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SUMMARY

Background and purpose: The immunosuppressant drug rapamycin was reported to

have an antiaging activity, which was attributed to the TORC1 inhibition that inhibits cell

proliferation and increases autophagy. However, rapamycin also exhibits a number of

harmful adverse effects. Whether rapamycin can be developed into an antiaging agent

remains unclear. Methods and results: We demonstrated that rapamycin at micro-doses

(below the TORC1 inhibiting concentration) exhibits a cell-protective activity: (1) It pro-

tects cultured neurons against neurotoxin MPP+ and H2O2. (2) It increases survival time of

neuron in culture. (3) It maintains the nonproliferative state of cultured senescent human

fibroblasts and prevents cell death induced by telomere dysfunction. (4) In animal models,

it decreased the cerebral infarct sizes induced by acute ischemia and dramatically extended

the life span of stroke prone spontaneously hypertensive rats (SHR-SPs). Conclusion: We

propose that rapamycin at micro-dose can be developed into an antiaging agent with a

novel mechanism.

Introduction

Since its discovery as an antifungal agent in 1970s, rapamycin has

been developed as an immunosuppressant for organ transplanta-

tion in clinical. Based on its antiproliferative activity, its other uses

are also explored; for instance, a use in anticancer, autoimmune

diseases, and restenosis on coronary artery-stents [1]. Recently, its

potential antiaging activity has attracted many attention.

Aging is an important risk factor to many human diseases

including degenerative diseases, cardiovascular diseases, cancers,

and mellitus diabetes. Antiaging agents could be used for pre-

venting a variety of diseases related to aging. Dietary restriction

(DR) is the well-known practical method to delay aging and pre-

vent these age-related diseases or disorders [2–6]. Thus,

DR-mimicking drug candidates that target the aging risk could

help to control these diseases. Growing evidence suggests that

decreased target of rapamycin (TOR) activity is associated with

delaying aging in many species, and DR may prolong life span by

decreasing mammalian TOR (mTOR) activity [7,8]. Rapamycin,

the TOR inhibitor, is well-known to inhibit the formation of

TORC1 complex (TOR-LST8-raptor complex) and subsequently

inhibit protein translation, slow the progression of cell cycle at

G1-phase, and increase autophagy [1,9,10]. This mechanism sup-

ports its use as an immunosuppressant and antiproliferative

agent, as well as a drug candidate to prevent aggregation of

abnormal proteins of neurons in such as Huntington disease

[11]. However, the use of the immunosuppressant rapamycin as

an antiaging agent is limited as TORC1 inhibition by rapamycin

causes adversary effects such as problems in wound healing and

tissue repair, anemia and vulnerable to infection [12]. Hyperlip-

idaemia, nephrotoxicity, and hepatoxicity are also adversary

effects that are unfavorable for longevity. Here, we demonstrated

that rapamycin at micro-doses that is below the TORC1 inhibi-

tion concentration, exhibits a novel action: prolongs the nonpro-
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liferative state and prevent the subsequent cell death. A series of

experiments were conducted to test the activity of micro-dose

rapamycin in preventing age-related diseases and to explore its

underline mechanism.

Materials and Methods

Animals

Male SHR-SPs were provided by the Animal Centre of the Second

Military Medical University. Male C57BL/6 mice and Sprague–

Dawley (SD) rats were purchased from Sino-British SIPPR/BK Lab

Animals (Shanghai, China). All experiments involving animal

subjects were approved by the Institutional Animal Care and Use

Committee at the Second Military Medical University.

Drugs and Kits

Rapamycin was purchased from LC laboratories (Woburn, MA,

USA), dimethyl sulfoxide (DMSO) and 2-3-5-triphenyltetrazoli-

um chloride (TTC) were purchased from Sinopharm Chemical

Reagent Co. Ltd. (Shanghai, China). DAPI and rhodamine

phalloidin were purchased from Invitrogen (Carlsbad, CA,

USA). 5-Bromo-4-chloro-3-indolyl b-Dgalactopyranoside (X-gal),

2-deoxy-glucose, 1-methyl-4-phenylpyridinium (MPP+), and

thiazolyl blue tetrazolium bromide (MTT) were purchased from

Sigma-Aldrich (St. Louis, MO, USA). Antibodies were purchased

from cell signaling Technology (Danvers, MA, USA). Human pri-

mary embryonic lung fibroblast WI-38 was purchased from Amer-

ican Type Culture Collection (ATCC, Manassas, VA, USA). Cells

were normally cultured in Dulbecco’s Modified Eagle’s Medium

(DMEM) supplemented with 10% fetal bovine serum (from Gem-

ini Bio-Product, Woodland, CA, USA) at 37°C in a 5% CO2 incu-

bator. WI-38 cells were split 1:3 upon confluency at early passages

and 1:2 at late passages (after passage 29). Cells were replenished

with fresh medium every 3 days.

Senescence Extension in WI-38 Cells by
Rapamycin and Other Agents

Cells (passage 29) were incubated with rapamycin or vehicle

(DMSO) for 3 days and then incubated in drug-free medium for

7 days in a 10-day cycle (3-day-on/7-day-off cycle), independent

of cell splitting. At later passages (30–32), if no cell growth was

observed after 10 days, cells were stained with X-gal to detect

cellular b-galactosidase activity, a hallmark of senescence. If

stained positive (blue color), the last split date was defined as

day 1 for senescence. If no cell growth was observed after

20 days postsplitting, the last split date was defined as day 1 for

senescence.

X-gal Staining for b-galactosidase Activity

Cells were briefly fixed with phosphate buffer solution (PBS) buf-

fer containing 2% formaldehyde and 0.2% glutaraldehyde and

stained with 1 mg/mL X-gal (in buffer containing 40 mM citric

acid/sodium phosphate, pH 6.0, 5 mM potassium ferrocyanide,

5 mM potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl2)

at 37°C for 18 h for cellular b-galactosidase activity. Cells were

viewed under a microscope.

MTT Staining for Viable Cells

In brief, cells were stained with 0.1 mg/mL MTT (Sigma) for 8 h

and then dissolved in DMSO. MTT values were measured at

570 nm by a Biorad 3550 microplate reader [13,14].

Nucleus and Actin Staining

Cells were fixed by PBS containing 2% formaldehyde and 0.2%

glutaraldehyde and stained with DAPI (for nuclei) and rhodamine

phalloidin that specifically binds to actin (for cell morphology)

[15]. Cells were viewed under a fluorescent microscopy. More

than 100 cells were counted from each treatment.

Measuring Gene Expression Using Quantitative
Real-time Reverse Transcription Polymerase
Chain Reaction (RT-PCR)

Total RNA was isolated with Trizol reagent (Invitrogen, Carlsbad,

CA, USA) from treated cells and the RNeasy Mini Kit (Qiagen, Hil-

den, Germany). About 1–2 lg of total RNA was used for the syn-

thesis of first-strand cDNA using the SuperScript III First-Strand

Synthesis System (Invitrogen). Real-time PCR was performed in

the 7900HT Fast Real-Time PCR System (PE Applied Biosystems,

Grand Island, NY, USA) with the use of SYBR Green. Results were

analyzed with SDS 2.2 software using the—DCT method. Primer

sets used are as follows: P53, 50-GCTGAATGAGGCCTTGGAACTC
AA-30 (forward primer), 50-AGTCAGGCCCTTCTGTCTTGAACA-30

(reverse primer). P21, 50-ACCATGTGGACCTGTCACTGTCTT-30

(forward primer), 50-AGAAATCTGTCATGCTGGTCTGCC-30 (rev-
erse primer). P27, 50-AGCAATGCGCAGGAATAAGGAAGC-30

(forward primer), 50- TACGTTTGACGTCTTCTGAGGCCA-30 (rev-
erse primer).

Middle Cerebral Artery Occlusion (MCAO),
Neurological Deficit Scoring and 2, 3,
5-triphenyltetrazolium Chloride (TTC) Staining

Animals were anesthetized with 2.0% isoflurane. MCAO surgery

in mice was performed as described [16–18]. The core tempera-

ture was maintained 37.0°C � 0.5°C during the surgery using a

heating pad (Nanjing Xin Xiao Yuan Biotech, Nanjing, China).

Focal ischemia was produced by intraluminal occlusion of the

left middle cerebral artery (MCA). The silicone rubber–coated

nylon monofilament (Beijing Sunbio Biotech Co., Ltd., Beijing,

China) was used to occlude the MCA. Cessation of cerebral blood

flow (CBF) was verified using a laser Doppler computerized main

unit (ML191, ADInstruments, Australia). CBF must be reduced

by at least 70% for inclusion in further experiments. Two hours

after MCAO, the occluding filament was withdrawn to allow

reperfusion. Permanent MCAO in SHR-SPs was conducted by

electric coagulation as reference reported [19].Twenty-four

hours after MCAO, the neurological score was measured as

described [20]. Then the animals were sacrificed for various

examinations.
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The coronal slices of brains were incubated in 1% TTC solution

at 37°C for 15 min. Then the slices were photographed with a

digital camera. The infarct size were traced and quantified with

ImageJ software (National Institutes of Health, Bethesda, ML,

USA) and expressed as a percentage of the contralateral hemi-

sphere. The possible interference of a brain edema in assessing the

infarct size was corrected with a standard method of subtracting

the volume of the nonischemic ipsilateral hemisphere from that of

the contralateral hemisphere.

Isolation of Rat Cerebellar Granule Neurons
(CGN) and Neocortical Neurons

CGN cultures were prepared from 7-day-old SD rat pups.

Briefly, the cerebellum was removed from the brain and placed

in a Petri dish containing Basal medium Eagles’s medium

(BMEM) in 20 mM HEPES buffer (BMEM–HEPES). Cerebellar

meninges and blood vessels were discarded to ensure minimal

contamination from endothelial cells. Cerebella/cerebral cortices

were then minced into fine pieces with dissecting knives and

trypsinized at 37°C for 15 min. Then, trypsinization was inhib-

ited by addition of 1 mL of BME containing 0.025% soybean

trypsin inhibitor and 0.05% DNase I. The tissue was gently tritu-

rated through a fire-polished Pasteur pipette until it was dis-

persed into a homogeneous suspension. The suspension was

filtered through an ethanol-sterilized 40-lm mesh and pelleted

by centrifugation. The pellets containing CGNs were resus-

pended in B27 supplemented neurobasal medium containing

25 mM KCl (Invitrogen). Cells were then seeded into a 24-well

plate (1 plate/cerebellum) and cultured in Neurobasal medium

(Invitrogen) supplemented with B27, 20 mM KCl, 0.5 mM Glu-

tamine, 100 units/mL penicillin, 100 lg/mL streptomycin. The

procedure of the isolation of neocortical neurons is similar to

isolation of CGN. Cell injury assay was established as described

by flow cytometric analysis [14,20].

Immunoblotting

Immunoblotting was performed as previously reported [21–23].

Tissue (from the cerebral cortex) or cells lysate were boiled,

subjected to the SDS-PAGE, and transferred onto nitrocellulose

blotting membranes. The membranes were blocked with buffer

and incubated with one of the following antibodies overnight at

4°C:

p53, pRB, eEF2-p, p21cip, p27kip, Hsp27, Hsp70, phospho-

Ser2448, and phospho-Ser2481 of mTOR (Cell Signaling Technol-

ogy, Inc., Danvers, MA, USA). The images were captured by the

Odyssey infrared imaging system (Li-Cor Bioscience, Lincoln, NE,

USA) and analyzed by ImageJ software (National Institutes of

Health). The expression level of each protein was corrected against

the loading control of a-tubulin or GAPDH.

Life Span Experiment

Male SHR-SPs of 3-month age were employed. The animal food

was purchased from Sino-British SIPPR/BK Lab. animal LTD., CO.

Rapamycin was mixed in the rat chow. Animals were fed with

3-day rapamycin containing food followed by 4-day normal food,

and this treatment cycle was continued throughout the entire

experiment. The survival time was recorded. n = 15 in each

group.

Statistics

The investigators were blinded to the procedures when they

assessed the infarct size of MCAO animals. The animals were ran-

domly assigned using the random permutations table. Data are

expressed as the mean � SD. We analyzed data with 2-tailed Stu-

dent’s t test (two groups) or one-way ANOVA. Survival data were

examined using Kaplan–Meier analysis (log-rank test). P < 0.05

was considered statistically significant.

Results

Micro-dose Rapamycin Maintains the Senescent
State and Prevents Cell Loss in Human Primary
Fibroblasts WI-38

In the first experiment, WI-38 cells near senescence (passage

29) were intermittently exposed to rapamycin (3-day exposure

for every 10 days) at a concentration (50 pM) far below that is

required to inhibit TORC1 activity by 50% (2–5 nM) [24]. The

cells ceased dividing at passage 31 (Figure S1A) and displayed

elevated cellular b-galactosidase activity, a hallmark of senes-

cence [25], regardless of rapamycin treatment (Figure 1A).

Deterioration of senescence, however, was inhibited by micro-

dose rapamycin (25 and 50 pM): cell loss was decreased

(Figure 1B,C, and Figure S1A), cell enlargement was inhibited

(Figure 1B,D), and the number of the giant multinucleated

cells was reduced (from 60% to <30%) (Figure 1D). The b-
galactosidase staining was positive in surviving cells

(Figure 1B), suggesting that increased survival in response to

rapamycin is due to persistence or prolongation of the senes-

cence, not a result of exiting out of senescence of a mutate

cells. Such effects were only observed at the micro-doses and

were in a dose-dependent manner (10–75 pM; Figure S1B). At

≥100 pM, rapamycin potentiated cell loss (Figure 1C and

Figure S1B) and resulted in massive cell loss at a much earlier

time point.

The expression of proteins important for senescence mainte-

nance was increased. As shown in Figure 2A,B, rapamycin (25

and 50 pM) increased the expression of pRB, p53, p21cip, and

p27kip at the protein level. Messenger RNA levels of p53, p21, and

p27 were also increased (Figure 2C), suggesting a transcriptional

regulation. These data support the notion that rapamycin at

micro-dose can maintain the senescent state.

Rapamycin also increased the protein levels of representative

heat shock proteins (Hsp27 and Hsp70; Figure 2B). At a higher

concentration of 2000 pM, rapamycin, as well as another G1

inhibitor FK506 [26], did not increase the levels of these proteins,

nor prevented cell loss, but rather inhibited overall protein trans-

lation as monitored by an antibody against phospho-eEF2 Thr56

(Figures 1C and 2A,B). Data were consistent with notion that

2000 pM rapamycin inhibited TORC1 and the subsequent protein

translation. These data suggest that G1 inhibition is not responsi-

ble for the protection of the senescent cells.
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Micro-dose Rapamycin Prevents Neuron Death
Induced by MPP+ and H2O2 and Prolongs the
Life Span of Cultured Neurons

We next tested whether micro-dose rapamycin protected neuron

cells against disease-related stimuli and extend the life span in

culture as neuron cells are also nondividing cells. MPP+ is a neuro-

toxin that inhibits complex I (NADH CoQ1 reductase) in the mito-

chondrial respiratory chain and is commonly used to induce

Parkinson’s disease in animal models [27]. Exposure to MPP+

(400 lM for 24 h) dramatically decreased cell activity in cultured

cortical neurons (Figure 3A). Rapamycin pretreatment (1 pM for

3 h prior to MPP+ exposure) significantly increased the cell activ-

ity (Figure 3A).

As shown in Figure 3B, oxidative free radical agent H2O2

(50 lM for 24 h) greatly increased cell death of cultured cortical

neurons as evaluated by flow cytometric analysis [14]. Rapamycin

pretreatment (0.1 and 1 pM for 3 h) prevented this increase.

To monitor life span of cultured neurons, primary culture of

CGN was prepared from 7-day-old rat pups. The majority of the

cells were dead after 31 days in culture (Figure 3C; MTT assay).

Rapamycin treatment (0.1 and 1 pM, starting from the 7th day of

the culture) prevented this loss. In contrast, higher doses of rapa-

mycin (100 pM) expedited neuron loss. These results suggest a

protective action of rapamycin on cultured neurons.

Micro-dose Rapamycin Limits Acute Cerebral
Ischemic Infarction and Extends Life Span of
SHR-SPs

We next tested whether the neuron-protective activities of micro-

dose rapamycin could be translated into disease prevention in ani-

mal models. Acute cerebral ischemic infarction (an aged-related

disease that causes neuron death and brain damage [28, 29]) was

employed. In a C57BL/6 mice model of acute ischemic cerebral

infarction induced by transient MCAO, the animals were divided

into six groups (n = 10 in each group) and pretreated by different

dose of rapamycin (0.1, 1, 10, 100, 1000 lg/kg/day, intraperito-
neal (i.p.) injection) for 3 days. The rate of death after the MCAO

experiments was 10% and did not differ between the vehicle con-

trol group and the groups receiving rapamycin. CBF reduction

(A)

(C)

(B)

Figure 2 Micro-dose rapamycin upregulates the senescence pathway

components, pRB, p53, p21cip, p27kip, and heat shock protein Hsp70,

Hsp27. Senescent WI-38 cells were treated with rapamycin (25, 50, and

2000 pM) and FK506 (1 nM) for 18 h. (A-B), Cells were then lyzed and

Western blotting was performed using antibodies against p53, pRB,

p21cip, p27kip, Hsp70, Hsp27, phospho-Thr56 of eEF2, and a-tubulin. (C)

Messenger RNA of p21cip, p27kip, and p53 were quantitatively analyzed by

real-time quantitative reverse transcription PCR. The data are expressed

as the mean � SD. *P < 0.05, **P < 0.01 vs actin.

(A) (B)

(C) (D)

Figure 1 Micro-dose rapamycin prolongs

senescence in human primary fibroblast WI-38.

WI-38 cells at passage 29 were cultured in

DMEM supplemented with 10% fetal bovine

serum. Cells were treated with different dose

of rapamycin. The b-galactosidase activity (top

panels) was monitored on day 10 (A) or day 45

(B) after the last split (passage 31). (C)MTT

assay was performed at day 79 after the last

split. (D) Rapamycin reduces the number of

multinucleated cells. Eighty-four days after the

last split (senescence), cells were fixed by 2%

formaldehyde/0.2% glutaraldehyde solution in

PBS and stained with DAPI (for nuclei) and

rhodamine phalloidin that specifically binds to

actin (for cell morphology). More than 100 cells

were counted for the number of nuclei for each

sample. Figure shows a representative view.

Bars represent 100 lm. The data are

expressed as the mean � SD. *P < 0.05,

**P < 0.01 vs. vehicle control (0 pM).
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was <70% in 8% of the animal subjects (not included in the treat-

ment assignment). At micro-dose (from 0.1 to 10 lg/kg/day), ra-
pamycin significantly reduced the cerebral infarct size and

neurologic deficit score (Figure 4A,B). Higher doses of rapamycin

(0.1 and 1 mg/kg) did not reduce the infarct size or neurologic

deficit score.

We then used SHR-SPs with MCAO to investigate the cerebral

protection of rapamycin. Fifty SHR-SPs were used in this study

(A)

(C)

(B)

Figure 3 Micro-dose rapamycin prevents cortical neuron death induced by MPP+ and H2O2 and extends the life span of cultured cerebellar granule

neurons (CGN). (A-B). Micro-dose rapamycin prevents neuron death induced by MPP+ and H2O2. The cortical neurons from SD rats were pretreated with

rapamycin for 3 h. MPP+ (200 lM) or H2O2 (50 lM) were then added into the culture and continued to incubate for 24 hours. Surviving cells after MPP+

treatment were monitored by measuring the optical density. The death cells induced by H2O2 were detected by flow cytometric analysis. All experiments

were repeated three times. Data are expressed as mean � SD. *P < 0.05, **P < 0.01. (C) Isolated CGNs from 7-day-old rat pups were cultured in

neurobasal medium supplemented with B27, 20 mM KCl, 0.5 mM Glutamine, 100 units/mL penicillin, and 100 lg/mL streptomycin. Rapamycin was added

7 days after the seeding. Medium was replenished every 3 days. Thirty-one days later, surviving CGNs were determined using a MTT assay. All

experiments were conducted in triplicate. Data were analyzed by one-way analysis of variance (ANOVA) followed by LSD post hoc testing.

(A) (B)

Figure 4 Micro-dose rapamycin decreased cerebral ischemic infarct size in the C57BL/6 mice MCAO model. Male C57BL/6 mice were randomly divided

into six groups (n = 10 in each group) and received daily rapamycin treatment at the indicated doses for 3 days prior to MCAO using a silicone rubber–

coated nylon monofilament. (A) The ischemic infarct size (white) was measured by TTC staining of the six coronal brain sections 1 day after MCAO. (B) The

neurologic deficit scores of different groups. Data are expressed as mean � SD and analyzed by one-way analysis of variance (ANOVA) followed by

Dunnett’s t-test. *P < 0.05, **P < 0.01 vs. control (0 lg/kg).
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and divided randomly into five groups (n = 10 in each group).

According to the mice data, the dose of rapamycin was selected

only at lower micro-doses (0.3, 1, 3, and 10 lg/kg). Permanent

MCAO model by electric coagulation of MCA was employed. This

mild treatment yielded smaller infarct size and no death. Consis-

tent with the mice result, micro-dose rapamycin at 1, 3, and

10 lg/kg/day also decreased infarct size and neurologic deficit

score induced by MCAO (Figure 5A,C).

We next selected one dose of rapamycin (3 lg/kg/day) to test

whether micro-dose rapamycin could prolong the life span of

SHR-SPs. In the control group of SHR-SPs receiving no interven-

tion, the mortality increased sharply starting at 3 month of age

(Figure 5D). Rapamycin treatment for 3 days in every 7 days via

food started from 90 days of age attenuated the increase in mor-

tality (Figure 5D). Compared to control group, rapamycin treat-

ment increased survival rate from 60% to 83% at 120 days of age,

from 52% to 75% at 150 days of age (P < 0.05). Remarkably, no

rats receiving rapamycin treatment died between 150 and

400 days of age, while the survivals in control group continued to

decrease.

Micro-dose Rapamycin Alters Phosphorylation
Status of TOR

To determine whether the aforementioned effects of micro-dose

rapamycin are mediated by targeting at mammalian TOR (mTOR),

we examined the phosphorylation of mTOR at Ser2448 (a mea-

sure of mTOR or TORC1 activation in response to insulin) [30]

and Ser2481 (a measure of autophosphorylation by mTOR kinase)

[31]. SHR-SPs were used (n = 3 in each group) and treated by two

doses of rapamycin (1 and 1000 lg/kg, i.p.) or vehicle (DMSO) for

5 h. As shown in Figure 6A, Micro-dose rapamycin at 1 lg/kg
(5 h treatment) significantly increased phospho-Ser2448 of mTOR

in isolated cortical tissue. However, rapamycin at 1 mg/kg

(A) (B)

(C) (D)

Figure 5 Micro-dose rapamycin decreased

cerebral ischemic infarct size of SHR-SPs and

prolonged their life span. SHR-SPs were

randomly divided into five groups (n = 10 in

each group) and administrated with indicated

doses of rapamycin once a day. MCA was

occluded by electric coagulation after the drug

administration for 3 days. (A and B) The

ischemic infarct size was measured by TTC

staining of the seven coronal brain sections

1 day after MCAO. (C) The neurologic deficit

scores of different groups. Data are expressed

as mean � SD and analyzed by one-way

analysis of variance (ANOVA) followed by

Dunnett’s t-test. *P < 0.05, **P < 0.01. (D)

SHR-SPs (aged 90 days) were randomly divided

into rapamycin and control groups (n = 15 per

group). Animals in the rapamycin group

received intermittent rapamycin treatment (in a

7-day cycle) throughout the 310-day

experiment. Rapamycin was delivered at 3 lg/

kg/day for 3 days, followed by 4 days of

normal food. Survival data were plotted against

time and examined using Kaplan–Meier

analysis (log-rank test). P < 0.05 was

considered statistically significant.

(A) (B)

Figure 6 Rapamycin at 1 lg/kg increases the phospho-Ser2448 of mTOR,

but not phospho-Ser2481. Male SHR-SPs (n = 3 per group) received

rapamycin at two doses (1 and 1000 lg/kg). The rats were sacrificed at

5 h after the treatment. The cerebral cortex cell lysates were extracted

and subjected to Western blotting analysis using antibodies against

phospho-Ser2448 (A) and phospho-Ser2481 of mTOR (B). Data were

analyzed by one-way analysis of variance (ANOVA) followed by Dunnett’s

t-test. *P < 0.05, **P < 0.01.
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reversely reduced phospho-Ser2448 signal. Both doses of rapamy-

cin did not have much effect on phospho-Ser2481 of TOR

(Figure 6B), indicating no effect on the auto-kinase activity of

mTOR.

Discussion

We demonstrated that rapamycin at micro-doses (<1% of normal

dose for TORC1 inhibition), exhibited cell protection activity in

nondividing cells (senescent fibroblasts and neurons). This activity

may be not related to the TORC1 inhibition, for the following rea-

sons: (1) The concentration is below the TORC1 inhibition that

leads to G1 slowing down (as shown by Figure S1A, Figures 1C

and 2A,B), (2) Rapamycin at micro-dose increases phosphoryla-

tion of mTOR at Ser2448 (Figure 6A), an indication of increased

TORC1 formation; (3) The G1 inhibitor, such as higher dose of

rapamycin or FK506, did not exhibit cell protective activity

(Figures 1C and 2A,B). We propose that micro-dose rapamycin

regulates a novel low-affinity complex of mTOR (TORCLA).

We also demonstrated that rapamycin at micro-dose prevented

stroke in animal models, possibly through its cell protection activ-

ity to limit neuron death. Rapamycin at the TORC1-inhibition

concentration did not protect cell nor prevent acute cerebral

infarction. Interestingly, re-entry of cell cycle has been found to

be associated with neuron death [32].

We also demonstrated that rapamycin at micro-dose prolonged

senescence. Senescence has been proposed to be a barrier of

cancer, as it arrests oncogene-activated cells from proliferation.

Maintaining of senescent state thus is a natural cancer prevention

mechanism.

Rapamycin at micro-dose can prolong senescent state in fibro-

blasts, protect neurons from death, and prevent stroke. These

effects suggest a common mechanism for them and for age-related

diseases. It is possible that maintenance of the nondividing state

(or G0 state) in most somatic cells, that is responsible for prevent-

ing abnormal proliferation or cell death, is an important antiaging

mechanism for preventing cancer, stroke, and other aging diseases

related to the exit of the nondividing state or to cell death. This

mechanism can explain why DR can prevent various diseases that

seem to have different mechanisms.

Although rapamycin at the TORC1-inhibition doses can be used

to treat-specific diseases, such as abnormal growth in cancer and

abnormal protein aggregation in Parkinson’s and Huntington’s

diseases [11,33–34], the adverse effects of TORC1 inhibition may

minimize its antiaging use. Our results suggest that rapamycin at

micro-dose could be developed to a safe antiaging agent to prevent

various age-related diseases.
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