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Abstract: Hemorrhagic shock (HS) induces acute lung injury (ALI) in the early phase. Mesenchymal stem cells (MSCs) have
shown potential in ameliorating HS-induced ALI; however, the mechanisms involved remain unclear. Our study investigated the
therapeutic effects of human placental mesenchymal stem cells (hPMSCs) on HS-induced ALI and explored the underlying
mechanisms. Male Sprague-Dawley (SD) rats were used to establish a model of HS, and the treatment group received injected
hPMSCs. The biodistribution of hPMSCs in various organs of rats was imaged with the in vivo imaging system (IVIS) spectrum
imaging system. The therapeutic effect and potential mechanisms for hPMSCs to improve HS-induced ALI were evaluated. The
lungs and liver of HS rats were the main migration targets after hPMSCs transplantation. HPMSCs markedly mitigated lung
pathological damage and diminished levels of reactive oxygen species (ROS), malondialdehyde (MDA), and Fe?* in the lungs of
HS rats, while also enhancing glutathione peroxidase 4 (GPX4) protein expression. Exosomes derived from hPMSCs were taken
up by rat alveolar type II epithelial (AT2) cells to inhibit ferroptosis by promoting overexpression of Nuclear factor erythroid
2-related factor 2 (Nrf2). Our study demonstrates the potential of hPMSC transplantation as a treatment for HS-induced ALI. The
protective mechanism of hPMSCs for HS-induced ALI may include regulation of oxidative stress and ferroptosis.
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1 Introduction

Hemorrhagic shock (HS) is the most common type of shock and a major contributor to mortality in surgical
and trauma patients (Zhang et al., 2020). Previous research has demonstrated that the lungs are the first organs
to sustain damage during HS (Wang et al., 2021). Acute lung injury (ALI) can develop into acute respiratory
distress syndrome (ARDS), which is one of the main causes of death in patients with HS (He et al., 2021). The
in-hospital mortality of ALI/ARDS patients is as high as 38%-46% (Villar et al., 2015; Zhou et al., 2019). In
addition, 50%-70% of patients who survive ALI/ARDS continue to suffer from long-term physical and
psychological disability (Herridge et al., 2011; Fan et al., 2014). The need for an effective means to treat
ALI/ARDS caused by HS is clear.
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Mesenchymal stem cells (MSCs) are a class of multipotent stem cells with strong proliferative ability and
differentiation potential, and are an important source of cell therapy in regenerative medicine (Fu et al., 2019).
The potential therapeutic value of MSCs is that they can directly differentiate into various types of cells, secrete
various cytokines and growth factors, regulate immunity, reduce inflammation, and promote the repair of
damaged tissues (Barrachina et al., 2020). Exosomes derived from MSCs are extracellular vesicles measuring
approximately 30 nm to 150 nm in diameter. They are abundant in cytokines, mRNA, and microRNAs, and play
a crucial role in regulating the metabolic activity of cells and tissues (Mashouri et al., 2019). Studies have
reported that MSC transplantation could markedly decrease pulmonary vascular permeability, improve
endothelial function, and alleviate pulmonary edema and inflammation in HS rats or mice (Pati et al., 2011;
Gore et al., 2016; Potter et al., 2018; Barry et al., 2022). Nonetheless, the migration pattern of MSCs in vivo
post-transplantation and their distribution patterns in the main organs in HS animal models remain ambiguous.
The potential mechanism of MSCs in therapeutic treatment of HS-induced ALI requires further investigation.

Deficiency of oxygen in the body due to HS is considered the primary factor leading to significant cellular
and organ damage (Maier, 2014). The elevated levels of reactive oxygen species (ROS) induced by HS
compromise the structural integrity of the pulmonary microvascular endothelium, resulting in disruption of the
endothelial barrier and subsequent release of a substantial volume of protein-rich fluid (Tasoulis et al., 2009; Di
et al., 2016). Consequently, HS-induced ALI is significantly associated with increased oxidative stress and
aggravated mitochondrial damage (Wang, et al., 2021), indicating a robust link with the onset of ferroptosis
(Stockwell, 2022). Ferroptosis is a form of cell death defined by the accumulation of lipid peroxides and
increased levels of free iron. This concept was initially introduced by Dixon's team in 2012 (Dixon et al., 2012).
Recent studies have demonstrated that ferroptosis contributes to the progression of multiple diseases and that
inhibition of ferroptosis may result in anti-inflammatory effects, reduction of oxidative stress, and protection of
vital organs (Bao et al., 2021; Wang et al., 2022). Nonetheless, it remains uncertain whether MSCs can
ameliorate HS-induced ALI through regulation of oxidative stress and ferroptosis.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is considered a crucial molecule in controlling levels of
cellular oxidative stress and ferroptosis (Dodson et al., 2019b). Nrf2 and kelch-like ECH-associated protein 1
(Keap1) normally combine to create a complex in the cytoplasm (Leung et al., 2019). Upon activation, Nrf2
separates from Keapl and binds to the promoter region of the antioxidant response element (ARE) to increase
expression of glutathione peroxidase 4 (GPX4), thereby inhibiting ferroptosis (Dodson et al., 2019a). Thus, we
hypothesized that MSC transplantation could improve HS-mediated ALI by reducing oxidative stress levels and
inhibiting ferroptosis via Nrf2.

In this study, we aimed to investigate the efficacy of MSC transplantation in alleviating ALI in HS rats, to
analyze the in vivo distribution characteristics of MSCs after transplantation, and to elucidate the potential
mechanisms, thereby developing an innovative therapeutic strategy for HS-induced ALI.

2 Materials and methods
2.1 Preparation of MSCs

Human placental tissue was acquired from donors at the First Affiliated Hospital, College of Medicine,
Zhejiang University, China. The protocol for handling human tissue and cells in this work was approved by the
Research Ethics Committee of the First Affiliated Hospital (Reference No. 2013-272). Cultivation of human
placental mesenchymal stem cells (hWPMSCs) was performed as previously described (Cao et al., 2012).
HPMSCs were cultured in a humidified incubator (Thermo Fisher, USA) at 37°C with 21% oxygen and 5%
carbon dioxide in a specific medium (STEMCELL, Canada) within 25 cm? cell-culture flasks (Thermo Fisher,
USA). We used hPMSCs from passages 3 to 5.

2.2 Identification of MSCs

HPMSCs were validated using flow cytometry: 5x103 cells were washed twice with PBS containing 0.5%
(volume fraction, the same as below) bovine serum albumin (Sangon, China) and underwent incubation with
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monoclonal antibodies for 30 min. The cells were treated in darkness at room temperature for 30 min with
allophycocyanin-conjugated antibodies: CD73, CD90, CD105, CD19, CD34, and CD45 (1:50 (volume ratio,
the same as below); eBioscience, USA), followed by washing with PBS. Isotype antibodies (1:50; eBioscience,
USA) were employed as controls to mitigate nonspecific binding. Surface antigen expression was assessed with
a BD LSR II flow cytometer (Becton Dickinson, USA). To assess the capacity for adipogenic and osteogenic
differentiation, hPMSCs (passages 3—5) were seeded in 6-well multidishes (Nunc, Denmark) and cultivated in
adipogenic and osteogenic medium (Cyagen Biosciences, China) according to the protocols.

2.3 Preparation of MSC exosomes

HPMSCs were cultivated in an exosome-free medium and subsequently extracted by ultracentrifugation.
After 48 h, the conditioned medium derived from hPMSCs was harvested and then centrifuged at 2000 x g for 20
min to exclude debris and cells. The supernatant was obtained and deposited to a new sterile tube, then centrifuged
at 10,000 x g for 15 min. The supernatant was subjected to filtration through a 0.22-um-pore sterile filter, then
subjected to ultracentrifugation at 110,000 x g for 70 min at 4 °C to isolate exosome pellets. The protein content of
the concentrated exosomes was quantified with a BCA protein-assay kit (Thermo Fisher, USA).

2.4 Identification of MSC exosomes

Human placental mesenchymal stem-cell-derived exosomes (hPMSC-Exos) were identified by western
blot analysis, focusing on the marker proteins Hsp70, CD63, and CD81. The morphology of hPMSC-Exos was
examined using a 120 kV refrigerated transmission electron microscope (FEI Company, USA). We employed
the ZETAVIEW particle potentiometric titration and particle size analyzer (Particle Metrix, Germany) to
determine exosome-particle size distribution by means of nanoparticle tracking analysis (NTA).

2.5 HS rat experimental model and administration

Male Sprague-Dawley (SD) rats weighing 180-220 g and aged 7-9 weeks were acquired from the
Laboratory Animal Centre of the Medical Institute of Zhejiang Province in Hangzhou, China. All experiments
were conducted using protocols approved by the Animal Care Ethics Committee of the First Affiliated Hospital,
Zhejiang University (Reference No. 2023-84). Prior to the experiments, all rats were maintained with a 12 h
light and 12 h dark cycle for one week in an environment with controlled temperature and humidity. They were
fed with food and water under specific pathogen-free (SPF) conditions. HS operation was consistent with our
previous research but with minor modifications (Yao et al., 2017). A diluted heparin solution (100 U/mL) was
used to rinse the syringes and pipelines to prevent clotting. HS rats went through three stages: (i) Blood loss:
The amount of blood to be drawn was calculated according to the rat’s body weight (g), 2 mL/100g for the first
10 min and 1 mL/100 g for the next 10 min; the drawn blood was kept in the syringe before being reinfused; (ii)
Maintenance: A 40-min shock maintenance stage was entered after the end of the bleeding stage, during which
no transfusion or bloodletting was performed; (iii) Transfusion: The blood drawn was uniformly returned to the
rats through the left femoral vein within 30 min. The sham group underwent the same surgical procedures but
without bleeding and resuscitation, and was sampled at the same time point. Rats were anesthetized via
intraperitoneal injection of ketamine (75 mg/kg; Sigma, USA) and xylazine (10 mg/kg; Sigma, USA). At24 h or
72 h after model establishment, we euthanized the rats with pentobarbital sodium (100 mg/kg, Sigma, USA) for
tissue collection.

Rats in the HS+hPMSC group received a tail-vein injection of 5 x 10 hPMSCs resuspended in 200 pL
PBS after HS, while the HS+PBS group received only 200 pL. PBS. Rats in the dimethyl sulfoxide group
received only 2% DMSO as vehicle control (DMSO, Sigma, USA). ML385 (S8790, Selleck, USA), a specific
inhibitor of Nrf2, was diluted with 5% DMSO. Rats in the HS+hPMSC-Exos+ML385 group were injected with
ML385 (30 mg/kg) two hours before the HS operation.

2.6 Cell culture and treatment
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Primary alveolar type Il epithelial (AT2) rat cells (Procell, China) were cultivated in complete culture
medium (Procell, China). We cultured them in a humidified incubator (Thermo Fisher, USA) at 37°C with 21%
0O and 5% CO.. To create an in vitro model of ferroptosis in AT2 cells, 1x10° AT2 cells were exposed to
RAS-selective lethal 3 (RSL3), a small-molecule compound that induces ferroptosis through inactivation of
GPX4 (Wang et al., 2024). AT2 Cells were divided into three groups: the Control group; the RSL3 group, treated
with RSL3 (0.2 uM, Selleck, USA) for 24 h; and the RSL3+hPMSC-Exos group, cocultured with RSL3 (0.2 M)
and hPMSC-Exos (from 0.5 pg/mL to 1.5 pg/mL) for 24 h.

2.7 MSC labeling and tracking in rats

We labelled the isolated hPMSCs with 5 pM 1,1°-dioctadecyl-3,3,3°,3-tetramethylindotricarbocyanine
iodine (DiR, Thermo Fisher, USA). Labelled hPMSCs were administered through the tail vein to both the sham
and HS groups. At 24 h or 72 h post injection, the rats were euthanized and their organs harvested and imaged on
an IVIS Spectrum (PerkinElmer, USA). We chose excitation and emission filters at 750 nm and 800 nm to detect
fluorescence.

2.8 Staining of HPMSC-Exos with PKH67

The isolated exosomes were combined with the prepared 2 x dye solution in 1 mL of Diluent C and
incubated for 4 min in the dark. After PBS washing, hPMSC-Exos underwent ultracentrifugation at 110,000 x g
at 4°C for 1 h. Subsequently, the exosomes were tagged with PKH67 (PKH67GL; Sigma, USA) and
resuspended in PBS.

2.9 Hematoxylin—eosin staining

Lung tissues were fixed for 24 h in 4% paraformaldehyde (Servicebio, China) and embedded in paraffin,
then sectioned into 5 um-thick slices. Next, different concentrations of ethanol were used for rehydration. The
slices were then washed three times (5 min each) with distilled water. Finally, the slices were stained with
hematoxylin and eosin (H&E) solution (Servicebio, China).

2.10 Immunofluorescence staining

The immunofluorescence assay was used to assess ROS levels in rat lung tissue. Fresh-frozen lung samples
were sectioned continuously to a thickness of 4 pm and maintained at room temperature. The frozen slides were
treated with an ROS staining solution (1:500; Sigma, Germany) at 37 °C for 30 min. Following three washes,
the slides were incubated with 4',6-Diamidino-2'-phenylindole (DAPI, Servicebio, China) for 10 min. The tissue
sections were examined under a microscope, and images were captured using fluorescence microscopy.

2.11 Transmission electron microscopy

The rat lung-tissue slices (about 3 mm? in size) were preserved in 2.5% glutaraldehyde at 4°C overnight,
and treated with 1% osmium acid for 1 h. Then, the fixed tissues underwent dehydration with graded ethanol
and acetone before being embedded in epoxy resin. Ultrathin sections were prepared using an ultramicrotome
and analyzed with a transmission electron microscope (TEM).

2.12 Western blot

We isolated and standardized total proteins from the lung tissue samples with a BCA protein assay kit
(Beyotime, China). The 12% SDS-PAGE gels (Bio-Rad) were used to separate protein extracts, which were
subsequently transferred to polyvinylidene difluoride membranes (Merck, Germany). Following a 1-hour
incubation at room temperature with 5% skim milk for blocking, the membranes were treated with primary
antibodies: Nrf2 (1:1000, Abcam, USA), GPX4 (1:1000, Abcam, USA), Hsp70 (1:1000, Abcam, USA),
anti-CD63 (1:1000, Abcam, USA), anti-CD81 (1:1000, Abcam, USA), beta actin (1:500, Proteintech, USA),
beta tubulin (1:2000, Proteintech, USA), alpha tubulin (1:5000, Proteintech, USA), and goat anti-rabbit IgG
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H&L (HRP) (1:5000, Abcam, USA).
2.13 Visualization of oxidative stress

AT2 cells from each group were resuspended in 500 uL. of PBS with C11-BODIPY581/591 (2.5 uM,
ABclonal, China) and incubated for 30 min. The cell membrane and cell nuclei were stained with 1,1’
-dioctadecyl-3,3,3 ' 3 ' -tetramethylindocarbocyanine perchlorate (Dil, Invitrogen, USA) and Hoechst
(Beyotime, China), respectively. The cells were then washed twice with PBS and examined using laser confocal
microscopy.

2.14 Iron measurements

The harvested lung-tissue slices were homogenized with PBS, and after centrifugation, the supernatant was
collected. We measured the concentration of free ferrous ions (Fe?*) using an iron assay kit (Abcam, USA) in
accordance with the manufacturer's instructions.

2.15 Statistical Analysis

The data are presented as the mean+standard deviation. We conducted statistical analyses using GraphPad
Prism 8.0.1 (GraphPad Software Inc., USA), and assessed statistical significance via two-tailed unpaired
Student’s t-tests or one-way ANOVA, as appropriate. The data is defined as not significant (ns); *P < 0.05; **P
<0.01; #*xP < 0.001. All images are representative of at least three independent experiments.

3 Results
3.1 ALI occurred in the early stage of HS

Fig. 1a illustrated the procedure for establishing this experimental animal model. Rats in the HS group
were subjected to blood loss, maintenance, and transfusion. The rats were euthanized 24 h and 72 h post model
establishment, and lung tissues were subsequently collected. All rats in each group survived within 72 h of
model establishment. The sham group showed minimal fluctuations in mean arterial pressure (MAP), with an
average of 91.50+10.28mmHg throughout the entire period. In contrast, the rats in the HS group experienced a
sharp decrease in MAP during the bleeding stage, with a mean of 24.67+5.47mmHg. Subsequently, MAP
slowly increased to 43.67+7.20mmHg during the maintenance stage and further increased to
106.50+12.47mmHg during the transfusion stage (Fig. 1b). The lung surface of the sham group had a smooth
and pale pink appearance with a full shape, but the lung surface of the HS group rats displayed obvious
congestion, a dark red color, and noticeable collapse (Fig. 1¢). In addition, H&E staining revealed that, when
compared to the sham group, the alveolar structure was damaged and the pulmonary septum was markedly
expanded at 24h and 72 h following HS modeling. There was also an increase in capillary dilation and
hemorrhage (indicated by the red arrow), as well as an elevated presence of inflammatory cells (indicated by the
black arrow). Histological analysis confirmed the presence of lung injury in these rats 24 h and 72 h after
simulation of hemorrhagic shock.
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Fig.1 HS leads to ALI in the early stage. (a) HS rat-model establishment and lung-tissue-sampling time-point diagram. (b)
MAP values of Sham and HS rats during modeling (n=5 or n=6). (c) Representative gross view and H&E stained images of
rat lungs from Sham and HS groups. Data are expressed as mean+SD. HS: hemorrhagic shock; ALI: acute lung injury;

MAP: mean arterial pressure; H&E: hematoxylin and eosin. SD: standard deviation.

3.2 Therapeutic effect of hPMSCs on ALI in HS Rats

First, we identified the extracted hPMSCs. We observed the cell morphology via microscope (Fig. 2a). The
capacity of cells for osteogenic differentiation (Fig 2b) and lipogenic differentiation (Fig. 2c), as well as the
identity of surface markers (CD73, CD90, CD105, CD19, CD34, CD45), were confirmed by flow cytometry

(Fig. 2d).
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Fig. 2 Identification of hPMSCs. (a) Representative optical micrograph of hPMSCs. (b) Alizarin Red S and (c¢) Oil Red O
staining of hPMSC:s. (c¢) Flow cytometry analysis of MSC-associated surface markers (CD73, CD90, CD105, CD19, CD34,
CD45). HPMSCs: human placental mesenchymal stem cells.

To explore the biodistribution of hPMSCs after transplantation, we injected DiR-labeled hPMSCs into rats
through the tail vein, and visualized them with an IVIS imaging system (Fig. 3a). The fluorescence intensity of
hPMSCs in the heart, liver, spleen, lung, kidney, and small intestine of rats in each group was detected. In the
sham group, hPMSCs primarily accumulated in the lungs at 24 h or 72 h after transplantation, but at 72 h, they
showed a notable decrease (Fig. 3b). Similarly, hPMSCs in the HS group were predominantly found in the lungs
24 h post-transplantation. At 72 h, the fluorescence-intensity ratio of hPMSCs in the liver of HS rats exhibited a
significant increase, and a limited quantity of hPMSCs was identified in the lungs, kidneys, and small intestine
(Fig. 3b). Interestingly, fluorescence quantification showed that the HS group had a lower number of hPMSCs
in the lungs than did the sham group, at both 24 h and 72 h (P < 0.05). The fluorescence intensity of the HS
group significantly dropped after hPMSC injection between 24 h and 72 h (P < 0.05) (Fig. 3¢c). We were also
able to detect the remedial effect of hPMSCs on HS-induced ALI. The lungs of rats in the HS group exhibited a
higher level of congestion and swelling compared to those in the HS + hPMSC group (Fig. 3d). H&E staining
was conducted to assess histological alterations in the lung tissues. In comparison to the sham group, the HS
group exhibited structural damage characterized by thickening of the alveolar walls, alveolar hemorrhage, and
infiltration of inflammatory cells within the alveolar septum. However, administration of hPMSCs resulted in a
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significant reduction of ALI in HS rats, as described below. (Fig. 3d).
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Fig. 3 Real-time Ex vivo imaging of hPMSCs in lungs of HS and Sham rats. (a) DiR-labeled hPMSCs were injected after
the HS modeling operation, and lung tissue was harvested for real-time fluorescence imaging at 24h and 72h. (b) Ex vivo
fluorescence biodistribution of hPMSC:s in vital organs from both groups at 24 h and 72 h post injection. (¢) Fluorescence
intensity changes of hPMSC:s in lung tissue from both groups at selected time points (#=3). (d) Representative micrographs
for H&E staining of lung sections at 72h after hPMSC transplantation. Administration of hPMSCs largely prevented
histopathologic alterations after HS injury. Data are expressed as mean £ SD, *P<<0.05, **P<0.01. HPMSCs: human
placental mesenchymal stem cells; HS: hemorrhagic shock; H&E: hematoxylin and eosin; SD: standard deviation.
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3.3 Inhibitory effect of hPMSCs on ferroptosis in HS-induced ALI

To investigate the potential mechanism by which hPMSCs alleviate HS-induced ALI, we assessed
expression of molecules related to oxidative stress and ferroptosis. As shown in Figs. 4a-4c, hPMSC treatment
significantly reduced ROS, malondialdehyde (MDA), and Fe?* to lower levels than those in the HS group at 72h.
The mitochondrial morphology of AT2 cells in the HS+hPMSC group was superior to that in the HS group,
indicating that hPMSCs may inhibit ferroptosis in AT2 cells (Fig. 4d). We further examined the effects of
hPMSCs on GPX4 protein expression in rat lungs by western blot. Rats in the HS + hPMSCs group had higher
GPX4 expression than HS rats, which further suggested that hPMSCs inhibited HS-induced ferroptosis (Figs.
4e-41).
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Fig. 4 HPMSCs attenuated oxidative stress levels and ferroptosis of lungs in HS-induced ALI. (a) Immunofluorescence
micrographs of ROS expression (Red) of rat lungs obtained from Sham, HS, HS+PBS and HS+hPMSC groups at 72 h
after injection. (b) MDA contents of HS rats treated with or without hPMSCs for 72 h (n=3 or n=5). (¢) The Fe?*
concentration in rat lungs was measured (n=5). (d) TEM showing that outer mitochondrial membrane rupture in HS rat
lungs was repaired by hPMSCs after injection at 72 h. Yellow arrows indicate the lamellar body of AT2 cells, and red
arrows indicate mitochondria. (e) Protein expression for GPX4 in rat lungs obtained from each group (n=3). (f)
Quantitative analysis of western blot. Data are expressed as mean=+SD, *P<<0.05, **P<<0.01. HPMSCs: human placental
mesenchymal stem cells; HS: hemorrhagic shock; ROS: reactive oxygen species; PBS: phosphate-buffered saline; MDA:
malondialdehyde; AT2: alveolar type II epithelial; GPX4: glutathione peroxidase 4; SD: standard deviation.

3.4 Uptake of hPMSC-Exos by RSL3-treated AT2 cells in vitro

Subsequently, we extracted exosomes from the hPMSC culture medium via ultracentrifugation.
hPMSC-Exos were identified by western blot, TEM and NTA. These tests showed the existence of vesicles of
30-100 nm in size, which displayed similar characteristics to exosomes (Fig. 5a). Furthermore, surface markers
of exosomes, such as Hsp70, CD63, and CD81, were present (Fig. 5b). NTA analysis demonstrated that
approximately 98.1% of the particles had a diameter of around 120 nm (Fig. 5c¢). These results confirmed that
we had successfully extracted hPMSC-Exos.
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Fig. 5 Identification of hPMSC-Exos. (a) Expression of hPMSC-Exos surface markers Hsp70, CD63, and CD81 was
detected by western blot. (b) hPMSC-Exo morphology under TEM observation; (c) NTA analysis of hAPMSC-Exos particle
size and concentration. HPMSC-Exos: human placental mesenchymal stem-cell-derived exosomes; Hsp70: Heat Shock
Protein 70; TEM: transmission electron microscope; NTA: nanoparticle tracking analysis.
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To determine whether AT2 cells could internalize hPMSC-Exos, we marked hPMSC-Exos with a green
lipophilic fluorescent dye and co-cultured them with RSL3-treated AT2 cells for 24 h. The AT2 cells
demonstrated significant uptake efficiency, as evidenced by the intense fluorescent green signal (Fig. 6a).

Following this, we assessed the levels of ROS and lipid peroxides in AT2 cells in the different groups. As
shown in Figs. 6b-6¢, treatment with RSL3 (a GPX4 inhibitor) resulted in a notable increase in ROS and lipid
peroxidation levels, while treatment with hPMSC-Exos correspondingly reduced both ROS and lipid
peroxidation levels. To investigate the potential mechanism, we examined the dose-dependent effects of
hPMSC-Exo treatment on Keap1 and Nrf2 protein expression. Fig. 6d indicted that the Keap1 protein level was
significantly downregulated, while the Nrf2 protein level was significantly upregulated. These results indicated
that hPMSC-Exos reduced the levels of ROS and lipid peroxides in RSL3-treated AT2 cells in vitro and were
associated with activation of Nrf2.
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3.5 Underlying mechanism of hPMSC-Exos-Mediated Ferroptosis inhibition in HS-induced ALI

Based on the in vitro efficacy of hPMSC-Exos, we examined their impact on HS-induced ALI in vivo. As
shown in Fig. 7a, rats in the HS+Exo group received 100 pg of hPMSC-Exos following HS, while rats in the
HS+Exo+ML385 group were injected with ML385 (a Nrf2 inhibitor) intraperitoneally 2 h prior to modeling.
Interestingly, consistent with the protective effects of MSCs in vivo, hPMSC-Exos also ameliorated
pathological injury in lung tissue and reduced the level of ROS in HS-induced ALI (Figs. 7b-7¢). However, the
protective effects of hPMSC-Exos in HS-induced ALI were abolished by ML385. Western blot analysis also
indicated that hPMSC-Exos markedly elevated the protein levels of Nrf2/GPX4 in the lungs of HS rats, whereas
ML385 pretreatment notably diminished this effect (Figs 7d-7f). These findings indicate that hPMSCs may
activate the Nrf2/GPX4 signaling pathway via exosomes, thereby inhibiting ferroptosis in AT2 cells and
improving HS-induced ALI.
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4 Discussion

HS is the primary cause of mortality in surgical and trauma patients (Lozano et al., 2012). Severe HS
frequently results in infection, sepsis, and organ failure (Kalff et al., 1999). In this study, we based our HS rat
model on the methods delineated in our previous studies to simulate clinical "pre-hospital", "transport", and
"post-hospital" stages (Lu et al., 2013). According to the rat total blood-volume formula (Lee and Blaufox,
1985), the blood loss for HS rats was close to 50% of total body blood volume. All HS rats survived through the
designated observation time periods of 24 h and 72 h, which reflects the reliability of the HS model.

Previous studies have thoroughly examined the progression and management of ALI/ARDS, aiming to
enhance patient survival rates (Hu et al., 2022). Nevertheless, the overall prognosis for human patients remains
unpromising, and there is presently no specific pharmacological treatment available. Research indicates that
transplantation of MSCs can markedly improve HS-induced ALI. Regarding the source of MSCs, hPMSCs
have superior abilities in terms of proliferation, differentiation, and immunomodulation; they are easy to sample
and are available from a wide range of sources (Mashouri, et al., 2019). Consequently, we selected hPMSCs as
a therapeutic intervention for ALI in rats subjected to HS.

The results indicate that the quantity of hPMSCs in the lungs of the HS group was very low compared to
the sham group. We propose three potential explanations for this. Firstly, due to the detrimental effects of HS on
various organs in the body, a significant number of hPMSCs migrate to the lungs and other affected organs
within 24 h after administration. In addition, HS leads to a significant reduction in the number of hPMSCs in the
lungs 72 h after administration. Owing to the multi-organ damage induced by HS across the body, hPMSCs may
engage in active migration in HS rats, specifically relocating from the lungs to other affected organs. In 2002,
Saito et al. proposed for the first time that MSCs have "homing" ability in vivo (Saito et al., 2002). MSCs or
their exosomes migrate to damaged areas of the body upon entry (Xu et al., 2020; Huang et al., 2021; Huang et
al., 2022). Reports indicate that tissues at the injury site produce numerous signaling molecules, including
chemokines, adhesion factors, and growth factors, to recruit MSCs to the area (Cui and Madeddu, 2011).
Consequently, the presence of hPMSCs in the major organs of HS rats is likely a result of the widespread
damage to multiple organs caused by HS. Our results suggest that the migratory potential of hPMSCs may be
valuable for evaluating organ damage following HS.

Prior research indicates that transplantation of bone marrow-derived MSCs can reduce pulmonary
inflammation in animal models of HS. This transplantation also helps to preserve the integrity of lung
endothelial cells and decrease pulmonary vascular permeability, thereby alleviating ALI caused by HS (Pati, et
al., 2011; Potter, et al., 2018; Barry, et al., 2022; Wu et al., 2022). Nevertheless, there is no evidence available
regarding the therapeutic effects of MSCs in terms of inhibition of ferroptosis in HS-induced ALI. Our study
shows that hPMSCs are able to reduce the intensity of ROS. ROS shows a strong correlation with the amount of
free iron in the lungs (Quinlan et al., 2002). Iron overload can exacerbate the conversion of hydrogen peroxide
to free radicals by the Fenton reaction, leading to increased cytotoxicity and facilitating development of ALI
(Chabot et al., 1998; Dixon and Stockwell, 2014; Zhang et al., 2019). Additionally, transplantation of hPMSCs
may successfully restore mitochondrial structure in AT2 cells, inhibit ferroptosis, and mitigate HS-induced ALI.
Exosomes have been reported to play a critical role in regulating the metabolic functions of cells and tissues
(Arabpour et al., 2021).

Our research clarifies that hPMSCs may activate the Nrf2/GPX4 signaling axis through exosomes, thereby
improving HS-induced ALI. Previous research also suggests that activation of Nrf2 has a protective effect on
ALI or pulmonary fibrosis (Zhang et al., 2018; Lei et al., 2021; Xu et al., 2022; Zhao et al., 2022). Recently,
increasing evidence has shown that most MSCs-mediated beneficial effects can be attributed to the functions of
released exosomes (Zhang et al., 2022; Shen et al., 2023). For instance, certain miRNAs, specifically miR21,
miR125b, let7, and miR24, are highly present in MSCs (Jann et al., 2021; Ma et al., 2023). However, the
miRNAs transported by MSCs from various sources exhibit significant variation, which poses a challenge in
conducting direct comparisons. This variability also imposes some limitations on the study of MSC exosomes.
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Hence, more dedication should be directed towards this area to identify and elucidate the active agent in
exosomes as well as to explain the underlying process.

The applicability of this study is limited by the fact that although male SD rats were used to maintain
experimental consistency, further investigation is required to confirm the therapeutic effect of hPMSCs on
female SD rats. In addition, the precise components of hPMSC-Exos that activate Nrf2 remain undefined. We
hope to perform high-throughput sequencing of hPMSC-Exos to identify RNA or proteins that can effectively
activate Nrf2.

5 Conclusions

Following transplantation of hPMSCs into HS rats, these cells predominantly localize in the liver and lungs,
with a significant reduction in the quantity of hPMSCs in the lungs observed within 72 h. ALI is clearly
observed at 24 h and 72 h post-HS in rats. Transplantation of hPMSCs significantly mitigates ALI in HS rats,
leading to a reduction in oxidative stress and the inhibition of ferroptosis. The therapeutic effect may result from
hPMSCs activating the Nrf2/GPX4 pathway via exosomes, which inhibits ferroptosis in AT2 cells and
improves HS-induced ALI. This study indicates the distribution characteristics of hPMSCs in vital organs of HS
rats and their potential therapeutic effects on HS-induced ALI
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