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Abstract

Idiopathic pulmonary fibrosis (IPF) is an aging‐associated disease with poor progno-

sis. Currently, there are no effective drugs for preventing the disease process. The

mechanisms underlying the role of alveolar epithelial cell (AEC) senescence in the

pathogenesis of IPF remain poorly understood. We aimed to explore whether PTEN/

NF‐κB activated AEC senescence thus resulting in lung fibrosis. First, we investi-

gated the association between the activation of PTEN/NF‐κB and cellular senes-

cence in lung tissues from IPF patients. As a result, decreased PTEN, activated

NF‐κB and increased senescent markers (P21WAF1, P16ink4a, and SA‐β‐gal) were

found in AECs in fibrotic lung tissues detected by immunohistochemistry (IHC) and

immunofluorescence (IF). In vitro experiments showed increased expression levels of

senescent markers and augmented senescence‐associated secretory phenotype

(SASP) in AECs treated with bleomycin (Blm); however, PTEN was reduced signifi-

cantly following IκB, IKK, and NF‐κB activation after stimulation with Blm in AECs.

AEC senescence was accelerated by PTEN knockdown, whereas senescence was

reversed via NF‐κB knockdown and the pharmacological inhibition (BMS‐345541) of
the NF‐κB pathway. Interestingly, we observed increased collagen deposition in

fibroblasts cultured with the supernatants collected from senescent AECs. Con-

versely, the deposition of collagen in fibroblasts was reduced with exposure to the

supernatants collected from NF‐κB knockdown AECs. These findings indicated that

senescent AECs controlled by the PTEN/NF‐κB pathway facilitated collagen accumu-

lation in fibroblasts, resulting in lung fibrosis. In conclusion, our study supports the

notion that as an initial step in IPF, the senescence process in AECs may be a

potential therapeutic target, and the PTEN/NF‐κB pathway may be a promising can-

didate for intervention.
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1 | INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, irre-

versible, and fatal disease with unknown cause. There are limited

choices for treatment, and the prognosis is poor. Epidemiological

investigations and clinical observations indicate that IPF is an aging‐
related disease (Ley & Collard, 2013; Sueblinvong et al., 2012)

because it occurs frequently in middle‐aged and elderly adults. Most

patients are over 60 years old at initial diagnosis, and IPF morbidity

and mortality increase with aging.

At present, reasonable opinion suggests that alveolar epithelial

cell (AEC) injury and abnormality in repair procedures play key roles

in the genesis and development of IPF. AEC injury can break down

the integrity of the epithelial barrier. As a feedback mechanism,

AECs are activated aberrantly. However, sustained AEC injury causes

epithelial apoptosis. Another potential response to injury in AECs is

the occurrence of premature senescence (Chilosi, Carloni, Rossi, &

Poletti, 2013). The accelerated senescence of AECs is one of the

mechanisms that drives the aberrant activation of AECs (Yanagi,

Tsubouchi, Miura, Matsumoto, & Nakazato, 2015). Abnormally acti-

vated cells induce fibroblasts and myofibroblasts to secrete redun-

dant amounts of extracellular matrix, resulting in the deposition of

collagen and destruction of the lung architecture (King, Pardo, & Sel-

man, 2011). The levels of senescence‐associated markers, such as

P16INK4a and SA‐β‐Gal, are higher in the AECs of IPF lung tissues

than in normal lung tissues (Minagawa et al., 2011; Schafer et al.,

2017).

The pathogenesis of IPF and cancer shares some similarities

(Buendía‐Roldán, Mejía, Navarro, & Selman, 2017). Phosphatase and

tension homolog deleted on chromosome ten (PTEN), a tumor sup-

pressor gene, is also involved in the onset and development of IPF.

PTEN is a multifunctional molecule expressed in various cells. It per-

forms its function by negatively regulating several signal transduction

pathways, primarily the PI3K/Akt pathway, to regulate cell growth,

proliferation, apoptosis, and adherence (Xia et al., 2010). Importantly,

NF‐κB, an important target of the PI3K/Akt pathway, regulates the

secretion of many cytokines (Cheng, Lee, Lin, Hsiao, & Yang, 2014).

PTEN signaling plays critical roles in normal mouse lung morphogen-

esis, bronchoalveolar stem cell homeostasis, and the prevention of

lung adenocarcinoma (Yanagi et al., 2007) and regulates fibroblasts

in lung fibrosis (White et al., 2006). The loss of PTEN leads to the

destruction of AEC integrity and alveolar basement membrane, thus

contributing to acute lung injury and fibrosis in a mouse lung fibrosis

model (Miyoshi et al., 2013). Therefore, we presumed that the

abnormal expression of PTEN might be involved in the genesis and

development of IPF; however, the mechanisms remain to be eluci-

dated.

Cellular senescence is a condition of irreversible cell growth

arrest, meaning that senescent cells remain alive while possessing

the senescence‐associated secretory phenotype (SASP). In other

words, senescent cells have the ability to express diverse cytoki-

nes, growth factors, and proteases to maintain cell growth arrest

and promote the degeneration and hyperplasia of neighboring cells

in a paracrine manner (Coppe, Desprez, Krtolica, & Campisi, 2010;

Kuilman & Peeper, 2009). As a consequence, cellular senescence

participates in the onset and development of various kinds of

aging‐related diseases. Recently, researchers found that senolytic

drugs that are selectively induce senescent cells accumulated in

tissues to apoptosis have the ability to partly prevent or reverse

the process of aging‐related chronic diseases including pulmonary

fibrosis (Kirkland, Tchkonia, Zhu, Niedernhofer, & Robbins, 2017).

However, the pathogenesis of senescence involved in IPF is lar-

gely unknown. PTEN is an important regulator executing its role

on cell proliferation and cell cycle; thus, it might be involved in

the pathogenesis of senescence‐associated molecular mechanism

of IPF.

The NF‐κB signaling pathway is the primary mediator of the

appearance of SASP (Coppe et al., 2010; Kuilman & Peeper, 2009;

Salminen, Kauppinen, & Kaarniranta, 2012). However, whether PTEN

regulates the NF‐κB pathway during AEC senescence and how SASP

is involved in the pathogenesis of pulmonary fibrosis remains poorly

understood.

In the present study, we confirmed that AECs possess senescent

properties in IPF patients, in a Blm‐induced mouse pulmonary fibro-

sis model, and in Blm‐stimulated AECs in vitro. Based on these mod-

els, we found that the loss of PTEN led to the activation of NF‐κB,
thus participating in the pathogenesis of IPF. Our evidence sug-

gested that supernatants from senescent AECs promoted redundant

collagen deposition in fibroblasts and that the knockdown of NF‐κB
in AECs reversed this change.

2 | RESULTS

2.1 | IPF is an aging‐related disease

In our study, Senescent markers P21WAF1, P16ink4a, and SA‐β‐Gal
were used to detect the appearance of senescence in IPF lung tis-

sues and in AECs. The expression of P16ink4a and P21WAF1 was

detected by western blot. As shown in Figure 1, we found that the

levels of both senescent markers, P16ink4a and P21WAF1, and fibrotic

markers, collagen1α and αSMA, were greater in the lung tissues from

IPF patients than normal lung tissues (Figure 1a). Using HE and IHC

staining methods, we found that the alveolar structure was

destroyed and that the positive staining of P16ink4a and P21WAF1

was primarily located in AECs in the lung tissues of IPF patients (Fig-

ure 1b). In addition, strongly positive SA‐β‐Gal staining primarily

located in AECs was observed in IPF lung tissues, whereas it was

hardly seen in normal lung tissues (Figure 1c). Furthermore,

immunofluorescence was used to examine the spatial location of

senescent markers and AEC2 marker (SP‐C), in lung tissues from IPF

patients and normal tissues. We observed that both P21WAF1 and

P16ink4a were overexpressed in IPF lung tissue and were barely

found in normal lung tissue. The two senescent markers primarily

expressed within AEC2, and P21WAF1 located in both nuclear and

cytoplasm, whereas P16ink4a mainly expressed in cytoplasm (Fig-

ure 1d,e). Taken together, these data suggest that IPF is an aging‐
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related disease as previous findings demonstrated, and abnormal

senescence occurs in AECs in IPF lung tissues.

2.2 | PTEN/NF‐κB pathway is activated in IPF

NF‐κB stays inactive in the cytoplasm because of the inhibitory sub-

unit of NF‐κB, namely, IκBα. The phosphorylation of IκBα leads to its

degradation via the proteasome pathway, leading to the activation

of NF‐κB in the cytoplasm. Upstream, IκBα is phosphorylated by

active IκBα kinase (IKK), a complex consisting of IKKα, IKKβ, and

IKKγ. The phosphorylation of IKKβ at serine residues 177 and 181

activates the complex. Unanchored NF‐κB freely translocates to the

nucleus and binds to the promoters of its target genes (Solt & May,

2008). We tested the phosphorylation levels of NF‐κB, IKKα/β, IκBα,

F IGURE 1 Senescent markers are significantly overexpressed in the lung tissues of IPF patients. (a) Senescent markers (P16ink4a and
P21WAF1) and fibrotic markers (α‐SMA and collagen1α) in IPF lung tissues were measured by western blot. (b) Representative pictures of HE
and P21WAF1, P16ink4a IHC staining of normal lung tissue, and lung tissues from IPF patients (original magnification, 200×). (c) Representative
results of SA‐β‐Gal staining of human lung tissues (original magnification, 400×). (d, e) Immunofluorescence staining of SP‐C (an AEC2‐specific
marker, red) and P21WAF1, P16ink4a (green) were conducted to confirm senescent markers mainly expressed in AECs (original magnification,
400×). Data are shown as the mean ± SEM. *p < 0.05, **p < 0.005. Unpaired, two‐tailed Student's t test
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and PTEN in total protein lysates from the lung tissues of IPF

patients. As indicated in Figure 2a,b, the phosphorylation levels of

NF‐κB, IKKα/β, and IκBα were higher in IPF lung tissues than in nor-

mal tissues, and level of PTEN was lower in IPF. Then, IHC staining

was performed in IPF lung tissues and normal lung tissues. The

results of PTEN and p‐NF‐κB were according with western blot, and

they predominantly distributed within alveolar walls (Figure 2c). To

further confirm PTEN location, immunofluorescence staining was

conducted. As shown in Figure 2d, we observed that PTEN was

down‐regulated in IPF lung tissues. In normal lung tissues, PTEN

mainly distributed in AEC and some of PTEN co‐localized with SP‐C
(white arrows). Therefore, we suspected that the low expression of

PTEN might be related to NF‐κB activation in IPF and that this regu-

lation primarily occurred within AECs. Next, in vitro experiments

were performed to further confirm our findings in patients and to

elucidate the mechanisms underlying AEC senescence.

2.3 | Bleomycin induces AEC senescence, and SASP
increases collagen expression in fibroblasts

In previous studies, bleomycin was applied to induce AEC senes-

cence (Aoshiba, Tsuji, & Nagai, 2003; Kasper & Barth, 2009). Here,

we employed bleomycin to build a cellular senescence model using

rat primary AEC2 and A549 cell lines. A549 is usually used as a

replacement for primary AECs because of AECs are difficult to

obtain and maintain in culture ex vivo. Several cytokines, IL‐1α, IL‐6,
IL‐8, and matrix metalloproteinase 9 (MMP9), were tested to evalu-

ate SASP in this study (Coppe et al., 2010; Kuilman & Peeper, 2009).

Gradually increasing concentrations of bleomycin were added to the

culture medium to stimulate AEC2 and A549 for 5 days, and SA‐β‐
Gal staining and western blotting were performed. As shown in Fig-

ure 3, we found that the intensity of positive SA‐β‐Gal staining

increased along with the increased concentration of bleomycin (Fig-

ure 3a–d). In addition, senescence‐related markers P21WAF1 and

P16ink4a were both increased in a dose‐dependent manner in stimu-

lated AEC2 and A549 (Figure 3e,f). Cytokines and MMP9 expression

in bleomycin‐stimulated A549 culture supernatants were detected

using ELISA. All measured cytokines and MMP9 levels were greater

along with bleomycin accumulation (Figure 3g). To further confirm

whether senescent AECs participated in the pathogenesis of IPF

through SASP, the supernatants of senescent A549 without bleomy-

cin were collected to culture HELF (human embryonic lung fibrob-

last) and HPF‐a (Human Pulmonary Fibroblasts‐adult) for 3 days.

Then, the total protein lysates of HELF and HPF‐a were obtained to

detect the expression of fibrotic markers (collagen 1α and αSMA) by

western blot and immunofluorescence. Interestingly, we found that

both collagen1α and αSMA were increased along with the culture

time of senescent supernatants and concentration of senescent

supernatants (Figure 3h–k). After stimulation of senescent super-

natants for 3 days, both HELF and HPF‐a, contrast with control con-

ditioned medium (CCM) group, the expression both collagen1α and

αSMA increased in senescent conditioned medium (SASP‐CM) group

(Figure 3l,m). These results, identical to those of previous studies,

indicated that bleomycin was effective in inducing AEC senescence

in vitro. Senescent AECs may promote collagen deposition in HELF

through SASP.

2.4 | PTEN is reduced in senescent AECs, whereas
NF‐κB is activated

To investigate the role of PTEN and the NF‐κB pathway during cellular

senescence, we examined the expression of PTEN and NF‐κB in both

bleomycin‐induced senescent rat primary AEC2 and A549. As shown

in Figure 4, the activation of the NF‐κB pathway, including the phos-

phorylation of IKKα/β, IκBα, and p65, a subunit of NF‐κB, was detected

both in senescent primary rat AEC2 and in A549. PTEN was signifi-

cantly reduced along with bleomycin increasing. The phosphorylation

levels of IKKβ at serine residues 177 and 181 and IκBα at serine resi-

due 32 were remarkably elevated (Figure 4a–d). Immunofluorescence

assays were conducted to test the location and activation of NF‐κB
after treatment with bleomycin, increased nuclear localization and

activation were observed along with bleomycin accumulation in both

rat primary AEC2 and A549 (Figure 4e,f). SP‐C, a specific AEC2 mar-

ker, was used to confirm the phenotype of AEC2. We found that SP‐C
was not reduced with time within 5 days, suggesting that the cells

maintained AEC2 characteristics without switching to AEC1 (Fig-

ure 4g). These data suggested that the loss of PTEN activated NF‐κB
to promote AEC senescence and the occurrence of SASP, thus partici-

pating in the pathogenesis of IPF. To examine this issue, we further

conducted a set of in vitro experiments to elucidate the possible

mechanisms of cellular senescence in IPF.

2.5 | NF‐κB silence rescues AECs from senescence
and fibroblasts from collagen deposition

The activation of NF‐κB is thought to accelerate cellular senescence

and control SASP. NF‐κB inhibition delays DNA damage‐induced
senescence and aging in mice (Salminen et al., 2012; Tilstra et al.,

2012). Similarly, we observed the activation of NF‐κB in senescent

AECs. We then verified whether activated NF‐κB had a regulatory

effect on AEC senescence and SASP and on triggering the deposi-

tion of collagen in fibroblasts. To elucidate this issue, the expression

of NF‐κB was knocked down, and a specific inhibitor of the NF‐κB
pathway was used. As shown in Figure 5, senescent markers

P16ink4a and P21WAF1 and SASP‐associated markers were reduced

after the genetic manipulation of NF‐κB (Figure 5a,b,g). In addition,

after the inhibition of NF‐κB activation using BMS‐345541 (an IKKα/

β‐specific inhibitor), the expression of P21WAF1 was decreased in

both A549 and AEC2 (Figure 5c–f). Then, to investigate whether the

deposition of collagen in fibroblasts could be triggered by SASP

through NF‐κB activation, the senescent supernatants of A549 cells,

after blocking NF‐κB activation, were collected to stimulate HELF

for 3 days, and then, collagen 1α and α‐SMA were measured by

western blot. Interestingly, we observed that collagen 1α expression

was decreased in total HELF protein lysates stimulated by senescent

supernatants in which the NF‐κB activity was blocked in A549
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F IGURE 2 Loss of PTEN and activated NF‐κB pathway in lung tissue from IPF patients. (a, b) Western blot was applied to detect the
expression of PTEN and activation of IKK, IκB, and NF‐κB. (c) Representative results of HE staining and IHC staining for PTEN, p‐NF‐κB in
normal lung and IPF patient lung (original magnification, 200×). (d) Immunofluorescence staining for both SP‐C (red) and PTEN (green) was
conducted to examine the spatial distribution of PTEN (original magnification, 200×). Data are shown as the mean ± SEM. *p < 0.05,
**p < 0.005. Unpaired, two‐tailed Student's t test
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(Figure 5h,i). Taken together, after the genetic knockdown of NF‐κB,
senescent markers of AECs were lower and the expression of fibro-

tic markers was lower in HELF than in the control groups. These

results provide evidence that the activation of NF‐κB participates in

AEC senescence and the deposition of collagen in HELF in the

pathogenetic process of IPF.

F IGURE 3 Bleomycin induces AECs senescence, and the supernatants of senescent AECs augment collagen deposition in fibroblasts. (a–d)
A549 and AEC2 were treated with various concentrations of bleomycin for 5 days. SA‐β‐gal staining was performed to detect cellular
senescence (original magnification, 400×). (e, f) The expression of aging‐related markers (P16ink4a and P21WAF1) was detected in A549 and
AEC2. (g) A549 was stimulated by various concentrations of bleomycin for 5 days, the supernatants were collected, and the levels of SASP
cytokines (IL‐1α, IL‐6，and IL‐8) and MMP9 were measured by ELISA. (h–k) After bleomycin (5 µg/ml) was added to induce A549 senescence
for 3 days, the medium was replaced by fresh medium without bleomycin to culture another 3 days, then the supernatants were collected to
culture HELF in various time points (0,1, 2, and 3 days) and different concentration (1/2‐fold and onefold). Then, the expression of fibrotic
markers, collagen1α, and α‐SMA were investigated by western blot. (l, m) Immunofluorescence to fibrotic markers, collagen1α (red), and α‐SMA
(green) both in HELF and HPF‐a were conducted after they were cultured in both CCM and SASP‐CM for 3 days (original magnification,
400×). Data are shown as the mean ± SEM, n ≥ 3 per group. *p < 0.05, **p < 0.005. One‐way ANOVA analysis followed by Dunnett's Multiple
Comparison Test

6 of 15 | TIAN ET AL.



F IGURE 4 Decreased PTEN and the activation of NF‐κB pathway in senescent A549 and AEC2. (a–d) Gradually increased concentrations
of bleomycin were added to culture medium of A549 and AEC2 for 5 days, and total protein was extracted. PTEN expression and activation of
IKK, IκB and NF‐κB were detected. (e and f) A549 and AEC2 were cultured in various concentrations of bleomycin for 5 days.
Immunofluorescence staining for p‐NF‐κB (red) was performed to confirm its location and production (original magnification, 400×). (g) After
isolation from rat lung, ACE2 was cultured for various periods, and immunofluorescence staining for SP‐C (AEC2‐specific marker, red) was
conducted to identify the purity of AEC2 (original magnification, 200×). Data are shown as the mean ± SEM, n ≥ 3 per group. *p < 0.05,
**p < 0.005. One‐way ANOVA analysis followed by Dunnett's Multiple Comparison Test

TIAN ET AL. | 7 of 15



2.6 | Deletion of PTEN accelerates AEC senescence
and augments collagen deposition in fibroblasts via
NF‐κB activation

Although our initial experiments showed reduced PTEN expression

and elevated NF‐κB activation in IPF lung tissues and in in vitro

experiments, it remained uncertain whether decreased PTEN and

increased NF‐κB activation were responsible for the induction of

AEC senescence. To determine whether the loss of PTEN acceler-

ates AEC senescence through the activation of NF‐κB, PTEN gene

expression knockdown was performed in A549. Cells were cultured

in medium with bleomycin for 5 days, and total protein lysates were

collected to perform western blotting. As shown in Figure 6, we

found that the NF‐κB pathway was activated after PTEN knock-

down, and the expression levels of aging‐related markers P21ink4a

and P16WAF1 and SASP markers were substantially higher in the

knockdown cells than in the control cells (Figure 6a,b,f). Then, we

explored whether the accelerated senescence of AECs triggered by

loss of PTEN could be reversed by NF‐κB inhibition. BMS‐345541
was applied to inhibit the activation of NF‐κB in PTEN knockdown

A549. As expected, P16ink4a and P21WAF1 were significantly lower

after treatment with BMS‐345541 (Figure 6c,d). To further delineate

the underlying relationship between the loss of PTEN and lung fibro-

sis, the senescent supernatants from PTEN knockdown A549 cells

were collected to culture HELF for 3 days. As shown in Figure 6e,

the senescent supernatants from PTEN knockdown A549 increased

the collagen 1α and α‐SMA expression of HELF, but the results

partly lacked statistical significance. Together, these results support

our hypothesis that the loss of PTEN accelerates the senescence of

AECs via the activation of the NF‐κB pathway and induces collagen

deposition in fibroblasts through the SASP of senescent AECs.

2.7 | Cellular senescence and the activated PTEN/
NF‐κB pathway in the bleomycin‐induced mouse
pulmonary fibrosis model

A bleomycin‐induced mouse pulmonary fibrosis model was also

developed. As shown in Figure 7, the expression levels of senes-

cence‐related markers P21WAF1 and P16 ink4a were significantly

higher in the experimental group than in the control group (Fig-

ure 7a,b), indicating that cellular senescence also occurred in mouse

lung tissue after treatment with bleomycin. Simultaneously, the

decreased expression of PTEN and activated NF‐κB pathway were

also detected in the bleomycin group (Figure 7a,b).

3 | DISCUSSION

We confirmed that AECs developed accelerated cellular senescence

in IPF, supporting the notion that IPF is an aging‐related disease.

These findings agree with those of recent studies (Chilosi et al.,

2013; Miyoshi et al., 2013; Schafer et al., 2017; Sueblinvong et al.,

2012). In the present study, we made a novel finding that the PTEN/

NF‐κB pathway participated in the pathogenesis of pulmonary fibro-

sis, primarily by regulating the senescence of AECs. Another striking

finding of our study was that the supernatants of senescent AECs

directly triggered collagen deposition in fibroblasts, partially clarifying

the interaction between AEC senescence and fibroblasts.

Low levels of PTEN expression in fibroblasts and epithelial cells

from IPF lungs have been detected. Mice with a constitutive defi-

ciency of PTEN develop spontaneous fibrosis via intrinsic defects in

fibroblasts and the negative regulation of their proliferative

responses (Parapuram et al., 2015). Furthermore, the conditioned

targeted deletion of PTEN in the lung epithelium exacerbates injury

and fibrosis after bleomycin treatment via an increase in active

TGF‐β and the loss of epithelial integrity (Miyoshi et al., 2013). In

fibroblasts isolated from IPF patients, decreased caveolin‐1, an inte-

gral membrane protein, correlates with low membrane PTEN levels,

and decreased caveolin‐1 may down‐regulate PTEN expression to

participate in pathogenesis of IPF (Xia et al., 2010). Identical to the

previous findings, our study observed that PTEN also expressed in

AEC2 in human lung tissues and its expression was much lower in

IPF lung tissues than in healthy control (Figure 2c,d). These findings

support that the role of decreased PTEN may play an important role

in regulation of cell growth status during AEC injury.

PTEN is closely related to cellular senescence in various human

diseases (Ahmad et al., 2011; Moon et al., 2013). For example, dur-

ing the progression of replicated skin aging, PTEN is down‐regulated
(Noh et al., 2016). In contrast, the loss of PTEN in non‐tumor‐form-

ing β‐cells leads to the down‐regulation of P16ink4a expression, and

this effect partially blocks the aging‐related loss of cell proliferation

capacity (Zeng et al., 2013). These studies indicate that PTEN regu-

lates cellular senescence in a cell type‐specific way. In an animal

model, increased PTEN gene expression prolongs the mouse lifespan,

and its down‐regulation leads to accelerated cell senescence; these

F IGURE 5 Genetic knockdown and a specific inhibitor of NF‐κB attenuate bleomycin‐induced AEC senescence, SASP and collagen
deposition in HELF. (a, b) Lentivirus harboring siRNA of NF‐κB was transfected to knock down its expression in A549, followed by bleomycin
(2 µg/ml) stimulation for 5 days. The alterations of P16ink4a and P21WAF1 expression were investigated. (c,d,e, and f) NF‐κB‐specific inhibitor
BMS‐345541 (2 µM) dissolved in DMSO was added together with bleomycin (2 µg/ml) in the culture medium and treated A549 and AEC2 for
5 days; NF‐κB activation and P21WAF1 expression was detected by western blot. (g) After NF‐κB knockdown in A549, they were stimulated by
bleomycin (2 µg/ml) for 5 days, and then the supernatants were detected by ELISA to examine alterations of IL‐1α, IL‐6, IL‐8, and MMP9. (h, i)
Bleomycin (5 µg/ml) was added in NF‐κB knocked‐down A549 culture medium for 3 days, then the medium was replaced by fresh bleomycin‐
free medium to culture another 3 days. Finally, the supernatants were collected to foster HELF for 3 days and the expression of αSMA and
collagen1α was measured. Data are shown as the mean ± SEM, n ≥ 3 per group. *p < 0.05, **p < 0.005. One‐way ANOVA analysis followed
by Dunnett's Multiple Comparison Test or two‐way ANOVA analysis followed by Bonferroni posttests
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F IGURE 6 Loss of PTEN drives AECs senescence and promotes collagen accumulation in HELF via the activation of NF‐κB. (a, b) Lentivirus
vector was used to knock down expression of PTEN in A549, followed by bleomycin (2 µg/ml) stimulation for 5 days. Western blot was
performed to confirm the alteration of P16ink4a, P21WAF1, and targets of PTEN/NF‐κB pathway in total protein extracts. (c, d) After PTEN was
knocked down, an inhibitor of the NF‐κB pathway (BMS‐345541) was added together with bleomycin (2 µg/ml) to culture A549 for 5 days,
NF‐κB activation and P16ink4a, P21WAF1 expression were detected by western blot. (e) Bleomycin (5 µg/ml) was added in culture medium of
PTEN knockdown A549 for 3 days, the supernatants were collected to culture HELF for 3 days and western blotting was performed to detect
fibrotic markers (collagen 1α and αSMA). (f) After PTEN knockdown in A549, cells were stimulated by bleomycin (2 µg/ml) for 5 days, the
supernatants were collected, and SASP markers were measured by ELISA. Data are shown as the mean ± SEM, n ≥ 3 per group. *p < 0.05,
**p < 0.005. One‐way ANOVA analysis followed by Dunnett's Multiple Comparison Test or two‐way ANOVA analysis followed by Bonferroni
posttests
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results reveal that PTEN has a negative regulatory role in aging

(Ortega‐Molina & Serrano, 2013; Ortega‐Molina et al., 2012). In our

study, we also observed that the loss of PTEN accelerated the

senescence of AECs in pulmonary fibrosis.

PTEN occurs primarily through the negatively regulation of PI3K/

Akt activation to exert its functions, and NF‐κB is an important tar-

get of the PI3K/Akt pathway to regulate the secretion of many

cytokines (Cheng et al., 2014). PTEN physically interacts with IKK, as

the PTEN‐IKK complex, preventing its phosphorylation and thus

inhibiting the activation of NF‐κB. PTEN‐overexpressed cells are

unable to phosphorylate IKK (Zaidi & Manna, 2016). In macrophage

isolated from bovine lung, PTEN negatively regulates NF‐κB activa-

tion and thus affects the production of cytokines under the stimula-

tion of lipopolysaccharide (LPS), suggesting as an upstream regulator,

PTEN can negatively regulate NF‐κB‐related inflammatory process,

and this effect of PTEN may be controlled by miR‐26b (Zhang,

Huang, Guo, & Gou, 2015). In our study, decreased PTEN and acti-

vated NF‐κB pathway were also observed in lung tissues from IPF

patients and lung fibrotic mouse, and senescent AECs induced by

bleomycin stimulation. Gene silence of PTEN could accelerate the

senescence of AEC via NF‐κB activation. We also found that senes-

cence of the AECs controlled by PTEN‐regulated NF‐κB activity may

further affect the adjacent environments which was proved by

increased collagen deposition in fibroblast cultured with the super-

natant of senescent AEC. In together, PTEN can suppress NF‐κB
activity and participate in inflammatory processes within AECs.

NF‐κB is an important target of the PTEN/PI3K/Akt pathway,

regulating the secretion of numerous cytokines (Cheng et al., 2014).

Moreover, the activation of NF‐κB participates in the aging process

to promote cellular senescence in various kinds of cells (Donato

et al., 2007; Hasegawa et al., 2012; Rovillain et al., 2011). Its signal-

ing transduction triggers cytokine release in senescent cells, known

as SASP, thereby contributing to the adjacent cellular microenviron-

ment (Salminen et al., 2012). Through the secretion of the SASP,

including the release of a broad repertoire of cytokines and chemoki-

nes, changes in the expression of matrix remodeling proteases and

growth factors, senescent cells regulate the microenvironment in a

paracrine manner, by promoting cell proliferation and tissue degrada-

tion, modifying inflammation, tissue repair, fibrosis, and carcinogene-

sis. For example, SASP cytokines, and increased levels of MMPs,

such as MMP‐2 and MMP‐9, participate in the development of bleo-

mycin‐induced lung injury and fibrosis, and the NF‐κB and p38

MAPK pathways account for SASP regulation (Alimbetov et al.,

2016; Aoshiba et al., 2013). In accordance with previous studies, our

findings support the notion that NF‐κB‐controlled SASP release from

senescent AECs confers fibrotic phenotypes in fibroblasts, suggesting

that senescence in AECs can work as an initiating factor boosting

the development and progression of IPF. To the best of our knowl-

edge, this is the first clear indication that the senescence of AECs

mediated by the PTEN/NF‐κB pathway is involved in IPF pathogene-

sis via the manipulation of collagen deposition in fibroblasts. These

findings might shed light on the possibility of the intervention or dis-

ruption of IPF progression at very early stages through interference

with AEC senescence.

Most recently, it suggested that elimination of senescent cells

using senolytic drugs could relieve or reverse the development of

F IGURE 7 Increased senescence
markers and the activation of the PTEN/
NF‐κB pathway in the bleomycin‐induced
mouse pulmonary fibrosis model. (a, b)
C57BL/6 mice were randomly divided into
0.9% saline water group (n = 6) and the
bleomycin group (n = 6). Mice were
intratracheally injected with 50 µl 0.9%
saline and 50 µl 5 mg/kg bleomycin,
respectively. They were both sacrificed,
and lungs were collected at 14 days after
manipulation. Total proteins were
extracted from mouse lung tissues, and
western blotting was performed to detect
senescent markers (P21WAF1 and P16ink4a)
as well as the expression of the PTEN/
NF‐κB pathway. Data are shown as the
mean ± SEM, *p < 0.05, **p < 0.005.
Unpaired, two‐tailed Student's t test
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aging‐related chronic disease, such as cardiac dysfunction, diabetes

mellitus, vertebral disk degeneration, pulmonary fibrosis, and radia-

tion‐induced tissue damage (Kirkland et al., 2017). In fibrotic AEC2

cells and a three‐dimensional lung tissue cultures model, eliminating

senescent epithelial cells using senolytic drugs could reduce the

release of SASP factors and the production of extracellular matrix,

suggesting that senescence of AEC2 cells could confer the environ-

ment a profibrotic phenotype. And anti‐senescence treatment might

be beneficial to blocking the process of pulmonary fibrosis (Lehmann

et al., 2017). In accordance with Lehmann's study, senescence of

epithelial cells was also found in human lung fibrotic tissue in the

current study. It also proved that the senescence of AECs could

change their secretory phenotypes and thus might exhibit as a profi-

brotic initiator to the adjacent cells and tissue. And PTEN/NF‐κB
pathway may be a novel candidate for senolytic drugs which may

advance treatment of IPF.

In conclusion, AEC senescence controlled by the PTEN/NF‐κB
pathway is a characteristic of lung fibrosis, and the release of SASP

from senescent AECs affects the niches around them, thus driving

the process of fibrosis by promoting collagen deposition in fibrob-

lasts. And interactions between epithelial and fibroblast may be an

important factor to induce the genesis and development of IPF.

4 | MATERIALS AND METHODS

4.1 | Cell lines

A549 and HELF were purchased from American Type Culture Col-

lection (Rockville, MD, USA). They were all cultured in DMEM

(Gibco, Australia), supplemented with 10% FBS (Gibco) and 1X peni-

cillin–streptomycin solution (Thermo Fisher Scientific, USA), in a

37°C humidified 5% CO2 incubator. Human Pulmonary Fibroblasts‐
adult (HPF‐a, Cat. #3,310) was purchased from ScienCell Research

Laboratories (San Diego, CA, USA),and it was isolated from adult

human lung tissue. And it was characterized by immunofluorescence

staining to Vimentin, and its positive rate was over 90%, the purity

of the cells was over 90%. And HPF‐a was cultured in specific

fibroblast medium (Cat. #2,301) under the manufacturer's instruc-

tions.

4.2 | Reagents

Bleomycin, purchased from Nippon Kayaku Co Ltd. (Japan), was dis-

solved in 0.9% saline and stored at −20°C. BMS‐345541, an inhibi-

tor of both IKK‐1 and IKK‐2, was purchased from Selleck Chemicals

(USA) and dissolved in DMSO (Sigma, USA), stored at 4°C.

4.3 | Primary type 2 alveolar epithelial cell (AEC2)
isolation and culture

After anesthesia, the lungs of SD rats were excised, washed in PBS,

and cut into pieces. Then, trypsin was added to digest the tissues

for 30 min at 37°C, and the reaction was terminated with DMEM

containing 10% FBS. The tissues were struck repeatedly to separate

AECs. After washing twice in PBS, the cell suspension was trans-

ferred into culture flasks coated with rat IgG‐supplemented complete

medium. After 2 hr, the detached cells were removed by centrifuga-

tion, and the supernatants were discarded. Pellets were suspended

in complete medium and cultured in a 37°C humidified incubator

containing 5% CO2. Finally, IF staining for SP‐C (Santa Cruz, CA,

USA) was conducted to identify ACE2 cells.

4.4 | Human patient material

All human lung tissues of IPF (n = 12) were obtained from the

Department of Lung Transplantation, Wuxi People's Hospital, Wuxi,

China. Normal peripheral tissues (n = 12) from tumor patients sup-

plied by the Thoracic Surgery Department of Nanjing Drum Tower

Hospital of the Affiliated Hospital of Nanjing University Medical

School used as controls. All diagnoses of IPF were made in accor-

dance with the ATS/ERS criteria for IPF 2011. Twelve patients who

provided normal lung tissues, the average age was 63.16 ± 4.62

(mean ± SEM) and including 1 female patient and 11 male patients.

And 12 IPF patients, their average age was 61.83 ± 5.49 (mean ±

SEM) and including one female patient and 11 male patients.

Informed consent was obtained from patients, and the study is offi-

cially approved by the Ethics Committee of Medical School of Nan-

jing University.

4.5 | Mouse pulmonary fibrosis models

Six‐ to eight‐week‐old male SPF C57BL/6 mice (Shanghai Laboratory

Animal Center, Chinese Academy of Sciences, Shanghai, China) were

randomly divided into the vehicle group (n = 6) and treated group

(n = 6). Mice in the vehicle group were intratracheally injected with

50 µl 0.9% saline, and the treated group was injected intratracheally

with 50 µl 5 mg/kg bleomycin. On day 14 after bleomycin or saline

treatment, mice were sacrificed, and lungs were collected for subse-

quent experiments. All procedures involving animals were approved

by the Ethics Committee for Animal Research of Medical School of

Nanjing University.

4.6 | Cellular aging model

A549 and AEC2 were stimulated with specific concentrations of

bleomycin for 5 days to build the cellular senescence model. Then,

several aging‐related markers were tested, including p16, p21, senes-

cence‐associated β‐galactosidase (SA‐β‐Gal), and SASP, to confirm

the senescent state of the cells.

4.7 | Lentivirus transfection

To build stable genetic silencing of PTEN and NF‐κB, lentivirus was

used as a vector to carry the interference sequence. The lentivirus

vectors loaded with the targeting gene and nontargeting control

were constructed by GenChem, Shanghai, China. Then, lentivirus
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was added to 1 ml complete medium per well of a 6‐well slide sup-

plemented with 5 µg/ml polybrene. After 8–12 hr, the medium was

replaced with fresh complete medium without lentivirus and poly-

brene to culture for another 72 hr. Green fluorescence was observed

for rough judgments of transfection efficiency, and total cellular pro-

tein was extracted to further confirm the transfection efficiency by

western blotting.

4.8 | Senescence‐associated β‐galactosidase
staining

SA‐β‐Gal staining was performed according to the manufacturer's

protocol. The Senescence β‐Galactosidase Staining Kit was pur-

chased from Beyotime Biotechnology (Shanghai, China). Cell samples

on 6‐well chamber slides and frozen lung tissue sections were fixed

with 4% formaldehyde for 10 min at room temperature. The slides

were rinsed three times with PBS for 5 min and then incubated with

freshly prepared SA‐β‐Gal staining solution overnight in a 37°C

humidified chamber. The next day, the slide and tissue sections were

washed twice in PBS for 10 min at room temperature. To better

visualize alveolar structure, the tissue sections were further counter-

stained with eosin. Then, they were observed, and pictures were

captured using a microscope equipped with a digital camera (Eclipse

e800, Nikon). For each slide, at least three fields were captured to

calculate the SA‐β‐gal intensity.

4.9 | Western blot

Whole protein from cell lysates and lung tissues was extracted

according to manufacturer's instructions (Keygene, China). Protein

samples were separated on 10% SDS‐PAGE gels, and then, the pro-

teins were transferred to PVDF membranes (Merck Millipore, Ger-

many), blocked with 5% nonfat milk in TBST and incubated with

primary antibody at room temperature for 4 hr or overnight. Then,

membranes were incubated with HRP‐conjugated secondary anti-

body for one hour, and protein expression was detected using ECL

(Merck Millipore, Germany). Primary antibodies against P16, P21,

αSMA, and Collagen1α were purchased from Abcam (United King-

dom). Antibodies against PTEN, IKK, phospho‐IKK, IκB, phospho‐IκB,
NF‐κB, and phospho‐NF‐κB were purchased from Cell Signaling

Technology (USA).

4.10 | Immunohistochemical staining

The tissues were fixed in formalin and embedded in paraffin.

Immunohistochemical staining for target proteins and hematoxylin–
eosin staining (HE) were performed. Four‐micron‐thick sections were

deparaffinized in xylene and rehydrated in graded alcohol. Endoge-

nous peroxidase was quenched with 3% aqueous hydrogen peroxide

for 15 min. Then, antigen retrieval was performed in a pressure coo-

ker. After primary antibody incubation overnight at 4°C, horseradish

peroxidase‐conjugated secondary antibody was added for 20 min,

and 3,3‐diaminobenzidine tetrahydrochloride (DAB) was added for

10 min at room temperature. Finally, sections were dehydrated and

mounted.

4.11 | Immunofluorescence assay

Four percent paraformaldehyde‐fixed, paraffin‐embedded blocks of

lung tissues were cut into 4‐μm sections. After deparaffinating, rehy-

dration and retrieval, tissues were incubated with primary antibodies

overnight at 4°C. Cells in 24‐hole chambers were fixed in 4%

paraformaldehyde for 10 min and blocked with 0.2% Triton X‐100
dissolved in 1% BSA for 30 min. Then, cells were incubated with pri-

mary antibodies overnight at 4°C. After rinsing several times with

PBS, cells were incubated with Alexa‐488‐ and Alexa‐568‐conjugated
secondary antibodies (Invitrogen, United Kingdom) for 2 hr. Finally,

DAPI was added to the wells for 10 min. Images were obtained with

a ZEISS Imager.A1 fluorescence microscope (Gottingen, Germany).

Immunofluorescence was performed using the following primary

antibodies: Rabbit monoclonal antibodies, anti‐P21 and anti‐PTEN,

were purchased from Abcam (United Kingdom). Mouse monoclonal

antibody, anti‐SP‐C, was purchased from Santa Cruz Biotechnology

(CA, USA).

4.12 | ELISA

The levels of IL‐1, IL‐6, IL‐8, and MMP9 in supernatants were mea-

sured using commercially available ELISA kits (Raybiotech, USA), and

experiments were conducted according to the manufacturers’

instructions.

4.13 | Statistical analysis

Statistical analysis was performed using Prism 7 (GRAPHPAD). Differ-

ences between groups were calculated by two‐tailed Student's t test

or by one‐ or two‐way ANOVA analysis followed by post hoc tests.

These data are presented as the mean ± SEM. The results are con-

sidered statistically significant if p < 0.05.
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