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Abstract

Background: The epithelial sodium channel (ENaC) situated in the apical membrane
of alveolar epithelial type 2 (AT2) cells is beneficial to edematous fluid reabsorption

in acute lung injury (ALI). Recently, mesenchymal stem cells (MSCs), particularly their
secretome, has emerged as a novel approach for treating pulmonary diseases. Among
these secreted factors, keratinocyte growth factor (KGF) plays a critical role in medi-
ating alveolar epithelial repair during ALl by enhancing epithelial cell proliferation,
restoring epithelial integrity, and alleviating pulmonary edema, making it a promis-
ing candidate for therapeutic strategies. This study primarily focused on investigating
the impact of KGF secreted from MSC on ALl, and clarifying its specific mechanism

in regulating the expression of ENaC.

Methods: Lipopolysaccharide (LPS)-stimulated primary mouse AT2 cells were treated
with KGF in vitro, and western blots along with immunofluorescence assays were per-
formed to investigate the regulatory mechanism of KGF on ENaC protein expression. To
further confirm the role of mouse bone marrow MSC-derived KGF, co-culture experi-
ments with AT2 cells and either MSC or MSC with KGF knockdown (MSC-siKGF) were
conducted. In vivo, an ALI model was established in mice by LPS-induced lung injury.
The therapeutic effects of tail vein-injected MSC or MSC-siKGF were assessed using
hematoxylin-eosin staining, lung wet/dry weight ratio, and alveolar fluid clearance.

Results: In primary mouse AT2 cells, KGF stimulation effectively restored the reduc-
tion of growth factor receptor-bound protein 2-associated binding protein 1 (Gab1)
and a/y-ENaC protein levels induced by LPS. KGF inhibited the activation of the LPS-
induced extracellular regulated protein kinases (ERK) and nuclear factor-kappaB
(NF-kB) signaling pathway. Treatment with the ERK pathway inhibitor PD98059
reversed the LPS-induced reduction in ENaC protein levels but had no effect on Gab1
levels. In addition, PD98059 suppressed LPS-induced activation of the NF-kB signal-
ing pathway. Further analysis revealed that LPS stimulation weakened the interaction
between the NF-kB p65 subunit and inhibitor kappaB (IkB), while KGF enhanced this
interaction and inhibited the nuclear translocation of p65. Both KGF and the NF-«B
inhibitor QNZ reversed the LPS-induced downregulation of ENaC protein levels

and gene expression. Furthermore, both agents effectively restored the functional
activity of ENaC channels. Co-culture with MSCs increased Gab1 protein levels,
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inhibited ERK/NF-kB signaling activation, and suppressed p65 nuclear translocation

in LPS-treated AT2 cells, whereas these effects were attenuated in cells co-cultured
with MSC-siKGF. In an ALI mouse model, tail-vein injection of MSCs alleviated lung
injury and pulmonary edema, while the therapeutic effects of MSC-siKGF were weaker
they were partly restored by the combination of QNZ.

Conclusions: Our study validated that the efficacy of MSCs in the treatment of edem-
atous ALl was significantly associated with KGF, which potentially enhanced the upreg-
ulation of ENaC through the Gab1/ERK/NF-kB signaling pathway.

Keywords: Acute lung injury, Epithelial sodium channel, Mesenchymal stem cell,
Keratinocyte growth factor, Nuclear factor-kappaB

Introduction

Acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) is a respiratory
injury characterized by diffuse alveolar epithelial cell damage that leads to the accumu-
lation of inflammatory fluids and impaired alveolar fluid clearance (AFC), ultimately
resulting in high morbidity and mortality [1-4]. The severity of lung epithelial injury,
particularly involving alveolar epithelial type 2 (AT2) cells, is a crucial determinant of
survival in patients with ALI/ARDS [5]. The epithelial sodium channel (ENaC) located
in the apical membrane of AT2 cells, functions as the limiting factor in the process of
alveolar epithelial fluid absorption, the dysregulation of which may result in reduced
AFC and pulmonary edema [2, 4, 6, 7].

Recently, the paracrine role of mesenchymal stem cells (MSCs) has attracted more
and more attention, as it may be the main mechanism of lung injury repair and regen-
eration [8—14]. Keratinocyte growth factor (KGF), a component of the MSC secretome,
has been reported to promote cell survival and proliferation, whereas its detailed role in
regulating alveolar epithelial ion transport during ALI/ARDS is still unknown [15-18].
Growth factor receptor binding 2-associated binding protein 1 (Gabl), a highly con-
served scaffolding protein, exerts a crucial regulatory role in the KGF signaling pathway,
particularly through its interaction with growth factor receptor-bound protein 2 [19,
20]. Furthermore, a recent investigation has demonstrated that the absence of Gabl in
AT?2 cells impairs the balance of surfactant proteins, ultimately resulting in lung dam-
age in mice [21]. Therefore, it is important to investigate whether Gab1 plays a signifi-
cant role in KGF-mediated treatment of ALIL Lipopolysaccharide (LPS) is a well-known
inducer of inflammation, which can cause ALI/ARDS in cell/mouse models by activat-
ing extracellular regulated protein kinases (ERK) signaling; however, the role of ERK and
its downstream nuclear factor-kappaB (NF-«B) signaling is still contradictory in alveolar
epithelial cells, both of which are involved in the regulation of ENaC proteins [21-25].

The purpose of this study was to investigate how the paracrine factor KGF secreted by
MSCs, affected LPS-induced ALI and associated mechanisms, thereby offering a wide
range of clinical applications of MSCs for the treatment of ALI/ARDS.

Methods

Animals and treatment

SPF-grade C57BL/] mice, weighing between 25 and 30 g, or newborn mice (Huafu-
kang, Beijing, China), were utilized for animal experiments. The mice were pretreated
with NF-«B specific inhibitor (QNZ, MedChemExpress, Shanghai, China, 1 mg/kg) by
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intraperitoneal injection for 0.5 h, followed by LPS (Solarbio, Beijing, China, 5 mg/kg)
for 12 h, and MSC/MSC-siKGF (1 x 10° cells) by tail-vein injection for 12 h. The control
group was injected with 0.9% NaCl.

Primary mouse AT2 cell and MSC culture
Newborn SPF-grade C57BL/J mice were used to isolate primary AT2 cells. The lung tis-
sue was separated in phosphate-buffered saline (PBS), followed by enzymatic digestion
at 37 °C. Then, the collected cells were cultured in Dulbecco’s modified Eagle medium
(DMEM)/F12 medium (Corning, New York, USA), with the medium changed every
48 h for 3 d before use [22]. Antibodies used in flow cytometry to assess AT2 cell purity
included Spc/Pdpn (Santa Cruz, Dallas, USA) and FITC-labeled goat anti-rabbit IgG
(ZSGB-bio, Beijing, China). We treated AT2 cells with 100 nM QNZ/10 uM ERK1/2
specific inhibitor (PD98059, Beyotime, Shanghai, China) for 0.5 h, then applied 10 pg/ml
LPS for 12 h, followed by KGF (Novoprotein, Suzhou, China, 10 ng/ml) for 12 h.
Following the euthanasia of male C57BL/] mice (25-30 g) by intraperitoneal injec-
tion of sodium pentobarbital (100 mg/kg), the femurs were aseptically harvested. The
bone marrow cavity was then flushed to collect bone marrow cells, which were subse-
quently centrifuged and plated into culture dishes containing DMEM/F12 medium [26,
27]. Under optimal culture conditions, nonadherent cells were removed to obtain puri-
fied MSCs. To determine the role of KGF in MSC therapy, we transfected 100 nM KGE-
siRNA (siKGF, GenePharma, Shanghai, China) for 48 h. MSCs at a density of 1 x 10* cells
per well were seeded into the apical compartment of a 6-well Transwell system, while
AT?2 cells were positioned in the basolateral compartment. AT2 cells treated with 10 pg/
mL LPS were co-cultured with MSC/MSC-siKGF for 12 h.

Air-liquid cell culture

Calu-3 cells were seeded at a density of 5x10° cells/cm? in 24-well Transwell inserts
(3413, Corning-Costar, Lowell, USA). The basolateral chamber was filled with DMEM/
F12 medium supplemented with 10% fetal bovine serum, 1% penicillin—streptomycin,
and 250 nM dexamethasone (D4902, Sigma, St. Louis, USA). The cells were cultured at
37 °C in a humidified incubator with 5% CO,. After 24 h, unattached cells in the api-
cal chamber were removed, and the culture was switched to an air-liquid interface
condition by removing the apical medium, while the basolateral medium was replaced
every 48 h. The monolayer integrity was assessed by measuring transepithelial electri-
cal resistance (TEER) using a Millicell ERS-2 V-ohm meter (Millipore, USA), and only
monolayers with a stable TEER value exceeding 400 Q cm? were used for subsequent
experiments.

Western blot assay

Cellular or tissue proteins were extracted, fractionated by SDS-PAGE gel electrophoresis
according to their molecular weights, detected using specific antibodies, and visualized
for subsequent expression analysis. The western blot assay utilized primary antibodies
that included a-ENaC (1:1500, Invitrogen, Carlsbad, USA); y-ENaC (1:1500, Abcam,
Cambridge, USA); B-actin (1:1500, Proteintech, Chicago, USA); p65, p-p65, inhibi-
tor kappaB (IkB), and p-IkB (1:1000, Abmart, Shanghai, China); ERK1/2 and p-ERK1/2
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(1:1000, Cell Signaling, Danvers, USA); and Gabl (1:500, Affinity, Cincinnati, USA).
Horseradish peroxidase-conjugated, goat-anti-rabbit or goat-anti-mouse (1:5000, ZSGB-
BIO, Beijing, China) antibodies were used as secondary antibodies at room temperature
for 1.5 h. The protein bands were visualized using ECL on a chemiluminescence detec-
tion system (Tanon, Shanghai, China), and the intensity of each specific band was quan-
tified with Image].

Immunofluorescence staining

Primary mouse AT2 cells were immobilized using 4% paraformaldehyde at 25 °C for
20 min, and nonspecific permeabilization of cell membranes for 15 min with 0.2% Triton
X-100. After blocking, the cells were incubated overnight with primary antibody against
a/y-ENaC (1:200), then with anti-rabbit IgG (H+L) highly cross-adsorbed secondary
antibody for 2 h. Finally, the cell nuclei were stained with DAPI, and observed under the

fluorescence microscope.

Co-immunoprecipitation

The primary mouse AT?2 cells were treated with RIPA lysis buffer to extract cell lysates.
A specific antibody was used to capture the target protein, forming an antibody—tar-
get protein complex, which was then precipitated using protein A/G-beads. During this
process, proteins interacting with the target protein were also co-precipitated. Finally,
western blot analysis was performed to analyze the interacting proteins.

Electrophoretic mobility shift assay

Nucleoprotein extraction was performed utilizing a dedicated kit sourced from Beyo-
time (Shanghai, China), with subsequent quantitation of protein concentration. The
a-ENaC probe was prepared with the sequence 5'-GGAGAGTCCCC-3’. Next, the
nuclear proteins were mixed with DNA probes and allowed to bind under certain condi-
tions. By polyacrylamide gel electrophoresis, protein-bound DNA was separated from
unbound DNA. The DNA was then transferred onto a nylon membrane, followed by
employing specific detection methods to observe and analyze the positional changes of
the DNA probes on the membrane, thereby assessing the binding status of proteins to
DNA.

Quantitative real-time polymerase chain reaction

Total RNA was extracted from AT2 cells by Trizol reagent sourced from Invitrogen
(Waltham, USA). The PrimeScript RT reagent kit (TaKaRa, Kusatsu, Japan), was uti-
lized to convert the RNA into cDNA according to its guidelines. SYBR Premix Ex Taq
II reagent (TaKaRa, Kusatsu, Japan) was used to prepare a reaction system containing
the samples and primers, and quantitative real-time polymerase chain reactions (qQRT-
PCR) were performed on the ABI 7500 qRT-PCR System. The primer pairs included in
the experiment were as follows: a-ENaC (forward: 5'-AGG GCT GAG CCT AGA GCT
AGA GA-3’; reverse: 5'-TTC CTC CCG GAC TGT TTG AC-3"), B-ENaC (forward:
5-GGG ACC AAA ACC ACC TTA GCT GCC ATC AC-3’; reverse: 5 -TGC AGT ACC
ACA CTA GCA GC-3"), y-ENaC (forward: 5'-CAG CCG TGA CCC TTC AGT TC-3';
reverse: 5'-CCT TAA TGG TCG GCG CCT GG-3’), and B-actin (forward: 5'-GGC
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TGT ATT CCC CTC CAT CG-3'; reverse: 5 -CCA GTT GGT AAC AAT GCC ATG
T-3"). The PCR cycling system was set up according to the manufacturer’s instructions.

2—AACT

The experimental data were analyzed using the relative quantification method.

Hematoxylin-eosin staining

The lung tissues were fixed in 4% paraformaldehyde for 24 h, subsequently dehydrated
using a sucrose solution, embedded in paraffin, and then stored in a —80 °C freezer.
The paraffin-embedded lung tissues were sectioned using a cryostat, followed by stain-
ing with hematoxylin—eosin (HE), and the pathological changes in the lungs were ana-
lyzed under an optical microscope. The lung injury score was evaluated on the basis
of pulmonary hemorrhage, inflammatory cell infiltration, and pulmonary interstitial
edema. According to the severity of injury, scores were assigned as follows: 0 (no appar-
ent lesions), 0.5—-1 (mild), 2 (moderate), 3 (severe), and 4 (critical). The ALI score was
obtained by summing the scores for each parameter, and the average score for each
group was calculated for statistical analysis. All evaluations were performed by an inde-
pendent observer blinded to the sample identities [28].

Wet/dry weight ratio and lung index measurement

The severity of pulmonary edema was assessed by calculating both the wet/dry (W/D)
weight ratio and lung index. Following euthanasia of the mice, lung tissues were
promptly isolated and wet weight (g) was determined. Subsequently, these tissues were
subjected to drying in an oven maintained at 60 °C for a duration of 48 h. Post-drying,
the dry weight (g) of the tissues was measured. Utilizing these values, the W/D weight
ratio was computed. In addition, the lung index was derived by dividing the wet weight
of the lungs (g) by the total body weight of the mouse (kg).

AFC measurement in vivo

AFC was performed in vivo as previously described [29]. Briefly, after anesthesia with
pentobarbital sodium (50 mg/kg) by intraperitoneal injection, the mice were placed
supine with their limbs and heads fixed using syringe needles. After exposing and iso-
lating the trachea, a T-connector attached to a mouse respirator was inserted to sup-
ply oxygen. The mouse was then positioned laterally, and 200 pl (the volume of injected
alveolar fluid, Vi) of 5% (the initial concentration of injected protein, Pi) fatty acid-free
bovine serum albumin solution was instilled into the lungs through the T-connector.
After 30 min, the respirator was turned off, and a 1 mL syringe connected to the T-con-
nector was used to gently aspirate the alveolar fluid and the protein concentration of the
retrieved fluid was measured and recorded as Pf. According to the formula, the volume
of alveolar fluid gathered (Vf) can be calculated as Vf=(Vix Pi)/Pf. Finally, AFC was cal-
culated on the basis of the following formula: AFC = [(Vi— Vf)/Vi] x 100.

Protein interaction prediction using string database

Utilizing the string database (https://string-db.org/), we predicted the downstream
signaling pathways of the target protein. The proteins or gene sequences involved in
our research were entered to generate a protein—protein interaction network. We then
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analyzed each potential interacting protein individually to assess its likelihood of being
upstream or downstream of the target protein [30, 31].

Molecular docking analysis

We obtained the molecular structures of the two proteins from the PDB database
(https://www.rcsb.org), digitally predicted whether the molecules were likely to bind or
not at the zdock website (https://zdock.wenglab.org/), docked the two molecules using
PyMol (https://pymol.org/2), and visualized the molecular docking results [32, 33].

Ussing chamber analysis

The Calu-3 monolayers were mounted in Ussing chambers (Physiologic Instruments,
San Diego, USA), with the basolateral and apical sides perfused with their respective
solutions (composition as previously described) [22]. A continuous flow of 95% O,/5%
CO, gas mixture was maintained at 37 °C. To permeabilize the basolateral membrane,
100 uM amphotericin B (Sigma, St. Louis, USA) was added to the basolateral side. After
a 10-min equilibration, 100 pM amiloride (Sigma, St. Louis, USA) was applied to the
apical side, and the resulting decrease in short-circuit current (Isc) was recorded as the
amiloride-sensitive current (ASI), representing ENaC-mediated sodium ion transport.
Data were acquired using the Acquire and Analyze 2.3 software.

Measurement of airway surface liquid height

The apical surface of the Calu-3 monolayers was washed three times with PBS, followed
by the addition of 1 pL FITC-dextran (Sigma, St. Louis, USA) mixed with 99 uL PBS. The
cells were incubated at 37 °C in the dark for 1 h. After removing the apical liquid, the
air-liquid interface culture was continued for another 24 h. For analysis, the Transwell
membrane was excised and placed in a confocal dish. The airway surface liquid (ASL)
was imaged using a laser scanning confocal microscope with z-axis 3D scanning (step
size: 10 pm). The ASL height was quantified using Image] software.

Statistical analysis

The experimental results were presented as the mean +SE, and assessed the power of
sample size firstly to meet P<0.05. Upon successful completion of Levene’s test for nor-
mality and Shapiro—Wilk’s test for heteroscedasticity, we employed one-way analysis of

variance (ANOVA) and Bonferroni’s test for comparisons across multiple groups.

Results

KGF upregulated Gab1 and ENaC expression

The KGF receptor (KGFR), encoded by the Fgfi2 gene, is a receptor with high affinity
for binding to KGF. Firstly, we utilized the string database to screen Gabl as a possible
candidate molecule in the signaling pathway of KGFR (Fig. 1A) [34]. Molecular dock-
ing between Gabl and KGFR was conducted, which indicated a potential interaction
between KGFR and Gabl, with a minimum binding energy of —30.4 kcal/mol (Fig. 1B)
[35]. Subsequently, we examined the role of Gabl in KGF-involved ALI in primary
mouse AT?2 cells, with a purity up to 90.0% by flow cytometry (Fig. 1C). LPS stimula-
tion significantly downregulated Gabl protein expression, which could be markedly
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Fig. 1 KGF increased Gab1 and ENaC protein expression in AT2 cells. A An analysis of the protein interaction
network for the KGFR protein was performed utilizing the string database. B The results of molecular docking
were visualized, subsequently followed by a detailed magnification of the interacting amino acid pairs.

C Flow-cytometry results showed 90.0% positivity for the AT2 cell surface marker SPC. D Representative
graphs showed the effect of LPS or KGF stimulation on a/y-ENaC and Gab1 protein expression in AT2 cells.

E, F Statistical data were obtained from western blots and quantified through gray analysis. **P < 0.01,
compared with control group; ¥ < 0.01, &P <0.001, compared with LPS group; n= 3. Comparison among
different groups was analyzed by one-way ANOVA followed by Bonferroni's multiple comparison test. G, H
Immunofluorescence staining of a/y-ENaC (shown in red) was observed in AT2 cells from different treatment
groups. Scale bar: 25 um

reversed by KGF (Fig. 1D, E). As expected, the key regulator of alveolar fluid absorption,
a/y-ENaC was also significantly enhanced after the administration of KGF in the LPS-
induced ALI cell model (Fig. 1F). Notably, the assessment of B-ENaC expression was
hindered by the lack of suitable antibodies. Meanwhile, we used immunofluorescence
techniques to observe the protein level of a/y-ENaC in AT2 cells, which was consistent
with the above results (Fig. 1G, H).

Gab1 interacted with ERK1/2 protein in AT2 cells

To explore the intermediate signal of how Gabl regulates ENaC expression, we first
screened the possible cross-talk between Gabl and mitogen activated protein kinase
(MAPK) predicted by the string database (Fig. 2A). The interaction between the two pro-
teins was visualized in Fig. 2B, with possible interaction pairs of amino acids enlarged.
Further molecular docking of ERK1/2, a family member of the classical MAPK signaling
pathway, with Gabl protein resulted in a minimum binding energy of —15.2 kcal/mol,
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protein was conducted using the string database. B Visualization of molecular docking results, followed by
local magnification of the interacting amino acid pairs. C Co-IP assay demonstrated the interaction between
Gab1 and ERK1/2
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suggesting that the two proteins had the potential to interact with each other, which was
validated by co-immunoprecipitation (Co-IP) experiments (Fig. 2C).

Next, the involvement of ERK1/2 in KGF upregulation of ENaC protein was verified.
In Fig. 3A, B, LPS could strongly enhance the phosphorylation level of ERK1/2, which
was markedly reversed by the administration of KGF. By combining it with the ERK
signaling pathway-specific inhibitor PD98059, the inhibitory effect of KGF was not fur-
ther strengthened. Meanwhile, we found that KGF and PD98059 had similar effects on
LPS-reduced o/y-ENaC protein, whereas only KGF but not PD98059 had a reversible
effect on Gabl expression (Fig. 3C—F), supporting the idea that Gabl might be one of
the upstream molecules of ERK1/2, which could regulate ENaC accordingly.

KGF inhibited NF-kB p65 nuclear translocation through ERK1/2

Our previous studies showed that NF-kB functioned as a downstream pathway associ-
ated with the ERK signaling pathway and may participate in the regulation of the ENaC
protein [22]. We next investigated the influence of KGF on the NF-«B p65 subunit trans-
location to the cell nucleus, an essential process for NF-kB phosphorylation activation
[15, 22]. The nuclear and total proteins from primary mouse AT2 cells were extracted
separately, and the results showed that both KGF and PD98059 significantly inhibited
the LPS-enhanced phosphorylation of the NF-kB signaling pathway including p65 and
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Fig. 3 KGF upregulated ENaC protein expression by inhibiting the ERK phosphorylation. A, B Representative
and statistical data of t-ERK1/2 and p-ERK1/2 after PD98059 or KGF treatment. C-F Representative western
blot and statistical data for Gab1 and a/y-ENaC. *P<0.05, **P < 0.01, ***P < 0.001, compared with control
group; P <0.05, &P <0.001, compared with LPS group; *P < 0.05, compared with LPS+ PD group, n=3.
Comparison among different groups was analyzed by one-way ANOVA followed by Bonferroni's multiple
comparison test

IkB proteins, as well as the entry of p65 into the nucleus (Fig. 4A—C). The interaction
between p65 and the IkB protein was further confirmed by Co-IP experiments (Fig. 4D),
consistent with the idea that the binding of IkB concealed the nuclear localization signal
of NF-«B, effectively blocking its transport into the nucleus [36, 37]. As shown in Fig. 4E,
F, LPS significantly reduced the level of bound IkB (t-IkB/t-p65), which was diminished
by the administration of KGF, indicating that KGF inhibited p65 nuclear translocation by

enhancing the interaction between p65 and IkB proteins.

Inhibition of NF-kB activation upregulated ENaC expression
To further investigate the impact of activated NF-kB by p65 nuclear translocation
on ENaC expression, we employed a NF-kB specific inhibitor (QNZ). As shown in
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Fig. 4 LPS-induced activation of the NF-kB was suppressed by KGF or PD98059. A lllustrative western blot of
p-p65/t-p65 and p-IkB/t-IkB in whole cell lysates, along with the nuclear protein p65. B Graphical depiction
of data derived from western blot assays for nuclear p65 protein. C Graphical illustration of data acquired
through western blot analysis of whole cell lysates, showing ratios of phosphorylated to total proteins for p65
and IkB. D Co-IP assay demonstrates the interaction between t-p65 and t-IkB. E, F Representative western
blot assay and corresponding graphical representation for Co-IP assay. *P < 0.05, ***P<0.001, compared with
control group; 4P < 0.05, %P < 0.01, ¥&P < 0.001, compared with LPS group, n=3-5. Comparison among the
different groups was analyzed by one-way ANOVA followed by Bonferroni’s multiple comparison test

Fig. 5A-E, both KGF and QNZ could significantly inhibit LPS-induced p65 entry into
the nucleus and increase a/y-ENaC protein expression. In the electrophoretic mobility
shift assay, nuclear extracts from primary mouse AT2 cells were combined with a biotin-
labeled ENaC probe. The observed decrease in the migration rate of the DNA fragment
possibly resulted from the direct binding and formation of a complex between ENaC
and p65 (Fig. 5F). The B subunit of ENaC alone does not form a functional sodium ion
channel, but it significantly enhances channel activity when assembled with the a and y
subunits [38]. Therefore, detecting the expression of B-ENaC is critical for understand-
ing ENaC function. Owing to the lack of a specific antibody, f-ENaC protein levels were
not measured in this study. However, we analyzed -ENaC mRNA expression using spe-
cific primers to complement and support the protein-level findings. As expected, at the
transcriptional level, either KGF or blocking NF-«B significantly counteracted the LPS-
triggered decrease in o//y-ENaC expression (Fig. 5G-I).

KGF rescued ENaC function

Our above data demonstrated that KGF significantly upregulated both ENaC mRNA
levels and protein expression. To investigate the regulatory effects of KGF on ENaC
function, we first established an air-liquid interface model using Calu-3 cells. As shown
in Fig. 6A, cells were seeded in the upper chamber of Transwell inserts, while culture
medium was added to the lower chamber to facilitate monolayer formation. The TEER
was measured starting from day 4. Compared with day 4, the values were significantly
higher on days 8, 10, 12, and 14, and stabilized between days 12 and 16 (Fig. 6B). For
subsequent functional assays, cells at day 14 of culture with TEER>400 Q cm? were
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Fig. 5 KGF upregulated ENaC protein expression through inhibiting NF-kB phosphorylation. A lllustrative
western blot of a/y-ENaC in whole cell lysates, in addition to the nuclear and pulp protein of p65. B Statistical
graph of pulp protein p65. C Nuclear protein of p65. D, E Statistical graph of a/y-ENaC protein expression

in whole cell lysates. F Electrophoretic mobility shift assay. G-1 The mRNA expression of ENaC by gRT-PCR.
*P<0.05, **P <001, **P <0001, compared with control group; ¥P < 0.05, %P < 0.01, 4P <0.001, compared
with LPS group, n=3-4. Comparisons among different groups were analyzed by one-way ANOVA followed
by Bonferroni's multiple comparison test

selected. To assess ENaC function, we measured AS]I, a key indicator of ENaC activity,
using the Ussing chamber system. Once a stable baseline was established, amphotericin
B (50 pg/mL) was added to the basolateral side to eliminate transmembrane potential
interference. Subsequently, 100 pM amiloride (an ENaC inhibitor) was applied to the
apical membrane, and the difference in Isc was used to quantify ASI. The results showed
that LPS treatment significantly suppressed ASI, while KGF or QNZ treatment reversed
this effect. However, the combination of KGF and QNZ did not exhibit an additive effect
(Fig. 6C, D), suggesting that KGF may restore ENaC function by inhibiting the NF-«xB
signaling pathway. To verify the physiological relevance of ENaC function, we assessed
ASL height. Enhanced ENaC activity facilitates sodium absorption, thereby reducing
ASL height, whereas impaired ENaC function leads to fluid accumulation. As shown in
Fig. 6E, the ASL height in the LPS group was significantly higher than that in the control
group, whereas treatment with KGF or QNZ restored ASL height to normal levels, with
no further improvement observed in the combination group. The strong consistency
between ASL and ASI data indicates that KGF not only upregulates ENaC expression
but also directly enhances its functional activity, with NF-xB pathway inhibition playing

a pivotal role in this process.
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MSC-secreted KGF upregulated ENaC protein expression via the Gab1/ERK/NF-kB signaling
axis

We demonstrated that exogenous KGF alleviates ALI by upregulating ENaC protein
expression through the Gabl/ERK/NF-kB signaling axis. To further validate whether
MSCs exert their therapeutic effect through the secretion of KGF, we co-cultured pri-
mary mouse AT?2 cells with MSC/MSC-siKGF for further analysis (Fig. 7A). The knock-
down efficiency of KGF in MSC was calculated, and 100 nM siKGF was selected for
subsequent experiments (Fig. 7B). Western blot analysis of AT2 cell protein extracts
revealed that co-culture with MSCs significantly restored a/y-ENaC protein expression
compared with the LPS group. In addition, the restoration of Gabl protein expression
was statistically significant. Notably, compared with the LPS+ MSC-Negative Control
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(MSC-NC) group, the LPS + MSC-siKGF group exhibited a significant decrease in Gabl
and a/y-ENaC protein expression. These findings suggest that the protective effect of
MSC on a/y-ENaC and Gabl expression in AT2 cells is closely associated with its parac-
rine KGF (Fig. 7C-F).

Further investigation revealed that co-culture with MSCs inhibited the phosphoryla-
tion of ERK, p65, and IkB induced by LPS. Compared with the LPS+ MSC-NC group,
the inhibitory effect on the phosphorylation of ERK, p65, and IkB was weakened in the
LPS+MSC-siKGF group. Analysis of nuclear proteins in AT2 cells showed that co-
culture with MSCs significantly suppressed LPS-induced nuclear translocation of p65,
while MSC-siKGF exhibited a weakened inhibitory effect on p65 nuclear translocation.
Therefore, we hypothesize that MSC-derived KGF exerts a similar effect to exogenous
KGF (Fig. 8A-E).

MSC-secreted KGF treated ALI/ARDS

To confirm the effect and mechanisms of KGF secreted by MSC in vivo during LPS-
triggered ALI, we first examined the histopathological and functional analyses of lung
tissues in C57BL/] mice. HE staining (Fig. 9A, B) revealed that, compared with the con-
trol group, the LPS-treated group exhibited severe lung injury characterized by alveo-
lar structure disruption, inflammatory cell infiltration, and thickened alveolar septa.
These pathological changes were quantified using ALI scores, which demonstrated sig-
nificant lung injury in the LPS group. Administration of MSC, MSC-siKGF, or QNZ,
alleviated LPS-induced lung injury to varying degrees. Specifically, MSC treatment sig-
nificantly mitigated lung damage, as reflected by improved alveolar architecture and
reduced inflammatory infiltration. However, in the LPS + MSC-siKGF group, the ther-
apeutic effects were diminished compared with the LPS+MSC group, indicating that
KGF plays a crucial role in MSC-mediated lung protection. Notably, when QNZ was
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co-administered with MSC-siKGF (LPS+ MSC-siKGF+QNZ group), the lung injury
was significantly alleviated compared with the LPS+MSC-siKGF group, suggesting
that NF-«B inhibition could partially restore the loss of therapeutic efficacy caused by
KGF knockdown. These histological findings were consistent with lung edema-related
indices, including AFC, W/D weight ratio, and lung index (Fig. 9C-E). The LPS group
exhibited significant pulmonary edema, as indicated by a significantly decreased in AFC
and increased the W/D weight ratio and lung index. MSC treatment ameliorated these
edema-related indices, whereas this therapeutic effect was impaired in the MSC-siKGF
group. Importantly, QNZ treatment in the LPS+MSC-siKGF group restored AFC
levels and reduced the W/D weight ratio and lung index, further supporting the role
of NF-«kB inhibition in compensating for the loss of KGF. In addition, analysis of a/y-
ENaC protein expression in lung tissues provided further evidence of KGF’s role in ALI
(Fig. 9F-H). The LPS group exhibited downregulated o/y-ENaC expression, which was
significantly restored by MSC treatment. However, KGF knockdown in MSCs reduced
a/y-ENaC expression levels, impairing AFC. Notably, QNZ administration in the MSC-
siKGF-treated group restored a/y-ENaC expression, reinforcing the hypothesis that
NEF-«B inhibition can mitigate the adverse effects of KGF silencing on lung edema reso-
lution. Collectively, these results demonstrate that MSC-derived KGF is a key factor in
mitigating LPS-induced lung injury and edema. However, NF-«kB inhibition can partially
compensate for the loss of KGF, restoring the therapeutic effects of MSCs even in the
absence of KGF expression.

Discussion

Clinical studies in recent years have found that MSC-based cellular therapies can reduce
pulmonary edema, relieve inflammation, and thereby alleviate the pathological fea-
tures of ALI/ARDS [39-43]. Owing to the side effects of vascular obstruction, immune



Xin et al. Cellular & Molecular Biology Letters (2025) 30:79 Page 15 of 20

Control LPS+MSC
16 %%k
o™ - 4
§12 &&
210 &'&r&
2, 88& +-
) $$
=N
- +
5 4
< ’—ﬁ
’
0
LPS - + + + + +
MSC - - + - - -
i IR QaNzZ - - - - + +
LPS+QNZ LPS z MSC-siKGF - - - + - +
60 10 2.0
888 $8$ - #iH
HHH &&& *k K + &
5071™ 88& [ 28 i
¥ © o && 15 88& $$
c = &&& &&& e 2
£ 40 £ XX L $8% 3
= *kk o6 = <t
3o i E + <10
& ¢ o) 2"
S 4
220 = 3
< o
g, 0.5
10 3
[ 0 0.0
LPS - + + + + + LPS - + + + + + LPS - + + + + +
MSC - - + - - - mMSC - - + - - - MSC - - + - - -
QNZ - - - - - + + aNz - - - - + + QNZ - - - - + +
MSC-siKGF - - - + - +  MSC-SKGF - - - + - +  MSC-SiKGF - - - + - +
14 1.2 3&& $
12 $$ B
. 1.0 \
&&& [ &&
cenec RN 0122 £ 10 g # |
70 kDa T & . F08 && ]
¥ 70 kDa @ # <@ 1 |+
Pt I <> 102 3 0 o F T gos
=Y *kk K *kk
LPS - + + + + + | . M uio4 s
MSC - - o+ - - - S04 T > -~
QNZ - - - -+ 4 4
MSC-siKGF - - - + -  + 0.2 = 0.2
0.0 0.0
LPS - + + + + +
MSC - - + - - - ey C M i ot i
Nz - - - -t + Nz - - - -+ +
MSC-siKGF - - - + - + MROiKAFE  — - - + - +

Fig. 9 NF-kB participated in the KGF-mediated improvement of pathological damage and upregulation

of ENaC expression in vivo. A HE staining of mouse lung tissues. Scale bar: 50 pm. B ALl scores. C AFC of
mice. D, E The lung W/D weight ratio and lung index. F-H Representative western blot and corresponding
graphical representation for a/y-ENaC in lung tissues. ***P <0001, compared with control group; %P < 0.05,
&p<0.01, %8P <0001, compared with LPS group; *P < 0.05, ¥P<0.01, P < 0.001, compared with LPS +MSC
group; Sp< 0.05, 5P <001 , 5P < 0,001 , compared with LPS +MSC-siKGF group, n=3-4. Comparisons among
different groups were analyzed by one-way ANOVA followed by Bonferroni’s multiple comparison test

rejection, and rapid senescence in MSC therapy, the MSC secretome has attracted
researchers’ attention, which includes KGF, as one of the most important factors to
increase alveolar space and reduce pulmonary edema [15, 44—48]. ENaC serves as the
primary factor in establishing an osmotic Na*t gradient across the lung epithelium, play-
ing a pivotal role in modulating Na* transport and efficiently eliminating alveolar edema
fluid [2, 6]. Our previous research showed that MSC-conditioned medium including
KGF may alleviate pulmonary edema, whereas the relative mechanisms of how MSC-
secreted KGF regulated alveolar ion transport was not clear [15].

In the present study, we elucidated the mechanism underlying KGF-mediated ENaC
regulation in ALIL Gabl, a scaffold protein linked to the tyrosine kinase KGFR, plays a
pivotal role in lung epithelial homeostasis [19], and its disruption is associated with sur-
factant imbalance and increased susceptibility to lung injury [20]. In our experiment,
the enhancement of Gab1 protein expression was first verified after KGF administration
in LPS-induced AT2 cell injury models. Using the string database, we forecasted that
Gabl might interact with MAPKSs, which included ERK1/2, c-Jun N-terminal kinase,
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and p38 [49]. In mouse embryonic fibroblasts and endothelial cells, Gabl recruitment
mediates downstream ERK activation, which is crucial for angiogenesis in vitro [50]. The
phosphorylation of ERK declined in lung adenocarcinoma cells after Gabl knockdown
[51]. The fact that blocking ERK1/2 with the specific inhibitor PD98059 had no effect
on the LPS-reduced Gabl protein expression supported the concept that Gabl was an
upstream molecule in the regulation of ERK, although the inverted regulatory role was
also reported by epidermal growth factor [50, 52]. The ERK/NF-«kB pathway has been
reported as a well-established proinflammatory pathway responsible for cytokine pro-
duction and inflammation initiation [53, 54]. The regulation of NF-kB activity is gov-
erned by IkB proteins, which mediate the nuclear—cytoplasmic trafficking and DNA
binding of NF-«B [55, 56]. Our data proved that LPS stimulated the phosphorylation
of IxB and released the p65 subunit, which could then translocate from the cytoplasm
to the nucleus and function as a transcription factor to regulate ENaC gene expression.
Furthermore, PD98059 inhibited LPS-induced phosphorylation of NF-kB, consistent
with previous studies in hepatocytes [57]. By blocking NF-kB with QNZ, the entry of
p65 into the nucleus was inhibited, and the ENaC mRNA and protein expression were
subsequently upregulated. Using immunoprecipitation assays with primary mouse AT2
cells, we found that KGF enhanced the protein interaction between p65 and IkB. The
finding that KGF acted with a similar mechanism to QNZ, indicated that NF-«B signal-
ing pathway may mediate KGF’s involvement in LPS-induced ALI. Meanwhile, the ERK/
NF-«B pathway was also found to be involved in regulating ENaC [22]. On the basis of
the Ussing chamber perfusion experiment and ASL height measurement, we speculated
that KGF may restore ENaC function by inhibiting the NF-kB signaling pathway. Co-
culture of AT?2 cells with MSC-siKGF revealed that KGF knockdown attenuated the role
of MSCs in the regulation of the Gabl/ERK/NF-kB/ENaC signaling axis, indicating that
the restoration of ENaC protein expression by MSCs was partly mediated by KGF.

At the animal level, LPS-induced mice exhibited prominent characteristics of ALI,
such as a decline in AFC, the occurrence of lung edema, and histological findings from
HE staining of lung tissues revealing collapsed alveolar structures, thickened alveolar
septa, and infiltration of inflammatory cells. The extent of lung injury was significantly
reduced after MSC administration, as evidenced by lung tissue injury scores and AFC,
whereas the therapeutic effect of MSCs was attenuated after knockdown of KGF. Mean-
while, we found that QNZ could enhance the therapeutic effect of MSC-siKGF, which
supported the idea that the therapeutic effect of MSC was at least caused by KGF in its
secretome, mediated by the NF-kB signaling pathway. As the key regulator of transepi-
thelial ion transport and a critical factor for edematous fluid reabsorption, the results of
a/y-ENaC protein expression in vivo supported that KGF was the critical ingredient of
MSCs in treating edematous ALI (Fig. 10).

Despite the significance of our findings, several limitations should be acknowledged.
First, although we identified the Gabl/ERK/NF-«B axis as a key mediator of KGF-
induced ENaC regulation, the involvement of additional signaling pathways cannot be
ruled out. Future transcriptomic or proteomic studies may provide a broader under-
standing of the regulatory mechanisms. Second, while molecular docking and Co-IP
confirmed interactions between key proteins, further structural studies (e.g., X-ray
crystallography or cryo-EM) are needed to elucidate their binding dynamics in greater
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detail. Another limitation is that our study utilized a single LPS-induced ALI mouse
model, which, while widely used, does not fully replicate the complexity of human ALI/
ARDS, which can result from diverse etiologies such as bacterial pneumonia or ventila-
tor-induced lung injury. Future studies should assess the efficacy of MSC-derived KGF
in multiple ALI models and evaluate its translational potential in large-animal studies.

Conclusions

Our results indicated that KGF, secreted by MSCs, regulated the expression of ENaC
protein through the Gabl/ERK/NF-«kB signaling axis, thereby alleviating LPS-induced
ALIL We provide evidence that NF-kB inhibition can compensate for the loss of KGF,
further supporting the critical role of this pathway in ENaC regulation. These findings
offer novel insights into the molecular mechanisms of MSC-mediated lung protection
and highlight KGF as a key therapeutic factor. Building on our current findings, future

research should focus on strategies to enhance the therapeutic efficacy of MSCs in ALI
treatment.
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