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Background
Idiopathic pulmonary fibrosis (IPF) is a chronic, fibros-
ing interstitial pneumonia of unknown cause that is asso-
ciated with radiological and histologic features of usual 
interstitial pneumonia (UIP). It is characterized by pro-
gressive lung function decline and lung structural distor-
tion with a poor prognosis [1]. IPF occurs mainly in older 
individuals, with the average onset at about age 65 years 
and a mean survival time of 3–5 years after diagnosis.

Pathological fibrogenesis in IPF is a dynamic pro-
cess involving complex interactions between epithelial 
cells, fibroblasts, immune cells (macrophages, T-cells), 
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Abstract
Background  The alveolar epithelial type II cell (AT2) and its senescence play a pivotal role in alveolar damage and 
pulmonary fibrosis. Cell circadian rhythm is strongly associated with cell senescence. Differentiated embryonic 
chondrocyte expressed gene 1 (DEC1) is a very important circadian clock gene. However, the role of DEC1 in AT2 
senescence and pulmonary fibrosis was still unclear.

Results  In this study, a circadian disruption model of light intervention was used. It was found that circadian 
disruption exacerbated pulmonary fibrosis in mice. To understand the underlying mechanism, DEC1 levels were 
investigated. Results showed that DEC1 levels increased in lung tissues of IPF patients and in bleomycin-induced 
mouse fibrotic lungs. In vitro study revealed that bleomycin and TGF-β1 increased the expressions of DEC1, collagen-I, 
and fibronectin in AT2 cells. Inhibition of DEC1 mitigated bleomycin-induced fibrotic changes in vitro and in vivo. 
After that, cell senescence was observed in bleomycin-treated AT2 cells and mouse models, but these were prevented 
by DEC1 inhibition. At last, p21 was confirmed having circadian rhythm followed DEC1 in normal conditions. But 
bleomycin disrupted the circadian rhythm and increased DEC1 which promoted p21 expression, increased p21 
mediated AT2 senescence and pulmonary fibrosis.

Conclusions  Taken together, circadian clock protein DEC1 mediated pulmonary fibrosis via p21 and cell senescence 
in alveolar epithelial type II cells.
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and endothelial cells. Chronic injury to alveolar epithe-
lial type II cells (AT2) mediates disordered repair and 
abnormal activation of fibroblasts, driving disruption of 
lung architecture, massive extracellular matrix deposi-
tion, and eventual pulmonary fibrosis [2]. Thus, damage 
to the alveolar epithelium and abnormal wound repair 
are considered as key factors in IPF progression [3]. Rey-
fman PA utilized single-cell RNA sequencing and iden-
tified a cluster of AT2 cells that was from fibrotic lung 
and had an extraordinary high senescence score [4]. Yao 
and colleagues reported that AT2 cell senescence rather 
than loss of AT2 cells promoted progressive fibrosis [5]. 
Then, AT2 cell senescence plays a pivotal role in alveolar 
damage and fibrosis. However, the detailed mechanism 
of AT2 cell senescence in pulmonary fibrosis was still 
unclear.

Circadian rhythm is the 24-hour rhythm that organ-
isms exhibit adapting to the earth′s rotation. Actions at 
all levels, from gene expression to behavior, are affected 
by the molecular circadian clock proteins. Moreover, the 
daily rhythm of cell is a cellular quality. In mammals, cir-
cadian rhythm of gene expression, cellular/organismal 
physiology and behavior is regulated by the circadian 
timing system. Any change in period or amplitude of the 
clock gene expression should result in circadian rhythm 
disorder [6–10]. The circadian clock exerts a profound 
influence on a myriad of physiological processes within 
the organism, including sleep patterns, dietary habits, 
metabolic rates, immune responses, and aging process 
[11–14]. Disruptions in circadian rhythm are recognized 
as significant indicators of aging [15–17]. Empirical evi-
dence from extensive research utilizing mouse models 
has demonstrated that a disruption in the balance of core 
components of the circadian clock is associated with 
accelerated aging phenotypes [18–20]. Literature reports 
indicate an increase in the accumulation of senes-
cent cells within various tissues, such as lung, liver, and 
spleen, in the clock gene knockout mice [21]. At the sys-
temic level, dysfunction in circadian clock is identified as 
a critical risk factor for onset of various age-related dis-
eases, encompassing neurodegenerative disorders, osteo-
arthritis, and metabolic syndromes [22–24]. In a word, 
these literatures underscore an inevitable link between 
the circadian clock function and cellular senescence. 
Differentiated embryonic chondrocyte expressed gene 1 
(DEC1) is a very important component in the negative 
feed-back system of clock gene. CLOCK, BMAL1, PER 
and CRY are also clock genes. The basic mechanism of 
circadian rhythm is following: CLOCK and BMAL1 bind 
to E-boxes in the promoters of DEC1, PER and CRY, sub-
sequently promote synthesis of their proteins. Increased-
DEC1 combines with PER or CRY to form a dimmer 
which suppresses CLOCK and BMAL1 transactivation. 
So, dimmer CLOCK/BMAL1 and DEC1/PER (or DEC1/

CRY) form negative feedback which present as circadian 
rhythm [25–27].

As described above, AT2 cell senescence plays a piv-
otal role in alveolar damage and fibrosis. Cell circa-
dian rhythm is strongly associated with cell senescence. 
Consequently, the influence of circadian rhythm on cell 
senescence and its further impact on pulmonary fibro-
sis warrants thorough investigation. This study revealed 
that disruption of the circadian rhythm intensified bleo-
mycin-induced pulmonary fibrosis in mice. We aimed to 
determine the role of DEC1 in modulating senescence in 
alveolar epithelial cells and its potential contribution to 
the progression of pulmonary fibrosis.

Results
Circadian rhythm disruption exacerbated pulmonary 
fibrosis in mice
In order to elucidate the role of circadian rhythm in pul-
monary fibrosis, we established a jet-lagged mouse model 
to make circadian rhythm disruption. C57BL/6J mice 
were placed at a jet lag schedule with 8 h-light advanced 
every 48 h, mimicking circadian disturbance that human 
being undergoes during shift work. The detailed jet lag 
schedule of animal model is shown in Fig.  1A. 41 days 
later, expression of DEC1 was detected. As shown in 
Fig.  1B and C, circadian rhythm disruption increased 
DEC1 protein in mouse lung tissue, while expression of 
BMAL1 protein decreased. Interestingly, compared with 
mice in the bleomycin group, the survival percent in the 
group of bleomycin plus circadian rhythm disruption 
was significantly reduced (Fig.  1D). Morover, conven-
tional Masson staining and western blot showed that the 
circadian rhythm disruption aggravated deposition of 
extracellular matrix (ECM) in mouse lung (Fig.  1E-H), 
suggesting that circadian rhythm disruption was involved 
in pulmonary fibrosis.

DEC1 expression increased in lung tissue of IPF patients 
and bleomycin-induced mouse fibrotic lungs
By immunohistochemistry, DEC1 expression in lung tis-
sue of IPF patients was detected. Compared with control 
lung tissues, DEC1 was highly expressed in lung tissues 
of IPF patients (Fig.  2A). At the same time, expression 
of DEC1 was also detected in mouse pulmonary fibrosis 
models, and same results were obtained (Fig. 2B).

Primary mouse type 2 alveolar epithelial cells were 
used to further verify the expression of DEC1 in vitro. 
The extracted primary AT2 cell was verified by electron 
microscopy (Fig. S1). As shown in Fig.  3A and B, after 
treating primary cells with bleomycin, the expression of 
DEC1 increased accompanied with changes of fibrosis-
related proteins collagen-I, fibronectin and α-smooth 
muscle actin (α-SMA). Moreover, type 2 alveolar epi-
thelial cell line RLE-6TN cells were treated with serial 
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Fig. 1  Circadian rhythm disruption exacerbated pulmonary fibrosis in C57BL/6J mice. All C57BL/6J mice were synchronized to a light dark cycle with 12 h 
of light and 12 h of darkness (LD) for 2 weeks. Then the CJL group was treated by advancing light onset 8 h in every 48 h, 5 days in rhythm disruption was 
exactly a cycle. The LD group was maintained at normal circadian rhythms. (A) Schematic diagram of animal model for disrupted circadian rhythms. (B, C) 
BMAL1 and DEC1 proteins were measured by western blotting, changes in relative density of BMAL1 and DEC1 were presented. n = 6. (D) Survival analysis 
of mice in each group. (E) Representative images of lung tissue with Masson staining. Original magnification, ×400. (F) Collagen deposition area (%) of 
lung tissue in each group. n = 6. (G) Representative immunoblots of collagen-I, DEC1 and α-SMA proteins in lung lysates. (H) Changes in protein levels of 
collagen-I, DEC1 and α-SMA (n = 5). Data are shown as mean ± SEM of n individual experiments. *P < 0.05, P values were determined by Student’s t-test (C) 
or one-way ANOVA followed by the Bonferroni’s test (F, H)
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concentration of bleomycin, it revealed that DEC1 
protein presented dose-dependent changes (Fig.  3C-
D). TGF-β1 is the key factor in lung fibrosis, as similar 
as bleomycin, TGF-β1 also induced dose-dependent 
increases of DEC1 protein.

These data indicated that DEC1 expression up-reg-
ulated in the lung of pulmonary fibrosis in vivo and in 
vitro.

DEC1 inhibition attenuated bleomycin-induced pulmonary 
fibrosis in mouse model
To explore the role of up-regulated DEC1 in pathogen-
esis of pulmonary fibrosis, DEC1 siRNA lentivirus was 
constructed to knock down DEC1 expression in mouse 
lung tissues. As shown in Fig.  4A, the virus induced 
depression of DEC1 in RLE-6TN cells, and restrained 
bleomycin induced up-regualtion of DEC1. In mouse 
pulmonary fibrosis models, Masson and Sirius red stain-
ing showed that collagen deposition in lung tissue was 
inhibited by DEC1 siRNA (Fig. 4B-D). Prevention effect 
of DEC1 siRNA in mouse pulmonary fibrosis also exhib-
ited by small animal lung CT scans and 3D imaging of 
lungs (Fig. 4E). At the same time, fibrosis-related proteins 
fibronectin, collagen-I and α-SMA in lung tissue were 
investigated, bleomycin increased these proteins, but 

the increased-proteins were restrained by DEC1 siRNA 
(Fig. 4F). Therefore, our data suggested that inhibition of 
DEC1 attenuated bleomycin-induced lung fibrosis.

Next, type 2 alveolar epithelial cell specific DEC1 con-
ditional knockout mice were constructed. As shown in 
Fig. 5A, DEC1 was almost knocked out in mouse type 2 
alveolar epithelial cells. The pulmonary fibrosis model 
was made in DEC1 conditional knockout mice. As shown 
in Fig. 5B, after knockout of DEC1, CT scan and imaging 
showed that fibrotic area of lung tissue greatly reduced. 
At the same time, Masson and Sirius red staining were 
performed on the lung tissue of mice, and it was found 
that collagen deposition was significantly reduced com-
pared with the bleomycin-control group (Fig.  5C and 
D). Western blot analysis of mouse lung tissue revealed 
similar results, which showed DEC1 knockout restrained 
bleomycin-induced up-regulation of fibronectin, colla-
gen-I and α-SMA in mouse lung (Fig. 5E and F).

Cell senescence increased in bleomycin-treated alveolar 
epithelial cells and pulmonary fibrosis models
Cell senescence was considered relating to pulmonary 
fibrosis. Studies have shown that senescent fibroblasts 
and alveolar epithelial cells are involved in the pathogen-
esis of pulmonary fibrosis. Therefore, expression levels of 

Fig. 2  DEC1 expression increased in IPF patient′s lung tissues and bleomycin induced C57BL/6J mouse fibrotic lungs. (A) Representative images of 
Masson staining and DEC1 protein immunohistochemistry of lung tissue from IPF patients. The control was adjacent normal lung tissues of lung cancer. 
Original magnification, ×400. (B) C57BL/6J mouse pulmonary fibrosis model, representative images of DEC1 protein immunofluorescence staining and 
Masson staining of lung tissues. Original magnification, ×400
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aging markers p21 and p53 were detected in alveolar epi-
thelial cells in vitro. As shown in Fig. 6A-D, after alveo-
lar epithelial cells were treated with bleomycin, protein 
levels of p53 and p21 increased, on the contrary, protein 
levels of cyclin CDK6 and CDK2 decreased. Using the 
β-galactosidase assay, it was found bleomycin or TGF-
β1 increased the proportion of senescence cells (Fig. 6E 
and F). Furthermore, treatment of bleomycin or TGF-β1 
blocked cells in the G1-S phase of cell cycle (Fig. 6G-J). 
Bleomycin or TGF-β1 increased IL-1α and IL-6 levels 

which indicated the cells were senescence-associated 
secretory phenotypes (SASP) (Fig.  6K and L). Above 
results suggested that bleomycin and TGF-β1 promoted 
senescence of alveolar epithelial cells in vitro.

Next, expression levels of p21 and p53 were detected 
in mouse pulmonary fibrosis models. As shown in online 
Fig. S3, bleomycin increased expressions of p21 and p53 
protein. The results indicated that bleomycin promoted 
cell senescence in pulmonary fibrosis in vivo.

Fig. 3  Bleomycin and TGF-β1 increased expressions of collagen-I, fibronectin and DEC1 in rat alveolar epithelial cells. (A, B) Primary alveolar epithelial 
cells were treated with bleomycin (0.2 µg/ml) for 48 h, and Western blot was performed to detect collagen-I (n = 6), fibronectin (n = 7), α-SMA (n = 10), 
BMAL1 (n = 8) and DEC1 (n = 8) proteins. (C-F) Serial concentrations of bleomycin or TGF-β1 (2 ng/ml) were used to treat RLE-6TN cells. The expression of 
related proteins, collagen-I, fibronectin and DEC1, was detected by Western blot. The representative images of immunoblots and statistical analysis were 
shown. n = 4. *P < 0.05, **P < 0.01, ***P < 0.001. P values were determined by Student’s t-test (B) or one-way ANOVA followed by the Dunnett’s test (D, F)
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DEC1 mediated cell senescence in pulmonary fibrosis
To verify relationship between DEC1 and alveolar epi-
thelial cell senescence, DEC1 conditional knockout 
mouse models and cell senescence were investigated. 
As shown in Fig. 7A, the protein level of p21 in alveolar 
epithelial cells of DEC1 conditional knockout mice was 
significantly lower than that of the bleomycin group. RT-
qPCR showed that DEC1 knockout inhibited bleomy-
cin-induced increases of mRNAs level of SASP related 
proteins in lung tissue (Fig.  7B). Usage of DEC1 siRNA 
in mice also prevented bleomycin-induced alveolar cell 
senescence in pulmonary fibrosis models (Fig. S2). These 
data suggested that DEC1 induced alveolar cell senes-
cence in pulmonary fibrosis model.

As shown in Fig. 8A and B, DEC1 siRNA administra-
tion notably attenuated the escalation of the senescence 
marker p21 induced by bleomycin, yet exhibited negli-
gible impact on p53 expression. Conversely, knockdown 
of p21 elucidated no discernible mediation of DEC1 pro-
tein expression (Fig. S4). β-galactosidase assay exactly 
revealed that bleomycin- and TGF-β- induced cell senes-
cence was alleviated by DEC1 siRNA (Fig. 8C-F). More-
over, as the SASP cytokines, IL1-α and IL-6 production 
reduced after DEC1 siRNA transfection in alveolar epi-
thelial cells (Fig. 8G and H). DEC1 siRNA also restored 
cell cycle arrest induced by bleomycin (Fig.  8I and J). 
These results indicated that DEC1 mediated alveolar epi-
thelial cell senescence in vivo.

Fig. 4  DEC1-siRNA suppressed bleomycin-induced mouse pulmonary fibrosis. C57BL/6J mice were subjected to intraperitoneal injection of DEC1 siRNA 
lentivirus to knock down DEC1 gene, and then a pulmonary fibrosis model was established by intraperitoneal injection of bleomycin. (A) Efficiency vali-
dation of DEC1 interference in mouse lung tissue (n = 5). (B) A panoramic and 400-times magnified representative images of Masson staining of mouse 
lung tissue. (C) Quantitative analysis of collagen deposition area in mouse lung tissue (n = 6). (D) Sirius red staining of mouse lung tissues. (E) Micro-CT 
scan image and 3D reconstruction of mouse lung. (F) Western blot analysis of fibronectin, collagen-I, and α-SMA in mouse lung tissue (n = 6), quantitative 
analysis of fibronectin, collagen-I, and α-SMA protein blots. *P < 0.05, **P < 0.01, ***P < 0.001. P values were determined by the one-way ANOVA followed 
by the Bonferroni’s test
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DEC1 mediated cell senescence via p21 in pulmonary 
fibrosis
Next, mechanism of DEC1 mediating cell senescence 
was investigated. Through analysis of online profiles of 
circadian rhythm expressions, DEC1, p21 and cyclingD1 
presented periodic rhythm (Fig. 9A). In current study, the 
rhythmic expression of p21 and cyclinD1 in lung tissue 
was detected by RT-qPCR in vivo (Fig. 9B). We also did 
protein time-changes investigation. As shown in Fig. 9C 
and D, in control situation, DEC1 and p21 had circadian 
rhythm in vitro. After treatment with bleomycin, levels of 

DEC1 and p21 expression only increased instead of cir-
cadian rhythm. Through the Jasper website, it predicted 
that DEC1 had a binding site in the p21 promoter region 
(Fig.  9E). CHIP-qPCR experiments verified that DEC1 
did bind to the p21 promoter region, and after bleomy-
cin treatment, DEC1 had an increased ability to bind and 
promote p21 transcription (Fig.  9F and G). Therefore, 
DEC1 mediated cell senescence by transcriptionally reg-
ulating p21.

Fig. 5  Mouse type II alveolar epithelial cell specific knockout of DEC1 attenuated bleomycin-induced mouse pulmonary fibrosis. (A) Representative im-
ages of DEC1 gene knockout in mouse alveolar epithelial cells were verified by immunofluorescence. Original magnification, ×400. (B) DEC1 conditional 
knockout mice were used to construct a pulmonary fibrosis model. The figure showed CT scan and 3D reconstruction images of mouse lung. (C) Masson 
staining of lung tissues. Original magnification, ×200. (D) Sirius red staining of lung tissues. Original magnification, ×200. (E, F) Representative blots show-
ing the expression level of related proteins in lung tissue of mice, detected by Western blot analysis (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001. P values were 
determined by the one-way ANOVA followed by the Bonferroni’s test
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Fig. 6 (See legend on next page.)
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Discussion
In this study, chronic jet lag (CJL), a circadian disrup-
tion model of light intervention was used [28]. It was 
firstly found that CJL exacerbated pulmonary fibrosis in 
mice. To understand the underlying mechanism, DEC1 
levels were detected. Results showed that DEC1 levels 
increased in lung tissues of IPF patients and bleomycin-
induced mouse fibrotic lungs. In vitro study revealed that 
bleomycin and TGF-β1 increased expressions of DEC1, 
collagen-I and fibronectin in cultured primary rat alveo-
lar epithelial cells. Inhibition of DEC1 mitigated bleomy-
cin-induced fibrotic changes in vitro and in vivo. After 
that, cell senescence was found in bleomycin-treated 
alveolar epithelial cells and mouse models, but these 
were prevented by DEC1 inhibition. Through analysis on 
the circadian rhythm website, it is postulated that the cell 
senescence marker p21 exhibits a circadian oscillation, 
which is perturbed following in vitro exposure to bleo-
mycin. Our investigation culminated in the elucidation of 
the circadian clock’s role in mediating the transcriptional 
control of p21 via DEC1, consequently driving alveolar 
epithelial cell senescence and pulmonary fibrosis.

In a state of unperturbed physiological equilibrium, 
the lung exhibits a robust circadian rhythm, character-
ized by peak functionality occurring at midday (12:00) 
and nadir performance in the early hours of the morning 
(04:00) [29, 30]. This rhythmicity extends to various cel-
lular components within lung tissue, notably the alveolar 
epithelium [31]. However, this circadian rhythm pertur-
bations which induced by a spectrum of environmental 
stimuli such as light exposure, lipopolysaccharide (LPS) 
challenge, tobacco smoke inhalation, and administra-
tion of bleomycin precipitated the progression of chronic 
pulmonary pathologies [32, 33]. Given the lung’s pivotal 
role as an interface with the external milieu, circadian 
regulation disruptions assume heightened significance 
in the etiology and exacerbation of respiratory disorders. 
Cunningham PS and colleagues reported that fibrotic 
mouse lungs exhibited disorder of circadian rhythm in 
bleomycin-induced lung fibrosis [34]. Our study revealed 
that circadian rhythm disturbances exacerbated pul-
monary fibrosis in mice. Furthermore, we observed ele-
vated DEC1 expression in alveolar epithelial cells within 
lung tissues of both idiopathic pulmonary fibrosis (IPF) 
patients and a bleomycin-induced pulmonary fibrosis 
mouse model.

Pulmonary fibrosis, especially IPF is an age-related 
disorder. During the process of pulmonary fibrosis, 
damaged ATII cells acquired a senescent phenotype, pro-
ducing cell cycle arrest, SASP factors, leukotrienes, and 
prostaglandins. These factors collectively contributed to 
proliferation of myofibroblasts which were responsible 
for aberrant deposition of ECM [35]. These senescent 
cells exerted autocrine and paracrine effects which led 
to neighboring cells senescence. More and more SASP 
damaged surfactant functions of ATII cells, and induced 
collapse of the alveolus. So, stress-induced premature 
senescence of ATII cells and chronic SASP are key reg-
ulators of pulmonary fibrosis [36, 37]. Cell senescence 
was characterized by cell-cycle arrest in the G1 or possi-
bly G2 phase, which prevented proliferation of damaged 
cells. DNA damage activated p53/p21 signaling pathway, 
and p21 was mainly activated during early stage of cell 
senescence [38]. In our study, we found that bleomycin 
enhanced senescence in alveolar epithelial cells, induc-
ing G1 phase arrest. DEC1 knockdown mitigated this 
bleomycin-induced senescence. Notably, cyclins (p21, 
cyclinD1) exhibited a periodic rhythm, disrupted by bleo-
mycin, leading to sustained high levels of p21. This rhyth-
mic disruption was confirmed via CHIP-PCR, showing 
DEC1’s transcriptional regulation of p21. Literature in 
recent years aligns with our observations, highlighting 
that cell cycle processes exhibit circadian rhythms, mod-
ulated by core circadian clock proteins [39–42].

The cell cycle is predominantly governed by the Rb and 
p53/p21 signaling pathways, which are interconnected. 
p53, acting as a transcription factor, can regulate p21 
expression by binding to its promoter region, thereby 
influencing cell cycle progression. Our findings suggested 
that DEC1 primarily mediated the transcriptional regu-
lation of p21, inducing cell cycle arrest, while not affect-
ing p53. This implied that in pulmonary fibrosis, DEC1 
facilitated alveolar epithelial cell senescence through p21 
regulation, independent of p53. Given that both DEC1 
and p53 can target the p21 promoter to modulate the cell 
cycle, the potential for competitive inhibition warrants 
further investigation.

In addition to the above discussion, DEC1 contributed 
to pulmonary fibrosis also through immunity regula-
tion. DEC1 was a key regulator of alveolar macrophage 
self-renewal and guardians of their identity [43], and 
promoted macrophage pro-inflammatory gene expres-
sion and functions [44]. DEC1 fostered tissue resident 

(See figure on previous page.)
Fig. 6  Bleomycin and TGF-β1 induced cell senescence in type II alveolar epithelial cells. (A, B) RLE-6TN cells were treated with a serial concentration of 
bleomycin, and Western blot analysis was performed to detect protein levels of p21 and p53. (A) representative blots. (B) Statistical analysis, n = 6. (C, 
D) After treatment with bleomycin for a serial of time points, Western blot was used to detect the protein expression of p53, p21, CDK6, and CDK2 in 
RLE-6TN. Statistical analysis was conducted. (E, F) Cells were treated with bleomycin (0.2 µg/ml) or TGF-β1 (2 ng/ml), and cell senescence levels were 
assessed by β-galactosidase assay. (G-J) Bleomycin or TGF-β1 was used to treat cells for 24 h, changes in cell cycle were detected by flow cytometry. (K, 
L) Senescence-related gene miRNA levels were tested using qRT-PCR. *P < 0.05, **P < 0.01, ***P < 0.001. P values were determined by the one-way ANOVA 
followed by the Bonferroni’s test



Page 10 of 17Chen et al. Cell Communication and Signaling          (2024) 22:245 

memory T cell commitment and activity which was 
involved fibrosis [45, 46]. Whether DEC1 regulates 
immunity through p21 needs to be studied in the future.

In conclusion, our data provided evidences that DEC1 
up-regulated in type II alveolar epithelial cells of fibrotic 
lung. DEC1 regulated cell cycle rhythm and increased 

p21 which led to ATII cell senecence and SASP release, as 
well as contributed to occurrence of pulmonary fibrosis.

Methods
Isolation and culture of rat type II alveolar epithelial cells
Primary human AT2 cells were isolated directly from 
peripheral lung tissue employing a specialized technique 

Fig. 7  Mouse alveolar epithelial cell specific knockout of DEC1 attenuated ATII cell senescence in bleomycin-induced mouse pulmonary fibrosis. (A) 
Representative immunofluorescence images of p21 protein expression in pulmonary fibrosis models constructed in mice with or without DEC1 knock-
out. Original magnification, ×400. Green: p21, red: SFTPC. (B) qRT-PCR was performed to detect mRNA levels of the senescence-associated secretory 
phenotype (SASP) factors, including IL-1α, IL-6, TNF-α, and MMP-9 in mouse lung tissues (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001. P values were determined 
by the one-way ANOVA followed by the Bonferroni’s test
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Fig. 8 (See legend on next page.)
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[47]. After anesthesia, the skin of the rat was disinfected 
with 75% ethanol and cut from the abdomen to the 
mouth with scissors on the operating table to expose the 
neck and thorax. Then the peritoneum was cut length-
wise and the abdominal aorta was cut and the blood 
was released. Cut the thorax through the diaphragm and 
remove the sternum, fully exposing the lung tissue. The 
thymus was removed with tweezers, then the base of the 
heart was gently picked up and 10 ml of PBS was injected 
into the right atrium, thereby whitening the lung tis-
sue and reducing the effect of the number of red blood 
cells on the final type II alveolar epithelial cell produc-
tion and purity. Lung tissue was excised and immediately 
immersed in precooled CNT-17 medium (CELLnTEC 
Advanced Cell System AB; Bern, Switzerland), tailored 
for both mice and humans, supplemented with serum 
and growth factors. The lung tissue was clipped along the 
surface of the lung lobe and cut into 1 mm tissue blocks. 
Stick the tissue block to the bottom of the culture bot-
tle and add 10 ml of CNT-17 medium to the bottle. The 
culture bottle was placed vertically in the incubator and 
then inverted after 4 h, so that the tissue blocks were fully 
exposed to the medium for culture. The complete epithe-
lial medium was refreshed at four-day intervals.

Cell culture and transfection
Both AECII and RLE-6TN were cultured with 1640 
medium containing 10% fetal bovine serum and 1% Peni-
cillin-Streptomycin. When the cell density reached about 
80%∼90% at the bottom of the petri dish, cell digestion 
and passage could be carried out. First, the old medium 
was sucked and discarded, washed twice with PBS, and 
the cells were gently blown away by pipetting PBS, and 
then the PBS was discarded and appropriate pancre-
atic enzymes were added to digest the cells. When the 
cells began to round under the microscope, pancre-
atic enzymes were discarded immediately and digestion 
was terminated by adding a medium containing serum. 
Cells were blown off the bottom of the petri dish with a 
pipette, then cell suspension was drawn into a centrifuge 
tube and placed in a centrifuge for centrifugation (rota-
tional speed: 1500 r/min; Time: 5  min). After centrifu-
gation, supernatant was abandoned, and 1640 medium 
containing 10% fetal bovine serum was added for re-sus-
pension, and the culture dish was planted in the passage 
ratio of 1:4.

Protein isolation and Western blotting
Cells and lung tissue were lysed with a precooled lytic 
mixture of RAPI lysis buffer (1% NP-40, 0.5% Sodium 
deoxycholate, 0.1% SDS), phosphatase inhibitors (Roche, 
Basel, Switzerland, 539,142), and inhibitor cocktail 
(Calbiochem, San Diego, CA, 539,131). After lysis and 
centrifugation, the supernatant was collected and the 
protein concentration was measured with BCA assay 
kit (Thermo, Waltham, MA, 23,225). An appropriate 
amount of SDS-PAGE loading buffer (Servicebio, Wuhan, 
China, G2013) was added into the supernatant, which 
was heated and frozen in the refrigerator for subsequent 
experiments. Western blotting procedures have been 
described before [48]. Protein extracts were electropho-
resed on 7.5–12.5% SDS polyacrylamide gels at 120  V 
for 90  min. Subsequently, the separated proteins were 
transferred onto PVDF membranes (Roche, 49,916,800) 
using a constant current of 280  mA for 90  min. The 
PVDF membranes were subjected to overnight incuba-
tion at 4  °C with primary antibodies. Following primary 
antibody exposure, the membranes underwent a subse-
quent 1-hour incubation with the corresponding HRP-
conjugated secondary antibody. Detection of protein 
signals was achieved through HRP activity-based signal 
detection methodology. The corresponding primary and 
secondary antibodies were used to incubate the PVDF 
membranes, and finally the density of each band was 
measured by AlphaEaseFC software (Alpha Innotech). 
The listed antibodies were used in the Western blot as pri-
mary antibodies. Anti-BMAL1 (1:1000, ab3350) antibody 
was abtained from Abcam (Cambridge, UK). Anti-DEC1 
(1:1000, 17895-1-AP), anti-fibronectin (1:1000, 15613-1-
AP), anti-α-SMA (1:2000, 14395-1-AP), anti-p53 (1:1000, 
10442-1-AP), anti-p21 (1:1000, 10355-1-AP), anti-CDK6 
(1:1000, 14052-1-AP), anti-CDK2 (1:1000, 10122-1-AP), 
anti-cyclin E1 (1:1000,11554-1-AP) were purchased from 
Proteintech Technology (Wuhan, China). Anti-collagen-I 
(1:500, AM7772) was purchased from ABZOOM (Shang-
hai, China). An anti-GAPDH (60004-1-Ig, Proteintech 
Technology, Wuhan, China) was used as a loading con-
trol (1:10000).

RNA extraction and quantitative real-time polymerase 
chain reaction (qRT-PCR)
Following the manufacturer’s instructions, total RNA of 
RLE-6TN cells and lung tissues was purified using the 

(See figure on previous page.)
Fig. 8  Knockdown of DEC1 with DEC1 siRNA attenuated bleomycin or TGF-β1 induced ATII cell senescencein vitro. (A) RLE-6TN cells were treated with 
bleomycin and DEC1 siRNA, and the expression levels of senescence-associated proteins DEC1, p53, p21, and CDK2 were detected by Western blot analy-
sis. (B) Statistical analysis of the Western blot bands corresponding to the senescence-associated proteins detected. DEC1: n = 12, p53: n = 8, p21: n = 6, 
and CDK2: n = 3. (C, D) After treating RLE-6TN cells with bleomycin or TGF-β1 with or without DEC1 siRNA, cellular senescence was detected by staining 
with β-galactosidase. (E, F) Statistical analysis of senescent cells in according to C and D, n = 3. (G, H) SASP (IL-1α and IL-6) in epithelial cells was detected 
by qRT-PCR after treating RLE-6TN cells with bleomycin with or without DEC1 siRNA (G: n = 4, H: n = 6). (I, J) RLE-6TN cells were treated with bleomycin 
or TGF-β1 with or without DEC1 siRNA, and changes in the cell cycle were detected by flow cytometry, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, ns means 
nonsignificant. P values were determined by the one-way ANOVA followed by the Bonferroni’s test
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RNeasy system (Yeasen, Shanghai, China, 19221ES50) 
and reverse transcribed with a Hiscript@ Q RT SuperMix 
(Vazyme, Nanjing, China, R223). Transcript quantifica-
tion was performed using a Cham Q SYBR qPCR Mas-
ter Mix (Vazyme, Q311). The mRNA expression levels 
were normalized to endogenous GAPDH and calculated 
according to the 2-ΔΔCt method. The following specific 
primers were used: IL-1α forward 5’- GGA GAG CCG 
GGT GGT GGT G-3’, IL-1α reverse 5’- GGT GCT GAT 
CTG GGT TGG ATG G-3’; IL-6 forward 5’- CGC AAG 
AGA CTT CCA GCC AG-3’, IL-6 reverse 5’- ACT GGT 
CTG TTG TGG GTG GT-3’; TNF-α forward 5’- ATG 
GGC TCC CTC TCA TCA GTT CC-3’, TNF-α reverse 
5’- GCT CCT CCG CTT GGT GGT TTG-3’; MMP9 
forward 5’- GCT CCT CCG CTT GGT GGT TTG-
3’, MMP9 reverse 5’- CTG CTT GCC CAG GAA GAC 
GAA G-3’; BMAL1 forward 5’-GCC CCA CCG ACC 
TAC TCT-3’, BMAL1 reverse 5’-CTT TGT CTG TGT 
CCA TAC TTT CTT G-3’; DEC1 forward 5’-GGC TGA 
TTG AGA AAA AGA GAC G-3’, DEC1 reverse 5’-AGT 
AAG TTT GAG ATG TTC GGG T-3’; CLOCK forward 
5’-CAC TCT CAC AGC CCC ACT GTA-3’, CLOCK 
reverse 5’-CCC CAC AAG CTA CAG GAG CAG-3’; 
p21 forward 5’-ATG TCC AAT CCT GGT GAT GTC-3’, 
p21 reverse 5’-GAA GTC AAA GTT CCA CCG TTC-3’; 
Cyclin D1 forward 5’-CGT ATC TTA CTT CAA GTG 
CGT G-3’, Cyclin D1 reverse 5’-ATG GTC TCC TTC 
ATC TTA GAG G-3’.

Immunohistochemistry (IHC)
The lung tissues of mice were subjected to fixation with 
4% paraformaldehyde and subsequently embedded in 
paraffin for the purpose of conducting immune-histo-
chemistry. The resulting paraformaldehyde-fixed, par-
affin-embedded sections, measuring 5  μm in thickness, 
were subjected to a series of dewaxing, dehydration, and 
rehydration steps, followed by staining with Masson, 
Sirius red, and DEC1 antibody, respectively. The stained 
lung sections were then examined using light micros-
copy, which was connected to a digital camera. The 
extent of collagen deposition was evaluated using Mas-
son trichrome staining, and quantified as a percentage of 
the surface area stained, using ImageJ software.

Immunofluorescence staining
Prior to further treatment, cells were seeded on cover-
slips. Following this, cells were fixed with 4% parafor-
maldehyde for 15–20 min and subsequently blocked with 
5% Bovine serum albumin (BSA, Servicebio, Wuhan, 
China, G5001-100G) in PBS for 1  h. Primary antibod-
ies against p21 (1:200, Proteintech, 10355-1-AP), p53 
(1:200, Proteintech, 60283-2-Ig), and SFTPC (1:200, 
Proteintech, 10774-1-AP) were then incubated with the 
cells overnight. The following day, cells were treated 

with Cy3-labeled secondary antibody (1:200, Servicebio, 
GB21303) for 1 h. The nuclei in HBEs were stained with 
DAPI (Servicebio, G1012) for 10  min. Finally, fluores-
cence images were obtained using a laser-scanning con-
focal microscopy (LSM 780, Zeiss, Jena, Germany).

Masson staining
Masson staining was carried out using the Masson Stain 
Kit (Beyotime, shanghai, China) according to the manu-
facturer’s instructions. The lung tissue sections were 
moistened with distilled water for 30–60 s prior to stain-
ing. Following wetting, the sections were treated with 
appropriate volume of hematoxylin nuclear staining solu-
tion and fuchsin acid staining solution for 60  s in turn, 
and washed with distilled water for 30–60  s after each 
step. Phosphomolybdic acid solution was then applied 
and left for 6–8  min before being discarded. Aniline 
blue re-staining solution was then added in an appropri-
ate amount for 5 min, followed by discarding and wash-
ing with anhydrous ethanol. After drying, the sections 
were sealed and observed under a microscope. Quanti-
tative analysis of fibrosis area (%) in tissue sections from 
each group was performed using ImageJ image analysis 
software.

Sirius red staining
The lung sections, measuring 3 μm in thickness, under-
went a dewaxing process in xylene, followed by a grad-
ual hydration utilizing a series of ethanol solutions of 
increasing concentrations. Subsequently, the slides were 
subjected to staining with Sirius Red for a duration of 
one hour, after which they were rinsed thoroughly twice 
with distilled water. Dehydration was achieved through 
a sequential treatment with 95% and 100% ethanol, suc-
ceeded by a clearing step in xylene. Finally, the slides 
were meticulously sealed with neutral gum to preserve 
the staining.

Animal model of pulmonary fibrosis and circadian clock 
disorder
This study was approved by the Animal Care and Use 
Committee of Tongji Medical College, Huazhong Univer-
sity of Science and Technology. C57BL/6J mice (Male, 8 
weeks) were purchased from Bainite Biotechnology Co 
(Hubei, China). Bhlhe40 conditional knockout mice were 
generated using the Cre-loxP system. The Bhlhe40-flox 
and Sftpc-Cre mice (C57BL/6 N background) were iden-
tified and purchased from Cyagen Biosciences (Cyagen, 
Guangzhou, China). The same loxp sites were inserted on 
both sides of exon 4 of Bhlhe40 using homologous recom-
bination. When bred with mice harboring cre recombi-
nase, progeny carrying both the Bhlhe40-Flox gene and 
cre gene may be generated. The expression of cre recom-
binase leads to the deletion of exons 4 of Bhlhe40 in type 
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Fig. 9 (See legend on next page.)
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2 alveolar epithelium. The following primers were used: 
Sftpc-CreERT2: F1: 5’-​T​G​C​T​T​C​A​C​A​G​G​G​T​C​G​G​T​A​G-3’, 
R1: 5’-​A​C​A​C​C​G​G​C​C​T​T​A​T​T​C​C​A​A​G-3’; Wildtype: F1: 
5’-​T​G​C​T​T​C​A​C​A​G​G​G​T​C​G​G​T​A​G-3’, R2: 5’-​C​A​T​T​A​C​C​
T​G​G​G​G​T​A​G​G​A​C​C​A-3. KO allele: F1: 5’-​C​C​T​G​A​A​T​A​
G​C​C​A​C​C​A​G​G TATCTT-3’, R1: 5’-​C​T​G​T​G​A​T​T​C​T​C​A​T​
T​C​T​A​G​C​C​T​T​G​G​A-3’; Wild type: F1: 5’-AAGAAA ​G​A​
A​A​C​G​C​A​A​C​A​C​A​T​T​G​G​G-3’, R2: 5’-​C​T​G​T​G​A​T​T​C​T​C​
A​T​T​C​T​A​G​C​C​T​T​G​G​A-3’. All mice were kept in specific 
pathogen-free (SPF) facilities with a 12-hour light/dark 
cycle, at a temperature of 22 ± 1 °C, and had unrestricted 
access to food and water.

The mouse pulmonary fibrosis animal model was 
established as previously described [49]. Bleomycin pow-
der was diluted to 5  mg/ml with 0.9% saline, and then 
injected into mice by intraperitoneal injection at a dose 
of 50 mg/kg on days 1, 5, 8, 11, and 15. Mice in the con-
trol group were injected with the same amount of saline. 
After 40 days, all mice were euthanized. The lung tissue 
was taken for subsequent experiments.

In a model of the mice circadian clock, mice were 
applied with separate lighting regimens. The adult mice 
were housed in polyacrylic cages and maintained on a 
12 h light:12 h dark cycle for 2 weeks, which made mice 
synchronized to daily light. Then the chronic jet lag (CJL) 
group was administered by advancing light onset eight 
hours in every 48  h. The unshifted control group (LD) 
was maintained in the LD 12:12. Experimental chronic jet 
lag or normal circadian rhythm was induced for 8 weeks.

Cell cycle analysis
The cell cycle was detected using the Cell Cycle and 
Apoptosis Analysis Kit (Beyotime, C1052) by flow 
cytometry. MG-63, MNNG/HOS and K7M2 cells were 
seeded in a 6-well plate at 1 × 105 cells/mL and adhered 
overnight. The cells were treated with DFO or DFX (0, 
12.5, 25, 50, 100 µM) for 24 h. Cells were rinsed with pre-
cooled 1× PBS and then trypsinized and collected. The 
cells were recentrifuged at 1000× g for 3  min, washed 
once with cold 1× PBS, resuspended in 1 mL of pre-
chilled 70% ethanol and stored at 4  °C for 12  h. After 
washing the cells with cold PBS, 500 µL of PI staining 
solution was added to each sample and incubated for 
30 min at 37 °C in the dark. The samples were tested with 
a FACSCalibur flow cytometer (BD Biosciences, San Jose, 
CA, USA), and ModFit software was used to calculate the 
percentage of cells in each stage of the cell cycle.

β-Galactosidase staining
The Cell Signaling Senescence β-Galactosidase Stain-
ing Kit (Beyotime, Shanghai, China, C0602) was utilized 
to perform β-galactosidase staining. The experimen-
tal procedure involved seeding 2 × 105 cells in each well 
of 6 well plates and treating them as specified. The cells 
were cultured until the time of staining. To quantify the 
number of β-galactosidase staining positive cells, blue 
positive cells in at least three randomly selected fields at 
200× magnification under an inverted microscope were 
enumerated.

Chromatin immunoprecipitation (CHIP)
ChIP assays were carried out according to the instruc-
tions of the BeyoChIP™ ChIP Assay Kit (Beyotime, 
Shanghai, China, P2080S). Briefly, the cells were sub-
jected to fixation in 1.0% v/v formaldehyde for 15–20 min 
at room temperature, followed by quenching with 100 
mM glycine. The cells were subsequently disrupted using 
a mini beadbeater, and the crosslinked chromatin was 
fragmented by sonication using a Bioruptor (7 cycles of 
30 s on/off). The resulting extracts were then incubated 
for either 2 h or overnight at 4 ˚C with magnetic Prot A 
beads that were conjugated with a polyclonal antibody 
against DEC1 (Proteintech, Wuhan, China, 17895-1-AP). 
Sub-sequently, the reverse cross-linking process was con-
ducted in Tris-EDTA buffer consisting of 100 mM Tris 
pH 8.0, 10 mM EDTA, and 1.0% v/v SDS at a temperature 
of 65 °C overnight. Following a proteinase K treatment of 
2 h, the samples were subjected to a cleanup process, and 
the enrichment of DEC1 was determined through real-
time PCR using SYBR green mix. The chromatin DNAs 
that were precipitated underwent Quantitative PCR 
using the identical procedure as that of qRT-PCR. The 
percentage of input DNA was utilized to determine the 
relative enrichment of the DNAs.

Statistical analysis
In the course of experimentation utilizing RLE-6TN cells 
and AECII, the experimental and control groups were 
subjected to identical passage numbers and comparable 
densities to ensure the consistency of experimental con-
ditions. In animal studies, the allocation of mice to either 
the experimental or control group was randomized. Sta-
tistical analysis of results was conducted using Prism 
software version 8, employing unpaired t-tests, one-way 
ANOVA tests, or two-way ANOVA tests. All data are 

(See figure on previous page.)
Fig. 9  The cell cycle is rhythmical, and bleomycin disrupts the cell cycle rhythm in alveolar epithelial cells. (A) The website predicted the rhythms of 
circadian clock proteins and related cell cycle protein (Circadian Expression Profiles Data Base: http://circadb.hogeneschlab.org/). (B) The rhythms of the 
mRNA levels of circadian clock genes and cell cycle genes were detected in C57 mouse lung tissue by qRT-PCR. n = 6. (C, D) After treat RLE-6TN cells with 
bleomycin, Western blot analysis was performed to detect the rhythmic change of related proteins, and statistical analysis of blots was conducted. n = 3. 
(E) Schematic illustration of the binding sites between DEC1 and p21 promoter regions. (F) DNA electrophoresis gels showed PCR products obtained after 
the reaction with ChIP-enriched DNA. (G) ChIP-qPCR was used to quantitatively detect the binding of DEC1 to the p21 promoter region. n = 4. *P < 0.05. 
P values were determined by the one-way ANOVA followed by the Bonferroni’s test

http://circadb.hogeneschlab.org/
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presented as the mean ± SEM, with a p-value of less than 
0.05 considered significant.

Abbreviations
AT2	� Alveolar epithelial type II cell
α-SMA	� Alpha-smooth muscle actin
CJL	� Chronic jet lag
DEC1	� Differentiated embryonic chondrocyte expressed gene 1
ECM	� Extracellular matrix
IPF	� Idiopathic pulmonary fibrosis
SASP	� Senescence-associated secretory phenotypes
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