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ABSTRACT 

Diagnosis and management of interstitial lung diseases (ILDs), caused by lung epithelial injury followed by apoptosis, 
are often challenging. It has been controversial whether the SIRT1 protein, a principal modulator of longevity due to 
caloric restriction, ameliorates or aggravates ILD in animal models. Here we examined the effect of SRT1720, a syn- 
thetic activator of SIRT1, on bleomycin-induced lung injury in a mouse model and apoptosis in cultured epithelial cells. 
Oral intubation of SRT1720 over a period of 15 days caused body weight loss and a high mortality rate among bleomy- 
cin-treated mice. Histological examinations showed that the SRT1720 load increased fibrosis in the bleomycin-treated 
lung. An analysis of bronchoalveolar lavage fluid revealed remarkably increased numbers of inflammatory cells in the 
SRT1720-treated group. Moreover, the apoptosis of A549 lung cancer cells, caused by X-ray irradiation and an anti-Fas 
activating antibody, was promoted by SRT1720. These results indicate that SRT1720 not only aggravates bleomy- 
cin-induced ILD, but stimulates the apoptosis of physically and biologically stimulated A549 cells. While SIRT1 acti- 
vators are considered promising for the treatment of conditions such as diabetes mellitus, fatty liver, and chronic ob- 
structive pulmonary diseases, an excess of food containing SIRT1 activators may be harmful depending on the disease 
state, especially in the case of acute inflammation. 
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1. Introduction 

Treating interstitial lung diseases (ILDs) is one of the 
most challenging fields of medicine [1]. ILDs include 
acute lung injury, idiopathic interstitial pneumonia, ra- 
diation pneumonitis, infections, drug-induced toxicity, 
and a variety of other lung diseases, so a diagnosis is 
often difficult [2-4]. Although the pathogenesis of pul- 
monary fibrosis is complex, numerous studies have im- 
plicated lung epithelial injury and apoptosis in this proc- 
ess [5]. Furthermore, oxidative stress plays a critical role 
[6]. 

Bleomycin is an anti-cancer agent, which kills can- 
cerous cells by inducing oxidative stress and thereby 
breaking DNA strands [7]. However, oxidative stress can 
cause ILD. Mice with bleomycin-induced lung injury 
have been used to investigate the pathogenesis of lung 
disease [8]. Radiation pneumonitis often occurs in irradi- 
ated patients with malignant diseases such as lung cancer, 
esophageal cancer, breast cancer, and Hodgkin’s lym-  

phoma [9]. Pneumonitis is due to oxidative stress [10] 
and lung epithelial apoptosis [11]. Therefore, prevention 
and treatment of this disease are urgently needed [12]. 

The Sirtuin (silent information regulator) family, class 
III histone deacetylases (HDACs), is composed of seven 
homologs (SIRT1-7) in mammals [13]. SIRT1 is a highly 
conserved protein thought to be a principal modulator of 
longevity due to caloric restriction [14]. SIRT1 was also 
reported to regulate a variety of cellular processes in- 
cluding chromatin stability, metabolism, inflammation, 
and reactions to oxidative stress [15,16]. SIRT1 modifies 
gene expression by deacetylating histones and transcript- 
tion factors, including p53, FOXOs, PGC-1α, hypoxia- 
inducible factor-1α(HIF-1α), and nuclear factor-кB (NF-кB) 
[17-19]. Several reports have shown that SIRT1 has not 
only a protective effect against oxidative stress [15,16, 
20], but also anti-inflammatory properties [21]. Con-
versely, Kim et al. [22] reported that in mice, inhibit- 
tion of SIRT1 improved inflammation in the lungs by 
modifying the expression of HIF-1α and vascular endo- 
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thelial growth factor (VEGF). Nevertheless, the role of 
SIRT1 in ILD is not fully understood. Recently, SRT1720 
was synthesized as a potent and specific activator of 
SIRT1 [23]. This compound has more than 10-fold the 
effect of resveratrol found in red wine. We recently re- 
ported that SRT1720 decreased the expression of genes 
involved in oxidative stress and inflammatory cytokines 
in the livers of MSG (monosodium glutamate)-treated 
mice that exhibit obesity and insulin resistance [24]. 

As mentioned, the role of SIRT1 in ILD has been in 
dispute. In this study, we investigated the effects of SRT 
1720 on bleomycin-treated mice and A549 lung cancer 
cells undergoing radiation-induced apoptosis. We con- 
cluded that SRT1720 aggravates some forms of experi-
mentally produced ILD. 

2. Materials and Methods 

2.1. Materials 

The agonistic anti-Fas (CD95) monoclonal antibody (clone 
7C11) was obtained from Beckman Coulter (Brea, CA). 
The annexin V-FITC apoptosis detection kit was pur-
chased from Medical and Biological Laboratories (Na-
goya, Japan). Bleomycin was obtained from Nippon Ka- 
yaku (Tokyo, Japan). Biochemical and other reagents 
were available from local suppliers. 

2.2. Chemical Synthesis of SRT1720 

SRT1720 was synthesized according to methods describ- 
ed previously [23,24]. The structure and purity of the com- 
pound were determined by nuclear magnetic resonance 
spectroscopy [24]. 

2.3. Animal Care 

Eight-week-old female C57BL/6J mice were obtained 
from Sankyo Labo Service (Tokyo, Japan). They were 
given free access to laboratory chow and water, and 
housed in a room with a 12 h-light/12 h-dark cycle at 
24˚C in the animal center of our university. The experi- 
mental protocols were approved by the Ethics Committee 
for Animal Use and Care of the university. 

2.4. Preparation of Animal Model and Recovery 
of Bronchoalveolar Lavage Fluid 

On day 1, mice were anesthetized with sodium pentobar- 
bital and tracheostomized. Bleomycin was dissolved in 
water (to 3.3 mg/ml) and administered (150 μl/100 g of 
body weight) intratracheally in a germ-free manner. 
SRT1720 was dissolved in water, and administered 200 
μl by oral gavage (20 mg/100 g of body weight) every 
other day from day 0 to 14. Fifteen days later, mice were 
anesthetized, and the trachea was cannulated with a 24- 
gauge IV catheter (Terumo, Tokyo, Japan). Lungs were 

lavaged twice with 1 ml of saline. The bronchialveolar 
fluid was centrifuged at 500× g for 10 min. The pellet 
was suspended in 100 μl of PBS (-), and a small portion 
was used for counting cells in a hemocytometer. The 
remaining cells were centrifuged onto slide glasses using 
a Cytospin 4 (Thermo Scientific, Kanagawa, Japan). The 
cells were treated with Wright-Giemsa stain to distin-
guish cell types. The supernatant was stored at –80˚C 
until used. 

2.5. Lung Histology 

After bronchoalveolar lavage, lungs were perfused with 
10 ml of PBS (-), followed by 10 ml of phosphate-buff- 
ered 4% paraformaldehyde via the left ventricle. Lungs 
were removed and fixed in 10% formalin. Paraffin-em- 
bedded lung tissue was sectioned 10 μm thick, and stained 
with hematoxylin and eosin. The histopathological eva- 
luation of pulmonary fibrosis was performed by the me- 
thod of Ashcroft Scoring [25]. 

2.6. Cell Culture 

A549 cells, a tumor cell line derived from a human lung 
carcinoma with properties of type II alveolar epithelial 
cells, were purchased from American Type Culture Col- 
lection (ATCC, Manassas, VA). The cells were grown in 
Dulbecco’s modified Eagle’s medium (Invitrogen, Carls- 
bad, CA) containing 10% heat-inactivated fetal calf se- 
rum (GIBCO/ Invitrogen), 50 IU/ml of penicillin, and 50 
mg/ml of streptomycin. They were incubated in a 5% 
CO2-95% air chamber. SRT1720 was dissolved in di- 
methyl sulfoxide (DMSO) and diluted with each medium 
to make concentrations of up to 100 μM. 

2.7. MTS Viability Assay 

For the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy- 
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) Pro- 
mega, Madison, WI) viability assay, A549 and BEAS-2B 
cells (2 × 103 in a 96-well plate) were incubated for 24 
hours with various concentrations of SRT1720. CellTiter 
96 AQueous (Promega, Madison, WI) was added during 
the last 2 hours of the 24 h period. The color that devel-
oped was measured at 490nm. 

2.8. Apoptosis Assay 

On reaching 50% - 70% confluence, A549 cells were 
incubated with various concentrations of SRT1720 in a 
60 mm plate. They were X-ray irradiated at 4 Gy/min in 
an MBR-15020R-3 (Hitachi Medical, Tokyo, Japan) for 
30 minutes. A Fas-activating antibody (1 μg/ml) was 
added during the last 8 h of the 24 h culture period. After 
24 h, the SRT1720-treated, X-ray-irradiated, and/or an- 
tibody-treated cells were harvested, and examined for 
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apoptosis with an annexin V-FITC/propidium iodide (PI) 
kit and a FACScallibur (Becton Dickinson, Mountain 
View, CA), according to the manufacturer’s instructions. 

2.9. Statistical Analysis 

The results are expressed as the mean + SEM. The dif- 
ference between groups was determined with an unpaired 
and a paired t-test or two-way analysis of variance 
(ANOVA). Survival curves for time-to-event variables 
were constructed using Kaplan-Meier estimates and were 
compared with the log-rank test. The analyses were per-
formed using R, version 2.12.0 (The R Foundation for 
Statistical Computing, available from http://www.R-pro- 
ject.org). A value of p < 0.05 was considered significant. 
All p values were two-sided. 

3. Results 

3.1. SRT1720 Affects Viability and Body Weight 
Gain in Bleomycin-Treated Mice 

First, we examined the effect of SRT1720 on the viabil- 
ity of bleomycin-treated mice. Our previous study showed 
that oral administration of SRT1720 to mice did not af-
fect body weight or food intake at a dose of 200 mg/kg of 
body weight during a period of 70 days [24]. In this 
study, a dose of 100 mg/kg was adopted. Bleomycin- 
administered mice began to die from day 6, and about 
20% had died by day 15 (Figure 1(a)). SRT1720 mark-
edly lowered the survival rate, with 80% of mice having 
died by day 13. The change in the body weight of mice 
was recorded daily (Figure 1(b)). Mice treated with 
bleomycin began to lose weight from day 2, and showed 
a maximal loss at around day 12. Thereafter, mice gained 
weight gradually. A similar curve, although more pro-
found, was seen for the SRT1720-treated group. 

These results indicate that SRT1720 significantly ag- 
gravated bleomycin-induced lung injury. Surviving mice 
in the two groups appeared to overcome bleomycin’s 
toxicity. 

3.2. SRT1720 Enhances Lung Fibrosis in 
Bleomycin-Treated Mice 

Bleomycin is known to cause pulmonary fibrosis [26]. 
Thus, we examined how the uptake of SRT1720 affected 
fibrosis in bleomycin-treated mice by histochemistry. 
The bleomycin treatment evoked marked fibrosis in 15 
days (Figures 2(a) and (b)). This fibrosis was exagger- 
ated by SRT1720 (Figure 2(c)). The fibrotic areas are 
quantified in Figure 2(d). The mean Ashcroft score was 
2.41 + 0.90 for bleomycin-treated mice, and 3.80 + 0.23 
for bleomycin/SRT-treated mice, indicating that SRT1720 
significantly aggravated fibrosis in the bleomycin-in- 
duced model. 

 
(a) 

 
(b) 

Figure 1. Effects of SRT1720 on survival and body weight 
change in bleomycin-treated mice. (a) A SRT1720 solution 
was given to bleomycin-treated mice and survival was re-
corded up to Day 15, as described in the Materials and Me-
thods. The initial number of mice is shown in parentheses. 
Survival rates were calculated by the method of Kap-
lan-Meier. Survival was significantly lower in the SRT- 
treated group (p = 0.01); (b) Change in body weight of con-
trol mice (closed circles), bleomycin-treated mice (closed 
squares), and bleomycin plus SRT1720 mice (closed trian-
gles). Body weight was significantly lower in the SRT1720- 
treated group than in the counterpart (Two-way ANOVA, p 
< 0.01). 

3.3. SRT1720 Increases Macrophage and 
Lymphocyte Numbers in Bronchoalveolar 
Lavage Fluid 

We attributed the aggravation of bleomycin-induced lung 
injury in mice treated with SRT 1720 to enhanced in- 
flammation. Hence, bronchoalveolar lavage fluid was 
recovered from surviving mice, and macrophages, lym- 
phocytes, neutrophils, eosinophils, and basophils were 
enumerated. Figure 3 clearly indicates macrophages and 
lymphocytes to be more abundant in the SRT1720- 
treated group. The number of neutrophils was also slightly 
larger in the SRT1720-treated mice. These results indi-
cate that the greater mortality and weight loss in the 
SRT1720-treated group are due to increased numbers of 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2. Hematoxyline-eosin staining of the lungs of ble- 
omycin- or bleomycin plus SRT1720-treated mice. (a) A 
normal lung; (b) The lung of a bleomycin-treated mouse; (c) 
The lung of a bleomycin plus SRT1720-treated mouse. Re- 
sults representative of each treatment are presented; (d) 
The fibrotic areas in (b) and (c) are quantified using Ash- 
croft scores. 

 

Figure 3. The cell numbers in bronchoalveolar lavage from 
bleomycin-treated mice (closed column), and bleomycin plus 
SRT1720-treated mice (open column). The total cell number 
was lower in the SRT1720-treated group with a value of *p 
< 0.10. 
 
inflammatory cells and fibrosis. 

3.4. Determination of the Toxic Concentration of 
SRT1720 in Cultured Cells 

The results above suggest SRT1720 to be harmful in 
animal models of ILD such as bleomycin-induced lung 
injury. Because apoptosis plays an important role in ILD 
[5], we evaluated the influence of SRT1720 on apoptosis 
in cultured cells. To this end, we first determined the 
toxic concentration of the compound in a lung cell line, 
A549. SRT1720 had no effect on cell viability at up to 1 
μM in either cell line (Figure 4). Milne et al. [23] found 
that SRT1720 was effective in deacetylating the p53 
protein at 0.15 μM in a human osteosarcoma cell line. 
Thus, A549 cells were used for the subsequent experi-
ment with a SRT1720 concentration of 1 μM. 

3.5. SRT1720 Enhances Apoptosis in Lung Epi-
thelial Cells 

Apoptosis of A549 cells, a lung epithelial cell line, was 
reported to be induced by ionizing radiation and treat- 
ment with an agonistic Fas antibody [27,28]. 

Here, we assessed the role of SRT1720 on apoptosis in 
A549 cells. Apoptosis was evaluated by flow cytometry 
in which early apoptotic cells were stained with FITC- 
labeled annexin-V, and without propidium iodide. X-ray 
irradiation induced apoptosis in A549 cells (Figures 5(a) 
and (b)). Treatment with the Fas-activating antibody pro- 
moted apoptosis (Figure 5(c)). SRT1720 treatment mar-
kedly enhanced the apoptosis induced by irradiation and 
Fas activation. It should be noted that late apoptosis (and 
necrosis) occurs profoundly in these cells, as seen in the 
upper right quadrant (Figure 5(d)). SRT1720 alone gave 
a result similar to that of untreated cells (data not shown). 
These results clearly indicate that SRT1720 sig- nifi-
cantly promotes apoptosis in physically damaged and 
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Figure 4. Cell viability as a function of the SRT1720 con- 
centration. A549 cell viability was examined by the MTS 
assay in the presence of SRT1720, as described in the 
Materials and Methods. Three determinations were made 
at each concentration. 
 

 
(a)                         (b) 

 
(c)                         (d) 

Figure 5. Apoptosis of variously treated A549 cells as ana- 
lyzed by flow cytometry. Apoptosis was induced in A549 
cells by X-ray irradiation, the addition of Fas-activating 
antibody, and/or the addition of SRT1720, as described in 
the Materials and Methods. Early apoptotic cells were stained 
by FITC-labeled annexin V but not by PI (lower right qua- 
drants with the percentage of the total population). (a) Non- 
irradiated cells; (b) X-ray-irradiated cells; (c) Irradiated 
and Fas-activating antibody-treated cells; (d) Irradiated 
and Fas-activating antibody in the presence of 1 μM SRT 
1720. Results representative of three determinations are 
shown. 
 
biologically stimulated cells. 

4. Discussion 

Bleomycin-induced lung injury or pulmonary fibrosis in 
rodents is the best characterized animal model with which 
the pathogenesis of ILDs can be unravelled. Intratracheal 

delivery of antibiotics damages alveolar epithetlial cells 
through the degradation of DNA, which results from a 
direct attack by ferrous ions and oxygen [26,29]. Fol- 
lowing injury to the epithelial cells, various cytokines, 
chemokines, and growth factors generate inflammation, 
eventually leading to pulmonary fibrosis. In this study, 
we examined the involvement of SIRT1 in an ILD-like 
model by using a specific activator, SRT1720. SIRT1 has 
been reported to participate in a myriad of physiological 
phenomena, such as longevity, diabetes mellitus, meta- 
bolism, cardiac function, neurodegeneration, memory and 
plasticity, inflammation, circadian rhythms, and cancer 
[30,31]. SIRT1 is believed to act as an alleviator of sys- 
temic, tissue, or cellular dysfunction. However, the pre- 
sent results do not support the ameliorating effects of 
SIRT1 activators. Kim et al. [22] reported that inhibition 
of SIRT1 improved lung inflammation through the modi- 
fication of HIF-1α and VEGF expression in mice. Lu et 
al. [32] also showed that bleomycin caused the expres- 
sion of HIF-1α and VEGF, which induced fibroblast pro- 
liferation and collagen production. Bleomycin treatment 
augments the number of inflammatory macrophages, lym- 
phocytes, and neutrophils, and then fibrosis in the lung. 
Additional treatment with SRT1720 enhanced the num- 
ber of inflammatory cells and fibrosis (Figure 3). Our 
results support these two papers suggesting the inhibition 
of SIRT1 to be effective at preventing or treating allergic 
and inflammatory airway diseases. Conversely, Sener et 
al. [33] reported that resveratrol, a naturally occurring 
SIRT1 activator, alleviated bleomycin-induced lung in- 
jury in rats. They explained that this effect was due to the 
antioxidative properties of the SIRT1 activator. It is nec-
essary to apply our experimental conditions to rats to 
examine whether such a difference is due to the species 
used. 

Irradiation-induced lung injury is another model of 
ILD that is clinically relevant. It is also considered to oc- 
cur via lung epithelial injury [34] and oxidative stress 
[35]. While pulmonary Fas signaling is important for 
apoptosis of lung epithelial cells during lung injury [36], 
ionizing radiation also up-regulates Fas expression on the 
cell surface via activation of p53 [37]. We previously 
reported that oxidative stress induced the up-regulation 
of Fas expression in A549 cells [27] and ionizing radia- 
tion promoted the cell surface expression of Fas by sup- 
pressing FAP-1 mRNA levels [28]. In this context, we 
investigated the effects of SRT1720 on X-ray irradia- 
tion-induced and Fas-activating antibody-induced apop- 
tosis in A549 cells. SRT1720 actually increased the num- 
ber of apoptotic cells (Figure 5). Yeung et al. [38] re- 
ported that SIRT1 has a paradoxical effect of “pro-sur- 
vival or pro-death” depending on the stimuli used in in- 
dividual experiments. Resveratrol, considered to be ca- 
pable of protecting cells from p53-induced apoptosis, in- 
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creases apoptosis in response to TNFα that deacetylates to 
inhibit the transactivation potential of the RelA/p65 pro- 
tein. It remains to be clearly shown whether the p53 
pathway or the NF-B pathway is actually driven in our 
in vivo and in vitro experiments. 

Overall, the results of our experiments in vivo and in 
vitro are consistent with the notion that SRT1720 aggra- 
vates the lung damage induced by bleomycin, and X-ray 
irradiation/anti-Fas antibody treatment. As mentioned 
above, various SIRT1 activators have been considered 
promising compounds for treating diabetes mellitus, fatty 
liver, and COPD. These compounds activate SIRT1 de- 
acetylase and/or function as antioxidants [23]. However, 
the present study, together with previous reports [22,32] 
indicates the activation of SIRT1 to have potentially harm- 
ful effects depending on the disease or organ, especially 
in a state of acute inflammation. 
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