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Background

Chronic high-altitude hypobaric hypoxia leads to high-altitude heart disease and heart failure. Recent research has indicated that WJMSCs (Wharton’s jelly-derived mesenchymal stem cells, WJMSCs) can alleviate ischemic myocardial injury and improve cardiac dysfunction, and macrophage polarization may have been involved. However, few studies have focused on the cardioprotective effects of WJMSCs against HAHI (high-altitude-induced heart injury, HAHI). Here, our research focused on how WJMSCs regulate macrophage polarization impacted myocardial repair in HAHI.





Methods

C57/BL6J mice were fed for 28 days at a hypobaric chamber that had a comparable altitude of 6000 m, and WJMSCs were injected intravenously before HH (hypobaric hypoxia, HH) exposure. To assess cardiac function, echocardiography was carried out. Blood and heart tissue were collected for subsequent analysis. We simulated anoxic environment in vitro by inducing BMDMs (bone marrow-derived macrophages, BMDMs) with 1% O2, and employed co-culture system to investigate how WJMSCs affect macrophage polarization.





Results

Abnormal myocardial fibrosis and cardiomyocyte apoptosis, cardiac inflammation and dysfunction were exhibited in the Chronic HAHI mouse model. WJMSCs infusion maintained the cardiac structure and function in HAHI mice. Furthermore, WJMSCs infusion was effective in elevating the M2 macrophages proportion and decreasing inflammation in the heart. In vitro studies revealed that hypoxia stimulation elevated the ratio of M1 macrophages in comparison to those in the Control group and coculturing with WJMSCs encouraged the shift of M1 to M2 macrophages. Surprisingly, the anti-inflammatory effects of WJMSCs on M2 polarization were negated with pretreatment of a COX2 (Cyclooxygenase-2, COX2) inhibitor, which could be reversed with PGE2 (prostaglandin E2, PGE2) addition.





Conclusions

In conclusions, our findings indicated that WJMSCs infusions may enhance M2 macrophage polarization through the COX2-PGE2 pathway, and therefore safeguard against cardiac damage in HAHI mice.
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1 Introduction

High-altitude regions are featured by low temperature and HH (1). At high altitudes, HH exposure can have harmful effects on many organs, particularly the heart because of its high oxygen consumption. The heart is susceptible to hypoxic stress, and prolonged exposure to HH in high-altitude areas could result in impairment of myocardial structure and function (2). Hypoxia plays a significant role in the development of CVDs (cardiovascular diseases, CVDs). When normoxia is not restored, there is an increased production of proinflammatory cytokines, such as IL-1β, IL-6, and TNF-α. This condition also triggers a metabolic shift from fatty acid oxidation to glycolysis, potentially leading to cardiac hypertrophy, myocarditis, and ultimately heart failure. (3, 4). Regrettably, current treatments for HAHI, such as acetazolamide, dexamethasone and nifedipine, have significant toxic side effects on the human body (5, 6). Therefore, there is an immediate demand for safer and more effective therapeutic approaches. MSCs (Mesenchymal stem cells, MSCs), derived from sources such as umbilical cord, bone marrow, adipose tissue, amniotic membranes, and dental pulp, possess the capability to differentiate into osteoblasts, adipocytes, and chondroblasts under standard in vitro conditions (7). The role of MSCs in tissue repair and regeneration is facilitated by paracrine effects and highly plastic immune regulation (8, 9). They also have anti-fibrotic properties because they reduce the deposition of extracellular matrix (ECM) and fibrosis-associated factors in tissues (10–12), and protect against pathological damage and cardiomyocyte apoptosis (13). WJMSCs from the umbilical cord isolated from Wharton’s jelly have a higher capacity for proliferation, stronger immunomodulatory effects, less ethical concerns, and are safer than MSCs derived from other sources (14). Owing to these properties, WJMSCs have become an ideal source for the treatment of various diseases, including HAHI. This study is designed to further explore the therapeutic effect and mechanism of WJMSCs in HAHI.

Chronic inflammation regulated by macrophages is a crucial factor in the aggravation or alleviation of HAHI. The roles of macrophage phenotypes vary in inflammatory diseases. M1 macrophages release pro-inflammatory cytokines and chemokines, inflaming and causing cardiac damage. M2 macrophages, another phenotype of macrophage, assist in the healing of damaged tissue by producing anti-inflammatory cytokines (15). Therefore, the inflammatory response and cardiac damage could be improved by increasing the number or proportion of M2 macrophages.

More recently, it has been shown that the activation of macrophages by HH causes cardiac inflammation in both ventricles, resulting in hypersecretion of iNOS (inducible nitric oxide synthase, iNOS) and cytokines (IL-1β, IL-18 and C-Reactive Proteins) (16). Adverse cardiac remodeling is accelerated by the pro-inflammatory responses, which activates and maintains the fibrotic cascade, ultimately leading to heart failure and sudden cardiac death (17, 18). Furthermore, it had been reported that infarction repair was connected to the transformation of M1 macrophages into M2 macrophages, and heart failure and adverse ventricular remodeling are more likely to occur in infarcted hearts with delayed M2 polarization (19, 20). Interestingly, both in vivo and in vitro, MSCs have been proven to have a powerful effect on M2 macrophage polarization (21–23). Moreover, it has been reported that the immunomodulatory effects of MSCs are closely related to the secretion of PGE2. MSCs can induce macrophage M2 polarization through the secretion of PGE2, thereby reducing inflammation and promoting tissue repair (24, 25). However, little is known about hypoxia-mediated inflammation in the non-ischemic/non-infarcted heart, and effects of WJMSCs in treating HAHI are unclear, and whether the COX2-PGE2 signaling pathway is enhanced in WJMSCs under hypoxia needs further research. Specifically, whether this therapy can reduce cardiomyocyte apoptosis, inflammation, and HH-related fibrosis through promoting M2 macrophage polarization via COX2-PGE2 pathway deserves further investigation.

In this research, HAHI mouse model and in vitro experiments were utilized to examine the effectiveness of WJMSCs in repairing cardiac injury caused by HH and polarizing M2 macrophages. Our aim was to elucidate the protective effects and underlying mechanisms of WJMSCs on HAHI in mice, potentially paving the way for novel therapeutic strategies in high-altitude-induced cardiac complications.




2 Materials and methods



2.1 Cell culture



2.1.1 Mouse bone marrow-derived macrophages isolation and culture

BMDMs were isolated following established protocols (26). The bone marrow was centrifuged at 500g for 5 minutes, and the cells were resuspended in complete medium (DMEM/F12, 10% fetal bovine serum, 1% penicillin-streptomycin, 20ng/mL macrophage colony-stimulating factor). Subsequently, the cells were cultured for an additional 6 days. The complete medium was refreshed every 72 hours. After a period of 7 days, we assessed the purity of macrophages using flow cytometry. This was accomplished by staining the cells with CD11b-PE (BioLegend) and F4/80-FITC (BioLegend) antibodies.




2.1.2 WJMSCs culture

WJMSCs were isolated as described previously (27); Approval for the study design was obtained from the Ethics Review Committee of the Sixth Medical Center of the People’s Liberation Army in China. Additionally, written informed consent forms were secured from participants. WJMSCs were cultivated with serum-free mesenchymal basal medium (Yocon, China, NC0106) under controlled conditions of 37°C and 5% CO2 incubator. WJMSCs were passaged 4 to 7 times, and identified by positive staining with antibodies against surface CD73-FITC (BioLegend), CD90-FITC (BioLegend) and CD105-FITC (BioLegend) and negative staining with antibodies against CD34-FITC (BioLegend), CD45-FITC (BioLegend), HLA-DR-FITC (BioLegend) by flow cytometry. The target cells we chose were in the FSC-Height and SSC-Height quadrant to separate cell debris. Please refer to our previous publication to obtain more details (28).





2.2 Animals and treatments

The Ethics Review Committee of the Sixth Medical Center of the People’s Liberation Army in China has granted approval for our animal experiments in accordance with the animal management regulations established by the Ministry of Health of China. Forty-eight healthy SPF male C57BL/6J (23-25g) were obtained from the animal laboratory center of GENE LINE BIOSCIENCE (permit number JLHK-20230325-01) in China. Mice were confined to a constrained environment at 22 ± 2°C, with humidity levels ranging from 45% to 55%, and a 12h-12h light/dark schedule. Mice were permitted to engage in activities without any limitations and had free access to food and water. Four groups of mice were randomly distributed as follows (n=12): Control; NN (normobaric normoxia, NN) + WJMSCs; HH + NS (neutral saline, NS); HH + WJMSCs. For the Chronic HAHI mouse model, mice were maintained for 28 days at an equivalent altitude of 6000m (450-500hpa) in a hypobaric chamber (Yantai Hao Te Oxygen Chamber). In the WJMSCs treatment experiment, 100ul WJMSCs (5 × 105 cells) were injected into the tail vein of the mice before HH exposure. Mice that were under normobaric normoxia environment and administered an equivalent volume of NS served as the Control group (NN+NS).




2.3 General state of mice

Mice were measured for their body weight over a 28-day period.




2.4 Echocardiography

A high-resolution ultrasound imaging system (VINNO 6, Vinno Corporation, Suzhou, China) was employed for the echocardiographic assessment. Briefly, mice were anaesthetized with isoflurane (3% for induction and 2% for maintenance, vol./vol.). To record the systolic and diastolic motion profiles of the left and right ventricles, M-mode echocardiography was carried out. Measurements and records were taken for the LVEF (left ventricular ejection fraction, LVEF), LVFS (left ventricular fractional shortening, LVFS), LVIDD (left ventricular internal diastolic dimension, LVIDD), PAPV (pulmonary artery peak velocity, PAPV), and RVID (right ventricular internal diameter, RVID).




2.5 Tissue and blood harvesting

Once the echocardiography measurements were complete, the animals were sacrificed by cervical dislocation (n=12). Freshly isolated hearts were immediately snap-frozen in liquid nitrogen (-196°C) and stored at -80°C until further use. Blood samples were collected for ELISA analysis.




2.6 Western blot analysis

RV (right ventricle, RV) tissues and cells were used to extract proteins and to be homogenized. Homogenates were utilized for protein extraction, which included the proteins listed below. Collagen I, collagen III, α-SMA (Alpha-smooth muscle actin, α-SMA), BAX (B-cell lymphoma 2-associated X protein, BAX), Bcl2 (B-cell lymphoma-2, Bcl2), cleaved-caspase3, CD206, CD86, IL-10, TNF-α and COX2 were analysis by Western blot. The total protein concentration was determined by BCA protein assay (PC0020, Solarbio, Beijing, China). Equal amounts of proteins (20μg/sample) were loaded onto a gradient gel and subsequently transferred to a membrane (ISEQ00010, biosharp, Beijing, China). The membrane was then blocked with 5% milk in PBST and incubated overnight with antibodies at 4°C. The antibody was diluted as follows: anti-collagen I (ab260043, 1:1000, Abcam), anti-collagen III (ab184993, 1:1000, Abcam), anti-α-SMA (ab124964, 1:1000 dilution, Abcam), anti-BAX (cat#141707, 1:1000, proteintech), anti-Bcl2 (cat#226593-1-AP, 1:3000, proteintech), anti-cleaved-caspase3 (cat#AF7022, 1:2000, proteintech), anti-CD206 (ab64693, 1:1000, Abcam), anti-CD86 (13395-1-AP, 1:4000, proteintech), anti-TNF-α (ab307164, 1:1000, Abcam), anti-IL-10 (ab310329, 1:1000, Abcam), and anti-COX2 (ab179800, 1:1000, Abcam). To account for variations in protein expression, β-actin (cat#20536-1-AP, 1:6000, proteintech) was employed for internal calibration as a control. Analysis of the protein bands was performed using Image-Pro Plus software.




2.7 Histological staining

After endpoint echocardiography measurements, three mice of each group were sacrificed. Hearts were fixed in 4% paraformaldehyde for 72 hours following their collection. After fixation, the hearts underwent dehydration and were embedded in paraffin. Subsequently, they were sliced into sections with a thickness of 5 μm. To assess the degree of fibrosis in the left and right ventricles, Masson’s trichrome staining was employed. The Image-Pro Plus software (v6.0, Media Cybernetics Inc, Bethesda, MD) software was adopted to calculate collagen volume fraction (CVF): CVF = the blue collagen fiber area in the visual field/the total area of the myocardial tissue in the visual field. Inflammatory cell infiltration was assessed using hematoxylin-eosin (HE) staining. M1 macrophage polarization was determined by immunofluorescence of F4/80 and CD86, and M2 macrophage polarization by F4/80 and CD206.




2.8 Immunofluorescent staining

For immunostaining, the heart tissue sections were incubated overnight at 4 °C with primary antibodies, including anti-CD86 (BM4121, 1:500, Boster), anti-CD206 (ab64693, 1:1000, Abcam), and anti-F4/80 (GB11027, 1:500, Servicebio). The following day, the sections were washed with PBS three times before being incubated with a secondary antibody (cat#5220-0336, 1:400, Seracare) at room temperature for one hour and TSA amplification (cat#11065, AAT Bioquest; G1231, Servicebio) were applied to label F4/80 as well as CD86 and CD206, respectively, followed by antigen retrieval. Finally, the sections were counterstained with DAPI and mounted on a coverslip. The slides were observed under a microscope (Mshot).




2.9 Enzyme-linked immune sorbent assay

The concentrations of IL-6, TNF-α, IL-10 and PGE2 in the cell culture and serum were measured using commercially available ELISA kits (MULTI SCIENCES). The optical density at 450 nm was assessed using a Multiskan MK3 Microplate Reader (Thermo).




2.10 In vitro experiments

BMDMs were obtained as previously described (26). Then, to identify the effect of hypoxia on the polarization of macrophages, stimulation was conducted by AnaeroPack-CO2 and AnaeroPouch-Anaero bags (MITSUBISHI GAS CHEMICAL CO., Inc., Japan) (95% N2 and 5% CO2), coculturing with WJMSCs in a 6-well culture plate at a ratio of 1 WJMSC: 2 macrophages for 12 h in a Transwell system (Corning), with WJMSCs located in the upper chamber at 1.5 ml and BMDMs located in the lower chamber at 2 ml. After 12h coculturing, supernatants and cells were collected for further analysis. Two wells were used for each group. The cells were separated into groups as follows: (1) Control group, (2) hypoxia group, (3) hypoxia + WJMSCs, (4) hypoxia + WJMSCs + COX2 inhibitor (20 μM, MedChemExpress), and (5) hypoxia + WJMSCs + COX2 inhibitor + prostaglandin E2 (PGE2; 0.2μM, MedChemExpress). WJMSCs in groups 4 and 5 were administered with a COX2 inhibitor for a duration of 2 hours prior to their co-culture with macrophages, either in the presence or absence of PGE2.




2.11 Flow cytometry analysis

Flow cytometry was done in accordance with standard protocols. Fluorochrome-tagged monoclonal antibodies from BioLegend were added to the cells and incubated for 30 minutes at 4°C, such as anti-mouse CD11b PE (cat#101207, 0.2mg/ml, BioLegend), anti-mouse F4/80 FITC (cat#123107,0.5mg/ml, BioLegend), anti-mouse CD86 PE (cat#105007, 0.2mg/ml, BioLegend), and anti-mouse CD206 APC (cat#141707, 0.2mg/ml, BioLegend). Cell populations were gated as follows: M1 macrophages (F4/80+CD86+) and M2 macrophages (F4/80+CD206+). We conducted flow cytometry using a DxFlex flow cytometer (BeckManCoulTer) and analyzed the data with FlowJo software (FlowJo, LLC).




2.12 Statistical analyses

We used GraphPad Prism 9.5.0 software to analyze the data. All values for statistical analysis were presented as the means ± standard deviation. One-way or two-way analysis of variance (ANOVA) was employed to assess the mean differences among distinct groups. Statistical significance was determined with a p-value threshold set at 0.05.





3 Result



3.1 Characterization of WJMSCs and BMDMs

After four passages, WJMSCs were identified according to their morphology and phenotype. Flow cytometry showed that more than 90% of the cells were positive for CD73, CD90, and CD105, but negative for CD34, CD45, and HLA-DR (Figure 1A). WJMSCs showed a typical spindle-shaped morphology, grew in clusters, and formed a vortex-like monolayer (Figure 1B).




Figure 1 | Identification of WJMSCs and BMDMs. (A) Cultivated Passage 4 to 7 WJMSCs stained positive for CD73-FITC, CD90-FITC, and CD105-FITC, but negative for CD34-FITC, CD45-FITC, and HLA-DR-FITC via flow cytometry. The target cells we chose were in the FSC-Height and SSC-Height quadrant to separate cell debris. (B) WJMSCs morphology was observed via light microscopy. (C) BMDMs morphology was observed via light microscopy, and (D) more than 90% of the cultured macrophages stained positive for CD11b and F4/80 via flow cytometry. Scale bar: 100 μm.



The characteristics of BMDMs were also determined by their morphology and phenotype. As shown in Figure 1C, the macrophages were characterized by their high refractivity, large size, and irregular shape. Flow cytometry data revealed that the cell population was highly pure (> 90%) and tested positive for specific surface antibodies F4/80 and CD11b (Figure 1D), indicating that the macrophages derived from mouse bone marrow were successfully cultured.




3.2 Effect of WJMSCs on the general state of mice

Schematic illustration of the in vivo and in vitro studies is presented in (Figures 2A, B). In the experiment, mice’s general health was observed and compared. Changes of mice body weight in each group were exhibited in the line chart (Figure 2C). There was no discrepancy in body weight between the groups at day 0. The control and NN + WJMSCs groups exhibited normal weight gain. However, HH + NS and HH + WJMSCs groups experienced significant weight loss after HH exposure at day 3. In contrast, the body weight of the mice in other groups increased rapidly, indicating that HH exposure significantly inhibited the growth and development of mice. No significant difference in body weight was observed between HH + NS group and HH + WJMSCs group.




Figure 2 | Schematic illustration of the animals and cells experimental protocols of the study and body weight curve. (A, B) Schematic illustration of the animals and cells experimental protocols of the study. (C) Body weight at 0d, 3d, 7d, 11d, 14d, 18d, 22d, 25d and 28d. Values are expressed as mean ± SD (n = 6).






3.3 WJMSCs improved cardiac function

We investigated the effect of WJMSCs on cardiac function. We found that mice exposed to HH exhibited a marked reduction in LVEF and LVFS when compared to the control group, which indicated HH exposure impaired left ventricular systolic function (P<0.05), while WJMSCs treatment could significantly increase LVEF and LVFS, compared to the HH exposure mice (P<0.05) (Figures 3A, B, C). HH exposure decreased LVIDD and PAPV, while increased RVID, indicating a higher right heart pressure and pulmonary artery resistance (P<0.05). WJMSCs infusion mitigated these HH-induced changes (P<0.05) (Figures 3D, E, F).




Figure 3 | Effects of WJMSCs on cardiac function in HH-exposed mouse model. (A) Representative M-mode echocardiogram of each group is performed after 28-day HH exposure. (B–F) The changes in LVEF, LVFS, LVIDD, PAPV, and RVID of each group on days 28 after HH exposure. All data were analyzed by two-way analysis of variance (ANOVA). Data was expressed as mean ± SD (n = 5-12). *P < 0.05, ***P < 0.001. ns, not significant; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; LVIDD, left ventricular internal diastolic dimension; PAPV, pulmonary artery peak velocity; RVID, right ventricular internal diameter; NN, normobaric normoxia; HH, hypobaric hypoxia; NS, neutral saline; WJMSCs, Wharton’s jelly-derived mesenchymal stem cells.






3.4 WJMSCs attenuated cardiac remodeling

According to HE staining, there was a disturbance in the structure of the myocardium, with inflammatory cells infiltrating, space widening, rupture, dissolution, and microbleeds in the HH + NS group, while WJMSCs treatments significantly improved the pathological changes of heart tissue. For further study, the levels of fibrosis in these mice were evaluated by Masson’s trichrome staining. It was discovered that HH exposure significantly increased the area of myocardial fibrosis, which was reduced by WJMSCs infusion, exhibited by means of gross images (Figure 4A), and by quantification (P<0.05) (Figure 4B). To further confirm these findings, we performed western blot using anti-collagen III, anti-collagen I, and anti-α-SMA antibodies (Figure 4C). The results were consistent, that HH causes severe heart collagen deposition, showing a marked increase in fibrotic protein expression (collagen III, collagen I, and α-SMA) in the HH + NS group (P<0.05). These pathological changes caused by HH were ameliorated by WJMSCs pre-treatment (Figures 4D, E, F).




Figure 4 | Effects of WJMSCs on RV histology in HH-exposed mouse. (A) Representative photomicrograph of the morphological changes of RV tissue in HH-exposed mouse by HE staining (40×) and Masson’s trichrome staining (40×). (B) Statistical analysis of fibrosis of RV tissue. (C) Analysis of collagen I, collagen III and α-SMA expression level, detected by western blot. (D–F) Statistical analysis of collagen I, collagen III and α-SMA expression level of RV tissue. All data were analyzed by two-way analysis of variance (ANOVA). Data was expressed as mean ± SD (n = 4-5). *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant; α-SMA, α-smooth muscle actin; NN, normobaric normoxia; HH, hypobaric hypoxia; NS, neutral saline; WJMSCs, Wharton’s jelly-derived mesenchymal stem cells.






3.5 Effects of WJMSCs on apoptosis in the heart of mice following HH exposure

As revealed in Figure 5A, HH exposure resulted in an increase in the levels of Bax, cleaved caspase-3, and the Bax/Bcl-2 ratio, while simultaneously decreasing Bcl-2 expression in comparison to the Control group (P<0.05). By contrast, WJMSCs administrations effectively reversed these changes in cardiac tissues under HH environment (Figures 5B, C, D, E).




Figure 5 | Effects of WJMSCs on the apoptosis-related proteins expression in HAHI mice by Western blot. (A) Western blot analysis of the expression of apoptosis-related proteins in hearts. (B–E) Quantitative results of relative expressions of apoptosis-related proteins. All data were analyzed by two-way analysis of variance (ANOVA). All values were expressed as mean ± SD (n = 3-6). *p < 0.05, ***p < 0.001. ns, not significant; Bax, B-cell lymphoma 2-associated X protein; Bcl-2, B-cell lymphoma 2. NN, normobaric normoxia; HH, hypobaric hypoxia; NS, neutral saline. WJMSCs, Wharton’s jelly-derived mesenchymal stem cells.






3.6 WJMSCs inhibits hypobaric hypoxia-induced inflammatory responses

In comparison to the Control group, the HH + NS group showed significantly higher serum concentrations of IL-6 and TNF-α, indicating that proinflammatory factors were involved in HAHI (P<0.05). WJMSCs pre-treatment markedly inhibited HH-induced pro-inflammatory factor release (P<0.05) (Figures 6A, B), and significantly increased the IL-10 levels compared with those in the HH + NS group (P<0.05) (Figure 6C). These results indicate that WJMSCs pre-treatment may prevent HAHI by suppressing inflammation.




Figure 6 | Effects of WJMSCs on cardiac inflammatory cytokine levels in HAHI mice. Levels of (A) IL-6, (B) TNF-α and (C) IL-10 in serum. All data were analyzed by two-way analysis of variance (ANOVA). Values are expressed as mean ± SD (n = 3-7). *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant; HH, hypobaric hypoxia; NN, normobaric normoxia; IL-6, interleukin 6; TNF-α, tumor necrosis factor α. IL-10, interleukin 10. NS, neutral saline; WJMSCs, Wharton’s jelly-derived mesenchymal stem cells; ND, not detected.






3.7 The effect of WJMSCs on promoting M2 macrophage polarization in HH-induced mice hearts

To explore whether WJMSCs treatment affected the aggregation and polarization of macrophages, we labeled total macrophages with F4/80, M1 macrophages with CD86 and M2 macrophages with CD206 in the right ventricle by immunofluorescence. The results indicated that both F4/80+CD86+ (M1) and F4/80+CD206+ (M2) macrophages exhibited an increase in the HH + NS group compared to the Control group, with a notable rise in M1 (P < 0.05). Interestingly, in comparison to the HH + NS group, treatment with WJMSCs significantly reduced M1 macrophage infiltration while promoting an increase in M2 macrophages in the right ventricle (P<0.05) (Figures 7A, B, C). Next, we detected the protein markers of M1 and M2 macrophage in the right ventricle with western blot (Figure 7D). In the HH + NS group, the levels of protein expression for CD206 and CD86 were significantly elevated compared to the Control group (P<0.05), with CD86 showing a particularly notable increase. In contrast, treatment with WJMSCs resulted in a significant rise in CD206 expression while concurrently reducing the levels of CD86 when compared to the HH + NS group (P<0.05) (Figures 7G, H). In addition, our study revealed that HH exposure led to elevated levels of TNF-α and IL-10 proteins in the right ventricle (P<0.05). However, when treated with WJMSCs, TNF-α got a significant decrease, and IL-10 significantly increased. (P<0.05) (Figures 7E, F). According to these findings, WJMSCs not only decreased macrophage infiltration but also elevated the proportion of M2 macrophages in the hearts of HAHI mice.




Figure 7 | WJMSCs inhibited pro-inflammatory macrophages and promoted anti-inflammatory macrophages in RV. (A) Representative images showed the CD86+ pro-inflammatory macrophages (green) and CD206+ anti-inflammatory macrophages (green) in each group. The nuclei were stained with DAPI (blue), and macrophages were stained with F4/80 (red). Scale bar, 20μm. (B–C) The percentage of CD86+ or CD206+ cells were calculated by Image-Pro Plus. (D–H) The protein level of CD86, CD206, TNF-α and IL-10 were measured by western blot, and quantification of the relative expression in the bands in different groups was calculated by Image-Pro Plus. All data were analyzed by two-way analysis of variance (ANOVA). Values are expressed as mean ± SD (n = 3-5). *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant; HH, hypobaric hypoxia; NN, normobaric normoxia; IL-10, interleukin 10; TNF-α, tumor necrosis factor α. NS, neutral saline; WJMSCs, Wharton’s jelly-derived mesenchymal stem cells.






3.8 WJMSCs promoted M2 macrophage polarization and alleviated inflammation under the hypoxic environment in vitro

To further validate that WJMSCs alleviated cardiac chronic inflammation by activating M2 macrophage, we designed a cell co-culture system under the hypoxic environment in vitro. BMDM cells were co-cultured with WJMSCs in a transwell system for 12 h, and analysis was done to determine the ratio of different macrophage subtypes. As shown in Figures 8A, B, hypoxia stimulation elevated the ratio of M1 and declined the ratio of M2 in comparison to those in the Control group (P<0.05). Furthermore, it was found that coculturing with WJMSCs promoted the shift of M1 to M2 macrophages, which was indicated by an increasing proportion of M2 macrophage, whereas the opposite occurred for M1 macrophages (P<0.05). To confirm these findings, the inflammatory cytokines were analyzed. The results indicated a notable increase in IL-6 and TNF-α levels, alongside a significant reduction in IL-10 within the supernatant of the Hypoxia group (P<0.05) (Figure 8C). However, WJMSCs cocultured with macrophages reversed these changes by inhibiting IL-6 and TNF-α secretion, while IL-10 was promoted (P<0.05). These data indicated that hypoxia activates the M1 macrophage phenotype, resulting in an elevated production of pro-inflammatory cytokines such as IL-6 and TNF-α. Conversely, WJMSCs are capable of polarizing macrophages toward the M2 phenotype and promoting the release of IL-10.




Figure 8 | WJMSCs promoted M2 macrophage polarization and anti-inflammatory effects under hypoxic environment in vitro. (A) Mice BMDMs were separated and divided into the normal, hypoxia, and hypoxia + WJMSCs groups. After treatment, macrophages from the different groups were collected, and the M1 percentages, M2 percentages and the ratios of M2 to M1 phenotypes were detected by flow cytometry. (B) The data were analyzed using Graphpad prism 9.5.0 software. (C) The IL-6, TNF-α and IL-10 concentrations in the supernatants were determined by ELISA. All data were analyzed by one-way analysis of variance (ANOVA). Data was expressed as mean ± SD (n = 3-6). *p < 0.05, **p < 0.01, ***p < 0.001. IL-6, interleukin 6; IL-10, interleukin 10; TNF-α, tumor necrosis factor α. NS, normal saline; WJMSCs, Wharton’s jelly-derived mesenchymal stem cells.






3.9 WJMSCs regulated M2 polarization via the COX2−PGE2 pathway

The immunoregulatory effects of MSCs have been demonstrated by previous studies to be related to PGE2 (9), and the secretion of PGE2 by MSCs was significantly decreased by COX2 inhibition (25). Our results also showed that the concentration of PGE2 in the culture supernatant of WJMSCs was increased under hypoxia. In addition, inhibition of COX2 significantly reduced the expression of PGE2 by WJMSCs (Figure 9A). In mutual corroboration, hypoxia stimulated WJMSCs to highly express COX2 protein, the key enzyme for PGE2 synthesis (Figures 9B, C). Therefore, we proposed that PGE2 might be responsible for the polarization of M2 macrophages induced by WJMSCs. To confirm this, we designed the experiment in vitro, dividing the cells into five groups: Control; Hypoxia; Hypoxia + WJMSCs; Hypoxia + WJMSCs + COX2-inhibitor; Hypoxia + WJMSCs + COX2-inhibitor + PGE2, and then assessed the macrophage polarization. As indicated by the research, M1 macrophages in the hypoxia group experienced a significant rise while M2 macrophages decreased markedly (P<0.05). When cocultured with WJMSCs, the polarization of M1 and M2 macrophages was dramatically reversed (P<0.05). However, inhibiting COX2 resulted in an observable increase in M1 macrophages, while a significant decrease in M2 macrophages in comparison to the Hypoxia + WJMSCs group (P<0.05). Following the addition exogenous of PGE2 into the COX2-inhibited group, the polarizations of M1 and M2 macrophage were drastically reversed (P<0.05) (Figures 9D, E). Additionally, the IL-6 and TNF-α levels went up sharply, while the IL-10 significantly fell in Hypoxia group (P<0.05) (Figure 9F). Coculturing with WJMSCs reduced the IL-6 and TNF-α and increased IL-10 (P<0.05). Moreover, the COX2-inhibited group experienced a significant elevation in IL-6 and TNF-α, while a drastic decrease in IL-10 (P<0.05). IL-6 and TNF-α levels were inhibited by exogenous PGE2, while IL-10 levels were increased (P<0.05). As indicated in the results, PGE2 produced by WJMSCs could activate M2 macrophages, which in turn could reduce inflammation caused by hypoxia.




Figure 9 | WJMSCs promoted M2 macrophage polarization and anti-inflammatory effects under the hypoxic environment via the COX2-PGE2 pathway. (A) WJMSCs were incubated in control, Hypoxia or Hypoxia + COX2 inhibitor media, and the PGE2 concentration in the supernatant was detected by ELISA. (B) Western blot analysis of the expression of COX2 of WJMSCs in the control and the hypoxia group. (C) Statistical analysis of COX2 expression level. (D-E) The hypoxia-induced macrophages were cocultured with WJMSCs pretreated with or without COX2 inhibitor in the presence or absence of exogenous PGE2. After treatment, macrophages were collected, and the M1 and M2 phenotypes were detected by flow cytometry. (F) The IL-6, TNF-α and IL-10 concentrations in the supernatants were detected by ELISA. All data were analyzed by one-way analysis of variance (ANOVA). Data was expressed as mean ± SD (n = 3-6). *p < 0.05, **p < 0.01, ***p < 0.001. IL-6, interleukin 6; IL-10, interleukin 10; TNF-α, tumor necrosis factor α. NS, normal saline; WJMSCs, Wharton’s jelly-derived mesenchymal stem cells.







4 Discussion

The onset and advancement of HAHI is closely associated with high-altitude exposure, which poses a significant threat to both physical and mental health (29). However, effective treatment strategies for HAHI remain elusive. Current pharmacological interventions, such as acetazolamide, dexamethasone and nifedipine, while beneficial in maintaining vascular endothelial function and improving myocardial ischemia, carry notable side effects (5, 6). Umbilical cord-derived WJMSCs possess superior proliferative capacity, stronger immunomodulatory effects, less ethical concerns, and greater safety than MSCs derived from other sources (14, 30). Owing to these properties, WJMSCs have become a promising source for the treatment of HAHI.

Although there is an amount of information available on right ventricular hypertrophy caused by pressure overload from pulmonary hypertension, hypoxia is known to activate multiple molecular pathways that may play a role in both the hypertrophic response and the dilation of the RV. Research conducted under hypoxic conditions has demonstrated a significant involvement of oxidative stress (31), kinase activation (32), and inflammatory processes (33) in hypoxia-induced adaptive hypertrophy and interventricular remodeling. Moreover, macrophage polarization is involved in the progression of numerous heart diseases, such as atherosclerosis, myocardial infarction, diabetic cardiomyopathy and myocarditis (34). However, there is still no investigation about the connection between macrophage polarization and HAHI. In this study, our findings demonstrates that macrophage polarization is a crucial factor in HAHI.

Microenvironments differ in their polarization of macrophages to different phenotypes and functions (35, 36). M1 macrophages are known for producing pro-inflammatory cytokines, such as IL-6 and TNF-α, along with chemotactic factors that intensify inflammation and myocardial damage (37–39). Conversely, M2 macrophages are the ones who perform the repair and reduction of inflammation (40) by secreting reparative factors like TGFβ1 (transforming growth factor-β1, TGFβ1), IL-10, and VEGFA (vascular endothelial growth factor A, VEGFA). Previous studies have indicated that the injured myocardium is the target of circulating monocytes, which substitute resident macrophages (mainly M2), and then to be converted into M1 macrophages, which subsequently worsen myocardial injury (41, 42). Our research demonstrated that both M1 and M2 were present in the HAHI model, with a predominance of the M1 phenotype. However, WJMSCs pre-administration markedly reduced M1 markers while upregulating M2 markers, suggesting a shift towards a more reparative phenotype. We measured the expression of CD86, CD206, TNF-α and IL-10, and further demonstrated that WJMSCs ameliorated HAHI by shifting M1 macrophages toward M2 phenotype. Similar to HAHI, AMI (acute myocardial infarction, AMI) is a prototypical sterile injury. According to previous research, MSCs transplantation can be beneficial for cardiac repair in animal models or patients suffering from AMI (43, 44).

It has been observed that the transition from M1 to M2 macrophages is associated with the repair of damaged cardiac tissue. Moreover, delayed polarization of M2 macrophages in infarcted hearts increases the likelihood of adverse ventricular remodeling and the onset of heart failure (20). Thus, macrophage polarization is thought to be a potential therapeutic target for AMI. Moreover, it had been confirmed that MSCs could efficiently transform M1 macrophages into M2 phenotypes both in vivo and in vitro.

Chronic inflammation, mediated by macrophages, plays a pivotal role in HAHI progression. Accumulating evidence revealed that inflammation is another factor that leads to right ventricular remodeling (45). Previous studies reported that inflammatory factors, particularly IL-6 and TNF-α, are key factors in initiating cascade inflammatory responses (46). IL-6 and TNF-α can accelerate the secretion of a large amount of collagen and myocardial fibrosis in myocardial tissue, and finally damage myocardial function (34, 47). TGFβ1 corresponds to a smaller infarct size and enhances angiogenesis in infarcted hearts (48). IL-10, a cytokine that is primarily expressed in activated T lymphocytes and stimulated monocytes, has powerful anti-inflammatory properties and prevents excessive inflammatory responses (49). IL-10 inhibits proinflammatory cytokine and chemokine production in endotoxin-stimulated macrophages, mitigating inflammatory responses (50). Furthermore, IL-10 may have a significant impact on ECM remodeling by encouraging the production of Tissue Inhibitor of Metalloproteinases (TIMP)-1, which helps stabilize the matrix (49). Myocardial collagen deposition, especially collagen I and collagen III, is considered the primary factor in cardiac fibrosis (51). α-SMA is one of markers for myofibroblasts. Abnormal persistence of the myofibroblast is a hallmark of fibrotic diseases (47). Our results align with these observations, demonstrating that RV remodeling and fibrosis were exhibited in HAHI mice. Additionally, the results also revealed that HH exposure led to a rise in the concentration of pro-inflammatory factors (IL-6, TNF-α) both in plasma and myocardial tissue. However, both RV fibrosis and plasma inflammation were inhibited with the administration of WJMSCs. In addition, the level of IL-10 in both blood and heart tissue was higher after WJMSCs pretreatment. Therefore, WJMSCs therapy can reduce inflammation, and inhibit fibrosis by promoting macrophage M2 polarization, thus promoting the repair of HAHI.

Relevant research have demonstrated that HH exposure increases cardiac apoptosis in both rat and mouse models (52), and increased IL-6 and TNF-α can also induce the decline of myocardial cell vitality and apoptosis (53, 54). Thus, we further examined the apoptosis-regulating proteins Bax, cleaved-caspase-3, and Bcl2. Our findings revealed a significant increase in Bax and cleaved-caspase-3 levels, alongside a reduction in Bcl2. Notably, these effects were counteracted by the prior administration of WJMSCs. The downregulation of proteins associated with apoptosis and fibrosis in the heart tissues indicates that WJMSCs can inhibit HH-induced myocardial apoptosis in the heart.

Furthermore, we investigated the potential mechanism for WJMSCs to regulate macrophage polarization in vitro. As demonstrated by previous studies, the regulation of MSC-modulated inflammation in sepsis is closely associated with PGE2 (24, 25). Whether the COX2-PGE2 signaling pathway is enhanced in WJMSCs under hypoxia has not been reported. The results of our study showed that the expression of PGE2 in the culture supernatant of hypoxic WJMSCs was significantly increased, and the key enzyme of PGE2 synthesis, COX2, was significantly expressed. To further verify this pathway, we designed a hypoxic WJMSCs co-culture experiment with BMDMs in vitro and flow cytometry was used. Additionally, it has been reported that M1 type macrophages polarization was enhanced through culturing BMDMs under hypoxic condition (55, 56), which was similar to our results. Moreover, hypoxia caused M1 macrophages to polarize and release proinflammatory cytokines. Consistent with previous research, our findings indicated that coculturing with WJMSCs boosted the M2 macrophages proportion and the release of anti-inflammatory cytokines in vitro. To investigate the role of PGE2 in the M2 polarization induced by WJMSCs, we employed a key inhibitor of PGE2 synthesis, specifically a COX2 inhibitor (57). In vitro hypoxia group, the production of pro-inflammatory cytokines increased and M1 macrophage polarization could not be reversed when macrophages were cocultured with WJMSCs pretreated with a COX2 inhibitor. However, the effects were revived by the addition of exogenous PGE2 to the coculture system. Based on these studies, it is suggested that the COX2-PGE2 pathway might be responsible for WJMSCs-induced M2 macrophage activation in HAHI.

There are several limitations that need to be noted. First, the simulated environment was HH, but the actual plateau environment was more complicated, for instance, apart from HH, there were also low temperatures, strong ultraviolet light, and various other factors. Second, the mechanistic verification at the animal level was not sufficient in our study. Finally, in our in vitro studies, we utilized a non-contact co-culture system for WJMSCs and BMDMs, but in myocardial tissue, there may be multiple types of cell-to-cell communication or signals exchange, which need further investigation.




5 Conclusion

To summarize, our results demonstrated that WJMSCs infusion preserved cardiac structure and function in HAHI mouse model. Moreover, WJMSCs exert their beneficial effects by alleviating cardiomyocyte apoptosis, reducing inflammation, and inhibiting HH-related fibrosis, partly through COX2-PGE2 pathway, which promotes M2 macrophages polarization in the hearts. These discoveries hold the promise of an innovative and efficient approach to treating high-altitude-related heart disease.





Data availability statement

The original contributions presented in the study are included in the article. Further inquiries can be directed to the corresponding author.





Ethics statement

The study was approved by The Ethics Review Committee of the Sixth Medical Center of the People’s Liberation Army in China. The animal study was conducted in accordance with the local legislation and institutional requirements and was approved by the Ethics Committee of GENE LINE BIOSCIENCE (permit number JLHK-20230325-01).





Author contributions

WZ: Data curation, Formal Analysis, Investigation, Methodology, Visualization, Writing – original draft. LZ: Formal Analysis, Investigation, Methodology, Writing – review & editing. JC: Formal Analysis, Investigation, Methodology, Writing – review & editing. YZ: Data curation, Methodology, Writing – review & editing. DL: Data curation, Writing – review & editing. ZH: Investigation, Visualization, Writing – review & editing. JL: Formal Analysis, Investigation, Writing – review & editing. SW: Formal Analysis, Investigation, Writing – review & editing. NZ: Project administration, Resources, Writing – review & editing. YL: Conceptualization, Funding acquisition, Supervision, Validation, Writing – review & editing. YC: Conceptualization, Funding acquisition, Supervision, Validation, Writing – review & editing.





Funding

The authors declare that financial support was received for the research and publication of this article. This work was financially supported by National Key R&D Program (2022YFA1104300) and Beijing Municipal Natural Science Foundation (7222183).





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Sydykov, A, Mamazhakypov, A, Maripov, A, Kosanovic, D, Weissmann, N, Ghofrani, HA, et al. Pulmonary hypertension in acute and chronic high altitude maladaptation disorders. Int J Environ Res Public Health. (2021) 18:1692. doi: 10.3390/ijerph18041692

2. Diwan, A, and Dorn, GW. Decompensation of cardiac hypertrophy: cellular mechanisms and novel therapeutic targets. Physiol (Bethesda). (2007) 22:56–64. doi: 10.1152/physiol.00033.2006

3. Wang, Q, Hu, L, Hu, Y, Gong, G, Tan, H, Deng, L, et al. Carbon monoxide-saturated hemoglobin-based oxygen carriers attenuate high-altitude-induced cardiac injury by amelioration of the inflammation response and mitochondrial oxidative damage. Cardiology. (2017) 136:180–91. doi: 10.1159/000448652

4. Pan, Z, Hu, Y, Huang, Z, Han, N, Li, Y, Zhuang, X, et al. Alterations in gut microbiota and metabolites associated with altitude-induced cardiac hypertrophy in rats during hypobaric hypoxia challenge. Sci China Life Sci. (2022) 65:2093–113. doi: 10.1007/s11427-021-2056-1

5. Caravita, S, Faini, A, Bilo, G, Lang, M, and Parati, G. Role of acetazolamide and telmisartan/nifedipine-GITS combination in antagonizing the blood pressure rise induced by high altitude exposure. Int J Cardiol. (2016) 225:324–6. doi: 10.1016/j.ijcard.2016.09.094

6. Champigneulle, B, Stauffer, E, Robach, P, Doutreleau, S, Howe, CA, Pina, A, et al. Early effects of acetazolamide on hemoglobin mass and plasma volume in chronic mountain sickness at 5100 m. Pulmonology. (2023) 31:2416794. doi: 10.1016/j.pulmoe.2023.05.006

7. Aung, S-W, Abu Kasim, NH, and Ramasamy, TS. Isolation, expansion, and characterization of wharton’s jelly-derived mesenchymal stromal cell: method to identify functional passages for experiments. In:  K Turksen, editor. Stem Cells and Aging. Springer New York, New York, NY (2019). p. 323–35. doi: 10.1007/7651_2019_242

8. Naji, A, Eitoku, M, Favier, B, Deschaseaux, F, Rouas-Freiss, N, and Suganuma, N. Biological functions of mesenchymal stem cells and clinical implications. Cell Mol Life Sci. (2019) 76:3323–48. doi: 10.1007/s00018-019-03125-1

9. Yao, L, Hu, X, Dai, K, Yuan, M, Liu, P, Zhang, Q, et al. Mesenchymal stromal cells: promising treatment for liver cirrhosis. Stem Cell Res Ther. (2022) 13:308. doi: 10.1186/s13287-022-03001-z

10. Zhang, Z, Lin, H, Shi, M, Xu, R, Fu, J, Lv, J, et al. Human umbilical cord mesenchymal stem cells improve liver function and ascites in decompensated liver cirrhosis patients. J Gastroenterol Hepatol. (2012) 27 Suppl 2:112–20. doi: 10.1111/j.1440-1746.2011.07024.x

11. Reinders, MEJ, de Fijter, JW, Roelofs, H, Bajema, IM, de Vries, DK, Schaapherder, AF, et al. Autologous bone marrow-derived mesenchymal stromal cells for the treatment of allograft rejection after renal transplantation: results of a phase I study. Stem Cells Transl Med. (2013) 2:107–11. doi: 10.5966/sctm.2012-0114

12. Eom, YW, Shim, KY, and Baik, SK. Mesenchymal stem cell therapy for liver fibrosis. Korean J Intern Med. (2015) 30:580–9. doi: 10.3904/kjim.2015.30.5.580

13. Feng, Y, Bao, X, Zhao, J, Kang, L, Sun, X, and Xu, B. MSC-derived exosomes mitigate myocardial ischemia/reperfusion injury by reducing neutrophil infiltration and the formation of neutrophil extracellular traps. Int J Nanomedicine. (2024) 19:2071–90. doi: 10.2147/IJN.S436925

14. Liau, LL, Ruszymah, BHI, Ng, MH, and Law, JX. Characteristics and clinical applications of Wharton’s jelly-derived mesenchymal stromal cells. Curr Res Transl Med. (2020) 68:5–16. doi: 10.1016/j.retram.2019.09.001

15. Atmeh, PA, Gay, L, Levasseur, A, Scola, BL, Olive, D, Mezouar, S, et al. Macrophages and γδ T cells interplay during SARS-CoV-2 variants infection. Front Immunol. (2022) 13:1078741. doi: 10.3389/fimmu.2022.1078741

16. Adzika, GK, Mprah, R, Rizvi, R, Adekunle, AO, Ndzie Noah, ML, Wowui, PI, et al. Occlusion preconditioned mice are resilient to hypobaric hypoxia-induced myocarditis and arrhythmias due to enhanced immunomodulation, metabolic homeostasis, and antioxidants defense. Front Immunol. (2023) 14:1124649. doi: 10.3389/fimmu.2023.1124649

17. Abe, H, Semba, H, and Takeda, N. The roles of hypoxia signaling in the pathogenesis of cardiovascular diseases. J Atheroscler Thromb. (2017) 24:884–94. doi: 10.5551/jat.RV17009

18. Chouvarine, P, Legchenko, E, Geldner, J, Riehle, C, and Hansmann, G. Hypoxia drives cardiac miRNAs and inflammation in the right and left ventricle. J Mol Med (Berl). (2019) 97:1427–38. doi: 10.1007/s00109-019-01817-6

19. Andreadou, I, Cabrera-Fuentes, HA, Devaux, Y, Frangogiannis, NG, Frantz, S, Guzik, T, et al. Immune cells as targets for cardioprotection: new players and novel therapeutic opportunities. Cardiovasc Res. (2019) 115:1117–30. doi: 10.1093/cvr/cvz050

20. Zhang, Z, Tang, J, Cui, X, Qin, B, Zhang, J, Zhang, L, et al. New insights and novel therapeutic potentials for macrophages in myocardial infarction. Inflammation. (2021) 44:1696–712. doi: 10.1007/s10753-021-01467-2

21. Li, K, Yan, G, Huang, H, Zheng, M, Ma, K, Cui, X, et al. Anti-inflammatory and immunomodulatory effects of the extracellular vesicles derived from human umbilical cord mesenchymal stem cells on osteoarthritis via M2 macrophages. J Nanobiotechnology. (2022) 20:38. doi: 10.1186/s12951-021-01236-1

22. Tian, S, Zhou, X, Zhang, M, Cui, L, Li, B, Liu, Y, et al. Mesenchymal stem cell-derived exosomes protect against liver fibrosis via delivering miR-148a to target KLF6/STAT3 pathway in macrophages. Stem Cell Res Ther. (2022) 13:330. doi: 10.1186/s13287-022-03010-y

23. Xue, R, Xie, M, Wu, Z, Wang, S, Zhang, Y, Han, Z, et al. Mesenchymal stem cell-derived exosomes promote recovery of the facial nerve injury through regulating macrophage M1 and M2 polarization by targeting the P38 MAPK/NF-Kb pathway. Aging Dis. (2024) 15:851. doi: 10.14336/AD.2023.0719-1

24. Németh, K, Leelahavanichkul, A, Yuen, PST, Mayer, B, Parmelee, A, Doi, K, et al. Bone marrow stromal cells attenuate sepsis via prostaglandin E(2)-dependent reprogramming of host macrophages to increase their interleukin-10 production. Nat Med. (2009) 15:42–9. doi: 10.1038/nm.1905

25. Jin, L, Deng, Z, Zhang, J, Yang, C, Liu, J, Han, W, et al. Mesenchymal stem cells promote type 2 macrophage polarization to ameliorate the myocardial injury caused by diabetic cardiomyopathy. J Transl Med. (2019) 17:251. doi: 10.1186/s12967-019-1999-8

26. Pineda-Torra, I, Gage, M, De Juan, A, and Pello, OM. Isolation, culture, and polarization of murine bone marrow-derived and peritoneal macrophages. In:  V Andrés, and B Dorado, editors. Methods in Mouse Atherosclerosis. Springer New York, New York, NY (2015). p. 101–9. doi: 10.1007/978-1-4939-2929-0_6

27. Gao, LR, Zhang, NK, Ding, QA, Chen, HY, Hu, X, Jiang, S, et al. Common expression of stemness molecular markers and early cardiac transcription factors in human Wharton’s jelly-derived mesenchymal stem cells and embryonic stem cells. Cell Transplant. (2013) 22:1883–900. doi: 10.3727/096368912X662444

28. Gao, LR, Zhang, NK, Zhang, Y, Chen, Y, Wang, L, Zhu, Y, et al. Overexpression of apelin in Wharton’ jelly mesenchymal stem cell reverses insulin resistance and promotes pancreatic β cell proliferation in type 2 diabetic rats. Stem Cell Res Ther. (2018) 9:339. doi: 10.1186/s13287-018-1084-x

29. Jia, N, Shen, Z, Zhao, S, Wang, Y, Pei, C, Huang, D, et al. Eleutheroside E from pre-treatment of Acanthopanax senticosus (Rupr.etMaxim.) Harms ameliorates high-altitude-induced heart injury by regulating NLRP3 inflammasome-mediated pyroptosis via NLRP3/caspase-1 pathway. Int Immunopharmacol. (2023) 121:110423. doi: 10.1016/j.intimp.2023.110423

30. Cui, J, Wang, M, Zhang, W, Sun, J, Zhang, Y, Zhao, L, et al. Enhancing insulin sensitivity in type 2 diabetes mellitus using apelin-loaded small extracellular vesicles from Wharton’s jelly-derived mesenchymal stem cells: a novel therapeutic approach. Diabetol Metab Syndr. (2024) 16:84. doi: 10.1186/s13098-024-01332-w

31. Malacrida, S, Giannella, A, Ceolotto, G, Reggiani, C, Vezzoli, A, Mrakic-Sposta, S, et al. Transcription Factors Regulation in Human Peripheral White Blood Cells during Hypobaric Hypoxia Exposure: an in-vivo experimental study. Sci Rep. (2019) 9:9901. doi: 10.1038/s41598-019-46391-6

32. Wang, Y. Mitogen-activated protein kinases in heart development and diseases. Circulation. (2007) 116:1413–23. doi: 10.1161/CIRCULATIONAHA.106.679589

33. Dewachter, L, and Dewachter, C. Inflammation in right ventricular failure: does it matter? Front Physiol. (2018) 9:1056. doi: 10.3389/fphys.2018.01056

34. Chen, R, Zhang, H, Tang, B, Luo, Y, Yang, Y, Zhong, X, et al. Macrophages in cardiovascular diseases: molecular mechanisms and therapeutic targets. Signal Transduct Target Ther. (2024) 9:130. doi: 10.1038/s41392-024-01840-1

35. Benoit, M, Desnues, B, and Mege, J-L. Macrophage polarization in bacterial infections. J Immunol. (2008) 181:3733–9. doi: 10.4049/jimmunol.181.6.3733

36. Wynn, TA, Chawla, A, and Pollard, JW. Macrophage biology in development, homeostasis and disease. Nature. (2013) 496:445–55. doi: 10.1038/nature12034

37. Murray, PJ, Allen, JE, Biswas, SK, Fisher, EA, Gilroy, DW, Goerdt, S, et al. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity. (2014) 41:14–20. doi: 10.1016/j.immuni.2014.06.008

38. Hume, DA. The many alternative faces of macrophage activation. Front Immunol. (2015) 6:370. doi: 10.3389/fimmu.2015.00370

39. Zhu, Y, Wan, N, Shan, X, Deng, G, Xu, Q, Ye, H, et al. Celastrol targets adenylyl cyclase-associated protein 1 to reduce macrophages-mediated inflammation and ameliorates high fat diet-induced metabolic syndrome in mice. Acta Pharm Sinica. B. (2020) 11:1200. doi: 10.1016/j.apsb.2020.12.008

40. Lavine, KJ, Epelman, S, Uchida, K, Weber, KJ, Nichols, CG, Schilling, JD, et al. Distinct macrophage lineages contribute to disparate patterns of cardiac recovery and remodeling in the neonatal and adult heart. Proc Natl Acad Sci U S A. (2014) 111:16029–34. doi: 10.1073/pnas.1406508111

41. Heidt, T, Courties, G, Dutta, P, Sager, HB, Sebas, M, Iwamoto, Y, et al. Differential contribution of monocytes to heart macrophages in steady-state and after myocardial infarction. Circ Res. (2014) 115:284–95. doi: 10.1161/CIRCRESAHA.115.303567

42. Shiraishi, M, Shintani, Y, Shintani, Y, Ishida, H, Saba, R, Yamaguchi, A, et al. Alternatively activated macrophages determine repair of the infarcted adult murine heart. J Clin Invest. (2016) 126:2151–66. doi: 10.1172/JCI85782

43. Guo, Y, Yu, Y, Hu, S, Chen, Y, and Shen, Z. The therapeutic potential of mesenchymal stem cells for cardiovascular diseases. Cell Death Dis. (2020) 11:1–10. doi: 10.1038/s41419-020-2542-9

44. Yan, W, Xia, Y, Zhao, H, Xu, X, Ma, X, and Tao, L. Stem cell-based therapy in cardiac repair after myocardial infarction: Promise, challenges, and future directions. J Mol Cell Cardiol. (2024) 188:1–14. doi: 10.1016/j.yjmcc.2023.12.009

45. Sun, X-Q, Abbate, A, and Bogaard, H-J. Role of cardiac inflammation in right ventricular failure. Cardiovasc Res. (2017) 113:1441–52. doi: 10.1093/cvr/cvx159

46. Ghattas, A, Griffiths, HR, Devitt, A, Lip, GYH, and Shantsila, E. Monocytes in coronary artery disease and atherosclerosis: where are we now? J Am Coll Cardiol. (2013) 62:1541–51. doi: 10.1016/j.jacc.2013.07.043

47. Frangogiannis, NG. Cardiac fibrosis. Cardiovasc Res. (2020) 117:1450–88. doi: 10.1093/cvr/cvaa324

48. Frangogiannis, NG. Transforming growth factor-β in myocardial disease. Nat Rev Cardiol. (2022) 19:435–55. doi: 10.1038/s41569-021-00646-w

49. Xu, S, Zhang, J, Liu, J, Ye, J, Xu, Y, Wang, Z, et al. The role of interleukin-10 family members in cardiovascular diseases. Int Immunopharmacol. (2021) 94:107475. doi: 10.1016/j.intimp.2021.107475

50. Carlini, V, Noonan, DM, Abdalalem, E, Goletti, D, Sansone, C, Calabrone, L, et al. The multifaceted nature of IL-10: regulation, role in immunological homeostasis and its relevance to cancer, COVID-19 and post-COVID conditions. Front Immunol. (2023) 14:1161067. doi: 10.3389/fimmu.2023.1161067

51. Li, Y, Wang, B, Zhou, C, and Bi, Y. Matrine induces apoptosis in angiotensin II-stimulated hyperplasia of cardiac fibroblasts: effects on Bcl-2/Bax expression and caspase-3 activation. Basic Clin Pharmacol Toxicol. (2007) 101:1–8. doi: 10.1111/j.1742-7843.2006.00040.x

52. Jing, L, Shao, J, Sun, W, Lan, T, Jia, Z, Ma, H, et al. Protective effects of two novel nitronyl nitroxide radicals on heart failure induced by hypobaric hypoxia. Life Sci. (2020) 248:116481. doi: 10.1016/j.lfs.2019.05.037

53. Li, T, Li, Y, Zeng, Y, Zhou, X, Zhang, S, and Ren, Y. Construction of preclinical evidence for propofol in the treatment of reperfusion injury after acute myocardial infarction: A systematic review and meta-analysis. Biomedicine Pharmacotherapy. (2024) 174:116629. doi: 10.1016/j.biopha.2024.116629

54. Zhang, H, and Dhalla, NS. The role of pro-inflammatory cytokines in the pathogenesis of cardiovascular disease. Int J Mol Sci. (2024) 25:1082. doi: 10.3390/ijms25021082

55. Delprat, V, Tellier, C, Demazy, C, Raes, M, Feron, O, and Michiels, C. Cycling hypoxia promotes a pro-inflammatory phenotype in macrophages via JNK/p65 signaling pathway. Sci Rep. (2020) 10:882. doi: 10.1038/s41598-020-57677-5

56. Cheng, Y, Si, Y, Wang, L, Ding, M, Yu, S, Lu, L, et al. The regulation of macrophage polarization by hypoxia-PADI4 coordination in Rheumatoid arthritis. Int Immunopharmacol. (2021) 99:107988. doi: 10.1016/j.intimp.2021.107988

57. Na, YR, Yoon, YN, Son, D, Jung, D, Gu, GJ, and Seok, SH. Consistent inhibition of cyclooxygenase drives macrophages towards the inflammatory phenotype. PloS One. (2015) 10:e0118203. doi: 10.1371/journal.pone.0118203




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 © 2025 Zhang, Zhao, Cui, Zhang, Li, Hong, Liu, Wang, Zhang, Li and Chen. 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-16-1538046-g005.jpg
A B

BAX | " s s e | 21KDa

cleaved-caspase-3| " s w— o= | 10KDa

Bcl-2| m s s == 26102}
&
B-actin| e — c— - | 412KDa
HH - - + 4+
WIMSCs - S
C D E
bidd wxx CIVSJMsc.s
— o —
2.0- L] s 15- ns ns = biid
g™ & —/
s :
g £ 10 o
feo H ' g
Tes gor L
H
© 00- 0.0-

NN HH NN HH





OEBPS/Images/fimmu-16-1538046-g003.jpg
HH+WJMSCs

HH+NS

7T Wheam

NN+WJMSCs

Control






OEBPS/Images/fimmu-16-1538046-g002.jpg
T
T
o T Yoz
P J
.t
i g oo,
T
= a
TEaLe10 M o

— i
et~ R

e
(IMSCs, 1x10°imi

W - _]
et ﬁ%
[

30.

weight(g)

N
S

n
3

15
S é@ 50* o %

e

H culture supernatant

G

IL6TNFGIL10

M1FaR0"CD8G":
M2F40°CD206"

- s
= nvses
- s

- HNSC

N o
SAag
&P





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Wharton’s jelly-derived mesenchymal stem cells ameliorate high altitude-induced heart injury by promoting type 2 macrophage polarization via COX2-PGE2 pathway

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Cell culture

          

            		

              2.1.1 Mouse bone marrow-derived macrophages isolation and culture

            



            		

              2.1.2 WJMSCs culture

            



          



          



          		

            2.2 Animals and treatments

          



          		

            2.3 General state of mice

          



          		

            2.4 Echocardiography

          



          		

            2.5 Tissue and blood harvesting

          



          		

            2.6 Western blot analysis

          



          		

            2.7 Histological staining

          



          		

            2.8 Immunofluorescent staining

          



          		

            2.9 Enzyme-linked immune sorbent assay

          



          		

            2.10 In vitro experiments

          



          		

            2.11 Flow cytometry analysis

          



          		

            2.12 Statistical analyses

          



        



        



        		

          3 Result

        

          		

            3.1 Characterization of WJMSCs and BMDMs

          



          		

            3.2 Effect of WJMSCs on the general state of mice

          



          		

            3.3 WJMSCs improved cardiac function

          



          		

            3.4 WJMSCs attenuated cardiac remodeling

          



          		

            3.5 Effects of WJMSCs on apoptosis in the heart of mice following HH exposure

          



          		

            3.6 WJMSCs inhibits hypobaric hypoxia-induced inflammatory responses

          



          		

            3.7 The effect of WJMSCs on promoting M2 macrophage polarization in HH-induced mice hearts

          



          		

            3.8 WJMSCs promoted M2 macrophage polarization and alleviated inflammation under the hypoxic environment in vitro

          



          		

            3.9 WJMSCs regulated M2 polarization via the COX2−PGE2 pathway

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-16-1538046-g008.jpg
CD206

CD86

Control

Hypoxia

Hypoxia*Mp+WIMSCs

o x
804 i1
60 l

S

g 404

=
204

o
wrr ok
s2 1
3
; 34
s
£ 24
2
£
71
3

o

15;

10;

M1(%)

TNF-a(relative fold change)

s

°

* Kk

= Mo

B Hypoxia+hp
3 Hypoxia*Mo*WUMSCs

25

20

Fkk Rk

1
s

E 15
. s
?‘ = 10-
5
4
0
*k kK 18 * b
/i 3
2
= 1.0 o
]
2
k1
£0.5
2
0.0-





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2025.1538046_cover.jpg
& frontiers | Frontiers in Immunology

Wharton'’s jelly-derived mesenchymal stem
cells ameliorate high altitude-induced heart
injury by promoting type 2 macrophage
polarization via COX2-PGE2 pathway





OEBPS/Images/fimmu-16-1538046-g006.jpg
NS
= WJMSCs

o

-

=

(9Bueyo pio) onnerosloj-1) wnsos

(8Bueys oy snnees)s-T) wnios





OEBPS/Images/fimmu-16-1538046-g004.jpg
control NN+WJIMSCs

HHHWIMSCs

colleagen | | 139KDa
ns xk -

2 1 colleagen Il 139KDa
g1 a-SMA | === = —— | 42KDa
im Bactin | e em———a—| 12KDa
g HH - -+ o+

N WIMSCs  — + - +

NN HH B NS
B WJIMSCs
F
*x
1

157 e s 20
< m M
£ . £15

10 k)
gos 3
< 3 o5

00 o0

NN HH






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





OEBPS/Images/fimmu-16-1538046-g001.jpg
Count

Count

i w0 —
R & e - e

FLI-H :: CD34 FITC-H

FLI-H :: CD4S FITC-H

FLI-H it CD73 FITC-H

FLI-H :: CD90 FITC-H

L j302

az
o1

CD11b






OEBPS/Images/fimmu-16-1538046-g007.jpg
MHAWISCs HHONS  NNSWINSCs NHONS

Mimacropnages

ILA0p-sctin

W macropnages

NS =8 WJIMSCs

WHAWIMSCS HNONS NNSWINSCs NHeNS

IL-10

TNF-a

CD206

CD86

p-actin

HH

WJMSCs

S — —
— — — —
—_— e ——
——— =
- -+ o+
-+ -+

™Faatn

co208/p-setin

CoBB/p-actin

18KDa
26KDa
166KDa

70KDa

42KDa





OEBPS/Images/fimmu-16-1538046-g009.jpg
i+

z
§ coxz [ | wm =) sskoa
e

coxapactin

= Bractin s s s ) 42608

© ®

Ly fi"‘pc;fef M

B
HypoxissMQWIMSCs+  HypoxiasllgWIMSCs+
Hypork Fypariesitpsiacos: ‘Coxzinhibitor COX2 inhibtorPGE2
P i

2
G5 s s
§%
e

Vo o
s e 1
= topos
= RPmaenscs
©O Hypoxia+hgsWIMSCS+COX2 inhiddor ]
5 e NSO GO bigerGE2 —
»e % EEE KKK
157 MM o9 M
104 20
g g H
g £ & S
H H E 2
e 104
o i o
o x x  x x % o=

1 209 MMM

159 I

Hirlaive fold shange)
7 i
20y
Tl o hange)
® @ @°
.
ILA0(clative fold change)
2 8 % 7
=






