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Abstract. Silent information regulator 2 (SIR2) is a highly 
conserved protein, the mammalian orthologue of which, 
SIRT1, exhibits histone deacetylase activity. SIRT1 is involved 
not in only longevity due to caloric restriction but in a variety 
of diseases such as diabetes, cardiovascular dysfunction and 
neurodegeneration. However, accumulating evidence shows 
that SIRT1 is overexpressed in various types of malignant cells, 
and its inhibitors suppress the growth of tumor cells. The rela-
tionship between SIRT1 and metastasis remains to be clarified. 
Here, we examined the effect of SRT1720, a SIRT1 activator, on 
lung metastasis of breast cancer cells. 4T1 breast cancer cells 
were subcutaneously implanted into syngeneic BALB/c mice 
and SRT1720 was administered alone or with an antitumor 
agent, cisplatin. As expected, cisplatin decreased the lung 
metastasis score, whereas SRT1720 increased metastasis irre-
spective of cisplatin. In the primary tumors, cisplatin suppressed 
the mRNA level of angiopoietin-like protein 4 (ANGPTL4), a 
lung metastasis-promoting gene product of breast cancer, but 
SRT1720 reduced the effectiveness of cisplatin. The results 
obtained with animal experiments were in accordance with 
those in human cancer cells; SRT1720 significantly increased 
the amount of VEGF secreted from MDA-MB-231 cells. 
Moreover, a transendothelial cell migration assay showed that 
SRT1720 promotes the migration of MDA-MB-231 cells across 
an endothelial cell layer despite the presence of cisplatin. These 
findings imply that SRT1720 promotes the pulmonary metas-
tasis of breast cancer cells and SIRT1 may be an important 
target for suppressing metastasis to the lung.

Introduction

Metastasis is a poorly understood process in cancer biology 
despite extensive study (1). It comprises multiple steps; move-
ment of cells from the primary tumor into the surrounding 
tissues, penetration of blood and lymphatic vessels, extrava-
sation into the organ parenchyma, and proliferation to form 
metastatic colonies at secondary sites. These steps require the 
coordinated actions of numerous genes (2,3). Several studies 
have recently clarified that cancer cells regulate the expres-
sion of specific genes involved in the targeted colonization of 
other organs; these genes include an 18-gene breast-to-lung 
metastatic gene-expression signature, such as angiopoietin-
like protein 4 (ANGPTL4), epidermal growth factor receptor 
ligand epiregulin, prostaglandin-endoperoxide synthase 2 
(also known as COX2), matrix metalloproteinase-1, and other 
mediators associated with infiltration of cancer cells and 
subsequent colonization in the lung (4,5).

Silent information regulator 2 (SIR2) is a highly conserved 
protein found from yeast to humans. The mammalian Sirtuin 
family is comprised of seven members (6) and SIRT1 is 
the mammalian SIR2 orthologue which exhibits histone 
deacetylase activity (HDAC). It is well established that caloric 
restriction expands lifespan in a variety of species, in which 
SIRT1 plays the role of a principal modulator (7-9). On the 
other hand, SIRT1 expression is upregulated in malignant 
cells or tissues from patients with leukemia, glioblastoma, 
and prostate, colorectal, skin cancers, and therefore, SIRT1 is 
considered to have a pivotal role in tumor initiation, progres-
sion and drug resistance by blocking senescence and apoptosis 
or promoting cell growth (10). Furthermore, a specific SIRT1 
inhibitor such as sirtinol impedes cell growth, increases the 
sensitivity to drugs of androgen-refractory prostate cancer 
cells (11), and induces senescence-like growth arrest in both 
human breast cancer MCF-7 cells and lung cancer H1299 
cells (12). Another SIRT1 inhibitor, cambinol, reduces tumor 
growth in animal models (13), and tenovin-6, an inhibitor 
of both SIRT1 and SIRT2, decreases tumor growth in xeno-
grafted human melanoma cells (14). Conversely, resveratrol, 
a naturally occurring polyphenol abundant in red wine, was 
identified as a promising compound for cancer treatment 
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through the probable activation of SIRT1 (15,16). Recently, 
SRT1720, a newly synthesized compound, has been identified 
as a specific activator of SIRT1 (17). The activity of SRT1720 
as a SIRT1 activator is stronger than that of resveratrol. We 
previously reported that SRT1720 treatment decreased the 
expression of marker genes responsible for oxidative stress and 
inflammatory cytokines in the liver of monosodium glutamate 
(MSG)-injected ICR mice, a murine model of severe obesity 
and insulin resistance (18).

While SIRT1 expression is upregulated in various cancers 
and SIRT1 inhibitors suppress cancer cell growth in vivo and 
in vitro, the relationship between the function of SIRT1 and 
cancer metastasis remains to be characterized. In this study, 
we investigated the effects of SRT1720 on lung metastasis 
of breast cancer cells in mice as well as cultured murine 
and human breast cancer cells, and concluded that SRT1720 
deduces metastasis.

Materials and methods

Reagents. SRT1720 was chemically synthesized by the method 
of Milne et al (17). The structure and purity of the compound 
were confirmed by NMR spectroscopy. The protein-deacety-
lating activity of SRT1720 was checked with a CycLex SIRT1/
Sir2 deacetylase fluorometric assay kit (Biomol International 
LP, Plymouth Meeting, PA, USA). Cisplatin (Wako Pure 
Chemical Industries, Ltd., Tokyo, Japan) was dissolved in 
sterile water and kept at -20˚C until used. Other chemicals 
were commercially available.

Mice. BALB/c mice (5-week-old females) were purchased 
from Japan SLC (Hamamatsu, Shizuoka, Japan). The mice 
were maintained under laminar airflow conditions with 
a 12  h-light (6:00-18:00)/12  h-dark (18:00-6:00) cycle. 
Laboratory chow and water were freely available. This 
study was performed in accordance with the guidelines for 
the care and use of laboratory animals of the University of 
Toyama.

Cells. 4T1 cells, a type of spontaneously metastasizing 
murine mammary adenocarcinoma cells (CRL-2539), were 
obtained from the American Type Culture Collection (ATCC, 
Manassas, VA, USA) and passaged for fewer than 6 months. 
The cells were cultured to a monolayer in Dulbecco's modi-
fied Eagle's medium (Life Technologies/Gibco-BRL, Paisley, 
UK) containing 10% fetal bovine serum, sodium pyruvate, 
non-essential amino acids, L-glutamine and vitamins, and 
10 mM HEPES buffer (pH 7.4). MDA-MB-231 cells, a human 
breast cancer cell line, were from the European Collection of 
Cell Cultures (ECACC, Salisbury, UK) and were passaged for 
fewer than 6 months. They were cultured in Leibovitz's L-15 
medium (Gibco-BRL) containing 10% fetal bovine serum, 
sodium pyruvate, non-essential amino acids, L-glutamine 
and vitamins. The 4T1 cells were maintained in 75-cm2 
ventilated flasks in air containing 5% CO2 at 37˚C, while 
the culture conditions for the MDA-MB-231 cells were the 
same as those of the 4T1 cells except for 0.2% CO2. Primary 
human umbilical vein endothelial cells (HUVECs) were 
from Cell Applications (San Diego, CA, USA), and were not 
passaged for more than 6 months.

Cell viability assay. One day before treatment, 1.5x104 cells per 
well were seeded in a 96-well plate and allowed to attach over-
night. The cells were then treated with varying concentrations 
of SRT1720 for 24 h. The viable cell number was determined 
with an MTS assay kit (Promega, Madison, WI, USA).

Confocal microscopy. 4T1 cells were incubated on a 4-chamber 
polystyrene vessel tissue culture slide (Becton-Dickinson, 
Franklin Lakes, NJ, USA) for 2 days, and fixed in 4% parafor-
maldehyde phosphate buffer for 15 min, followed by treatment 
with 0.1% Triton X-100 for 10 min to improve permeability. 
After washing, the cells were blocked with 10% normal goat 
serum in PBS containing 0.1% Triton X-100 for 60 min, and 
treated with a primary anti-SIRT1 rabbit antibody (Millipore, 
CA, USA) [diluted 1:200 with PBS containing 1% bovine 
serum albumin (BSA)] for 2 h. After three washes with PBS, 
the cells were incubated with an Alexa Fluor 594 anti-rabbit 
IgG (diluted 1:750 with 1% BSA) (Life Technologies, Tokyo, 
Japan) for 30 min. After three more washes with PBS, the cells 
were incubated with 0.2 µM 4',6-diamidino-2-phenylindole 
(DAPI) (Life Technologies) in PBS for 1 min and washed. 
The slides containing the treated cells were filled with a fluo-
rescence mounting medium. Confocal images were obtained 
with a BZ-8000 fluorescence microscope equipped with a 10x 
eyepiece and a 20x objective lens (Keyence, Osaka, Japan).

Preparation of tumor-bearing mice. The 4T1 cell line is 
capable of metastasizing to the lungs (19). Cultured 4T1 cells 
were suspended in cold PBS to result in a density of 1x107 cells/
ml. The cells (1x106) were injected into the mammary fat pads 
of an anesthetized mouse. From Day 2 before tumor implanta-
tion, SRT1720 (100 mg/kg body weight) or water was given 
to the mouse 5 times per week. Cisplatin (6 mg/kg) or sterile 
saline was injected intraperitoneally on Day 6 after tumor 
implantation. The size of the tumors was measured on Days 4, 
8, 12, 16 and 20, using a caliper square along the longer axis 
(a) and the shorter axis (b). Tumor volume was calculated with 
the equation [mm3=ab2/2]. After the primary tumor was surgi-
cally removed on Day 21 under anesthesia with diethyl ether 
and thiopental, the surrounding tissues were removed as much 
as possible. The primary tumors were weighed and frozen 
at -20˚C. On Day 28, the mice were sacrificed and the lungs 
were intratracheally fixed with a Bouin's solution for 24 h. The 
number of metastasized tumor colonies ≥1 mm in diameter on 
the surface of the lungs was counted.

Quantitative RT-PCR. Total RNA was extracted from murine 
breast cancer primary tumors and cultured cells with an 
RNeasy Mini kit (Qiagen, Tokyo, Japan) and an Isogen kit 
(Nippon Gene, Tokyo, Japan), respectively. The RNA samples 
were reverse transcribed with a PrimeScript RT reagent kit 
(Takara Bio Inc., Otsu, Japan) followed by amplification with 
intron spanning primers using a Stratagene MX30000P quan-
titative PCR machine. PCR primer sequences were: mouse 
ANGPTL4, 5'-CCTTAACTGTGCCAAGAGCC-3' (forward) 
and 5'-CTGCAGAGGATAGTAGCGGC-3' (reverse); human 
ANGPTL4, 5'-TCCTGGACCACAAGCACCTA-3' (forward) 
and 5'-CTCTCCCCAACCTGGAACAG-3' (reverse); mouse 
glyceraldehyde phosphate dehydrogenase (GAPDH), 5'-TGA 
AGCAGCATCTGAGGG-3' (forward) and 5'-CGAAGGTGG 
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AAGAGTGGGAG-3' (reverse); human GAPDH, 5'-CGCTC 
TCTGCTCCTCCTGTT-3' (forward) and 5'-CCATGGTGT 
CTGAGCGATGT-3' (reverse). The PCR conditions were: 
denaturation at 95˚C for 10 min followed by 40 cycles of dena-
turation at 95˚C for 10 sec and extension at 60˚C for 30 sec. 
The PCR products were quantified by the 2-ΔΔCt method with 
GAPDH as an internal control (20).

Enzyme-linked immunosorbent assay (ELISA). The 
amount of vascular endothelial growth factor (VEGF) in 
the MDA-MB‑231 culture medium was determined with a 
Quantikine human ELISA kit (R&D Systems, Minneapolis, 
MN, USA) according to the manufacturer's instructions 
Briefly, 50 µl of an assay diluent and 200 µl of a standard 
mixture or a sample were transferred to each microplate well 
which had been coated with a mouse monoclonal anti-VEGF 
antibody. After incubation for 2 h, the contents of each well 
were aspirated off, the wall was washed with washing buffer 
three times, and incubated with 200 µl of a polyclonal anti-
body against VEGF conjugated to horseradish peroxidase 
for 2 h. After three washes with washing buffer, 200 µl of a 
substrate solution was dispensed into all the wells and shaken 
for 20 min at room temperature. The reaction was stopped 
by adding 50 µl of a stop solution, and the color change was 
measured at 450 nm in a microplate reader.

Transendothelial cell migration assay. A CytoSelect™ cell 
migration assay kit (Cell Biolabs, San Diego, CA, USA) was 
used for cell migration experiments. Briefly, HUVECs (1x105) 
were seeded into an inner chamber containing 300  µl of 
L-15 culture medium and placed on a well (outer chamber) 
of a 24-well plate containing 500  µl of the medium. The 
cells were incubated for 48-72 h until a monolayer formed. 
Separately, a total of 5x104 cells/ml of MDA-MB-231 tumor 
cells were suspended in a serum-free medium and labeled with 
a CytoTracker™ solution for 1 h. Then, 3x104 of the labeled 
cells were plated on each inner chamber whose medium 
had been replaced with 300 µl of L-15 medium containing 
2 µM SRT1720 and/or 1 µg/ml of cisplatin. These cells were 
further incubated for 24 h. Non-migrated cells in the inner 

chamber were removed with cotton-tipped swabs. The cells 
that migrated outside the inner chamber were collected and 
resolved in a lysis buffer. The cell lysate was quantified by 
measuring at 495 nm (excitation)/520 nm (fluorescence).

Statistical analysis. All data are expressed as the mean ± SE. 
Basically, a two-way ANOVA was used to compare multiple 
groups of data, while differences between two the groups were 
analyzed with an unpaired Student's t-test. A P-value <0.05 
was considered statistically significant.

Results

Effects of SRT1720 on 4T1 cell viability. In this study, SRT1720 
was used as a SIRT1 activator for in vitro and in vivo experi-
ments. SRT1720 toxicity has not been previously established 
for 4T1 breast cancer cells. 4T1 cells at near confluence were 
incubated with various concentrations of SRT1720 for 24 h. 
Cell viability was assessed by an MTS assay. It was found 
that SRT1720 had no effect on cell viability at concentrations 
between 0.1 and 5 µM (Fig. 1A). This result agrees with a 
previous finding that SRT1720 worked well at a concentration 
of 0.1 µM when human osteosarcoma cells were used (17). 
Next, we addressed whether SIRT1 exists in the 4T1 cells, and 
if so, whether SRT1720 alters its abundance or localization. 
Immunocytochemical images showed appreciable levels of 
SIRT1 in nuclei of 4T1 cells (Fig. 1B). However, the abundance 
and localization of SIRT1 did not change after a 24-h incuba-
tion in the presence of 1 µM SRT1720.

SRT1720 increases lung metastasis of 4T1 cells. 4T1 cells are 
used as a lung metastasis model of breast cancer. We exam-
ined the effect of SRT1720 on the pulmonary metastasis of 
inoculated 4T1 cells as well as the size and weight of primary 
tumors. Our previous results showed that the oral administra-
tion of SRT1720 to normal mice did not affect body weight or 
food intake at a dose of 200 mg/kg over a period of 70 days 
(18). Therefore, SRT1720 was given at a dose of 100 mg/kg 
body weight. Cisplatin is one of the most popular anticancer 
drugs and clinically used for the treatment of various types 

Figure 1. Dose-response of SRT1720 on the viability of 4T1 cells and location of SIRT1 in the presence of SRT1720. (A) 4T1 cells were incubated at varying 
concentrations of SRT1720. After 24 h, cell viability was determined by an MTS assay (three determinations). (B) 4T1 cells were incubated with or without 
5 µM SRT1720 for 24 h, reacted with an anti-SIRT1 antibody conjugated with Alexa Fluor 594 and viewed under a confocal laser microscope (upper panels). 
Nuclei were located by DAPI staining (middle panels). The two panels were merged (lower panels). Magnification, x200.
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of cancer. This drug was injected once into mice on Day 6 
after the implantation of 4T1 cells. The primary tumors were 
removed on Day 21 and measured. On Day 28, colonies on the 
surface of the lungs of the sacrificed mice were counted. As 
expected, primary tumor size and weight were significantly 
decreased in the cisplatin group (Fig. 2A and B). SRT1720 
alone had no effect on these values, and actually slightly 
stimulated the cisplatin-dependent reduction in tumor size 
and weight. However, when metastatic foci on the lungs were 
counted, SRT1720 was found to increase lung metastasis by 

about 150%, even in the presence of cisplatin (Fig. 2C). These 
results show that SRT1720 does not substantially affect the size 
and weight of primary tumors, but dramatically increases lung 
metastasis. Cisplatin itself failed to prevent the metastasis.

Effects of SRT1720 on ANGPTL4 mRNA levels in the primary 
tumor and 4T1 cells. The expression of at least 18 genes is 
elevated during breast-to-lung metastasis (4,5). It is of interest 
to see whether the expression of these genes fluctuated during 
metastasis in mice treated with SRT1720. Here, we focused 
on the ANGPTL4 gene because its product is considered to 
be involved in metastasis through the stimulation of angio-
genesis (4). The gene expression of ANGPTL4 was evaluated 
by quantitative RT-PCR with total RNA from the primary 
tumor and original 4T1 cells. As expected, cisplatin reduced 
ANGPTL4 mRNA levels in the primary tumor tissues, but 
this reduction was cancelled at the control level by SRT1720 
(Fig.  3A). This result is in excellent agreement with the 
general action of cisplatin as an antitumor agent. Although it 
was unexpected that SRT1720 alone had no effect in elevating 
the ANGPTL4 mRNA level, SRT1720 abolished the effec-
tiveness of cisplatin. This result supports the conclusion of 
this study that SRT1720 aggravates the metastasis. On the 
other hand, when we examined the ANGPTL4 mRNA levels 

Figure 2. Size and weight of primary tumors in mice xenografted with 4T1 
cells, and the number of metastatic tumors in the lungs, when mice were 
treated with SRT1720, and/or cisplatin. (A) Average size of primary tumors 
in a breast cancer model on Day 20 after implantation. Tumor volume was 
calculated using the following formula: tumor volume (mm3)=ab2/2, as 
described in Materials and methods. (B) Average weight of primary tumors 
in the breast cancer model. Tumor volume was determined as described in 
Materials and methods. (C) Metastatic lung tumors were counted 28 days 
after implantation. The number of tumors 1 mm or more in diameter was 
counted. The results are shown as the mean ± SEM for three independent 
groups. ***P<0.001; **P<0.01; *P<0.05.

Figure 3. Effects of SRT1720 and/or cisplatin on ANGPTL4 mRNA levels in 
primary tumors and cultured 4T1 cells. SRT1720 and/or cisplatin mediated 
the expression of genes promoting the lung metastasis of breast tumors. (A) 
ANGPTL4 mRNA levels in the primary tumors were determined by quanti-
tative RT-PCR as described in Materials and methods. GAPDH was used as 
an internal control. Data are shown as the mean ± SE of three independent 
experiments. **P<0.01; *P<0.05. (B) The ANGPTL4 mRNA level in 4T1 cells 
cultured with SRT1720 and/or cisplatin. ***P<0.001.
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in the cultured 4T1 cells, the result was largely different from 
that for the primary tumors. Cisplatin and SRT1720 solely 
tended to increase ANGPTL4 mRNA levels, but when used 
in combination, the level was increased 5-fold (Fig. 3B). This 
discrepancy might be due to the difference between in vivo 
and in vitro experiments. However, both experiments showed 
that SRT1720 increased ANGPTL4 mRNA levels compared 
with cisplatin alone.

Effects of SRT1720 on ANGPTL4 and VEGF levels in human 
breast cancer cells. The results above indicate the possibility 
that SRT1720 aggravates the inhibition of metastasis by cispl-
atin. In other words, SRT1720 may be harmful to the treatment 
of breast-to-lung cancer metastasis with cisplatin.The final aim 
of our study is to know whether the results obtained with animal 
experiments are applicable to humans. Thus, we attempted the 
same experiment with MDA-MB‑231 human breast cancer 
cells. SRT1720 was not toxic to MDA-MB-231 cells when 
used below a concentration of 5 µM (data not shown). Similar 
to the result for 4T1 cells, cisplatin but not SRT1720 increased 

ANGPTL4 mRNA levels by 75%, and SRT1720 did not 
inhibit the action of cisplatin, suggesting that, in the presence 
of cisplatin, murine 4T1 cells resemble human MDA-MB-231 
cells with respect to ANGPTL4 expression (Fig. 4A). Next, we 
examined VEGF secretion which is considered to be crucial 
for angiogenesis. MDA-MB-231 cells were treated with 
SRT1720, cisplatin or both, and the concentration of VEGF 
in the culture medium was determined by ELISA (Fig. 4B). 
In this case, SRT1720 increased the VEGF concentration by 
about 30% relative to the control. Cisplatin had no effect, but 
SRT1720 was still effective even in the presence of cisplatin.

SRT1720 promotes MDA-MB-231 tumor cell migration across 
a HUVEC layer. Since we found that SRT1720 increases 
the secretion of VEGF in human cancer cells, we addressed 
whether SRT1720 indeed stimulates the migration of these 
cells. For this purpose, a transendothelial migration assay 
using a HUVEC monolayer was carried out where TNF-α was 
used as a positive control (21). Under these conditions, TNF-α 
indeed stimulated the migration of MDA-MB‑231 cells across 
the layer by 50%, whereas SRT1720 increased the migration 
over the untreated control by 29%. Cisplatin failed to suppress 
the migration stimulated by SRT1720 (Fig. 5). These results 
strongly indicate that SRT1720 can promote the migration of 
breast cancer cells across the HUVEC monolayer, and cisplatin 
is not related to this event.

Discussion

In the present study, we have provided evidence that SRT1720 
promotes lung metastasis of implanted murine breast cancer 
cells, and is effective in the stimulation of VEGF excretion and 
cell migration found among human cancer cells.

Murine breast cancer 4T1 cells possess strong metastatic 
potential, but it had not previously been determined whether 
these cells contain SIRT1. Fig. 1 shows that the SIRT1 protein 
is present in nuclei, and treatment with SRT1720 alters neither 
the protein level nor its localization. SRT1720 binds to an allo-
steric site, which is situated on the amino terminal side of the 
catalytic domain, and an effector-SIRT1-acetylated substrate 

Figure 4. ANGPTL4 mRNA and VEGF levels in human breast cancer. MDA‑MB-231 cells cultured with SRT1720 and/or cisplatin. (A) MDA‑MB‑231 cells 
were incubated with SRT1720 and/or cisplatin for 24 h, and ANGPTL4 mRNA levels were determined by quantitative RT-PCR. GAPDH was used as an 
internal control. (B) After 24 h of exposure to SRT1720 and/or cisplatin, the VEGF level in the medium of MDA-MB-231 cells was measured by ELISA. 
**P<0.01; *P<0.05.

Figure  5. Effects of SRT1720 and/or cisplatin on the migration of 
MDA‑MB‑231 cells across a HUVEC layer. The migration assay was carried 
out as described in Materials and methods. The cells that migrated across 
a HUVEC layer that had been labeled with fluorescent materials were har-
vested and lysed cells were quantified by measuring the fluorescence. TNF-α 
(1 ng/ml) was used as a positive control. **P<0.01; *P<0.05.
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tertiary complex causes a conformational change to enhance 
the deacetylase activity (17). Thus, SRT1720 is considered not 
to increase the SIRT1 protein level directly, for example by a 
feed-forward mechanism. Moreover, it is difficult to present 
evidence of whether SRT1720 actually activates SIRT1 
deacetylase activity in vivo. 

Although SIRT1 is considered to have beneficial roles in a 
variety of physiological phenomena, its actions in cancer cells 
seem to be contradictory; SIRT1 acts as a tumor suppressor 
(22,23) and as a tumor promoter (10,24). The reason for this 
remains unclear. SIRT1 activators sometimes act as anti-
oxidating molecules in addition to the original deacetylase 
(25). SIRT1 deacetylates not only histone proteins but various 
transcription factors such as p53, the forkhead box class O 
(FOXO) transcription factor, peroxisome proliferator activated 
receptors (PPARs) co-activator 1α (PGC-1α) and nuclear 
factor-κB (10,26). The substrates of SIRT1 are expected to 
differ from one organ to another (27). Therefore, SIRT1 would 
play different roles depending on the type of tissue or tumor, 
although SIRT1 expression is upregulated in a variety of 
cancer types as mentioned in the Introduction.

The process of tumor metastasis is very complicated. 
Several discrete steps can be discerned in the course of 
metastasis; tumor invasion, intravasation into vessels, 
extravasation from vessels, and penetration and growth in 
target organs (28). While the genes for ANGPTL4, epidermal 
growth factor receptor ligand epiregulin, prostaglandin-
endoperoxide synthase 2, matrix metalloproteinase-1, are 
thought to be important for lung metastasis, ANGPTL4 
functions at the steps of intravasation and extravasation 
(4). Therefore, we focused on ANGPTL4. Interestingly, in 
the primary tumor cells, cisplatin significantly suppressed 
the ANGPTL4 mRNA levels as expected, but this action 
was overcome by SRT1720. To our knowledge, there is no 
report of a SIRT1 and ANGPTL4 relationship. ANGPTL4 
was initially found in the adipose tissue as a novel target 
of peroxisome proliferator-activated receptor α (PPARα), 
which encodes a secreted and fasting-induced adipose factor 
(29). Purushotham et al (30) showed that the hepatic SIRT1 
upregulates the expression of PPARα. Since Suchanek et al 
(31) reported the occurrence of PPARα in the human breast 
cancer cell lines MDA-MB‑231 and MCF-7, it is tempting to 
speculate that SRT1720 can enhance ANGPTL4 gene expres-
sion by activating PPARα.

The findings in Figs.  2 and 3 led us to suppose that 
SRT1720 enhances the potential of cisplatin. We considered 
that intravasation and/or extravasation might be key steps 
in SIRT1-enhanced lung metastasis, because SRT1720 had 
no effect on the number or mass of primary tumors. We 
focused on VEGF, one of the most important factors for tumor 
metastasis, promoting tumor angiogenesis, invasion and cell 
migration (32,33). We found that SRT1720 enhanced VEGF 
production in MDA-MB-231 cells irrespective of cisplatin 
(Fig. 4B). Arany et al (34) reported that PGC-1α regulates 
VEGF expression and angiogenesis in an HIF-dependent 
manner. PGC-1α is a major co-activator of SIRT1 (35). Thus, 
it is possible that SIRT1 enhances VEGF levels via PGC-1α 
activation. Potente et al (36) reported that SIRT1 regulates 
endothelial angiogenic functions by modulating the tran-
scriptional activity of FOXO1, which is regulated by SIRT1 

through its deacetylation (37). Furthermore, Gealekman et al 
(38) showed that the simultaneous production of VEGF and 
ANGPTL4 enhances angiogenesis in adipocytes. Therefore, 
it is tempting to assume that SRT1720 increases ANGPTL4 
and VEGF levels by activating several nuclear factors, thereby 
promoting metastasis through enhanced angiogenesis. A 
series of invasion steps are regulated by multiple factors such 
as FOXO1 and PGC-1α through the deacetylating activity of 
SIRT1 (39).

In conclusion, the present findings imply that SIRT1 
promotes lung metastasis by facilitating tumor cell migration 
across a vascular endothelial cell layer. SIRT1 is well known 
as a longevity gene, and its activators such as resveratrol are 
considered to be promising agents for age-related diseases. 
However, the present results, along with the upregulation of 
SIRT1 expression in various tumors, suggest SIRT1 activators 
to be harmful when applied to patients with malignant diseases. 
A reverse study is needed to clarify whether SIRT1 inhibitors 
actually prevent the lung metastasis of breast cancer cells. 
Such attempts are now underway in our laboratory.
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