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SIRT5 prevents cigarette smoke extract-induced apoptosis
in lung epithelial cells via deacetylation of FOXO3
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Abstract Cigarette smoking plays an important role in in-
creased incidence of chronic obstructive pulmonary disease
(COPD). The underlying mechanism in which cigarette
smoking induced impairment of lung epithelial cells is still
unknown. SIRT5 is a nicotinamide adenine dinucleotide
(NAD+)-dependent protein deacetylase, which has been im-
plicated in the regulation of metabolism, stress responses, and
aging. Forkhead box O3 (FOXO3) belongs to the O subclass
of the forkhead family of transcription factors. It is also in-
volved in protection from oxidative stress by upregulating
antioxidants in epithelial cells. Here, we show that cigarette
smoke extract (CSE) induces SIRT5 to deacetylate FOXO3 at
K271 and K290. Deacetylation of FOXO3 promotes its nucle-
ar localization. Notably, transfection with FOXO3 K271R- or
K290R-attenuated CSE-induced apoptosis in SIRT5 knocked
down cells, suggesting the protective effects of SIRT5, is me-
diated by FOXO3. In contrast, CSE stress upregulates SIRT5,
which activates FOXO3α leading to rescuing apoptosis. Thus,
SIRT5 constitutes a determinant of apoptosis by CSE in lung
epithelial cells.
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Introduction

Chronic obstructive pulmonary disease (COPD), character-
ized by a progressive and largely irreversible decrement in
lung function associated with an abnormal chronic inflamma-
tory response of the lungs to noxious particles, is a lung con-
dition usually caused by smoking (Caramori et al. 2014). In-
creasing evidence has shown that both endothelial cell and
epithelial cell apoptosis is increased in the lung tissue of
smokers and patients with emphysematous COPD compared
to nonsmokers (Wu et al. 2006). Cigarette smoke extract
(CSE) has been considered as an important tool to explore
the impact cigarette smoke has on bronchial epithelial cell
cultures and facilitates our understanding of crucial intracellu-
lar signaling pathways. On one hand, the capacity for CSE to
induce a pro-inflammatory response in epithelial cells has
been reported (Kode et al. 2006). On the other hand, CSE
has been reported to induce apoptosis in primary endothelial
cells (Togo et al. 2010) and primary nasal epithelial cells (Lan
et al. 2007). However, the molecular basis of smoking-
induced cell injury on endothelial cells and epithelial cells
remains unclear, and the molecular regulators of CSE-
induced cell apoptosis within the lung represent potential de-
terminants of host susceptibility, disease severity, and possible
therapeutic targets for intervention.

SIRT5 is an essential member in the sirtuins (SIRTs) fam-
ily, which are nicotine adenine dinucleotide (NAD+)-depen-
dent enzymes involved in the dynamic regulation of cellular
physiology. Like SIRT3 and SIRT4, SIRT5 is found to be
located in mitochondria (Verdin et al. 2010). Forkhead box
O3 (FOXO3) is the substrate of SIRT3. As a forkhead
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transcription factor, FOXO3 mediates the expression of mul-
tiple genes that govern cellular development, differentiation,
survival, apoptosis, stress resistance, metabolism, autophagy,
and longevity (vanderHorst et al. 2007; Vogt et al. 2005).
Deacetylation of FOXO3 caused by SIRT3 plays an essential
role in reducing levels of cellular ROS by upregulating the
antioxidant enzymes manganese superoxide dismutase and
catalase, which further ameliorates cardiachypertrophy in
mice (Sundaresan et al. 2009). However, it is not yet clear
whether SIRT5 has a direct role in regulating the physiological
role of FOXO3. Here, we provide evidence to suggest a critical
role of SIRT5 in the regulation of CSE-induced stress in lung
epithelial cells through promoting deacetylation of FOXO3.

Materials and methods

Cell culture

The human type II alveolar epithelial cell line (A549) was
purchased from American Type Culture Collection and main-
tained in continuous culture at 37 °C in a 5%CO2 atmosphere

in RPMI-1640 containing L-glutamine (2 mM), 10 % fetal
bovine serum (FBS), penicillin, and streptomycin (1 %).

Preparation of cigarette smoke extract

Preparation of cigarette smoke extract (CSE) was conducted
as previously described (Su et al. 1998). Briefly, one commer-
cial cigarette of Marlboro (tar 12 mg and nicotine 0.9 mg) was
continuously smoked with a syringe-driven apparatus into
6 ml of culture medium RPMI-1640 at a rate of one cigarette
per 4 min. The resulting suspension was adjusted to pH 7.4
and then filtered through a 0.22-μM-pore filter (Millipore,
UK). The optical density (OD) was measured at a wavelength
that showed maximal absorbance (usually between 270 and
280 nm). CSE was standardized and the concentration was as
100 %. CSE was aliquoted and stored at −80 °C until use.

Assessment of apoptosis and DNA fragmentation
by Hoechst staining

After indicated treatment, cells were fixed with 4 % parafor-
maldehyde for 15 min at room temperature, followed by
stained with 0.2 ml of Hoechst 33258 staining solution
(Sigma) for 5 min. After washed for three times in PBS, fluo-
rescence signals were examined under a fluorescence
microscope.

Immunoblotting

Whole cell lysates were prepared by using cell lysis buffer
(Cell signaling, USA) as described previously (Sheng et al.
2012). Protein extracts were subjected to 10 % SDS-PAGE
and then transferred to hydrophobic polyvinylidene fluoride
(PVDF) membranes. The membranes were blocked in TBST
buffer (20 mM Tris–HCl, 150 mM sodium chloride, 0.1 %
Tween-20) containing 5 % non-fat dry milk (Santa Cruz,
USA) for 1 h at RT, followed by sequentially incubated with
primary antibodies and with corresponding secondary

Fig. 1 mRNA levels of SIRT family members in lung epithelial A549
cells after cigarette smoke extract (CSE) treatment. Cells were stimulated
with 1 % CSE for 24 h, and mRNA levels of SIRT1-SIRT7 were
determined by real-time PCR (*P<0.01 vs. non-treated control, n=4–5)

Fig. 2 Expression of SIRT5 in A549 cells after cigarette smoke extract
(CSE) treatment. A549 cells were stimulated with 1 or 2 % CSE for 24 h.
a mRNA levels of SIRT5 were determined by real-time PCR; b Protein

levels of SIRT5 were determined by Western blot analysis (*P<0.01 vs.
non-treated control, n=4)
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antibodies. Immunoreactive bands were visualized by using
Immobilon Western Chemiluminescent HRP substrate.

Statistical analysis

Values were expressed as mean±SD. Differences between
groups were examined for statistical significance by one-
way analysis of variance (ANOVA) using SPSS software.
P<0.05 was considered as the presence of a statistically sig-
nificant difference.

Results

To determine whether members of the SIRT gene family are
critical in regulating CSE toxicity, we first performed quanti-
tative real-time PCR analysis for SIRT1–7 in A549 cells after
stimulation with 1 % CSE for 24 h. And the results indicated
that treatment with 1 % CSE differentially regulated the ex-
pression of several SIRT family members. The expression of
SIRT5 was particularly noteworthy, as it was greatly increased
by CSE treatment (Fig. 1). Then we examined whether the
expression of aging-related SIRT5 is modulated by CSE in
A549 cells in a dose-dependent manner. When A549 cells
were treated with 1 or 2 % CSE for 12 h, the levels of SIRT5
increased in a dose-dependent manner in contrast to the un-
treated controls (Figs. 2a, b). We then examined whether the
acetylation of FOXO3 is also modulated by CSE treatment.
CSE treatment caused a significant increase in FOXO3 acety-
lation (Fig. 3a). However, levels of FOXO3 acetylation were
significantly reduced when SIRT5 was overexpressed but

increased when SIRT5 was knocked down (Fig. 3b). These
results suggest that CSE-induced SIRT5 deacetylates FOXO3.

Three lysines in the protein of FOXO3 are involved in
acetylation of FOXO3, including K259, K271, and K290.
K259 of FOXO3 is acetylated by p300/CBP, whereas K271
and K290 of FOXO3 are targeted by SIRT1 (Calnan and Bru-
net 2008). To illustrate which lysine residue of FOXO3 is
modulated by SIRT5, mimetic lysine-to-arginine (KR) mu-
tants of FOXO3 were generated at K259, K271, and K290.
SIRT5 siRNA together with various FOXO3 mutants were
cotransfected into A549 cells. And the result indicated that
knockdown of SIRT5 significantly increased the acetylation
of FOXO3 (Fig. 4a). Knockdown of SIRT1 by transfection
with siSIRT1was used as a positive control. Importantly, there
was no increment in FOXO3 acetylation when the KR muta-
tion was introduced at either K271 or K290. In contrast,
SIRT5 knockdown enhanced the level of FOXO3 K259R
acetylation (Fig. 4b). All the data suggest that K271 and
K290 rather than K259 of FOXO3 are targeted by SIRT5.

Nuclear localization of FOXO family members plays a
critical role in its transcriptional activity. Posttranslational
modifications such as deacetylation regulate the nuclear local-
ization of FOXOs. For example, a recent study has reported
that SIRT1-dependent deacetylation renders FOXO1 immo-
bile within the nucleus, thereby promoting the transcription
of FOXO1-dependent genes (Frescas et al. 2005). Cells were
overexpressed with FOXO3 K271/290R or FOXO3

K271/290Q (acetylation mimetic mutant). After 48 h, cells
were fractionated into nuclear, mitochondrial, and cytosolic
components. We found that the two mutants exhibited distinct
distributions in nuclear, mitochondrial, and cytosolic

Fig. 3 Effects of cigarette smoke extract (CSE) and SIRT5 on FOXO3

acetylation. a 2 % CSE treatment increases FOXO3 acetylation; b
Overexpressing SIRT5 inhibits the effects of CSE on FOXO3

acetylation; c Knockdown of SIRT5 exacerbates the effects of CSE on
FOXO3 acetylation

Fig. 4 SIRT5 deacetylates FOXO3 at K271 and K290. a Levels of
FOXO3 acetylation in A549 cells were increased in SIRT5 knockdown
cells; b Cells were overexpressed with EGFP-tagged FOXO3WT,
FOXO3 K259R, FOXO3 K271R, or FOXO3 K290R. Whole-cell lysates

(WCL) were immunoprecipitated with anti-EGFP and analyzed by
immunoblotting with antibodies against the proteins shown on the right
(Ac-K, acetyllysine)
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Fig. 5 Deacetylation of FOXO3 promotes its nuclear localization. a
Fractionated cellular extracts (cytosolic, nuclear, and mitochondrial
fractions) were prepared from A549 cells that overexpressed FOXO3

K271/290R or FOXO3 K271/290Q and subjected to immunoblotting
analysis. EGFP shows both FOXO3 K271/290R and FOXO3

K271/290Q; tubulin was used as the internal control of cytosolic
enrichment; lamin A was used as the internal control of nuclear
enrichment; VDAC1 was used as the internal control of mitochondrial
enrichment

Fig. 6 Protective effects of
SIRT5 against cigarette smoke
extract (CSE)-induced apoptosis
are mediated by FOXO3. Cells
were treated with 2 % CSE for
24 h after transfection with
FOXO3 K271/290R and siSIRT5.
Cell apoptosis was determined by
Hoechst 33258. a Untreated
control; bCSE (2%, 24 h)-treated
group; c CSE (2 %, 24 h) +
siSIRT5 group; dCSE (2%, 24 h)
+ siSIRT5 + FOXO3 K271R
group; e CSE (2 %, 24 h) +
siSIRT5+ FOXO3 K290R group;
e quantitative analysis (*, #, and $
indicate P<0.01 vs. previous
group)
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components. As shown in Fig. 5a, b, FOXO3 K271/290R
showed a more prominent localization in nucleus. However,
FOXO3K271/290Qwas preferentially localized in the cytosol
and mitochondria than did FOXO3 K271/290R. These results
indicate that deacetylation of FOXO3 promotes its nuclear
localization.

Exposure to CSE meaningfully increased the levels of ap-
optosis in A549 cells (Fig. 6b). Knockdown of SIRT5 further
augmented the levels of apoptosis in A549 cells in response to
CSE exposure (Fig.6c). Importantly, transfection with FOXO3

K271R (Fig. 6d) or K290R (Fig. 6e) ameliorated CSE-
induced apoptosis in SIRT5 knockdown cells. Quantitative
analysis of apoptosis was shown in Fig. 6f. These data sug-
gested that the protective effects of SIRT5 against CSE-
induced apoptosis are mediated by FOXO3.

Discussion

Sirtuins are a class of nicotinamide adenine dinucleotide
(NAD+)-dependent histone deacetylases found in mammalian
cells with various subcellular localizations. In mammals, sev-
en sirtuins were found to modulate distinct metabolic path-
ways, diverse stress responses, and other biological activities
in aging, metabolism, and other diseases (Michishita et al.
2005). SIRT5 localizes in mitochondrial matrix (Schlicker
et al. 2008), which exhibits demalonylase and desuccinylase
activities in addition to its deacetylase activity (Du et al.
2011). FOXO3 is a member of the FOXO transcription factor
family and modulates diverse cellular and physiological pro-
cesses, including metabolism, development, tumor suppres-
sion, and longevity (Calnan and Brunet 2008). Increasing
evidence has shown that deacetylation of FOXO3 reduces
levels of cellular ROS by upregulating the antioxidant
enzymes manganese superoxide dismutase and catalase,
which further ameliorates cardiac hypertrophy in mice
(Sundaresan et al. 2009).

FOXO3 is a target of SIRT family. It has been shown that
FOXO3 can be deacetylated by SIRT1 to induce cell cycle
arrest and elicit cellular resistance to oxidative stress. Notably,
the SIRT1-mediated deacetylation of FOXO3 inhibits
FOXO3-mediated cell death (Brunet et al. 2004). Moreover,
FOXO3 can be deacetylated by SIRT2 under oxidative stress
to elevate the expression of p27, MnSOD, and Bim, which
suppresses cell death (Wang et al. 2007). It was also reported
that SIRT3 upregulate MnSOD and catalase to detoxify ROS
which further blocks cardiac hypertrophy in mice through
deacetylating FOXO3 (Jacobs, et al. 2008). To date, little is
known about SIRT5 function in the regulation of FOXO3 and
cell death. In this study, we found that SIRT3 was induced by
CSE to deacetylate FOXO3 at K271 and K290, suggesting an
important function of SIRT5 in regulating FOXO3 signaling.

With regard to the protective effects of SIRT5 against
COPD, little information has been provided in previous stud-
ies. But increasing evidence has shown that SIRT1 and SIRT6
are considered to have protective effects against COPD. In the
lungs, SIRT1 plays pivotal roles in inhibiting autophagy, cel-
lular senescence, fibrosis, and inflammation by deacetylation
of target proteins using NAD (+) as co-substrate and is there-
fore linked to the redox state. In addition to SIRT1, SIRT6
have also been shown to improve or slow down COPD by
inhibiting cellular senescence and fibrosis (Chun. 2015). Sim-
ilar with our current findings, a recent study showed that
SIRT1 protects against CSE-induced oxidative stress mediat-
ed by FOXO3 but not Nrf2 (Yao et al. 2014).
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