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Sohlh2 promotes pulmonary fibrosis via repression of p62/
Keap1/Nrf2 mediated anti-oxidative signaling pathway
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Disturbance in the redox balance of alveolar epithelial cells (AECs) was considered as a causal factor for pulmonary fibrosis. The
regulatory mechanisms of redox hemostasis in the development of pulmonary fibrosis remain largely unknown. Using a type II AEC-
specific Sohlh2 conditional knock-in (CKI) mouse model, we found that Sohlh2, a basic HLH transcription factor, accelerated age-
related pulmonary fibrosis. High-fat diet (HFD) resulted in a tremendous increase in lung inflammation and fibrotic changes in the
lung tissues of Sohlh2 CKI mice. Sohlh2 overexpression led to a significant rise of intracellular ROS and apoptosis in the lung, mouse
primary AECIIs, and human A549 cells, which was attenuated by ROS inhibitor (NAC). Sohlh2 enhanced oxidative stress via
repressing p62/Keap1/Nrf2 mediated anti-oxidative signaling pathway. p62, a direct target of Sohlh2, mediated Sohlh2 effects on
ROS generation and apoptosis in A549 cells. Hence, our findings elucidate a pivotal mechanism underlying oxidative stress-induced
pulmonary fibrosis, providing a framework for aging-related disorder interventions.
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INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive lung
interstitial disease with a median survival of 3 ~ 5 years [1]. The
pathophysiology of IPF is characterized by the aberrant accumula-
tion of fibrotic tissue and destruction of the alveolar structure in
the lung, which frequently occurs in the elderly male population
[2]. Currently, patients with IPF have very limited treatment
options. Exploring the molecular mechanism of IPF pathogenesis
is expected to provide a novel target for IPF therapy.
Emerging evidence has demonstrated that an imbalance in the

redox status of alveolar epithelial cells was considered as a causal
factor for IPF [3]. The patients with IPF and animal models of
pulmonary fibrosis show significantly increased ROS production,
cell injury, and apoptosis in lung epithelial cells [4]. Despite
covering ~5% surface lining of the lung, type II alveolar epithelial
cells (AECIIs) serve as a reservoir of cells that proliferate and
differentiate into type I alveolar epithelial cells (AECIs) in response
to pulmonary injury [5, 6]. Dysfunctional mitochondria and ROS
accumulation are evident in AECIIs in the lungs of patients with IPF
[7, 8]. Apoptosis of AECs has been shown to initiate fibrosis, and
secreted factors from senescent epithelial cells can induce
myofibroblast differentiation in vitro [9, 10]. However, the precise
molecular mechanisms of redox imbalance in AECIIs during the
development of IPF remain largely unknown.
p62/Keap1/Nrf2 signaling pathway plays a crucial role to maintain

redox hemostasis. SQSTM1/p62, a selective autophagy adapter,
recruits Kelch-like ECH-associated protein 1 (Keap1) for degradation
by autophagosomes and release of Nuclear factor erythroid 2-related
factor 2 (Nrf2) to the nucleus. Nrf2 induces the expression of

antioxidant genes including glutathione S-transferase (GST), NAD(P)
H: quinone oxidoreductase 1 (NQO1), Hemeoxygenase1 (HO1), and
ferritin heavy chain 1 (FTH1), which have been shown to protect
against pulmonary fibrosis in murine models [11–13]. AECs isolated
from Nrf2-deficient mice are prone to oxidant-induced cell death and
impaired proliferation [14]. Therefore, it is significant to reveal novel
regulators in p62/Keap1/Nrf2 signaling pathway.
Spermatogenesis and oogenesis specific bhlh transcription

factor 2 (Sohlh2) belongs to the superfamily of basic helix-loop-
helix (bhlh) transcription factors [15]. Sohlh2 knockout in mice
results in the blockade of the development of spermatogonia and
primordial follicles [16]. In human tissues, Sohlh2 distributes
widely, especially in epithelial cells [17]. Our results have
confirmed that Sohlh2 is a novel tumor suppressor through its
regulation of cell cycle mediators, such as p21 and cyclin D1 [18].
Recently, we found that Sohlh2 was involved in the regulation of
oxidative stress caused by chemotherapeutic agents in cancer
cells (data not shown). The regulatory mechanisms of Sohlh2 in
the development of IPF are required to explore.
In the present study, the mechanisms associated with how Sohlh2

induced age-related or HFD-induced redox imbalance, and acceler-
ated lung fibrosis, were investigated at a multi-system level. Using a
mouse model of Sohlh2 CKI in AECIIs, cultured mouse primary AECIIs,
and A549 cells, we demonstrated that Sohlh2 attenuated the
activation of the p62/Keap1/Nrf2 signaling pathway to trigger ROS
production. Moreover, we found that p62 was a direct target gene of
Sohlh2, and mediated the effects of Sohlh2 on oxidative stress
damage and lung fibrosis. Our findings provided evidence that
Sohlh2 may serve as a potential therapeutic target in IPF.
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MATERIALS AND METHODS
Generation of Sohlh2 CKI mice
Sohlh2loxP/loxP and SftpcCreERT2+ mice were both purchased from Cyagen
(Suzhou, China). To generate mice with tamoxifen-inducible Sohlh2
expression specifically in AECIIs, Sohlh2loxP/loxP were crossed to SftpcCreERT2+

mice. To induce recombination by CreERT2, 5 consecutive intraperitoneal
tamoxifen (100mg/kg/dose; Sigma-Aldrich, MO, USA) injections, were
given from 6weeks of age. Sohlh2loxP/loxP SftpcCreERT2- mice were used as
the control for experiments. All mice were kept in a controlled
environment with 24 ~ 26 °C, 50% ~ 60% humidity, and 12 h cycle of night
and day. DNA samples were extracted from lungs obtained from
Sohlh2loxP/loxPSftpcCreERT2- (Control) and Sohlh2loxP/loxPSftpcCreERT2+ (Sohlh2
KI) mice using DNeasy Blood and Tissue Kit (Qiagen, Germany), which were
used for genotyping through PCR reactions and the subsequent resolution
by agarose gel electrophoresis. The primer sequences are shown in
Extended Data Table 1. All animal experiments and procedures in this
study were approved by the Committee on Ethical Use of Animals of the
School of Basic Medicine of Shandong University and were performed in
compliance with all relevant ethical regulations.

HFD-induced murine lung fibrotic model
Briefly, 8-week-old mice were fed with HFD (Medicinece, Jiangsu, China) for
8 weeks and sacrificed for subsequent analysis. In parallel experiments,
Mice were randomly divided into the Control/HFD, Sohlh2 KI/HFD, Control/
HFD+ NAC, and Sohlh2 KI/HFD+ NAC groups. Each group contained 5
mice. The phenotype was analyzed by a blind investigator. Four-group
mice were fed with HFD for 8 weeks, at the same time, the mice in Control/
HFD+ NAC and Sohlh2 KI/HFD+NAC groups were fed with 100 μL NAC
solution at the concentration of 30mg/mL every day for 8 weeks.

Bronchoalveolar lavage fluid (BALF) collection and cell count
Briefly, after the mice were euthanized, the lungs were lavaged with 0.8 mL
ice-cold PBS for three times, and the BALF was collected. After
centrifugation for 5 min at 4 °C, the supernatant was stored at −80 °C for
subsequent experiments. The sedimented cell pellets were re-suspended
in 100 μL PBS. The cell number was quantified by a hemocytometer, and
cytospin slides were prepared using 40 μL of the cell suspension with
160 μL of PBS. Slides were stained using Wright-Giemsa staining, and the
numbers of macrophages and neutrophils were counted in a total of at
least 200 cells.

Isolation of murine AECIIs
The Control and Sohlh2 KI mice were euthanized by intraperitoneal
injection of 1% pentobarbital, and a thoracotomy was performed. The
lungs were excised and were digested in 2 mL 1 g/L trypsin (including
DnaseI 0.01 g/L). After filtration sequentially through a 200-mesh Nylon
screen and centrifugation, the supernatant was discarded and the cell
pellets were suspended in DMEM.
The lung cell suspension was inoculated into the petri dish coated with

mouse IgG and incubated for 40min in a 5%CO2 cell incubator at 37°C. The
liquid containing unadhered cells was sucked out and inoculated in
another petri dish coated with mouse IgG and incubated for 40min at 37°C
for two times. Finally, the unadhered cells were sucked out and
centrifugation, the supernatant was discarded and the cell pellets were
suspended in DMEM, then cultured in a 5% CO2 cell incubator at 37°C.
After 24 h, ~90% of adherent cells were AECIIs. The morphological
characteristics and growth of cells were observed by an inverted
microscope every day.

Immunofluorescent staining of isolated AECIIs
Cells were fixed in a 4% fixative solution and permeabilized with 0.2%
Triton X-100. After blocking, the cells were incubated with primary
antibodies against SP-C (Affinity, USA), and then a fluorescent secondary
antibody. Nuclei were stained with DAPI (Beyotime, Haimen, China).
Images were obtained under a fluorescence microscope (Olympus, Tokyo,
Japan) using CellSens Dimension software.

Flow cytometry analysis
For apoptosis analysis, cells were analyzed with Annexin V-FITC/PI
Apoptosis Detection Kit (Vazyme, Nanjing, China). For analysis of ROS,
mouse primary AECIIs and human A549 cells were untreated or treated
with 300 µM PA for 24 h, then collected and suspended in 1 mL PBS

containing 2 µM DHE (Beyotime, Haimen, China) in the dark for 30min at
37 °C. After incubation, samples were examined by flow cytometry
(CytoFLEX, Beckman Coulter, CA, USA), and the data were analyzed using
CytExpert software (Beckman Coulter, CA, USA).

Real-time qPCR
The extraction of total RNA, generation of cDNA, and RT-qPCR were
achieved as described in our previous study [17]. Gene expression was
measured by 2-ΔCt, and the relative gene expression was assayed by 2-ΔΔCt.
Primers used in this study were synthesized by the Beijing Genomics
institution (Beijing, China), and the primer sequences are shown in
Extended Data Table 2.

Western blot analysis
Total proteins from the lung tissues or cells were extracted and analyzed
using Western blot as described in our previous study [19]. Frozen lung
tissues were homogenized and lysed in RIPA buffer (Beyotime, Haimen,
China) containing a protease inhibitor (Solarbio, Beijing, China). Nuclear
and cytosol extracts were prepared using the Nuclear Protein Extraction Kit
(Solarbio, Beijing, China), according to the manufacturer’s instructions.
Subsequently, these cellular fractions underwent Western blot assays.
Histone H3 was used as a nuclear fraction marker, and β-Tubulin was used
as a loading control for cytosol protein [20]. The protein concentrations
were measured with BCA Protein Quantification Kit (Vazyme, Nanjing,
China). Samples mixed with the loading buffer were separated on a 10%
SDS-PAGE gel. After transferring to polyvinylidene fluoride membranes
(Millipore, Bedford, MA) by electrotransfer, the membranes were blocked
with 5% non-fat milk at room temperature for 2 h. The membranes were
probed with appropriate primary antibody at 4 °C overnight, followed by
incubation with peroxidase-conjugated anti-rabbit (or anti-mouse) IgG
antibody for 2 h at room temperature. The interaction was monitored with
a BeyoECL Star (Beyotime, Haimen, China). The antibodies used in the
study are shown in Extended Data Table 3.

Cell culture and treatment
The human cell line A549 was purchased from the Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences (Shanghai, China),
and was maintained in RPMI 1640 medium containing 10% FBS and 1%
penicillin-streptomycin. The cell lines were authenticated by short tandem
repeat (STR) profiling and tested free of mycoplasma. For the stable
overexpression or knockdown of Sohlh2 in A549 cells, DNA transfection
was performed as previously described [21]. Briefly, A549 cells were seeded
at 25% confluence in 10-cm plates the day before transfection. Two days
later, infected cells were selected with 1 μg/mL puromycin (Sigma-Aldrich,
MO, USA) for 2 weeks. The human A549 cells and mouse primary AECIIs
were treated with 300μΜ PA, and the corresponding control group was
treated with PBS. The cells were seeded on coverslips, which were pre-
placed in 24-well plates. After the cell adheres to the coverslips, the cells
were exposed to 300μΜ PA for 48 h after pretreatment with or without
5mM NAC.

MDA assay
The up-right lung lobes of mice were homogenized in PBS at a ratio of 1:10
(weight: volume). A549 cells were collected and homogenized. The levels
of malondialdehyde (MDA) in the lungs, serum, and A549 cell homogenate
were assessed by corresponding kits following the manufacturer’s
instructions (Jiancheng Bioengineering Institute, Nanjing, China).

ELISA assay
The contents of tumor necrosis factor-alpha (TNF-α), transforming growth
factor-beta1 (TGF-β1), and interleukin-6 (IL-6) in BALF, cell culture
supernatant, and the lung tissues were measured using ELISA kits (Excell
Bio, Jiangsu, China). The contents were assayed by comparison of the
optical density (450 nm and 570 nm) with the standard curve.

Histological analysis
After fixation with 4% paraformaldehyde (PFA) and paraffin embedding,
lung sections (4μm) were used in hematoxylin and eosin (H&E), Masson’s
trichrome, immunofluorescence staining assays. For the immunofluores-
cence assay, 5% bovine serum albumin (BSA) was used to block the
sections, after which the tissues were incubated with anti-Sohlh2, anti-α-
SMA, and anti-FN overnight at 4 °C. Then, a fluorescent secondary antibody
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was added for 1 h at 37 °C. The sections were covered with an antifade
solution containing DAPI (Beyotime, Haimen, China). The fluorescence
signals of the lung tissues were visualized with fluorescence microscopy
(Olympus, Tokyo, Japan) using CellSens Dimension software. The
antibodies used for immunofluorescence are shown in Extended Data
Table 3.

TUNEL staining
TUNEL staining for the analysis of apoptosis was performed using One-step
TUNEL In Situ Apoptosis Kit (Elabscience Biotechnology, TX, USA). Images
were obtained under a fluorescence microscope (Olympus, Tokyo, Japan)
using CellSens Dimension software. TUNEL-positive cells displayed green
staining within the nucleus, and the number of TUNEL-positive cells was
counted in three nonoverlapping microscopic fields by a blinded person
under high power magnification and displayed as a percentage.

DHE staining
Intracellular ROS levels were quantitatively analyzed with dihydroethidium
(DHE) (Beyotime, Haimen, China) by measuring fluorescent intensity. The
cells were seeded on coverslips. The freshly prepared DHE (2 μM) was
incubated with the cells in the dark for 30min at 37 °C. The fluorescent
intensity was proportional to ROS levels, and images were captured with a
fluorescence microscope (Olympus, Tokyo, Japan) using CellSens Dimen-
sion software.
After routine dewaxing and hydration of paraffin sections of mouse lung

tissues, the sections were incubated with freshly prepared DHE (2 μM) in
the dark for 30min at 37 °C. After washing three times with PBS, a coverslip
was placed on the section, and fluorescent images were captured using a
fluorescence microscope (Olympus, Tokyo, Japan).

Transmission Electron Microscopy (TEM)
Fixatives for TEM sample preparation were composed of 4% paraformal-
dehyde, 2.5% glutaraldehyde, and 0.02% picric acid in 0.1 M sodium
cacodylate buffer. Murine lungs were inflated with 1.2 mL TEM fixative and
were then excised and transferred to a 50mL polypropylene tube
containing 10mL TEM fixative. A TEM (FEI, OR, USA) was used to obtain
images with an accelerating voltage of 200 kV. AECIIs were identified
according to the appearance of lamellar bodies and the microvilli at the
apical cell membrane.

ChIP assay
ChIP analysis was performed following a previously described protocol
[22]. A549 cells stably expressing Sohlh2 or control vector were prepared
using a Simple ChIP Enzymatic Chromatin IP Kit (Cell Signaling Technology,
MA, USA) following the manufacturer’s guidelines. A549 cells were treated
cross-linked with 37% formaldehyde at a final concentration of 1% at room
temperature for 10min. Fragmented chromatin was treated with nuclease
and subjected to sonication. Chromatin immunoprecipitation was per-
formed with rabbit anti-Sohlh2 antibody (Novus, CO, USA) and normal
rabbit IgG. After reverse cross-linking and DNA purification, immunopre-
cipitated DNA was quantified by real-time PCR using UltraSYBR Mixture
(CWBIO, Jiangsu, China) with primers for Sohlh2 binding sites in the p62
promoter. The human p62 promoter-specific primers used were as follows:
forward 5’-GAAGCTCGGGGTGCGG-3’, reverse 5’-CGGTCCTGGGACTCCCTT-
3′. Primers as negative control sites were 5’-TTTCGGAAGCGTTTTCCC-3’ and
5’-AGCGCGTTCATTCAGGAA-3’. Fold enrichment was calculated based on
the threshold cycle (CT) value of the IgG control using the comparative CT
method.

Luciferase reporter assay
A549 cells were cultured in a 24-well plate and transiently transfected with
Sohlh2 overexpression plasmid, p62 promoter firefly luciferase reporter
construct, and Renilla luciferase plasmid (Promega, WI, USA) using
Lipofectamine2000 (Invitrogen, CA, USA). Luciferase activities were
determined 48 h after transfection using a dual-luciferase reporter assay
system (Vazyme, Nanjing, China). Results were represented as the ratio of
Firefly to Renilla luciferase activity and normalized to vector control.

Statistical analysis
All experiments were independently repeated three times. Results were
shown as the mean ± SD values. All data were analyzed with GraphPad
Prism 7 software (San Diego, CA, USA). The Student t-test was used to

assess the significant difference between groups. In these analyses, P-
value < 0.05 was considered as a statistically significant difference.

RESULTS
The generation of inducible AECII-specific Sohlh2 knock-
in mice
To elucidate the function of Sohlh2 in AECIIs, conditionally knock-
in Sohlh2 genes in murine AECIIs were generated by the Cre-loxP
system. Genetically modified mice harboring Sohlh2 flanked by
loxP-stop-loxP sites were crossed with SftpcCreERT2+ mice (Fig. 1a).
Tamoxifen treatment resulted in the selective expression of
Sohlh2 genes in AECIIs (Sohlh2loxP/loxPSftpcCreERT2+, Sohlh2 KI mice)
as confirmed by genotyping (Fig. 1b) and immunoblotting (Fig.
1c). Sohlh2loxP/loxPSftpcCreERT2- mice were used as controls. These
results showed that the AECII-specific Sohlh2 knock-in murine
model was successfully constructed.

Sohlh2 overexpression in AECIIs causes spontaneous age-
related pulmonary fibrosis
To clarify the role of Sohlh2 overexpression in AECIIs in the
occurrence and progression of pulmonary fibrosis. We evaluated
fibrotic responses in the lungs of 2-, 4-, 8-month-old Sohlh2 KI
male mice and their littermate controls. MicroCT analysis of 8-
month-old Sohlh2 KI mice showed an obvious change in the lung
density and increased parenchymal opacity compared to the
Control mice, and at the age of 2 months, Sohlh2 KI mice were
indistinguishable from the controls (Fig. 2a). Morphologically, the
lung structure of 2 M Control and Sohlh2 KI mice was normal, and
there was no significant difference in lung morphology between
the two groups, while Sohlh2 KI mice showed age-related lung
collapse and fibrogenesis (Fig. 2b). There was an increment in the
thickness of the alveolar wall, interstitial infiltrated inflammatory
cells, and the collapse of the alveoli in the lungs of mice as they
aged, which were evidenced by the histological evaluation (Fig.
2c). Sohlh2 KI mice developed age-related progressive lung
fibrosis, Masson’s trichrome staining showed accelerated collagen
deposition in the Sohlh2 KI group, while there were indistinguish-
able between the two groups at the age of 2 months (Fig. 2c). The
severe fibrosis was accompanied by upregulated expression of
fibrotic genes, including Collagen I, fibronectin (FN), α-SMA, TGF-
β1, CTGF, and E-cadherin (Fig. 2d–f). These results indicate that
Sohlh2 overexpressing in AECIIs promotes age-related pulmonary
fibrosis.
To determine the inflammatory injury of lung tissues in 8-

month-old Sohlh2 KI mice and the control group, we analyzed the
inflammatory responses and cell apoptosis in lung tissues. The
data showed the expression of proinflammatory cytokines was
upregulated in the Sohlh2 KI mice (Fig. 2g). Similarly, the number
of total cells, macrophages, and neutrophils dramatically aggran-
dized in the BALF of 8-month-old Sohlh2 KI mice compared to the
Control mice (Fig. 2h). The result of the ELISA assay showed that
Sohlh2 overexpression in AECIIs led to augmenting the secretion
of IL-6, TNF-α, and TGF-β1 in the lungs and BALF of 8-month-old
Sohlh2 KI mice (Fig. 2i). To determine the cell apoptosis in lung
tissues, a TUNEL assay was performed in the lung sections of 2-
and 8-month-old Sohlh2 KI and their controls. The numbers of
TUNEL-positive cells increased in 8-month-old Sohlh2 KI lungs
compared to the Control mice, while at the age of 2 months, there
were no significant changes between the two groups (Fig. 2j). To
sum up, Sohlh2 overexpression in AECIIs enhanced inflammatory
responses and cell apoptosis in the mouse lung tissues.

Sohlh2 aggravates the progression of pulmonary fibrosis
induced by HFD
Metabolic stress could cause pulmonary fibrosis. To explore the
role of Sohlh2 in pulmonary fibrosis induced by metabolic stress,
we fed 8-week-old Sohlh2 KI mice with HFD containing 60% fat by
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kilocalories for 8 weeks and assessed their lung morphology,
inflammatory responses, and collagen deposition after HFD
treatment. HFD-fed Control and Sohlh2 KI mice gained a similar
amount of body weight. MicroCT analysis of HFD-fed Sohlh2 KI
mice showed a marked change in the lung density and heighten
parenchymal opacity compared with the Control mice (Fig. 3a).
Morphologically, HFD-fed Sohlh2 KI mice had a more severe lung
collapse and more fibrous nodules compared to the Control mice
(Fig. 3b). After HFD treatment, Sohlh2 enhanced lung inflamma-
tory responses as well as destructed lung architecture with
thickened alveolar septa and collapsed alveolar spaces, which
were evidenced by the histological evaluation (Fig. 3b). Masson
trichrome-stained sections showed more severe fibrosis in the
lungs of HFD-fed Sohlh2 KI mice compared with the Control mice
(Fig. 3b). Sohlh2 elevated the expression of TGF-β1, as well as
other genes (Collagen I, FN, α-SMA, CTGF, and E-cadherin)
involved in lung fibrogenesis after HFD treatment (Fig. 3c, d).
Similarly, HFD-induced Sohlh2 KI lungs are characterized by
architectural tissue remodeling with the accumulation of FN and
α-SMA (Fig. 3e). To determine the molecular consequences of HFD
feeding, we performed qPCR analysis and observed considerably
upregulated expressions of genes involved in proinflammatory
cytokines (IL-1β, IL-6, IL-8, and TNF-α) in the lungs of the Sohlh2 KI
mice (Fig. 3f). Moreover, Sohlh2 markedly enlarged the number of
total cells, macrophages, and neutrophils in BALF (Fig. 3g), and
significantly improved the abundance of IL-6, TNF-α, TGF-β1 in
BALF and lung tissues of HFD-fed mice (Fig. 3h). The analyses
above clearly elucidate that Sohlh2 aggravates pulmonary fibrosis
induced by HFD.

Sohlh2 enhances oxidative stress in the lungs and
cultured AECIIs
Excessive ROS production causes oxidative stress, leading to cell
damage. Numerous studies have reported that oxidative stress is
involved in the pathogenesis of pulmonary fibrosis [23, 24]. DHE
staining analysis in the lung tissues of 2-, 4-, 8-month-old mice and
HFD-fed mice showed that ROS levels in lung tissues increased
gradually with age, and Sohlh2 significantly augmented the
production of ROS in lung tissues. Following HFD stimulation, this
effect was more obvious (Fig. 4a). One of the features of oxidative

stress is the high level of MDA, a product of lipid peroxide. The
results showed that the MDA content in Sohlh2 KI lung tissue
homogenate and serum of 8-month-old and HFD-fed mice was
significantly higher than that of the Control mice (Fig. 4b). AECs
are the primary site of injury and trigger the fibrotic responses
[25]. We next examined mitochondrial ultrastructural changes in
AECIIs in the murine model of HFD-induced lung fibrosis through
TEM. AECIIs of Sohlh2 KI mice exposed to HFD showed swollen
mitochondria with disrupted cristae compared to the controls (Fig.
4c). These results demonstrate that Sohlh2 could promote the
occurrence and progression of pulmonary fibrosis by aggravating
oxidative stress and mitochondrial damage of AECIIs in mouse
lung tissues.
The accumulation of ROS in AECIIs is the main reason for the

alveolar epithelial damage [26, 27]. We isolated AECIIs from
Sohlh2 KI lungs and the control group. As shown in Fig. 4d,
mouse primary AECIIs were round or cuboidal, with obvious fine
particles in the cytoplasm, obvious nuclei, and island-shaped
growth. We detected SP-C expression by immunofluorescence
staining, a surface-active protein specifically expressed in
AECIIs. The results showed that about 90% of the cultured cells
expressed SP-C protein (red) (Fig. 4d), indicating that we
successfully obtained mouse primary AECIIs. To mimic the
metabolic stress in vivo, we examined the oxidative stress
damage of mouse primary AECIIs and human A549 cells treated
with 300 μM PA. The data showed that Sohlh2 significantly
strengthened DHE fluorescent intensities and the levels of MDA
in AECIIs (Fig. 4e–g), while Sohlh2 knockdown reduced MDA
levels and DHE fluorescent intensities in AECIIs (Extended Data
Fig. 1a–c). These analyses indicate that Sohlh2 enhances
oxidative stress in mouse and human AECIIs.
Excessive ROS could lead to cell apoptosis and secretion of the

proinflammatory cytokines[4, 25, 28]. We detected the expression
level of proinflammatory cytokines and apoptosis in AECIIs
treatment with PA for 48 h. The results of qPCR and ELISA assays
showed that Sohlh2 significantly upregulated the expression of
proinflammatory cytokines (IL-1β, IL-6, IL-8, and TNF-α) in mouse
primary AECIIs and human A549 cells (Fig. 4h, i), while knockdown
Sohlh2 resulted in the opposite effects (Extended Data Fig. 1d, e).
We further detected the cell apoptosis of PA-induced AECIIs by

Fig. 1 The generation of inducible AECII-specific Sohlh2 knock-in mice. a Schema demonstrating the process of AECII-specific mice (Sohlh2
KI) mice generation using tamoxifen-inducible Sftpc-promoter driven CreERT2. Sohlh2loxP/loxPSftpcCreERT2- male mice were used as controls.
b Sohlh2loxP/loxP mice were crossed to SftpcCreERT2+ mice, and genotypes of offspring mice were identified by PCR (n= 3 mice per group).
c Representative images and quantification analysis of Western blot assay showing Sohlh2 protein levels in the Control and Sohlh2 KI mouse
lungs (n= 4 mice per group). Data are presented as the mean ± SD. *P < 0.05.
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Fig. 2 Sohlh2 overexpression in AECIIs causes spontaneous age-related pulmonary fibrosis. a Representative images of reconstructed
anatomical X-ray MicroCT obtained from 2M and 8M mice showed parenchymal opacity. b Representative images showing gross lung
morphology of 2-, 4-, and 8-month-old mice. c Representative images and quantification analysis of HE and Masson staining in sections from
the indicated 2 M, 4 M, and 8M lungs of the Control and Sohlh2 KI mice. Scale bars: 50 μm. d Representative images of immunofluorescence
staining in the lung tissue samples of 8 M mice showing Sohlh2 (red), α-SMA (red), FN (red), and nuclei (blue). Scale bars: 50 μm. e, f qPCR and
Western blot analysis of the expression of fibrosis-related genes in the indicated Control- and Sohlh2 KI-lungs. g qPCR analysis of
proinflammatory cytokines in the Control- and Sohlh2 KI-lungs. h The total cells, macrophages, and neutrophils in the BALF of 8 M Control and
Sohlh2 KI mice. i ELISA analysis of proinflammatory cytokines in the indicated lungs and BALF. j Representative images and quantification
analysis of TUNEL staining in sections from the indicated 8 M Control- and Sohlh2 KI-lungs. Scale bars: 50 μm. Data are presented as the
mean ± SD. ns. P > 0.05, *P < 0.05, **P < 0.01, and ***P < 0.001.
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TUNEL staining and FACS analysis. The results showed that Sohlh2
promoted the percentage of apoptotic cells in mouse primary
AECIIs and A549 cells (Fig. 4j, k), while the percentage of cell
apoptotic cells was significantly lower in the Sohlh2 knockdown
group compared to the control group (Extended Data Fig. 1f, g).
Collectively, the data suggest that Sohlh2 enhances oxidative
stress damage in AECIIs treatment with PA.

NAC attenuated Sohlh2-mediated oxidative stress in AECIIs
and pulmonary fibrosis
To further explore whether Sohlh2 accelerates the development of
pulmonary fibrosis by regulating oxidative stress in AECIIs, A549
cells were pretreated with or without NAC, an inhibitor of
oxidative stress, and then treated with PA for 48 h. The results
of DHE staining and FACS analysis showed that NAC could
partially block the production of ROS induced by Sohlh2
overexpression in A549 cells (Fig. 5a, b). Then we detected the
cell apoptosis and inflammatory responses of PA-induced A549
cells pretreated with or without NAC. The data showed that NAC
could significantly reduce the cell apoptosis (Fig. 5c) and the
expression of IL-6, IL-1β, and TNF-α (Fig. 5d, e) in Sohlh2
overexpression A549 cells. These results suggest that NAC
significantly alleviates oxidative stress, cell apoptosis, and
inflammatory injury in Sohlh2 overexpression A549 cells after PA
treatment.

The Control and Sohlh2 KI mice were fed with HFD, meanwhile
treated with or without 100 μL NAC (30mg/mL) for 8 weeks to
evaluate whether scavenging ROS attenuates the occurrence and
progression of pulmonary fibrosis. There were no obvious
pathological changes in the lungs of the Sohlh2 KI mice after
NAC treatment (Fig. 5f). HE and Masson staining of lung sections
showed that NAC reduced the infiltration of inflammatory cells
and the deposition of collagenous fibers in the Sohlh2 KI mice fed
with HFD, and significantly improved the degree of fibrosis (Fig.
5g). As shown in Fig. 5h, Sohlh2 significantly boosted DHE and α-
SMA fluorescent intensity in HFD-induced lung tissue sections,
which was substantially attenuated by NAC treatment. Further-
more, the expression of fibrogenesis-related genes (Collagen I, FN,
and α-SMA) was upregulated in the Sohlh2 KI/HFD group
compared with the Control/HFD group, and this increase was
partially reversed by the addition of NAC (Fig. 5I, j). To determine
the protective effect of scavenging ROS on inflammation
response, markers related to these processes in the serum or
lung tissues of the Control/HFD group, Sohlh2 KI/HFD group,
Control/HFD+ NAC group, and Sohlh2 KI/HFD+ NAC group were
measured. Compared with the Sohlh2 KI/HFD group, NAC
treatment markedly reduced the levels of IL-1β, IL-6, and TNF-α
in the Sohlh2 KI mice (Fig. 5k). Taken together, these results
suggest that NAC reduces the oxidative stress of AECIIs and
pulmonary fibrosis caused by Sohlh2.

Fig. 3 Sohlh2 aggravates the occurrence and progression of pulmonary fibrosis induced by HFD. a Representative images of reconstructed
anatomical X-ray MicroCT showing parenchymal opacity of lungs obtained from HFD-fed mice. b Representative images showing gross lung
morphology of HFD-fed mice (left), n= 5 mice per group; representative photomicrographs of HE-stained lung sections (middle). Scale bars:
100 μm; representative images of Masson’s trichrome-stained lung sections at 8 weeks after HFD treatment (right). Scale bars: 100 μm. The
histogram on the right is the statistical analysis of Masson’s trichome staining. c, d qPCR and Western blot analysis of profibrotic gene
expression at mRNA and protein levels from the indicated lung tissues of HFD mice. e Immunofluorescence staining analysis of representative
mice lung tissue samples of HFD mice showing Sohlh2 (red), α-SMA (red), FN (red), and nuclei (blue). Scale bars: 50 μm. f qPCR analysis of
proinflammatory cytokines mRNA levels from the indicated lung tissues after 8-week HFD treatment. (n= 3). g The total cells, macrophages,
and neutrophils in the BALF of the Control and Sohlh2 KI mice after 8-week HFD treatment. h ELISA analysis of proinflammatory cytokines in
the Control- and Sohlh2 KI-lungs and the indicated BALF after 8-week HFD treatment. Data are presented as the mean ± SD. *P < 0.05,
**P < 0.01, and ***P < 0.001.
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Fig. 4 Sohlh2 enhances oxidative stress in the lungs and cultured AECIIs. a Representative photographs of DHE fluorescent imaging of
lung tissue sections. Scale bars: 100 μm. b The levels of MDA in the lung tissues of 8 M and HFD mice were detected. c Representative
TEM images of AECIIs from the Control and Sohlh2 KI mice after 8-week HFD treatment. Mitochondrial profiles showed enlarged swollen
mitochondria in Sohlh2 KI AECIIs. Boxed regions are enlarged at the right. Scale bars: 1 μm. d Under an inverted phase-contrast
microscope, the morphology of murine primary AECIIs (left). Scale bars: 50 μm; the expression of cell surfactant protein SP-C was
measured by immunofluorescence staining (right). Scale bars: 50 μm. e ROS levels were measured by DHE fluorescent intensity in murine
primary AECIIs and A549 cells treated with or without 300 μM PA. Scale bars: 50 μm. f Detection of ROS level and average
immunofluorescence intensity of mouse primary AECIIs and human A549 cells treated with or without PA by FACS. g The levels of MDA
were shown in Sohlh2 overexpression A549 cells treated by PA. h qPCR analysis of proinflammatory cytokines mRNA levels from mouse
primary AECIIs and human A549 cells treated by PA. (n= 3). i ELISA analysis of IL-6, TNF-α, and TGF-β1 in the culture medium of Sohlh2
overexpression A549 cells treated by PA. j Representative images and quantification analysis of TUNEL staining in mouse primary AECIIs
and human A549 cells treated with or without PA. (n= 3). Scale bars: 20 μm. k Percentages of Annexin V-positive cells upon PA treatment
were examined by FACS. Cells treated with PBS served as the control. (n= 3). Data are presented as the mean ± SD. ns. P > 0.05, *P < 0.05,
**P < 0.01, and ***P < 0.001.
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Fig. 5 NAC attenuated Sohlh2-mediated oxidative stress in AECIIs and pulmonary fibrosis. Sohlh2 overexpression and the control A549
cells were pretreated with or without NAC (5 mM), then treated with 300 μM PA for 48 h. a Representative photographs of DHE fluorescent
imaging of A549 cells. Scale bars: 50 μm. b The ROS levels in the indicated A549 cells were detected by FACS. c Representative images and
quantification analysis of TUNEL staining in A549 cells. (n= 3). Scale bars: 20 μm. d qPCR analysis of proinflammatory cytokines mRNA levels in
the indicated A549 cells. (n= 3). e ELISA analysis of IL-6, TNF-α, and TGF-β1 in the supernatant of A549 cells obtained from different groups.
f Representative images showing gross lung morphology of mice obtained from the Control/HFD, Sohlh2 KI/HFD, Control/HFD+NAC, and
Sohlh2 KI/HFD+NAC groups. (n= 5). g Representative images and quantification analysis of HE and Masson staining in sections from the
Control and Sohlh2 KI lungs after 8-week HFD and NAC treatment. Scale bars: 100 μm. h Representative images of DHE fluorescent imaging of
lung tissue sections in four groups. Scale bars: 100 μm; Representative images showing α-SMA (red) and nuclei (blue) in lung sections. Scale
bars: 50 μm. i, j qPCR and Western blot analysis of profibrotic gene expression at mRNA and protein levels from indicated lung tissues. k qPCR
analysis of proinflammatory cytokines mRNA levels from indicated lung tissues. Data are presented as the mean ± SD. ns. P > 0.05, *P < 0.05,
**P < 0.01, and ***P < 0.001.
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Sohlh2 inhibits the activation of the p62/Keap1/Nrf2 signaling
pathway by repressing p62 transcription in the lungs
and AECIIs
To dissect potential mechanisms underlying the Sohlh2-induced
oxidative stress of cultured AECIIs in vitro, we performed qPCR and
Western blot analysis to investigate the regulation of Sohlh2 on
the Nrf2 signaling pathway [29], a classic intracellular antioxidant
pathway, in mouse primary AECIIs and human A549 cells. qPCR
results showed that mRNA levels of Nrf2 downstream target genes
(Gsta1, Gstm1, Gstp1, HO1, NQO1, and FTH1) in Sohlh2-
overexpression AECIIs were significantly decreased compared to
the control group, however, mRNA levels of Nrf2 were unchanged
between the two groups (Fig. 6a, Extended Data Fig. 2a).
Considering that Nrf2 activates its target gene expression as a
transcriptional factor only in the nucleus [30, 31], we next tried to
determine the nuclear translocation of Nrf2 in AECIIs. As expected,
we did observe that Nrf2 contents in the nuclear fraction were
significantly lower in Sohlh2-overexpression AECIIs than in the
control group, whereas cytosolic Nrf2 levels were similar between
the two groups, but total protein levels of Nrf2 were greatly
decreased in Sohlh2-overexpression AECIIs, compared to the
control group (Fig. 6b); in contrast, Sohlh2 knockdown had the
opposite effects (Extended Data Fig. 2b). Hence, these results
suggest that elevation of Sohlh2 could suppress Nrf2 activity and
its translocation but not its mRNA levels in AECIIs.
SQSTM1/p62 is an essential selective autophagy junction

protein, which contains the ubiquitin-related domain to bind to
Keap1. Keap1 degradation is induced by p62-mediated autop-
hagy, resulting in the release and translocation of Nrf2 to the
nucleus where it activates the transcription of antioxidant genes
[11, 12, 32]. We thus determined protein levels of Keap1, p62, and
total Nrf2 in mouse primary AECIIs and A549 cells. Western blot
analysis revealed that Keap1 protein levels were significantly
escalated, whereas the levels of p62 and total Nrf2 were
dramatically diminished in mouse primary AECIIs and human
A549 cells treated with PA, compared to the control group (Fig.
6c). In contrast, Sohlh2 knockdown A549 cells showed lower levels
of Keap1 and higher levels of p62 and total Nrf2 in comparison to
the controls (Extended Data Fig. 2c). The qPCR analysis showed
that the mRNA level of p62 was greatly decreased in Sohlh2
overexpression primary AECIIs and human A549 cells (Fig. 6a). To
further confirm the mechanism of Sohlh2 in the regulation of
AECII oxidative stress during the development of pulmonary
fibrosis, we examined the effect of Sohlh2 on regulating the p62/
Keap1/Nrf2 signaling pathway in the lung tissues of 8 M and HFD-
fed mice. Consistent with the results of in vitro experiments,
mRNA levels of p62 and Nrf2 target genes (Gsta1, Gstm1, Gstp1,
NQO1, and FTH1) in the lung tissues of 8 M and HFD-fed Sohlh2 KI
mice were significantly downregulated compared to the Control
mice (Fig. 6a). Western blot results showed that protein levels of
p62 and total Nrf2 were significantly decreased, and Keap1
expression was markedly upregulated in the lung tissues of the
Sohlh2 KI mice (Fig. 6d, e). Collectively, these data demonstrated a
possible connection between Sohlh2 and the p62/Keap1/Nrf2 axis.
Sohlh2 is a member of the bHLH transcription factor family,

which can bind to the conserved E-box sequence of the target
gene promoters and regulate the expression of downstream
target genes [22]. Therefore, we analyzed the binding site of
Sohlh2 in the promoter region of p62 using the JASPAR database
(Fig. 6f). To determine whether Sohlh2 could bind directly to the
promoter region of p62 and represses its transcription, we
performed a ChIP assay using Sohlh2-overexpression A549 cells
and the control cells. ChIP analysis demonstrated the enrichment
of Sohlh2 at the promoter of p62 (Fig. 6g). The results of the dual-
luciferase reporter assay revealed that Sohlh2 overexpression
reduced the luciferase activities driven by the p62 promoter. In
comparison, Sohlh2 knockdown significantly enhanced the
luciferase activities driven by the p62 promoter (Fig. 6h). These

results indicated that Sohlh2 could directly bind to the promoter
region of p62 to repress p62 transcription. Our study demon-
strated that Sohlh2 overexpression inhibited the activation of the
p62/Keap1/Nrf2 signaling pathway by repressing p62 transcription
to induce oxidative stress in AECIIs, which led to severe pulmonary
fibrosis.

p62 overexpression prevents AECIIs from Sohlh2-induced
oxidative stress damage and blocks the effect of Sohlh2 in
activating the Keap1/Nrf2 signaling pathway
To confirm whether p62 mediates Sohlh2-induced oxidative stress
damage in AECIIs, the p62-overexpression plasmid was trans-
fected into Sohlh2 overexpressing AECIIs. The results of DHE
staining and FACS analysis showed that the overexpression of p62
could partially attenuate the production of ROS in Sohlh2
overexpression AECIIs (Fig. 7a, b). We detected the cell apoptosis
and inflammatory responses of Sohlh2 overexpressing A549 cells
transfected with or without p62 plasmid, the data showed that
p62 could markedly reduce the cell apoptosis and the expression
of IL-1β, IL-6, and TNF-α in Sohlh2 overexpression A549 cells (Fig.
7c–f). To clarify whether p62 mediates the effect of Sohlh2 on
activating the Keap1/Nrf2 signaling pathway, the expression of
Keap1, total Nrf2, and its target genes were examined in Sohlh2
overexpression A549 cells transfected with p62 overexpression
plasmid. Western blot results confirmed that p62 partially reduces
Sohlh2-mediated Nrf2 entry into the nucleus and activation of the
Keap1/Nrf2 signaling pathway (Fig. 7g–i).
Indeed, the qPCR analysis showed that p62 partially blocked the

expression of Nrf2 target genes caused by Sohlh2 overexpression
in AECIIs. These results reveal that p62 mediates the effects of
Sohlh2 on oxidative stress damage and activation of the Keap1/
Nrf2 signaling pathway in AECIIs (Fig. 8).

DISCUSSION
Here we uncovered a critical role for Sohlh2 in age-related and
HFD-induced pulmonary fibrosis. Overexpression of Sohlh2 in
AECIIs led to mitochondrial dysfunction, excessive ROS produc-
tion, and fibrogenesis in the murine lungs.
Alveolar epithelial cells are composed of AECIs and AECIIs. In

addition to the secretion of lung surfactant, AECIIs function as the
main progenitors of alveoli, which differentiate into AECIs for
alveolar repair [5]. Accumulating evidence has demonstrated that
impaired AECIIs function caused by aging and environmental
stress is a major contributor to pulmonary fibrogenesis [33].
During the development of pulmonary fibrosis, mitochondrial
dysfunction is a key pathogenic event in AECIIs injury [8, 34]. The
depletion of the mitochondrial fusion proteins mitofusin1 (Mfn1)
and mitofusin2 (Mfn2) in murine AECIIs leads to impaired lipid
metabolism and spontaneous lung fibrosis [35]. Using AECII
specific Sohlh2 CKI mouse model, we confirmed that Sohlh2
overexpression caused mitochondrial damage in AECIIs and
spontaneous lung fibrosis, and Sohlh2 in AECIIs also largely
enhanced HFD-driven oxidative stress, fibrotic remodeling,
inflammation, and cell death. Our findings provided evidence
that Sohlh2 may be a therapeutic target in lung fibrosis. Our
current work also supports the present theory that injury to AECIIs
encourages the aberrant alveolar repair process eventually leading
to the extensive lung remodeling observed in IPF.
Oxidative stress plays a very important role in age-related lung

fibrosis [36, 37], which is characterized by the accumulation of
MDA and ROS. ROS act as a double-edged sword in tissues, where
low levels of ROS are beneficial but excessive accumulation leads
to inflammation and fibrogenesis. The high levels of ROS are
associated with the damage of epithelial cells in IPF [2, 3, 38]. HFD
contributes to mitochondrial alternation and ROS generation,
which triggers the tendency of pulmonary fibrogenesis. Sohlh2
overexpression led to age-related pulmonary fibrosis and
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Fig. 6 Sohlh2 inhibits the activation of the p62/Keap1/Nrf2 signaling pathway by repressing p62 transcription in the lungs and AECIIs.
a qPCR analysis of Sohlh2, p62, Keap1, Nrf2 and its target genes in murine primary AECIIs and human A549 cells treated by 300 μM PA; qPCR
analysis of Sohlh2, p62, Nrf2, and its downstream target genes expression in the indicated lungs of 8 M and HFD-fed mice. b Representative
Western blot and quantification analysis showing the expression levels of Sohlh2, total Nrf2, and nuclear Nrf2 in Sohlh2 overexpressing A549
cells treated by PA. n= 4. GAPDH or β-Tubulin was used as a loading control for total or cytosolic proteins, and Histone H3 was used as a
loading control for nuclear proteins. c Representative Western blot and quantification analysis showing the protein expression levels of
Sohlh2, p62, Keap1, and total Nrf2 in mouse primary AECIIs and A549 cells treated by PA. d, e Representative Western blot and quantification
analysis showing the expression levels of Sohlh2, p62, Keap1, and total Nrf2 in the Control and Sohlh2 KI lungs of 4 M, 8 M, and HFD-fed mice.
f Predictive binding sites of Sohlh2 to p62 promoter region. g ChIP analysis of forced Sohlh2 expression and A549 cells using an anti-Sohlh2
antibody for p62 promoter. h p62 promoter-luciferase reporter activity in Sohlh2 overexpression and Sohlh2 shRNA A549 cells. Data are
presented as the mean ± SD. ns. P > 0.05, *P < 0.05, **P < 0.01, and ***P < 0.001.
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augmented HFD-induced pulmonary fibrosis via induction of ROS
generation. ROS inhibitor (NAC) blocked the effects of Sohlh2 on
redox imbalance and fibrogenesis in the lungs. These findings
confirmed that Sohlh2 induced spontaneous pulmonary fibrogen-
esis via augmenting ROS production for the first time.
The endogenous ROS in cells is mainly from mitochondrial

oxidative phosphorylation and activation of NADPH oxidases
(NOXs). Targeting NOX4 promotes the regression of pulmonary
fibrosis [39, 40]. We first detected the expression of NADPH
oxidases at mRNA and protein levels. None of them was
upregulated by Sohlh2 (Extended. Fig. 3a, b). Elevated levels of

ROS are counteracted by the antioxidant defense system [41].
Nrf2, a key redox balance regulator, maintains the phenotype of
AECIIs and enhances the defense of alveolar cells against
inflammatory damage [42]. Loss of Nrf2 leads to increased ROS
production and exacerbates fibrosis [14]. Our results showed that
Sohlh2 dramatically downregulated Nrf2 at the protein level, while
not at the mRNA level. p62 facilitates the competitive binding of
Keap1 and prolongs the half-life of Nrf2 [12, 43]. The results of the
ChIP and luciferase reporter showed that p62 was the direct target
of Sohlh2. Sohlh2 inhibited the activation of Nrf2 signaling via
repressing p62 transcription. p62 mediated the effects of Sohlh2

Fig. 7 p62 overexpression prevents AECIIs from Sohlh2-induced oxidative stress damage and blocks the effect of Sohlh2 on the Keap1/
Nrf2 signaling pathway. p62 overexpression or control plasmid was transfected into the control and Sohlh2 overexpressing A549 cells. a ROS
levels were measured by DHE fluorescent intensity in four group A549 cells treated by PA. Scale bars: 50 μm. b Detection of ROS levels in four
group A549 cells treated by PA by FACS. c Representative images and quantification analysis of TUNEL staining in four group A549 cells
treated by PA. (n= 3). Scale bars: 20 μm. d Percentages of Annexin V-positive cells upon PA treatment were examined by FACS. e, f qPCR and
ELISA analysis of the expression of proinflammatory cytokines from four group A549 cells treated by PA. g Representative Western blot images
and quantification analysis showing the expression levels of Sohlh2, total Nrf2, and nuclear Nrf2 in the indicated A549 cells. h Representative
Western blot images and quantification analysis showing the expression levels of Sohlh2, p62, Keap1, and total Nrf2 in the indicated A549
cells. i qPCR analysis of the expression of Nrf2 target genes (HO1, NQO1, Gsta1) in the indicated A549 cells. Data are presented as the
mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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on ROS production and the development of pulmonary fibrosis.
Together, our findings indicate that Sohlh2 attenuates p62/Keap1/
Nrf2 signaling pathway, and triggers increased ROS production,
driving fibrogenesis in the lung. There are several E-box sequences
located in the promoter of p62. In the future study, it is worth
exploring which E-box sequence mediates the inhibitory effect of
Sohlh2 on p62 transcription.
In conclusion, our findings defined a novel role of Sohlh2 in

age-related and stress-induced fibrogenesis. Our results showed
that the Sohlh2/p62/Keap1/Nrf2 axis functioned in the regulation
of ROS generation, thereby governing inflammation, cell apopto-
sis, and fibrogenesis in the lung under different conditions. Our
study provided proof that targeting Sohlh2 may prevent age-
related and stress-induced pulmonary fibrosis.

DATA AVAILABILITY
The related data during the present study are available from the corresponding
author on reasonable request.

REFERENCES
1. Richeldi L, Collard HR, Jones MG. Idiopathic pulmonary fibrosis. Lancet.

2017;389:1941–52.
2. Phan T, Paliogiannis P, Nasrallah GK, Giordo R, Eid AH, Fois AG, et al. Emerging

cellular and molecular determinants of idiopathic pulmonary fibrosis. Cell Mol
LifeSci. 2021;78:2031–57.

3. Otoupalova E, Smith S, Cheng G, Thannickal VJ. Oxidative stress in pulmonary
fibrosis. Compr Physiol. 2020;10:509–47.

4. Williamson JD, Sadofsky LR, Hart SP. The pathogenesis of bleomycin-induced
lung injury in animals and its applicability to human idiopathic pulmonary
fibrosis. Exp Lung Res. 2015;41:57–73.

5. Hewlett JC, Kropski JA, Blackwell TS. Idiopathic pulmonary fibrosis: epithelial-
mesenchymal interactions and emerging therapeutic targets. Matrix Biol.
2018;71-72:112–27.

6. Wolters PJ, Collard HR, Jones KD. Pathogenesis of idiopathic pulmonary fibrosis.
Annu Rev Pathol Mech. 2014;9:157–79.

7. Shenderov K, Collins SL, Powell JD, Horton MR. Immune dysregulation as a driver
of idiopathic pulmonary fibrosis. J Clin Invest. 2021;131:e143226.

8. Bueno M, Lai YC, Romero Y, Brands J, St CC, Kamga C, et al. PINK1 deficiency
impairs mitochondrial homeostasis and promotes lung fibrosis. J Clin Invest.
2015;125:521–38.

9. Ornatowski W, Lu Q, Yegambaram M, Garcia AE, Zemskov EA, Maltepe E, et al.
Complex interplay between autophagy and oxidative stress in the development
of pulmonary disease. Redox Biol. 2020;36:101679.

10. Hung C, Linn G, Chow Y, Kobayashi A, Mittelsteadt K, Altemeier WA, et al. Role of
lung pericytes and resident fibroblasts in the pathogenesis of pulmonary fibrosis.
Am J Resp Crit Care. 2013;188:820–30.

11. Bartolini D, Dallaglio K, Torquato P, Piroddi M, Galli F. Nrf2-p62 autophagy
pathway and its response to oxidative stress in hepatocellular carcinoma. Transl
Res. 2018;193:54–71.

12. Komatsu M, Kurokawa H, Waguri S, Taguchi K, Kobayashi A, Ichimura Y, et al. The
selective autophagy substrate p62 activates the stress responsive transcription
factor Nrf2 through inactivation of Keap1. Nat Cell Biol. 2010;12:213–223.

13. Silva-Islas CA, Maldonado PD. Canonical and non-canonical mechanisms of Nrf2
activation. Pharmacol Res. 2018;134:92–9.

14. Cho HY, Reddy SP, Yamamoto M, Kleeberger SR. The transcription factor NRF2
protects against pulmonary fibrosis. Faseb J. 2004;18:1258–60.

15. Sun H, Ghaffari S, Taneja R. bHLH-orange transcription factors in development
and cancer. Transl Oncogenom. 2007;2:107–20.

16. Hao J, Yamamoto M, Richardson TE, Chapman KM, Denard BS, Hammer RE, et al.
Sohlh2 knockout mice are male-sterile because of degeneration of differentiating
type A spermatogonia. Stem Cells. 2008;26:1587–97.

17. Zhang X, Liu X, Cui W, Zhang R, Liu Y, Li Y, et al. Sohlh2 alleviates malignancy of
EOC cells under hypoxia via inhibiting the HIF1alpha/CA9 signaling pathway. Biol
Chem. 2020;401:263–71.

18. Zhang H, Zhang X, Ji S, Hao C, Mu Y, Sun J, et al. Sohlh2 inhibits ovarian cancer
cell proliferation by upregulation of p21 and downregulation of cyclin D1. Car-
cinogene. 2014;35:1863–71.

19. Liu Y, Cui W, Zhang R, Zhi S, Liu L, Liu X, et al. Sohlh2 inhibits the malignant
progression of renal cell carcinoma by upregulating klotho via DNMT3a. Front
Oncol. 2021;11:769493.

20. Deng S, Essandoh K, Wang X, Li Y, Huang W, Chen J, et al. Tsg101 positively
regulates P62-Keap1-Nrf2 pathway to protect hearts against oxidative damage.
Redox Biol. 2020;32:101453.

21. Zhang X, Liu R, Zhao N, Ji S, Hao C, Cui W, et al. Sohlh2 inhibits breast cancer cell
proliferation by suppressing Wnt/beta-catenin signaling pathway. Mol Carcino-
gen. 2019;58:1008–18.

22. Cui W, Xiao Y, Zhang R, Zhao N, Zhang X, Wang F, et al. SOHLH2 suppresses
angiogenesis downregulating HIF1alpha expression in breast cancer. Mol Cancer
Res. 2021;19:1498–509.

23. Wang L, Chen R, Li G, Wang Z, Liu J, Liang Y, et al. FBW7 mediates senescence
and pulmonary fibrosis through telomere uncapping. Cell Metab.
2020;32:860–77.

24. Fois AG, Paliogiannis P, Sotgia S, Mangoni AA, Zinellu E, Pirina P, et al. Evaluation
of oxidative stress biomarkers in idiopathic pulmonary fibrosis and therapeutic
applications: a systematic review. Resp Res. 2018;19:51.

25. Xu X, Dai H, Wang C. Epithelium-dependent profibrotic milieu in the pathogen-
esis of idiopathic pulmonary fibrosis: current status and future directions. Clin
Respir J. 2016;10:133–41.

26. Kato K, Hecker L. NADPH oxidases: pathophysiology and therapeutic potential in
age-associated pulmonary fibrosis. Redox Biol. 2020;33:101541.

Fig. 8 Sohlh2 promotes pulmonary fibrosis via suppressing the activation of the p62/Keap1/Nrf2 signaling pathway and aggravating
oxidative stress of AECIIs. In the occurrence and progression of pulmonary fibrosis, Sohlh2 can downregulate the transcriptional activity of
p62 by directly binding to the promoter region of p62, activating the Keap1/Nrf2 signaling pathway to result in the production of ROS in
AECIIs, leading to inflammation, cells apoptosis, and fibrosis of lung tissues under different conditions. Therefore, targeted Sohlh2 may
prevent age-related and stress-induced pulmonary fibrosis and provide a new way for clinical treatment of IPF with anti-oxidation.

L. Liu et al.

12

Cell Death and Disease          (2023) 14:698 



27. Chilosi M, Carloni A, Rossi A, Poletti V. Premature lung aging and cellular
senescence in the pathogenesis of idiopathic pulmonary fibrosis and COPD/
emphysema. Transl Res. 2013;162:156–73.

28. Aoki J, Inoue A, Okudaira S. Two pathways for lysophosphatidic acid production.
Biochim Biophys Acta. 2008;1781:513–18.

29. Swamy SM, Rajasekaran NS, Thannickal VJ. Nuclear factor-erythroid-2-related
factor 2 in aging and lung fibrosis. Am J Pathol. 2016;186:1712–23.

30. Chen QM, Maltagliati AJ. Nrf2 at the heart of oxidative stress and cardiac pro-
tection. Physiol Genom. 2018;50:77–97.

31. Canning P, Sorrell FJ, Bullock AN. Structural basis of Keap1 interactions with Nrf2.
Free Radical Bio Med. 2015;88:101–7.

32. Kansanen E, Kuosmanen SM, Leinonen H, Levonen AL. The Keap1-Nrf2 path-
way: mechanisms of activation and dysregulation in cancer. Redox Biol.
2013;1:45–9.

33. Kurundkar A, Thannickal VJ. Redox mechanisms in age-related lung fibrosis.
Redox Biol. 2016;9:67–76.

34. Gautier CA, Kitada T, Shen J. Loss of PINK1 causes mitochondrial functional
defects and increased sensitivity to oxidative stress. Proc Natl Acad Sci USA.
2008;105:11364–9.

35. Chung KP, Hsu CL, Fan LC, Huang Z, Bhatia D, Chen YJ, et al. Mitofusins regulate
lipid metabolism to mediate the development of lung fibrosis. Nat Commun.
2019;10:3390.

36. Hecker L, Thannickal VJ. Getting to the core of fibrosis: targeting redox imbalance
in aging. Ann Transl Med. 2016;4:93.

37. Hecker L, Logsdon NJ, Kurundkar D, Kurundkar A, Bernard K, Hock T, et al.
Reversal of persistent fibrosis in aging by targeting Nox4-Nrf2 redox imbalance.
Sci Transl Med. 2014;6:231r–47r.

38. Sies H, Berndt C, Jones DP. Oxidative stress. Annu Rev Biochem. 2017;86:715–48.
39. Carnesecchi S, Deffert C, Donati Y, Basset O, Hinz B, Preynat-Seauve O, et al. A key

role for NOX4 in epithelial cell death during development of lung fibrosis.
Antioxid Redox Sign. 2011;15:607–19.

40. Hecker L, Vittal R, Jones T, Jagirdar R, Luckhardt TR, Horowitz JC, et al. NADPH
oxidase-4 mediates myofibroblast activation and fibrogenic responses to lung
injury. Nat Med. 2009;15:1077–81.

41. Sies H, Jones DP. Reactive oxygen species (ROS) as pleiotropic physiological
signalling agents. Nat Rev Mol Cell Biol. 2020;21:363–83.

42. Nguyen T, Nioi P, Pickett CB. The Nrf2-antioxidant response element signaling
pathway and its activation by oxidative stress. J Biol Chem.
2009;284:13291–5.

43. Zhang W, Feng C, Jiang H. Novel target for treating Alzheimer’s diseases: crosstalk
between the Nrf2 pathway and autophagy. Ageing Res Rev. 2021;65:101207.

ACKNOWLEDGEMENTS
This work was supported by the National Natural Science Foundation of China (Grant
number 81874118), Major innovation project of Science and Technology of
Shandong Province (Grant number 2019ZZZY011008), Joint funds of Natural Science
Foundation of Shandong Province (Grant number ZR2021LZL006), the Natural
Science Foundation of Shandong Province (Grant number ZR2021MH108), and
Shandong Department of Science and Technology Plan Project (Grant number

2019GSF107013). We thank Translational Medicine Core Facility of Shandong
University for the consultation and instrument availability that supported this work.

AUTHOR CONTRIBUTIONS
JH, XZ, and LL contributed to the experiment design. LL, RZ, SZ, XF, XL, and YS
performed experiments and gathered experimental data. LW performed TEM
experiments. LL and HJ wrote the manuscript. All authors read and approved the
final manuscript’s submission.

COMPETING INTERESTS
The authors declare that there is no conflict of interest regarding the publication of
this paper.

ETHICAL APPROVAL
All animal experiments and procedures in this study were approved by the
Committee on Ethical Use of Animals of the School of Basic Medicine of Shandong
University and were performed in compliance with all relevant ethical regulations.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-06179-z.

Correspondence and requests for materials should be addressed to Jing Hao.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

L. Liu et al.

13

Cell Death and Disease          (2023) 14:698 

https://doi.org/10.1038/s41419-023-06179-z
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Sohlh2 promotes pulmonary fibrosis via repression of p62/Keap1/Nrf2 mediated anti-oxidative signaling pathway
	Introduction
	Materials and methods
	Generation of Sohlh2 CKI�mice
	HFD-induced murine lung fibrotic�model
	Bronchoalveolar lavage fluid (BALF) collection and cell�count
	Isolation of murine�AECIIs
	Immunofluorescent staining of isolated�AECIIs
	Flow cytometry analysis
	Real-time�qPCR
	Western blot analysis
	Cell culture and treatment
	MDA�assay
	ELISA�assay
	Histological analysis
	TUNEL staining
	DHE staining
	Transmission Electron Microscopy�(TEM)
	ChIP�assay
	Luciferase reporter�assay
	Statistical analysis

	Results
	The generation of inducible AECII-specific Sohlh2 knock-in�mice
	Sohlh2 overexpression in AECIIs causes spontaneous age-related pulmonary fibrosis
	Sohlh2 aggravates the progression of pulmonary fibrosis induced�by HFD
	Sohlh2 enhances oxidative stress in the lungs and cultured�AECIIs
	NAC attenuated Sohlh2-mediated oxidative stress in AECIIs and pulmonary fibrosis
	Sohlh2 inhibits the activation of the p62/Keap1/Nrf2�signaling pathway by repressing p62 transcription in the lungs and�AECIIs
	p62 overexpression prevents AECIIs from Sohlh2-induced oxidative stress damage and blocks the effect of Sohlh2 in activating the Keap1/Nrf2�signaling pathway

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




