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Abstract Mammalian target of rapamycin (mTOR) is a

key regulator of metabolism, cell growth, and protein

synthesis. Since decreased mTOR activity has been found

to slow aging in many species, the aim of this study was to

examine the activity of mTOR and its phosphorylated form

in in vitro and in vivo models mimicking Alzheimer’s

disease (AD), and investigate the potential pathway of

PGC-1b in regulating mTOR expression. Primary neurons

and N2a cells were treated with Ab25–35, while untreated

cells served as controls. The expression of mTOR,

p-mTOR (Ser2448), and PGC-1b was determined with

Western blotting and RT-PCR assay, and the translocation

of mTOR was detected using confocal microscopy. Ab25–35

treatment stimulated the translocation of mTOR from

cytoplasm to nucleus, and resulted in elevated expression

of mTOR and p-mTOR (Ser2448) and reduced PGC-1b
expression. In addition, overexpression of PGC-1b was

found to decrease mTOR expression. The results of this

study demonstrate that Ab increases the expression of

mTOR and p-mTOR at the site of Ser2448, and the stim-

ulation of Ab is likely to depend on sirtuin 1, PPARc, and

PGC-1b pathway in regulating mTOR expression.
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Introduction

Alzheimer’s disease (AD) is a common neurodegenerative

disorder that impairs patients’ cognitive function and

health (Querfurth and LaFerla 2010). This disorder is

characterized by two hallmarks, b-amyloid (Ab) accumu-

lation and neurofibrillary tangles (Querfurth and LaFerla

2010), and it is widely accepted that cognitive impairments

can be induced by accumulation of Ab (Dries et al. 2012).

In 2015, there were approximately 48 million people with

AD worldwide (Alzheimer’s Association 2015), and it is

predicted that over 106 million people are projected to

have the disease by 2050 (Sloane et al. 2002).

Rapamycin, a mammalian target of rapamycin (mTOR)

inhibitor, has shown activity against AD, suggesting the

involvement of mTOR in AD pathogenesis (Cai et al. 2015;

Richardson et al. 2015; Pei and Hugon 2008; Siman et al.

2015). mTOR, a conserved intracellular nutrient-sensing

molecule, consists of two distinct signaling complexes,

mTOR complex 1 (mTORC1) and mTOR complex 2

(mTORC2) (Pei and Hugon 2008). It was found that

rapamycin inhibits only TORC1, which is composed of

mTOR, mLST8, and raptor, while TORC2 is insensitive to

rapamycin (Gaubitz et al. 2015; Loewith et al. 2002). As a

serine/threonine protein kinase, mTOR exhibits its activity

through phosphorylation of its substrates (Pei and Hugon

2008), and mTOR was found to be phosphorylated at

Ser2448 via the PI3 kinase/Akt signaling pathway and

autophosphorylated at Ser2481 (Chiang and Abraham

2005). Inhibition of mTOR activity has been found to slow

aging (Harrison et al. 2009). In addition, Ab was reported

to increase the mTOR signaling, whereas reduced mTOR

signaling decreased Ab levels (Siman et al. 2015; Spilman

et al. 2010), implicating a close interplay between mTOR

signaling and Ab (Caccamo et al. 2010).
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Mitochondrial deficit is one of the main features of all

major age-related neurodegenerative diseases (Chaturvedi

and Flint Beal 2013). It has been demonstrated that the

Ab1–42 enters the mitochondria, leading to an increase in

reactive oxygen species, interruption of the electron trans-

port chain, and blockade of the ATP production (Chaturvedi

and Flint Beal 2013). The peroxisome proliferator-activated

receptor gamma coactivator 1 (PGC-1) family is crucial for

the expression of nuclear genes encoding respiratory chain

subunits (Wareski et al. 2009). Recent studies have indicated

that overexpressing PGC-1 may improve mitochondrial

respiratory function, and transgenic mice with impaired

PGC-1 expression have neurodegenerative lesions (Hayashi

et al. 2008; Ikeuchi et al. 2005; St-Pierre et al. 2006). PGC-1

family is composed of PGC-1a, PGC-1b, and PGC-1-related

coactivators, and PGC-1a and PGC-1b have been recog-

nized as the main regulators of mitochondrial biogenesis

(Wareski et al. 2009). The ablation of PGC-1b was found to

result in the constitutive activation of mTORC1 pathway in

brain (Camacho et al. 2012; Yuan et al. 2016). In addition,

rapamycin-induced mTOR inhibition is reported to greatly

alleviate neurodegeneration caused by mitochondrial com-

plex defects (Johnson et al. 2013). These findings prompted

us to investigate the interactions between PGC-1b and

mTOR in response to Ab. PGC-1b has been widely recog-

nized as a PPARc coactivator, and sirtuin 1 (SIRT1) was also

reported to activate PPARc and PGC-1 (Kelly et al. 2009;

Mudò et al. 2012; Qiang et al. 2012); however, whether these

key regulators are involved in the mediation of mTOR

expression is poorly known. The major purpose of this study,

designed in in vitro and in vivo models mimicking AD, was

to investigate the potential role of the PGC-1b, PPARc, and

SIRT1 pathway in regulating mTOR expression.

Materials and Methods

Ethical Consideration

All animal experimentation was performed in accordance

with the recommendations of the Guidelines for the Care

and Use of Laboratory Animals, Ministry of Science and

Technology, People’s Republic of China [(2011)588]. This

study was approved by the Ethics Review Committee of

Fujian Medical University (Permission Number:

FJMUERC2014-00089).

Animals

Eight-month old Tg2576 transgenic mice (APP transgenic

mice carrying the Swedish mutation KM670/671NL) were

purchased from Beijing Bio-ekon Biotechnology Co., Ltd.

(Beijing, China).

Drugs

Ab25–35 solution was prepared by dissolution of Ab25–35

powder (Sigma-Aldrich; St. Louis, MO, USA) in ddH2O,

and then incubated at 37 �C for 3 days. The drug solutions

were stored at -80 �C for the subsequent experiments.

Cell Culture, Drug Treatment and Plasmid

Transfection

Primary rat cortical neurons (PRCN) were prepared as

described previously (Yuan et al. 2016) and maintained at

37 �C in a humidified incubator containing 9.5 % CO2.

Mouse neuroblastoma Neuro-2a (N2a) cell line was pur-

chased from the Cell Bank of Type Culture Collection,

Chinese Academy of Sciences (Shanghai, China). N2a cells

were cultured in 50 % Dulbecco’s modified Eagle’s med-

ium (DMEM; Mediatech Inc.; Herndon, VA, USA)/50 %

Opti-MEM (Gibco; Carlsbad, CA, USA) supplemented

with 5 % fetal bovine serum. Primary neurons and N2a

cells were treated with 25 lmol/L Ab25–35 solution for an

indicated time, while cells treated with the same volume of

ddH2O served as controls. Transient transfections were

performed using Lipofectamine 2000 (Invitrogen; Carls-

bad, CA, USA) with the following plasmids: the expression

vectors of pcDNA-PGC-1a, pcDNA-PGC-1b, pcDNA-

PPARc.WT, pcDNA-PPARc.K268T/K293T, pcDNA-

SIRT1.WT, and its mutant SIRT1.H355A.

Immunocytochemistry

Immunocytochemical staining on primary neurons and N2a

cells was performed as previously reported (Ma et al.

2009). Briefly, primary neurons and N2a cells were rinsed

with PBS and fixed with 4 % paraformaldehyde and

0.12 mol/L sucrose in PBS. N2a cells were permeabilized

in 0.1 % Triton X-100 for 25 min. Fixed N2a cells were

blocked with 5 % BSA in PBS for 1 h at room temperature

and incubated in rabbit anti-mTOR (1:100; Cell Signaling

Technology; Danvers, MA, USA) and goat anti-MAP-2

(1:100; Cell Signaling Technology; Danvers, MA, USA) at

4 �C overnight. Cells were then incubated in fluorescence-

conjugated goat anti-rabbit IgG DyLight 594 (1:200; Life

Technologies; Carlsbad, CA, USA) and DyLight 488

antibodies (1:200; Life Technologies; Carlsbad, CA, USA)

at room temperature for 1 h, and counterstained with DAPI

(Invitrogen; Carlsbad, CA, USA) to visualize nucleus.

Quantitative Real-Time RT-PCR

Total RNA was prepared by using TRIzol (Invitrogen;

Carlsbad, CA, USA) according to the manufacturer’s
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instructions. Single-stranded cDNA was synthesized from

1 lg of total RNA using High-Capacity cDNA Reverse

Transcription kits (Life Technologies; Carlsbad, CA,

USA). Quantitative real-time PCR assay was performed

with Power 2*SYBR Real-time PCR Premixture (BioTek

Instruments, Inc.; Winooski, VT, USA) following the

manufacturer’s protocols. Mouse Primers for mTOR (for-

ward: 50-GAAGAGCTGATTCGGGTAG-30 and reverse:

50- ACCATTCTTGTGCCTCCATT-30), SIRT1 (forward:

50- GACGGTATCTATGCTCGCCT-30 and reverse: 50-
ATTCCTGCAACCTGCTCCAAG-30), PGC-1b (forward:

50- CTCCAGTTCCGGCTCCTC-30 and reverse: 50-
CCCTCTGCTCTCACGTCTG-30), and GAPDH (forward:

50-AGCCTCCTTGATGGCCTCCTTG-30 and reverse: 50-
AGAACATCATTCCCAGCAGC-30) were used in the

present studies. PCR amplification was performed in a

25 ll system containing 12.5 ll of 2 9 Premix, 1 ll of

each primer, 1 ll of cDNA template, and 9.5 ll of ddH2O

under the following conditions: at 94 �C for 4 min; fol-

lowed by 40 cycles at 94 �C for 15 s, and at 60.5 �C for

60 s; and finally at 60.5 �C for 30 s. Relative quantity of

mRNA expression was calculated by using the 2-44CT

method.

Western Blotting Assay

Cells and cortex tissue lysates were prepared in RIPA

lysis buffer (Ma et al. 2009). The same amount of total

protein was resolved on 4–20 % Tris–Glycine gel, and the

subsequent immunoblotting was performed as previously

described (Ma et al. 2009). The primary antibodies used

in this experiment included rabbit anti-mTOR (1:500;

Cell Signaling Technology; Danvers, MA, USA), rabbit

anti-Phospho-mTOR (Ser2448) (1:500; Cell Signaling

Technology; Danvers, MA, USA), rabbit anti-PGC-1b
(1:200; Santa Cruz Biotechnology, Inc.; Dallas, Texas,

USA), rabbit anti-Myc-tag (1:1000; Cell Signaling

Technology; Danvers, MA, USA), rabbit anti-PPARc
(1:1000; Abcam; Cambridge, MA, USA), rabbit anti-

SIRT1 (1:1000; CST; Danvers, MA, USA), and rabbit

anti-b-actin antibodies (1:5000; CST; Danvers, MA,

USA).

Statistics

All measurement data were described as mean ± standard

deviation (SD), and all statistical analyses were performed

using the statistical software SPSS version 16.0 (SPSS,

Inc.; Chicago, IL, USA). Student t test was employed to

compare the difference between groups, and a

P value\0.05 was considered statistically significant.

Results

Elevated mTOR and p-mTOR Expressions

in Tg2576 Mice

Increasing evidences have shown that mTOR is involved in

the pathogenesis of AD (Cai et al. 2015; Richardson et al.

2015; Pei and Hugon 2008; Siman et al. 2015). In addition,

the levels of phosphorylated forms of mTOR are found to

dramatically increase in AD and are strongly associated

with tau and p tau (Alonso et al. 2001; Li et al. 2005). In

this study, Western blotting assay showed a significant

increase in the expression of mTOR and p-mTOR (at

Ser2448) in the cortex tissues of Tg2576 mice, while a

reduction was detected in the PGC-1b protein expression

(Fig. 1a, b).

Ab25–35 Increases mTOR Expression and mTOR

Phosphorylation in PRCN and N2a Cells

Overwhelming evidence supports Ab oligomers as an early

trigger of synaptic damage and cognitive impairment in

AD (Ferreira et al. 2015; Viola and Klein 2015; Zahs and

Ashe 2013). In this study, we determined mTOR and

p-mTOR (at Ser2448) expressions in Ab25–35-treated

PRCN and N2a cells. Western blotting analysis revealed a

Fig. 1 Western blotting analysis determines mTOR, p-mTOR, and

PGC-1b protein expressions in cortex extracts of Tg2576 transgenic

and control mice (n = 4). a Western blotting assay of mTOR,

p-mTOR, and PGC-1b protein expressions, and b-actin serves as a

loading control. b Comparison of mTOR, p-mTOR, and PGC-1b
protein expressions in the cortex extracts between Tg2576 transgenic

and control mice. Data are presented as mean ± SD, n = 4,

*P\ 0.05
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significant increase in mTOR and p-mTOR expressions 6 h

post-treatment, and a reduction in PRCN 24 h post-treat-

ment (Fig. 2a). Compared to untreated PRCN, mTOR

expression increased 2.3-fold and p-mTOR expression

increased 2.5-fold 6 h post-treatment (Fig. 2b).

Both mouse cortical tissue and primary cultured rat

cortical neurons contain neurons, astrocytes, microglia, and

some other cells. Astrocytes can protect neurons from Ab
via PGC-1/SIRT1 pathways (Aguirre-Rueda et al. 2015).

To probe the mTOR activity in neurons following exposure

to Ab stimulus, we examined mTOR expression in N2a

cells at both translational and transcriptional levels. Wes-

tern blotting analysis and RT-PCR assay showed that

Ab25–35 treatment up-regulated mTOR mRNA expression,

resulting in a 2.3-fold increase in mTOR and a 2.8-fold

increase in p-mTOR protein expression 6 h post-treatment

in relative to untreated controls, and Ab25–35 treatment

caused a reduction in PGC-1b expression at both transla-

tional and transcriptional levels. However, Ab25–35 treat-

ment had no clear-cut effect on SIRT1 expression (Fig. 2c,

d).

Ab25–35 Induces Nucleocytoplasmic Translocation

of mTOR and Blocks Neurite Growth In Vitro

mTOR is located in lysosome, plasma membrane, peroxi-

some, mitochondria, and nucleus (Pei and Hugon 2008). In

this study, confocal microscopy revealed that mTOR

protein was distributed throughout the cytoplasm of

untreated PRCN, while mTOR protein translocation into

nucleus was seen in 50 % percent of the Ab25–35-treated

PRCN 1 h post-treatment (Fig. 3a). In addition, mTOR was

found to be predominantly accumulated in the cytoplasm of

untreated N2a cells, and partially localized in the nucleus

of N2a cells following exposure to 25 lmol/L Ab25–35 for

6 h (Fig. 3b). These findings suggest that Ab mediates

mTOR translocation in neurons.

Effect of PGC-1b on mTOR Requires Deacetylation

by SIRT1

mTORC1 activity has been detected in mitochondria-de-

fective neurons (Johnson et al. 2013; Zheng et al. 2016),

and PGC-1 coactivators were reported to regulate mito-

chondrial biogenesis (Villena 2015). In the present study,

we found elevated mTOR expression and reduced PGC-1b
expression in response to Ab stimulus (Figs. 1, 2). We then

investigated the role of PGC-1b in regulating mTOR. In

N2a cells, overexpression of PGC-1a caused down-regu-

lation of mTOR protein expression, while overexpression

of PGC-1b caused an approximately threefold reduction in

mTOR protein expression (Fig. 4a).

Since PGC-1 has been identified as a coactivator for

PPARc, SIRT1 was reported to activate PPARc by

deacetylation on K268 and K293 in adipocytes (Qiang

et al. 2012). Therefore, we investigated the role of PPARc

Fig. 2 Western blotting analysis determines mTOR and p-mTOR

protein expressions in PRCN and N2a cells. a Western blotting assay

of mTOR and p-mTOR protein expressions in PRCN 0, 1, 6, and 24 h

post-treatment with 25 lmol/L Ab25–35. b Western blotting assay of

mTOR and p-mTOR protein expressions in PRCN 6 h post-treatment

with 25 lmol/L Ab25–35, while untreated tissues serve as controls.

c Western blotting assay of mTOR, p-mTOR, SIRT1, and PGC-1b
protein expressions in N2a cells 6 h post-treatment with 25 lmol/L

Ab25–35, while untreated cells serve as controls. d mRNA expression

of mTOR, SIRT1, and PGC-1b in N2a cells. b-actin serves as an

internal reference. Data are expressed as mean ± SD, n = 3.

*P\ 0.05, **P\ 0.01
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and its deacetylation in mTOR expression. Western blot-

ting analysis showed that overexpression of nonacetylated

PPARc (K268T and K293T), an active form of PPARc, led

to a 40 % reduction in mTOR transcription (Fig. 4b).

Surprisingly, overexpression of PPARc (wild-type) had no

remarkable effect on mTOR expression.

Recently, SIRT1 was also reported to activate PGC-1b
via deacetylation (Kelly et al. 2009). In the present study,

we found overexpression of SIRT1 suppressed mTOR

expression, while deacetylase-inactive H355A SIRT1 had

an opposite effect on N2a cells (Fig. 4c). Notably, the

coexpression of PGC-1b and SIRT1.H355A plasmid con-

structs in N2a cells alleviated the suppression on mTOR

protein expression mediated by PGC-1b (Fig. 4a), and

coexpression of PGC-1b and wild-type SIRT1 exerted a

further additive effect (Fig. 4d).

Discussion

AD, the most common form of dementia, is a complex

disease characterized by senile plaques, neurofibrillary

tangles, and neuronal loss (Querfurth and LaFerla 2010).

Senile plaques are mainly composed of Ab fibrils. Fibrillar

Ab is preceded by several conformational states, including

dimers, oligomers, and an insoluble fibrillar conformation.

However, increasing evidence suggests that oligomeric Ab
may be more important than insoluble fibrillar Ab in AD

etiopathology (Deshpande et al. 2006). In this study, we

used oligomeric Ab, the soluble forms to treat cells and

animals.

Ab has been proved to cause inflammation, oxidative

stress, and mitochondrial dysfunction (Trushina and

McMurray 2007; Vallés et al. 2008). Increasing evidence

Fig. 3 Effect of Ab25–35 on nuclear translocation of mTOR in PRCN

and N2a cells. a PRCN were labeled with anti-mTOR antibody and

anti-MAP2 antibody 1 h post-treatment with 25 lmol/L Ab25–35, and

then visualized under a confocal laser scanning microscope. Scale bar

20 lm. b Following exposure to 25 lmol/L Ab25–35 for 6 h, N2a cells

were labeled with anti-mTOR antibody, and the nuclei were

visualized by DAPI counterstain. Scale bar 10 lm
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has demonstrated that rapamycin, an mTOR inhibitor, may

help to relieve neurodegeneration in animal models of AD

(Siman et al. 2015; Zheng et al. 2016). Our data clearly

showed that Ab25–35 activated mTOR and p-mTOR (at

Ser2448) expressions both in vitro and in vivo. Our data

revealed an over two-fold higher increase in mTOR and

p-mTOR expressions 6 h post-treatment, and a reduction

in PRCN 24 h post-treatment. It seems that the role of

mTOR activation is very complex. In this study, we found

that Ab25–35-treated neurons died in a dose- and time-de-

pendent manner (data not shown). It is considered that

mTOR may be activated and deactivated during the pro-

gress of neuronal apoptosis, dependent on the duration of

exposure to Ab25–35. It is therefore hypothesized that

rapamycin may protect neuron from death by inhibiting

mTOR phosphorylation at the early stage. Our data indicate

that Ab25–35 up-regulated mTOR and p-mTOR expressions

in PRCN and N2a cells. However, it seems that the

increased mTOR phosphorylation at the S2448 site is

associated with total mTOR activation based on the ratio

of p-mTOR to total mTOR.

mTOR protein is expressed predominantly in cytoplasm,

and the major function of mTOR pathway is mTOR kinase

activity toward its cytoplasmic substrates. However,

nuclear mTOR has been recently found in rhabdomyosar-

comas, human fibroblasts, and HCT8 colon carcinoma

cells, and leptomycin B was reported to modulate mTOR

nuclear import in HEK293 cells (Kim and Chen 2000;

Zhang et al. 2002). In the current study, confocal micro-

scopy showed that mTOR was localized exclusively in

neuronal cytoplasm at baseline. However, accumulation of

mTOR was observed in nucleus and perinuclear area of

PRCN and N2a cells treated with Ab25–35, suggesting the

translocation of mTOR into the nucleus of neurons fol-

lowing exposure to Ab25–35. This is the first report of

mTOR nuclear localization in response to Ab. Our findings

demonstrate the potential role of nuclear mTOR in neu-

rodegeneration; however, further studies to investigate the

Fig. 4 PGC-1b suppression of mTOR requires SIRT1 deacetylase

activity. a Effect of PGC-1 on mTOR suppression. N2a cells are

transfected with Myc-tagged PGC-1a, Myc-tagged PGC-1b alone, or

in combination with SIRT.H355A plasmid, while cells transfected

with vector alone serve as controls. The mTOR, Myc, and SIRT1

protein expressions were determined in N2a cells 48 h post-transfec-

tion. b Effects of wild-type and nonacetylated PPARc (K268T and

K293T) overexpression on mTOR expression in N2a cells. Protein

levels were detected in N2a cells 48 h after transient transfection.

c Effects of wild-type and a dominant-negative mutant SIRT1

(SIRT.H355A) overexpression on mTOR expression in N2a cells.

Protein levels were detected in N2a cells 48 h after transient

transfection; d Effects of Myc-tagged PGC-1b alone or in combina-

tion with wild-type SIRT plasmid on mTOR expression in N2a cells.

Protein levels were detected in N2a cells 48 h after transient

transfection, while b-actin serves as a loading control. mTOR protein

level relative to b-actin in the vehicle-treated group was set to 1;

Values are presented as mean ± SD, n = 3, *P\ 0.05, **P\ 0.01
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mechanisms underlying the nuclear translocation of

p-mTOR (at Ser2448) seem justified.

Mitochondrial dysfunction is frequently observed in

neurodegenerative diseases (Chaturvedi and Flint Beal

2013). PGC-1 coactivators are reported to regulate

mitochondrial biogenesis in neurons (Wareski et al.

2009). PGC-1a expression was previously reported to

decrease in AD brain (Qin et al. 2009); however, the

PGC-1b expression remains unknown in AD to date. In

this study, we observed decreased PGC-1b expression in

Tg2576 mice and N2a cells treated with Ab. However,

our findings were obtained from cell and animal exper-

iments; further human studies are required to validate the

conclusion. It was reported that deletion of PGC-1b led

to activate mTOR in mouse cortical neurons (Ikeuchi

et al. 2005). We speculate that increased PGC-1b
expression may down-regulate mTOR activity. To test

this hypothesis, we investigated the effect of PGC-1a
and PGC-1b overexpressions on mTOR expression in

this study. Western blotting analysis revealed that PGC-

1a and PGC-1b down-regulated mTOR expression, and

PGC-1b appeared to be a more important regulator for

mTOR.

In the present study, we observed that overexpression of

mutant PPARc at K268T and K293T significantly sup-

pressed mTOR expression, as revealed by Western blotting

assay. Deacetylation from two residues, SIRT1 is likely to

be responsible for the PPARc suppression on mTOR

expression. SIRT1 has a role in deacetylation of target

proteins, and significant decreases in SIRT1 protein

expression are detected in AD patients (Kumar et al. 2013).

We did not detect a significant decrease of SIRT1 in N2a

cells following Ab25–35 treatment; on the contrary, a

slightly increased SIRT1 expression was detected in our

findings. SIRT1 knockout was found to cause an increase

in mTOR activation in mouse embryonic fibroblast (Ghosh

et al. 2010), suggesting that decreased SIRT1 may trigger

an increase in mTOR activity. Our findings showed over-

expressing wild-type SIRT1 suppressed mTOR expression,

while mutant SIRT1 (an inactive form) up-regulated

mTOR activity, which was consistent with previous report

(Ghosh et al. 2010). Interestingly, the effect of PGC-1b on

mTOR expression was found to require the deacetylation

by SIRT1, consistent to the previous report that SIRT1 is

the upstream regulator of PPARc and PGC-1 (Wang et al.

2013).

In conclusion, the results of this study demonstrate, for

the first time, the interplay among PGC-1b, PPARc,

SIRT1, and mTOR. Although the exact regulatory network

and the underlying mechanisms require further investiga-

tions, our work may provide new insights into the identi-

fication of molecular targets for AD.
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