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Secretome of EMSCs neutralizes LPS-induced
acute lung injury via aerosol administration
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Abstract. Ectodermal mesenchymal stem cells (EMSCs)
are cells harvested from the stem cell niche (nasal mucosa)
with high therapeutic potential. To the best of our knowl-
edge, however, the anti-inflammatory properties of these
neural crest-derived EMSCs have been rarely reported. The
present study aimed to explore the effects of aerosolized
EMSC-Secretome (EMSC-Sec) and clarify underlying mecha-
nisms in treating acute lung injury (ALI). EMSCs were isolated
by adherent method and identified by immunofluorescence
staining. EMSC-Sec was collected and evaluated using western
blotting, BCA and ELISA tests. Then, mouse lung epithelial
cells (MLE-12) were used to mimic inflammatory stimulation
with lipopolysaccharide (LPS). After developing an ALI model
through intraperitoneal injection of LPS, mice were treated
with an EMSC-Sec spray. The lung in each group underwent an
observation and measurement to preliminarily assess the extent
of damage. H&E staining, immunohistochemical staining,
immunofluorescence and western-blotting were utilized to
further access the impacts of EMSC-Sec. The results showed
that EMSC-Sec had great anti-inflammatory potential and was
highly successful in vitro and in vivo. EMSC-Sec mitigated
LPS-induced ALI with low inflammatory cell inflation and
mild damage. EMSC-Sec could regulate inflammation via the
NF-«B(p50/p65)/NLRP3 pathway. Overall, the present study
demonstrated that EMSC-Sec regulated inflammation, hoping
to provide a novel strategy for ALI treatment.
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Introduction

Sepsis is a life-threatening organ dysfunction, causing 11
million deaths yearly (1,2). Sepsis-induced acute lung injury
(ALI) is a common complication causing 74,500 deaths/year
in Europe and the United States (3-5). Due to rapid onset of
widespread inflammation and acute epithelial cell injury in
the lungs, severe respiratory syndrome and symptoms occur,
including shortness of breath, rapid breathing and bluish skin
coloration (6). Though some conventional treatments including
mechanical ventilation and fluid management based on the
underlying diseases and clinical care relieve symptoms, high
morbidity and mortality of ALI are a significant challenge
requiring novel therapeutic options.

Mesenchymal stem cells (MSCs) could modify patho-
physiology, regulate immunization and support tissue
regeneration (7,8). MSCs also have been researched in
inflammatory disease for their multifunctionality (9,10).
Specifically, studies have highlighted the therapeutic applica-
tions of MSCs in Coronavirus disease 2019 (COVID-19) by
inhibiting inflammatory cytokine storm (11,12). However, the
mechanism by which MSCs play their functions is unknown.
It is hypothesized that the therapeutic effects are mediated by
cell communications and the replacement of MSCs (13,14).
Therapy based on MSCs replacement is hindered by the harsh
microenvironment in the site. Theoretically, the rationale for
treatment may primarily relied on MSCs-activated cell-to-cell
communication by paracrine effects to improve niche via deliv-
ering signals to endogenous cell (15-17). Immunomodulation
in innate and adaptive immune systems is mediated by the
secretome (Sec) of MSCs (18). The Sec, containing cytokines,
chemokines and extracellular vesicles (EVs) directly regulates
the microenvironment to achieve immunological balance (19).
Using Sec from MSCs is a therapeutic strategy for inflamma-
tory disease. Ectodermal (E)MSCs, a type of MSC developed
from neural crest (NC), are extensively obtained from nasal
mucosa without direct invasive injury and have potential clin-
ical applications. Simultaneously, potent tissue regeneration
potential makes EMSCs a candidate as seed cells (20,21). Thus,
EMSC-Sec deserves further investigation in inflammation.

NF-«kB(p50/p65) is a crucial molecular driver of the
inflammatory response (22). Under physiological conditions,
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most NF-kB(p50/p65) dimers exist with an inactive state in
the cytoplasm because of binding of inhibitors (IxB). However,
pathological changes frequently trigger pattern recognition
receptor and antigen receptor-mediated signaling cascades
and activate the IxB kinase (IKK) complex. Phosphorylation
of IxB results in ubiquitination and degradation of IkBa by
proteases, allowing NF-kB(p50/p65) to be translocated to
the nucleus (23). NF-xB(p50/p65) initiates gene transcrip-
tion, increases expression of inflammatory factors, including
Nod-like receptor thermal protein domain associated protein 3
(NLRP3) (24), and promotes inflammatory cytokine cascade.
This cascade caused by NLRP3-dependent pyroptosis, a
type of programmed death, triggers inflammation by exten-
sively releasing cell content (25,26). Hence, regulating the
NF-«kB(p50/p65)/NLRP3 pathway is crucial to improve
inflammation.

Atomized drugs are a user-friendly means of administering
medication and could maintain efficacious concentrations of
drugs at different sites in the lung, allowing the drug to pene-
trate readily through the lung mucosa to the blood supply (27).
Aerosolization of immunotherapeutic agents has potential to
manipulate the local mucosal-specific microenvironment (28).
Compared with intratracheal administration, the delivery of
drugs via a mucosal atomization device could be more likely
to achieve therapeutic concentrations with pharmacokinetic
effect (29). The present study used aerosolization to amelio-
rate inflammation utilizing EMSC-Sec. It was hypothesized
that EMSC-Sec in the gaseous form restores the inflamma-
tory microenvironment. The present study aimed to explore
the anti-inflammation capabilities of EMSC-Sec in ALI and
elucidating the underlying mechanism.

Materials and methods

Extraction and identification of EMSCs. EMSCs were collected
using a tissue adhesion method as previously described (30).
A total of five 3-week-old (30 g) male rats (Jiangsu University
Animal Center) were sacrificed by intraperitoneal sodium
pentobarbital overdose (200 mg/kg). Experiments were
performed ~10 min after cessation of breathing. The nasal
septum was removed after disinfection with iodine. The nasal
mucosa was cut into 1 mm thick pieces on ice after washing
with PBS. Tissue was suspended in DMEM/F12 containing
10% fetal bovine serum (FBS, both HyClone; Cytiva). The
suspension was transferred to a plate at 37°C for cultivation for
3 days. Cells at 80% confluence were subsequently subcultured
following trypsin digestion. EMSCs at three passages were
identified by detection of surface markers CD44, Connexin 43
(Cx43), SRY-related high-mobility group box-containing
protein 9 (Sox9) and vimentin (all of antibodies purchased
from Wuhan Boster Biological Technology, Ltd.) with immu-
nofluorescent staining. The study protocol was approved by
the Animal Care and Use Committee of Jiangsu University
(Zhenjiang, China).

Preparation and analysis of EMSC-Sec. The EMSCs
(passage 3) were used. After the cell confluence reached 80%,
the complete medium containing 10% FBS was replaced with
DMEM/F12 with FBS (1%) at 37°C for 24 h. EMSCs were
cultured in complete medium at 37°C with 5% CO, for another

24 h. This process was repeated for at least 10 times to accumu-
late EMSC-Sec. A total of 50 ml EMSC-Sec was centrifuged
at 2,000 x g at 4°C for 10 min to remove non-adherent cells and
cellular debris. The supernatant was collected and concentrated
by lyophilized method (31). Then, 5 ml EMSC-Sec concen-
trate derived from 50 ml EMSC-Sec was evaluated by BCA
tests. Immunosuppressive agents (IL-10, TGF-f), neurotrophic
factors (Sonic hedgehog, SHH), and bioactive substances
(EVs) have emerged as pivotal factors in the regulation of
the inflammatory microenvironment (32-35). Proteins were
analyzed using western blot to determine whether EMSC-Sec
possesses therapeutic potential. ELISA test was conducted to
assess the levels of IL-10 in EMSC-Sec.

Evaluation of EMSC-Sec in vitro. LPS is used to construct
inflammatory cell models as previously reported (36).
MLE-12 cells (Feng Hui Biological Co., Ltd.) were cultivated
in high-glucose DMEM (HyClone, Cytiva) supplemented
with 10% FBS. MLE-12 (1x10° cells/ml) in the culture plate
were exposed to 10 gg/ml LPS (Macklin Biology Co., Ltd.)
at 37°C for 24 h to establish a cell model. To confirm whether
EMSC-Sec alleviates inflammatory injuries, cells were treated
with EMSC-Sec (0, 4, 6, 8 mg/ml) following LPS intervention
at 37°C for 48 h.

Cell Counting Kit-8 (CCK-8) kit purchased from Macklin
company were adopted to evaluate viability. The LPS
challenged MLE-12 cells after EMSC-Sec treatment (0,
4, 6, 8 mg/ml) were incubated with CCK-8 in an incubator
containing 5% CO, at 37°C for 30 min. Then, data was detected
and analyzed at 450 nm by the microplate reader.

Animal model and experimental design. A total of 40 male
C57BL/6 mice (25 g, 8 weeks) were purchased from Henan
Sikebeisi Biotechnology Co., Ltd. Following 3 days adaptive
feeding with enough food and water in an appropriate envi-
ronment (temperature, 24-27°C; humidity, 40-50%; light-dark
cycle, 12-12 h), the mice were randomized into four groups:
Control, LPS, EMSC-Sec and LPS + EMSC-Sec (n=10/group).
ALI model was constructed by injecting 200 u1 LPS dissolved
in PBS (20 mg/kg) intraperitoneally for 24 h (37,38). Mice
in the EMSC-Sec group without LPS challenge and LPS +
EMSC-Sec group received 4 mg/ml EMSC-Sec once treat-
ment before and after LPS injection. The first treatment
was performed using an atomizer (Omron Co., Ltd.) 6 h ago
before LPS injection. The second treatment was performed
immediately following LPS treatment using the same atom-
izer. Multiple mice were placed in the atomizer for each
administration. Subsequently, 20 ml EMSC-Sec (4 mg/ml)
was delivered six times at 6 h intervals between each inter-
vention until the mice were sacrificed in EMSC-Sec group
and LPS+EMSC-Sec group. The health of mice was moni-
tored every 6 h by observing the fur, behavior and hogback
performance. In light of the LPS-induced ALI causing
multiple organ failure, we considered humane endpoints,
which included noticeable arching of the back and reduced
behavioral activity.

Mice in each group (n=3) were euthanized by intraperito-
neal injection of sodium pentobarbital (50 mg/kg). Then, 1 ml
blood sample was immediately extracted from the left ventricle.
To enhance the assessment of the impact, the lung, spleen, and
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liver from each group of mice were excised for morphological
observation. All procedures were in accordance with the
animal research institute guidance and ethical standards of
Jiangsu University (approval no. UJS-IACUC-2022051901).

Wet/dry (W/D) lung weight ratio. Lung samples were collected
and weighed (wet weight), then dried in an oven at 60°C for
24 h to measure dry weight. Tissue edema was evaluated using
the W/D ratio.

ELISA. IL-10 in EMSC-Sec was analyzed by ELISA (cat.
no. EK0417, Wuhan Boster Biological Technology, Ltd.)
following the manufacturer's instructions. The blood samples
were centrifuged at 12,000 x g at 4°C for 5 min. The murine
serum was prepared for the detection of IL-10 and TNF-a.
The optical density was measured at the wavelength of 450 nm
using a microplate reader.

Histopathology in pulmonary tissue. Lung tissues were
collected and fixed with 4% paraformaldehyde at 4°C over-
night. Samples were embedded in paraffin and then sectioned
(thickness, 4 ym). Next, slices were incubated with xylene
solution for 20 min. Then, a sequential cleaning was performed
using anhydrous ethanol, followed by 95, 85, 75% ethanol, and
Double Distilled Water (ddH,O) for a duration of 5 min. The
samples were subjected to 0.01 M citrate buffer incubation in
a microwave oven at 92 to 98°C for a duration of 10 min to
retrieve antigens. The slices were submerged in a 3% hydrogen
peroxide solution and left to incubate at room temperature
(RT) in a light-protected environment for 25 min, followed
by three rinses with PBS. The tissue was uniformly coated
with a 3% BSA solution and left to incubate at RT for 30 min.
Following that, we applied the primary antibody IL-17 (1:100,
obtained from Boster, catalog number A00421-2) to incubate
the tissue slices at 4°C overnight. Following PBS washing,
the tissue was subsequently treated with an HRP-labeled
secondary antibody and incubated at RT for 1 h. Ultimately,
the color was induced using a DAB chromogenic solution.
The DAB Kit, which includes a secondary antibody and DAB
solution, was acquired from Boster (AR1027-3). The pictures
were captured using a light microscope at magnifications of
x100 and x200.

Subsequently, the sections were stained with hematoxylin
and eosin (H&E) to determine pathological changes. The
sections were immersed in hematoxylin solution for 5 min at
room temperature (RT) to stain the cell nuclei, followed by
water washing. It is then briefly subjected to 1% hydrochloric
acid alcohol differentiation and rinsed in tap water. Next, the
slides were submerged in eosin solution for 2 min at RT to
stain the cytoplasm and other tissue components. The severity
of the lung injury was evaluated by infiltration of the inflam-
matory cells, the degree of swelling and the thickness of the
alveolar partition in at least three randomly selected fields
of view. Lung injury was scored on a scale of 0 to 5 (39) as
follows: 0, no damage; 1, injury covering 1-10% of the area; 2,
injury covering 11-25% of the area; 3, injury covering 26-50%
of the area; 4, injury covering 51-75% of the area and 5, injury
covering >75% area. Qualitative hematoxylin and eosin
(H&E) staining was performed for observation under a light
microscope at a magnification of 100 and 200. Images were

analyzed with GraphPad Prism 8 (GraphPad Software, Inc.;
Dotmatics).

Western blotting. Lung tissues were homogenized and lysed
in RIPA buffer containing cocktail inhibitors (Sigma-Aldrich;
Merck KGaA) and centrifuged at 4°C and 12,000 g for 10 min.
The protein concentration was detected with bicinchoninic acid
kit (Sango Biotech). A total of 10 microliters of protein samples
were loaded per lane, and electrophoresis was conducted under
a constant voltage of 80V. Polypeptides were separated by 10%
SDS-PAGE. The protein bands in gel were electrically trans-
ferred to polyvinylidene fluoride membranes (MilliporeSigma)
for 100 min using a constant current of 350 mA. The
membranes were blocked with 5% Bovine Serum Albumin
(BSA, Macklin) at RT for 1 h and then incubated with anti-SHH
(1:500, Boster, AO0058-1), anti-Toll-like receptor 4 (TLR4)
(1:500, Boster, A00017-3), anti-MPO (1:500, Boster, BA0544),
anti-IL-10 (1:2,000, Proteintech, 60269-1-Ig), anti-IL-1 (1:500,
Boster, A0O0101-1), anti-TNF-a (1:500, Boster, cat. no. BA0131),
anti-NF-kB (p50/p65; 1:500, Boster, A00284-1), anti-IxB
(1:500, Boster, PB9291), anti-phosphorylated (p-)IxB (1:500,
Boster, PO1139-1), anti-NLRP3 (1:500, Boster, A00034-2) and
anti-B-actin (1:500, Boster, BA2305) antibodies at 4°C over-
night. Blots were washed three times with TBS containing 0.1%
Tween-20 and incubated with horseradish peroxidase-conju-
gated secondary antibody (1:5,000, Boster, BM3894) for 1 h
at room temperature. Finally, protein expression levels were
measured by enhanced chemiluminescence kit (Millipore,
Sigma). All of the bands were analyzed by ImageJ software
(National Institutes of Heath).

For cell samples, the cells were subjected to western
blot analyses after stimulation. Briefly, MLE-12 cells were
collected with a chemical lysis method (40). After loading
the boiled protein, the antibodies of IL-10 and TNF-o were
applied to the detection and eventually analyzed by Imagel
software.

Immunofluorescence. Cells or tissues were fixed in 4% para-
formaldehyde. The tissue samples were embedded in paraffin
and cut into slices with a thickness of 4 ym. After 30 min in
a 60°C oven, the slices were subjected to low-grade alcohol
dewaxing and then hydration, following the above-described
method in the text. Then, the samples were subjected to a0.01M
citrate buffer incubation in a microwave oven at temperatures
ranging from 92 to 98°C for a duration of 10 min to retrieve
antigens. Next, the cell membrane was permeabilized by 0.1%
Triton-100 at RT for 10 min. After three washes with PBS, 5%
BSA was adopted to block the protein at 37°C for 30 min. Then,
the sections were exposed to a mixture solution comprising
IL-10 (1;100, Proteintech, Inc.; 60269-1-Ig) and TNF-a (1:100,
Boster, BAO131) and were kept at 4°C overnight. Following
three PBS washes, the samples were also exposed to a mixture
solution including CY3-labeled goat-anti-rabbit (1:100, Boster,
BA1032) and CY3-labeled goat-anti-mouse (1:100, Boster,
BA1031) antibodies in a dark, humid environment at 37°C for
60 min. The nucleus was stained by DAPI (Beijing Solarbio,
C0065) at RT for 10 min.

For cell samples, procedure of immunofluorescence is
also same. Briefly, samples in 24-well plates were incubated
with primary antibodies for CD44 (1:100, Boster, A00052),
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Cx43 (1:100, Boster, BA1727), Sox9 (1:100, Boster, PA1026-1),
Vimentin (1:100, Boster, PB9359) after being blocked with
BSA. Following that, CY3-labeled goat-anti-rabbit (1:100,
Boster, BA1032) antibody and DAPI was adopted. The fluo-
rescence was determined at a magnification of 100 and x200
under a Nikon fluorescence microscope (TE200-U). The data
was analyzed using Image J software.

Statistical analysis. All data derived from three independent
experimental repeats are presented as the mean + SEM.
Statistical analysis was performed with SPSS 19.0 software
(SPSS Inc.). One-way ANOVA followed by Tukey's post hoc
test was adopted to determine the statistical significance.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Characterization and identification of EMSCs. Primary
EMSCs (PO) proliferated after 3 days of culture in DMEM/F12
containing 20% FBS (Fig. 1A). Prolonged cultivation over
three generations of purified EMSCs is depicted on the right
side of Fig. 1A. The immunofluorescence results revealed that
EMSCs expressed MSC markers (CD44, Cx43). Also, posi-
tive staining of the biomarker of NC stem cells (Cx43) and
NC-related marker (Sox9) in EMSCs revealed that EMSCs
originated from NC SCs (Fig. 1B).

Components of EMSC-Sec. To determine the potential role of
EMSC-Sec in inflammation and recovery, the present study
evaluated the expression of anti-inflammatory cytokines
(IL-10, TGF-p), trophic factor (SHH) and exosome markers
(CD9, CD63) in concentrated EMSC-Sec. The data in Fig. 2A
showed that EMSC-Sec may be therapeutic in inflammatory
diseases. In addition, BCA and ELISA were performed to
quantify protein and cytokines in EMSC-Sec. The concentra-
tion of EMSC-Sec lyophilized powder in a 10-fold dilution was
approximately 20 mg/ml, aligning with the findings observed
for EMSC-Sec at 2 mg/ml (as shown in Fig. 2B). IL-10 holds
a pivotal position in regulating inflammation, influencing the
course and progression of inflammatory diseases (33). A total
of 320 pg/ml IL-10 was present in concentrated EMSC-Sec,
indicating the potential of EMSC-Sec to regulate inflammation.

Role of EMSC-Sec in MLE-12 following LPS challenge.
MLE-12 cells in good condition were cultured on 6-well
plates. As shown in Fig. 3A, MLE-12 displayed a fibroblastic
appearance and clustered into formations resembling petals.
LPS-exposed MLE-12 cells were rescued using enriched
EMSC-Sec (Fig. 3C). To verify the influence of EMSC-Sec,
the present study conducted western blotting (Fig. 3B). The
LPS+EMSC-Sec group (4, 6, 8 mg/ml) expressed lower
levels of TNF-a than the LPS group, suggesting a signifi-
cant anti-inflammatory effect in the LPS+EMSC-Sec group
(Fig. 3F). Likewise, elevated expression of IL-10 showed
that EMSC-Sec regulated inflammation (Fig. 3G). The
ELISA outcomes depicted in Fig. 3D and E also confirm
that EMSC-Sec elevate the expression of IL-10 and modulate
the regulation of TNF-a. Above data showed that 4 mg/ml
EMSC-Sec inducing immune equilibrium via up-expression

Yimentin

Figure 1. Morphology and fluorescence identification of EMSCs. (A) EMSCs
in PO and P3. (B) Expression of MSC markers (CD44, Vimentin) and neural
crest-related biomarkers (Cx43, Sox9). EMSCs, ectodermal mesenchymal
stem cells; Sox9, SRY-related high-mobility group box-containing protein 9;
Cx43, Connexin43.

of IL-10 (Fig. 3E and G). Additionally, EMSC-Sec promoted
proliferation (Fig. 3H). After exposure to LPS (10 pug/ml),
MLE-12 cells exhibited a swift increase in activity before the
12-h mark. However, between the 12 and 24th h, the secre-
tion from EMSC:s significantly promoted the proliferation of
MLE-12 cells, particularly at a concentration of 4 yg/ml.

Aerosol inhalation of EMSC-Sec improves ALI. The mice in
the EMSC-Sec group received pretreatment with an atomizer.
After injection of LPS, the mice continued to receive aerosol
inhalation of EMSC-Sec for 24 h (Fig. 4A). All ALI mice
exhibited obvious arching of the back and less activity. Mice
in the treatment group exhibited more activity and sleek fur
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Figure 2. Therapeutic potential of EMSC-Sec. (A) Analysis of IL-10, TGF-f, Sonic hedgehog (SHH), CD9 and CD63 in Ectodermal mesenchymal stem
cell-Sectome (EMSC-Sec) by western blotting. (B) Protein concentration of EMSC-Sec (directly collected from EMSCs) and concentrated EMSC-Sec (10-fold
enrichment). (C) IL-10 in different forms of EMSC-Sec. SHH, Sonic hedgehog; EMSC-Sec, ectodermal mesenchymal stem cell-Sectome.

compared with LPS group. Morphological observation of the
lung, liver and spleen showed that the lung was swollen and the
surface of the liver was coarse and dull under the LPS challenge
(Fig. 4B). Notably, EMSC-Sec improved this phenomenon.
Furthermore, we observed a darker appearance in the spleens
of both the LPS and the EMSC-Sec group. Splenic melanosis in
mice is a reflex of melanogenesis in the skin, which is unrelated
to the inflammatory disease (41,42). W/D ratio demonstrated
that EMSC-Sec could reduce the degree of pulmonary edema
significantly (Fig. 4D). H&E staining showed that the alveolar
structure was destroyed and numerous inflammatory cells
infiltrated the LPS group (Fig. 4C). However, EMSC-Sec
reversed this phenomenon. EMSC-Sec significantly decreased
lung damage score, suggesting a positive effect of EMSC-Sec
in ALI (Fig. 4E).

EMSC-Sec protects the lung via inhibiting inflammation.
Immunohistochemical staining demonstrated that the
EMSC-Sec group exhibited good morphological structure
and low expression of IL-17, indicating decreased inflamma-
tion (Fig. 5).

EMSC-Sec regulates the inflammatory response at the protein
level. ELISA showed that EMSC-Sec inhibited the inflamma-
tory cytokines (TNF-a) and upregulated anti-inflammatory
cytokines (IL-10; Fig. 6B-C). Myeloperoxidase (MPO), which
has proven to be a local mediator of tissue injury, causes
various inflammatory diseases (43). Dysregulation of TNF-a
is a hallmark of inflammatory disease (44). EMSC-Sec
prevented the induction of MPO and TNF-a in LPS-induced
ALI revealing the anti-inflammatory effect (Fig. 6A). There
was an increase in IL-10 in the EMSC-Sec group. Compared
with LPS group, lung tissue in the EMSC-Sec group expressed
lower levels of MPO and TNF-a (Fig. 6D and E), which may be
due to the significant increase of IL-10 (Fig. 6G). Additionally,
there was significant upregulation of SHH following LPS
stimulation, which may be due to tissue injury. Compared
with the EMSC-Sec group, the LPS group had higher levels
of SHH, indicating that the mice in the LPS group had more
lesions (Fig. 6F).

Upregulation of IL-10 suppresses inflammation in ALI.
To explore the association between IL-10 and TNF-a,
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Figure 3. Effects of EMSC-Sec in MLE-12 cells following LPS challenge. (A) Morphological characteristics of MLE-12 cells. (B) Western blotting.
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“P<0.01 vs. LPS. EMSC-Sec, ectodermal mesenchymal stem cell-Sectome; LPS, lipopolysaccharide.
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W/D, wet/dry; LPS, lipopolysaccharide.

immunofluorescence was performed. LPS and EMSC-Sec
groups expressed increased IL-10 in the injury site (Fig. 7).
Of note, EMSC-Sec group expressed higher levels of IL-10
compared with the LPS group. Moreover, the EMSC-Sec
group provided better protection to lung tissue structure and
reduced TNF-a levels. IL-10 within inflammatory lesions

resulted in subdued TNF-a expression, implying that the
increased IL-10 levels induced by EMSC-Sec had an inhibi-
tory effect on inflammation.

EMSC-Sec inhibits inflammation via the NF-xB(p50/
p65)/NLRP3 pathway. EMSC-Sec significantly inhibited the
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Figure 5. Representative immunohistochemical staining for detection of
IL-17. EMSC-Sec, ectodermal mesenchymal stem cell-Sectome; LPS, lipo-
polysaccharide.

inflammatory response in ALI. The anti-inflammatory effect
may not be due to changes in IL-10 alone. NF-«xB(p50/p65)
disorder typically results in uncontrolled inflammation (22).
LPS stimulation increased the expression of TLR4 which
is a component of Gram-negative bacteria, to induce the
production of pro-inflammatory mediators and kill bacteria
(Fig. 8A) (45). EMSC-Sec restored the balance of NF-xB
(p50/p65) and IkB following LPS treatment (Fig. 8B and C).
EMSC-Sec also decreased the expression of NF-kB (Fig. 8C)
and increased p-IkB (Fig. 8B). Relative to the LPS group,
NLRP3 was significantly inhibited by EMSC-Sec (Fig. 8D),
which demonstrated the anti-inflammatory properties of
EMSCs-Se. Fig. 8E illustrates the mechanism by which
EMSC-Sec operates. Briefly, Inhibiting IKB phosphoryla-
tion by EMSC-Sec diminishes NF-kB (P50/P65) activation,
resulting in a lowered inflammation level.

Discussion

The present study investigated whether EMSC-Sec possesses
an anti-inflammatory influence in vitro and in vivo. EMSC-Sec
improved inhibited inflammation by increasing IL-10 and
proliferation of MLE-12 cells. Additionally, EMSC-Sec
performed biological functions to regulate LPS-induced ALI.
EMSC-Sec efficiently controlled the inflammatory conditions

and triggered an increase in IL-10 levels upon arrival at the
site of lung injury. EMSC-Sec was also found to inhibit the
NF-«kB(p50/p65)/NLRP3 pathway, contributing to down-
regulation of inflammatory cytokines in vivo. Collectively, the
present study demonstrated therapeutic effects of EMSC-Sec
in ALI and the underlying mechanism.

The pandemic caused by severe acute respiratory distress
syndrome coronavirus 2 (SARS-CoV-2) provided novel insight
into the host's reaction to infections and cytokine storms (46).
As a disease associated with host immune response, severe
sepsis leads to a cascade of production of cytokines (47).
The uncontrolled production of cytokines seriously threatens
human health in sepsis (48,49). Acute respiratory distress
syndrome caused by sepsis directly results in high mortality
(35-45%) (50). Although drugs such as antibiotics, antiviral
medications, and vasodilators have been developed, there is
still a lack of effective treatment methods (51).

Recently, mesenchymal stem cells (MSCs) have been
the subject of investigation due to their ability to modulate
the immune system and their trophic activity (19). Many
researchers posit that the bioactive molecules released by
MSCs could potentially reshape the local microenvironment
where the lesion is located (52,53). Thus, MSCs-Sec may be a
therapeutic option for inflammatory diseases.

Inhaled aerosols are a promising candidate for delivering
drugs for lung disease due to rapid achievement of high tissue
concentrations after application (54). Aerosolized medica-
tion exhibits encouraging results in lung diseases (55-57). For
example, when adelmidrol is administered via aerosol, it effec-
tively diminishes oxidative stress and mitigates inflammatory
damage in cases of ALI (58). However, the effects of EMSC-Sec
on sepsis-induced ALI are unclear. The present study investi-
gated the role of EMSC-Sec in regulating inflammation in
ALI. EMSC-Sec limited inflammation and improved ALI.
IL-10 serves an essential role in combating damage caused by
inflammation. Previous studies have reported that IL-10 main-
tains tissue homeostasis by restricting excessive inflammatory
responses and promoting damaged tissue regeneration (59,60).
The potent immunosuppressive capabilities of IL-10 are ascribed
to its role as a target for both the innate and adaptive immune
responses during the infection resolution phase (61,62). IL-10
may be an effective strategy for autoimmune diseases such as
rheumatoid arthritis (63), psoriasis (64), allergic asthma (65) and
inflammatory bowel disease (66). Therefore, the present study
evaluated levels of IL-10 in ALI. While EMSC-Sec may have
anti-inflammatory potential, the anti-inflammatory effects of
EMSC-Sec in ALI are unknown (67). IL-17 is a key proinflam-
matory cytokine in the T helper 17 pathway (68). IL-17 levels
are elevated in various inflammatory conditions, including
sepsis, pneumonia, systemic lupus erythematosus, rheumatoid
arthritis, allograft rejection and cancer (69). Thus, the detection
of IL-17 could be meaningful. Increased IL-10 suggested the
anti-inflammation potential of EMSC-Sec and may explain
the lower levels of inflammatory cytokines, especially IL-17,
in the LPS + EMSC-Sec group. Quiescence in the adult lung
is an actively maintained state and is regulated by hedgehog
signaling. Hedgehog controls epithelial quiescence and regen-
eration in response to injury via a mesenchymal feedback
mechanism (70). The current investigation identified exogenous
SHH within EMSC-Sec, showcasing its therapeutic relevance
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Figure 6. EMSC-Sec decreases pro-inflammatory cytokines produced by LPS. (A) Expression of MPO, TNF-a, IL-10, and SHH in mice using western blotting.
Levels of (B) IL-10 and (C) TNF-a in serum using ELISA (n=3 in each group). Protein levels of (D) MPO, (E) TNF-a, (F) SHH and (G) IL-10, and SHH
following LPS treatment (n=3/group). “P<0.01 vs. control; ""P<0.01. EMSC-Sec, ectodermal mesenchymal stem cell-Sectome; LPS, lipopolysaccharide; MPO,

myeloperoxidase; SHH, Sonic hedgehog.

due to its capacity for regeneration. SHH is a morphogen that
regulates tissue development during embryogenesis (71). Here,
SHH was also elevated obviously in the LPS + EMSC-Sec
group. This may be associated with active components
(MicroRNA125b) and exosomes (72,73). EMSC-Sec interfered
with nuclear localization of NF-kB(p50/p65) and ultimately
inhibited the NF-kB(p50/p65)/NLRP3 pathway. Aberrant acti-
vation of NLRP3 inflammation is associated with pathogenesis

of various inflammatory conditions. NLRP3 inflammasome can
activate pyroptosis and ultimately induce the inflammatory cyto-
kines storm (74). Fragile signals from NLRP3 not only directly
reduce the release of the proinflammatory cytokines IL-1f
and IL-18 but also dampen Gasdermin D (GSDMD)-mediated
pyroptosis, thereby preventing widespread inflammation (75).
EMSC-Sec-induced NLRP3 suppression may also explain low
levels of inflammation in the EMSC-Sec group. The upregulation
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Figure 7. Enhancement of IL-10 suppresses inflammation. Representative immunofluorescence. EMSC-Sec, ectodermal mesenchymal stem cell-Sectome;
LPS, lipopolysaccharide.

of IL-10 and NF-xB(p50/p65)/NLRP3 pathway inhibition may  cytokines. However, the mechanism needs to be confirmed
explain how EMSC-Sec inhibits inflammatory cytokine storm.  due to the complex components. Expression of p-IkB in the

Non-invasive inhalation of EMSC-Sec aims to open up LPS + EMSC-Sec group was less than that in the control
new possibilities for clinical treatment. Here, EMSC-Sec  group. Under physiological conditions, the body is in equi-
could alleviate LPS-induced ALI via decreasing inflammatory  librium and protein expression is stable. LPS and EMSC-Sec
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act as separate influencing factors disrupting the equilibrium.
LPS disrupts the inflammatory balance of the body. This
inflammatory stress response induces transient overexpres-
sion of IxB. EMSC-Sec induces a second inflammatory stress
response because of its potent anti-inflammation effects (76).
This response may account for low expression of IkB in the
LPS + EMSC-Sec group. Proinflammatory proptosis caused
by inflammatory activation frequently triggers cytokine
storms (77,78). While EMSC-Sec achieved anti-inflammatory
effects in ALI, the relationship between EMSC-Sec and
pyroptosis remains to be studied.
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