
ORIGINAL RESEARCH

STAT3 Regulates the Onset of Oxidant-induced Senescence in
Lung Fibroblasts
David W. Waters1,2, Kaj E. C. Blokland1,2,3,4, Prabuddha S. Pathinayake5, Lan Wei1, Michael Schuliga1, Jade Jaffar6,
Glen P. Westall5, Philip M. Hansbro1, Cecilia M. Prele7,8, Steven E. Mutsaers7,8, Nathan W. Bartlett1,
Janette K. Burgess3, Christopher L. Grainge5, and Darryl A. Knight1,2

1School of Biomedical Sciences and Pharmacy and 5School of Medicine and Public Health, University of Newcastle, Callaghan,
Australia; 2National Health and Medical Research Council Centre of Research Excellence in Pulmonary Fibrosis, Camperdown,
Australia; 3Department of Pathology and Medical Biology, and 4Groningen Research Institute for Asthma and COPD, University Medical
Center Groningen, University of Groningen, Groningen, the Netherlands; 6Allergy, Immunology and Respiratory Medicine, Alfred Hospital,
Prahran, Australia; and 7Centre for Cell Therapy and Regenerative Medicine, School of Biomedical Sciences, and 8Institute for
Respiratory Health, University of Western Australia, Nedlands, Australia

Abstract

Idiopathic pulmonary fibrosis (IPF) is a chronic lung disease
of unknown cause with a median survival of only 3 years.
Other investigators and we have shown that fibroblasts derived
from IPF lungs display characteristics of senescent cells, and that
dysregulated activation of the transcription factor signal
transducer and activator of transcription 3 (STAT3) correlates
with IPF progression. The question of whether STAT3 activation
is involved in fibroblast senescence remains unanswered. We
hypothesized that inhibiting STAT3 activation after oxidant-
induced senescence would attenuate characteristics of the
senescent phenotype. We aimed to characterize a model of
oxidant-induced senescence in human lung fibroblasts and
to determine the effect of inhibiting STAT3 activity on the
development of senescence. Exposing human lung fibroblasts
to 150 mM hydrogen peroxide (H2O2) resulted in increased

senescence-associated b-galactosidase content and expression
of p21 and IL-6, all of which are features of senescence.
The shift into senescence was accompanied by an increase of
STAT3 translocation to the nucleus and mitochondria.
Additionally, Seahorse analysis provided evidence of increased
mitochondrial respiration characterized by increased basal
respiration, proton leak, and an associated increase in superoxide
(O2

2) production in senescent fibroblasts. Targeting STAT3
activity using the small-molecule inhibitor STA-21 attenuated IL-6
production, reduced p21 levels, decreased senescence-associated
b-galactosidase accumulation, and restored normal mitochondrial
function. The results of this study illustrate that stress-induced
senescence in lung fibroblasts involves the activation of STAT3,
which can be pharmacologically modulated.

Keywords: senescence; fibroblast; signal transducer and
activator of transcription 3; mitochondrial dysfunction; fibrosis

First recognized by Hayflick and Moorhead
in 1961 (1), senescence describes a state of
irreversible cell-cycle arrest accompanied
by an altered secretory profile termed the
senescence-associated secretory phenotype
(SASP). Senescent cells play important

roles in wound repair (2) and embryogenesis
(3), and in preventing premalignant cells
from dividing (4). The SASP allows
senescent cells to signal to other cells within
the local environment, promoting the
differentiation of neighboring cells and

facilitating self-elimination via immune cells.
This self-regulated elimination is a crucial
aspect of the phenotype because the
persistence of senescent cells is proposed to
drive age-related pathologies (5–8). In vivo,
senescence is a result of excessive rounds
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of mitotic division, termed replicative
senescence (RS), with each event
incrementally degrading telomeres,
culminating in sublethal DNA damage.

In vitro, stress-induced premature
senescence (SIPS) can be induced under
various sublethal treatment conditions,
including chemical exposure (e.g., to
hydrogen peroxide [H2O2]) (9), irradiation
(10), and ultraviolet exposure (11). Cells
undergoing SIPS adopt the senescent
phenotype earlier in mitotic time than
RS cells but still display hallmark features
such as cell-cycle arrest and the SASP.
The precise origins of SIPS in vivo have
been difficult to identify, but its occurrence

is believed to be the decisive factor in
the delayed resolution of the age-related
pathology of vascular leg ulcers (12).
Immune cells, through the release of IFN-g
and TNF-a, are capable of inflicting
sufficient DNA damage to induce
senescence in neighboring cells (13), and
mitochondrial dysfunction has also been
shown to be capable of driving a cell into
premature senescence (14, 15).

The chronic lung disease idiopathic
pulmonary fibrosis (IPF) is characterized by
excessive extracellular matrix deposition in
the lung, likely resulting from an aberrant
wound repair response and senescence of
the alveolar epithelium (16). Although

fibroblast senescence is a well-documented
feature of explanted cultures from IPF
lungs (17, 18), direct evidence of senescent
fibroblasts contributing to fibrosis has not
emerged. Indeed, evidence from animal
models of liver-injury (19), cutaneous
wounds (2, 20), and head and neck and
esophageal cancers (21) suggests that
senescent fibroblasts may even play an
antifibrotic role. This remains to be
elucidated in human lung fibrosis.

Signal transducer and activator of
transcription 3 (STAT3) is a latent
transcription factor that mediates gene
transcription in response to the IL-6
cytokine family (22), IL-10 (23), and a
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Figure 1. Fibroblasts shift into a senescent phenotype after H2O2 treatment. Confluent primary human lung fibroblasts with or without 2 hours of exposure
to 150 mM H2O2 were grown for 72 hours. Supernatants and total cell lysates were collected. (A) Immunoblot analyses of fibroblast cultures treated with
H2O2 and nonstimulated controls (n = 6) using specific antibodies against p21, and b-actin as the loading control. (B) Densitometry values of p21
expression in nonstimulated and H2O2-treated cultures (n = 6). (C) Immunofluorescence staining for p21 in nonstimulated and H2O2-treated fibroblasts
(blue: DAPI; green: p21). (D) IL-6 production measured in the supernatant by ELISA, normalized to milligrams of protein (n = 6). (E) Nuclear pp53 content
in nonstimulated and H2O2-treated lung fibroblasts (blue: DAPI; red: pp53). (F) Senescence-associated b-galactosidase (SA-b-Gal, blue) content of
nonstimulated and H2O2-treated fibroblasts. All images are representative (n = 3); graphs display the mean with individual data points compared between
nonstimulated and H2O2 using paired t test, *P, 0.05 (B). Scale bars: 20 mm and 200 mm. AU = arbitrary unit; NS = nonstimulated.
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variety of receptor tyrosine kinases (24).
Phosphorylation of STAT3 occurs at
different residues during separate
phosphorylation events, the tyrosine705

residue (pSTAT3705) through Janus kinase
1 (JAK1) or JAK2 interaction, or at
the serine727 residue (pSTAT3727)
through the mitogen-activated protein
kinase/extracellular-signal-regulated
kinase signaling pathway (25). Serine727

phosphorylation has been shown to be a
phosphorylation event in addition to
tyrosine705 (26, 27); however, its individual
role in gene transcription remains unclear.
Once it is phosphorylated, STAT3
translocates to the nucleus to promote the
transcription of target genes, including the
antiapoptotic proteins B-cell lymphoma-
extra large and Survivin, cyclin D1
(CCND1), and transcription factors such as
c-Myc and Twist-related protein 1 (28).
STAT3 also localizes to the mitochondria,
where it is believed to facilitate optimal
functioning of the electron transport chain
(ETC) (29, 30).

Constitutively activated STAT3 is a
feature of a broad spectrum of cancers
(31–33) and inflammatory diseases (34),
and has been shown to correlate with

disease progression in a cohort of patients
with IPF (35). Given that STAT3 plays a
significant role in transcribing several
soluble factors of the SASP, transcription
factors such as c-Myc that play a key role in
cell-cycle progression (36), and facilitating
mitochondrial function, it potentially
represents a novel therapeutic target to
modulate features of senescence.

Due to the limited understanding of
fibroblast senescence and its impact in the
lung, we sought to characterize an in vitro
model of oxidant-induced senescence using
H2O2 and to examine the role and impact
of modulating STAT3. We confirmed that
senescence is induced in human lung
fibroblasts within 72 hours after exposure
to H2O2, that STAT3 plays a significant role
in cell-cycle arrest and increased
mitochondrial respiration, and that
targeting STAT3 may be a useful approach
for modifying senescence.

Methods

Cell Culture
Primary cultures of lung fibroblasts were
established from macroscopically normal

lung tissue obtained from patients in the
Alfred Hospital and the John Hunter
Hospital, with their informed written
consent and approval from the University of
Melbourne’s Human Research Ethics
Committee (HREC980168X) and The
Hunter New England Human Research
Ethics Committee (HNEHREC 16/07/20/5.03)
(for sample demographics, see Table E1
in the data supplement; for details
regarding the methods used, see the data
supplement).

Treatment Protocol
Confluent fibroblast cultures were exposed
to 150 mM H2O2 (Merck) for 2 hours.
Then, the media was removed and both
treated and nonstimulated control
fibroblasts were washed twice with a
matching volume of PBS (Gibco) and
incubated in media containing 0.4%
FBS at 378C in air containing 5%
CO2 for 72 hours. The influence of
STAT3 on the senescent phenotype
was assessed using the small-molecule
inhibitor STA-21 (10 mM) (Selleckchem),
which was added to cultures 2 hours
after H2O2 exposure and maintained
throughout the experimental period. All
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Figure 2. Increased mitochondrial respiration in fibroblasts after H2O2 treatment. (A) The mitochondrial functions of basal respiration, (B) maximal
respiration, (C) ATP production, and (D) proton leak were assessed using the Mito Stress Test assay (n = 7); oxygen consumption rate (OCR) is reported
per 1,000 cells. (E) Mitochondrial superoxide production was measured using a fluorogenic dye specific for the detection of superoxide in the mitochondria
(n = 5). All graphs display matched data points compared between nonstimulated and H2O2 exposure for each individual patient. Horizontal bars represent
group means, *P, 0.05 using paired Student’s t test. RFU = relative fluorescence units.
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measurements, unless otherwise stated,
were obtained 72 hours after H2O2

exposure (for detailed methods, see the
data supplement).

Senescence-associated
b-Galactosidase Staining
Cytochemical staining for senescence-
associated b-galactosidase (SA-b-Gal) was
performed with a staining kit (Cell
Signaling Technology) according to the
manufacturer’s instructions.

IL-6 ELISA
Supernatants were centrifuged at 14,0003 g
for 15 minutes to obtain cell-free supernatant,
which was used to assay for human IL-6
(R&D Systems) according to the manufacturer’s
instructions.

Protein Quantification and
Immunoblot
Mitochondrial fractions were isolated using
a Mitochondria Isolation Kit (Thermo
Scientific). Mitochondrial fractions and

fibroblast cultures were lysed with RIPA
lysis buffer containing protease (Roche) and
phosphatase (Sigma-Aldrich) inhibitors.
Protein was subjected to SDS-PAGE and
transferred to a nitrocellulose membrane
(BioRad) in a semidry transfer unit
(Hoefer) (antibodies are listed in Table
E2; for detailed methods, see the data
supplement).

mRNA Extraction, Quantification, and
PCR
Total mRNA was extracted from cultured
fibroblast samples using an RNeasy mini kit
(Qiagen) according to the manufacturer’s
instructions (for detailed methods, see the
data supplement).

Immunofluorescence Staining
Fibroblasts were fixed with 4%
paraformaldehyde and permeabilized with
0.5% Triton X-100/PBS. Cells were
incubated with primary antibodies at 48C
overnight, followed by incubation with
fluorescently labeled secondary antibodies

(Cell Signaling Technology) for 1 hour
at room temperature. Images were
visualized using an Axio Imager 2 (Zeiss).
Mitochondrial staining was performed
using the MITO-ID detection kit (Enzo Life
Sciences) (antibodies are listed in Table
E2; for detailed methods, see the data
supplement).

Assessment of Mitochondrial
Superoxide Production by
Fluorescence Intensity
Mitochondria-generated superoxide was
detected using the fluorescent MitoSox
probe (Invitrogen) according to the
manufacturer’s instructions (for
detailed methods, see the data
supplement).

Seahorse Respiration Assay
Mitochondrial function was assessed
using the Agilent Seahorse Mito Stress
Test Kit (Seahorse Bioscience). Ten
thousand cells per well were seeded in a
96-well Seahorse plate and samples were
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Figure 3. Nuclear localization of STAT3 and pSTAT3705 after oxidant-induced senescence. Subconfluent primary human lung fibroblasts with or without
2 hours of exposure to 150 mM H2O2 were grown for 72 hours. A and B show nuclear localization of STAT3 in nonstimulated and H2O2-treated cultures, and
C and D show nuclear localization of pSTAT3705 in nonstimulated and H2O2-treated cultures (red: STAT3/pSTAT3705; blue: DAPI). Each condition has
two nuclei highlighted and enlarged for more accurate assessment of localization (i and ii). Images were taken at 363 magnification under oil immersion
(n = 3). (E) Expression of the STAT3-targeted genes FN1 and (F) CCND1 was analyzed by qPCR and normalized against 18S rRNA. Data are expressed as
DDCT (n = 6), horizontal bars represent group means, values compared between nonstimulated and H2O2-treated using paired t test, *P, 0.05. Scale
bars: 20 mm and 2 mm. CCND1= cyclin D1; FN1 = fibronectin 1; p = phosphorylated; STAT3 = signal transducer and activator of transcription 3.
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Figure 4. Mitochondrial localization of STAT3 and pSTAT3705 after oxidant-induced senescence. Subconfluent primary human lung fibroblasts with or
without 2 hours of exposure to 150 mM H2O2 were grown for 72 hours. (A) Immunoblot analyses of fibroblast cultures treated with H2O2 and nonstimulated
controls (n = 3) using specific antibodies against STAT3, pSTAT3705, and COX-IV as a mitochondria-specific loading control. (B–E) Images illustrating the
mitochondrial localization of STAT3 and pSTAT3705 in nonstimulated and H2O2-treated fibroblasts by immunofluorescence (green: mitochondria;
red: STAT3/pSTAT3705; blue: DAPI). All images have a yellow box representing an area that has been magnified, split into mitochondria only,
STAT3/pSTAT3705 only, and an enlarged merged image. Scale bars: 20 mm, 5 mm, and 2 mm. COX = cytochrome c oxidase.
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plated in replicates of eight (the
protocol setting is detailed in the data
supplement).

Statistical Analysis
Data are presented as individual data points
and the mean of all data points of a
group. Statistical significance was evaluated
using Student’s paired t test. Statistical
analyses were performed using GraphPad
Prism version 7.01. Differences were
considered to be statistically significant at
P, 0.05.

Results

Characterization of Oxidant-induced
Senescence
As shown in Figure 1, exposing fibroblasts
to 150 mM H2O2 for 2 hours induced

several features of senescence, including
expression of the cyclin-dependent kinase
(CDK) inhibitor p21 (Figures 1A–1C);
increased IL-6 secretion, indicating a shift
in the secretory profile (Figure 1D);
increased phosphorylated p53 (pp53) in the
nuclei (Figure 1E); and accumulation of
cytoplasmic SA-b-Gal (Figure 1F). Taken
together, these data suggest that a 2-hour
exposure to 150 mM H2O2 was sufficient
to induce senescence in human lung
fibroblasts within 72 hours.

Mitochondrial Perturbations Under
Oxidant-induced Senescence
To further confirm senescence induction,
we analyzed several mitochondrial
characteristics, as senescent fibroblasts
have previously been reported to have
higher levels of mitochondrial respiration

(37, 38). Accordingly, we tested the
mitochondrial function of stress-induced
senescent lung fibroblasts. Basal
respiration (Figure 2A), proton leak
(Figure 2D), and O2

2 generation
(Figure 2E) were all significantly increased
after exposure to H2O2. A trend toward
an increase in maximal respiration (Figure 2B)
and ATP production (Figure 2C) was
also observed.

Nuclear Localization of STAT3 During
Oxidant-induced Senescence
To investigate whether STAT3 localization
to the nucleus occurs at a higher rate under
oxidant-induced senescence, we stained
fixed primary lung fibroblast cultures with
antibodies against STAT3, pSTAT3705, and
DAPI. STAT3 staining can be observed in
the nuclei of nonstimulated fibroblasts
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Figure 4. (Continued).
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Figure 5. Nuclear and mitochondrial localization of STAT3 and pSTAT3705 after STAT3 inhibition. Subconfluent primary human lung fibroblasts treated
with 150 mM H2O2 with or without the addition of 10 mM STA-21 were grown for 72 hours. (A–D) Images showing the nuclear localization of STAT3 and
pSTAT3705 (red: STAT3/pSTAT3705; blue: DAPI). Each condition has two nuclei highlighted and enlarged for more accurate assessment of localization (i
and ii). (E–H) Images showing the mitochondrial localization of STAT3 and pSTAT3705 (green: mitochondria; red: STAT3/pSTAT3705; blue: DAPI). Each
condition has three separate images enlarged to highlight mitochondria only, STAT3/pSTAT3705 only, and a merged image. Images were taken at 363
magnification under oil immersion (n = 3). Scale bars: 20 mm and 2 mm. STA-21 = ochromycinone.
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(Figure 3A), and more intense staining can
be seen in the nuclei of fibroblasts after
exposure to H2O2 (Figure 3B). pSTAT3705

staining can be seen in and around the
nuclei of nonstimulated fibroblasts
(Figure 3C), and pSTAT3705 staining is
more intense in the nuclei of fibroblasts
after H2O2 exposure (Figure 3D). To
confirm increased STAT3 nuclear
localization in senescent fibroblasts, we
analyzed two STAT3-dependent genes
using qPCR. Both FN1 (fibronectin) and
CCND1 gene expression levels were
increased in H2O2-treated cultures
compared with nonstimulated cultures
(Figures 3E and 3F).

Mitochondrial Localization of STAT3
During Oxidant-induced Senescence
To identify the presence of activated
STAT3 in the mitochondria, we isolated
mitochondrial fractions from H2O2-treated

and nonstimulated primary lung
fibroblast cultures. A trend toward higher
STAT3 and pSTAT3705 content in the
mitochondrial fractions of H2O2-treated
cultures can be seen from the immunoblot
(Figure 4A). Patient 1 shows an increase
in STAT3 and pSTAT3705 mitochondrial
content after H2O2 treatment. Patient 2
shows similar, although not comparable,
increases in STAT3 and pSTAT3705 (two
bands can be seen in the pSTAT3705

blot for patient 2; the lower band
represents pSTAT3705). Patient 3’s STAT3
bands show increased binding in the
nonstimulated culture, although this is
matched by the higher intensity of
COX-IV binding. The pSTAT3705 bands
for patient 3 show a similar intensity
of antibody binding. Additionally, we
dual stained fibroblast cultures with a
mitochondria-specific dye (MITO-ID)
and STAT3/pSTAT3705. As shown by the

separated images in Figures 4B and 4C,
STAT3 colocalizes with the mitochondrial
marker MITO-ID at similar intensities in
nonstimulated cultures (Figure 4B) and
those treated with H2O2 (Figure 4C). The
images in Figures 4D and 4E suggest that
under oxidant-induced senescence
(Figure 4E), pSTAT3705 localizes to the
mitochondria with a greater intensity
compared with nonstimulated cultures
(Figure 4D).

STA-21 Inhibits Nuclear and
Mitochondrial STAT3 Content
To confirm inhibition of STAT3 activity
after STA-21 treatment, we grew
subconfluent primary human lung
fibroblasts treated with 150 mM H2O2 with
or without the addition of 10 mM STA-21
for 72 hours. We proceeded to fix and stain
the fibroblast cultures with antibodies
against STAT3, pSTAT3705, DAPI, and the
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Figure 5. (Continued).

ORIGINAL RESEARCH

68 American Journal of Respiratory Cell and Molecular Biology Volume 61 Number 1 | July 2019

 



mitochondria-specific dye MITO-ID. The
presence of nuclear STAT3 was more
abundant in the H2O2-only treatment
group (Figure 5A), and the addition of
STA-21 reduced the nuclear content of
STAT3 (Figure 5B). Figure 5D shows a
marked reduction in nuclear pSTAT3705 in
fibroblasts treated with STA-21 compared
with the H2O2 condition alone (Figure 5C).
The reduced cellular content of STAT3
after the addition of STA-21 resulted in a
decrease in the intensity of overlap between
STAT3 and the mitochondria (Figure 5F)
compared with the H2O2-only treatment
group (Figure 5E). The subsequent
reduction of pSTAT3705 after the addition
of STA-21 similarly reflects a reduced
mitochondrial overlap with the addition of
STA-21 (Figure 5H) compared with H2O2

only (Figure 5G).

Effect of Inhibiting STAT3 Activity on
Oxidant-induced Senescence
Given that STAT3 nuclear and
mitochondrial translocation increased
during oxidant-induced senescence, we next
examined the effect of inhibiting STAT3 on
induction of senescence. We found that
treatment with STA-21 suppressed the levels
of p21, as measured by immunoblot
(Figure 6A) and confirmed by graphed
densitometry (Figure 6B), and reduced
staining of p21 in the nuclei of H2O2-
treated fibroblasts (Figure 6C). Reduced
IL-6 secretion suggested an attenuated
secretory profile (Figure 6D), and decreased
SA-b-Gal content was measured using a
cytochemical assay (Figure 6E). Taken
together, our data suggest that inhibition of
STAT3 can attenuate the shift into
senescence of human lung fibroblasts.

Inhibiting STAT3 Activity Lowers
Mitochondrial Respiration after
Oxidant-induced Senescence
To further assess the effect of inhibiting
STAT3 activation on senescence, we
investigated its effect on mitochondrial
function. Figure 7 shows that the inhibition
of STAT3 activity prevented senescence-
induced increases in mitochondrial
respiration. Oxygen consumption rate
values for basal respiration (Figure 7A),
maximal respiration (Figure 7B), ATP
production (Figure 7C), and proton leak
(Figure 7D) were all reduced to values
comparable to those obtained in
nonstimulated cultures after STAT3
inhibition in all but one patient sample.
Superoxide generation was also
substantially attenuated after STAT3
inhibition (Figure 7E). Together, these data
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suggest that the inhibition of STAT3
restores normal mitochondrial function.

Discussion

Senescence is associated with aging, as is the
fibrotic lung disease IPF. The influence of
senescent cells in the pathogenesis of lung
fibrosis is uncertain. Lehmann and
colleagues showed that senescent alveolar
epithelial cells are profibrotic (16); however,
the available data on senescent fibroblasts
suggest that they may be antifibrotic (39,
40). In this study, we characterized a model
of oxidant-induced senescence and
identified the transcription factor STAT3 as
playing a key role in the fibroblasts’ shift
into senescence. Furthermore, the onset of

senescence could be attenuated by
inhibiting STAT3 activation.

The use of H2O2 was previously
described to induce senescence in the IMR-
90 human fibroblast cell line (41). Here, we
extended previous work to primary human
lung fibroblasts and characterized
senescence after H2O2 treatment in detail.
After H2O2 exposure, we observed
increased p21 expression, IL-6 production,
cytoplasmic SA-b-Gal, and pp53, all of
which are recognized characteristics of
senescent cells (42). Increased mitochondrial
respiration was also a feature of H2O2-treated
fibroblasts, a characteristic that was
previously described as a feature of fibroblasts
undergoing RS (37, 38).

Under normal conditions the
phosphorylation of p53 is tightly regulated,

but in response to stress, p53 becomes
activated and translocates to the nucleus to
target genes involved in DNA repair and
cell-cycle arrest (43). The increased pp53
observed in the fibroblasts in this study was
a result of the DNA damage response after
H2O2 exposure. The increased pp53
promoted the transcription of p21,
culminating in cell-cycle arrest of H2O2-
treated cultures. Mitotic arrest has been
shown to be mediated by the p21/p53 axis
in both the G1 and G2 phases of the cell
cycle (44, 45). Increased p53 activity also
has the potential to influence the secretory
profile of senescent fibroblasts, as p53 is
capable of binding to the IL-6 promoter to
drive transcription (46).

The association between STAT3 and
the onset of senescence is well documented
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(reviewed in Reference 47) and STAT3
activity is strongly associated with
interstitial lung diseases such as IPF (35,
48–50 ). In this study, we identified STAT3
as playing a key role in the shift of the
secretory profile, cell-cycle arrest, and
mitochondrial respiration. Our results
suggest that STAT3 is an important factor
in driving the onset of the senescent
phenotype, and support previous work
showing that JAK1/2 inhibition alleviates
the onset of senescence (51, 52).

Given the impact that inhibition
of STAT3 activity had on senescence,
it was surprising that the kinetics of
phosphorylation did not differ between
nonstimulated fibroblasts and fibroblasts
driven into senescence (Figure E1).
Increases in STAT3 and pSTAT3705 levels in
senescent cultures were observed across a
72-hour time course, but not consistently.
However, the nuclear localization of both
nonphosphorylated STAT3 (npSTAT3)
and pSTAT3705 in senescent cells was
significantly greater than that observed in
nonsenescent cells. Additionally, we
observed increased expression of the FN1
and CCND1 genes, both of which are

known targets of STAT3 (35, 53).
Interestingly, RS fibroblasts have been
shown to express fivefold higher levels of
the associated CCND1 protein than low-
passage fibroblasts (54).

We speculate that the increased nuclear
pSTAT3705 promotes the transcription
of target genes, driving the shift into
senescence. The role of npSTAT3 in and
around the nucleus of senescent fibroblasts
is unclear. Studies have shown that
npSTAT3 plays an important role in
transcription, being responsible for
promoting the transcription of a discrete set
of genes that are not transcriptionally
activated by pSTAT3705 (55). How
transcriptional activation occurs through
npSTAT3 remains to be confirmed, but
binding to other transcription factors is
plausible because a similar mechanism has
been described for the structurally similar
STAT1 (56, 57). In addition, we also sought
to identify whether STAT3 or pSTAT3705

localized to the mitochondria with a greater
intensity in fibroblasts that were induced
into senescence. Both STAT3 and
pSTAT3705 have previously been identified
in the mitochondria, where they influence

the ETC (29, 30). We observed increases in
both STAT3 and pSTAT3705 in isolated
mitochondrial fractions from senescent
fibroblasts. The increased mitochondrial
presence of STAT3 and pSTAT3705 in
senescent fibroblasts may exert a negative
influence on ETC dynamics, resulting in
increased respiration and proton leak.

pSTAT3705 has been shown to
promote the transcription of the STAT3
gene (58), and thus the addition of STA-21
to the H2O2-treated fibroblasts not only
reduced nuclear localization but also
resulted in a reduction in the cellular
content of STAT3. We speculate that the
reduced STAT3 and pSTAT3705 in
senescent fibroblasts had a proportional
effect on reducing mitochondrial
interactions, potentially enabling the ECT
to function in a manner similar to that
observed in non-H2O2-stimulated
conditions. The response of fibroblasts
from one patient did not conform with the
response of those from the other patients,
which precluded us from determining
groupwise statistical significance.

The samples used in this study were
obtained from patients with a mean age of
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58 years. Seven of the samples were obtained
from patients over the age of 65, the age
typically associated with a diagnosis of
IPF. We do not believe that the age of the
patients influenced the results of this study.
We acknowledge that older patients
may have a higher incidence of RS cells;
however, a large proportion of fibroblasts
from these patients would still be susceptible
to oxidant-induced senescence. Our use
of oxidative stress to induce senescence is
an important consideration in regard to
senescence-associated respiratory disease.
The lungs are continuously exposed to
endogenous and exogenous oxidants, and
diffuse lung diseases such as IPF are
associated with a pulmonary redox
imbalance (59).

The use of STA-21 to alleviate
senescence suggests that there is potential
for the use of small-molecule inhibitors as
therapeutics to rescue the phenotype of

senescent cells. STA-21 is sufficient to block
dimerization of pSTAT3705 monomers, but
it does not cover the amino acid residue
Ser727 and thus is ineffective at preventing
the formation of pSTAT3727 dimers. Future
studies should investigate STAT3 inhibitors
that also cover the Ser727 residue should it
be shown that pSTAT3727 is also capable of
promoting transcription independently of
phosphorylation at Tyr705.

Pharmacological intervention using
senolytics is currently being investigated for
the targeted removal of senescent cells (60).
However, this approach should be explored
with caution as these drugs indiscriminately
target senescent cells for removal regardless
of cell type. If therapeutic targeting of
senescent cells becomes recognized as a
viable treatment option for fibrotic diseases,
an approach that restores the normal
phenotype of a targeted cell and maintains
its presence in situ would be preferable to

one that destroys a problem cell outright,
potentially decellularizing a region of tissue
en mass.

In conclusion, we have shown that
senescence can be modeled in primary
cultures of human lung fibroblasts, and that
the inhibition of STAT3 activation and its
subsequent reduction in the nuclei and
mitochondria is a decisive factor in
attenuating the induction of senescence.
Future studies should use this model to
identify the contribution of senescent
fibroblasts to fibrotic diseases such as IPF,
and to determine whether STAT3 activity is
also a feature of epithelial cell senescence.
The relative ease of targeting epithelial cells
may facilitate the use of STAT3 inhibitors as
potential therapeutics to abate their
proposed profibrotic phenotype. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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