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A B S T R A C T   

N-methyl-D-aspartate (NMDA) receptor (NMDAR) activation mediates glutamate (Glu) toxicity and involves bleomycin (BLM)-induced acute lung 
injury (ALI). We have reported that bone marrow-derived mesenchymal stem cells (BM-MSCs) are NMDAR-regulated target cells, and NMDAR 
activation inhibits the protective effect of BM-MSCs on BLM-induced pulmonary fibrosis, but its effect on ALI remains unknown. Here, we found that 
Glu release was significantly elevated in plasma of mice at d 7 after intratracheally injected with BLM. BM-MSCs were pretreated with NMDA (the 
selective agonist of NMDAR) and transplanted into the recipient mice after the BLM challenge. BM-MSCs administration significantly alleviated the 
pathological changes, inflammatory response, myeloperoxidase activity, and malondialdehyde content in the damaged lungs, but NMDA-pretreated 
BM-MSCs did not ameliorate BLM-induced lung injury in vivo. Moreover, NMDA down-regulated prostaglandin E2 (PGE2) secretion and cyclo-
oxygenase (COX)-2 expression instead of COX-1 expression in BM-MSCs in vitro. We also found that NMDAR1 expression was increased and COX-2 
expression was decreased, but COX-1 expression was not changed in primary BM-MSCs of BLM-induced ALI mice. Further, the cultured supernatants 
of lipopolysaccharide (LPS)-pretreated RAW264.7 macrophages were collected to detect inflammatory factors after co-culture with NMDA- 
pretreated BM-MSCs. The co-culture experiments showed that NMDA precondition inhibited the anti-inflammatory effect of BM-MSCs on LPS- 
induced macrophage inflammation, and PGE2 could partially alleviate this inhibition. Our findings suggest that NMDAR activation attenuated 
the protective effect of BM-MSCs on BLM-induced ALI in vivo. NMDAR activation inhibited COX-2 expression and PGE2 secretion in BM-MSCs and 
weakened the anti-inflammatory effect of BM-MSCs on LPS-induced macrophage inflammation in vitro. In conclusion, NMDAR activation attenuates 
the protective effect of BM-MSCs on BLM-induced ALI via the COX-2/PGE2 pathway. Keywords: Acute Lung Injury, BM-MSCs, NMDA receptor, 
COX-1/2, PGE2.   

1. Introduction 

Acute lung injury (ALI) is a life-threatening syndrome that causes various acute and chronic lung diseases, leading to high 
morbidity and mortality [1]. Acute respiratory distress syndrome (ARDS) is the most severe form of ALI and shows alveolar structure 
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injury and uncontrolled i mmation, eventually resulting in acute hypoxemic respiratory failure [2]. The activated and accumulated 
inflammatory cells in the lungs can produce toxic reactive oxygen species (ROS) and play important roles in the extent of alveolar and 
epithelial cell damage or destruction and subsequent fibrotic response [1]. Neutrophils and macrophages, as well as their release of 
inflammatory mediators (interleukin (IL)-1β, tumor necrosis factor (TNF)-α, IL-6, IL-8, IL-4, and IL-10), are mandatory in the path-
ological process of ALI/ARDS [3]. The increased accumulation of neutrophils is associated with the exacerbation of inflammation, and 
targeting neutrophils can prevent ALI/ARDS in mice [4]. Resident and recruited macrophages play an important role in the clearance 
and repair of injured tissues, debris, and apoptotic cells, which are, therefore, important for the resolution of inflammation [5]. 

Glutamate (Glu) is a crucial excitatory neurotransmitter and plays an important role in learning, memory, and development. 
Excessive Glu induces excitatory toxicity by activating its receptor, which is involved in the pathogenesis of chronic neurodegenerative 
diseases [6]. N-methyl-D-aspartate (NMDA) receptor (NMDAR) is the principal receptor in mediating Glu toxicity [6]. NMDAR also 
exists in peripheral tissues, such as the lung [7]. In 1996, Said and colleagues reported that NMDAR-mediated Glu toxicity was also 
present in the lung and promoted acute oedematous lung injury [8]. In this research, the perfusate containing NMDA, a synthetic 
agonist that selectively activates NMDAR, caused acute injury in perfused and ventilated rat lungs, and this injury was prevented by 
MK-801, which is the competitive NMDAR antagonist or a channel blocker. Subsequently, our previous research also showed that 
intraperitoneal injection of NMDA or Glu caused ALI and that pre-injection of MK-801 could reduce lung damage [9,10]. MK-801 also 
ameliorated hyperoxia-induced lung injury in neonatal rats [11,12]. Another NMDAR antagonist, memantine, an NMDAR 
channel-blocker, attenuated BLM-induced ALI [13]. These studies indicate that NMDAR-mediated Glu toxicity is involved in ALI, but 
the mechanism is still unclear. 

Mesenchymal stem cells (MSCs) are adult pluripotential stromal cells that can differentiate into multiple types of cells, such as 
chondrocytes, myoblasts, and neurocytes, under the stimulation of relevant factors [14]. MSCs are originally isolated from bone 
marrow (BM) or BM-derived MSCs (BM-MSCs). In preclinical animal models, exogenously administered BM-MSCs can efficiently 
attenuate lung injury and promote reparative responses [15,16]. BM-MSCs have therapeutic effects in animal models of intra-
pulmonary ALI and extrapulmonary ALI [17–19]. Some phase I trials have indicated that infusion of allogeneic MSCs is safe and may 
reduce circulating markers of alveolar epithelial injury in patients with moderate to severe ARDS [20–22]. A larger multi-center phase 
II trial of human BM-MSCs administration to 60 subjects with moderate-severe ARDS is ongoing [23]. 

MSCs engraftment can suppress inflammation and deposition of collagen in damaged lungs of BLM-induced mice [24]. Further-
more, MSCs have been observed to display immunomodulatory properties through interaction with a wide range of immune cells and 
the secretion of multiple paracrine factors to control the inflammatory process, alleviate lung injury, and repair damaged lungs [25, 
26]. Prostaglandin E2 (PGE2), a subtype of the prostaglandin family, is an important paracrine factor of MSCs as it plays an early 
regulator of inflammation [27]. PGE2 is synthesized from arachidonic acid (AA) released from membrane phospholipids through 
sequential enzymatic reactions. Cyclooxygenase-2 (COX-2), known as prostaglandin-endoperoxide synthase, converts AA to prosta-
glandin H2 (PGH2), and PGE2 synthase isomerizes PGH2 to PGE2 [28]. COX-2 expression and PGE2 biosynthesis (the enzymatic product 
of COX-2) are crucial factors in the immunomodulatory ability of MSCs, such as reprogramming of host macrophages to increase their 
interleukin-10 production and alleviating atopic dermatitis by reducing mast cell degranulation [29]. Hence, the protective effect of 
MSCs partly depends on the secretion of PGE2. 

However, the functional status of endogenous BM-MSCs has received less attention. Recently, researchers have found that the adult 
BM-MSCs circulating in the blood are involved in tracheal regeneration and lung repair [26], and the content of endogenous BM-MSCs 
in BM has decreased in the BLM-induced model [30]. The endogenous BM-MSCs can localize to the injured lung and assume lung cell 
phenotypes, and the protection from lung injury and fibrosis also involves the suppression of inflammation and triggering the pro-
duction of reparative growth factors [15]. These studies indicate that BM stem cells are essential to lung repair and the dysfunction of 
endogenous BM-MSCs may be one of the potential mechanisms of lung injury. We previously reported that NMDAR expression was 
present in BM-MSCs and NMDAR activation induced BM-MSCs dysfunction in vitro, thus inhibiting the therapeutic effect of BM-MSCs 
administration on BLM-induced model in vivo [31]. Our groups also found that NMDAR activation inhibited the protective effect of 
BM-MSCs on BLM-induced AECs damage [6] and NMDAR blockers attenuated BLM-induced pulmonary fibrosis by inhibiting 
endogenous BM-MSCs senescence [32]. These researches reveal that BM-MSCs are NMDAR-regulated target cells, and 
NMDAR-mediated Glu toxicity on BM-MSCs is involved in BLM-induced lung damage. In this study, we investigated the effect of 
NMDAR activation on BM-MSCs in BLM-induced ALI and the underlying mechanism. 

2. Materials and methods 

2.1. Animal experiments 

Female C57BL/6 mice, weighing about 20 g, were purchased from JingDa Laboratory Animal Company (Changsha, China) and 
were maintained in 12-h light/12-h dark cycles with free access to food and water. 

According to our previous experiments [31], mice were randomly divided into four groups: (1) Con: intratracheal injection of saline 
and intravenous administration of phosphate-buffered saline (PBS); (2) BLM: intratracheal injection of 3.5 mg/kg BLM (Tokyo, Japan) 
and intravenous administration of PBS; (3) BLM + MSCs: intratracheal injection of BLM and intravenous administration of BM-MSCs 
(1 × 106 in 100 μl PBS per mouse). (4) BLM + NMDA-MSCs: intratracheal injection of BLM and intravenous administration of 
BM-MSCs, which were preconditioned with 3 mM NMDA (Sigma-Aldrich Chemical Company) for 24 h. After anesthetizing, mice were 
intratracheally injected with 3.5 mg/kg BLM in 50 μl saline. About 1 × 106 normal or NMDA-preconditioned BM-MSCs were washed 
with PBS, resuspended in 100 μl of PBS, and transplanted into mice via tail vein injection at d 0 after anesthesia awakening. Animals 
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were sacrificed on d 7 after BLM injection under anesthesia. The lung tissues were collected and used for the following assays. 

2.2. Glu detection 

On d 7, after the BLM challenge, the mice were anesthetized, and the femoral artery blood samples were collected into antico-
agulant tubes containing heparin sodium. After centrifugation, the plasma was separated and collected for Glu measurement using a 
Glu detection kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions. 

2.3. Histological analysis 

The upper lobes of the right lungs were fixed with 4 % paraformaldehyde in 0.1 M PBS (pH 7.0) for 24 h and embedded in paraffin. 
6-μm-thick sections were cut and stained with hematoxylin and eosin (H&E). Alveolitis was determined with the H&E-stained sections 
according to previously published criteria [13]. Briefly, inflammatory infiltration and the area of lesions of lung sections were graded 
as follows: grade 0, normal tissue; grade 1, <20 % of the slide; 2, 20–50 % of the slide; and 3, >50 % of the slide. The mean score from 
all examined fields was calculated as the inflammation score. 

2.4. Myeloperoxidase (MPO) activity assay 

Mice were sacrificed, and lung tissues were collected. According to the manufacturer’s instructions, chromometry assessed MPO 
activity in the lung parenchyma, a neutrophil infiltration marker (Nanjing Jiancheng Bioengineering Institute). The enzyme activity 
was determined by measuring the optical density change with a multifunctional microplate reader (Thermo Fisher Scientific, USA) at 
450 nm. MPO activity was expressed in units per gram weight of wet tissue. 

2.5. Malondialdehyde (MDA) content detection 

The MDA concentrations were determined by measuring thiobarbituric acid (TBA) reactivity according to a commercially available 
kit (Nanjing Jiancheng Bioengineering Institute). TBA was added to lung homogenate, and the mixture was centrifuged. The super-
natant was obtained and then measured at 532 nm with a multifunctional microplate reader (Thermo Fisher Scientific). The MDA assay 
was performed following the instructions of the detection kit. 

2.6. BM-MSCs and RAW264.7 cells 

BM-MSCs derived from C57BL/6 mice were purchased from Cyagen Biosciences, Inc. (Guangzhou, China). BM-MSCs were cultured 
in a 1:1 mix of Dulbecco’s modified Eagle medium/nutrient mixture F-12 (DMEM/F12) containing 10 % fetal bovine serum (FBS) 
(Cyagen Bioscience, Inc.), 2 mM L-glutamine, 100 IU/ml penicillin and 100 μg/ml streptomycin, and incubated at 37 ◦C in a humidified 
incubator with 5 % CO2. 

Mouse monocyte/macrophage cell line, RAW264.7 cells, were purchased from Sigma-Aldrich and cultured in DMEM/F12 medium 
supplemented with 10 % FBS, 2 mM L-glutamine, 100 IU/ml penicillin and 100 μg/ml streptomycin. 

2.7. Co-culture experiment 

The co-culture experiments were performed in 0.4-μm-pore-size transwell system (Corning, Lowell, MA, USA). BM-MSCs (2 × 105 

cells/transwell) were cultured in 0.4-μm-pore-size transwells and RAW264.7 macrophages (2 × 105 cells/well) were cultured in 6-well 
plates. Before co-culture, BM-MSCs were treated with 3 mM NMDA for 24 h and RAW264.7 macrophages were stimulated with 10 ng/ 
ml lipopolysaccharide (LPS, Sigma-Aldrich) for 24 h. After washing the cells and changing the medium, the transwells containing BM- 
MSCs were placed in 6-well plates containing RAW264.7 macrophages as the lower chamber of the transwell system for another 24 h. 
During co-culture, RAW264.7 macrophages were simultaneously treated with/without 2 μg/ml PGE2 (Sigma-Aldrich). The cultured 
supernatants from the lower chamber of the transwell system were collected and frozen at − 80 ◦C for inflammatory factor assessment. 

2.8. Primary BM-MSCs isolation and identification 

The C57BL/6 mice of the BLM-induced ALI model were anesthetized and disinfected for primary BM-MSCs isolation on d 7. BM 
cells were obtained from their femur and tibia as previously [31]. The primary BM-MSCs were passaged at times and characterized by 
their adipogenic and osteogenic differentiation potentials and by flow cytometric analysis of the following surface markers: SCA-1, 
CD29, CD44, CD31, CD34, and CD117 (Cyagen Biosciences, Inc., Guangzhou, China). The results were analyzed using FlowJo soft-
ware version 7.2.5 (FlowJo LLC, Ashland, OR, USA) to create the histograms. After analyzed, SCA-1, CD29 and CD44 were positive, 
whereas CD31, CD34, and CD117 were negative. 

For adipogenic and osteogenic differentiation assay as previously [31], the primary BM-MSCs were seeded into 6-well plates and 
cultured. After differentiation was completed according to the manufacturer’s protocols, the cells were stained with Oil Red O (Cyagen 
Biosciences, Inc.) and Alizarin Red S (Cyagen Biosciences, Inc.), respectively. 
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2.9. Analysis of cytokines by flow cytometry 

Lung tissue homogenates and cell culture supernatants were collected for subsequent analysis by a cytometric bead array (CBA) 
mouse inflammation kit according to the manufacturer’s instructions. The following cytokines were measured using Mouse Cytokine 
18-plex assay (LEGENDplex™): IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, TNF-α and IFN-γ (BioLegend, San Diego, CA). The samples were 
treated according to the manufacturer’s instructions and eventually measured using a FACSCanto II station. No signal above the lower 
detection limit was measured for IL-5 and IL-13; therefore, these cytokines were not plotted. Standard curves and data analysis were 
analyzed using LEGENDplex v8.0 software (BioLegend). 

2.10. Enzyme-linked immunosorbent assay (ELISA) 

The lungs were harvested and homogenized at level 5 in a 1 ml ice-cold DMEM. Following homogenization, tissue fragments and 
intact cells were further fragmented by sonication on ice for 30 s at power level 1. Lipids were then methanol extracted from the 
homogenate using Sep-Pak cartridges (Waters). The samples were dried under a steady stream of nitrogen to evaporate the solvent and 
then resuspended in 250 μl DMEM. Mouse PGE2 (eBioscience, San Diego, USA) levels in lung tissue homogenates were measured using 
an ELISA kit per the manufacturer’s instructions. 

2.11. Quantitative real-time polymerase chain reaction (RT-qPCR) assay 

Total RNA from lungs or BM-MSCs was extracted with TRIzol reagent (Takara, Kusatsu, Japan), and reverse transcription was 
accomplished with PrimeScript™ RT Reagent Kit with gDNA Eraser (Takara). Gene expression levels were assayed by RT-qPCR using a 
real-time PCR system (CFX96 Touch™, Bio-Rad Laboratories Inc., Hercules, USA). The levels of mRNA were normalized to β-actin. The 
data were analyzed using the 2− ΔΔCT method. The following primers were used: β-actin (forward primer, 5′-TTCCAGCCTTCCTTCTTG- 
3′; reverse primer, 5′-GGAGCCAGAGCAGTAATC-3′), IL-1β (forward primer, 5′-GCCCATCCTCTGTGACTCAT-3′; reverse primer, 5′- 
AGGCCACAGGTATTTTGTCG-3′), COX-1 (forward primer, 5′-CAGACGACCCGCCTCATCCTCATAG-3′; reverse primer, 5′- 
GCCTCAACCCCATAGTCCACCAACA-3′), COX-2 (forward primer, 5′-AGGTCATTGGTGGAGAGGTG-3′; reverse primer, 5′- 
CCTGCTTGAGTATGTCGCAC-3′). 

2.12. Western blot analysis 

Western blot analysis was performed to measure the protein expression levels. After treatment, BM-MSCs were washed with pre- 
cooling PBS and lysed in RIPA buffer (Beyotime, Shanghai, China) containing 1 mM PMSF (Beyotime) on ice. Then, they were collected 
for centrifugation at 12,000×g for 30 min at 4 ◦C. Protein concentration was determined by bicinchoninic acid protein assay kit 
(Beyotime) according to the manufacturer’s protocol. Next, 50 μg of protein samples were separated by 12 % SDS-polyacrylamide gel 
electrophoresis and transferred to a polyvinylidene fluoride membrane (Merck Millipore, MA, USA). After blocking in 5 % non-fat 
milk, the membranes were incubated with the anti-COX-1 (1:1000; Abcam, Cambridge, USA), anti-COX-2 (1:1000; Abcam), anti- 
NMDAR1 (1:1000; Abcam) and anti-β-actin (1:7500; Sigma-Aldrich) antibodies at 4 ◦C overnight. Then, the membranes were incu-
bated with horseradish peroxidase-labeled goat anti-rabbit or mouse secondary antibody at room temperature for 1 h. Finally, proteins 
were detected with enzyme-linked chemiluminescence (ECL) (Merck Millipore) and semi-quantified by ChemiDoc XRS System (Bio- 
Rad Laboratories, Inc.). The data were analyzed with Image Lab software (Bio-Rad Laboratories, Inc.). β-actin was used as the control 
for equal loading of samples. 

2.13. Statistical analysis 

The data are expressed as the mean ± SEM. Data comparisons were analyzed with Student’s t-test or one-way ANOVA, followed by 
Student–Newman–Keuls multiple comparison test using GraphPad Prism software (GraphPad Software, Inc., San Diego, CA, USA). P- 
values less than 0.05 were considered to be statistically significant. 

3. Results 

3.1. Glu was increased in the plasma of BLM-induced ALI mice 

BLM is widely utilized to induce experimental pulmonary injury and fibrosis for animal models. In this study, we used intratracheal 
instillation of BLM, the standard route of administration, to induce an animal model of ALI in C57BL/6 mice. NMDAR-mediated Glu 
toxicity plays an important role in ALI [7]. Our previous study also demonstrated that the Glu level in bronchoalveolar lavage fluid 
(BALF) is elevated in BLM-induced ALI mice at d 3 and 7 [13]. The Glu level was increased from endogenous BM cells at d 3 and 14 
after the BLM challenge [31]. The first week is a phase of acute lung inflammation, and the inflammatory responses reach a peak at d 7 
post BLM challenge and then gradually subside [34]. In this study, we collected the femoral artery blood and isolated the plasma at d 7 
after the BLM challenge for Glu detection. The data showed that the Glu level in peripheral plasma was significantly higher in the BLM 
group than in the control group (Fig. 1). 
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3.2. NMDAR activation eliminated the beneficial effects of BM-MSCs on BLM-induced ALI 

BM-MSCs produced by bone marrow have the anti-injury effects in multiple animal models [6]. To explore the significance of Glu 
increase, we used NMDA to directly pretreat BM-MSCs in vitro to simulate NMDAR activation state, and then transplanted into the 
BLM-damaged mice. As in our previous study [31], we used 3 mM NMDA to precondition 1 × 106 BM-MSCs for 24 h and injected them 
into mice through the tail vein on the d after the BLM challenge. The BM-MSCs used were identified before injection, and the results 
were reported in our paper [31]. The lung tissues were collected at d 7, and used for histopathological changes evaluated by H&E 
staining. Results showed significant inflammatory alterations characterized by obvious thickening of the alveolar wall, diffuse lung 
hemorrhage, and infiltration of inflammatory cells into interstitial tissue and alveolar space (Fig. 2B, F), compared with those of the 
control group (Fig. 2A, E). After BM-MSCs injection, the pathomorphological changes of lung injury were alleviated compared with the 
BLM group (Fig. 2C, G). However, NMDA-pretreated BM-MSCs injection did not reduce lung injury and inflammation (Fig. 2D, H). The 
results of the inflammation score were consistent with the histopathological changes (Fig. 2I). 

Activated neutrophils are implicated in the pathophysiology of BLM-induced ALI, and MPO is an indicator of neutrophil infiltration 
[35]. MPO activity was significantly higher in the BLM group than in the control group. After BM-MSCs injection, MPO activity was 
decreased than that in the BLM group. However, NMDA-pretreated BM-MSCs injection did not decrease MPO activity (Fig. 2J). 

Oxidative stress has been proven to be an important factor in the development of BLM-induced pulmonary damage [36]. BLM can 
cause the reaction of a formed pseudonym with oxygen, producing ROS and leading to an inflammatory response [37]. MDA is an 
index for lipid peroxidation. This study evaluated oxidative stress by detecting the MDA level of lung homogenates. As shown in , BLM 
treatment resulted in a significant rise of MDA in lung tissues compared with the control group. After BM-MSCs injection, MDA content 
was lower than that in the BLM group. However, NMDA-pretreated BM-MSCs injection did not decrease MDA content (Fig. 2K). 

3.3. Effects of NMDA-pretreated BM-MSCs on the inflammatory cytokines in the lungs of BLM-induced ALI mice 

Next, we determined the inflammatory cytokine profile in the lung homogenates. The results showed that the levels of proin-
flammatory cytokines, IL-1β, IL-2, IL-6, TNF-α, and IFN-γ, in lung homogenates were significantly higher in the BLM group than those 
in the control group. After BM-MSCs injection, the levels of proinflammatory cytokines (IL-1β, IL-2, IL-6, TNF-α, and IFN-γ) were 
decreased. However, NMDA-pretreated BM-MSCs injection did not down-regulate proinflammatory cytokines (IL-1β, IL-2, IL-6, TNF-α, 
and IFN-γ) (Fig. 3A–E). 

By contrast, the levels of anti-inflammatory cytokines (IL-4 and IL-10) were significantly decreased in the BLM group compared 
with those in the control group. After BM-MSCs injection, the levels of IL-4 and IL-10 were increased. However, NMDA-pretreated BM- 
MSCs injection did not up-regulate the levels of IL-4 and IL-10 (Fig. 3F and G). 

PGE2 is a crucial paracrine factor secreted by MSCs and regulates the release of inflammatory cytokines from their corresponding 
target cells, such as monocytes and macrophages [25]. In in vivo experiments, mice are treated with PGE2 via surgically implanted 
minipumps after BLM administration, and their pulmonary inflammation and fibrosis are significantly weakened [38]. Therefore, we 
observed PGE2 levels in the lungs and found that PGE2 was decreased in the BLM group compared with the control group by ELISA 
(Fig. 3H). After BM-MSCs injection, PGE2 was elevated compared with the BLM group, but NMDA-pretreated BM-MSCs injection did 
not alleviate the decreased PGE2 induced by the BLM challenge (Fig. 3H). 

Fig. 1. Glu level was elevated in the plasma of BLM-induced ALI mice. 
The femoral artery blood was harvested at d 7 after intratracheal injection with BLM. The plasma was isolated for Glu content detection. Data 
represented the mean ± SEM. ***P＜0.001 vs. Con group, n = 6–9. 
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3.4. NMDAR activation down-regulated COX-2 expression and inhibited PGE2 secretion in BM-MSCs 

We investigated the effect and signal mechanism of NMDAR activation on PGE2 secretion in BM-MSCs in vitro. We used 3 or 10 mM 
NMDA to treat BM-MSCs. NMDA significantly reduced PGE2 secretion compared with the control group (Fig. 4A). COX-1 is generally 
considered a constitutive enzyme in most cells, whereas COX-2 is a rate-limiting enzyme for controlling PGE2 synthesis under phys-
iological conditions [39]. Therefore, we measured the level of COX-1/2 in BM-MSCs after NMDA treatment by RT-qPCR and Western 
blot. NMDA decreased the mRNA and protein expression levels of COX-2 instead of COX-1 (Fig. 4B–F). These findings indicated that 
NMDAR activation inhibited PGE2 production through specific down-regulation of COX-2 expression in BM-MSCs. 

3.5. Increased NMDAR1 and decreased expression of COX-2 were observed in primary BM-MSCs of BLM-induced ALI mice 

We isolated the primary BM-MSCs from the femur and tibia of BLM-induced ALI models. BM-MSCs were phenotypically identified 
by their typical fibroblast-like appearance (Fig. 5A and B). The differentiation abilities of BM-MSCs were tested at P3. BM-MSCs could 
differentiate exclusively into adipocytes and osteoblasts, as determined by Oil Red O and Alizarin Red S staining, respectively (Fig. 5C 
and D). BM-MSCs were further analyzed for surface biomarkers by flow cytometry. Results showed that BM-MSCs were positive for 
SCA-1, CD29, and CD44 and negative for CD31, CD34, and CD117 (Fig. 5E). These results revealed that the phenotype of primary BM- 
MSCs in BLM-induced ALI mice was unchanged. 

Next, we used the primary BM-MSCs for further detection. Western blot results showed that the expression of NMDAR1 in the BLM 
group was markedly higher than in the control group (Fig. 6A, D). We also measured the expression of COX-1/2 in BM-MSCs. Results 
showed that the expression of COX-2 was significantly decreased, while the expression of COX-1 was unchanged in the BLM group 
(Fig. 6A–C). These results confirmed the role of NMDAR activation and COX-2 decrease in BLM-induced lung injury in vivo. 

3.6. Effects of NMDA-pretreated BM-MSCs on the inflammatory cytokines in LPS-stimulated RAW264.7 macrophages 

BM-MSCs have been reported to reduce inflammation and attenuate sepsis via regulating host macrophages [29]. Macrophages, 
typical representatives of innate immunity, engulf invading particles and participate in the lung’s early inflammation and late fibrosis 
process [42]. To further understand the effect of NMDAR activation on the anti-inflammatory actions of BM-MSCs through the PGE2 

Fig. 2. Effects of NMDA-pretreated BM-MSCs on BLM-induced ALI. Lungs were harvested on d 7 after intratracheal injection with BLM. (A–H) 
Representative images of H&E staining (A-D, 20 × , bar = 50 μm; E-H, 40 × , bar = 25 μm). (I) Comparisons of inflammation score values between 
each group. (J) The activity of MPO in lung homogenates. (K) Content of MDA in lung homogenates. Data represent the mean ± SEM. *P＜0.05, **P 
＜0.01, ***P＜0.001 vs. Con group; #P ＜0.05, ##P＜0.01 vs. BLM group; &P＜0.05, &&P＜0.01 vs. BLM + MSCs group, n = 6–9. 
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paracrine effect in vitro, we used the transwell co-culture system to prevent direct physical contact between BM-MSCs and murine 
macrophages RAW264.7. In this assay, resting RAW264.7 macrophages were stimulated with 10 ng/ml LPS for 24 h to obtain activated 
macrophages as previously described [43]. BM-MSCs were preconditioned with 3 mM NMDA for 24 h. Then, BM-MSCs were 
co-cultured with RAW264.7 macrophages for another 24 h. After co-culture with BM-MSCs, LPS-stimulated RAW264.7 macrophages 
produced less IL-2, IL-6, TNF-α and IFN-γ (Fig. 7A–D) and more IL-4 and IL-10 (Fig. 7E and F), but this effect was eliminated if 
BM-MSCs were pretreated with NMDA. These results demonstrated that NMDA impaired the anti-inflammatory effect of BM-MSCs on 
LPS-induced macrophages. However, the decreased anti-inflammatory effect of BM-MSCs induced by NMDA could be rescued by 2 
μg/ml PGE2 treatment (Fig. 7A–F). Therefore, these data indicated that NMDAR activation inhibited the anti-inflammatory effect of 
BM-MSCs by reducing their PGE2 secretion. 

4. Discussion 

Glu toxicity, a result of Glu binding to NMDAR, plays a major role in the pathogenesis of many disorders. Recently, the excessive 
release of endogenous Glu and NMDAR-mediated Glu toxicity have been paid more attention to lung damage. In this study, the 
elevated Glu level has been observed in the plasma of BLM-induced ALI mice, which is consistent with our group’s published data, 
showing an increased Glu level in BALF of BLM-induced ALI [13] and hyperoxia-induced newborn rat lung injury [44]. Zhao et al. also 
demonstrated increased levels of Glu, glutamine, and the antioxidant glutathione (GSH) and decreased levels of aspartate and oxidized 
counterpart GSSG in IPF lungs [45]. Hu et al. found altered cell energy and amino acid metabolism in the silica-induced lung 
inflammation and fibrosis model [46]. Memantine, an NMDAR channel-blocker, attenuated BLM-induced ALI [13]. All of these studies 
suggest that an increased release of endogenous Glu is present in animal models of pulmonary injury and fibrosis, and patients with 

Fig. 3. Levels of inflammatory factors in lung homogenates. Lungs were harvested on d 7 after intratracheal injection with BLM for inflammatory 
factor detection. (A) The level of IL-1β was measured by RT-qPCR assay. (B–G) The levels of IL-2, IL-6, TNF-α, IFN-γ, IL-4, and IL-10 were measured 
by flow cytometry with a CBA detection kit. (H) The level of PGE2 was measured by ELISA. Data represent the mean ± SEM. *P＜0.05, **P＜0.01, 
***P＜0.001 vs. Con group; #P＜0.05, ##P＜0.01 vs. BLM group; &P＜0.05, &&P＜0.01 vs. BLM + MSCs group, n = 6–9. 

Fig. 4. Effects of NMDAR activation on COX-1/2 expression and PGE2 secretion in BM-MSCs. 
After being treated with NMDA for 24 h, the cultured supernatants and total protein of BM-MSCs were collected for further analysis. (A) The level of 
PGE2 secreted by BM-MSCs was measured with ELISA. (B, C) COX-1/2 mRNA levels were determined by RT-qPCR. (D–F) The protein levels of COX-1 
and COX-2 were detected by Western blot. The full, non-adjusted images of Western blot assay were provided in supplementary material (Figs. S1 
and S2). Data represented the mean ± SEM. *P＜0.05, **P＜0.01, ***P＜0.001 vs. control group, n = 3–6. 
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IPF. 
In our previous study, Glu release is increased in endogenous BM cells of BLM-induced lung-damaged mice in vivo, each subunit of 

NMDAR is present in BM-MSCs, and NMDAR activation causes BM-MSCs dysfunction in vitro [31]. Here, we found that the expression 
of NMDAR1, the necessary subunit for assembling the functional NMDAR, was increased in endogenous BM-MSCs of BLM-induced ALI 
mice, which is consistent with our previous report [32]. In this previous report, endogenous BM-MSCs senescence is increased in 
BLM-induced lung injury mice, and memantine can attenuate lung damage by inhibiting endogenous BM-MSCs senescence. These 
researches reveal that NMDAR-mediated Glu toxicity causes endogenous BM-MSCs dysfunction, which is involved in the pathogenesis 

Fig. 5. Identification of endogenous BM-MSCs of BLM-induced ALI mice. 
On d 7, after the BLM challenge, the endogenous BM-MSCs of BLM-induced ALI mice were isolated and cultured from mice. The phenotypes of 
endogenous BM-MSCs at P3 were confirmed by microscopy, differentiation potentials, and surface markers. (A, B) BM-MSCs exhibited fibroblast-like 
phenotype (A, 4 × , bar = 250 μm; B, 10 × , bar = 100 μm). (C, D) BM-MSCs performed multipotent differentiation potentials into adipocytes and 
osteoblasts, as shown by Oil Red O staining (C, 10 × , bar = 100 μm) and Alizarin Red staining (D, 10 × , bar = 100 μm), respectively. (E) The 
surface markers were detected by flow cytometry analysis. The positive markers were SCA-1, CD29, and CD44. The negative markers were CD31, 
CD34 and CD117. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. NMDAR1 and COX-1/2 expression in endogenous BM-MSCs of BLM-induced ALI mice. 
On d 7, after the BLM challenge, the endogenous BM-MSCs of BLM-induced ALI mice were isolated and cultured from mice. (A) The protein 
expression of NMDAR1 and COX-1/2 was determined by Western blot assay in endogenous BM-MSCs at P3. (B–D) Histograms of gray values in the 
protein expression of NMDAR1 and COX-1/2. The full, non-adjusted images of Western blot assay were provided in supplementary material 
(Figs. S3–S5). Data represent the mean ± SEM. *P＜0.05, **p＜0.01 vs. Con group, n = 3. 
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Fig. 7. Cytokine release of macrophages after co-culture with BM-MSCs. 2 × 105 BM-MSCs were treated with 3 mM NMDA, and 2 × 105 RAW264.7 
macrophages were treated with 10 ng/ml LPS for 24 h. Then, they were co-cultured for another 24 h in a transwell system; 2 μg/ml PGE2 was used to 
treat RAW264.7 macrophages during co-culture. The supernatants of RAW264.7 macrophages were collected for cytokine detection by flow 
cytometry with a CBA detection kit. Data represent the mean ± SEM. *P＜0.05, **P＜0.01, ***P＜0.001 vs. Con group; #P＜0.05, ##P＜0.01, ###P 
＜0.001 vs. LPS group; &P＜0.05, &&P＜0.01 vs. LPS + MSCs group, $P＜0.05 vs. LPS + MSCs + NMDA group, n = 3–6. 
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of lung injury. 
Many studies have shown that exogenous BM-MSCs administration can reduce lung inflammation and improve survival [47–50]. 

Numerous studies have demonstrated that MSCs orchestrate the repair process by secretome function, consisting of many angiogenic 
factors, growth factors, chemokines, and anti-inflammatory cytokines [51]. Up to 80 % of the therapeutic effect of adult MSCs is 
through paracrine factor-mediated actions [52]. In this study, BM-MSCs were pretreated with NMDA to simulate the NMDAR acti-
vation state of BM-MSCs and then transplanted into mice with BLM-induced lung injury. Results demonstrated that the administration 
of BM-MSCs immediately after the BLM challenge protected damaged lungs from BLM-induced ALI, but the administration of 
NMDA-preconditioned BM-MSCs did not alleviate the lung injuries, as evidenced by aggravation in morphological changes, the in-
crease of proinflammatory cytokines (IL-1β, IL-2, IL-6, TNF-α, and IFN-γ) and the decrease of anti-inflammatory cytokines (IL-4 and 
IL-10), neutrophil activation (MPO), and oxidative stress (MDA) in the lungs. This part of the study proves that NMDAR activation 
destroys the protective effect of BM-MSCs against BLM-induced lung injury in vivo. Interestingly, among these inflammatory cytokines, 
the content of IFN-γ, the typical T helper (Th) 1 cytokine, is the highest, and the content of IL-4, the Th2-related cytokine, is low. The Th 
cell balance shifts from Th1 dominant in the early stage of inflammation to Th2 dominant during fibrosis development [53]. Therefore, 
we believe that NMDAR activation attenuated the protection of BM-MSCs in BLM-induced ALI because the balance of 
pro-inflammation and anti-inflammation was destroyed through a paracrine effect on the host immune cells in the lungs. In this study, 
we also observed the reduced secretion of PGE2 in the NMDA-pretreated BM-MSCs group in vivo. 

In general, M1 macrophages exhibit potent anti-microbial properties reminiscent of Th1 responses, and M2 macrophages promote 
Th2 type of responses, secrete less proinflammatory cytokines, and play a role in the resolution of inflammation [54]. Alveolar 
macrophages act as the first defense against airborne particles and microbes. In response to injury, they can be activated and polarised 
into the classical activation M1 macrophages to release proinflammatory cytokines (TNF-α, IL-1β, and IL-6) for early response [55]. 
MSCs can act as regulators of the early phases of inflammation and regulate the inflammatory responses mediated by macrophages 
through proinflammatory signals [56]. BM-MSCs have been reported to reprogram host macrophages, increasing their IL-10 pro-
duction and decreasing general inflammation and septicemia [29]. In this study, BM-MSCs inhibited the secretion of proinflammatory 
cytokines (IL-2, IL-6, TNF-α, and IFN-γ) and promoted the secretion of anti-inflammatory cytokines (IL-4 and IL-10) in LPS-stimulated 
macrophages. We also demonstrated that NMDA-pretreated BM-MSCs did not inhibit LPS-induced macrophage inflammation by 
inhibiting PGE2 paracrine in the rescue experiments of co-culture systems in vitro, but the mechanism is unknown. 

Furthermore, we found that NMDAR activation down-regulated COX-2 expression and PGE2 secretion in BM-MSCs in vitro. MSCs 
have been reported to produce detectable levels of PGE2, an important paracrine factor of BM-MSCs, and play an important role in 
regulating inflammation and alveolar macrophages [57]. A previous study has revealed the importance of COX-2/PGE2 signaling on 
MSCs proliferation, a major characteristic of stem cells that contributes to stemness [28]. The induction of COX-2 and the increased 
production of PGE2 play key roles in modulating inflammation and governing vascular tone and barrier function in the lung [58]. 
COX-2 expression and PGE2 levels are reduced in patients with IPF [59,60]. MSCs administration alleviated airway inflammation and 
emphysema by down-regulation of COX-2 and COX-2-mediated PGE2 production in COPD rat models [61]. Crisostomo et al. found that 
human MSCs stimulated by TNF-α, LPS, or hypoxia produce growth factors by an NF-κB but not JNK or ERK-dependent mechanism 
[62]. However, the molecular link between COX-2/PGE2 and NMDAR activation remains to be further established. 

5. Conclusions 

We reported that NMDA-preconditioned BM-MSCs did not improve lung injury in the BLM-induced ALI model. The down- 
regulation of COX-2 expression and PGE2 secretion by NMDAR activation played a key role in mediating the damaged protective 
effect of NMDA-preconditioned BM-MSCs. 
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