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Background: Idiopathic pulmonary fibrosis (IPF) is the result of multiple cycles of
epithelial cell injury and fibroblast activation; currently, there is no clear etiology.
Increasing evidence suggests that protein metabolism and amino acids play a
crucial role in IPF, but the role of D-amino acids is not yet clear. The aim of this
study was to identify novel mediators in order to test the hypothesis that D-amino
acid oxidase (DAO) plays a significant role in the pathogenesis of IPF.

Methods: We analyzed DAO gene expression in patients with IPF and mice with
bleomycin (BLM)-induced lung fibrosis. We performed in vitro and in vivo assays
to determine the effect of DAO on primary type II alveolar epithelial cells from
mice and A549 cells.

Results: DAO expression was downregulated in the lungs of IPF patients and
BLM-induced fibrotic mice. Treatment with D-serine (D-Ser) or drug inhibition of
DAO promoted cell senescence through the p53/p21 pathway. Dao−/− mice
showed an intensified fibrotic response, and the anti-fibrotic role of T3
was abolished.

Conclusion: We concluded that the DAO-p53/p21 axis might be a key anti-
fibrotic pathway regulating the progress of fibrosis and facilitating the therapeutic
role of T3.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive lung disease characterized
by hyperplasia of alveolar epithelial cells, increased numbers of myofibroblasts, deposition
of interstitial extracellular matrix, and remodeling of the lung structure (American Thoracic
Society, 2000). Its clinical manifestations mainly include persistent cough and exertional
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dyspnea, which can be life threatening (Prêle et al., 2022;Wang et al.,
2021). In recent years, the incidence of IPF has been continuously
increasing, with a 5-year survival rate of 70%–80% after diagnosis
(Hu et al., 2022). The currently known risk factors for IPF include
age, smoking, gastroesophageal reflux, and environmental variables
(American Thoracic Society, 2000; Xylourgidis et al., 2019;
Ntatsoulis et al., 2021). However, in patients diagnosed with IPF,
the course of this disease is progressive and irreversible, leading to
severe pulmonary fibrosis and respiratory failure. Therefore, it is
imperative to develop safe and effective treatment strategies for IPF.

Recent studies have shown that IPF is an epithelial cell-driven
disease, and its pathogenesis involves processes such as DNA
damage and cellular senescence (Spagnolo et al., 2021). Both
endogenous and exogenous factors continuously induce DNA
damage, triggering the DNA damage response (DDR) (Groelly
et al., 2023). The DDR can maintain the genomic stability of
cells through activating DNA repair mechanisms, cell cycle
checkpoints, and apoptosis pathways. The activation of the DDR
can lead to cellular senescence, which plays a significant role in the
pathophysiological processes of IPF, particularly in relation to the
progression of pulmonary fibrosis (Yao et al., 2023). Due to DNA
damage, the p53 pathway is frequently activated, leading to cell cycle
arrest in the G1 phase to allow sufficient time for damaged DNA
repair. If DNA damage cannot be repaired, p53 can also induce cell
apoptosis, preventing further growth and division of damaged cells
to maintain genomic stability and inhibit tumor progression (Welz
et al., 2022). In response to damage, the lung initiates a physiological
fibrotic repair mechanism. If damage occurs repeatedly or if repair is
excessive, it may lead to the development of pathological fibrosis.
Pathological fibrosis can result in irreversible changes in the
structure and function of damaged tissues, ultimately leading to
organ dysfunction.

Through reanalysis of the NCBI public database (GSE47460), it
was found that D-amino acid oxidase (DAO) is significantly
downregulated in IPF patients, suggesting that DAO plays an
important role in the pathogenesis of IPF. Flavin adenine
dinucleotide is a coenzyme of DAO and is essential for its
normal function. DAO is expressed in various organisms,
including yeast and mammals (Chieffi et al., 2020). D-amino
acids play important roles in biological processes, particularly in
the modulation of neural signal transduction and host defense
mechanisms. In neural signal transduction, D-amino acids may
be involved in neurotransmitter synthesis and release, influencing
communication between neurons. In host defense, D-amino acids
may participate in immune responses and antimicrobial defense,
contributing to the maintenance of microbial balance within the
host and the prevention of pathogenic microbial infections (Yan
et al., 2020). DAO is involved in regulating the concentration and
metabolism of D-amino acids, mainly present in tissues such as the
brain, kidneys, and liver. Its functions in the human body primarily
include regulating neurotransmitter metabolism, influencing neural
transmission, and modulating immune responses (Bastings et al.,
2019; Sacchi et al., 2021). Previous research has found that DNA
damage activates DAO, which can promote tumor cell senescence
through the generation of reactive oxygen species clusters (Nagano
et al., 2019). In addition, DNA damage typically triggers complex
repair mechanisms and signaling pathways within cells, processes
that are associated with cell senescence.

Previous studies have shown that in a bleomycin (BLM)-
induced mouse model, triiodothyronine (T3) has a better anti-
fibrotic effect than pirfenidone and nintedanib, which is related
to its protective effect on the mitochondria of alveolar type II
epithelial cells (AT2) (Yu et al., 2018). T3 may reduce fibrosis by
affecting the expression and activity of matrix metalloproteinases,
regulating the degradation of the extracellular matrix. In addition,
T3 may also affect the number and activity of fibrosis-related cells by
regulating pathways, such as cell proliferation and apoptosis,
thereby influencing the degree of fibrosis. The systematic
exploration of the impact of DAO on IPF in this study provides
a more comprehensive theoretical basis for T3 as a potential
therapeutic strategy for IPF.

Materials and methods

Human samples

The RNA sequencing data were downloaded from the publicly
available Gene Expression Omnibus (GEO) database (GSE47460).

Animal model

The CRISPR-AI system (Cyagen Biosciences Inc., Guangzhou,
China, contract number: KOAI 190428JW1) was utilized to create
DAO knockout C57BL/6 mice. Male and female mice aged
12–24 weeks, matched for age and sex, were included in this
study. Each cage accommodated five mice, and they were
maintained on a 12-h light/dark cycle. Animal studies and
experimental procedures were approved by the Animal Ethics
Committee of the College of Life Science, Henan Normal
University (approval no. HNSD-2022BS0413). For the
administration of BLM, the mice were anesthetized with
isoflurane and subjected to bronchial instillation of 1.5 U/kg of
BLM (Hanjiang Pharmaceutical) or an equivalent volume (50 μL) of
0.9% saline as the control. Between days 10 and 20 after BLM
administration, the treatment group received aerosolized T3 (Sigma,
T2877, USA; 40 μg/kg) every other day, and the mice were
euthanized on the 21st day following an intraperitoneal injection
of 20% Urethan (0.1 mL). Experimental protocols were approved by
the Institutional Animal Care and Use Committee of Henan Normal
University (approval No. HNSD-2022BS0413).

Cell culture and treatment

A human lung adenocarcinoma A549 cell line (CL-0016, Procell)
was cultured in DMEM/F12 medium (HyClone), and mouse primary
type II alveolar epithelial cells (MIC-iCell-a005, Cellverse) were
cultured in an iCell primary epithelial cell culture system (PriMed-
iCell-001, Cellverse). The overexpression of DAO was achieved
through transfection with pEGFP-C1-DAO (Wt) (WA6029Gn,
Generay) or pEGFP-C1-Dao (Wt) (G0299353-1, Beyotime); siRNA-
DAO (siG1457170458-1-5, Ribobio) was utilized to suppress the
expression of DAO; 50 μM of 6-chloro-3-hydroxybenzisoxazole
(CBIO, TS-02303, J&K) was employed to inhibit the enzyme
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activity of DAO. BLM (390302, Hanhui-pharma) and (D-Serine,
D-Ser, 312-84-5, Acmec) were sourced from China.

Cell scratch assay

A549 and iCell cells were seeded at a density of 5×106 in a 6-well
plate. Once the cells reached 90% confluence, cross scratches were
created. Cells were then treated with D-Ser at final concentrations of
0, 0.2, 0.5, 2, 5, and 10 mM. Scratch healing was observed in
A549 cells at 6 and 18 h, and in iCell cells at 24 and 48 h.

CCK-8 assay

A549 and iCell cells were inoculated at a density of 3×103

cells/100 µL/well into a 96-well plate with five replicate wells; no
cell culture medium served as the blank control. Cells were
allowed to adhere for 24 h and were then treated with D-Ser at
final concentrations of 0, 0.2, 0.5, 2, 5, and 10 mM. A549 cells
were treated for 48 h, while iCell cells were treated for 120 h.
Then, 10 μL of CCK-8 solution was added per well in 100 μL of
culture medium, and the cells were incubated in a CO2

incubator for 2 h. Finally, the absorbance was measured at
450 nm using a MULTISKAN GO microplate reader (China,
Thermo Scientific).

Transwell assay

A549 cells (105) were inoculated into each well of a 24-well
plate and cultured for 24 h. Cells were detached with serum-free
medium, and the density was adjusted to 5×105 cells/mL. The red
fluorescent probe Dil (C1036, Beyotime) was added at a working
concentration of 5 μM to stain the cells for 10 min. Then, 200 μL of
the A549 cell suspension was placed in the upper chamber of a 12-
well Transwell insert (3422, Corning), with 600 μL of complete
culture medium containing 15% FBS in the lower chamber. D-Ser
was added at a final concentration of 2 mM. PBS-treated wells
served as controls. At 4 and 8 h, the number of A549 cells invading
the lower chamber was observed under an inverted fluorescence
microscope (Eclipse Ts2R, Nikon).

SA-β-gal assay

A549 and iCell cells were transfected into a 24-well plate with
105 cells per well using pEGFP-DAO (Wt) and pEGFP-Dao (Wt),
followed by treatment with bortezomib and D-Ser. The cells were
washed with PBS once, 250 μL of fixation solution was added per
well, and the cells were fixed at room temperature for 15 min.
Routine PBS washes (3 min × 3) were performed. Then, 250 μL of
reaction mixture was added per well (2.5 μL A solution +2.5 μL B
solution +232.5 μL C solution + X-Gal). The plates were
incubated overnight at 37°C (non-CO2 incubator). The
staining solution was then removed, and 2 mL of PBS was
added, followed by imaging with an inverted fluorescence
microscope (Eclipse Ts2R, Nikon).

Histology, Western blot,
immunohistochemistry, and
immunofluorescence

The mouse lung tissues were fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned into 4 μm slices. The sections
were dewaxed to water before use, and then photographed using a
Nikon E200 microscope (Nikon, Tokyo, Japan) or a pathology slide
scanner (3DHISTECH, China and Hungary). The image viewing
software programs were K-Viewer and SlideVewer. Hematoxylin
and eosin (HE) staining was performed using a kit (C0105S,
Beyotime) with the following steps: stain with hematoxylin for
7 min; rinse in tap water to remove excess stain for
approximately 10 min; rinse in distilled water for 5 s; stain with
eosin for 1 min; dehydrate, clear, and mount. Masson’s trichrome
staining was performed (G1340, Solarbio) via the following steps: fix
the tissues in Bouin’s solution (prepared by mixing 1.22% picric acid
saturated solution, 37% formaldehyde solution, and glacial acetic
acid in a volume ratio of 15:5:1) overnight at 4°C; wash the tissues in
70%–80% ethanol; rinse with running water until the yellow color
disappears; stain with Weigert’s iron hematoxylin for 7 min; rinse
slightly with running water, and place in dH2O; apply a bluing
reagent (as needed); counterstain with acid fuchsin for 5 min; wash
with 1% glacial acetic acid for 1 min; wash with 1%
phosphomolybdic acid for 5 min (control under the microscope
until collagen fibers turn purple-blue); stain with aniline blue for
1–5min (observe under the microscope); wash with 1% glacial acetic
acid for 1 min; dehydrate quickly in 95% ethanol 5 times; rapidly
dehydrate in absolute ethanol for 2 s; clear in xylene until optimal
transparency (observe under the microscope); mount with
neutral resin.

The Western blot procedure was as follows: 10% SDS-PAGE
vertical slab protein gel electrophoresis; constant current of 100 mA
for 4 h wet transfer onto PVDFmembrane; membrane washing with
TBST, 5 min × 3; blocking with 5% skim milk at room temperature
for 1 h; incubation at 4°C overnight with rabbit polyclonal antibodies
against DAO (1:1000), N-Cadherin (1 μg/mL), α-SMA (1 μg/mL),
p53 (1:1000), p-p53 (1:1000), p21 (1:1000), β-actin (1:5000), and
GAPDH (1:10000); membrane washing with TBST, 5 min × 3;
incubation with goat anti-rabbit secondary antibody (1:2000 to 1:
5000) at room temperature for 1.5 h; membrane washing with TBST;
visualization using ECL.

The steps of immunohistochemistry were as follows: antigen
heat retrieval in citrate buffer at 100°C for 10 min; PBS wash, 5 min;
endogenous peroxidase blocking at room temperature for 10 min;
PBS wash, 5 min × 3; incubation with 0.3% Triton X-100 for 10 min;
PBS wash, 5 min × 3; immunohistochemistry serum blocking at
room temperature for 30 min; α-SMA/THR alpha/THR beta rabbit
polyclonal antibody 1:100, overnight incubation at 4°C; PBS wash,
5 min × 3; goat anti-rabbit secondary antibody, 1:100, 37°C
incubation for 30 min; PBS wash, 5 min × 3; observation under
a light microscope until satisfactory DAB staining, then terminate
staining; counterstain with hematoxylin; routine dehydration,
clearing, and mounting.

The steps of immunofluorescence were as follows: double
distilled water wash for 5 min; incubation with 0.3% Triton X-
100 at room temperature for 10 min; PBS wash, 5 min × 3; blocking
with 30% serum at room temperature for 30 min; incubation
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overnight at 4°C with a mixture of DAO mouse monoclonal
antibody at 1:100 and SP-C rabbit polyclonal antibody at 1:100,
followed by PBS wash, 5 min × 3; incubation at 37°C with goat anti-
rabbit and goat anti-mouse fluorescent secondary antibodies at 1:
200 for 30 min, followed by PBS wash; imaging after DAPI nuclear
staining and mounting.

The primary antibodies were purchased from Affinity USA
(DAO, DF7266; β-actin, AF7018; GAPDH, AF7021; THR alpha,
AF9218; THR beta, DF6477; SP-C, DF6647), Abcam USA (α-SMA,
ab5694; N-Cadherin, ab18203; Goat Anti-Rabbit IgGH&L, ab6721),
CST USA (p53, CST2527; p-p53, CST9287; p21, CST2947), Santa
Cruz USA (DAO, sc-398757), and Beyotime (Alexa Fluor 647-
labeled Goat Anti-Rabbit IgG, A0468; Alexa Fluor 488-labeled
Goat Anti-Mouse IgG, A0428).

Quantitative PCR

The concentration of each transcript was normalized to the β-
actin mRNA level using the 2−ΔΔCT method. Trizol (79306,
QIAGEN), a miRNeasy Mini kit (217004, QIAGEN), a GoScript
Reverse Transcription System (A5001, Promega), and a QuantiNova
SYBR Green PCR kit (208052, QIAGEN) were used in accordance
with the manufacturer’s protocols. Primers from Sangon were
utilized (Table 1).

Lung hydroxyproline, serum T3, FT3,
and rT3 levels

The hydroxyproline assay kit (MAK008) was purchased from
SIGMA. The procedure was as follows: Homogenize 10 mg of lung
tissue in 100 μL of ddH2O; add 100 μL of concentrated hydrochloric
acid to 100 μL of tissue homogenate and heat at 120°C for 3 h;
centrifuge at room temperature, 10000 g × 3 min; take 10 μL of the
supernatant and place it in a 96-well plate; set up 6 standard wells,
each with 10 μL, with concentrations of 0, 0.2, 0.4, 0.6, and 0.8 µg/
well; add 6 µL of Chloramine T concentrate and 94 µL of Oxidation
Buffer to each well, and incubate at room temperature for 5 min; add
50 µL of DMAB concentrate and 50 µL of Perchloric Acid to each
well, and heat at 60°C for 90 min; measure absorbance at 560 nm
using a MULTISKAN GO microplate reader (China,
Thermo Scientific).

The serum levels of T3, FT3, and rT3 obtained from the mice
were detected using ELISA kits (JL13028, JL20674, JL143442, J&L
Biological, China), following the manufacturer’s protocols. First,
50 μL of sample serum was added to each well. Biotin-labeled

antibody (50 μL; standard, except for the blank well) was
added to each well and incubated at 37°C for 30 min. The
liquid was discarded and the plate was tapped gently, followed
by washing with 1× washing solution for 1 min (repeated 5 times);
horseradish peroxidase-labeled antibody (100 μL) was added
(except for the blank well), followed by incubation in a 37°C
water bath for 30 min; the liquid was discarded and the plate was
tapped gently, followed by washing with 1× washing solution for
1 min (repeated 5 times); 50 μL of chromogenic agents A and B
was added and incubated at 37°C for 15 min; the OD value of each
well was measured with 50 µL of stop solution at a wavelength of
450 nm (within 15 min).

Molecular docking

The molecular docking study using Autodock Vina 1.2.2 (http://
autodock.scripps.edu/) for model visualization involved obtaining
the molecular structure of compound T3 from the PubChem
compound database (https://pubchem.ncbi.nlm.nih.gov/). The 3D
coordinates of the protein DAO (PDB code, 7U9U; resolution, 1.
66 Å) were downloaded from the PDB (http://www.rcsb.org/). The
protein and ligand files were prepared by converting all protein and
molecule files to PDBQT format, removing all water molecules, and
adding polar hydrogen atoms. The grid box was centered to cover
the structural domain of each protein and adapt to free molecular
motion. The docking pocket was set as a square pocket of 30 Å ×
30 Å × 30 Å, with a grid spacing of 0.05 nm.

Statistical analysis

The data are presented as mean ± SEM. Group differences were
compared using a non-paired Tukey multiple comparison test or
one-way analysis of variance. All tests were two-tailed, and p ≤
0.05 was considered significant. Data analysis was performed using
Prism 7.0 software (GraphPad).

Results

DAO expression was downregulated in the
lungs of IPF patients and BLMmousemodels

In a reanalysis of the NCBI public database (GSE47460), it was
discovered that the expression of the DAO gene was significantly
decreased in the lungs of IPF patients (Figure 1A). To establish an

TABLE 1 Information on gene primers.

Genes Primer sequence (5′to 3′) Annealing temperature (°C)

Dao F GGTTCCAAGACAGTTACACTCG 58

R AGGGTGGGCTCCAGTTTACA

DAO F CCCCAACAACCCACAGGA 58

R GCCCGAGATTAGGAACAGG

Dao refers to the primers for gene amplification in mouse tissue; DAO, denotes the primers used for amplification in human cell line A549.
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FIGURE 1
DAO expression was downregulated in IPF lungs and BLM-induced fibrotic mouse lungs. (A) The results of IPF gene sequencing showed that DAO
expression was significantly lower in IPF patients than in the controls; (B) A549 cells treated with 0.02 U/mL of BLM for 24 h. Representative immunoblot
image of the whole-cell lysate of the DAO protein expression; (C) Representative immunoblot images (up) and densitometry analysis (down) of the Dao
protein expression; (D) RT-qPCR analysis of the Dao expression levels in mouse lungs; (E) Representative images of HE staining of mouse lung
paraffin sections (Saline control, left; BLM treated, right); (F) Representative images of Masson’s staining of mouse lung paraffin sections (Saline control,
left; BLM treated, right); (G) Representative Dao and Sp-c immunofluorescence staining images of mouse lung paraffin sections showing that Dao
expression was downregulated and Sp-c expression was upregulated. *p < 0.05, **p < 0.01.
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idiopathic fibrosis model, BLM-challenged A549 cells and
C57BL/6N mice were used. The examination of BLM-treated
A549 cells revealed a reduction in DAO expression (Figure 1B).
Furthermore, both immunoblot (Figure 1C) and real-time
quantitative PCR analysis (Figure 1D) demonstrated
decreased Dao expression in the fibrotic mouse lungs
challenged with BLM. The HE and Masson’s staining results
showed that the alveolar structure disappeared in the mouse
lung tissue after BLM treatment, with increased blue collagen
fibers and pathological changes in lung consolidation (Figures
1E, F). Immunofluorescence double labeling of mouse lung
tissue showed an increase in Sp-c-positive cells in the lung
consolidation area after BLM treatment, but a decrease in Dao-
positive expression (Figure 1G).

Dao knockout promoted BLM-induced
pulmonary fibrosis in mice

The HE staining results showed no significant differences
between Dao-wild-type (Dao+/+) + Saline and Dao-knockout
(Dao−/−) + Saline groups for lung tissue morphology, whereas the
lung tissue of Dao−/− + BLM group exhibited more pronounced
fibrosis and pulmonary consolidation compared to the Dao+/++BLM
group (Figure 2A). Compared to Dao+/+ mice, Dao−/− mice exhibited
increased collagen deposition in the lungs following the BLM
challenge, as demonstrated by Masson’s staining (Figure 2B).
Additionally, there was a significant increase in the expression of
the myofibroblast markers alpha-smooth muscle actin (α-Sma)−/−

(Figure 2C) and N-Cadherin (Figure 2D) in the lungs of Dao−/−

FIGURE 2
Dao knockout promoted the BLM-induced pulmonary fibrosis. (A) Representative HE staining images of mice challenged with BLM or saline; (B)
Representative Masson’s staining images of mice challenged with BLM or saline; (C) Representative immunohistochemistry staining images of α-Sma in
lung samples; (D)Representative immunoblot images of N-Cadherin inmouse lung lysates; (E)Hydroxyproline content of the indicated groups. *p < 0.05,
***p < 0.001, ****p < 0.0001.
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mice, along with a notable elevation in hydroxyproline content
(Figure 2E). These findings indicate that Dao−/− mice displayed
heightened susceptibility to BLM-induced pulmonary fibrosis.

D-ser suppresses the proliferation and
migration of A549 cells

A cell scratch assay was conducted to assess cell migration in
response to D-Ser. Gradient concentrations of 0, 0.2, 0.5, 2, 5, and
10mMof D-Ser were applied to observe the wound healing process of
A549 and iCell cells. We found that 0.5 mM D-Ser inhibits the
migration of A549 and iCell cells, while higher concentrations of
5 mM and 10 mM D-Ser significantly inhibit the migration (Figures
3A, B). CCK-8 was used to examine cell viability in response to
various D-Ser concentrations. The results showed that 2 mM or
higher concentrations of D-Ser significantly inhibited the proliferation
of A549 cells, while iCell cells showed little to no response up to
10 mM. D-Ser had a minor impact on the proliferation of iCell cells
(Figures 3C, D). Additionally, 2 mM of D-Ser significantly inhibited
the migration of A549 cells in a transwell assay (Figure 3E).

D-ser is a direct factor in the induced
senescence of A549 cells

SA-β-gal staining was performed on cells with DAO
overexpression and after inhibiting DAO enzyme activity in
response to BLM treatment (0.01 U/mL, a sublethal dose of BLM).
The staining results indicated that CBIO treatment can reduce BLM-
induced cellular senescence in A549 cells (Figure 4A). In contrast,
inhibition of Dao enzyme activity in iCell cells by CBIO increased
BLM-induced cellular senescence (Figure 4B). D-Ser significantly
increased BLM-induced senescence in A549 cells. Interestingly,
transfection with DAO did not reduce senescence in A549 cells
but rather increased it (Figure 4C). The combination of DAO
enzyme activity inhibition and reduced senescence in A549 cells
suggests characteristics typical of tumor cells, where increased
DAO expression and activity can inhibit the proliferation of
malignant type II alveolar epithelial cells. In iCell cells, D-Ser
significantly increased senescence, while transfection with Wt-Dao
significantly reduced BLM-induced senescence (Figure 4D).

DAO regulated BLM-induced cell
senescence through p53/p21

Immunoblotting was performed to investigate the abundance of
total P21, P53, and phosphorylated P53 at Ser20 [p-P53 (S20)] in
A549 cells as the key players in the DDR following DAO knockdown
and enzyme activity inhibition. P53 plays a critical role in the cell
cycle, with cell cycle arrest in senescent cells largely relying on
increased p-P53 (S20). P21, a cyclin-dependent kinase inhibitor
downstream of p-P53 (S20), inhibits CDK1 and prevents the cell
cycle from progressing into the G1/S phase. The results revealed that
the administration of BLM led to a significant increase in the
expression of P21 and p-P53 (S20) in A549 cells. Knockdown of
DAO resulted in a significant decrease in the BLM-induced expression

of P21, P53, and p-P53 (S20) (Figure 5A). Furthermore,
pharmaceutical inhibition of enzyme activity by CBIO significantly
reduced the upregulation of P21 induced by BLM (Figure 5B). These
findings were consistent with the SA-β-gal staining rsults, further
suggesting that reduced DAO expression or inhibition of DAO
enzyme activity may enhance the proliferation of type II alveolar
epithelial cells and contribute to malignant transformation.

The interaction between T3 and DAO and
their role in pulmonary fibrosis

In the HE staining results, the thyroid follicles of mice treated
with BLM were full, and the follicular cells showed a proliferative
state (Figure 6A). Immunohistochemistry results showed that the
expression of thyroid hormone receptors THRα and THRβ in the
fibrotic areas of the lung increased in mice with lung fibrosis after
BLM treatment (Figures 6B, C). All these results indicate a deficiency
in thyroid hormones. To evaluate the affinity between T3 and DAO,
we conducted molecular docking analysis. The binding positions of
T3 and DAO proteins were obtained using Autodock Vina v.1.2.2.
Figure 6D presents the 3D animation and magnified local binding
site of the DAO protein after docking with T3, while Figure 6E shows
the surface-type magnified outer and inner views of the DAO
protein after docking with T3. The PyMOL software displayed
the 3D structure of the DAO binding pocket. The coloring
ranges from magenta (for strong H-bonds) to green (for weak
H-bonds) and from magenta (for strong hydrophobic regions) to
blue (for less hydrophobic regions) (Figure 6F). The top ten binding
energies for the interaction between T3 and DAO were
−7.412, −7.229, −6.829, −6.771, −6.724, −6.621, −6.587, −6.552,
and −6.468 kcal/mol, indicating highly stable binding. DAO
interacts with T3 through amino acid residues such as CYS-181,
ARG-38, GLY-9, and ALA-8 to form hydrogen bond
interactions (Figure 6G).

The anti-fibrotic effect of T3 is associated
with dao expression

HE, Masson’s staining, and micro-CT results showed that T3

treatment significantly improved the lung architecture of the BLM-
challenged mice and reduced collagen deposition (Figure 7A).
Consistently, T3 treatment notably decreased the augmented
hydroxyproline content in the BLM-challenged wild-type mice.
However, no therapeutic effect of the T3 treatment was observed
in Dao−/− mice (Figure 7B). Affected individuals have low serum T3

but elevated rT3, an inactive form of T3, and inappropriately normal
TSH levels, recapitulating the non-thyroidal illness syndrome in IPF
subjects. Following the BLM challenge, serum T3 was significantly
decreased (Figure 7C), and rT3 was significantly increased in wild-
type mice (Figure 7E). The aerosolized delivery of T3 significantly
increased the serum FT3 in mice (Figure 7D), reducing rT3 with a
minimal effect on the total serum T3 levels. Western blot results
showed that T3 treatment increasedDao expression in wild-type mice
caused by BLM injury and significantly downregulated the levels of α-
SMA, and p-p53 (S20). In Dao−/− mice, the therapeutic effect of T3

against BLM-induced pulmonary fibrosis was diminished (Figure 7F).
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Discussion

DAO activity may be involved in regulating the pathophysiology
of humans through D-amino acid metabolism (Kim et al., 2019).

This study explored the role of DAO in the pathogenesis of IPF. The
results showed that the expression levels of DAO were significantly
decreased in fibrotic lung tissues of IPF patients and BLM-induced
mice, as well as in BLM-treated A549 cells. Through Dao and Sp-c

FIGURE 3
D-Ser inhibited migration of A549 cells and iCell cells. The migration rate of A549 (A) and iCell (B) cells was determined by a cell scratch assay under
various concentrations of D-Ser. The cell viability of A549 (C) and iCell (D) cells was determined by CCK-8. (E) A549 cells were treatedwith 2mMof D-Ser,
and cell migration was determined by a transwell assay. *p < 0.05, **p < 0.01, ***p < 0.001.
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fluorescent double labeling experiments, we found that in mice with
BLM-induced pulmonary fibrosis, the area of type II alveolar
epithelial cells increased, while Dao expression decreased. Type II
alveolar epithelial cells are considered to be the driving factors of

lung fibrosis (Parimon et al., 2020). These results suggest that DAO
may be involved in the pathogenesis of pulmonary fibrosis.
Moreover, treatment with D-Ser or pharmacological inhibition of
DAO can promote cell senescence through the p53/p21 pathway.

FIGURE 4
DAO affected the senescence of A549 and iCell cells. (A) A549 cells were treated with 50 μMof CBIO for 24 h; then, 0.01 U of BLMwas added for an
additional 24 h, and then SA-β-gal staining was performed; (B) iCell cells (procedure was consistent with (A)); (C) A549 cells were transiently transfected
with pEGFP-DAO for 24 h; then, 0.01 U of BLM and 2mM of D-Ser were added. Following 72 h, the cells were stained with β-galactosidase; (D) iCell cells
(procedure was consistent with (C)). *p < 0.05, ***p < 0.001, ****p < 0.0001.
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Lastly, Dao−/−mice showed enhanced lung fibrotic response, and the
anti-fibrotic effect of T3 disappeared, suggesting that the anti-
fibrotic effect of T3 depends on the expression levels of DAO.

We found that the expression level of DAO in pulmonary
fibrotic tissue was significantly decreased. In addition, Dao−/−

mice were more susceptible to BLM-induced pulmonary fibrosis
compared to Dao+/+ mice, confirming the correlation between DAO
expression and the process of pulmonary fibrosis. The reduced
expression of DAO may lead to the accumulation of D-amino

acids in lung tissue, thereby affecting neural signal transduction
and host defense mechanisms. Furthermore, DAO plays an
important role in regulating amino acid metabolism and immune
responses in tissues (Oldham et al., 2022). Therefore, the decreased
expression of DAO in pulmonary fibrotic tissue may impact the
metabolism and immune function of lung tissue, exacerbating the
development of IPF.

In vitro experiments have shown that D-Ser at concentrations of
2 mM and above can significantly inhibit the proliferation and

FIGURE 5
DAO regulates A549 cell senescence through p53/p21. (A) A549 cells were transfected with siRNA-DAO for 24 h; then, 0.02 U of BLMwas added for
an additional 24 h, and immunoblotting was performed to detect the expression levels of P21, P53, and p-P53 (S20) in the cell lysates; (B) A549 cells were
treated with 50 μM of CBIO for 24 h; subsequently, 0.02 U of BLM was added for an additional 24 h, and immunoblotting was performed, as in (A). *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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wound healing of A549 cells. In scratch assays, high concentrations
of D-Ser also inhibited the migration of mouse primary type II
alveolar epithelial cells (iCell cells). To avoid cell differentiation, the
iCell cells were cultured in 2% FBS, resulting in slow proliferation.
We continuously observed the cells for 5 days until they filled the 96-
well plate, and the results of the CCK-8 assay did not show
significant differences. The A549 cells used in our study were
tumor cells, which influenced our interpretation of the results.

Results from in vitro and in vivo studies found that BLM-
induced DNA damage leads to decreased levels of DAO in aging
mice and A549 cells, further exacerbating cell senescence. Cell
senescence is characterized by sustained cell cycle arrest,
accumulation of DNA damage, and excessive production of ROS,
leading to the secretion of various inflammatory factors and age-
related diseases (Matsuda et al., 2020). Single-cell sequencing results
have shown that BLM can induce cell cycle arrest in mouse lung

FIGURE 6
Changes in thyroid and pulmonary thyroid hormone receptors and the analysis of the binding capacity between T3 and DAO. (A) The HE staining
results showing full thyroid follicles in the BLM group mice, and the follicular cells exhibit a proliferative morphology compared to the Saline group; (B)
The immunohistochemistry results showing increased expression of THRα receptors in the lungs of BLM-treatedmice compared to the Saline group; (C)
The immunohistochemistry results showing an increased expression of THRβ receptors in the lungs of BLM-treated mice compared to the Saline
group; (D) T3 molecular formula, DAO protein, cartoon diagram of DAO protein binding with T3, and amagnified view of the binding site; (E)DAO protein
and T3 binding surface type local magnification diagram (protein outer view and protein inner view); (F) PyMOL software displayed the 3D structure of the
DAO binding pocket. The coloring ranges from magenta (for strong H-bonds) to green (for weak H-bonds). The color gradient goes from magenta (for
strong hydrophobic regions) to blue (for less hydrophobic regions); (G) The binding between the amino acid residues at the interface of T3 and DAO is
formed by hydrogen bonds.
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fibrosis AT2 cells (Strunz et al., 2020; Müller et al., 2021). This study
used BLM to simulate DNA damage in A549 cells to induce fibrosis.
In response to genotoxic stress, the DNA activates p53 and induces

its downstream protein p21 (a biomarker of cell senescence)
(Kumari and Jat, 2021). ROS, a byproduct of D-Ser degradation
that inhibits DAO, is a product of various types of oxidative stress

FIGURE 7
Dao is essential for the anti-fibrotic role of T3. (A) Representative images of mouse lungs after HE staining, Masson’s staining, andmicro-CT; (B) The
hydroxyproline content in mouse lung (right) homogenate; (C–E): The levels of TT3, FT3, and rT3 in the peripheral blood of mice from each treatment
group were determined by ELISA; (F) The levels of Dao, α-Sma, p53, and p-p53 (S20) were determined by Western blotting. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
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damage. In addition to activating p53, ROS accumulate widely in the
aging process induced by various external factors. There is a positive
feedback loop between ROS production and DNA damage, leading
to cell senescence through p21 (Zhang et al., 2023).

This study used CBIO and specific siRNA fragments to
respectively inhibit the enzyme activity and expression of DAO in
A549 cells. We observed that inhibiting enzyme activity or
downregulating the expression of DAO can alleviate BLM-induced
senescence. We also observed that transfection with Wt-DAO in
A549 cells exacerbated BLM-induced senescence. At this point, the
data from in vitro and in vivo are inconsistent. The overexpression of
DAO alone does not induce cell senescence, but it promotes BLM-
induced cell senescence when combined with BLM, suggesting that
DNA damage is the reason for DAO activation. This may be related to
the malignant behavior of A549 cells. In addition, D-Ser promotes cell
aging based on BLMdamage, suggesting that D-Sermay be a substrate
for DAO in DNA damage-induced senescence. These results also
suggest that upregulating DAO expression plays a role in inhibiting
the malignant transformation of type II alveolar epithelial cells. We
confirmed in primary mouse iCell cells that CBIO inhibition of Dao
activity can increase BLM-induced senescence, while transfection of
Wt-Dao to overexpress Dao can alleviate BLM-induced senescence.

A prior study demonstrated that the thyroid hormone (T3) is a
promising drug candidate for pulmonary fibrosis. The administration
of aerosolized T3 reduced the severity of BLM-induced lung fibrosis in
mice without affecting serum T3 levels. BLM caused a reduction in
lung compliance, which was reversed by treatment with aerosolized
T3, significantly enhancing the survival rate of mice exposed to a lethal
dose of BLM (3.0 U/kg) (Yu et al., 2018).We first observed the effect of
BLM on the thyroid of mice, which showed a proliferative response
rather than pathological changes in mice with pulmonary fibrosis.
This, along with the increased thyroid hormone receptor in the
fibrotic zone of the lungs, confirms the potential impact of thyroid
hormone deficiency on this disease. We further used computer
simulation techniques to simulate the pocket structure of DAO
and the binding mode of T3, both confirming the possibility of T3

influencing lung fibrosis progression through DAO.
Furthermore, after the BLM challenge, we observed that Dao−/−

mice exhibited exacerbated lung fibrosis.Dao−/−mice did not display
a typical response to T3 secretion and did not manifest the low T3

syndrome observed in Dao+/+ mice following the BLM challenge.
Upon T3 treatment, both Dao−/− mice and Dao+/+ mice
demonstrated elevated serum FT3 levels, indicating the adequacy
of our therapeutic dosage. The decrease in serum rT3 levels in wild-
type mice post-BLM challenge suggested that T3 administration
could lower the levels of inactive T3 in the bloodstream. These
findings indicate that DAO plays a vital role in fibrosis development
and enhances the therapeutic effects of T3.

Although the tissue pathological changes induced by BLM in mice
with pulmonary fibrosis are similar to those seen in humans, animal
models have limitations, including a self-healing tendency in fibrosis
and the inability of the lung epithelium to reshape under IPF (O’Dwyer
and Moore, 2018; Zhang et al., 2020; Redente et al., 2021). In addition,
primary AT2 cells cultured in vitro are prone to differentiate into AT1-
like cells and are difficult to maintain. Therefore, we used the A549 cell
line for in vitro experiments; however, A549 cells possess tumor cell
characteristics and may not fully reflect normal lung cell properties
(Nasonovs et al., 2021; Obraztsova et al., 2020).

Conclusion

This study found that the expression levels of DAO were
significantly decreased in IPF and BLM-induced mouse fibrotic
lung tissues. Additionally, D-Ser treatment or pharmacological
inhibition of DAO could promote cellular senescence through the
p53/p21 pathway. Finally, the anti-fibrotic effect of T3 depends on
the expression levels of DAO. Thus, DAO may play an important
role in the process of pulmonary fibrosis and enhance the
therapeutic effect of T3.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional
requirements because only commercially available established
cell lines were used. The animal study was approved by
Institutional Committee for Use and Care of Henan Normal
University (approval No. HNSD-2022BS0413). The study was
conducted in accordance with the local legislation and
institutional requirements.

Author contributions

XG: Conceptualization, Data curation, Formal Analysis,
Investigation, Writing–original draft, Writing–review and editing.
KX: Formal Analysis, Methodology, Writing–original draft,
Writing–review and editing. LW: Formal Analysis, Methodology,
Writing–original draft. LD: Data curation, Formal Analysis,
Methodology, Writing–review and editing. WL: Data curation,
Formal Analysis, Writing–original draft. WZ: Data curation,
Formal Analysis, Methodology, Writing–original draft. XZ: Data
curation, Formal Analysis, Writing–review and editing. NW: Formal
Analysis, Methodology, Writing–original draft. GW: Data curation,
Formal Analysis, Writing–original draft. WZ: Formal Analysis,
Writing–original draft. IR: Data curation, Formal Analysis,
Writing–original draft. GY: Conceptualization, Funding acquisition,
Investigation, Supervision, Validation, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. Supported by
the Ministry of Science and Technology, PR China
(2019YFE0119500), the State Innovation Base for Pulmonary
Fibrosis (111 Project), the Henan Project of Science and
Technology (212102310894, 222102310711, 232102310067, and
232102521025), and the Xinxiang Major Project, 21ZD002.

Frontiers in Pharmacology frontiersin.org13

Guo et al. 10.3389/fphar.2024.1433186

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1433186


Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1433186/
full#supplementary-material

References

American Thoracic Society (2000). American Thoracic Society. Idiopathic pulmonary
fibrosis: diagnosis and treatment. International consensus statement. American
Thoracic Society (ATS), and the European Respiratory Society (ERS). Am. J. Respir.
Crit. Care Med. 161 (2 Pt 1), 646–664. doi:10.1164/ajrccm.161.2.ats3-00

Bastings, JJAJ, van Eijk, H. M., Olde Damink, S. W., and Rensen, S. S. (2019).
D-Amino acids in health and disease: a focus on cancer. Nutrients 11 (9), 2205. doi:10.
3390/nu11092205

Chieffi, B. G., Falvo, S., Santillo, A., Di Giacomo Russo, F., and Di Fiore, M. M. (2020).
D-Amino acids in mammalian endocrine tissues. Amino Acids 52 (9), 1263–1273.
doi:10.1007/s00726-020-02892-7

Groelly, F. J., Fawkes, M., Dagg, R. A., Blackford, A. N., and Tarsounas, M. (2023).
Targeting DNA damage response pathways in cancer. Nat. Rev. Cancer 23 (2), 78–94.
doi:10.1038/s41568-022-00535-5

Hu, Y., Wang, Q., Yu, J., Zhou, Q., Deng, Y., Liu, J., et al. (2022). Tartrate-resistant
acid phosphatase 5 promotes pulmonary fibrosis by modulating β-catenin signaling.
Nat. Commun. 13 (1), 114. doi:10.1038/s41467-021-27684-9

Kim, S. H., Shishido, Y., Sogabe, H., Rachadech, W., Yorita, K., Kato, Y., et al. (2019).
Age- and gender-dependent D-amino acid oxidase activity in mouse brain and
peripheral tissues: implication for aging and neurodegeneration. J. Biochem. 166 (2),
187–196. doi:10.1093/jb/mvz025

Kumari, R., and Jat, P. (2021). Mechanisms of cellular senescence: cell cycle arrest and
senescence associated secretory phenotype. Front. Cell Dev. Biol. 9, 645593. doi:10.3389/
fcell.2021.645593

Matsuda, S., Kim, J. D., Sugiyama, F., Matsuo, Y., Ishida, J., Murata, K., et al. (2020).
Transcriptomic evaluation of pulmonary fibrosis-related genes: utilization of transgenic
mice with modifying p38 signal in the lungs. Int. J. Mol. Sci. 21 (18), 6746. doi:10.3390/
ijms21186746

Müller, W. E. G., Neufurth, M., Wang, S., Schröder, H. C., and Wang, X. (2021).
Polyphosphate reverses the toxicity of the quasi-enzyme bleomycin on alveolar
endothelial lung cells in vitro. Cancers (Basel) 13 (4), 750. doi:10.3390/
cancers13040750

Nagano, T., Yamao, S., Terachi, A., Yarimizu, H., Itoh, H., Katasho, R., et al.
(2019). d-amino acid oxidase promotes cellular senescence via the production of
reactive oxygen species. Life Sci. Alliance 2 (1), e201800045. doi:10.26508/lsa.
201800045

Nasonovs, A., Garcia-Diaz, M., and Bogenhagen, D. F. (2021). A549 cells contain
enlarged mitochondria with independently functional clustered mtDNA nucleoids.
PLoS One 16 (3), e0249047. doi:10.1371/journal.pone.0249047

Ntatsoulis, K., Karampitsakos, T., Tsitoura, E., Stylianaki, E. A., Matralis, A. N.,
Tzouvelekis, A., et al. (2021). Commonalities between ARDS, pulmonary fibrosis and
COVID-19: the potential of autotaxin as a therapeutic target. Front. Immunol. 12,
687397. doi:10.3389/fimmu.2021.687397

Obraztsova, K., Basil, M. C., Rue, R., Sivakumar, A., Lin, S. M., Mukhitov, A. R., et al.
(2020). mTORC1 activation in lung mesenchyme drives sex- and age-dependent
pulmonary structure and function decline. Nat. Commun. 11 (1), 5640. doi:10.1038/
s41467-020-18979-4

O’Dwyer, D. N., and Moore, B. B. (2018). Animal models of pulmonary fibrosis.
Methods Mol. Biol. 1809, 363–378. doi:10.1007/978-1-4939-8570-8_24

Oldham, J. M., Lee, C. T., Wu, Z., Bowman, W. S., Pugashetti, J. V., Dao, N., et al.
(2022). Lung function trajectory in progressive fibrosing interstitial lung disease. Eur.
Respir. J. 59 (6), 2101396. doi:10.1183/13993003.01396-2021

Parimon, T., Yao, C., Stripp, B. R., Noble, P. W., and Chen, P. (2020). Alveolar
epithelial type II cells as drivers of lung fibrosis in idiopathic pulmonary fibrosis. Int.
J. Mol. Sci. 21 (7), 2269. doi:10.3390/ijms21072269

Prêle, C. M., Miles, T., Pearce, D. R., O’Donoghue, R. J., Grainge, C., Barrett, L., et al.
(2022). Plasma cell but not CD20-mediated B-cell depletion protects from bleomycin-
induced lung fibrosis. Eur. Respir. J. 60 (5), 2101469. doi:10.1183/13993003.01469-2021

Redente, E. F., Black, B. P., Backos, D. S., Bahadur, A. N., Humphries, S. M., Lynch, D.
A., et al. (2021). Persistent, progressive pulmonary fibrosis and epithelial remodeling in
mice. Am. J. Respir. Cell Mol. Biol. 64 (6), 669–676. doi:10.1165/rcmb.2020-0542MA

Sacchi, S., Rabattoni, V., Miceli, M., and Pollegioni, L. (2021). Yin and yang in post-
translational modifications of human D-amino acid oxidase. Front. Mol. Biosci. 8,
684934. doi:10.3389/fmolb.2021.684934

Spagnolo, P., Kropski, J. A., Jones, M. G., Lee, J. S., Rossi, G., Karampitsakos, T., et al.
(2021). Idiopathic pulmonary fibrosis: disease mechanisms and drug development.
Pharmacol. Ther. 222, 107798. doi:10.1016/j.pharmthera.2020.107798

Strunz, M., Simon, L. M., Ansari, M., Kathiriya, J. J., Angelidis, I., Mayr, C. H., et al.
(2020). Alveolar regeneration through a Krt8+ transitional stem cell state that persists in
human lung fibrosis. Nat. Commun. 11 (1), 3559. doi:10.1038/s41467-020-17358-3

Wang, Y., Zhao, J., Zhang, H., and Wang, C. Y. (2021). Arginine is a key player in
fibroblasts during the course of IPF development.Mol. Ther. 29 (4), 1361–1363. doi:10.
1016/j.ymthe.2021.02.023

Welz, L., Kakavand, N., Hang, X., Laue, G., Ito, G., Silva, M. G., et al. (2022). Epithelial
X-box binding protein 1 coordinates tumor protein p53-driven DNA damage responses
and suppression of intestinal carcinogenesis. Gastroenterology 162 (1), 223–237.e11.
doi:10.1053/j.gastro.2021.09.057

Xylourgidis, N., Min, K., Ahangari, F., Yu, G., Herazo-Maya, J. D., Karampitsakos, T.,
et al. (2019). Role of dual-specificity protein phosphatase DUSP10/MKP-5 in
pulmonary fibrosis. Am. J. Physiol. Lung Cell Mol. Physiol. 317 (5), L678-
L689–L689. doi:10.1152/ajplung.00264.2018

Yan, L., Ke, Y., Kan, Y., Lin, D., Yang, J., He, Y., et al. (2020). New insight into
enzymatic hydrolysis of peptides with site-specific amino acid d-isomerization. Bioorg
Chem. 105, 104389. doi:10.1016/j.bioorg.2020.104389

Yao, H., Wallace, J., Peterson, A. L., Scaffa, A., Rizal, S., Hegarty, K., et al. (2023).
Timing and cell specificity of senescence drives postnatal lung development and injury.
Nat. Commun. 14 (1), 273. doi:10.1038/s41467-023-35985-4

Yu, G., Tzouvelekis, A., Wang, R., Herazo-Maya, J. D., Ibarra, G. H., Srivastava, A.,
et al. (2018). Thyroid hormone inhibits lung fibrosis in mice by improving epithelial
mitochondrial function. Nat. Med. 24 (1), 39–49. doi:10.1038/nm.4447

Zhang, J. H., Deng, J. H., Yao, X. L., Wang, J. L., and Xiao, J. H. (2020). CD4+CD25+
Tregs as dependent factor in the course of bleomycin-induced pulmonary fibrosis in
mice. Exp. Cell Res. 386 (1), 111700. doi:10.1016/j.yexcr.2019.111700

Zhang, Y., Peng, X., Xue, M., Liu, J., Shang, G., Jiang, M., et al. (2023). SARS-COV-
2 spike protein promotes RPE cell senescence via the ROS/p53/p21 pathway.
Biogerontology 24 (5), 813–827. doi:10.1007/s10522-023-10019-0

Frontiers in Pharmacology frontiersin.org14

Guo et al. 10.3389/fphar.2024.1433186

https://www.frontiersin.org/articles/10.3389/fphar.2024.1433186/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2024.1433186/full#supplementary-material
https://doi.org/10.1164/ajrccm.161.2.ats3-00
https://doi.org/10.3390/nu11092205
https://doi.org/10.3390/nu11092205
https://doi.org/10.1007/s00726-020-02892-7
https://doi.org/10.1038/s41568-022-00535-5
https://doi.org/10.1038/s41467-021-27684-9
https://doi.org/10.1093/jb/mvz025
https://doi.org/10.3389/fcell.2021.645593
https://doi.org/10.3389/fcell.2021.645593
https://doi.org/10.3390/ijms21186746
https://doi.org/10.3390/ijms21186746
https://doi.org/10.3390/cancers13040750
https://doi.org/10.3390/cancers13040750
https://doi.org/10.26508/lsa.201800045
https://doi.org/10.26508/lsa.201800045
https://doi.org/10.1371/journal.pone.0249047
https://doi.org/10.3389/fimmu.2021.687397
https://doi.org/10.1038/s41467-020-18979-4
https://doi.org/10.1038/s41467-020-18979-4
https://doi.org/10.1007/978-1-4939-8570-8_24
https://doi.org/10.1183/13993003.01396-2021
https://doi.org/10.3390/ijms21072269
https://doi.org/10.1183/13993003.01469-2021
https://doi.org/10.1165/rcmb.2020-0542MA
https://doi.org/10.3389/fmolb.2021.684934
https://doi.org/10.1016/j.pharmthera.2020.107798
https://doi.org/10.1038/s41467-020-17358-3
https://doi.org/10.1016/j.ymthe.2021.02.023
https://doi.org/10.1016/j.ymthe.2021.02.023
https://doi.org/10.1053/j.gastro.2021.09.057
https://doi.org/10.1152/ajplung.00264.2018
https://doi.org/10.1016/j.bioorg.2020.104389
https://doi.org/10.1038/s41467-023-35985-4
https://doi.org/10.1038/nm.4447
https://doi.org/10.1016/j.yexcr.2019.111700
https://doi.org/10.1007/s10522-023-10019-0
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1433186

	Triiodothyronine acts on DAO to regulate pulmonary fibrosis progression by facilitating cell senescence through the p53/p21 ...
	Introduction
	Materials and methods
	Human samples
	Animal model
	Cell culture and treatment
	Cell scratch assay
	CCK-8 assay
	Transwell assay
	SA-β-gal assay
	Histology, Western blot, immunohistochemistry, and immunofluorescence
	Quantitative PCR
	Lung hydroxyproline, serum T3, FT3, and rT3 levels
	Molecular docking
	Statistical analysis

	Results
	DAO expression was downregulated in the lungs of IPF patients and BLM mouse models
	Dao knockout promoted BLM-induced pulmonary fibrosis in mice
	D-ser suppresses the proliferation and migration of A549 cells
	D-ser is a direct factor in the induced senescence of A549 cells
	DAO regulated BLM-induced cell senescence through p53/p21
	The interaction between T3 and DAO and their role in pulmonary fibrosis
	The anti-fibrotic effect of T3 is associated with dao expression

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


