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	 Background:	 Mesenchymal stem cells (MSCs) show anti-oxidative and anti-inflammatory effects that have prompted fur-
ther research into their potential applications in treating paraquat (PQ) poisoning cases in emergency rooms. 
We assessed the protective effects, underlying mechanisms, and secondary inflammatory responses of MSCs 
on PQ-induced acute lung injury.

	 Material/Methods:	 Sprague-Dawley rats were injected intraperitoneally with PQ (20 µg per gram of body weight). MSCs were in-
jected through the caudal vein 1 h after PQ treatment. The severity of lung injury and oxidative stress and lev-
els of inflammatory mediators were examined with and without MSC grafting. Expression levels of TLR4, NF-kB, 
p65, Nrf2, HO-1, and activated caspase-3 protein were determined by Western blotting.

	 Results:	 Administration of MSCs significantly decreased the levels of TNF-a, IL-1b, and IL-6 and polymorphonuclear neu-
trophil (PMN) count in the bronchoalveolar lavage fluid (BALF) of rats with PQ-induced ALI. In addition, MSC 
also effectively reduced the wet-to-dry lung weight ratio, lung injury score, and the levels of MDA and 8-OHdG. 
Conversely, MSC increased SOD and GSH-PX activity in the lung tissue. Moreover, MSC significantly upregulated 
HO-1, Nrf-2 protein expression in the lung tissue. In contrast, the levels of TLR4, NF-kB p65 and activated cas-
pase-3 protein were decreased in MSC-treated rats (P<0.05).

	 Conclusions:	 Treatment with MSCs overexpressed Nrf2 gene and activated downstream antioxidant HO-1, leading to inhibit 
oxidative stress, cell apoptosis and inflammatory response in lung tissue, thereby significantly improving PQ-
induced acute lung injury in rats.
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Background

Paraquat dichloride (PQ, or N, N’-dimethyl-4,4’-bipyridinium 
dichloride) is a widely used herbicide in developing countries. 
It is recognized for its quick and non-selective action on green 
plant tissues. However, it is also extremely toxic to humans 
and animals, mostly due to its redox activity, which produces 
reactive oxygen species (ROS). After absorption, PQ concen-
trates in cells where redox cycling undergoes, which is a re-
petitive enzyme-mediated cycling between PQ and PQ radicals. 
A byproduct of this process is a superoxide radical, a highly 
reactive oxygen species, which can cause direct cellular dam-
age or further react to form other ROS and nitrite radicals. 
Redox cycling consumes NADPH, one of the key players in cel-
lular antioxidant defenses. The oxidative stress resulting from 
the production of free radicals and the depletion of NADPH 
directly causes cell damage (via lipid peroxidation, mitochon-
drial dysfunction, necrosis and apoptosis) and it also triggers 
pronounced secondary inflammatory responses [1].

PQ exposure through the digestive tract, skin and respira-
tory tract can cause multiple organ dysfunction syndrome 
(MODS), in which the lungs are among the major target or-
gans. “Paraquat lung” is a disease showing acute lung injury or 
acute respiratory distress syndrome (ARDS) symptoms, and/or 
pulmonary interstitial fibrosis, which cause an extremely high 
case-fatality rate (50% to 80%) [2,3]. The lethal ingestion dose 
of paraquat for humans is approximately 35 mg/kg, which is 
equivalent to 10-15 ml of a 20% solution. Thousands of indi-
viduals succumb to PQ ingestion every year in developing coun-
tries. In the rural areas where PQ remains readily available, PQ 
ingestion is a common method of intentional self-poisoning. 
However, there is still no specific antidote for paraquat poi-
soning, for which to formulate a treatment regimen for pro-
tecting poisoned organs from irreversible damage is necessary.

Recently, an increasing number of reports have indicated pro-
tective effects of stem cells in acute or chronic injury in mul-
tiple organs. Mesenchymal stem cells (MSCs) are multipotent 
cells with the capability to differentiate into mesenchymal 
lineages including cartilage, bone, muscle, tendon, ligament 
and adipose tissue. Except for their functions in regeneration, 
MSCs have shown possess potent immunomodulatory [4], 
anti-inflammatory [5] and antifibrotic capacities [6]. For example, 
a 2003 study [7] showed that MSC grafts, originating from mu-
rine bone marrow, could prevent pulmonary fibrosis in mice 
exposed to bleomycin (BLM), a cancer medication known to 
have this side effect. Recently, MSCs have shown potential for 
the treatment of PQ-poisoned patients in multiple studies [8].

To better understand the protective effects and the potential 
mechanisms of MSCs in treating PQ poisoning, we established 
a PQ poisoning animal model through intraperitoneal injection 

of PQ into Sprague-Dawley rats, followed by intravenous injec-
tion of bone marrow-derived MSCs 1 h after PQ injection. The 
effects of MSC grafts were assessed based on their ability to 
reverse PQ-induced damage, as well as inflammatory indicators.

Material and Methods

MSC preparation and characterization

Rat MSCs derived from normal rat bone marrow were pur-
chased from Cyagen Bioscience, Inc. (Guangzhou, China). They 
expressed CD90and CD44, and did not express CD34, CD45, 
and CD11b/c, as determined by flow cytometry assay. The 
Sprague-Dawley rat MSC basal medium (Cyagen Bioscience, 
Inc., Guangzhou, China) was supplemented with 10% Sprague-
Dawley rat MSC qualified fetal bovine serum, 1% glutamine, 
and 1% penicillin-streptomycin at 37°C and 5% CO2 satu-
rated humidity to grow MSC cells. The growth medium was 
changed every day. The cells were dissociated with Trypsin-
EDTA and passaged when they were approximately 80–90% 
confluent. Lentivirus carrying GFP (pLenO-GFP) was purchased 
from GenePharma (Shanghai, China). The MSCs were infected 
by pLenO-GFP with MOI=50 and cultured in 6-well plates 
(106 cells/well) with 5% CO2 at 37°C. The culture medium was 
changed after 24 h. The infection efficiency of pLenO-GFP was 
identified by fluorescence microscopy 48 h after transfection 
(Olympus Co., Tokyo, Japan).

Animals

Male Sprague-Dawley rats weighing 200–250 g were pro-
vided by the Experimental Animal Center of China Medical 
University. Animals were housed with a 12: 12-hour light-
dark cycle, with free access to food and water. Animal ex-
perimental procedures were approved by the Animal Ethics 
Committee of China Medical University. Sprague-Dawley rats 
were randomly divided into 3 groups: (1) Saline-treated (con-
trol group, n=18); (2) PQ-treated (PQ group, n=18); and (3) PQ 
+ MSCs (MSC group, n=18). PQ solution (2 mg/ml in saline) or 
an equal amount of saline was injected into the rats intraper-
itoneally (20 µg per gram of body weight). MSCs (3×106 via-
ble cells) re-suspended in PBS were injected through the cau-
dal vein 1 h after PQ injection.

Bronchoalveolar lavage fluid (BALF) collection

Rats were anesthetized by intraperitoneal injection of 1mL of 
2.5% Avertin in PBS 24 h after PQ injection. The BALF sam-
ples were collected from the left lung following standard pro-
cedures. The BALF samples were cleared by centrifugation at 
1500g at 4ºC for 10 min, and the supernatants were collected 
and subjected to subsequent assays.
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Lung wet/dry weight ratio (W/D)

The upper lobe of the right lung was dissected from the rats. 
The wet weight (W) was measured after removal of the liq-
uid on the surface of the collected lung tissue, and the dry 
weight (D) was measured after drying the lung tissue at 80°C 
for 24 h. The lung tissue W/D ratio was calculated by dividing 
the wet weight (W) by the dry weight (D).

Histology

Lung tissue dissected from the right upper lobe was fixed with 
10% paraformaldehyde solution, and then the specimen was 
sectioned to tissue blocks with a thickness of about 0.5 cm. 
We then performed conventional gradient alcohol dehydra-
tion, paraffin-embedding, and serial sectioning. The paraffin-
embedded sections were stained with hematoxylin and eosin 
(HE) following standard procedures. Histopathological changes 
of lung tissue were observed under an optical microscope. The 
severity of lung injury was graded based on edema, conges-
tion, neutrophil infiltration, intrabronchial hemorrhage, and cell 
proliferation. These characteristics were subjectively scored on 
a scale from 0 to 3: 0=normal, 1=slight effect, 2=moderate ef-
fect, and 3=strong effect, calculated by the sum of the scores 
of 5 markers. The overall injury score is the sum of the scores 
from the 5 indicators [9].

Polymorphonuclear neutrophil (PMN) count

A small amount of each BALF sample was placed onto a cover-
slip for Giemsa staining. Polymorphonuclear neutrophils (PMN) 
were imaged and counted under a microscope (400×, Eclipse 
E200, Nikon Corporation, Japan). Five randomly selected inde-
pendent fields were counted.

Oxidative stress test with lung tissue

Left lung tissue was homogenized using tissue lysis buffer 
(0.01 mol/L Tris-HCl, pH 7.4, 0.1 mmol/L EDTA-2Na, 0.01 mol/L 
sucrose, 0.8% NaCl). The homogenate was centrifuged, and 
the supernatant was collected to test the level of malondial-
dehyde (MDA) using thiobarbituric acid colorimetry (Nanjing 
Jiancheng Bioengineering Institute), super oxidative dismutase 
(SOD) using the xanthine oxidase method (Nanjing Jiancheng 
Bioengineering Institute), GSH-PX activity using chemical col-
orimetry (Nanjing Jiancheng Bioengineering Institute), and 
8-OHdG content using ELISA (Biolegend, San Diego, CA)

Cytokine analysis

The BALF samples were tested to determine the concentra-
tions of TNF-a, IL-1b, and IL-6 by ELISA (Bio-Rad, Hercules, CA) 
following the manufacturer’s protocols. The levels of TNF-a, 

IL-1b, and IL-6 in the samples were calculated based on a stan-
dard curve. The detection ranges of the TNF-a, IL-1b and IL-6 
ELISA assays were 56.25–3600, 7.8–500, and 62.5–4000 pg/ml, 
respectively. Samples with a concentration over the limit of 
the standard curve were measured after dilution.

Western blot analysis

Cytoplasmic and nuclear proteins were isolated from lung tis-
sue samples following the instructions of the KGI Nuclear and 
Cytoplasmic Protein Extraction kit (Nanjing KGI Biotechnology). 
Protein concentrations were determined using the BCA method 
(Beyotime Institute of Biotechnology, Haimen, China). Proteins 
were separated by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and were transferred onto polyvinylidene fluo-
ride membranes (Millipore, Bedford, MA). The membranes were 
incubated overnight at 4°C with rabbit polyclonal antibodies 
against TLR4, NF-kB p65, Nrf2, HO-1, and activated caspase-3 
(Santa Cruz Biotechnology, Inc., Dallas, TX). The membranes 
were then incubated with horseradish peroxidase-conjugated 
goat anti-rabbit secondary antibody (Beyotime Institute of 
Biotechnology) at 37°C for 45 min. The enhanced chemilumi-
nescence (ECL) imaging system was to visualize protein bands. 
b-actin was used as the internal control.

Statistical analysis

SPSS16.0 statistical software (SPSS Inc., Chicago, IL) was used 
for data analysis. All data were recorded as mean ± standard 
deviation (SD). The difference among groups was analyzed by 
one-way ANOVA, and the LSD test was used for comparison 
between 2 groups. A p value <0.05 was considered to be sta-
tistically significant.

Results

Isolation and characterization of MSCs

MSCs arranged in order were cultured for 6 generations. 
Lentivirus transfection did not affect proliferation or morphol-
ogy of MSCs. Fluorescence microscopy revealed that over 80% 
of cells were GFP-positive cells (Figure1A, 1B). Then, at 1 h af-
ter establishment of the paraquat-induced ALI animal model 
carrying GFP, MSCs were injected through the caudal vein. All 
rats in the experiment survived. Fluorescence was measured 
in lungs 24 h after MSCs administration using fluorescence 
microscopy. As shown in Figure 1C–1E, the fluorescence was 
distributed in the distal lungs.
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Treatment with MSCs attenuates lung necrosis, edema, 
and inflammation induced by PQ

To assess the effects of PQ and MSC treatment, we dissected 
lung tissue from the right upper lobe for wet/dry (W/D) ratio 
measurement and histological examination. We found a signifi-
cantly higher lung W/D ratio in the PQ group, indicating severe 
pulmonary edema due to PQ ingestion (Figure 2A, p<0.05). We 
stained paraffin sections of lung tissues with hematoxylin and 
eosin (HE) (Figure 2B, 2D) for examination of the lung injury se-
verity. Normal lung tissue showed structural integrity of alveoli, 
without inflammatory exudates (score: 0, Figure 2E). PQ treat-
ment induced severe lung injury in rats, manifested by visible 
alveolar structural damage, lung interstitial edema, and a large 
number of infiltrating inflammatory cells (Figure 2E). Consistent 
with the HE staining results, the number of polymorphonuclear 
neutrophils (PMNs) in the bronchoalveolar lavage fluid (BALF) 
dramatically increased in PQ-treated rats (Figure 2F, p<0.05).

We injected MSCs (approximately 3 million viable cells) into 
PQ-poisoned rats 1 h after PQ treatment. The results showed 
that administration of MSCs significantly protected lung tis-
sue from damage by PQ poisoning, as indicated by W/D weight 
ratio (Figure 2A), histological characteristics (Figure 2B–2D), 
overall injury severity scores (Figure 2E), and the number of 
PMNs (Figure 2F).

MSCs protect lung tissues from necrosis by alleviating 
oxidative stress

Our results show that the amounts of MDA and 8-OHdG in lung 
tissues of the PQ-treated rats increased, but this was reversed 
by MSC grafting (Figure 3A, 3B). In addition, the activity of su-
peroxide dismutase (SOD) and glutathione peroxidase (GSH-Px) 
was decreased in PQ-treated rats and was significantly re-
stored in PQ-treated rats injected with MSCs (Figure 3C, 3D).

Compared with the control group, Nrf2 and HO-1 protein lev-
els in the PQ group were slightly increased, but there was no 
significant difference between the 2 groups. In contrast, the 
expression of Nrf2 and HO protein in the MSC group increased 
significantly (p<0.05, Figure 3E–3G).

MSCs inhibit proinflammatory mediators

Consistent with the histological changes and the elevated num-
ber of PMNs shown above (Fig. 2F), the levels of TNF-a, IL-1b, 
and IL-6 were all detected by ELISA in the BALF samples from 
the PQ-treated rats at 20–70-fold increases compared with the 
control group. Conversely, MSC grafting remarkably decreased 
the levels of these cytokines by 60–70% when compared with 
the rats treated with PQ alone (Figure 4A–4C).

Figure 1. �MSCs carrying GFP were observed via fluorescence microscopy. The transfection efficiency was over 80% (A, B). At 24 h after 
MSCs administration, MSCs were distributed throughout the distal lungs (C–E).

MSCs MSCs-GFP

Control PQ MSCs+PQ

A

C D E

B
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We observed elevated expression of TLR4 and NF-kB p65 pro-
tein synchronously in the PQ group, which decreased in the 
MSC group (p<0.05, Figure 4D–4F), suggesting that the PQ-
induced inflammation is related to TLR4/NF-kB. In our exper-
iments, PQ treatment induced Caspase-3 activity, which was 
downregulated by MSC grafts (p<0.05, Figure 5A, 5B).

Discussion

At present, comprehensive measures such as gastric lavage, 
catharsis, activated carbon adsorption, blood perfusion, anti-
oxidant free radical drugs, and immunosuppressive agents are 
applied for paraquat poisoning treatment. Although the sur-
vival time of poisoned patients has been increased, the mor-
tality rate has not significantly improved. The main cause of 
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death is respiratory failure caused by lung injury. Therefore, 
exploring new and effective therapeutic strategies for PQ poi-
soning lung injury has become an important research focus.

Numerous reports have shown that adult MSCs can suppress 
the maturation of T cells and dendritic cells, reduce the acti-
vation and proliferation of B-cells, inhibit the proliferation and 
cytotoxicity of NK cells, and promote the generation of regula-
tory T cells via soluble factors or cell–cell contact mechanisms, 
which eventually result in modulating the adaptive and innate 
immune systems [10–12]. MSCs are derived from bone marrow, 

fat, and other tissues, and they have been applied in the treat-
ment of inflammatory diseases and other immune disorders in 
experimental animal models. Potential treatment effects have 
been showed on autologous, allogeneic, and even xenogeneic 
MSCs. MSCs have been approved and used as an immunomod-
ulator in clinical trials because of their efficacy in GvHD, or-
gan transplantation, diabetes, multiple sclerosis, and Crohn’s 
disease [13]. There are more than 400 studies on treatment 
using MSCs registered in the clinical trial database. Some of 
these studies have focused on poisoning cases. For example, 
the effect of a combination therapy of MSC transplantation 
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and butylphthalide was examined and found to be effective 
in the treatment of patients with delayed encephalopathy af-
ter carbon monoxide (CO) poisoning (DEACMP) [14].

Considering the unique anti-oxidative and immunomodulatory 
properties of MSCs, the promising results from the above stud-
ies on MSCs in the treatment of other immunological disor-
ders suggest MSCs may be a potential treatment option in PQ 
poisoning. In the present study, a PQ poisoning rat model was 
established to explore the effects and the underlying mech-
anisms of MSCs in PQ-induced acute lung injury. We found 
that MSCs protect against PQ-induced acute lung injury in rats 
through alleviating oxidative stress and the inflammatory re-
sponse. Most of the rats showed improvement in the overall 
severity of lung injury, suggesting that MSCs could be used as 
an alternative option or in combination with other anti-oxida-
tive and anti-inflammatory medications.

The main mechanism of acute lung injury caused by PQ 
poisoning is the oxygen free radical damage theory. PQ is an 
electron acceptor that acts on the oxidation-reduction reaction 
in cells to generate a large number of reactive oxygen radicals, 
causing lipid peroxidation of cell membranes and mitochondrial 
dysfunction, and eventually resulting in oxidative damage to 
tissue cells [15]. Levels of SOD and GSH-Px basically reflect the 
body’s ability to scavenge free radicals and resist lipid peroxi-
dation damage [16]. Oxidative stress causes profound altera-
tions of various biological structures, including cellular mem-
branes, lipids, proteins, and nucleic acids. Malondialdehyde 
(MDA) is a final product from peroxidation of polyunsaturated 
fatty acids in cells. An increase in free radicals causes overpro-
duction of MDA. MDA levels are commonly used as a marker 
of oxidative stress and the antioxidant status of patients [17]. 
8-Hydroxy-2’-deoxyguanosine (8-OHdG), which is another pre-
dominant product from free radical-induced oxidative lesions, 
has therefore been widely used as a biomarker for oxidative 
stress and carcinogenesis. The results of this study showed 
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that the content of MDA and 8-OHdG in the lung tissue of the 
PQ group increased, while the activity of SOD and GSH-Px de-
creased, suggesting that strong oxidative stress occurs in PQ 
poisoning, which causes an imbalance in the ratio of oxida-
tion and anti-oxidation in cells.

Recent studies have shown that an imbalance of primary oxi-
dation leads to the occurrence of alveolitis, and results in infil-
tration of neutrophils, alveolar macrophages, and lymphocytes 
in the body [18,19]. PQ can directly cause tissue and cell dam-
age by lipid peroxidation, and the generation of reactive oxy-
gen species (ROS) can also activate inflammatory cells such as 
neutrophil and monocyte macrophages, causing many inflam-
matory cytokines to be released, including tumor necrosis fac-
tor (TNF-a) and interleukin (IL-1b, IL-6). A cascade of inflam-
matory reactions is caused by TLR4, which triggers a systemic 
inflammatory response syndrome (SIRS) and aggravates lung 
tissue damage [20,21]. In normal cells, nuclear factor kappa B 
(NF-kB) binds with inhibitory proteins, and ROS can transfer 
NF-kB from stationary state into active state. Inhibitory pro-
teins are rapidly phosphorylated by NF-kB inducer. Once NF-kB 
is activated, it moves to the nucleus and combines with pro-
moter regions, inducting target gene transcription of inflam-
matory factors, cytokines, and chemokines [22]. As a result, PQ 
induces nuclear enrichment and DNA fragmentation by ROS 
production and NF-kB activation, leading to further apoptosis.

Caspase-3 is directly involved in the initiation and execution 
of the apoptosis process and the associated signal transduc-
tions. Given that cleaved activated caspase-3 is an important 
factor in apoptosis, the status of apoptosis can be inferred by 
the detection of activated caspase-3 [23]. The results of our 
study showed that the concentration of TNF-a, IL-1b, and IL-6 
were increased, and large numbers of PMN were observed in 
BALF from PQ-treated rats, showing an obvious inflammatory 
response in lung tissue. The expression of TLR4 and NF-kB 
was upregulated, indicating that the TLR4/NF-kB pathway 
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was involved in the early stage of pathophysiological process 
of lung injury in PQ-treated rats. MSCs can suppress activity 
of the TLR4/NF-kB signaling pathway, reducing inflammation, 
oxidative stress, and cell apoptosis in lung tissue, thus alle-
viating lung injury. Recently, MSCs have been demonstrated 
to be highly resistant to oxidative damage and to be potent 
scavengers of free radicals [24].

PQ can activate the Nrf2-ARE signaling pathway in multiple ways 
as a strong stressor. Nuclear factor (erythroid-derived 2)-like 2, 
which is also called Nrf2, is one of the basic leucine zipper 
(bZIP) proteins. When the body experiences injury and inflam-
mation, Nrf2 regulates the expression of antioxidant proteins 
involved in protection against oxidative damage [25]. Nrf-2 is 
located in the cytoplasm in physiological states and combines 
with cytoplasm joint protein (Keap-1) to form dimers. When 
stimulated by oxidative stress, Nrf-2 combines with the anti-
oxidant response element (ARE) and is phosphorylated into 
the nucleus, inducing its target gene expressing HO-1, GSH-
Px, SOD, NQ01 (NADPH: quinoneoxidoreductase1), and other 
antioxidant and II detoxifying enzymes [26], thus protecting 
against oxidative stress caused by ROS and protecting normal 
cells from damage [27]. The treatment of diseases caused by 
oxidative stress has been studied for several drugs that stimu-
late the Nrf2 pathway [28]. Heme oxygenase-1 (HO-1) is one of 
the Nrf2 target genes; it has been reported to protect against 
many pathologies, including sepsis, hypertension, atheroscle-
rosis, acute lung injury, kidney injury, and pain [29]. Studies 
have also shown that co-culturing with MSCs can reduce the 
volume of PQ in type II alveolar epithelial cells and increase 
the expression of antioxidant genes, increasing epithelial cell 
survival [30]. After implantation of bone marrow MSCs into PQ-
treated rats, lung injury in model animals was reduced [31,32]. 
The results of our study showed that the pulmonary alveolar 

hemorrhage, inflammatory cell infiltration, pulmonary inter-
stitial hyperemia, and edema were significantly reduced in the 
MSCs group, and the expression of Nrf-2 and HO-1 in the lung 
tissue was significantly higher than that in the PQ group, sug-
gesting that MSCs can reduce the lung injury caused by PQ 
poisoning by activating Nrf2 signaling.

Besides their immunomodulatory properties, MSCs have also 
demonstrated excellent self-renewal and regeneration capabil-
ities [33]. MSCs not only selectively aggregate, increase the se-
cretion of surfactant, and reduce inflammatory responses [34], 
but also differentiate, repair damaged tissue, and contribute to 
“scarless” wound healing to prevent the occurrence of chronic 
pulmonary fibrosis [35]. At 24 h after MSCs administration, flu-
orescence microscopy showed distribution of MSCs through-
out the distal lung in PQ rats. Combining their immunomodu-
latory functions and regenerative capabilities, MSCs could be 
a unique clinical treatment option for acute poisoning cases 
and the wounded tissue healing processes that follow.

Conclusions

MSCs have protective effects on PQ-induced lung injury in 
rats. The direct mechanism is that MSC can participate in the 
repair by colonizing damaged distal lung tissues. The indirect 
mechanism is that treatment with MSCs led to overexpression 
of the Nrf2 gene and activated the downstream antioxidant 
HO-1, thus inhibiting oxidative stress, cell apoptosis, and in-
flammatory response in lung tissue.
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