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Abstract: Alzheimer’s disease (AD) is a devastating neurodegenerative disorder characterized 

by deposits of aggregated amyloid-β (Aβ) peptide and neurofibrillary tangles in the brain paren-

chyma. Despite considerable research to elucidate the pathological mechanisms and identify 

therapeutic strategies for AD, effective treatments are still lacking. In the present study, we found 

that salidroside (Sal), a phenylpropanoid glycoside isolated from Rhodiola rosea L., can protect 

against Aβ-induced neurotoxicity in four transgenic Drosophila AD models. Both longevity and 

locomotor activity were improved in Sal-fed Drosophila. Sal also decreased Aβ levels and Aβ 

deposition in brain and ameliorated toxicity in Aβ-treated primary neuronal culture. The neuro-

protective effect of Sal was associated with upregulated phosphatidylinositide 3-kinase (PI3K)/ 

Akt signaling. Our findings identify a compound that may possess potential therapeutic benefits 

for AD and other forms of neurodegeneration.
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Introduction
Alzheimer’s disease (AD) is a progressive and fatal brain disorder that affects ~36 

million people worldwide, a number that is expected to double over the next 20 years.1 

Neuropathologically, it is characterized by the accumulation of extracellular senile 

plaques and intracellular neurofibrillary tangles, ultimately leading to neuron loss and 

brain atrophy.2 Amyloid-β (Aβ) is generated through a successive cleavage of the 

amyloid precursor protein (APP) by beta-secretase 1 (BACE-1) and gamma-secretase 

in brain tissues; according to the amyloid hypothesis of AD, Aβ overproduction occurs 

when the homeostatic processes that govern these processes are disrupted.3 The Aβ 

peptide can form insoluble oligomers and protofibrils, which are deposited into senile 

and neuritic plaques. These processes activate neurotoxic cascades that ultimately lead 

to neuronal dysfunction and cellular death.3,4 Thus, an important strategy for AD is to 

prevent the accumulation of these toxic Aβ assemblies. Although extensive research 

on AD onset and progression has been performed, there are currently no effective 

treatments to prevent or ameliorate this debilitating neurodegenerative disease.

Drug treatments for AD are primarily designed to slow down cognitive decline and 

ameliorate behavioral symptoms, but these drugs provide limited therapeutic effects. 

Traditional Chinese medicines are considered new and promising candidates for the 

treatment of AD. Many novel compounds isolated from Chinese herbal medicines, 

some of which improve dementia with fewer side effects, may be useful for the pre-

vention and treatment of AD.5 Salidroside (Sal) is an active ingredient extracted from 
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the root of Rhodiola rosea L., which is extensively used in 

traditional folk medicine in Asian and European countries and 

has been reported to exhibit various strong pharmacological 

activities.6 Its main effects are described as antioxidative, 

antiapoptosis,  antitumor, antifatigue, antidepressive, adap-

togenic, cardioprotective, and hepatoprotective.6 Sal also 

exerts neuroprotective effects in the setting of brain injury; 

it protects neurons from glutamate-induced oxidative stress 

and apoptosis.7,8 Although Sal has been shown to be thera-

peutically effective against cognitive decline during aging,9 

it remains unknown whether Sal is able to antagonize 

Aβ-induced toxicity in AD.

In the present study, we investigated the therapeutic poten-

tial of Sal in transgenic Drosophila AD models and further 

explored the underlying mechanisms of Aβ-induced neuronal 

degeneration. We show that Sal can significantly improve 

locomotor functions and prolong fly life span. It also protects 

cultured mouse neurons against Aβ-induced toxicity. Fur-

thermore, we provide evidence that these effects are induced 

by changes to the phosphatidylinositide 3-kinase (PI3K)/Akt/

mammalian target of rapamycin (mTOR) signaling pathway.

Materials and methods
animals and drugs
All Drosophila stocks were raised in 50 mL plastic vials and 

maintained at 25°C under a 12:12-hour light:dark cycle at 

constant 65% humidity as previously described.10 We used the 

pan-neuronal elav-GAL4 to express transgenes.11 The upstream 

activating sequence (UAS) transgenes used in the experiments 

were APP/BACE (UAS-APP/BACE), single insert Aβ
42

 (UAS-

Aβ
42

), double insert Aβ
42 

(UAS-Aβ
42

; UAS-Aβ
42

), and Aβ
42 E22G

 

(UAS-Aβ
42 E22G

), all of which have been described previously.12 

Canton-S (CS) flies were used as wild-type controls.

Embryonic day 18 mouse pups for use in primary neuronal 

culture were taken from pregnant C57BL mice that were pur-

chased directly from the Shanghai Laboratory Animal Center, 

Chinese Academy of Sciences (Shanghai, People’s Republic 

of China). Animal experiments were performed according to 

the National Institutes of Health (Bethesda, MD, USA) Guide 

for the Care and Use of Laboratory Animals and approved 

by the Shanghai Jiao Tong University School of Medicine 

Animal Care and Use Committee.

Sal (purity .99.7%) was obtained from the Green Valley 

Pharmaceutical Corporation (Shanghai, People’s Republic of 

China). It was dissolved in phosphate-buffered saline (PBS) 

to a stock concentration of 100 mM and stored at -20°C. 

Aricept (donepezil hydrochloride) was supplied by Eisai 

Pharmaceutical Co., Ltd. (Tokyo, Japan).

longevity assay
Newly emerged flies were collected within 24 hours after eclo-

sion for the experiment. At least 100 flies of each genotype were 

collected and divided into fresh food vials (20 per vial). Food 

vials were changed every 2–3 days, and the number of dead flies 

was counted at that time. Survival curves were analyzed using 

Kaplan–Meier estimation and log-rank statistical analysis.

climbing assay
Drosophila locomotor function was measured according 

to the climbing assay as previously reported.13 Thirty male 

flies for each group were tested with the same protocol. 

The experiment was performed three times. The results were 

calculated using the following formula:

 

 Climbing

 index
flies above 20 mL scale mark

flies be

= ( )

(

×
+

1

ttween 15 and 20 mL scale marks

flies between 10 and

) .

(

×
+

0 8
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flies between 5 and 10 mL scale 

) .

(

×
+

0 6

mmarks

flies below 5 mL scale mark

) .

( ) . .

×
+ ×

0 4

0 2

 (1)

Immunofluorescence confocal 
microscopy
The heads of 15 flies in each group were randomly selected 

and dissected in cold PBS. The brains were fixed in 4% 

paraformaldehyde at room temperature, washed three times 

with PBS, and then incubated with 0.2% Triton X-100 for 

30 minutes. The brains were dissected after 70% formic acid 

treatment. Brains were incubated with 6E10 (1:200; Covance, 

Princeton, NJ, USA) at 4°C overnight. These brains were 

then incubated with the Alexa Fluor 488 secondary antibody 

(Jackson ImmunoResearch, West Grove, PA, USA) at room 

temperature for 1 hour and analyzed by confocal microscopy 

(Leica SP5, Wetzlar, Germany). The total numbers of 6E10 

punctae in the whole brains were counted and analyzed.

aβ measurement
The levels of Aβ

40
 and Aβ

42
 were measured using commer-

cially available human Aβ enzyme-linked immunosorbent 

assay kits (ExCell Bio, Shanghai, People’s Republic of 

China) according to the manufacturer’s protocol. At least 

50 fly heads were dissected and immediately homogenized 

in radioimmunoprecipitation assay buffer (50 mM Tris-HCl, 

pH 8.0, 0.5% sodium deoxycholate, 1% Triton X-100, and 

150 mM NaCl) containing 1% sodium dodecyl sulfate 

(SDS). The absorbances of the supernatants and Aβ peptide 
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standards were read at 450 nm. The Aβ concentrations were 

calculated according to the standard curve.

Primary cortical neuron culture and 
treatment
The cortical neurons of embryonic day 18 C57BL mice were 

plated as previously described.14 The cultured neurons were 

transfected with APPsw and tdTomato plasmids or pretreated 

with lenti-APP at day in vitro 2, and then the neurons were 

exposed to the test compounds (Sal at 50 μM, 100 μM, or 

200 μM; Aricept 10 μM) at day in vitro 4 for 24 hours. The 

neurons were visualized using a confocal microscope (Leica 

SP5) or collected for Western blot analyses. Axonal lengths 

were measured with ImageJ software (National Institutes of 

Health, Bethesda, MD, USA). In brief, we performed “free-

hand” measurements to identify the longest axon for each 

neuron from the soma to terminal. For statistical purposes, 

at least 30 neurons per culture were quantified.

Western blot analysis
After treatment, primary cortical neurons were washed with 

PBS and extracted with lysis buffer (50 mM Tris-HCl, pH 8.0, 

150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% 

SDS) containing protease inhibitor cocktail (Hoffman-La 

Roche Ltd., Basel, Switzerland) and 1 mM phenylmethylsul-

fonyl fluoride for 30 minutes on ice. The total protein lysates 

were separated by SDS-polyacrymlamide gel electrophoresis 

and analyzed by Western blotting with primary antibodies 

(Akt, phosphorylated Akt [p-Akt], mTOR, phosphorylated 

mTOR [p-mTOR], ribosomal protein S6 kinase [p70S6K], 

phosphorylated p70S6K [p-p70S6K; 1:1,000] and β-actin 

[1:5,000]) from Cell Signaling (Danvers, MA, USA) over-

night at 4°C, followed by horseradish peroxidase-conjugated 

secondary antibody (1:10,000) for 2 hours at room tempera-

ture. The results were analyzed by using ImageJ software 

(National Institutes of Health). The mean density of each 

band was normalized to the β-actin signal in the same sample 

and averaged.

statistical analysis
All statistical analysis was performed using Statistical Pack-

age for the Social Sciences software 19.0 (IBM Corporation, 

Armonk, NY, USA). The Kaplan–Meier test was used to 

assess life span curve differences. Two-group comparisons 

were analyzed using Student’s t-tests. A comparison of three 

or more groups was performed using one-way analysis of 

variance followed by Tukey’s test. P,0.05 was considered 

statistically significant.

Results
sal prolonged the life span of aD 
transgenic Drosophila
Transgenic Drosophila models expressing human Aβ or 

APP/BACE exhibit age-dependent AD-like pathology.15,16 

These models manifest behavioral abnormalities and sig-

nificantly reduce longevity,10,12 and have therefore been 

used to identify novel therapeutic targets.17 We assessed the 

life span of four AD model fly lines, such as human APP/

BACE transgenic line EAPP/BACE, single and double copy 

Aβ lines (EAβ, EAβ; Aβ), and Aβ mutant line E22G, and 

observed reduced longevity in all four (Figure 1A). As the 

lines EAβ; Aβ and line E22G were too weak during their 

short life (median survival ,20 days) to perform the loco-

motor experiment, transgenic lines EAPP/BACE and EAβ, 

with relatively long survival times, were utilized to assess 

the effect of Sal. We first examined the safety of Sal by 

feeding flies various Sal concentrations (2, 6, and 20 μM) or 

Aricept, a clinically approved medication for AD treatment. 

No significant changes were observed in CS flies (Figure 1B). 

However, in both APP/BACE and EAβ Drosophila lines, Sal 

treatment significantly prolonged the median survival time 

in a dose-dependent manner (Figure 1C and D).

sal improved locomotor activity in aD 
transgenic Drosophila
The locomotor assay is used to assess behavioral abnormali-

ties based on negative geotaxis against gravity. We compared 

the locomotor activity of the four transgenic fly models to 

detect early Aβ-related neuronal dysfunction. Compared 

with control CS flies, all APP/BACE and Aβ lines exhibited 

significant climbing index deficits (Figure 2A). Particularly, 

the EAPP/BACE line and single copy Aβ
42 

(EAβ) line 

exhibited a gradual age-related decline in climbing activity. 

We examined the effects of Sal and Aricept in APP/BACE 

and Aβ
42

 flies and found a dose-dependent improvement in 

the climbing ability at 30 days comparable to the effects of 

Aricept (Figure 2B). These results indicate that Sal treatment 

reverses locomotor defects in AD flies.

effects of sal on aβ aggregation and 
neurotoxicity
Transgenic Drosophila with nervous system expression of the 

human Aβ peptide fully mimics human AD pathology.15 For 

instance, in the EAPP/BACE and EAβ; Aβ Drosophila lines, 

immunofluorescence labeling with the Aβ-specific antibody 

revealed Aβ deposition in brains (Figure 3A). We treated the 
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Figure 1 sal treatment increases the life span of a transgenic aD Drosophila model.
Notes: (A) Survival analysis of AD transgenic flies. (B) Effect of Sal on fly longevity. (C) Sal prolonged APP/BACE fly survival. (D) sal prolonged eaβ fly survival. Kaplan–Meier 
cumulative survival analysis. Data are presented as mean ± seM of three independent experiments. *P,0.05, **P,0.01, and ***P,0.001.
Abbreviations: aPP, amyloid precursor protein; Bace, beta-secretase; cs, canton-s; ctrl, control; sal, salidroside; aD, alzheimer’s disease; seM, standard error of the mean.
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EAPP/BACE Drosophila line with Sal 6 μM or Aricept 30 μM 

for 30 days and found that both treatments appeared to signifi-

cantly reduce amyloid plaque loads in the brain (Figure 3B), 

indicating that Sal treatment alleviated Aβ aggregation. In view 

of the finding that soluble Aβ oligomers are more neurotoxic 

than fibrillar Aβ and correlate strongly with AD severity,18 

we further quantified soluble Aβ oligomer levels in the brain 

lysates and observed lower amounts of Aβ
40

 and Aβ
42

 after 

Figure 2 salidroside increases locomotor activity.
Notes: (A) The climbing abilities of eaPP/Bace, eaβ42, eaβ42; aβ42, and aβ42 e22g transgenic flies were assessed after eclosion. Climbing deficits in these fly lines were 
compared with the control flies (CS). (B) The percentage of flies climbing up 8 cm in 10 seconds increased after salidroside or Aricept treatment in EAPP/BACE and EAβ 
lines at day 30. Mean ± seM. *P,0.05, **P,0.01, and ***P,0.001 compared to the control group with one-way anOVa analysis followed by Tukey’s test.
Abbreviations: aPP, amyloid precursor protein; Bace, beta-secretase; cs, canton-s; anOVa, analysis of variance; ctrl, control; sal, salidroside; aβ, amyloid-β; seM, 
standard error of the mean.

β

β
β β

β

β β

Figure 3 (Continued)
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30 days of either treatment, but the Aβ
42

/Aβ
40

 ratios were similar 

(Figure 3C). These data indicate that Sal treatment reduces Aβ 

levels and correlates with amyloidosis in EAPP/BACE flies. 

As Aβ is produced from cleaved APP that is associated with 

axonal abnormalities in the AD brain,19 we transfected primary 

cultured neurons with APP plasmids to induce neuronal degen-

eration and treated with Sal for 24 hours to assess its protec-

tive ability. As shown in Figure 3D, APP transfection caused 

neuronal abnormalies in axonal length that were reversed by 

Sal treatment. In these assays, .70% Sal-treated neurites were 

longer than 750 μM, whereas only 20% of neurites from the 

Aβ group were longer than 750 μM. These results indicate that 

Sal protects against Aβ-induced neurotoxicity.

effects of sal on Pi3K/akt/mTOr signaling
To explore the molecular mechanism underlying Sal-induced 

neuroprotection, we focused on the PI3K/Akt signaling 

pathway that plays a crucial role in promoting neuronal 

survival under a variety of circumstances.20 We measured 

Akt protein level in primary cultured cortical neurons after 

treating with Sal (50, 100, or 200 μM) and Aricept (10 μM) 

for 24 hours. We found that APP-transfected neurons 

exhibited decreased p-Akt, and Sal treatment increased the 

level in a dose-dependent manner that is comparable to the 

effect of Aricept (Figure 4A). This increase was blocked by 

the specific PI3K inhibitor LY294002 (Figure 4A), indicat-

ing that Sal’s neuroprotective effects are at least partially 

mediated by PI3K/Akt signaling. As mTOR and p70S6K 

are downstream targets of p-Akt, we asked whether Sal 

altered mTOR and p70S6K activities during Aβ exposure. 

We found that APP-transfected neurons had decreased 

levels of either p-mTOR or p-p70S6K, and Sal treatment 

effectively restored both proteins (*P,0.05, **P,0.01; 

Figure 4B). Taken together, our results indicate that Sal 

β β β
β

β

β

β

β

β

β

β

β
β

Figure 3 effect of sal on aβ accumulation in vivo and aβ induced neurotoxicity in vitro.
Notes: (A) Micrographs of aβ peptide expression in intact transgenic fly brains. CS, EAPP/BACE and EAβ; aβ flies showed spot-like staining for Aβ-antibody 6e10 staining. 
scale bar in insets represent 50 µm. arrowheads indicate 6e10-antibody positivity. (B) Immunofluorescence staining shows the level of Aβ deposition in EAPP/BACE flies 
after sal or aricept treatment for 30 days. arrowheads indicate 6e10-antibody positivity. scale bar, 50 μm. The number of amyloid plaques was quantified. *P,0.05, **P,0.01. 
(C) aβ40 and aβ42 levels were measured by elisa at day 30. The values are mean ± seM. each value represents the mean of three experiments. *P,0.05 and **P,0.01 versus 
the control group. (D) Primary cultured neurons were transfected with tdTomato and aPP plasmids and treated with sal for 24 hours. The axonal lengths (arrowheads) were 
measured and quantified. Scale bar, 100 μm. *P,0.05 and **P,0.01 by one-way anOVa followed by Tukey’s test.
Abbreviations: aPP, amyloid precursor protein; Bace, beta-secretase; elisa, enzyme-linked immunosorbent assay; h, hours; anOVa, analysis of variance; cs, canton-s; 
WT, wild type; sal, salidroside; ctrl, control; aβ, amyloid-β; seM, standard error of the mean; con, normal control.
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inhibits Aβ-induced neurotoxicity by regulating PI3K/Akt 

signaling.

Discussion
AD pathogenesis is a complex process, and effective treat-

ments remain elusive. The present study provides the first 

evidence that Sal treatment prolongs life span and improves 

locomotion in Drosophila AD models. Sal dramatically 

ameliorated adverse morphological changes caused by Aβ 

protein in the transgenic Drosophila brain. As Sal was previ-

ously reported to be nontoxic and mitigate neurotoxicity,21 

our results further indicate that it is a promising drug 

candidate for AD. However, long-term studies are needed to 

assess the possibility of side effects associated with chronic 

administration in humans.

Recent publications suggest that intraneuronal Aβ accu-

mulation may be an early event in AD pathogenesis, while 

amyloid plaques accumulate later.22,23 Inhibiting the toxicity 

of soluble Aβ in the brain is therefore likely to be a useful 

AD treatment. Our primary neuronal culture results showed 

that Sal effectively attenuated Aβ-induced cytotoxicity, 

which is consistent with previous reports about Sal’s effects 

in Aβ-induced cognitive deficits.24,25 We previously reported 

that Sal can inhibit hypoxia-induced abnormal APP process-

ing by decreasing BACE1 expression.26 The present data 

suggest that Sal inhibits Aβ production.

We also provided evidence that Sal exerts its neuropro-

tective effects by stimulating PI3K/Akt signaling, which 

plays a pivotal role in neuronal survival.27 Previous studies 

suggested that PI3K/Akt signaling was downregulated in the 

AD brain,28 and activation of this pathway has been shown 

to prevent Aβ-induced neuronal neurotoxicity.29 We found 

that Sal increased the level of Akt phosphorylation, which 

was abolished by PI3K inhibitor LY294002. This strongly 

suggests that the protective effect of Sal is most likely a 

result of its activation of PI3K/Akt signaling. We further 

observed that Sal apparently upregulated mTOR signaling 

in primary cultured neurons. As a main downstream effector 

of the PI3K/Akt pathway, mTOR plays a central role in cell 

growth, proliferation, and cell survival. Activation of p70S6k 

mediated by mTOR promotes mRNA biogenesis, ribosomal 

protein translation, and cell growth,30 which may directly 

β

β
β β β

β

β 

β
β

β β β

β 

 β
β β β

β 

Figure 4 sal inhibits aβ-induced neurotoxicity by activating the akt/mTOr/p70s6K pathway in primary cultured cortical neurons.
Notes: (A) aPP overexpressed primary cultured cortical neurons were treated with sal or aricept for 24 hours. levels of akt and phosphorylated akt were detected and 
compared with the aβ treatment group. (B) The expression levels of mTOr, p70s6K, and their phosphorylated forms were detected. all the asterisks indicate quantitatively 
significant differences compared with the Aβ group. all data are presented as mean ± seM. *P,0.05 and **P,0.01 (one-way anOVa and Tukey’s test).
Abbreviations: sal, salidroside; mTOr, mammalian target of rapamycin; p70s6K, ribosomal protein s6 kinase; aPP, amyloid precursor protein; anOVa, analysis of 
variance; aβ, amyloid-β; seM, standard error of the mean; con, normal control. 
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contribute to Sal’s neuroprotective effects. Importantly, 

mTOR signaling plays a vital role in memory formation and 

cognitive function that are relevant to AD.31,32 Our results 

reveal an intracellular signaling pathway that mediates the 

protective effects of Sal against Aβ-induced neurotoxicity 

in the AD brain.

Conclusion
In conclusion, our results demonstrate that treatment with 

Sal can attenuate behavioral symptoms and pathological 

progression in the AD models by reducing Aβ amyloido-

sis and activating PI3K/Akt signaling. This suggests that 

Sal may protect degenerated neurons and could be used to 

prevent and treat AD. Although Sal has been prescribed by 

Chinese medical physicians to patients with cardiovascular 

disease and was reported to exhibit various pharmacologi-

cal activities, further studies are necessary to evaluate the 

efficacy of Sal against AD. Specifically, it is important to 

investigate its clinical implications and determine if it could 

also be useful for other neurodegenerative diseases.
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