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Abstract

Oxidative stress leads to alveolar epithelial cell injury and fibroblast–myofibroblast differentiation (FMD), key events in the pathobiology 
of pulmonary fibrosis (PF). Sirtuin 3 (SIRT3) is a mitochondrial protein deacetylase regulator of antioxidant response and mitochondrial 
homeostasis. Here, we demonstrate reduced SIRT3 expression in the lungs of old mice compared to young mice, as well as in two murine 
models of PF. The analysis of the pattern of SIRT3 expression in the lungs of patients with PF revealed low SIRT3 staining within the 
fibrotic regions. We also demonstrated, using murine models of PF and human lung fibroblasts, that reduced SIRT3 expression in response 
to transforming growth factor beta 1 (TGFβ1) promotes acetylation (inactivation) of major oxidative stress response regulators, such as 
SOD2 and isocitrate dehydrogenase 2. Reduction of SIRT3 in human lung fibroblasts promoted FMD. By contrast, overexpression of SIRT3 
attenuated TGFβ1-mediated FMD and significantly reduced the levels of SMAD family member 3 (SMAD3). Resveratrol induced SIRT3 
expression and ameliorated acetylation changes induced by TGFβ1. We demonstrated that SIRT3-deficient mice are more susceptible to PF 
compared to control mice, and concomitantly exhibit enhanced SMAD3 expression. Collectively, these data define a SIRT3/TGFβ1 interaction 
during aging that may play a significant role in the pathobiology of PF.
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Lung fibrogenesis is the major cause of death in systemic sclero-
derma (SSc) and idiopathic pulmonary fibrosis (IPF), two diseases 
having unknown etiology (1,2). About 75 000–100 000 people in the 
United States have SSc, most of whom are women between the ages 
of 30 and 50 years (3). SSc is characterized by multiorgan vasculopa-
thy and fibrosis of the skin and internal organs (4). With regard to 
IPF, about 100 000 people in the United States suffer from this inter-
stitial lung disease, which has incidence and prevalence rates that are 
increasing with the rate of the aging population (5).

Transforming growth factor beta 1 (TGFβ1) signaling is a key 
player in fibrogenesis. It promotes reactive oxygen species and myofi-
broblast differentiation across tissues and is recognized as a criti-
cal factor in the pathogenesis of SSc and IPF. However, it is unclear 
whether or how TGFβ1 influences tissue aging or how biological 
aging promotes the fibrotic response. New evidence demonstrates 
that impairment of mitochondrial homeostasis and recycling, medi-
ated in part by TGFβ1, may contribute to age-related lung diseases 

such as IPF (6). Nevertheless, the cell type–dependent molecular 
mechanisms that promote fibrogenesis remain unknown.

Sirtuins, NAD+-dependent protein deacetylases, can modulate 
the oxidative stress response, metabolism, and life span (7–9). Due 
to the preferential mitochondrial localization and association with 
extended life span in humans, Sirtuin 3 (SIRT3) emerged in the 
last few years as a protein of particular interest in aging studies 
and age-related diseases (10–12). SIRT3 participates in regulating 
multiple processes through its effects on the acetylation of proteins 
involved in oxidative stress response, mitochondrial dynamics, and 
metabolism, which are mechanisms that are altered in PF. For exam-
ple, SIRT3 promotes deacetylation of forkhead box O3a (FoxO3a) 
leading to FoxO3a-dependent gene expression (13). SIRT3 also 
deacetylates several components of the mitochondrial antioxi-
dant response and respiratory chain, including the mitochondrial 
matrix protein isocitrate dehydrogenase 2 (IDH2), a major source 
of reduced nicotinamide adenine dinucleotide phosphate (NADPH), 
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as well as superoxide dismutase 2, mitochondrial (SOD2) (14,15). 
In addition, SIRT3 deacetylates and destabilizes hypoxia-inducible 
factor-1α, which is involved in the metabolic reprograming of mito-
chondria (16). Therefore, due to the myriad of roles SIRT3 plays in 
the regulation of mitochondrial function, metabolism, and dynam-
ics, it is expected that changes in SIRT3 expression within the aging 
lung will result in an altered, and possibly compromised, response 
to injury.

Here, we demonstrate that there is, indeed, a deficiency in SIRT3 
within the murine aging lung and even more so in the fibrotic lung 
and that absence of SIRT3 promotes the fibrotic response mediated 
by TGFβ1. Specifically, our studies revealed that lung exposed to 
bleomycin and normal human lung fibroblasts (NHLF) treated with 
TGFβ1 showed reduced SIRT3 expression, which prevented SOD2 
and IDH2 deacetylation and activation resulting in an inefficient 
oxidative stress response, favorable to myofibroblast differentiation. 
By contrast, overexpression of SIRT3 reduced the effects of TGFβ1 
on myofibroblast differentiation. Importantly, we found that SIRT3 
deficiency promotes PF, concomitant with an increase in SMAD fam-
ily member 3 (SMAD3) expression. In conclusion, we propose that 
reduced SIRT3 activity, whether through TGFβ1 signaling and/or 
age-related loss of expression, negatively impacts the mitochondrial 
oxidative stress response, promotes a myofibroblast phenotype, and 
re-enforces TGFβ1 signaling, probably contributing to the perpetua-
tion of a fibrotic lung in the elderly adults. 

Materials and Methods

Mice and Tissue Samples
All mice were obtained from the Jackson Laboratory (Bar Harbor, 
ME). C57BL/6 male mice, aged 6–8 weeks, were treated with 
3 × 108 plaque-forming units of replication-deficient adenovirus 
encoding either green fluorescent protein (GFP; control group, 
AdGFP; n = 5) or active TGFβ1 (AdTGFβ1; n = 5) administered 
by oropharyngeal aspiration. For age-dependent studies, C57BL/6 
male mice, aged young (2 months old, n = 5 per treatment) and 
old (22 months old, n = 5 per treatment), received 2 U/kg bleo-
mycin (Teva Parenteral Medicines, Irvine, CA) or vehicle only 
(phosphate-buffered saline) for controls by oropharyngeal aspira-
tion. 129S1/SvImJ (wild-type [WT] control) and 129-Sirt3tm1.1Fwa/J 
(knockout) male mice (4 months old) received 2 U/kg bleomycin 
(n  = 7 per bleomycin treatment per knockout group, n  = 5 per 
WT group) or phosphate-buffered saline (n  =  7 per phosphate-
buffered saline treatment per knockout group, n  =  5 per WT 
group) as controls by oropharyngeal aspiration. Animal proce-
dures and cell culture reagents are described in Supplementary 
Material. Tissue microarray from patients with scleroderma and 
PF (SSc-PF; n = 16) or IPF (n = 13), and normal (control) donor 
lung tissues (n  =  10) as well as lung fibroblasts isolated from 
SSc patients (n  =  4) and controls (n  =  4) were provided by the 
National Scleroderma Core Center at the Medical University of 
South Carolina. Isolated fibroblasts were cultured in high-glucose 
Dulbecco’s modified Eagle’s medium (Mediatech, Manassas, VA), 
supplemented with 10% fetal bovine serum (Gibco, Thermo 
Fisher Scientific, Waltham, MA) and Penicillin–Streptomycin 
(Gibco).

Transfections, mitochondrial isolation, Western blot (WB), RNA 
isolation and real-time quantitative polymerase chain reaction (qRT-
PCR), histology and immunostaining, and gene expression array 
analysis are described in detail in Supplementary Material.

Statistical Analysis
All data are expressed as mean values ± SEM. Comparisons between 
two groups were made using the unpaired, two-tailed Student’s  
t test. Analysis of variance and Bonferroni’s multiple comparison tests 
were used for multiple groups. Statistical significance was assigned at 
a value of p < .05. All experiments were repeated at least twice.

Results

Downregulation of SIRT3 Expression in Lung Aging 
and PF
Mice lacking SIRT3 develop several diseases related to aging at an 
accelerated pace (17). Although it is known that the molecular mech-
anisms of lung aging and fibrosis are related, few studies have been 
undertaken to show the role of SIRT3 in age-related lung diseases, 
such as IPF that has an increasing incidence with age (5). Here, we 
aimed to determine the changes in SIRT3 expression during lung 
aging and PF. Young (2-month-old, n = 5) and old (22-month-old, 
n  = 5) mice were exposed to vehicle or bleomycin by oropharyn-
geal aspiration to induce lung injury leading to the development of 
fibrosis. qRT-PCR revealed that the group of old mice has a sig-
nificant reduction in SIRT3 expression compared to young mice 
(Figure 1A). WB analysis of lung fibroblasts isolated from young and 
old mice confirmed a decline in SIRT3 expression (Figure 1B and C). 
Bleomycin exposure resulted in reduced levels of SIRT3 transcripts 
in young mice, with no additional reduction by bleomycin in SIRT3 
transcript levels detected in 22-month-old mice (Figure 1A).

Next, we evaluated the expression of SIRT3 in another model 
of PF that is TGFβ1 dependent. C57BL/6 young mice were exposed 
to a replication-deficient adenovirus encoding active TGFβ1 
(AdTGFβ1). The results of qRT-PCR analyses showed a signifi-
cant reduction in SIRT3 expression in the lung at 14-day postin-
fection compared to GFP (AdGFP) control infection (Figure 1D). 
The downregulation of SIRT3 in aging and the two murine models 
of PF suggest that SIRT3 plays a role in lung fibrogenesis during 
aging. Further, the expression pattern of SIRT3 in lung tissues was 
investigated by immunohistochemistry staining using 10 control, 
16 SSc, and 13 IPF specimens. The results showed an absence of 
SIRT3 staining within fibrotic areas compared to adjacent areas 
within the same tissue (Figure 1E).

At the cellular level, we chose to determine if TGFβ1 promotes 
SIRT3 transcriptional changes using primary human lung fibroblasts 
extracted from SSc patients. We chose SSc lung fibroblasts because 
they have been shown to express high levels of TGFβ receptors and 
to be highly responsive to the effects of TGFβ1 in culture (18). Our 
results showed that lung fibroblasts from four SSc patients exhibited 
decreased levels of SIRT3 transcripts upon treatment with TGFβ1 
(Supplementary Figure 1).

TGFβ1 Regulates SIRT3 Expression During 
Fibrogenesis, Promoting the Acetylation of SOD2 
and IDH2
We investigated if the effects of bleomycin-induced lung injury on 
SIRT3 expression are concomitant with changes in the acetylation 
of two major SIRT3 substrates, SOD2 (MnSOD) and IDH2. WB 
analysis confirmed a significant reduction in SIRT3 protein levels in 
the lungs of mice exposed to bleomycin compared to control. The 
changes in SIRT3 were concomitant with an increase in acetylation 
of IDH2 and SOD2, components of the mitochondrial antioxidant 
machinery (Figure 2A).
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TGFβ1 promotes differentiation of human lung fibroblasts into 
myofibroblasts; cells which are responsible for the majority of col-
lagen deposition and stiffness during PF. In consequence, elucidation 
of fibroblast-specific TGFβ signaling can provide insight into poten-
tial pathogenesis of lung fibrosis. Thus, we endeavored to determine 
whether TGFβ1 regulates SIRT3 expression in human lung fibro-
blasts. WB analysis showed that TGFβ1 reduced the expression of 
SIRT3 and SOD2 in NHLF at 24 hours, which was restored to nor-
mal levels in the presence of resveratrol, a polyphenol compound 
that inhibits myofibroblast differentiation and transcriptionally 
induces SIRT3 expression (19–21) (Figure 2B and C, Supplementary 

Figure 2A). Analysis of qRT-PCR for NHLF treated with increasing 
doses of TGFβ1 for 24 hours demonstrated a decline in SIRT3 and 
SOD2 transcript levels in a dose-dependent manner (Supplementary 
Figure 2B).

The acetylation of IDH2 and SOD2 during fibroblast–myofi-
broblast differentiation (FMD) was interrogated to provide a bet-
ter understanding of SIRT3-mediated deacetylase activity and the 
type of oxidative stress response during fibrogenesis. We observed 
an increase in the acetylated form of IDH2 (K413) in NHLF at 
24 hours with TGFβ1 treatment compared to vehicle (Figure  2D, 
Supplementary Figure 2C). The WB analysis also revealed an increase 

Figure 1. Downregulation of Sirtuin 3 (SIRT3) in aging and pulmonary fibrosis (PF). (A) Real-time quantitative reverse-transcriptase polymerase chain reaction 
(qRT-PCR) analysis for SIRT3 mRNA expression in aging (22-month-old) and young (2-month-old) mice at 14 days after oropharyngeal aspiration of phosphate-
buffered saline (PBS) or bleomycin (Bleo) (n = 5 per treatment). (B) Representative Western blot (WB) for SIRT3 expression in mouse lung fibroblasts isolated 
from old (22-month-old) and young (2-month-old) mice. β-Actin used as a loading control. (C) Densitometry analysis of WB for SIRT3 expression is shown in (B). 
(D) qRT-PCR analysis for SIRT3 mRNA expression in young mice at 14-day post-oropharyngeal aspiration of control Adenovirus-GFP (AdGFP) or Adenovirus-
TGFβ1 (AdTGFβ1; n = 5 per treatment). (E) Immunohistochemistry in lung tissue samples from control (n = 10), systemic scleroderma (SSc; n = 16), and idiopathic 
PF (IPF; n = 13) patients show a differential expression pattern of SIRT3. Positive cells appear brown (diaminobenzidene stain). Nuclei counterstained with 
hematoxylin appear blue. The arrow shows a fibrotic lesion. Liver tissue was used as a positive control. Immunoglobulin G alone was used as a negative control. 
*p < .05, **p < .01. AU, arbitrary units.

Figure 2. Transforming growth factor beta 1 (TGFβ1) regulates Sirtuin 3 (SIRT3) concomitant with the acetylation of major oxidative stress response regulators. 
(A) Representative Western blot (WB) for SIRT3, acetylated isocitrate dehydrogenase 2 (Ac-IDH2), IDH2, acetylated superoxide dismutase 2, mitochondrial (SOD2) 
(Ac-SOD2), and SOD2 expression from wild-type (WT) mice exposed to bleomycin (Bleo) or phosphate-buffered saline (PBS) vehicle, at 14-day postexposure. β-Actin 
was used as a loading control. (B) Representative WB for SIRT3 and SOD2 expression from normal human lung fibroblasts (NHLF) treated or untreated, with TGFβ1 
and/or resveratrol. (C) Densitometry analysis of WB for SIRT3 and SOD2 expression is shown in (B). (D) Densitometry analysis of WB for acetylated IDH2 (K413) 
expression from NHLF treated or untreated, with TGFβ1 and/or resveratrol shown in Supplementary Figure  2C. (E) Densitometry analysis of WB for acetylated 
SOD2 (K68) expression from NHLF treated or untreated, with TGFβ1 and/or resveratrol shown in Supplementary Figure  2D. (F) Quantification of representative 
immunofluorescence images for SIRT3 in NHLF treated, with TGFβ1 and/or resveratrol at 24 hours, shown in Supplementary Figure 2E. *p < .05, **p < .01, ***p < .005. 
AU, arbitrary units; RSV, resveratrol.

Journals of Gerontology: BIOLOGICAL SCIENCES, 2017, Vol. 72, No. 5 597



in acetylated SOD2 (K68) in mitochondria, suggesting that TGFβ1-
induced repression of SIRT3 results in less SIRT3-dependent deacety-
lase activity and, in consequence, a deficient antioxidant response 
mediated by IDH2 and SOD2 (Figure 2E, Supplementary Figure 2D). 
Immunofluorescence and subsequent quantification confirmed 
the reduction in SIRT3 levels post-TGFβ1 treatment (Figure  2F, 
Supplementary Figure 2E). Our findings correlate with the increase in 
reactive oxygen species during FMD, previously reported (6).

Downregulation of SIRT3 Promotes Myofibroblast 
Differentiation Mediated by TGFβ1
To determine the biological relevance of the repression of SIRT3 
during FMD mediated by TGFβ1, we transfected NHLF with siRNA 
targeting SIRT3 and evaluated the expression of fibrotic markers. 
qRT-PCR analyses demonstrated that repression of SIRT3 promoted 
expression of collagen type I  and plasminogen activator inhibitor 
type 1 (PAI1), which was significant compared to the nontargeting 
siRNA control after TGFβ1 treatment (Figure 3A–C). WB analyses 
confirmed the induction of collagen type I and PAI1 expression at 
the protein level (Figure 3D, Supplementary Figure 3). These results 
indicate that inhibition of SIRT3 may promote TGFβ1-dependent 
myofibroblast differentiation.

Overexpression of SIRT3 Decreases Myofibroblast 
Differentiation Potential Mediated by TGFβ1
Because we demonstrated that downregulation of SIRT3 promotes 
myofibroblast differentiation mediated by TGFβ1, we further inter-
rogated the possible inhibitory effect of SIRT3 on TGFβ1-induced 
myofibroblast differentiation. For this experiment, expression of 
fibrotic markers was analyzed in NHLF transfected with an adeno-
virus encoding either GFP (AdGFP, control) or SIRT3 (AdSIRT3) in 
the presence or absence of TGFβ1 and cofactor NAD+. Analyses by 
qRT-PCR showed a significant reduction in collagen type I, alpha-
smooth muscle actin, and PAI1 expression post-TGFβ1 treatment 

when SIRT3 was overexpressed (AdSIRT3) compared to control 
treatment (AdGFP) (Figure  4A–C, Supplementary Figure  4A). We 
confirmed the statistically significant decrease in the expression 
of fibrotic markers alpha-smooth muscle actin and PAI1 by WB 
as presented by densitometry analysis (Figure  4D, Supplementary 
Figure 4B–E). Taken together, these data support the role of SIRT3 
in modulating TGFβ1-mediated FMD.

SIRT3-Deficient Mice Are Susceptible to  
Bleomycin-Induced PF
To examine further the role for SIRT3 in PF, we subjected SIRT3-
deficient (Sirt3−/−) and WT control mice to lung injury induced by 
oropharyngeal aspiration of bleomycin (2 U/kg weight). At 14-day 
post-bleomycin exposure lungs were analyzed for markers of fibro-
sis. After bleomycin exposure, we observed SIRT3-deficient mice had 
increased weight loss compared to WT mice and failed to recover 
their loss by day 14 (Figure 5A). Histological analysis of WT and 
Sirt3−/− lungs and quantification of Masson’s trichrome staining 
showed increased collagen deposition in Sirt3−/− mice compared 
to control after bleomycin exposure (Figure  5B and C). Similarly, 
quantitative confocal imaging analysis for alpha-smooth muscle 
actin and immunohistochemistry analysis for fibrotic marker heat 
shock protein 47 revealed a significant increase in the expression 
of these two fibrotic markers in Sirt3−/− mice compared to WT mice 
(Figure 5D–F). Assessment of the severity of fibrotic changes by the 
Ashcroft scale (22) also demonstrated an increased fibrotic burden in 
SIRT3-deficient mice as compared to control after bleomycin expo-
sure (Supplementary Figure  5A). qRT-PCR analysis confirmed the 
lack of SIRT3 transcripts in knockout mice as well as an increase in 
transcript levels for the fibrotic marker PAI1 subsequent to injury 
(Supplementary Figure  5B and C). Similarly, the expression of 
fibrotic markers was confirmed by WB analysis. The results revealed 
that expression of collagen type 5 alpha chain 1, heat shock protein 
47, PAI1, and connective tissue growth factor were increased in the 
Sirt3−/− mice as compared to controls following bleomycin-induced 

Figure  3. Downregulation of Sirtuin 3 (SIRT3) promotes myofibroblast 
differentiation mediated by transforming growth factor beta 1 (TGFβ1). 
(A–C) Real-time quantitative reverse-transcriptase polymerase chain 
reaction analysis from normal human lung fibroblasts (NHLF), transfected 
with siRNA targeting SIRT3, treated with or without TGFβ1, to evaluate 
transcriptional changes in SIRT3 and fibrotic markers collagen type I (COL1) 
and plasminogen activator inhibitor-1 (PAI1). (D) Representative Western blot 
for COL1, PAI1, and SIRT3 expression in NHLF deficient in SIRT3. β-Actin was 
used as a loading control. **p < .01, ***p < .005.

Figure  4. Overexpression of Sirtuin 3 (SIRT3) decreases myofibroblast 
differentiation potential mediated by transforming growth factor beta 1 
(TGFβ1). (A–C) Real-time quantitative reverse-transcriptase polymerase 
chain reaction analysis from normal human lung fibroblasts (NHLF), 
transfected with adenovirus overexpressing SIRT3, treated with or without 
TGFβ1, to evaluate transcriptional changes in fibrotic markers collagen 
type I  (COL1), α-smooth muscle actin (α-SMA), and plasminogen activator 
inhibitor-1 (PAI1). (D) Representative Western blot for PAI1, α-SMA, and SIRT3 
expression in NHLF overexpressing SIRT3. β-Actin was used as a loading 
control. *p < .05, **p < .01, ***p < .005. 
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injury (Figure  5G, Supplementary Figure  5D–G). Taken together, 
these data suggest that SIRT3 deficiency may contribute to PF.

Oxidative stress has been implicated in the stimulation of 
mucin synthesis in airways (23–25). Bleomycin-induced lung injury 
increases the number of airway secretory cells and their mucin 
production, whereas antioxidants reduce the mucus hypersecre-
tion in the bleomycin rat model (26). As SIRT3 plays a major anti-
oxidant role, alcian blue-PAS staining was performed to evaluate 
mucin expression in lung tissue sections. The results revealed that 
Sirt3−/− mice exposed to bleomycin have an increase in the amount 
of goblet cells with acid mucin staining (deep blue) and mucous 
cells with neutral mucin stain (magenta) compared to WT controls 
(Supplementary Figure 6A and B). For cells that contain a mixture of 

mucin types, an intermediate color between blue and magenta is pre-
sent. Additionally, Sirt3−/− mice displayed high levels of interleukin-6 
mRNA transcripts, suggesting an escalation of the inflammatory 
response after lung injury (Supplementary Figure 6C). Hematoxylin 
and eosin stain confirmed an increase in the inflammatory infiltrates 
in lungs from the Sirt3−/− mice exposed to bleomycin-induced lung 
injury compared to WT (Supplementary Figure 6D). The results indi-
cate that SIRT3-deficient mice are characterized by increased mucin 
production and interstitial inflammation after bleomycin lung injury.

A SIRT3–TGFβ Crosstalk During Fibrogenesis
We next aimed to explore the molecular aspects of the relationship 
between SIRT3 and the TGFβ1 signaling pathway. qRT-PCR analy-
sis in SIRT3-deficient (Sirt3−/−) mice exposed to bleomycin indicated 
a significant increase in the transcript levels of SMAD3 compared to 
WT control mice (Figure 6A).

To determine if SIRT3 plays a direct role in the TGFβ signal-
ing pathway, we screened RNA transcripts from human lung fibro-
blasts exposed to adenovirus overexpressing SIRT3 (AdSIRT3) or 
GFP control (AdGFP) using a gene expression array for the TGFβ 
signaling pathway. The results indicate that transcription of multi-
ple signaling factors and downstream targets of the TGFβ pathway 
were significantly reduced in human lung fibroblasts overexpress-
ing SIRT3 compared to GFP control (Supplementary Figure 7). The 
screen identified SMAD3 as a transcript deregulated by induction of 
SIRT3. The results were confirmed by qRT-PCR using independent 

Figure 5. Sirtuin 3 (SIRT3)-deficient mice are susceptible to bleomycin (Bleo)-
induced pulmonary fibrosis. (A) The graph depicts weight loss as a percentage 
in SIRT3-deficient (Sirt3−/−; n = 7 per treatment) and wild-type (WT; n = 5 per 
treatment) control mice after Bleo or phosphate-buffered saline (PBS) vehicle. 
(B and C) Representative images and quantification of Masson’s trichrome 
staining to evaluate collagen deposition in SIRT3-deficient and WT mice after 
Bleo or PBS vehicle, at 14-day postexposure. Positive collagen deposition 
appears blue. (D) Representative images of immunofluorescence (IF) staining 
for α-smooth muscle actin (α-SMA) and immunohistochemistry (IHC) staining 
for heat shock protein 47 (HSP47) fibrotic marker expression in SIRT3-
deficient and WT control mice after Bleo, 14-day postexposure. In IF images, 
positive cells appear green with nuclei counterstained with 4′,6-diamidino-
2-phenylindole appearing blue. In IHC images, positive cells appear brown 
(diaminobenzidene stain) with nuclei counterstained with hematoxylin 
appearing blue. (E) Quantification of IF staining for α-SMA fibrotic marker 
expression in SIRT3-deficient and WT control mice after Bleo or PBS vehicle, 
14-day postexposure. (F) Quantification of IHC staining for HSP47 fibrotic 
marker expression in SIRT3-deficient and WT control mice after Bleo or PBS 
vehicle, 14-day postexposure. (G) Representative Western blot for fibrotic 
markers collagen type 5 alpha chain 1 (COL5A1), HSP47, plasminogen activator 
inhibitor-1 (PAI1), and connective tissue growth factor (CTGF) expression in 
lung tissue extracted from SIRT3-deficient mice. β-Actin was employed as a 
loading control. *p < .05, **p < .01, ***p < .005. In (A), **p < .01, ***p < .005 
comparing Sirt3−/− Bleo-exposed group to WT PBS control group, #p < .05, ###p 
< .005 comparing Sirt3−/− bleomycin-exposed group to WT bleomycin-exposed 
group.

Figure  6. Interaction between Sirtuin 3 (SIRT3) and transforming growth 
factor beta 1 (TGFβ1) during fibrogenesis. (A) Real-time quantitative reverse-
transcriptase polymerase chain reaction (qRT-PCR) analysis for SMAD family 
member 3 (SMAD3) expression in SIRT3-deficient (Sirt3−/−; n = 7 per treatment) 
and wild-type (WT; n = 5 per treatment) control mice after bleomycin (Bleo) 
or phosphate-buffered saline vehicle, at 14-day postexposure. (B) qRT-PCR 
confirmation for SMAD3 expression in normal human lung fibroblasts (NHLF) 
overexpressing SIRT3. **p < .01, ***p < .005. (C) Model for the role of SIRT3/
TGFβ crosstalk in pulmonary fibrosis. The proposed model describes the role 
of SIRT3 in the regulation of SMAD3 and the antioxidant response during 
fibrogenesis. Aging, lung injury, TGFβ1 expression, genetic and environmental 
factors that contribute to reduction of SIRT3 favor the profibrotic effects of 
TGFβ1. By contrast, induction of SIRT3, by resveratrol, small molecules, or 
genetic approaches, enhances antifibrotic effects in the healthy lung mediated 
through downregulation of TGFβ1 signal transduction and an enhanced 
antioxidant response. Taken together, we propose that SIRT3 is critical to 
modulating the fibrotic response to lung injury in the elderly adults. 
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primers (Figure 6B). Conversely, in silico analysis, using Genomatix 
software suite (www.genomatix.de/matinspector.html, Genomatix 
GmbH, Munich, Germany) confirmed a SMAD3 binding site in the 
SIRT3 promoter region and supports previous studies showing a 
moderated binding of SMAD3 on the SIRT3 promoter by Chip on 
Chip (27). Taken together, our data suggest that SIRT3 deficiency 
may contribute to the development of PF by promotion of a deficient 
antioxidant response as well as promotion of the TGFβ pathway, 
contributing to the perpetuation of the disease and the accelerated 
aging phenotype of the fibrotic lung (proposed model Figure 6C).

Discussion

The aging lung is characterized by increased TGFβ1 signaling and 
collagen deposition (28,29). Accelerated biological aging as well as 
increases in TGFβ1 activity are common features of PF in IPF and 
SSc (30,31). Furthermore, TGFβ1 polymorphisms have been associ-
ated with human longevity (32,33). Nevertheless, it is unclear if, and 
how, TGFβ1 influences biological aging. In this study, we propose 
that SIRT3 constitutes a new link between TGFβ1 activity and aging 
in the progression of PF. Our study indicates that TGFβ1 reduces 
SIRT3 expression leading to an inefficient antioxidant response and 
promotion of myofibroblast differentiation. Our studies support 
the role of SIRT3 in the regulation of SMAD3 and the antioxidant 
response, limiting the effects of TGFβ1 during aging and fibrogen-
esis. The SIRT3/TGFβ1 crosstalk could contribute to the accelerated 
aging phenotype that characterizes the progression of PF.

Mitochondria play a central role in oxidative energy metabolism 
and age-related diseases. SIRT3, an NAD+-dependent protein dea-
cetylase with preferential localization to the mitochondria, has previ-
ously been associated with life span (34). Mice lacking SIRT3 (Sirt3−/−) 
develop several diseases associated with aging at an accelerated pace. 
Here, we demonstrated that SIRT3 expression declines in the aging 
lung, murine models of PF, and fibrotic areas within the lungs of peo-
ple afflicted with IPF and SSc. Our results support recent studies indi-
cating that induction of SIRT3 prevents tissue remodeling in aging 
mice, albeit these prior studies did not address the lung (35,36). In 
the future, it will be important to determine if induction of SIRT3 is 
beneficial in profibrotic fibroblasts obtained from patients.

We demonstrated that deficiency in SIRT3, a gene in which single 
nucleotide polymorphisms have been shown to be involved in human 
longevity (37), promotes myofibroblast differentiation, whereas 
overexpression of SIRT3 reduces SMAD3 transcriptional activa-
tion leading to reduced TGFβ1 signaling in human lung fibroblasts. 
Importantly, lack of SMAD3 confers resistance to TGFβ, injury, or 
inflammation mediated renal and lung fibrosis in animal models 
(38–40). Our studies are consistent with recent studies showing that 
activation of SIRT3 blocked the TGFβ pathway in heart fibroblasts. 
Those studies demonstrated that SIRT3 inhibits SMAD3 signaling by 
deacetylating and activating glycogen synthase kinase 3β in a NAD+-
dependent manner (20,41). It is possible that the crosstalk between 
TGFβ1/SIRT3 happens at translational and post-translational levels.

Several studies previously reported that myofibroblast differen-
tiation, driven by TGFβ1, is characterized by an increase in reactive 
oxygen species due in part to unbalanced mitochondria homeosta-
sis, deficient recycling, and deficient oxidative stress responses (6,42). 
Other studies have shown that increased cellular superoxide levels 
are characteristic of stressed SIRT3-deficient mouse embryonic fibro-
blasts (43). Thus, the ability of SIRT3 to protect cells from oxidative 
stress has been shown to be dependent on SOD2- and IDH2-induced 
activity (14,44–46). Importantly, our studies indicate that acetylation 

(deactivation) of SOD2 and IDH2 are SIRT3 dependent and a char-
acteristic of FMD and bleomycin-induced PF. We demonstrated that 
resveratrol, a polyphenol known to inhibit PF in murine models, pro-
motes SIRT3 expression and SOD2 and IDH2 deacetylation, thereby 
promoting cellular homeostasis and inhibition of myofibroblast differ-
entiation (6,20). Interestingly, deficiency in SOD2 expression has been 
associated with premature aging (47,48). Thus, it is plausible that the 
deficient SIRT3-dependent antioxidant activity could contribute to 
accelerated biologic aging in PF (17,49).

SIRT3 has been shown to deacetylate and activate FoxO3a within 
mitochondria as well as increase FoxO3a-dependent gene expression 
(13). FoxO3a modulates mitochondrial clearance of defective mito-
chondria through transcriptional regulation of autophagy-related 
genes. We previously demonstrated that the aging and fibrotic lung 
is characterized by a deficient autophagy, due in part to low FoxO3a 
activity in lung fibroblasts and the fibrotic lung of IPF patients (50). 
Further studies are needed to determine the role of TGFB1/SIRT3/
FoxO3a axis as a major regulator of autophagy and mitochondria 
dynamics in PF.

This study demonstrated that SIRT3 is a limiting factor in the 
fibrotic response and that reduced expression of SIRT3 promotes 
TGFβ1-mediated fibrosis. In the future, the effects of SIRT3 on reso-
lution of established fibrosis need to be evaluated. Our cellular stud-
ies were fibroblast centric. Nevertheless, we demonstrated that the 
response to bleomycin in SIRT3-deficient mice is also characterized 
by increased mucin production in goblet cells and increased inflam-
mation, supporting the need to further investigate the role of SIRT3 
in a cell type–dependent manner.

The abundance of acetylated lysine residues in the mitochondria 
increases significantly with age in muscle and correlates with physi-
cal decline (12). The future dissection of the role of mitochondrial 
post-translational modifications in mitochondrial dynamics and 
metabolism during lung aging needs to be undertaken. Such studies 
could provide a pool of biomarkers and new therapeutic targets for 
PF. We expect that small molecules, as specific SIRT3 activators, will 
be developed soon as therapeutic approaches to promote inhibition 
and/or resolution of lung fibrosis.
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