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Background: Bronchopulmonary dysplasia (BPD) is the most common chronic respiratory disease in premature infants. Oxygen inhalation and mechanical ventilation are common treatments, which can cause hyperoxia-induced lung injury, but the underlying mechanism is not yet understood. Mitochondrial fission is essential for mitochondrial homeostasis. The objective of this study was to determine whether mitochondrial fission (dynamin-related protein 1, Drp1) is an important mediator of hyperoxia lung injury in rats.

Methods: The animal model of BPD was induced with high oxygen (80–85% O2). Pulmonary histological changes were observed by hematoxylin-eosin (HE) staining. Pulmonary microvessels were observed by immunofluorescence staining of von Willebrand Factor (vWF). Protein expression levels of Drp1 and p-Drp1 (Ser616) were observed using Western Blot. We used echocardiography to measure pulmonary artery acceleration time (PAT), pulmonary vascular resistance index (PVRi), peak flow velocity of the pulmonary artery (PFVP), pulmonary arteriovenous diameter, and pulmonary vein peak velocity. Mitochondrial division inhibitor-1 (Mdivi-1) was used as an inhibitor of Drp1, and administered through intraperitoneal injection (25 mg/kg).

Results: Pulmonary artery resistance of the hyperoxide-induced neonatal rat model of BPD increased after it entered normoxic convalescence. During the critical stage of alveolar development in neonatal rats exposed to high oxygen levels for an extended period, the expression and phosphorylation of Drp1 increased in lung tissues. When Drp1 expression was inhibited, small pulmonary vessel development improved and PH was relieved.

Conclusion: Our study shows that excessive mitochondrial fission is an important mediator of hyperoxia-induced pulmonary vascular injury, and inhibition of mitochondrial fission may be a useful treatment for hyperoxia-induced related pulmonary diseases.

Keywords: bronchopulmonary dysplasia, pulmonary hypertension, mitochondrial fission, Mdivi-1, Drp1, echocardiography, pulmonary vascular resistance


INTRODUCTION

Bronchopulmonary dysplasia (BPD) is a chronic lung disease that occurs in preterm infants who require respiratory support and oxygen therapy at birth (1). It is caused by a variety of molecular factors such as genetic predisposition, oxygen toxicity, and inflammatory injury, whose complex interactions are still not fully understood; and the prevention and treatment strategies for BPD are still limited (2–4). Impaired intrauterine lung development and post-partum injury can impair angiogenesis and alveolar formation, resulting in simplification of the distal alveoli. These characteristic histological changes of BPD clinically manifest as persistent respiratory diseases, requiring long-term oxygen supplementation (5), and pulmonary hypertension (PH). Approximately 15–25% of BPD cases will develop PH (6). Among severe cases of BPD, the incidence of PH is higher (7). Furthermore, the existence of PH is closely related to adverse outcomes of BPD, and the mortality rate of BPD combined with PH is as high as 48% (8).

It is generally believed that mitochondrial dynamics play a vital role in mitochondrial homeostasis (9). Mitochondrial fission is mediated mainly by dynamin-related protein 1 (Drp1), a GTPase associated with cytoplasmic dynamin-related proteins, which belongs to the dynamin-related family and was the first fission protein discovered (10). When activated, cytoplasmic Drp1 is transported to the mitochondrial outer membrane, where GTPase is hydrolyzed and polymerized (9). Accumulating data also suggest that Drp1 is a key molecule in mitochondrial dynamics that controls mitochondrial fusion and fission (11), and abnormal expression of it may lead to abnormal changes in chronic lung diseases such as PH and lung cancer (12, 13). Besides, post-translational modification of Drp1, such as phosphorylation at Ser616, is an important mechanism for modulating mitochondrial fission (14). Recent studies have found that hypoxia can lead to mitochondrial fission of pulmonary artery smooth muscle (15), but the changes in pulmonary vascular mitochondrial dynamics induced by excessive oxygen have not been studied.

Echocardiography is a common method of PH examination in adults and children (16). Echocardiography can show direct signs of PH due to increased tricuspid regurgitation. However, the tricuspid regurgitation velocity used in adult pulmonary artery pressure estimations cannot be used in children, particularly infants, because it is difficult to obtain a good and clear image, and this measurement may not have good agreement with the data measured using a cardiac catheter (17). Therefore, indirect signs, such as changes in right ventricular function and changes in pulmonary artery acceleration time, are indispensable.

In this study, we hypothesized that hyperoxia would induce mitochondrial fission and thus impact lung development, resulting in the occurrence of BPD combined with PH. We found that after excessive oxygen stimulation, alveolar simplification, PH, and p-Drp1 mitochondrial translocation increased mitochondrial fission. Mdivi-1 is a Drp1 inhibitor that decreases mitochondrial fragmentation (18). Our results also suggest that inhibition of mitochondrial fission may be a useful treatment strategy for hyperoxia-associated pulmonary endothelial injury and related diseases.



MATERIALS AND METHODS


Hyperoxia-Induced Lung Injury

All animal experiments were performed in accordance with the policies and guidelines of the Laboratory Animal Ethics Committee of Wenzhou Medical University. A total of 10 pregnant Sprague Dawley rats were purchased from the Experimental Animal Center of Wenzhou Medical University. The dams were maintained in humidity- and temperature-controlled rooms on a 12:12-h light-dark cycle and were allowed food and water ad libitum. On the final day of pregnancy, the dams delivered naturally (120 pups). Seventy-two pups from six pregnant rats were pooled, randomized, and returned to the nursing dams and then divided into two groups: the control (n = 36) and hyperoxia (n = 36) groups. The hyperoxia group of pups was exposed to 80–85% oxygen in a sealed Plexiglass box for 14 days, while the control group was maintained in room air (21% oxygen). Over the 14 days, the nursing dams were exchanged between the two groups every 24 h to avoid oxygen toxicity. The oxygen level of the Plexiglass box was monitored continuously using an oxygen analyzer.

The pups from the other four pregnant rats (48 pups) were experimentally divided into four groups: control + vehicle (n = 12), control + Mdivi-1 (n = 12), hyperoxia + vehicle (n = 12), and hyperoxia + Mdivi-1 (n = 12). Mdivi-1 (25 mg/kg) was given to the pups on days 7–14 by intraperitoneal injection. The pups in the control + vehicle and hyperoxia + vehicle groups were injected with the same volume of vehicle (corn oil, Sohrab Biotechnology, Beijing, China).



Lung Histology and Morphometric Analyses

After 14 days, all hyperoxia groups (hyperoxia alone, hyperoxia + vehicle, and hyperoxia + Mdivi-1) were maintained in room air. Sixty pups in total from the control and hyperoxia groups were sacrificed on days 3, 7, 14, 21, and 28 by injection of 1% pentobarbital. The left lungs were removed and fixed in 4% paraformaldehyde for 48 h. The sections were then embedded into paraffin and sliced into 4-μm sections for hematoxylin-eosin (HE) staining (Sohrab Biotechnology, Beijing, China). At the same time, the right lungs were stored at −80°C for western blot.

The radial alveolar count (RAC, the number of alveoli contained in the terminal respiratory unit), which reflects the degree of alveolation, and Mean alveolar diameter (MAD) was the average alveolar diameter (19). And they were important indicators for the evaluation of non-development. Briefly, six lung sections were taken for HE staining on days 3, 7, 14, 21, and 28 from the control and hyperoxia groups, five fields were randomly selected for imaging under a 100x magnification lens, and the number of alveoli passing from the center of the respiratory bronchioles to the nearest interpleural line were counted as the RAC. The MAD was measured by Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA).



Immunofluorescence

On day 14, the lung tissue sections from 24 rats [control + vehicle (n = 6), control + Mdivi-1(n = 6), hyperoxia + vehicle (n = 6), and hyperoxia + Mdivi-1 (n = 6)] were dried overnight at 37°C and then hydrated in xylene and an ethanol gradient series. The sections were then heated in a microwave in 10 mM citric acid buffer (pH 6.0) for 20 min for antigen retrieval. The sections were then incubated in 5% bovine serum albumin at 37°C for 1 h. The sections were incubated at 4°C overnight with a rabbit polyclonal anti-vWF (AF3000; 1:200 dilution; Affinity Biosciences. OH. USA), while the negative control group was incubated with phosphate-buffered saline. The sections were then incubated with Alexa Fluor-594 sheep anti-rabbit IgG (AB150076; diluted 1:500; Abcam) at room temperature for 4 h and subsequently with 4′,6-diamidino-2-phenylindole (DAPI). Dual immunophotography images were acquired using a scanning microscope (C1; Nikon, Tokyo, Japan).



Western Blotting

Protein was extracted from frozen lung tissue samples from 36 rats in the control and hyperoxia groups on days 3, 7, and 14, and mixed with the loading buffer. Equal amounts of protein were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis at 100 V for 3 h and transferred to polyacrylamide difluoride membranes at 100 V for 50 min. Membranes were then blocked in 5% skimmed milk for 3 h at room temperature (20–25°C). Membranes were then incubated with rabbit monoclonal anti-Drp1 (ab184247; 1:500 dilution; Abcam, Cambridge, UK) or rabbit Phospho-Drp1 (Ser616) Antibody (#3455; 1:1,000 dilution; Cell Signaling Technology, Boston, USA) and gently shaken at 4°C overnight. The next day, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse secondary antibody (1:5,000 dilution; Cell Signaling Technology, Boston, USA) for 2 h after being washed three times in Tris-buffered saline and tween-20, and developed using enhanced chemiluminescence reagents (Thermo Scientific Pierce; Thermo Fisher Scientific, Waltham, MA, USA). Densitometry values of each sample were calculated by Image Lab 5.0 software (Bio-Rad, Hercules, CA, USA) for all bands and standardized relative to β-actin.



Echocardiographic Imaging

On days 14, 21, 28, and 42, six pups from the control and hyperoxia groups and 24 rats from other four groups on days 21 and 28 were prepared for ultrasonic imaging. The rats were anesthetized with isoflurane using a small animal respiratory anesthesia machine (R620-S1, RWD life science, Shenzhen, China). After full chest hair removal, the rats received continuous isoflurane anesthesia, were fixed in the supine position on the examination table, and connected with electrocardiogram electrodes. Their chests were coated with coupling agent.

The probe was slightly adjusted upwards to obtain a minor axial view of the aorta, and the probe was slightly tilted cephalically to obtain a major axial view of the pulmonary artery. The left atrial pulmonary vein junction was located, and the Doppler sampling point was placed at the junction to measure the pulmonary vein flow velocity.

To measure the hemodynamics of the pulmonary arteries and veins, the short-axis view of the aortic valve was obtained first, and the pulmonary artery was identified using a color Doppler instrument. The diameter of the pulmonary artery was measured at the attachment point of the pulmonary valve. The pulsed Doppler gate was placed at the proximal end of the pulmonary valve at an incident angle <20° to maximize laminar flow. Pulmonary acceleration time (PAT), pulmonary ejection time (PET), and peak flow velocity of the pulmonary artery (PFVP) were measured. PAT was measured as the time from the beginning of systolic blood flow to the peak flow rate, while PET was measured as the time from the beginning of systolic blood flow to the completion of pulmonary blood flow. The pulmonary vascular resistance index (PVRi) was calculated as the ratio of PET to PAT. Similarly, the size of the left atrial pulmonary vein junction was measured as the value of the pulmonary vein diameter, and the peak velocity of the pulmonary vein was measured according to the pulmonary vein flow velocity curve. To measure right ventricular load, short-axis views of the right and left ventricles were obtained at the level of the distal mitral valve.

Right and left ventricular diastolic area (RVEDA and LVEDA, respectively) were measured by manual endocardial boundary tracing. The ratio between RVEDA and LVEDA (RVEDA/LVEDA) was calculated as the measurement index of the right ventricular load (20).



Statistical Analysis

The experiments were performed in triplicate and repeated at least three times. The data are presented as the mean ± SD or SEM and were analyzed using one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test (equal variance) or Dunnett T3's post-hoc test (unequal variance) for multiple comparisons. Correlation analyses were performed using Spearman's rank correlation. Statistical analysis was carried out using SPSS Statistics 19.0 (SPSS Inc., Chicago, USA) or GraphPad 6.0 (GraphPad Software, San Diego, USA). Values of P < 0.05 were considered statistically significant.




RESULTS


Hyperoxia Stunts Alveolar Development, Which Is Restored After Recovery in Room Air

Hyperoxia causes substantial morphological simplification in the lung tissue, including a visible decrease in alveolar numbers and increase in alveolar size. These negative changes in the hyperoxia group can be quantified by the decrease in RAC and MAD, an important indicator of lung development. Significant histological differences between the hyperoxia and control groups were found in day 3, 7, 14, 21, and 28 (Figure 1A). This result indicated that chronic exposure to hyperoxia interrupts alveolar formation, as evidenced by a decrease in alveolar numbers and increase in alveolar diameter. On day 7 (Figure 1B), the RAC number of control group was higher than hyperoxia group (P < 0.01), and on day 14 this number in control group was much higher than in hyperoxia group (P < 0.001). However, these developmental abnormalities in the hyperoxia group were reversed after recovery in room air for 14 days. As for the MAD (Figure 1C), the MAD value of control group was significantly lower than hyperoxia group on day 7 (P < 0.001), on day 14 (P < 0.001), and on day 21 (P < 0.01).


[image: Figure 1]
FIGURE 1. Morphological changes in rat lungs after hyperoxia. Newborn pups (P0) were exposed to 21% O2 (control) or 80–85% O2 (hyperoxia) for 14 days. (A) Hematoxylin and eosin staining of rat lungs exposed to hyperoxia or control group on day 3, 7, 14, 21, and 28. Scale bar: 100 μm. (B) Compared with the controls, the radial alveolar counts (RACs) of hyperoxia group were significantly reduced on five periods. (C) The Mean alveolar diameter (MAD) of hyperoxia group were significantly increased on five periods. n = 6 per group. Data are shown as mean ± SD; **P < 0.01, ***P < 0.001.




Hyperoxia Causes Drp1 Overexpression in Newborn Rat Lungs

To investigate whether hyperoxia altered the expression of Drp1 in rat lung tissues, we examined the levels of Drp1 and p-Drp1 over time by western blotting (Figure 2A). On the third day of hyperoxia (Figure 2B), the expression of Drp1 in the hyperoxia group was higher than that in the control group (P < 0.05). On the seventh day of hyperoxia, the levels of Drp1 (P < 0.05) and p-Drp1 (Ser616) (P < 0.001) in the hyperoxia group were both significantly elevated (Figures 2B,C), although the ratios of p-Drp1 (Ser616)/Drp1 were not different between the two groups, suggesting that the elevated p-Drp1 (Ser616) levels increased concomitantly with Drp1 levels (Figure 2D). After 14 days of hyperoxia, Drp1 levels in the hyperoxia group were still high (P < 0.01). Furthermore, the ratio of p-Drp1 (Ser616) to Drp1 (P < 0.001) was significantly increased compared to the controls, indicating that the phosphorylation of Drp1 at Ser616 (Figure 2C) was actively upregulated (P < 0.001).


[image: Figure 2]
FIGURE 2. The levels of DRP1 and p-DRP1 (Ser616) in total lung tissues are detected by Western blotting. (A) Representative Western blot images of DRP1 and p-DRP1 (Ser616) in lung tissues from controls or from hyperoxia group on day 3, 7, or 14. (B,C) Protein levels of DRP1 (B) or p-DRP1 (Ser616) (C) in arbitrary units (AU) normalized to β-actin levels. (D) The ratios of p-DRP1 (Ser616)/DRP1 was calculated based on Western blot results. β-actin was the loading control. n = 6 animals/group; Values are expressed as means ± SD; *P < 0.05, **P < 0.01, ***P < 0.001.




Pharmacological Inhibition of Drp1 With Mdivi-1 During Hyperoxia Mitigates Pulmonary Vascular Complications

Mdivi-1 is a specific inhibitor of Drp1. Based on the results that DRP1 started to increase in the hyperoxia group on P7 and the high level persisted until P14, the Drp1 inhibitor, mdivi-1, was injected intraperitoneally daily from days 7 to 14 to investigate whether mdivi-1 had protective effects on chronic hyperoxia-induced lung injury. To evaluate vascular development, vWF-positive small blood vessels were visualized using immunofluorescence staining and counted (Figure 3). We found that long-term hyperoxia significantly decreased the number of pulmonary small blood vessels at day 14 (P < 0.001), whereas mdivi-1 treatment in the hyperoxia group (Figure 3B) partially rescued this decrease at day 14 (P < 0.001), indicating that mdivi-1 can alleviate hyperoxia-induced obstruction of pulmonary vascular development. To evaluate the long-term effects on blood vessels, ultrasonic echocardiogram monitoring revealed that the pulmonary vascular resistance index (Figure 3C) of the hyperoxia + mdivi-1 group was significantly lower than that of the hyperoxia + vehicle group on P21 (P < 0.05). The peak pulmonary flow velocity was measured on P28 (Figure 3D). The results showed that the pulmonary artery peak flow velocity decreased after administration of mdivi-1, indicating an improvement in pulmonary artery pressure. In addition, the heart tissue was weighed and Fulton index was calculated on P28. The Fulton index of the hyperoxia + vehicle group was significantly higher than that of the control + vehicle group (Figure 3E), indicating that the right ventricle was hypertrophic. Compared to the hyperoxia + vehicle group, the Fulton index of the hyperoxia + mdivi-1 group was lower, suggesting that right ventricular hypertrophy had improved (Figure 3E).


[image: Figure 3]
FIGURE 3. The beneficial effect of Mdivi-1 on pulmonary vasculature after chronic hyperoxia-induced lung injury. DRP1 inhibitor Mdivi-1 was injected intraperitoneally daily to the rats from day 7 to 14. (A) Representative images of immunofluorescence staining. Green fluorescence represented vWF expression. Scale bar = 50 μm. (B) vWF-positive vessels whose diameters were < 50 μm were calculated accordingly. (C) The pulmonary vascular resistance index (PVRi) measured on day 21. (D) The peak pulmonary flow velocity was measured on P28 (E) the Fulton's index was measured on day 28. n = 6 animals/group; Values are presented as mean ± SD. **P < 0.01, ***P < 0.001, hyperoxia vs. control; #P < 0.05, ###P < 0.001, hyperoxia+Mdivi-1 vs. hyperoxia.




Recovery in Room Air Leaves Hyperoxia-Exposed Rats With Abnormal Pulmonary Hemodynamics Until Adolescence

Although the alveolar developmental obstruction caused by hyperoxia had no significant difference in lung morphology between the control and hyperoxia groups after 7 days of normal oxygen recovery, the pulmonary vessels showed significant abnormalities in the hyperoxia group during the recovery period. We performed continuous pulmonary vascular-related cardiac ultrasonography on rats released from the hypertoxic environment on post-natal day 14, P21, P28, and P42 (Figure 4). After measuring indexes from the Doppler ultrasound trace of the pulmonary artery (Figures 4A,B), the results showed that the PAT (Figure 4C) reflecting the pulmonary circulation resistance was markedly shortened on day 14 (P < 0.05), day 21 (P < 0.01), and day 28 (P < 0.001). The other two indicators: PVRi and peak pulmonary flow velocity were significantly increased (Figures 4D,E). PVRi were significantly increased on day 21 (P < 0.001) and day 28 (P < 0.001) in the hyperoxia group compared to the control group. and the peak pulmonary flow velocity were increased on day 21 (P < 0.001), day 28 (P < 0.001), and day 42 (P < 0.05). In addition, cardiac ultrasound-related features of the pulmonary veins were also detected. After hyperoxia, the diameter of the pulmonary vein (Figure 4F) decreased on day 21 (P < 0.05), whereas the diameter of the pulmonary artery (Figure 4G) was not significantly changed at day 21. In order to observe the effect of this pulmonary hemodynamic abnormality on the heart, particularly on the right ventricular load, we acquired a short-axis image of the end-diastolic ventricle at the mitral valve level, and outlined the cross-sections of the right and left ventricular cavities. The area ratio (RVEDA/LVEDA) is a measurement of the right ventricular load. We found that the area ratio was higher in the hyperoxia group on day 14 (P < 0.05) and on day 21 (P < 0.01), suggesting that the right ventricle was dilated, and this trend continued for 7 days (up to day 21) in the hyperoxia group (Figure 4H). A representative two-dimensional echocardiography image of the left and right ventricular dimensions on day 21 demonstrated right ventricular dilation in the hyperoxia group compared to the control group, indicative of diastolic right ventricle dysfunction (Figures 4I,J).
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FIGURE 4. Abnormal pulmonary hemodynamics after hyperoxia. Newborn (P0) pups were exposed to 21% O2 (control) or 80–85% O2 (hyperoxia) for 14 days and returned to air to receive echocardiography detection on post-natal day 14, 21, 28, and 42. (A) Representative Doppler ultrasound images of the pulmonary artery (PA) on day 21 after exposure to either normoxia or hyperoxia for 14 days from birth. (B) Representative 2-dimensional echocardiography images of left and right ventricular dimensions on day 21 was shown by comparing the difference between exposure to normoxia and hyperoxia for 14 days after birth. (C–H) Echocardiography and pulse-wave Doppler-derived indexes of pulmonary acceleration time (PAT) (C), pulmonary vascular resistance (PVR) index (D), peak flow velocity of pulmonary artery (E), pulmonary venous diameter (F), pulmonary artery diameter (G), and right ventricular end-diastolic area (RVEDA)-to-left ventricular end-diastolic area ratio (LVEDA) (H) were analyzed and compared between hyperoxia group and control group on P14, P21, P28, and P42. (I,J) Representative two-dimensional echocardiography images of the left and right ventricular dimensions on control and hyperoxia group on day 21. n = 6 animals/group; Values are expressed as means ± SD; *P < 0.05, **P < 0.01, ***P < 0.001, compared with hyperoxia and control group.





DISCUSSION

In this study, we attempted to explore the relationship between BPD and mitochondrial fission induced by hyperoxia. To simulate severe BPD in rodent models, we first exposed rats to 80–85% oxygen for a long period (14 days). The results showed that the lung morphology was seriously damaged and alveolar structure was simplified, which was consistent with the pathology of BPD. Protein expression of Drp1/p-Drp1 in the hyperoxia group was significantly higher compared to in the control group. We then applied the Drp1 inhibitor, Mdivi-1, and found an improvement in the reduction of pulmonary microvasculature under hyperoxia. Finally, we discussed whether hyperoxia-induced BPD would have adverse effects on pulmonary circulation function and followed up with echocardiography.

In recent years, many studies have shown that mitochondrial dysfunction plays an important role in BPD and PH (21). Mitochondrial dynamics are essential for maintaining mitochondrial integrity and regulating apoptosis (22). Drp1 is a mitochondrial outer membrane protein that mediates fission of mitochondria and controls mitochondrial morphology (23). The latest research shows that by inducing overexpression of hypoxia inducible factor-1, hypoxia stimuli can promote the expression of Drp1 to regulate mitochondrial dynamics in pulmonary vascular remodeling (24). In this study Drp1 changes were investigated after hyperoxia exposure in newborn rats to further our understanding of the relationship between hyperoxia and Drp1. We found that Drp1 reached its peak on day 7 in the hyperoxia group and maintained this level until day 14. These results showed that Drp1 protein expression could be enhanced by hyperoxia. Many studies have suggested that abnormally high expression of Drp1 in the lungs is an indicator of poor prognosis, particularly in chronic malignant diseases (25, 26). Drp1 has been regarded as an attractive therapeutic target.

Mitochondrial oxidative stress is a component of general oxidative stress, and excessive reactive oxygen species would lead to increased mitochondrial fission (27). Studies have found that particulate matter (PM2.5) can lead to oxidative stress in lung epithelial cells, increasing mitochondrial fission, resulting in cell apoptosis (28), and Drp1 and oxidative stress are essential mediators in cigarette smoke-induced pulmonary endothelial Injury (29). Combined with our findings, we speculated that lung injury caused by hyperoxia in newborn rats would increase mitochondrial fission, namely the expression of Drp1, due to oxidative stress. In addition, experiments have confirmed the relationship between hypoxia and Drp1, studies were not only involved in animal models about Lung Ischemia-reperfusion Injury (30) and lung vascular ischemic/hypoxic injury (31), but also in others like hepatocellular carcinoma cells in hypoxia (32), and Hypoxia-Reoxygenation Injury of Cardiomyocytes (33). Although hypoxia or hyperoxia can trigger similar pathological responses, such as oxidative stress and inflammation, these underlying mechanisms need to be further studied at the cellular level.

Mdivi-1, a specific inhibitor of DRP1 (34) is reported to be effective in suppressing the pulmonary artery smooth muscle cells in lungs with PH (35). Because of the changes in Drp1 after hyper oxygen in this study, the rats were injected intraperitoneally with Mdivi-1 (25 mg/kg) from days 7 to 14 to explore whether inhibition of Drp1 has protective effects on hyperoxia-induced lung injury. It was found that long-term hyperoxia severely hindered the development of small pulmonary vessels, and after mdivi-1 administration, the number of small pulmonary vessels significantly increased. These results indicate that Mdivi-1 can relieve hyperoxia-induced obstruction of pulmonary microvascular development. From the perspective of the long-term effects on blood vessels, ultrasonic monitoring results showed that the PVR and PFVP measured during the recovery period were lower after the administration of Mdivi-1, suggesting improvements in pulmonary artery pressure. In addition, the heart tissue was weighed on 28 days after birth to calculate the Fulton index the results showed that the right ventricular hypertrophy index in the hyperoxia group was significantly higher than that in the control group, suggesting right ventricular hypertrophy.

To investigate whether this BPD model would have an adverse effect on pulmonary circulation function, follow-up detection was carried out by echocardiography in rats at 14, 21, 28, and 42 days after birth. It was demonstrated that PAT in the hyperoxia group was shortened, while the PVRi and PFVP increased significantly compared to the control group. These parameters all reflected higher pulmonary pressure after exposure to hyperoxia for 2 weeks. In addition, by measuring the area ratio and Fulton index, we found that over-circulation influenced right ventricular structure and function.

It is worth mentioning that in this study, in addition to focusing on the pulmonary artery, cardiac echocardiography indicators related to the pulmonary vein were also detected, and it was found that the pulmonary vein diameter showed signs of narrowing after exposure to hyperoxia, while there was no significant difference in pulmonary artery diameter between the two groups. Pulmonary vein stenosis is a rare problem that is often neglected (36); however, it is a severe and increasingly common complication of preterm infants with BPD (37). Although this study identified the manifestations of pulmonary vein stenosis, it did not elucidate the underlying mechanisms, which require further investigation.

Lastly, there are some limitations present in this study. First, we did not further explore the mechanism between hyperoxia and Drp1. Secondly, we did not carry out in vitro experiments, such as on pulmonary epithelial cells and microvascular endothelial cells. Thirdly, this experiment only discussed the development of pulmonary vessels after hyperoxia stimulation, but future studies will focus on the effects of Drp1 and Mdivi-1 on alveolar development.

In conclusion, the present study identified the echocardiographic features of hyperoxia-induced BPD-PH models and confirmed that the expression of Drp1 is increased in hyperoxia-induced lung injury. Treatment with Mdivi-1 during hyperoxia was protective against pulmonary vasculature development and function. However, further studies are required to determine the precise mechanism of Drp1 in BPD and BPD-PH.
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Perinatal inflammatory stress is strongly associated with adverse pulmonary outcomes after preterm birth. Antenatal infections are an essential perinatal stress factor and contribute to preterm delivery, induction of lung inflammation and injury, pre-disposing preterm infants to bronchopulmonary dysplasia. Considering the polymicrobial nature of antenatal infection, which was reported to result in diverse effects and outcomes in preterm lungs, the aim was to examine the consequences of sequential inflammatory stimuli on endogenous epithelial stem/progenitor cells and vascular maturation, which are crucial drivers of lung development. Therefore, a translational ovine model of antenatal infection/inflammation with consecutive exposures to chronic and acute stimuli was used. Ovine fetuses were exposed intra-amniotically to Ureaplasma parvum 42 days (chronic stimulus) and/or to lipopolysaccharide 2 or 7 days (acute stimulus) prior to preterm delivery at 125 days of gestation. Pulmonary inflammation, endogenous epithelial stem cell populations, vascular modulators and morphology were investigated in preterm lungs. Pre-exposure to UP attenuated neutrophil infiltration in 7d LPS-exposed lungs and prevented reduction of SOX-9 expression and increased SP-B expression, which could indicate protective responses induced by re-exposure. Sequential exposures did not markedly impact stem/progenitors of the proximal airways (P63+ basal cells) compared to single exposure to LPS. In contrast, the alveolar size was increased solely in the UP+7d LPS group. In line, the most pronounced reduction of AEC2 and proliferating cells (Ki67+) was detected in these sequentially UP + 7d LPS-exposed lambs. A similar sensitization effect of UP pre-exposure was reflected by the vessel density and expression of vascular markers VEGFR-2 and Ang-1 that were significantly reduced after UP exposure prior to 2d LPS, when compared to UP and LPS exposure alone. Strikingly, while morphological changes of alveoli and vessels were seen after sequential microbial exposure, improved lung function was observed in UP, 7d LPS, and UP+7d LPS-exposed lambs. In conclusion, although sequential exposures did not markedly further impact epithelial stem/progenitor cell populations, re-exposure to an inflammatory stimulus resulted in disturbed alveolarization and abnormal pulmonary vascular development. Whether these negative effects on lung development can be rescued by the potentially protective responses observed, should be examined at later time points.

Keywords: polymicrobial infection, vascular disturbances, adverse pulmonary outcomes, endogenous pulmonary stem cells, bronchopulmonary dysplasia, preterm birth, antenatal inflammation


INTRODUCTION

Perinatal inflammatory stress, including sepsis and mechanical ventilation are strongly associated with adverse pulmonary outcomes after preterm birth (1, 2). One of the most frequently occurring complications after perinatal insults and preterm birth is bronchopulmonary dysplasia (BPD), a chronic respiratory disorder of the premature infant. BPD results from a demand of respiratory support and supplemental oxygen after preterm birth and histologically manifests as a delay in alveolar growth and an impairment in vascular maturation (3, 4). Antenatal infections are an essential factor of perinatal stress and associated with preterm delivery and induction of lung inflammation and injury, thereby pre-disposing to BPD (5, 6).

Recently, we showed that timing of antenatal infection/inflammation and its duration of determine the extent and location of adverse effects in the preterm lungs (7). More precisely, we reported attenuated levels of endogenous stem/progenitor populations and their potential consequences, including altered surfactant protein expression and reduced alveolar differentiation in the course of antenatal inflammation (7).

Antenatal infection is often of polymicrobial nature, with Ureaplasma (UP) species being the most frequently cultivated bacteria in human amniotic fluid samples (8). Conceivably, potential interactions between various consecutive inflammatory stimuli might modulate the inflammatory response and either lead to a milder outcome, including a treatable surfactant deficiency, or more severe adverse pulmonary outcome (BPD) in the preterm infant. This concept is supported by earlier findings in different preterm organ systems, showing that sequentially occurring antenatal inflammatory insults of varying exposure time points and durations, cause either preconditioning or sensitization to a consecutive inflammatory hit (9–11). With respect to the lungs, in utero sequential exposure to antenatal bacteria and bacteria-derived endotoxins resulted in increased inflammation, along with exacerbation of vascular disturbances in very preterm ovine lungs (12). Conversely, in fetuses of higher gestational age (GA), Kallapur et al. showed that chronic UP exposure pre-conditioned the immature lungs and thereby led to a decreased pro-inflammatory response to a subsequent endotoxin hit (13). The GA of the fetus and the duration of each antenatal insult have been shown to modulate the responsiveness of the lung tissue to inflammation and determine the extent of developmental changes.

Considering the increasing importance of aberrant vascular development in neonatal lung diseases (14), and recent findings of endogenous epithelial stem/progenitor cells playing a key role in the adverse pulmonary development (7, 15), our aim was to examine the consequences of sequential inflammatory stimuli on inflammatory read outs and on these crucial developmental aspects. For this purpose, we used a translational ovine model of antenatal infection/inflammation with consecutive exposures to a chronic and an acute stimulus. Ovine fetuses were exposed intra-amniotically (IA) to live Ureaplasma parvum 42 days (chronic stimulus) and/or to lipopolysaccharide (LPS) 2 or 7 days (acute stimulus) prior to preterm delivery at 124 days of gestational age (dGA). LPS exposure occurred at two different time points, since historical data report increased inflammatory and injurious pattern, upon treatment at respectively, 2 and 7 days before preterm delivery in the preterm ovine lungs (16, 17).



MATERIALS AND METHODS


Study Approval

Animal experiments were approved by the animal ethics committee of the University of Western Australia (Perth, Australia).



Animal Experiments and Tissue Sampling

Procedures of the animal experiments and group allocations were published previously (10) and are presented in Figure 1. Study groups included 42 day exposure to UP (UP group), LPS exposure 2 or 7 days prior to preterm delivery (2d LPS, 7d LPS groups) and combined 42 days pre-exposure to UP and LPS exposure 2 or 7 days before preterm delivery at 125d GA (UP + 2d LPS, UP + 7d LPS groups). The 125d of GA in sheep correspond to the human gestation at ~31 weeks representing a moderate preterm neonate with a developing lung at the interface of the canalicular and saccular phase (18, 19).


[image: Figure 1]
FIGURE 1. Study design of translational ovine model for antenatal stress. Ultrasound-guided intra-amniotic injections were used for the administration of saline, UP and LPS. Lambs were delivered preterm at 125d GA (150d term).


Briefly, ultrasound-guided intra-amniotic injections were used to administer live UP serovar 3 strain HPA5 (Concentration: 2 × 105 color-changing units CCU) and/or LPS (Concentration: 10 mg, Escherichia coli 055:B5; Sigma-Aldrich, St. Louis, MO) at pre-defined time points to 28 time-mated Merino ewes. Therefore, stock cultures of UP were diluted first in sterile culture medium and further in sterile saline (1:100). Sterile saline was also used for the dissolution of LPS and served as a comparable injection in control animals. After surgical delivery of the fetus, both, the ewe and the fetus were euthanized.

Pulmonary pressure volume assessment was conducted after euthanasia. Hereto, an endotracheal tube was introduced into the trachea and the thoracic cavity was opened to allow expansion of the lungs. The inflation of the lungs was achieved with air to a maximum pressure of 40 cm H2O. Lung deflation volumes were recorded at decreasing pressures starting at 40 cm H2O. Lung volumes were corrected for the body weight of the fetus (20).

Lung tissue sampling included inflation-fixation of the right upper lobe (RUL) for 24 h with 10% buffered formalin and snap freezing of the right lower lobe (RLL). The whole left lung was used to obtain bronchial lavage fluid.



Histology and Immunohistochemistry

RUL paraffin-embedded lung sections of 4 μm thickness were used for (immuno)histochemical analysis. Tissue sections were stained with hematoxylin and eosin (H&E) for histological evaluation. In addition, the following cellular markers were visualized: CD45 for hematopoietic cells (1:500, MCA2220GA, Biorad, Hercules, CA), PU.1 for differentiating monocytes (1:400, Santa Cruz Biotechnology, H0503), myeloperoxidase for neutrophils (MPO, 1:500, A-0398, Dako, Santa Clara, CA), tumor protein 63 for basal cells (P63, 1:8000, ab124762, Abcam), keratin 14 for differentiating basal cells (KRT-14, 1:1000, 905301, Biolegend, San Diego, CA), thyroid transcription factor-1 for Club and alveolar epithelial type (AEC) 2 cells (TTF-1, 1:8000, WRAB-1231, Seven Hills Bioreagents, Cincinnati, OH) and Ki67 for proliferation (1:1000, 15580, Abcam, Cambridge, UK) (7, 12, 16, 21). Immunohistochemical protocols were performed as previously published, while the PU.1 protocol was modified for optimal signal emission. Briefly, lung sections were deparaffinized in xylol and decreasing ethanol series. Blocking of endogenous peroxidase activity was achieved by incubating in 0.3% H2O2 in 1xPBS for 20 min. For antigen retrieval, lung sections were boiled 5 min in citrate buffer (pH 6.0). To prevent aspecific binding of antibodies, sections were incubated with 5% bovine serum albumin in 1xPBS for 30 min. The primary antibody, PU.1 in 0.1% BSA/1xPBS, was added and incubated over night at 4°C. Next, sections were incubated for 1 h with biotin-labeled secondary Swine-anti-Rabbit antibody (1:200, E0353, Dako) in 0.1% BSA/1xPBS. Vectastain ABC Elite kit (PK-6100, Bio-connect) was used for the enhancement of the anti-body specific signal for 30 min. Tissue visualization was performed with diaminobenzidine staining for 90 s, followed by a counterstaining with hematoxylin for 20 s. Sections were dehydrated and coverslipped.



Immunohistochemical Analyses

Methods for the analyses of immunohistochemical experiments have been published previously (7). Results for P63+, KRT-14+ and TTF-1+ cells were presented as cells per bronchus ring of proximal or distal airways, respectively. TTF-1+ and Ki67+ cells in alveoli were depicted as cells per high power field (HPF).

A magnification of 200x was used for PU.1 quantification and five randomly chosen pictures of alveoli (area of interest) were taken with a light microscope (Leica DM2000, Rijswijk, the Netherlands) and the Leica Application Suite 3.7.0 software (Leica Microsystem, Wetzlar, Germany). Alveolar region included the alveolar walls, alveolar airspaces and perivascular space. Analyses are presented as cells per HPF.

The wall-to-lumen ratio was determined on H&E sections, whereby vessels accompanying terminal bronchioles and an external diameter of <50 μm were investigated at a magnification of 400x. Five randomly chosen vessels were used and the wall-to-lumen ratio was calculated as media wall thickness divided by the radius of the vessel lumen (12).

Mean linear intercepts (MLI) and vessel density were also examined on H&E sections. Hereby, five and 10 images were taken randomly throughout the alveolar region, respectively for the MLI and the vessel quantification. In both cases bronchi and vessels (>50 μm external diameter) were excluded.

For the MLI assessment the ImageJ software (ImageJ 1.52i software, Bethesda, MD, USA) was used and images were superimposed with a 50 × 50 μm transparent grid. On five horizontal lines the intersections of the alveolar wall with the grid lines were counted. The MLI was determined according to the formula MLI = 2 × (Ltot/Lx), whereby, Ltot is the total length of all five lines and Lx is the total amount of intersections counted (22). Results are presented as micrometer of alveolar size.

With regard to the vessel quantification, all vessels, which were not accompanying a bronchus and had an external diameter <50 μm were counted (23). Surface area of alveolar tissue was determined with the Leica QWin Pro V3.5.1 software (Leica Microsystem) and results are displayed as vessels per square millimeter.

For all immunohistochemical stainings, as well as lung gas volumes, wall-to-lumen ratio, MLI and vessel quantification, the control values were presented as median and depicted as dotted line in all figures. Additionally, individual control values are provided in the Supplementary Table 1.



RNA Extraction and Real-Time PCR

Snap frozen RLL tissue was used for RNA isolation, transcribed and amplified for the following genes (12, 21, 24): interleukin (IL)−6, IL-8, SRY-related HMG-box (SOX)−2, SOX-9, surfactant proteins (SP) -A, -B, -C, -D, aquaporin (Aqp) 5, vascular endothelial growth factor (VEGF) -a, VEGF receptor (VEGFR)−2, Angiopoeitin (Ang)−1, tyrosine-protein kinase receptor (Tie)-2, ribosomal protein S15 (RPS15), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and Human 14-3-3 protein zeta/delta (YWHAZ). Due to limited availability of lung tissue, mRNA analysis could not be performed for all animals (some experimental groups miss 1-2 animals). RT-PCR data were converted with the LinReg software and normalized to the Geomean of the housekeeping genes RPS15, GAPDH and YWHAZ. Mean fold changes were calculated with the saline control values set at one. For all RT-PCR results the control values were presented as median and depicted as dotted line in all figures.



Statistical Analysis

A non-parametric analysis of variance (ANOVA) followed by the post-hoc analysis Dunn's Multiple Comparison Test and a significance threshold of p < 0.05 were used to determine the statistical significance of the results (17). Results are displayed as median and interquartile range (IQR). P-values between 0.05 and 0.1 were interpreted as biologically relevant, as described previously (17). Significant changes toward the control groups were presented with asterisks, while differences between the experimental groups were shown with bars and asterisks.




RESULTS


LPS Exposure Increases Pulmonary Inflammation, Which Is Not Further Modulated by Pre-exposure to UP

Single exposure to LPS resulted in increased immune activation when compared to control lambs, which was most pronounced in the 2d LPS-exposed lambs (Figure 2). In UP-exposed lambs, signs of increased inflammation were restricted to increased neutrophil infiltration. UP exposure prior to LPS exposure did not affect the observed increased expression of IL-6 and IL-8 after treatment with LPS alone.


[image: Figure 2]
FIGURE 2. Cytokine and chemokine expression are increased after exposure to 2d LPS and UP + 2d LPS in preterm ovine lung tissue. Fold changes in mRNA levels for IL-6 (A) and IL-8 (B) are depicted against saline. The median saline value is represented as dotted line. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline and UP.


With regard to immune cell infiltration, the increased number of CD45+ immune cells reported in 2d LPS-exposed animals (Figure 3A), was also not affected by prior exposure to UP. Further, single and sequential inflammatory insults did not change the numbers of differentiating macrophages in the pulmonary tissue (Figure 3B). In addition, pre-exposure to UP did not significantly affect the increased number of neutrophils observed in the 2d LPS groups (Figure 3C). However, UP + 7d LPS showed that neutrophil numbers were attenuated to values similar to baseline levels (Figures 3D–F).


[image: Figure 3]
FIGURE 3. Single and sequential exposure induce immune cell infiltrations in the lung tissue, whereas neutrophil numbers are attenuated after UP + 7d LPS exposure. CD45+ immune cells (A), PU.1+ macrophages (B) and MPO+ neutrophils (C) were quantified in alveoli and are presented as cells per HPF. The median saline value is represented as dotted line. Representative images are shown for MPO in saline (D), 7d LPS (E) and UP + 7d LPS (F) groups. Image magnification is 200x, scale bar 100 μm. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline, UP and 7d LPS.




Pre-exposure to UP Normalizes SOX-9 Expression, but Does Not Impact Stem/Progenitor Cell Responses, After an Initial Insult With LPS

Reduced numbers of endogenous stem/progenitor cell populations of the proximal airways have been reported after intra-amniotic exposure to LPS (7). Here, after sequential insults with UP and LPS no further reduction in P63+ and KRT-14+ cell numbers, as well as SOX-2 mRNA levels, were observed (Figure 4).


[image: Figure 4]
FIGURE 4. No further changes are observed in basal cells of the proximal airways after single and sequential antenatal inflammation. (A) SOX-2 fold changes in mRNA levels are depicted against saline. P63+ (C) and KRT-14+ (B) basal cells were quantified in proximal airways and are presented as cells per bronchus. The median saline value is represented as dotted line. Representative images are shown for P63 in saline (D), 7d LPS (E) and UP + 7d LPS (F) groups. Image magnification is 200x, scale bar 100 μm.


In distal airways, UP and 7d LPS exposure alone decreased SOX-9 mRNA significantly (Figure 5A), while pre-exposure to UP in 7d LPS-exposed animals prevented a decrease in SOX-9 mRNA levels by a 3-fold increase in its expression. Club cell numbers were decreased in UP, 2d and 7d LPS groups, as well as in the UP + 2d LPS and UP + 7d LPS animals (Figures 5B,D–F). The number of AEC2 was significantly decreased in UP-infected animals, as well as in UP + 2d LPS and UP + 7d LPS animals compared to control (Figures 5C,G–I). Sequential exposure to UP and LPS did not further affect Club cells. In contrast, the most significant reduction in AEC2 numbers was observed in UP + 7d LPS-exposed animals.


[image: Figure 5]
FIGURE 5. Pre-exposure to UP before the 7d LPS exposure normalizes SOX-9 expression but does not further impact stem/progenitor populations of the distal lung. (A) SOX-9 fold changes in mRNA levels are depicted against saline. TTF1+ (B) Club cells were quantified in distal airways and presented as cells per bronchus, while TTF-1+ (C) AEC2 were counted in alveoli and are presented as cells per HPF. The median saline value is represented as dotted line. Representative images are shown for Club cells in saline (D), 2d LPS (E) and UP + 2d LPS (F) groups, and for AEC2 in saline (G), UP (H) and UP+2d LPS (I) animals. Image magnification is 200x, scale bar 100 μm. *p < 0.05, ***p < 0.001 compared to saline, UP and 7d LPS.




Prenatal Inflammation Affects Vascular Growth and Angiogenesis After Single Insults and UP Pre-exposure Sensitizes Vascular Disturbances to a Second Inflammatory Insult, Resulting in a Lower Vascular Density

Vascular remodeling is a common hallmark of BPD and has been found in models of pre- and postnatal inflammation. Here we assessed if single as well as sequential exposure induce vascular changes in preterm ovine lungs.

Vascular development and angiogenesis were influenced by prenatal inflammation as evidenced by a significant drop in mRNA levels of VEGFa after single exposure to UP or LPS (Figure 6A). Pre-exposure to UP similarly decreased mRNA levels of VEGFa in the UP + 2d LPS group, whereas the mRNA levels were normalized to control in the combined UP + 7d LPS group. VEGFR-2 mRNA levels were significantly reduced in 7d LPS and UP + 7d LPS-exposed animals (Figure 6B). Although mRNA levels of VEGFR-2 were unaffected in the 2d LPS group, they were significantly lower in the UP + 2d LPS group compared to control, UP and 2d LPS-exposed animals. Ang-1 mRNA levels were not changed by single exposure to chronic or acute triggers, but showed a significant drop in both sequential exposure groups (Figure 6C). Tie-2 mRNA levels were increased in UP and 7d LPS groups and were unaffected after sequential exposure (Figure 6D).


[image: Figure 6]
FIGURE 6. Sequential exposure to UP sensitizes vascular marker VEGFR-2 and Ang-1 to secondary LPS exposure and reduces the vascular density in alveolar tissue. VEGFa (A), VEGFR-2 (B), Ang-1 (C) and Tie-2 (D) fold changes in mRNA levels are depicted against saline. (E) Vascular quantification (for vessels <50 μm diameter) was performed and corrected for surface area of alveolar tissue. (F) Wall-to-lumen ratio was measured and calculated from small vessels (<50 μm diameter). The median saline value is represented as dotted line. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline, UP and 2d LPS.


These changes on mRNA level of the studied vascular and angiogenic markers prompted us to determine vessel density in the alveolar walls. While UP exposure alone did not alter the density of vessels, 2d LPS exposure decreased the number of vessels significantly by half compared to the control (Figure 6E). Pre-exposure to UP before (2 and 7d) LPS attenuated the vascular density even more prominently than LPS exposure alone.

Although changes in vascular and angiogenic markers were detected and the density of vessel reduced after prenatal inflammation, no alterations were measured in the wall-to-lumen ratio of the vessels by single or sequential inflammatory insults (Figure 6F).



Developmental Alterations Found in Alveoli Are Most Prominent in UP + 7d LPS Exposed Lambs

Given the AEC2 alterations, we further assessed the alveolar development after sequential antenatal inflammation in terms of proliferation (Ki67) and differentiation (Aqp5) in the alveolar walls (Figure 7).


[image: Figure 7]
FIGURE 7. Developmental alveolar alterations are most prominent in UP + 7d LPS exposed lambs. (A) Ki67+ cells were quantified in alveoli and shown as cells per HPF. (B) Aqp5 fold changes in mRNA levels are depicted against saline. (C) The MLI was determined in alveolar tissue and represents the alveolar size in micrometer. The median saline value is represented as dotted line. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline.


7d LPS and UP + 7d LPS exposure resulted in a significant drop to half of the amount of proliferating cells compared to the control group (Figure 7A). AEC1 were significantly decreased by half in the UP + 2d LPS group compared to control levels (Figure 7B). Additionally, while 7d LPS exposure decreased Aqp5 mRNA levels, sequential exposure did not result in a significant drop. With regard to the MLI, UP, and LPS exposure alone did not impact alveolar growth, whereas the exposure to UP followed by LPS 7 days before delivery increased the MLI. This result is consistent with the more significant decreased proliferation in the UP + 7d LPS group and the lower number of AEC2 in the same group when compared to single exposure with LPS (Figure 7C).



Sequential Exposure to UP and LPS Has Additional Impact on mRNA Levels of Surfactant Proteins Compared to Single Inflammatory Insults, but Does Not Affect Lung Mechanics

As stem/progenitor cell numbers dropped in the distal lung compartments and sensitization of vascular signaling was observed, we further assessed the effects of sequential antenatal insults on functional parameters, including surfactant synthesis and lung mechanics (static lung compliance).

While chronic UP exposure did not alter surfactant mRNA levels, we did see that 2d, 7d LPS groups, as well as pre-exposure with UP + 2d and +7d LPS caused an increase in mRNA levels of SP-A compared to controls and UP exposure (Figure 8A). UP pre-exposure pre-conditioned to 2d and 7d LPS exposure and thereby significantly increased mRNA levels of SP-B, whereas UP, 2d or 7d LPS groups did not result in mRNA changes (Figure 8B).


[image: Figure 8]
FIGURE 8. Sequential exposure to UP normalizes SP-B expression after 7d LPS. SP-A (A), SP-B (B), SP-C (C) and SP-D (D) fold changes in mRNA levels are depicted against saline. (E) Lung gas volumes of a pressure of 40 cm H2O are corrected for the bodyweight of the fetus and shown as ml/kg. The median saline value is represented as dotted line. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to saline, UP and 7d LPS.


mRNA levels of SP-C were significantly increased in UP + 7d LPS groups, as were mRNA levels for single 7d LPS exposure (Figure 8C).

UP + 2d LPS exposure increased mRNA levels for SP-D compared to control and UP alone (Figure 8D). In contrast, UP + 7d LPS groups showed normalized SP-D mRNA levels compared to 7d LPS exposure alone.

Lung gas volumes were significantly increased at applied pressures of 0 cmH2O (data not shown) and 40 cmH2O in 7d LPS (10-fold) and UP + 7d LPS groups (4-fold) (Figure 8E). UP + 2d LPS exposure resulted in significantly lower lung gas volumes compared to UP alone.




DISCUSSION

There is increasing evidence that structural and functional abnormalities of the developing lungs that are provoked during pregnancy by inflammatory triggers, can contribute to postnatal lung pathology (25, 26). However, the mechanisms underlying these antenatal alterations remain largely unknown.

As an essential driver of lung development, endogenous epithelial stem/progenitor cells might play a role in prenatal maldevelopment of the lungs following inflammatory stressors (15, 27). Previously, we demonstrated fewer endogenous stem/progenitor populations as well as potential consequences thereof, including reduced alveolar differentiation, in the course of antenatal inflammation. Importantly, distinct stem cell changes in fetal ovine lungs were influenced by the timing and duration of a single chronic or acute inflammatory insult (7).

Clinically, perinatal organ development is frequently affected by multiple and repetitive inflammatory triggers, including infections, hypoxia, sepsis and mechanical ventilation, with serious consequences for the fetus/neonate. Clinical and pre-clinical studies have associated prenatal polymicrobial infections with a diversity of clinical outcomes (28, 29). This diversity in outcomes is difficult to estimate and therefore treatment of preterm infants might start too late to avoid serious postnatal problems. Apart from the microorganisms involved, investigating the effect of multiple inflammatory events during pregnancy is of great importance to understand their influences and impact on prenatal lung development. Prenatal infections, but also different maternal stressors and the event of birth are inevitable incidences that induce inflammation and that the fetus consequently has to cope with (30).

A prerequisite of studying multiple stressors is, to first determine the effects of the single components, which we have reported recently (7). In the current study, we extended our previous findings by investigating the effect of multiple sequential insults on important development processes in the preterm lungs and thereby increased the clinical relevance of this pre-clinical model. Moreover, we additionally examined consequences of single and multiple inflammatory events with respect to alveolar morphology and pulmonary vascular development in relation to altered stem/progenitor cell populations, mediators of vascular development and immunological changes.

Our study revealed that the strongest reduction of AEC2 and proliferating cells (Ki67+) was detected in lambs that were sequentially exposed to UP and 7d LPS. In line with this observation, decelerated alveolar growth was exclusively seen in this experimental group, indicated by increased MLI. Importantly, although single exposure to inflammatory stimuli did not result in significant morphological abnormalities, it negatively impacted epithelial stem/progenitor cell populations. These combined findings indicate that single inflammatory hits already negatively affect epithelial stem/progenitor cell populations including their function and numbers, a process that can be further aggravated when sequential inflammatory hits exert their negative effects synergistically. In this study, SOX-9 expression levels in the different experimental groups are of particular interest. SOX-9 expression is restricted to progenitor cells and disappears after proliferation and differentiation into different AEC2 subtypes (31, 32). The acquired single hit exposure data, which showed a reduction of SOX-9 expression in both the UP and LPS group, might potentially be responsible for reduced proliferation and reduced number of TTF-1+ AEC2 in developing alveoli. Of interest, consecutive hits with UP and (7d) LPS prevented a decrease in SOX-9 mRNA, while it caused the most pronounced reduction of TTF-1+ AEC2 and the number of proliferating cells, which was accompanied by an increased MLI. This finding potentially reflects a compensatory function for SOX-9 expression to counteract the reduced number of AEC2 with the pre-exposure to UP. It might be a timing effect that this compensatory function of SOX-9 did not initiate sufficient proliferation and differentiation yet to reverse the reduced number of AEC2. Such protective effects of SOX-9 have previously been observed in an acute lung injury (ALI) model, where SOX-9 was activated in the post-ALI phase and assumed to promote recovery of the damaged lungs (33). This scenario is currently investigated in ongoing postnatal studies. On the other hand, there are multiple transcription factors and developmental pathways involved in the complex process of distal lung development, which themselves potentially attenuated proliferation and growth of alveoli (34, 35). In this study, we also examined the pulmonary vasculature, due to its increasing importance in the development of BPD (36). Sequential inflammatory exposures negatively affected the growth and expansion of pulmonary vessels indicating that UP exposure primarily sensitizes animals that were subsequently exposed to 2d LPS. Consistent with this morphological observation, the pro-angiogenic and vascular factors, Ang-1 and VEGFR-2, were reduced by single inflammatory triggers and pre-exposure to UP sensitized these markers to a secondary insult with LPS. Moreover, VEGFa was decreased in all treatment groups, including this UP + 2d LPS group, which is further indicative for impaired vascularization. These current vascular changes after antenatal stress confirm and extend findings in a previous sequential hit study that was conducted at an earlier gestational age (94d GA in lambs, corresponding to extreme preterm infants in the canalicular stage of lung development) (12). These vascular disturbances, comprising decreased VEGFR-2 and Ang-1 mRNA levels after sequential exposure, seemed not affected by the GA of the fetuses, as comparable results were found in 94d and 125d GA fetuses. In addition, in both studies these disturbances were not associated with vascular remodeling in the preterm lungs (7, 12). Clinically, reduced and dysmorphic capillary networks have been reported in various BPD cohorts (37). Combined, the antenatal angiogenic data point toward a disturbed capillary network, which might be at the origin of postnatal adverse vascular development, an aspect that warrants further investigation (36).

In contrast to the attenuated alveolar growth and reduced vasculature, we observed a protective effect of sequential exposure with regard to surfactant synthesis, in particular SP-A and SP-B. Hereby increased SP-A and SP-B expression was found in UP + 2d LPS and UP + 7d LPS exposed animals, respectively, changes that were not as prominent in animals exposed to a single inflammatory trigger.

Our findings on SP-B expression are largely recapitulated by the observed inflammatory changes; Significant inflammatory changes were restricted to the number of neutrophils, which were attenuated in the 7d LPS group when they were pre-exposed to UP. It is tempting to speculate that this immune modulatory effect of UP, which has been described earlier by Kallapur et al. (13), might be involved in the protective effects on SP-B.

The essential role of SP-B in the survival of preterm infants at birth has been emphasized by various clinical studies (38). Chang et al. showed that a deficiency in SP-B through gene polymorphisms increased the risk to develop severe/lethal respiratory distress in preterm neonates (39, 40). Additionally, 75% of preterm infants with need for ventilation have been shown to have surfactant deficiencies in tracheal aspirates with 80% reduction in SP-B (41, 42). This key role of SP-B is attributed to its important function in the stabilization of the monolayer lipid films of surfactant, as well as in the absorption of lipids to the air/liquid interface (43, 44). Therefore, the increased SP-B mRNA levels, found after sequential insults with UP and LPS, might be an attempt to counteract the inflammation-driven changes, including decreased AEC2 numbers.

Besides this potentially protective effect of SP-B, also the increased expression of SP-A in UP pre-exposed animals (prior to 2d LPS) might indicate a beneficial effect. In the clinical situation and pre-clinical models, a deficiency in SP-A has been associated with an increased risk of BPD development in preterm neonates (24–29 week of GA) and immature baboons that received ventilation (45, 46). Additionally a reduced amount of SP-A mRNA has been reported in premature baboons with a BPD phenotype (47). These findings reveal a strong association between reduced SP-A proteins and BPD development. Through its important role in lung host defense, SP-A has been shown in vitro to promote increased ureaplasmacidal phagocytosis of UP isolates (from the BAL of premature infants with BPD) by murine macrophages (RAW 264.7) (48). Moreover, in in vivo studies, SP-A deficient mouse strains have been shown to display more excessive pulmonary inflammation after intra-tracheal UP administration compared to wild type controls. In these deficient SP-A mice also the clearance of UP occurred at a later time point (49). Taken together, the increased expression of SP-A after sequential exposure of UP and LPS could be interpreted as a means to eliminate UP from the preterm lungs.

Interestingly, these combined changes of increased SP-B and SP-A expression that suggest a protective effect by prior UP infection, did not overlap with improved lung function that was found to be significant in UP, 7d LPS, and UP + 7d LPS-exposed lambs. Moreover, this improved lung function was paralleled at the studied time points by detrimental alterations of stem/progenitor cells. This apparent lack of uniformity might be caused by a timing effect, but it most likely provides supporting evidence for the concept that perinatal inflammation improves lung function at the expense of inducing peripheral lung abnormalities, including decreased number of large and simplified alveoli, and abnormal pulmonary vascular development, predisposing to adverse postnatal pulmonary outcomes.

Besides the effects of consecutive inflammatory insults on lung development, also other immature organ systems are affected. The impact of multiple insults has been investigated in the preterm brain and gastrointestinal system. In particular, inflammation in the brain was less pronounced in LPS-exposed lambs when they were pre-exposed to UP. Additionally, the protective effect of UP was associated with reduced epigenetic changes (10). Sequential exposure of UP and LPS in utero did not amplify injury in the gastrointestinal and the enteric nervous system, that was caused by single exposure to UP or LPS (11). Taken together, these studies reflect the diversity in organ responses and outcomes after exposure to different infectious triggers (50). Additionally, also timing and duration of antenatal inflammatory triggers play a crucial role in the susceptibility of other organs and cells. Close monitoring of antenatal infection and inflammation is necessary for optimal risk classification of postnatal organ outcomes (10).

Regardless, these observed in utero alterations in essential cell populations, developmental factors and pulmonary morphology might render the preterm lungs more susceptible to sequential postnatal insults. Previously, it was shown that postnatal hits, including mechanical ventilation and oxygen supplementation, resulted in a decreased differentiation and proliferation potential in isolated lung endogenous stem cells (51). Postnatal cohort studies, using BPD and RDS samples, have also shown that preterm birth combined with common clinical practices, like oxygen supplementation and ventilation, resulted in decreased AEC2 and Club cell numbers, positive for TTF-1 (52, 53). Similarly, vascular abnormalities are a key hallmark of BPD and have been shown to be driven by perinatal insults (14, 36, 37). In a hyperoxia-induced BPD rat model, a lower capillary density was associated with reduced expression of VEGF and VEGFR-2 (54). Reduced and disorganized capillary development has further been reported in baboon models for BPD after interventional series of ventilation and supplemental oxygen (55).

The ovine pre-clinical model, which resembles the human in utero situation very closely, enables investigation of developmental disturbances in a prenatal inflammatory setting. The relatively long gestation of sheep, in which developmental stages occur similar as in humans, enables the precise interference in these stages (18, 19). In addition, microbial exposure can be exactly timed and thereby clinical inflammatory settings (chronic and acute) can be mimicked accurately. Another benefit of this study was the use of clinically relevant microorganisms, such as UP. Although LPS is not a living microorganism and specific microorganism-related responses might be missed, this Escherichia coli-derived endotoxin is a potent inducer of inflammation and therefore used to mimic clinical situations of acute inflammation. LPS responses are well-defined and accordingly less heterogenicity in responses is detected (56, 57).

Besides the advantages of the model and study, there are also some limitations. In the current study epithelial stem/progenitor populations have been investigated with the use of basic stem cells markers (P63, KRT-14, and TTF-1). However, the observed disturbances might be unique and restricted to a specific subpopulation. Additional examination with more extended techniques, such as cell sorting by FACS and single cell sequencing, would be informative to better define and understand the response of such subpopulations of stem/progenitor cells in the context of prenatal inflammation. Furthermore, considering the observed disturbances in vascular modulators, future investigations should include examination of endothelial stem/progenitor cell alterations. Moreover, fixed time points of intra-amniotic exposure to Ureaplasma or LPS were used, which did not enable us to dissect the effects of prenatal inflammation on extremely, moderate and late preterm organs. Importantly, the postnatal consequences of the observed in utero stem/progenitor cell changes are currently addressed in a postnatal follow up study.

Consistent with previous findings from our group and others, endogenous epithelial stem/progenitor cell populations are attenuated by perinatal inflammatory triggers (7, 58). Additionally, single inflammatory hits during pregnancy are also known to impair vascular growth (59). In the current study, we extended these findings by investigating the effects of sequential antenatal insults on alveolar growth and vascular maturation. We showed that exposure to a single inflammatory trigger already negatively impacts epithelial stem/progenitor cell populations including their function and numbers. This process was further aggravated by re-exposure to an inflammatory stimulus, resulting in disturbed alveolarization and abnormal pulmonary vascular development. The question whether these negative effects on lung development can be rescued by the potentially protective responses observed, will be addressed in an ongoing postnatal study.

Collectively, our data indicate that the type, timing and duration of antenatal stress determine the pulmonary outcome during pregnancy in the context of antenatal infections. Importantly, responses within the lungs can vary between lung compartment and cell types. Unraveling and linking the impact of antenatal and postnatal insults on the preterm lungs is of great importance to expand our understanding of the complex and multifactorial nature of BPD.
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Opposing Effects of TGFβ and BMP in the Pulmonary Vasculature in Congenital Diaphragmatic Hernia
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Background: Pulmonary hypertension is the major cause of morbidity and mortality in congenital diaphragmatic hernia (CDH). Mutations in several genes that encode signaling molecules of the transforming growth factor β (TGFβ) and bone morphogenetic protein (BMP) pathways have previously been associated with CDH. Since studies on the activation of these pathways in CDH are scarce, and have yielded inconsistent conclusions, the downstream activity of both pathways was assessed in the nitrofen-CDH rat model.

Methods and Results: Pregnant Sprague-Dawley rats were treated with nitrofen at embryonic day (E) 9.5 to induce CDH in offspring. At E21, lungs were screened for the expression of key factors of both signaling pathways, at both the mRNA transcript and protein levels. Subsequently, paying particular attention to the pulmonary vasculature, increased phosphorylation of SMAD2, and decreased phosphorylation of Smad5 was noted in the muscular walls of small pulmonary vessels, by immunohistochemistry. This was accompanied by increased proliferation of constituent cells of the smooth muscle layer of these vessels.

Conclusions: Increased activation of the TGFβ pathway and decreased activation of the BMP pathway in the pulmonary vasculature of rats with experimentally-induced CDH, suggesting that the deregulated of these important signaling pathways may underlie the development of pulmonary hypertension in CDH.

Keywords: lung, vasculature, BMP, TGF, congenital diagraphma hernia


INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a severe developmental anomaly characterized by a diaphragmatic defect. The concomitant pulmonary hypertension (PH) that develops in affected lungs can cause severe problems in the newborn, and is responsible for the high morbidity and mortality in these patients. Although the muscularization of the pulmonary vessels has been demonstrated to be increased in CDH (1), the pathophysiological basis of PH in these patients remains largely unclarified. Mutations in different genes involved in the transforming growth factor β (TGFβ) and bone morphogenetic protein (BMP) pathways have been described in both adult and pediatric patients with familial, heritable, and idiopathic pulmonary arterial hypertension (PAH). Of these genes, the BMP receptor 2 (BMPR2) is most commonly affected (2).

TGFβ is a negative regulator of airway branching in early lung development. However, TGFβ signaling is also active in the vascular and airway smooth muscle and alveolar and airway epithelium during late lung development. Both up- and down-regulation of TGFβ signaling impairs the alveolarization process (3, 4), depending on the period of study during gestation. Both TGFβ and BMP are documented to influence the proliferation of endothelial and smooth muscle cells, and control apoptosis and extracellular matrix secretion and deposition (5).

Studies on the TGFβ pathway in CDH have not yielded consistent conclusions. Decreased expression of TGFβ1 was found at the mRNA level in the hearts of the nitrofen-exposed rat pups with CDH (6), where increased expression of TGFβ1 in affected lungs was evident by immunohistochemistry (7). In contrast, other studies have reported no perturbations to TGFβ expression and activity—assessed by the phosphorylation of SMAD2/3—in both human samples as well as tissues harvested from the nitrofen-CDH rat model (8). A study performed in pregnant women carrying CDH fetuses revealed decreased TGFβ levels in the amniotic fluid, but no differences in expression of TGFβ in the lungs of these children after birth (9). The expression of both TGFβ receptor (TGFBR) 1 and 2 as well as endoglin, an auxiliary receptor of TGFβ, were found to be decreased in nitrofen-CDH rat pups (10).

In contrast to the TGFβ pathway, conclusions drawn in several reports on components of the BMP pathway in CDH are consistent. Reduced expression of BMPR2 (11, 12) and BMP4 (12, 13) was found in the lungs of different animal models of CDH. Furthermore, the expression of apelin, a target gene of BMPR2 which can have a hypotensive function, is reported to be decreased in nitrofen-CDH rat pups (14); whilst expression of activin receptor-like kinase 1 (ALK1), another receptor of the BMP signaling pathway, was upregulated in the same animal model (15). However, Corbett et al. did not report any differences in downstream signaling of BMPR (16), and did not find any mutations in the BMPR2 gene in CDH patients (17). All findings reported to date addressing the TGFβ and BMP pathways in CDH is summarized in Supplementary Table 1 and an overview of both pathways is displayed in Figure 1.


[image: Figure 1]
FIGURE 1. Overview of TGFβ/BMP pathway. Overview of the TGFβ and BMP pathways. TGFβ, transforming growth factor β; BMP, bone morphogenetic protein; ZEB2, zinc finger E-box binding homeobox 2; P, phosphorylation.


Investigations conducted to date have focused largely on the expression of receptors in both the TGFβ and BMP pathways, but little is known about the actual activation of these pathways. Therefore, we hypothesized that the analysis of downstream mediators would identify changes in TGFβ and BMP signaling pathways in the lungs of rats in which CDH was induced by nitrofen exposure.



MATERIALS AND METHODS


Animal Model

Pregnant Sprague-Dawley rats received either 100 mg nitrofen dissolved in 1 ml olive oil or just 1 ml olive oil by gavage on gestational age day E9.5. Nitrofen induces CDH in ~70% of the offspring, while all pups have pulmonary hypertension (18, 19). At embryonic day (E) 21, pups were delivered by cesarean section and euthanized by lethal injection of pentobarbital. Lung tissue of the CDH and control pups were isolated and processed for paraffin embedding (left lobes) or immediately snap frozen (right lobes) for protein and RNA analysis. All animal experiments were approved by an independent animal ethical committee and were conducted according to national guidelines.



Quantitative Real-Time Polymerase Chain Reaction (qPCR)

RNA isolation, cDNA synthesis and subsequent qPCR analysis on right lung lobes was performed as previously (20). The gene-specific primers used are available upon request.



Immunohistochemistry and Immunofluorescence Staining

Immunohistochemistry (IHC) was performed on 5-μm paraffin sections of the left lobe according to standard protocols, using the Envision™ detection system (Dako Cytomatic, Glostrup, Denmark) (20). Primary antibody used for IHC was ZEB2 [1:400, (21)]. Primary antibodies used for IF were smooth muscle actin (α-SMA; MS-113-P1; 1:500, Thermo Scientific, Fremont, CA, USA), phosphorylated SMAD 2 (pSMAD2; 1:250, Cell Signaling, Danvers, MA, USA), phosphorylated SMAD 1/5/8 (pSMAD1/5/8; 1:500, Kerafast, Boston, MA, USA), and KI-67 (1:100, Abcam, Cambridge, UK). Secondary antibodies against mouse (α-SMA) and rabbit (pSMAD2, pSMAD1/5/8, and KI-67) were used. Negative controls were performed by omitting the primary antibody. Antigen retrieval with citric acid buffer (pH 6.0) was used. Negative controls were performed by omitting the primary antibody.



Immunoblotting

Snap-frozen right lung lobes were homogenized on ice in Carin buffer (20 mM Tris pH 8.0, 137 mM NaCl, 10 mM EDTA, 1% NP40, 10% glycerol), containing protease inhibitor Complete (Roche, Basel, Switzerland). Samples were centrifuged at 14,200 r.p.m. for 15 min and protein concentration in the supernatant was measured using the Bradford method. Subsequently 50 μg of protein per lane was loaded onto an SDS-PAGE and transferred to nitrocellulose membranes using wet blotting. Antigens were detected with TGFβ (1:1,000, Abcam), pSMAD2 (1:1,000, Cell Signaling), SMAD2 (1:1,000, Cell Signaling), pSMAD5 (1:1,000, Abcam), SMAD5 (1:1,000, Cell Signaling), and Zeb2 [1:1,000, (21)]. Cofilin (1:400, Abcam) and β-actin (1:1,000, Cell Signaling) were used for loading control.



Statistical Analyses

Data are presented as percentages, means (SD) for normally distributed variables. Univariate analyses were performed using independent samples t-tests for normally distributed variables. The analyses were performed using SPSS 21.0 for Windows (Armonk, NY, USA: IBM Corp.). All statistical tests were two-sided and used a significance level of 0.05.




RESULTS


TGFβ Activation Is Upregulated in CDH

The expression of key signaling factors in the TGFβ pathway was assessed in whole lung homogenates at the mRNA level, where an increase in the abundance of mRNA transcript encoding both Tgfbr1 and Tgfbr2 receptors, but no difference in the abundance of the ligand Tgfb1 mRNA transcript was noted. The abundance of mRNA transcripts encoding both the receptor-activated SMADs, Smad2, and Smad3, as well as the co-SMAD, Smad4, which together form a signaling complex for translocation into the cell nucleus, was increased in CDH (Figure 2A). No differences were found in expression of the TGFβ1 ligand at the protein level (Figure 2B). For the activation of the TGFβ pathway, receptor-activated SMADs must be phosphorylated. The degree of phosphorylation of SMAD2 was not different in whole lung homogenates of CDH pups compared to controls (Figure 2C). Since the abnormalities in the pulmonary vasculature are key pathological hallmarks of CDH, changes in SMAD phosphorylation were assessed in the small pulmonary vessels (25–50 μm) using immunofluorescence staining. This approach revealed an increased number of smooth muscle actin (SMA)-positive cells in the small vessels of CDH pups expressing phosphorylated SMAD2 (pSMAD2), which points to an increased activation of this pathway in the pulmonary vasculature (Figure 2D).


[image: Figure 2]
FIGURE 2. TGFβ activation is upregulated in experimental CDH. (A) Quantitative PCR revealed a significant increase in Tgfbr1 and Tgfbr2 in CDH (p < 0.001 and p = 0.033, respectively), but no difference in Tgfb1 mRNA transcript abundance compared to control. The abundance of Smad2, Smad3, and Smad4 mRNA transcripts were all significantly higher in CDH (p = 0.001, p = 0.002, and p = 0.002, respectively; n = 6 for both groups). (B) Western blot on whole lung homogenates revealed no differences in TGFβ1 abundance between control and CDH, when normalized to total protein amount using β-actin as a loading control (n = 5 for both groups). (C) The abundance of pSMAD2 was related to the total SMAD2 protein levels, which was not different between control and CDH in whole lung homogenates, where Cofilin was used as a loading control (n = 5 for both groups). (D) Representative images of immunofluorescence staining indicate an increase in the ratio of pSMAD2/SMA double-positive cells in small pulmonary vessels in CDH (p = 0.049; n = 3 samples for both groups). Six vessels per sample were counted. Scale bars represent 10 μm. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent SD.




BMP Activation Is Reduced in CDH

In contrast to the TGFβ receptors, a decrease in Bmpr1b mRNA transcript abundance was noted in CDH, while no differences in the abundance of the well-studied Bmpr2 were noted, comparing both groups at mRNA level in whole lung homogenates. Activin receptor-like kinase 1 (Alk1), another receptor in the BMP/TGFβ pathway which mediates the signal of Bmp9 and Bmp10, was slightly increased in CDH. Bmp4, one of the important ligands in this pathway, and the receptor-activated Smad1 and Smad5 showed an increase in CDH (Figure 3A). Western blot on whole lung homogenates showed a decreased expression of SMAD5 in CDH with no differences in relative phosphorylation (Figure 3B). However, when focusing on the important pulmonary vasculature, the number of SMA positive cells expressing phosphorylated SMAD1/5/8 was reduced in CDH on immunofluorescence staining, indicating a decreased activation of this pathway in the pulmonary vasculature (Figure 3C).


[image: Figure 3]
FIGURE 3. BMP activation is reduced in experimental CDH. (A) Quantitative PCR revealed a significantly decreased lung abundance of Bmpr1b (p = 0.016) but no differences in Bmpr2, and increased abundance of Alk1 (p = 0.003) mRNA transcripts in CDH compared to control. The abundance of Bmp4, Smad1, and Smad5 mRNA transcripts was significantly higher in CDH [p < 0.001, p = 0.009, and p < 0.001, respectively; n = 3 (Alk1 and Bmp4) or 6 (rest) for both groups]. (B) The lung abundance of pSMAD5 was related to the total SMAD5 protein abundance, which was not different between control and CDH samples, where Cofilin was used as a loading control (n = 5 for both groups). (C) Representative images of immunofluorescence staining indicate a decrease in the ratio of pSMAD1/5/8/ SMA double-positive cells in small pulmonary vessels in CDH lungs (p = 0.016; n = 3 samples for both groups). Six vessels per sample were counted. Scale bars represent 10 μm. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent SD.




Downstream Effects of TGFβ and BMP Signaling

Both the TGFβ and BMP pathways can be inhibited by the inhibitory SMADs, SMAD6, and SMAD7. These proteins compete with SMAD4 in the formation of heteromeric signaling complexes and can, therefore, prevent transcription of target genes. No differences were noted in the expression of Smad6 at the mRNA level, but lung Smad7 transcript abundance was increased in CDH. The lung abundance of mRNA transcripts encoding Zeb2, a transcriptional corepressor of the activated pathway, were increases in CDH at the mRNA level (Figure 4A). However, no significant differences in protein levels of ZEB2 were noted by western blot analysis of whole lung homogenates (Figure 4B), and no changes in the expression of ZEB2 were noted in the small vessels using immunohistochemistry (Figure 4C). Since increased activation of the TGFβ pathway can induce proliferation of pulmonary artery smooth muscle cells, the expression of KI-67, a marker for proliferation, was used to identify proliferating cells in the vascular wall. In small pulmonary vessels in CDH, more SMA-positive cells expressed KI-67 (Figures 4D,E).
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FIGURE 4. Modulators of TGFβ signaling are upregulated in CDH. (A) Quantitative PCR revealed no difference in the abundance of the inhibitory Smad6 mRNA transcript, but increased abundance of inhibitory Smad7 and Zeb2 mRNA transcripts [p < 0.001 and p = 0.003, respectively; n = 3 (Zeb2) or 6 (Smad6, Smad7) per group; y-axis indicated fold-change]. (B) Western blot analyses of whole lung homogenates revealed no significant differences in ZEB2 protein abundance comparing CDH and control groups, where β-actin was used as a loading control, and as a reference for quantification (n = 5 for both groups). (C) Representative images of immunohistochemistry staining show no differences in expression of ZEB2 in the small vessels of all lungs (n = 3 samples for both groups). Scale bars represent 100 μm (low power) and 20 μm (high power). **p < 0.01, ***p < 0.001. Error bars represent SD. (D) Increased proliferation of the muscular vessel wall in CDH. Representative images of immunofluorescence staining revealed an increase in KI-67/SMA double-positive cells in small pulmonary vessels in CDH (p = 0.001; n = 3 samples for both groups). (E) Quantification of proliferative SMA+ cells. Four vessels per sample were counted. Scale bars represent 10 μm. **p < 0.01, ***p < 0.001. Error bars represent SD.





DISCUSSION

In this report, upregulated activation of the TGFβ pathway and downregulated activation of the BMP pathway in small pulmonary vessels in the nitrofen-CDH rat model are demonstrated at the cellular level.

No differences were observed in the ligand TGFβ1 and the degree of phosphorylation of both SMAD2 and SMAD5 at the protein level in whole lung homogenates. Although the total amount of SMAD5 and pSMAD5 was less in whole lung homogenates of CDH pups, no changes were noted in the degree of phosphorylation in total lung extracts. At the cellular level, however, the smooth muscle layer of the small pulmonary vessels of nitrofen-CDH pups revealed increased abundance of pSMAD2 and decreased abundance of pSMAD1/5/8, indicative of more active TGFβ signaling and reduced BMP signaling, respectively. The latter is in line with Makenga and colleagues who reported decreased pSMAD1/5/8 in CDH lung homogenates. Moreover, the differences observed in the small pulmonary arteries in CDH lungs may also reflect the fact that the perivascular cells in CDH lungs are more differentiated compared to perivascular cells in control lungs (22).

Phosphorylation of the receptor-activated SMADs is necessary for the activation of downstream mediators and, therefore, plays an important role in pathway activation. The increased expression of the inhibitory Smad7 and corepressor Zeb2 at the mRNA level is in line with SMAD7 being a direct target of ZEB2 and may point to increased production of these inhibitors in order to inhibit the increased activity of the TGFβ pathway (23). The absence of any observed changes in Smad6, which only inhibits the BMP pathway, strengthens this idea. However, the expression of ZEB2 at the protein level in whole lung homogenates exhibited a trend toward an increase, and no differences were noted by immunostaining of the pulmonary vessels, indicating a discrepancy between RNA and protein expression. The latter could, in part, explain differences between several reports on TGFβ and BMP signaling in CDH. Moreover, the usage of specific parts of the lung or isolated lung cells may also lead to differences or even opposing results between different reports. Both TGFβ and BMP can regulate proliferation of vascular cells and previous studies have reported increased proliferation of pulmonary artery smooth muscle cells from patients with PAH in response to TGFβ1 (24, 25). The increased proliferation of constituent cells of the smooth muscle layer of small pulmonary vessels was noted in the present study in nitrofen-CDH pup lungs, which might indicate an abnormal response of these cells to the increased TGFβ activity.

TGFβ is a target of retinoic acid (RA) (26), and increased activity of the TGFβ pathway with higher levels of pSMAD2 has been described in RA-deficient foreguts, and in a mouse model with RA deficiency. In that study, lung agenesis was observed both by decreasing RA levels as well as by increasing TGFβ levels, indicating the interaction between both pathways early in development (27). Furthermore, a study in rats with alveolar hypoplasia caused by caloric restriction exhibited improvement of alveolar formation after treatment with RA, accompanied by a decrease in TGFβ activity at postnatal day 21 (28). These findings strengthen the results presented here, about increased TGFβ activity in nitrofen-exposed rats, where nitrofen has been reported to disrupt the retinoid signaling pathway (29). Since a reduction in retinol and retinol binding protein (RBP) has been found in human newborns with CDH (30, 31), and several key components of the RA pathway are affected in human and experimental CDH (32), the increased activity of the TGFβ pathway might play an important role in the development of the lungs in CDH.

Studies available in the literature have reported conflicting trends in expression of different signaling factors in CDH, which might be explained by the differences in the gestation of the animals under study. In the present study, some variability between samples was also noted, suggesting that small differences in gestational age may have an appreciable impact on trends in the expression of signaling molecules under study.

We initially analyzed the TGF-β and BMP pathways in whole lungs, and given our previous report on vascular abnormalities in CDH (22), we focused on the activation of the TGF-β and BMP pathways in the vasculature, using immunofluorescence staining, showing a clearly difference in phosphorylation of SMAD2 and SMAD5.

In conclusion, increased phosphorylation of SMAD2 and decreased phosphorylation of SMAD5 was noted in the in the vessel walls of small pulmonary vessels of nitrofen-CDH pups. These data indicate increased activation of the TGFβ pathway and decreased activation of the BMP pathway in the pulmonary vasculature of these animals at day 21 of gestation, possibly leading to increased proliferation of the muscularized vessel wall. Since the different factors in these pathways are differently expressed during gestation and might differ from the human situation, further research must be conducted at different developmental stages, and most importantly, in material of human patients.
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Bronchopulmonary dysplasia (BPD) is a neonatal chronic lung disease characterized by an arrest in alveolar and vascular development. BPD is secondary to lung immaturity, ventilator-induced lung injury, and exposure to hyperoxia in extremely premature infants, leading to a lifelong impairment of lung function. Recent studies indicate that the lung plays an important role in platelet biogenesis. However, the dynamic change of platelet production during lung development and BPD pathogenesis remains to be elucidated. We investigated the dynamic change of platelet parameters in extremely premature infants during BPD development, and in newborn rats during their normal development from birth to adulthood. We further studied the effect of hyperoxia exposure on platelet production and concomitant pulmonary maldevelopment in an experimental BPD rat model induced by prolonged exposure to hyperoxia. We detected a physiological increase in platelet count from birth to 36 weeks postmenstrual age in extremely premature infants, but platelet counts in extremely premature infants who developed BPD were persistently lower than gestational age-matched controls. In line with clinical findings, exposure to hyperoxia significantly decreased the platelet count in neonatal rats. Lung morphometry analysis demonstrated that platelet counts stabilized with the completion of lung alveolarization in rats. Our findings indicate a close association between platelet biogenesis and alveolarization in the developing lung. This phenomenon might explain the reduced platelet count in extremely premature infants with BPD.

Keywords: lung development, neonatal lung injury, mean platelet volume, platelet distribution width, hyperoxia, platelet counts


INTRODUCTION

Bronchopulmonary dysplasia (BPD) is one of the most common complications of prematurity and can lead to chronic lung disease with long-term respiratory insufficiency (1). Despite advances in perinatal care, BPD continues to affect up to 40% of extremely premature infants (2). BPD is histologically characterized by arrested lung development as a result of a complex process in which lung immaturity, ventilator-induced lung injury, and exposure to hyperoxia play major roles (3). There is a growing body of knowledge about the various mechanisms underlying BPD pathogenesis (4). However, therapeutic approaches based on these mechanisms are far from being effective in clinical practice, indicating that these mechanisms probably do not operate in isolation. As the pathogenesis of lung damage in infants with BPD is not completely understood, other possible causal factors need to be elucidated (5).

Recent studies elegantly unravel the close interplay between platelet biogenesis and lung development. Tsukiji et al. report that platelet-derived CLEC-2 signals activate platelets through spleen tyrosine kinase, inducing the release of TGF-β driving the differentiation of mesothelial cells into alveolar duct myofibroblasts that are critical to primary septum formation and elastogenesis in alveolarization of the lung (6). Rafii et al. demonstrated that activated platelets release stromal-cell-derived factor and stimulate the expression of SDF-1 receptors on pulmonary capillary endothelial cells, subsequently enhancing the proliferation of alveolar epithelial cells and neo-alveolarization (7). The lungs are a major site for platelet biogenesis in humans and rodents and contribute ~50% of the total platelet production (8–12).

Little is known about the dynamic changes in platelets during the complex process that leads to BPD in extremely premature infants. Besides, the impact of clinical oxygen supplementation exposure on platelet biogenesis is unclear. We hypothesize that platelets play an important role in normal lung development and that disturbed platelet biogenesis might contribute to disrupted lung development and BPD pathogenesis. In this study, we first investigated the dynamic change of platelet parameters in a cohort of extremely premature infants within the time window of BPD development, and in newborn rats during their normal development until young adults. We also used an experimental BPD rat model to evaluate the effect of hyperoxia exposure on platelet production and aberrant pulmonary development.



METHODS AND MATERIALS


Clinical Study

A retrospective study was performed at the Neonatal Intensive Care Unit (NICU) of the Shenzhen Maternity and Child Healthcare Hospital after approval by the Institutional Ethical Committee [SFYLS (2019)-119]. The acquirement of informed consent was waived given that no personal data were explicitly reported. Since premature infants with a younger gestational age have an increased chance to develop BPD, we only included extremely premature infants with a gestational age ≤28 weeks and/or a birth weight ≤1,000 grams. BPD was diagnosed as a requirement of supplemental oxygen at 36 weeks' postmenstrual age or discharge.

Platelet parameters were collected from complete blood counts (CBC) in the 1st week, 2nd week, 4th week, and 8th week after birth. CBC testing was performed on a Mindray 5390 analyzer (Shenzhen, China), using blood samples obtained from arterial and venipuncture or a central catheter.



Animal Study

All animal procedures in this study were approved by the Institutional Animal Care and Use Committee of Shenzhen Institutes of Advanced Technology of the Chinese Academy of Sciences. Newborn pups from 9 pregnant Wistar rats were randomized into 8 groups: an experimental BPD group (N = 10) and 7 control groups (raised in room air, N = 10 for each group) sacrificed on postnatal day 3, 6, 10, 20, 30, 60, and at adulthood (day 90). Experimental BPD was induced by hyperoxia exposure as previously reported (13). Briefly, newborn pups were raised in a Plexiglas chamber filled with 95% oxygen for 10 days. Pups were anesthetized at the designated day by intraperitoneal injection of pentobarbital (40 mg/kg). All blood samples were drawn from the abdominal aorta, mixed with EDTA and analyzed using a Mindray 5390 analyzer (Shenzhen, China) to acquire platelet parameters. Lung tissue was fixed in situ under constant pressure of 27 cmH2O for 6 min with formalin as previously reported (13). Hereafter, the thorax was opened, the lungs were removed, fixed additionally in formalin for 24 h, embedded in paraffin and sectioned for hematoxylin and eosin (HE) staining.


Lung Morphometry

Mean linear intercept (MLI) was used to assess lung development status. At least 1,000 alveoli per animal were measured to calculate the MLI. Briefly, 10 non-overlapping photos of lung tissues were made with an Olympus CX43 microscope (Tokyo, Japan) at 200x magnification. Structures, including big vessels and airways, were excluded. The photos were applied for alveolar diameter analysis using a WZCamera S50 software (Shenzhen, China). Alveoli with an area of more than 100 μm2 were analyzed and simulated to circles for calculation of the absolute alveolar diameter. Two independent researchers blinded to the hyperoxia exposure performed the analysis.




Statistics

Continuous parameters were displayed as mean ± standard deviation or median [interquartile range (IQR)], and analyzed by student t-test or Mann-Whitney U-test, as appropriate. Categorical variables were displayed with numbers and percentages, and analyzed by Chi-square or Fisher's exact test correspondingly. The patients' data were analyzed using SPSS statistical software version 24.0 (IBM Corporation, NY), and the animals' data were analyzed using GraphPad Prism version 8 software package (San Diego, CA, USA). A p < 0.05 was considered statistically significant.




RESULTS


Clinical Characteristics of the Patients

A total of 367 inborn extremely premature infants were admitted to our NICU during the study period. Seventy-nine infants were excluded due to life-support withdrawal before the diagnosis of BPD. Thirty-four infants were excluded due to incomplete CBC data. The remaining 254 extremely premature infants were included in the analysis, of whom 225 (88.6%) were born before 28 weeks and 29 (11.4%) were born after 28 weeks with a birth weight lower than 1,000 grams. The diagnosis of BPD was made in 83 (32.7%) infants (Figure 1). The median gestational age was 27.0 (interquartile range: 26.1–27.5) weeks, the median body weight was 910.0 (interquartile range: 807.5, 1013.2) grams. The clinical characteristics of 254 infants by BPD diagnosis were summarized in Table 1.


[image: Figure 1]
FIGURE 1. Flowchart of case selection and analysis. Two hundred fifty-four extremely premature infants were enrolled in this study. BPD, bronchopulmonary dysplasia. CBC, complete blood counts.



Table 1. Clinical characteristics of 254 extremely premature infants by BPD status.
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Dynamic Change of Platelet Parameters During BPD Development

A total of 254 extremely premature infants were included in the analysis. BPD was diagnosed in 83 (32.7%) infants. Platelet counts (PLT) continuously increased during the first 8 weeks of postnatal life, while mean platelet volume (MPV) and platelet distribution width (PDW) showed a tendency to decline. However, platelet counts at consecutive time-points of analysis were significantly lower in infants developing BPD compared to infants without BPD (196 ± 85 vs. 231 ± 103 × 109/L in the 1st week, 252 ± 112 vs. 293 ± 112 × 109/L in the 2nd week, 291 ± 136 vs. 339 ± 136 × 109/L in the 4th week, and 308 ± 134 vs. 382 ± 135 × 109/L in the 8th week). MPV showed striking changes over the first 2 weeks, with lower values in the 1st week and higher values in the 2nd week in BPD infants compared to infants without BPD (10.39 ± 1.10 vs. 10.85 ± 1.11 fl in the 1st week, 11.27 ± 1.07 vs. 10.97 ± 0.98 fl in the 2nd week. No significant differences in PDW were observed in the two groups (Figure 2). In addition, we observed increased PLT and decreased MPV and PDW with advancing postmenstrual age (PMA). BPD infants had lower PLT after PMA of 30–32 weeks than non-BPDs (Figure 2).


[image: Figure 2]
FIGURE 2. Longitudinal change of platelet parameters defined by postnatal age and postmenstrual age in BPD infants (N = 83) and non-BPD infants (N = 171). PLT, platelet count, 109/L, (A). MPV, mean platelet volume, fL, (B). PDW, platelet distribution width, %, (C). Values are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared with age-matched non-BPDs using the student t-test.




Rats With Hyperoxia-Induced BPD had Lower Platelet Counts

MLI, an indicator of alveolar size, was significantly higher in rat pups exposed to hyperoxia compared to their age-matched room air (RA) controls (52.1 ± 2.4 vs. 39.5 ± 1.3, p < 0.001, Figures 3D–F). Similar to our clinical findings shown above, PLT were significantly lower in hyperoxia-induced BPD rats compared to controls raised in room air (642 ± 19 vs. 725 ± 23, p = 0.0344). MPV and PDW were significantly higher in experimental BPD pups compared to the controls (8.93 ± 0.35 vs. 7.68 ± 0.17, p = 0.001 and 15.81 ± 0.09 vs. 15.43 ± 0.04, p < 0.001, respectively, Figures 3A–C).


[image: Figure 3]
FIGURE 3. Platelet parameters (N = 9–10, A–C), mean linear intercept (MLI, N = 4–5, F) and representative photos of rat pups exposed to room air (RA, D) or hyperoxia (O2, E) at postnatal Day 10. Values are expressed as mean ± SD. *p < 0.05, ***p < 0.001, compared with age-matched RA controls using the student t-test. Magnification, 200 x.




Physiological Increase of Platelet Count Synchronized With Alveolarization in Rat Lung

In normal rat development, platelet counts increased from 246 ± 74 × 109/L on day 3 to near-adult level of 950 ± 66 × 109/L on postnatal day 20 (Figure 4A). The MPV and PDW persistently decreased to near-adult levels on postnatal day 20 (Figures 4B,C). Alveolarization of rat lung also advanced with age and was complete at around postnatal day 20, as indicated by the stabilization of the MLI (Figure 4D) and histology (Figures 4E–J).


[image: Figure 4]
FIGURE 4. Dynamic change of platelet parameters during lung alveolarization (N = 8–10, A–C), mean linear intercept (MLI, N = 3–5, D) and representative photos during rats' development (E–J) in normoxia. Values are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared with adults using one-way ANOVA. Magnification, 200x.


To better depict the relationship between MLI and platelet parameters, we performed a correlation analysis on MLI and platelet indexes from 3, 6, 9, and 20 days old rats. A significant negative correlation (r = −0.9959, p = 0.0041) was observed between MLI and PLT. MPV and PDW showed a tendency toward positive correlations with MLI (p = 0.0643 and p = 0.0642, respectively, Figure 5).


[image: Figure 5]
FIGURE 5. Correlation analysis between platelet parameters and MLI in rats on day 3, 6, 10, and 20 after birth. Correlation between platelet count (PLT) and MLI (A), mean platelet volume (MPV) and MLI (B), platelet distribution width (PDW) and MLI (C). The correlation was analyzed by Pearson correlation using GraphPad Prism version 8. Triangles (▾) indicate 3-day old rats. Squares (■) indicate 6-day old rats. Open circles (°) indicate 10-day old rats and solid circles (•) indicate 20-day old rats. Diamonds (♦) stand for rats exposed to hyperoxia for 10 days in a row. The hyperoxia data were only plotted in the figure but not included in the correlation analysis.





DISCUSSION

In this study the dynamic change of longitudinal platelet parameters in premature infants and neonatal rats was investigated. We also evaluated the associations between platelet parameters and lung alveolarization in neonatal rats and found that platelet counts were significantly lower in clinical and experimental BPD. After birth, platelet counts showed a physiological increase in neonatal infants and rat pups while MPV and PDW showed a decrease. Histologically, we confirmed that platelet counts reached stable levels after completion of lung alveolarization in rats (at around postnatal day 20). Correlation analysis demonstrated that platelet counts in rats were significantly associated with the MLI, a marker of alveolar size.

As far as we know, this is the first time to demonstrate an association between platelet index and perinatal lung development. We found a persistent increase in PLT and an overall decrease of MPV and PDW during the first 8 weeks of life of extremely premature infants, which was partly supported by the study from Henry et al., who showed a stepwise increase in platelets during the first 3 months of life in newborn infants (14). Notably, the authors also showed that newborns with advancing gestational age had higher platelet levels at birth (14), suggesting that the platelet parameters are dynamically changing with development during early life. This study also showed a correlation between platelet indexes and lung alveolarization in rats. The lung is an important organ in platelet biogenesis. In humans and rodents around 50% of circulating platelets are generated in the lung (8, 10–12). In the lung, platelets arise in the vascular bed by shedding from megakaryocytes and pro-platelets which embolize in the lungs. Shear stress, turbulence, and endothelial interaction in the pulmonary vascular bed play an important role in platelet biogenesis by activating shedding from megakaryocytes and pro-platelets (9). During lung development the size of the vascular bed increases, thereby increasing the capacity of platelet synthesis and secretion into the systemic circulation. This explains at least in part the gradual increase in PLT during normal postnatal lung development. Two elegant studies have demonstrated that platelets contribute to embryonic lung development (6) and lung regeneration after pneumonectomy (7), which may explain why the decrease of platelets led to blunted lung development in the current study.

This study showed that platelet counts are significantly lower in infants developing BPD and in rats with experimental BPD induced by hyperoxia. This finding is in line with a study by Okur et al. who reported a lower PLT and PMI in BPD infants during the first week of life (15), but is not supported by Go et al. who report that platelet parameters at birth were not associated with BPD after multivariate analysis (16). This difference might be due to the different timing of these studies. Common pulmonary diseases in adults, including asthma, chronic obstructive pulmonary disease, idiopathic pulmonary fibrosis, and pulmonary hypertension, are not associated with reduced platelet counts (9). This is probably caused by redundancy of the adult pulmonary vascular bed. Only in severe cases of acute respiratory distress syndrome thrombocytopenia was observed, caused by either increased platelet consumption or decreased platelet production (17). PLT largely depend on platelet synthesis and consumption, in which the lung plays an important role. We speculate that in BPD systemic PLT are low because (I) the production of platelets is decreased due to a reduced vascular bed caused by aberrant alveolar and vascular development and lung injury, and (II) increased platelet consumption in the injured lung exposed to hyperoxia.

Previous studies have shown that platelet production may be regulated by oxygen tension. Acute hypoxia in rodents led to a biphasic response with an initial increase, followed by a decrease in platelet counts after 1 week of hypoxia, which may be caused by hypoxia-induced hemoconcentration, platelet activation and vasoconstriction (9, 18, 19). Hyperoxia decreases platelet counts by inhibiting platelet production and enhancing platelet activation for thrombi formation and platelet consumption (20–22). Therefore, there may be a vicious cycle linking platelet production and blunted lung development in the BPD setting (Figure 6). However, platelet production and postnatal lung development are both evolving processes, so it is hard to speculate whether decreased platelet biogenesis contributes to BPD, or BPD leads to the reduction of platelets. Well-designed experimental studies are needed to elucidate this interaction.


[image: Figure 6]
FIGURE 6. Hypothesis on the interaction between hyperoxia, platelet biogenesis, and lung injury. Hyperoxia may reduce the number of megakaryocytes in the lung and increase platelet consumption by activating platelets, leading to decreased platelet count directly. Hyperoxia may also impair the developing lung by inhibiting alveolarization and vascularization, leading to BPD. The reduction of the vascular bed in BPD, together with impaired lung function might result in reduced shedding of megakaryocytes and pro-platelets trapped in pulmonary capillaries. Meanwhile, reduced PLT may hamper lung development by interacting with LEC and PCEC via ligands and receptors. ROS, reactive oxygen species; LEC, lymphatic endothelial cells; PCEC, pulmonary capillary endothelial cells; Clec-2, C-type lectin-like receptor-2; SDF-1, stromal-cell-derived factor-1; CXCR4 and CXCR7, receptors of SDF-1 on PCEC.


The study by Henry et al. and our study found a transient increase of MPV in infants during their first 2 weeks of life and then a decrease, which is independent of gestational age at birth (14). However, these findings were inconsistent with the studies from Dani et al. and Cekmez et al. who reported that infants developing BPD had higher MPV levels at 1–3 days of life compared to those without BPD (23, 24). This discrepancy might be attributed to the different time points that platelet parameters were measured. MPV and PDW are both indicators of platelet size, indicating platelets are being produced or activated. In the animal experiment, we observed an increase in MPV and PDW in oxygen-exposed rats, which might indicate more platelets are activated in these pups. In BPD infants, we also observed a lower platelet count and a higher MPV at postnatal week 2, which might indicate more platelets are activated in these infants. Besides, we also observed a physiological increase in MPV in these infants, the mechanism under this phenomenon still needs investigation. We speculate that platelet parameters in the first days after birth are prone to be affected by the neonatal transition and medical treatments. Therefore, the analysis of platelet parameters over the clinically defined time window of BPD may provide more reliable evidence.

There are several limitations to this study. The most relevant one is that the direct correlation between impaired platelet formation and arrested lung development was not studied. Besides, we could not evaluate the effect of hyperoxia itself on platelet parameters in extremely premature infants due to the complexity of their clinical condition. Moreover, platelet parameters in rats exposed to hyperoxia were only measured on day 10. It would be interesting to track the interaction between platelet parameters and lung development for a longer period.

In conclusion, clinical and experimental BPD are significantly associated with lower platelet levels. The physiological increase of platelet counts synchronizes with postnatal alveolarization in neonatal rats. Understanding the role of platelets in neonatal lung development may shed new light on BPD prevention in clinics.



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 studies involving human participants were reviewed and approved by the Institutional Ethical Committee of Shenzhen Maternity and Child Healthcare Hospital. Written informed consent for participation was not provided by the participants' legal guardians/next of kin because: Acquirement of informed consent was waived given that no personal data were explicitly reported. The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Shenzhen Institutes of Advanced Technology of the Chinese Academy of Sciences.



AUTHOR CONTRIBUTIONS

CY, FW, and XC conceptualized and designed the study and wrote the first draft of the manuscripts. XC, JZho, and FY carried out the clinical data collection. XC and JZha performed the data analysis. GW, CY, and FW reviewed and revised the manuscripts. All authors read and approved the final manuscript.



FUNDING

This study was supported by Guangdong Basic and Applied Science Committee (2019A1515110614 to XC); Shenzhen Fund for Guangdong Provincial Highlevel Clinical Key Specialties (SZGSP009) and Shenzhen Science and Technology Innovation Committee (JCYJ20190809170219163 to CY).



ACKNOWLEDGMENTS

We kindly acknowledged Chun Chen for her help in data preparation.



REFERENCES

 1. Hwang JS, Rehan VK. Recent advances in bronchopulmonary dysplasia: pathophysiology, prevention, and treatment. Lung. (2018) 196:129–38. doi: 10.1007/s00408-018-0084-z

 2. Stoll BJ, Hansen NI, Bell EF, Walsh MC, Carlo WA, Shankaran S, et al. Trends in care practices, morbidity, and mortality of extremely preterm neonates, 1993-2012. JAMA. (2015) 314:1039–51. doi: 10.1097/01.aoa.0000482610.95044.1b

 3. Bancalari E, Jain D. Bronchopulmonary dysplasia: 50 years after the original description. Neonatology. (2019) 115:384–91. doi: 10.1159/000497422

 4. Morty RE. Recent advances in the pathogenesis of BPD. Semin Perinatol. (2018) 42:404–12. doi: 10.1053/j.semperi.2018.09.001

 5. Naeem A, Ahmed I, Silveyra P. Bronchopulmonary dysplasia: an update on experimental therapeutics. Europ Med J. (2019) 4:20–9.

 6. Tsukiji N, Inoue O, Morimoto M, Tatsumi N, Nagatomo H, Ueta K, et al. Platelets play an essential role in murine lung development through Clec-2/podoplanin interaction. Blood. (2018) 132:1167–79. doi: 10.1182/blood-2017-12-823369

 7. Rafii S, Cao Z, Lis R, Siempos II, Chavez D, et al. Platelet-derived SDF-1 primes the pulmonary capillary vascular niche to drive lung alveolar regeneration. Nat Cell Biol. (2015) 17:123–36. doi: 10.1038/ncb3096

 8. Lefrancais E, Ortiz-Munoz G, Caudrillier A, Mallavia B, Liu F, Sayah DM, et al. The lung is a site of platelet biogenesis and a reservoir for haematopoietic progenitors. Nature. (2017) 544:105–9. doi: 10.1038/nature21706

 9. Lefrançais E, Looney MR. Platelet biogenesis in the lung circulation. Physiology. (2019) 34:392–401. doi: 10.1152/physiol.00017.2019

 10. Kaufman RM, Airo R, Pollack S, Crosby WH. Circulating megakaryocytes and platelet release in the lung. Blood. (1965) 26:720–31. doi: 10.1182/blood.V26.6.720.720

 11. Levine RF, Eldor A, Shoff PK, Kirwin S, Tenza D, Cramer EM. Circulating megakaryocytes: delivery of large numbers of intact, mature megakaryocytes to the lungs. Eur J Haematol. (1993) 51:233–46. doi: 10.1111/j.1600-0609.1993.tb00637.x

 12. Pedersen NT. Occurrence of megakaryocytes in various vessels and their retention in the pulmonary capillaries in man. Scand J Haematol. (1978) 21:369–75. doi: 10.1111/j.1600-0609.1978.tb00381.x

 13. Chen X, Orriols M, Walther FJ, Laghmani EH, Hoogeboom AM, Hogen-Esch ACB, et al. Bone morphogenetic Protein 9 protects against neonatal hyperoxia-induced impairment of alveolarization and pulmonary inflammation. Front Physiol. (2017) 8:486. doi: 10.3389/fphys.2017.00486

 14. Henry E, Christensen RD. Reference intervals in neonatal hematology. Clin Perinatol. (2015) 42:483–97. doi: 10.1016/j.clp.2015.04.005

 15. Okur N, Buyuktiryaki M, Uras N, Oncel MY, Ertekin O, Canpolat FE, et al. Platelet mass index in very preterm infants: can it be used as a parameter for neonatal morbidities? J Matern Fetal Neonatal Med. (2016) 29:3218–22. doi: 10.3109/14767058.2015.1121475

 16. Go H, Ohto H, Nollet KE, Takano S, Kashiwabara N, Chishiki M, et al. Using platelet parameters to anticipate morbidity and mortality among preterm neonates: a retrospective study. Front Pediatrics. (2020) 8:90. doi: 10.3389/fped.2020.00090 

 17. Wei Y, Tejera P, Wang Z, Zhang R, Chen F, Su L, et al. A missense genetic variant in LRRC16A/CARMIL1 improves acute respiratory distress syndrome survival by attenuating platelet count decline. Am J Respir Critic Care Med. (2017) 195:1353–61. doi: 10.1164/rccm.201605-0946OC

 18. McDonald TP, Cottrell M, Clift R. Effects of short-term hypoxia on platelet counts of mice. Blood. (1978) 51:165–75. doi: 10.1182/blood.V51.1.165.bloodjournal511165

 19. Jackson CW, Edwards CC. Biphasic thrombopoietic response to severe hypobaric hypoxia. Br J Haematol. (1977) 35:233–44. doi: 10.1111/j.1365-2141.1977.tb00580.x

 20. Yang J, Yang M, Xu F, Li K, Lee SKM, Ng P-C, et al. Effects of oxygen-induced lung damage on megakaryocytopoiesis and platelet homeostasis in a rat model. Pediatr Res. (2003) 54:344–52. doi: 10.1203/01.PDR.0000079186.86219.29

 21. Barazzone C, Tacchini-Cottier F, Vesin C, Rochat AF, Piguet PF. Hyperoxia induces platelet activation and lung sequestration: an event dependent on tumor necrosis factor-alpha and CD11a. Am J Respir Cell Mol Biol. (1996) 15:107–14. doi: 10.1165/ajrcmb.15.1.8679214

 22. Passmore MR, Ki KK, Chan CHH, Lee T, Bouquet M, Wood ES, et al. The effect of hyperoxia on inflammation and platelet responses in an ex vivo extracorporeal membrane oxygenation circuit. Artif Organs. (2020) 44:1276–85. doi: 10.1111/aor.13771

 23. Dani C, Poggi C, Barp J, Berti E, Fontanelli G. Mean platelet volume and risk of bronchopulmonary dysplasia and intraventricular hemorrhage in extremely preterm infants. Am J Perinatol. (2011) 28:551–6. doi: 10.1055/s-0031-1274503

 24. Cekmez F, Tanju IA, Canpolat FE, Aydinoz S, Aydemir G, Karademir F, et al. Mean platelet volume in very preterm infants: a predictor of morbidities? Eur Rev Med Pharmacol Sci. (2013) 17:134–7.

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.

Copyright © 2021 Chen, Zhong, Han, Yao, Zhao, Wagenaar, Yang and Walther. 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.












	
	REVIEW
published: 07 May 2021
doi: 10.3389/fmed.2021.651552






[image: image2]

The Role of Ferroptosis in Acute Respiratory Distress Syndrome

Mengdi Qu†, Hao Zhang*†, Zhaoyuan Chen, Xingfeng Sun, Shuainan Zhu, Ke Nan, Wankun Chen* and Changhong Miao*

Department of Anesthesiology, Zhongshan Hospital, Fudan University, Shanghai, China

Edited by:
Mandy Laube, Leipzig University, Germany

Reviewed by:
Brent Stockwell, Columbia University, United States
 Claudio Romero Farias Marinho, University of São Paulo, Brazil

*Correspondence: Wankun Chen, chenwank@163.com
 Changhong Miao, miaochangh@163.com
 Hao Zhang, fuscc_anesthesia@yeah.net

†These authors have contributed equally to this work

Specialty section: This article was submitted to Pulmonary Medicine, a section of the journal Frontiers in Medicine

Received: 10 January 2021
 Accepted: 12 April 2021
 Published: 07 May 2021

Citation: Qu M, Zhang H, Chen Z, Sun X, Zhu S, Nan K, Chen W and Miao C (2021) The Role of Ferroptosis in Acute Respiratory Distress Syndrome. Front. Med. 8:651552. doi: 10.3389/fmed.2021.651552



Ferroptosis is a newly discovered type of regulated cell death that is different from apoptosis, necrosis and autophagy. Ferroptosis is characterized by iron-dependent lipid peroxidation, which induces cell death. Iron, lipid and amino acid metabolism is associated with ferroptosis. Ferroptosis is involved in the pathological development of various diseases, such as neurological diseases and cancer. Recent studies have shown that ferroptosis is also closely related to acute lung injury (ALI)/ acute respiratory distress syndrome (ARDS), suggesting that it can be a novel therapeutic target. This article mainly introduces the metabolic mechanism related to ferroptosis and discusses its role in ALI/ARDS to provide new ideas for the treatment of these diseases.
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INTRODUCTION

Ferroptosis, a new form of regulated cell death that can be triggered by erastin or RSL3 [(1S,3R)-RSL3], was first reported in 2012 by Dixon (1). Ferroptosis is characterized by the iron-dependent accumulation of lethal levels of lipid peroxides, while the morphology, biology and genetics are obviously different from those of apoptosis, necrosis, autophagy, and other forms of cell death (1). Amino acid, iron and lipid peroxide metabolism and other metabolic processes are closely related to ferroptosis (2). Studies have shown that ferroptosis, as the main cause of organ damage-related cell death, is involved in many pathological processes, such as neurodegenerative diseases, cancer and ischemia-reperfusion injury (2, 3).

Acute lung injury (ALI), resulting from both direct (e.g., pneumonia) and indirect (e.g., sepsis) pulmonary injuries, refers to pulmonary edema and atelectasis caused by diffuse alveolar-capillary injury and is characterized by refractory hypoxemia and pulmonary infiltration (4). Acute respiratory distress syndrome (ARDS) is a serious form of ALI and is described by the 2012 Berlin unified definition (5). The prevalence of ARDS in intensive care units is 10.4%, and there is a high mortality rate (35–46%) (6) but a lack of effective treatments (7).

In recent years, the role of ferroptosis in ARDS has been gradually revealed, and increasing attention has been given to the importance of regulating ferroptosis in the treatment of ARDS.



MAJOR METABOLIC MECHANISMS OF FERROPTOSIS

Ferroptosis is a form of cell death that is regulated by multiple genes and involves multiple metabolic processes, such as iron homeostasis, amino acid metabolism and lipid peroxidation. The mechanism is very complex as is shown in Figure 1, and it will be better explained in the following aspects.


[image: Figure 1]
FIGURE 1. Main mechanisms of ferroptosis. The Fenton reaction, LOX and PUFAs facilitate the generation of lipid ROS. Cysteine can be generated from the uptake of cystine via system Xc- or the transsulfuration pathway. Amino acid metabolism and NAD(P)H, suppresses the synthesis of GSH and CoQ10, thus inhibiting the reduction in lipid ROS. The accumulation of lipid ROS leads to ferroptosis. Therefore, iron homeostasis, lipid peroxidation and amino acid metabolism are the main regulators of ferroptosis. System Xc-, cystine/glutamate transporter; GLS, glutaminase; GSH, glutathione; GPX4, glutathione peroxidase 4; LOX, lipoxygenase; FSP1, ferroptosis suppressor protein 1; CoQ10, coenzyme Q10.




IRON METABOLISM

Iron overload is one of the key events in ferroptosis. Iron is necessary for the accumulation of lipid peroxides, and iron ingestion, storage and transport all affect ferroptosis (2). Iron homeostasis is regulated by a series of iron regulatory proteins (IRPs). Extracellular iron enters the cell through transferrin (TF) and its receptors, and then Fe2+ can produce lipid peroxides via the Fenton reaction or the iron-containing enzyme lipoxygenase (LOX) (8). Most intracellular Fe2+ is stored in ferritin (FT), and so there is very little free Fe2+ (9). The degradation of FT increases the level of intracellular Fe2+, enhances lipid peroxidation, and induces ferroptosis. This process is related to autophagy and is regulated by nuclear receptor coactivator 4 (NCOA4) (8). Iron response element binding protein 2 (IREB2) (1) and other proteins related to iron metabolism (2) (HSPB1, CISD1, etc.) can also increase the sensitivity of cells to ferroptosis.



AMINO ACID METABOLISM

Glutathione (GSH) depletion is another key event in ferroptosis. The cystine/glutamate antiporter System Xc-, which is mainly composed of SLC3A2 (solute carrier family 3 member 2) and SLC7A11 (solute carrier family 7 member 11) (10), is located on the cell membrane and transports extracellular cystine and intracellular glutamate at a ratio of 1:1. Extracellular cystine and intracellular cysteine are essential for the biosynthesis of GSH. Cystine ultimately generates GSH through a series of enzymatic reactions, and GSH is the essential substrate for glutathione peroxide enzyme 4 (GPX4) to degrade phospholipid hydroperoxide (PLOOH) (11). GPX4 is at the intersection of GSH metabolism and lipid peroxidation, both of which are related to ferroptosis. Downregulation of SLC7A11 can also lead to ferroptosis through a decrease in GPX4 activity (12). In addition, methionine can transfer sulfur atoms to serine to generate cysteine through the transsulfuration pathway, which can be upregulated by the knockout of cysteinyl-tRNA synthetase (CARS), thus making cells resistant to ferroptosis (13).

Under physiological conditions, a high level of extracellular glutamate can inhibit the activity of System Xc- and prevent the uptake of cysteine (14). Therefore, glutamate is a natural trigger for ferroptosis and has the same effect as erastin and other System Xc- inhibitors (8). In addition, glutamine is abundant in tissue and plasma and can be converted into glutamate by glutaminase (GLS1 and GLS2) catalysis. Glutaminolysis is necessary for the tricarboxylic acid cycle and lipid biosynthesis, and α-ketoglutarate, as the product of decomposition, is involved in ferroptosis (15). Therefore, when glutamine is deficient or its decomposition is inhibited, reactive oxygen species (ROS) accumulation, lipid peroxidation and ferroptosis are also inhibited. Furthermore, GLS2, as a target gene of the tumor suppressor p53, is closely related to ferroptosis (16). In summary, the metabolism of amino acids (especially glutamate and cystine) plays an important role in the pathological process of ferroptosis.



LIPID METABOLISM

The most prominent feature of ferroptosis is plasma membrane damage caused by the production of iron-dependent lipid peroxides (lipid ROS) (8). ROS include products of oxygen reduction, such as O2−, H2O2 and ·OH. Oxygen homeostasis is crucial to normal cellular functions, and the abnormal accumulation of ROS is harmful to the body (3). During ferroptosis, the reduction reaction mediated by GPX4 and ferroptosis suppressor protein 1 (FSP1, formerly known as mitochondrial apoptosis inducing factor 2, AIFM2) is inhibited, and the oxidation reaction catalyzed by Fe2+ and a series of iron-dependent enzymes (mainly LOX) is enhanced, inducing the accumulation of polyunsaturated fatty acids (PUFAs) (8). Then, lipid peroxidation drove by PUFAs increases the permeability of the cell membrane and makes the cell more sensitive to oxidation, which eventually leads to ferroptosis (17, 18). The inhibition of lipid peroxidation and the consumption of PUFAs can inhibit ferroptosis (2).



THE FSP1-NAD(P)H PATHWAY

Bersuker and Doll found that FSP1 and GPX4 had a strong synergistic effect (19, 20). In the FSP1-NAD(P)H pathway, coenzyme Q10 (CoQ10) can reduce lipid peroxidation by inhibiting the accumulation of free radicals, and FSP1 catalyzes the production of CoQ10 through NAD(P)H. iFSP1, an inhibitor of FSP1, can induce ferroptosis in cells that overexpress FSP1 (20). In conclusion, the FSP1-CoQ10-NAD(P)H pathway cooperates with GPX4 and GSH to inhibit lipid peroxidation and ferroptosis. Moreover, CoQ10 can also be generated by the mevalonate (MVA) pathway. FIN56 can not only accelerate the degradation of GPX4 but also consume CoQ10 by affecting the MVA pathway, ultimately leading to excessive lipid peroxide accumulation and ferroptosis (21).



PATHOGENESIS OF ARDS


Pathological Mechanism of ARDS

The most common cause of ARDS is bacterial or viral pneumonia, while sepsis, severe trauma and gastric reflux and aspiration are also common factors (22). The inflammatory response is activated by infection, trauma, or damage to the lung. Moderate inflammation is conducive to the clearance of pathogens, but excessive inflammation may lead to alveolar damage and increased permeability of the pulmonary capillary endothelium and alveolar epithelium, after which protein-rich fluid exudes from the alveolar cavity, leading to pulmonary edema (22). Therefore, ARDS is the pulmonary manifestation of systemic inflammatory response syndrome (SIRS) (23), which involves various inflammatory cells (macrophages, neutrophils, vascular endothelial cells, and platelets), and the inflammatory mediators and cytokines released by these cells indirectly mediate inflammation in the lung.

The levels of proinflammatory cytokines (IL-1β, IL-8, TNFα, TGFβ1, etc.) are very high in the pulmonary edema fluid in ARDS patients, and cytokines can activate the innate immune system. Activated neutrophils can produce toxic substances such as ROS and proteases, leading to pulmonary endothelial and alveolar epithelial damage and even necrosiss (24). Necrosis and the accumulation of edema fluid, in turn, trigger more severe inflammation and immune responses. Many clinical trials have evaluated the potential effect of anti-inflammatory therapy to treat ARDS (25–27). In summary, excessive inflammation and increased permeability of the pulmonary capillary endothelium and alveolar epithelium lead to alveolar damage, which is the main pathological mechanism of ARDS.



Iron Overload

Various cell types in the lung, including epithelial cells and macrophages, can produce iron metabolism-related proteins to regulate iron homeostasis and protect lung tissue from oxidative stress (28). Iron metabolism disorders are closely related to lung tissue damage in ARDS patients (29, 30); that is, too much iron can generate ROS and cytotoxicity through the Fenton reaction. Many clinical studies have shown that the severity of ARDS is associated with the levels of iron and iron-related proteins (31). One study indicated that iron in blood products leads to an increase in iron in blood recipients, which promotes the occurrence of blood transfusion-related ALI (32). Elevated levels of Fe2+ and iron regulators, such as TF and FT, can be detected in the bronchoalveolar lavage fluid (BALF) of ARDS patients (28, 29, 33–35). In an oleic acid-induced ALI model in mice, iron overload was detected in the lung tissue (36). Moreover, supplementing mice with iron in advance exacerbates damage to the lung (12). A recent study also showed that increased apoptosis in mice with iron overload exacerbated ALI. However, this effect was quite transient and did not affect the degree of inflammation or speed of recovery in ALI (37). Ferroptosis is an iron-dependent process, and iron overload is the driving factor of it. In ARDS, iron overload leads to ferroptosis, which aggravates lung injury. In other words, the cells appear to be overloaded with iron due to ferroptosis and the disease becomes increasingly worse. Therefore, we have enough reason to believe that ferroptosis plays a crucial role in ARDS. And whether iron overload actually causes lung injury or is just a byproduct of ferroptosis remains to be confirmed.



Oxidative Stress

Exhaled breath analysis is expected to be clinically used for the early diagnosis and prediction of ARDS, and most candidate markers are related to oxidative stress (38). Oxidative stress causes damage to the barriers of the pulmonary epithelium and endothelium, and neutrophils accumulate in large quantities in the alveolar fluid, producing proinflammatory cytokines and ROS. Moreover, ROS can further increase the level of cytokines, exacerbating tissue damage and edema. Therefore, oxidative stress plays an important role in the pathogenesis of ARDS (39, 40). ROS are known as important mediators of ARDS (41–44), and enzymes related to the production of ROS (xanthine oxidase (XOR) (45), endothelial nitric oxide synthase (eNOS) (46), cytochrome P450 (CYP) (7), and NADPH oxidase (NOX) (47)) have been reported to be involved in ARDS. The level of malondialdehyde (MDA), a product of lipid peroxidation, is increased in the ALI mouse model (36, 48). In fact, MDA is commonly regarded as a marker of ferroptosis. Increases in both neutrophils and ROS can be detected in ARDS patients (49).

GSH is the most important antioxidant in the airway epithelium and exerts antioxidant effects through the removal of ROS (50) and the repair of cellular damage (51), thus helping to alleviate inflammation (52). Decreased GSH and increased oxidized GSH (GSSG) were observed in both ALI patients and animal models (12, 36, 42). A lack of GSH in alveolar fluid made ARDS patients more susceptible to lung injury (49). Moreover, ROS and GSH metabolism is the main feature of ferroptosis. Whether these metabolic processes are also involved in the pathogenesis of ARDS by regulating ferroptosis needs to be investigated. Inhibition of ferroptosis can inhibit the production of these peroxides, thus reducing the severity of ARDS, which is a potential therapeutic strategy.



Role of Ferroptosis in ARDS

Indicators related to ferroptosis were detected in ALI animal models, including increased Fe2+, ROS, MDA and decreased GSH. And inhibitors of ferroptosis have the potential to alleviate lung damage. These results show that ferroptosis is indeed associated with ARDS. However, the specific mechanism by which ferroptosis affects the onset of ARDS is still unclear.

As a clinically common respiratory disease, the main pathogenic mechanism of ARDS is the apoptosis of alveolar epithelial cells and pulmonary microvascular endothelial cells and the polarization of alveolar macrophages. Then, a large amount of ROS and inflammatory factors trigger an imbalance between the oxidation and antioxidant systems, and the “cytokine storm” leads to the disturbance in the local microenvironment of the lungs, resulting in a series of inflammatory reactions (53). Unlike apoptosis, ferroptosis is associated with a consistent release of damage-associated molecular patterns (DAMPs) and inflammatory cytokines, which promote a series of inflammatory responses. Therefore, ferroptosis is considered an immunogenic form of cell death (54). Inflammatory cytokines further promote ferroptosis and other forms of cell death, thus forming a self-amplifying loop that mutually promotes organ damage (55). Ferroptosis plays a key role in ALI in mice, and ferroptosis inducers can exacerbate pulmonary edema and alveolar inflammation, accompanied by high levels of cytokines (IL-1β, IL-6, and TNF-α), while these effects can be reversed by ferroptosis inhibitors (12, 41, 48). In the latest study (36), ARDS animal model was prepared by injecting oleic acid into the tail vein of mice. The results showed that the pulmonary cells of ARDS group showed mitochondrial shrinkage and rupture of the mitochondrial membrane. In addition, iron overload, GSH depletion and down-regulated expression of ferritin appeared in lung tissues. Similar results were observed in the model of lung ischemia-reperfusion injury (56). The above results suggest that ferroptosis is involved in the pathogenesis of lung injury, which will provide a new theoretical basis for the clinical treatment of ARDS. However, no clinical studies have examined the association of these ferroptosis indicators with severity and prognosis of ARDS.

Ferroptosis is one of the critical mechanisms contributing to sepsis-induced injuries in mice models, including heart, liver, intestine, and the inhibition of ferroptosis via enhancing GPX4 or nuclear factor erythroid 2-related factor 2 (Nrf2) alleviates these injuries (57–60). It contradicts that erastin attenuates the inflammatory response, resulting in inhibition of sepsis development (61). So what is the real role of ferroptosis? We know that sepsis is also an important inducer of ARDS, so it is natural to consider the role of ferroptosis in sepsis-induced lung injury. Furthermore, the lipid peroxidation in ferroptosis drives pyroptosis, indicating a crosstalk between ferroptosis and other forms of cell death in sepsis, and such interactions may also exist in ARDS (62).

Ultimately, ferroptosis causes cellular injury primarily through inflammation and oxidative stress, and the NOD-like receptor protein 3 (NLRP3) inflammasome and Nrf2 are key molecules in these processes (12, 41, 42, 63, 64). Both of them are important regulatory molecule in ARDS and can be used as targets for the treatment of ARDS (65–71). Of course, they could be recognized as mediators of ferroptosis in ARDS, as shown in Figure 2. Ferroptosis may promote inflammation and swelling of alveolar epithelial cells via the NLRP3 inflammasome, bringing about ARDS. NLRP3 is a key mediator in the process of pyroptosis, so crosstalk between ferroptosis and pyroptosis may occur in the pathogenesis of ARDS, aggravating lung injury. Further animal experiments and clinical studies are needed to verify these points. The regulation of the NLRP3 inflammasome by inhibiting ferroptosis to thereby alleviate ARDS may also be a new therapeutic strategy.


[image: Figure 2]
FIGURE 2. Possible relationship between ferroptosis and ARDS. Here is an ARDS lung. DAMPs, ROS, and iron overload contribute to ARDS, and they can activate the NLRP3 inflammasome, which promotes the maturation and secretion of inflammatory factors, forming a self-amplifying loop with ferroptosis. Nrf2 inhibits the generation of ROS and iron to negatively regulate ferroptosis. However, the direct link between ferroptosis and ARDS is unclear. DAMPs, damage-associated molecular patterns; ROS, reactive oxygen species; NLRP3, NOD-like receptor protein 3; Nrf2, nuclear factor erythroid 2-related factor 2.


At the same time, recent studies have shown that Nrf2 inhibits ferroptosis by regulating the expression of SLC7A11 and heme oxygenase-1 (HO-1), thus alleviating lung injury (12, 64). Nrf2 activators can cause a reduction in ROS and prevent GSH depletion and lipid peroxide accumulation. As a result, ferroptosis is inhibited, thereby alleviating ALI and producing the same effect as that of Fer-1 (42). In addition, inhibitor of apoptosis-stimulating protein of p53 (iASPP) could inhibit ferroptosis and ALI by upregulating Nrf2. Furthermore, the levels of a variety of proinflammatory cytokines (TNF-α, IL-1β, and IL-6) were also decreased (41).

In balance, most studies have not directly focused on the relationship between ferroptosis and ARDS. Therefore, the direct relationship between them needs to be explored, together with more treatments targeting ferroptosis.



Ferroptosis Applications in ARDS Therapy

Disorders of iron homeostasis, the depletion of GSH, and oxidative stress are the key points leading to ferroptosis and could be used as targets for the treatment of ARDS (Figure 3).
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FIGURE 3. Treatments for ARDS. Therapeutic targets for ARDS associated with ferroptosis, such as iron chelators, antioxidants and anti-inflammatory treatments.




Iron Chelators

Iron chelators (deferoxamine, deferiprone, and deferasirox), especially deferoxamine (DFO), have been approved by the FDA for the treatment of iron overload (72). In various animal models of infection, DFO has immunomodulatory effects to resist pathogens such as bacteria, viruses, and fungi, in addition to chelating iron (73). DFO can reduce the levels of inflammatory cytokines and ROS in vitro, exerting anti-inflammatory effects (74). DFO inhalation was shown to improve pulmonary fibrosis and prevent a decline in pulmonary function in mice (75). Simultaneous perfusion of DFO and FT could attenuate leakage syndrome in isolated mouse lungs (76). In summary, iron chelators may also be effective in treating ARDS, and the mechanism may be related to the suppression of ferroptosis.



Antioxidants

Antioxidants can reduce the severity of ARDS (7). Several kinds of drugs decrease the levels of lipid peroxidation and ROS, attenuate inflammation and oxidative stress, and ultimately alleviate ARDS in mice and improve gas exchange (77–80). GSH supplementation could significantly alleviate mitochondrial dysfunction and oxidative damage in the LPS-induced ALI model (81). Animal experiments and clinical studies have shown that regulating the level of GSH (82) via N-acetylcysteine (NAC) could promote the production of GSH and alleviate ALI (7). NAC treatment resulted in increased pulmonary compliance and reduced pulmonary edema (83). In New York, two patients with ARDS caused by COVID-19 showed significant relief of dyspnea after oral and intravenous GSH supplementation, demonstrating that this is indeed a new treatment strategy for ARDS (52). Given the importance of GSH in ferroptosis, it is also worth investigating whether GSH plays a role in the treatment of ARDS by inhibiting ferroptosis.



Anti-inflammatory Treatments

Inhibiting inflammation is an important treatment strategy for ARDS. Combined inhibition of ferroptosis and inflammation has been reported to treat a variety of diseases, such as stroke, myocardial infarction, and pancreatitis (54, 55). In ALI mouse models, ferroptosis inhibitors reduced inflammatory cytokines and pulmonary edema to treat ALI (41, 48). The exact mechanism of ferroptosis and inflammation needs to be confirmed by additional experiments, and ways to modulate inflammation by controlling ferroptosis also need to be further explored. These studies will provide new strategies for the clinical treatment of ARDS.



Perspective

Ferroptosis is a newly discovered form of cell death, and ferroptosis regulators provide new therapeutic directions for many refractory diseases (84). Ferroptosis is an abnormal metabolic process involving iron, lipids and amino acids, and the metabolism of these substances plays a key role in cell proliferation and differentiation. Ferroptosis is characterized by metabolic imbalances and disturbances in redox homeostasis, in which the metabolic process is not independent, but a part of a complex metabolic network. The results of animal experiments and clinical trials preliminarily show that a variety of diseases and pathological processes are closely related to ferroptosis, and intervention in ferroptosis can effectively delay the progression of the disease and improve clinical symptoms to a certain extent. However, research on ferroptosis is still in its infancy. Studies on ferroptosis and lung cancer have made some progress, and ferroptosis inducers as new adjuvants based on traditional treatments have shown their effectiveness. The development of new ferroptosis inducers and the application of multiple forms of combined treatment strategies may be expected to provide new ideas for the treatment of lung cancer.

Recent studies have shown that ferroptosis is closely related to ALI/ARDS, making it a potential target for the treatment of ALI/ARDS. The current studies are based on animal models, while there is a lack of clinical studies. In this context, it is worth noting that the precise role of ferroptosis in the development of ALI/ARDS, and the pharmacological inhibition of ferroptosis, but not necroptosis or apoptosis, protects lung tissues from injury, which remains to be fully elucidated. Considering that ferroptosis was proposed as a brand new concept, there are still large gaps that need to be filled. Clinically, whether the key molecules of ferroptosis can be used as biomarkers to predict the severity of ARDS are needed to investigate. Also, it is necessary to prove whether ferroptosis is the core mode of cell death in ARDS and their crosstalk mechanism.
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Introduction: Intrauterine growth restriction (IUGR) is associated with asthma. Murine models of IUGR have altered airway responsiveness in the absence of any inflammatory exposure. Given that a primary feature of asthma is airway inflammation, IUGR-affected individuals may develop more substantial respiratory impairment if subsequently exposed to an allergen. This study used a maternal hypoxia-induced mouse model of IUGR to determine the combined effects of IUGR and allergy on airway responsiveness.

Methods: Pregnant BALB/c mice were housed under hypoxic conditions (10.5% O2) from gestational day (GD) 11-GD 17.5 (IUGR group; term = GD 21). Following hypoxic exposure, mice were returned to a normoxic environment (21% O2). A second group of pregnant mice were housed under normoxic conditions throughout pregnancy (Control). All offspring were sensitized to ovalbumin (OVA) and assigned to one of four treatment groups: Control – normoxic and saline challenge; IUGR – hypoxic and saline challenge; Allergy – normoxic and OVA challenge; and IUGR + Allergy – hypoxic and OVA challenge. At 8 weeks of age, and 24 h post-aerosol challenge, mice were tracheostomised for methacholine challenge and assessment of lung mechanics by the forced oscillation technique, and lungs subsequently fixed for morphometry.

Results: IUGR offspring were lighter than Control at birth and in adulthood. Both Allergy and IUGR independently increased airway resistance after methacholine challenge. The IUGR group also exhibited an exaggerated increase in tissue damping and elastance after methacholine challenge compared with Control. However, there was no incremental effect on airway responsiveness in the combined IUGR + Allergy group. There was no impact of IUGR or Allergy on airway structure and no effect of sex on any outcome.

Conclusion: IUGR and aeroallergen independently increased bronchoconstrictor response, but when combined the pathophysiology was not worsened. Findings suggest that an association between IUGR and asthma is mediated by baseline airway responsiveness rather than susceptibility to allergen.

Keywords: airway hyperresponsiveness, allergy, intrauterine growth restriction, asthma, lung function


INTRODUCTION

Asthma is an obstructive airway disease that affects patient quality of life, manifesting as episodes of breathing difficulties. Airway hyperresponsiveness (AHR), a major functional impairment in asthma, results in disproportionate airway narrowing that produces airflow limitation (1). There are numerous potential causes of AHR. A relationship between AHR and allergy has been established; inflammation, orchestrated by T-helper 2 (Th2) cells, results in the release of bronchoactive mediators including histamine, leukotriene B4, prostaglandin D2 and cytokines along with the recruitment of immune cells (2, 3) which mediate excessive airway constriction. “Airway remodeling” that is either independent or co-dependent on inflammation (4), is also associated with AHR. Airway remodeling is a change in the structure (mass, thickness, or volume) of the airway wall (5), exerting a multitude of effects, including increased airway smooth muscle (ASM) force production (1), and reduced and more variable airway caliber (1, 6), all of which at least contribute to the onset of AHR.

The above changes to airway structure-function in asthma have conventionally been attributed to environmental exposures (e.g., allergic stimuli) accumulated through postnatal life. An alternative proposal is that airway abnormalities are the result of a developmental disorder and we particularly note the association between intrauterine growth restriction (IUGR) and asthma (7). After establishing a mouse model of hypoxia-induced IUGR, we demonstrated airway hyperresponsiveness in female offspring and hyporesponsiveness in males (8). Functional changes after IUGR were not associated with airway remodeling (8, 9), rather our data implicated a shift in inflammatory phenotype; an increase in macrophages in the bronchial alveolar lavage (BAL) fluid from both male and female offspring with males also demonstrating an increase in interleukin (IL)-2, IL-13, and eotaxin (10). Importantly, this shift in inflammatory phenotype was the result of a prenatal disruption that persisted into adult life and occurred without exposure to typical environmental triggers (10). Together these observations suggest that developmental changes in airway responsiveness that occur concomitantly with inflammation will alter the susceptibility to environmental influences and subsequent airway disease.

The present study was therefore principally focused on the evolution of AHR in asthma, which as discussed is impacted by structural and inflammatory pathologies and potentially developmental programming. We specifically examined the interaction between IUGR and allergy and hypothesized that persistent biological changes after IUGR worsens the response to allergy and this manifests as more severe bronchoconstriction to contractile stimulation i.e., AHR. To address this study hypothesis, we used our established mouse model of IUGR and exposed both male and female offspring to ovalbumin (OVA) sensitization and challenge.



MATERIALS AND METHODS


Maternal Hypoxia-Induced IUGR Mouse Model

This study was approved by The University of Western Australia Animal Ethics Committee (approval number RA/3/100/1570). All animals were housed in the Pre-Clinical Facility at The University of Western Australia on a 15:9 light:dark cycle. Thirty pregnant BALB/c mice (gestational day “GD” 7) were obtained from the Animal Resources Center (Murdoch, WA, Australia). Mice were exposed to 10.5% O2 from GD 11 to GD 17.5 (hypoxic conditions; IUGR group) (8–12) which corresponds to the pseudoglandular-canalicular stage in fetal mouse lung development, and therefore peak airway development. At GD 17.5, the pregnant mice were removed from the hypoxic chamber and returned to normoxic conditions (21% O2) for the remainder of the pregnancy. Another group of pregnant mice remained under normoxic conditions throughout the entire duration of pregnancy (Control group). Only litter sizes of ≤6 pups were included in the study since larger litters reduce body weight independently of maternal hypoxia and compromises milk availability to pups. Offspring were weaned and sexed at 3 weeks of age, with access to standard chow and water ad libitum. Weights of offspring were recorded at birth and before lung function assessment (8 weeks of age). A subset of offspring was used to determine the effects of IUGR on diaphragm function and structure in postnatal life (11).



Allergy Sensitization Protocol

An established mouse allergy protocol from our lab was used in this study (13). At 5 and 7 weeks of age, all IUGR and Control offspring received 0.2 mL intra-peritoneal (i.p.) injection containing 5 mg.mL−1 of OVA (Sigma, St. Louis, MO, U.S.A.) suspended in 50 mL of alum (Alu-gel-S, Serva, Heidelberg, Germany). At 8 weeks of age, half of the Control and IUGR offspring received 1% OVA aerosol (MPC aerosol medication nebulizer, Braintree Scientific, Inc., MA, U.S.A), whilst remaining offspring received a saline aerosol. This resulted in four experimental groups: Control (males, n = 8; females, n = 10), normal mice with saline aerosol; Allergy (males, n = 8; females, n = 10), normal mice with OVA aerosol; IUGR (males, n = 8; females, n = 9), IUGR mice with saline aerosol; and IUGR + Allergy (males, n = 7; females, n = 8), IUGR mice with OVA aerosol (Figure 1).


[image: Figure 1]
FIGURE 1. Protocol for IUGR and allergy induction in mice. The superimposition of a maternal hypoxia-induced IUGR model and a well-established allergen protocol, produced 4 experimental groups; Control, Allergy, IUGR and IUGR + Allergy. GD, gestational day; OVA, ovalbumin; i.p., intra-peritoneal; IUGR, intrauterine growth restriction.




Lung Function Assessment

Twenty-four h after the aerosol challenge, offspring were anesthetized by i.p. injection of ketamine (0.4 mg.g−1 body weight) and xylazine (0.02 mg.g−1 body weight). Once under anesthesia, each mouse was tracheostomised, transferred to a FlexiVent system (FX module 1, flexiWare version 7.5, SCIREQ, Montreal, QC, Canada) and then ventilated at 250 breaths.min−1 (8, 13). Lung volume history was standardized via three slow inflation-deflation manoeuvers up to 20 cmH2O transrespiratory pressure.

Respiratory impedance was measured by forced oscillation technique (FOT). Outcomes of airway resistance (Raw), tissue damping (G), and tissue elastance (H) were derived from impedance using a constant phase model. Once the mouse was stabilized on the ventilator, FOT measurements were recorded once a min for 5 min to establish baseline respiratory mechanics. Mice were then challenged with 10 s aerosols of saline, followed by increasing doses of methacholine (MCh; β-methacholine chloride, Sigma-Aldrich, St. Louis, U.S.A; 0.1 mg.mL−1 to 30 mg.mL−1) via the Aeroneb ultrasonic nebuliser (SCIREQ). After each challenge, measurements were again recorded every min for 5 min. Peak responses were used for analysis. After final MCh response was measured, 0.1 mL atropine (600 μg/mL) was delivered via i.p injection, to reverse airway constriction. Ten min after atropine administration, mice were euthanized with an overdose of ketamine and xylazine (13).



ELISA Assay

Following euthanasia, blood serum was collected via centrifugation of cardiac puncture samples to determine levels of OVA-specific immunoglobulin E (IgE), according to manufacturer's protocol (BioLegend, Inc.) (13).



Histology and Morphological Analysis

The analysis was only performed in IUGR mice (IUGR compared with IUGR + Allergy groups) since previous study have shown no effect of acute OVA exposure on airway dimensions (13). Lungs were inflation-fixed in situ at a transrespiratory pressure of 10 cmH2O in 4% formaldehyde (8, 13). The left lung was embedded in paraffin wax and two 5 μm transverse sections were stained with Masson's Trichrome. The first section was acquired just below the transition from extra- to intraparenchymal bronchus [middle region in (14), and the second section marginally deeper into the lung toward the lower region in (14)] (14, 15). All airways within each section were measured. The perimeter of the basement membrane (Pbm) and areas of the ASM, inner and outer airway wall were measured by Stereo Investigator software (version 10.42.1, MBF Bioscience, United States of America). Airway measurements were averaged within each animal i.e., a case mean was calculated.



Data Analysis and Statistics

Data were normalized where necessary, to ensure assumptions of parametric tests were satisfied. An unpaired t-test was performed to assess differences in birth weight (unsexed) between IUGR and Control offspring. Body weights of offspring at 8 weeks of age were analyzed using a two-way ANOVA, examining the effects of sex and in utero treatment.

Lung function data were analyzed using two-way ANOVA, examining the effects of sex in three separate analyses; IUGR effect (Control compared with IUGR group), confirming the effect of IUGR on bronchoconstrictor response in saline exposed offspring only; Allergy effect (Control compared with Allergy group), confirming the effects of allergy on bronchoconstrictor response in Control offspring only; combined effect of IUGR and Allergy (IUGR compared with IUGR + Allergy group), examining the effects of allergy on bronchoconstrictor response in IUGR offspring. Outcomes (Raw, G and H) were compared before and after methacholine challenge, and delta change in response to methacholine (e.g., Δ Raw, G and H calculated from the difference between 30 mg.mL−1 MCh and saline).

Data for OVA IgE levels were analyzed by separate two-way ANOVAs; Control compared with IUGR groups for male and female mice; Control compared with Allergy groups for male and female mice; IUGR compared with IUGR + Allergy groups for male and female mice. Airway dimensions were also analyzed by two-way ANOVA; IUGR and IUGR + Allergy groups for male and female mice. P-value < 0.05 was considered statistically significant. Graphical and statistical analysis were conducted using PRISM (version 7, GraphPad Software, La Jolla, CA, U.S.A) and SigmaPlot (version 13, Systat Software, Inc., San Jose, CA, U.S.A).




RESULTS


Offspring Growth Outcomes

The IUGR offspring were lighter than Control offspring at birth (P = 0.0001, unsexed; Figure 2A). The IUGR offspring remained lighter in adulthood (8 weeks; P < 0.0001; Figure 2B) and at this age, males were heavier than females (P < 0.0001; Figure 2B). There was no effect of OVA exposure on body weight at 8 weeks of age (saline, 21.81 ± 1.79 g; OVA, 21.94 ± 2.05 g; P = 0.701).


[image: Figure 2]
FIGURE 2. Offspring body weights. Body weights of Control (n = 50) and IUGR (n = 50) offspring at birth (A) and at 8 weeks of age (Control male, n = 16; IUGR male, n = 15; Control female, n = 20; IUGR female, n = 17; B). Sample size of birth weight is larger than experimental sample size as the birth weight of all pups in each litter was recorded. Data are mean ± SEM. *Significant treatment effect (P < 0.05). #Significant sex effect (P < 0.05). IUGR, intrauterine growth restriction.




Airway Resistance, Tissue Damping, and Elastance
 
IUGR Effect

To determine the effect of IUGR on bronchoconstrictor response, data were compared in mice exposed only to saline aerosol (i.e., Control and IUGR groups). Before MCh challenge, there was no difference in Raw between Control or IUGR groups (P = 0.118) and male or female (P = 0.275) mice (Figure 3A). After MCh challenge, Raw (P = 0.018; Figure 3B) and Δ Raw (P = 0.005; Figure 3C) of IUGR mice were greater than Control. There was no difference in Raw between males and females after MCh challenge (P = 0.249).


[image: Figure 3]
FIGURE 3. Changes in Raw in Control and IUGR groups. Airway resistance in Control male (n = 8) and female (n = 10), and IUGR male (n = 8) and female (n = 9) offspring before (A) and after (B) MCh challenge, and Δ Raw (C). Data are mean ± SEM. *Significantly different from Control (P < 0.05). Males, open circles; Females, closed circles; Raw, airway resistance; IUGR, intrauterine growth restriction; MCh, methacholine; Δ, net change after MCh challenge.


Before MCh challenge, G (P = 0.205; Supplementary Figure 1A) and H (P = 0.205; Supplementary Figure 2A) were similar between IUGR and Control groups. After MCh challenge, G (P = 0.025; Supplementary Figure 1B) and H (P = 0.025; Supplementary Figure 2B) of the IUGR group were greater than the Control group. There was no difference in Δ G (P = 0.053; Supplementary Figure 1C) but a greater Δ H in the IUGR mice compared with Control mice (P = 0.007; Supplementary Figure 2C). Sex did not affect G (before MCh, P = 0.431; after MCh, P = 0.429) or H (before MCh, P = 0.542; after MCh, P = 0.976).



Allergy Effect

Data were compared in Control and Allergy groups to examine OVA effect on Raw. Before MCh challenge, there was no difference in Raw between Control or Allergy groups (P = 0.671) or between males and females (P = 0.109; Figure 4A). Airway resistance (P = 0.006; Figure 4B) and Δ Raw (P = 0.004; Figure 4C) of the Allergy group was greater than Control group after MCh challenge. Male mice also exhibited a greater Δ Raw compared with females (P = 0.016).
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FIGURE 4. Changes in Raw in Control and Allergy groups. Airway resistance in Control male (n = 8) and female (n = 10), and Allergy male (n = 8) and female (n = 10) offspring before (A), and after (B) MCh challenge, and Δ Raw (C). Data are mean ± SEM. *Significantly different from Control (P < 0.05). #Significantly different from males (P < 0.05). Males, open circles; Females, closed circles; Raw, airway resistance; MCh, methacholine; Δ, net change after MCh challenge.


Tissue damping of Allergy and Control groups were similar before (P = 0.622) and after (P = 0.21) MCh challenge (Supplementary Figures 3A,B). Tissue elastance was also similar between Allergy and Control groups before (P = 0.837) and after (P = 0.065) MCh challenge (Supplementary Figures 4A,B). Sex had no effect on G (before MCh, P = 0.758; after MCh, P = 0.608) or H (before MCh, P = 0.787; after MCh, P = 0.89).



Combined Effect of IUGR and Allergy

To determine the combined effect of IUGR and Allergy on bronchoconstrictor response, data were compared in IUGR mice that were exposed to either saline or OVA aerosol (i.e., IUGR and IUGR + Allergy groups). There was no difference in Raw of IUGR mice exposed to either saline or OVA, both before (P = 0.345; Figure 5A) and after (P = 0.149; Figure 5B) MCh challenge, and Δ Raw (P = 0.153; Figure 5C). There was also no difference between sexes, before (P = 0.841) or after (P = 0.670) MCh challenge in Raw.


[image: Figure 5]
FIGURE 5. Changes in Raw in IUGR and IUGR + Allergy groups. Airway resistance in IUGR male (n = 8) and female (n = 9), and IUGR + Allergy male (n = 7) and female (n = 8) offspring before (A) and after (B) MCh challenge, and Δ Raw (C). Data are mean ± SEM. Males, open circles; Females, closed circles; Raw, airway resistance; IUGR, intrauterine growth restriction; MCh, methacholine; Δ, net change after MCh challenge.


Tissue damping of the IUGR + Allergy group was similar to the IUGR group before (P = 0.345) and after (P = 0.149) MCh challenge (Supplementary Figures 5A,B). Tissue elastance of the IUGR + Allergy group was also similar to the IUGR group, both before (P = 0.578) and after (P = 0.225) MCh (Supplementary Figures 6A,B). There was no sex effect on G (before MCh, P = 0.62; after MCh, P = 0.395) or H (before MCh, P = 0.682; after MCh, P = 0.932).



OVA IgE Levels

Female offspring had higher OVA IgE levels than the male offspring in the IUGR group (P = 0.009; Table 1). There were no other differences between groups (P > 0.05).


Table 1. OVA IgE levels.
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Airway Morphometry of IUGR Offspring

Airway dimensions are provided in Table 2 and representative images are shown in Figure 6. There were no differences in any of the airway wall parameters measured between IUGR and IUGR + Allergy groups (P > 0.05).


Table 2. Airway dimensions in the IUGR offspring.
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FIGURE 6. Representative airway histology. IUGR male (A), IUGR + Allergy male (B), IUGR female (C), IUGR + Allergy female (D) offspring. Pbm, perimeter of the basement membrane.






DISCUSSION

Intrauterine growth restriction and low birth weight are associated with the development of asthma in childhood and adult life (7, 16, 17). Sex and age-dependent changes in AHR within IUGR mice have been documented (8), aligning well with human population studies that show differences in the prevalence of asthma between males and females in early life and adulthood (18–20). Allergy is a major risk factor for asthma (21) and may differentially impact individuals that were growth-restricted in utero. The present study used an established mouse model of maternal hypoxia-induced IUGR (8–12) to examine changes in airway responsiveness in IUGR offspring that were subsequently sensitized and challenged with an allergic stimulus i.e., OVA. Findings were unexpected in that the independent effects of IUGR and allergy in promoting AHR did not enhance bronchoconstriction when both abnormalities were combined.

The animal model of IUGR used in this study is robust; the reduction in body weight (at birth and 8 weeks of age) is comparable to that observed previously (8–12), affecting both male and female offspring (10, 11). An acute allergy exposure protocol was preferred as this produces an inflammatory-mediated increase in airway responsiveness (13, 22), without altering body weight (13, 23). Airway responsiveness was assessed from changes in resistance measured using FOT which showed an exaggerated response to MCh after OVA, consistent with AHR. An exaggerated increase in H was also observed, as has been previously documented (13, 22), although G was unchanged. Tissue damping response is at times affected by OVA (22), varying with aerosol deposition patterns (24).

The IUGR and OVA protocols have revealed several interesting biological phenomena, the first of which is apparent after pure sensitization, even prior to bronchial challenge. As discussed, IUGR offspring in the absence of sensitization exhibit sex-dependent changes in airway responsiveness (8). While adult female offspring are hyperresponsive after IUGR (8), males are hyporesponsive, an effect that may well be explained by reduced contractile capacity of the ASM layer (9). We here now observe that after OVA sensitization, male and female mice are both hyperresponsive, in that males switched from a hypo- to hyperresponsive phenotype, manifested by an exaggerated increase in resistance, damping and elastance. Why allergic sensitization modifies airway responsiveness in male offspring is unclear. It has been previously shown that IgE response to house dust mite and OVA sensitization in male and female placentally restricted lambs is increased compared with Control lambs (25), but the OVA-specific IgE levels were comparable between our male and female Control and IUGR mice. One possibility is that a normal response to OVA interacts with a primed basal immunity, previously documented in the offspring of male IUGR mice, specifically elevated IL-13 in BAL fluid (10). Interleukin-13 is produced by natural killer cells after OVA sensitization and is strongly correlated with the Th2-induced allergic cascade and exaggerated bronchoconstrictor response (26).

The primary aim of the study was to examine how a prenatal insult (IUGR) interacts with a common risk factor for asthma i.e., aeroallergen. It seemed reasonable to hypothesize that if IUGR and aeroallergen independently increase airway responsiveness, then combined the respiratory abnormality would worsen. Indeed, aeroallergen exaggerates bronchoconstriction in a mouse model of ASM thickening caused by localized expression of a growth factor (13). Results showed no additional effect (additive or synergistic) of IUGR and allergy on airway responsiveness. Previous studies examining the relationship between atopy and low birth weight report an attenuated allergic response in IUGR individuals (27–29), including a reduced incidence of atopic dermatitis and food allergies (29). The relationship between low birth weight and asthma in childhood and adult life (7, 16, 17) may therefore reflect innate changes in airway responsiveness rather than a tendency to allergic disease.

We have previously reported no change in postnatal airway morphology after IUGR (8, 12) or acute exposure to OVA (13), including Pbm and the thickness of ASM and epithelial layers, and total airway wall thickness. In this study, we investigated whether the effects of IUGR and allergy interact to produce airway remodeling. Airway wall structure after IUGR was not affected by subsequent exposure to OVA. These data suggest that the increased bronchoconstrictor response observed in IUGR and OVA-induced allergic mice is independent of any change to airway wall structure.

A commonality between changes elicited by IUGR and OVA is airway inflammation; the former leading to increased lung macrophages at 2 and 8 weeks in mice (10) and in adult rats (30). The effects of macrophages are varied in asthma, exerting regulation through phagocytic, anti- and pro-inflammatory activities (31). It is conceivable that macrophage infiltration after IUGR favors excessive bronchoconstriction; macrophages are developed in utero and self-maintained throughout life via proliferation (32), and are activated by IL-13 (33) which appears in greater concentrations in IUGR male offspring (10). In patients with chronic obstructive pulmonary disease, a treatment-driven reduction in AHR was independently associated with a reduction in sputum macrophages as well as lymphocytes (34). At the same time, if anti-proliferative effects of macrophages dominate, an additional effect of IUGR could be to resist further abnormality following exposure to aeroallergen. Future research on how IUGR alters macrophage behavior is therefore warranted.

Other studies have also queried potential interactions between IUGR and allergen exposure. Landgraf et al. (35) used a gestational maternal undernutrition rat model of IUGR and reported an increase in airway responsiveness after OVA sensitization and challenge. However, in the study by Landgraf et al., IUGR alone did not appear to increase bronchoconstrictor response, although the method of assessing constriction from changes in perfusion pressure of excised lungs is quite indirect and may lack sensitivity (35). Two other studies which also used a maternal undernutrition-induced IUGR model in mice and rats demonstrate increased lung inflammation in IUGR offspring following OVA sensitization and challenge (36, 37). Differences in model parameters likely contribute to these disparate findings, including the method used to induce IUGR (hypoxia or undernutrition), duration of exposure and species. Despite these differences, animal models of IUGR seem to consistently report changes in airway biology that are of relevance to asthma.

We acknowledge that there are differences in mouse lung anatomy compared with human (38) which to some extent reduces the model's relevance to disease. However, the data generated allows us to form hypotheses on how prenatal and postnatal disorders interact and reveals new avenues for therapy. Airway responsiveness is modified by numerous exposures that do not necessarily share the same underlining mechanism. Given that airway biology can be modified by such a diverse range of factors, this could explain why not all treatments have the same efficacy on a given asthmatic patient. In addition to postnatal preventative measures for asthma, the prenatal window of susceptibility needs further consideration.

In summary, results indicate that while sensitized IUGR offspring are hyperresponsive to an inhaled bronchoconstrictor agonist, aeroallergen does not cause further functional disruption. These findings suggest that innate changes in bronchial reactivity are more likely to explain associations between IUGR and asthma, rather than an allergen driven inflammatory response within the lungs.
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Lung development is not completed at birth, but expands beyond infancy, rendering the lung highly susceptible to injury. Exposure to various influences during a critical window of organ growth can interfere with the finely-tuned process of development and induce pathological processes with aberrant alveolarization and long-term structural and functional sequelae. This concept of developmental origins of chronic disease has been coined as perinatal programming. Some adverse perinatal factors, including prematurity along with respiratory support, are well-recognized to induce bronchopulmonary dysplasia (BPD), a neonatal chronic lung disease that is characterized by arrest of alveolar and microvascular formation as well as lung matrix remodeling. While the pathogenesis of various experimental models focus on oxygen toxicity, mechanical ventilation and inflammation, the role of nutrition before and after birth remain poorly investigated. There is accumulating clinical and experimental evidence that intrauterine growth restriction (IUGR) as a consequence of limited nutritive supply due to placental insufficiency or maternal malnutrition is a major risk factor for BPD and impaired lung function later in life. In contrast, a surplus of nutrition with perinatal maternal obesity, accelerated postnatal weight gain and early childhood obesity is associated with wheezing and adverse clinical course of chronic lung diseases, such as asthma. While the link between perinatal nutrition and lung health has been described, the underlying mechanisms remain poorly understood. There are initial data showing that inflammatory and nutrient sensing processes are involved in programming of alveolarization, pulmonary angiogenesis, and composition of extracellular matrix. Here, we provide a comprehensive overview of the current knowledge regarding the impact of perinatal metabolism and nutrition on the lung and beyond the cardiopulmonary system as well as possible mechanisms determining the individual susceptibility to CLD early in life. We aim to emphasize the importance of unraveling the mechanisms of perinatal metabolic programming to develop novel preventive and therapeutic avenues.

Keywords: lung development and pulmonary diseases, perinatal nutrition, maternal obesity, intrauterine growth restriction, chronic lung disease, bronchopulmonary dysplasia (BPD)


INTRODUCTION

Chronic lung diseases (CLD) such as asthma, chronic obstructive pulmonary disease (COPD) and pulmonary arterial hypertension (PAH) have a major impact on global health, with COPD being the third leading cause of death worldwide (WHO Global Health Estimates, 2020). CLDs do not only have an enormous impact on the patient's quality of life, but also on health care costs (e.g., an average of $4147 per COPD patient per year) (1, 2). While the pathology of adult lung diseases and the influence of environmental factors such as smoking have been extensively studied, the mechanisms determining the individual susceptibility to CLD early in life remain elusive. This review will provide insights in the current knowledge on how perinatal nutritional and metabolic conditions adversely affect lung development and contribute to the origin of CLDs.

Maternal obesity and intrauterine growth restriction (IUGR) represent alterations of the antenatal, perinatal and postnatal nutritional and metabolic status with adverse consequences for the fetus and newborn. (1) First, both maternal obesity and IUGR increase the risk of pregnancy complications and prematurity of the offspring. Epidemiological studies have shown that not only the risk of pregnancy complications for overweight and obese mothers is higher; it is also associated with an early pregnancy loss, congenital malformations, premature birth and stillbirth (3). In addition, the offspring has an increased risk of being either macrosome or IUGR, both introducing their own risk of comorbidity. IUGR is diagnosed in 5–10% of all pregnancies, characterized as a rate of fetal growth less than the growth potential that is appropriate for the gestational age, and well–recognized as an additional risk factor for prematurity (4, 5). (2) Second, fetal and postnatal nutritional supply as well as maternal weight and metabolism can adversely affect the long-term health of the child. This is referred to as perinatal or metabolic programming (6, 7). This concept was initially coined by Barker as the fetal origins hypothesis, also known as fetal programming. Barker et al. proposed that the developing fetus adapts its growth rate and metabolism as a response to variations in the supply of nutrients (and oxygen), which may lead to permanent changes of organs' structure and physiology in the newborn (8). Over the past two decades, the developmental origins of health and disease have gained increasing scientific interest. There has been an enormous effort and an accumulation of studies devoted to elucidating the underlying mechanisms of perinatal (metabolic) programming of diseases as well as its prevention and therapy. (3) Lastly, maternal obesity and IUGR are associated with long-term alterations of lung function and lung structure. For example, clinical reports showed a positive linear trend between birth weight, adjusted for maternal factors, and lung function in adulthood (9). Furthermore, children that were exposed to maternal obesity during pregnancy or gestational diabetes mellitus (GDM) have an increased risk of developing asthma in childhood (10–12). These findings indicate the significant impact of body weight, nutrition, and metabolism during critical phases of pregnancy and the early postnatal period on the lung development and later pulmonary function of a child (13).

In addition to the adverse nutritive and metabolic influences, the time of exposure is of great importance with regard to the resulting lung pathology. There are different critical windows of lung development with diverse developmental biological processes. The lung develops in five stages, with the last (alveolarization) starting shortly before birth and continuing beyond infancy (14). The window and the nature of exposure to adverse influences render not only the prenatal, but also postnatal lung development highly susceptible to injury and CLDs (15). This basic principle of timing emphasizes the far-reaching complex consequences of antenatal, perinatal and postnatal nutrition. Here, we provide an overview of the impact and mechanisms of nutritive surplus with metabolic disorder (maternal obesity) as well as nutritive deprivation (e.g., IUGR) on the child's lung health (schematic representation in Figure 1).
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FIGURE 1. Schematic representation of the structure of this review. We aim to provide a comprehensive overview of the influences of maternal obesity, early childhood obesity and intrauterine growth restriction (IUGR) on nutrient sensing as well as endocrine and inflammatory pathways, and how these adverse perinatal effects contribute to the early origins of chronic lung diseases.




THE IMPACT OF PERINATAL NUTRITIVE SURPLUS ON THE ORIGINS OF CHRONIC LUNG DISEASE

Obesity and overweight result from an imbalance of energy consumption and energy intake, causing fat accumulation in adipose tissue (16). The origin of obesity is multifactorial and comprises a complex interaction of genetic and life style factors (17, 18). It is widely accepted that each individual has a certain level of predisposition for obesity due to genetic and epigenetic adaptations along with modifying environmental factors that can in part contribute to familiar obesity (17). Two central endocrine pathways in obesity are those of insulin and leptin. Insulin is a critical regulator of adipocyte biology that promotes the uptake of glucose and fatty acids and stimulates lipogenesis while inhibiting lipolysis (19). In obesity, the glucose transport and adipocyte metabolism are decreased despite high circulating levels of insulin, also known as insulin resistance (20). Leptin is produced by adipose tissue and acts as a regulator of appetite and energy expenditure (21). Obesity is associated with high levels of circulating leptin combined with leptin resistance (22). Leptin and insulin directly interact with each other and in addition, leptin influences insulin sensitivity through the regulation of glucose metabolism (23). Interestingly, targeting the energy balance to favor weight loss might induce compensatory behavioral and metabolic actions that favor the maintenance of bodyweight (24). This is one of the explanations for the further increasing numbers of obesity, despite multiple broad scale attempts on lifestyle and dietary interventions. Instead, obesity has grown into a worldwide pandemic. Surveys conducted by the WHO in 2008 showed that around 1.5 billion adults worldwide suffer from overweight, which corresponds to a body mass index (BMI) of over 25. Of far greater concern are the ~200 million men and 300 million women with a BMI of more than 30, therefore considered to be obese (25). It is alarming that the prevalence of overweight and obesity is not only increasing dramatically among adults, but also children (26).


Linking Maternal to Childhood Obesity: a Transgenerational Vicious Circle

Early childhood obesity has been proposed as a strong predictor of overweight in early adulthood (27). It has also been reported that maternal obesity and GDM can cause early-onset childhood obesity, which is associated with a higher prevalence of overweight or obesity in adulthood (28). In the USA, 17% of children are already considered obese (26, 29). Studies show that 1 to 2-year-old overweight children are more likely to be obese in their teenage and middle age years, and are prone to develop early-onset metabolic syndrome (30–33). Metabolic syndrome is characterized by obesity, type 2 diabetes, cardiovascular diseases, dyslipidemia and hypertension. As the prevalence of obesity amongst young adults continues to rise, the number of overweight/obese pregnant women is also steadily increasing. Interestingly, there is accumulating evidence of a transgenerational effect of obesity that adversely affects child health throughout life (34, 35). Specifically, maternal BMI shows a significant correlation with high offspring's birth weight and children's overweight (30, 36, 37). Thus, children of overweight mothers are at high risk of developing overweight later in life and tend to suffer from overweight-associated diseases (38). These findings are supported by experimental studies that show higher tendency for obesity and impaired insulin response in offspring of obese dams (39–41).

These transgenerational effects can be attributed, in part, to epigenetic changes in the offspring of obese mothers. The DNA is hypomethylated at the start of embryonic development, therefore, the developing embryo is particularly sensitive to epigenetic changes (e.g., DNA methylation, histone modification and microRNA expression) in response to the intrauterine environment (42). For example, maternal high-fat diet before, during and after pregnancy has been shown to alter miRNA expression and to induce a chronic dysregulation of insulin-like growth factor 2 (IGF-2) signaling in a mouse model (43). Such changes are not only detectable in adult mice (42), but also in human fetal umbilical cord blood (44). In addition, there are multiple reports of modified DNA methylation on sites of importance for metabolic processes after dysglycemia and/or high-fat diet during pregnancy (45–47).

In addition to metabolic consequences, the rising incidence of early childhood obesity is particularly concerning because of the association with respiratory symptoms and diseases in youth. One of the most common respiratory symptoms in childhood is wheezing, with ~30% of all children suffering from it (48). The risk of recurrent wheezing is especially high in children of obese mothers (49, 50). Obese children experience exertional dyspnea and often suffer from obstructive sleep apnea syndrome (OSAS) as well as obesity hypoventilation syndrome (OHS) (51, 52). In case of an emergency, obese children show dyspnea related to sedation and post-operative care (53). Furthermore, persistent asthma is strongly associated with high BMI throughout childhood (54–56), which manifests in a 92% higher prevalence of asthma in adult obese patients (57). In addition, the functional parameters of lung function such as respiratory muscle strength and endurance, airway resistance, lung volume and function or gas exchange are negatively influenced by obesity (58–60). Collectively, these studies indicate an adverse clinical course of respiratory diseases in children of obese mothers and after childhood obesity. In the following, we will discuss possible causes for the association between maternal obesity and child lung health.



Molecular Insights Into the Mechanical Effects of Obesity on Lung Function

Mechanical and physical influences on the lung play a significant role in the overall health of obese children and adults. Obese persons, including children, experience a lung restrictive syndrome, which goes along with increased overall body volume causing a narrowing of the upper airway and a reduced full inflation due to neck fat and an inadequate thoracic expansion, respectively (61). Accordingly, obese children suffer from obstructive sleep apnea hypoventilation syndrome (OSAHS) which is associated with hypoxemia, hypoventilation, sleep interruptions and chronic fatigue (62). Therefore, OSAHS has a drastic effect on oxygen supply and can induce hypoxia-associated changes in gene expression through the transcription factor hypoxia-inducible factor (HIF) (63). Under normoxia, prolyl hydroxylases (PHDs) hydroxylate proline residues on HIF-α subunits leading to subsequent proteasomal degradation through ubiquitination. In contrast, hypoxia reduces the O2-dependent hydroxylation of HIF-α subunits by PHDs, resulting in nuclear HIF-α accumulation (64). In a murine model, the effects of hypoxia-mediated HIF activity have been reported to be involved in the pathogenesis of pulmonary arterial hypertension (PAH), in part by upregulating the vasoconstrictor endothelin-1 (65, 66). Deficiency of HIF-2α, however, partly protected from the increase in endothelin and PAH (65, 66). In addition, stabilization of HIF-α induces alveolar epithelial type 2 cell (ATII) apoptosis and subsequent fibrotic lung diseases (67). In contrast, the use of PHD inhibitors in vivo to stabilize HIF-α improved lung growth and function in a model of prematurity (68, 69).

It has been shown that HIF-1α in part sustains the Warburg effect (70, 71). The Warburg effect describes a condition in which the cells obtain their energy mainly through glycolysis with subsequent excretion of lactate. This alternative metabolic state for energy production is used by cancer cells, but also by healthy cells under hypoxia (anaerobic glycolysis). As described above, obesity-associated mechanical forces can lead to an activation of HIF, a mediator of hypoxia. HIF can cause a shift toward glycolysis rather than oxidative phosphorylation, in order to meet the energy demands under hypoxic conditions (70). Interestingly, studies suggested a Warburg effect inversion, a condition in which cancer cells exposed to an adiposity environment increase energy production by aerobic respiration as well as gluconeogenesis (72). The authors suggest that the cells do not consume glucose in glycolysis, but produce glucose through gluconeogenesis. Moreover, it has been described that during hypoxia, mitochondria increase the production of reactive oxygen species (ROS) at complex III (73), leading to inhibition of PHD activity and subsequent stabilization of HIF-α (74, 75). The shift toward glycolysis by the Warburg effect and the increased production of ROS, both induced and maintained by hypoxia, resemble mitochondrial dysfunction (76, 77). Increasing evidence points toward a central role for mitochondrial dysfunction in the development of cancer as well as CLDs including asthma, COPD and PAH (71, 76, 77). Furthermore, recent studies have indicated that the hypoxia-induced increase of ROS in acute lung injury contributes to pulmonary fibrosis by triggering an epithelial-mesenchymal transition (EMT) (78, 79) via the stabilization of HIF-1α in several cell types, including alveolar epithelial cells (80).

These findings highlight the effect of obesity on oxygen sensing and energy metabolism as well as the subsequent consequences for the development of CLDs. HIF, as a central player in oxygen sensing, might serve as a potential therapeutic approach to target the rising incidences of obesity-related diseases. For example, preclinical data show that blocking HIF with digoxin in a mouse model prevented or slowed down the progression of PAH (81, 82). These promising findings demonstrate that not only preventing obesity itself, but also targeting specific metabolic processes might offer new preventive strategies for CLDs.



Cell Homeostasis and Inflammatory Response Under Obese Conditions

Obesity represents a state of low-grade chronic inflammation. The numbers of inflammatory cells such as CD8+, CD4+ and CD68+ cells are significantly elevated in adipose tissue (83, 84). These immune cells along with adipocytes release a wide range of inflammatory factors including leptin, tumor necrosis factor-alpha (TNF-α) (85), interleukin 6 (IL-6), and IL-8 (86), C-reactive protein, monocyte chemoattractant protein-1 (MCP-1), and Plasminogen activator inhibitor-1 (PAI-1) (87–89). Exposure of the lung to these pro-inflammatory cytokines can occur in three different ways at different time points during lung development: (1) through transplacental transport from the obese mother to the fetus; (2) through breast milk of the obese mother during lactation; and (3) through the child's own adipose tissue as a result of (early) postnatal obesity. For example, maternal high-fat diet in a murine model during lactation [postnatal day 1 (P1) to P21] induced an early-onset obesity in the offspring with elevated inflammatory cytokines, such as IL-4, IL-6, IL-13, IL-17A, and TNF-α. The early inflammatory response was related to increased airway hyperreactivity, similar to asthma (90). The adverse effect of IL-6 on the lung was further supported by a study that showed that elevated IL-6 could in part account for the development of emphysema through IL-6 trans-signaling-mediated apoptosis of ATII. Blocking IL-6/gp130 signaling, however, prevented features of lung emphysema (91, 92). Furthermore, elevated IL-6 levels contribute to PAH (93). For example, IL-6 induces a downstream activation of Stat3, which in turn causes a phosphorylation of the transcription factor forkhead box O (FoxO) 1. Phosphorylation of FoxO1 leads to its cytoplasmatic sequestration, subsequent inactivation and ultimately to a hyperproliferation of bronchial smooth muscle cells (SMC) (93, 94). In addition to IL-6, TNF-α is also a notable adipocytokine that is elevated under obese conditions (95). TNF-α modulates the effects of G-protein coupled receptor (GPCR)-induced hyperreactivity in cultured murine airway SMCs and increases contractility (96). By this mechanism, TNF-α may be contributing to SMC responsiveness and the development of asthma. Consequently, the anti-inflammatory adiponectin reduces TNF-α-induced nuclear factor κ B (NFκB) signaling. Thus, the obesity-related decrease in adiponectin further contributes to a dysregulated TNF-α signaling (97). Due to its potential impact on the development of asthma, TNF-α is under intense investigation as a therapeutic target (98–100). Another important functional aspect of TNF-α is the ability to contribute to insulin resistance by inhibiting tyrosine phosphorylation of insulin receptor substrate-1 (IRS-1) (95). Similarly, PAI-1 is produced and secreted by adipocytes and elevated in obesity serum levels (89). In a mouse model of airway hyperresponsiveness, PAI-1 was involved in airway remodeling after LPS-induced lung injury (101). Chronically elevated levels of PAI-1 affect the extracellular matrix turnover and contribute to collagen deposition in the airways (102). Moreover, dysfunction of the adipose tissue after perinatal obesity can further contribute to the maintenance of low-grade chronic inflammation. For example, a recent study indicated that maternal obesity induces metabolic programming of adipocytes in the offspring with lifelong dysfunctional adipose tissue and obesity (103). Collectively, obesity represents a state of low-grade chronic inflammation exposing the developing lung to pro-inflammatory cytokines which could adversely affect lung growth as a first “hit” and increase susceptibility for CLDs in later life.



Nutrient Sensing and Leptin Signaling as a Mechanism of Perinatal Obesity

Under physiological conditions, leptin is integrated in the complex mechanisms of airway and bronchial maturation. A recent study highlighted the importance of physiological non-obese levels of leptin in lung maturation through the upregulation of the expression and the secretion of surfactant protein A (Sftpa) in ATII (104, 105). Similarly, leptin promoted maturation of lung structure and contributed to postnatal lung remodeling and enlargement of the alveolar surface area via the induction of the genes Col1a1, Col3a1, Col6a3, Mmp2, Tieg1, and Stat1 (106). A lack of leptin signaling in ob/ob mice (induced by leptin deficiency) resulted in a significant reduction of alveolar surface, indicating a critical role of leptin in postnatal lung growth (106). These contradictory observations may be due to effects of high circulating concentrations of glucose and insulin during pregnancy in obese mothers, which might potentially overrule the beneficial effect of leptin on lung development (107). In addition, long-term exposure to leptin before birth could affect the expression of pulmonary leptin receptors, disturbing leptin-signaling, leading to defective lung maturation and respiratory function at birth (108, 109).

Leptin has a central role in the immune response as well. Leptin was linked to asthma in adults as well as in children; the severity of asthma was correlated to serum leptin levels in a meta-analysis of 13 studies (110–113). High leptin levels increased the T-helper cell type 2 (Th2)-type immune response in airways via a leptin-mediated and XBP1 (X-box binding protein 1) s-dependent activation of mTOR (mechanistic target of rapamycin) as well as MAPK (mitogen-activated protein kinase) signaling (114). A shift toward the Th2-type immune response in airways is characteristic for the pathogenesis of asthma, thus providing a relevant link between obesity-induced high circulating leptin levels and the development of asthma (114, 115). Adiponectin acts as an anti-inflammatory agent, counteracting leptin (88, 89). Circulating adiponectin levels are known to be reduced in obesity, possibly further contributing to the pathogenesis of obesity-associated asthma (116).

There have been several attempts to alter the high leptin and low adiponectin levels in order to restore the metabolic balance. For example, pharmacological elevation of adiponectin levels in obese mice protected from hyperglycemia, glucose intolerance, and insulin resistance (117) as well as increasing insulin sensitivity (118). However, to date, the effect of adiponectin supplementation on pulmonary development and function remains elusive. In diabetes, thiazolidinedione (TZD) is possibly the most extensively characterized regulator of adiponectin expression. TZDs, such as pioglitazone and rosiglitazone increase adiponectin expression through the activation of peroxisome proliferator-activated receptor gamma (PPARγ) (119, 120). Since it is already a well-established therapeutic intervention for diabetes, targeting adiponectin might be a new promising therapeutic approach for the prevention of long-term consequences of obesity such as pulmonary remodeling and reduced lung function.



Lipid Metabolism and Perinatal Obesity

Obesity is characterized by a dysregulation of the energy and lipid metabolism. Lipoproteins are responsible for the transport of fatty acids, cholesterol and phospholipids. Therefore, the lipoproteins in obese patients show a change in circulating protein levels (121). For example, apolipoprotein E (ApoE), which is part of the low-density lipoprotein (LDL), is elevated in the obese and contributes to fat mass accumulation (122). LDL/ApoE is internalized into cells by its receptor, the low-density lipoprotein receptors (LDLRs), and is the main source of cholesterol and phospholipids efflux out of cells. In the lung, ApoE is produced by lung macrophages and acts on ciliated airway epithelial cells, where it can modulate airway hyperreactivity, mucin gene expression, and goblet cell hyperplasia (121). Thereby, it is involved in reducing the susceptibility to airway hyperresponsiveness (121, 123). In line with this, genetic modified mice with an ApoE deletion show reduced alveologenesis and abnormal pulmonary function with increased airway resistance as well as high dynamic and static compliance (124). PPARγ is a nuclear receptor and considered one of the master regulators of adipogenesis, showing a high expression pattern in adipose tissue and in the lung (125–127). PPARγ is essential for normal lung development via the induction of alveolar epithelial-mesenchymal paracrine signaling (128, 129). Murine studies with genetically deactivated PPARγ demonstrated a spontaneous development of PAH. Here, PPARγ has an anti-proliferative effect on smooth muscle cell proliferation, which might give the opportunity to use PPARγ agonists in treating PAH (130, 131). Moreover, unsaturated fatty acids and several eicosanoids are regulators of PPARγ and induce expression of genes encoding lipoprotein lipase, CD36, phosphoenolpyruvate carboxykinase, aquaporin 7 and adiponectin (132). This is of particular interest since the western style diet has high concentrations of poly-unsaturated fatty acids (133). In this context of western style diet and a higher rate of obese individuals in industrial western countries, elevated fatty acid levels in obesity may be important regulators and modulators of normal and aberrant lung development.



Glucose Metabolism and Hyperinsulemia

Obesity is intimately linked to insulin resistance, accompanied by elevated circulating insulin concentrations. The transduction of insulin signaling is in part mediated through the downstream phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) and mTOR pathways (134–137). The mTOR cascade is integral in orchestrating the complex mechanism of lung development, balancing nutrient and energy supply in the early stages of embryogenesis and fine-tuning tissue growth during organogenesis. An elaborated and comprehensive article by Land et al. provides a broad overview of the role of mTOR in lung development (138). High levels of insulin from diabetic mothers have the potential to inhibit the Sftpa gene expression in lung epithelial cells and thereby delay the fetuses' lung development. This insulin-induced inhibition acts via the rapamycin-sensitive PI3K signaling pathway and not via mitogen-activated protein kinase (MAPK) (139). This notion is further supported by the fact that inhibition of PI3K can contribute to insulin resistance and diabetes (140). Moreover, Ikeda and colleagues demonstrated that insulin reduces vascular endothelial growth factor (VEGF) expression and the transcriptional activity of HIF-2 on the VEGF promoter in an AKT-mTOR-dependent manner in cultured lung epithelial cells. They further demonstrated that activation of the AKT-mTOR pathway in mice reduced alveolar capillarization, stressing the importance of this pathway in lung epithelium and in the development of infant respiratory distress syndrome (RDS) (141). Interestingly, moderate physical activity of obese mothers can rescue maternal and the offsprings' insulin sensitivity, overall improving the metabolic, as well as potential pulmonary outcome in the obese mother as well as her offspring (142).

Insulin does not only affect the alveolar epithelial cells, but also increases the expression of genes related to the contractile phenotype of airway SMC through a Rho kinase- and PI3K-dependent mechanism (143). Apart from these direct effects on pulmonary cells, insulin is involved in the modulation of the immune response and thereby in the pathogenesis of asthma. For example, in mast cells, insulin induces PI3K-dependent signaling, which could contribute to allergic bronchoconstriction (144). On the other hand, Viardot and colleagues demonstrated that insulin influences T cell differentiation promoting a shift toward a Th2-type response. They state, that this effect may contribute to insulin's anti-inflammatory role in chronic inflammation associated with obesity and type 2 diabetes (145). Insulin further exhibits anti-inflammatory properties in acute Th1-type inflammation, where insulin diminishes acute lung injury and reduces levels of inflammatory cytokines (146). Taken together, insulin plays an important role in physiological lung development, supporting alveolarization. In obese patients, however, elevated insulin levels interfere with lung development and maturation, while facilitating a pro-asthmatic immune environment, which could affect the outcome of CLDs in later life.

Collectively, these studies show that perinatal obesity resulting from maternal and early childhood obesity may determine individual susceptibility for CLDs later in life. In addition to mechanical factors due to increased body mass, adipose tissue dysfunction and its consequences play a particularly important role. Low-grade chronic inflammation with increased levels of adipocytokines, impaired insulin signaling, and altered lipid metabolism can be important in metabolic programming of CLDs. In the future, further elucidation of the fat-lung axis is imperative for a better understanding of metabolic mechanisms in the development of CLDs and to develop new preventive and therapeutic approaches.




THE IMPACT OF PERINATAL NUTRITIVE DEFICIENCY ON THE ORIGINS OF CHRONIC LUNG DISEASE


Nutrient Deprivation and Lung Development: the Role of Intrauterine Growth Restriction

Intrauterine growth restriction (IUGR) was first described as “dysmaturity” and indicates an abnormally low birth weight for the gestational age. Classically, IUGR was defined as a birthweight below 2,500 g (147). More recently, it has been characterized as “not reaching the biologically based potential,” often due to reduced perfusion or malnutrition in utero (148–150). IUGR and “small for gestational age” (SGA, birthweight of-2 SD/mean) are often used interchangeably; however, SGA neither excludes nor proves IUGR but serves as an easily quantifiable proxy for IUGR. Pathological intrauterine circumstances induce IUGR, resulting in an infant with low birth weight, often followed by a period of rapid postnatal weight gain, also called “catch-up growth.” Catch-up growth is associated with altered nutrient supply, and overlaps with the final stages of pulmonary alveolarization and vascular maturation (151, 152). Moreover, infants with catch-up growth after IUGR have a higher risk to become overweight or obese and to develop metabolic disorders later in life (4, 153). These clinical findings have been supported by experimental models of IUGR (154–157).

The etiology of IUGR can be divided in (1) fetal origins, such as genetic abnormalities (e.g., chromosomal abnormalities), (2) maternal factors (e.g., vascular diseases, persistent hypoxia or undernutrition, and toxins), and (3) placental etiologies (e.g., placental insufficiency, inflammation) (158). It is thought that 40% of birth weight is ascribable to genetic factors and that the remaining 60% is due to fetal environmental exposures (159). Several historical events have caused a surge of IUGR cases in a defined birth cohort, which has provided deeper insight into the clinical sequelae of IUGR. The latest temporary surge of IUGR caused by maternal malnutrition in Europe was caused by the Second World War. Investigations of the Dutch Famine Birth Cohort (Amsterdam, 1944-1946) have shown that low birth weight infants often have a lower FEV1 and FVC, but not FEV1/FVC ratios, indicative of restrictive lung alterations (160, 161). Other cohorts, however, including an Indian study demonstrate an association of small head circumference (indicative of early gestational growth restriction) with reduced FEV1/FVC ratios (162, 163). These data show the diverse impact of intrauterine nutrient deprivation on lung health that could be in part accounted to the window of injury or the type of nutrient restriction (e.g., protein, vitamins). Overall, these observational and experimental studies highlight that being born IUGR represents a pathologic condition with far-reaching consequences for the child's health and disease, especially regarding metabolism and the lung.



The Interplay Between IUGR and Obesity

Maternal obesity and GDM are often associated with macrosomic offspring (164). However, in uncontrolled or badly controlled GDM, diabetic vasculopathy and nephropathy may lead to placental insufficiency-induced IUGR (165, 166). In addition, experimental data have shown that overnutrition of pregnant sheep causes IUGR in the fetus, likely due to major restriction in placental growth and relative hypoglycemia and fetal hypoinsulinemia during late pregnancy (167). This might be partly related to fetal hypoxia, in turn inducing fetal catecholamine expression and reducing circulating insulin concentrations (168). On the contrary, IUGR induces metabolic changes to the growing fetus that cause a risk for developing obesity, diabetes and metabolic syndrome later in life (4, 153). These changes are passed onto the next generation; female IUGR rat offspring exhibit symptoms of gestational diabetes, and their offspring has increased fasting glucose and insulin levels despite having a normal birth weight when compared to controls (169). These transgenerational changes might be attributed to epigenetic changes, not only affecting the IUGR offspring, but also the second generation by direct exposition of the offspring germ-line to the IUGR environment (170, 171). More specifically, the increased risk for childhood and adult obesity in IUGR offspring could be in part due to programming of the adipocytes toward lipogenesis and proliferation (172, 173). Moreover, the combination of IUGR (induced by surgical bilateral artery ligation) with maternal obesity increased hepatic cholesterol accumulation and LDLR expression when compared to non-IUGR controls (156). These data further support the notion that maternal obesity along with IUGR provides an additional risk for metabolic complications.



The Adverse Effects of IUGR on Pulmonary Structure and Function

IUGR causes structural changes to the lung. Multiple animal studies have shown that IUGR impairs alveolar formation and lung growth, leading to reduced lung function (155, 174–179). In addition, a recent study from our group has demonstrated that IUGR also negatively influences angiogenesis and extracellular matrix formation (157). The intimate link between angiogenesis and alveologenesis has been shown in various animal studies, where alveolar formation was reduced after blocking angiogenesis (180–182). Conversely, the positive influence of angiogenesis on alveolar growth and regeneration is of great therapeutic importance (181, 183). Structural alveolar and vascular changes during lung development could account for the functional alterations that were reported after IUGR in epidemiological studies: several cohort studies have shown that school-children born IUGR have a significantly lower FEV1 and airway resistance as well as a higher susceptibility to airway infections, independent of catch-up growth (184–189). Moreover, in long-term follow-up studies it was shown that a low birthweight decreases lung function in adulthood, with a reduction of lung capacity and elasticity, resembling a COPD phenotype (9, 190). In summary, there is compelling epidemiological and experimental evidence that IUGR determines lung structure and function and could thereby predispose for CLDs.



Endocrine Effects of IUGR and Catch-Up Growth Resemble those of Obesity

Children born SGA have an increased risk of reduced embryonic β-cell growth, glucose intolerance, insulin resistance, type II diabetes and obesity in childhood as well as later in life (191–197). The effect of IUGR on the regulation of insulin levels has been extensively studied, as insulin is not only important for euglycemia in the fetus but also serves as a major fetal (pulmonary-) growth factor (159). The stable glucose flow over the placenta during healthy pregnancy causes fetal insulin secretion that regulates normal adipose tissue development and deposition (198). As stated before, IUGR fetus can exhibit hypoglycemia and hypoinsulinemia due to inhibition of endocrine signaling by catecholamines (168). In addition, the pancreatic function can be decreased after IUGR, resulting in lower levels of intrauterine insulin secretion as well (199). In contrast, reports on postnatal insulin levels in IUGR newborns are contradictive, they might be slightly lower or equal to healthy controls (200, 201). Thus, IUGR causes a deregulation of intrauterine insulin levels, an important mediator in adipose tissue development and fat deposition.

The phase of catch-up growth after IUGR appears to be a strong determinant of future (lung) health. A key fetal adaptation to nutrient deprivation is the intrauterine upregulation of the insulin receptor under hypoinsulinemic circumstances in fetal skeletal muscle (202). After birth and under nutrient surplus, this upregulated receptor is activated by an abundance of glucose and insulin, inducing accelerated body growth (202, 203). The closely related insulin-like growth factor 1 (IGF-1) is induced by growth hormone (GH)/somatropin and is an essential regulator of body growth. The inhibition of the GH/IGF-1 axis has been shown to dysregulate alveologenesis, mainly through disruption of the physiological deposition of the extracellular matrix (204). Work by our group has shown that inhibition of the GH/IGF-1 axis by IUGR was associated with an arrest of lung development; in contrast, catch-up growth caused a significant increase of GH/IGF-1 expression (174). Interestingly, recent work demonstrated that postnatal treatment with recombinant human IGF-1 improves lung growth and structure in a model for bronchopulmonary dysplasia (BPD) (205). In conclusion, there is a postnatal reactive upregulation of both the insulin receptor and the insulin-signaling (including IGF-1) pathway after IUGR, resulting in an initially increased insulin sensitivity during postnatal catch-up growth (4). However, school-aged and adolescent children with accelerated weight gain and catch-up growth after IUGR show increased levels of insulin and reduced insulin sensitivity, indicating the long-lasting effects of prenatal metabolic programming (206, 207).

In addition to the dysregulation of prenatal and postnatal insulin signaling, leptin has been identified to be dysregulated after IUGR as well. Animal studies have shown that IUGR rat pups rapidly develop leptin resistance during their catch-up growth, thereby stimulating weight gain through hyperphagia (208–210). An important molecular link between nutrient status, insulin/leptin signaling and metabolic outcome is the mTOR pathway, controlling cell growth in response to its environment (e.g., stress, oxygen, nutrient status) through protein synthesis as well as lipid, nucleotide, and glucose metabolism (211, 212). A study from our group has shown that nutrient sensing via the mTOR signaling pathway is dysregulated in lungs from a rat model of nutrient deprivation-induced IUGR (157). Recent reports demonstrated that the mTOR signaling pathway is also altered in the placenta of humans and in experimental IUGR studies, enforcing adaptive mechanisms from both the maternal nutrient supply and the fetus's energy demands (213, 214). These studies suggest that both the placenta and the fetus react to nutrient availability by regulating this key nutrient sensor. The mTOR pathway is postnatally essential for pancreatic β-cell and islet maturation (215). Furthermore, mTOR is a potent mediator of endocrine responses, translating signals from leptin and insulin to a negative feedback for insulin (216). Interestingly, studies demonstrate that mTOR is involved in lung development as well, by regulating cell growth for proper organ development (211, 212) and by interfering with essential developmental signaling pathways, such as pulmonary angiogenesis (VEGF) and extracellular matrix deposition (bone morphogenetic protein, BMP) (217, 218). Collectively, these data highlight the eminent impact of intrauterine nutrient deprivation on endocrine function. Of note are the converging similarities between IUGR and obesity with regard to the endocrine system and the long-term metabolic and pulmonary sequelae.



IUGR Causes Transgenerational Metabolic Programing

Epidemiological studies as well as animal studies have shown transgenerational effects of IUGR on metabolic function (219–221). In part, these effects can be attributed to epigenetic programming (222, 223). For example, Fu et al. as well as Tosh et al. described histone modification along the IGF-1 gene and subsequently altered mRNA expression of IGF-1 in a rat model for IUGR induced by placental insufficiency or maternal malnutrition, respectively (224, 225). In addition, Tosh et al. showed that the restriction of early postnatal nutrient intake partly prevents these epigenetic changes (224). Park et al. observed consistent epigenetic adaptations related to differential binding of dinucleotide methyl transferase 1 and 3a together with changes in histone acetylation and methylation in the promoter region of the Pdx1 homeobox gene in a rat model of IUGR (226). Recent studies by Gonzalez-Rodriguez et al., demonstrated the genetic imprinting of H19/IGF2 in second-generation IUGR offspring. This genetic imprinting was associated with altered H19 and IGF2 expression, which is in turn related to an increased risk for obesity and associated metabolic diseases (220, 227). Interestingly, this effect is reversible with postnatal essential nutrient supplementation (220, 228). These studies highlight the influence of perinatal nutrition in the development but also the primary prevention of metabolic diseases, including their secondary pulmonary complications as described in the previous chapter. In summary, these data indicate the great potential of perinatal nutrition and metabolism as a preventive and therapeutic target for metabolic health and CLDs.



Chronic Inflammation in IUGR-Associated CLD

One of the vital connections between the metabolic consequences of intrauterine nutrient deprivation and altered lung development is chronic inflammation. Chronic inflammation has been associated with (1) IUGR (229–232), (2) obesity, type 2 diabetes and metabolic syndrome (233–235) as well as (3) CLDs (236–239). IUGR, followed by catch-up growth, shows similar endocrine dysregulation and activation of inflammatory mechanisms as obesity. For example, both obesity and IUGR exhibit similar levels of leptin and insulin resistance in response to their prenatal nutritional status and postnatal accelerated weight gain (191–197). A possible shift of the Th2 immune response might be another link between CLDs and metabolic changes, e.g., elevated leptin (240) and insulin (206, 207) levels after IUGR. Interestingly, a study in IUGR mice has shown that the Th2 shift and consequent recruitment of macrophages cause inflammation in the pancreatic β-cell islets, causing type 2 diabetes (230). To date, there is no conclusive evidence whether IUGR-associated chronic inflammation is causative for or a consequence of metabolic distress, but the reports support an intimate link between both conditions.

A clinical study on the cord blood of 20 SGA neonates showed that IUGR causes a low-grade inflammatory response: infants born IUGR had significantly increased levels of inflammatory markers IL-6, TNF-α, CRP and thrombopoetin (232). Moreover, animal studies have demonstrated IUGR-associated systemic inflammation in various organs: adult (uteroplacental) IUGR rats exhibited increased pancreatic β-cell inflammation, increasing the risk of diabetes (230, 241); a sheep model for hypothermia-induced IUGR showed a decrease of NF-κB as key regulator of immune-responses (231); and finally, a recent study in IUGR lambs demonstrated increased inflammatory markers and expression of inflammatory as well as pro-apoptotic genes in liver tissue (229). Along with these reports, prior work from our group has shown that IUGR causes dysregulation of key developmental signaling pathways such as NPY(neuropeptide Y)/PKC(protein kinase C), IL-6/AMPKα and TGFβ (transforming growth factor β) signaling as well as the associated inflammatory response (178, 179, 242).

A highly relevant comorbidity for IUGR infants is prematurity. About 30–50% of all extremely premature infants display symptoms of IUGR (243, 244). The causes of prematurity are multifactorial, but there is a strong correlation with maternal obesity. A meta-analysis of 84 clinical studies has shown a significantly increased risk of (induced) preterm labor in overweight and obese pregnancies (245). In addition, the risk of neonatal respiratory complications after premature birth is higher in obese vs. non-obese pregnancies (246, 247).

Premature birth and perinatal inflammatory responses have been intimately linked to pathological processes (248). The lungs of preterm infants are often in the late-saccular to early-alveolar phase at birth and require respiratory support (249). Mechanical ventilation, continuous positive airway pressure (CPAP) or oxygen supplementation are necessary treatments, but cause inflammation, acute lung injury and lead to a neonatal CLD, also known as BPD (250–254). Lungs of infants with BPD are characterized by vascular and alveolar hypoplasia (255). As stated previously, IUGR alone adversely affects lung microvascular and alveolar formation. Interestingly, the combination of IUGR with the immature lung in premature infants increases the risk for the clinical manifestation of BPD (i.e., prolonged need of oxygen supplementation >36 weeks of gestation) (251, 256). These reports indicate that IUGR might be an initial “hit” to the organism, raising susceptibility to CLDs such as BPD.

In conclusion, similar to perinatal obesity and GDM, IUGR leads to acute as well as long-term functional and structural changes in the lung. A distinction must be made between an intrauterine and a postnatal phase in the process of perinatal programming caused by IUGR. While the intrauterine phase is characterized by nutritional deprivation, the postnatal phase is usually characterized by a catch-up growth. With regard to the pathomechanisms, metabolic signaling pathways, inflammation, and nutrient-sensing processes play an essential role, ultimately controlling alveolar and vascular formation and lung growth. However, the different phases of injury in IUGR also provide windows of opportunity for preventive strategies, therapeutic interventions and reprogramming in the future (Figure 2).
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FIGURE 2. Maternal obesity as well as intrauterine growth restriction (IUGR) increase the risk of (catch-up growth mediated) early childhood obesity. Maternal and early childhood obesity are associated with long-term adverse metabolic effects, including type 2 diabetes mellitus and metabolic syndrome. These pathological metabolic processes are not only intimately linked to an increased risk for pulmonary diseases, but can cause a transgenerational effect from mother to child, to second-generation offspring.





THE MICROBIOME AS A LINK BETWEEN NUTRITION AND LUNG HEALTH: OPPORTUNITY FOR INTERVENTION

As stated before, obesity represents a state of low-grade chronic systemic inflammation, as illustrated by the increased amount of circulating inflammatory cells (83, 84) as well as elevated expression levels of inflammatory factors (85–88). External influences on the lung health such as airway pollution and cigarette smoking have been extensively studied in the last decade. Recently however, another field of interest has gained momentum: the gut-lung microbiome. This represents an extremely important link between nutrition, chronic inflammation and pulmonary health. In the following, we will detail the role of the microbiome in the early origins of CLDs.

The infant's microbiome is predominantly established during and shortly after birth, where it is exposed to the maternal and environmental microbiome (257). The introduction of solid foods into the children's diet is the next essential step in the microbiome development. Western diet (rich in meat and fat) has been linked to decreased bacterial gut richness, whereas a diet-based on fruits and vegetables is associated with increased bacterial richness (258, 259). The human microbiome is closely related to the nutritional status and chronic inflammatory processes of the individual (260, 261). Studies have shown that it is possible to predict if an individual is lean or obese based on a classification of the gut microbiome with an accuracy of over 90% (262). In humans for example, the abundance of bacteria of the taxa Christensenella is negatively correlated with BMI; in contrast, in in vivo experiments feeding mice Christensenella bacteria induces weight loss (263). Another human study revealed that the gut microbiome can influence leptin concentrations, indicating that the microbiome might regulate appetite (264). Interestingly, it has been shown that the same dietary ingredients have different effects on the blood glucose levels in humans, which is thought to be mediated by the microbiome as well (265). In addition, new studies have shown that the fecal transplantation of lean to obese patients improves insulin sensitivity (266).

The microbiome alters the immune system and future immune response. For example, it has been shown that the yeast Candida Albicans in particular has a prominent effect on the TNF-α response of the host; and the palmitoleic acid metabolism of bacteria has been associated with lower systemic responses (267). An overall decrease of bacterial richness is linked to a variety of diseases including obesity, coronary vascular disease, metabolic syndrome insulin resistance, dyslipidemia, and inflammatory disorders (268, 269). When the development of the infants' microbiome is perturbed by the use of antibiotics it can lead to the development of obesity or asthma in later life (270). These examples highlight the mutual relationship between the immune system and the microbiome, creating a finely tuned balance (271). As a result, an imbalance between both creates a lifelong signature of the infants' microbiome (272).

The gut microbiome has been extensively studied, but the lung microbiome has only recently gained interest with the first reports of altered microbiome in asthma (273). The lung microbiome has a strong influence on the susceptibility to a wide array of chronic lung diseases, including COPD, asthma, Idiopathic Pulmonary Fibrosis (IPF) as well as altering the prognosis of cystic fibrosis (CF) (274). In healthy individuals, the lung microbiome is well-regulated by the environment (high clearance, low immigration and low nutrient availability). However, processes that favor alterations of the microbiome and inflammation include the increased production of mucus, creating a moist and warm bacterial niche, increased vascular permeability which increases the nutrient availability and selective growth promotion as well as selective clearance due to the altered immune response to airway colonization (275, 276). These factors promote the bacterial colonization of the airways as well as the selective overgrowth of certain well-adapted species, thereby creating a shift of the microbiome from healthy to diseased and inducing the “dysbiosis-inflammation cycle” as introduced by Dickson et al. (275–278). Thus, a perpetual cycle of microbial changes, possibly due to initial nutritional changes before and early after birth, along with inflammation has a significant impact on the development and prognosis of CLDs.

To date, the gut-lung axis remains elusive, especially with regard to clinical interventions. Nonetheless, several initial successes have been reported in the recent years. For example, stimulation of the gut microbiome with a high-fiber diet in COPD patients has been shown to increase the production of anti-inflammatory short chain fatty acids (SCFAs). These anti-inflammatory factors might reduce chronic inflammation of the lungs, prevent or decrease lung remodeling and therefore improve the lung health of COPD patients (279). Meanwhile, the Canadian Healthy Infant Longitudinal Development (CHILD) Study revealed that bacterial genera Lachnospira, Veillonella, Faecalibacterium, and Rothia are significantly reduced in infants at risk for asthma. Inoculation with these four bacteria reduced airway inflammation in a mouse model, possibly lowering the risk for asthma (280). These studies highlight the promising benefits of dietary changes or adjustment of the gut microbiome for the improvement of lung health.

The virome, including the genes of pathogenic viruses, resident viruses and bacteriophages, is of interest for CLDs as well (281, 282). Viral infection is the predominant reason for acute respiratory infections and the exacerbation of CLDs such as asthma, COPD and CF (283, 284). Next generation sequencing has made it possible to assess the viral DNA or RNA load in respiratory samples (285, 286). Obesity influences the virome of the host; it has been reported that increased viral RNA abundance is closely correlated to an increase of fat mass and hyperglycemia in mice (287). In line with this finding, obese patients show a higher susceptibility to dengue fever (288). Moreover, the adenovirus Ad-36 interferes with adipocyte differentiation, leptin production and glucose metabolism (289). Special interest is drawn to the fact that viral presence in the gut influences the host's immune response (290) by interfering with the host's microbiome and immune-modulatory actions (e.g., through the TNF-α pathway) (267, 291). This crosstalk between the bacterial microbiome and virome and their immune-modulating properties have also been reported in the lung (277, 292).

In conclusion, nutritional changes can directly and indirectly influence the intestinal and pulmonary microbiome (including the virome), modulating the immune response and increasing inflammation, and ultimately the risk of severe CLD. Targeting the microbiome might offer new preventive and therapeutic avenues for CLDs early in life.



SYSTEMIC CONSEQUENCES OF FETAL PROGRAMMING

Maternal obesity, maternal malnutrition or fetal nutrient deficiency through placental insufficiency naturally not only affect the lung, but all other organs as well. The organ-specific susceptibility to metabolic influences varies, and the “window of exposure” plays a crucial role. In other words, the timeframe during which organ development and/or -function is especially vulnerable differs from organ to organ. While a lot of research has been performed with traditional technologies, the ever-growing possibilities of bioinformatics will improve the longitudinal integration of transcriptomic, proteomic and lipidomic data with clinical parameters. These analyses will help to increase the understanding of the complex interaction of internal and external variables during development, resulting in a healthy individual or one with programmed disease. While the strength of animal models lies in the possibility to elucidate molecular mechanisms, it will be a challenge for clinicians to identify individuals at risk. Harmonization and standardization of cohorts like in the LifeCycle-Project (293) improves the epidemiological basis to translate hypotheses on the early origins of disease from animal models in to the human context and to confirm their clinical relevance. In this context, research on biomarkers is of high relevance to improve the diagnostic options in early detection of aberrant organ development. Candidates have been studied in clinical situations of known organ damage, e.g., BDP (294, 295) and neonatal kidney injury (296–298) and will have to be tested in the context of metabolic programming. Importantly, the goal is not to label an individual organ function as pathological beyond classical criteria but to identify individuals who are at risk to develop disease later in life in order to provide targeted prevention strategies.

Looking at molecular mechanisms, it is important to note that early metabolic origins of disease are based on a complex encounter of small-scale dysregulations rather than one single dysregulated pathway. Interestingly, apparently distinct causes of nutritional programming can cause similar molecular alterations. As discussed in detail for the lung, both IUGR (299) and maternal obesity-associated (300) models seem to induce inflammation in other organs as well. Briefly summarized, it is demonstrated that neuroinflammation is an important mechanism contributing to neurocognitive impairment after IUGR and maternal obesity (301, 302) and the window of vulnerability extends well-beyond birth (303, 304). Circulating inflammatory proteins were even tested as biomarkers for later cognitive impairment in preterm infants (305). Experimental studies have also linked perinatal inflammation to adverse kidney development (306, 307) and cardiac dysfunction (308). Taken together, these studies highlight the need to consider inter-organ communication as an important contributor to health and disease.



CONCLUSION

The mission of this article was to provide a comprehensive review of the impact of perinatal nutrition and metabolism on lung development and early origins of CLD. The current literature provides compelling evidence that maternal obesity, early childhood obesity and IUGR are intimately linked to increased risk for lung disease. These perinatal nutritional alterations of the fetus and infant converge in similar metabolic, endocrine, nutrient sensing and inflammatory signaling pathways. Key regulators are insulin and leptin, and their respective downstream signaling cascades. Both hormones are essential for physiological growth and development during pregnancy; in contrast, interruption of the concerted interaction and balance of hormones, cytokines and growth factors during a critical window of development can disrupt developmental processes and adversely affect child (lung) health throughout life. For example, maternal obesity and early childhood obesity cause hyperinsulinemia and hyperleptinemia combined with insulin- and leptin-insensitivity. On the other hand, IUGR is characterized by a transient prenatal downregulation of insulin- and leptin signaling, followed by a postnatal upregulation during catch-up growth resulting in the same pathology as obesity. These two endocrine factors subsequently cause a cascade of pro-inflammatory programing with the release of (adipo-) cytokines and can contribute to metabolic and pulmonary disease (Figure 3, Table 1). These pulmonary sequelae span from aberrant alveolarization and angiogenesis to remodeling of the extracellular matrix and ultimately reducing lung function. While the present review primarily focused on the lung, other organs are affected as well, highlighting the importance of inter-organ communication. Beyond the metabolo-inflammatory stress response after perinatal nutritional alterations, smoking, air pollution as well as a consecutive dysbiosis of the intestinal and pulmonary microbiome contribute to the susceptibility and early origins of CLDs such as COPD, PAH and Asthma.
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FIGURE 3. Overview of the converging inflammatory signaling and nutrient sensing pathways of obesity and intrauterine growth restriction (IUGR). Obesity or IUGR lead to chronic inflammation and hyperinsulinemia, which induces mTOR, TNF-α, PAI-1, IL-6, Leptin, and HIF-α signaling. In the lung, these signaling molecules cause for example tissue remodeling, reduce alveolarization and induce smooth muscle cell hyperreactivity. These features are characteristics for a higher susceptibility to develop a chronic lung disease in later life. [mTOR (mechanistic target of rapamycin), TNF-α (tumor necrosis factor alpha), PAI-1 (plasminogen activator inhibitor-1), IL-6 (interleukin-6), HIF-α (hypoxia inducible hypoxia-inducible factor alpha)].



Table 1. Overview of the signaling molecules and pathways involved in the perinatal nutritional and metabolic origins of chronic lung diseases.
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Both obesity-related comorbidities and CLDs are a relevant socioeconomic and individual burden. The alarmingly increasing rates of overweight and obese adults, pregnant women, and children emphasize the need to investigate and decipher the crosstalk between nutrition metabolism and the early origins of CLDs. Elucidation of the metabolo-pulmonary axis with subsequent identification of novel targets will provide new avenues to prevent metabolic programming and the early origins of CLDs.
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Asthma is the most common inflammatory disease affecting the lungs, which can be caused by intrauterine or postnatal insults depending on the exposure to environmental factors. During early life, the exposure to different risk factors can influence the microbiome leading to undesired changes to the immune system. The modulations of the immunity, caused by dysbiosis during development, can increase the susceptibility to allergic diseases. On the other hand, immune training approaches during pregnancy can prevent allergic inflammatory diseases of the airways. In this review, we focus on evidence of risk factors in early life that can alter the development of lung immunity associated with dysbiosis, that leads to asthma and affect childhood and adult life. Furthermore, we discuss new ideas for potential prevention strategies that can be applied during pregnancy and postnatal period.
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INTRODUCTION

Asthma is the most common heterogeneous inflammatory lung disease appearing generally in childhood. Adults are also affected, and more than 339 million people of all ages are living with asthma worldwide. Over 80% of asthma-related deaths occur in low-and lower-middle income countries (1). The pathophysiology of asthma is complex including phenotypes (visible properties) and Endotypes (mechanisms). Regarding phenotypes, the most common are allergic, in early onset, mild, or moderate-to-severe remodeled asthma or non-allergic with late-onset eosinophilic asthma or non-eosinophilic asthma (2). In addition, several factors such environmental, genetic polymorphisms, epigenetic regulations, aberrant immune maturation during pregnancy, and other factors in early life can contribute to the development of asthma. Regarding these factors we can find respiratory infections (mainly the viral ones), the exposure to airborne environment agents (tobacco smoke, pollutants), and most recently comes to light the important role in microbiome imbalance (3).

In this sense, there is not a unique cause or major determinant risk factor that contributes to the development of asthma. Apparently, the combination of several factors in early life and inflammatory response due to it in a period of rapid growth and development of the lung causes structural and immune impairments that leading to asthma (4). Therefore, the key for developing prevention and strategies treatment in asthma is trying to understand the early-life exposures. In this review, we focus on evidence of risk factors in early life that can alter the development of lung immunity associated with dysbiosis, that leads to asthma and affect childhood and adult life.



EVENTS IN EARLY LIFE AND DYSBIOSIS IN ASTHMA

As above mentioned, asthma is developed due to several risk factors and can be linked with prenatal or early life events, causing it to appear specially in childhood. During early life, asthma can be associated with factors (Figure 1) such as delivery by cesarean section, antibiotics usage during the neonatal period, maternal low fiber diet, formula feeding, pollution and the variety of microbes due to environmental exposure (5). Therefore, perturbations on microbial composition (dysbiosis) can consequently alter immune development in mucosal tissues and lead to an increased susceptibility to asthma. Alterations in the microbiome in asthma are due to an association between changes in diversity and composition of lung microbiota along with modifications of functional genes (6). Besides that of the lung, nasal and bronchial microbiomes, asthmatic children also have alterations in the gut microbiome (7). Instances of crosstalk between gut and lung, called the “gut-lung” axis, have been demonstrated. For example, several studies have demonstrated that gut microbiome modulate Tregs in immune function by producing local and systemic mediators which impact on asthma development mediated by gut-lung axis (5, 8, 9).


[image: Figure 1]
FIGURE 1. Associated risk factors and asthma development. There are two inflammatory responses in asthma: Th1 and Th2 mediated. Th2 is the most common and leads to an early response by IgE production, presence of eosinophilia and mast cell recruitment. Late response in Th2 mediated asthma recruits' eosinophils, basophils and T helper cells to the mucosa leads to inflammatory response. Th1 mediate cell immunity in asthma, with neutrophilic inflammation affecting the epithelial layer. Both Th1 and Th2 cause airway hyper responsiveness, smooth muscle disfunction and airway remodeling.


In the recent years there were many advances in gene sequencing technology, expanding the knowledge on lung and gut microbiome, and on the significant role of the interactions between these two niches in the development and incidence of chronic airway disease. The airways are composed by a resident microbiota that develops after birth and interacts with different body sites, such as the gut, and its composition changes in health and disease (10).

Previous studies have suggested a strong correlation between mode of delivery and asthma incidence (11, 12). At the time of birth, maternal bacterial population is transferred to the baby. Stokholm et al. (13) demonstrated that vaginal delivery was associated with neonatal colonization of the intestinal tract by Escherichia coli at age 1 week while colonization by Citrobacter freundii, Clostridium species, Enterobacter cloacae, Enterococcus faecalis, Klebsiella oxytoca, Klebsiella pneumoniae, and Staphylococcus aureus were associated with cesarean section. However, at age 1 year this gut microbial perturbations were not apparent. Therefore, the same group conducted a cohort prospectively study with 700 children to investigate a risk of developing asthma in the first 6 years of life (14). Children who retained a cesarean gut microbial profile at age 1 year were more susceptible to developing asthma by age 6. On the other hand, Boker et al. (15) demonstrated no association between the mode of delivery and asthma incidence. However, this study has some limitations regarding sample size and information about exposition of the neonatal to maternal microflora due to premature rupture of membranes. Therefore, further research should be addressed to answer the questions regarding mode of delivery and asthma incidence.

In addition to mode of delivery, the antibiotics usage during the pregnancy seems alter both the maternal and neonatal microbiomes which may lead to subsequent allergy diseases in childhood (16, 17). Moreover, evidence suggesting that maternal antibiotic usage before and after pregnancy can increase the childhood asthma's risk (18). Furthermore, it should be noted that child exposed to antibiotics in the first days of life can reduced abundance and diversity of Bifidobacterium species (18) and increase the abundancy of Enterobacteriaceae species (19), which may induce the development of asthma. Therefore, it is important to raise the question about the contributions of antibiotics and infection on microbiome disturbance during and after pregnancy, further studies regarding this topic should be address.

The microbiota colonization of the child may be promoted by maternal gut microbiota in utero, after delivery and finally through breastfeeding. Maternal nutrition seems to play an important role on gut microbiota composition alterations in the child. Mother who intake a high-fat diet alters the child microbiome during pregnancy and lactation. The high-fat diet induces increase in Enterococcus and decreases Bacteroides in the third trimester of pregnancy, aside from decrease Bacteroides at delivery (20). Moreover, obese breastfeeding mothers has showed Bacteroides decreases in breast milk (21) which can induce a risk of asthma development in the early life (22).

On the other hand, human milk from mother who intake adequate nutrition, induces a general health benefits for the child and the World Health Organization recommends breastfeeding for at least 6 months after birth. Le Doare et al. (23) suggested that human milk can provide nutrition for the microbiome and prevent pathogenic bacterial adhesion. However, in nowadays some mothers has been replaced the breastfeeding and/or supplemented with cow's milk formula. In this sense, several studies have been demonstrated that the food sensitization in the early life may be associated with an increased risk of asthma (24) which can be mediated by an inflammatory immune response driven by Th2 cells. Liang et al. (25) demonstrated that neonatal fed by breast milk had an increase in Bifidobacterium and Lactobacillus and less viruses in stool samples in compared to those fed with cow's milk, which suggest that breastfeeding can be a potential protection against asthma. A Randomized Clinical Trial with a total of 312 newborns in 6 years follow-up, demonstrated that the cow's formula milk should be avoiding in the first 3 days of life especially in neonatal with higher levels of total Immunoglobulin-E (IgE) that can presents food sensitization in the early life (26). On the “Prevention strategies and immune training” section, we can observer that as earlier we introduce the allergic food the child can development a protective allergic effect.

Apart from food, the pollution and smoking exposure can be a risk for allergic sensitization and enhancement the probability of allergic asthma. Zheng et al. (27) collected fecal samples from 21 children in clean and smog days. Air pollution alters the intestinal microbiome in asthmatic children, increasing Bacteroidetes and decreasing Firmicutes, these changes can be associated with asthma development. Besides air pollution, tobacco smoke exposure in utero and after birth may be associated with a risk of respiratory symptoms in childhood (28).

Children of mothers who smoked during their entire pregnancy present with a higher abundance of Enterobacteriaceae (29) at birth and increased abundance of Bacteroides and Staphylococcus at 6 months of age (30).

Therefore, we can suggest that the gut microbiota presents an important role in asthma development, probably due to the transfer of metabolites and immunomodulatory signals to the lung by gut-lung axis. Although are evidence regarding this connection, the appropriate pathway is not well-elucidated. Previous study demonstrated that gut dysbiosis can increase the allergic lung inflammation through both dendritic cells and T cells (31). Further studies should be address in this field. However, knowing the factor risks which induce a gut dysbiosis and may developed asthma, we can trace potential prevention strategies that can be applied during pregnancy and postnatal period.



PREVENTION STRATEGIES AND IMMUNE TRAINING

Pinning down strategies for asthma prevention in pregnancy and childhood has attracted great interest lately. The identification of potentially modifiable environmental and host risk factors for asthma development appears to be the cornerstone for the paradigm shift from disease treatment toward primary asthma prevention (32). Childhood asthma risk can be dampened by an appropriate maternal asthma control. The latter includes components such as monthly monitoring of lung function, patient education on inhaler technique, avoidance of environmental triggers (e.g., cigarette smoking, pollen, air pollution), and pharmacological treatment of comorbid conditions (e.g., depression, rhinitis, gastroesophageal reflux) (33).

The capacity of immune training the fetus by maternal environment provides possibilities for prevention of asthma after birth. Management of microbial dysbiosis could be a potential target for this training. Maternal diet and nutritional supplementation can shape immune in utero regarding to the airway's response later in life. Evidence suggests that a mother who intake high-fiber diet during pregnancy, leads to changes in the microbiota, enhancing T-regulatory cell numbers and function (34). Moreover, recent randomized clinical trials showed positive results on asthma prevention in offspring derived from adequate levels of vitamin D, antioxidants and fish oil intake during pregnancy (35–38).

In the postnatal period, prevention measures include the control of severe neonatal respiratory infections (e.g., respiratory syncytial virus and human rhinovirus), incentive for breastfeeding and enhancing other microbial exposure through the “farm effect,” as endorsed by the hygiene hypothesis (39, 40). Beyond that, after the LEAP study (41), the old-fashioned avoidance allergenic foods strategy from the diets of infants began to be replaced by the tolerance strategy toward early exposure to allergens. This remarkable study demonstrated that early exposure to allergen can increase the levels of allergic-specific IgG and IgG4 which may induce an absence allergic reaction. Afterward, Pitt et al. (42) demonstrated a reduced risk of allergic sensitization following exposure through breast-feeding. In this sense, as early allergic foods are introduced its possible to training the immune system against allergic sensitization and it can be a strategy for asthma prevention.

Furthermore, supplementation with probiotic and vitamin could be a good strategy for immune training. Administration of probiotic—Lactobacillus rhamnosus- on postnatal period, showed a reduced risk of childhood asthma (43) probably because the probiotics can modulate the levels of short chain fatty acid and alters the microbiome composition. On the other side, the role of vitamin D on asthma management relies on its effects on immune cell function (44), corticosteroid responsiveness mediated by pathways involving IL-10 (45), IL-17 (46), oxidative stress (47), and airway remodeling (48). Results from observational studies are still mixed and limited, with more studies showing a beneficial effect for supplementation with vitamin D (49).

Prevention strategies involved in the translation of the environmental exposures elucidated in epidemiological studies mainly focus on asthma protective environmental microbial exposures associated with rural lifestyle activities. This led to some preclinical studies with bacterial lysates (ongoing clinical trial NCT02148796) and metabolites, dietary derivatives and helminthic compounds in order to prevent the disease development (50).

Moreover, The Finnish Allergy prevention program (51) describe practical advices regarding early life exposure: (i) Support breastfeeding, with solid foods from 4–6 months, (ii) do not avoid exposure to environmental allergens (foods, pets), (iii) do not smoke, (iv) probiotic bacteria in fermented food or other preparations and (v) Antibiotics should be taken only if is really necessary. All this simple practical approach can shape the immune system during early life and prevent asthma.



CONCLUSIONS

The changes in microbiome composition due to diseases is called dysbiosis. Understanding its roles and the immune responses due to this imbalance in asthma are promising both to comprehend the disease pathophysiology and to elaborate preventive strategies. Dietary interventions are considered safe and promising to boost the immune system and attenuate asthma symptomatology in children. Nevertheless, tackling asthma prevention is challenging because of the existing knowledge gap on the immune pathways that predispose some infants to develop asthma and not others. It seems that the beneficial effects resulting from prevention approaches are due to the combination of them, instead of just one strategy. However, further research is needed on observational studies and clinical trials on the effects of using different combined strategies vs. a sole intervention for asthma prevention.
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Objective: In recent years, the incidence of Bordetella pertussis infection in infants and young children has been increasing. Multiple studies have suggested that B. pertussis may be one of the pathogens of bronchiolitis in infants and young children. However, the prevalence and clinic characteristic of B. pertussis in bronchiolitis is controversial. This prospective descriptive study evaluated the prevalence and clinical manifestations of infants and young children hospitalized for bronchiolitis with B. pertussis.

Methods: Children hospitalized with bronchiolitis were eligible for a prospective study for 36 months from January 1, 2017, to December 31, 2019. Besides B. pertussis, 10 common respiratory viruses and Mycoplasma pneumoniae (MP) were confirmed by laboratory tests. Medical records of patients were reviewed for demographic, clinical characteristics, and laboratory examination.

Results: A total of 1,092 patients with bronchiolitis were admitted. B. pertussis was detected in 78/1,092 (7.1%) patients. Of the 78 patients with B. pertussis bronchiolitis, coinfections occurred in 45 (57.7%) patients, most frequently with human rhinovirus (28/78, 35.9%), followed by MP (9/78, 11.4%), and human bocavirus (6/78, 7.7%). The peak incidence of B. pertussis infection was in May. A high leukocyte count could help distinguish B. pertussis–associated acute bronchiolitis from other acute bronchiolitis etiologies. After excluding coinfections, children with B. pertussis–only bronchiolitis exhibited a milder clinical presentation than those with RSV-only infection; also, children with MP-only and other pathogen infections revealed similar severity. The morbidity of B. pertussis was common (31/78, 39.7%) in infants with bronchiolitis under 3 months.

Conclusion: In summary, B. pertussis is one of the pathogens in children with bronchiolitis, and coinfection of B. pertussis with other viruses is common in bronchiolitis. B. pertussis should be considered when patients hospitalized with bronchiolitis present a longer course and have an elevated leukocyte count. Patients with B. pertussis–associated bronchiolitis present a milder clinical presentation.

Keywords: Bordetella pertussis, bronchiolitis, coinfection, immunization, disease progression, high leukocyte count


INTRODUCTION

Pertussis, caused by the bacterium Bordetella pertussis, is a highly contagious respiratory disease and one of the leading causes of death from infectious diseases in children. B. pertussis, a Gram-negative bacterium that was first described by Bordet and Gengou in 1906 (1), has recently reemerged as a major public health threat. The World Health Organization reported 141,074 confirmed pertussis cases worldwide in 2018 (2). Approximately 160,700 deaths were reported worldwide in 2014 from pertussis in children <5 years of age (3).

Bronchiolitis is the most common acute respiratory disease in infants and young children, and one of the most common causes of hospital admission (4, 5). A total of 40–80% of infection is caused by respiratory syncytial virus (RSV), followed by human rhinovirus (HRV), adenovirus (ADV), parainfluenza virus, human bocavirus (hBoV), and human metapneumovirus (hMPV) (6, 7).

In recent years, several studies suggested that B. pertussis is a possible pathogen causing bronchiolitis in infants and young children hospitalized for lower respiratory tract infections (8–10). However, studies reporting the prevalence and clinical characteristics of B. pertussis bronchiolitis are rare. This study aimed to assess the epidemiological features and clinical characteristics of B. pertussis infection and evaluate its impact on infants and young children hospitalized with acute bronchiolitis.



MATERIALS AND METHODS


Patients and Definitions

This prospective descriptive study was conducted on children presenting with acute bronchiolitis who were admitted to the Department of Respiratory Medicine in the Children's Hospital of Soochow University between January 1, 2017, and December 31, 2019. Acute bronchiolitis was characterized by age ≤2, cough, tachypnea, retraction, and expiratory wheezes, often accompanied by rales (11). B. pertussis was confirmed by polymerase chain reaction (PCR) assays (12). Patients requiring oxygen supply were considered with severe conditions. The exclusion criteria were as follows: (1) patients with incomplete clinical data; (2) patients with bronchopulmonary dysplasia, heredity metabolic diseases, neurological disorders, congenital heart disease, and immunodeficiency; and (3) patients with evidence suggesting that wheezing was caused by tuberculosis and non-infectious factors such as bronchial foreign bodies.

The study was approved by the ethics committees of Children's Hospital Soochow University (Approval No. 2016026). Informed consent was obtained from the parents of all children enrolled in this study.



Determination of Vaccination Status

Vaccination history was obtained by querying the “Suzhou Children's Vaccination Inquiry and Evaluation Platform.” A diphtheria, tetanus, and acellular pertussis combination vaccine was administered as a primary series at 3, 4, and 5 months, followed by a booster dose at 24 months in China. The vaccination status was regarded as ever-vaccinated if one to three doses were received.



Data Collection

Data regarding demographic, clinical, and laboratory characteristics were documented. Demographic and clinical characteristics included age, gender, length of hospital stay, and requirement of supplemental oxygen. Laboratory specimens were obtained including blood and nasopharyngeal aspirates (NPAs). NPAs were obtained during the first 24 h of hospitalization, using a sterile plastic catheter briefly inserted into the lower pharynx via the nasal cavity. The blood samples were taken immediately after hospitalization. The laboratory data of leukocyte count, percentages of lymphocytes and neutrophils, and detection of common viruses were collected.



PCR Detection of B. pertussis

B. pertussis DNA was detected in NPAs by real-time PCR assays. The primer sequence was synthesized by Shanghai Sangon Biotech Company. The pertussis PtxA-pr and IS481 gene sequences were used as specific primers (Table 1). The RT-PCR assay result was considered negative if the cycle threshold (CT) was ≥40. Specimens that tested positive by PCR for both insertion sequence IS481 (CT < 40) and ptxS1 (CT < 40) were considered positive for B. pertussis. If a specimen was PtxA-pr target negative with an IS481 assay CT < 35, it was also considered positive for B. pertussis.


Table 1. Gene primer sequence and product length detected by real-time PCR.
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Respiratory Pathogens

Direct immunofluorescence was used to detect RSV; ADV; influenza virus A (IV-A) and B (IV-B); and parainfluenza virus 1 (PIV I), 2 (PIV II), and 3 (PIV III) using a D3 Ultra Respiratory Virus Screening and LD Kit (Diagnostic Hybrids, Athens, OH, USA). A positive result was defined as over five inclusion bodies analyzed under a fluorescence microscope. Mycoplasma pneumoniae (MP), HRV, HMPV, and HBoV were detected by a PCR (nucleic acid amplification fluorescent reagent kit, Ann Gene Co., Guangdong, China) according to the manufacturer's instructions.



Statistical Analyses

Statistical analyses were conducted using SPSS 26.0 (IBM, SPSS, Chicago, IL, USA).

Data were shown as mean ± standard deviation and median and interquartile range. Quantitative variables among the three age groups were compared using one-way analysis of variance or the Kruskal–Wallis test when appropriate. Frequency distribution was compared by the chi-square test. A p value <0.05 was considered as a significant difference.




RESULTS


Demographic Characteristics

Of the total 1,092 patients admitted for bronchiolitis, one or more respiratory pathogens including virus and MP were detected in 1,057 of 1,092 patients (a positive rate of 96.8%) and B. pertussis was identified in 78 patients (7.1%, based on positive results by PCR). Of the 78 cases of bronchiolitis with B. pertussis infection, 47 (60.3%) were male and 31 (39.7%) were female. The male-to-female ratio was 1.52:1. The median age was 6.45 ± 4.94 months. The age distribution of patients is shown in Figure 1; 31 (39.7%) patients were aged ≤3 months, 20 (25.6%) patients were aged 4–6 months, 16 (20.5%) patients were aged 7–11 months, and 11 (14.1%) patients were aged ≥12 months.


[image: Figure 1]
FIGURE 1. Distribution of B. pertussis infection in infants and young children stratified by age.




Seasonality of B. pertussis Infection

The monthly distribution of B. pertussis infection is shown in Figures 2A,B. Bronchiolitis could occur throughout the year, and the peak incidence was in winter. The most common pathogen of bronchiolitis was RSV (534/1092, 48.9%), and the peak incidence was in December. MP was detected in 159/1,092 (14.6%) children with bronchiolitis, and the peak incidence was in September. Differing from the above two pathogens, the peak incidence of B. pertussis infection was in May, with a total of 10 (19.2%, 10/52) patients reported, and no patients were infected in October and December.


[image: Figure 2]
FIGURE 2. (A) Distribution of B. pertussis and other pathogen infection by month. (B) Distribution of B. pertussis and other pathogen infection by month.




Coinfection Status

Overall, one or more respiratory pathogens including virus and MP were detected in 1,057 of 1,092 patients. The most commonly detected pathogens in patients with bronchiolitis were as follows: RSV (48.9%), HRV (25.9%), HMPV (13.0%), MP (14.6%), HBoV (12.1%), B. pertussis (7.1%), PIV III (7.0%), ADV (1.1%), and PIV I (1.1%).

Of the 78 B. pertussis–infected patients, B. pertussis was the sole pathogen detected in 33 (42.3%) patients. The remaining 45 patients (57.7%) were coinfected with other respiratory pathogens, most frequently with HRV (n = 28, 35.9%), followed by MP (n = 9, 11.4%), HBoV (n = 6, 7.7%), PIV III (n = 4, 5.1%), RSV (n = 3, 3.9%), IV-A (n = 3, 3.9%), and HMPV (n = 2, 2.6%) (Figure 3).


[image: Figure 3]
FIGURE 3. Distribution of pathogen coinfections associated with B. pertussis infection.




Clinical Features of B. pertussis–Only Infection Compared With Infections With Other Pathogens

In the present study, 33 patients with B. pertussis–only infection, 438 patients with RSV-only infection, 87 patients with MP-only infection, and 534 patients infected with other pathogens were analyzed. In unadjusted comparisons, children with B. pertussis–only infection were similar to children with RSV-only infection in age, but the number of children with age ≤3 months who were only infected with pertussis was less than that of children with RSV-only infection (Table 2). Children with B. pertussis–only infection were significantly more likely to have vomiting (36.4%), cyanosis (12.1%), leukocyte count >15 × 109 (57.6%), longer duration of symptoms before admission (media day, 14.0), and longer hospital stay (media day, 9.0) compared with those with RSV-only infection (17.8%, 2.7%, 7.5%, media 5.0, and 8.0 days, respectively; p < 0.05 for all comparisons). Patients with B. pertussis–only infection requiring supplement oxygen were fewer than patients with RSV-only infection (6.1 vs. 34.9%; p < 0.05).


Table 2. Select characteristics of hospitalized children with B. pertussis-only infection compared with RSV-only, MP-only, and other pathogens infection (n = 1,092).
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In unadjusted comparisons, among 120 patients with B. pertussis and MP infections excluding co-detection with other pathogen types, children with B. pertussis–only infection were younger than children with MP-only infection (median 3.9 vs. 5.8 months, respectively) (Table 2). Children with B. pertussis–only infection were significantly more likely to have dyspnea (6.1%), rhinorrhea (15%), vomiting (15%), cyanosis (4%), and leukocyte count >15 × 109/L (57.6%) compared with those with MP-only infection (0.0, 24.1, 10.3, 0.0, and 6.9%, respectively; p < 0.05 for all comparisons). Children with B. pertussis–only infection had a higher number of leukocyte and higher percentage of lymphocyte compared with children with MP-only infection. Children with B. pertussis–only infection had a longer duration of hospital stay (median 9.0 days) than those with MP-only infection (median 8.0 days); however, no significant difference was observed in the duration of symptoms before admission.



B. pertussis Infection and Results of Laboratory Examination in Different Age Groups

B. pertussis–positive patients were divided into three age groups to assess the difference among different age groups (Table 3). A total of 31 patients aged ≤3 months, 36 patients aged 4–11 months, and 11 patients aged ≥12 months were analyzed. Patients aged ≤3 months had a longer duration of hospital stay than others (p < 0.05). The common clinic characteristics among the 78 confirmed patients were paroxysmal cough 92.3% (72/78), whoops 15.5% (12/78), post-tussive vomiting 38.5% (30/78), and cyanosis 12.8% (10/78). Patients with cyanosis aged ≤3 months were more compared with older ones (p < 0.05); the others exhibited no difference among three age groups (p > 0.05). Patients aged ≤3 months requiring supplemental oxygen were more compared with older ones (p < 0.05). The gender ratio exhibited no significant difference among the three groups (p < 0.05). Coinfection among the three age groups was also compared, which showed no difference (p > 0.05). Although, patients aged ≥12 months had a higher number of leukocytes, and higher percentages of neutrophils and lymphocytes, no significant difference was observed among the three groups (p > 0.05).


Table 3. Clinical characteristics and results of laboratory examination among the different age groups with B. pertussis infection.
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Clinical Features of B. pertussis–Only Infection Compared With Coinfection

Patients with B. pertussis–only infection were younger and had a high incidence of paroxysmal cough compared with patients with coinfection (p < 0.05). However, patients with coinfection had an increased demand for oxygen and showed more crackles in lungs (p < 0.05) (Table 4).


Table 4. Comparison between B. pertussis–only infection and coinfection.
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DISCUSSION

In recent years, an increasing incidence of pertussis has been reported in infants and young children (13). Several studies suggested that B. pertussis is a possible pathogen causing bronchiolitis in infants (8–10). Several investigators demonstrated that B. pertussis is a common pathogen of bronchiolitis (14, 15). A study conducted in Turkey identified 44 (25.6%) of the 172 infants with B. pertussis hospitalized for acute bronchiolitis (15). Another study showed B. pertussis involvement in 12 of 142 (8.5%) infants hospitalized for bronchiolitis in Finland (9). Yet other studies identified that B. pertussis was an uncommon pathogen in bronchiolitis (16). Pedro A. Piedra and his colleges found only four of 2,027 children admitted to the hospital as B. pertussis positive using PCR in the USA (10). Similarly, Walsh et al. found B. Pertussis infection in three of 488 patients (0.6%) in the emergency department (17). The present study found that 7.1% of infants and young children hospitalized with acute bronchiolitis had a positive B. pertussis test, which demonstrated that B. pertussis was a common pathogen in bronchiolitis. The variation in the prevalence of B. pertussis in children hospitalized with bronchiolitis among the studies might be due to the difference in climates, recruit criteria, and vaccination. According to the finding of this study, the peak incidence of B. pertussis infection was from May to July, with a total of 33 (50.15%) patients, which has not been reported before.

Studies reported that B. pertussis coinfection with other respiratory viruses was common in children hospitalized for bronchiolitis; the incidence rate was 36–67% (9, 14, 15, 18). However, the present study reported that 45 (57.7%) patients with B. pertussis were coinfected with other respiratory viruses, which was in agreement with previous studies. Some studies (6, 15, 19) suggested that coinfection with RSV was the most common in young children hospitalized for bronchiolitis with B. pertussis infection. However, in the present study, the most common coinfection respiratory viruses in children with B. pertussis hospitalized for bronchiolitis were HRV (35.9%), followed by MP (11.4%), and HBoV (7.7%); these differences in coinfection might be due to the heterogeneity of social demography and differences in study methods and periods.

Symptom duration before admission and hospital stay were more common in B. pertussis–only infection than in RSV-only infection (p < 0.05). It indicated that patients with B. pertussis–associated bronchiolitis often presented a longer course, which was consistent with the clinical symptoms of B. pertussis infection (20) and could help distinguish B. pertussis–associated acute bronchiolitis from other acute bronchiolitis etiologies. The present study compared B. pertussis–only infection with RSV-only infection in children with bronchiolitis. Children with B. pertussis–only infection requiring supplement oxygen were fewer than children with RSV-only infection, indicating that the former had a milder clinical presentation compared with the latter. This study also compared B. pertussis–only infection with MP-only infection and infections with other pathogens in children and revealed similar severity among these pathogens. This is a novel report explaining such associations. Several other studies (9, 14, 15, 18, 20–22) assessed the influence of B. pertussis on acute bronchiolitis, but they could not exclude the possibility of other respiratory pathogens contributing to the illness. In the present study, the leukocyte count was higher in patients with B. pertussis–only bronchiolitis infection than that in patients with RSV-only infection, MP-only infection, and infections with other pathogens (p < 0.008 for all comparisons), which could also help distinguish B. pertussis–associated acute bronchiolitis from other acute bronchiolitis etiologies. One study showed that the leukocyte count > 60 × 109/L was associated with death in children with B. pertussis infection (23). Another study demonstrated that the leukocyte count > 100 × 109/L was an independent risk factor of death in children with pertussis (24). However, no patent died of B. pertussis infection in the present study, which might be because the vast majority of infants and young children with mild-to-moderate bronchiolitis were considered, and severe bronchiolitis in the PICU setting was ignored.

Pertussis is a vaccine-preventable respiratory disease. B. pertussis could affect all individuals, but the highest morbidity and mortality rates were among newborns and unvaccinated or incompletely vaccinated young infants (21, 25, 26). In the present study, the morbidity of B. pertussis was common (31/78, 39.7%) in infants with bronchiolitis who had been unvaccinated (infants ≤3 months). The unvaccinated infants were associated with a longer hospital stay and more likely to require supplemental oxygen. Studies suggested that early identification and treatment of B. pertussis could shorten the duration of paroxysmal cough (27, 28), and antibiotics against pertussis could limit the severity of disease if started in the catarrhal phase (27, 29). In addition, several systematic reviews confirmed the safety and effectiveness of maternal pertussis vaccination during pregnancy (30–32). Therefore, it is important to early recognize and initiate treatment.

This study had potential limitations. It enrolled only inpatients hospitalized with B. pertussis infection, but more patients with B. pertussis infection were treated in the outpatient department. Therefore, patients with more severe symptoms might have been overrepresented, and the prevalence of B. pertussis in children with bronchiolitis-associated hospitalization might be affected.

In summary, B. pertussis is one of the pathogens in children with bronchiolitis, and coinfection of B. pertussis with other viruses is common in bronchiolitis. B. pertussis should be considered when patients hospitalized with bronchiolitis present a longer course and have an elevated leukocyte count. Patients with B. pertussis–associated bronchiolitis present a milder clinical presentation.
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Bronchopulmonary dysplasia (BPD) is a severe lung disease that affects preterm infants receiving oxygen therapy. No standardized, clinically-relevant BPD model exists, hampering efforts to understand and treat this disease. This study aimed to evaluate and confirm a candidate model of acute and chronic BPD, based on exposure of neonatal mice to a high oxygen environment during key lung developmental stages affected in preterm infants with BPD. Neonatal C57BL/6 mouse pups were exposed to 75% oxygen from postnatal day (PN)-1 for 5, 8, or 14 days, and their lungs were examined at PN14 and PN40. While all mice showed some degree of lung damage, mice exposed to hyperoxia for 8 or 14 days exhibited the greatest septal wall thickening and airspace enlargement. Furthermore, when assessed at PN40, mice exposed for 8 or 14 days to supplemental oxygen exhibited augmented septal wall thickness and emphysema, with the severity increased with the longer exposure, which translated into a decline in respiratory function at PN80 in the 14-day model. In addition to this, mice exposed to hyperoxia for 8 days showed significant expansion of alveolar epithelial type II cells as well as the greatest fibrosis when assessed at PN40 suggesting a healing response, which was not seen in mice exposed to high oxygen for a longer period. While evidence of lung inflammation was apparent at PN14, chronic inflammation was absent from all three models. Finally, exposure to high oxygen for 14 days also induced concurrent outer retinal degeneration. This study shows that early postnatal exposure to high oxygen generates hallmark acute and chronic pathologies in mice that highlights its use as a translational model of BPD.

Keywords: bronchopulmonary dysplasia, lung development, inflammation, animal model, supplemental oxygen, chronic obstructive pulmonary disease, retinopathy of prematurity, choroidal thinning


INTRODUCTION

Bronchopulmonary dysplasia (BPD) is the most common respiratory disorder affecting premature infants provided long-term oxygen therapy and respiratory support (1). Advancements in neonatal care have improved the survival of severely premature infants born earlier in gestation; however, the incidence of BPD has remained unchanged over the last decade (2). Surfactant therapy and corticosteroid treatments, in concert with less invasive respiratory support, have helped transform the lung phenotype observed in “old BPD” from extensive parenchymal fibrosis, interstitial edema and severe inflammation to a milder lung pathology observed in infants born today (3). The lung phenotype observed in infants that come into the neonatal intensive care unit (NICU) nowadays is characterized by impaired alveolar and vascular development and mild inflammation and fibrosis. Of greatest concern, is the capacity of this disease to progress into severe lung complications by adulthood, including reduced exercise capacity (4), childhood and adolescent asthma (5), and in serious cases, the development of chronic obstructive pulmonary disease (COPD) (6, 7).

Numerous high oxygen schemes have been used to model BPD in rodents. These models have contributed to our understanding of mechanisms responsible for the development of this condition, such as the role of oxidative stress and inflammation (8), and they have replicated some of the histological aberrations that occur within the human neonatal lung following the routine use of supplemental oxygen in the clinical setting (9). However, despite these findings, no single experimental model is used consistently. Previous models have used varying concentrations and durations of oxygen exposure. In most cases, there is no rationale for why a particular model was selected over others and whether concurrent changes in other tissues occur and disease persists into adulthood. Therefore, having a standardized experimental protocol of oxygen-induced BPD would limit the variability in data output between studies and most importantly, minimize discrepancies when trialing potential therapeutic candidates (10–12).

In previous studies, supraphysiological levels of oxygen (85–100%) have been administered over a long period of time (13, 14). Such high concentrations have been shown to increase the susceptibility to respiratory infections when recovering in room air (13). In addition, some mouse strains, such as FVB/N, are more susceptible to oxygen toxicity than others and therefore, sublethal oxygen concentrations can result in exaggerated lung pathology or in severe cases, death of mice in the litter (14). Even with the use of lower oxygen concentrations (40–65%), the length of oxygen exposure can also generate varying degrees of lung damage (15, 16). For instance, the use of oxygen concentrations as low as 40% administered over 7 days in the postnatal period has been shown to trigger a reduction in the total number of alveoli and an increase in respiratory resistance (15). Similarly, an oxygen concentration of 65% delivered over 1 month has also been shown to impair alveolar structure (16). In a 2015 review, it was noted that in a 30-month period alone, there were 41 publications that used different strategies to model BPD, highlighting the need to establish a model that would provide consistency and standardization across neonatal respiratory research studies (12). More recently, a comprehensive multi-model study tested oxygen concentrations of 40, 60, and 80% over 14 days, as well as a 24 h oscillating exposure that ranged from 85 to 40% (15). This study found that the use of 85% oxygen for 7 or 14 days from birth caused the most lung damage, inducing septal wall thickness and alveolar enlargement (15), which are two key features of “new” BPD. However, lung inflammation and fibrosis were not examined in this study, with the extent of both being an important distinguishing feature between the “old” form of BPD and “new” BPD. In addition, the long-term consequence of early life oxygen-induced injury in the adult period was not investigated, which is an essential component of any BPD model to aid in the understanding of the deleterious effect of oxygen therapy on long-term sequelae in the lung. Another important consideration is the capacity of a BPD model to induce concurrent retinal damage, given that in a clinical setting, retinopathy of prematurity (ROP) frequently presents as a co-morbidity of BPD (17). Therefore, an oxygen protocol modeling BPD that could also incite the development of other neonatal diseases that affect a preterm infant could enhance the clinical relevance of the model, as well as its pre-clinical utility.

The appearance of the alveolar deformities associated with BPD is largely connected with the interruption to normal lung development (8). This is almost certainly due to the fact that the majority of premature babies are born during the final two stages of lung organogenesis—the saccular and alveolar stages—the time at which they receive oxygen therapy. The saccular stage prepares the lung for life outside of the womb, with the formation of primitive alveoli called saccules and production of surfactants in cuboidal alveolar cells (18–20). Simultaneously, microvascular maturation in the parenchyma leads to the thinning of the double capillary layer into a single layer, necessary to meet the respiratory requirements of the growing fetus (18, 21, 22). In the final alveolar stage of organogenesis, the saccules undergo rapid subdivision (secondary septation) into smaller gas-exchange units called alveoli, expanding the gas-exchange surface area (23, 24). In mice, the saccular stage of lung development occurs in the first 5 days after birth, which is ordinarily complete in full-term infants (25). Thus, the fact that the last two lung developmental stages occur post-birth in mice renders mice an excellent experimental tool for BPD studies.

The purpose of this study was to validate whether acute high oxygen exposure received during key periods of lung development would lead to long-term pulmonary changes. Given that the aforementioned multi-model study only assessed lung damage at day 14, in this study, we have focused on evaluating different parameters of lung pathology that may arise in adulthood, and unlike other multi-model studies, the assessment of outer retinal changes as a common co-morbidity of BPD were also prioritized in this study. Herein, we demonstrate that prolonged oxygen exposure in early neonatal life leads to sustained alveolar deterioration in adulthood, as well as defects in retinal tissue, and therefore is a suitable model for early and later life studies of BPD and research into the long-term impact of oxygen toxicity to the eye.



MATERIALS AND METHODS


Experimental Models

C57BL/6 mice were used for this study and were purchased from Alfred Animal Services at the Alfred Research Alliance. Neonatal mice together with their dam, in litter sizes of 6–7 pups (to control for maternal nutrition), were exposed to 75% oxygen within 12 h of birth (defined as PN1) up to PN5, PN8, or PN14, and were cycled with 21% oxygen (room air) for 3 h per day to prevent oxygen toxicity to the dam (17). Following exposure, the mice were returned to room air and lungs were analyzed on PN14, PN40, and PN80. Neonatal pups and dams housed under room air conditions in the same experimental room, served as age-matched controls. All experiments were performed in accordance with National Health and Medical Research Council of Australia (NH&MRC) guidelines for animal experimentation, with ethics approval granted from the Alfred Research Alliance Animal Ethics Committee (experimental approval number: E/1746/2017/M).



Lung Histology and Immunohistochemistry

On PN14, PN40, and PN80, postmortem lungs were inflation-fixed with 10% neutral buffered formalin at 25 cm water pressure, embedded in paraffin and sectioned by microtome at 5 μm thickness prior to staining. Lung sections were stained with Hematoxylin and Eosin (H&E) or Picrosirius Red (PR). H&E stained sections were imaged using an Olympus BX-51 bright field microscope equipped with a DP-70 color camera and 10x and 40x objectives (Olympus Corporation, Tokyo, Japan). Quantitation of alveolar airspace diameter and septal wall thickness was determined using the mean linear intercept method and alveolar septal wall thickness technique, as previously described (17). Investigators were blinded to experimental groups. PR-stained sections were scanned using the Aperio ScanScope CS (Leica Biosystems, Wetzlar, Germany) whole slide scanner at 8x and 4x magnification. Images were uploaded into ImageJ Analysis software (1.37 (NIH, Bethesda, MD; http://imagej.nih.gov/ij) and analyzed using a published script (17) with minor modifications as follows. The script used a pre-defined color threshold (set by eye) to isolate the PR signal and created a binarized image, which was measured for area. A similar method was then used to threshold the background of the tissue, in order for the total tissue area within the image to be calculated. These results were used to calculate the % PR-stained area within the tissue.

For immunohistochemistry, deparaffinized sections underwent antigen-retrieval with DAKO Target Retrieval Solution (DAKO Corp, CA, USA). Sections were blocked for 30 min with 5% BSA and incubated for 3 h at room temperature with 1:500 dilution of anti-mouse CD45 (rabbit IgG, catalog; ab10558, Abcam, Cam, UK) to stain all immune cells. Control sections had primary antibody substituted with PBS. Staining was revealed by incubation with 1:500 HRP-conjugated secondary antibody (goat anti-rabbit IgG H+L, catalog; ab205718, Abcam, Cam, UK) for 1 h and color development with diaminobenzidine chromogen solution (Agilent, CA, USA). Slides were counterstained with hematoxylin. Cells expressing CD45 were labeled brown, while negative cells were stained blue. Four randomly selected microscopic fields (40x) of lung tissue per mouse were used to calculate the percentage of CD45 positive cells/total cells as described (17). On separate lung sections, type II alveolar epithelial cells (AEC-II) were detected by staining for Pro-SPC using a previously described method (26). AEC-II's were labeled with anti-mouse Pro-SPC (rabbit IgG, 1:500, catalog ab90716: Abcam, Cam, UK), followed by red fluorescent secondary antibody (AF568 donkey anti-rabbit IgG (H+L), 1:1,000, catalog ab175693; Abcam, Cam, UK). Control sections had secondary antibody only incubated to test for non-specific binding. Stained cells were imaged using a Nikon A1r inverted confocal microscope (Nikon Corporation, Tokyo, Japan). Two large scanned images at 20x magnification were taken at two randomly selected lung sites and analyzed using a bespoke ImageJ script (Supplementary Table 1). Briefly, quantitation of AEC-II numbers was conducted with the aid of a DAPI nuclear stain as well as the overall background fluorescence to segment a field of individual cells and create regions of interest (ROIs) for each fluorescent marker. These ROIs were then used to determine if each cell was positive for a specific color based on a user defined pixel intensity threshold for each channel set up at the start of the script.



Lung Function Assessment

At PN80, mice were anesthetized by intraperitoneal injection of 125 mg/kg of Ketamine and 10 mg/kg Xylazine (Centravet, FR). Following confirmation of deep anesthesia, mice underwent tracheostomy and a 19G cannula was inserted before being connected to an animal ventilator (Flexivent, SCIREQ, CA). Mice were mechanically ventilated (150 breaths/min, tidal volume 10 ml/kg) and a positive end-expiratory pressure (PEEP) was set at 3 cm H2O. The flexiware software (v8.0.4) was used to perform respiratory system mechanics, as previously detailed (27). A negative pressure-driven forced expiratory (NPFE) maneuver was performed to generate the flow-volume loop used to calculate the forced expired volume over 0.1 s (FEV0.1) and forced vital capacity (FVC), which were used to determine the ratio between FEV0.1/FVC as a clinical measure of lung performance. Three independent measurements were taken for all perturbations for each mouse and the average was calculated.



Eye Histology

Paraffin-embedded eyes were sectioned at 3 μm thickness and every 20th section was stained with H&E. Four photomicrographs (x10) of each cross-section were captured across the full circumference of the eye and the average diameter (in μm) per section for each eye was determined to obtain choroidal thickness as previously described (17). Investigators were masked to the experimental groups.



Statistical Analysis

Values are presented as median ± IQR. Results from individual models were compared to the room air controls using the non-parametric unpaired T-test (Mann-Whitney) in GraphPad Prism software (version 4.03, SD, USA); P < 0.05 was considered statistically significant. Unmarked bars on figures indicate that no significance was achieved.




RESULTS


Body Weight Gain Is Affected in Mice Exposed to High Oxygen for Longer Periods

To define the best experimental model that most closely recapitulates BPD, we trialed three oxygen exposure protocols (Supplementary Figures 1A–C). For each of these, we used a moderate oxygen concentration of 75%, as we have previously reported that this concentration is sufficient to elicit both early and long-term damage in the neonatal lung and eye (17). Oxygen exposure in neonatal pups for 5 days had no effect on body weight gain at PN14 or PN40 as their weight was comparable to that of age-matched room air control mice (Supplementary Figures 1D,E). Conversely, neonatal mouse pups exposed to oxygen for 8 days had reduced body weight gain at PN14, which had normalized by PN40 (Supplementary Figures 1D,E). However, mice exposed to high oxygen for 14 days had reduced body weight gain at both PN14 and PN40 compared to mice exposed to high oxygen for shorter periods and age-matched room air controls, suggesting a more profound impact (Supplementary Figures 1D,E).



Prolonged Oxygen Exposure Leads to BPD-Like Damage in Neonatal Mice

In mice, the bulk of alveolarization in the lung is complete by PN14 (28), forming a suitable time-point for assessment of the major structural changes to the alveoli. We used two primary measurements, alveolar septal wall thickness and airspace size, to evaluate the structural damage induced in oxygen-exposed mouse lungs. Mice reared in room air from the day of birth, up to and including PN14, had normal alveolar structure, as shown by typical alveolar septal wall thickness and airspace diameter (Figures 1A–C). Exposure to 75% oxygen for the first 5 days of life (PN1-5) had minimal effect on the visual appearance of the lung. Morphometric measurement revealed a possible thickening of the septal wall compared to room air controls; however, this was not significant and there was no difference in airspace size between the oxygen-exposed and room air groups (Figures 1A–C). Extending the duration of oxygen exposure to 8 days (PN1-8) induced a change in parenchymal architecture, demonstrated by an increase in alveolar septal wall thickening and alveolar diameter (Figures 1A–C). Lengthening the oxygen exposure further to 14 days (PN1-14) gave rise to lungs with severe alveolar deformities, showing a marked increase in septal wall thickening and exaggerated alveolar size compared to room air controls. The airspace diameter in this group showed even greater enlargement compared to mice exposed to oxygen for 8 days (Figures 1A–C).


[image: Figure 1]
FIGURE 1. Prolonged supplemental oxygen induces severe lung damage in neonatal mice that persists into young adulthood. C57BL/6 mice were housed in room air or treated from the day of birth with 75% O2 for 5, 8, or 14 days, then analyzed at PN14 (A–C) or PN40 (D–F). (A) Representative photomicrographs of H&E-stained lung cross-sections at PN14. (B) Median alveolar septal wall thickness of mice in (A). (C) Alveolar airspace size by mean linear intercept length (μm) of mice in (A). (D) Representative photomicrographs of H&E-stained lung cross-sections at PN40. (E) Median alveolar septal wall thickness of mice in (D). (F) Alveolar airspace size by mean linear intercept length (μm) of mice in (D). Images in (A) and (D) were taken using a 40x objective using an Olympus BX-51 bright field microscope. Scale bar = 50 μm. For (B,C,E,F), data is median (μm) ± IQR. **P < 0.01, ***P < 0.001, ****P < 0.0001 by Mann-Whitney U-test (2-tailed). n ≥ 6 mice per group, with 1–2 L used to analyze each oxygen group in (A–C), and 2–3 L used to analyze each oxygen group in (D–F). Gender is represented by closed (male) and open symbols (female). PN, postnatal.




Prolonged Neonatal Oxygen Exposure Leads to the Development of Emphysema in Young Adult Mice

It is now well-appreciated that preterm infants diagnosed with BPD have an increased susceptibility to other lung diseases in later life, including COPD (6, 7). To examine the longer-term impact of neonatal oxygen exposure, the lungs of mice administered 75% oxygen for the first 5, 8, or 14 days of life, were examined at PN40. Mice that had been exposed from birth to 75% oxygen for 8 days (PN1-8), but not 5 days (PN1-5), showed modest yet significant increases in septal wall thickness and airspace size compared to age-matched room air controls at PN40 (Figures 1D–F). Interestingly, in the PN1-8 model, both the septal wall thickness and airspace size at PN40 were somewhat reduced compared to measurements at PN14, suggesting possible healing (Figures 1C–F). However, mice that had been exposed for their first 14 days of life to 75% oxygen demonstrated pronounced structural alternations in lung parenchyma, including a variable but highly significant increase in septal wall thickness and airspace diameter compared to mice exposed to oxygen for 8 days (Figures 1D–F). This finding demonstrates the capacity of the PN1-14 oxygen model to generate structural changes consistent with emphysema in adulthood (29).



Oxygen Exposure Did Not Induce Severe Parenchymal Fibrosis in Neonatal and Adult Lung

A phenotype of “old” BPD is the presence of extensive parenchymal fibrosis, however this trait is significantly milder in the lungs of infants with newly diagnosed BPD due to the changes in respiratory care implemented in the NICU over the last few decades (3, 30). Thus, contemporary experimental models should not feature severe parenchymal fibrosis. To determine the prevalence of fibrosis, the lungs of mice at PN14 were stained with Picrosirius Red (PR), a histological stain that renders collagen fibers red. Minimal collagen staining was observed in the extracellular matrix of the lungs of all mice at PN14, except mice exposed to 75% oxygen for 14 days (Figures 2A,B). While there was a significant increase in parenchymal fibrosis in mice exposed to high oxygen for 14 days, on average, only 1.94% of the lung tissue in this model was positive for PR (Figures 2A,B). When fibrosis was assessed at day 40, only mice exposed to 8 days of high oxygen demonstrated a significant increase in the proportion of lung tissue positive for PR compared to room air control mice, although changes were mild (Figures 2C,D). Thus, the concentration and window of oxygen exposure did not lead to the development of extensive fibrosis resembling old BPD in any of the three models tested in neonatal and adult life.


[image: Figure 2]
FIGURE 2. Extensive fibrosis is not a feature of the lungs of neonatal or young adult mice exposed to prolonged supplemental oxygen in early life. C57BL/6 mice were housed in room air or treated from the day of birth with 75% O2 for 5, 8, or 14 days, then analyzed at PN14 (A,B) or PN40 (C,D). (A) Representative images of PR-stained cross-sections of lungs at PN14. (B) Proportion of lung tissue of the mice in (A) stained with PR. (C) Representative images of PR-stained cross-sections of lungs at PN40. (D) Proportion of lung tissue of the mice in (C) stained with PR. For (A,C), images were taken with 8x and 20x objectives using Aperio ScanScope CS; scale bar = 300 and 200 μm, respectively. For (B,D), data is presented as median (μm) ± IQR. ***P < 0.001, ****P < 0.0001 by Mann-Whitney U-test (2-tailed). n ≥ 6 mice per group, with 2–3 L used to analyze each oxygen group in (A,B), and 1–3 L used to analyze each oxygen group in (C,D). Gender is represented by closed (male) and open symbols (female). PN, postnatal.




Eight Days of Oxygen Exposure in Neonatal Mice Stimulates Mild Expansion of Type II Alveolar Epithelial Cells in Adulthood

Hyperoxia has been associated with impaired AEC development, promoting an enlarged and simplified lung structure that is commonly observed in BPD (26, 31). To determine if the high oxygen insult utilized in the three different models induced changes in the proportions of type II AECs in the lung parenchyma of adult mice, immunostaining of Pro-SPC was performed. At PN40, proportions of AEC-II in the lungs of mice exposed to high oxygen for 5 or 14 days were comparable with those in room air control mice, however surprisingly, there was a mild expansion of AEC-II in the lungs of mice exposed to 75% oxygen for 8 days (Figures 3A,B).


[image: Figure 3]
FIGURE 3. Neonatal oxygen promotes mild AEC-II expansion in adulthood. (A) Representative immunofluorescent images of lungs from room air control mice or mice exposed to 75% oxygen for the indicated times. Staining was undertaken at PN40 with anti-Pro-SPC (red) to depict AEC-II. DAPI-stained nuclei appear blue. Scale bar = 50 μm. Images were taken with 20x glycerol objective using a Nikon A1r inverted confocal microscope, zoom setting 2. (B) Quantitation of proportions of AEC-II+ cells indicated as AEC-II+/total lung cells. Data is presented as median ± IQR. *P < 0.05 by Mann-Whitney U-test (2-tailed). n ≥ 6 mice per group, with 2–4 L used in the analysis of each oxygen group. Gender is represented by closed (male) and open symbols (female). PN, postnatal.




Neonatal Oxygen Exposure Induces Alveolar Inflammation in Early BPD

In order to investigate the effect of high oxygen exposure on lung inflammation in the neonate, immunohistochemical staining for CD45-expressing leukocytes was performed. In the normal developing lung at PN14, ~20% of the cells present were CD45+ leukocytes, which were mostly found within the alveolar walls, around small vessels and occasionally also in the airspaces (Figures 4A,B). In all high oxygen-exposed models there was a variable increase in leukocytes in the lung, ~10–15% more than in the room air control mice, which was significant in the PN1-5 and PN1-14 models (Figures 4A,B). Thus, an increase in lung inflammation is a feature of high oxygen exposure of neonatal mice.


[image: Figure 4]
FIGURE 4. Inflammation is present in the lungs of neonatal mice exposed at birth to supplemental oxygen but is moderated in young adult mice. C57BL/6 mice were housed in room air or treated from the day of birth with 75% O2 for 5, 8, or 14 days, then their lungs were analyzed at PN14 (A,B) or PN40 (C,D) by staining with the pan-leukocyte cell surface marker CD45. (A) Representative images of lung paraffin sections stained at PN14, and (B) quantitation of the proportion of CD45+ immune cells per total alveolar cells. (C) Representative images of lung paraffin sections stained at PN40, and (D) quantitation of the proportion of CD45+ immune cells per total alveolar cells. In (A,C), sections were counter-stained with hematoxylin and CD45+ cells are indicated by brown staining; scale bar = 50 μm. Note that lungs were not perfused or flushed prior to fixation and extraction. Images were taken with 40x objective using an Olympus BX-51 bright field microscope. Data in (B,D) is presented as median ± IQR. **P < 0.01 by Mann-Whitney U-test (2-tailed). n ≥ 6 mice per group, with 1–2 L used for analysis of each oxygen group in (A,B), and 2–3 L used for analysis of each oxygen group in (C,D). Gender is represented by closed (male) and open symbols (female). PN, postnatal.




Alveolar Inflammation Is Not a Feature of Adult Mice Exposed to an Oxygen Insult in Infancy

To determine if the high oxygen insult utilized in the three different models led to sustained inflammation in the lung parenchyma, immunostaining was performed on lung sections from 40-day-old mice. At PN40, proportions of CD45+ leukocytes in all high oxygen exposure models were comparable with the room air control mice (Figures 4C,D) indicating that lung inflammation observed at the early time period had resolved by adulthood.



Prolonged Oxygen Exposure Leads to Choroidal Thinning in Adulthood

The neonatal retina is highly susceptible to changes in oxygen tensions and it is a prominent co-morbidity of BPD. Survivors of this eye condition exhibit thinning of the outer retina (choroid). To evaluate the impact of neonatal high oxygen exposure on the thickness of the outer retina, H&E-stained eye sections from 40-day-old mice were examined. At PN40, there was a trending decrease in choroidal thickness in mice exposed to high oxygen for 5 (p = 0.0513) and 8 days (p = 0.0728) but it was significantly decreased in mice exposed to high oxygen for 14 days compared to room air control mice (Figures 5A,B). These results indicate that extended oxygen exposure in early infancy was sufficient to induce concurrent outer retinal changes in adulthood.


[image: Figure 5]
FIGURE 5. Choroidal thinning in young adult mice exposed to prolonged oxygen in infancy. (A) Representative H&E photomicrographs of sections depicting choroid (white asterisk) at PN40 comparing C57BL/6 room air control mice and the indicated oxygen-exposed mice. Images were taken with 10x objective using Aperio ScanScope CS. Scale bar = 200 μm. (B) Quantitation of choroidal thickness (asterisk) of eye sections shown in (A). All data are presented as median ± IQR and assessed using Mann-Whitney U-test (2-tailed); *P < 0.05. n ≥ 6 mice per group, with 2 L used in the analysis of each oxygen group. Gender is represented by closed (male) and open symbols (female). PN, postnatal. The retinas were obtained from the same mice used to assess lung pathology in other figures. Outliers were removed using a ROUTS outlier test.




Lung Function Is Impaired in Mature Adult Mice Exposed to Hyperoxia in Infancy

A vital question arising from the above data is whether the structural deterioration observed in mice exposed to prolonged hyperoxia worsens structurally and functionally with age. At PN80, mature adult C57BL/6 mice that had been exposed from day of birth to 14 days of hyperoxia showed progressive alveolar hypoplasia, with larger and simplified alveoli, as indicated by increase in alveolar diameter, compared to those reared solely in room air conditions (Figures 6A,B). In patients with COPD, persistent airflow limitation is a clinical indicator of disease progression (32, 33). A significant increase in FEV0.1 and FVC was observed at PN80 in C57BL/6 mice that had received an oxygen insult during the first 14 days of neonatal development compared to room air control counterparts (Figures 6C,D). The ratio between FEV0.1/FVC, which is a clinical measure of COPD in humans at FEV at 1 s, was significantly decreased (< 0.9) in oxygen exposed mice at PN80 (Figure 6E). These findings indicate that prolonged oxygen exposure in early infancy that induces BPD can progress into pulmonary function decline resembling COPD in adulthood.


[image: Figure 6]
FIGURE 6. Decline in lung function in mature adult mice exposed to prolonged supplemental oxygen in infancy. (A) Representative photomicrographs of H&E-stained lung cross-sections at PN80 comparing C57BL/6 room air control mice and PN1-14 oxygen-exposed mice. Images were taken with a 40x objective using an Olympus BX-51 bright field microscope. Scale bar = 50 μm. (B) Quantitation of airspace diameter (MLI) of lung sections shown in (A). Assessment of (C) FEV0.1, (D) FVC, and (E) FEV0.1/FVC ratio by negative pressure-driven forced expiration using the Flexivent. All data are presented as median ± IQR and assessed using Mann-Whitney U-test (2-tailed); **P < 0.01. n = 5–6 mice per group from 1 litter. Gender is represented by closed (male) and open symbols (female). PN, postnatal.





DISCUSSION

There is an unresolved need for effective preventative and reparative treatments that can overcome the long-term respiratory burden faced by preterm infants that develop BPD. Over many years, the use of animal models has proven to be valuable for uncovering new disease mechanisms and new targets for therapy in a variety of human diseases. In BPD, a standardized experimental model is not used routinely and instead, many studies have used varying concentrations of oxygen, different lengths of oxygen exposures, contrasting initiation times, and additionally, insults to the mouse dam to promote an inflammatory environment, which only occurs in a small proportion of very low birth weight infants. Here, we investigated the long-term effect of 75% oxygen delivered at various developmental windows of lung organogenesis in the neonate, to best replicate the timing of injury in premature infants at risk of developing BPD and to assess the long-term repercussions of this early-life oxygen exposure on the lung but also to ocular structures such as the choroid. Importantly, all three models evaluated were initiated within 12 h of birth of the mouse.

Our findings show that two of the three models tested induced damage to the alveolar compartment in neonatal and adult mice, increasing in severity as the window of oxygen exposure lengthened. While both the PN1-8 and PN1-14 models yielded lung disease characteristics common to infants affected by BPD, the PN1-14 model yielded more exaggerated lung disease traits, particularly alveolar airspace enlargement at PN14 and PN40. At PN80, the PN1-14 model led to worsened emphysema, which was associated with a decline in respiratory mechanics, an important characteristic that is often overlooked. Therefore, our research supports that the delivery of 75% oxygen to mouse pups for 14 days is the optimal model for standardized use in BPD research, to investigate the early and long-term effects of neonatal hyperoxia.

In other hyperoxia models, prolonged exposure to high oxygen (85–100%) for 14 days or longer has been reported to result in the development of extensive fibrosis in the lung parenchyma (21, 34–36). This feature was prevalent in the early form of human BPD, that was encountered in the past (21). However, since the introduction of surfactant therapy, antenatal corticosteroids and advanced neonatal oxygen management, the BPD phenotype observed today no longer features severe pulmonary fibrosis (37). Thus, to accurately model contemporary BPD, it is important to understand whether mice delivered a high oxygen insult develop excessive parenchymal fibrosis, which is a feature that is not regularly considered in other studies. Despite a slight but significant increase in PR staining in the lung of mice exposed to high oxygen for 14 days, none of the models exhibited marked fibrosis in the extracellular matrix of the alveoli at the 14-day assessment timepoint. Interestingly, all mice showed mild increases in fibrosis between day 14 and 40, which likely reflects developmental remodeling of the extracellular matrix during lung alveolarization. However, mice that had been exposed to high oxygen for the first 8 days of life exhibited a significant increase in lung fibrosis at day 40 compared to room air controls that was not seen in the other models. While the reason for this is unknown, it is interesting that these mice were also the only group to show a significant increase in AEC-II numbers at day 40. This collectively implies a healing response, which is also suggested by a reduction in the thickness of septal walls and airspace size at PN40 compared to that seen at PN14. These features were not seen in mice given a prolonged oxygen insult, which may suggest that their lungs have become too damaged. Thus, we confirm that it is suitable to use a high oxygen concentration of 75% for up to 14 days in C57BL/6 mice to emulate the form of BPD that prevails in the neonatal clinic today.

Targeting oxygen exposure within the critical window of lung development in experimental models is an important consideration to maintain clinical relevance to human BPD. Importantly, the saccular and alveolar stages of lung development appear to be most impacted during oxygen administration in preterm infants in NICUs (38). The mouse represents an excellent system to model BPD, as the saccular stage of lung development, which is generally complete in full-term infants, occurs predominantly in the first 5 days of postnatal life of the mouse. In the first model tested, oxygen exposure was limited to this important developmental stage. This scheme did not induce major structural changes in the neonatal or adult lung, despite a hint of septal wall thickening at day 14. Previous studies have reported that this short window of exposure during the saccular stage of lung development was sufficient to elicit severe alveolar damage in 8–9-week-old adult mice (13, 39). This difference likely relates to the lower concentration of oxygen used in our model but may also be due to the housing environment or the assessment timepoint, since we examined mice at 40 days of age (13, 39). Thus, it is possible that lung defects may manifest later on if the damage progresses at a slower rate. In a study exposing neonatal pups to 40, 60, and 100% oxygen from PN1-4, only 100% oxygen led to lung dysmorphogenesis in C57BL/6 mice; however, outbred CD1 mice exhibited lung development changes in response to 60% oxygen as well (40), indicating that genetic background contributes to the response of the lungs to an oxygen insult. In the second model we tested, mice were exposed to high oxygen for 8 days, which encompasses the saccular stage and the start of the alveolar phase of lung development. Interestingly, this slightly longer insult led to the development of enlarged and simplified airspaces at both assessment timepoints, albeit lung damage at PN40 was moderate. There was also an expansion of AEC-II cells observed in the lungs of this model at PN40, which was not apparent in the PN1-5 and PN1-14 protocols at this timepoint. This was an unexpected finding as fewer AEC-II cells have previously been observed in adult mice recovering from neonatal oxygen exposure (41). However, in that study, newborn mice were exposed to 100% oxygen, which is a severe oxygen insult compared to the 75% oxygen concentration used in this study and one that is unlikely to be utilized in the NICU. Nevertheless, oxygen concentration and timing could influence the degree of activation/inhibition of different cell populations in the lung (41).

As expected, 14 days of high oxygen exposure generated the greatest degree of alveolar dysmorphogenesis in the neonatal lung, which manifested as severe pulmonary emphysema in the young and mature adult. The impact of this structural deterioration on lung mechanics was evident by the impaired respiratory function in mature adults exposed to this oxygen scheme. Taken together, these findings indicate that prolonged high oxygen exposure during the two final lung developmental stages in mice promotes lung injury that approximates that seen in preterm infants with BPD, and may even capture those infants that go onto to develop COPD in later life. This model will therefore also be useful to unravel mechanisms that underpin chronic lung conditions that have origins in early life. The ability of the 14-day exposure regime to generate long-term lung damage and functional decline within a relatively short time frame compared to current models in use (42, 43), also provides a unique advantage when trialing potential therapeutic interventions for BPD. For example, the efficacy of a select intervention to ameliorate or attenuate long-term damage can be determined in mice within 40 days of birth, making testing of therapeutics easily achievable. Another important consideration is the emerging influence of the lung and gut microbiome on the development of BPD. Given that selective pressures such as moisture, pH and nutrition can shape the local microbial niche (44), mice housed in different animal facilities are subsequently exposed to diverse environmental conditions. Therefore, these factors may also influence the severity of lung pathology generated in oxygen-exposed mice and could also account for the discrepancies observed between different research groups using the same oxygen models.

Inflammation is also recognized to contribute to the deterioration of the alveolar structure in the neonatal lung following a high oxygen insult (45). Airway sections obtained from preterm infants with BPD often show elevated levels of pro-inflammatory chemokines and cytokines, and can occur early in neonatal life before the presentation of clinical symptoms (46, 47). However, infants with BPD have demonstrated increased susceptibility to COPD, respiratory viral infections and asthma in later life compared to their non-BPD counterparts, which may involve the dysregulation of immune pathways in the lung during neonatal hyperoxia exposure (13). In a previous study, exposure to hyperoxia during the first 12 days of neonatal life led to persistent inflammation in the lungs of adult mice, implicating chronic inflammation in the lung of BPD survivors (48). To determine whether oxygen exposure at varying developmental windows would influence the immune profile in the adult lung, immunohistochemical staining for CD45+ leukocytes was conducted on lung tissue. All mice showed an increase in leukocytes in lung between day 14 and 40, which likely reflects the maturation of the immune system, which undergoes rapid development during the early postnatal period; however, alveolar inflammation at day 40 was not a feature of any of the three high oxygen regimes trialed in this study. This suggests that the structural changes apparent in adulthood are most likely the consequences of oxygen exposure during critical lung stages in infancy (49). Concurrently, there may also be changes occurring in other tissue components external to inflammation, such as modifications to extracellular matrix proteins (50).

A common clinical co-morbidity of infants diagnosed with BPD is ROP (51). The retinal vasculature is sensitive to the changes in oxygen tension and extreme hyperoxia/hypoxia can hinder the normal growth of the blood vessels in the retina which can lead to poor vision in later life (52). Adult survivors of ROP have been reported to exhibit late-onset vitreoretinal complications (53) and retinal detachment (54). In addition, a thinner choroid has been associated with reduced vision in individuals with a history of ROP, and has been speculated to be primary to the long-term changes in the inner retinal layers (55). Therefore, the degree of choroidal thinning was assessed across all three oxygen models and presents a unique aspect of this study. While only the 14-day exposure model showed a significant reduction in choroidal thickness, the other two models displayed trending degrees of vascular thinning. This demonstrates that an extended period of high oxygen exposure in neonatal life can also provoke long-term damage in organs outside of the lung and evaluation of other tissues implicated in BPD could enhance the clinical relevance and translatability of this model. However, the timing of the oxygen exposure soon after birth in the 14-day model employed in this study is considerably different to that used in the established model of ROP, known as the oxygen-induced retinopathy model. Due to differences in retinal development between mouse and man, high oxygen exposure in the oxygen-induced retinopathy model commences on postnatal day seven to mimic the vascular developmental stage in preterm infants (56). Therefore, the specific molecular changes underlying the vascular damage in the retina may be grossly different between the two oxygen schemes and should be considered closely before use in ocular research.

In the absence of a cure for BPD, there is a need to identify the mechanisms underlying this debilitating condition. Accordingly, the development of a benchmark model of BPD will allow for greater comparison of results amongst research groups and advances in the understanding of the disease. The current study describes a model of oxygen-induced BPD, comprised of a 14-day exposure to 75% oxygen, initiated within 12 h of birth, which was associated with features of contemporary BPD in neonatal mice. Moreover, the model was associated with the impaired development of alveoli in adult mice that resembled COPD encountered by adult survivors of BPD alongside outer retinal decay, which is a distinguishing feature of this model. These findings provide a distinct advantage, suggesting that this model could be a key translational tool for the trialing of new treatments which may advance therapeutic strategies to improve the care and long-term outcome for vulnerable premature infants. We advocate that the standardized PN1-14 model described herein may facilitate studies into the early life impact of high oxygen-exposure but also expedite investigations into the lifelong effect of oxygen insults received during the neonatal period.
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Supplementary Figure 1. Oxygen exposure models trialed in this study. Within 12 h of birth, neonatal C57BL/6 mice were exposed to (A) 75% O2 for 5 [PN1-5], (B) 8 [PN1-8], or (C) 14 days [PN1-14] with a daily 3-h period in room air (not shown in figure). Cohorts of mice were analyzed at PN14 or PN40, and for the PN1-14 model at PN80 (red arrows) alongside room air control mice. Body weights of room air control mice and oxygen-exposed mice at (D) PN14 or (E) PN40. **P < 0.01 and ***P < 0.001 by Mann-Whitney U-test (2-tailed). n ≥ 6 mice per group, with 1–2 L used in the analysis of each oxygen group. Gender is represented by closed symbols (male) and open symbols (female). PN, postnatal.

Supplementary Table 1. Custom imageJ script used for the quantitation of fluorescence positive cells.
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Preterm infants frequently suffer from pulmonary complications due to a physiological and structural lung immaturity resulting in significant morbidity and mortality. Novel in vitro and in vivo models are required to study the underlying mechanisms of late lung maturation and to facilitate the development of new therapeutic strategies. Organoids recapitulate essential aspects of structural organization and possibly organ function, and can be used to model developmental and disease processes. We aimed at generating fetal lung organoids (LOs) and to functionally characterize this in vitro model in comparison to primary lung epithelial cells and lung explants ex vivo. LOs were generated with alveolar and endothelial cells from fetal rat lung tissue, using a Matrigel-gradient and air-liquid-interface culture conditions. Immunocytochemical analysis showed that the LOs consisted of polarized epithelial cell adhesion molecule (EpCAM)-positive cells with the apical membrane compartment facing the organoid lumen. Expression of the alveolar type 2 cell marker, RT2-70, and the Club cell marker, CC-10, were observed. Na+ transporter and surfactant protein mRNA expression were detected in the LOs. First time patch clamp analyses demonstrated the presence of several ion channels with specific electrophysiological properties, comparable to vital lung slices. Furthermore, the responsiveness of LOs to glucocorticoids was demonstrated. Finally, maturation of LOs induced by mesenchymal stem cells confirmed the convenience of the model to test and establish novel therapeutic strategies. The results showed that fetal LOs replicate key biological lung functions essential for lung maturation and therefore constitute a suitable in vitro model system to study lung development and related diseases.
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INTRODUCTION

The study of fetal lung development is a challenging task. Any model system needs to reflect the biological properties such as morphology and function, while also being reproducible and, if possible, broadly accessible. Although many basic properties like cell morphology or protein localization can be modeled using classic 2-dimensional (2D) cell culture with cell lines or primary cells, their reflection of biological functions is often limited. The situation is further complicated by the highly complex nature of the pulmonary system with uniquely specialized cells. The lung is the central organ of the respiratory system, providing barrier function to facilitate oxygen delivery and carbon dioxide elimination. Severe clinical consequences can arise from a disruption of fetal lung development. Especially in preterm infants, pulmonary complications are common due to a physiological and structural lung immaturity leading to significant morbidity and mortality. Impaired perinatal transition from the liquid-filled to air-breathing lungs can result in respiratory distress syndrome (RDS), and possibly subsequent development of bronchopulmonary dysplasia (BPD). The pathology of BPD is based on an arrested lung development, including a reduced alveolar surface area and alveolar number, as well as impaired functions down to a cellular level. Functional disturbances of RDS mainly arise from a lack of differentiated alveolar type 2 (ATII) cells that are involved in surfactant synthesis and pulmonary fluid homeostasis. Alveolar fluid clearance (AFC) enables perinatal lung transition to air breathing that is accomplished by active Na+ transport across the alveolar epithelium driven by epithelial Na+ channels (ENaC). Importantly, ENaC expression is reduced in the preterm lungs (1), compromising AFC. These pathognomonic features must be reflected in model systems of fetal lung development. Animal models improved the understanding of lung development as well as the pathogenic mechanisms leading to RDS and BDP. Rats are a widely used animal model to reproduce the histopathology of human preterm infants with BPD. Exposing newborn rats to hyperoxia induces lung structural and functional impairment, accompanied by high levels of pulmonary inflammation (2). Thereby the critical relationship between oxygen toxicity and mechanical ventilation with lung injury and BPD development was demonstrated. However, rodent models are mainly used as endpoint models in which tissue damage and functional alterations are determined after sacrifice, preventing analysis of the disease course. Furthermore, newborn rodents are viable at birth and do not exhibit lung immaturity, which is of central importance in human BPD. Besides, respiratory distress in preterm infants is multifactorial, including congenital infection, growth restriction and placental dysfunction, and most preterm infants were exposed to clinical interventions like antenatal corticosteroids. This is not reflected in most animal models possibly leading to different responses to pathogenic challenges as well as therapeutic strategies. Therefore, novel model systems are required to study the underlying mechanisms of late lung maturation and to facilitate the development of novel therapeutic approaches. Moreover, any in vitro and in vivo model should replicate key features of lung development and maturation, and allow for a qualitative, quantitative, and most importantly, functional analysis. Immortalized lung cell lines were commonly used to determine gene expression and signaling pathways, but due to their immortalized nature, their differentiation capacity is limited. Instead, primary fetal distal lung epithelial (FDLE) cells represent a widely studied in vitro model due to their ability to differentiate into polarized and functional epithelia (3). FDLE cells are derived from fetal rat pups 24–48 h prior to birth. Studies showed that fetal rat pups born 24 h prior to term birth experience respiratory distress due to structural and functional lung immaturity (4). Na+ transport as well as the expression and secretion of surfactant proteins were studied in FDLE cells before. Furthermore, FDLE cells enable analysis of sex-specific differences between male and female cells (5), and can be used for co-culture with other primary lung cell types. On the other hand, FDLE cells are limited in their lifetime and offer only a short time window for experiments of 2–3 days.

Lung organoids (LOs) offer the chance to bridge the gap between conventional in vitro and in vivo models. Organoids are self-organizing 3D structures that can be grown from stem cells or defined tissue-specific progenitor cells (6). They supposedly recapitulate the organs' structural organization, with multiple specialized cells, and function, although actual organ-like function has yet to be determined. The first 3D lung cell cultures, called organoids or “mass cultures,” were generated using a crude cell mix derived from digested fetal lung tissue. This cell suspension consisted of epithelial, endothelial, mesenchymal and hematopoietic cells (7). By culturing the cell suspension at the air-liquid-interface (ALI) on a floating membrane filter, differentiation into mature ATII cells as well as connective tissue formation was achieved (7). This demonstrated the ability of fetal lung cells to self-organize in co-culture with other cells types and that ALI culture represents an important differentiation signal. However, lack of 3D growth limited the use of these early organoid cultures. The absence of a supporting structure, like hydrogels or a scaffold, resulted in a wide-stretched, multilayered and heterogeneous cell aggregation instead of the sophisticated 3D structures seen today. In addition, culture time was limited to a few days before mesenchymal cells overgrew and destroyed the epithelial cell structures. The culture of fetal and adult ATII cells on basement membrane extracts from Engelbreth-Holm-Swarm (EHS) tumor tissue (also known as matrix gel or Matrigel™) led to the establishment of organotypic cell cultures. ATII cell culture on polystyrol resulted in a loss of lamellar bodies, induced cell flattening and cell proliferation, while culture with EHS gels prevented the loss of lamellar bodies and the cells retained their cuboidal morphology (8, 9). These studies showed the importance of the biophysical environment, including the extracellular matrix (ECM) as well as the interface to air, to generate relevant in vitro lung models. The use of isolated and defined cell populations and the co-culture of lung epithelial cells with other lung-derived cell types like endothelial cells (10), mesenchymal stem cells (11), and fibroblasts (12), led to the development of self-organizing LOs reflecting morphological and cellular compositions of bronchial and alveolar tissue.

Our study focused on the generation of a biological relevant model system of fetal lung development that can be easily reproduced by other scientists. Furthermore, functional analyses demonstrated the opportunities this model offers for a variety of studies, including gene expression and patch clamp analyses. Fetal LOs were generated using FDLE and lung endothelial cells from fetal rat lungs. This allows a concise validation of the advantages and limitations of LOs as a model system for fetal lung development in comparison to the existing in vitro and in vivo studies done with rats.



MATERIALS AND METHODS


Cell Isolation

Sprague-Dawley rats (RGD Cat# 70508, RRID:RGD_70508) were obtained from the Medical Experimental Center (MEZ) of Leipzig University. Animals were kept in rooms with a 12 h light-dark cycle, constant temperature (22°C) and humidity (55%). Food and water were supplied ad libitum. At gestational day E20-21 (term E22) pregnant rats were anesthetized by CO2 inhalation and euthanized by Pentobarbital injection. All experimental procedures were approved by the institutional review board (Landesdirektion Leipzig, permit number: T23/15). Fetal lungs were mechanically dissociated with razor blades. The resulting cell suspension was enzymatically digested with trypsin (0.125%, Fisher Scientific, Schwerte, Germany) and DNase (0.4 mg/mL, CellSystems, Troisdorf, Germany) in Hanks' Balanced Salt solution (HBSS, Fisher Scientific) for 10 min at 37°C, followed by MEM containing collagenase (0.1%, CellSystems) and DNase for 15 min at 37°C. FDLE cells, a model of fetal ATII cells, were isolated by plating the crude lung cell mix twice for 1.5 h to remove adjacent lung fibroblasts followed by differential centrifugation (3, 13). The supernatant contained FDLE cells with >95% purity (3). For the isolation of CD31+ endothelial cells, fetal lungs were digested using the multi tissue dissociation kit II according to the manufacturer's recommendations, followed by Magnetic Activated Cell Sorting (MACS, GentleMACS Octo) using CD31+ beads (all by Miltenyi Biotech, Bergisch Gladbach, Germany). The obtained cell mix was strained with a 70 μm filter (Miltenyi). Resuspension and all subsequent labeling and washing steps were done using 0.5% BSA/OptiMEM (Fisher Scientific). The cells were incubated with an anti-CD31-PE antibody (1:50, #REA396, Miltenyi) for 10 min at 4°C, followed by incubation with anti-PE magnetic beads (20 μl/107 cells) for 15 min at 4°C. Up to 108 cells were loaded on a LS Column (Miltenyi), inserted in a QuadroMACS™ Separator (Miltenyi) and passed twice over the same column to enrich CD31+ cells. To obtain a homogenous CD31+ cell population, two rounds of subsequent antibody-mediated cell sorting were required. The first step enriched the CD31+ cells to ~60–80% and the second step led to a purity of >90%. Enrichment was controlled by flow cytometry (BDAccuri, BD biosciences, San Jose, CA, USA). CD31+ cells were cultured on gelatin-coated flasks with Endothelial Cell Growth Supplement (ECGS) medium containing DMEM (high glucose, GlutaMAX™, Fisher Scientific), 20% FCS (Biochrom, Berlin, Germany), 15 mM HEPES (Merck, Darmstadt, Germany), Heparin (100 μg/mL, Merck), ECGS (50 μg/mL, Corning, Corning, NY, USA), penicillin (100 units/mL, Fisher Scientific), streptomycin (100 μg/mL, Fisher Scientific), and amphotericin B (0.25 μg/mL, Fisher Scientific). After ~2 weeks in culture, confluent CD31+ cells were used for LO generation up to passage 3 (Supplementary Figure 1). Subculture was done using TripLE™ Express (Fisher Scientific). A tube formation assay was done to determine the ability of CD31+ cells to form tube-like structures to verify their endothelial cell character. The tube formation assay was done by plating CD31+ cells at 5 × 104 cells on a Matrigel-coated well of a 24-well-plate in ECGS medium. Cell morphology was analyzed after 22 h (Supplementary Figure 1).



3D Culture

Transparent permeable transwell inserts (ThinCert, #662610, surface area 33.6 mm2, Greiner Bio-One, Frickenhausen, Germany) were first coated with growth-factor reduced (GFR) Matrigel (3 mg/mL, #356230, Corning) at 37°C. Matrigel GFR was dissolved in ice-cold LO medium (LO-Med) consisting of DMEM/F12 (#31330095, Fisher Scientific), 10% FCS, 1% insulin-transferrin-selenium-ethanolamine (ITS-X, #51500056, Fisher Scientific), 1 mM HEPES (#A1069,0250, AppliChem, Darmstadt, Germany), penicillin (100 units/mL), streptomycin (100 μg/mL) and amphotericin B (0.25 μg/mL). Freshly isolated FDLE cells (1.5 × 105 per well) were mixed with CD31+ cells (0.375 × 105 per well), constituting an epithelial to endothelial cell ratio of 1:0.25. The defined cell mix was combined with Matrigel GFR (0.4 mg/mL in LO-Med) and transferred to the coated inserts. The lower compartment of the transwell insert was filled with LO-Med, while the upper compartment containing the cells in Matrigel was not submerged in medium enabling air-liquid interface (ALI) conditions. LOs were cultured at 37°C with medium exchange every 2 days. Live cell imaging was done using a microscope (CKX41, Olympus, Hamburg, Germany) with a temperature controller (ibidi, Graefelfing, Germany) and a CO2 controller (The Brick Gas Mixer, Life Imaging Services, Basel, Switzerland) during the first day of FDLE and CD31+ co-culture under submerged culture conditions to determine their initial self-organization. To analyze the effect of specific stimulating agents LO-Med was supplemented with dexamethasone (100 nM, Merck). Furthermore, the effect of mesenchymal stem cell-conditioned medium (MSC-CM) on LOs was determined after the organoids reached 15 days in vitro (div). The organoids were further cultured for 4 additional days in MSC-CM or the corresponding medium used for the culture of MSCs, which consisted of DMEM (low glucose, GlutaMAX™, Fisher Scientific) and 2% FCS. To subculture LOs or obtain them for further analyses, cell recovery solution (#354253, Corning) was used. To this end, all inserts were incubated on ice for ~2 h with ice cold cell recovery solution. Subsequently, the cell recovery solution was replaced by sterile 10% BSA (#8076.2, Carl Roth, Karlsruhe, Germany) in PBS. The digested Matrigel solution was centrifuged at 300 × g for 5 min, sedimented LOs were resuspended, washed twice in PBS and used for patch clamp analyses or fixed with 2% formaldehyde (#11586711, Fisher Scientific) in PBS for 20 min at room temperature followed by embedding in Tissue-Tek™ O.C.T. (#4583, Weckert, Kitzingen, Germany) for immunofluorescence staining. LO compactness was defined as the cellular area in proportion to the whole organoid area using Image J version 1.53c (ImageJ, RRID:SCR_003070) as published before (14). Compactness, also known as solidity, includes the packing density and the intercellular space cavities thereby indicating internal cellularity and external branching.



Immunofluorescence

Characterization of LOs was carried out with immunofluorescence staining of cryotome sections (5 μm). LO slices were washed with PBS and then treated with 5% BSA/PBS containing 0.5% Triton-X 100 (Merck) for 1 h at room temperature. Afterwards, the slices were incubated at 4°C overnight with the respective primary antibody, diluted in 5% BSA/PBS. LO slices were incubated with rabbit-anti-epithelial cell adhesion molecule (EpCAM) primary antibody (1:50; # ab71916, Abcam, Cambridge, UK, RRID:AB_1603782), mouse-anti-RT1-40 (1:150, #TB-11ART1-40, Terrace Biotech, San Francisco, CA, USA) for staining of ATI cells (15), rabbit-anti-aquaporin 5 (Aqp 5, 1:100, #178615, Merck, RRID:AB_211472), mouse-anti-RT2-70 (1:150, #TB-44ART2-70, Terrace Biotech) to detect ATII cells (16), rabbit-anti-Club cell secretary protein (CC-10, 1:100, #ab40873, Abcam, RRID:AB_778766), and rabbit-anti-Ki-67 (1:500, #9129, Cell Signaling Technology, Danvers, MA, USA, RRID:AB_2687446). Control slices were treated with 5% BSA/PBS without the primary antibody. The secondary antibody NL-493 (1:200; R&D Systems, Boston, USA, RRID:AB_663764) was used for primary rabbit IgG antibodies and NL-637 (1:200; R&D Systems, RRID:AB_663771) was used for primary mouse IgG antibodies. Nuclei were stained with DAPI (1 μg/ml, #D8417-1MG, Merck). For Live-Dead staining LOs were resuspended in fresh LO-Med containing 2 mg/mL Matrigel and plated on a glass bottom dish (#81218-200, ibidi). After 3 days, LO-Med was replaced by a solution containing Calcein-AM (5 μM, #sc-203865, Santa Cruz) and propidium iodide (PI, 1 μg/mL, #CN74.1, Carl Roth). Staining of actin filaments was performed with FITC-labeled phalloidin (2.5 μg/mL, #P1951, Merck, RRID:AB_2315148). All sections were covered with ProLong™ Glass Antifade Mountant (#P36980, Fischer Scientific). For image capturing a confocal laser-scanning microscope (LSM710, Laser: Diode 405, Argon 488, Helium-Neon 543; Objective: Plan- Apochromat 20 x, Zeiss, Goettingen, Germany) was used. Area and fluorescence calculation were done with Image J. Calculation of cell numbers was done by manual counting. Depending on the used antibodies, either whole positively stained cells (EpCAM) or in case of apical markers, cells with an adjacent positive staining (RT2-70), were counted as positive.



Gene Expression Analyses

RNA isolation was done at 15 div using the Purelink RNA Mini Kit (Fisher Scientific) according to the manufacturer's instructions. Reverse transcription was carried out using the Maxima H Minus First Strand cDNA Synthesis Kit with dsDNase (Fisher Scientific). Real-time quantitative PCR (RT-qPCR) was done in the CFX 96 Real-Time PCR Detection System (Bio-Rad, Munich, Germany) using the SYBR Select Master Mix (Fisher Scientific) and gene-specific primers listed in Table 1. A serial dilution of target-specific plasmid DNA was used for absolute quantification. Molecule concentrations were then normalized to a reference gene encoding for the mitochondrial ribosomal protein S18a (Mrps18a). Constant expression of Mrps18a was confirmed against other common reference genes. Using the relative standard curve method mRNA levels were calculated and expressed as relative fold change of the respective control. Melting curves and gel electrophoresis of PCR products were routinely performed to control the specificity of the PCR reaction.


Table 1. Primer sequences.
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Patch Clamp Analyses

Patch clamp studies were performed at 15 div. LOs were transferred to the recording chamber in a bath on the stage of a microscope (BX61WI, Olympus), which was filled with a solution containing (mM): 135 KCl, 2 MgCl2, 6 NaCl, 5.5 Glucose, 10 HEPES (pH 7.4). Cell attached currents were recorded with an EPC10 patch clamp amplifier (Heka Elektronik, Lambrecht, Germany). A standard personal computer running Patchmaster software (Heka, Patchmaster, RRID:SCR_000034) controlled the EPC10 and stored the current tracings. Patch pipettes were pulled from borosilicate capillaries with 1.5 mm outer diameter and 0.86 mm inner diameter (Science Products, #GB150-8P) using a P2000 laser puller (Sutter, Novato, CA). The pipettes were filled with a solution containing (mM): 140 NaCl, 5 KCl, 1 MgCl2, 1.8 CaCl2, 5.5 Glucose, 10 HEPES (pH 7.4), resulting in a tip resistance between 4 and 6 MΩ. ATII cells were identified using Lysotracker (1 μM, LysoTracker Green DND-26, Fisher Scientific), which selectively accumulates in their lamellar bodies (18). After forming a gigaohm seal, currents were recorded at membrane potentials between −100 and +100 mV in 10 mV increments, filtered at 2 kHz and sampled at 10 kHz. Cell attached recordings were analyzed with Fitmaster software (Heka, Fitmaster, RRID:SCR_016233). Voltages are given as the negative of the patch pipette potential, which represents the shift of the patch potential from the resting potential. Negative potentials represent hyperpolarization, and positive potentials represent depolarization of the cell membrane away from the resting potential. Highly selective cation (HSC) channels and non-selective cation (NSC) channels were identified by characteristic channel kinetics and the current-voltage relationship for the channel.



Ussing Chamber Measurements

Ussing chamber measurements of FDLE cells were performed 4 days after cell isolation, as previously reported (5). Only monolayers with a transepithelial resistance (Rte) exceeding 300 Ω·cm2 were included in the analyses. Electrophysiological solutions consisted of: 145 mM Na+, 5 mM K+, 1.2 mM Ca2+, 1.2 mM Mg2+, 125 mM Cl−, 25 mM [image: image], 3.3 mM H2[image: image], and 0.8 mM [image: image] (pH 7.4). For the basolateral solution, 10 mM glucose was used, while 10 mM mannitol was used in the apical solution. During measurements, the solutions were continuously bubbled with carbogen (5% CO2 and 95% O2). Equivalent short-circuit currents (ISC) were determined every 20 s by measuring transepithelial voltage (Vte) and Rte with a transepithelial current clamp (Physiologic instruments, San Diego, CA) and calculating the quotient ISC = Vte/Rte. After the ISC reached a stable plateau (Ibase), amiloride (10 μM, # A7410, Sigma-Aldrich) was applied to the apical chamber to assess the amiloride-sensitive ΔISC (ΔIamil). The current reduction induced by amiloride (ΔIamil) was used as a measure of ENaC activity. Amiloride was dissolved in water.



Isolation of Human Mesenchymal Stem Cells

The study was approved by the ethical board of the medical faculty of Leipzig University. The umbilical cord tissue was collected after delivery from human newborns whose mothers granted informed consent. MSC isolation and characterization are described elsewhere (19). MSC-CM was produced by incubating the culture medium with MSCs for 72 h, followed by sterile filtration.



Statistical Analyses

Differences between two groups were analyzed with the unpaired T-test or the Mann-Whitney test. A probability of p < 0.05 was considered significant for all statistical analyses. Statistical analysis was performed with GraphPad Prism software (GraphPad Software, La Jolla, CA, USA, RRID:SCR_002798).




RESULTS


Development of Fetal LOs

The generation of LOs is schematically illustrated in Figure 1A. The isolation of CD31+ cells was done by antibody-mediated cell sorting using magnetic beads. This allowed analysis of cells during every step of the isolation process: the initial amount of CD31+ cells in the total lung cell mix, the CD31+ cells bound to the magnetic column as well as the non-bound cells in the flow-through. CD31+ cells represented 5.2 ± 2.6% (Mean ± SD; n = 16) of total lung cells. CD31+ cells were cultured for 7–14 days to increase their cell numbers. These CD31+ cells were combined with freshly isolated FDLE cells and used for organoid generation. LO formation was compared between Matrigel-coated permeable inserts covered with cells in Matrigel exposed to air (ALI culture) and Matrigel-containing cell suspension plated at the bottom of a well and overlaid with LO-Med (submerged culture) (Figure 1B). The ALI condition resulted in more diverse and complex LO formation of branched and cystic morphology, while the submerged culture condition mainly led to the formation of cystic LOs. In some cystic LOs, differentiated cells with beating cilia within the lumen were observed (data not shown). Figure 1C shows examples of the different morphologies observed. Cystic LOs exhibited one lumen and were mainly transparent. Branched morphology consisted of several cysts attached to each other, reminding of budding structures or even more condensed structures with opaque appearance. The discrimination between cystic and branched morphology was done according to published studies (20). Submerged cultures were not investigated further because of the morphology and presence of cilia. Testing different FDLE cell numbers demonstrated that at least 0.5 × 105 cells per well were required for 3D LO formation, otherwise only 2D cell layers were observed. Furthermore, without CD31+ cells no 3D LOs were observed (Figure 1D). CD31+ cells began to align themselves in the Matrigel and formed tube-like structures within the first 24 h of culture (Supplementary Figures 1B,C). Without CD31+ cells, FDLE cells did not show active migration, but in co-culture cell-cell adhesive interactions between FDLE and CD31+ cells led to initial cell aggregates (Supplementary Figure 1C). The 3D assembly was enhanced by direct interaction of FDLE cells with CD31+ cells, while indirect co-culture delayed LO formation by ~1 week (Figure 1D). Different cell ratios were tested (FDLE to CD31+ cells of 1:1, 1:0.5, and 1:0.25). Increasing the number of CD31+ cells decreased LO area and number (Figures 1E,F). After 15 days in culture LOs reached mean sizes of 115.34 ± 44.82 μm (Mean ± SEM, n = 22). LO size increased during culture reaching a maximum at about 15 div, no further increase of LO size was observed at 43 div (Figure 1G). Prolonged LO culture led to overgrowth of a cell layer after ~1 month that consumed all medium and impaired organoid growth. Thus, splitting of LO cultures was necessary, which enabled further subculture, without the need to add additional CD31+ cells. Using fetal adjacent lung fibroblasts or human umbilical vein-derived endothelial cells (HUVECs) instead of CD31+ cells also resulted in the formation of 3D LOs.


[image: Figure 1]
FIGURE 1. Generation of fetal LOs. (A) Schematic illustration of LO generation. CD31+ cells were mixed with freshly isolated FDLE cells and used for LO generation. (B) LO formation was compared between ALI culture, in which LOs were cultured on permeable inserts exposed to air, and submerged culture without air exposure. ALI conditions resulted in more divers and complex LOs of branched and cystic morphology, while the submerged culture condition mainly led to the formation of cystic LOs (pictures were taken at 15 div). (C) Exemplary demonstration of different morphologies (cystic, branched or a mixed appearance) observed during LO culture. (D) The 3D assembly was enhanced by direct interaction of FDLE cells with CD31+ cells (3 div), while indirect co-culture delayed LO formation (3 div). Furthermore, without CD31+ cells no LO formation was observed (4 div). (E) Different cell ratios were tested (FDLE to CD31+ cells of 1:1, 1:0.5, and 1:0.25). Data of LO area are displayed in a scatter dot plot with mean (horizontal line) ± SEM. Increasing the number of CD31+ cells decreased LO area (n = 70–75; **p < 0.01; *p < 0.05 by T-test). (F) Numbers of LOs are displayed as mean + SEM. Increasing the number of CD31+ cells further decreased LO numbers. (G) LO size (μm2) at 3, 10, 15, and 43 div (n = 40). div, days in vitro. Scale bar: 500 μm.




Morphological Characterization of Fetal Lung Organoids

Live-Dead staining of passaged LOs showed that the majority of cells within the organoid were alive (Figures 2A,B). Staining with phalloidin-FITC was used to visualize the structural organization of filamentous actin (F-actin) with a cobblestone-like epithelial appearance of the LOs (Figure 2C). The cellular composition of the LOs consisted only of EpCAM+ cells without direct integration of CD31+ cells. We did not perform an additional staining of CD31+ cells in the lung organoids at 15 div, since our initial experiments testing different medium conditions (data not shown) showed that the culture condition used for lung organoids was not supporting CD31+ cells growth during long term culture. LOs were strongly positive for EpCAM expression (Figure 3A). Notably, epithelial cells within the LOs polarized with the apical membrane compartment facing the lumen of the organoid, as shown by the luminal expression of the RT2-70 antigen. Furthermore, expression of the Club cell marker CC-10 was detected. In contrast, the ATI cell markers, RT1-40 (T1α or podoplanin) and Aqp5 were not observed in the LOs. Notably, RT1-40 expression was also not detected in fetal rat lung slices (E21), while their pronounced and widespread expression was detected in adult rat lung tissue (Supplementary Figure 2). Ki-67 staining showed that only a small subset of the total cells was actively proliferating at 15 div.


[image: Figure 2]
FIGURE 2. Live-Dead and F-actin staining of fetal LOs. Fluorescence Z-stack serial images were taken by confocal microscopy. The bottom-to-top distance was 58 μm with 1 μm distance intervals between images. (A) Live-Dead staining with Calcein-AM (green) that accumulated in living cells and propidium iodide (PI, red) that accumulated in dead cells (23 div). Images of different optical sections through the LOs (11, 22, and 30 μm distance from bottom) demonstrated that the majority of cells were alive. (B) Z-stack image of (A) showed that dead cells were mainly attached to the LOs, while the LO structures consisted of living cells. (C) Z-stack image of F-actin staining that showed the structural organization of the LO (17 div) by phalloidin-FITC fluorescence (green). Nuclei were stained with DAPI (blue). div, days in vitro. Scale bar: 50 μm.
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FIGURE 3. Immunofluorescence characterization of fetal LOs. Fluorescence images of LO slices (15 div) were taken by confocal microscopy. (A) Organoids were strongly positive for EpCAM expression. Nuclei were stained with DAPI. Epithelial cells within the LOs polarized with the apical membrane compartment facing the lumen, as shown by the luminal expression of the RT2-70 antigen. Furthermore, expression of the Club cell marker CC-10 was detected. In contrast, the ATI cell marker RT1-40 was rarely observed in the LOs. Ki-67 staining showed that only a small subset of the total cells was actively proliferating. Scale bar: 50 μm. (B) The area of LOs positively correlated with the number of nuclei (n = 21; p < 0.0001). The area of RT2-70+ cells positively correlated with LO area (n = 21; p < 0.0003). Furthermore, area of CC-10+ expression positively correlated with LO area (n = 25; p < 0.0021). div, days in vitro.


The area of LOs positively correlated with the number of nuclei, determined by DAPI staining (Spearman r = 0.89; p < 0.001; Figure 3B). The positively stained area for ATII cells (RT2-70+) positively correlated with LO area (in μm2; Spearman r = 0.703; p < 0.001; Figure 3B), and 1.59 ± 0.37% of the LO area expressed the RT2-70 antigen, independent of organoid size. Furthermore, 1.38 ± 0.30% of total LO area was CC-10+, whose expression also positively correlated with organoid size (Spearman r = 0.619; p < 0.01; Figure 3B). Notably, the positively stained area (in%) does not reflect the actual cell number.



Functional Characterization of Fetal Lung Organoids

Patch clamp analyses of LOs demonstrated the presence of ion channels of different conductance, open probability and open and closed time. First, ATII cells within the LOs were identified by fluorescence staining after incubation with Lysotracker (Figure 4A). Single as well as multiple channel activities were observed at different holding potentials, showing exemplary outward currents as demonstrated by the upward direction of openings from the closed state (Figure 4B). Furthermore, inward currents were observed at different negative holding potentials as shown by the downward direction of the openings from the closed state (Figure 4C). Plotting the current-voltage relationship identified two types of channels: a channel with a slope conductance of 8.4 ± 0.42 pS (slope ± SE, n = 18 cells) and a reversal potential of 11.3 mV (R2 = 0.982), and a second channel with a conductance of 21.5 ± 0.69 pS (n = 15 cells) that reversed at 9.2 mV (R2 = 0.955) (Figure 4D). Thus, ATII cells within the LOs displayed functional epithelial Na+ channels with HSC and NSC channel-like transport properties. Figures 4E,F, 5A,B further show the amplitude histograms of single and multiple channel openings on hyperpolarization. Different open times at different holding potentials are displayed in Figure 5C. Finally, high variability of channel kinetics (amplitude, open and closed times) are shown for a recording with voltage steps from −100 to +100 mV and a reversal potential close to 0 (Figure 5D). According to the strong rectifying properties of the illustrated recording, with smaller inward currents on hyperpolarization (28.41 pS) and larger outward currents when the patch membrane was depolarized (82.54 pS), an outwardly rectifying Cl− channel (ORCC) can be assumed.
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FIGURE 4. Electrophysiological characterization of fetal LOs. Patch clamp analyses of LOs at 15 div demonstrated the presence of ion channels of different conductance, open probabilities and open and closed times. (A) ATII cells within the LOs were identified by fluorescence after incubation with Lysotracker. (B) Single as well as multiple channel activities were observed at different holding potentials (+100 and +50 mV), showing exemplary outward currents as demonstrated by the upward direction of openings from the closed state. (C) Furthermore, inward currents were observed at different negative holding potentials (−100 to +20 mV) as shown by the downward direction of the openings from the closed state. (D) Plotting the current-voltage relationship identified two types of channels: a channel with a conductance of 8.4 ± 0.42 pS (slope ± SE, n = 18 cells) and a reversal potential of 11.3 mV (R2 = 0.982), and a second channel with a conductance of 21.5 ± 0.69 pS (n = 15 cells) that reversed at 9.2 mV (R2 = 0.955). (E,F) Amplitude histogram and current tracing of single channel openings at −100 mV. Closed state is indicated by the dotted line. The arrows indicate the current direction with ↑ outward and ↓ inward currents.
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FIGURE 5. Electrophysiological characterization of fetal LOs. (A,B) Amplitude histogram and current tracing of multiple channel openings at −60 mV. (C) Different open times at different holding potentials (−100 to −50 mV) are displayed. (D) High variability of channel kinetics (amplitude, open and closed times) are shown for a recording with voltage steps from −100 to +100 mV and a reversal potential close to 0. The strong rectifying properties of the illustrated recording, with smaller inward currents on hyperpolarization and larger outward currents when the patch membrane was depolarized, suggests an outwardly rectifying Cl− channel (ORCC). Closed state is indicated by the dotted line. The arrows indicate the current direction with ↑ outward and ↓ inward currents.




Reviewing the Effect of Certain Lung-Stimulating Factors

Gene expression analysis of LOs demonstrated the mRNA expression of ENaC and the Na,K-ATPase as well as surfactant protein (Sftp)-A, B, and C, which exhibit essential functions in mature ATII cells. Dexamethasone is known to increase the mRNA expression of Na+ transporters and surfactant genes in vitro and in vivo. Thus, LOs were incubated with dexamethasone (100 nM) for 48 h, prior to RNA isolation at 15 div. Dexamethasone significantly increased mRNA expression of the ENaC subunits (α, β, γ) and the Na,K-ATPase subunit-β1 compared to control LOs cultured without dexamethasone (p < 0.01, p < 0.05; Figure 6A). In contrast, mRNA expression of the cystic fibrosis conductance regulator (CFTR) was significantly reduced by dexamethasone (p < 0.05). Furthermore, the mRNA expression of Sftpb (surfactant protein B) and Sftpc (surfactant protein C) were significantly increased by dexamethasone in LOs (p < 0.01, p < 0.05; Figure 6A). In agreement, dexamethasone significantly increased mRNA expression of ENaC and the Na,K-ATPase in primary FDLE cells grown on permeable inserts (p < 0.001; Figure 6B). Furthermore, Na+ transport was significantly enhanced by dexamethasone as determined in Ussing chambers (Figure 6C). Dexamethasone increased Ibase from 3.67 ± 0.09 μA/cm2 (Mean ± SEM) to 4.71 ± 0.13 μA/cm2 and the ΔIamil from 2.99 ± 0.08 μA/cm2 to 4.06 ± 0.12 μA/cm2 (p < 0.001; Figure 6C). These results show that the fetal LOs mimic the response to dexamethasone seen in primary fetal lung epithelia and that the observed increase of mRNA expression causes an elevated transepithelial Na+ transport activity. Furthermore, LOs were strongly positive for EpCAM expression (Figure 7A). Notably, dexamethasone significantly increased expression of the EpCAM and RT2-70 antigen (p < 0.01; Figure 7B). Finally, morphology of LOs treated with dexamethasone was not altered compared to control LOs (Supplementary Figure 3).


[image: Figure 6]
FIGURE 6. Effects of dexamethasone on fetal LOs compared to FDLE cells. Data are displayed as Mean + SEM. (A) Gene expression analysis of LOs (15 div) stimulated with dexamethasone (100 nM) for 48 h. Dexamethasone significantly increased mRNA expression of the ENaC subunits (α, β, γ) and the Na,K-ATPase subunit-β1 compared to control LOs cultured without dexamethasone (n = 4/5; **p < 0.01; *p < 0.05 by T-test). mRNA expression of CFTR was reduced by dexamethasone (*p < 0.05 by T-test). Furthermore, the mRNA expression of Sftpb and Sftpc were significantly increased by dexamethasone (n = 4; *p < 0.05 by T-test). (B) FDLE cells were also stimulated with dexamethasone (100 nM) for 48 h. In accordance to LOs, dexamethasone strongly increased the mRNA expression of the Na+ transporters (n = 12; ***p < 0.001 by T-test). (C) The increased mRNA expression was accompanied by an enhanced Na+ transport (Ibase) and ENaC activity (ΔIamil) in FDLE cells, as determined in Ussing chambers (n = 78/92; ***p < 0.001 by T-test). div, days in vitro.
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FIGURE 7. Effects of dexamethasone on fetal LOs. LOs (15 div) were stimulated with dexamethasone (100 nM) for 48 h. Fluorescence images of LO slices were taken by confocal microscopy. (A) Organoids were strongly positive for EpCAM expression. Nuclei were stained with DAPI. Some epithelial cells showed luminal expression of the RT2-70 antigen. Scale bar: 50 μm. (B) Data are displayed as Mean + SEM. The area of EpCAM+ area and RT2-70+ area was higher in LOs stimulated with dexamethasone compared to control LOs (n = 25; **p < 0.01 by Mann-Whitney test). div, days in vitro.


Mesenchymal stem cells (MSCs) have demonstrated therapeutic potential in animal models of neonatal lung disease (21–23) and thus represent a promising future therapeutic approach to alleviate disease burden in preterm infants. In our previous study we determined the paracrine effect of MSCs on lung functional and structural development in FDLE cells and fetal lung explants (19). Herein we aimed at reproducing the reactivity of LOs in comparison to the prior study and to extend the knowledge about cellular effects of MSCs. The LOs (15 div) were cultured with mesenchymal stem cell-conditioned medium (MSC-CM) for 4 days. The respective LO control was incubated with medium used for MSC culture, without MSC conditioning. MSC-CM enhanced lumen formation and thinning of the epithelial layer, in contrast to the denser morphology of control LOs (Figure 8A). This was quantified by the compactness of the LOs, which is defined as the cellular area in proportion to the whole organoid area. Control LOs displayed a higher compactness compared to LOs treated with MSC-CM (p < 0.01; Figure 8B). These results show that MSC-CM-treated LOs exhibit a lower cellular packing density and higher intercellular space cavities in contrast to control LOs. Moreover, MSC-CM significantly increased the area of EpCAM and RT2-70 antigen expression, as shown by immunofluorescence and the percentage of RT2-70+ cell area within the LOs (p < 0.001; Figures 9A,B). This was accompanied by an elevated RT2-70+ cell number, which increased from 3.90 ± 3.67% (Mean ± SD) in control LOs to 11.78 ± 6.84% in MSC-CM-treated LOs (p < 0.001; Figure 9B). While we could not detect T1α using the antibody RT1-40 in LOs at 15 div, staining of LOs treated with MSC-CM showed at least some RT1-40+ ATI cells (Figure 9C). It is open whether this may be due to the four additional days in culture or the change of medium.


[image: Figure 8]
FIGURE 8. Effects of mesenchymal stem cell-conditioned medium (MSC-CM) on fetal LOs. LOs (15 div) were cultured with MSC-CM for 96 h prior to analysis. (A) MSC-CM enhanced lumen formation and thinning of the epithelial layer, in contrast to the denser morphology of control LOs. Scale bar: 200 μm. (B) Data are displayed as Mean + SEM. Compactness was higher in control LOs compared to LOs treated with MSC-CM (n = 56; **p < 0.01 by T-test). div, days in vitro.
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FIGURE 9. Effects of mesenchymal stem cell-conditioned medium (MSC-CM) on fetal LOs. LOs (15 div) were cultured with MSC-CM for 96 h prior to analysis. Fluorescence images of LO slices were taken by confocal microscopy. (A) Organoids were strongly positive for EpCAM expression. Nuclei were stained with DAPI. Some epithelial cells showed luminal expression of the RT2-70 antigen. Scale bar: 50 μm. (B) Data are displayed as Mean + SEM. MSC-CM significantly increased the area of EpCAM and RT2-70 antigen expression, as shown by immunofluorescence and the percentage of RT2-70+ cell area within the LOs (n = 20; ***p < 0.001 by T-test with Welch's correction). Furthermore, RT2-70+ cell numbers were increased by MSC-CM (n = 20; ***p < 0.001 by Mann-Whitney test). (C) The ATI cell marker RT1-40 was observed in some individual cells of the MSC-CM-treated LOs. Scale bar: 50 μm. div, days in vitro.





DISCUSSION

The study describes the establishment of fetal rat LOs as a relevant in vitro model of fetal lung development that allows scientists to replicate and functionally analyze key elements of lung maturation. For the first time, patch clamp measurement demonstrated single ion channel activity in LOs. The responsiveness of fetal rat LOs to glucocorticoid mimicked the response in vitro and in vivo, thereby enhancing the relevance of the established model. Furthermore, the response of LOs to MSC-CM demonstrated the convenience of the model to test future therapeutic strategies to enhance maturation of immature lungs.

Even though the first described LOs were created using an undefined cell mix from fetal rat lungs (7), the further development of defined 3D organoid cultures in hydrogels was focusing on mouse and, later, human cells. Defined LOs were successfully generated from mouse and human cells, using primary fetal and adult lung cells as well as pluripotent cells, including embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) (10–12, 24–29). However, the rat is an important animal model and has been widely studied to gain a better understanding of physiological, developmental and pathophysiological mechanisms. Compared to rodent models, the use of human LOs harbors several limitations. Besides the limited availability of fetal lung tissue, its use is highly restricted due to ethical considerations. Similar ethical concerns can be raised for ESCs. ESCs or iPSCs possess great potential to model development and differentiation, but their use is accompanied by the need for a specialized laboratory and technical expertise, the high cost of cell culture, and the long time required for differentiation and production of respective LOs. In contrast, murine LO generation is feasible and can be easily reproduced. Another big obstacle of human fetal lung models and iPSCs is that they cannot be directly compared to the situation in vivo, while for rodents a comparison with animal models is possible. This may help to define the possibilities as well as limitations of the different in vitro fetal lung models, especially as basis for a future comparison with human fetal lung models. In addition, comparison of in vivo validated murine LOs with murine or human LOs from ESCs or iPSCs will show whether LOs from non-lung sources can reflect essential lung functions and key elements of lung maturation.


Morphological Characterization of Fetal Lung Organoids

During their formation, fetal LOs demonstrated different morphologies of cystic, branched, and mixed appearance. Submerged culture mainly resulted in cystic LOs and cilia activity was observed in some of these cystic LOs. In contrast, ALI culture induced a heterogeneous cystic and branched morphology of LOs. Direct co-culture and interaction between CD31+ and FDLE cells was required for LO formation within 24 h, while indirect co-culture delayed the LO formation and reduced the efficacy. Furthermore, direct co-culture with lung mesenchymal cells like fetal lung fibroblasts as well as human CD31+ cells (HUVEC) could also support LO formation. Endothelial and mesenchymal cells were highly migratory in Matrigel, while FDLE cells did not show active migration. Direct cell-cell contact between endothelial/mesenchymal cells and FDLE cells facilitated initial cell aggregation required for organoid formation. Thus, the effect of helper cells may not be strictly cell-type specific, but rather based on their migratory capacity, and both endothelial and mesenchymal cells can support organoid growth. In addition, paracrine mechanisms might also be involved, since indirect co-culture with helper cells also resulted in, although delayed, LO formation, which is in contrast to FDLE cell-only culture that lacked LO formation. However, a big advantage of endothelial cells is that their proliferation is not supported under LO culture conditions, while mesenchymal cells proliferate and overgrow the whole cell culture. Notably, all cells in the LOs were positive for EpCAM staining, demonstrating that it consisted only of epithelial cells. Since culture conditions involved a rich serum-containing medium in combination with an ECM, CD31+ cells were probably not required as feeder cells, but rather for the 3D assembly of FDLE cells. CD31+ cells were highly migratory and provided early tube-like structures. The culture conditions allowed for formation and long-time persistence of vital LOs, showing only a few dead cells in the periphery. Although, these dead cells were not analyzed, the fact that LOs consisted of EpCAM+ cells only and CD31+ cells were not proliferating, these dead cells could well be leftover CD31+ cells. Concerning the maximal size reached at about 15 div, prior studies demonstrated that the ECM environment (Matrigel in our case) imposes solid stress on the growing organoid. Organoids in a mechanically resistant matrix grow until a growth-inhibitory threshold level of solid stress is attained. This is accompanied by an increase of cellular packing density, decreasing apoptosis with no significant changes in proliferation (30). It is therefore assumed that the maximum LO size depends on the mechanical properties of the ECM used.

Staining of LOs demonstrated the presence of EpCAM+ cells and cells being also positive for RT2-70 or CC-10, which are markers of ATII and Club cells, respectively. The EpCAM+ cells were polarized with the apical side facing the lumen, shown by the apical expression of RT2-70. In contrast to the ATII and Club cell markers, no ATI cells (RT1-40+ = T1α) were observed. T1α is expressed throughout lung morphogenesis although on a low and widespread level. T1α mRNA and protein expression increases during late fetal development and is then restricted to ATI cells in the distal epithelium (31, 32). We assume that the lack of RT1-40 staining in our fetal LOscould be based on an immature differentiation state with low T1α expression. Alveolarization start in rodents at postnatal day 4, while our FDLE cells are isolated at the saccular stage of lung development prior to actual development of alveoli. In our research context this immature LO mimics lung immaturity of fetal infants born prior to the start of alveolarization. We assume that the budding branched luminal structures we observe in the LOs possibly represent sacculi, a precursor which correspond to the later alveolar sacculi. In agreement, fetal rat lung slices of the same gestational age were negative for T1α protein staining, while adult rat lung slices were strongly positive for T1α.



Functional Characterization of Fetal Lung Organoids

Ion channel activity is important for lung growth in utero as well as for the perinatal adaptation to air breathing. The analysis of ion channels thus demonstrates a biological function of high physiological relevance with regard to fetal lung maturation. In general, the phenotype of isolated ATII cells under classical culture conditions differs from mature cells in vivo. They show differences with regard to cell-cell-communication, expression of tight junctions proteins, barrier function, and general morphology [reviewed by (33)]. Herein we show that fetal LOs represent a physiological model for AFC, as the contributing ion channels can be measured with patch clamp. We demonstrate the presence of ion channels with HSC and NSC channel-like properties in accordance with previous studies of vital lung slices, which showed an average conductance of 8.8 ± 3.2 pS (HSC) and 22.5 ± 6.3 pS (NSC) (34). We observed currents that reverse near 0 mV and exhibit little rectification, which is in contrast to the current-voltage relationship for HSC and NSC channels from ATII cells in primary culture (35). Therein, HSC channels strongly rectify and reverse at high depolarizing potentials, and NSC channels reverse at ~+40 mV (35). High K+ concentration in our bathing solution is supposed to depolarize the cell and to establish a resting membrane potential near 0 mV. Thereby the holding potential installed at the pipette should represent the actual patch potential. By their nature NSC channels must reverse at a patch potential of 0 mV, which means that the observed reversal potential is representative of the membrane potential. Thus, in primary ATII cells the membrane potential is ~-40 mV, while in our depolarized LOs the membrane potential must be close to 0 mV, equal to the observed reverse potential. The same was reported for vital lung slices, which demonstrated HSC and NSC channels that reverse near 0 mV and HSC channels exhibiting little rectification (35, 36). Possible causes for the differences between cultured primary ATII cells and lung slices have been discussed in detail by the authors (35). It further underlines that LOs more closely represent vital lung tissue in contrast to primary ATII cells, which is important for studying ion transport in alveolar cells. Furthermore, anion channels with properties like ORCC were observed, which possibly contribute to balancing the electroneutrality of Na+ transport in ATII cells. In our study, we did not aim at thoroughly depicting ion channel activities in fetal LOs, but to demonstrate the biological function and applicability of the model system. According to our observations, fetal LOs constitute a physiological model system to study the single channel activity of the (fetal) alveolar epithelia.



The Stimulating Effects of Dexamethasone and MSCs

After the characterization of LO function, we determined their responsiveness to established lung maturation-inducing hormones. Antenatal glucocorticoids accelerate late-gestation lung maturation in low doses by enhancing surfactant synthesis, increasing the volume density of ATII cells and upregulating AFC (37–39). Mice lacking intracellular glucocorticoid receptors died of respiratory failure shortly after birth (40). Their lung development was retarded, accompanied by a reduction of ENaC mRNA levels in total lung RNA (40). Several studies demonstrated the stimulation of ENaC subunit expression by glucocorticoids (13, 41). In accordance, dexamethasone strongly increased mRNA expression of all ENaC subunits and that of the rate-limiting Na,K-ATPase β1-subunit in fetal LO. In contrast, CFTR mRNA expression was reduced by dexamethasone as previously shown in FDLE and human bronchial submucosal gland-derived Calu-3 cells (42, 43). Furthermore, dexamethasone stimulated mRNA expression of Sftpb and Sftpc, confirming the surfactant synthesis-stimulating effect. We complemented the analyses of mRNA expression in LOs with measurements done in our FDLE cell model. The comparison showed a similar increase of ENaC and Na,K-ATPase mRNA expression induced by dexamethasone. Furthermore, the elevated Na+ transport and ENaC activity stimulated by dexamethasone was shown in Ussing chamber measurements, demonstrating the relevance of elevated mRNA expression for channel activity. These results confirm the validity of our fetal LO model reproducing the response to glucocorticoids seen in vitro and in vivo. Furthermore, dexamethasone increased the area of EpCAM and RT2-70 antigen expression, thereby underlining the stimulating effect of glucocorticoids on alveolar differentiation.

Regarding the immature state of lungs from preterm infants, developing and testing new therapeutic strategies is of high clinical relevance. Due to the immunomodulatory and regenerative potential of MSCs, MSC-based cell therapies represent an interesting therapeutic strategy to enhance lung maturation (23). The therapeutic potential of MSCs is mainly attributed to paracrine effects. In accordance, MSC-CM affected LO morphology with an enhanced lumen formation as well as an increased expression of EpCAM and RT2-70. The results showed that up to 15% of the cells expressed the RT2-70 antigen. This is close to the situation in vivo, where ATII cells comprise ~15% of all lung cells, but cover only ~2–5% of the internal surface area (44). These results suggest an enhanced maturation of LOs induced by MSC-CM, which is in line with a prior study of our group (19). Therein we showed that MSC-CM strongly stimulated functional and structural maturation of fetal lungs. Fetal lung explant growth and branching as well as surfactant protein mRNA expression were enhanced by MSC-CM (19). Furthermore, MSC-CM strongly increased the activity and mRNA expression of ENaC and the Na,K-ATPase in FDLE cells (19). These effects were at least partially mediated by the PI3-K/AKT (phosphoinositide 3-kinase/protein kinase B) and Rac1 (Ras-related C3 botulinum toxin substrate 1) signaling pathways (19). In agreement, we demonstrated changes in structural maturation in LOs stimulated with MSC-CM, as shown by reduced compactness, increased ATII cell number and area, and first detection of ATI cells. Therefore, results observed in fetal rat lung explants as well as primary FDLE culture were reproduced in fetal LOs, confirming its relevance as a functional in vitro model, which can be used to study novel therapeutic developments.



Limitations and Outlook

There are also several limitations of our fetal LOs as an in vitro model. An important aspect to consider is the undefined culture condition, which may affect research focused on differentiation and signaling pathways. The culture conditions applied in this study uses FCS and Matrigel, both complex, undefined, and batch-to-batch varying solutions isolated from primary tissue sources of different species, supplying growth factors or basement membrane proteins. Adapting the culture conditions of LOs in the future will possibly enable the generation of more complex co-culture systems to study direct and indirect cellular interactions.

In general, a detailed morphological analysis of fetal rat lung cells and tissues was challenging, since antibodies specific for rat lung tissue are rare. Furthermore, differences in antibody binding between fetal and adult lung tissue were observed and organ specific expression was also seen. Although several studies have shown that the monoclonal antibody RT2-70 is specific for the apical surfaces of rat ATII cells, the respective protein is largely unknown. It is therefore also unknown at which maturational state an ATII cell expresses this unknown protein and whether a lack of expression rules out an ATII cell identity. The target protein is expressed only at the apical membrane compartment, hence only a small area of the cell is stained, but most luminally located cells expressed the RT2-70 antigen. This is in contrast to the EpCAM staining, which can be found on the complete cell surface. Correlating the area positive for EpCAM to the whole LO area in comparison to the area positive for RT2-70 does not reflect the number of ATII cells and might underestimate the amount of ATII cells in our LOs. Despite these limitations FDLE cells are a physiologically well-characterized in vitro model that has been studied with Ussing chambers and patch clamp in addition to mRNA expression analyses. We have determined the effect of glucocorticoids, female and male sex hormones, insulin and many other factors on the maturity of FDLE cells in prior studies (45–49), which enabled us to compare the different in vitro fetal lung models and to evaluate if the generated 3D fetal LOs represent a novel in vitro model suitable for studies addressing developmental or therapeutic approaches. The FDLE cells are derived from fetal rat pups 24–48 h prior to birth. Studies showed that fetal rat pups born 24 h prior to term birth experience respiratory distress due to structural and functional lung immaturity, reflected in a survival rate of only 6% by 36 h after delivery if the pups were placed in air, which increased to 47% when they were placed in >95% oxygen (4). The authors concluded that the preterm rat is a suitable model for studies of acute and chronic neonatal lung disease, as structural and functional lung immaturity is a major risk factor for pulmonary complications. Due to this and other reports we believe that our model is suitable to study immaturity-associated complications arising from preterm birth.

While the CD31+ cells used in this study were required for an efficient LO formation, their role and interactions seemed to be limited to the first days. It would be interesting to analyze how a combined co-culture of endothelial and mesenchymal cells may further enhance LO differentiation, especially with defined medium and ECM conditions. This could also provide an in vitro model to study the effects of inflammation on lung development by either applying proinflammatory stimuli or using a direct or indirect co-culture approach with cells of the innate immune system. Another aspect, which should be considered to enhance LOs as in vitro lung model, is the biophysical property of the environment, although this may be more technically challenging to adapt. This includes the defined elastic moduli of hydrogels, the oxygen concentration to present hyperoxia or hypoxia as well as biomechanical stimuli and stress induction by periodical stretching or acute pressure. Despite these limitations and currently unsolved challenges, LOs provide a fast and easy in vitro model that allows a faster screening procedure compared to animal models, while also providing a higher biological relevance compared to classical cell culture. LOs will allow for a broad range of manipulation and can be adjusted to the study needs like changing signal pathways using agonists or antagonists, adaption of the physical and chemical properties of the ECM, genetic manipulation of the cells used for LO formation, and/or co-culture with different cell types or pathogens. This could lead to more complex models with multiple and/or sequential impacts to recapitulate fetal and/or newborn lung injuries.




CONCLUSION

In conclusion, LOs generated from FDLE cells represent a fetal lung model that replicates key biological lung functions essential for lung maturation. In detail, the fetal LOs demonstrated the development of fetal lung alveoli, the expression of surfactant proteins, and most importantly the expression and electrophysiological activity of ion channels. For the first time electrophysiological analysis by patch clamp allowed the single cell measurement of ion channel activity in LOs. Furthermore, fetal LOs showed functional responsiveness to glucocorticoids and MSCs. The main goal was to develop an immature LO model to enable the study of maturation and how this can be enhanced to benefit preterm infants in the future. Thus, fetal LOs demonstrated the convenience of the model to test and establish new therapeutic strategies.
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Background: Given that wheezing is treated with inhaled β2-agonists, their effect should be reviewed before the condition becomes severe; however, few methods can currently predict reactivity to inhaled β2-agonists. We investigated whether preinhalation wheezing characteristics identified by lung sound analysis can predict reactivity to inhaled β2-agonists.

Methods: In 202 children aged 10–153 months, wheezing was identified by auscultation. Lung sounds were recorded for 30 s in the chest region on the chest wall during tidal breathing. We analyzed the wheezing before and after β2-agonist inhalation. Wheezing was displayed as horizontal bars of intensity defined as a wheeze power band, and the wheezing characteristics (number, frequency, and maximum intensity frequency) were evaluated by lung sound analysis. The participants were divided into two groups: non-disappears (wheezing did not disappear after inhalation) and disappears (wheezing disappeared after inhalation). Wheezing characteristics before β2-agonist inhalation were compared between the two groups.

The characteristics of wheezing were not affected by body size. The number of wheeze power bands of the non-responder group was significantly higher than those of the responder group (P < 0.001). The number of wheeze power bands was a predictor of reactivity to inhaled β2-agonists, with a cutoff of 11.1. The 95% confidence intervals of sensitivity, specificity, and positive and negative predictive values were 88.8, 42, 44, and 81.1% (P < 0.001), respectively.

Conclusions: The number of preinhalation wheeze power bands shown by lung sound analysis was a useful indicator before treatment. This indicator could be a beneficial index for managing wheezing in young children.

Keywords: wheezing, young children, lung sound analysis, β2-agonists, wheeze analysis


INTRODUCTION

In the medical field, technical innovation has engendered telemedicine and home-based therapy; however, the practical use of these technologies has been limited. For respiratory diseases, lung sounds represent simple physical data, which have no value by themselves and are only clinically important when evaluated by a physician (1–3).

Appropriate judgment of lung sound data by specialists is required, especially when determining the patient's response to treatment, which constitutes important information in telemedicine. Acute exacerbation typically occurs at night and needs to be treated promptly; therefore, caregivers need to cope with the symptoms of this acute exacerbation. For parents, properly managing these exacerbations in young children is challenging, especially in infants. At present, there is no specific tool or criterion for treating these exacerbations.

Wheezing is a typical sign of respiratory exacerbation in individuals of all ages. Wheezing that occurs repeatedly over prolonged periods is an important factor in the diagnosis of bronchial asthma. Some young children with recurrent wheezing do not exhibit asthma (4, 5). Wheezing episodes in young children should initially be treated with inhaled short-acting beta-2 (β2) agonists, regardless of whether a clinical diagnosis of asthma has been made (6). According to international guidelines, initial treatment provided at home should comprise an inhaled β2-agonist, and the effect should be reviewed before the condition becomes severe (6). Physicians usually judge reactivity of inhaled β2-agonist by whether wheezing sounds disappear or do not disappear after inhaling the β2-agonist. Accurately evaluating a child's reactivity to inhaled β2-agonists at home is therefore challenging for parents/caregivers. There are currently few methods for predicting the effects of inhaled β2-agonists on wheezing in young children.

Wheezing is an important physical sign of worsening respiratory conditions that can be auscultated using a stethoscope (7–9). Recent developments in signal processing methods have improved the extraction of physiologically and clinically relevant information from a lung sound analysis (10–12), a noninvasive method that does not require the infant's cooperation and is useful in objectively evaluating wheezing. A number of studies have evaluated the severity of airway obstruction by assessing the particular characteristics of wheezing (13, 14).

However, wheezing characteristics have not yet been adequately analyzed to establish their association with reactivity to inhaled β2-agonists in exacerbations. Our aim is to develop a home medical device to evaluate the wheezing condition. In this study, we investigated (as an objective index) whether preinhalation wheezing characteristics, detected by lung sound analysis, could predict reactivity to inhaled β2-agonists in children, including infants.



MATERIALS AND METHODS


Participants

All participants were outpatients from the Arai Pediatric Clinic, Makata Pediatrics and Allergy Clinic, Osaka Women's and Children's Hospital, Odasada Pediatrics and Allergy, or Minami Wakayama Medical Center in Japan, who were brought to each of these hospitals to treat recurrent wheezing, cough, and dyspnea. All participants had more than 3 episodes of wheezing and were diagnosed with asthma according to the Japanese pediatric guidelines for the treatment and management of asthma (6). The exclusion criteria included the presence of respiratory syncytial virus infection, human metapneumovirus infection, chronic wheezing diseases, laryngomalacia, whooping cough, immunodeficiency, and cardiac and neonatal pulmonary problems. These diagnoses were evaluated by a pediatrician who specializes in childhood respiratory and allergic diseases.

The required number of samples was 41, with an AUC of 0.8, a power of 0.95, and a one-sided test (R version 3.4.1 software). The study population comprised 202 pediatric outpatients (median age, 19.9 months; range, 10–153 months; male/female ratio, 107/95). Written informed consent was obtained from the parents or legal guardians of all participants, and the study protocol was approved by the Minami Wakayama Medical Center's ethics committee [approval number 2016–22 (2)].



Study Design

All participants exhibited audible wheezing during tidal breathing, as observed by auscultation. Lung sounds were recorded for 30 s in the upper right anterior chest region at the second intercostal space and at the midclavicular line on the chest wall during tidal breathing. The lung sounds, including wheezing, were identified and independently confirmed by each specialist physician who recorded the wheezing according to previous methods (15). A total of 197 participants, for whom data were available, were examined to evaluate heart rate and oxygen saturation. Information regarding symptom exacerbation, including wheezing, coughing, heavy breathing, reduced activity, shortness of breath, and sleep disturbance was obtained from the parents or legal guardians.

Thereafter, all participants were treated with inhaled β2-agonists (10–30 μg of procaterol and 2.0 ml of saline) (6, 16). The study physicians auscultated and recorded the lung sounds simultaneously 15 min after the β2-agonist inhalation (12, 15). All participants were treated according to the Japanese pediatric guidelines for the treatment and management of asthma (6).

Wheezing was evaluated to identify changes before and after inhalation via auscultation and lung sound analysis. According to the reactivity to the inhaled β2-agonists, the participants were divided into two groups: non-disappear and disappear. Participants whose wheezing disappeared after inhaling β2-agonists were assigned to the disappear group, whereas those whose wheezing did not disappear after inhaling β2-agonists were assigned to the non-disappear group.

We compared the physical signs, including heart rate, oxygen saturation, and participant characteristics between the two groups. The wheezing characteristics before inhaling β2-agonists were compared between the two groups as described below.



Sound Recording and Sound Analysis

Figure 1 shows a block diagram of the equipment employed in the lung sound recordings (17). The sound recording system consisted of a handheld assembled microphone unit (prototype device, Omron Healthcare Corporation, Ltd., Kyoto, Japan) and a pulse-code modulation recorder (PCM-D100 series, Sony Corporation, Tokyo, Japan). Two microphones (MP34DR04, STMicroelectronics, Geneva, Switzerland) were set in the microphone unit; one collected ambient sounds around the device, while the other collected lung sounds from the right side of the chest. We resampled the lung sounds at 44.1-kHz with 16-bit quantization, performing a 4,096-point fast Fourier transformation using sound analysis software (Adobe Audition CC 2018, Adobe Inc., San Jose, CA, United States).


[image: Figure 1]
FIGURE 1. Block diagram showing the equipment used for lung sound recording.


Figure 2 shows a sample of the spectrogram and spectrum of the wheezing sounds (17). Prior to the sound analysis, engineering researchers and two trained physicians evaluated all recordings. The recorded lung sounds were reviewed to discriminate wheezes from other sounds, such as noises generated due to friction between the microphone and the participants' skin. We detected wheezing on the sound spectrograms as defined by the Computerized Respiratory Sound Analysis (CORSA) guidelines. A wheeze is defined as a continuous adventitious musical sound. Acoustically, it is characterized by periodic waveforms with a dominant frequency typically over 100 Hz and lasting over 100 ms (18).


[image: Figure 2]
FIGURE 2. Wheezing indexes. The lung sound analysis displayed wheezes as horizontal bars of intensity with corresponding sharp peaks of power. The sharp peak of power was defined as a wheeze. The following indexes were calculated: (1) duration of wheeze power bands (B), (2) number of wheeze bands per 30s (B), (3) lowest frequency of wheeze power bands (B), (4) highest frequency of wheeze power bands (B), and (5) frequency of maximum intensity of wheeze power bands (C).




Wheezing Indexes

The lung sound analysis is displayed as horizontal bars of intensity with corresponding sharp peaks of power. The sharp peak of power was defined as a wheeze power band (Figure 2A) (17, 19–21). Wheezing was analyzed during both inspiratory and expiratory periods in each recorded file according to the six indexes explained below.


Number of Wheeze Power Bands per 30s

We counted the number of wheeze power bands per 30s in each file (17).



Lowest Frequency of Wheeze Power Bands

We calculated the lowest frequencies of all wheeze power bands as described above (Figure 2B) (17).



Highest Frequency of Wheeze Power Bands

We recorded the highest frequency that could be recognized on the spectrogram (Figure 2B) (17), as well as the highest frequencies of all wheeze power bands in each file, and calculated the mean frequencies of all wheeze power bands from the individual data.



Maximum Intensity Frequency of Wheeze Power Bands

We recorded the maximum intensity frequency of all wheeze power bands (20, 21) and calculated the mean frequency of the wheeze power bands' maximum intensity for each recorded file (Figure 2C) (17).




Statistical Analysis

The correlation coefficients between age, weight, and height with sound variables were determined using Pearson's correlation coefficient.

We performed the statistical analyses using STATFLEX ver. 6.0 (Artec Co., Ltd., Osaka, Japan). The wheezing indexes and participant characteristics are presented as the mean ± standard deviation. We compared the participant characteristics and wheezing indexes between the two groups using an unpaired t-test.

We calculated the sensitivity (true-positive rate), specificity (true-negative rate), positive predictive value, negative predictive value, and positive and negative likelihood ratios (the probability of symptom exacerbation according to the wheezing index cutoff value), and we used a receiver operating characteristic curve to describe the relationship between the sensitivity and specificity of the various cutoff values (wheezing index) as reactivity to the inhaled β2-agonists.

We also calculated the area under the curve (AUC) for all possible cutoff values of the highest frequency of the wheeze power bands. P < 0.05 were considered statistically significant. The confidence interval of the data analyzed was 95%.




RESULTS


Differences in Participant Characteristics

Table 1 lists the participant characteristics and respiratory statuses of the two groups. Except for heart rate, there were no significant differences between the two groups.


Table 1. Participants' characteristics and respiratory statuses of the two groups.

[image: Table 1]



Correlations of the Wheezing Indexes With Age, Height, and Weight

All the wheezing indexes were not significantly affected by age, height, and weight (Table 2). The respiratory cycle was not significantly correlated with all the wheezing indexes.


Table 2. P-values of correlations of the wheezing indexes with age, height, and weight.
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Comparison of the Wheeze Power Band Duration

No significant differences were observed in the duration of wheeze power bands between the two groups (P = 0.09). The duration of the wheeze power bands in the disappear group was 338.9 ± 202.7 ms, whereas that of the non-disappear group was 398.3 ± 205.9 ms.



Comparison of the Highest Frequency of the Wheeze Power Bands

The highest frequency of the wheeze power bands was significantly higher in the non-disappear group than in the disappear group (P = 0.0014). The highest frequency of the wheeze power bands in the non-disappear group was 592.6 ± 223.4 Hz, whereas that of the disappear group was 460.8 ± 220.1 Hz (Figure 3).


[image: Figure 3]
FIGURE 3. Comparison of the highest frequency of wheeze power bands between the two groups.




Comparison of the Lowest Frequency of the Wheeze Power Bands

No significant differences were observed between the two groups in the lowest frequency of the wheeze power bands (P = 0.23). The lowest frequency of the wheeze power bands in the non-disappear group was 235.2 ± 106.8 Hz, whereas that of the disappear group was 210.3 ± 144.6 Hz.



Comparison of the Maximum Intensity Frequency of the Wheeze Power Bands

The frequency of the wheeze power bands was significantly higher in the non-disappear group than that of the disappear group (P = 0.013). The maximum intensity frequency of the wheeze power bands in the non-disappear group was 396.1 ± 136.7 Hz, whereas that of the disappear group was 331.3 ± 175.7 Hz (Figure 4).


[image: Figure 4]
FIGURE 4. Comparison of the frequency of maximum intensity wheeze power bands between the two groups.




Comparison of the Number of Wheeze Power Bands per 30s

Figure 5 shows that the number of wheeze power bands per 30s for the non-disappear group was larger than that of the disappear group (P = 0.0001). The number of wheeze power bands per 30s was 9.8 ± 7.3 for the non-disappear group and 4.1 ± 5.3 for the disappear group.


[image: Figure 5]
FIGURE 5. Comparison of the number of wheeze power bands per 30 s between the two groups. Horizontal line indicates the response to the inhaled β2-agonist, and the error bars indicate the standard deviation.





Receiver Operating Characteristic Curve Analysis in Response to Inhaled β2-Agonists With Respect to the Number of Wheeze Power Bands per 30s

The cutoff value for the number of wheeze power bands per 30 s that could predict a response to the inhaled β2-agonists was 11.1. The 95% confidence intervals of sensitivity, specificity, positive and negative predictive values, and positive and negative likelihood ratios were 88.8, 42, 44, and 81.1%, and 1.53 and 0.27 (P < 0.001), respectively, with an AUC of 0.72 ± 0.03 (Figure 6).


[image: Figure 6]
FIGURE 6. Receiver operator characteristic curve analysis in response to the β2-agonist inhalation with the number of wheeze power bands per 30 s. Detection of non-response to inhaled β2-agonist using the number of wheeze power bands per 30 s. An ROC curve analysis was performed to determine the response to inhaled β2-agonist with the number of wheeze power bands per 30 s. The cutoff value for the number of wheeze power bands per 30 s that could predict reactivity to the inhaled β2-agonist was 11.1.





DISCUSSION

In the present study, the characteristics of preinhalation wheezing could predict reactivity to inhaled β2-agonists. We found that the number of preinhalation wheeze power bands was a predictor of reactivity to inhaled β2-agonists and a useful indicator of prolonged exacerbation risk. None of the wheezing characteristics were affected by height, weight, or age. Noninvasively and objectively predicting the reactivity to inhaled β2-agonists before administering treatment is crucial for managing wheezing in children. Understanding the differences in the characteristics of wheezing can be beneficial for administering treatment and managing children with asthma for remote medical care that children cannot go to hospital when they afraid catch some virus infection using home medical device which we developed (22).

Wheezing is a continuous adventitious lung sound that is superimposed on breathing sounds. According to the definitions in the present CORSA guidelines, the maximum frequency of a wheeze is typically >100 Hz, and its duration is >100 ms (19–21). Baughman and Loudon reported that wheezing was also associated with a peak in the signal and that peak amplitude constituted a criterion for classifying the sound as a wheeze. Wheezing was displayed as horizontal bars of intensity with corresponding sharp peaks of power, known as wheeze power bands (23). Using lung sound analysis, we found that the wheezing of non-disappear group had certain wheeze power band characteristics, such as higher number, higher frequency, and higher frequency at maximum intensity.

Several studies have reported the association between wheezing characteristics and lung function, with one study showing that expiratory wheezing had high respiratory resistance in infants (14).

For the frequency and intensity of wheezing, Shim and Williams found that high frequency, louder, and longer wheezing were associated with a lower peak expiratory flow rate. Loudness and high frequency wheezing are associated with more severe obstruction (24). The degree of bronchospasm (abnormal muscle contraction in the bronchi walls, causing airway obstruction) is related to the frequency of wheezing sound signals, rather than the wheezing intensity (25). Our data correspond with this suggestion.

Based on the number of wheeze power bands, wheezing is divided into two categories according to international guidelines' best-known signs of airway obstruction: monophonic and polyphonic (9). Wheezing is considered monophonic when only one pitch is heard and polyphonic when multiple frequencies are simultaneously perceived. Polyphonic wheezing involves more severe bronchial constriction than monophonic wheezing (3, 17, 18). Wheezing is considered monophonic when there is only a peak intensity of one frequency and polyphonic when numerous peak intensities of varying frequencies are perceived simultaneously by the lung sound analysis. In other words, monophonic wheezes have one wheeze power band, while polyphonic have multiple wheeze power bands, thereby indicating that polyphonic wheezing involves more severe bronchial constriction that monophonic wheezing (9, 24, 25). The number of wheeze bands in patients with polyphonic wheezing was greater than that of patients with monophonic wheezing. Moreover, patients with more wheeze bands have a greater risk of exacerbation (9, 19–21).

In our study, the non-disappear group had more wheeze power bands than the disappear group. In other words, the patients in the non-disappear group believed that they had a more severe airway obstruction. The study subjects were young children with a mean age of 19.9 months who had bronchial asthma and viral lower respiratory tract infections associated with asthma. In our subjects, the cause of airway obstruction could be a combination of airway inflammation and airway spasm, and the treatment response to bronchodilator inhalation therapy might have been different.

For home treatment, parents use bronchodilator inhalation to prevent exacerbations even when it is difficult to identify whether the wheezing is due to an asthma attack or a viral infection associated with asthma. The cutoff value for wheeze power bands was set to have low specificity but high sensitivity so that parents do not overlook signs of deterioration. Thus, wheeze power bands may be a useful index for avoiding the risk of future deterioration of respiratory status because the therapeutic effect can be predicted before inhalation of bronchodilators regardless of the cause of wheezing.

Gavriely et al. employed a wheeze-detection device for overnight nocturnal monitoring to assess asthma activity in symptomatic school-aged children (26). Although wheezing monitoring is useful for asthma management, it is difficult to record wheezing overnight in young children, particularly in infants, because they cannot endure being attached to a monitor for a long period, and it is difficult for the family to manage and prevent the microphone from becoming dislodged. It is therefore important to perform the examination in young children within a short period. Furthermore, it would be more useful for the family to have knowledge of the characteristics of preinhalation wheezing so they can predict reactivity to inhaled β2-agonists. However, it should be noted that this study had the limitation that the participants with severe airway obstruction did not demonstrate any audible lung sounds (known as “silent chest”).

Wheezing characteristics are presumably associated with bronchial obstruction. To date, there have been no reports regarding how the preinhalation characteristics of wheezing can predict reactivity to inhaled β2-agonists. The number of preinhalation wheeze power bands assessed by lung sound analysis was a useful indicator for predicting reactivity to inhaled β2-agonists of airway obstruction in younger children. The study subjects all had mild asthma attacks. As shown in Table 1, SaO2 did not decrease in the non-disappear group, and only heart rate increased as compared with that in the disappear group. However, no significant differences were found in SaO2 and respiratory rates during the stable respiratory state. The number of power band was a highly sensitive index predictive exacerbation even in mild attacks with increased heart rate and before decreased SaO2. This information can be obtained before treatment using a noninvasive method and a 30-s assessment. The results could be useful for managing wheezing in young children with mild to moderate attack, by physicians, parents, and legal guardians.

Lung sound analysis can noninvasively detect detailed characteristics of wheezing in young children, including infants. The number of wheeze power bands before inhalation may be a predictor of responsiveness to bronchodilator inhalation, regardless of asthma or virus infection in children, including infants.

In home treatment, even when the cause of wheezing is unclear, either asthma attack or concomitant viral infection, the therapeutic effect of bronchodilator inhalation can be predicted and considered as an index for avoiding the risk of exacerbation.
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Background: Platelets play an important role in the formation of pulmonary blood vessels, and thrombocytopenia is common in patients with pulmonary diseases. However, a few studies have reported on the role of platelets in bronchopulmonary dysplasia.

Objective: The objective of the study was to explore the relationship between platelet metabolism and bronchopulmonary dysplasia in premature infants.

Methods: A prospective case-control study was performed in a cohort of premature infants (born with a gestational age <32 weeks and a birth weight <1,500 g) from June 1, 2017 to June 1, 2018. Subjects were stratified into two groups according to the diagnostic of bronchopulmonary dysplasia: with bronchopulmonary dysplasia (BPD group) and without bronchopulmonary dysplasia (control group). Platelet count, circulating megakaryocyte count (MK), platelet-activating markers (CD62P and CD63), and thrombopoietin (TPO) were recorded and compared in two groups 28 days after birth; then serial thrombopoietin levels and concomitant platelet counts were measured in infants with BPD.

Results: A total of 252 premature infants were included in this study. Forty-eight premature infants developed BPD, 48 premature infants without BPD in the control group who were matched against the study infants for gestational age, birth weight, and admission diagnosis at the age of postnatal day 28. Compared with the controls, infants with BPD had significantly lower peripheral platelet count [BPD vs. controls: 180.3 (24.2) × 109/L vs. 345.6 (28.5) × 109/L, p = 0.001]. Circulating MK count in the BPD group was significantly more abundant than that in the control group [BPD vs. controls: 30.7 (4.5)/ml vs. 13.3 (2.6)/ml, p = 0.025]. The level of CD62p, CD63, and TPO in BPD group was significantly higher than the control group [29.7 (3.1%) vs. 14.5 (2.5%), 15.4 (2.0%) vs. 5.8 (1.7%), 301.4 (25.9) pg/ml vs. 120.4 (14.2) pg/ml, all p < 0.05]. Furthermore, the concentration of TPO was negatively correlated with platelet count in BPD group with thrombocytopenia.

Conclusions: Our findings suggest that platelet metabolism is involved in the development of BPD in preterm infants. The possible mechanism might be through increased platelet activation and promoted TPO production by feedback.

Keywords: bronchopulmonary dysplasia, platelet, TPO, megakaryocyte, CD62P, CD63


INTRODUCTION

Bronchopulmonary dysplasia (BPD) is one of the common complications in neonatal intensive care units (NICU) and is considered to be the main cause of death in preterm infants (1). In recent years, with advances in perinatal and neonatal care of preterm infants such as antenatal steroid usage, surfactant therapy, and ventilation strategies, the survival rate of premature infants also increases, resulting in an increasing incidence of BPD. BPD severely influences premature infants by increasing their risk of respiratory infection, asthma, and chronic obstructive pulmonary distress in their later life (2–4).

Currently, alveolar and microvascular arrest is considered as the pathological feature of clinical bronchopulmonary dysplasia (5), the development of alveolar microvascular can promote the formation of alveoli structure; therefore, the role of pulmonary vascular development, especially in pulmonary microvascular development in BPD is getting more and more attention.

The platelet has been recognized as a multifunctional cell, besides hemostasis and thrombosis. The platelet plays an essential role in the formation and development of pulmonary blood vessels, as demonstrated by numerous studies (6, 7). Some clinical retrospective studies (8, 9) found that mean platelet volume might predict the occurrence of BPD, and also, a study (10) has shown that higher platelet count is an independent factor of the development of moderate–severe BPD, and the research (11) found that a higher platelet transfusion threshold can increase the risk of BPD in premature infants. So, we speculate that platelets are involved in the occurrence of BPD, and a few studies have been reported in this regard.

In the present study, we evaluated this hypothesis by comparing peripheral platelet count, circulating MK count, platelet-activating markers, (CD62P and CD63) 28 days after birth in two groups, and the relationship between TPO expression and platelet count in infants with BPD.



MATERIALS AND METHODS


Study Design and Population

This is a prospective study performed at the Neonatal Intensive Care Unit (NICU), Guangdong Women and Children Hospital from June 1, 2017 to June 1, 2018. This study was approved by the ethics committee of Guangdong Women and Children Hospital. Preterm infants cared for in our center were enrolled if they satisfied the following recruitment criteria: (1) gestation <32 weeks, (2) birth weight <1.5 kg, (3) requiring mechanical ventilation for the treatment of respiratory distress syndrome for at least 3 days during the first weeks of life, (4) ventilator and/or oxygen dependent at the time of enrollment, and (5) presence of clinical and radiologic signs of BPD.

Prospectively determined exclusion criteria included the following conditions: (1) congenital abnormalities; (2) infection (bacterial infection confirmed by positive blood culture or viral infection confirmed by serological test or viral culture); (3) evidence of complications of perinatal asphyxia including an Apgar score <3 at 1 or 5 min after birth, evidence of hypoxic–ischemic encephalopathy, acute tubular necrosis, or transient myocardial ischemia; and (4) identifiable hematologic disease.

The infants who were matched against the study infant for gestational age, birth weight, and admission diagnosis were recruited as control group at their age of postnatal day 28.



Definition of Clinical Variables

The diagnosis of BPD in preterm birth was assessed using the consensus definition of the National Institute of Child Health and Human Development (NICHD). Briefly, BPD was defined as the need for supplemental oxygen for more than 28 days and the severity was assessed according to the oxygen concentration required at 36 weeks PMA or discharge (12). Neonatal thrombocytopenia was defined arbitrarily as a platelet count of <150,000 mm3. Neonatal respiratory distress syndrome (NRDS) was defined according to Gomella's Neonatology (13).



Data Collection

The following data were retrieved from the electronic medical record, including maternal disease, gestation, birth weight, gender, Apgar score, NRDS, ventilation mode, blood testing (hemoglobin, white cell count, platelet count, blood gas) using the samples collected within 1 h after birth from the peripheral arterial of the infants.



Measurements
 
Blood Sampling

In enrolled premature infants at their age of postnatal day 28, during blood sampling for routine laboratory investigation, 1 ml of blood was drawn from the peripheral arterial and placed into an EDTA tube. After mixing gently, 40 μl of whole blood was used as an aliquot for the detection of CD62P and CD63 expressions by flow cytometry. After centrifugation at 400 × g, plasma was separated from the blood and preserved at −80°C for TPO level detection. The cell pellet was resuspended in phosphate-buffered saline (PBS) for circulating MK isolation. All samples were processed within 1 h of collection.



Platelet Counts and Circulating Megakaryocyte Counts

Blood platelets were quantified by a Japanese Sysmex KX221 automatic blood cell analyzer. Circulating MK count was estimated as previously described (14). Briefly, samples were passed through a syringe filter holder (Millipore, Ireland) containing a polycarbonate membrane with an aperture of 5 μm at 37°C and then washed with 2 ml of saline. After the removal of the membrane, it was dried quickly and slightly with a heater and was left overnight at room temperature.



CD62P and CD63 Expressions

CD62P and CD63 were estimated by flow cytometry (FACSCalibur, Becton-Dickinson, San Jose, CA, USA) with the procedure details as previously described (14). In short, 40 μl of whole blood was taken at room temperature and stained with the monoclonal antibody at a saturated concentration for 30 min in dark. FITC-conjugated CD61 is regarded as a platelet-specific monoclonal antibody, and anti-cd62p and anti-cd63 combined with PE in dichroism analysis were used as platelet activation markers. After incubation, 1 ml of PBS containing 1% paraformaldehyde was added to each tube. The samples were fixed at 4°C for 24 h for flow cytometry detection. CD62P and CD63 were detected in 20,000 platelets. All antibodies were purchased from Abcam.



Plasma Thrombopoietin Concentration

TPO levels were measured using a commercially available ELISA (R&D Systems Quantikine Human TPO ELISA kit, Minneapolis, MN, USA), with a lower limit of detection of 15 pg/ml.




Statistical Analysis

Statistical analyses between the two groups were performed using two-tailed Student's t-test. One-way analysis of variance was performed to compare the relationship between TPO concentration and platelet count at each time point in BPD group. A value of p < 0.05 was considered statistically significant. All values were expressed as mean (SEM) unless otherwise stated. All statistical analyses were done using SPSS 20.0.




RESULTS


Demography Characteristics

A total of 252 eligible premature infants were admitted to our NICU during the study period, after applying exclusion criteria, 178 premature infants were included, in which 48 premature infants diagnosed with BPD, 134 premature infants without BPD, and 48 premature infants in the control group were matched 1:1 according to gestational age, birth weight, and admission diagnosis at their age of postnatal day 28 (Figure 1).


[image: Figure 1]
FIGURE 1. Flowchart of case selection and analysis.


The demographic characteristics of the study infants are shown in Table 1.


Table 1. Demographic characteristics of infants with BPD.

[image: Table 1]

We studied 48 infants in the BPD group (female: 27; male: 21) and 48 infants in the control group (female: 24; male: 24). The infants in the BPD group and control group were similar in their demographic characteristics including gestational age and birth weight. However, the infants with BPD had been exposed to a significantly higher FiO2 and had a significantly longer ventilation duration (Table 1). Among the infants with BPD, 30 infants had a peripheral platelet count <150 × 109/L, while none of the infants in the control group had a platelet count <150 × 109/L. Infants in both groups received similar conventional treatment according to the unit protocol.

Thirty thrombocytopenic infants in the BPD group were studied serially at postnatal age of day 28, day 35, and day 42, respectively. The platelet count in all these infants returned to normal by the age of day 42.



Peripheral Platelet Count

Peripheral platelet count in the BPD group was significantly lower than that in the control group [BPD vs. controls: 180.3 (24.2) × 109/L vs. 345.6 (28.5) × 109/L, p = 0.001], as shown in Figure 2.


[image: Figure 2]
FIGURE 2. Peripheral platelet counts in infants of bronchopulmonary dysplasia (BPD) and control groups (p = 0.001). *p < 0.05.




Circulating Megakaryocyte Count

Circulating MK count in the BPD group was significantly more abundant than that in the control group [BPD vs. controls: 30.7 (4.5)/ml vs. 13.3 (2.6)/ml, p = 0.025], as shown in Figure 3.


[image: Figure 3]
FIGURE 3. Peripheral megakaryocyte (MK) counts in infants of BPD and control groups (p = 0.025). *p < 0.05.




CD62P and CD63 Expressions on Platelets

When compared with the controls, premature infants with BPD had significantly greater expressions of CD62P [BPD vs. controls: 29.70 (3.1%) platelets vs. 14.5 (2.5%) platelets, p = 0.023] and CD63 [BPD vs. controls: 15.4 (2.0%) platelets vs. 5.8 (1.7%) platelets, p = 0.015)], as shown in Figures 4–6.


[image: Figure 4]
FIGURE 4. The percentage of CD61+CD62P+ in the control group and BPD group.



[image: Figure 5]
FIGURE 5. The percentage of CD61 + CD63 in the control group and BPD group.



[image: Figure 6]
FIGURE 6. CD62P and CD63 expression in infants of BPD and control groups (all p < 0.05). *p < 0.05.




Plasma Thrombopoietin Concentration

Circulating MK count in the BPD group was significantly higher than that in the control group [BPD vs. controls: 301.4 (25.9) pg/ml vs. 120.4 (14.2) pg/ml, p = 0.032], as shown in Figure 7.


[image: Figure 7]
FIGURE 7. Plasma thrombopoietin (TPO) level in infants of BPD and control groups (p = 0.032). *p < 0.05.




Plasma Thrombopoietin Response to Thrombocytopenia in Infants With Bronchopulmonary Dysplasia

TPO levels showed an inverse relationship with peripheral platelet count, peaking near the nadir and decreasing as platelet count increased, as shown in Figure 8.


[image: Figure 8]
FIGURE 8. Response of plasma TPO to thrombocytopenia in infants with BPD.





DISCUSSION

In this prospective study, we studied the relevant indicators of platelet metabolism in premature infants with BPD and analyzed its relationship with the occurrence of BPD. Our finding in this study was consistent with our observation in the rat model (15).

In previous studies (16, 17), we have known that CD62p and CD63 are sensitive indicators of platelet activation, and we found that CD62p and CD63 were increased in premature infants who developed BPD compared with those who did not, and the platelet count in the BPD group was significantly lower than in the non-BPD group. Our observation suggested that in infants with BPD, platelet consumption was at least partly responsible for the low peripheral platelet count. The new type of BPD is characterized by alveolar and microvascular dysplasia (5), and endothelial cell injury will impair lung vascular and alveolar growth. Previous workers have reported that pulmonary endothelium was the earliest cell damaged by oxygen free radicals (18), which was followed by an influx of inflammatory cells, such as neutrophils.

Once endothelial damage occurs, the activated platelets cause inflammation by the migration of central granulocytes, which play a key role in the arrested lung development (19). In addition, the intercellular adhesion molecule-1, one of the markers in estimating neutrophil attachment to endothelial cells, was elevated in infants with BPD (20). Furthermore, the vascular endothelial growth factor, one of the markers in evaluating the growth and repair of vascular endothelial cell, was lower in infants with BPD than those without BPD (21). In addition, activated polymorphonuclear leukocytes can cause lung tissue injury by the release of toxic oxygen radicals, all of which can further damage the endothelium and increase platelet activation (22). These observations, together with ours, indicated that pulmonary endothelial damage in infants with BPD may lead to platelet activation and, most likely, increased platelet consumption, resulting in the reduction of peripheral platelet count. Therefore, inhibition of platelet activation may improve the occurrence of BPD.

Our previous study (15) confirmed that the lung is an important site for MK fragmentation and platelet release by comparing the MK and platelet counts between the pre-pulmonary and post-pulmonary blood in rats. Using state-of-the-art intravital microscopy, Lefracais et al. (23) observed the dynamic release of platelets by intravascular megakaryocytes in the lung microcirculation of mice, and intravascular lung megakaryocytes account for about 50% of total platelet production. In this study, as the central arterial and venous catheters were rarely simultaneously available in infants at their postnatal 28 days, we were not able to estimate the platelet and MK count at the pre-pulmonary and post-pulmonary circulation. Thus, we cannot confirm the effect of lung damage in BPD on platelet production. However, it is possible that in infants with BPD, there were lots of pulmonary capillary beds or the damaged endothelium was unable to retain MK for platelet release. On the other hand, mechanical ventilation may damage the pulmonary blood–gas barrier, which causes leakage of fluid, protein, and blood cells into tissue and air spaces. This leakage may result in leakage of MK cells into the alveoli and impairment of MK fragmentation into platelets due to functional impairment of the filtration and sequestration functions of pulmonary capillaries. In this experiment, we found that circulating MK count in the preterm with BPD was higher than that without BPD. The circulating MK, reflecting the MK progenitor in bone marrow, suggests that thrombocytopenia may initiate a feedback mechanism to stimulate the generation of bone marrow megakaryocytes, to increase the number of megakaryocytes in circulation.

Thrombocytopenia is the common complication of newborns in NICU. To our knowledge, TPO is a major regulator of platelet production. So far, there are no reports on plasma TPO level in infants with BPD or its relationship with platelet count. Therefore, in our study, serial TPO and platelet count measurements were obtained in some subjects. Platelet count in infants with BPD showed significantly increased plasma TPO level when compared with the infants in the control group. Our finding that TPO showed a decrease at the time of resolution of thrombocytopenia has also been observed in both adults and children (24, 25). The mechanism might be that plasma TPO concentration is dependent on circulating platelet mass (26). Elevated platelet levels lead to increased binding of cytokines to platelet receptors, which increases the activity of antiplatelet antibodies and reduces plasma concentration. Conversely, lower platelet levels lead to decreased absorption and catabolic metabolism, which leads to higher plasma TPO concentrations. This theory supports our findings.

In conclusion, platelets may play an important role in the formation and development of pulmonary microvascularization in premature infants with BPD. The mechanism may be related to platelet activation and TPO regulation. However, the specific mechanism of TPO-regulating platelets in infants with BPD needs to be further studied, which provides a new idea for the study of BPD.
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Objective: To investigate the predictive value of lung ultrasound score (LUS) in the extubation failure from mechanical ventilation (MV) among premature infants with neonatal respiratory distress syndrome (RDS).

Methods: The retrospective cohort study was conducted with a total of 314 RDS newborns who received MV support for over 24 h. After extubation from MV, infants were divided into extubation success and extubation failure groups. Extubation failure was defined as re-intubation within 48 h after extubation. Univariate and multivariate logistic regression analyses were used to identify the predictors of the extubation failure. The predictive effectiveness of the combined model and LUS in the extubation failure was assessed by receiver operating characteristic curve, area under curve (AUC), and internal validation.

Results: 106 infants failed extubation from MV. The combined model for predicting the extubation failure was performed according to the predictors of gestational age, body length, birth weight, and LUS. The AUC of this combined model was 0.871 (sensitivity: 86.67%, specificity: 74.31%). The AUC of LUS was 0.858 (sensitivity: 84.00%, specificity: 80.69%), and the cutoff value was 18. There was no statistical difference in the predictive power between the combined model and LUS (Z = 0.880, P = 0.379). The internal validation result showed that the AUC of LUS was 0.855.

Conclusions: LUS presented a good ability in predicting the extubation failure among RDS newborns after MV.

Keywords: lung ultrasound score, premature infants, neonatal respiratory distress syndrome, mechanical ventilation, pulmonary


INTRODUCTION

Neonatal respiratory distress syndrome (RDS), a common respiratory disease, is a leading cause of early morbidity and mortality among infants and children (1, 2). It is characterized by diffuse lesions of the pulmonary capillaries and increased permeability (3). Pieces of evidence showed that premature deaths caused by neonatal RDS accounted for 50–70% of all premature deaths, and survivors seemed more likely to suffer from severe sequelae (4, 5). Mechanical ventilation (MV) is frequently applied in a neonatal intensive care unit (6) and can efficiently relieve the clinical symptoms of premature infants undergoing severe RDS (7), whereas long-term MV may be associated with the risk of ventilator-relevant lung injury, bronchopulmonary dysplasia, and infection (8, 9). Of note, the ultimate aim of treatment is to help patients weaning from MV support, not to provide MV support (9).

The extubation success of MV has been gradually attracted attention in the treatment of respiratory support in recent years. Studies reported that the extubation of MV is associated with chronic obstructive airway disease, heart failure, decompensation of cardiopulmonary function, positive fluid balance, pneumonia, and diaphragmatic dysfunction (10, 11). A common reason for the weaning failure is the imbalance between ventilation demand and the capacity of spontaneous breathing, such as respiratory pump failure (12). To the best of our knowledge, pulmonary function is an important factor affecting the extubation success from MV in RDS infants. At present, lung ultrasound score (LUS), a reliable measuring method for the bedside evaluation of pulmonary ventilation, is widely used for critically ill patients, especially for neonatal RDS (13, 14). Early researches mentioned that LUS could predict the use of surfactants under continuous positive airway pressure in premature babies (15, 16). Furthermore, LUS and the area of lung consolidation are closely related to the severity of neonatal RDS, which has also been confirmed in several studies (17). However, the application of LUS in the extubation of MV in babies with RDS has not yet been concluded, and further researches are needed to explore.

Herein, we observed the pulmonary ultrasound performance of neonatal RDS and measured the LUS in premature infants, thereby further assessing the reliability and accuracy of LUS in predicting the extubation failure, which may provide guidance for the extubation of MV.



METHODS


Patients

This was a retrospective cohort study. A total of 314 eligible infants who received MV support within 72 h after birth were enrolled consecutively between January 1, 2019, and June 30, 2020. After extubation from MV, infants were divided into extubation success and extubation failure groups. This study was approved by the Institutional Review Board of Guangdong Second Provincial General Hospital (approval number: No.20191101-01-YXKXYJ-SYX), and the written informed consent was obtained from the parents or guardians of the minors.



Eligibility

Inclusion criteria were (1) gestational age <37 weeks, (2) infants with RDS, and (3) MV support for ≥24 h.

Exclusion criteria were (1) congenital diseases, such as congenital heart disease, respiratory malformation, and chromosome abnormality; (2) a history of pneumothorax, air leak, or meconium aspiration syndrome; (3) arrhythmias and hemodynamic instability; (4) >stage III intracranial hemorrhage; (5) taking other experimental drugs or participating in other clinical trials within 1 month before the inclusion in this study; (6) respiratory distress caused by other diseases; and (7) incomplete clinical data.

The definition of neonatal RDS based on the Practice of Neonatology (5th edition) (3) were as follows: (1) infants with progressive dyspnea within 6 h after birth accompanied by cyanosis, expiratory groan or inspiratory three concave sign; (2) cases with decreased transparency of bilateral lungs, air bronchogram, indistinct heart, and septal margins, or white lung based on chest X-rays.



Clinical Data

All eligible infants were examined by chest radiograph, lung ultrasound, cardiac color ultrasound, and blood gas analysis within 1 h before the extubation.


General Data

The characteristics of RDS infants were recorded at admission, including gestational age (weeks), sex, nationality, weight (kilogram), and body length (centimeter).



Echocardiographic Indicators

The echocardiographic indicators were recorded including left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic diameter, aortic dimension, pulmonary valve, aortic valve, tricuspid valve, bicuspid valve, descending aorta, and left ventricular ejection fraction.



Lung Ultrasound Examination

The lung ultrasound examination was performed using the Doppler ultrasound diagnostic instrument (Philips CX50), with a probe frequency of 8–12 MHz. The 12-region method was conducted to examine the anterior, lateral, and posterior walls on both sides of the lung (18). The scoring standard of lung ultrasound is as follows: (1) normal aeration (score = 0); (2) moderate loss of aeration (interstitial syndrome, defined by multiple spaced B lines, or localized pulmonary edema, defined by coalescent B lines in <50% of the intercostal space examined in the transversal plane, or subpleural consolidations) (score = 1); (3) severe loss of aeration (alveolar edema, defined by diffused coalescent B lines occupying the whole intercostal space) (score = 2); and (4) complete loss of lung aeration (lung consolidation defined as a tissue pattern with or without air bronchogram) (score = 3). The images of lung ultrasound examination are shown in Figure 1. LUS is calculated as the sum of the 12 regional scores, ranging from 0 to 36; LUS = 0 is normal, and LUS > 0 is abnormal. The observation point was before the extubation of MV. The lung ultrasound was conducted by pediatricians who had participated in the training courses of neonatal pulmonary ultrasound in China. The images stored by two pediatricians were reviewed and controlled for quality by a sonographer (chief physician) with proficient skills in pulmonary ultrasound.


[image: Figure 1]
FIGURE 1. Imaging examination of lung ultrasound in newborns with RDS. (A) Score = 0, (B) score = 1, (C) score = 2, and (D) score = 3.




Arterial Blood Gas Analysis

The parameters were analyzed, including oxygenation index (OI), arterial partial pressure of carbon dioxide (PaCO2), and rapid shallow breathing index (RSBI). OI is the ratio of arterial partial pressure of oxygen and fraction of inspired oxygen, which can reflect the severity of acute diseases. RSBI is a ratio of respiratory rate (beats/min) and tidal volume (liter).



Extubation From Mechanical Ventilation

The extubation of ventilators was based on: (1) when fraction of inspired oxygen ≤0.4, peak inspiratory pressure = 10–15 cm H2O, positive end-expiratory pressure) <2–4 cm H2O, and frequency ≤ 10 beats/min; (2) normal arterial blood gas; (3) acid-base electrolyte balance; (4) recovery of spontaneous breathing and sufficient effective ventilation; (5) control or improvement of the primary disease; and (6) reduced secretion and good tolerance of sputum suction. After the extubation, respiratory insufficiency occurred in the infants, which could not be relieved after treatments with oxygen inhalation, nebulization inhaled corticosteroids, or β-receptor agonists. If babies were re-ventilated with endotracheal intubation within 48 h after extubation, the extubation was deemed as failure; otherwise, it was successful (19).




Statistical Analysis

Statistical analysis was performed using SAS 9.4 (SAS Institute Inc.). The normality of data was examined by the Shapiro–Wilk test (W test). Measurement data with normal distribution were presented as mean ± standard deviation ([image: image]) using t-test and, with skewed distribution, were presented as median and quartile [M(Q25, Q75)] by Mann–Whitney U-test. Enumeration data were presented as n (%) with chi-squared [χ2 (total n ≥40 and all T ≥5)] or Fisher (total n < 40 and all T < 5) tests. Ranked data were presented as n (%) utilizing the Mann–Whitney U test. P < 0.05 was considered statistically significant.

All eligible newborns in this study were randomly divided into the training group (n = 220) and testing group (n = 94) with a ratio of 7:3. A prediction model was established using the data of the training group. Univariate and multivariable logistic regression analyses were used to identify the predictors of the extubation failure from MV in RDS newborns. A combined model for predicting the extubation failure was established based on the predictors. Then, the predictive power between the combined model and LUS was compared. The predictive performance of LUS for the extubation failure was evaluated using the testing group (as the internal validation). Variance inflation factor (VIF) was used to assess the collinearity of independent variables. The power analysis was performed using SPSS 15.0 (SPSS, Inc., Chicago, IL). The power of the AUC of the combined model was 1.00, and the power of the AUC of LUS was 1.00.




RESULTS


Baseline Data of Premature Infants With Neonatal Respiratory Distress Syndrome

In the current study, a total of 342 premature infants with neonatal RDS who received MV for ≥24 h in the intensive care unit were enrolled in this study. After excluding newborns with congenital diseases (n = 6), a history of pneumothorax, air leak, or meconium aspiration syndrome (n = 5), > stage III intracranial hemorrhage (n = 3), arrhythmias or hemodynamic instability (n = 4), and incomplete clinical data (n = 10), 314 were finally included. The flow chart of the included patients has been added in our manuscript; please see revised Figure 2. One hundred six cases failed extubation from MV. Of the total, 66.88% were males (n = 210), and 33.12% (n = 104) were females, with the mean gestational age of (32.94 ± 3.44) weeks, the median birth weight of 1.26 (1.01, 1.80) kg, and the mean body length of (40.02 ± 5.38) cm.


[image: Figure 2]
FIGURE 2. Flow chart of included infants with RDS.




Difference Analysis Between the Training and Testing Groups

Of the total 314 newborns, 220 were classified into the training group, and 94 were in the testing group. There were no statistical differences in all included variables regarding gestational age, sex, nationality, body length, birth weight, breathing, OI, arterial partial pressure of oxygen, PaCO2, RSBI, duration of MV, LVEDD, left ventricular end-systolic diameter, aortic dimension, pulmonary valve, tricuspid valve, bicuspid valve, descending aorta, left ventricular ejection fraction, pulmonary artery systolic pressure, LUS, patent foramen ovale, and artery bypass from left to right horizontally, with all P > 0.05 (Table 1).


Table 1. Difference analysis between the training and testing groups.
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Univariate Logistic Regression Analysis for the Extubation Failure

The results of the unavailable analysis in the training set are shown in Table 2. Gestational age (31.65 vs. 33.60, t = 4.04), body length (36.27 vs. 42.26, t = 9.84), and birth weight (0.99 vs. 1.58, Z = −8.699) in the extubation failure group were lower than those in the extubation success group, with all P < 0.001. PaCO2 (43.04 vs. 39.64, t = 2.61), LVEDD (13.32 vs. 12.53, t = 2.30), aortic aorta (0.95 vs. 0.89, t = 2.19), and LUS (20.72 vs. 19.06, t = −2.92) in the extubation failure group were higher in comparison with those in the extubation success group, with all P < 0.05.


Table 2. Univariate logistic regression analysis for the extubation failure.

[image: Table 2]



Collinearity Analysis of Independent Variables

The collinear assessment of independent variables is shown in Table 3. The VIF values of gestational age, body length, birth weight, PaCO2, LVEDD, and LUS were 2.020, 3.129, 3.676, 1.025, 1.082, and 1.036, respectively. All VIF values were ≤ 10, and all tolerance values were <1, indicating no collinearity among the independent variables.


Table 3. Collinear assessment of independent variables.

[image: Table 3]



Multivariate Logistic Regression Analysis for the Extubation Failure

The stepwise logistic regression was used to evaluate the predictive factors of the extubation failure among newborns with RDS (Table 4). The findings showed that gestational age, body length, birth weight, and LUS were predictive factors of extubation failure. The risk of the extubation failure decreased by 0.149 [95% confidence interval (CI): 0.967–0.990, P = 0.037] and 0.181 times (95% CI: 0.705–0.950, P = 0.009) for every 1-week increase in gestational age and every 1-cm increase in body length, respectively. When the birth weight gained 1 kg each time, the extubation failure risk reduced by 0.905-folds (95% CI: 0.018–0.504, P = 0.006). In addition, a 0.116–fold (95% CI: 1.012–1.231, P = 0.028) increase was exhibited in the risk of the extubation failure with per 1 unit increase in LUS (details in Table 4).


Table 4. Multivariate Logistic regression analysis for the extubation failure.

[image: Table 4]



Prediction for the Extubation Failure From Mechanical Ventilation in Newborns With Respiratory Distress Syndrome

The combined model for predicting the extubation failure among infants with neonatal RDS was carried out according to the predictive factors in the training group, i.e., LUS, gestational age, body length, and birth weight. The AUC of this combined model was 0.871 (95% CI: 0.819–0.922) with a sensitivity of 86.67% (95% CI: 77.80–93.40) and a specificity of 74.31% (95% CI: 66.40–81.20). The AUC of LUS was 0.858 (95% CI: 0.804–0.911) with a sensitivity of 84.00% (95% CI: 73.70–91.40) and a specificity of 80.69% (95% CI: 73.30–86.80). There was no statistical difference in the predictive power between the combined model and LUS (Z = 0.880, P = 0.379) (Table 5 and Figure 3A). The cutoff value of LUS was 18, suggesting LUS > 18 may be associated with the extubation failure in neonatal RDS. The AUC of LUS for predicting the extubation failure was superior to the AUCs of gestational age, body length, and birth weight. The cutoff values of gestational age, body length, and birth weight were 29 weeks, 37 cm, and 1.19 kg, respectively. The calibration curve of the predictive effectiveness of LUS is shown in Figure 4A based on the training group. The internal validation using the testing set was carried out as shown in Table 5 and Figure 3B. The AUC of LUS was 0.855 (95% CI: 0.817–0.954). It was indicated that LUS had the predictive ability for extubation failure from MV among newborns with RDS. The fitting effect of the calibration curve is listed in Figure 4B, which suggests that the predictive effectiveness of LUS was good.


Table 5. The prediction for the extubation failure in RDS infants.
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FIGURE 3. ROC curves for predicting extubation failure of MV. (A) Training group, (B) testing group.



[image: Figure 4]
FIGURE 4. Calibration curves for prediction of LUS. (A) training group, (B) testing group.





DISCUSSION

Neonatal RDS is manifested by respiratory dysfunction resulting from the collapse and sharp reduction of residual gas in the alveolar due to the lack of sufficient active substances on the surface of newborn lungs, and it mainly occurs in premature and low birth weight infants. Imaging examination is a common diagnostic technique among newborns with RDS, including chest X-ray, CT, and lung ultrasound (20). Of these, X-ray is a basic diagnostic method for pulmonary lesions, with simple operation and low examination cost, but it is easy to be affected by the overlapping of internal organs in the chest, resulting in insufficient image clarity and unclear display of tiny lung lesions, which is prone to missed diagnosis and misdiagnosis. Both chest X-ray and CT have relatively large radiation damage, which may have a certain adverse effect on the development of neonates (21, 22). Moreover, the poor cooperation of most families made it impossible to perform real-time dynamic detection and repeated scanning on critically ill infants, which affects the diagnostic results. As a non-invasive, dynamic, and real-time imaging technique, ultrasound has been gradually applied in the diagnosis of neonatal pulmonary diseases, such as neonatal RDS, transient tachypnea of new-born, pneumonia, meconium aspiration syndrome, and pneumothorax (20, 23).

Previous studies reported that LUS has good diagnostic accuracy and specificity in comparison with chest X-ray, especially for the quantitative diagnosis of neonatal RDS (24, 25). To date, LUS-related studies focused on the predictive values of LUS in need for surfactants and the severity of neonatal RDS (15, 26). Nonetheless, few studies assessed the role of LUS in the weaning off from MV among babies with RDS. In the current study, a total of 314 infants who underwent MV support were included, with 208 of the extubation success and 106 of the extubation failure. The purpose was to investigate the predictive power of LUS among RDS neonates who failed extubation from MV. The results suggested that gestational age, body length, birth weight, and LUS were the predictive factors of the extubation failure, and a predictive model was conducted to evaluate the risk of extubation failure on the basis of these variables in newborns with RDS. Then, the comparison of predictive effectiveness between the model and LUS was carried out, and no significant difference was observed. The AUC of LUS was 0.858, with a sensitivity of 84.00%, a specificity of 80.69%, and a cutoff value of 18, which was similar to the results of the internal validation. It was indicated that LUS performed the predictive ability for the extubation failure from MV among RDS newborns. When LUS was over 18, the risk of extubation failure from MV may increase in RDS newborns.

The alteration in acoustic patterns is determined by the dynamic change between air and fluids in the lung parenchyma, which is easy to measure (27). LUS can be applied to detect vertical hyperechoic comet-tail B-lines artifacts (BLA) (28), and BLA is commonly considered to be associated with lung aeration and extravascular lung water (EVLW) (29). The change of pulmonary condition can be evaluated by the number of B-lines because B-lines increase with loss of lung aeration and increased EVLW (30). According to Anile et al. (31), the presence of >3 positive lung quadrants was considered a good index to identify EVLW. In Brat et al. (32), the LUS was closely related to the oxygenation status of preterm newborns, and it may be highly reliable to predict the administration of surfactants in preterm infants. What's more, Pang et al. (17) demonstrated that LUS and consolidation areas can be used to grade neonatal RDS and to discriminate neonatal RDS from non-neonatal RDS and can also predict the outcome of applying MV. Tenza-Lozano et al. (33) also mentioned that the feasibility of MV weaning could be assessed by LUS, similar to our findings. It was indicated that LUS is a good predictive tool for the weaning off from MV, and it may be useful for clinicians to intervene early to avoid the extubation failure from MV.

In the present study, we assessed the predictive value of LUS in the extubation failure among RDS infants, which was rarely explored. We discovered that the effectiveness of LUS was similar to that of the combined model in predicting the extubation failure from MV. Given that the operation of LUS was not complicated, the interpretation of LUS diagnosis results has high interobserver agreement even among interpreters with varying levels of experience (34), indicating that LUS may be an effective prediction tool for the extubation outcomes after MV. In addition, some limitations should be warranted caution for interpreting the findings. First, a retrospective cohort study with an internal validation was conducted to assess the effectiveness of LUS in predicting extubation failure among newborns with RDS. Second, LUS is a semiquantitative measurement. The reproducibility of B-line between transducers and between raters was of concern, which depended on the transducer used and interpretation of the raters (35, 36). Third, two pediatricians stored the pulmonary ultrasound images, and the consistency between operators was not evaluated. Further studies with multiple centers, large samples, and perspective designs are needed to explore.

In this study, we found gestational age, body length, birth weight, and LUS were the predictive factors of the extubation failure from MV. The AUC of LUS was 0.858, with a sensitivity of 84.00%, a specificity of 80.69%, and a cutoff value of 18, indicating LUS performed the predictive ability in the extubation failure from MV among newborns with RDS, which may guide pediatricians to conduct early interventions and treatments.
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Objectives: The aim of this study was to investigate the safety and feasibility of nHFOV as initial respiratory support in preterm infants with RDS.

Methods: This study retrospectively analyzed the clinical data of 244 premature infants with RDS who were treated in our hospital from January 2016 to January 2019 and divided into the nHFOV group (n = 115) and the BiPAP group (n = 129) based on the initial respiratory support method.

Results: Respiratory outcomes showed that the rate of NIV failure during the first 72 hours of life in the nHFOV group was significantly lower than that in the BiPAP group. The time of NIV in the nHFOV group was significantly shorter than that in the BiPAP group. The time of supplemental oxygen in the nHFOV group was significantly shorter than that in the BiPAP group. The incidence of air leakage syndrome in the nHFOV group was significantly lower than that in the BiPAP group, and the length of hospital stay of the nHFOV group was also significantly shorter than that in the BiPAP group. Although the rate of infants diagnosed with BPD was similar between the two groups, the rate of severe BPD in the nHFOV group was significantly lower than that in the BiPAP group.

Conclusion: This study showed that nHFOV as initial respiratory support for preterm infants with RDS was feasible and safe compared to BiPAP. Furthermore, nHFOV can reduce the need for IMV and reduce the incidence of severe BPD and air leak syndrome.

Keywords: non-invasive high-frequency oscillatory ventilation, biphasic positive airway pressure, preterm infants, respiratory distress syndrome, non-invasive ventilation


INTRODUCTION

Respiratory distress syndrome (RDS) is one of the most common complications in preterm infants and the most common reason for premature death. A large proportion of preterm infants with RDS require invasive mechanical ventilation (IMV) at an early stage of life. Although ventilation is usually life-saving, it can also cause many complications, such as air leak syndrome, lung injury, and neurodevelopmental impairment (1–3). Neonatologists are increasingly using non-invasive ventilation (NIV) in the neonatal intensive care unit (NICU) to reduce these adverse effects of IMV; among them, biphasic positive airway pressure (BiPAP) is the classic non-invasive ventilation mode. Reports have shown that NIV is feasible in clinical practice and is associated with reducing the need for intubation and decreasing ventilator-related lung injury and other complications (2, 4). Non-invasive high-frequency oscillatory ventilation (nHFOV) is a promising new mode of NIV that can reduce the risk and complications of IMV (5, 6). However, there are few reports on the application of nHFOV for the treatment of premature infants with RDS. We hypothesized that nHFOV was safe and effective as an initial respiratory support for preterm infants with RDS and had more advantages than BiPAP. We conducted a retrospective controlled study to evaluate the efficacy, safety and advantages of nHFOV for the treatment of premature infants with RDS.



METHODS

The present study was approved by the ethics committee of our hospital and adhered to the tenets of the Declaration of Helsinki. Additionally, all parents of the patients signed the consent form before participating in the study.


Patients

Our hospital started using nHFOV in January 2018, and then RDS initial respiratory support was gradually transitioned from the previous BiPAP to nHFOV. Therefore, BiPAP respiratory support was also used in some patients from 2018 and 2019. From January 2016 to January 2019, there was no change in other treatment except respiratory support. This study retrospectively analyzed the clinical data of 244 premature infants with RDS who were treated in our hospital from January 2016 to January 2019 and were divided into two groups based on the initial respiratory support methods. The nHFOV group had 115 premature infants who received nHFOV as initial respiratory support, and the BiPAP group had 129 premature infants who received BiPAP as initial respiratory support (Figure 1). All the patients were definitely diagnosed with RDS based on the diagnostic criteria. The diagnostic criteria of RDS are as follows (6): (1) High-risk factors: maternal diabetes during pregnancy, intrauterine infection, premature delivery, premature rupture of membranes for more than 24 h, intrauterine distress, asphyxia during delivery, etc. (2) Clinical symptoms: progressive aggravation of tachypnea within 6 h after birth (>60 times/min); cyanosis, three depressions in inhalation and obvious expiratory moans, irregular breathing, and apnoea; and decreased respiratory sounds in both lungs were detected on auscultation. (3) Typical chest X-ray features.


[image: Figure 1]
FIGURE 1. The patient flow diagram of the study.


The inclusion criteria were as follows: (1) premature infants with gestational age of 25–34 weeks; (2) diagnosed with RDS within 24 h of birth and received nHFVO or BiPAP as initial respiratory support. The exclusion criteria were as follows: (1) complications involving severe congenital structural malformations such as congenital heart disease, congenital diaphragmatic hernia, respiratory tract malformation, and severe digestive tract malformation; (2) incomplete data; and (3) the parents of the infants refused to participate in this study.



Management in the Delivery Room

Drying, maintaining warmth and treating the umbilical cord immediately after birth were performed in the delivery room. Then, based on the breathing condition of the premature baby, we started respiratory support in the delivery room with nasal continuous positive airway pressure support or intermittent positive pressure ventilation after intubation. The initial management in the delivery room for all the babies in the two groups was the same.



Respiratory Management

Daily care was performed as needed for preterm infants in the NICU, along with continuous monitoring of pulse oxygen saturation, respiratory rate, and heart rate. nHFOV or BiPAP was started within 24 h of life with clinical signs of respiratory distress. Short binasal prongs (Infant Flow, CareFusion, California, USA) were used as the interface for the two NIV devices. The orogastric tube was kept open to decompress the stomach and to facilitate feeding. All of the preterm infants were given prophylactic caffeine on the first day of life. Caffeine was administered at a loading dose of 20 mg/kg caffeine citrate, and then a daily maintenance dose of 5–10 mg/kg coffee citrate was given. Our unit did not implement preventive use of surfactants. Surfactant requirements were assessed for all preterm infants. Porcine surfactant (Curosurf, Chiesi Farmaceutici, Parma, Italy) was administered as a rescue therapy via the intubation, surfactant therapy, extubation (INSURE) method if the infant required ≥ 0.40 fraction of inspired oxygen (FiO2) to maintain the target oxygen saturation level of 90–95%. The first dose of surfactant therapy was 200 mg/kg. Additional surfactant doses of 100 mg/kg were administered if the infants still required ≥ 0.40 FiO2 to maintain the target oxygen saturation.

In the nHFOV group, a neonatal non-invasive high-frequency ventilator from Medin CNO (Medical Innovations GmbH, Puchheim, Germany) with an output oxygen concentration range of 21 to 100% was used. The initial parameters were as follows: average airway pressure (MAP) was 8 cmH2O, frequency was 9 Hz, amplitude was adjusted to achieve sufficient chest oscillation at rest, and FiO2 was 0.4. Based on blood gas analysis and transcutaneous oxygen saturation (SpO2) adjustment parameters, FiO2 was adjusted by 0.05, MAP was adjusted by 1 cmH2O, and frequency was adjusted by 1 Hz each time.

For infants in the BiPAP group, a baseline PEEP of 5 cmH2O was established, with a high PEEP of 9 cmH2O, a respiratory rate of 30/min, and an initial inspiratory time of 0.5 s (CareFusion, California, USA). The baseline PEEP was adjusted to 4–7 cmH2O, and the high PEEP was adjusted to 7–10 cmH2O.

If the infant remained clinically stable at minimum respiratory parameters with nHFOV (MAP: 6 cmH2O; FiO2: 0.30) and BiPAP (cycle rate: 15 times/min, lower CPAP: 3 cmH2O; higher CPAP: 5 cmH2O; FiO2: 0.30), good respiratory effort and maintenance of an oxygen saturation level of 90–95%, conditions were switched to a heated humidified high-flow nasal cannula or nasal continuous positive airway pressure (NCPAP). If the infant under NCPAP had a CPAP level of 3 cmH2O and FiO2 <0.25 and tolerated the treatment well for at least 24 h with no evidence of apnoea, the infant was weaned to supplemental oxygen or room air.

Failure of NIV was defined as at least one of the following (7): severe respiratory acidosis (pH ≤ 7.20 and PaCO2 ≥ 60 mmHg); hypoxemia (PaO2 ≤ 50 mmHg and FiO2 ≥ 0.6); recurrent apnoea associated with bradycardia ≥ 3 times/hour; or a single episode of apnoea that required bag-and-mask ventilation, pneumothorax or intestinal perforation, severe respiratory distress, or pulmonary hemorrhage.

The definition of bronchopulmonary dysplasia (BPD) was any oxygen dependence (FiO2 > 21%) of the newborn lasting more than 28 days. Based on the judgement of oxygen dependence and different types of respiratory support measures, BPD can be categorized into three degrees: mild, moderate and severe. Preterm infants with a gestational age less than 32 weeks were assessed at 36 weeks postmenstrual or discharge, and preterm infants with a gestational age more than 32 weeks were assessed at 56 days after birth or discharge. BPD was considered (1) mild for patients without oxygen inhalation; (2) moderate for those requiring oxygen inhalation and FiO2 was <30%; and (3) severe for those requiring oxygen inhalation, FiO2 was ≥ 30% or positive pressure ventilation was needed (8).



Statistical Analysis

SPSS 25.0 was used for statistical analysis. Continuous data are presented as the mean ± standard deviation and range. With all continuous data, the normality of the distribution was tested, and they followed a normal distribution. Clinical parameters between the two groups were compared with independent samples t tests. χ2 tests were used to categorize the variables. A p value of < 0.05 was defined as significant.




RESULTS

The general data, birth situation and perinatal data of the participants in the two groups are shown in Table 1; there were no statistically significant differences between the two groups, which indicated that the baseline characteristics between the two groups were similar (Table 1).


Table 1. Comparison of general data between the two groups.
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The respiratory outcomes showed that the rate of NIV failure in the first 72 h of life was significantly lower in the nHFOV group than in the BiPAP group (9 vs. 23, P = 0.021). The time of NIV in the nHFOV group was shorter than that in the BiPAP group (10.5 ± 4.3 vs. 12.7 ± 5.6, P = 0.032). Among infants with NIV failure, the time of first intubation in the BiPAP group was significantly earlier than that in the nHFOV group (2.0 ± 1.6 vs. 3.5 ± 2.3, P = 0.048), and the time of invasive ventilation in the nHFOV group was significantly shorter than that in the BiPAP group (3.2 ± 1.8 vs. 5.4 ± 2.0, P = 0.036). The time of supplemental oxygen in the nHFOV group was shorter than that in the BiPAP group (7.2 ± 4.8 vs. 8.5 ± 5.6, P = 0.040). The rate of the required surfactant was similar between the two groups (Table 2).


Table 2. Comparison of respiratory status between the two groups.
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A comparison of the complications between the two groups showed that the incidence of air leakage syndrome in the nHFOV group was significantly lower than that in the BiPAP group (2 vs. 10, P = 0.038), and the length of hospital stay was also significantly shorter in the nHFOV group than in the BiPAP group (44.0 ± 10.9 vs. 47.3 ± 12.8, P = 0.033). Although the rate of infants diagnosed with BPD was similar between the two groups, the rate of severe BPD in the nHFOV group was significantly lower than that in the BiPAP group (1 vs. 7, P = 0.046). The incidence of nasal injury, retinopathy of prematurity requiring laser treatment, necrotizing enterocolitis, and mortality were similar between the two groups (Table 3).


Table 3. Comparison of complications between the two groups.
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DISCUSSION

Various forms of NIV are increasingly being used by neonatologists because of the potential adverse consequences of IMV, particularly ventilator-induced lung injury, and this restricted use of IMV in preterm infants might decrease lung inflammation and reduce the incidence of BPD and death (9). The most commonly used NIV method is BiPAP, and BiPAP is an effective therapy in the early management of RDS in preterm infants (10). nHFOV, as a novel mode of non-invasive ventilation, can improve the removal of carbon dioxide with the advantages of high-frequency ventilation and NIV (11).

Studies have shown that nHFOV can reduce the need for IMV compared to other NIV techniques (12–14). In this study, we found that compared to BiPAP, nHFOV as initial respiratory support reduced the need for IMV within the first 72 h of life. We also found that nHFOV decreased the rate of intubation, shortened the duration of IMV and postponed the first intubation. Compared with other forms of NIV, nHFOV retains a non-invasive interface and maintains continuous airway pressure, and it can also increase functional residual volume, maintain the opening of the upper airway, and prevent alveolar collapse, which can improve ventilation and oxygenation (15). Mukerji et al. used a lung model to compare nHFOV with other forms of NIV, and the results showed that nHFOV could remove carbon dioxide more effectively, promote alveolar revascularization and reduce the rate of tracheal intubation compared with other forms of NIV (16). We suggested that the higher NIV failure rate in the BiPAP group than in the nHFOV group might also be due to BiPAP offering synchronized nasal intermittent positive pressure ventilation using an abdominal capsule, which may be difficult to synchronize with infant breathing and does not result in larger tidal volumes (17). However, with nHFOV, there is no need for synchronization. nHFOV may improve ventilation by enhancing alveolar recruitment by applying higher MAP, and the functional residual capacity was increased (18). On the other hand, despite restricting the use of MAP on nHFOV to 10 cmH2O, this was still higher than BiPAP for the corresponding FiO2 levels. Binmanee et al. (19) proved that the use of high NIV (MAP ≥ 10 cmH2O) resulted in the avoidance of intubation in the majority of cases, without adverse effects. Yaser et al. (20) also found a higher MAP in the successful group than in the failure group as a prophylactic or rescue mode of NIV following extubation. Therefore, these differences may be due to the airway pressure itself rather than the pressure waveform generated from the two NIV modes.

The nHFOV group had a lower rate of air leak syndrome than the BiPAP group, and we suspected that this may be due to the small tidal volumes used, which results in less pressure-and-volume trauma from nHFOV (21). High-frequency oscillation ventilation is a type of oscillation with a high frequency of air flow. Through a diffusion mechanism, a small amount of gas was sent into or out of the airway ventilation method, and there was no synchronization and no man-machine confrontation (22). However, BiPAP offers synchronized nasal intermittent positive pressure ventilation using an abdominal capsule, which may be difficult to synchronize with infant breathing. This situation makes it very easy to create man-machine confrontation; even if the MAP was lower, air leak syndrome was more likely to occur.

BPD is a common and serious complication in premature infants (23). Studies have shown that IMV and high oxygen exposure are high-risk factors for BPD (24, 25). Although the rate of infants diagnosed with BPD was similar between the two groups, the rate of severe BPD in the nHFOV group was significantly lower than that in the BiPAP group. This difference may have resulted from the facilitation of gas exchange in neonates treated with nHFOV, and nHFOV was able to sustain oxygenation and ventilation while leading to improved alveolar or lung development (6, 26–28). These effects on lung development raise the possibility that nHFOV may reduce neonatal chronic lung disease. nHFOV reduces the duration of supplemental oxygen and the use of IMV, which can also help reduce the incidence of severe BPD.

nHFOV reduced the duration of supplemental oxygen and hospitalization, which may have benefitted from the reduction in airway inflammation, lung injury, and incidence of severe BPD by nHFOV. Of concern was the decrease in NEC and retinopathy of prematurity requiring laser treatment in thed nHFOV group, which may have been due to nHFOV reducing the duration of supplemental oxygen and IMV and the fluctuations in blood oxygen saturation, although there were no statistically significant differences.

Our study had some limitations, which may affect the validity of our findings. First, it was a retrospective study, and it was not a prospective randomized controlled study, and therefore, the study's objectivity was somewhat limited. Second, it was a single-center study with a small sample size. Third, the follow-up time was not long enough. Fourth, the study infants were not stratified by birth weight or gestational age, and there was a lack of infants at less than 25-weeks of gestation.



CONCLUSION

This study showed that nHFOV as initial respiratory support in preterm infants with RDS was feasible and safe compared to BiPAP. Furthermore, nHFOV can reduce the need for IMV and reduce the incidence of severe BPD and air leak syndrome.
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Gene

«-ENaC
NM_031548.2
B-ENaC
NM_012648.1
y-ENaC
NM_017046.1
NaK-
ATPases-«s
NM_012504.1
NaK-
ATPases-p1
NM_013113.2
CFTR

NM 031506.1
Mrps18a
NM_198756.2
Sftpa (17)
NM_001270647.1
Sftpb (17)
NM_138842.1
Sftpe (17)
NM_017342.2

Primer (forward, 5'-3)
TICTGGGCGGTGCTGTGGCT
TGCAGGCCCAATGCCGAGGT
CACGCCAGCCGTGACCCTTC

GGACGAGACAAGTATGAGCCCGC

GCGCAGCACTCGCTTTCCCT

GCCTTCGCTGGTTGCACAGTAGTC
GCGACCGGCTGGTTATGGCT
CCTCTTCTTGACTGTTGTCGCTGG
GGAGCTAATGACCTGTGCCAAGAG

GATGGAGAGCCCACCGGATTACTC

Primer (reverse, 5'-3)
GOGTCTGCTCCGTGATGCGG
GGGCTCTGTGCCCTGGCTCT
CTCGGGACACCACGATGCGG

CATGGAGAAGCCACCGAACAGC

GGGCCACACGGTCCTGGTACG

GCTTCTCCAGCACCCAGCACTAGA
GGGCACTGGCCTGAGGGATTAG
GCTGAGGACTCCCATTGTTTGCAG
CTGGCCCTGGAAGTAGTCGATAAC

GAACGATGCCAGTGGAGCCAATAG
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Disease

Pulmonary arterial hypertension (PAH)

COPD and emphysema

Respiratory distress syndrome (RDS)

Asthma

Regulator

HIF-a |
IL-6 1

PPARY |
mTOR |
IL6 1

Leptin
1

Insulin 1

PPARY
Leptin |,
TNF-a 1
Adiponectin |

PAI 1
Insulin 1

Leptin 1

Obesity

NN NN

<

IUGR

Effector

Endothelin-1

Stat3 1
FoxO1 |

VEGF |
BMP |

Sftpa 1
Coltat, Col3al,
Col6a3, Mmp2,
Tieg1, Stat1 1
VEGF |

HIF-2 |

mTOR 1

PISK

Sftpa &
GH/IGF-1 |

t

Leptin resistance 1
mTOR |

G-proteins 1
NF-«B 1

Th2 shift

PIBK-signaling

mTOR 4
MAPK 1

Outcome and reference

Vascular remodeling (65, 66)
SMG proliferation (92, 93, 178)

Reduced SMC prolferation
(130, 131)

Reduced angiogenesis Atered
ECM disposition (157, 218)

ATIl apoptosis (91, 232)
ATIl maturation (104, 105)
Enlarged alveoli (106, 157)

Reduced angiogenesis (141)

Increased alveolar surface
tension (139)

Reduced alveologenesis
Lung- and bodygrowth
(174,204)

Promotes Lung maturation
(128, 129)

Reduced alveolar surface
(173,210,213, 214)

Hyperreactivity in SMC (96, 232)
Enhanced TNF-o actiity (97)
Collagen, fibrin deposition (39)

Enhanced immune response
(148)

Contractie SMC phenotype
(143)

Hyperreactivity (114)

Protective

Protective

Protective

Protective
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Male Female

Structure IUGR (1 = 6) 1UGR + Allergy (n =7) IUGR (n = 9) 1UGR + Allergy (n = 8)
Porm (um) 1352.38 + 12028 1349.12 +79.64 1350.06 + 214.62 1306.91 + 8153
Total airway wall (y/area/Pm) 0.147 0009 0.154 0,005 0.150 & 0,004 0.155 0,007
Outer airway wall (y/area/Porm) 0069 + 0,004 0,088 + 0,002 0.067 + 0,002 0,069 + 0,008
Inner airway wall(/area/Per) 0.129 + 0,008 0.137 + 0,004 0.134 1 0,003 0.139 + 0.006
Epithelium (/area/Pyy) 0.111 %0006 0.119+ 0004 0.121 0,004 0.121 % 0.005
ASM (/area/Pyy) 0086 0,01 0,088 0,002 0,086  0.002 0056 + 0,008

Data are mean + SEM. The sample size of IUGR male is reduced to 6 as two samples were damaged during tissue collection. ASM, airway smooth muscle; IUGR, intrauterine growth
restriction; Ppm, perimeter of the basement membrane.
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B. pertussis-only  RSV-only infection ~ MP-only infection  Other pathogens p-value

infection (n = 33) (n = 438) (n=87) infection (n = 534)
Gender (male/female) 21/12 321117 54/33 374/160 0.148
Median age, months 39(25,50) 28(20,4.9) 58(30, 130" 68(3.7,12.0)" <0.001
Age group
<3 months 17 (51.5%) 300 (68.5%)"" 30 (34.5%) 152 (28.5%)" <0.001
4-6 months 10 (30.3%) 78(17.8%) 18 (20.7%) 124 (28.2%) 0.107
7-11 months 4(124%) 39 (8.9%) 12 (13.8%) 120 (22.5%) <0.001
12-24 months 2(6.1%) 21 (48%) 27 (31.0%)" 138 (25.8%) <0.001
Duration of symptoms before admission (days) ~ 14.0 (7.0, 15.0) 50(4.0,80)" 90(50,17.0) 10.0 (5.0, 15.0) 0.001
Duration of symptoms before admission group
<7dn (%) 3(9.1%) 285 (65.1%)" 30 (34.5%)" 200 (37.5%)" <0.001
7-14dn (%) 12 (36.4%) 72 (16.4%)" 30 (34.5%)" 139 (26.0%) <0.001
>14dn (%) 17 (51.5%) 81(185%) 27 (31.0%) 195 (36.5%) <0.001
ic presentation
Cough 33(100.0%) 430 (98.2%) 84 (96.6%) 529 (99.1%) 0236
Dyspnea 2(6.1%) 18 (4.1%) 0(0.0%)" 54 (10.1%) <0.001
Rhinorrhea 15 (45.5%) 195 (44.5%) 21 (24.1%)" 218 (40.8%) 0.005
Vomiting 12 (36.4%) 78 (17.8%)"™ 9(10.3%)* 117 (21.9%) 0.005
Cyanosis n (%) 4(12.4%) 12 (2.7%)" 0(0.0%)" 36 (6.7%) <0.001
0y requirement [n (%) 2(6.1%) 153 (34.9%)" 12 (13.8%) 100 (18.7%) <0.001
Crackles n (%) 14 (42.4%) 291 (66.4%)" 54(62.1%) 292 (54.7%) <0.001
Laboratory findings
Leukocyte count (x 109/L) 168+ 6.7 90+40° 95£3.7" 113£59° <0.001
Leukocyte count >15 x 107 19 (57.6%) 33 (7.5%)" 6(6.9%)" 106 (19.9%)" <0.001
Lymphocyte count (%) 4254286 60.8 % 13.4° 482+ 18.4 533:+£24.4 0.006
Neutrophil count (%) 2144217 329:+44.1 444+ 186" 400+21.0 <0.001
Hospital stay (cay) 9.0(7.0,12.0) 80(7.0,93)" 80(7.0,90" 80(7.0, 10.0) 0011

B. pertussis-only infection: detection of B. pertussis without coinfection with any other virus or MP; RSV-only: detection of RSV without coinfection with any other virus or B, pertussis;
MP-only: detection of RSV without coinfection with any other virus or B. pertussis; other pathogens: pathogens excludling B. pertussis-only, RSV-onl, and MP-only infection. Data are
expressed as % of positive cases, mean (quartle), uless otherwise steted. p < 0.05 considered statisticall significant, listed in bold text, and represents p values for comparisons
across all groups. Asterisks indicate statistical significance (p < 0.05) in bivariate comparison (B. pertussis-only vs. RSV-only, MP-only, and other pathogens infection. **p < 0.008,
*p < 0.05).
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<3 months (n = 31) 4-11 months (n = 36) =12 months (n = 11) p-value

Clinical characteristics

Hospital stay (day) 12.5 + 6,69 991%3.41 94156 0.049
Reaquirement for supplemental oxygen n (%) 10 (32.3%) 2(56%) 1(0.1%) 0011
Paroxysmal cough 1 (%) 30 (96.8%) 33(91.7%) 9(81.8% 0287
Whoops 1 (%) 3(9.7%) 9(25.0%) 0(0.0%) 0076
Post-tussive vomiting n (%) 13 (41.9%) 12 (33.3%) 5 (45.5%) 0.694
Cyanosis n (%) 8(25.8%) 2(56%) 0(0.0%) 0.030
Low oxygen saturation 1 (%)* 3(9.7%) 2(56%) 1(0.1%) 0728
Crackles n (%) 18 (68.1%) 27 (75.0%) 4(36.5%) 0.051
Laboratory rests
Leukocyte count (x 109/L) 15,83 + 658 17.72:£839 14.25 £652 0356
Lymphocyte (%) 3857 +28.89 51.42 + 26,63 35.77 +25.20 0.102

Neutrophil (%) 22314£2273 20.15 + 14.76 24,70 £+ 18.31 0.723
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B. pertussis-only infection (n = 33) B. pertussis and virus coinfection (n = 45) p-value

Gender (male) n (%) 21 (63.6%) 25 (55.6%) 0473
Age <8 months n (%) 17 (51.5%) 12 (26.7%) 0.025
Vaccination 22 (66.7%) 27 (60.0%) 0547
Oxygen n (%) 2(6.1%) 11 (24.4%) 0.081
Paroxysmal cough 1 (%) 33 (100%) 39(86.7%) 0036
Whoops 1 (%) 6(18.2%) 6(13.3%) 0558
Post-tussive vomiting n (%) 12 (36.4%) 18 (40%) 0.744
Cyanosis n (%) 4(12.4%) 6(13.3%) 0874
Low oxygen saturation n (%)° 2(6.1%) 4(8.9%) 0643
Crackles n (%) 14 (42.4%) 35 (77.8%) 0.001

B. pertussis-only infection: detection of B. pertussis without coinfection with any other virus or MP.
 ow oxygen saturation is less than 92%.
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Gene name

18481

PUeA-pr

Primer sequence products

5'GATTCAATAGGTTGTATGCATGGTTS

5 TGGACCATTTCGAGTCGACGS
5'CCAACGCGCATGCGTGCAGATTCGTCS
5'CCCTCTGCGTTTGATGGTGCCTATTTTA3

Length

145

191





OPS/images/fped-09-792160/fped-09-792160-g001.gif
Sm——
P ——
w0

[ ——
[Re——
P ——






OPS/images/fped-09-792160/crossmark.jpg
©

2

i

|





OPS/images/fped-09-709160/inline_1.gif





OPS/images/fped-09-709160/fped-09-709160-t005.jpg
Variables AuC

Training group

Combined model 0871 (0.819-0.922)
s 0.858 (0.804-0.911)
Gestational age 0.655 (0.588-0.717)
Body length 0.739/(0.710-0.767)
Birth weigh 0.635 (0.567-0.698)
Internal validation

Combined model 0892 (0.826-0.958)
s 0,855 (0.817-0.954)
Gestational age 0,648 (0.553-0.744)
Body length 0.412 (0.206-0.617)
Birth weigh 0,652 (0.458-0.847)

Sensitivity (95% CI)

86.67 (76.80-93.40)
84.00 (73.70-91.40)
38,67 (27.60-50.60)
80.94 (75.20-86.60)
70.67 (59.02-80.60)

93.55 (78.60-99.20)
83.87 (66.30-94.50)
72.92 (6153-84.26)
64.31(39.20-89.42)
67.70 (51.30-84.20)

Specificity (95% Cl)

7431 (66.40-81.20)
80,69 (73.30-86.80)
83,89 (82.63-93.50)
56.82 (55.32-58.25)
49.66 (41.30-68.10)

79.37 (67.30-88.50)
85.48 (74.20-93.10)
30,34 (19.20-41.43)

19.00 (2.36-35.80)
0.649 (62.56-77.32)

RDS, respiratory distress syndrome; AUC, area under curve; Cl, confidence interval: LUS, lung ultrasound score.

Cut-off

0.306
18
29
37

1.19

0.306
18
29
37

1.19

0.880
5.365
4.345
5.732

0.248
4.134
4.349
2206

0379
<0.001
<0.001
<0.001

0804
<0.001
<0.001

0022
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Variables B S.E Wald P oR 95% CI
Lower Upper
Gestational age ~0.161 0077 4344 0037 0.851 0967 099
Body length -0.200 0076 6.902 0009 0819 0.705 0950
Birth weigh —2.351 0849 7658 0006 0,095 0018 0504
s 0110 0050 4811 0028 1.116 1.012 1.231

OR, odds ratio; CI, confidence interval; LUS, lung ultrasound score.
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Variables

Gestational age
Body length
Birth weight
PaCO,

LVEDD

s

VIF

2.020
3.129
3.676
1.025
1.082
1.036

Tolerance

0.495
0.320
0.272
0.976
0.924
0.956

VIF, variance inflation factor; PaCO, arterial partiel pressure of carbon dioxide; LVEDD,

left ventricular end-diastolic diameter; LUS, lung ultrasound score.
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Variables

Gestational age, weeks, X £
Gender, n (%), X s
Male
Female
Nationalties, 7 (%)
Han
Uyghur
Body length, om, X £ 5
Birth weight, kg, M(Qzs. Qrs)
Breathing, beats/min, X £
Ol,X&s
PaO, mmHg, X £
PaC0z, mmHg, X £
RSBI, X5
Duration of MV, h, M(Qzs, Qrs)
LVEDD, X £
LVESD, X+
Aortic dimension, X & s
Pulmonary valve, X s
Rortic valve, X +s
Tricuspid valve, X £ 5
Bicuspid valve, X + s
Descending aorta, X £ s
LVEF X5
PASP, % £
LUS, X%
PDA, n (%)
No
Yes
PFO, n (%)
No
Yes
Avtery bypass from left to right horizontally, n (%)
No
Yes

-, Using Fisher test.

Extubation success (n = 145)

33.60 + 3.57

92 (63.46)
53(36.55)

145 (100.00)
0(0.00)
4226 +4.91
1.58(1.24, 2.00)
4994 +527
3.76 2,81, 4.90)
8057 + 19.89
39.64 +9.01
87.92 £5.27
122.0(66.0, 183.0)
12.53 £3.00
800+ 1.97
645+ 1.17
0.80(0.70, 1.00)
089023
063:+0.14
0712019
1.08 £0.23
67.04 +4.32
37.0(35.0, 45.0)
19,06 +3.94

75 (51.72)
70 (48.28)

6(4.14)
139 (95.86)

118 (81.38)
27 (18.62)

Extubation failure (n = 75)

31.65+2.99

50 (66.67)
25(33.33)

73 (97.33)
2(2.67)
36.27 £391
0.99(0.82, 1.19)
50.57 538
3.65 (2.91,5.57)
77.64 £ 2059
43.04+9.38
88.54 4 4.87
165.0 (810, 255.0)
13.32 +2.02
851+ 137
6634089
0.80 (0.80, 1.00)
095+0.15
0.65+0.14
0.72£0.15
112017
67.36:£3.97
36.0(35.0, 41.0)
20724 4.16

35 (46.67)
40 (53.33)

1(1.39)
74 (98.67)

63 (84.00)
12 (16.00)

Statistics

t=4.04
X2 =0224

= -8.699
-0.84
Z=0.782
t=1.02
=-261
t=-085
Z=1865
t=-230
t=-184
t=-123
Z=1527
t=-219
=-0.88
=-054
—-154
-0.54
-1.384
-2.92

0233

<0.001
0.636

0.116

<0.001

<0.001
0.401
0.434
0.307
0010
0.397
0.062
0.023
0.067
0.220
0.127
0.030
0377
0.593
0.126
0.593
0.166
0.004
0477

0.427

0.629

O, oxygenation index; RSBI, rapid shailow breathing index; PaO, arterial partial pressure of oxygen; PaCOy, arterial partial pressure of carbon dloxide; MV, mechanical ventiation;
LVEDD, left ventricular end-diastolic dimension; LVESD, left ventricular end-systolic diameter; LVEF, left ventricular ejection fraction; PASF, pulmonary artery systolic pressure; LUS, lung
ultrasound score; PDA, patent ductus arteriosus; PFO, patent foramen ovale.
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Variables

Gestational age, weeks, X £
Sex, n (%), X+
Male
Female
Nationalties, 7 (%)
Han
Uyghur
Body length, om, X £ 5
Birth weight, kg, M(Qzs. Qrs)
Breathing, beats/min, X £
Ol,X&s
PaO, mmHg, X £
PaC0z, mmHg, X £
RSBI, X5
Duration of MV, h, M(@zs, Qrs)
LVEDD, X £
LVESD, X +5
Aortic dimension, X & s
Pulmonary valve, X s
Rortic valve, X +s
Tricuspid valve, X £ 5
Bicuspid valve, X + s
Descending aorta, X £
LVEF X5
PASP, % £
LUS, X%
PDA, n (%)
No
Yes
PFO, n (%)
No
Yes
Avtery bypass from left to right horizontally, n (%)
No
Yes

-, Using Fisher test.

Testing group (n = 94)

32.95 +3.32

68 (72.34)
26 (27.66)

94(100.00)
0(0.00)
3966 +5.35
1.25(1.04,1.72)
49.15 £ 6.79
420 2.75,5.96)
78.21 23,07
41.98 £ 10.31
87.87 £5.24
102.00 (61.00, 176.00)
13.06 % 227
856+ 1.54
647075
0.80(0.70, 1.00)
092022
061020
071047
1.09£0.23
67.03 +4.58
38.40+£9.78
18.78 £3.44

50 (53.19)
44 (46.81)

3(3.19)
91 (96.81)

69 (73.40)
25 (26.60)

Training group (n = 220) Statistics

32.93 + 3.50 t=003

142 (64.56)
78 (35.45)

218 (99.09)
2(091)
40.22 +5.39
1.27 (1.01, 1.80)
50,15+ 5,30
374282, 5.15)
7957 £20.13
40.80 +9.25
83.13:+5.14
128.00 (79.00, 200.00)
12.80 £2.73
824+1.79
651108
0.80(0.70, 1.00)
091 +021
0.64 0,14
0.71£047
1.09£0.21
67.15 % 4.20
3860+ 1232
19.62 + 4.08

110 (50.00)
110 (50.00)

73.18)
213 (96.82)

x?=8192

181 (82.27)
39 (17.79)

0.972
0.179

1.000

0.322
0.826
0.203
0.482
0.601
0320
0.682
0.184
0.385
0.130
0.676
0.292
0.784
0.293
0912
0.762
0.823
0.850
0.079
0.604

1.000

0.074

Ol, oxygenation index; RSBI, rapid shailow breathing index; PaOy, arterial partial pressure of oxygen; PaCOy, arterial partial pressure of carbon dloxide; MV, mechanical ventiation;
LVEDD, left ventricular end-diastolic dimension; LVESD, left ventricular end-systolic diameter; LVEF, left ventricular ejection fraction; PASF, pulmonary artery systolic pressure; LUS, lung
ultrasound score; PDA, patent ductus arteriosus; PFO, patent foramen ovale.
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Control (N = 171) BPD (N =83) 212 P-value

Gestational Age Wk, M(Q1.Q3)] 27.1(26.2,27.6) 26.3(25.5,27.2) -4.01 <0001
Birth Weight [gr, M(Q1,Q3)] 930 (842, 1,060) 858 (720, 950) -4378 <0001
Sex (male) ot 49 0.765 0382
Gestational Diabetes Melitus (GDM) 21 7 0843 0.359
Gestational Hypertension (GH) 18 7 0276 0.600
Antenatal steroid 134 66 0094 0.760
PPROM 56 35 2375 0.123
Twin 48 28 0855 0355
Delivery (C-section) 60 28 0045 0.832
AS'™ [score, M(Q1,Q8) 8(5.9 6(5.8) ~2.049 0.040
ASS™ [score, M(Q1,Q3) 109, 10) 10(9, 10) -1015 0310
Surfactant 124 76 11.250 0,001

Early onset sepsis (EOS) 75 55 11.959 0008
Intubation 83 64 21.826 <0001
Duration of intubation (Days) 0.1 36(08,22) —4.417 <0001
Duration of CPAP (Days) 167, 30) 23 (14, 41) ~3.664 <0001
Duration of supplemental oxygen (Days) 24 (13, 41) 50(32, 71) —6.470 <0.001

CPAR continuous positive ainway pressure. Continuous parameters were displayed as median finterquartie range (IQRJ}, and analyzed by Mann-Whitney U-test. Categorical variables
were displayed with numbers and analyzed by Chi-square test. The statistics were performed using SPSS statistical software version 24.0 (IBM Corporation, NY).
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nHFOV group BiPAP group P-value

Number 115 129

Gestational age (weeks) 29118 289+ 16 0.457
Birthweight (kg) 1.1£0.220 12+0.242 0.198
Male/female 59/56 68/61 0.826
Multiple births 14.(12.1%) 17 (18.2%) 0814
Apgar score at 5min 8221 83:£20 0979
Intra uterine growth retardation 21 (18.3%) 26 (20.2%) 0.708
Ante-natal steroids (incomplete and full course) 61(53.0%) 78 (60.4%) 0242
Cesarean section 55 (47.8%) 74 (657.4%) 0.136
Gestational diabetes melitus 35(30.4%) 46 (35.7%) 0.387
Pre-eclampsia 24 (20.9%) 29 (22.5%) 0.763
Maternal age (years) 292430 203+25 0744
Prolonged premature rupture of membranes > 18h 26 (22.6%) 22 (17.1%) 0276
Chorioamnionitis 18 (11.3%) 10 (7.8%) 0343

BIPAR, biphasic positive airway pressure; nHFOV, non-invasive high-frequency oscillatory ventilation.
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Male Female Male

Control Allergy Control Allergy UGR 1UGR + Allergy
(=8 (=8 (n=10) (n=10) =8 (=7
OVAIGE(ng/ml) ~ 7.50£227  487+£095 616113 56708 498149 307+ 065

Data are mean  SEM.
#Indicates a significant effect of sex within treatment groups. IgE, immunoglobulin E; IUGR, intrauterine growth restriction; OVA, ovalbumin.
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