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The mortality rate associated with acute lung injury (ALI) and its severe form, acute respiratory distress syndrome, is high. Induced pluripotent stem cell (iPSC) therapy is a potential treatment method for ALI, but its therapeutic efficacy is limited in injured lungs. Nitric oxide (NO) has various physiological actions. The current study investigated the effect of iPSCs pretreated with NO donors in paraquat (PQ)-induced ALI mouse model. Male C57BL/6 mice were intraperitoneally injected with PQ, followed by infusion of phosphate-buffered saline, iPSCs, L-arginine pretreated iPSCs, or Nitro-L-arginine methylester (L-NAME) pretreated iPSCs through the tail veins. Histopathological changes, pulmonary microvascular permeability, and inflammatory cytokine levels were analyzed after 3 or 28 d. The effects on iPSC proliferation, migration, and adhesion were evaluated in vitro. More L-arginine-pretreated iPSCs were selectively trafficked into the injured pulmonary tissue of mice with LPS-induced ALI, drastically diminishing the histopathologic changes and inflammatory cytokine levels (IL-1β and IL-6). There was also markedly improved pulmonary microvascular permeability and pulmonary function. The NO inhibitor abolished the protective effects of iPSCs. In addition, the ability of L-arginine to promote the proliferation and migration of iPSCs was decreased by L-NAME pretreatment, suggesting that NO might mediate the therapeutic benefits of iPSC. The improvement of the iPSC physiological changes by the endogenous gaseous molecule NO reduces lung injury severity. L-Arginine represents a pharmacologically important strategy for enhancing the therapeutic potential of iPSCs.
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1 Introduction

Acute lung injury (ALI) is characterized by noncardiogenic pulmonary edema resulting from the disruption of endothelial cells and the alveolar-capillary barrier, which occurs due to excessive pulmonary and systemic inflammation (1). The adult lung has a remarkably low level of cellular turnover as it is a highly quiescent tissue. The intrinsic complexity of the lung includes at least 40 different cell phenotypes from the trachea to the alveolar space(2). Despite substantial advances in supportive measures, there are no specific pharmacological treatments to halt or reverse the development or progression of ALI (3). The overall mortality rate of ALI is 38% in the United States of America (4). Therefore, exploring multi-targeted anti-ALI/ARDS therapies is critical.

Induced pluripotent stem cells (iPSCs) are stem cells reprogrammed from somatic cells with unlimited proliferative potential; and hold great therapeutic potential for most major diseases, including acute lung injury (ALI) (5) (6). In 2019, we used 53 conditions and animal disease models to demonstrate that disseminated iPSCs are influenced by the microenvironment in vivo and completely avoid teratoma formation (7). Our recent work and other studies reported that iPSCs transplantation reduces neutrophil chemotaxis, improves associated pathological changes, and alleviates lung injury (5, 8). However, the duration of the therapeutic effect is limited, and the number of injected iPSCs decreased by 80%, 28 d after administration (7). The pathophysiological microenvironment (such as inflammatory, hypoxic, and/or ischemic microenvironments) diminishes stem cell survival, thus inhibiting their therapeutic efficacy (9). Therefore, strategies to develop in vitro drugs that enhance stem cell function and increase therapeutic efficacy is required.

Nitric oxide (NO), a diatomic free radical, is one of the most important signaling molecules in mammalian physiology that modulates physiological actions within the nervous, cardiovascular, and immune systems. NO-based therapeutics are widely studied as pharmacological intervention treatments of cancers, cardiovascular, and neural diseases (10). Several studies have utilized inhaled NO to manage abnormal pulmonary vascular tones and improve oxygenation in patients with ALI or ARDS; NO did not reduce mortality and even caused organ damage (11, 12). The study of NO in vivo is important because it is a multifunctional signaling molecule that plays important roles in regulating the growth, survival, apoptosis, proliferation, and differentiation of many cells (13). In addition, previous studies found that NO is involved in stem cell epigenetic regulation, differentiation, and immune suppression (14, 15). However, the NO-mediated regulation of the therapeutic properties of transplanted iPSCs have not to be elucidated.

Therefore, in this study, we explored the influence of NO precursor (L-arginine) on iPSC behavior and anti-inflammatory and antifibrotic effects on lung injury in vivo.




2 Materials and methods



2.1 Mouse strain

50 Male C57BL/6 mice (aged 8-10 weeks) were purchased from the SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and housed in an animal facility at Fudan University. They were fed standard rodent chow and given water ad libitum. All animal protocols adhered to the criteria of the National Research Council’s Guide for the Care and Use of Laboratory Animals and were approved by the animal care committee of Fudan University Shanghai Medical College.




2.2 Mouse iPSC culture

C57BL/6 mouse iPSCs were induced from mouse embryonic fibroblasts (MEFs), derived from 13.5-day-old embryos, by lentivirus vectors carrying Yamanaka factors, as previously described (5). iPSCs were routinely cultured and expanded under feeder-free conditions with the use of multiple small-molecular inhibitors (CHIR99021 and PD0325901). Briefly, a standard iPSCs medium consisted of Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 0.1 mM non-essential amino acids, 1 mM sodium pyruvate, 0.05 mM b-mercaptoethanol, 50 U/ml penicillin, 50 mg/ml streptomycin, 0.1 mg/ml leukemia inhibitory factor, 0.5 mg/ml CHIR99021, 0.5 mg/ml PD0325901, and 10% fetal bovine serum. iPSCs was suspended in the standard iPSC culture medium and seeded into 6-well plates pretreated with 0.2% gelatin. Cells were stimulated with L-arginine (L-Arg, 100 µM, Sigma, USA) or N-nitro-L-arginine methyl ester (L-NAME, 100 µM, Sigma, USA) for 2 hours.




2.3 iPSCs quantification in vivo

The external Tet-on gene can be used as a marker for iPSC identification and quantification. To observe the homing and survival of injected syngeneic iPSCs in the injured lungs, the lung tissue was harvested on days 3 and 28 post—iPSC administration, and the Tet-on level was measured. 18S rDNA expression was used as an internal control. For each time point, n = 5. The Tet-On-specific PCR primers: sense, 5’-AGCACAACTACGCCGCACCC-3’; antisense, 5’-ATGCACCAGAGTTTCGAAGC-3’.




2.4 Paraquat-induced lung injury

Paraquat (PQ, 1,1’-dimethyl-4,4’-bipyridylium dichloride) mainly accumulates in the pulmonary tissue, and causes ALI/ARDS, which is associated with oxidative stress, inflammatory response, and epigenetic alterations etc. The repair process of lung injury can develop into pulmonary fibrosis (16, 17). Thus, we utilized a paraquat-induced lung injury model to evaluate the effect of iPSCs therapy (7). In brief, PQ (Sigma-Aldrich, St Louis, MO) was injected intraperitoneally (15 mg/kg body weight). Two hours post PQ injection, 5×106 iPSCs/kg were injected via the tail vein, and mice were monitored on days 3 and 28. The five experimental groups were: (1) Sham, (2) PQ + PBS, (3) PQ + iPSC, (4) PQ + iPSC pretreated with100 µM L-Arg for 2h, and (5) PQ + iPSC pretreated with 100 µM L-NAME for 2h.




2.5 Pathological examination and Masson’s trichrome staining

On days 3 and 28 post-PQ intraperitoneal injection, the left upper lung tissues were fixed in 4% paraformaldehyde for 24 h and embedded in paraffin fixation. Then, the samples were sectioned into the 5-μm thick sections, and hematoxylin and eosin and Masson’s trichrome staining were performed to evaluate the fibers level. Pulmonary sections were photographed by light microscopic fields (Leica SCN400, Leica Microsystems, Wetzlar, Germany), and the semi-quantification of collagen fibrosis was assessed by ImageJ Software version 1.49a (National Institutes of Health, Bethesda, Maryland, USA).




2.6 Fluorescent labeling and observation of iPSCs

To track the cells in vivo, iPSCs were labeled with the red fluorescent dye PKH26 and injected via the tail vein. The PKH26-labeled iPSCs were observed in frozen sections using a Leica fluorescent microscope (Leica SCN400, Leica Microsystems, Wetzlar, Germany). 4’,6-diamidino-2-phenylindole (DAPI) as used to counter-stain nuclei.




2.7 The myeloperoxidase activity in the lung

Myeloperoxidase (MPO) is the principal enzyme of polymorphonuclear leukocytes (PMN) which represents a direct correlation with PMNs infiltration in lung tissue. The lung myeloperoxidase (MPO) activity was measured with an MPO testing kit (A 044, Jiancheng Bioengineering Institute, Nanjing, the People’s Republic of China). In brief, 0.02 g lung tissue was homogenized in 0.2 mL PBS, then centrifuged at 12,000 rpm at 4°C for 20 min. The supernatant (90 μL) was added to Reagent III (10 μL) and incubated in a water bath at 37°C for 15 min. We added 20 μL of the sample to the test and control tube, incubated in a water bath at 37°C for 30 min. MPO activity was measured immediately with the absorbance at 460 nm. The activity was expressed as units per gram of total protein (U/g).




2.8 Measurement of total protein, cell concentration in bronchoalveolar lavage fluid

The FITC-BSA (2 mg/kg body weight; Biosynthesis Biotechnology Co., Ltd.) was injected via the tail vein, at 30 min before sacrificing the animals. The left lung lobe was lavaged five times with 200 ml PBS. The bronchoalveolar lavage fluid (BALF) was centrifuged at 200 g × 15 min. The concentration of FITC-BSA in the BALF was detected via a fluorescent microplate reader (Synergy H1, BioTek Instruments, Inc., Winooski, VT, USA). The total number of nucleated cells in the BALF was also counted.




2.9 Measurement of cytokine expression in injured lung

Messenger RNA of interleukin-1β, interleukin-6, and interleukin-10 (IL-1β, IL-6, and IL-10, respectively) were measured by quantitative reverse transcription PCR (RT-qPCR) on day 3 and 28 after lung injury was induced. According to the manufacturer’s instructions, total RNA from lung tissue was isolated using TRI-reagent (Thermo fisher Scientific™, CA, USA). In brief, RNA (2 μg) was reverse-transcribed using random-sequence primers with a ReverTraAce® qPCR RT Kit (TOYOBO CO., Japan). The amplification reactions proceeded as follows: 35 cycles of 20 s at 95 °C, 45 s at 57 °C, 30 s at 72 °C, after initial denaturation at 95 °C for 5 min with 1X SYBR® Green PCR Master Mix (TOYOBO CO., Japan). The relative expression of target genes was calculated by the 2-ΔCT method. The primers for all genes synthesized by Sunny Biological Technology Co. (Shanghai, China) and sequences were as follows:

	IL-1β: forward 5’-TGCCACCTTTTGACAGTGATG-3’;

	reverse 5’-AAGGTCCACGGGAAAGACAC-3’;

	IL-6: forward 5’ - GCCTTCTTGGGACTGATGCT -3’;

	reverse 5’ -TGCCATTGCACAACTCTTTTCT-3’;

	IL-10: forward 5’ - GGTTGCCAAGCCTTATCGGA -3’;

	reverse 5’ -GGGGAGAAATCGATGACAGC-3’;

	18 s: forward 5’ - GAGAAACGGCTACCACATCC -3’;

	reverse 5’ - CACCAGACTTGCCCTCCA -3’.






2.10 Cell viability, adhesion, and migration

iPSCs were treated with 100 μM L-Arginine or 100 μM L-NAME for 2 h, respectively, then added to a 96-well plate (1×104 cells/well). Untreated iPSCs served as controls. iPSCs viability was evaluated at 0, 24, 48, and 72 h using the Cell Counting Kit-8 (Dojindo Molecular Technologies Inc., Shanghai, China) according to the manufacturer’s instructions. The experiment was independently repeated five times.

To explore the effect of NO on iPSCs adhesion, iPSCs labeled with PKH26 red fluorescent dye (Sigma-Aldrich/Merck Group, St. Louis, MO, USA) was pretreated with 100 μM L-Arginine or 100 μM L-NAME for 2 h, respectively. A suspension of the labeled cells (5 000 cells/well) was cultured in a Matrigel™-coated 96-well plate (BD Biosciences, Franklin Lakes, NJ, USA). After one hour of incubation, cells not attached were removed by gently washing the plate three times with PBS. Adherent cells were photographed with a fluorescence microscope (Leica) and counted. The assays were independently repeated five times.

A cell migration assay was performed as follows: iPSC labeled with the red fluorescent dye PKH26 was pretreated with 100 μM L-Arginine or 100 μM L-NAME for 2 h, respectively, and cells (1×104 cells/well) were plated on 24-well Transwell™ permeable supports with porous filters (Corning Inc., Corning, NY) and incubated for 16 h. The fluorescence-positive migrated cells were photographed with a fluorescence microscope and analyzed via ImageJ software (the National Institutes of Health, Bethesda, MD, USA). The experiment was independently repeated five times.




2.11 Statistical analysis

The results are presented as the mean ± SD. The post-hoc comparison tests were performed with ANOVA to determine statistical differences among multiple groups, and statistical significance was set at P < 0.05. Data are representative of five independent experiments.





3 Results



3.1 NO is necessary for iPSCs to improve PQ-induced lung injury morphology

We first verified the establishment of a PQ-induced ALI mouse model via hematoxylin and eosin staining. The data indicated that on the 3rd day, lungs exposed to PQ exhibited inflammatory cell infiltration and intra-alveolar hemorrhage. By the 28th day, the alveolar architecture was disrupted, interstitial tissue had thickened, and the respiratory membrane was almost destroyed. Both iPSCs and L-Arg pretreated iPSCs significantly ameliorated these parameters. whereas iPSC pretreated with L-NAME fails to alleviate lung injury. (Figure 1A).




Figure 1 | NO is necessary for iPSC to improve lung morphology and function. C57BL/6 mice received PQ or an equivalent volume of PBS by intratracheal instillation. The lungs were harvested 3 days and 28 days after intravenous iPSC injection. (A) Histologic changes were detected by hematoxylin and eosin staining; (B) fluorescein isothiocyanate (FITC)-labeled bovine serum albumin (BSA). The amount of FITC-BSA that diffused from the blood into the alveoli in the bronchoalveolar lavage fluid (BALF) represents the permeability of the pulmonary gas exchange membrane. The graph depicts the means ± standard deviation of the mean changes in five mice’s lungs.






3.2 NO is required for iPSCs to improve respiratory membrane dysfunction

The mice were challenged with PQ. After 3 d, respiratory membrane permeability was measured by analyzing the FITC-bovine serum albumin concentration in the BALF. PQ increased the FITC-BSA concentration by 61.98% at 3 d compared to the sham group. Compared with the PQ group, iPSC treatment decreased the BSA concentration by 55.09% and 36.54% on the third and 28th day, respectively. Reducing the NO concentration in iPSCs led to the increase of BSA concentrations in L-NAME treated iPSCs. No differences were observed between iPSCs with or without pretreatment with L-arginine injected via the tail vein (Figure 1B).




3.3 NO promotes iPSCs to attenuate pulmonary fibrosis

PQ toxicity to the lung goes through an acute phase that lasts a few days, followed by a fibrosis phase that can persist for several weeks. To assess pulmonary fibrosis, Masson’s trichrome staining and the blue area fraction of the lung tissue were utilized (18, 19). iPSCs decreased fibrosis by 60.43% (blue area fraction) within 28 d compared to the PQ group. L-arginine-pretreated iPSCs significantly reduced the area of fibrosis by 81.64%. In contrast, L-NAME-pretreated iPSCs retained PQ-induced fibrosis, and the area of fibrosis was increased by 52.16% compared to the iPSCs group (Figures 2A, B).




Figure 2 | NO is required for iPSC attenuating PQ-induced lung inflammation in mice. (A) Representative photomicrographs of lung stained with Masson trichrome staining (black bar = 100 μm) and (B) percentage of collagen fiber content in lung tissue. (C) Inflammatory infiltration in lung tissue is shown based on myeloperoxidase (MPO) activity in lung tissue. The quantitative real-time polymerase chain reaction was performed for levels of mRNA encoding (D) IL-1β, (E) IL-6, and (F) IL-10 in lung tissues. Values are expressed as fold-change of gene expression compared to that sham group. Data are represented as means ± standard deviation; n = 5 mice/group.






3.4 NO is required for iPSCs to reduce myeloperoxidase activity and the expression of inflammatory factors in lung tissue

MPO is a marker of neutrophil infiltration in tissues. PQ increased MPO concentration from 0.81 ± 0.08 (Sham) to 4.66 ± 0.28 (PQ 3 d) and 2.10 ± 0.17 (PQ 28 d), which revealed neutrophil infiltration in the early phase of inflammation. On the third day, iPSCs decrease the MPO concentration by 57.87%; meanwhile, L-arginine-pretreated iPSCs decreased MPO concentration by 67.47% (Figure 2C).

The levels of IL-1β, IL-6, and IL-10 in the lung tissues of each experimental group are summarized in Figures 2D–F. Compared with the sham group, PQ treatment increased the expression of IL-1β, IL-6, and IL-10 23.37, 3.50, and 7.47 times, respectively, on the third day, while iPSC and L-arginine pretreatment significantly inhibited the levels of IL-1β, IL-6, and IL-10. Simultaneously, L-NAME-pretreated iPSCs failed to decrease PQ-induced IL-1β, IL-6, and IL-10 expression.




3.5 Intravenously delivered iPSCs trafficked to PQ-damaged lung

iPSCs were labeled with PKH26 (red fluorescent dye) before injection via the tail vein, and the dyed cells were observed in the injured lungs on the third and 28th day through fluorescence microscopy. On the third day, the number of cells pretreated with L-arginine detected in vivo was increased from 61.40 ± 2.23 to 103.00 ± 1.79 compared to the non-treated group. On the day 28, the number of trafficked cells in the L-arginine-treated group increased from 45.00 ± 1.00 to 83.40 ± 1.89. Conversely, L-NAME blocked iPSCs in vivo by 51.14% and 54.22% compared to the iPSC group at days 3 and 28, respectively (Figure 3A).




Figure 3 | L-arginine promoted while L-NAME inhibited iPSC trafficking to the injured lung. (A) Representative fluorescence images of lungs harvested 3 or 28 days after paraquat injection along with PBS or iPSC administration. iPSCs were labeled with PKH26 (the red fluorescent dye) before injection. The slides were counterstained with DAPI. (B) RT-PCR analysis of Tet-on and m18s genes in the injured lung. Tet-on was detected in the lung of mice receiving iPSCs with or without L-arginine or L-NAME pretreatment but not from mice receiving PBS or undergoing sham operations. The relative amount of Tet-on DNA over m18s DNA in the injured lung. Data are represented as means ± standard deviation; n = 5 mice/group.



At the same time, pulmonary tissue was harvested, and the number of the cells that homed to the injured lung tissue was detected via PCR of Tet-on, which was carried into the iPSCs using lentiviruses used for iPSC induction. Because Tet-on is expressed in iPSCs, but not in recipient cells, it can be used as a marker for iPSC quantification. The results confirmed that L-arginine significantly enhanced iPSC homing to the injured lung, and Tet-on expression increased by 53.41% and 54.45% on the third and 28th day, respectively. In contrast, the L-NAME-pretreated group showed a decrease in Tet-on expression by 43.98% and 44.63%, respectively (Figure 3B).




3.6 NO affects the adhesion and migration ability of iPSCs

iPSCs were treated with 100 μM L-arginine or 100 μM L-NAME for 2 h, followed by labeling with PKH26. The adhesion ability of cells treated with L-arginine decreased by 33.33% (Figure 4A), while the migration only increased by 4.00% compared to untreated iPSCs (Figure 4B). Meanwhile, L-NAME-pretreated iPSCs promoted adhesion by 1.71 times and inhibited migration by 72.00%, which indicated that NO facilitates iPSC homing.




Figure 4 | NO regulated iPSC viability, adhesion, and migration. L-NAME pretreatment promoted iPSC adhesion (A) and inhibited migration (B). (C) Treatment (2 h) of iPSCs with L-NAME or L-arginine affects iPSC viability (n = 5). Data are represented as means ± standard deviation; n = 5 mice/group.






3.7 L-Arginine treatment promotes iPSC proliferation

iPSCs were pretreated with 100 μM L-arginine or 100 μM L-NAME for 2 h, and their proliferation ability was determined to reflect the influence of L-arginine or L-NAME on iPSC proliferation. As shown in Figure 4C, the cell proliferation rate in the L-arginine group increased by 13.96%, while L-NAME inhibited proliferation by 31.17% compared to untreated iPSCs at 72 h. No significant difference in the proliferation rate between untreated iPSCs and L-arginine-treated iPSCs was observed at 24 h and 48 h.





4 Discussion

Due to the high mortality and limited therapeutic options for lung injury, the development of new therapeutic strategies is critical. Thus, effective treatment strategies for lung injury will provide both short- and long-term benefits. iPSCs derived from the somatic cells of a patient were successfully introduced, with multidirectional differentiation potential similar to embryonic stem cells, a lack of ethical and moral controversies, and immunogenicity (20). Moreover, intravenously administered syngeneic iPSCs exert therapeutic effects on multiple diseases (21). iPSCs is regarded as an ideal cell-based therapies.

The pulmonary tissue is the primary target organ for PQ absorbed via the skin and digestive tract, due to the structure of PQ being similar to that of diamine and polyamine of the lung (22). Consequently, PQ competitively accumulates in the lung (23). The lung pathologic morphology of PQ toxicity is acute inflammatory infiltration and the development of lung fibrosis (24, 25). The current study demonstrated that the pathological manifestations of PQ-induced lung injury in mice involve damage to alveolar epithelial cells, widening of the lung septum, hemorrhage, inflammatory cell infiltration in the lung in the early stage, and evident fiber deposition in the late stage. Thus, a PQ-induced lung injury is the ideal model to evaluate the effect of iPSCs therapy.

iPSCs, administered intravenously following PQ intoxication, alleviated pathological morphology and partially decreased lung inflammation. The expression of Tet-on in iPSCs demonstrated that the transplanted iPSCs were recruited to the damaged pulmonary, and not detected in control mice. The number of iPSCs in the injured lung was associated with improved lung histological pathology and reduced cytokines. These data demonstrate that iPSCs have a therapeutic capacity for lung injury, although they did not restore damaged lung tissue, nor did they block the formation of pulmonary fibrosis. This is associated with the poor survival ability of stem cells within damaged tissues. Our previous research demonstrated that the persistent stimulation of iPSCs with H2O2 inhibits the trans-endothelial migration and adhesion of the cells, induces apoptosis, and limits their efficacy against lung injury (26). These findings indicate that pre-enhancing the biological function of iPSCs may improve their restorative action in damaged tissue and prolong the efficacy of iPSC-based treatment.

NO is a colorless endogenous gas with numerous functions that regulate physiological and pathophysiological effects. While NO is a crucial regulator of arterial conductance, platelet activation, nervous system function (27). excessive levels of this gas exacerbate the inflammatory response and tissue damage. While the NO inhibitor can reduce oxidative stress and improve cognitive deficits (28), the deletion of NO production exacerbates amyloid deposition and neuron loss in the hippocampus (29). Emerging evidence suggests that NO affects stem cell paracrine secretion, survival, migration, and immunosuppression (30, 31). In this study, L-arginine was used as the biological precursor of NO, and L-NAME, an inhibitor of nitric oxide synthase activity. Temporary treatment with L-arginine, lasting only two hours, did not affect the biological properties of iPSCs. Instead, NO-inhibitor pretreatment increased iPSC adhesion and inhibited migration, thereby obstructing the homing ability of iPSCs at the injury site. Interestingly, extracellular L-arginine enhanced iPSC proliferation at 72 h, whereas the NO inhibitor reduced the proliferation of iPSCs from as early as 48 h. These results demonstrated that NO is essential for maintaining the physiological effects of iPSCs, and that L-arginine supplementation maintains iPSC viability and improves cell survival. Consequently, we hypothesize that NO improves the restorative function of iPSCs and enhances the efficacy of iPSC therapy.

In the present study, we intravenously transplanted iPSCs pre-treated with/without NO precursor to injured lungs, induced by PQ. The results demonstrated that L-arginine dramatically enhances the migration of iPSCs to the damaged lung, as well as their survival, thus rendering an increased therapeutic effect that improves lung histology, and reduces pathological lung damage, alveolar epithelial capillary permeability, PMN influx into the alveolar lumen, and inflammatory cytokine levels, when compared with untreated iPSCs. The development of pulmonary fibrosis is mostly the result of acute lung injury (32). In this study, we demonstrated that L-arginine pretreated iPSCs could preserve lung architecture and prevent/reduce the occurrence of pulmonary fibrosis by effectively blocking early inflammation.

In conclusion, NO is essential for maintaining the biological behavior and function of iPSCs, and elevated NO levels in iPSCs improve the stem cell therapeutic efficacy on lung injury. Pretreating stem cells with L-arginine in vitro may be a reasonable strategy to enhance their long-term effects, and further study is needed to extend the observation time to 6 months or even longer and determine their potential for stopping or reversing pulmonary fibrosis.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The animal study was reviewed and approved by the animal care committee of Fudan University Shanghai Medical College.





Author contributions

Conceptualization, MX and SC; Methodology, AC, SL, YL, DY, JH, XW, and NS; Writing-Original Draft, MX; Writing-Review & Editing, MX and SC; Funding acquisition, MX, SC, DY, NS and AC. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by National Natural Science Foundation of China (81970074 to MX), International Cooperation and Exchanges (81220108002 to SC), Science and Technology Innovation Plan-Basic Research Projects (20JC1417300 to NS), National Natural Science Foundation of China (82170110 to DY).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




Abbreviations

NO, Nitric oxide; iPSC, Induced pluripotent stem cells; PQ, Paraquat (1,1-dimethyl-4,4-bipyridinium dichloride); ALI, Acute lung injury; PF, pulmonary fibrosis; L-arginine, L-arginine; L-NAME, Nitro-L-arginine methylester; PBS, Phosphate-buffered saline; FITC, Fluorescein isothiocyanate; BSA, Bovine serum albumin; BALF, Bronchoalveolar lavage fluid; MPO, Myeloperoxidase; IL-1β, Interleukin 1β; IL-6, Interleukin 6; IL- 10, Interleukin 10.




References

1. Matthay, MA, Zemans, RL, Zimmerman, GA, Arabi, YM, Beitler, JR, Mercat, A, et al. Acute respiratory distress syndrome. Nat Rev Dis Primers (2019) 5:18. doi: 10.1038/s41572-019-0069-0

2. Chen, F, and Fine, A. Stem cells in lung injury and repair. Am J Pathol (2016) 186:2544–50. doi: 10.1016/j.ajpath.2016.05.023

3. Villar, J, Blanco, J, and Kacmarek, RM. Current incidence and outcome of the acute respiratory distress syndrome. Curr Opin Crit Care (2016) 22:1–6. doi: 10.1097/MCC.0000000000000266

4. He, YQ, Zhou, CC, Yu, LY, Wang, L, Deng, JL, Tao, YL, et al. Natural product derived phytochemicals in managing acute lung injury by multiple mechanisms. Pharmacol Res (2021) 163:105224. doi: 10.1016/j.phrs.2020.105224

5. Li, Y, Wang, S, Liu, J, Li, X, Lu, M, Wang, X, et al. Induced pluripotent stem cells attenuate acute lung injury induced by ischemia reperfusion via suppressing the high mobility group box-1. Dose Response (2020) 18:1559325820969340. doi: 10.1177/1559325820969340

6. Shen, WC, Chou, YH, Huang, HP, Sheen, JF, Hung, SC, and Chen, HF. Induced pluripotent stem cell-derived endothelial progenitor cells attenuate ischemic acute kidney injury and cardiac dysfunction. Stem Cell Res Ther (2018) 9:344. doi: 10.1186/s13287-018-1092-x

7. Xiang, M, Lu, M, Quan, J, Xu, M, Meng, D, Cui, A, et al. Direct in vivo application of induced pluripotent stem cells is feasible and can be safe. Theranostics (2019) 9:290–310. doi: 10.7150/thno.28671

8. Su, VY, Chiou, SH, Lin, CS, Chen, WC, Yu, WK, Chen, YW, et al. Induced pluripotent stem cells reduce neutrophil chemotaxis via activating GRK2 in endotoxin-induced acute lung injury. Respirology (2017) 22:1156–64. doi: 10.1111/resp.13053

9. Yin, JQ, Zhu, J, and Ankrum, JA. Manufacturing of primed mesenchymal stromal cells for therapy. Nat BioMed Eng (2019) 3:90–104. doi: 10.1038/s41551-018-0325-8

10. Zhou, H, Li, J, Chen, Z, Chen, Y, and Ye, S. Nitric oxide in occurrence, progress and therapy of lung cancer: a systemic review and meta-analysis. BMC Cancer (2021) 21:678. doi: 10.1186/s12885-021-08430-2

11. Kannan, MS, Guiang, S, and Johnson, DE. Nitric oxide: biological role and clinical uses. Indian J Pediatr (1998) 65:333–45. doi: 10.1007/BF02761123

12. Adhikari, NK, Burns, KE, Friedrich, JO, Granton, JT, Cook, DJ, and Meade, MO. Effect of nitric oxide on oxygenation and mortality in acute lung injury: systematic review and meta-analysis. BMJ (2007) 334:779. doi: 10.1136/bmj.39139.716794.55

13. Singh, S, and Gupta, AK. Nitric oxide: role in tumour biology and iNOS/NO-based anticancer therapies. Cancer Chemother Pharmacol (2011) 67:1211–24. doi: 10.1007/s00280-011-1654-4

14. Xu, C, Ren, G, Cao, G, Chen, Q, Shou, P, Zheng, C, et al. miR-155 regulates immune modulatory properties of mesenchymal stem cells by targeting TAK1-binding protein 2. J Biol Chem (2013) 288:11074–9. doi: 10.1074/jbc.M112.414862

15. Zhang, K, Chen, X, Li, H, Feng, G, Nie, Y, Wei, Y, et al. A nitric oxide-releasing hydrogel for enhancing the therapeutic effects of mesenchymal stem cell therapy for hindlimb ischemia. Acta Biomater (2020) 113:289–304. doi: 10.1016/j.actbio.2020.07.011

16. Dinis-Oliveira, RJ, Duarte, JA, Sanchez-Navarro, A, Remiao, F, Bastos, ML, and Carvalho, F. Paraquat poisonings: mechanisms of lung toxicity, clinical features, and treatment. Crit Rev Toxicol (2008) 38:13–71. doi: 10.1080/10408440701669959

17. Subbiah, R, and Tiwari, RR. The herbicide paraquat-induced molecular mechanisms in the development of acute lung injury and lung fibrosis. Crit Rev Toxicol (2021) 51:36–64. doi: 10.1080/10408444.2020.1864721

18. Xu, L, Xu, J, and Wang, Z. Molecular mechanisms of paraquat-induced acute lung injury: a current review. Drug Chem Toxicol (2014) 37:130–4. doi: 10.3109/01480545.2013.834361

19. He, Q, Zhang, W, Zhang, J, and Deng, Y. Cannabinoid analogue WIN 55212-2 protects paraquat-induced lung injury and enhances macrophage M2 polarization. Inflammation (2022) 45:2256–67. doi: 10.1007/s10753-022-01688-z

20. Lo, B, and Parham, L. Ethical issues in stem cell research. Endocr Rev (2009) 30:204–13. doi: 10.1210/er.2008-0031

21. Wang, S, Tian, X, Li, Y, Xue, R, Guan, H, Lu, M, et al. Intracellular reactive oxygen species mediate the therapeutic effect of induced pluripotent stem cells for acute kidney injury. Oxid Med Cell Longev (2020) 2020:1609638. doi: 10.1155/2020/1609638

22. Yang, C, Song, HW, Liu, W, Dong, XS, and Liu, Z. Protective effects of chymostatin on paraquat-induced acute lung injury in mice. Inflammation (2018) 41:122–33. doi: 10.1007/s10753-017-0670-x

23. Guo, F, Sun, YB, Su, L, Li, S, Liu, ZF, Li, J, et al. Losartan attenuates paraquat-induced pulmonary fibrosis in rats. Hum Exp Toxicol (2015) 34:497–505. doi: 10.1177/0960327114543840

24. Liu, ZN, Zhao, M, Zheng, Q, Zhao, HY, Hou, WJ, and Bai, SL. Inhibitory effects of rosiglitazone on paraquat-induced acute lung injury in rats. Acta Pharmacol Sin (2013) 34:1317–24. doi: 10.1038/aps.2013.65

25. Zhao, F, Shi, D, Li, T, Li, L, and Zhao, M. Silymarin attenuates paraquat-induced lung injury via Nrf2-mediated pathway in vivo and in vitro. Clin Exp Pharmacol Physiol (2015) 42:988–98. doi: 10.1111/1440-1681.12448

26. Wu, Y, Zhang, X, Kang, X, Li, N, Wang, R, Hu, T, et al. Oxidative stress inhibits adhesion and transendothelial migration, and induces apoptosis and senescence of induced pluripotent stem cells. Clin Exp Pharmacol Physiol (2013) 40:626–34. doi: 10.1111/1440-1681.12141

27. Cirino, G. Nitric oxide releasing drugs: from bench to bedside. Dig Liver Dis (2003) 35 Suppl 2:S2–8. doi: 10.1016/s1590-8658(03)00046-x

28. Anaeigoudari, A, Soukhtanloo, M, Reisi, P, Beheshti, F, and Hosseini, M. Inducible nitric oxide inhibitor aminoguanidine, ameliorates deleterious effects of lipopolysaccharide on memory and long term potentiation in rat. Life Sci (2016) 158:22–30. doi: 10.1016/j.lfs.2016.06.019

29. Wilcock, DM, Lewis, MR, Van Nostrand, WE, Davis, J, Previti, ML, Gharkholonarehe, N, et al. Progression of amyloid pathology to alzheimer's disease pathology in an amyloid precursor protein transgenic mouse model by removal of nitric oxide synthase 2. J Neurosci (2008) 28:1537–45. doi: 10.1523/JNEUROSCI.5066-07.2008

30. Ren, G, Zhang, L, Zhao, X, Xu, G, Zhang, Y, Roberts, AI, et al. Mesenchymal stem cell-mediated immunosuppression occurs via concerted action of chemokines and nitric oxide. Cell Stem Cell (2008) 2:141–50. doi: 10.1016/j.stem.2007.11.014

31. Midgley, AC, Wei, Y, Li, Z, Kong, D, and Zhao, Q. Nitric-Oxide-Releasing biomaterial regulation of the stem cell microenvironment in regenerative medicine. Adv Mater (2020) 32:e1805818. doi: 10.1002/adma.201805818

32. Savin, IA, Zenkova, MA, and Sen'kova, AV. Pulmonary fibrosis as a result of acute lung inflammation: molecular mechanisms, relevant in vivo models, prognostic and therapeutic approaches. Int J Mol Sci (2022) 23, 14959. doi: 10.3390/ijms232314959




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Cui, Li, Li, Yang, Huang, Wang, Song, Chen, Chen and Xiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1136290-g002.jpg
©
o 80 P<0.0001
A © T
[ =
:'E 9 60 P=0.0061
@ © P<0.0001
9w
ol
c 840 P=0.0050
O u=
)
 Giore 0 o
2 o E 20
PQ+L-Ar °
pretreated iPSC 2
e . B L A 4
!&W 47 s, o
3 d 2y
C
6 P<0.0001
—i
= P<0.0001
S — 1 —30
s g i P<0.0001 < E
ES Za
52 5
S P=0.0003 P<0.0001 P<0.0001 Eg 2
=] T @ O
8o P<0.0001 % T
0D ool =20
8>S P=0.0013 =
==
N
< Q
S &
O 2
d‘\« \;\\ oxv ,
T & 7 o
L I e
E 3rd DAY 28th DAY E 3rd DAY 28th DAY
5 10 P<0.0001 P<0.0001
P=0.0238 !
— P<0.0001
4 = 1 P=0.0022 p=g 0483
< E § g — 1
Z .E:“ <
¥ v 3 £ i’:‘
o5 22
Yo 2 =]
= ° = )

> <
& o R% R %
oS S 4 e
S ¥ o P ES
€ & < € F €S
= = & s

3rd DAY 28th DAY 3rd DAY 28th DAY





OEBPS/Images/fimmu.2023.1136290_cover.jpg
& frontiers | Frontiers in Immunology

Nitric oxide-mediated the therapeutic
properties of induced pluripotent stem cell
for paraquat-induced acute lung injury





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Nitric oxide-mediated the therapeutic properties of induced pluripotent stem cell for paraquat-induced acute lung injury

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Mouse strain

          



          		

            2.2 Mouse iPSC culture

          



          		

            2.3 iPSCs quantification in vivo

          



          		

            2.4 Paraquat-induced lung injury

          



          		

            2.5 Pathological examination and Masson’s trichrome staining

          



          		

            2.6 Fluorescent labeling and observation of iPSCs

          



          		

            2.7 The myeloperoxidase activity in the lung

          



          		

            2.8 Measurement of total protein, cell concentration in bronchoalveolar lavage fluid

          



          		

            2.9 Measurement of cytokine expression in injured lung

          



          		

            2.10 Cell viability, adhesion, and migration

          



          		

            2.11 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 NO is necessary for iPSCs to improve PQ-induced lung injury morphology

          



          		

            3.2 NO is required for iPSCs to improve respiratory membrane dysfunction

          



          		

            3.3 NO promotes iPSCs to attenuate pulmonary fibrosis

          



          		

            3.4 NO is required for iPSCs to reduce myeloperoxidase activity and the expression of inflammatory factors in lung tissue

          



          		

            3.5 Intravenously delivered iPSCs trafficked to PQ-damaged lung

          



          		

            3.6 NO affects the adhesion and migration ability of iPSCs

          



          		

            3.7 L-Arginine treatment promotes iPSC proliferation

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1136290-g003.jpg
i PQ+L-Arg
PQ+PBS PQ+WT-iPSC retreated iPSC

PQ+L-NAME
retreated iPSC

3rd DAY

>
z
[=}
-
o
N
100um.
P0.000t
120 P<0.0001 P<0.0001 pe00001
| p— | S— |
P<0.0001 P<0.0001
100 ———

80
60

40

Number of iPSC

20

28th DAY

P=0.0163
P=0.0053 P<0.0001
=0, <0. =
—r— P=0.0027

150

1
P=0.0006 P<0.0001
100

50

Tet On DNA levels

O

D O O O
& & Qe Qe QQ’ &

e o & & & &R
3rd DAY 28th DAY N o"@ "@ 4 Q {é & @

ard DAY 28th DAY





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1136290-g001.jpg
>

PQ+L-Arg PQ+L-NAME
pretreated iPSC pretreated iPSC
53 : " ]

Sham PQ+PBS PQ+WT-iPSC

>

<

(=]

s

(3]

>

<

a

<

&

B P=0.0437
P=0.0001

P=0.0002
| —

P=0.0281 L

P=0.0078 P=0.0072
| —|

Concentration of BSA
in BALF (ug/ml)

<>"\"\> \;\y & o
X Q X
R & &

3rd DAY 28th DAY





OEBPS/Images/fimmu-14-1136290-g004.jpg
130

c P<0.0001
0~
% £ P<0.0001
SE
< ~
3z
WT-iPSC L-Arg pretreated-iPSC L-NAME pretreated-iPSC "E 5
g 3
o _
[ E E
2 30
[ 4
£
©
<
5 " 2 P<0.0001
WT-iPSC L-Arg pretreated-iPSC L-NAME pretreated-iPSC 500
g P<0.0001
5 = E 400
g g g
® oL
S £ 7 300
s 5 S
; 3 200
a2
Eg 100
z
0 ¢]
< <)
:3% 836 &
N & e,,@
&\@ <°\‘
© \&Q’
o '\g
v
25 P=0.0084

| ——
P=0.0455 P=0.0002
[ | —

N
=)

P=0.0006
NS P=0.0081
1

-
o

Cell viability
(0.D. 450 nm)
—
3.

g
3

0.0





