ 1-42 activates the expression of the pro-apoptotic p53 protein, which mediates the activa-
tion of caspases in hippocampal neurons29. We performed a western blot analysis to determine whether 
osmotin suppresses neuronal apoptosis via p53-mediated caspase-associated apoptotic pathways in the 
hippocampus of Aβ 1-42-treated mice.

Aβ 1-42 significantly increased the level of p53 in the mice treated with Aβ 1-42 after both 3 and 40 days 
compared with the control mice. The administration of osmotin (15 μ g/g, i.p., 4 hr) to the mice treated 
with Aβ 1-42 significantly decreased the level of p53 after both 3 and 40 days compared with Aβ 1-42 alone 
(p <  0.001, Fig. 6A).

Caspases are serine-aspartyl proteases that are involved in the initiation and execution of apoptosis30. 
Caspase-9 is an initiator caspase. Western blot analysis revealed increased activation of caspase-9 at 
both 3 and 40 days after Aβ 1-42 treatment compared with the control treatment. Treatment with osmotin 
significantly decreased Aβ 1-42-induced caspase-9 activation in the hippocampus after both 3 and 40 days 
compared with Aβ 1-42 treatment alone (p <  0.001, Fig. 6A).

Caspase-3 is an executor caspase that acts downstream of other caspases, such as caspase-9. We inves-
tigated the levels of caspase-3 in response to Aβ 1-42 treatment via western blot analysis to determine 
whether osmotin reduces the Aβ 1-42-induced elevation in the expression of active caspase-3. Our results 
showed that the level of activated caspase-3 was higher in the Aβ 1-42-treated mice after both 3 and 40 days 
compared with the control mice. Treatment with osmotin ameliorated the Aβ 1-42-induced upregulation 
of active caspase-3 and significantly decreased the level of caspase-3 after both 3 and 40 days compared 
with Aβ 1-42 treatment alone (p <  0.001, Fig. 6A).

Activated caspase-3 expression was also examined via immunohistochemical analysis. The number of 
active caspase-3-positive cells was significantly higher in the DG, CA3 and CA1 regions of the hippocam-
pus after 40 days in the Aβ 1-42-injection mice compared with the control mice (Fig. 6B). After osmotin 
administration, the number of active caspase-3-positive cells was significantly decreased compared with 
Aβ 1-42 treatment alone in the DG, CA1 and CA3 regions of the hippocampus (p <  0.001, Fig. 6B).

Poly (ADP-ribose) polymerase-1 (PARP-1) is involved in DNA repair, and the hyperactivation of 
PARP-1 in response to an excitotoxic insult induces neurodegeneration31. Aβ  peptide increases the activ-
ity of PARP-1 in the hippocampus of adult rats32. PARP-1 is cleaved following the activation of caspase-3, 
subsequently resulting in apoptosis and, ultimately, neuronal death33. Western blot analysis revealed that 
PARP-1 cleavage in the hippocampus of the Aβ 1-42-treated mice reflected increased caspase-3 activity, 
which occurs during apoptosis and neurodegeneration. The level of cleaved PARP-1 was significantly 
increased in the mice treated with Aβ 1-42 after both 3 and 40 days compared with the control mice. 
Treatment with osmotin significantly reduced PARP-1 cleavage in the hippocampus compared with 
Aβ 1-42 treatment alone (p <  0.001, Fig. 6A).

Furthermore, Nissl staining was performed to investigate the extent of neuronal death in the hip-
pocampus induced by Aβ 1-42 injection in the 40 days group and to assess the protection conferred by 
osmotin administration to the Aβ 1-42-treated mice. The number of survival neurons in the DG, CA3 
and CA1 regions was significantly reduced in the Aβ 1-42-treated mice compared with the control mice. 
Treatment with osmotin blocked this effect of Aβ 1-42 and significantly increased the number of survival 
neurons compared with Aβ 1-42 treatment alone (p <  0.01, Fig. 7).

Effect of osmotin against Aβ1-42-induced neurotoxicity in vitro. To measure cell viability/cyto-
toxicity and apoptosis (using the apoptotic marker caspase-3/7), we performed an ApoTox-GloTM Triplex 
assay on neuronal HT22 cells and primary cultures of hippocampal neurons from gestational day (GD) 
17.5 rat fetuses. Treatment with Aβ 1-42 (5 μ M) reduced the viability of HT22 cells and primary hip-
pocampal neurons and increased the cytotoxicity and activation of caspase-3/7 compared with the control 
treatment. Treatment with osmotin at three different concentrations (0.1, 0.2, and 0.4 μ M) significantly 
reduced the effects of Aβ 1-42 (5 μ M), thereby increasing cell viability and decreasing cytotoxicity and 
caspase-3/7 activation (p <  0.05, Fig. 8A,B), indicating that osmotin reduced Aβ 1-42 (5 μ M)-induced neu-
rotoxicity in vitro.

We also determined the toxicity profile of 100% dimethyl sulfoxide (DMSO) in both primary hip-
pocampal neurons and HT22 cells via ApoTox-GloTM assay. The neurons exposed to the 100% DMSO 
showed decreased viability as well as increased cytotoxicity and caspase-3/7 activation compared with the 
non-exposed DMSO in both the primary hippocampal and HT22 neuronal cells (Supp. Fig. 2A and B).

Discussion
The present study is the first to provide evidence that osmotin attenuates Aβ 1-42-induced memory impair-
ment, synaptic deficits, tau hyperphosphorylation and hippocampal neuronal degeneration in a mouse 
Aβ 1-42 model in both the short- and long-term (3 and 40 days post-Aβ 1-42 injection, respectively). A 
single injection of Aβ 1-42 induced memory impairment after both 3 and 40 days; however, the magnitude 
of the long-term effect was greater than that of the short-term effect, potentially reflecting hippocam-
pal neurodegeneration, tau hyperphosphorylation and, particularly, synaptic degeneration, which is an 
important characteristic of the early stages of AD. The intracerebroventricular Aβ  injection model is a 
useful complement to transgenic mouse models34 for the development and evaluation of therapeutic 
approaches to AD pathology because the mechanisms underlying many characteristics of AD, including 
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the induction of tau phosphorylation, synaptotoxicity, apoptosis and neurodegeneration, remain elusive. 
Moreover, the intracerebroventricular Aβ -injection model facilitates behavioral studies in a relatively 
short timeframe.

Figure 6. Osmotin prevents Aβ1-42-induced apoptosis and neurodegeneration. (A) Western blot 
analysis of the mouse hippocampus using anti-p53, anti-caspase-9, anti-cleaved caspase-3 and anti-PARP-1 
antibodies. The cropped bands were quantified using Sigma Gel software, and the differences are represented 
by the histogram. An anti-β -actin antibody was used as a loading control. The band density values are 
expressed in A.U. as the means ±  SEM for the indicated hippocampal proteins (n =  10 mice/group). 
#significantly different from the vehicle-treated control mice; *significantly different from the Aβ 1-42-treated 
mice. (B) The cells that were immunoreactive to the anti-activated caspase-3 antibody were examined in 
the DG, CA3 and CA1 regions of the hippocampus of the mice treated 40 days post-Aβ 1-42. The number of 
caspase-3-positive cells was increased in the Aβ 1-42-treated mice compared with the control mice. Treatment 
with osmotin significantly ameliorated the Aβ -induced increase in the number of caspase-3-positive cells. 
n =  5 mice/group, n =  3 experiment. Scale bar =  200 μ m. #significantly different from the vehicle-treated 
control mice; *significantly different from the Aβ 1-42-treated mice.
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Our experimental paradigm (based on the effects of Aβ 1-42 injection after 3 and 40 days) produced 
a significant reduction in the percentage of spontaneous alternation behavior, which is associated with 
hippocampal function35. Long-term (40 days) Aβ 1-42 treatment resulted in a more deleterious effect: 
the percentage of spontaneous alternation behavior following long-term Aβ 1-42 treatment was further 
reduced compared with short-term (3 days) Aβ 1-42 treatment. Here, we demonstrated that osmotin treat-
ment (15 μ g/g, i.p, 4 hr) ameliorates the effects of Aβ 1-42 on spontaneous alternation behavior, indicating 
a reduction the degree of spatial memory impairment. Thus, we suggest that the observed improvement 
in spontaneous alternation behavior due to osmotin treatment demonstrates the neuroprotective effect 
of osmotin against Aβ 1-42-induced hippocampal degeneration.

Synaptophysin and SNAP-25 levels are decreased in the brain of AD patients and Aβ -induced rat/
mouse models36,37. Our experimental results revealed that Aβ 1-42-injection significantly reduced the lev-
els of synaptophysin, SNAP-25, PSD-95 and p-GluR1 at Ser 845 in the mouse hippocampus. The mag-
nitude of the decreases in the levels of synaptophysin, SNAP-25, PSD-95 and p-GluR1 (Ser845) and, 
consequently, in the percentage of spontaneous alternation behavior in the Aβ 1-42-treated mice were 
greater after 40 days than after 3 days. This result suggests a correlation in which mice exposed to 
long-term Aβ 1-42 treatment exhibited more deleterious effects and less synaptophysin, SNAP-25, PSD-95 

Figure 7. Representative photomicrograph of Nissl staining in the DG, CA3 and CA1 regions of the 
mouse hippocampus. n =  5 mice/group, n =  3 experiment. Scale bar =  200 μ m. #significantly different from 
the vehicle-treated control mice; *significantly different from the Aβ 1-42-treated mice.
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and p-GluR1 (Ser845) expression than mice exposed to short-term Aβ 1-42 treatment. This observation 
is consistent with the results of previous studies suggesting that acute Aβ 1-42 treatment may not exert 
detrimental effects on presynaptic protein expression38,39. Aβ -induced synaptotoxicity may be critical 
in inducing memory dysfunction; reduced synaptophysin expression in the hippocampus is associated 
with cognitive dysfunction and memory loss in AD patients40. The synaptophysin, SNAP-25, PSD-95 and 
p-GluR1 (which is associated with spatial memory) in the Aβ 1-42-treated mice were protected by osmo-
tin administration, thereby suggesting that protecting pre-and post-synaptic protein markers improves 
spatial memory.

Aβ  accumulation in the human brain has been implicated in neuronal loss and cognitive dysfunction 
during AD progression41. BACE-1 is the key enzyme that initiates Aβ  accumulation, and the activity of 
BACE-1 is the rate-limiting step in APP processing to generate Aβ 42. BACE-1 expression is increased 
in response to a variety of events, including hypoxia43 and oxidative stress conditions44. Interestingly, 
recent studies have shown that BACE-1 expression is up-regulated by Aβ 1-42

45. The results of the present 
study consistently showed increased levels of BACE-1 expression in the Aβ 1-42-treated mice; however, 
BACE-1 was more strongly expressed at 3 days than at 40 days after Aβ 1-42 treatment, suggesting that 
either BACE-1 is expressed independently of Aβ 1-42 or that BACE-1 is involved in a potential negative 
feedback mechanism . The total Aβ  level and Aβ 1-42-induced BACE-1 expression at both 3 and 40 days 
after Aβ 1-42 injection were attenuated by osmotin treatment (Fig. 3A,B).

Figure 8. Osmotin attenuated the deleterious effects of Aβ1-42 in vitro. (A). The ApoTox-GloTM assay in 
neuronal HT22 cells. Cell viability was decreased but cytotoxicity and caspase-3/7 activation were increased 
after treatment with Aβ 1-42 (5 μ M) compared with the control treatment. Treatment with osmotin at three 
different concentrations (0.1, 0.2, or 0.4 μ M) significantly reduced the effects of Aβ 1-42, thereby increasing 
cell viability and decreasing cytotoxicity and caspase-3/7 activation. (B) The ApoTox-GloTM assay in primary 
hippocampal neuron cultures from GD 17.5 rat fetuses. Cell viability was decreased but cytotoxicity and 
caspase-3/7 activation were increased after Aβ 1-42 (5 μ M) treatment compared with the control treatment. 
Treatment with osmotin at three different concentrations (0.1, 0.2, or 0.4 μ M) significantly reduced the 
effects of Aβ 1-42, thereby increasing cell viability and decreasing cytotoxicity and caspase-3/7 activation. 
#significantly different from the control; *significantly different from the Aβ 1-42-treated mice. Ns =  not 
significant compared with the Aβ 1-42-treated mice. n =  3 per experiment.
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Hyperphosphorylated tau is the primary component of neurofibrillary tangles. Aβ  accumulation 
precedes the accumulation of hyperphosphorylated tau in the AD brain. Recent studies showed that solu-
ble Aβ  oligomers either generated from synthetic Aβ  peptides or extracted from the brain of AD patients 
promote tau phosphorylation46,47. Previous studies also demonstrated the Aβ -induced hyperphosphoryl-
ation of the tau protein via the activation of various kinases, such as GSK-3β , mitogen activated protein 
(MAP) kinase and cyclin-dependent kinase-5. GSK-3β  activation is elevated by Aβ  accumulation in pri-
mary cultured neurons48. Akt, a serine/threonine kinase and an upstream regulator of GSK-3β , prevents 
GSK-3β  activity via the phosphorylation of GSK-3β  at Ser 949. In hippocampal sections from APP/PS1 
mice, Akt activity was inhibited based on its reduced phosphorylation at Ser473, and this reduced level 
of p-Akt (Ser 473) was associated with a reduction in the Akt-mediated phosphorylation of GSK-3β  at 
Ser 9 (thereby increasing the activity of GSK-3β )50. Several studies established that GSK-3β  mediates 
the hyperphosphorylation of the tau protein in vivo51. Importantly, the Aβ 1-42-induced decrease in Akt 
phosphorylation was ameliorated by osmotin treatment, consistent with the osmotin-mediated reduc-
tion in GSK-3β  activity (due to the increased phosphorylation of GSK-3β  at Ser9), which decreased the 
hyperphosphorylation of the tau protein. These results showed that osmotin alleviates the hyperphos-
phorylation of the tau protein via the regulation of the aberrant PI3K/Akt/GSK-3β  signaling pathway at 
both 3 and 40 days after Aβ 1-42 injection (Figs 4A,B and 5A,B). Thus, the mechanism by which osmo-
tin attenuates the Aβ 1-42-induced hyperphosphorylation of the tau protein may involve the PI3K/Akt/
GSK-3β  signaling pathway.

High levels of p53 expression have been observed in the brains of sporadic AD patients and transgenic 
mouse models carrying mutant familial AD genes52. Aβ 1-42 has been shown to activate caspases accom-
panied by p53 activation. Caspase activation in response to Aβ  injection has been implicated in the bio-
chemical cascade during the final stage of apoptosis53. Activated caspase-3 cleaves PARP-1, resulting in 
apoptosis and neurodegeneration; the hyperactivation of PARP-1 is involved in NAD+ depletion, which 
leads to neuronal death54. Thus, our results showed that osmotin suppressed pro-apoptotic p53 expres-
sion, thereby reducing the expression of activated caspases and preventing PARP-1 cleavage, indicating 
that osmotin prevents Aβ 1-42-induced neuronal apoptosis at both 3 and 40 days after Aβ 1-42-injection. 
Additionally, the results of our histomorphological analysis were consistent with our western blot results, 
confirming that osmotin attenuates Aβ 1-42-induced neurodegeneration (Figs  6B and 7). Furthermore, 
we quantified the effect of osmotin against Aβ 1-42-induced neurodegeneration in vitro. Osmotin pre-
vented Aβ 1-42-induced neurotoxicity in neuronal HT22 cells and primary hippocampal neuronal cultures 
(Fig. 8A,B).

In conclusion, the results of the present study demonstrated that osmotin reduces Aβ  accumula-
tion, BACE-1 expression, synaptotoxicity and memory impairment in an Aβ 1-42-injected mouse model. 
We also showed that osmotin alleviates the hyperphosphorylation of the tau protein possibly through 
the regulation of the PI3K/Akt/GSK-3β  signaling pathway. Moreover, osmotin prevents Aβ 1-42-induced 
apoptosis and neurodegeneration via the suppression of p53 expression, thereby reducing caspase-9 and 
capase-3 activation and PARP-1 cleavage.

Adiponectin and its receptors have been associated with various metabolic diseases, including dia-
betes, obesity, and cardiovascular and neurodegenerative diseases55. Moreover, because osmotin is a 
homolog of adiponectin, osmotin may act via the adiponectin receptor. The adiponectin receptor regu-
lates AD-associated pathways such as lipid oxidation, glucose uptake and insulin signaling56. Adiponectin 
is a pleotropic endogenous adipokine that displays anti-inflammatory and protective activities in various 
metabolic disorders57. Osmotin, a homolog of adiponectin, is a natural, easily accessible and acidically 
stable protein that is ubiquitously expressed in edible fruits and vegetables. We suggest that osmotin 
represents a novel potential candidate agent for the treatment of various chronic and metabolic diseases, 
including neurodegenerative diseases such as AD; however, further mechanistic studies are needed to 
confirm this.

Materials and methods
Materials. Aβ  1-42 peptides were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Osmotin 
purified with some modification as previously described58. The detailed osmotin extraction and purifica-
tion procedure is described in the supplementary information.

Animals. Male wild type C57BL/6J mice (25–30 g, 8 weeks old) were purchased from Jackson 
Laboratory (Bar Harbor, ME, U.S.A). The mice were acclimatized for 1 week in the university animal 
house under a 12-h/12-h light/dark cycle at 23 °C with 60 ±  10% humidity and provided with food and 
water ad libitum. The mice maintenance and treatment were carried out in accordance with the animal 
ethics committee (IACUC) guidelines issued by the Division of Applied Life Sciences, Department of 
Biology at Gyeongsang National University, South Korea. All efforts were made to minimize the number 
of mice used and their suffering. The experimental methods with mice were carried out in accordance 
with the approved guidelines (Approval ID: 125) and all experimental protocol were approved by the 
animal ethics committee (IACUC) of the Division of Applied Life Sciences, Department of Biology at 
Gyeongsang National University, South Korea.
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Drug treatment. Human Aβ  1-42 peptide was prepared as a stock solution at a concentration 
of 1 mg/ml in sterile saline solution, followed by aggregation via incubation at 37 °C for 4 days. The 
aggregated Aβ 1-42 peptide or vehicle (0.9% NaCl, 3 μ l/5 min/mouse) was stereotaxically administered 
intracerebroventricularly using a Hamilton microsyringe (− 0.2 mm anteroposterior (AP), 1 mm medio-
lateral (ML) and − 2.4 mm dorsoventral (DV) to the bregma) under anesthesia in combination with 
0.05 ml/100 g body weight Rompun (Xylazine) and 0.1 ml/100 g body weight Zoletil (Ketamine). We 
performed the stereotaxic surgical procedure in a separate heated room in which the heating system was 
designed to control the body temperature (maintained at 36 °C–37 °C). The temperature was monitored 
regularly using a thermometer because anesthesia decreased the body temperature of the animals and 
thus induced tau phosphorylation59.

We optimized the dose of osmotin according to our preliminary studies. A single dose of 15 μ g/g 
osmotin (dissolved in 0.9% NaCl saline) was administered intraperitoneally (i.p.) at 3 and 40 days fol-
lowing Aβ 1-42 injection. The control mice received an equal volume of 0.9% NaCl saline i.p. at 3 and 40 
days post-injection with 0.9% NaCl.

Spontaneous alternation in a Y-maze test. In the 3 and 40 days post-injection Aβ 1-42 mice, the 
Y-maze test was performed at 4 hr following osmotin and saline administration (n =  15/group). The 
Y-maze was constructed of black-painted wood. Each arm of the maze was 50 cm long, 20 cm high and 
10 cm wide at the bottom and the top. Each mouse was placed in the center of the apparatus and was 
allowed to move freely through the maze for three 8-min sessions. The series of arm entries was visually 
observed. Spontaneous alternation was defined as the successive entry into each of the three arms by the 
mice. Alternation behavior (%) was calculated as [successive triplet sets (consecutive entry into the three 
different arms)/total number of arm entries-2] x 100.

Protein extraction from mouse brain. After behavioral analysis in the 3 and 40 days post-injection 
Aβ 1-42 mice, the mice were killed without anesthesia. The brains were immediately removed and hip-
pocampus was dissected carefully and the tissues were frozen on dry ice and stored at − 80 °C. The hip-
pocampal tissue were homogenised in 0.01 M phosphate buffered saline (PBS) with phosphase inhibitor 
and protease inhibitor cocktail. The samples were then centrifuged at 10,000 Xg at 4 °C for 25 minutes. 
The supernatants were collected and stored at − 80 °C.

Western blot analysis. The protein concentration was measured (BioRad protein assay kit, Bio-Rad 
Laboratories, CA, USA). Equal amounts of protein (20–30 μ g) were electrophoresed under the same 
experimental conditions using 4–12% BoltTM Mini Gels and MES SDS running buffer 1x (Novex, Life 
Technologies, Kiryat Shmona, Israel) with broad-range prestained protein marker (GangNam stainTM, 
Intron Biotechnology) as a molecular size control. The membranes were blocked in 5% (w/v) skim milk 
to reduce non-specific binding and incubated with primary antibodies overnight at 4 °C at a 1:1,000 
dilution. After reaction with a horseradish peroxidase-conjugated secondary antibody, as appropriate, 
the proteins were detected using an ECL detection reagent according to the manufacturer’s instructions 
(Amersham Pharmacia Biotech, Uppsala, Sweden). The X-ray films were scanned, and the optical densi-
ties of the bands were analyzed via densitometry using the computer-based Sigma Gel program version 
1.0 (SPSS, Chicago, IL, USA).

Antibodies. The following primary antibodies were used in the western blot analysis. 
Rabbit-anti-synaptophysin, anti-caspase-3, anti-cleaved casapse-3, anti-phospho-α -amino-3-hydro
xy-5-methyl-4-isoxazolepropionic acid receptors) AMPAR1s (p-GluR1) Ser845), anti-PSD-95, 
anti-p-PI3K (Y458/Y199), total anti-PI3K, anti-p-Akt (Ser473), anti-total Akt, anti-caspase-9, 
anti-total tau, and anti-β -actin from Cell Signaling Technology, Beverly, MA,USA. The mouse-anti-Aβ  
(D-11), rabbit-anti-BACE-1, goat-anti-SNAP25, goat-anti-pGSK3 β (Ser9), rabbit-anti-total GSK3β , 
mouse-anti-total GluR1, rabbit-anti-p-Tau (Ser 413), mouse-anti-p53, mouse-anti-poly (ADP-ribose) 
polymerase-1(PARP-1) from Santa Cruz, Biotechnology, CA,USA.

Tissue collection and sample preparation. After Y-maze analysis, the experimental mice of the 40 
days group (n =  5 mice per group) were transcardially perfused with 4% ice-cold paraformaldehyde, and 
the brains were post-fixed for 72 hr in 4% paraformaldehyde and transferred to 20% sucrose for 72 hr. 
The brains were frozen in O.C.T compound (A.O, USA), and 14-μ m coronal sections were cut using a 
CM 3050C cryostat (Leica, Germany). The sections were thaw-mounted on ProbeOn Plus charged slides 
(Fisher, USA).

Thioflavin S staining. The sections were washed twice for 10 minutes in 0.01 M PBS, then immersed 
in a Coplin jar containing fresh 1% thioflavin S (Sigma Chemical Co., St. Louis, MO, USA), and stained 
at room temperature for 10 min. Sections were incubated into 70% ethanol for 5 min, rinsed 2 times in 
water, and glass coverslips were mounted with propidium iodide (PI) (Invitrogen, Carlsbad, CA, USA). 
Strong green fluorescence of thioflavin S was observed on confocal laser-scanning microscope. For quan-
titative analysis, a percentage of plaque area/number of plaques was calculated by using the ImageJ 
analysis program.
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Single and double immunofluorescence. The slides were washed twice for 15 minutes in 0.01 
M PBS, followed by blocking for 1 hr in 5% normal goat or bovine serum. After blocking, the slides 
were incubated overnight in mouse anti-Aβ  (6E10) antibody (Covance, 5858 Horton Street, Suite 500, 
California USA) rabbit anti-synaptophysin (Cell Signaling Technology, Beverly, MA, USA) and anti-p-tau 
(Ser413) (Santa Cruz, Biotechnology, CA, USA) antibodies diluted 1:100 in blocking solution. Following, 
incubation in the primary antibodies, the sections were incubated for 1.5 hr in FITC bovine anti-mouse 
/ TRITC-labelled goat-anti rabbit antibodies (1:50) (Santa Cruz Biotechnology, CA, USA). In case of 
double immunofluorescence subsequently, after incubation in the goat-anti rabbit TRITC-labelled anti-
body, the sections were incubated overnight in mouse anti-Aβ  (D-11) (Santa Cruz, Biotechnology, CA, 
USA) (1:100), followed by incubation in the FITC-labelled rabbit anti-mouse antibody (1:50) (Santa Cruz 
Biotechnology, CA, USA) for 1.5 hr under the same conditions. After incubation in this secondary anti-
body, the slides were washed with PBS, and the slides were mounted with 4′ , 6′ -diamidino-2-phenylindole 
(DAPI) and Prolong Antifade Reagent (Molecular Probe, Eugene, OR, USA). The synaptophysin and 
p-Tau (Ser413) (both red), Aβ  (6E10) and Aβ  (D-11) (both green); and DAPI (blue) staining patterns 
were examined using a confocal laser-scanning microscope (Flouview FV 1000, Olympus, Japan).

Immunohistochemistry. The slides were washed twice for 15 minutes in 0.01 M PBS, followed by 
quenching for 10 minutes in a solution of methanol containing 30% hydrogen peroxidase and incubated 
for 1 h in blocking solution containing 5% normal goat serum and 0.3% Triton X-100 in PBS. After block-
ing, the slides were incubated overnight in rabbit anti-caspase-3 antibody (Cell Signaling Technology, 
Beverly, MA, USA) and goat anti-p-GSK3 β  (Ser9) diluted 1:100 in blocking solution. Following incu-
bation with primary antibody, the sections were incubated for 1 h in biotinylated goat anti-rabbit and 
rabbit anti-goat secondary antibody diluted 1:500 in PBS and subsequently incubated with ABC reagents 
(Standard VECTASTAIN ABC Elite Kit; Vector Laboratories, Burlingame, CA) for 1 h in the dark at 
room temperature. The sections were washed twice with PBS and incubated in 3, 3′ -diaminobenzidine 
tetra hydrochloride (DAB). The sections were washed with distilled water, dehydrated in graded ethanol 
(70%, 95% and 100%), placed in xylene and coverslipped using mounting medium. The active caspase-3 
and phospho-GSK3β  (Ser9)-positive cells in the DG, CA1 and CA3 regions of the hippocampus were 
analyzed using the ImageJ analysis program.

Nissl staining. The  sections were washed twice for 15 min in 0.01 M PBS and incubated in 0.5% 
cresyl violet staining solution (containing few drops of glacial acetic acid) for 10-15 minutes at room 
temperature. Following incubation the sections were washed with distilled water and dehydrated grad-
ually in ethanol (70%, 95% and 100%). After dehydration placed in xylene and coverslipped using 
non-fluorescence mounting medium. The cells in the CA1, CA3 and DG regions of the hippocampus 
were analyzed using the ImageJ analysis program.

Aβ1-42 oligomer preparation for in vitro. The Aβ 1-42 peptide (Sigma Chemical Co., St. Louis, 
MO,USA) was initially dissolved in 100% hexafluoroisopropanol (HFIP). After evaporation of HFIP 
under vacuum, the peptides were reconstituted in dimethyl sulfoxide (DMSO) to generate a suspension 
of 5 mM. This 5 mM solution was further diluted to 100 μ M in F12 medium (Gibco by life technologies, 
Grand Island, NY, USA) lacking phenol red. This was incubated at 5 °C for 24 hr. The peptide solution 
was then centrifuged at 14,000 rpm at 4 °C for 10 min. The supernatant was collected as the oligomeric 
(monomeric, dimeric and trimeric) Aβ  peptide, as confirmed via SDS-PAGE.

ApoTox-GloTM Triplex assay. ApoTox-GloTM Triplex Assay (Promega Corporation, 2800 Woods 
Hollow Road Madison, WI53711-5399, USA) was performed to assess viability, cytotoxicity and 
caspase-3/7 activation within a single 96 well assay. The first part of the assay simultaneously measures 
two protease activities as markers of cell viability and cytotoxicity.

Cultures of primary hippocampal neurons from gestational day (GD) 17.5 rat fetuses (2 ×  104 cells) 
were prepared with some modification as we previously described60. Mouse hippocampal neuronal HT22 
cells (2× 104), a generous gift from Prof. Koh (Gyeongsang National University, S.Korea) were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco by life technologies, Grand Island, NY,USA) 
supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics at 37°C in humidified air contain-
ing 5% CO2. For preparation of Aβ 1-42, osmotin and vehicle exposure, the cells were transferred to the 
35 mm Petri dishes (Nunc A/S, Kamstrupvej 90.P.O.Box 280 DK-4000 Rosklide, Danmark) and used at 
70% confluences. On the experiment day, the cells were treated with Aβ 1-42 (5 μ M) and osmotin at final 
concentrations of 0.1, 0.2 and 0.4 μ M for 24 h, except the control group.

Moreover to assess the 100% DMSO toxicity we treated both primary hippocampal neurons and 
HT22 cells (2× 104) with 100% DMSO or 1x PBS for the control for 1 hr at 37 °C in humidified air con-
taining 5% CO2.

For the assay, 20 μ l of the viability/cytotoxicity reagent containing both GF-AFC substrate and 
bis-AAF-R110 substrate was added to all of the wells and briefly mixed using orbital shaking (500 rpm 
for 30 seconds) and incubated for 1 hr at 37 °C. The fluorescence was measured at two wavelengths: 
400Ex/505Em (viability) and 485Ex/520Em (cytotoxicity).
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The GF-AFC substrate enters live cells and is cleaved by a live-cell protease to release AFC. The 
bis-AAF-R110 substrate does not enter live cells but rather is cleaved by a dead-cell protease to release 
R110.

The live-cell protease activity is restricted to intact viable cells and measured using a fluorogenic, 
cell-permeant, peptide substrate (glycyl-phenylalnyl-aminofluorocoumarin, GF-AFC). A second fluoro-
genic, cell-impairment peptide substrate (bis-alanylalanyl-phenylalanyl-rhodamine 110; bis-AAF-R110) 
was used to measure dead-cell protease activity released from cells that have lost membrane integrity.

The second part of the assay uses a luminogenic caspase3/7 substrate, containing the tetrapeptide 
sequence DEVD, in a reagent to measure caspases activity. The caspase-Glo reagent was added (100 μ l) 
to all of the wells and briefly mixed using orbital shaking (500 rpm for 30 seconds). After incubation for 
1 h at room temperature, the luminescence was measured to determine caspases3/7 activation.

Statistical analysis. The western blot bands were scanned and analyzed through densitometry using 
the Sigma Gel System (SPSS Inc., Chicago, IL). The density values were expressed as the means ±  stand-
ard error mean (SEM). The Image-J software was used for immunohistological quantitative analysis. 
One-way analysis of variance (ANOVA) followed by a two-tailed independent Student’s t-test was used 
for comparisons among the treated groups and the control. The calculations and graphs were made 
through Prism 5 software (Graph-Pad Software, In., San Diego, CA). P values less than 0.05 were con-
sidered to be statistically significant. #indicates significantly different from the vehicle treated control 
group while *indicates significantly different from the Aβ 1-42-treated groups. *p <  0.05, **p <  0.01 and 
***p <  0.001; and #p <  0.05, ##p <  0.01 and ###p <  0.001.

References
1. Glab, C. G. Structural classification of toxic amyloid oligomers. J Biol Chem 283, 29639–29643 (2008).
2. Roychaudhuri, R., Yang, M., Hoshi, M. M. & Teplow, D. B. Amyloid β -protein assembly and Alzheimer disease. J Biol Chem 284, 

4749–4753 (2009).
3. Selkoe, D. J. The molecular pathology of Alzheimer’s disease. Neuron 6, 4487–4498 (1991).
4. Walsh, D. M. & Selkoe, D. J. Deciphering the molecular basis of memory failure in Alzheimer’s disease. Neuron 44, 181–193 

(2004).
5. Brunden, K. R., Trojanowski, J. Q., Lee, V. M. Advances in tau-focused drug discovery for Alzheimer’s disease and related 

tauopathies. Nat Rev Drug Discov 8, 783–793 (2009).
6. Howes, M. J., Perry, E. The role of phytochemicals in the treatment and prevention of dementia. Drugs Aging 28, 439–468 (2011).
7. Loon, L. C. V., Rep, M. & Pieterse, C. M. J. Significance of inducible defense-related proteins in infected plants. Annu Rev 

Phytopathol 44, 135–162 (2006).
8. Miele, M., Costantini, S. & Colonna, G. Structural and functional similarities between osmotin from Nicotiana tabacum seeds 

and human adiponectin. Plos One 6, e16690 (2011).
9. Arsenescu, V. et al. Adiponectin and plant-derived mammalian adiponectin homolog exert a protective effect in murine colitis. 

Dig Dis Sci 56, 2818–2832 (2011).
10. Qui, G. Adiponectin protects in rat hippocampal neurons against excitotoxicity. Age 33, 155–164 (2011).
11. Jung, T. W. Adiponectin protects human neuroblastoma SH-SY5Y cells against MPP+-induced cytotoxicity. Bio Bioph Res Com 

343, 564–570 (2006).
12. Une, K. et al. Adiponectin in plasma and cerebrospinal fluid in MCI and Alzheimers disease. Eur J Neurol 18, 1006–1009 (2011).
13. Bigalke, B. et al. Adipocytokines and CD34+  progenitor cells in Alzheimer’s disease. PLoS One 6, e20286 (2011).
14. Gu, Y., Luchsinger, J. A., Stern, Y. & Scarmeas, N. Mediterranean diet, inflammatory and metabolic biomarkers, and risk of 

Alzheimer’s disease. J Alzheimers Dis 22, 483–592 (2010).
15. Chan, H. K. et al. Adiponectin is protective against oxidative stress induced cytotoxicity in amyloid-beta neurotoxicity. Plos One 

7, e52354 (2012).
16. Diniz, B. S. et al. Reduced serum levels of adiponectin in elderly patients with major depression. J Psychiatric Res 46, 1081–1085 

(2012).
17. Teixeira, A. L. et al. Decreased level of circulating adiponectin in mild cognitive impairment and Alzheimer disease. 

Neuromolecular Med 15, 115–121 (2013).
18. Miao, J. et al. Overexpression of adiponectin improves neurobehavioral outcomes after focal cerebral ischemia in aged mice. CNS 

Neurosci Ther 19, 969–977 (2013).
19. Song, J. & Lee, J. E. Adiponectin as a new paradigm for approaching Alzheimer’s disease. Anat Cell Biol 46,229–234 (2013).
20. Shah, S. A., Lee, H. Y., Bressan. R. A., Yun, D. J. & Kim, M. O. Novel osmotin attenuates glutamate-induced synaptic dysfunction 

and neurodegeneration via the JNK/PI3K/Akt pathway in postnatal rat brain. Cell Death Dis 5, e1026; doi: 1038 (92013).
21. Naseer, M. I. et al. Neuroprotective effect of osmotin against ethanol-induced apoptotic neurodegeneration in the developing 

brain. Cell Death Dis 5, e1150; doi: 10.1038.
22. Oh, M. C., Derkach, V. A., Guire, E. S., & Soderling, T. R. Extrasynaptic membrane trafficking regulated by GluR1 serine 845 

phosphorylation primes AMPA receptors for long-term potentiation. J Biol Chem 281, 752–758 (2005).
23. Tokutake, T. et al. Hyperphosphorylation of Tau induced by naturally secreted Amyloid-β  at nanomolar concentrations is 

modulated by insulin-dependent Akt-GSK3β  signaling. J Biol Chem 287, 35222–35233 (2012).
24. Salkovic-Petrisic, M. et al. Alzheimer-like changes in protein kinase B and Glycogen synthase kinase-3 in rat frontal cortex and 

hippocampus after damage to the insulin signaling pathway. J Neurochem 96, 1005–1015 (2006).
25. Cancino, L. G. et al. STI571 prevents apoptosis, tau phosphorylation and behavioral impairments induced by Alzheimer’s 
β -amyloid deposits. Brain 131, 2425–2442 (2008).

26. Jimenez, S. et al. Age-dependent accumulation of soluble amyloid beta (Abeta) oligomers reverses neuroprotective effect of 
soluble amyloid precursor protein-alpha (sAPP (alpha)) by modulating phosphatidylinositol 3-kinase (PI3K)/Akt-GSK-3beta 
pathway in Alzheimer mouse model. J Biol Chem 286, 18414–18425 (2011).

27. Chandrasekar, B. et al. Adiponectin blocks interleukin- 18-mediated endothelial cell death via APPL1-dependent AMP-activated 
Protein Kinase (AMPK) activation and IKK/NF-kappa B/PTEN suppression. J Biol Chem 283, 24889–24898(2008).

28. Narashimhan, M. L. et al. Osmotin is a homolog of mammalian adiponectin and controls apoptosis in yeast through a homolog 
of mammalian adiponectin receptor. Mol Cell 17, 171–180 (2005).



www.nature.com/scientificreports/

1 6Scientific RepoRts | 5:11708 | DOi: 10.1038/srep11708

29. Culmsee, C. et al. A synthetic inhibitor of p53 protects neurons against death induced by ischemic and excitotoxic insults, and 
amyloid beta-peptide. J Neurochem 77, 220–228 (2001).

30. Le, D. A. et al. Caspase activation and neuroprotection in caspase-3 deficient mice after in vivo cerebral ischemia and in vitro 
oxygen glucose deprivation. Proc Natl Acad Sci U S A 99, 15188–15193 (2002).

31. Berger, N. A. Poly (ADP-ribose) in the cellular response to DNA damage. Radiat Res 101, 4–15 (1985).
32. Strosznajder, J. B., Jeceko, H. & Stroznnajder, R. P. Effect of amyloid beta peptide on poly (ADP-ribose) polymerase activity in 

adult and aged rat hippocampus. Acta Biochim Pol 47, 847–854 (2000).
33. Sairanen, T. et al. Neuronal caspase-3 and PARP-1 correlate differentially with apoptosis and necrosis in ischemic human stroke. 

Acta Neuropathol 118, 541–552 (2009).
34. Woodruff-Pak, D. S. Animal model of Alzheimer’s disease: therapeutic implications. J Alzheimers Dis 15, 507–521 (2008).
35. Broadbent, N. J., Squire, R. L. & Clark, R. E. Spatial memory, recognition memory, and the hippocampus. Proc Natl Acad 

Sci U S A 101, 14515–14520 (2004).
36. Ahmad, T., Enam, S. A. & Gillani, A. H. Curcumonoids enhances memory in an amyloid-infused rat model of Alzheimer’s 

disease. Neuroscience 169, 296–1306 (2010).
37. Canas, P. M. et al. Adenosine A2A receptor blockade prevents synaptotoxicity and memory dysfunction caused by β -amyloid 

peptides via p38 mitogen-activated protein kinase pathway. J Neurosci 29, 14741–14751 (2009).
38. Ting, J. T., Kelley, B. G., Lambert, T. J., Cook, D. G. & Sullivan, J. M. Amyloid precursor protein overexpression depresses 

excitatory transmission through both presynaptic and postsynaptic mechanism. Proc Natl Acad Sci U S A 104, 353–358 (2007).
39. Townsend, M., Shankar, G. M., Mehta, T., Walsh, D. M. & Selko, D. J. Effects of secreted oligomers of amyloid β -protein on 

hippocampal synaptic plasticity: a potent role for trimers. J Physiol 572, 477–492 (2006).
40. Szegedi, V., Juhasz, G., Budai, D. & Penke, B. Divergent effects of Aβ 1-42 on ionotrophic glutamate receptor-mediated responses 

in CA1 neurons in vivo. Brain Res 1062, 120–126 (2005).
41. Haass, C. & Selkoe, D. J. Soluble protein oligomers in neurodegeneration: lessons from the Alzheimer’s amyloid β -peptide. Nat 

Rev Mol Cell Biol 8, 101–112 (2007).
42. Liang, B., Duan, B. Y., Zhou, X. P., Gong, J. X. & Luo, Z. G. Calpain activation promotes BACE1 expression, amyloid precursor 

protein processing, and amyloid plaque formation in a transgenic mouse model of Alzheimer disease. J Biol Chem 285, 27737–
27744 (2010).

43. Zhang, X. et al. Hypoxia-inducible factor 1alpha (HIF-1alpha)-mediated hypoxia increases BACE1 expression and beta-amyloid 
generation. J Biol Chem 282, 10873–10880 (2007).

44. Tamagno, E. et al. Oxidative stress increases expression and activity of BACE in NT2 neurons. Neurobiol Dis 10, 279–288 (2002).
45. Guglielmotto, M. et al. Amyloid-β 42 activates the expression of BACE1 through the JNK pathway. J Alzheimers Dis 27, 871–883 

(2011).
46. Ma, Q. L. et al. Beta-amyloid oligomers induce phosphorylation of tau and inactivation of insulin receptor substrate via c-Jun 

N-terminal kinase signaling: suppression by ω -3 fatty acids and curcumin. J Neurosci 29, 9078–9089 (2009).
47. Jin, M. et al. Soluble amyloid beta-protein dimers isolated from Alzheimer cortex directly induce Tau hyperphosphorylation and 

neuritic degeneration. Proc Natl Acad Sci U S A 108, 5819–5824 (2011).
48. Ferrer, I. et al. Current advances on different kinases involved in tau phosphorylation, and implication in Alzheimer’s disease 

and tauopathies. Curr Alzheimer Res 2, 3–18 (2005).
49. Manning, B. D. & Cantley, L. C. AKT/PKB signaling: navigating downstream. Cell 129, 1261–1274 (2007).
50. Ma, T. et al. Glucagon-like peptide-1 cleavage product GLP-1 (9-36) amide rescues synaptic plasticity and memory deficits in 

Alzheimer’s disease model mice. J Neurosci 32, 13701–13708 (2012).
51. Elyaman, W., Terro, F., Wong, N. S. & Hugon, J. In vivo activation and nuclear translocation of phosphorylated glycogen synthase 

kinase-3 beta in neuronal apoptosis: links to tau phosphorylation. Eur J Neurosci 15, 651–660 (2002).
52. Ohyagi, Y. et al. Intracellular Aβ 42 activates p53 promoter: a pathway to neurodegeneration in Alzheimer’s disease. FASEB J 19, 

255–284 (2004).
53. Zussy, C. et al. Time-course and regional analysis of the physiopathological changes induced after cerebral injection of an 

amyloid β  fragment in rats. Am J Pathol 179, (2011).
54. Love, S., Barber, R. & Wilcock, G. K. Increased poly (ADP-ribosyl)ation of nuclear proteins in Alzheimer’s disease. Brain 122, 

247–256 (1999).
55. Yamauchi, T. et al. Adiponectin receptors: A review of their structure, function and how they work. Best Pract Res Clin Endocrinol 

Metab 28, 15–23 (2014).
56. Yadav, A. et al. Role of Leptin and adiponectin in insulin resistance. Clinica Chimica Acta 417, 80–84 (2013).
57. Ohashi, K. et al. Role of anti-inflammatory adipokines in obesity-related diseases. Trends in Endocrinol Metab 25, 348–355 

(2014).
58. Singh, N. K., Bracker, C. A., Hasegawa, P. M. & Handa, A. K. Characterization of osmotin: A thaumatin-like protein associated 

with osmotic adaptation in plant cells. Plant Physiol 85, 529–536 (1987)
59. Bretteville, A. et al. Hypothermia-induced hyperphosphorylation: a new model to study tau kinase inhibitors. S Rep 2, doi: 

10.1038/srep00480 (2012).
60. Naseer, M. I., Li, S. & Kim, M. O. Maternal epileptic seizure induced by pentylenetetrazol: apoptotic neurodegeneration and 

decreased GABAB1 receptor expression in prenatal rat brain. Mol Brain 2, 1–20 (2009).

Acknowledgement
This research was supported by the Commercializations Promotion Agency for R&D Outcomes (COMPA) 
and Pioneer Research Center Program through the National Research Foundation of Korea funded by 
the Ministry of Science, ICT & Future Planning (2012-0009521).

Author Contributions
T.A., designed the research, performed the western blot and wrote the manuscript. G.H.Y., performed 
calculation and data analysis, H.Y. L performed confocal microscopy, S.S.A. & M.O.K., revised the 
manuscript and all authors reviewed the revised manuscript. M.O.K. is the corresponding author and 
holds all the responsibilities related to this manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

http://www.nature.com/srep


www.nature.com/scientificreports/

17Scientific RepoRts | 5:11708 | DOi: 10.1038/srep11708

Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Ali, T. et al. Osmotin attenuates amyloid beta-induced memory impairment, 
tau phosphorylation and neurodegeneration in the mouse hippocampus. Sci. Rep. 5, 11708; doi: 
10.1038/srep11708 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Osmotin attenuates amyloid beta-induced memory impairment, tau phosphorylation and neurodegeneration in the mouse hippocampus
	Introduction
	Results
	Osmotin treatment ameliorates Aβ1-42-induced memory impairment
	Osmotin treatment alleviated Aβ1-42-induced synaptotoxicity
	Osmotin attenuated Aβ accumulation and β-site APP-cleaving enzyme-1 (BACE-1) expression
	Osmotin treatment prevents the Aβ1-42-induced hyperphosphorylation of tau through the regulation of PI3K/Akt/GSK-3β signaling
	Osmotin prevents the apoptosis and neurodegeneration induced by Aβ1-42
	Effect of osmotin against Aβ1-42-induced neurotoxicity in vitro

	Discussion
	Materials and methods
	Materials
	Animals
	Drug treatment
	Spontaneous alternation in a Y-maze test
	Protein extraction from mouse brain
	Western blot analysis
	Antibodies
	Tissue collection and sample preparation
	Thioflavin S staining
	Single and double immunofluorescence
	Immunohistochemistry
	Nissl staining
	Aβ1-42 oligomer preparation for in vitro
	ApoTox-GloTM Triplex assay
	Statistical analysis

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Osmotin attenuates amyloid beta-induced memory impairment, tau phosphorylation and neurodegeneration in the mouse hippocampus
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11708
            
         
          
             
                Tahir Ali
                Gwang Ho Yoon
                Shahid Ali Shah
                Hae Young Lee
                Myeong Ok Kim
            
         
          doi:10.1038/srep11708
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep11708
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep11708
            
         
      
       
          
          
          
             
                doi:10.1038/srep11708
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11708
            
         
          
          
      
       
       
          True
      
   




