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Abstract  The epithelial-mesenchymal transition 
(EMT) and fibroblast activation are major events in 
idiopathic pulmonary fibrosis pathogenesis. Here, we 
investigated whether growth arrest-specific protein 6 
(Gas6) plays a protective role in lung fibrosis via sup-
pression of the EMT and fibroblast activation. rGas6 
administration inhibited the EMT in isolated mouse 
ATII cells 14  days post-BLM treatment based on 
morphologic cellular alterations, changes in mRNA 
and protein expression profiles of EMT markers, 

and induction of EMT-activating transcription fac-
tors. BLM-induced increases in gene expression of 
fibroblast activation-related markers and the invasive 
capacity of primary lung fibroblasts in primary lung 
fibroblasts were reversed by rGas6 administration. 
Furthermore, the hydroxyproline content and col-
lagen accumulation in interstitial areas with dam-
aged alveolar structures in lung tissue were reduced 
by rGas6 administration. Targeting Gas6/Axl signal-
ing events with specific inhibitors of Axl (BGB324), 
COX-2 (NS-398), EP1/EP2 receptor (AH-6809), or 
PGD2 DP2 receptor (BAY-u3405) reversed the inhib-
itory effects of rGas6 on EMT and fibroblast activa-
tion. Finally, we confirmed the antifibrotic effects of 
Gas6 using Gas6−/− mice. Therefore, Gas6/Axl sign-
aling events play a potential role in inhibition of EMT 
process and fibroblast activation via COX-2-derived 
PGE2 and PGD2 production, ultimately preventing the 
development of pulmonary fibrosis.

Keywords  Gas6 · Axl · EMT · Fibroblast 
activation · Pulmonary fibrosis

Background

Fibrosis is a defining feature of Idiopathic Pulmo-
nary Fibrosis (IPF), a lung disorder that advances 
progressively. IPF represents an irreversible progres-
sion marked by damage to alveolar epithelial cells, 
accumulation of fibroblasts, and their subsequent 
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differentiation into myofibroblasts, which increases 
extracellular matrix (ECM) accumulation and leads 
to irreversible distortion of the lung parenchyma. 
This disease is generally a fatal disorder of unknown 
etiology, and the anticipated average survival spans 
from 2 to 5 years after the moment of diagnosis (Phan 
et al. 2021). Currently sanctioned treatments deceler-
ate the advancement of IPF but do not provide a cure, 
highlighting the need for new therapeutic approaches 
(Somogyi et al. 2019).

Apoptosis, cellular senescence, epithelial-mesen-
chymal transition (EMT), endothelial transition to a 
mesenchymal state, and migration of epithelial cells 
have been identified as pivotal processes contributing 
to the tissue remodeling associated with IPF (Somo-
gyi et al. 2019). Initially, it was noted that myofibro-
blasts in the local tissue served as the primary con-
tributors to ECM components in response to injury 
(Plikus et al. 2021). However, it is currently thought 
that activated fibroblasts and myofibroblasts could 
arise from other cells, including bone marrow-derived 
circulating fibrocytes (Quan et al. 2006), endothelial 
cells (Hashimoto et  al. 2010), microvascular peri-
cytes (Lin et  al. 2008), and alveolar epithelial cells 
(Kasai et al. 2005). Indeed, EMT takes place in nor-
mal lung development and regeneration after damage. 
According to the most widely accepted pathogenic 
mechanisms of IPF, the dysregulated EMT process 
is recognized as a significant phenomenon in the pro-
gression of IPF (Salton et al. 2019). Recent discover-
ies indicate that alveolar epithelial type II (ATII) cells 
undergoing EMT are essential for the development of 
a pro-fibrotic millieu through the release of signaling 
molecules, thereby initiating the activation of adja-
cent fibroblasts (Hill et al. 2019). However, the EMT 
has not yet been fully explored as a possible therapeu-
tic target for fibrosis.

Gas6, also known as growth arrest-specific protein 
6, is a member of the vitamin K-dependent protein 
family found in plasma, sharing structural character-
istics. Gas6 engages with its receptors, namely Tyro3, 
Axl, and Mer (TAM) (Lew et  al. 2014). Binding of 
ligands to the structures resembling immunoglobu-
lins of TAM receptors initiates intracellular tyrosine 
autophosphorylation, leading to signal transduction 
through distinct pathways. TAM signaling is crucial 
in modulating the innate immunity. Previous stud-
ies indicate that Gas6/Mer or Axl signaling provides 
a protective effect in mouse models of multi-organ 

failure syndrome and acute lung injury, (Salmi et al. 
2021; Kim et  al. 2021; Peng et  al. 2019), and acute 
liver injury (Zagórska et al. 2020). In contrast, genetic 
deficiency of Gas6 or Mer in mice provides protec-
tion against pulmonary inflammation and fibrosis 
triggered by silica exposure. (Li et al. 2019). A recent 
investigation also illustrates that small molecular 
inhibitors targeting TAM receptors mitigated the 
properties of fibroblasts isolated from IPF patients, 
including synthetic and migratory characteristics 
(Espindola et  al. 2018). Conversely, the administra-
tion of protein S, an alternate ligand binding TAM 
receptor, has been illustrated to hinder pulmonary 
fibrosis in mice exposed to bleomycin (BLM) and 
prevent apoptosis in alveolar epithelial cells (Urawa 
et  al. 2016). In comparison, our earlier research 
has illustrated that Gas6 plays a role in maintaining 
homeostasis of alveolar epithelial cells by regulating 
proliferation and tissue repair processes (Lee et  al. 
2014; Park et  al. 2012). Furthermore, data from our 
previous in  vitro study suggest that Gas6 signaling 
events may reprogram lung epithelial cells to prevent 
EMT by the synthesis of prostaglandin E2 (PGE2) and 
PGD2 derived from COX-2, and their receptors (Jung 
et al. 2019). However, whether Gas6 suppresses alve-
olar epithelial type II (ATII) cells in the process of 
EMT and inhibits fibroblast activation to prevent lung 
fibrosis in vivo is still unknown.

In this study, we explored if injecting murine 
recombinant Gas6 (rGas6) suppresses the EMT pro-
cess and apoptosis in primary ATII cells and concom-
itantly inhibits fibroblast activation to protect against 
the progression of pulmonary fibrosis in mice treated 
with BLM. Our analysis involved examining whether 
the administration of rGas6 could augment the acti-
vation of Axl or Mer signaling pathways, specifically 
focusing on the pathways involving COX-2 and the 
synthesis of PGE2 and PGD2. To elucidate the func-
tional relevance of Gas6/Axl signaling in mediating 
the suppressive impacts of rGas6 on EMT process 
and the activation of fibroblast following BLM treat-
ment, we utilized specific inhibitors, including the 
Axl selective inhibitor BGB324, the NS-398 com-
pound, serving as a COX-2 inhibitor, and the receptor 
antagonists targeting PGE2 and PGD2, such as EP2/
EP4 (AH-6809) and DP2 (BAY-u3405). Furthermore, 
using Gas6−/− mice, we confirmed that endogenous 
Gas6 contributes to the prevention of the EMT and 
profibrotic response in BLM-induced fibrosis.
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Methods

Reagents

The suppliers of paraformaldehyde and BLM were 
Sigma-Aldrich (St Louis, MO, USA). Mouse rGas6 
(986-GS) was acquired from R&D Systems (Minne-
apolis, MN, USA). We bought BGB324 from Med-
chemExpress in Carlsbad, California, USA. Cayman 
Chemical (Ann Arbor, MI, USA) was the source of 
AH-6809, BAY-u3405, and NS-398. Table  S1 lists 
the antibodies used in immunofluorescence and West-
ern blotting.

Animal protocols

For every test, 20–25  g male C57BL/6 mice were 
utilized. Their specific pathogen-free status was 
confirmed after they were acquired from Ori-
ent Bio (Sungnam, Korea). Gas6 −/− mice have 
been previously described (Tirado-Gonzalez et  al. 
2021). C57BL/6 Gas6−/− mice (Gas6tm1.1(KOMP)

Vlcg) were acquired from the Knock Out Mouse Pro-
ject (KOMP) Repository. The knockout allele’s 
scheme and thorough description are available at 
http://​www.​mouse​pheno​type.​org/​data/​allel​es/​MGI:​
95660/​tm1.​1(KOMP)​Vlcg. To verify that Gas6 was 
absent, Western blot, real-time PCR, and immuno-
cytochemistry assays were performed. The Ewha 
Medical Research Institute’s Animal Care Committee 
approved the experimental protocol (ESM 17–0369). 
All procedures involving mice were guided by the 
National Institutes of Health Guide for the Care and 
Use of Laboratory Animals. Using mouse pharyn-
geal instillation, BLM (5 U/kg body weight in 30 μl 
sterile saline) in a test solution was delivered (Lee 
et al. 2017; Yoon et al. 2013). One day prior to BLM 
treatment, rGas6 (50 µg/kg) was injected intraperito-
neally (i.p.) and then every two days following that 
(Peng et  al. 2019; Kim et  al. 2021). The mice were 
put to death on day 14 or day 21 after receiving BLM 
treatment.

For experiments employing the inhibitors, 
BGB324 (5 mg/kg, intraorally, i.o.) (Espindola et al. 
2018), NS-398 (5  mg/kg, i.o.), AH-6809 (5  mg/
kg, i.p.) (Yoon et  al. 2016), or BAY-u3405 (30  mg/
kg, i.o.) (Stelling et al. 2020) was administered at the 
same time as rGas6 1 day before BLM treatment. The 
inhibitor was administered once daily (AH-6809) or 

every two days (BGB324, NS-398, and BAY-u3405) 
following the first dosage, and mice were sacrificed 
14 days after BLM treatment.

Bronchoalveolar lavage (BAL), cell counts, and lung 
tissue

BAL was conducted according to previously 
described methods (Lee et al. 2017; Yoon et al. 2013). 
After BAL samples were centrifuged at 500 × g for 
5 min at 4 °C, cell pellets were cleaned and reconsti-
tuted in phosphate-buffered medium. The number of 
cells was counted using an electronic Coulter Counter 
equipped with a cell-sizing analyzer (Coulter Model 
ZBI with a channelizer 256; Coulter Electronics, 
Bedfordshire, UK). Alveolar macrophages were dis-
tinguished by the distinctive diameters of their cells. 
The lungs were taken out after BAL, and preserved 
using liquid nitrogen freezing.

Isolation of ATII cells

Using previously published techniques, primary 
ATII cells were extracted from mice (Bortnick et al. 
2003; Lee et al. 2017). In summary, the lungs were 
perfused with a solution of 0.9% saline by inject-
ing it into the pulmonary artery until the blood was 
extracted. After the lungs were rinsed with 1  ml 
saline, 100 units of dispase were injected, and the 
lungs were incubated for 45 min at room tempera-
ture. The lung tissue was then physically detached 
from the major bronchi and placed in a Petri dish 
that was kept at 37 °C for 10 min with Dulbecco’s 
modified Eagle’s medium (DMEM) containing 
0.01% DNase I. To exclude macrophages and fibro-
blasts, respectively, filtration, centrifugation, and 
resuspension were processed for cell plating on 
mouse IgG-coated (0.75  mg/ml) Petri dishes and 
then plating on cell culture dishes, each at 37  °C 
for 60 min. The last cell isolates were cultivated in 
Ham’s F12 culture medium after being seeded onto 
Type I collagen-coated dishes. After 48 h, most cells 
were attached. These cells were used for apoptosis 
assay, invasion assay, immunocytochemistry analy-
sis, and mRNA analysis. The medium was replaced 
with serum-free X-VIVO 10 medium (04-380Q, 
Lonza, Walkersville, MD, USA) and maintained 
for 24  h to obtain supernatants for ELISA analy-
sis. The purity of ATII cells isolated from lungs 

http://www.mousephenotype.org/data/alleles/MGI:95660/tm1.1(KOMP)Vlcg
http://www.mousephenotype.org/data/alleles/MGI:95660/tm1.1(KOMP)Vlcg
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of naive mice using this method was consistently 
greater than 90%, as determined through immuno-
fluorescence staining targeting prosurfactant protein 
C (pro-SP-C) (Yang et  al. 2014; Jung et  al. 2019; 
Lee et al. 2017). We previously published confocal 
microscopy images of purified ATII cells obtained 
with LSM5 PASCAL (Carl Zeiss, Jena, Germany) 
(Lee et al. 2017).

Isolation of lung fibroblasts

Mice were used to isolate primary lung fibroblasts, 
which were then purified using modified techniques 
outlined by Akamatsu et  al. (2013) and Lee et  al. 
(2017). In summary, the mouse lungs were divided 
into tiny fragments, finely chopped, and then incu-
bated for 90  min in DMEM supplemented with 5% 
fetal bovine serum (FBS) using an enzymatic diges-
tion method that included DNase I. Following their 
passage through 100 and 40  μm pores (SPL Life 
Sciences, Pocheon-si, Korea), the cells underwent 
centrifugation, washing, and three days of growth in 
6-cm dishes supplemented with 10% FBS-containing 
DMEM. For mRNA analysis and invasion experi-
ments, confluent cells from the first passage were 
used. The fibroblast cultures consistently exhibited a 
purity surpassing 90%, as morphologically confirmed 
by their characteristic spindle shape and features. Val-
idation was further ensured through the expression of 
the fibroblast marker vimentin (Fig. S1a) (Donaldson 
2015).

Preparation of alveolar macrophages

Alveolar macrophages were obtained using estab-
lished protocols with minor modifications (Lee et al. 
2017). Briefly, suspended alveolar macrophages were 
determined to be over 95% viable through trypan 
blue dye exclusion. Following 1  h incubation in 
12-well plates (5 × 105 cells per well) with serum-free 
X-VIVO 10 medium, three consecutive washes were 
used to remove nonadherent cells. Around 90–95% 
of the cells adherent to the plastic surface displayed 
morphological features consistent with macrophages. 
The identification and purity of macrophages were 
further confirmed through immunostaining with 
Mac3 (Fig. S1b).

Quantitative real‑time PCR (qRT‑PCR) analysis

Total RNA was isolated from lung cells and tis-
sue using the Easy Spin RNA extraction kit (Intron, 
Seongnam Gyeonggi-do, South Korea) in compliance 
with the manufacturer’s suggested methods. Then, the 
cDNA was synthesized using the ReverTraAce qPCR 
RT Master Mix (Toyobo, Osaka, Japan). Next, gene 
expression was assessed through qRT-PCR utilizing 
the StepOnePlus system (Applied Biosystems, Life 
Technologies, Carlsbad, CA, USA). Thermo Fisher 
Scientific’s Primer Express program was used to cre-
ate primer sets for PCR amplifications. Following a 
normalization process using hypoxanthine–guanine 
phosphoribosyl transferase (HPRT), fold differences 
between the obtained gene expression values and the 
control group were reported. The primer sequences 
employed for the amplification of the target genes can 
be found in Table S2.

Western blot analysis

On 6–8% sodium dodecyl sulfate–polyacrylamide 
gels (#161–0158, Bio-Rad Laboratories, Hercules, 
CA, USA), samples of lung tissue homogenate and 
whole cell lysates were kept apart. Next, using a Bio-
Rad Laboratories electrophoretically transfer appara-
tus, the separated proteins were placed onto nitrocel-
lulose membranes. After that, blocking was done with 
3% bovine serum albumin in tris-buffered saline at 
room temperature for 60  min. The membranes were 
probed for 20 h using the designated primary antibod-
ies, and then they were incubated for 30 min with sec-
ondary antibodies (1:1000). An enhanced chemilumi-
nescence detection kit (Thermo Scientific) was used 
for the detection process. Table S1 contains informa-
tion on the antibodies that were used.

Invasion assay

Following the manufacturer’s instructions, cell 
invasion was measured using Transwell chambers 
(Corning Inc., Corning, NY, USA) pre-coated with 
Matrigel matrix (300 μg/ml for primary ATII cells 
or 200 μg/ml for primary fibroblasts). In summary, 
serum-free DMEM was used to plate pre-incubated 
primary ATII cells and lung fibroblasts (5 × 104 
cells/well) in replicate wells in the upper cham-
bers. The lower wells were fed with 10% FBS and 
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DMEM. The plates were then placed in an incuba-
tor at 37 °C for 48 h. Following a 4% paraformalde-
hyde treatment, the non-invading cells were scraped 
from the upper surface of the membrane using 
a cotton swap. The cells on the bottom surface 
were stained with 0.1% crystal violet, and distilled 
water was used to rinse the cells. For every sample 
(10 × magnification), three randomly chosen micro-
scopic images from triplicate wells were recorded 
and measured.

Immunocytochemistry

Following confluency, glass coverslip-cultured cells 
were permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich) after being fixed with 4% paraformalde-
hyde. During the course of an 18 h incubation period 
at 4  °C, each primary antibody collected target pro-
teins. Donkey anti-rabbit IgG coupled with fluores-
cence (Jackson ImmunoResearch, West Grove, PA, 
USA) was used to identify and visualize the collected 
proteins. After staining, photographs of the cells 
were captured with a confocal microscope (LSM5 
PASCAL, Carl Zeiss, Jena, Germany), utilizing the 
mounting medium Vectashield contains 4′,6-diamid-
ino-2-phenylindole (DAPI, Vector Laboratories, Burl-
ingame, CA, USA). Table S2 contains information on 
the sources of the antibodies and the dilution ratios.

Immunohistochemistry

Tissues immersed in paraffin and fixed in formalin 
were sectioned at a thickness of 4  μm. Slides were 
rehydrated with graded ethanol solutions in distilled 
water after being deparaffinized twice with xylene. 
Deposition of collagen was assessed using Mas-
son’s trichrome staining. The extent of fibrosis in the 
entire lung was quantified employing the Ashcroft 
scoring method (Ashcroft et  al. 1988). Scores vary-
ing between 0 (indicating normal lung) and 8 (repre-
senting complete fibrosis) were used to determine the 
degree of fibrosis. Sections were incubated at room 
temperature with primary antibodies against α-SMA, 
S100A4, cleaved caspase-3, surfactant protein–C 
(SPC), or control rabbit IgG in order to perform 
immunofluorescence analysis. A confocal microscope 
was used to image every slide.

Apoptosis assay in isolated ATII cells

Apoptosis was assessed using a propidium iodide (PI)/
annexin V-FITC staining kit (BD Biosciences, San Jose, 
CA, USA). 5 μl of FITC-conjugated annexin V and 5 μl 
of PI were incubated in the dark with primary ATII cells 
for 15 min at room temperature. Flow cytometry (ACEA 
NovoCyte, San Diego, CA, US) was then used to iden-
tify the cells expressing for FITC-conjugated annexin V. 
The NovoExpress software 1.5 was used to process the 
data. Additionally, primary ATII cells were stained in 
compliance with the guidelines provided by the manu-
facturer using a terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) kit (Roche, Basel, 
Switzerland). The process of quantifying TUNEL-pos-
itive cells comprised a blinded hand count of TUNEL-
positive cells per high-power fields (HPFs) per slice. 
The resulting values were averaged for each mouse.

Enzyme‑linked immunosorbent assay (ELISA)

Analysis of PGE2 and PGD2 was conducted on BAL 
fluid and cell culture supernatants using EIA kits (Assay 
Designs, Ann Arbor, MI, US). Furthermore, active trans-
forming growth factor-β1 (TGF-β1) (BioLegend, San 
Diego, California, US), hepatocyte growth factor (HGF), 
and Gas6 (R&D Systems) were evaluated using ELISA 
kits in accordance with the manufacturer’s instructions.

Measurement of hydroxyproline

Following the instructions provided by the manufac-
turer, the amount of hydroxyproline in the lung was 
measured using an Abcam hydroxyproline assay kit.

Statistical analysis

The data is shown as mean ± S.E.M. Analysis of variance 
was used to perform multiple comparisons, and when 
necessary, Tukey’s post hoc test was used. A two-tailed 
Student’s t-test was used for comparisons between two 
sample means. A P-value of less than 0.05 was con-
sidered statistically significant. All data analyses were 
conducted using Graph Prism 5 software (GraphPad 
Software Inc., San Diego, CA, US). Every group in an 
in vivo study contained a minimum of three mice. Prior 
to randomization and the experimental intervention, 
no animal was excluded. Sample allocation to different 
groups was done using a random number method.
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Results

rGas6 administration inhibits mesenchymal transition 
and invasion of ATII cells after BLM treatment

In our prior investigation (Lee et  al. 2017), we 
developed an experimental approach for isolating 
primary ATII cells from mouse lung tissues, follow-
ing the methodology outlined in a previous study 

(Bortnick et al. 2003). Through this approach, isola-
tion of ATII cells was carried out from the lung tis-
sues of mice subjected to BLM treatment. We found 
that approximately 53% of the isolated ATII cells 
14  days post-BLM treatment exhibited a spindle-
shaped morphology compared with those from con-
trol mice, when plated on a culture dish (Fig.  1a). 
The EMT process converts tightly adherent cells 
into an elongated, motile phenotype and has been 
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linked to the progression of organ fibrosis (Kasai 
et  al. 2005). Here, we demonstrate that rGas6 
administration changed the morphology of isolated 
ATII cells a stretched, fibroblast-like morphology 
to a characteristic rounded shape at 14  days post-
BLM treatment (Fig.  1a) and inhibited the mRNA 
expression profile of EMT markers (Fig.  1b). 
These actions induced a reduction of E-cadherin 
mRNA levels and enhancement of mRNA levels 
of N-cadherin and α-SMA, indicators of mesen-
chymal features, at 14  days post-BLM treatment. 
Immunofluorescence was conducted with monoclo-
nal antibodies against E-cadherin (labeled in green) 
and α-SMA (labeled in red) to confirm alterations 
in EMT marker proteins. rGas6 treatment reversed 
decreased E-cadherin expression and increased 
α-SMA expression in primary ATII cells by BLM 
treatment (Fig.  1c). Similarly, 14  days post-BLM 
treatment, rGas6 prevented BLM-induced changes 

in the protein expression levels of N- and E-cad-
herin (Fig.  1d). The transition from epithelial to 
mesenchymal characteristics is orchestrated through 
the cooperative efforts of the Basic helix-loop-
helix, ZEB, and Snai transcription factor families 
(Gonzalez and Medici 2014). Thus, 14 d follow-
ing BLM treatment, we investigated if rGas6 injec-
tion reduces the expression of these transcription 
factors in primary ATII cells. ATII cells in the 
BLM + rGas6 group had considerably lower lev-
els of Snai1, Zeb1, and Twist1 mRNA than cells in 
the group that received BLM alone (Fig.  1e). The 
adoption of a mesenchymal phenotype by epithe-
lial cells is linked to heightened invasive properties 
(Lamouille et  al. 2014). Thus, Transwell invasion 
assays were conducted to evaluate cellular invasive-
ness in response to a chemoattractant gradient. Our 
data showed that rGas6 administration inhibited the 
invasive ability of primary ATII cells at 14  days 
after BLM treatment (Fig. 1f).

To validate the inhibitory impact of rGas6 on 
the EMT process, we conducted double immuno-
fluorescence staining for E-cadherin and S100A4 in 
lung tissue. The noted existence of cells positive for 
both E-cadherin and S100A4 indicates an epithelial 
origin and a potential transitional phase of EMT. 
(Fig.  1g). Approximately 45% of fibroblasts posi-
tive for S100A4 were originated from lung epithe-
lium at 14 days following BLM treatment (Fig. 1h), 
suggesting an obvious EMT occurrence after BLM 
treatment. Notably, both the quantity of fibroblasts 
originating from epithelial cells and the amount of 
S100A4 expression were reduced following Gas6 
administration (~ 24% cells positive for both mark-
ers). When combined, these findings provide cre-
dence to the in  vivo studies showing that rGas6 
injection prevents lung fibrosis caused by BLM 
from progressing through the EMT stage.

rGas6 administration inhibits apoptosis of ATII cell 
during lung fibrosis

In addition to EMT, many studies have shown that 
injury and apoptosis of alveolar epithelial cells are 
important early features of IPF (Todd et  al. 2012). 
Using a TUNEL assay and flow cytometry analy-
sis, we examined whether rGas6 administration 
attenuates apoptosis of primary ATII cells in the 
BLM-induced fibrotic phase. Similar to the findings 

Fig. 1   Inhibition of EMT and primary ATII cell invasion 
by rGas6 administration. Mice were intratracheally instilled 
with BLM (5 U/kg). Either rGas6 (50  μg/kg) or saline (Sal) 
was intraperitoneally administered 1  day before BLM treat-
ment and once every 2 days thereafter. Mice were euthanized 
14 days after BLM treatment. (a) Left: morphological changes 
in isolated ATII cells (Scale bars: 100  μm). Representative 
images are shown from three replicates per condition with 
cells pooled from two mice per replicate. Right: percentage 
of spindle shaped cells/high-power fields (HPF). (b) qRT-
PCR of EMT markers in ATII cell samples. (c) Left: immu-
nofluorescence staining for E-cadherin (green) and α-SMA 
(red). Right: quantification of proteins in ATII cells. Original 
magnification: 400 × . Scale bars: 20  μm. Imaging medium: 
Vectashield fluorescent mounting medium containing DAPI. 
(d) Immunoblot analysis of E-cadherin and N-cadherin in lung 
homogenates. Below: Densitometric analysis of each band nor-
malized to that of β-actin. Values represent the means ± S.E.M. 
from three mice per group. (e) qRT-PCR of Snail1, Zeb1, and 
Twist1 in ATII cell samples. (f) Phase-contrast microscopy 
and quantification of invaded ATII cells. Scale bars: 100 µm. 
*P < 0.05, **P < 0.01, ***P < 0.001 compared with control 
or for BLM + Sal vs. BLM + rGas6. Data were obtained from 
three (c right, f below) or five replicates (b, e) per condition 
with cells pooled from two mice per replicate. Data are shown 
as the means ± S.E.M. (g) Immunofluorescence staining for 
E-cadherin (red), α-SMA (red), or S100A4 (green) in lung 
sections. Arrowheads indicate colocalization of E-cadherin in 
lung fibroblasts. Imaging medium: Vectashield fluorescence 
mounting medium containing DAPI. Scale bars: 20 μm. Repre-
sentative images were obtained from three mice in each group. 
(h) Graph representing the number of S100A4/E-cadherin 
double-positive cells compared with the total S100A4-positive 
cell population in lung parenchyma. Mean of five HPFs/sec-
tion ± S.E.M. from three mice in each group

◂



	 Cell Biol Toxicol (2024) 40:20

1 3

20  Page 8 of 22

Vol:. (1234567890)

from others studies (Safaeian et  al. 2013), apop-
tosis of ATII cells were significantly enhanced at 
14 days after BLM treatment (Fig.  2a and b). How-
ever, rGas6 decreased the count of TUNEL-positive 
ATII cells per HPF 14  days after BLM treatment 
(Fig.  2a). Additionally, rGas6 suppressed the apop-
tosis levels of primary ATII cells 14 days post-BLM 
treatment according to annexin V/PI staining and 

flow cytometry (from 28.3% to 17.7%) (Fig.  2b). In 
the lung tissue of the group subjected to both BLM 
and rGas6 treatment, the protein levels of apoptosis-
related markers, including Bax, cleaved caspase-3, 
and cleaved PARP, were found to be lower than the 
group treated with BLM alone. However, the protein 
levels of antiapoptotic marker Bcl-2 were recovered 
in the BLM + rGas6 group (Fig.  2c). Furthermore, 
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double immunofluorescence staining for cleaved-
caspase-3 and SPC (a marker of ATII cells) in lung 
tissue was explored. When compared to the group 
treated with BLM alone, administration of rGas6 
inhibited apoptosis of ATII cells (cleaved-caspase-3+/
SPC+) 14 days after BLM treatment (Fig. 2d and e). 
Collectively, administration of rGas6 inhibited ATII 
cell apoptosis in the late fibrotic stage after BLM 
treatment.

rGas6 administration inhibits fibroblast activation

We determined whether rGas6 administration could 
inhibit lung fibroblast activation after BLM treatment. 
Enhanced expression of mRNA related to fibroblast 
activation markers, like collagen type 1, fibronectin, 
and α-SMA, after BLM treatment were reversed by 
rGas6 (Fig.  3a). We explored immunofluorescence 
to detect activated fibroblasts in lung tissue. Fibro-
blasts undergoing activation or differentiation into 
myofibroblasts were identified as cells positive for 
both S100A4 (a fibroblast marker) and α-SMA (a 
myofibroblast marker) (Piera-Velazquez and Jime-
nez 2019; Xia et  al. 2017). Approximately 47% of 
myofibroblasts marked by the expression of α-SMA 
in the interstitium at 21  days post-BLM treatment 

(Fig.  3b and c). Lung sections showed a reduction 
in the quantity of double-stained cells (around 21%), 
and the protein expression of these markers upon 
administration of rGas6 at 21 days after BLM treat-
ment. Significantly, the advancement of lung fibrosis 
relies on the conversion of fibroblasts into an aggres-
sive myofibroblast phenotype. Hyaluronan synthase 2 
(HAS2) and CD44 are upregulated in this particular 
phenotype, and matrix metalloproteinases (MMPs) 
and their inhibitors are coordinately expressed (Li 
et  al. 2011). The present study showed that BLM-
induced increases in invasion in isolated lung fibro-
blasts were substantially inhibited by rGas6 (Fig. 3d). 
In addition, enhanced mRNA levels of Has2, CD44, 
and MMPs, including MMP9, MMP12, and MMP14, 
in primary lung fibroblasts following BLM treatment 
were reversed by administration of rGas6 (Fig.  3e). 
These data suggest that rGas6 administration restrains 
the aggressive characteristics of stimulated fibroblasts 
by downregulation of these molecular markers.

To gain further understanding of the mechanisms 
through which rGas6 inhibits fibroblast invasion 
in  vivo, we conducted a comprehensive analysis of 
84 genes associated with cell adhesion and remod-
eling of ECM, employing a targeted qRT-PCR array. 
Comparing the expression of twelve genes linked to 
cell adhesion between the groups treated with BLM 
plus rGas6 and the group treated only with BLM, the 
expression of these genes was reduced by more than 
two times, including Spp1, Pecam1, Entpd1, Tgfbi, 
Itga2, Itga4, Itgb2, Itgam, Itgax, Emilin1, Thbs2, 
Fbln1 (Fig. 3f). Nine ECM remodeling-related genes, 
including Adamts8, Mmp8, Mmp9, Mmp3, Col2a2, 
Mmp12, Mmp1a, Col3a1, Adamts2, were also down-
regulated (> twofold) in the group that received both 
BLM and rGas6 treatment as opposed to those who 
received BLM treatment alone. These patterns of 
gene expression resembled those of non-invasive 
fibroblasts (Lovgren et  al. 2011), suggesting that 
rGas6 administration inhibits the transition to an 
invasive myofibroblast phenotype induced by BLM.

rGas6 administration suppresses lung fibrosis

The concentrations or proportion of HGF/TGF-β1are 
likely pivotal in determining the equilibrium between 
damage and restoration in the later phases of fibrosis 
(Lee et  al. 2012a, b). To confirm that the suppres-
sive impacts of rGas6 on the EMT and fibroblast 

Fig. 2   Inhibition of apoptosis in ATII cells by rGas6 
administration. The experimental design was as described in 
Fig.  1. Mice were euthanized 14  days after BLM treatment. 
(a) Left: Representative TUNEL-stained and fixed ATII cells 
(original magnification: 400 ×). Positive staining depicted in 
green. Nuclei were observed by DAPI staining. Scale bars: 
20 μm. Right: Quantitation of the number of TUNEL-positive 
cells (number/HPF) in the different groups. (b) The cell viabil-
ity in primary ATII cells was measured by flow cytometry after 
annexin V-FITC/PI dual staining. Apoptotic cells were quanti-
fied as the sum of the percentages of cells in the early and late 
stages of apoptosis. **P < 0.01, ***P < 0.001 compared with 
control or for BLM + Sal vs. BLM + rGas6. Data were obtained 
from three replicates per condition with cells pooled from 
two mice per replicate (a right, b right). The data are shown 
as the means ± S.E.M. (c) Immunoblot analysis of Bax, Bcl-2, 
cleaved caspase-3, and cleaved PARP in lung homogenates. 
Below: Densitometric analysis of each band normalized to that 
of β-actin. (d) Representative confocal images of lung sections 
stained with an anti-SPC antibody (red), anti-cleaved caspase-3 
antibody (green), and DAPI (blue) (left). Original magnifica-
tion: × 400. Scale bars = 20 μm. Quantification of cleaved cas-
pase-3 staining in SPC.+ ATII cells (right). The values repre-
sent the means ± S.E.M. of results from three mice from each 
group. **P < 0.01 compared with Sal control or for BLM + Sal 
vs. BLM + rGas6
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activation consequently prevent lung fibrosis, the 
levels of TGF-β and HGF, the major profibrotic and 
antifibrotic cytokines, respectively (Lee et al. 2012a, 
b), were examined following BLM treatment with 
or without rGas6. In BAL fluid 14 and 21 days after 
BLM treatment, rGas6 administration inhibited gen-
eration of the biologically active TGF-β, whereas 
HGF production was upregulated in comparison to 
the group that received BLM alone (Fig.  4a and b). 

At 14 and 21 days following BLM treatment, rGas6 
substantially prevented the increase of mRNA and 
protein levels of myofibroblast phenotypic markers in 
lung tissue, such as collagen type 1, fibronectin, and 
α-SMA (Fig.  4c and d). Importantly, accumulation 
of collagen in lung tissue, assessed through hydroxy-
proline content, at 21 days after BLM treatment was 
substantially attenuated by rGas6 (Fig. 4e). Moreover, 
Masson’s trichrome staining illustrated a decrease in 
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interstitial areas stained with collagen, accompanied 
by impaired alveolar structures 21  days after BLM 
treatment, indicating the protective effects of rGas6 
(Fig. 4f). Histopathological assessment of pulmonary 
fibrosis was conducted employing the established 
Ashcroft scoring system (Ashcroft et  al. 1988). The 
fibrotic score significantly decreased in the group 
receiving BLM and rGas6 in comparison to the group 
receiving BLM alone (Fig.  4g). Collectively, these 
findings imply that the administration of rGas6 inhib-
its EMT and fibroblast activation, thereby reducing 
ECM accumulation and preventing extensive lung 
injury in this BLM-induced murine lung fibrosis 
model.

rGas6 administration increases Gas6/Axl signaling 
events, including COX‑2‑derived PGE2 and PGD2 
production

Notably, Gas6 induction has been demonstrated in 
several fibrosis diseases, including IPF and liver 

fibrosis (Espindola et al. 2018; Bárcena et al. 2015). 
In particular, patients with IPF have higher lev-
els of Gas6 expression in both mRNA and protein, 
compared to normal lung samples and fibroblasts, 
respectively (Espindola et  al. 2018). This trend was 
consistently observed in our study, where protein lev-
els of Gas6 increased in BAL fluid and in the con-
ditioned media from primary ATII cells and alveo-
lar macrophages of mice lungs post-BLM treatment 
(Fig. S2a). Moreover, in both primary ATII cells and 
lung tissue samples from mice, there was an increase 
in Gas6 expression at the mRNA and/or protein levels 
following BLM treatment (Fig.  S2b–d). We further 
examined whether rGas6 administration enhances 
further Gas6 production in the lung post-BLM treat-
ment. The Gas6 protein abundance was not further 
enhanced in BAL fluid and in the culture media from 
primary ATII cells and alveolar macrophages by 
administration of rGas6 (Fig. S2a). In addition, when 
compared to the group treated with BLM alone, the 
mRNA and/or protein levels of Gas6 in primary ATII 
cells and lung tissue in the group treated with both 
BLM and rGas6 did not increase further (Fig. S2b–d). 
Collectively, these findings indicate that rGas6 
administration does not induce further increases in 
endogenous Gas6 production in ATII cells and lung 
tissue.

Next, we examined whether in  vivo administra-
tion of rGas6 induces such activation of Axl and 
Mer events in BLM-induced fibrosis. The findings 
from immunofluorescence demonstrated that the total 
protein expression levels of Axl and Mer in primary 
ATII cells (red and green, respectively) were notably 
increased in the group received both BLM and rGas6 
as well as in the group received BLM alone (Fig. 5a). 
However, the phosphorylation level of Axl in ATII 
cells was further enhanced by rGas6 compared with 
that in the group treated solely with BLM, whereas 
the Mer phosphorylation level was similar to that in 
the BLM only treated group. Alveolar macrophages 
showed similar results in the group treated with both 
BLM and rGas6 showing a greater increase in Axl 
phosphorylation than the group treated with BLM 
alone, and between these groups, there was no varia-
tion in Mer’s phosphorylation levels (Fig. S3). West-
ern blot analysis showed that Axl phosphorylation 
was further enhanced in lung tissue by administra-
tion of rGas6 compared with that in the BLM only 
treated group, and the Mer phosphorylation levels 

Fig. 3   Inhibition of fibroblast activation by rGas6 admin‑
istration. The experimental design was as described in Fig. 1. 
Mice were euthanized 14 (a, d-g) or 21  days (b) after BLM 
treatment. (a, d–f) Primary fibroblasts were isolated from 
murine lungs. (a) qRT-PCR of collagen type 1, fibronec-
tin, and α-SMA in fibroblast samples. (b) Immunofluores-
cence staining for α-SMA (red) or S100A4 (green) was per-
formed in lung sections. Arrowheads indicate colocalization 
of α-SMA in lung fibroblasts. Imaging medium: Vectashield 
fluorescence mounting medium containing DAPI. Scale bars: 
20 μm. Representative images were obtained from three mice 
per group. (c) Graph representing the number of S100A4/α-
SMA double-positive cells compared with the total S100A4-
positive cell population in the lung parenchyma. Mean of five 
HPFs per section ± S.E.M. from three mice in each group. 
***P < 0.001 compared with control or for BLM + Sal vs. 
BLM + rGas6. (d) Phase-contrast microscopy (left) and quan-
tification of invaded fibroblasts (right) using Matrigel-coated 
Transwell plates. Scale bar: 100  µm. (e) qRT-PCR of Has2, 
CD44, MMP9, MMP12, and MMP14 in fibroblast samples. 
*P < 0.05, **P < 0.01, ***P < 0.001 compared with con-
trol or for BLM + Sal vs. BLM + rGas6. Data were obtained 
from five replicates per condition with cells pooled from 
two mice per replicate (a, d right, e). The data are shown as 
the means ± S.E.M. (f) Selected heatmaps showing differ-
entially expressed genes encoding adhesion and ECM mol-
ecules in primary lung fibroblasts between the BLM + Sal 
and BLM + rGas6 groups. Red: increased expression; blue: 
decreased expression. Data were obtained from two replicates 
per condition with cells pooled from two mice per replicate. 
(g) Relative expression levels of selected genes from PCR 
array profiling (f). Log2 fold-change values (ApoSQ-CAF CM 
vs. CAF CM, fold change > 1.5)
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were comparable between these experimental groups 
(Fig.  5b). In addition, activation of a downstream 
molecule in Gas6/Axl signaling, Akt, was also further 
enhanced in lung tissue by administration of rGas6 
in comparison to the group treated with BLM alone 
(Fig. 5c).

Next, 14  days after BLM treatment, we meas-
ured the COX-1 and COX-2 expression as well as 
the synthesis of PGE2 and PGD2. In comparison to 

the BLM alone treated group, the administration of 
rGas6 further elevated the COX-2 mRNA levels in 
primary ATII cells as well as the COX-2 mRNA and 
protein levels in lung tissue (Fig. 5d–f). However, the 
amounts of COX-1’s mRNA and protein remained 
constant. When rGas6 was administered, the synthe-
sis of PGE2 and PGD2 in BAL fluid as well as the cul-
ture supernatants of isolated ATII cells and alveolar 
macrophages was further increased in comparison to 

Fig. 4   Inhibition of 
lung fibrosis by rGas6 
administration. The 
experimental design was as 
described in Fig. 1. Mice 
were euthanized on days 
14 and 21 after BLM treat-
ment. (a, b) Levels of the 
active form of the TGF-β1 
and HGF proteins in BAL 
fluid were quantified by 
ELISAs. (c) qRT-PCR of 
collagen type1, fibronec-
tin, and α-SMA in lung 
tissue samples. (d) Left: 
Immunoblot analysis of the 
indicated proteins in lung 
homogenates. Right: Den-
sitometric analysis of each 
band normalized to that of 
β-actin. (e) Collagen depo-
sition in the whole lung was 
determined by measuring 
the hydroxyproline content 
on day 21. (f) Lung sec-
tions were visualized with 
Masson’s trichrome staining 
on day 21. Representative 
results from five mice per 
group are shown (scale 
bar: 50 μm). (g) Ashcroft 
scoring of the lung sec-
tions. The values represent 
the means ± S.E.M. of 
results from three (d) or 
five mice (a–c, e, g) in 
each group. *P < 0.05, 
**P < 0.01, ***P < 0.001 
compared with Sal control 
or for BLM + Sal vs. 
BLM + rGas6
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the BLM alone treated group (Fig. 5g and h). Taken 
together, these findings indicate that rGas6 adminis-
tration significantly enhances Axl phosphorylation 
and production of COX-2-derived bioactive mol-
ecules, such as PGE2 and PGD2, in ATII cells and 
alveolar macrophages.

Next, we aimed to confirm an in vivo role of Axl 
activation after rGas6 administration for PGE2 and 
PGD2 synthesis by COX-2 using the Axl inhibitor 
BGB324. The ATII cells’ COX-2 mRNA level and 
the PGE2 and PGD2 levels in their culture media 
were both elevated by rGas6 day 14 post-BLM treat-
ment. These effects were reversed by co-adminis-
tration with BGB324, as shown in Fig. S4a-c. How-
ever, when NS-398 was co-administered with rGas6, 
rGas6-induced increases in PGE2 and PGD2 produc-
tion were downregulated in the culture media from 
ATII cells (Fig.  S4b and c). Collectively, these data 
suggested that rGas6-induced increases in Axl acti-
vation in ATII cells induce COX-2-dependent PGE2 
and PGD2 production, which are well known for their 
inhibitory roles in EMT and fibroblast activation, thus 
preventing lung fibrosis [41, 42].

Gas6/Axl signaling events are required for inhibition 
of EMT and fibroblast activation

To confirm the involvement of Gas6/Axl signaling 
pathways in mediating the inhibitory effects on BLM-
induced EMT and fibroblast activation, the Axl selec-
tive inhibitor BGB324, the COX-2 inhibitor NS-398, 
and PGE2 and PGD2 receptor antagonists, including 
EP2/EP4 (AH-6809) and DP2 (BAY-u3405) antago-
nists, were co-administered with rGas6 1 day before 
BLM treatment and then administered once/day (AH-
6809) or once every 2  days (BGB324, NS398, and 
BAY-u3405) for 2 weeks after BLM treatment. When 
BGB324, NS-398, AH-6809, or BAY-u3405 was 
administered together, the anti-EMT effects of rGas6 
were significantly reduced. This included the inhibi-
tion of E-cadherin loss, the reduction of N-cadherin 
and α-SMA synthesis at the mRNA levels (Fig. 6a), 
and the restoration of Snai1, Zeb1, and Twist1 mRNA 
levels in primary ATII cells 14 days after BLM treat-
ment (Fig.  6b). However, these inhibitors alone had 
no effect in mice treated with BLM alone.

We also examined whether Gas6/Axl signaling 
events inhibit fibroblast activation using these inhibi-
tors. Importantly, co-administration of inhibitors 

(BGB324, NS398, AH-6809, or BAY-u3405) inhib-
ited the rGas6-induced reduction in the mRNA 
expression levels of activated fibroblast markers, such 
as collagen type 1, fibronectin, and α-SMA, as well 
as invasive fibroblast phenotype-mediating factors, 
such as Has2, CD44, MMP9, MMP12, and MMP14, 
in primary fibroblasts at 14  days post-BLM treat-
ment (Fig.  6c and d). However, these inhibitors had 
no significant effect in mice treated with BLM alone. 
Indeed, the inhibition of fibroblast invasion by rGas6 
administration was also counteracted by co-admin-
istration of these inhibitors. (Fig.  6e). Collectively, 
these findings suggest that Gas6/Axl signaling events 
consequently mediate rGas6-induced inhibition of 
the EMT process and fibroblast activation in BLM-
induced lung fibrosis.

The progression of the EMT and the activation 
of fibroblasts are aggravated in Gas6−/− mice

To confirm the suppressive function of endog-
enous Gas6 in BLM-induced fibrosis, we examined 
changes in the EMT process, fibroblast activation, 
and hydroxyproline content using Gas6−/− and wild-
type (WT) control mice after BLM treatment. Using 
fluorescent immunocytochemical staining, we con-
firmed the loss of Gas6 in primary ATII cells of 
Gas6−/− mice (Fig.  S5a). Additionally, in both iso-
lated ATII cells and lung tissue from Gas6−/− animals 
with or without BLM treatment, endogenous Gas6 
expression at the mRNA and/or protein levels was not 
detected (Fig.  S5b-d). After 14  days of BLM treat-
ment, ATII cells from Gas6−/− mice exhibited modi-
fications in EMT markers’ mRNA levels caused by 
BLM, including α-SMA, N-cadherin, and E-cadherin, 
as well as increases in transcription factors that regu-
late EMT, including Snai1, Zeb1, and Twist1, when 
compared to WT control mice (Fig. 7a and b). Com-
paring lung tissue from Gas6−/− mice to WT con-
trol mice, similar results were found regarding the 
mRNA expression levels of EMT markers and EMT-
regulating transcription factors (Fig.  7c). Significant 
elevation in the mRNA levels of activated fibroblast 
markers, such as collagen type 1, fibronectin, and 
α-SMA, and invasive fibroblast phenotype-regu-
lating molecules, such as CD44, MMP9, MMP12, 
and MMP14, were also observed in primary fibro-
blasts from Gas6−/− mice at 14 days post-BLM treat-
ment than in those from WT control mice (Fig. 7d). 
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Additionally, BLM-induced alterations in markers 
related to EMT and fibroblast activation, including 
E-cadherin, N-cadherin, collagen type-1, fibronec-
tin, and α-SMA, at the protein level were amplified 
in lung tissue from Gas6−/− mice compared with 
that from WT mice (Fig. 7e). Simultaneously, BLM-
induced the levels of PGE2 and PGD2 in BAL fluid 
and conditioned media from ATII cells and alveolar 
macrophages were reduced in Gas6−/− mice (Fig. 7f 

and g), but the hydroxyproline amount in lung tissue 
from Gas6−/− mice was further enhanced compared 
with that in WT control mice (Fig. 8a). Furthermore, 
interstitial regions marked by collagen deposition in 
interstitial areas with impaired alveolar structures, 
and fibrotic scores were additionally heightened in 
Gas6−/− mice 14 days post-BLM treatment compared 
with those in WT control mice (Fig. 8b and c). Col-
lectively, these data suggest Gas6-deficient mice 
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exhibit exaggerated BLM-induced EMT and fibro-
blast activation, leading to further accumulation of 
collagen and intensified fibrosis, indicating a protec-
tive role of Gas6 against the progression of pulmo-
nary fibrosis.

In vitro exposure of LA‑4 cells to rGas6 inhibits 
myofibroblast phenotypic markers

To ascertain the direct relationship between GAS6 
signaling in ATII cells and the activation of lung 
fibroblasts, the conditioned medium from ATII-
like lung (LA-4) epithelial cells treated with rGas6 
(400  ng/ml) was applied to lung fibroblasts (MLg 
cells) with or without TGF-β1. Exposure to this con-
ditioned medium inhibited TGF-β1-induced mRNA 
and protein expression of collagen type 1, fibronec-
tin, and α-SMA (Fig.  S6a-d). However, conditioned 
medium derived from LA-4 cells without exposure 
to rGas6 did not exhibit the inhibitory effect. These 
data indicate that the downregulation of fibroblast 

activation is contingent upon paracrines secreted 
from LA-4 cells stimulated with rGas6.

Discussion

We hypothesized that in vivo administration of rGas6 
could prevent EMT in ATII cells and fibroblast acti-
vation to consequently induce antifibrotic effects in 
BLM-induced lung fibrosis. We first demonstrated 
that rGas6 suppressed EMT, leading to changes in 
morphology and modulation of EMT markers. This 
included a reduction of E-cadherin and increases in 
N-cadherin, α-SMA, and key regulators of EMT, such 
as Snai1 and Zeb1, and Twist1, and invasion ability 
in primary ATII cells 14 days after BLM treatment. 
Notably, in human IPF tissue, there was colocaliza-
tion observed between epithelial and mesenchymal 
markers (Lomas et al. 2012; Willis et al. 2005). Simi-
larly, immunohistochemical fluorescence staining 
demonstrated a decrease in the count of cells exhibit-
ing co-expression of E-cadherin/S100A4 and α-SMA/
S100A4 after the administration of rGas6. This indi-
cates an epithelial origin and a plausible transitional 
phase in the EMT. It is also suggested that alveolar 
epithelial cells may undergo a phenotypic transition 
via the EMT to become myofibroblasts and partici-
pate in the development of lung fibrosis. Repetitive 
lung injuries lead to aberrant activation of EMT path-
ways due to the inability of the alveolar epithelium to 
regenerate (Salton et al. 2019). Here, we demonstrate 
that rGas6 administration significantly suppressed 
primary ATII cell apoptosis in the late phase of BLM 
treatment. These changes were associated with reduc-
tion in the protein expression of proapoptotic markers, 
including Bax, cleaved caspase-3 and cleaved PARP 
and increase in an antiapoptotic marker, such as Bcl-
2, in lung tissue following rGas6 administration.

Epithelial cells undergoing EMT subsequently 
communicates with the interstitial milieu, promoting 
the differentiation of myofibroblasts and the develop-
ment of fibrosis (Harada et al. 2010). In addition to an 
anti-EMT effect, we also found that rGas6 inhibited 
fibroblast activation in BLM-induced fibrosis. Indeed, 
the enhanced mRNA expression levels of myofibro-
blast phenotype markers in primary fibroblasts were 
reduced by rGas6 administration. Moreover, immuno-
histochemical analysis of lung sections demonstrated 
that the count of cells exhibiting co-expression of 

Fig. 5   Axl activation and COX-2-derived PGE2 and PGD2 
production induced by rGas6 administration. The experi-
mental design was as described in Fig.  1. Mice were eutha-
nized on day 14 after BLM treatment. (a) Left: Immunofluo-
rescence staining for phospho-Axl (green), total Axl (red), 
phospho-Mer (red), and total Mer (green) in primary ATII 
cells. Images were captured at 400 × magnification. Right: 
Quantification of phospho-Axl, total Axl, phospho-Mer, and 
total Mer staining in ATII cells. Imaging medium: Vectashield 
fluorescence mounting medium containing DAPI. Scale bars: 
20  μm. Data were obtained from three replicates per condi-
tion with cells pooled from two mice per replicate. (b) Left: 
Immunoblot analysis of total/phospho-Axl and total/phospho-
Mer in lung tissue homogenates. Right: Densitometric analy-
sis of each band normalized to that of β-actin. (c) Immunob-
lot analysis of total/phospho-Akt in lung tissue homogenates. 
Below: Densitometric analysis of each band normalized to that 
of total Akt. Data are from independent experiments with three 
mice per group (mean ± S.E.M.). (d, e) qRT-PCR of COX-2 
and COX-1 in ATII cells and lung tissue samples. (f) Immu-
noblot analysis of COX-2 and COX-1 in lung tissue homogen-
ates. Below: Densitometric analysis of each band normalized 
to that of β-actin. (d) Data were obtained from five replicates 
per condition with cells pooled from two mice per replicate. 
Data were obtained from independent experiments with five 
(e) or three (f) mice per group. (g, h) PGE2 or PGD2 levels in 
BAL fluid (BALF, n = 5 mice) and culture supernatants from 
ATII cells and alveolar macrophages (AM) were measured 
using an enzyme immunoassay. (h) Data were obtained from 
five replicates per condition with cells pooled from two mice 
per replicate. Values represent the means ± S.E.M. *P < 0.05, 
**P < 0.01, ***P < 0.001 compared with Sal control or for 
BLM + Sal vs. BLM + rGas6

◂



	 Cell Biol Toxicol (2024) 40:20

1 3

20  Page 16 of 22

Vol:. (1234567890)

α-SMA/S100A4 was reduced by rGas6. The Tran-
swell assay results revealed that primary fibroblasts 
from the group treated with both BLM and rGas6 
exhibited lower invasiveness compared to those from 
the group treated solely with BLM. Consistent with 
these findings of reverting myofibroblasts to an inac-
tivated phenotype, rGas6 administration reduced the 
mRNA expression levels of Has2, CD44, MMP9, 

MMP12, and MMP14, which have been shown to 
promote cell invasion, in primary fibroblasts (Mar-
rero-Diaz et  al. 2009). Concomitantly, lung content 
of hydroxyproline, and collagen-stained interstitial 
area with damaged alveolar structures in lung sec-
tions during BLM-induced fibrosis were significantly 
reduced by rGas6 administration. These data support 
the antifibrotic effects of rGas6, demonstrating that 

Fig. 6   Inhibition of EMT 
and fibroblast activation 
via Gas6/Axl signaling 
events. Where indicated, 
the Axl inhibitor BGB324 
(BGB, 5 mg/kg, i.o.), 
COX-2 inhibitor NS-398 
(NS, 5 mg/kg, i.o.), EP1/
EP2 inhibitor AH-6809 
(AH, 5 mg/kg, i.p.), or 
DP2 inhibitor BAY-
u3405 (BAY, 30 mg/kg, 
i.p.) was co-administered 
with rGas6 1 day before 
BLM treatment and then 
administered once/day 
(AH) or once every 2 days 
(BGB, NS, and BAY). Mice 
were euthanized 14 days 
following BLM treatment. 
(a, b) qRT-PCR of EMT 
markers and EMT-regu-
lating transcription factors 
in primary ATII cells. (c, 
d) qRT-PCR of activated 
fibroblast markers and inva-
sive myofibroblast-related 
molecules in primary lung 
fibroblasts. (e) Left: The 
cells were visualized by 
phase-contrast microscopy 
to analyze their invasive 
ability in Matrigel-coated 
Transwell assays. Scale 
bar: 100 µm. Right: The 
invaded fibroblasts were 
quantified by counting the 
number of cells adhering to 
the bottom surface of the 
upper chamber. *P < 0.05, 
**P < 0.01, ***P < 0.001 
compared with BLM + Sal 
or for BLM + Gas6 vs. 
BLM + rGas6 + the inhibi-
tor. Data were obtained 
from five replicates per 
condition with cells pooled 
from three mice per repli-
cate (means ± S.E.M.)
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concomitant inhibition of EMT and fibroblast activa-
tion by rGas6 may account for its effect in prevent-
ing the development of BLM-induced lung fibrosis. 
Notably, our in  vitro findings highlight the direct 
relationship between Gas6 signaling in ATII cells and 
the activation of lung fibroblasts. Treatment of MLg 
fibroblasts with the rGas6-exposed LA-4 CM resulted 
in a reduction of the TGF-β1-induced upregulation 
of mRNA and protein expression associated with 

myofibroblast phenotypic markers, exemplified by 
type 1 collagen α2, fibronectin, and α-SMA.

It has been shown that the pathways involving 
COX-2/PGE2 and PGD2 block EMT in kidney and 
lung cells (Yoon et  al. 2016; Zhang et  al. 2006). 
Additionally, numerous investigations have indicated 
that PGE2 displays antifibrotic effects on various tis-
sues by suppressing cell proliferation (Lama et  al. 
2002; Huang et al. 2007), migration (Kohyama et al. 

Fig. 7   Effect of Gas6 
deficiency on EMT and 
fibroblast activation. WT 
and GAS6−/− mice were 
intratracheally instilled 
with BLM (5 U/kg). Mice 
were euthanized 14 days 
after BLM treatment. (a–c) 
qRT-PCR of EMT markers 
and EMT-regulating tran-
scription factors in primary 
ATII cells (a, b) and lung 
tissue (c). (d) qRT-PCR of 
activated fibroblast markers 
and invasive myofibroblast 
phenotype-regulating 
molecules in primary 
fibroblasts. (e) Left: 
Immunoblot analysis of the 
indicated proteins in lung 
tissue. Right: Densitometric 
analysis of each band nor-
malized to that of β-actin. 
(f, g) PGE2 and PGD2 
levels in BAL fluid (BALF) 
and conditioned media of 
ATII cells and alveolar 
macrophages (AM) were 
measured using an enzyme 
immunoassay. *P < 0.05, 
**P < 0.01, ***P < 0.001 
compared with Sal control 
or for WT + BLM vs. 
GAS6−/− + BLM. Data 
were obtained from three 
(f and g middle, right) or 
five replicates (a, b, d) 
per condition with cells 
pooled from two mice per 
replicate (means ± S.E.M.). 
Values represent the 
means ± S.E.M. of results 
from three (e right, f and 
g left) or five mice (c) per 
group
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2001), collagen expression and deposition (Huang 
et al. 2007), and fibroblast differentiation (Bärnthaler 
et al. 2020). These effects are facilitated through the 
cAMP/PKA signaling cascade when PGE2 binds to 
EP2 or EP4 receptors on fibroblasts. In addition, mice 
deficient in hematopoietic PGD synthase exhibited 
elevated collagen deposition in the lungs 14 days post-
BLM treatment. (Kida et al. 2016). Findings from our 
earlier investigation illustrated that Gas6/TAM sign-
aling triggers PI3K/Akt-STAT1 pathway for resolving 
inflammatory response (Kim et  al. 2016). The JAK/
STAT1 pathway has been demonstrated to upregulate 
COX-2 expression in lung epithelial cells (Lee et al. 
2006). These data suggest that Gas6/TAM signaling 
at least partially involving PI3K/Akt-STAT1 path-
way may be responsible for COX-2 induction in mac-
rophages and epithelial cells. Here, we demonstrated 
that Axl phosphorylation, rather than Mer, was fur-
ther enhanced in ATII cells and alveolar macrophages 
following rGas6 administration 14  days post-BLM 
treatment. Moreover, the Akt phosphorylation, a 
widely acknowledged downstream mediator of TAM 
signaling, in lung tissue was also further enhanced 
following rGas6 administration. Indeed, co-admin-
istration of BGB324, a small-molecule inhibitor of 
Axl, with rGas6 downregulated COX-2 expression as 
well as PGE2 and PGD2 production. This in turn miti-
gated the rGas6-induced suppression of the EMT pro-
cess and fibroblast activation. Similarly, NS-398 as 
well as AH-6809 and BAY-u3405 could reverse the 

inhibition of EMT and fibroblast activation induced 
by rGas6. However, these findings are limited to dem-
onstrating the effects of these inhibitors at the mRNA 
level in primary ATII cells and fibroblasts under the 
same experimental conditions. Taken together, our 
findings suggest that Gas6/Axl/Akt pathway possibly 
leads to the increased COX-2 transcriptional induc-
tion as well as PGE2 and PGD2 secretion to protect 
against the development of the EMT phenotype in 
ATII cells and the myofibroblast phenotype during 
BLM-induced lung fibrosis.

Data from our earlier in vitro investigation showed 
that PGE2 and PGD2 synthesis are induced by the 
Gas6-Axl pathway, which effectively prevents the 
abnormal development of EMT in LA-4 cells. This is 
accomplished by inhibiting TGF-β1-induced Akt and 
extracellular signal-regulated kinase (ERK)1/2 acti-
vation (Jung et  al. 2019). Thus, in accordance with 
the results obtained from our pharmacological inhibi-
tion studies, it could be assumed that the antagonists 
blocking the activities of Axl, COX-2, and EP2 and 
DP2 receptors finally restore non-Smad TGF-β sign-
aling pathways to suppress EMT process under the 
fibrotic conditions.

As expected, we found the upregulated Gas6 and 
Axl expression in lung cells and tissue, indicating 
that tissue homeostatic regulation during tissue repair 
and fibrosis may be potentiated upon BLM insult. 
Along with our findings, other studies also showed 
Gas6 and Axl expression were potentiated when 

Fig. 8   Effect of Gas6 deficiency on collagen deposition 
in lung fibrosis. WT and GAS6−/− mice were intratracheally 
instilled with BLM (5 U/kg). Mice were euthanized 14  days 
after BLM treatment. (a) Collagen deposition in the whole 
lung was determined by measuring hydroxyproline content. 
(b) Lung sections were visualized with Masson’s trichrome 

staining on day 14. Representative results from three mice per 
group are shown (scale bar: 50 μm). (c) Ashcroft scoring of the 
lung sections. *P < 0.05, **P < 0.01, ***P < 0.001 compared 
with Sal control or for WT + BLM vs. GAS6−/− + BLM. Values 
represent the means ± S.E.M. of results from three (c) or five 
mice (a) per group
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triggered by noxious or inflammatory stimuli (Ekman 
et  al. 2011; Gruber et  al. 2014; Lemke and Rothlin 
2008). Importantly, the defensive function of endog-
enous Gas6 in BLM-induced lung fibrosis was con-
firmed through investigations performed using mice 
lacking Gas6. In our investigation, we showed that 
the lack of Gas6 exacerbated lung fibrosis by caus-
ing an increased EMT process and fibroblast activa-
tion 14 day post-BLM treatment compared with that 
in WT control mice. Thus, our hypothesis was con-
firmed because Gas6 signaling is essential for pre-
venting or blocking the progression of pulmonary 
fibrosis through inhibition of the EMT process and 
alveolar epithelial cell apoptosis as well as concomi-
tantly restraining fibroblast activation. However, the 
antifibrotic action of Gas6 appears to conflict with 
that described in other reports. Particularly, targeting 
TAM receptors with BGB324 significantly attenuated 
the activation of fibroblasts from IPF lungs (Espin-
dola et  al. 2018). This discrepancy with our present 
study using Gas6−/− mice might be explained by dif-
ferent fibrosis stages due to the use of different doses 
of BLM (1.7 U/kg vs. 5 U/kg) and limited numbers 
of experimental mice. However, the administration 
of exogenous protein S markedly reduced the levels 
of inflammatory and profibrotic markers to attenuate 
BLM-induced lung fibrosis (Urawa et al. 2016). Thus, 
further investigations using diverse in vivo lung fibro-
sis models across different species and disease states 
are necessary to fully understand the conflicting 

results concerning the anti- or pro-fibrotic hypothesis 
for Gas6.

Conclusions

Here, we propose that rGas6 inhibits EMT and 
apoptosis in ATII cells and concomitantly sup-
presses fibroblast activation. This, in turn, hinders 
the advancement of lung fibrosis following BLM 
treatment. The Gas6/Axl signaling pathway may tar-
get ATII cells and alveolar macrophages, inducing 
production of PGE2 and PGD2 derived from COX-
2. These prostanoids work in an autocrine and par-
acrine way to facilitate Gas6’s anti-EMT and antifi-
brotic actions (Fig.  9). Furthermore, Gas6-deficient 
mice exhibited an intensified EMT in ATII cells and 
more activated myofibroblast-like phenotypes, con-
sequently aggravating pulmonary fibrosis after BLM 
treatment.
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COX-2-derived PGE2 and PGD2 production in ATII cells and 
alveolar macrophages



	 Cell Biol Toxicol (2024) 40:20

1 3

20  Page 20 of 22

Vol:. (1234567890)

Funding  This work was supported by the National Research 
Foundation of Korea (NRF) grants (2020R1A5A2019210, 
2020R1A2B5B02001686 and 2023R1A2C2003185) funded by 
the Korean government (MSIT).

Data availability  Data supporting the present study are avail-
able from the corresponding author upon reasonable request.

Code availability  Not applicable.

Declarations 

Ethics approval  All proposed mouse studies were approved 
by the Institutional Animal Care and Use Committee (IACUC) 
of Ewha Womans University College of Medicine (ESM17-
0369).

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Conflict of interest  The authors declare that they have no 
competing interests.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence 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 licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Akamatsu T, Arai Y, Kosugi I, Kawasaki H, Meguro S, Sakao M, 
et al. Direct isolation of myofibroblasts and fibroblasts from 
bleomycin-injured lungs reveals their functional similarities 
and differences. Fibrogenesis Tissue Repair. 2013;6(1):15.

Ashcroft T, Simpson JM, Timbrell V. Simple method of esti-
mating severity of pulmonary fibrosis on a numerical 
scale. J Clin Pathol. 1988;41(4):467–70.

Bárcena C, Stefanovic M, Tutusaus A, Joannas L, Menén-
dez A, García-Ruiz C, et  al. Gas6/Axl pathway is acti-
vated in chronic liver disease and its targeting reduces 
fibrosis via hepatic stellate cell inactivation. J Hepatol. 
2015;63(3):670–8.

Bärnthaler T, Theiler A, Zabini D, Trautmann S, Stacher-
Priehse E, Lanz I, et  al. Inhibiting eicosanoid degrada-
tion exerts antifibrotic effects in a pulmonary fibrosis 

mouse model and human tissue. J Allergy Clin Immunol. 
2020;145(3):818-33.e11.

Bortnick AE, Favari E, Tao JQ, Francone OL, Reilly M, Zhang 
Y, et  al. Identification and characterization of rodent 
ABCA1 in isolated type II pneumocytes. Am J Physiol 
Lung Cell Mol Physiol. 2003;285(4):L869–78.

Donaldson JG. Immunofluorescence staining. Curr Protoc Cell 
Biol. 2015;69:41–74.

Ekman C, Jonsen A, Sturfelt G, Bengtsson AA, Dahlbäck B. 
Plasma concentrations of gas6 and saxl correlate with dis-
ease activity in systemic lupus erythematosus. Rheumatol-
ogy. 2011;50(6):1064–9.

Espindola MS, Habiel DM, Narayanan R, Jones I, Coelho AL, 
Murray LA, et al. Targeting of TAM receptors ameliorates 
fibrotic mechanisms in idiopathic pulmonary fibrosis. Am 
J Respir Crit Care Med. 2018;197(11):1443–56.

Gonzalez DM, Medici D. Signaling mechanisms of the epithe-
lial-mesenchymal transition. Sci Signal. 2014;7(344):re8.

Gruber RC, Ray AK, Johndrow CT, Guzik H, Burek D, de 
Frutos PG, Shafit-Zagardo B. Targeted GAS6 delivery 
to the CNS protects axons from damage during experi-
mental autoimmune encephalomyelitis. J Neurosci. 
2014;34(49):16320–35.

Harada T, Nabeshima K, Hamasaki M, Uesugi N, Watanabe K, 
Iwasaki H. Epithelial-mesenchymal transition in human 
lungs with usual interstitial pneumonia: quantitative 
immunohistochemistry. Pathol Int. 2010;60(1):14–21.

Hashimoto N, Phan SH, Imaizumi K, Matsuo M, Nakashima 
H, Kawabe T, et al. Endothelial-mesenchymal transition in 
bleomycin-induced pulmonary fibrosis. Am J Respir Cell 
Mol Biol. 2010;43(2):161–72.

Hill C, Jones MG, Davies DE, Wang Y. Epithelial-Mesen-
chymal Transition Contributes to Pulmonary Fibrosis 
via Aberrant Epithelial/Fibroblastic Cross-Talk. J Lung 
Health Dis. 2019;3(2):32–5.

Huang S, Wettlaufer SH, Hogaboam C, Aronoff DM, 
Peters-Golden M. Prostaglandin E(2) inhibits colla-
gen expression and proliferation in patient-derived nor-
mal lung fibroblasts via E prostanoid 2 receptor and 
cAMP signaling. Am J Physiol Lung Cell Mol Physiol. 
2007;292(2):L405–13.

Jung J, Lee YJ, Choi YH, Park EM, Kim HS, Kang JL. Gas6 
Prevents Epithelial-mesenchymal transition in alveolar 
epithelial cells via production of PGE(2), PGD(2) and 
their receptors. Cells. 2019;8(7):643.

Kasai H, Allen JT, Mason RM, Kamimura T, Zhang Z. TGF-
beta1 induces human alveolar epithelial to mesenchymal 
cell transition (EMT). Respir Res. 2005;6(1):56.

Kida T, Ayabe S, Omori K, Nakamura T, Maehara T, Aritake 
K, et al. Prostaglandin D2 attenuates bleomycin-induced 
lung inflammation and pulmonary fibrosis. PLoS ONE. 
2016;11(12):e0167729.

Kim BM, Lee YJ, Choi YH, Park EM, Kang JL. Gas6 
ameliorates inflammatory response and apoptosis in 
bleomycin-induced acute lung injury. Biomedicines. 
2021;9(11):1674.

Kim SY, Lim EJ, Yoon YS, Ahn YH, Park EM, Kim HS, 
et  al. Liver X receptor and STAT1 cooperate down-
stream of Gas6/ Mer to induce anti-inflammatory 
arginase 2 expression in macrophages. Sci Rep. 
2016;6:29673.

http://creativecommons.org/licenses/by/4.0/


Cell Biol Toxicol (2024) 40:20	

1 3

Page 21 of 22  20

Vol.: (0123456789)

Kohyama T, Ertl RF, Valenti V, Spurzem J, Kawamoto M, 
Nakamura Y, et  al. Prostaglandin E(2) inhibits fibro-
blast chemotaxis. Am J Physiol Lung Cell Mol Physiol. 
2001;281(5):L1257–63.

Lama V, Moore BB, Christensen P, Toews GB, Peters-Golden 
M. Prostaglandin E2 synthesis and suppression of fibro-
blast proliferation by alveolar epithelial cells is cycloox-
ygenase-2-dependent. Am J Respir Cell Mol Biol. 
2002;27(6):752–8.

Lamouille S, Xu J, Derynck R. Molecular mechanisms of epi-
thelial-mesenchymal transition. Nat Rev Mol Cell Biol. 
2014;15(3):178–96.

Lee J, Jung HH, Im YH, Kim JH, Park JO, Kim K, et  al. 
Interferon-α resistance can be reversed by inhibition of 
IFN-α-induced COX-2 expression potentially via STAT1 
activation in A549 cells. Oncol Rep. 2006;15(6):1541–9.

Lee YJ, Kim MJ, Yoon YS, Choi YH, Kim HS, Kang JL. Simv-
astatin treatment boosts benefits of apoptotic cell infusion 
in murine lung fibrosis. Cell Death Dis. 2017;8(6):e2860.

Lee YJ, Lee SH, Youn YS, Choi JY, Song KS, Cho MS, et al. 
Preventing cleavage of Mer promotes efferocytosis and 
suppresses acute lung injury in bleomycin treated mice. 
Toxicol Appl Pharmacol. 2012a;263(1):61–72.

Lee YJ, Moon C, Lee SH, Park HJ, Seoh JY, Cho MS, et  al. 
Apoptotic cell instillation after bleomycin attenuates lung 
injury through hepatocyte growth factor induction. Eur 
Respir J. 2012b;40(2):424–35.

Lee YJ, Park HJ, Woo SY, Park EM, Kang JL. RhoA/phos-
phatidylinositol 3-kinase/protein kinase B/mitogen-acti-
vated protein kinase signaling after growth arrest–specific 
protein 6/Mer receptor tyrosine kinase engagement pro-
motes epithelial cell growth and wound repair via upregu-
lation of hepatocyte growth factor in macrophages. J Phar-
macol Exp Ther. 2014;350(3):563–77.

Lemke G, Rothlin CV. Immunobiology of the TAM receptors. 
Nat Rev Immunol. 2008;8:327–36.

Lew ED, Oh J, Burrola PG, Lax I, Zagórska A, Través PG, 
et  al. Differential TAM receptor-ligand-phospholipid 
interactions delimit differential TAM bioactivities. eLife. 
2014;3:e03385.

Li W, Xie L, Ma J, Yang M, Wang B, Xu Y, et  al. Genetic 
loss of Gas6/Mer pathway attenuates silica-induced 
lung inflammation and fibrosis in mice. Toxicol Lett. 
2019;313:178–87.

Li Y, Jiang D, Liang J, Meltzer EB, Gray A, Miura R, et  al. 
Severe lung fibrosis requires an invasive fibroblast phe-
notype regulated by hyaluronan and CD44. J Exp Med. 
2011;208(7):1459–71.

Lin SL, Kisseleva T, Brenner DA, Duffield JS. Pericytes and 
perivascular fibroblasts are the primary source of colla-
gen-producing cells in obstructive fibrosis of the kidney. 
Am J Pathol. 2008;173(6):1617–27.

Lomas NJ, Watts KL, Akram KM, Forsyth NR, Spiteri MA. 
Idiopathic pulmonary fibrosis: immunohistochemical 
analysis provides fresh insights into lung tissue remodel-
ling with implications for novel prognostic markers. Int J 
Clin Exp Pathol. 2012;5(1):58–71.

Lovgren AK, Kovacs JJ, Xie T, Potts EN, Li Y, Foster WM, 
et  al. β-arrestin deficiency protects against pulmonary 
fibrosis in mice and prevents fibroblast invasion of extra-
cellular matrix. Sci Transl Med. 2011;3(74):74ra23.

Marrero-Diaz R, Bravo-Cordero JJ, Megías D, García 
MA, Bartolomé RA, Teixido J, et  al. Polarized MT1-
MMP-CD44 interaction and CD44 cleavage during 
cell retraction reveal an essential role for MT1-MMP 
in CD44-mediated invasion. Cell Motil Cytoskeleton. 
2009;66(1):48–61.

Park HJ, Baen JY, Lee YJ, Choi YH, Kang JL. The TAM-fam-
ily receptor Mer mediates production of HGF through the 
RhoA-dependent pathway in response to apoptotic cells. 
Mol Biol Cell. 2012;23:3254–65.

Peng CK, Wu CP, Lin JY, Peng SC, Lee CH, Huang KL, 
et  al. Gas6/Axl signaling attenuates alveolar inflamma-
tion in ischemia-reperfusion-induced acute lung injury 
by up-regulating SOCS3-mediated pathway. PLoS ONE. 
2019;14(7):e0219788.

Phan THG, Paliogiannis P, Nasrallah GK, Giordo R, Eid AH, 
Fois AG, et al. Emerging cellular and molecular determi-
nants of idiopathic pulmonary fibrosis. Cell Mol Life Sci. 
2021;78(5):2031–57.

Piera-Velazquez S, Jimenez S. Endothelial to mesenchymal 
transition: Role in physiology and in the pathogenesis of 
human diseases. Physiol Rev. 2019;99(2):1281–324.

Plikus MV, Wang X, Sinha S, Forte E, Thompson SM, Herzog 
EL, et  al. Fibroblasts: Origins, definitions, and functions 
in health and disease. Cell. 2021;184(15):3852–72.

Quan TE, Cowper SE, Bucala R. The role of circulating fibro-
cytes in fibrosis. Curr Rheumatol Rep. 2006;8(2):145–50.

Safaeian L, Jafarian-Dehkordi A, Rabbani M, Sadeghi HM, 
Afshar-Moghaddam N, Sarahroodi S. Comparison of bleo-
mycin-induced pulmonary apoptosis between NMRI mice 
and C57BL/6 mice. Res Pharm Sci. 2013;8(1):43–50.

Salmi L, Gavelli F, Patrucco F, Bellan M, Sainaghi PP, Avanzi 
GC, et  al. Growth arrest-specific gene 6 administration 
ameliorates sepsis-induced organ damage in mice and 
reduces ROS formation in vitro. Cells. 2021;10(3):602.

Salton F, Volpe MC, Confalonieri M. Epithelial–mesenchymal 
transition in the pathogenesis of idiopathic pulmonary 
fibrosis. Medicina. 2019;55(4):83.

Somogyi V, Chaudhuri N, Torrisi SE, Kahn N, Müller V, Kreu-
ter M. The therapy of idiopathic pulmonary fibrosis: what 
is next? Eur Respir Rev. 2019;28:190021.

Stelling E, Ricke-Hoch M, Erschow S, Hoffmann S, Bergmann 
AK, Heimerl M, et al. Increased prostaglandin-D2 in male 
STAT3-deficient hearts shifts cardiac progenitor cells 
from endothelial to white adipocyte differentiation. PLoS 
Biol. 2020;18(12):e3000739.

Todd NW, Luzina IG, Atamas SP. Molecular and cellular 
mechanisms of pulmonary fibrosis. Fibrogenesis Tissue 
Repair. 2012;5(1):11.

Tirado-Gonzalez I, et  al. AXL inhibition in macrophages 
stimulates host-versus-leukemia immunity and eradicates 
naïve and treatment-resistant leukemia. Cancer Discov. 
2021;11(11):2924–43.

Urawa M, Kobayashi T, D’Alessandro-Gabazza CN, Fujimoto 
H, Toda M, Roeen Z, et al. Protein S is protective in pul-
monary fibrosis. J Thromb Haemost. 2016;14(8):1588–99.

Willis BC, Liebler JM, Luby-Phelps K, Nicholson AG, Cran-
dall ED, du Bois RM, et  al. Induction of epithelial-mes-
enchymal transition in alveolar epithelial cells by trans-
forming growth factor-beta1: potential role in idiopathic 
pulmonary fibrosis. Am J Pathol. 2005;166(5):1321–32.



	 Cell Biol Toxicol (2024) 40:20

1 3

20  Page 22 of 22

Vol:. (1234567890)

Xia H, et al. Calcium-binding protein S100A4 confers mesen-
chymal progenitor cell fibrogenicity in idiopathic pulmo-
nary fibrosis. J Clin Investig. 2017;127(7):2586–97.

Yang W, Hu B, Wu W, Batra S, Blackburn MR, Alcorn JL, 
et  al. Alveolar type II epithelial cell dysfunction in rat 
experimental hepatopulmonary syndrome (HPS). PLoS 
ONE. 2014;9(11):e113451.

Yoon YS, Lee YJ, Choi JY, Cho MS, Kang JL. Coordinated 
induction of cyclooxygenase-2/prostaglandin E2 and 
hepatocyte growth factor by apoptotic cells prevents lung 
fibrosis. J Leukoc Biol. 2013;94(5):1037–49.

Yoon YS, Lee YJ, Choi YH, Park YM, Kang JL. Macrophages 
programmed by apoptotic cells inhibit epithelial-mes-
enchymal transition in lung alveolar epithelial cells via 
PGE2, PGD2, and HGF. Sci Rep. 2016;6:20992.

Zagórska A, Través PG, Jiménez-García L, Strickland JD, Oh 
J, Tapia FJ, et al. Differential regulation of hepatic physi-
ology and injury by the TAM receptors Axl and Mer. Life 
Sci Alliance. 2020;3:e202000694.

Zhang A, Dong Z, Yang T. Prostaglandin D2 inhibits 
TGF-beta1-induced epithelial-to-mesenchymal tran-
sition in MDCK cells. Am J Physiol Renal Physiol. 
2006;291(6):F1332–42.

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


	Administration of Gas6 attenuates lung fibrosis via inhibition of the epithelial-mesenchymal transition and fibroblast activation
	Abstract 
	Background
	Methods
	Reagents
	Animal protocols
	Bronchoalveolar lavage (BAL), cell counts, and lung tissue
	Isolation of ATII cells
	Isolation of lung fibroblasts
	Preparation of alveolar macrophages
	Quantitative real-time PCR (qRT-PCR) analysis
	Western blot analysis
	Invasion assay
	Immunocytochemistry
	Immunohistochemistry
	Apoptosis assay in isolated ATII cells
	Enzyme-linked immunosorbent assay (ELISA)
	Measurement of hydroxyproline
	Statistical analysis

	Results
	rGas6 administration inhibits mesenchymal transition and invasion of ATII cells after BLM treatment
	rGas6 administration inhibits apoptosis of ATII cell during lung fibrosis
	rGas6 administration inhibits fibroblast activation
	rGas6 administration suppresses lung fibrosis
	rGas6 administration increases Gas6Axl signaling events, including COX-2-derived PGE2 and PGD2 production
	Gas6Axl signaling events are required for inhibition of EMT and fibroblast activation
	The progression of the EMT and the activation of fibroblasts are aggravated in Gas6−− mice
	In vitro exposure of LA-4 cells to rGas6 inhibits myofibroblast phenotypic markers

	Discussion
	Conclusions
	Acknowledgements 
	References


