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Editorial on the Research Topic
 Research Model Innovations in Advancing Neonatal Care




INTRODUCTION

Neonatology is a rapidly evolving field. Enormous progress in clinical research and translational studies bring us closer to the understanding and embracing of evidence-based practice in this specialty. While clinical trials bring research ideas of key problems to the test, often to introduce newer therapies, accurate models of diseases provide the fundamental understanding and help to answer or query why we do what we do in practice, thus critical in driving changes to improve neonatal care. In this regard, animal models and innovation prototypes, to be relevant substitutes of patients, are first rigorously studied in pre-clinical trials that simulate real clinical conditions. This special edition aims to highlight original research and innovation in models of pre-clinical studies or prototypes worthy of future clinical testing and application.



BRONCHOPULMONARY DYSPLASIA

Bronchopulmonary dysplasia (BPD) is one of the most common complications of the very premature infant (1). With the rapid development of perinatal care and medical support technology, the survival rate of these infants has significantly improved. This inadvertently leads to also an increase in the rate of a new form of chronic lung disease of prematurity, the “new” BPD. The new BPD is characterized by distal lung tissue disruption that may be initiated by intrauterine inflammation or infection and modified by extrauterine postnatal factors during the critical period of alveolar development, leading to growth arrest and simplification of these alveoli (2). In order to have a better understanding of the etiology and pathophysiology of this new form of BPD, researchers need reliable preterm animal models to study these intrauterine and early perinatal factors that may be preventable or treatable. In the article by Zhang, Chu et al., a premature rat model showed poorer growth with hyperoxia exposure and changes suggestive of alveolar disruption of the new BPD with significantly reduced radial count of the alveoli, which also appeared hyperinflated. The study by Ruan et al. displayed the same growth impairment, dismal overall physical condition, and alveolar simplification from hyperoxia. While many mouse and rat models are studied at term-born, albeit at the saccular stage of lung development, equivalent to that of the human preterm infant, these animal pups could breathe spontaneously and do not require oxygen supplementation (3). The model by Zhang, Chu et al. is interesting and simulates if additional oxygen could injure the preterm immature lung at an earlier canalicular phase and interfere with growth and their overall physical condition.

Following on the role of intrauterine exposure to infection that could be an antecedent factor in the new BPD development, Cheah et al. studied the effects of low dose intra-amniotic Gardnerella vaginalis (GV) injection into a pregnant rabbit model. GV is one of the most common bacteria causing chorioamnionitis in prematurity (4). The major effects were rather similar to that in the model of hyperoxia by Zhang, Chu et al. in terms of growth. The fetal pups were born with significantly lower weight and the number of alveoli was also decreased, although this was not statistically significant but the alveolar septum hypertrophied after intrauterine exposure to GV. It is to be determined if the septal thickening was the result of inflammation, followed by fibromuscular and vascular remodeling that may disrupt oxygenation and gas exchange, as the hallmark changes in the BPD lung. The concept of a “two-hit hypothesis” with antenatal and postnatal factors causing BPD may be explored in the future perhaps with the transgenic mice model reported by Cheah et al.  The GM-CSF is a pro-inflammatory cytokine that is induced and elevated by infection. Using this model, the group showed a significant influx of macrophages into the lung interstitium with increased GM-CSF. It will be interesting to study these animals exposed postnatally to hyperoxia and effects on the transition from the inflammatory to the remodeling processes that may result in the development of interstitial or septal fibrosis (5). Of note, despite being different animal models, the hyperoxia and intrauterine infection exposure resulted similarly in growth restriction. Indeed, growth restriction is a potent risk factor for BPD as the associated increase in sFlt-1 (soluble FMS-like tyrosine kinase-1) (6) has a negative impact on growth factors such as VEGF, a mediator that regulates vascular growth closely linked to the alveolarization process (7). As shown by Ruan et al., the effects of oxygen toxicity resulted in increased pulmonary vascular permeability, likely from endothelial damage, and reduced Twist1 that may potentially modify VEGF as well.

It is widely appreciated that BPD is a complex disease of multi-factorial causes and appears inevitable at least in the extremely preterm population but therapy to ameliorate this condition may be in the horizon. Since the first successful cultivation of mice embryonic stem cells in 1981 (8) by Sir Martin J. Evans who eventually won the 2007 Nobel Prize in Physiology or Medicine, stem cells have been widely investigated and regarded as a promising treatment modality of various diseases. In this Research Topic, there are three reviews on the potential use of stem cells in neonatal diseases. Chia et al. described the therapeutic potential of placental stem cells due to its immunomodulating effects on BPD. Based on the current pre-clinical and clinical studies, human amniotic epithelial cells and umbilical cord mesenchymal stem cells are of the greatest potential as therapeutic agents. Liau et al. discussed the current application of mesenchymal stromal cells (MSC) in treating neonatal diseases, discussing the mechanism of action of MSCs through paracrine effects, direct cell contact, and cell fusion. They concluded that MSC therapy while promising, raised concerns in using stem cells with aspects on safety, the risk of transmitting infectious agents, and the heterogeneity in the source of stem cells possessing variable characteristics and differentiating properties. The increasing potential of extracellular vesicles (EVs) such as exosomes is highlighted in these reviews as an emerging and novel therapeutic strategy that may eliminate the worries associated with cellular products.



GASTROINTESTINAL ISSUES

The other “nemesis” that neonatologists face is necrotizing enterocolitis (NEC), occurring more commonly in the very low birth weight preterm infants. Unlike BPD, this gastrointestinal complication occurs earlier, can be acute in onset and progresses unpredictably with a mortality rate that ranges from 20% to above 50% (9, 10). Once NEC sets in, supportive care is the mainstay of treatment and close observation for signs of deterioration and to decide if surgery is required. Holgersen et al. (Figure 1) showed in a study of NEC-sensitive piglets that the use of insulin-like growth factor-1 increased intestinal villus length and may be disease modifying, as it was associated with less severe NEC. Furthermore, Villamor-Martinez et al. performed a meta-analysis that concluded, both stem cells and stem cell exosomes reduced all grades of NEC in rodent-exclusive experimental models. These results are promising for future human trials but concerns raised were the lack of robustness in the animal models used, a paucity of clinician involvement and the heterogeneity in the study designs.


[image: Figure 1]
FIGURE 1. Supplemental insulin-like growth factor-1 and necrotizing enterocolitis in preterm pigs; Holgersen et al.


The two interventions proven to reduce the risk of NEC are the use of human milk as enteral feeds and probiotics (11). The availability of mother's own milk to infants born preterm are generally insufficient especially during the initial postnatal period and donor human milk (DHM) may be sourced as alternative for enteral feeding. In the article by Cayer et al., the performance of the TEMPO® system to test for human milk bacteriological contamination appears to be reliable with a quick turn-around time for the DHM to be made available for safe consumption by the recipient infants. The use of probiotics, although a standard care of practice to prevent NEC especially among the extremely preterm in some neonatal units, is an area still divided among practitioners as to the optimal timing, dose and strains to be used. Incidentally, the gut microbiome may also affect the health of other organs (12). Zhang, Ran et al. showed that acetate therapy was associated with an abundance of the microbiota that protects the lung from BPD. The mice exposed to hyperoxia but given acetate showed reduction in NLRP3-inflammasome expression and attenuated lung morphological changes of BPD. This mechanism may underlie the observation in a clinical study that showed acetate in parenteral nutrition was associated with a lower rate of BPD (13).

Intriguingly, another preventive measure to be explored that may reduce the incidence of NEC is co-bedding. Brunse et al. showed that co-bedding with skin-to-skin contact of piglet littermates improved gut function and reduced NEC incidence, independent of cortisol effects, which given as hydrocortisone to stabilize blood pressure, predisposed to NEC. Co-bedding of twins has been practiced in some neonatal intensive care units (NICUs) to simulate the intrauterine couple environment but studies have not shown any positive benefits (14). Conversely, negative implications include potential higher risks of medication errors and cross-infections. Nevertheless, the study by Brunse et al. raised hypothetically whether skin-to-skin contact, an integral feature in kangaroo mother care, gives rise to the various positive effects reported in the preterm infant (15, 16).

The other gastrointestinal-related issues faced by premature infants are gut dysmotility and maturation of the sucking-swallowing processes. These often pose as oral feeding difficulties or challenges when the infant is in the NICU and even after hospital discharge. The article by Kappel et al. provide some insights into how gastrointestinal transit time may vary based on the gestational age, postnatal age, and also the type of feeds. These could help clinicians to approach feeding intolerance occurring in their patients with the appropriate investigation and remedial plans. The review by Lau offers strategies in individualizing care of infants born preterm with different phases of maturational defects in their oral feeding skills.



BRAIN DEVELOPMENTAL DISORDERS AND INJURIES

Brain developmental disorders and injuries to the newborn infant are often devastating and result in significant long-term morbidity such as cerebral palsy. Infants with hypoxic-ischemic encephalopathy (HIE) are currently resuscitated with air and offered therapeutic hypothermia to mitigate the injurious processes in the brain. The review by Liau et al. discussed adjunct therapy with MSC that potentially attenuate the extent of the brain injury. Using the oxygen-glucose deprivation rat model, Shi et al. showed a potential target for further neuroprotection by activating Sirt-1 with the antioxidant such as resveratrol. Another innovative approach that may be explored in the future is the use of hypobaric intervention in stabilization of the asphyxiated infant with early onset and difficult to control seizures. Xie et al. showed in their model that hypobaria, simulating high-altitude environment, increases seizure threshold that may potentially reduce neuronal discharge activity and apoptosis. It may sound counter-intuitive that HIE cases are managed this way, but indeed hypoxic/ischemic pre-conditioning treatment appeared to be protective to the injured neonatal brain (17).

Studying and monitoring the oxygenation status at the cellular level in such critical cases may be complemented by the non-invasive Cellular Oxygen METabolism (COMET) tool that measures in vivo mitochondrial oxygen tension. The study by Costerus et al. showed feasibility in its use in neonates and this may be another promising point-of-care test or bedside patient monitoring system to be introduced in the NICU. In hereditary neurological conditions that are largely incurable, Wong et al. reviewed the role of gene-editing models using the Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) approach, providing a glimmer of hope in therapy in spite of the several drawbacks that need to be overcome such as vulnerability of neuronal cells and less efficient CRISPR delivery into the brain.



DEVELOPMENTAL ORIGINS AND SEX DIFFERENCES IN HEALTH AND DISEASES

Finally, the developmental origins of health and diseases (DOHaD), a concept that was first proposed by Barker two decades ago, suggests that environmental exposure during the critical period in early life may program the later health in adulthood (18). In the review by Chin and Pang, rodent models of exposure to soy isoflavones during the neonatal period increased bone mineral density in adulthood of especially the female sex. This begs the question if the female or male sex exerts different influences on DOHaD. Sex differences in health outcomes are increasingly being detected with post-hoc analyses of clinical studies adjusting for sex as an independent factor (19–21). The gender disparity need to be actively pursued in future research to select sex as an independent and important variable. In the article by Bæk et al. their preterm piglet model receiving a standardized rearing protocol showed increased early mortality among males, which also showed slower growth. The group proposed to use this model for the study of differences in outcomes between the male and female sex with regards to neonatal care and responses to treatment in the future.
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Background: Bronchopulmonary dysplasia (BPD) is a chronic lung disease in preterm infants, which is characterized by alveolar and vascular dysplasia and increased vascular permeability. Hyperoxia is a critical factor in the pathogenesis of BPD, hyperoxia-induced acute lung injury (HALI) model has similar pathological manifestations as human BPD, therefore, may provide insight into the pathogenesis of human BPD. Studies have shown that Twist1 regulates pulmonary vascular permeability of LPS-induced lung injury through the Ang-Tie2 pathway. However, the effect of Twist1 pathway on vascular permeability in HALI has not been reported.

Methods: We randomly exposed newborn rats to the room air or hyperoxia for 14 days. Lung histopathology, immunofluorescence, vascular permeability, mRNA and protein expression was assessed on day 1,7,14.

Results: Our results verified that hyperoxia caused alveolar and vascular developmental disorders and increased pulmonary vascular permeability, which was consistent with previous findings. In hyperoxia-exposed rat lungs, the expressions of Twist1, Ang1, Tie1, Tie2, and pTie2 were significantly reduced, whereas the expression of Ang2 was significantly increased. Next, we observed a significant down-regulation of the Akt/Foxo1 pathway.

Conclusion: In HALI, the pulmonary microvascular permeability was increased, accompanied by changes in Twist1-Tie2 pathway which combined to Angs, and downregulation of Tie1 and Akt/Foxo1 pathway.

Keywords: bronchopulmonary dysplasia, hyperoxia, microvascular permeability, Twist1, Ang, Tie


INTRODUCTION

In the past few decades, although the survival rate of preterm infants has increased due to the milder oxygen therapy, prenatal steroids and postpartum pulmonary surfactant (PS), the incidence of the “new” BPD which is characterized by the alveolar simplification and disordered angiogenesis has increased year by year (1), which has become an essential factor affecting the survival quality of premature infants. Lung development includes two stages: alveolar development and pulmonary vascular development. At the same time as alveolar development, the pulmonary microvascular system expands synchronously with the alveolar septum, forming a blood-air barrier (2). There is evidence that the pulmonary microvascular network actively promotes the normal growth of alveoli in the process of lung development, and participates in the maintenance of alveoli structure after birth (3). Angiogenesis regulation plays a necessary role in the formation of the alveolar-capillary network. The deregulation of this process not only impairs the development of the pulmonary microvascular network but also leads to the formation of the immature alveoli, thus leading to lung pathologies such as BPD (4). The pathogenesis of BPD is complicated, the hyperoxia-induced acute lung injury (HALI) is a major contributor to the pathogenesis of BPD (5), which is characterized by increased pulmonary permeability and impairment of alveolar development (6). Therefore, the HALI model may provide insight into the pathogenesis of human BPD. In HALI, the pulmonary microvascular endothelium is damaged, leaving a bare capillary basement membrane area, resulting in increased permeability of the vascular endothelium (7). It has been further found that in the early stage of pulmonary edema of BPD, there is the destruction of the tight connection of the pulmonary vascular endothelium, and the abnormal expression of connexin Cx40 in the lung tissue, which may be related to the increase of the vascular permeability in the stage of pulmonary edema (8). Therefore, maintaining the integrity of the pulmonary microvascular barrier structure and reducing the microvascular permeability is the key to treatment of BPD. However, the specific mechanism of pulmonary vascular permeability changes in BPD is still unclear.

The bHLH transcription factor Twist1 was initially identified in Drosophila by the presence of twisted torsos in embryos that lacked the Twist1 gene (9). It regulates many biological processes such as the epithelial-mesenchymal transition in pulmonary fibrosis (10) and lung cancer (11), in which vascular permeability increases. These different functions of Twist1 are achieved through transcriptional regulation of its targets by recognizing a consensus E-box (CANNTG) motif on the promoter region of target genes to influence their transcription (12) such as tyrosine kinase receptor 2 (Tie2). Twist1 controls angiogenesis and endothelial cell (EC) sprouting through the angiopoietin (Ang)- Tie2 pathway, the disorder of this process mediates the pathological angiogenesis and collagen deposition in bleomycin-induced pulmonary fibrosis model in mice (13). It has also been found that the Twist1-Tie2 pathway is significant to control pulmonary vascular permeability. Twist1 knockdown disrupted cell junction integrity and increased vascular permeability by inhibiting Tie2 expression in vivo and vitro under physiological conditions (14). Although the Twist1-Tie2 signaling is evident in lung diseases, the role of this signaling in the changes of pulmonary microvascular permeability in HALI has been less explored. Therefore, we hypothesized that the Twist1-Tie2 signaling might participate in the changes of pulmonary vascular permeability in HALI. Given that the Ang-Tie-Akt/Foxo1 pathway plays an important role in the regulation of angiogenesis (15–18), in this research, we further detected whether the Akt-Foxo1 pathway was abnormal in HALI.

In the current study, we showed that the lungs of hyperoxia-exposed rats displayed histological changes consistent with BPD and increased pulmonary vascular permeability. In the lungs, the expressions of Twist1, Ang1, Tie1, Tie2, and pTie2 were significantly reduced, whereas the expression of Ang2 was significantly increased. Next, we observed a significant downregulation of the Akt/Foxo1 pathway. These findings suggest that in HALI, the pulmonary microvascular permeability was increased, accompanied by changes in Twist1-Tie pathway which combined to Angs, and downregulation of Tie1 and Akt/Foxo1 pathway, which may play a vital role in microvascular permeability of HALI.



MATERIALS AND METHODS


Animal Model

A total of 24 time-dated, pregnant SD rats were purchased from the experimental animal center of the Southwest Medical University (Sichuan, China). All animal procedures were reviewed and approved by the Laboratory Animal Ethics Committee of the Southwest Medical University and conducted according to the AAALAC and the IACUC guidelines [License number of the experimental animal: SYXK (Sichuan) 2018-065]. All animals were housed at the experimental animal center of the Southwest Medical University and were permitted access to food and water ad libitum at a temperature range of 20–23°C under a 12:12 h light-dark cycle.

A total of 114 full-term newborn rats were randomly and equally assigned to hyperoxia group and air group within 12 h after birth according to the random number table method. The HALI model was established by high oxygen treatment (8, 19). The hyperoxia group was placed in a closed oxygen tank, and 2L/min of oxygen was continuously introduced to maintain the oxygen concentration at 80~90%. Sodium lime was used to absorb excessive carbon dioxide. The air group was placed in the same room air (21% oxygen). The nursing mothers were switched every 24 h between the room air and hyperoxia-exposed litters to avoid oxygen toxicity and to eliminate maternal effects. Chamber was opened for 30 min/day for cage cleaning. Nineteen pups were obtained randomly in each group and sacrificed by intraperitoneal sodium pentobarbital injection at the end of 1, 7, 14 days of exposure.



Animal Growth

The survival number, mental state, reaction, feeding status, growth status, and the bodyweight of the newborn rats were recorded every day. At 1, 7, and 14 days of hyperoxia, sixteen newborn rats were randomly taken from each group, and the bodyweight at the time of sampling was recorded. Weight gain is expressed as a weight gain rate, i.e., body weight growth rate = (body weight at sampling—birth weight)/birth weight.



Sample Collection and Preparation

The lungs were harvested from each group at different time points. The left lung tissues of each group were inflated through the trachea with 4% paraformaldehyde and fixed overnight in the same solution. The fixed tissues were dehydrated and cleared, and five lung tissues were paraffin-embedded for hematoxylin and eosin staining (HE), three lungs were embedded in OCT for immunofluorescence (IF). The lung and body weights of the newborn rats from each group (without formalin fixation) were measured for lung weight /body weight (LW/BW) ratio calculations as an index of lung injury. The remaining lung tissues were immediately frozen at −80°C for reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis and immunoblot analysis.



Histopathology and Immunofluorescence Analysis of Lungs

For HE, the paraffin-embedded lung tissues were cut into 4-μm in thickness sections, which were stained with HE for histological analyses of lung injury. From each section, 5–10 random areas were examined at × 20 magnification with an optical microscope. The level of alveolar development was assessed using the mean linear intercept (MLI) methods (20). Ten fields of view were taken at random with the 20 objective on each HE-stained section. Draw a cross line in the center of the collected picture and count the total length of the cross line and the total number of alveolar septa that intersect with the cross line. The MLI calculation method for each field of view: the total length of the cross line divided by the total number of alveolar septa. Finally, the MLI of each section was calculated as the average of the MLI of the 10 fields of view. Large trachea and blood vessels are not included in the calculated field of view.

For IF, the OCT-embedded lung tissues were frozen at −20°C. The frozen tissues were cut into 10-μm sections with a cryostat. The sections were washed with PBST 3 times for 5 min to eliminate OCT, and then incubated in 0.5% TritonX-100 (Amresoo, Washington, USA) for 20 min. The sections were then washed 3 times for 5 min with PBST, blocked with goat serum for 1 h, and incubated with primary antibody. The sections were washed 3 times for 5 min with PBST, and then incubated with fluorescent secondary antibody for 1 h. Finally, the sections were washed 3 times for 5 min with PBST, and then added anti-fluorescence quenching sealing liquid (including DAPI) for sealing. CD31 was detected withing an anti-CD31 primary antibody (1:100, Santa Cruz Biotechnology, CA, USA) and a Rhodamine (TRITC)-conjugated goat anti-rat IgG(H+L) (1:100, Proteintech Group, Inc, USA) secondary antibody. Twist1 was detected withing an anti-Twist1 primary antibody (1:50, Abcam, Cambridge, UK) and a Fluorescein (FITC)-conjugated affinipure goat anti-mouse IgG(H+L) (1:100, Proteintech Group, Inc, USA) secondary antibody. Tie1 was detected withing an anti-Tie1 primary antibody (1:100, Merckmillipore, Germany) and a Coralite488-conjugated affinipure goat anti-rabbit IgG(H+L) (1:250, Proteintech Group, Inc, USA) secondary antibody. Tie2 was detected withing an anti-Tie2 primary antibody (1:100, Merckmillipore, Germany) and a Fluorescein (FITC)-conjugated affinipure goat anti-mouse IgG(H+L) (1:100, Proteintech Group, Inc, USA) secondary antibody. From each section, at least three random areas were examined at × 40 magnification with a fluorescence microscope.



Pulmonary Permeability Assay

Evans blue dye (EBD) can be tightly bound to albumin, and is a sensitive marker of early pulmonary edema and can be used to reflect vascular permeability (21, 22). Lung permeability was measured by LW/BW and by the Evans blue dye (EBD) (Biotopped, Beijing, China) leakage method (23). The lung tissues were homogenated and mixed with formamide (Amresoo, Washington, USA) (1 ml/100 mg tissue), incubated in a 60°C water bath for 24 h, then centrifuged in 5,000 g at room temperature for 30 min, and the absorbance of the supernatant was measured at 620 nm. A standard curve was made according to a series of dilutions of EBD. The concentration of EBD in each group was measured by the standard curve to evaluate the pulmonary vascular endothelial permeability.



Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

The mRNA levels of Twist1, Ang1, Ang2, Tie1, Tei2 were measured by RT-qPCR. The total RNA of each group was extracted from the snap-frozen lung tissues using TRIzol reagent (TIANGEN, Beijing, China) and frozen at −80°C. A total of 1,500 ng RNA from each sample was reverse transcribed to produced cDNA using ReverTra Ace qPCR RT Master Mix (TOYOBO, Japan). The cDNA was then amplified using THUNDERBIRD SYBR qPCR Mix (TOYOBO, Japan). Real-time PCR was conducted using qTOWER 2.0 Real-Time PCR System (Analytik Jena AG, Germany) with Gapdh as an internal control. The amplification reaction was performed as follows: 40 cycles of 95°C for 30 s, 95°C for 5 s, and 60°C for 10 s; and 72°C for 30 s. The relative quantification of mRNA expression for Twist1, Ang1, Ang2, Tie1, Tie2 was conducted using the 2ΔΔCt method following normalization with Gapdh. The specific primers were designed as follows: Twist1, CCGGAGACCTAGATGTCATTGT (forward) and CTGGGAATCTCTGTCCACCG (reverse); Ang1, GGAGTCCAGAAAACGGAGGG (forward) and TTCTCAAGTTTTTGCAGCCAC (reverse); Ang2, CATGATGTCATCGCCCGACT (forward) and TCCATGTCACAGTAGGCCTTG (reverse); Tie1, AGAGACCACGCTGGGTAATG (forward) and CTTCACCCGATCCTGACTGG (reverse); Tie2, AAGAGCGAGTAGACCATGCG (forward) and ACTAGTCCATAAAGGAGCAAGC (reverse); Gapdh, GCAAGTTCAACGGCACAG (forward) and GCCAGTAGACTCCACGACAT (reverse).



Western Bolt

Lung lysate extracts were made, and protein concentration determined by the BCA method. Proteins were separated by SDS-PAGE (10%) and transferred to PVDF membranes followed by 1 h blocking at room temperature (RT) in 7% non-fat milk of PBS with 0.07% Tween-20, and then incubated with anti-Twist1 antibody (1:500, Abcam, Cambridge, UK), anti-Angiopoietin 1 antibody (1:1000, Boster Biological Technology Co., Ltd., China), anti-Angiopoietin 2 (1:1000, Proteintech Group, Inc, USA), Tie1 antibody (1:1000, Thermo Fisher Scientific, Waltham, MA), anti-Tie2 antibody (1:1000, Merckmillipore, Germany), anti-phospho-Tie2 (Ser1119) antibody (1:500, Merckmillipore, Germany), phospho-Akt (Ser473) and Akt antibodies (1:1000, Cell Signaling Technology, Danvers, MA), phospho-FoxO1 (Ser256) and FoxO1 (C29H4) Rabbit mAb Antibodies (1:1000, Cell Signaling Technology, Danvers, MA), Gapdh Mouse Monoclonal Antibody (1:14000, Proteintech Group, Inc, USA) at 4°C, overnight. The following day membranes were washed three times with PBST (Phosphate buffer saline with 0.07% Tween 20), incubated with HRP conjugated secondary antibody [HRP-labeled Goat Anti-Rabbit IgG(H+L) or HRP-labeled Goat Anti-Mouse IgG(H+L); both Beyotime, Shanghai, China] for 1 h at RT, washing and then were measured by ECL chemiluminescence method. The gel analysis imaging system was used for scanning and analysis. The relative protein expression levels of target proteins were normalized to Gapdh.



Statistical Analyses

The experimental data were processed by Graphpad prism8.0 software and Image J software and analyzed by SPSS 21.0 statistical software. The values were expressed as mean ± standard deviation. Independent sample t-test was used for the comparison between the two groups when normality and homogeneity of variance assumptions were satisfied; otherwise, the non-parametric test Mann-Whitney was used for analysis. In addition, the Kaplan-Meier method was used for survival analysis of each group, and the rank sum test was used for comparison of survival curves between the two groups. P < 0.05 was considered statistically significant.




RESULTS


Hyperoxia Exposure Affected the General Health Conditions of the Newborn Rats

The survival rate of newborn rats in the hyperoxia group was significantly lower than that in the air group. The survival rates at 1, 7, and 14 d were 100, 98.56, 82.94%, respectively. With the extension of the hyperoxia time, the newborn rats' mortality gradually increased, and the survival rate gradually decreased. However, no death occurred in the air group at 1 and 7 d, and the survival rate at 14 d was 98.72% (Figure 1). We observed the mental state, activity, and hair luster of the newborn rats. With the prolongation of oxygen exposure time, the newborn rats in the hyperoxia group gradually showed weak milk seeking ability, decreased activity, slow response, dull hair, and thin body. Furthermore, from the 7 d after oxygen exposure, the neurological symptoms such as head fibrillation and gait instability began to appear, while the growth and development of the newborn rats in the air group were good, and the above abnormal symptoms did not appear (Figure 2). There was no difference in body weight of the newborn rats in both groups at 1 d. The body weight in both groups increased at 7 and 14 d after oxygen exposure compared with 1 d. However, the growth rate of the newborn rats in the hyperoxia group was significantly slower than that in the air group, and the difference between the two groups gradually increased with the extension of the experimental time (Figure 3A).


[image: Figure 1]
FIGURE 1. The survival curve of newborn rats in the hyperoxia and air group. The survival rate of the hyperoxia group was significantly lower than that of the air group, P < 0.01.



[image: Figure 2]
FIGURE 2. The general health conditions of the newborn rats at 1, 7, and 14 d after oxygen exposure. There was no difference between the two groups at 1 d. Newborn rats in the hyperoxia group (H) showed obvious poor development, small body size, inadequate mental response at 7 d, and the difference between the two groups was more evident at 14 d of oxygen exposure. In contrast, the air group (A) has good growth and development.
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FIGURE 3. The body weight growth rate and lung/body weight ratios of the air and hyperoxia groups. (A) The body weight growth rate of the air and hyperoxia groups at different time points. (B) The lung/body weight ratios (LW/BW) of the air and hyperoxia groups at different time points. (**P < 0.001).




Hyperoxia Could Cause Alveolar Simplification and Lung Injury in Newborn Rats

To determine the role of hyperoxia in lung injury, we analyzed the histological examination of the newborn rats' lungs exposed to air or hyperoxia after birth. It could be seen by the naked eye that the lung tissue of the newborn rats in the air group was pink and elastic, while that of the hyperoxia group was white and less elastic than that of the air group. Under the light microscope, the lung tissue structure of the newborn rats in the air group was gradually completed at 7 d. The alveoli were well-developed and uniform in size. At 14 d, the structure of the alveoli was clear and regular in shape, and the alveolar cavity was small. The alveolar septum was thick, and there was no inflammatory exudation in the alveolar space. In the hyperoxia group, the alveolar space increased, and the alveoli wall became thinner at 7 d. With the extension of oxygen exposure time to 14 d, the lung tissue structure was disordered, and the alveoli structure was simplified and uneven in size. Besides, the alveolar space was significantly enlarged, some of the alveoli fused, the number of alveoli decreased, and inflammatory cells and red blood cells exuded from the alveoli (Figure 4A). Upon morphometric analysis, a significant increase in the mean linear intercept (MLI) was noted in newborn rats exposed to hyperoxia (Figure 4B). The Lung weight /Bodyweight (LW/BW) ratio is an index of increased cellularity and pulmonary edema; therefore, it can be used to reflect the extent of lung injury. The LW/BW ratios of the newborn rats from the 14 d of the hyperoxia group indicated a significant increase compared with the air group suggesting an increase in lung injury of these animals (Figure 3B). The above results indicated that hyperoxia induced lung injury.


[image: Figure 4]
FIGURE 4. Induction of alveolar simplification and lung injury in newborn rats following hyperoxia. (A) The pathological changes of lung tissue were observed by hematoxylin-eosin staining in the air or hyperoxia group. Magnification, × 20. Hyperoxia group at 7 and 14 d showed increased lung injury with disordered lung structure, increased alveolar simplification, and alveolar size. (B) The effects of hyperoxia on MLI, which is an index of lung injury, were determined in newborn rats(n = 3–5/group). (C) Comparison of Evans blue staining in the lungs of the two groups at different time points. (D) Graph showing vascular permeability in the lungs of the two groups at different time points. Vascular permeability was detected by Evans blue dye leakage in the lungs, and extracted dye contents were quantified by measuring at 620 nm. *P < 0.05, **P < 0.001.




Hyperoxia Increased Vascular Permeability in the Newborn Rats' Lung

To further determine whether hyperoxia regulates pulmonary vascular permeability, we measured vascular permeability in newborn rats' lungs by measuring the leakage of Evans blue dye (Figure 4C). The leakage of Evans blue dye into lung extravascular space was higher in the lungs of the newborn rats exposed to the hyperoxia compared to that in the air controls at the same time point suggesting that the permeability of pulmonary blood vessels to macromolecules such as Evans blue is gradually increased (Figure 4D). In addition, the ratio of LW/BW can also be used to reflect the pulmonary vascular permeability (24). As shown in Figure 3B, the LW/BW ratio of the newborn rats on the 14th day is significantly higher than that of the air group. The results above suggest that hyperoxia leads to the increase of pulmonary vascular permeability of the newborn rats.



Hyperoxia Caused Reduced Expression of Twist1, Tie1, and Tie2 in CD31-Positive Cells

We examined the effects of hyperoxia exposure on the levels of Twist1 and Tie receptors in the lung tissues of the newborn rats by IF. IF detection in tissue sections showed that the lungs exposed to high oxygen failed to form septation, resulting in fewer and larger alveoli with less developed vascular structures (CD31-staining vessels), similar to the lungs of premature infants with BPD. The results also showed that the Twist1, Tie1, and Tie2 were specifically expressed in vessel ECs (CD31 positive cells). The Twist1, Tie1, and Tie2 expression were lower in CD31-positive endothelial cells of the hyperoxia group compared to those of the age-matched air controls (Figures 5A–D).


[image: Figure 5]
FIGURE 5. Hyperoxia caused reduced expression of Twist1, Tie1, and Tie2 in CD31-positive cells. (A) Immunofluorescence micrographs showed the expression and distribution of Twist1, Tie1, Tie2 in CD31-stained blood vessels of the lungs of the two groups at different time points (Magnification, ×40; bar, 50 μm). (B) The expression ratio of Twist1 in CD31 positive endothelial cells of the two groups at different time points (n = 3/group). (C) The expression ratio of Tie1 in CD31 positive endothelial cells of the two groups at different time points (n = 3/group). (D) The expression ratio of Tie2 in CD31 positive endothelial cells of the two groups at different time points (n = 3/group). *P < 0.05, **P < 0.001.




Hyperoxia Down-Regulated Pulmonary Twist1, Tie1, Tie2, and Ang1 mRNAs, While Up-Regulated Ang2 mRNA

Given that hyperoxia could cause pulmonary microvascular endothelial damage, resulting in increased vascular permeability. Therefore, we hypothesized that the Twist1 target gene Tie2 in conjugation with its ligands (Ang1/2) might play a crucial role in hyperoxia-induced pulmonary vascular permeability. To further investigate the mechanism of changes in pulmonary vascular permeability during hyperoxia, we evaluated the pulmonary mRNA levels of Twist1, Tie1, Tie2, Ang1, and Ang2. No significant decrease in the pulmonary Twist1 mRNA level was noted at 1 or 7 d in the hyperoxia group compared with the air controls. However, the Twist1 mRNA level in the hyperoxia group was significantly lower than that in the air group at 14 d. From the 7 d, hyperoxia reduced Tie1, Tie2, Ang1 mRNA significantly compared with the air controls, while induced Ang2 mRNA significantly (Figures 6A–E).


[image: Figure 6]
FIGURE 6. Hyperoxia down-regulated pulmonary Twist1, Tie1, Tie2, and Ang1 mRNAs, while up-regulated Ang2 mRNA. Lungs from all different groups were excised, total RNA was isolated, and Twist1 (A), Tie1 (B), Tie2 (C), Ang1 (D), and Ang2 (E) mRNA levels were determined by real time-PCR following cDNA synthesis, as described in the Materials and Methods section (n = 6/group). *P < 0.05, **P < 0.01.




Hyperoxia Reduced Pulmonary Twist1, Tie1, Tie2 and Ang1 Protein Levels, While Up-Regulated Ang2 Protein Level, and Inhibited the Expression of Proteins in Akt/Foxo1 Pathway

To further determine the mechanism of Twist1 and its downstream signaling pathways in hyperoxia-induced pulmonary vascular permeability, we evaluated the protein expression in this signaling pathway in the air and hyperoxia groups at different time points by western blot. As shown in Figure 7, there was no significant difference in the expression of Twist1 at 1 and 7 d of the hyperoxia group compared with the age-matched air group. With the extension of oxygen exposure time, Twist1 decreased significantly at 14 d of hyperoxia compared with the air group at the same time point (Figures 7A,D). Similarly, at 1 d of hyperoxia, the protein levels of Ang1, Ang2, Tie1, pTie2, and Tie2 were not significantly different from those of the air group. However, with the prolongation of oxygen exposure time, the expression of Ang1, Tie1, ptie2, and Tie2 gradually decreased from the 7 d of hyperoxia, which was significantly different from that of the age-matched air group (Figures 7A–C,E,F). Conversely, the expression of Ang2 was significantly higher than that of the air group at 7d of hyperoxia and continued to increase at 14 d of hyperoxia (Figures 7A,C). Given that the Tie2 can regulate the activity of Akt and its downstream target protein Foxo1, we also detected the change of Akt/Foxo1 pathway protein in hyperoxia group. Similarly, with the prolongation of oxygen exposure time, the expression of pAkt, Akt, pFoxo1, and Foxo1 proteins decreased significantly from 7 d of hyperoxia, which was significantly different from that of the air group at the same time point (Figures 8A–C).


[image: Figure 7]
FIGURE 7. Hyperoxia reduced pulmonary Twist1, Tie1, Tie2, and Ang1 protein levels, while up-regulated Ang2 protein level. The lung homogenates prepared from different groups of newborn rats were subjected to western blots analysis. Western blots showed the expression of Twist1 (A,D), Ang1/2 (A,C), Tie1 (B,F), pTie2/Tie2 (B,E) in the lungs. The densitometric intensities of these proteins normalized to Gapdh were quantified and shown separately (n = 8–14/group). *P < 0.05, **P < 0.01.



[image: Figure 8]
FIGURE 8. Hyperoxia inhibited the expression of proteins in AKT/Foxo1 pathway. Western blots showed the expression of pAkt/Akt (A,B), pFoxo1/Foxo1 (A,C) in the lungs. The densitometric intensities of these proteins normalized to Gapdh were quantified and shown separately (n = 8–14/group). *P < 0.05, **P < 0.01.





DISCUSSION

BPD is a chronic lung disease in infancy that is associated with significant mortality and long-term morbidity. Previous studies on BPD mainly focused on the mechanism of alveolar dysplasia. However, with the development of new BPD, pulmonary vascular development has gradually received attention, and tight regulation of vascular permeability is the key to maintain lung function. Previous studies have confirmed that the alveolar development process of rats has a similar chronology to humans, the lung development of term newborn rats is in the saccular stage, which is equivalent to that of human at 28 weeks of gestational age (25). Fourteen days after birth is the key period of alveolar formation, the pulmonary blood vessels have also entered a period of significant proliferation (26). It has been reported that the HALI model in which newborn rats were continuously exposed to 85–90% hyperoxia could simulate the BPD-like lung injury (8, 19, 27). Therefore, in this study, we exposed term newborn rats to 85–90% hyperoxia for 14 days to establish a HALI model. Our data showed a significantly reduced body weight in the hyperoxia group compared with the air group. The newborn rats' mortality gradually increased with the extension of the hyperoxia time. The main pathological changes of BPD are impaired development of alveolar and vascular. Hyperoxia induced decreased number and increased volume of alveolar, disordered lung structure, pulmonary fibrosis and pulmonary vascular dysplasia in newborn rats (27, 28). Our HE staining showed that the obvious structural disorder and simplification of alveolar structure in the lung tissues appeared in the hyperoxia group from the 7th day, and the MLI value was significantly higher than that in the air group, which further indicated that the number of alveoli decreased, reflecting the hypoplasia of lung. The above further proved that the HALI model was successfully established.

In addition, we found that the lung EBD extravasation and LW/BW value of the newborn rats increased after exposure to high oxygen, confirming that pulmonary vascular permeability was increased in HALI (6, 7). Our immunofluorescence results showed that hyperoxia reduced the expression of Twist1, Tie1, and Tie2 in CD31 positive blood vessels. In the lung tissue, CD31 is mainly expressed in pulmonary microvascular endothelial cells and is often used as a marker of vascular endothelial cells (29). With the increase of oxygen exposure time, the CD31 positive blood vessels in the lung tissue of the hyperoxia group were lower than those in the air group, suggesting that there might be pulmonary vascular development obstruction in HALI. Then we examined the changes in mRNA and protein levels of Twist1, Ang1, Ang2, Tie1, and Tie2 in lung tissues. The results showed that the levels of Twist1 mRNA and protein in the hyperoxia group were significantly lower than those in the air group at 14 d. At 7 and 14 d, the mRNA and protein levels of Ang1, Tie1, Tie2, and pTie2 in the hyperoxia group were significantly lower than those in the air group at the same time point. On the contrary, the levels of Ang2 mRNA and protein increased significantly at 7 and 14 d after hyperoxia exposure. In recent years, Twist1 has become a hot spot in the research of vascular-related diseases. It may control the formation of blood vessels by regulating the expression of many angiogenic factors and receptors in endothelial cells, such as platelet-derived growth factor B (PDGFB), vascular endothelial growth factor receptor 2 (VEGFR2), Tie2 (14, 30). In cancer and hyperoxia-induced retinopathy models, Twist1 mediated pathological angiogenesis by changing the expression of VEGF and VEGFR2 (30–32). Mammoto et al. (14) found that knockout of Twist1 in vitro cultured lung human microvascular endothelial (L-HMVE) cells and in vivo adult mouse lung could reduce Tie2 and its phosphorylation status, leading to increased pulmonary vascular permeability in physiological condition where Ang1 is dominant. However, in pathological condition such as endotoxin-induced lung injury, Ang2 was upregulated, knockout of Twist1 failed to increase the pulmonary vascular permeability. These findings demonstrated that the Twist1-Tie2 pathway combined with the Angs controlled the pulmonary vascular permeability in an environment-dependent manner. Angs and Tie receptors are widely expressed in lung tissues, and deregulation of this system contributes to the pathogenesis of various lung diseases such as acute lung injury (ALI) and BPD (33, 34). Ang1 and Ang2 compete with Tie2 receptors to participate in the regulation of endothelial barrier function. Ang1 is secreted by smooth muscle cells and mesenchymal cells around blood vessels (35). As an obligatory Tie2 agonist, Ang1 promotes the germination and branching of blood vessels and vascular stability and maturation, inhibits endothelial cell apoptosis by activating its specific receptor Tie2 (36). In physiological conditions, Ang1 is dominant compared to Ang2 and more likely to combine with Tie2, and induces the transfer of the Tie2 receptor to cell-cell contact or cell-matrix interface, to stabilize the integrity of endothelial cell connection (37, 38). Studies have shown that Ang1 could inhibit the permeability of paracellular cells induced by a variety of inflammatory cytokines and growth factors such as thrombin, histamine, and VEGF (39, 40). Therefore, Ang1 plays a vital role in maintaining the continuity and integrity of new blood vessels. In contrast, Ang2 only plays a weak agonist role for Tie2, it almost does not activate Tie2 in physiological condition, it is related to vascular instability and remodeling (41). Ang2 is expressed by ECs and is stored in the endocrine granules in ECs called Weibel Palade body, which can be rapidly secreted when stimulated by inflammatory factors (42). Ang2 promotes vascular leakage by cooperating with inflammatory cytokines. In pathological conditions where Ang2 is dominant, Ang2 combined with Tie2 to play an antagonistic role, making ECs respond quickly to local and systemic stimuli, and destroying the occurrence of connexins between ECs, resulting in increased vascular permeability (43, 44). In our experiment, the Ang1-Tie2 pathway was downregulated in the lungs of newborn rats exposed to hyperoxia, which was consistent with a previous study (34). However, Ang2 was upregulated, Twist1 and Tie2 was downregulated, while the pulmonary vascular permeability was still increased in HALI, this seemed to contradict the conclusion of the research by Mammoto T et al. The possible reasons may be that, in the hyperoxia group, the decrease of Ang1 expression could weaken the Ang1-Tie2 signal, which might lead to vascular development disorder and increase of vascular permeability. Besides, because Ang1 and Ang2 bind to Tie2 in a similar way (45, 46), the binding of Ang2 to Tie2 might lead to the inhibition of the signal transduction of Tie2 induced by Ang1 when the ratio of Ang2/Ang1 increased and make Ang2 play an antagonistic role of Tie2, thus making vascular instability. As a regulator of Tie2 expression, the reduced Twist1 might downregulate the Tie2 expression, which possibly reduce the antagonistic effect of Ang2 on Tie2, and decrease the damage of Ang2 on vascular permeability. Therefore, we speculated that in physiological conditions dominated by Ang1, Twist1 was essential to maintain the stability of pulmonary vessels induced by Ang1-Tie2 signal. In hyperoxia conditions, in which Ang2 was upregulated, the reduction of Twist1might play a compensatory protective role to resist the damage of hyperoxia on pulmonary vascular permeability. Maybe in the natural state without knocking down the Twist1, the decreased extent of Twist1 induced by hyperoxia is not enough to reduce Tie2 to reverse the increase of vascular permeability induced by Ang2-Tie2.

Our experimental data showed that Twist1 had significant difference between the two groups at 14 d, while Ang1, Ang2, Tie2 was significantly different at 7 and 14 d. In the research by Mammoto T et al. knocking down Twist1 did not alter the Ang1 and Ang2 expression, the levels of Ang1 and Ang2 just determined the effect of the Twist1-Tie2 pathway on vascular permeability. As a regulator of Tie2, the decrease of Twist1 and Tie2 was not synchronous, we analyzed that there were other factors that could regulate Tie2 expression in addition to Twist1, such as micro-RNA (miR)-34a (34). Ang1 and Tie2 were targets of miR-34a, they had conserved miR-34a seed sequence in its 3′UTR. MiR-34a could stimulate cell death and reduce the expression of target protein Ang1 and Tie2. In HALI, micro RNA (miR-34a) was significantly upregulated and Ang1/Tie2 expression was decreased. However, inhibition of miR-34a reduced cell death and enhanced the expression of Ang1/Tie2 in hyperoxia conditions. Therefore, in our experiment, we speculated that both micro RNA (miR-34a) and Twist1 might regulate the Tie2 expression with the prolongation of hyperoxia exposure time. It has not been found that Twist1 can regulate the expression of Tie1. The mechanism of the decline of Tie1 caused by hyperoxia is unclear. Some studies have demonstrated that Tie1 plays an indispensable role in angiopoietin signaling during vascular remodeling and ECs proliferation (47). After treatment with Ad-CAng1 or Ad-Ang2, the tracheal blood vessels of the mice enlarged significantly and endothelial cell proliferation increased, while in Tie1 knockout mice, the above effects were significantly weakened. Tie1 does not bind to angiopoietin directly, but co-precipitates with Tie2 to form a complex at the cell-cell junction (48). The interaction between Tie1 and Tie2 can regulate Ang-induced Tie2 phosphorylation and both Ang1 and Ang2 can increase this interaction through the ectodomain of Tie1 (47). In Tie1-deleted mouse embryos, Ang1-induced Tie2 activation decreased, leading to abnormal blood vessels and leakage (49). In the absence of pathogens, Tie1 was highly activated, and was crucial for the agonist role of Ang1 and Ang2 on Tie2 during vascular remodeling, but inflammation could lead to Tie1 inactivate through ectodomain cleavage, and reduced Ang1-Tie2 signal, and promoted the Tie2 antagonistic effect of Ang2, causing vascular destabilization (47). Although, our current model condition is hyperoxia, some studies have demonstrated that under long-term hyperoxia exposure, lung tissue could produce many inflammatory factors and oxygen radicals such as reactive oxygen species (ROS) which caused inflammatory cells aggregation on the one hand, and on the other hand, inflammatory cells could release a lot of oxygen radicals and inflammatory factors, causing a vicious cycle, leading to lung injury and eventually BPD (50). As a result, oxidative stress and inflammatory responses affected each other. For example, NF-κB is an important transcription factor that regulates inflammatory responses, studies have shown that ROS could cause rapid nuclear translocation of NF-κB, and then promote the expression of downstream pro-inflammatory factors (51). Therefore, we guessed that the changes in Ang-Tie signal were a common result of oxidative stress and inflammation. The down regulation of Ang1-Tie2 might also be related to decreased Tie1 expression.

Ang1-induced Tie2 phosphorylation stimulated the activity of several downstream signaling pathways, which stabilized the VE-cadherin at the EC-EC junction, decreased vascular permeability, and promoted cell survival and anti-apoptosis (52, 53). PI3K/Akt signaling has been demonstrated to be one of the great important downstream signaling pathways of Ang1-Tie2 pathway to play a major role in promoting ECs proliferation and survival at the early stage of angiogenesis (54, 55). The protein expression of PI3K and pAkt decreased after Tie2 inhibitor treatment, indicating that the activation of Tie2 was related to PI3K/Akt pathway transduction (56). Foxo1, can be regulated via the phosphorylation of Akt upon PI3K/Akt signaling activation, its activity is inhibited after phosphorylation (57). Strong evidence showed that Tie2 phosphorylation induced by Ang1 could phosphorylate Foxo1 via Akt, and inhibit Foxo1 transcriptional function by promoting its nuclear rejection and preventing DNA binding (15, 17). Ang1-mediated Foxo1 transcriptional function inhibition induced the expression of target genes related to vascular stability and down-regulated the expression of Ang2 and other genes related to endothelial instability, apoptosis, metabolism, and growth control (15–18), therefore, promoting vascular permeability. It has also been found that in acute inflammatory conditions, in which Ang1 and pAkt levels reduced, decreased Tie2 signaling (including Tie1 deletion) alleviated the inhibition of Foxo1 activity, resulting in increased expression of Ang2 and vascular instability, which is a typical manifestation of vascular leakage (47, 58). In this research, our western blot result showed that at 7 and 14 d, hyperoxia significantly reduced the total protein level and phosphorylation state of Akt and Foxo1 in the lung tissue, suggesting that hyperoxia downregulated the activity of Akt/Foxo1 signaling, probably increasing Ang2 transcription. Wu et al. (59) first proposed the view that Foxo1 could directly regulate Twist1. In the study of prostate tumors (PCa), the increased expression of monoamine oxidase A (MAOA) promoted the production of epithelial-to-mesenchymal transition (EMT), hypoxia, and ROS, which jointly promoted the tumorigenesis, development, and metastasis of PCa. This process was related to MAOA increasing Twist1 expression by promoting Akt-dependent Foxo1 phosphorylation to activate Twist1 transcription. Therefore, we speculated that in this research, downregulation of Twist1 and upregulation of Ang2 in hyperoxia group might probably be related to the decreased Akt-Foxo1 signaling.

In conclusion, our research showed that in HALI, the pulmonary microvascular permeability was increased, accompanied by changes in Twist1-Tie2 pathway which combined to Angs, and downregulation of Akt/Foxo1 pathway. We could speculate that Twist1-Tie2-Akt/Foxo1 pathway combined to Angs signal might play an important role in hyperoxia-induced increase of pulmonary microvascular permeability. In this study, we hypothesized that hyperoxia impaired pulmonary vascular permeability may be associated with disruption of Ang1-Tie2 signaling and decreased Akt/Foxo1 pathways that increased Ang-2 production, and the Twist1 and Tie1 may be involved in the regulation of this process (Figure 9). However, this study did not involve direct evidence supporting the direct relationship between pulmonary microvascular permeability and Twist1-Tie2-Akt/Foxo1signal activity in HALI. There needs to be in vivo as well as in vitro (using pulmonary microvascular endothelial cells) Twist1 knockdown experiments conducted to further explain the mechanistic role of Twist1 pathway in lung microvascular permeability in HALI. Our experimental data just provide further experimental evidence for the important role of the Twist1 signaling pathway on microvascular permeability in hyperoxia-induced lung injury.


[image: Figure 9]
FIGURE 9. Hypothesis diagram of the regulatory mechanism of Twist1, Tie1, Tie2, Angs, and Akt/Foxo1 in endothelial cells. Twist1-Tie2-Akt/Foxo1 pathway combined to Angs signal may play an important role in hyperoxia-induced increase of pulmonary microvascular permeability. We hypothesize that hyperoxia impaired pulmonary vascular permeability may be associated with disruption of Ang1-Tie2 signaling and decreased Akt/Foxo1 pathways that increase Ang2 production, and the Twist1 and Tie1 may be involved in the regulation of this process.
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Bronchopulmonary dysplasia (BPD) is one of the common chronic lung diseases (CLD) of premature infants, which causes unpredictable consequences to the family and society. Therefore, the pathogenesis and prevention methods of BPD are the focus of current research, and the establishment of an effective and appropriate animal model of BPD in premature infants is the key to the research. In this study, premature rats were exposed to hyperoxia environment. Compared with the air group, the body weight and alveolar radiation count of the hyperoxia group decreased significantly, but there was no significant difference in body length. HE staining was used to observe the pathological changes of BPD in the lung tissue. The above results proved that under the hyperoxia condition, the BPD animal model of premature infants was successfully established, which provided a new choice for the future research of BPD.
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INTRODUCTION

In recent years, the birth rate of premature infants, especially very low birth weight infants (VLBWI) and extremely low birth weight infants (ELBWI), has increased year by year, which is estimated to account for 11% of all births (1). Bronchopulmonary dysplasia (BPD) is one of the serious diseases that bring long-term adverse prognosis to premature infants. At present, the treatment of BPD is mainly in accordance with the symptoms. Therefore, it is very important to study the pathogenesis, effective prevention, and treatment methods of BPD. The classic pathological features of BPD are severe airway epithelial lesions, extensive metaplasia, and hyperplasia of airway mucous epithelium, extensive alveolar septal fibrosis, and pulmonary vascular remodeling (2), while the new BPD emphasizes the simplification of alveolar structure, pulmonary vascular malformation, and interstitial cells and / or fibrous hyperplasia (3). In the study of BPD, the establishment of animal models is essential. The more commonly used animal models are mice, rats, rabbits, sheep, and baboons (4–8). At present, most people think that oxidative stress of lung tissue caused by hyperoxia exposure is an important reason for the occurrence and development of BPD (9), and preterm is an important risk factor for the occurrence of BPD (10). Thanks to BPD brings many harmful effects to family and society, it is the main work to seek effective prevention and treatment strategies, and the establishment of an effective animal model is the basis of the study of BPD. Therefore, this study proposes that the animal model of BPD in premature rats can be established successfully when they are exposed to high concentration of oxygen, in order to provide a new theoretical model for further study on the prevention and treatment of BPD.



MATERIALS AND METHODS


Ethics Approval

The use and care of laboratory rodents was performed according to the Animal Laboratory Center of Pediatrics, Children's Hospital of Fudan University and approved by the Committee of Animal Laboratory Management and Ethics, Shanghai Children's Hospital.



Experimental Animals

250–300 g healthy adult Specific pathogen Free (SPF) grade Sprague-Dawley (SD) rats, 25 females and five males, provided by Shanghai Sipur-Bikai experimental animal Co., Ltd., animal license No. SCXK (Shanghai) 2018-0006.



Cage Closing and Conception of Rats

Male and female SD rats were fed in metabolic cages at 1:5. The mat and excrement of the cage were checked at 6 a.m. every day. Check the vaginal plug of females, and the day that vaginal plug was checked as the day 0 of pregnancy.



Cesarean Section and Milk Substitute of Premature Rats

On the 21st day of gestation, pregnant SD rats were subjected to cesarean sections. The anesthetics (pentobarbital sodium 10 mg diluted in normal saline 20 ml) were intramuscularly injected at the dose of 30–50 mg/kg. The induced anesthetics were given at 30 mg/kg.

The abdomen was sectioned, and the uterus were pulled out gently after anesthesia. The operator pulled out the uterus gently, and took out the fetal rats quickly. Continue to press the chest of premature rats (60–100 times/min) and give 100% oxygen for 30 min by the operator. The premature rats were fed with the breast milk by the mother rats which delivered naturally (Figures 1A-C).


[image: Figure 1]
FIGURE 1. (A-C) The premature rats were placed in forage and resuscitated with 100% oxygen by operator.




Premature Rats Exposed to Hyperoxia

Eighty preterm rats were randomly divided into two groups 24 h after birth: the air group and the hyperoxia group. The air group was exposed to room air, and the hyperoxia group was exposed to oxygen concentration with 80 ± 5%. At 1, 4, 7, 10, and 14 days after hyperoxia exposure, the lungs of preterm rats were embedded in paraffin and made into 5 μm sections for HE staining.



General and Pathological Observation of Lung Tissue

All analyses were performed by the same author. The color of the lung surface was observed by naked eyes, and the morphology of the histology slides were analyzed by Hematoxylin-Eosin (HE) staining.



Morphology of Lung Tissue

Morphological changes of lung tissue structure at different time points: the basic morphology of lung tissue, alveolar septal thickness, degree of alveolalization, inflammatory cell infiltration were observed under microscope.

Radial alveolar count (RAC): a vertical line was drawn from the center of respiratory bronchioles to the nearest pleura or fibrous septum. The number of alveoli on this line is called the RAC. One section was randomly selected from each preterm rat and observed under microscope (X 100). Five visual fields were randomly selected from each section to calculate the average number, reflecting the number of alveoli in the end respiratory unit.



Statistical Analysis

The experimental data were analyzed by spss20.0 statistical software. The data were expressed by x ± s. The results of each time point in the two groups were tested by oneway ANOVO, and the results of air group and hyperoxia group were tested by two independent samples T-test. p < 0.05 was statistically significant.




RESULT


General Condition of Premature SD Rats

Fifteen SD female rats were successfully pregnant, and 116 premature rats were produced during the operation. Twelve premature rats died due to various reasons such as hemorrhage, poor resuscitation, and rescue effect, feeding difficulties in 24 h after the operation, trampled by adult rats, and so on. Finally, 80 premature rats were divided into two groups: the air group and the hyperoxia group. There was no death in the air group, three premature rats died in the hyperoxia group on the 4th day. Each group was divided into five subgroups, the 1, 4, 7, 10, and 14-days. Each subunit contained eight rats.

There was no significant difference in weight between air group and hyperoxia group at 1d (p = 0.679). In the air group, the rats had good response, rapid weight growth, and normal growth and development. In the hyperoxia group, the rats began to show poor response, decreased autonomous activity, increased respiratory rate, cyanosis of mouth, nose, and limbs, and other dyspnea symptoms gradually increased in the 4d. At 10d, the rats in the hyperoxia group appeared whole body twitch and head tremor without oxygen, and recovered to normal after oxygen supplied. Compared with the air group, the weight of the rats in the hyperoxia group increased slowly at 7, 10, 14 days, the difference was statistically significant (p < 0.05) (Table 1 and Figure 2). At the same time, the color of hair was poor and the time of opening eyes was prolonged. There was no significant difference between the air group and the hyperoxia group in length (p > 0.05) (Table 2 and Figure 3).


Table 1. Comparison of weight between two groups at different time (g).
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[image: Figure 2]
FIGURE 2. Comparison of weight between two groups at different time. Compare with the air group, weight of premature rats in hyperoxia group at 1d, and the weight of the rats in the hyperoxia group increased slowly at the 7, 10, and 14d, which was statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).



Table 2. Comparison of length between two groups at different time (mm).
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FIGURE 3. Comparison of length between two groups at different time. Compare with the air group, there was no difference in length of the premature rats in the hyperoxia group, shows that the premature rats exposed to hyperoxia did not affect the development of length.




Histopathology of Lung Tissue in Two Groups of Preterm Rats

Generally speaking, the lung tissue of the two groups was mainly composed of pulmonary interstitium at 1d, the respiratory and circulatory vascular system was immature, the respiratory bronchioles, and their alveoli were less, the lung parenchyma gradually increased and the interstitial decreased at the 4d, the number of alveoli gradually increased, and the pulmonary bronchi and vascular system at all levels were refined and increased. In the air group, the structure and morphology of alveoli were clear and regular, the alveoli were well-developed, the size of alveoli was uniform, the walls of alveoli were smooth, the alveoli space was thin, no inflammation or exudate was found in the alveoli. Under the light microscope, the alveoli in the hyperoxia group lost normal regular shape and disordered structure, the alveoli became thinner and enlarged, the number of alveoli decreased, especially at 10 and 14d (Figure 4).


[image: Figure 4]
FIGURE 4. (A) HE staining of lung tissue at different time in two groups (×100). (B) HE staining of lung tissue at different time in two groups (×400). When HE stained lung tissue was placed under 100 and 400 times light microscope, it can be seen that compared with the air group, the alveoli in the hyperoxia group lost their normal regular shape and structure disorder, the alveoli space became thinner, the alveoli cavity increased, and the number of alveoli decreased, especially at 10 and 14d.




RAC of Lung Tissue in Two Groups of Preterm Rats

At each time point, the RAC of hyperoxia group was significantly lower than that of air group (p < 0.05), and the RAC of air group gradually increase, while the hyperoxia group gradually decreased (Table 3 and Figure 5).


Table 3. RAC of lung tissue in two groups at different time points.
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[image: Figure 5]
FIGURE 5. RAC of lung tissue in two groups at different time points. From the center of respiratory bronchioles to the nearest pleura or fibrous septum, a vertical line is drawn. The number of alveoli on this line is the RAC, which reflects the development of alveoli. Compare with the air group, the RAC of hyperoxia group was significantly lower than that of the air group (p < 0.05). The RAC of the air group increased while the hyperoxia group decreased gradually after 7 days. ***p < 0.001.





DISCUSSION

In recent years, with the improvement of treatment for premature infants, the survival rate of premature infants, especially very low birth weight infants (VLBWI) and extremely low birth weight infants (ELBWI) has increased significantly (11), and the incidence rate of bronchopulmonary dysplasia has increased (12). BPD is a kind of chronic lung disease (CLD) that causes the poor long-term prognosis in premature infants. Because the children with BPD need longer hospitalization and long-term oxygen therapy, it has many adverse effects on family and society, it is important to research the etiology, pathophysiology, and the corresponding prevention and treatment measures of BPD. To establish an effective and reliable animal model of BPD is the first problem to be solved by researchers. The main inducing factors of BPD animal model are hyperoxia, mechanical ventilation injury, intrauterine inflammation, postnatal continuous hypoxia, and intrauterine hypoxia (13). At present, it is considered that oxidative stress is one of the main risk factors for BPD, and its pathogenesis is the interruption of lung development through the mechanism of interrupting growth factor signal transduction, cell proliferation, apoptosis, and angiogenesis (14). In 2014, Yang et al. observed that the development of alveoli in lung tissue was weakened, and isolated alveolar epithelial cells (AT2 cells) showed epithelial mesenchymal transition (EMT) in newborn rats by hyperoxia exposed for 21 h after birth (15). Therefore, up to now, the animal model of BPD induced by hyperoxia is still the most commonly used.

The development of lung in human usually goes through five stages, including embryonic stage, pseudoglandular stage, tubule stage, vesicle stage, and alveolar stage (16). The relevant time point of lung development is located in the vesicular phase, usually between the 24 and 38th weeks of pregnancy (corresponding to d0, d4) (17). In the alveolar type II epithelial cells of the full-term rats, the existence of pulmonary surfactant indicates that the lung tissue of the full-term rats is functionally mature (18). The development of lung in premature rats (gestational age 21 days) is in the initial stage of the vesicle, which is closer to the stage of BPD in premature infants. At present, BPD animal models are mainly come from hyperoxia induced animal models, which rodents are the most widely used. As early as 1932, some researchers place newborn rats in an environment having an 83.6% oxygen concentration. A month later, there are thickening and hyalinization of the walls with ultimate thrombosis of many in the lung tissue of rats (19). In the next 100 years, many studies established the animal model of BPD by exposing newborn rats to high concentration of oxygen. In 1978, Yam et al. detected the increase of superoxide dismutase (SOD), glutathione peroxidase (GP), glutathione reductase (GR), and glutathione (GSH) in newborn rats increased by exposing to hyperoxia, which proved that the above substances increased the tolerance of lung tissue to hyperoxia injury, and successfully established a BPD animal model of newborn rats with hyperoxia (20). Recent studies have shown that newborn rats are exposed to different concentrations of oxygen (60, 80, and 100%, respectively), and the probability of BPD is not the same. When FiO2 is <60%, the probability of BPD is low (21). In this study, the premature SD rats were used as the experimental objects to make the animal model of BPD by exposing to hyperoxia, which has the advantages of easy access to rodents, relatively short pregnancy cycle and convenient management. At present, most of the known experimental animal models of BPD are full-term animal models, and a few are preterm animal models (22). The smaller the gestational age, the higher the severity of BPD, suggesting that premature is another important risk factor for BPD (23). The development of lung in the 21-days pregnant SD rats was in the period of vesicle during delivery, similar to that of the premature infants (24). A number of studies at home and abroad have proved that hyperoxia exposure causes the structural abnormality of pulmonary microvasculature in rats, which is similar to the pathological changes of lung tissue in premature infants with BPD (25). In 1998, the premature rats delivered by cesarean section on the 21st day of pregnancy were exposed to high concentration of oxygen. By comparing the production of pulmonary surfactant, it was confirmed that premature exposure to more than 95% of oxygen for 7–14 days, the clinical morphological characteristics of lung in preterm rats was similar to that of human premature infants (26). Similarly, Zhu et al. proposed that hyperoxia induce lung injury in preterm rats, in order to explore the dynamic expression and role of SUMO modified C/EBP α in BPD (27). In this experiment, premature SD rats were used as the experimental objects. The rats in hyperoxia group were exposed to high concentration oxygen at 0, 4, 7, 10, 14d, respectively. The experimental results showed that the animal model was established successfully by comparing the weight, length, pathological changes of lung tissue, and RAC count of premature rats, the results have continuity in time as well. Postnatal growth restriction (PTGR) and hyperoxia can reduce the VEGF signal conduction in the lung, and cause abnormal pulmonary vascular and alveolar development in premature and rodent models, resulting in bronchopulmonary dysplasia, and pulmonary hypertension (28). Some studies have confirmed that malnutrition in the early postnatal period will increase the risk of BPD in premature infants (29), so the impact of PTGR on the lungs cannot be ignored.

In this study, compare with the air group, the premature rats in hyperoxia group showed poor response, decreased activity, and dyspnea with the increase of exposure to hyperoxia, and the weight growth was slow from the 7d, the difference was statistically significant (p < 0.05), However, there was no significant difference between the two groups in length (p > 0.05). Histopathology of lung tissue showed that the alveoli in hyperoxia group lost normal regular shape and structure disorder, the alveoli became thinner and the alveoli cavity enlarged, the number of alveoli decreased, especially on the 10d and 14td, and the RAC was significantly lower than that in air group (p < 0.05), these changes are consistent with the pathological changes of BPD in preterm infants (30), indicating that we has successfully established an animal model of hyperoxia exposure to BPD.

The animal model of BPD provides an important basis for the study of the possible mechanism and prevention and control strategy of the disease. However, due to the diversity of the etiology of BPD, there are many ways to establish the animal model of BPD. It is still necessary to further study to find a simpler and more similar with premature infants in BPD. But no matter which animal model is used, it needs to combine the clinical significance to make the experimental data better to reduce the disease.
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The increase in preterm infants' survival over the last 30 years has shed light over their inability to feed by mouth safely and efficiently. With adverse events such as increased risks for oxygen desaturation, bradycardia, penetration/aspiration, infants' hospitalization in neonatal intensive care units (NICUs) are understandably prolonged. Unfortunately, this leads to delayed mother-infant reunion, maternal stress, breastfeeding obstacles, and increased medical costs. Such impediments have stimulated clinicians and researchers to better understand the underlying causes and develop evidence-based solutions to assist these infants. However, it is notable that the research-to-practice translation of this knowledge has been limited as there are still no validated guidelines or protocols as how to best diagnose and care for these infants. This report revisits the immature physiologic functions at the root of these infants' oral feeding difficulties, the current practices, and the recent availability of evidence-based efficacious tools and interventions. Taking advantage of the latter, it presents a renewed perspective of how management strategies can be tailored to the specific needs of individual patients.
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INTRODUCTION

Oral feeding difficulties in children is a subtle condition that is not a well-recognized public concern. It has been reported that 20–50% of healthy developing children encounter such complications (1, 2). This incidence can rise to 80% for children with developmental disabilities and complex medical conditions, such as prematurity, cerebral palsy (https://.asha.org/PRPSpecificTopic.aspx?folderid=8589934965&section=Incidence_and_Prevalence). In a recent study of moderate preterm infants [290/7-336/7 weeks gestational age (GA)] from 18 sites within the NICHD Neonatal Research Network, “inadequate oral feeding” was the most prevalent barrier to hospital discharge. Of the 56% (3,376/6,017) of infants who remained hospitalized until 36 weeks postmenstrual age (PMA), 37% (1,262 infants) were clinically stable “feeders and growers” whose only delayed discharge was due to inadequate oral feeding performance (3).

In neonatal intensive care units (NICUs), as the survival of infants born prematurely increased, it has come to light that for many of them, attainment of independent oral feeding is a struggle leading to prolonged hospitalization, while increasing maternal stress and medical cost (3–5). Such condition is often followed by re-hospitalization or visits to feeding disorder clinics as our current knowledge-based practice for the care of these infants has not kept up with their increased survival (5–8). This is reflected by the lack of validated and structured oral feeding guidelines at how to best manage these issues and the large variations in practices between hospitals (3, 9–11). As attainment of independent oral feeding is one of the three criteria infants need to meet prior to home discharge (5), the faster they can wean from tube feeding safely and efficiently, the sooner they can be reunited with their mothers. Such accomplishment is based on their ability to complete all their feedings (breast or bottle) with no adverse events, e.g., oxygen desaturation, bradycardia, within an allotted period of time, e.g., 20–30 min to avoid excessive energy expenditure, while demonstrating appropriate weight gain, e.g., ~15 g/kg/day.

The purpose of this report is to present a review of the current practices and the efficacious research tools/interventions developed over the last two decades shown to shorten time to safe and efficient attainment of infant independent oral feeding. In combining this research knowledge with current clinical practices, a novel feeding management plan/guidelines catered specifically to the care of individual infants in NICUs is presented.



WHAT DO WE KNOW?


Immature Physiologic Functions Are at the Root of Preterm Infants' Oral Feeding Difficulties

Generally, in clinical practice, the evaluation of a particular patient's condition(s) begins by conducting a differential diagnosis based on the systematic review of possible causes before his/her management plan is developed. However, it was not until the survival of preterm infants in NICUs increased that healthcare providers' concern over infant oral feeding difficulties came to light. As such there was a limited understanding of the neuro-physiologic and -motor components implicated in their ability to feed by mouth. This led to an increased interest in understanding the maturation of their oral feeding skills and in the development of tools and therapies to assist these young patients more readily wean from tube feeding. It is following the development of the oro-motor kinetic monitoring (OMK) technology that our laboratory began to understand the complex involvement of the different neuro-motor and -physiologic functions required for these infants to feed safely and efficiently (12–16).

At present, for infants with oral feeding challenges, the focus has been primarily on infants' ability to suck, swallow, and breathe. However, amiss in this rationale is the role of the esophageal function (17, 18). Indeed, the transport of a bolus from the mouth to the stomach involves two elements that independently ensure efficiency and safety. Efficiency relates to the proper coordination of the phases of the Swallow Process; namely, the formation of the bolus during the oral phase, its swift transport through the pharynx during the pharyngeal phase, and through the esophagus during the esophageal phase (19). Safety in swallowing, for infants as well as adults, relates to the proper timing of respiratory inhalation/exhalation during the pharyngeal phase of swallowing to prevent O2 desaturation and/or liquid aspiration/penetration into the lungs during inhalation (20, 21). The difficulty in diagnosing the origin(s) of oral feeding difficulties results from the fact that uncoordinated or improper execution at any phase of the Swallow Process can lead to the same visual adverse responses shown in Figure 1, e.g., drooling, poor lip seal, oxygen desaturation, pulling away, and feeding aversion. Consequently, based on the commonality of behaviors demonstrated by infants during oral feeding and the lack of appropriate tools to properly monitor the functionality of each phase of the Swallow Process and respiration, it is difficult for caregivers, as observers, to identify the cause(s) responsible for the onset of such events. It is for this reason that the current knowledge-based management plans devised by feeding therapists for bottle- and breast-feeders, i.e., occupational therapists, speech language pathologists, lactation consultants, raise concerns among their multi-disciplinary team members whose viewpoints understandably are influenced by their respective professional training and expertise. Additionally, consensus for best practice is often challenged by the use of qualitative/descriptive over quantitative/objective approaches. This is particularly germane when any resulting benefit may simply be due to infants' normal maturation (22). Other significant factors also impact preterm infants' oral feeding performance. Their abrupt transition from an in-utero to ex-utero environment forces them to adapt to conditions that they are not developmentally prepared for, e.g., bright lights, loud sounds, varying temperatures, unsupported forced postures (10). As basic physiologic/behavioral/organizational functions, e.g., sleep/awake, calm/agitated, mature at different times, studies have shown that exposure to such variety of NICU stressors has been correlated with changes in infant brain structures and functions (23, 24). In brief, the multitude of maturational and environmental factors that lead preterm infants to exhibit similar adverse events during oral feeding makes it is difficult to identify the culprit(s) at the origin of their oral feeding difficulties.


[image: Figure 1]
FIGURE 1. Commonality of “visual” adverse responses caused by untimely events at any level of the Swallow Process.




Current Knowledge-Based Practice Guidelines, Tools, and Interventions

When advancement of infant oral feeding in NICUs is hampered, feeding therapists are commonly consulted (19, 25, 26). Due to the lack of available devices to monitor infants' sucking skills, non-nutritive assessment follows standardized plan based on visual and sensory feedback whether infants are bottle- or breast-feeding. Using a gloved finger, therapists assess the anatomical development of infants' oral structures, e.g., hard/soft palate, gum line, and lingual mobility, e.g., lateralization, cupping, stripping. As the infant is sucking on the therapist's gloved finger, functional development is assessed by visual and tactile feedback, i.e., watching the movement and coordination of cheeks, jaws, and lip seal around the finger, the relative rhythmicity of pressure forces applied on the finger, and respiratory bursts/pauses. Evaluation of nutritive sucking skills conducted during bottle feeding is based on similar visual assessment of cheeks, jaws, lips, and the relative coordination of suck, swallow, and respiration while watching for any adverse events, e.g., choking, O2 desaturation, pushing back (12). As infant organization/states or external factors such as NICU surroundings, may interfere with performance, a management plan that encompasses the above concerns is proposed that may include varied perioral stimulations, e.g., cheek and chin support, pacing, non-nutritive oral motor stimulation (NNOMT), adjusting feeding positions, e.g., sidelying vs. semi-reclined, dimming overhead lights, etc. (10, 27, 28). In recent years, responsive/cue-based/“infant driven feeding” approaches have grown in popularity. However, in the absence of data providing strong evidence of study design stringencies, a recent Cochrane Intervention Review recommended that “a large RCT [randomized controlled trial] would be needed to confirm “their benefits and determine if such approach may affect other important [preterm infants'] outcomes” (29, 30). When flow rate during bottle feeding is deemed too slow or too fast, it is normally addressed by changing nipples claimed to be slower/faster as per manufacturers (31–34). Insofar as caregivers' decisions are subjective and use trial and error approaches, at times, there lacks a general consensus among the multi-disciplinary members of the NICU team regarding best treatment (27, 28, 35, 36).

The health benefits gained by mothers and infants through breastfeeding are no longer disputed (37–40). In addition to the nutritional advantage mother's milk offers over artificial formulae, breastfeeding is the optimal nurturance infants can receive from their mother through their close physical contact. Indeed, a mother's balanced nutritional and maternal care will benefit her child's not only nutritionally, but also non-nutritionally in the provision of appropriate stimulation of their infants' maturing neuro-physiologic/-motor/-behavioral functions (41–46). Breastfeeding challenges for NICU infants has similarly increased the demand for lactation consultants. Evaluation for breastfeeding difficulties assesses maternal factors e.g., nipple shape, degree of elasticity/protractility as they may interfere with infant's performance and ability to latch-on and remain latched-on during a feeding (6). As breastfeeding requires the involvement of both mother and infant, when infant breastfeeding difficulties arise, any evaluation requires not only assessment of infant oral feeding skills, but just as importantly the lactation performance of their mother. It remains unclear whether a mother's mammary development and function is affected by her shortened gestation. Lactation may be impaired not only by milk supply and milk release during breastfeeding, but also by mother's motivation to breastfeed, her overall well-being, and stress (41, 47). It is well-acknowledged that stress can interfere with the neuro-endocrine regulation of lactation both at the level of milk synthesis and milk release/ejection (6, 41, 46). Although a number of breastfeeding assessment scales have been developed based on a variety of infant behavioral criteria, they are not yet well-recognized (48–53). This situation is similar to that of feeding therapists' evaluation of infant's bottle-feeding difficulties as lactation consultants' feedback lack objective evidence-based studies supporting their proposed treatment(s). Nevertheless, the broad variety of current knowledge-based bottle and breastfeeding approaches proposed by feeding therapists underscores “the importance of strategies for stimulation of [infant] sensory-motor-oral system to decrease the period of transition to full oral feeding system” (35).



Novel Research Tools/Interventions

A small number of devices have been developed to monitor infant non-nutritive and nutritive sucking. As described on their respective website, the NTrainer system (innarahealth.com) specifically monitors infants' non-nutritive suck and has developed non-nutritive assessments and therapies that “have been proven to reduce time to full oral feeding […] and length of stay […] in the NICU1.” The NFANT® Sensor (nfant.com) monitors infant lingual movements during feeding and assist clinicians to “quickly determine optimal feeding parameters through objective metrics” using their Nfant Feeding Solution and Analytics. The Medoff-Cooper Nutritive Sucking Apparatus (M-CNSA) is a research tool that monitors sucking pressure (54).

Due to the commonality of the “visual” adverse symptoms that arise from dysfunctionality(ies) at the various levels of the Swallow Process (Figure 1), our approach attempted to examine the proper functionality at these levels. As our intention was first to specifically understand the development of infant nutritive sucking, our studies were conducted during bottle- rather than breast-feeding as the impact of any maternal inputs through their behavior and milk availability would obligatorily add non-controllable external variables that would not be indicative of their infants' true competence. As infants comorbidities, e.g., bronchopulmonary dysplasia, post necrotizing enterocolitis, could interfere with infants oral feeding performance, our subjects were recruited from clinically stable very low birth weight (VLBW) preterm infants, i.e., “feeders and growers,” whose discharge from NICUs were only delayed due to their inability to adequately feed by mouth (3, 13). Following the development of the oro-motor kinetic monitoring (OMK) technology, we gained a substantial understanding of the maturation of VLBW infants' nutritive and non-nutritive sucking and how appropriate synchronization of suck-swallow-breathe was necessary to ensure safe and efficacious oral feeding. With the understanding gained from the OMK technology, the development of additional tools and interventions naturally followed.


The Oro-Motor Kinetic Monitoring Device (OMK) Technology
 
The OMK Nutritive Assessment Strategy (OMK-NS)

To follow the natural development of infant nutritive sucking, the OMK-NS was developed using miniature sensors appropriately placed on the bottle nipple. As such, it can directly monitor the shape/form and strength (mmHg) of the two components of sucking, i.e., Suction and Expression (55). Suction corresponds to the negative intra-oral pressure generated with the closing of the nasal passages by the soft palate and lowering of the jaw that draws milk into the mouth, similar to drinking from a straw. Expression, in turn, corresponds to the compression and stripping of the nipple by the tongue against the hard palate to eject milk into the mouth. With this device, we described five stages of nutritive sucking (NS) maturation based on the presence/absence of suction, expression, their respective rhythmicity, and synchronization with one another (16). We have also shown that this technology can be readily adapted to the breast nipple during breastfeeding.

To simultaneously monitor the sucking-swallowing-breathing events during bottle feeding, two drums placed over the hyoid and diaphragm allowed for the capture the pharyngeal swallow reflex and respiratory effort (56), respectively. This provided evidence for the importance of the proper temporal coordination of sucking, swallowing, and respiratory functions (14, 16, 57, 58). If connected to infants' vital signs monitors, Figure 2 shows how one can monitor at the same time infants' clinical status.


[image: Figure 2]
FIGURE 2. Simultaneous OMK-NS monitoring of nutritive sucking, i.e., suction, expression (base and tip), swallow, respiration, O2 saturation, heart rate. Note: Expression monitored at base and tip of tongue for assessment of lingual mobility, e.g., compression, stripping.


The clinical importance of pediatric esophageal dysphagia is well-recognized by pediatric gastroenterologists (59). As the gastrointestinal (GI) system of the pig is the closest to that of the human (60), we conducted a study on preterm piglets using a 4-port “multi-channel” esophageal catheter provided by our co-author (Omari T) and obtained evidence supporting the importance of the proper maturation of esophageal peristalsis as another essential component for the safe and swift transport of a bolus from the oral cavity to the stomach (17). Preterm piglets demonstrated similar susceptibility to necrotizing enterocolitis and oral feeding issues as their human counterparts, e.g., milk leakage, regurgitation, limited endurance, inability to complete a feeding. When compared to healthy term piglets, the occurrence of the mature pattern of aboral propagating peristaltic waves for bolus transport, i.e., from upper esophageal sphincter to stomach, was significantly less frequent and of slower velocity (17). The development of monitoring devices has been problematic due to infants' fragility and small sizes. However, devices for the assessment of esophageal function, using high resolution manometry with and without impedance (HRIM/HRM) are becoming adaptable to the pediatric population (61–65).



The OMK Non-nutritive Assessment Strategy (OMK-NNS)

The OMK technology can be adapted for non-nutritive sucking assessment on a pacifier or a disposable glove as used by feeding therapists for their consults, providing objective quantitative measures similar to those obtained during nutritive sucking (OMK-NS) e.g., pressure force (mmHg) of suction and expression, NNS frequency, shape/form of these two components, duration of pauses and sucking bursts that cannot be identified otherwise (10, 12, 13). It is advanced that if used for the preliminary clinical evaluation of infant oral feeding skills, therapists' recommendations based on objective outcome measures would be more readily accepted by their NICU team members than currently viewed. Of value, the OMK-glove may be a valuable tool for the objective training of new feeding therapists as they can learn to interpret the variations of their sensory feedback from the recordings obtained. With the OMK technology, we confirmed that nutritive sucking occurs at 1 cps vs. that of non-nutritive sucking at 2 cps (66). This is a useful means to help determine if milk release is occurring when infants are nutritively vs. non-utritively sucking on the breast. When thickeners are added to formula/breastmilk during bottle feeding to decrease reflux, they may occlude the nipple hole preventing milk outflow. This can be readily recognized if infants begin sucking non-nutritively at 2 cps. Of interest, we have observed that infants' non-nutritive sucking is already mature by the time oral feeding is initiated. This implies that the oro-motor competence to generate suction and expression is already attained (12). For this reason, the observation of “rhythmic” sucking on a pacifier/finger is incorrectly used as an index of readiness to feed.




The Oral Feeding Skills Scale (OFS)

The Oral Feeding Skills scale (OFS) is a 4-level clinical scale developed as a simple objective indicator of infants' feeding ability. It has the unique advantage that it does not require any special device, only the recording of the percent volume taken over volume prescribed during the first 5 min of a feeding (“proficiency”) and the rate of milk transfer (ml/min) over an entire feeding (“endurance”). The OFS assessment presumes that prior to all oral feedings, infants are left undisturbed 30 min prior in order to ensure minimal fatigue before they are fed. As shown in Figure 3A, proficiency on the X-axis is used as an estimate of infant's “true” feeding skills as fatigue is minimal. Rate of milk transfer on the Y-axis is used as an index of endurance or how fatigue impacts an infant's overall feeding performance (67). Four levels of OFS skills are delineated by cut-offs of proficiency set at 30% and “endurance” at 1.5 ml/min for VLBW infants (67), and 40% and 1.5 ml/min for late preterm, respectively (68). These four OFS levels distinguish proficiency (true feeding skills) and endurance levels as “high” or “low.” Figure 3B presents the levels of these two measures at each OFS levels, I–IV, and their correlation with infant overall feeding performance or overall transfer, i.e., percent volume taken/volume prescribed at a feeding. A significant correlation was observed between each OFS levels and % overall transfer (67). It is of interest to note that OFS levels II and III show that proficiency and endurance, on their own, have equal impact on overall transfer [~80%; Figure 3B]. Potential interventions comprising “targeted interventions” and “endurance training” to assist infants when tested at these individual OFS levels are based on their respective proficiency and endurance (Figure 3B). Figure 3C confirms that preterm infants can demonstrate the whole range of OFS levels I–IV when monitored at their first oral feeding (67). This would explain why, as caregivers, we are familiar with the disparity that infants of same GA and PMA may show broad ranges of oral feeding aptitudes.
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FIGURE 3. (A) The four OFS levels delineated by: Proficiency on the X-axis at 30 and 40% for VLBW and late preterm, respectively; Endurance on the Y-axis at 1.5 ml/min. (B) Interpretations and Clinical Validation of the OFS Levels, Feeding Skills (Pro: proficiency), Endurance (RT: rate of milk transfer), Overall transfer (% volume taken/volume to be taken), Potential targeted interventions for the respective “low” levels at each OFS levels (see Figure 5). (C) Percent occurrence of OFS levels (I–IV) in three groups of infants born at 26–29, 30–33, and 34–36 weeks GA at their first oral feeding (~35 weeks PMA); n: number of subjects/group. Note: broad variations of OFS levels at each GA.


The OFS scale offers several advantages: (1) It can be used at any feeding with no special device and without interfering with infant's task because taking a reading of the volume taken at ~5 min into a feeding coincides with an initial recommended “burping” pause. (2) As it is correlated positively with infants' % overall transfer during a feeding (Figure 3B), it becomes an objective index of the correlation between infants' oral feeding skills and performance over time. (3) The observation that infants of similar GA monitored at similar PMA demonstrate all four OFS levels confirms that their oral feeding skills mature at different rates (Figure 3C). As such, care should be taken not to interpret that infants falling below “expectation” are delayed. (4) With the ability to monitor the maturational progress of an individual infant's proficiency and endurance, the OFS offers the opportunity to differentiate the impact that the maturation of “true” skills (proficiency) and fatigue/endurance can have on infant overall performance (10). Consequently, infants' OFS levels are better indicators of oral feeding competence than the use of PMA or aptitude to suck on a pacifier. (5) The efficacy of an intervention on a particular infant can be verified as it would be reflected by improved OFS level along with corresponding oral feeding performance (10). Providers need to remember that if a particular intervention is not beneficial for one infant, it can be for another as the cause of their respective dysphagia may lie at different levels of the Swallow Process. (6) Finally, when used in patient rounds, the 4-level OFS scale offers team members an objective/quantitative feedback of a patient's performance over time that the current subjective/descriptive approaches cannot, e.g., “baby fed well,” “poorly,” “better/worse than the day before.” Due to its objective feedback, the OFS scale has been adopted into patient's medical records in some hospitals as well as in research.



The Infant Self-Pacing (ISP) Feeding Bottle

The principles of the ISP bottle eliminate two properties of fluid physics that occur within a rigid standard bottle as it empties when an infant is feeding. As a standard bottle empties during a feeding, a natural increase in internal vacuum build-up occurs hindering fluid outflow. This leads infants to suck harder to first overcome the internal vacuum before obtaining milk, likely increasing unnecessary energy expenditure (Figure 4A). The positive hydrostatic pressure exerted by milk over the nipple hole when a bottle is tilted naturally leads to a disruptive “milk drip” whether the baby is sucking or not (69) (Figure 4B). With the elimination of the natural internal negative pressure build-up after each suck and “milk drip” (Figure 4C), the control of the feeding is given to the infant and not the caregiver because the infant does not need to suck harder (preserving energy) to overcome the increasing internal negative pressure and can pause to rest/catch-up breathing whenever needed without milk dripping in his/her mouth. Although the volume of a milk “drip” may not appear of significance, it should be noted that the average bolus size of VLBW infants average 0.14 ± 0.06 ml when they transition from tube to independent oral feeding. This is significantly less than the 0.22 ± 0.07 ml monitored in full term infants during their first 2 weeks of life (14).
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FIGURE 4. (A) Internal vacuum build-up from 1 atm (0 mmHg) to −22 mmHg after first sucking burst maintained as infant did not release the nipple, decreasing to −32 mmHg after a second sucking burst. Infant would need to generate a sucking force >32 mmHg in order to obtain milk. (B) a positive hydrostatic pressure over a nipple hole leads to a natural outflow (drip) whether infant is sucking or not. (C) ISP principles: Elimination of internal vacuum and hydrostatic pressure over nipple hole gives infants control over their own feeding.


In general, bottle feeding is controlled by caregivers who, through visual and auditory sensory feedback, determine whether a feeding ought to be maintained or stopped. Unless obvious adverse events occur, e.g., turning blue, pushing away, triggered hospital alarms, the feeding is continued. Caregivers may take different approaches in “assisting” their infant's feeding such as increasing/decreasing milk outflow by using fast or slow flow nipples, offering softer/harder nipples, providing “encouragement” to complete a feeding, or stopping the feeding because infant appears satiated. Under such circumstances, it is unclear the bases upon which such rationales arise because without appropriate devices, we know that immature neuro-motor/-physiologic events cannot be readily detected, e.g., dys-coordination of suck-swallow-respiration-esophageal motility, silent penetration/aspiration, non-overt gastro-esophageal reflux.

To our knowledge, the ISP is the only feeding bottle that gives control of the feeding to the babies. Whenever needed, e.g., rest, catch-up breathing, it allows them to stop with the bottle in the mouth without being overwhelmed as milk drip is also eliminated. This assumes no caregivers' inputs during feedings. With the ISP, we observed that a greater percentile of infants completed their feeding with no adverse events. This was achieved at a faster rate while using a more mature OFS level than control counterparts feeding from a standard bottle (69, 70). Therefore, we speculate that infants, with normally developing central nervous system, are able to reflexively regulate their nutritive sucking in the absence of external controlling factors. This assumption is based on anatomical evidence that the respiratory, sucking, and swallowing centers are anatomically in close proximity from each other in the brainstem, with separate pools of motor neurons implicated in their respective sequential rhythmic movements and regulated by central pattern generators (CPGs) (71, 72). The existence of an intrinsic “tau (τ)” guide acting as a common processor that links timing events of different motor movements has been proposed (73–75). A similar theory of cross-system interactions between suck, swallow, and respiration has been advanced to explain the ability of these functions to rapidly re-adjust to variations occurring at any one of these levels during oral feeding (76). The essential integrity of sensory afferents signaling changes in physiologic and environmental functions has also been proposed for the proper regulatory feedback of these individual functions (77).

From such understanding, the following tools along with evidence-based tested interventions we developed are described below.



Interventions That Enhance Infants' Oral Feeding Aptitude

Infant oral feeding performance does not solely relate to the proper maturation of infants' oral feeding skills. Their clinical status, behavioral states, infant's organization, and environmental conditions at feeding time are well-known contributors to a successful feeding (6). Oral feeding is optimized when infants are in drowsy/alert inactive, quiet awake, and/or alert state as defined by the Newborn Individualized Developmental Care and Assessment Program (NIDCAP) (78–80). As mentioned earlier, environmental conditions such as bright light, loud surroundings, fluctuating temperatures, infant unsupported posture are disruptive (10, 81). Consequently, the development of any intervention needs to encompass not only uni-modal approaches targeting physiologic functions, e.g., sucking, swallowing, respiration, esophageal function, but also multi-modal approaches that encompass the above “deterrent” factors. Provision of multi-sensory stimulations to offset these negative factors are varied and have focused on tactile, auditory, and olfactory senses, e.g., skin-to-skin holding/kangaroo care, infant massage/tactile-kinesthetic, music therapy, maternal pheromones. Except for the benefits of the well-acknowledged skin-to-skin holding (82, 83), music and massage therapy along with maternal pheromones will require further confirmation (84–86). We examined the potential benefits of some of these interventions on infant oral feeding difficulties as few of them have been used for this purpose. The OFS scale was used as an index of oral feeding skills, while days from initiation to independent oral feeding was used as index of oral feeding performance. We demonstrated the benefits of a specific non-nutritive oral motor training protocol (NNOMT) and a swallow exercise directed at sucking and swallowing, respectively (10, 87–89). The use of a protocol consisting of active non-nutritive sucking on a pacifier that followed the same schedule as that of the NNOMT did not replicate the benefit observed with the latter (89). As the general benefits of infant massage for infants and parents are well-recognized (90, 91), we verified its beneficial effect on preterm infants' oral feeding using the massage protocol developed by Field for preterm infants (92). This intervention was similarly effective on improving infants' OFS levels and accelerating their attainment of independent oral feeding (87). Over the years, various infant feeding positions have been advocated as “optimal,” e.g., the customary semi-reclined (control), upright, and sidelying. As each lacks evidence-based support, we examined VLBW infants' performance when fed under these three conditions. No statistical difference in transition time from tube to independent oral feeding was observed (28). It should be noted that no infants in the above studies demonstrated any adverse events during their feedings.

From a common sense approach, as poor endurance is commonly linked to poor feeding performance, “endurance training” is suggested whereby a feeding duration is stopped when the infant shows signs of fatigue, e.g., increased pauses, changes in organization or state, rather than “encouraging” the infant to continue. For instance, if an infant is following a regimen of 2 oral feedings/day (20 min/feeding), but cannot continue after 10 min, a revised schedule of 4 oral feedings/day (10 min/feeding) regimen may be more appropriate and advantageous. Indeed, one may reason that the duration of “practice” time is the same, i.e., 40 min/day, but training during these 40 min in the latter case occurs at a time when the infant has greatest endurance. This principle addresses the common saying that “practice makes perfect” as long as the practice duration remains productive. This premise is based on the appreciation that brain plasticity can reorganize sensori-motor areas following beneficial and detrimental practices (93, 94). Consequently, to optimize beneficial sensory inputs, if fatigue were recognized and oral feeding regimen were revised accordingly, detrimental consequences such as oral feeding aversion, regurgitation, aspiration/penetration, may be reduced. Along this line of reasoning, it is proposed that the ISP bottle may be considered an appropriate intervention as it gives control of the feeding to the infants. With control of flow rate and pauses, infants would experience optimal sensory inputs.





WHAT CAN WE DO?


Flexible Individualized Management Guidelines

Customarily, the evidence-based efficacy of any intervention on a particular population is confirmed by following appropriately designed studies or randomized clinical trials using appropriate statistical approaches. However, as the functional maturation profiles of preterm infants of same GA and PMA are not uniform, as shown in Figure 3C, one ought not presume that if an intervention does not demonstrate statistical efficacy for a group of infants, that it cannot be efficacious for some of them. Insofar as the care of healthcare providers is directed toward individual patients, it is advanced that the ease-of-use of the OFS scale can help identify individual infants who do or do not benefit from a particular intervention. A fitting example relates to our earlier study on “optimal” feeding positions wherein no statistical difference in transition time from tube to independent oral feeding was observed between positions (28). If the OFS scale had been used to follow individual infants' progress as they transition from tube to independent oral feeding, identification of the ones who did and did not benefit from being fed semi-reclined, upright, or sidelying could have been identified. As such, one of the advantages of the OFS scale is to allow close monitoring of the efficacy of any intervention on individual infants (10, 89). It is based on the simplicity of use of the OFS scale that the individualized management protocol below is presented. This approach is similar to the one used by feeding therapists in the development of their management plans with the advantage that monitoring performance with the OFS scale will provide objective outcome measures that have been shown to correlate with proficiency, endurance, oral feeding skills, and performance (Figures 3A,B).

Consequently, it is advanced that the routine use of the OFS scale will allow caregivers to closely monitor the oral feeding skills of their individual patients. The guidelines described below make use of a “research-to-practice” translation to complement the current clinical practices. Although we do not know the initial causes of individual infants' dysphagia, we do know that they may arise from their clinical status, non-feeding, and feeding related factors, e.g., O2 desaturation, behavioral organization/state, immature oral feeding skills, respectively. For each of these three categories, there are evidence-based beneficial interventions available as presented earlier (Figure 5). Proficiency can be used as an estimate of infants' nutritive sucking ability when fatigue is minimal, while rate of milk transfer can be used as an estimate of infants' endurance as a function of their clinical status, behavioral organization/state, and/or stress (95–99). Thus, considering all the factors that may impact preterm infants' ability in attaining independent oral feeding, Figures 5, 6 are proposed targeted interventions and general guidelines that may be considered in the management plans of individual NICU infants. As the quality of their feeding performance is primarily measured clinically by their % overall transfer, Figure 5 proposes that with overall transfer ≥ 80% or OFS level IV, no interventions are proposed to allow for infant “self-maturation.” With overall transfer <80% and/or OFS I–III, interventions may be offered to support infants' feeding performance based on their clinically related vitals, non-feeding related organization/state, and/or feeding skills as assessed by their OFS levels. Under each of these categories, targeted interventions are proposed based on clinical practices and objective evidence-based studies presented earlier. In regard to feeding related factors, proposed interventions are based on the interpretation of the OFS levels presented in Figure 3B.
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FIGURE 5. Proposed approaches based on individual infant's challenges, i.e., Clinically related, Non-feeding related, Feeding related; (+) Adequate, (–) Inadequate; OFS levels I, II, III.


Figure 6 is a suggested flexible algorithm using the OFS scale as the “monitoring device.” The protocol calls for “reassessments” in 2-day block of times to allow for infants “self-maturation.” This 2-day block window is based on our clinical observations that some infants, on their own, can show improvement in their oral feeding aptitude within 2 days in the absence of any interventions. Two paths are described. At a feeding therapist's initial bottle feeding consult, if infants demonstrate an OFS level IV and/or overall transfer ≥ 80% (Path I), progression of oral feeding would be based on the provider/team's recommendation in oral feeding advancement with no needed intervention. With OFS levels I to III or overall transfer <80% (Path II), infants will be offered targeted interventions listed in Figure 5 based upon their clinical stability, organization/state, and/or OFS skill levels. It should be reminded that monitoring infants' OFS levels requires minimal effort as proficiency can be computed at any feeding session by simply measuring the volume taken during the first 5 min at a “burping” pause in addition to the overall transfer and feeding duration that are customarily collected by caregivers. Daily intervention frequency and duration can be offered based on individual infants' clinical status, e.g., 15 min/day and reassessed in 2-day blocks. If a positive effect is observed in either OFS levels or % overall transfer, infant can be moved into path I when OFS level IV or overall performance ≥ 80% is achieved. If no progress is observed after two 2-day blocks, i.e., 4 days of intervention, a change in intervention may be appropriate as the earlier intervention may not have targeted the appropriate level of the Swallow Process. An assessment using the OMK-NS monitoring system may be recommended in order to directly assess the maturation stage of infants' nutritive skills and suck-swallow-respiratory coordination if necessary. Referral to other pediatric subspecialties, e.g., Pediatric Ear Nose and Throat, Gastroenterology, Pulmonology, Cardiology, may be recommended. Any regression in oral feeding performance would naturally require further medical examination as it may be due to “yet” undetected clinical issues, e.g., sepsis, GI issues, silent gastro-esophageal reflex. The “flexibility” of the proposed guidelines is based on the recognition that due to the broad variations in preterm infants' developmental profiles, caregivers ought to remain flexible in the management plans they devise.
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FIGURE 6. Flexible individualized guidelines based on OFS levels; Path I for OFS level IV and Overall Transfer > 80%; Path II for OFS level I to III and Overall Transfer < 80%; interventions provided in 2-day blocks; (yes) positive effect; (no) no effect after 2-day block (see text for details).


As mentioned above, the focus placed on bottle feeding described in our work does not reflect any partiality for bottle- over breast-feeding, but rather a first step at understanding the development of infants' own skills in the absence of any potential maternal input(s) that may occur during breastfeeding, e.g., poor lactation, maternal own comfort to breastfeeding, infant proper attachment to the nipple-areolar complex. The OFS assessments in the NICU does not threaten infants' breastfeeding opportunities as most infants who are primarily breastfeeding are bottle fed when mother is not present. In fact, their OFS levels may help parents and caregivers identify potential breastfeeding difficulties resulting from infant's proficiency and endurance (Figure 3A). One may speculate that improvement of these infants' OFS levels may also lead to improved breastfeeding skills, e.g., latching-on, and earlier breastfeeding success.

Insofar as our tools and intervention programs can be readily used by healthcare providers in hospitals as well as out-patient settings, it is advanced that their adoption in clinics could provide a “Continuum of Care” approach that would allow “feeders and growers” to be discharged earlier from NICU and reduce medical costs, as such care can be readily assumed by out-patient services offering the same oral feeding management protocol.

In brief, the intent of these proposed flexible guidelines is to introduce to clinicians the evidence-based beneficial tools and interventions developed through research over recent years that could benefit the care of their high-risk patients with oral feeding challenges.



Caveats

It is recognized that the knowledge we gained from our research will require confirmation via additional well-designed studies. However, the above proposed guidelines are based on the following justifications:

1. Preterm infants' difficulties in attaining safe and efficient oral feeding lead to prolonged NICU hospitalization, increased maternal stress, and medical costs. As such, the sooner they attain independent oral feeding safely and efficiently, the better.

2. Due to our limited understanding of the cause(s) leading to oral feeding difficulties, the current practices provided by feeding therapists lack evidence-based backing and consensus from team members as any benefit may be due to the infant's normal maturation.

3. In general, any new treatment/therapy requires additional well-designed studies to confirm and validate their efficacy. Insofar as our proposed guidelines address the care of individual infants rather than groups of infants, it is advanced that such approach may not be relevant. As mention earlier, we do not yet have the technology to determine the origination site(s) of an oral feeding problem in the Swallow Process and thus cannot identify the appropriate targeted intervention(s) to best treat them. For instance, if the adverse events observed on a particular patient originated at the “Safety” level, i.e., Respiration-Pharyngeal phase of swallowing (Figure 1), providing NNOMT treatment would likely not show any benefit. As such, providers need to remember that if a particular intervention is not efficacious for one infant, it can be for another as the cause(s) of their dysphagia may lie at different levels of the Swallow Process. This is the reason why in the proposed algorithm (Figure 6), a “trial and error approach” is used as different targeted interventions would be offered in two 2-day blocks, if no benefits are observed.

4. We speculate that the development of individualized management care plans that combine current feeding therapists' practices with the tools and interventions presented would lead to greater success for infants and the team members caring for them.




CONCLUSION

In summary, this report presents a review of the practices currently offered to NICU infants facing oral feeding challenges and the latest research that led to a number of efficacious evidence-based tools and interventions. It is recognized that “the underlying principles of the above model [will need further validation in order] to be clearly disseminated to practitioners of this field” (Research Model Innovations in Advancing Neonatal Care). However, it is hoped that in providing a greater understanding of the potential causes at the root of preterm infants' oral feeding difficulties, our research will improve the current clinical practice and assist “in the development of [additional] diagnostic tools and new therapies.” This review presents a new perspective of how combining features of current practices with the use of novel tools/interventions could help practitioners improve their patients' care in developing structured and innovative management plans catered to the specific needs of individual patient. Additionally, it is proposed that a “Continuum of Care” approach may be envisaged whereby “feeders and growers” could be followed by out-patient clinical or home care services using the same technologies and methodologies. This would allow for earlier discharge, family reunion, and reduced medical cost for all.



DATA AVAILABILITY STATEMENT

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



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by The Baylor College of Medicine Institutional Review Board for Human Research. Parental consent was obtained following approval by attending neonatologists. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

CL is the primary investigator of the above series of studies and was involved in all aspects of the research, i.e., study designs, team members supervision, data collection, statistical analyses, and interpretations, preparation of manuscripts.



FUNDING

General Clinical Research Centers Program (NIH-MO1RR000188): Oral/motor Kinetics in Neonates/Interventions for the enhancement of Oral Feeding in Preterm Infants (2000–2010); NIH Research Project Grant (NIH-R01 HD 44469): Oral Feeding in Infants (2005–2010), PI: CL; Co-I: L.E. Weisman, E.O. Smith, C. Redel; NIH Research Project Grant (NIH-R01 HD 28140): Feeding Strategies for Low Birth Weight Infants (1997–2001), PI: R.J. Schanler; Co-I: CL, K.J. Ellis, E.O. Smith, L.E. Weisman; NIH Research Project Grant (NIH-R01 HD 28140): Feeding Strategies for Low Birth Weight Infants (1992–1997); Co-PI's: R. J. Schanler, R. J. Shulman, CL, M. Heitkemper.



REFERENCES

 1. Benjasuwantep B, Chaithirayanon S, Eiamudomkan M. Feeding problems in healthy young children: prevalence, related factors and feeding practices. Pediatr Rep. (2013) 5:38–42. doi: 10.4081/pr.2013.e10

 2. Han C, Shin J, Jeon GW. Development of swallowing function in infants with oral feeding difficulties. Int J Pediatr. (2020) 2020:5437376. doi: 10.1155/2020/5437376

 3. Edwards L, Cotten CM, Smith PB, Goldberg R, Saha S, Das A, et al. Inadequate oral feeding as a barrier to discharge in moderately preterm infants. J Perinatol. (2019) 39:1219–28. doi: 10.1038/s41372-019-0422-x

 4. Bergman NJ, Ludwig R, Westrup B, Welch M. Nurturescience versus neuroscience: a case for rethinking perinatal mother-infant behaviors and relationship. Birth Defects Res. (2019) 111:1110–27. doi: 10.1002/bdr2.1529

 5. A.A.o. Pediatrics. Hospital discharge of the high-risk neonate. Pediatrics. (2008) 122:1119–26. doi: 10.1542/peds.2008-2174

 6. Lau C, Hurst N. Oral feeding in infants. Curr Probl Pediatr. (1999) 29:105–24. doi: 10.1016/S0045-9380(99)80052-8

 7. Manuck TA, Rice MM, Bailit JL, Grobman WA, Reddy UM, Wapner RJ, et al. Preterm neonatal morbidity and mortality by gestational age: a contemporary cohort. Am J Obstet Gynecol. (2016) 215:103.e1–e14. doi: 10.1016/j.ajog.2016.01.004

 8. Martin JA, Hamilton BE, Osterman MJK, Driscoll AK, Drake P. Births: final data for 2017. National vital statistics reports: from the Centers for Disease Control and Prevention, National Center for Health Statistics. Natl Vital Stat Syst. (2018) 67:1–50.

 9. Olsen AL, Ammitzbøll J, Olsen EM, Skovgaard AM. Problems of feeding, sleeping and excessive crying in infancy: a general population study. Arch Dis Child. (2019) 104:1034–41. doi: 10.1136/archdischild-2019-316851

 10. Lau C. Interventions to improve oral feeding performance of preterm infants. Perspect Swallow Swallow Disord. (2014) 23:23–45. doi: 10.1044/sasd23.1.23

 11. Jadcherla SR Challenges to eating swallowing and aerodigestive functions in infants: a burning platform that needs attention! J Pediatr. (2019) 211:7–9. doi: 10.1016/j.jpeds.2019.05.025

 12. Lau C, Kusnierczyk I. Quantitative evaluation of infant's nonnutritive and nutritive sucking. Dysphagia. (2001) 16:58–67. doi: 10.1007/s004550000043

 13. Lau C Oral feeding in the preterm infant. NeoReviews. (2006) 7:e19–e27. doi: 10.1542/neo.7-1-e19

 14. Lau C, Smith EO, Schanler RJ. Coordination of suck-swallow and swallow respiration in preterm infants. Acta Paediatr. (2003) 92:721–7. doi: 10.1111/j.1651-2227.2003.tb00607.x

 15. Amaizu N, Shulman R, Schanler R, Lau C. Maturation of oral feeding skills in preterm infants. Acta Paediatr. (2008) 97:61–7. doi: 10.1111/j.1651-2227.2007.00548.x

 16. Lau C, Alagugurusamy R, Schanler RJ, Smith EO, Shulman RJ. Characterization of the developmental stages of sucking in preterm infants during bottle feeding. Acta Paediatr. (2000) 89:846–52. doi: 10.1111/j.1651-2227.2000.tb00393.x

 17. Rasch S, Sangild PT, Gregersen H, Schmidt M, Omari T, Lau C. The preterm piglet - a model in the study of esophageal development in preterm neonates. Acta Paediatr. (2010) 99:201–8 doi: 10.1111/j.1651-2227.2009.01564.x

 18. Rayyan M, Omari T, Debeer A, Allegaert K, Rommel N. Characterization of esophageal motility and esophagogastric junction in preterm infants with bronchopulmonary dysplasia. Neurogastroenterol Motil. (2020). doi: 10.1111/nmo.13849. [Epub ahead of print].

 19. Arvedson JC, Lefton-Greif MA. Pediatric Videofluoroscopic Swallow Studies. A Profession Manual with Caregiver Guidelines. San Antonio, TX: Communication Skill Builders (1998).

 20. Lau C Development of suck and swallow mechanisms in infants. Ann Nutr Metab. 66(Suppl.) (2015) 5:7–14. doi: 10.1159/000381361

 21. Martin-Harris B, McFarland D, Hill EG, Strange CB, Focht KL, Wan Z, et al. Respiratory-swallow training in patients with head and neck cancer. Arch. Phys Med Rehabil. (2015) 96:885–93. doi: 10.1016/j.apmr.2014.11.022

 22. Lau C Maturation of infant oral feeding skills. In: Ongkasuwan J, Chiou EH, editors, Pediatric Dysphagia - Challenges and Controversies. Switzerland: Springer Nature (2018). p. 17–32.

 23. Bakewell-Sachs S, Medoff-Cooper B, Escobar GJ, Silber JH, Lorch SA. Infant functional status: the timing of physiologic maturation of premature infants. Pediatrics. (2009) 123:e878–e86. doi: 10.1542/peds.2008-2568

 24. Smith GC, Gutovich J, Smyser C, Pineda R, Newnham C, Tjoeng TH, et al. Neonatal intensive care unit stress is associated with brain development in preterm infants. Ann. Neurol. (2011) 70:541–9. doi: 10.1002/ana.22545

 25. Wolf LS, Glass RP. Feeding and Swallowing Disorders in Infancy: Assessment and Management, Therapy Skills Builders. Tucson, AZ: Therapy Skill Builders (1992).

 26. Howe TH Oromotor Therapy. In: Ongkasuwan J, Chiou EH, editors, Pediatric Dysphagia. Switzerland: Springer Nature (2018). p. 119–134.

 27. Mitra S, Reid M, McDougall B, Johnston BC. Are neonatal clinical practice guidelines truly evidence-based? A case for incorporating family values and preferences. Acta Paediatr. (2019) 108:1564–6. doi: 10.1111/apa.14879

 28. Lau C. Is there an advantage for preterm infants to feed orally in an upright or sidelying position? J Neonatal Nurs. (2013) 19:28–32. doi: 10.1016/j.jnn.2012.03.013

 29. Lubbe W. Clinicians guide for cue-based transition to oral feeding in preterm infants: an easy-to-use clinical guide. J Eval Clin Pract. (2018) 24:80–8. doi: 10.1111/jep.12721

 30. Watson J, McGuire W. Responsive versus scheduled feeding for preterm infants. Cochrane Database Syst Rev. (2016) CD005255. doi: 10.1002/14651858.CD005255.pub5

 31. McGrattan KE, McFarland DH, Dean JC, Hill E, White DR, Martin-Harris B. Effect of single-use, laser-cut, slow-flow nipples on respiration and milk ingestion in preterm infants. Am J Speech Lang Pathol. (2017) 26:832–9. doi: 10.1044/2017_AJSLP-16-0052

 32. Pados BF, Park J, Dodrill P. Know the flow: milk flow rates from bottle nipples used in the hospital and after discharge. Adv Neonatal Care. (2019) 19:32–41. doi: 10.1097/ANC.0000000000000538

 33. N. Bell, C. Harding. An investigation of the flow rates of disposable bottle teats used to feed preterm and medically fragile infants in neonatal units across the UK in comparison with flow rates of commercially available bottle teats. Speech Lang Hear. (2019) 22:227–35. doi: 10.1080/2050571X.2019.1646463

 34. Pados BF, Thoyre SM, Estrem HH, Park J, Knafl GJ, Nix B. Effects of milk flow on the physiological and behavioural responses to feeding in an infant with hypoplastic left heart syndrome. Cardiol Young. (2017) 27:139–53. doi: 10.1017/S1047951116000251

 35. Lima AH, Cortes MG, Bouzada MC, Friche AA. Preterm newborn readiness for oral feeding: systematic review and meta-analysis. Codas. (2015) 27:101–7. doi: 10.1590/2317-1782/20152014104

 36. Tian X, Yi LJ, Zhang L, Zhou JG, Ma L, Ou YX, et al. Oral motor intervention improved the oral feeding in preterm infants: evidence based on a meta-analysis with trial sequential analysis. Medicine. (2015) 94:e1310. doi: 10.1097/MD.0000000000001310

 37. M. Brown Belfort. The science of breastfeeding and brain development. Breastfeed Med. (2017) 12:459–61. doi: 10.1089/bfm.2017.0122

 38. Victora CG, Bahl R, Barros AJ, Franca GV, Horton S, Krasevec J, et al. Breastfeeding in the 21st century: epidemiology, mechanisms, lifelong effect. Lancet. (2016) 387:475–90. doi: 10.1016/S0140-6736(15)01024-7

 39. Rollins NC, Bhandari N, Hajeebhoy N, Horton S, Lutter CK, Martines JC, et al. Why invest, and what it will take to improve breastfeeding practices? Lancet. (2016) 387:491–504. doi: 10.1016/S0140-6736(15)01044-2

 40. Patel S, Patel S. The effectiveness of lactation consultants and lactation counselors on breastfeeding outcomes. J Hum Lact. (2016) 32:530–41. doi: 10.1177/0890334415618668

 41. Lau C. Breastfeeding challenges and the preterm mother-infant dyad: a conceptual model. Breastfeed Med. (2018) 13:8–17. doi: 10.1089/bfm.2016.0206

 42. Feldman R. The neurobiology of human attachments. Trends Cogn Sci. (2017) 21:80–99. doi: 10.1016/j.tics.2016.11.007

 43. Penacoba C, Catala P. Associations between breastfeeding and mother-infant relationships: a systematic review. Breastfeed Med. (2019) 14:616–29. doi: 10.1089/bfm.2019.0106

 44. Woolridge M. The biomechanics of breastfeeding: bridging the gap between engineering-based studies and clinical practice. Nestle Nutr Inst Workshop Ser. (2019) 90:13–32. doi: 10.1159/000490322

 45. Mezzacappa ES, Kelsey RM, Katkin ES. Breast feeding, bottle feeding, and maternal autonomic responses to stress. J Psychosom. Res. (2005) 58:351–65. doi: 10.1016/j.jpsychores.2004.11.004

 46. Lau C. Effects of stress on lactation. Pediatr Clin North Am. (2001) 48:221–34. doi: 10.1016/S0031-3955(05)70296-0

 47. Lau C, Hurst NM, Smith EO, Schanler RJ. Ethnic/racial diversity, maternal stress, lactation and very low birthweight infants. J Perinatol. (2007) 27:399–408. doi: 10.1038/sj.jp.7211770

 48. Raskovalova T, Teasley SL, Gelbert-Baudino N, Mauri PA, Schelstraete C, Massoutier M, et al. Breastfeeding assessment score: systematic review and meta-analysis. Pediatrics. (2015) 135:e1276–e85. doi: 10.1542/peds.2014-3072

 49. Altuntas N, Kocak M, Akkurt S, Razi HC, Kislal MF. LATCH scores and milk intake in preterm and term infants: a prospective comparative study. Breastfeed Med. (2015) 10:96–101. doi: 10.1089/bfm.2014.0042

 50. Gerçek E, Sarikaya Karabudak S, Ardiç Çelik N, Saruhan A. The relationship between breastfeeding self-efficacy and LATCH scores and affecting factors. J Clin Nurs. (2017) 26:994–1004. doi: 10.1111/jocn.13423

 51. Tuthill EL, McGrath JM, Graber M, Cusson RM, Young SL. Breastfeeding self-efficacy: a critical review of available instruments. J Hum Lact. (2016) 32:35–45. doi: 10.1177/0890334415599533

 52. Ho Y-J, McGrath JM. A review of the psychometric properties of breastfeeding assessment tools. J Obstet Gynecol Neonatal Nurs. (2010) 39:386–400. doi: 10.1111/j.1552-6909.2010.01153.x

 53. Perrella SL, Nancarrow K, Rea A, Murray K, Geddes DT, Simmer KN. Estimates of preterm infants' breastfeeding transfer volumes are not reliably accurate. Adv Neonatal Care. (2020). doi: 10.1097/ANC.0000000000000721. [Epub ahead of print].

 54. White-Traut R, Rankin K, Lucas R, Shapiro N, Liu L, Medoff-Cooper B. Evaluating sucking maturation using two pressure thresholds. Early Hum Dev. (2013) 89:833–7. doi: 10.1016/j.earlhumdev.2013.07.026

 55. Sameroff AJ. The components of sucking in the human newborn. J Exp. Child Psychol. (1968) 6:607–23. doi: 10.1016/0022-0965(68)90106-9

 56. Tarrant SC, Ellis RE, Flack FC, Selley WG. Comparative review of techniques for recording respiratory events at rest and during deglutition. Dysphagia. (1997) 12:24–38. doi: 10.1007/PL00009515

 57. Lau C, Schanler RJ. Oral motor function in the neonate. Clin Perinatol. (1996) 23:161–78. doi: 10.1016/S0095-5108(18)30236-7

 58. Mayerl CJ, Gould FDH, Bond LE, Stricklen BM, Buddington RK, German RZ. Preterm birth disrupts the development of feeding and breathing coordination. J Appl Physiol. (2019) 126:1681–6. doi: 10.1152/japplphysiol.00101.2019

 59. Sanghavi R, Rosen R. Esophageal Dysplagia. In: Ongkasuwan J, Chiou EH, editors, Pediatric Dysphagia. Switzerland: Springer Nature, Switzerland (2018). p. 215–38.

 60. Sangild PT. Gut responses to enteral nutrition in preterm infants and animals. Exp. Biol Med (Maywood). (2006) 231:1695–711. doi: 10.1177/153537020623101106

 61. Omari TI, Savilampi J, Kokkinn K, Schar M, Lamvik K, Doeltgen S, et al. The reliability of pharyngeal high resolution manometry with impedance for derivation of measures of swallowing function in healthy volunteers. Int. J Otolaryngol. (2016) 2016:2718482. doi: 10.1155/2016/2718482

 62. Rommel N, Omari TI, Selleslagh M, Kritas S, Cock C, Rosan R, et al. High-resolution manometry combined with impedance measurements discriminates the cause of dysphagia in children. Eur. J Pediatr. (2015) 174:1629–37. doi: 10.1007/s00431-015-2582-9

 63. Prabhakar V, Hasenstab KA, Osborn E, Wei L, Jadcherla SR. Pharyngeal contractile and regulatory characteristics are distinct during nutritive oral stimulus in preterm-born infants: Implications for clinical and research applications. Neurogastroenterol Motil. (2019) 31:e13650. doi: 10.1111/nmo.13650

 64. Li Z-H, Wang D-H, Dong M, Ke M-Y, Wang Z-F. Clinical application of high resolution manometry for examining esophageal function in neonates. Zhongguo Dang Dai Er Ke Za Zhi. (2012) 14:607–11.

 65. Rayyan M, Omari T, Abu-Assi R, Allegaert K, Rommel N. Effect of esophageal length on high-resolution manometry metrics: extension to the neonatal population. Neurogastroenterol Motil. (2020) 32:e13800. doi: 10.1111/nmo.13800

 66. Wolff PH. The serial organization of sucking in the young infant. Pediatrics. (1968) 42:943–56.

 67. Lau C, Smith EO. A novel approach to assess oral feeding skills of preterm infants. Neonatology. (2011) 100:64–70. doi: 10.1159/000321987

 68. Lau C, Bhat K, Potak DC, Schanler RJ. Oral feeding assessment predicts length of hospital stay in late preterm infants. J Pediatr Mother Care. (2015) 1:102. doi: 10.19104/japm.2016.102

 69. Lau C, Schanler RJ. Oral feeding in premature infants: advantage of a self-paced milk flow. Acta Paediatr. (2000) 89:453–9. doi: 10.1111/j.1651-2227.2000.tb00083.x

 70. Lau C, Fucile S, Schanler RJ. A self-paced oral feeding system that enhances preterm infants' oral feeding skills. J Neonat Nurs. (2015) 21:121–6. doi: 10.1016/j.jnn.2014.08.004

 71. Tanaka S, Kogo M, Chandler SH, Matsuya T. Localization of oral-motor rhythmogenic circuits in the isolated rat brainstem preparation. Brain Res. (1999) 821:190–9. doi: 10.1016/S0006-8993(99)01117-8

 72. Jean A. Brain stem control of swallowing: neuronal network and cellular mechanisms. Physiol Rev. (2001) 81:929–69. doi: 10.1152/physrev.2001.81.2.929

 73. Delafield-Butt JT, Freer Y, Perkins J, Skulina D, Schogler B, Lee DN. Prospective organization of neonatal arm movements: a motor foundation of embodied agency, disrupted in premature birth. Dev Sci. (2018) 21:e12693. doi: 10.1111/desc.12693

 74. Craig CM, Grealy MA, Lee DN. Detecting motor abnormalities in preterm infants. Exp. Brain Res. (2000) 131:359–65. doi: 10.1007/s002219900227

 75. Craig CM, Lee DN. Neonatal control of nutritive sucking pressure: evidence for an intrinsic tau-guide. Exp Brain Res. (1999) 124:371–82. doi: 10.1007/s002210050634

 76. McFarland DH, Tremblay P. Clinical implications of cross-system interactions. Semin. Speech Lang. (2006) 27:300–9. doi: 10.1055/s-2006-955119

 77. Barlow SM, Estep M. Central pattern generation and the motor infrastructure for suck, respiration, and speech. J Commun. Disord. (2006) 39:366–80. doi: 10.1016/j.jcomdis.2006.06.011

 78. White-Traut RC, Berbaum ML, Lessen B, McFarlin B, Cardenas L. Feeding readiness in preterm infants: the relationship between preterm behavioral state and feeding readiness behaviors and efficiency during transition from gavage to oral feeding. MCN Am J Matern Child Nurs. (2005)30:52–9.

 79. Gill NE, Behnke M, Conlon M, Anderson GC. Nonnutritive sucking modulates behavioral state for preterm infants before feeding. Scand J Caring Sci. (1992) 6:3–7. doi: 10.1111/j.1471-6712.1992.tb00115.x

 80. Als H A synactive model of neonatal behavior organization: framework for the assessment of neurohehavioral development in the preterm infant and for support of infants and parents in the neonatal intensive care environment. Phys Occup Ther Pediatr. (1986) 6:3–55. doi: 10.1080/J006v06n03_02

 81. DeArmond AC, Yello JR, Bubshait KS, Krueger CA. Revisiting sound in the NICU: implications for the developmental timing, amount and type of sound. Pediatr Neonatal Nurs. (2016) 2. doi: 10.16966/2470-0983.116

 82. Moore ER, Bergman N, Anderson GC, Medley N. Early skin-to-skin contact for mothers and their healthy newborn infants. Cochrane Database Syst Rev. (2016) 11:CD003519. doi: 10.1002/14651858.CD003519.pub4

 83. Conde-Agudelo A, Diaz-Rossello JL. Kangaroo mother care to reduce morbidity and mortality in low birthweight infants. Cochrane Database Syst Rev. (2016) CD002771. doi: 10.1002/14651858.CD002771.pub4

 84. Bieleninik L, Ghetti C, Gold C. Music Therapy for preterm infants and their parents: a meta-analysis. Pediatrics. (2016) 138:e20160971. doi: 10.1542/peds.2016-0971

 85. Field T. Massage therapy for infants and children. J Dev Behav Pediatr. (1995) 16:105–111. doi: 10.1097/00004703-199504000-00008

 86. Leleu A, Rekow D, Poncet F, Schaal B, Durand K, Rossion B, et al. Maternal odor shapes rapid face categorization in the infant brain. Dev Sci. (2020) 23:e12877. doi: 10.1111/desc.12877

 87. Lau C, Fucile S, Gisel EG. Impact of nonnutritive oral motor oral stimulation and infant massage on oral feeding skills in preterm infants. J Neonatal Perinatol Med. (2012) 5:311–7. doi: 10.3233/NPM-1262612

 88. Fucile S, Gisel E, Lau C. Oral stimulation accelerates the transition from tube to oral feeding in preterm infants. J. Pediatr. (2002) 141:230–6. doi: 10.1067/mpd.2002.125731

 89. Lau C, Smith E. Interventions to improve the oral feeding performance of preterm infants. Acta Paediatr. (2012) 101:e269–e74. doi: 10.1111/j.1651-2227.2012.02662.x

 90. Pados BF, McGlothen-Bell K. Benefits of infant massage for infants and parents in the NICU. Nurs Womens Health. (2019) 23:265–71. doi: 10.1016/j.nwh.2019.03.004

 91. Niemi AK. Review of randomized controlled trials of massage in preterm infants. Children (Basel, Switzerland). (2017) 4:21. doi: 10.3390/children4040021

 92. Field T, Schanberg SM, Scafidi F, Bauer CR, Vega-Lahr N, Garcia R, et al. Tactile/kinesthetic stimulation effects on preterm neonates. Pediatrics. (1986) 77:654–8.

 93. Nudo RJ, Wise BM, SiFuentes F, Milliken GW. Neural substrates for the effects of rehabilitative training on motor recovery after ischemic infarct. Science. (1996) 272:1791–4. doi: 10.1126/science.272.5269.1791

 94. Byl NN, Merzenich MM, Cheung S, Bedenbaugh P, Nagarajan SS, Jenkins WM. A primate model for studying focal dystonia and repetitive strain injury: effects on the primary somatosensory cortex. Phys Ther. (1997) 77:269–84. doi: 10.1093/ptj/77.3.269

 95. Als H. Toward a synactive theory of development: promise for the assessent and support of infant individuality. Infant Ment Health J. (1982) 3:229–43. doi: 10.1002/1097-0355(198224)3:4<229::AID-IMHJ2280030405>3.0.CO;2-H

 96. Als H. A manual for naturalistic observation of the newborn (preterm and full term infants). In: Goldson E, editor, Nurturing the Premature Infant, Developmental Interventions in the Neonatal Intensive Care Nursery. New York, NY: Oxford University Press (1995). p. 77–85.

 97. Vandenberg KA. Individualized developmental care for high risk newborns in the NICU: a practice guideline. Early Hum Dev. (2007) 83:433–42. doi: 10.1016/j.earlhumdev.2007.03.008

 98. Roué J-M, Kuhn P, Lopez Maestro M, Maastrup RA, Mitanchez D, Westrup B, et al. Eight principles for patient-centred and family-centred care for newborns in the neonatal intensive care unit. Arch Dis Child Fetal Neonatal Ed. (2017) 102:F364–F8. doi: 10.1136/archdischild-2016-312180

 99. Macho P. Individualized developmental care in the NICU: a concept analysis. Adv Neonatal Care. (2017) 17:162–74. doi: 10.1097/ANC.0000000000000374

Conflict of Interest: The author declares 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 © 2020 Lau. 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.












	
	ORIGINAL RESEARCH
published: 14 August 2020
doi: 10.3389/fped.2020.00455






[image: image2]

Sirt1 Regulates Oxidative Stress in Oxygen-Glucose Deprived Hippocampal Neurons

Lina Shi1†, Jing Zhang1†, Yan Wang2, Qingfei Hao1, Haoming Chen1 and Xiuyong Cheng1*


1Department of Neonatology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China

2Department of Pediatrics, Henan Medical College, Xinzheng, China

Edited by:
Yuan Shi, Children's Hospital of Chongqing Medical University, China

Reviewed by:
Lai Shuan Wang, Fudan University, China
 Xinlin Hou, Peking University First Hospital, China

*Correspondence: Xiuyong Cheng, fccchengxy@zzu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Neonatology, a section of the journal Frontiers in Pediatrics

Received: 19 April 2020
 Accepted: 30 June 2020
 Published: 14 August 2020

Citation: Shi L, Zhang J, Wang Y, Hao Q, Chen H and Cheng X (2020) Sirt1 Regulates Oxidative Stress in Oxygen-Glucose Deprived Hippocampal Neurons. Front. Pediatr. 8:455. doi: 10.3389/fped.2020.00455



Oxidative stress is an important mechanism of neonatal hypoxic-ischemic brain damage. Sirtuin1 (Sirt1) is a deacetylase that depends on NAD+, which has an important role in antioxidant metabolism. Furthermore, peroxisome proliferator-activated receptor γ-co-activator 1α (PGC-1α) is a key regulator of mitochondrial oxidative stress, which is regulated by Sirt1. Here, we investigated the role of Sirt1 in the pathogenesis of brain injuries after modulating its activity in primary cultured hippocampal neurons. Our study shows that the expression of Sirt1 was downregulated after oxygen-glucose deprivation. Activation of Sirt1 with resveratrol improved cell's resistance to oxidative stress, whereas inhibition of Sirt1 with EX527 significantly reduced cell viability after cellular oxidative stress. Our study also shows that activation of Sirt1 with resveratrol exerts its antioxidant effect by regulating the expression of PGC-1α. In contrast, application of EX527 decreased the expression of PGC-1α. In summary, these results confirmed that Sirt1 is a potent protective factor for neurons subjected to oxidative stress, and the protective effect of Sirt1 is attributed to its regulation of PGC-1α.
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INTRODUCTION

Although therapeutic hypothermia has been widely applied, 40–50% of Hypoxic ischemic encephalopathy (HIE) neonates still have some neurodevelopmental problems (1). Hypoxic ischemia (HI) involves multiple mechanisms, but the detailed pathogenesis is still unclear. Therefore, studies aiming to reducing morbidity and mortality of neonates with brain injuries are still needed.

Oxidative stress is one of the most important mechanisms of perinatal HI. After hypoxia and ischemia, the production of reactive oxygen species (ROS) rapidly accumulates and leads to mitochondrial dysfunction and delayed neuronal death. Oxidative stress-mediated mitochondrial damage has been shown to be involved in apoptosis.

Sirtuins are a class of NAD+-dependent histone deacetylases widely expressed in living organisms. Sirt1, also named as sirtuin1, is the most widely studied sirtuin has been an important therapeutic target in recent years. The translated protein has a molecular weight of about 60 kD and exhibits NAD+-dependent deacetylase activity. Previous studies showed that Sirt1 can regulate diabetes-induced cardiac dysfunction and brain ischemic reperfusion injuries by preventing mitochondrial dysfunction and alleviating hepatic steatosis (2–4). A large number in vitro and in vivo studies have shown that the activation of Sirt1 enhances mitochondrial biogenesis and augments oxidative metabolic capacity through different pathways (5). Studies also show that Sirt1 regulates apoptosis through other pathways, such as the anti-inflammatory pathway of NF-κB acetylation and the regulation of AMPK in autophagy (6, 7). Additionally, evidence has revealed that enhancing Sirt1 activity can reduce ROS production, reduce inflammation of neurons and glial cells, so as to reduce neuronal cell death (8). However, the role of Sirt1 in perinatal brain injuries is not completely understood.

Resveratrol (RSV) is a kind of polyphenol, a plant secondary metabolite extracted from wine, grain, fruit, root, etc., which has a protective effect on cardiovascular and nervous system diseases by regulating anti-inflammatory and anti-oxidation processes. Some studies have also reported that resveratrol is an activator of Sirt1 (9–11). According to a study on diabetic nephropathy by Tao Zhang et al., RSV can improve mitochondrial function, reduce oxidative stress in podocytes, and inhibit apoptosis induction through the Sirt1/PGC-1a axis (12). There is evidence in a brain injury model that RSV has a protective effect (13, 14). In contrast, EX527 is an effective selective Sirt1 inhibitor, which can inhibit Sirt1 deacetylase activity effectively. Maayan Waldman et al. showed that EX527 could increase ROS production by inhibiting Sirt1 activity, which aggravates myocardial injuries caused by diabetes (15). Another study on ischemic strokes also showed that EX527 can aggravate the expression of apoptotic proteins (16).

PGC-1α is a potent stimulator of mitochondrial biogenesis and respiration. It potentially increases neuroprotection while stimulating a broad anti-ROS response via mitochondrial function adaptation in neurological diseases such as Parkinson's disease, Alzheimer's disease, and brain trauma (17, 18). It has been shown that PGC-1α can be activated by deacetylation of Sirt1. Both play an important role in mitochondrial oxidative stress, including anti-oxidative stress, inhibition of inflammatory response, and reduction of apoptosis (19).

HI often causes damage to the hippocampus. In this study, based on a model of oxygen-glucose deprived primary cultured hippocampal neurons, we used RSV and EX527, an agonist and inhibitor of Sirt1, respectively, to investigate the mechanism and potential pathway of Sirt1 in HI.



MATERIALS AND METHODS


Model Construction


Primary Culture of Hippocampal Neurons

All animal studies were approved by the Zhengzhou University committee for animal care and use for animal research. The experimental operation was performed according to the international guidelines for animal studies. Pregnant Sprague-Dawley rats were purchased from the Huaxing experimental animal farm (Zhengzhou, China). We followed an established protocol, obtaining rat embryonic hippocampal neurons from 18-day-old pregnant Sprague-Dawley rats. The hippocampus was detached under a microscope and then digested by trypsin (Hyclone, USA) at 37°C for 10–15 min. Single cells were obtained by blowing and centrifuging. The cell suspension was transferred into planting medium containing DMEM/high glucose (Hyclone, USA), 10% (v/v) fetal bovine serum (Hyclone, USA), 1% (v/v) glutamine (Hyclone, USA), and 1% (v/v) penicillin/streptomycin solution (Hyclone, USA), and subsequently plated on plates pretreated with poly-D-lysine (Sigma, USA). The density was 7 × 105 cells/well in 6-well plates or 2 × 104 cells/well in 96-well plates. After 4 h of incubation, the planting medium was replaced with an equal volume of maintenance medium containing neurobasal medium (Gibco, USA), 2% (v/v) B-27 (Gibco, USA), 1% (v/v) glutamine (Hyclone, USA), and 0.5% penicillin/streptomycin solution (Hyclone, USA). Half of the medium was replaced every 3 days.



Purity Identification

NeuN is a neuronal protein that is localized in the nuclei and the perinuclear cytoplasm of most neurons in the central nervous system of mammals (20). We used immunofluorescent NeuN antibodies that labeled the neurons in order to confirm their purity. The experiment was performed on the 7th in vitro day. The coverslips were rinsed in PBS and the cells were fixed in 4% paraformaldehyde in PBS for 30 min. After being incubated in blocking solution (10% donkey serum and 0.06% Triton X-100 in PBS), the coverslips were treated with NeuN antibodies (Millipore, 1:100, USA) and FITC goat anti-mouse antibodies (Abclonal, 1:50, China) in diluting solution (0.01% Triton X-100 and 1% donkey serum in PBS). Then, the coverslips were mounted using DAPI (Vector Lab, Chicago) and the cells were observed under a microscope coupled to a camera. The ratio of the stained cytoplasm and nuclei represented the purity of the neuron.



The Oxygen-Glucose Deprivation Model

The oxygen glucose deprivation (OGD) model is a common cell level model to simulate neonatal hypoxic-ischemic brain damage. Although the time of hypoxia varies (21–23), our previous experiments showed that 30 min of hypoxia can build a successful model for hippocampal neurons (24). To induce OGD, we removed the maintaining medium and switched to DMEM without glucose (Gibco, USA). In this medium, cells were incubated at 37°C for 30 min in a sealed chamber, ventilated with 5% CO2/95% N2. At the end, the medium was replaced with normal medium. The cells were incubated for 12 h under normal conditions for subsequent experiments.




RSV and EX527 Treatment and Effect


RSV and EX527 Treatment

Cells were divided into four groups during EX527 treatment (control, OGD, OGD+EX527, OGD+EX527+RSV) and three groups during RSV treatment (control, OGD, OGD+RSV). Cells were pretreated with 25 μM EX527 (MedChemExpress, USA) for 3 hours before OGD, and post-treated with 20 μM RSV (Solarbio, China) immediately after OGD.



MTT for Cell Viability

MTT reduces succinate dehydrogenase in mitochondria of living cells to water-insoluble blue-purple crystalline armor (Formazan) and deposits it in cells. As this process cannot happen in dead cells, it can be used to examine cell viability. Cells were plated into 96-well plates. We analyzed the cells 12 h after OGD induction. We added 10 μl MTT (Amresco, USA) to all groups and incubated the cells for 4 h. Then, the medium was removed and 100 μl DMSO (Amersco, USA) was added. Finally, we detected absorbance at 562 nm with a microplate reader. Cell viability was calculated as (100%) = (experiment group—blank)/(control group—blank) × 100%.



MDA and SOD Levels

After they were exposed to the different treatments, the neurons were harvested, sonicated, and centrifuged to collect the supernatant. The supernatant was used to examine the levels of SOD and Malondialdehyde (MDA). Cellular MDA content and total SOD activity were examined using commercial assay kits (Jiancheng Institute of Biotechnology, Nanjing, China) according to the manufacturer's instructions. The absorbance was read at 450 nm for SOD activity and at 532 nm for MDA content. The bicinchoninic acid disodium protein assay kit (Solarbio Biotechnology, China) was used to quantify the concentration of total protein.



Flow Cytometry for Cell Apoptosis

Phosphatidylserine, located inside the cell membrane, migrates to the outside of the cell membrane at the early stage of apoptosis. Phosphatidyl binding protein V (Annexin V) is a calcium-dependent phospholipid-binding protein with high affinity to phosphatidylserine. Therefore, the apoptotic cells can be detected by Annexin V and flow cytometry combined with PI rejection. The procedure was performed following the manufacturer's instruction (BD, USA). Cells were analyzed by flow cytometry within 1 h.



Gene Expression With Quantitative RT-PCR

Quantitative RT-PCR assays were performed to measure the mRNA levels of Sirt1 and PGC-1α. Total RNA was extracted using TRIzol Reagent (Invitrogen, USA) according to the manufacturer's protocol. An aliquot of 1 μg of total RNA was reversely transcribed using PrimeScript RT Master Mix (Takara, Japan). Quantitative PCR was performed using TB Green Premix Ex Taq (Takara, Japan). The forward primer for Sirt1 was ACTGGAGCTGGGGTTTCT and the reverse primer for Sirt1 was CTTGAGGGTCTGGGGAGGT. The forward primer for PGC-1α was TTCCAACAAACACATGCAC and the reverse primer for PGC-1α was CGCATTTCTAAAGCACCAG. GAPDH was used as an internal reference to normalize the data. The forward primer for GAPDH was ACAGCAACAGGGTGGTGGAC and the reverse primer was TTTGAGGGTGCAGCGAACTT. The RT-PCR parameters were as follows: 95°C for 30 s, 40 cycles of 95°C for 30 s, 54°C for 30 s, and 72°C for 45 s. The CT values were recorded as primary data, normalized according to their corresponding internal references, and analyzed using the 2−ΔΔCT method. The relative gene expression was noted as the final results and statistically analyzed.



Western Blot

Western blot analysis was performed to measure the protein levels of Sirt1, PGC-1α, and caspase-3 using a standard protocol. Equal amounts of total protein, along with 5 μl of molecular weight marker (Thermo Fisher, USA), were electrophoresed on SDS-PAGE gels. After being incubated with primary antibodies and secondary antibodies, we exploited the Chemiluminescent HRP Substrate (Millipore, USA) to visualize the target proteins (Sirt1, 1:2,000, Bioss, China; PGC-1α, Cell Signaling Technology, 1:1,000; caspase-3, 1:1,000, Cell Signaling Technology, USA; GAPDH and β-actin, 1:10,000, Abclonal, China). The molecular weights of Sirt1 and PGC-1α are 58 and 130 kD, respectively. Finally, we used an Amersham Imager 600 to take pictures and ImageJ to analyze the gray-scale values. Every protein was normalized to its corresponding internal reference. The ratios were noted as the final results and statistically analyzed.




Statistics Analysis

All population data were expressed as means ± SD. Statistical analysis was performed by using GraphPad Prism (GraphPad Software). A P < 0.05 was considered significant.




RESULTS


Successful Model Construction


Cell Purity

As shown in Figure 1A (c), almost all blue cell nuclei (DAPI) are surrounded by green fluorescence (NeuN), indicating that almost all cultured cells were hippocampal neurons. The result showed that the cultured cells were of high purity and could be used in subsequent experiments.
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FIGURE 1. (A) Immunofluorescence of NeuN (400×). (A) (a) DAPI-stained nuclei (blue), (A) (b) NeuN staining identifies neurons (green), (A) (c) Merge image of a and b. A indicates the purity of the cultured cells. (B) Effects of OGD on cell viability were determined by an MTT assay (n = 6). (C) Western blot analysis of Sirt1 in the RSV (20 μM) group compared to the control group (n = 3). (D) Western blot analysis of Sirt1 in the EX527 (25 μM) group compared to the control group (n = 3). (E) Bar graph showing the relative Sirt1 protein levels in each group. Data were obtained from three independent experiments. **P < 0.01.




Cell Viability Decreased After OGD

Twelve hours after OGD, cell viability of the control and OGD group was 100% and 63.785 ± 2.819%, respectively (Figure 1B). Compared to the control group, cell viability in the OGD group was significantly decreased, indicating that OGD was successfully induced.



Sirt1 Was Downregulated After OGD

The relative Sirt1 mRNA levels in the control and the OGD group were 1 and 0.780 ± 0.070, respectively. Compared to the control group, the relative expression in the OGD group was decreased (P < 0.01). Sirt1 protein levels were also lower in the OGD group than in the control group (0.856 ± 0.020 vs. 0.773 ± 0.042, P < 0.05, Figures 2A,B).
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FIGURE 2. (A) Relative Sirt1 mRNA levels in different groups after EX527 treatment (n = 3). (B) Relative Sirt1 protein levels in different groups after EX527 treatment (n = 3). (C) Relative Sirt1 mRNA levels in different groups after RSV treatment (n = 3). (D) Western blot analysis of Sirt1 in different groups after RSV treatment (n = 3). (E) Bar graph showing the relative Sirt1 protein levels in each group. Data were obtained from three independent experiments. *P < 0.05, **P < 0.01.





Effects of EX527 and RSV at Specific Concentrations on Sirt1 Expression in Normal Cells

After preliminary experiments, we chose to apply 25 μM EX527 3 h before the OGD induction, and 20 μM RSV immediately after OGD. At this concentration, RSV upregulated the expression of Sirt1 protein without affecting cell viability (0.763 ± 0.022 vs. 1.135 ± 0.010, P < 0.01, Figure 1C). EX527 downregulated the expression of Sirt1 (1.000 ± 0.017 vs. 0.735 ± 0.040, P < 0.01, Figure 1D). The relative Sirt1 protein levels in each group was showed in Bar graph (Figure 1E). Therefore, they can be used to increase or decrease Sirt1 activity, respectively, for subsequent experiments.



EX527 Treatment Effects After OGD


Effect of EX527 on Sirt1 Expression After OGD

The relative levels of Sirt1 mRNA in the control group, the OGD group, the OGD+EX527 group, and the OGD+EX527+RSV group were 1, 0.780 ± 0.070, 0.620 ± 0.062, and 0.815 ± 0.052, respectively (Figure 2A). Sirt1 protein levels were 0.856 ± 0.020, 0.773 ± 0.042, 0.618 ± 0.047, and 0.728 ± 0.042, respectively (Figure 2B). The relative Sirt1 protein levels in different groups after EX527 treatment was showed in Bar graph (Figure 2E). Compared to the OGD group, the relative levels of both Sirt1 mRNA and protein in the OGD+EX527 group were decreased (P < 0.05, P < 0.05). The mRNA and protein levels in the OGD+EX527+RSV group were higher than in the OGD+EX527 group (P < 0.05, P < 0.05). So, EX527 can reduce Sirt1 expression after OGD.



Pretreatment of EX527 Increased Apoptosis and Decreased Cell Viability After OGD

Apoptosis was detected via MTT, caspase-3, and Annexin V-FITC/PI. The cell viability in the OGD+EX527 group was lower than in the OGD group as detected via the MTT method (59.694 ± 1.524% vs. 52.062 ± 1.805%, P < 0.01, Figure 3A). Figure 3E showed the apoptosis in different groups after EX527 treatment. The apoptosis rate of the OGD+EX527 group was higher than in the OGD group as detected by flow cytometry analysis (27.267 ± 0.804% vs. 30.000 ± 1.251%, P < 0.01, Figure 3F). Oxidative stress results showed that EX527 weakened the protection of ROS. The intracellular SOD level of the OGD+EX527 group was lower than in the OGD group (35.692 ± 0.833 U/mgprot vs. 32.598 ± 1.272 U/mgprot, P < 0.01, Figure 3C). The intracellular MDA content of the OGD+EX527 group was higher than in the OGD group (4.166 ± 0.149 nmol/mgprot vs. 5.196 ± 0.176 nmol/mgprot P < 0.01, Figure 3D). However, the expression of caspase-3 in the OGD+EX527 group did not increase significantly compared to the OGD group (1.304 ± 0.300 vs. 1.272 ± 0.033, P > 0.05, Figure 3B). Conversely, RSV increased Sirt1 expression and cell viability. As shown in Figure 3, compared to the OGD + EX527 group, the cell viability and oxidative stress indices of the OGD + EX527 + RSV group had corresponding changes.
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FIGURE 3. (A) Effects of EX527 treatment on the viability of OGD-treated cells was determined by the MTT assay (n = 6). (B) (a) Western blot analysis of Caspase-3 in different groups (n = 3). (b) Bar graph showing the relative Caspase-3 protein levels in each group. (C) Intracellular SOD levels in different groups (n = 6). (D) Intracellular MDA levels in different groups (n = 6). (E) Flow cytometry analysis of apoptotic neurons with different treatments. (F) Flow cytometry analysis of apoptotic cells with different treatments (n = 6). Data were obtained from three independent experiments **P < 0.01.





RSV Treatment Effects After OGD


Effect of RSV on Sirt1 Expression After OGD

The relative levels of Sirt1 mRNA in the control group, the OGD group, and the OGD+RSV group were 1, 0.814 ± 0.038, and 1.415 ± 0.064, respectively (Figure 2C). The protein levels were 0.833 ± 0.051, 0.609 ± 0.011, and 0.653 ± 0.019, respectively (Figure 2D). The relative Sirt1 protein levels in different groups after RSV treatment was showed in Bar graph (Figure 2E). Compared to the OGD group, Sirt1 mRNA and protein levels were increased in the OGD+RSV group, indicating that RSV can increase Sirt1 expression after OGD (P < 0.01, P < 0.05).



RSV Treatment Decreased Apoptosis and Increased Cell Viability After OGD

Apoptosis was examined in the same way as described above. Our experiments showed that RSV treatment decreased apoptosis. The cell viability of the OGD+RSV group was higher than in the OGD group, as detected by the MTT method (63.238 ± 1.931% vs. 84.240 ± 1.322%, P < 0.01, Figure 4A). Figure 4B showed the apoptosis in different groups after RSV treatment. The apoptosis rate of the OGD+RSV group was lower than in the OGD group, detected by flow cytometry analysis (27.267 ± 0.804% vs. 16.951 ± 0.679%, P < 0.01, Figure 4C). The results showed that RSV treatment could reduce caspase-3-mediated apoptosis (1.130 ± 0.041 vs. 0.960 ± 0.470, P < 0.01, Figure 4D). Intracellular SOD and MDA levels are common indicators of oxidative stress. Our experiments showed that RSV could reduce intracellular oxidative stress. The intracellular SOD level of the OGD+RSV group was higher than in the OGD group (32.904 ± 1.891 U/mgprot vs. 42.339 ± 1.393 U/mgprot, P < 0.01, Figure 4E). The intracellular MDA levels of the OGD+RSV group were lower than of the OGD group (5.307 ± 0.141 nmol/mgpro vs. 4.477 ± 0.139 nmol/mgprot, P < 0.01, Figure 4F).


[image: Figure 4]
FIGURE 4. (A) Effects of RSV treatment on the viability of OGD-treated cells was determined by the MTT assay (n = 6). (B) Flow cytometry analysis of apoptotic neurons with different treatments. (C) Flow cytometry analysis of apoptotic cells with different treatments (n = 6). (D) (a) Western blot analysis of Caspase-3 in different groups (n = 3). (b) Bar graph showing the relative Caspase-3 protein levels in each group. (E) Intracellular SOD levels of different groups (n = 6). (F) Intracellular MDA levels of different groups (n = 6). Data were obtained from three independent experiments. *P < 0.05, **P < 0.01.




RSV Pretreatment Was Also Protective for OGD

To further investigate the expression of Sirt1, we analyzed protective effects by adding RSV 4 h before OGD. We performed flow cytometry analysis and apoptosis-related protein expression analysis to test the potential benefit of RSV application. Figure 5A showed the apoptosis in different groups after RSV pretreatment. The apoptosis rate of the OGD+pretreated RSV group was lower than of the OGD group as assessed by flow cytometry analysis (27.397 ± 0.942% vs. 19.952 ± 1.130%, P < 0.01, Figure 5B). The cell viability of the OGD+pretreated RSV group was higher than in the OGD group as detected with the MTT method (67.012 ± 1.055% vs. 79.277 ± 1.892%, P < 0.01, Figure 5C). Therefore, increasing Sirt1 activity before OGD can also reduce apoptosis. However, we did not detect a decrease in caspase-3 expression (1.497 ± 0.163 vs. 1.253 ± 0.054, P > 0.05, Figure 5D).
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FIGURE 5. (A) Flow cytometry analysis of apoptotic cells with different treatments. (B) Apoptotic cells in different groups are shown as mean ± SD (n = 6). (C) Cell viability of pretreated-RSV cells compared to the OGD group (n = 6). (D) (a) Western blot analysis of Caspase-3 in different groups (n = 3). (b) Bar graph showing the relative Caspase-3 protein levels in each group. Data were obtained from three independent experiments. **P < 0.01.





Sirt1 Was Involved in Apoptosis by Regulating PGC-1α Levels

PGC-1α is regulated by Sirt1 and is involved in mitochondrial oxidative stress. Therefore, we also tested the change in the expression of PGC-1α after addition of RSV or EX527. As shown in Figure 6, compared to the OGD group, the relative levels of Sirt1 and PGC-1α mRNA and protein levels in the OGD+EX527 group were decreased. Compared to the OGD+EX527 group, the relative mRNA levels of Sirt1 and PGC-1α in the OGD+EX527+RSV group were both increased. However, although the relative expression levels of Sirt1 protein was increased, PGC-1α protein levels were not significantly increased, which was mainly because the changes of PGC-1α protein were not synchronized at the time point we selected.
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FIGURE 6. (A) Relative PGC-1α mRNA levels in different groups after EX527 treatment (n = 3). (B) Relative PGC-1α protein levels in different groups after EX527 treatment (n = 3). (C) Relative PGC-1α mRNA levels in different groups after RSV treatment (n = 3). (D) Relative PGC-1α protein levels in different groups after RSV treatment (n = 3). Data were obtained from three independent experiments. (E) Bar graph showing the relative expression of PGC-1α in each group. *P < 0.05, **P < 0.01.





DISCUSSION

Despite the fact that therapeutic hypothermia is an effective treatment in hypoxic ischemia, neonatal brain injury is still one of the main reasons for morbidity and mortality in children (25). Studies in previous decades have shown that reperfusion injury and delayed programmed cell death (apoptosis) of neurons are important pathophysiological mechanisms (26–28). ROS destroy proteins, nucleic acids, and membrane polyunsaturated fatty acids, lead to lipid peroxidation and loss of membrane integrity, reduce mitochondrial membrane potential, increase the membrane permeability to Ca2+, and eventually lead to neuron apoptosis (29–31).

Sirt1 is a member of the sirtuin family, which is a crucial epigenetic regulator involved in many biological and pathological processes including metabolism, genomic stability maintenance, immune responses, and others (32, 33). Earlier studies have shown that Sirt1-related signal pathways mediate oxidative stress in brain injury (34–37). Sirt1 is also an upstream protein of PGC-1α. Therefore, we mainly analyzed the effect of the Sirt1/PGC-1α signal pathway on oxidative stress and neurocytes to investigate its neuroprotective effects in hypoxia/reperfusion.

In our work, we found that Sirt1 expression decreased after OGD, while apoptosis increased and cell viability decreased, indicating that Sirt1 may be related to neuronal apoptosis after OGD. Surprisingly, after adding EX527, a Sirt1 inhibitor, we found that neuronal apoptosis was increased and cell viability was decreased, confirming that Sirt1 was involved in cell apoptosis. Next, when adding RSV, a Sirt1 agonist, we found that neuron apoptosis was decreased and cell viability was increased. Therefore, we hypothesize that Sirt1 may be neuroprotective, which is consistent with results from a previous in vivo study (38). Moreover, RSV showed a neuroprotective effect either before or after OGD, indicating its great potential for the treatment of brain injury.

Mitochondria play a key role in regulating cellular calcium levels and activating cell death pathways. The Sirt1/PGC-1α pathway plays an important role in mitochondrial function regulation. Sirt1 can directly regulate PGC-1α activity through phosphorylation and deacetylation. And PGC-1α further induce mitochondrial gene expression in neurons to coordinate energy metabolism, enhance activity, and further regulate mitochondrial biogenesis and function, so as to reduce oxidative stress-mediated neuronal death. The Sirt1/PGC-1 pathway can play a protective role by activating autophagy against oxidative stress-mediated ROS production in systemic endogenous stress syndrome (39). In diabetic peripheral neuropathy, overexpression of Sirt1 can increase axonal growth through Sirt1/ PGC-1α/ TFAM axis and improve mitochondrial oxidative metabolism (40). It has also been shown that Sirt1/PGC-1α signaling pathway can further regulate the role of uncoupling protein 2(UCP2) or Forkhead box protein O1(FOXO1) in reducing oxidative stress and neuronal apoptosis (41, 42). In our study, decreasing Sirt1 reduced the expression of PGC-1α and increased apoptosis, resulting in intracellular increased MDA and decreased SOD, which are related to cell apoptosis. Therefore, we hypothesize that the neuroprotective effect of Sirt1 in neonatal brain injury is partly exerted by activating PGC-1α.

Although our experiments showed that Sirt1 is involved in the regulation of OGD, the described experiments were only performed in vitro. We do not know if the regulatory role described above is the same as in vivo. In addition, we selected a single time point after OGD. The trend in Sirt1 changes at different time points is out of scope of this study. Furthermore, the long-term protective effects of Sirt1 after OGD remain unclear, too.

In conclusion, oxidative stress is important for the occurrence of hypoxic brain injury. The antioxidant effect of Sirt1 may be a target of future HI studies. Our study confirms that Sirt1 is involved in apoptosis and is a protective antioxidant, which is regulated by the Sirt1/PGC-1α signaling pathway. Therefore, Sirt1 may serve as an important target in future studies for effective treatments of neonatal brain injury.
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Current monitoring techniques in neonates lack sensitivity for hypoxia at cellular level. The recent introduction of the non-invasive Cellular Oxygen METabolism (COMET) monitor enables measuring in vivo mitochondrial oxygen tension (mitoPO2), based on oxygen-dependent quenching of delayed fluorescence of 5-aminolevulinic acid (ALA)-enhanced protoporphyrin IX. The aim is to determine the feasibility and safety of non-invasive mitoPO2 monitoring in surgical newborns. MitoPO2 measurements were conducted in a tertiary pediatric center during surgical repair of congenital diaphragmatic hernia or esophageal atresia. Intraoperative mitoPO2 monitoring was performed with a COMET monitor in 11 congenital diaphragmatic hernia and four esophageal atresia neonates with the median age at surgery being 2 days (IQR 1.25–5.75). Measurements were done at the skin and oxygen-dependent delayed fluorescence was measurable after at least 4 h application of an ALA plaster. Pathophysiological disturbances led to perturbations in mitoPO2 and were not observed with standard monitoring modalities. The technique did not cause damage to the skin, and seemed safe in this respect in all patients, and in 12 cases intraoperative monitoring was successfully completed. Some external and potentially preventable factors—the measurement site being exposed to the disinfectant chlorohexidine, purple skin marker, or infrared light—seemed responsible for the inability to detect an adequate delayed fluorescence signal. In conclusion, this is the first study showing it is possible to measure mitoPO2 in neonates and that the cutaneous administration of ALA to neonates in the described situation can be safely applied. Preliminary data suggests that mitoPO2 in neonates responds to perturbations in physiological status.
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INTRODUCTION

Major (non-cardiac) neonatal surgery is challenging for clinicians. The neonatal homeostasis is a frail equilibrium and is highly affected by general anesthesia and surgical manipulation (1, 2). The anesthesiologist aims to monitor the physiology with the help of the heart rate, invasive blood pressure, saturation, end-tidal carbon dioxide, skin perfusion, urine output, and serum lactate. These broad range of monitoring modalities are used as surrogate of end-organ perfusion with adequate oxygen transport as a prime goal. To date, the optimal blood pressure in neonates for adequate perfusion of peripheral and cerebral tissue is unknown. Invasive techniques available for effective monitoring of the circulation/cardiovascular system are seldom used due to technical restraints in neonates or are simply not feasible during neonatal surgery (3). Yet, the incidence of brain injury after (non-cardiac) neonatal surgery is increasingly reported (4, 5) as well as altered long–term neurodevelopmental outcomes (6–9). Several factors are thought to contribute to the postoperative brain injury, including alterations in the perioperative neonatal hemodynamics.

Adequate oxygen supply to tissues is of pivotal importance. A non-invasive, bedside monitoring modality for cellular oxygenation could provide direct information about oxygen transport. This allows clinician to adjust their management on actual measurements of tissue perfusion and oxygenation instead of systemic circulatory measures. In this light, monitoring of cellular oxygenation has been suggested to be beneficial during neonatal-cardiac surgery due to the highly affected hemodynamics (10). Yet, major non-cardiac congenital anomalies which requires surgery within the 1st days causes alterations in the neonatal physiology as well (4, 7). The recent introduction of the non-invasive Cellular Oxygen METabolism (COMET) monitor (Photonics Healthcare B.V., Utrecht, The Netherlands) makes it possible to measure in vivo mitochondrial oxygen tension (mitoPO2). Although mitochondrial oxygen sensing has been recognized as a promising technique for pediatric ICU and anesthesia (11, 12), until now reported use has been limited to adults (13–16). The present study tests feasibility and safety of intraoperative use of COMET monitoring in infants for the first time.

The COMET monitor measures mitoPO2 by means of oxygen-dependent quenching of delayed fluorescence (17). Green pulsed laser excitation of protoporphyrin IX (PpIX) leads to a relatively long-lived red-light emission, called “delayed fluorescence.” The intensity of the delayed fluorescence decays with an oxygen-dependent lifetime, meaning more oxygen results in a shorter lifetime and vice versa. PpIX is the final precursor of heme in the heme-biosynthetic pathway, synthesized inside the mitochondria. Under normal (non-sensitized) conditions PpIX concentrations in human skin are very low and non-detectable with COMET. Administration of 5-aminolevulinic acid (ALA) increases mitochondrial PpIX concentrations and ensures the mitochondrial origin of the delayed fluorescence signal (15). Therefore, to enable measurements with the COMET monitor, ALA needs to be applied on skin to induce PpIX, the latter acting as mitochondrially located oxygen-sensitive dye (17, 18).

ALA is registered for use in adults, for example for photodynamic therapy in dermatologic pathology (19, 20) and to visualize brain tumors during fluorescence-guided surgery (21, 22) and was not used in pediatric patients until recently. Research with cutaneous ALA administration up to 354 mg in infants of 5 years and older reported no side effects (23). Oral administration of 20 mg/kg ALA in infants of 1 year and older showed a transient increase of alanine aminotransferase (24–26). Rarely, the administration of 5-aminolevulinic acid led to an allergic reaction, in here contact dermatitis are the only reported allergies (27). Therefore, we assumed the safety on a systemic level of a very low dosage of ALA—8 mg—on the skin of neonates, providing an opportunity to use COMET monitoring in neonates for the first time. Primary outcomes of this study were feasibility and safety, especially local (photo)toxicity, of cutaneous ALA administration in combination with using the COMET monitor in neonates perioperatively. A secondary outcome was preliminary evaluation of anesthesiologic and surgical procedures influencing mitoPO2.



MATERIALS AND METHODS

The institutional research board approved a feasibility study of 15 neonates (MEC 2017-145).

After obtained informed consent from both parents, measurements were performed during surgical treatment of neonates with congenital diaphragmatic hernia (CDH) or esophageal atresia (EA). Surgery took place in the operating theater, unless the neonate was on extracorporeal membrane oxygenation (ECMO), in which case the surgery was performed in the pediatric intensive care unit due to logistics.

In this study the feasibility was defined as the possibility of priming the skin with ALA and to measure mitoPO2 in neonates. The safety was defined as (the lack of) any adverse event of the skin after cutaneous administration of ALA and measurement with COMET until 48 h after the COMET-skin sensor was removed.

An Alacare® plaster has a square format of 2 by 2 cm and contains 2 mg per cm2 ALA (Alacare, photonamic, Pinneberg, Germany). The plaster is covered by an aluminum layer to protect the primed skin to light exposure (Figure 1) (28). The plaster was applied in the pediatric intensive care unit (ambient temperature of ~22°C) on the skin on the frontal side of the upper leg for at least 4 h before starting the measurement. Research in adults showed that a priming time of 4 h or more was needed to synthesize the suitable concentration of PpIX to enables measurements of mitoPO2 in the skin (15). The same minimal priming time was maintained in this study.


[image: Figure 1]
FIGURE 1. The ALA plaster with the aluminum cover (A) and the ALA side (B), double-sided tape (C) which is used for the application of the COMET-skin sensor (red arrow) on the frontal side of the upper leg (D) and the Cellular Oxygen METabolism (COMET) monitor (E).


The COMET-skin sensor has a biocompatible housing of 7 × 2 × 2 cm. The skin sensor was placed on the primed skin and was attached to the skin by a double-sided plaster provided by the COMET manufacturer (Figure 1). The influence of light on the primed skin during the application of the COMET-skin sensor was minimized by turning off the surgical luminaires/lamps. After the application of the skin sensor, the biocompatible housing was covered with aluminum foil.

Continuous registration of routine vital parameters, regional cerebral oxygenation (rSO2) (INVOSTM 5100C) and mitochondrial saturation (COMET) were obtained and stored for off-line analyses. Sampling rate of the vital parameters was every second, rSO2 every 6 s and mitochondrial oxygen tension (mitoPO2) every 60 s. Intraoperative management was registered in our Patient Data Management System. Patients received general anesthesia with sevoflurane/midazolam, rocuronium and fentanyl. MitoPO2 measurements started before surgery and continued until after surgery. After completion of the measurement the primed skin was shielded against light with an aluminum plaster for 48 h. This is based on the pharmacological characteristics of ALA. The mean half-life fluorescence clearance of PpIX is 30 ± 10 h.



RESULTS

Informed consent was obtained in 11 CDH and 4 EA patients. Intraoperative measurements were performed in all 15 included neonates. Neonates had a median gestational age of 38 weeks (IQR 37.7–40.2), a median birth weight of 3,000 grams (IQR 2,400–3,340) and a median age at surgery of 2 days (IQR 2–5.5). Median duration of the surgical procedure was 106 min (IQR 95–116) and two patients received surgical repair of CDH on ECMO in the pediatric intensive care unit (Table 1). Median skin priming time with ALA was 7 h 45 m (IQR 6 h 50 m−12 h 0 m). Twelve out of 15 measurements were successful with a median duration of the MitoPO2 measurement of 116 min (IQR 98–133) (Table 1). The first measurement failed due to the radiant warmer (infra-red light), the second due to pink chlorohexidine-alcohol disinfectants and the third due to purple skin marker on the primed skin.


Table 1. Patient demographics.
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In the 12 successful measurements (Table 2) the mitoPO2 interquartile range at start of the measurement was 51–60 mmHg. In all neonates the skin was examined on regular timepoints; after removing the ALA plaster after priming of the skin, directly after removing the COMET-sensor, at 24 and 48 h after removing the COMET-sensor. No adverse events such as erythema or other signs of an irritated skin were observed.


Table 2. Median and IQR values of the 12 successfully obtained measurements.
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Two cases illustrate fluctuations in mitoPO2 in relation to surgical and anesthetic actions. Case 1 (Figure 2A) is a female neonate, gestational age 37 weeks, birth weight 2,500 grams, with CDH requiring veno-arterial ECMO treatment due to therapy-resistant pulmonary hypertension. Surgical treatment was on day 8 of life, during ECMO. Priming of the skin with ALA was 6 h. During surgery bleeding intercostal arteries caused significant blood loss. Vital parameters and rSO2 remained unchanged, but mitoPO2 decreased from 62 mmHg at start surgery to 36 mmHg (a reduction of 42%) during blood loss and partially recovered after supplementation with erythrocyte transfusion with a mitoPO2 up to 53 mmHg at the end of the surgery.


[image: Figure 2]
FIGURE 2. Surgical repair of congenital diaphragmatic hernia during EMCO (A) Surgical repair of esophageal atresia (B).


Case 2 (Figure 2B) is a male neonate, gestational age 34 weeks, birth weight 1,950 grams, with EA type C with a trachea-esophageal fistula. Surgical repair took place on day 1 of life. Skin priming time with ALA was 8 h. The patient was positioned on the left side during surgery. Surgical compression of the lung caused hypoxia which required increasing FiO2 from 35 to 75% to maintain peripheral saturation between 90 and 95%. Blood pressure and heart rate remained stable, rSO2 responded on the increased FiO2 firstly, but mitoPO2 decreased soon after the compression started and continues to decrease from 69 mmHg at start surgery to 37 mmHg (a reduction of 47%) and restored within minutes after manipulation of the lung was finished with a mitoPO2 up to 62 mmHg at the end of the surgery.



DISCUSSION

This is the first study showing feasibility of mitoPO2 measurements in neonates, and importantly, in a clinically relevant high-risk perioperative setting. Measurements with the COMET monitor proved feasible and safe in terms of local damage to the skin. Furthermore, pathophysiological disturbances led to perturbations in mitoPO2. In 12 out of 15 patients mitoPO2 measurements were successful. Failures were caused by external and potentially preventable factors, disabling detection of an adequate delayed fluorescence signal. In one case infrared warming lamp heat or radiation interfered with the priming of the skin with ALA. Aluminum foil is a strong infrared reflector and was successfully used to shield the ALA plaster against infrared radiation during priming of the skin in the following cases. In the two other failed cases colored substances on the skin interfered with measurements, chlorohexidine with pink pigment and skin marker are both significant sources of delayed fluorescence and thereby potent disturbers of the mitochondrial PpIX light emission.

Safety of ALA administration with Alacare plasters was a major concern for the ethics committee due to the off-label use of ALA for measuring mitoPO2 with the COMET. The reaction of the neonatal skin on ALA administration was unknown and consequently we only obtained approval to perform this feasibility and safety study. ALA makes the skin sensitive for light, consequently it is frequently used for photodynamic therapy in different sorts of dermatologic pathology. In children of 5 years and older, the administration of ALA up to 354 mg, which is over 40 times higher than de 8 mg ALA that was applied on the skin in this study, did not have any side effects (23). Oral administration of 20 mg/kg ALA in infants of 1 year and older showed a transient increase of alanine aminotransferase (24–26). Systemic effects of topical/local administration of ALA on the skin have not been reported and in this study, we focused on potential local side effects in neonatal skin.

There is a risk for erythema and burns when the skin is exposed to (day)light after the administration of ALA. Therefore, precautionary measures were taken to shield the skin for light for 48 h after the measurement with the COMET was ended and the skin sensor was removed. In none of the cases local damage or irritation of the skin was observed, so the combination of ALA-plaster and COMET measurements seems safe.

The pharmacokinetic properties of topical ALA administration with Alacare in neonates are unknown, but in adults the reported skin priming time with ALA takes 4 till 8 h (13). In this study, the same priming times were maintained for neonates. In a following efficacy study, the power calculation/sample size will be focused on validating mitoPO2 measurements in neonates and analyzing the ideal priming time of the neonatal skin. This will create insight in the reaction of the skin to the application of ALA in term and preterm neonates.

For this study two major non-cardiac congenital anomalies were included: congenital diaphragmatic hernia (CDH) and esophageal atresia (EA). These congenital anomalies were chosen to be eligible because major surgery is required within the 1st days of life and postoperative brain injury are reported in children with these congenital anomaly (4, 7). CDH neonates suffer from lung hypoplasia and abnormal morphology of the pulmonary vasculature which results in respiratory insufficiency and severe (therapy-resistant) pulmonary hypertension (29, 30). CDH neonates are a challenge for clinicians to manage due this altered physiology. In EA neonates, the physiology is less affected by the congenital anomaly itself, but requires complex surgery with major intrathoracic manipulation which highly affects the neonatal physiology (31). In these children, our preliminary results suggest that monitoring mitochondrial oxygenation might register changes in neonatal physiology which could not have been observed using standard monitoring devices. Clearly, further research into the clinical usability of COMET is warranted but seems justified based on this pilot. Although this was only a feasibility and safety study, these results confirm that mitochondrial hypoxia may occur without clear signs of central hypoxia and are in line with previous research in animals and humans (32–35). A piglets study demonstrated cutaneous mitoPO2 changed earlier than MABP and lactate during ongoing hemodilution (32). In a sepsis rat model as well as in rats with induced right ventricular failure due to pulmonary arterial hypertension, mitoPO2 proved an additional parameter monitoring physiological changes (33, 34). The clinical prototype of the COMET was tested in healthy volunteers and showed measuring mitochondrial oxygenation and oxygen consumption in humans (13). Previous reports demonstrated the intraoperative use of COMET in adults (15) and also demonstrated that mitoPO2 measurements are not limited to the skin (35). The first study using COMET during upper gastro-intestinal endoscopy showed it is technically feasible and safe (35).

Adequate oxygen supply to tissues is of pivotal importance to sustain mammalian life. Aerobic metabolism is maintained through inhalation of air in the lungs and subsequent transport of the absorbed oxygen to tissues via the circulation. The flow of hemoglobin-bound oxygen through the macro- and microcirculation and diffusion of molecular oxygen into the tissue cells brings oxygen to the mitochondria. In the mitochondria, oxygen is used in oxidative phosphorylation in order to efficiently produce adenosine triphosphate (ATP) that acts as the energy source for many cellular processes. Furthermore, mitochondria are essential for homeostasis of the cell, they play a major role in (programmed) cell death (apoptosis). Opening of the mitochondrial permeability transition pore, as a result of a stressful stimulus such as calcium or reactive oxygen species overload, leads to loss of the mitochondrial membrane potential (36). The collapse of the membrane potential results in ATP depletion and necrosis (37), and the release of mitochondrial content such as cytochrome c leads to apoptosis (38). A correlation to outcome after perturbations in cellular oxygenation have not yet been shown, but it could be used as an early warning sign. Importantly, in both a preclinical (32) and clinical setting (15) mitoPO2 provided different information than hemoglobin saturation-based techniques like near- infrared spectroscopy (NIRS). Although visible light spectroscopy and near-infrared spectroscopy failed to show any response on a perturbation, mitoPO2 clearly dropped. This was observed during hemodilution in piglets, where mitoPO2 was measured simultaneously with tissue oxygen saturation on the thoracic wall. The mitoPO2 decreased after the hemoglobin dropped below a threshold, but tissue oxygen saturation, which was measured with NIRS, did not (32).

We previously published a clinical example in which mitoPO2 showed a different response than microvascular hemoglobin-saturation. During peripheral vasoconstriction, which was induced by the administration of clonidine, microvascular flow, and velocity parameters measured with laser-doppler decreased both. The venous-capillary oxygen saturation did not decrease, however, mitoPO2 in the skin measured by COMET decreased along with the decrease in flow and velocity (15). While mitoPO2 and microvascular flow provided similar information here, we expect additional value of mitoPO2 measurements in clinical situations in which microvascular shunting (39) and loss of hemodynamic coherence occur (40), for example in sepsis and hemodilution. During sepsis microcirculatory dysfunction occurs which causes shunting and loss of the coherence between blood flow and tissue oxygenation. Here microvascular, and ultimately mitochondrial, oxygen measurements can be of additional value (39). The same holds true during a hyperdynamic circulation due to hemodilution, causing erythrocytes to pass too quickly through the microcirculation. This phenomenon is referred to as functional shunting and involves the inability of hemoglobin to off-load oxygen fast enough to the tissues as it passes through the microcirculation, causing cellular hypoxia while hemoglobin saturation is normal or increased (40, 41).

In this study we found baseline mitoPO2 values in the range of 51–60 mmHg. In a previous study in healthy volunteers we reported mean mitoPO2 to be 44 mmHg, and in a very recently published study in critical care patients mean mitoPO2 was reported to be around 60 mmHg (42). Such relatively high values match well with other oxygen measurements in skin (43). The differences between the studies could well be attributed to factors like skin temperature, filling status of the patient, and use of sedation/anesthesia, since such factors are known to influence skin perfusion. Clinical data until now are scarce and normal values for mitoPO2 remain to be determined, as well as the influence of patient factors (such as age) and clinical circumstances. Although we do think mitochondrial oxygen tension is in general higher than anticipated (12), the reader should realize that mitoPO2 in other organs and tissues is likely to differ. Differences in tissue oxygen levels exist between organs, tissues, and tissue compartments (43) and metabolic activity (for example muscle contraction) is also of influence.

To date, clinicians are in the dark about the effect of the altered neonatal (patho)physiology during major high-risk surgery on cellular oxygenation. In the past the focus was to optimize macrohemodynamics although the microcirculation has been increasingly recognized as an import variable in the critically ill neonate (44). To measure tissue oxygenation, a modality based on the principle of near infrared spectroscopy (NIRS) became popular. The optode of the NIRS emits near-infrared light, which easily penetrates biological tissue at a depth of ~2–3 cm (45, 46). It measures the oxygenation of a combination of 75% venous, 20% arterial, and 5% capillary blood, but does not provide information about the oxygen concentration at cellular level. Unfortunately, the clinical use of additional monitoring with NIRS have not been established yet (47). The COMET allows us to look at oxygen availability at a cellular level. The neonatal skin is an ideal target organ for COMET measurements. It is the biggest organ in neonates and has a relative bigger surface and is more vascularized compared to adults. Skin blood circulation is very sensitive to changes in vascular resistance and blood pressure (48), potentially making the skin a good indicator for the (general) cardiopulmonary status of the neonate.

Compared to interstitial measurements with for example oxygen electrodes COMET has some distinct advantages, such as no need for calibration, non-destructiveness (no need for needle placement), well-defined measurement compartment and very fast response time (no need for signal integration over longer periods of time). A disadvantage of the COMET technique is the necessary priming with ALA. Although previous studies in adults and this study in neonates, show that with some precaution's application of ALA to the skin can be done without harm, it requires planning and currently prevents its use in emergency situations. In elective situations in the operating room and for use in the intensive care this proved not a major issue.

In conclusion, this is the first study showing it is possible to measure mitoPO2 in neonates and that the cutaneous administration of ALA to neonates in the described situation can be safely applied. Preliminary data suggests that mitoPO2 in neonates responds to perturbations in physiological status. The added value of mitochondrial measurements for clinical decision making remains to be determined in future studies.
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Background: Bacteriological testing of donor human milk is mostly done both before and after pasteurization to control contamination in the end-product and meet the microbiological standards. Although the plate count method represents a reliable and sensitive technique and is considered the gold standard for bacteriological testing, it is recognized for being time-consuming and requiring qualified personnel. Recently, faster testing technologies, mostly geared toward the food industry, have been developed. Among these, the bioMérieux TEMPO® system uses the most probable number method to assess microbiological content in a semi-automated fashion.

Objective: The performances of the TEMPO® system in enumerating bacterial quality indicators in human milk were assessed and compared to the reference plate count method.

Methods: Naturally and artificially contaminated human milk samples were used to compare the analytical performances of the TEMPO® system to the plate count technique. More specifically, bacteria belonging to the genera Bacillus, Enterobacteriaceae, Staphylococcus aureus, and total aerobic flora were screened using both methods. Bacteria isolated on agar plates containing selective media were identified by supplemental testing. Bacterial testing results and method parameters were compared using linear regression analyses and Bland-Altman approaches.

Results: Naturally contaminated milk samples (n = 55) tested for total aerobic flora showed < 1 log (CFU/ml) discrepancy between the two methods in the output results for 98% of the samples. Comparative linear regression analyses demonstrate good correlations between the two methods (R2 > 0.9). At lower levels of bacterial contamination, the TEMPO® method precision (C.V. < 8%) and accuracy (> 83%) were comparable to plate counts.

Conclusions: The analytical performances of the TEMPO® system for human milk bacteriological testing are equivalent to the reference plate count method. Results from the TEMPO® system are available within a 24-h turnaround time from sample inoculation without the need for further supplemental testing, suggesting that this semi-automated method could be implemented within milk bank operations as an in-process monitoring technology to optimize end-product quality and safety.

Keywords: donor human milk, human milk bank, bacteriology testing, donor screening, Bacillus, quality control, in-process monitoring


INTRODUCTION

A human milk diet has multiple, well-established benefits for all infants and reduces many risks associated with prematurity. Human milk banks provide an essential source to allow human milk diet for infants whose needs exceed what their own mothers can provide. These institutions need to follow standard safety guidelines regarding end-product bacteriological screening to ensure product safety (1–3). Since the inception of its Public Mother's Milk Bank in 2014, Héma-Québec has overseen the milk donation process and is responsible for the processing and distribution of pasteurized donor human milk (PDHM) to premature infants born at 32 weeks or earlier who require medical care and whose mother is unable to breastfeed. Recent studies have shown that breast tissue itself may contain several hundred bacterial species whose diversity may vary according to lactation stages (4–6). Although a normal milk microflora contributes to the establishment of a healthy intestinal flora in neonates, harmful pathogens in human milk can resist thermal processing and have been related to premature babies' infections (7–11).

Bacterial content analysis of pooled mother's milk prior to thermal processing helps identifying potential sources of contamination and allows educational feedback to donors when inadequate collection processes are suspected. The Human Milk Banking Association of North America (HMBANA) guidelines provide recommendations on bacteriological testing of heat-processed milk. Specifically, the guidelines states that any bacterial growth is deemed unacceptable for banked human milk (1). These recommendations on PDHM have been implemented by most milk banks. However, bacteriological screening of milk before pasteurization has not been systematically implemented in all milk banks and there is still no consensus regarding the microbiological criteria to be applied (12–14). Monitoring contaminants in “raw” milk remains relevant, since some pathogens produce toxins or spores that may resist thermal processing (15, 16). Spore-forming bacteria including Bacillus and Bacillus-derived bacterial genera species, represent the most common contaminants found in PDHM and are responsible for a significant fraction of rejected batches (14, 17). Most milk banks who apply pre-pasteurization milk screening use a total aerobic flora (TAF) threshold of 105-106 colony-forming units per milliliter (CFU/ml) (18, 19). Threshold values for maximal bacterial counts vary among milk banks and countries. For instance, the National Institute for Health and Care Excellence (NICE) in the UK recommends a maximal bacterial count of 104 CFU/ml for Staphylococcus aureus (S. aureus) and Enterobacteriaceae, and maximum of 105 for total colony count. In contrast to Australian guidelines, which do not accept any Enterobacteriaceae, Enterococci or potential pathogens capable of producing heat-stable enterotoxins (2, 20–22). Héma-Québec's Public Mother's Milk Bank adopted post-pasteurization microbiological criteria based on practices and guidelines; accordingly, unpasteurized milk containing a TAF > 105 CFU/ml or an Enterobacteriaceae content > 104 CFU/ml or any harmful pathogens including S. aureus, Bacillus, and Bacillus-like species, is discarded.

The plate count method (PCM) is currently the best practice recommended by the HMBANA for bacterial content testing of milk (1). This method can require up to 4 days for the results to be available and its application might lack standardization since procedure variations such as media composition, sample plating volume and raw milk preparations (i.e. dilutions) have been observed among milk banks (23–25). This methodology precludes a rapid intervention upon the human milk processing chain and can result in time, material and product wastage.

New bacteriological testing technologies with higher throughput have been recently introduced, among others, by the food and cosmetic industries as a means of intervening faster on their production chain (26, 27). The TEMPO® system (bioMérieux, Marcy-l'Étoile, France) is the first semi-automated bacteriological testing technology able to identify contaminants typically found in human milk. This system uses testing cards with specific culture media allowing rapid bacterial growth. After distribution of culture media-sample mixtures in the wells of the card, bacteria multiply during incubation and metabolize culture media containing a fluorescent indicator. The TEMPO® system relies upon the detection of the number and volume of positive wells (fluorescent or non-fluorescent) and statistical methods that are based on the most probable number (MPN) approach to perform bacterial enumeration (28, 29). The TEMPO® system is increasingly used in the food industry, which takes advantage of its semi-automated process, built-in sample scanner for traceability purposes and its speed in achieving bacteriological count and identification without additional identification tests (30, 31). Human milk and dairy products have similar matrices in terms of fat and inhibitory substances, which suggest that the TEMPO® system might be an asset for milk banks. This technology could potentially be used as a faster means to perform in-process bacteriological monitoring of raw mother's milk and PDHM (32, 33).

The objective of this study was to conduct a performance evaluation of the TEMPO® system for the enumeration of four typical bacterial quality indicators observed in mother's milk (TAF, Enterobacteriaceae, S. aureus, and Bacillus) and to compare the results with standard PCM. The impacts of the milk matrix on the reliability of the TEMPO® method were assessed along with the precision and accuracy. To the best of our knowledge, this study represents the first assessment of the TEMPO® system performances for human milk bacterial testing.



MATERIALS AND METHODS


Milk Samples

Before collection, donors were asked to fill a milk donation qualification form providing relevant personal and medical information and to sign an informed donation consent form, in accordance with Héma-Québec's (HQ) Research Ethics Committee guidelines. Qualified donors were subjected to the same serological screening performed for regular blood donations at HQ's blood bank (i.e., hepatitis B and C, syphilis, HIV, CMV, and HTLV-I/II). Expressed milk was self-collected and frozen in a household refrigerator by mothers at their home. Periodically, milk was sent to the Public Mothers' Milk Bank using validated HQ shipping containers. All milk donations were stored at −20°C until analysis. On the day of the analysis, milk samples were rapidly thawed in a water bath at 37°C. Naturally Contaminated Milk Samples (NCMS), and uncontaminated milk samples sterilized by pasteurization were spiked with known concentrations of specific bacterial strains and labeled as Artificially Contaminated Milk Samples (ACMS). Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC 27217) and Bacillus cereus spores (isolated from a milk donation) were used to prepare ACMS. Mother's milk bacteriological contents were confirmed by PCM and diluted to final target concentrations in order to generate ACMS. For NCMS (n = 55) and ACMS (n = 3), 10-fold serial dilutions (10−1, 10−2, or 10−3) were prepared in Buffered Peptone Water (BPW; bioMérieux) for bacterial enumeration, as described in Table 1.


Table 1. Protocol details for human milk bacterial testing.
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Enumeration of Bacterial Quality Indicators by the Plate Count Method (PCM)

The PCM, performed by the spread plate technique, was used to enumerate all four bacterial quality indicators in milk samples. The method's performances had been previously validated following controlled quality assurance protocols. Briefly, 100 μl of milk sample were seeded on different media in duplicate. Plates were inverted and incubated at 35°C for 48 h. For the enumeration of TAF and Bacillus species, sheep blood agar medium was used (Oxoid; Thermo Fisher Scientific, Waltham, MA, USA). Colonies characterized by a clear zone halo, which can be attributed to hemolytic activity, were ascribed to Bacillus. After isolation on blood sheep agar, gram staining and inoculation of sporulation agar medium were performed to confirm the Bacillus identification. Enterobacteriaceae and S. aureus were enumerated on MacConkey and mannitol medium (Laboratoire de santé publique du Québec, Québec), respectively. For NCMS, characterized by a competitive flora, only presumptive pink to purple colonies fermenting lactose were counted as Enterobacteriaceae. Triple-Sugar-Iron agar (TSI) medium plates were seeded with bacteria to confirm the presence of Enterobacteriaceae. S. aureus in NCMS could not be quantified using the previous PCM because coagulase-negative Staphylococcus (CONS) and coagulase-positive Staphylococci (CPS; S. aureus) could both grow in mannitol medium. CPS identification was confirmed by the observation of presumptive bright yellow colonies on sheep blood agar after a 24-h incubation period at 35°C. CPS was differentiated from CONS using a coagulase test, following the manufacturer's instructions (BD BBL™ Rabbit Coagulase Plasma). For all samples, average counts from duplicates are reported as original concentrations, considering the applied dilution factor.



Enumeration of Bacterial Contaminants by the TEMPO® MPN Method

The bioMérieux TEMPO® system consists of two independent work stations, the semi-automated sample preparation module and the reading/recording module. In this study, the TEMPO® system was used according to the manufacturer's recommendations. Briefly, each individual bacterial analysis was performed using its own specific testing card, which contains a growth-triggered fluorescent transducer scattered in a selective culture medium and a predefined sample dilution pattern for determination of the MPN. Each card contains 48 analysis wells of three different volumes (225, 22.5, and 2.25 μl), from which a fluorescence signal can be recorded and interpreted to deduce the initial bacterial content reported in CFU/ml.

Before each bacterial analysis, a 1 mL milk sample was transferred into a previously rehydrated disposable vial containing 3 mL of sterile water. The seeded medium was subsequently transferred to its attached testing card and sealed using the TEMPO® Filler. Each testing card was incubated for a specific time and temperature, following the manufacturer's recommendations (see Table 1). In this study, the TEMPO® AC testing card was used to characterize TAF and was incubated for 24–28 h at 35°C before reading. Enterobacteriaceae were enumerated using the TEMPO® EB testing card and was incubated at 35°C for 22–27 h. The TEMPO® STA testing card was used to determine the S. aureus concentration at 35°C for 24–27 h. Finally, a 22–27 h incubation period at 30°C was used with the TEMPO® BC testing card to assay Bacillus species belonging to the Bacillus cereus group (i.e., B. cereus, B. anthracis, B. thuringiensis, B. mycoides, B. pseudomycoides, B. weihenstephanensis, and B. cytotoxicus). After their respective incubation period, all cards were analyzed sequentially in an automated fashion using the TEMPO® reader station. Results are reported in CFU/ml for the original sample after manually entering the initial dilution factor (34).



Comparison of the Methods' Performances TEMPO® vs. PCM

A total of 55 NCMS were tested for TAF and Enterobacteriaceae by the TEMPO® MPN and PCM methods, and results were directly compared. Since the TEMPO® BC testing card is specific to the Bacillus cereus group, comparison of enumeration results with PCM, which uses blood sheep agar allowing growth of other Bacillus species, could not be done. Since CONS and CPS could both grow in mannitol medium, the measured concentration of S. aureus could also not be determined by PCM. Hence, the comparison of methods' performances for S. aureus and Bacillus detection was made from the number of positive samples (% of the population of n = 55) analyzed by both methods. Regarding the PCM method for TAF, Enterobacteriaceae and Bacillus, plate counts were obtained by seeding the undiluted sample along with 10−1, 10−2, and 10−3 dilutions. Detection of S. aureus was performed by spreading the original undiluted milk sample. Every plate was prepared in duplicate, and results are reported as the average count from both plates.

For TEMPO® measurements, two TEMPO® AC testing cards seeded, respectively, with 100 and 10−2 dilutions of the undiluted milk sample were used to cover the TAF enumeration range (1-490 000 CFU/ml, or 0–5.7 log CFU/ml). TEMPO® EB testing cards were seeded with 10−1 dilutions giving a detection range of 10–49 000 CFU/ml, or 0–4.7 log CFU/ml. Finally, the TEMPO® STA and BC testing cards were also seeded with the original milk sample (i.e., 100 dilution), and their enumeration range is 1–4,900 CFU/ml, or 0–3.7 log CFU/ml.



Evaluation of the Analytical TEMPO® MPN Method Parameters

The accuracy of the TEMPO® method for each bacterial quality indicator and the milk matrix effect were assessed using the corresponding PCM results as reference. A high concentration of NCMS was used for the determination of the TEMPO® accuracy and precision for the enumeration of TAF (i.e. 5 log CFU/ml). ACMS were prepared by spiking Escherichia coli for Enterobacteriaceae enumeration, Bacillus cereus spores for Bacillus testing and S. aureus for the detection of CPS. PDHM or BPW was used as diluent to decrease the bacterial concentration. To cover an enumeration ranging from 1 to 5 log CFU/ml, 100-10−2 sample dilutions were seeded on plates or TEMPO® cards.


Selectivity and Linearity

To assess the impacts of the milk matrix on the reliability of the TEMPO® method, milk samples were diluted in PDHM or BPW to obtain standard concentrations ranging between 1 and 5 log CFU/ml for TAF and Enterobacteriaceae, and between 1 and 4 log CFU/ml for S. aureus and Bacillus cereus. From each standard, four 10-fold serial dilutions were prepared for TAF, and five 10-fold serial dilutions were needed for Enterobacteriaceae, S. aureus and Bacillus cereus enumeration tests. Negative control samples previously determined to contain 0 CFU/ml were also prepared and analyzed. The TEMPO® and PCM enumeration results for each bacterial quality indicators diluted in either pasteurized milk or BPW were compared by regression analysis. All experiments were performed in triplicate.



Accuracy and Precision

The precision of each method was assessed from six individual measurements of six test samples prepared from the same mother's milk sample. The accuracy of the analytical method for each bacterial quality indicator was determined using three individual test samples prepared from mother's milk samples, and final target concentrations were 5 log CFU/ml for TAF, 4 log CFU/ml for Enterobacteriaceae, 3 log CFU/ml for S. aureus and 1 log CFU/ml for Bacillus cereus. All test samples were analyzed using both the PCM and TEMPO® method. Seeding on media or TEMPO® cards was performed using sample dilutions of 10−2 for TAF, 10−1 for Enterobactericeae and S. aureus, and no dilution (100) for Bacillus cereus. The results of the precision tests are expressed by the coefficient of variation (CV), which is the relative standard error compared to the mean. The method's accuracy (%) for each quality indicator was calculated by reporting the experimentally measured concentrations to the expected values.




Statistical Analysis

Bacterial counts were converted to logarithmic values. The latter were analyzed with standard statistical methods for means and standard deviations (SD). The correlation between the PCM and TEMPO® results was assessed by linear regression analysis and the coefficient of determination (R2) was used to estimate the model accuracy. The agreement between methods was evaluated by performing a Bland-Altman analysis (OriginPro8.0, OriginLab Corporation, Northampton, MA, USA; SAS 9.4, SAS Institute, Cary, NC, USA).




RESULTS


Comparison of TEMPO® and PCM Performances With NCMS

Samples (n = 55) were tested for all four bacterial quality indicators by both methods. Comparing bacterial counts obtained for each sample tested by the PCM and TEMPO® methods, there was no more than a 1 log CFU/ml difference in the results, irrespective of the bacterial target.


Total Aerobic Flora

When comparing enumeration results obtained from both methods for TAF using a linear regression analysis, the coefficient of determination obtained was 0.90 (Figure 1A). The concentration of one milk sample was out of the quantification range for both methods, and was therefore excluded from the analysis. According to the Bland-Altman analysis (Figure 1C), there was a good agreement between both methods, with a mean difference of < 0.5 log CFU/ml across the entire range of values. Only a few samples (n = 4) were found to be outside the agreement limits of the Bland-Altman analysis set at 2 × SD. The degree of correlation and agreement between measurements is highlighted by the narrow 95% CI (−0.8 to 0.7 log CFU/ml) and an analytical bias of only 0.1 log CFU/ml for the TEMPO® method over the PCM.
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FIGURE 1. Comparison of total aerobic flora and Enterobacteriaceae enumerations (log count per mL) for the 55 naturally contaminated samples by the TEMPO® and plate count methods. Linear regression curve (A) and Bland-Altman analysis (C) for total aerobic flora. Linear regression curve (B) and Bland-Altman analysis (D).




Enterobacteriaceae

Only 44% (24/55) of milk samples were found positive for Enterobacteriaceae after analysis by both methods. At low concentrations (< 1.3 log CFU/ml), two samples were positive according to the TEMPO® EB test, but only one showed growth by PCM using MacConkey agar medium (Table 2). A statistical analysis was performed on the 24 positive samples, and a linear regression coefficient of 0.90 was obtained (Figure 1B). The Bland-Altman plot (Figure 1D) shows a good agreement between the two methods, as all results are within the 95% C.I. limits (−0.9 to 0.6 log CFU/ml), with an analytical bias of only 0.1 log CFU/ml and a calculated ICC of 0.94, suggesting an excellent reliability for the TEMPO® method.


Table 2. Comparative detection of four bacterial quality indicators in 55 NCMS using TEMPO® and PCM methods.
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S. aureus

S. aureus was detected by the PCM and the strain identity was confirmed by the coagulase test (Table 2) for three of the 55 milk samples (5.4%). The TEMPO® STA test gave a positive result for only one of them associated with an error (code 19). The code 19 is associated to an inconsistent result generated by the TEMPO® reader system. When an incoherent result is obtained, fluorescence is present in the upper wells of the card, confirming the presence of bacteria in the sample, but without a concentration estimate. Despite the fact that it was not possible to obtain a bacterial count for this sample due to a code 19, but considering that the error is associated with growth, they were identified as being contaminated. Consequently, there were two human milk samples unconfirmed positive for the presence of S. aureus by the TEMPO® system out of the 55 analyzed.



Bacillus

Bacillus was detected in nine of the 55 samples by TEMPO®, compared to only five by the reference PCM. Only one of the five positive samples identified by PCM was detected exclusively by the gold standard method. On the other hand, five of the nine positive samples by TEMPO were considered negative by PCM. In the end, four samples were tested positive for bacillus by both methods (Table 2). Interestingly, the single colony of a presumptive bacillus that grew on blood agar did not generate beta hemolysis, thereby questioning the identity as a cereus species. However, analysis by mass spectrometry (MALDI-TOF) confirmed that the bacterium belongs to the cereus group, and therefore should have been detected by the TEMPO® BC test; however the concentration was only 5 CFU/ml. Overall, both methods demonstrated their capacities to detect low levels of bacillus i.e., from 0 to 3.7 log CFU/ml (1–4,900 CFU/ml).




Evaluation of the Analytical TEMPO® MPN Method Parameters


Selectivity and Linearity

The TEMPO® system enables the quantification of bacterial quality indicators over a concentration range of four to five orders of magnitude. To assess the impacts of the complex milk matrix on the TEMPO® method's analytical performances, enumeration results for all bacterial target were compared in ACMS vs. BPW, with the exception of TAF, which was performed in NCMS only (Table 3). The statistical analysis shows a good overall agreement between the PCM and TEMPO® methods for all tested bacterial strains and sample matrices. More specifically, the linearity coefficient between the PCM and TEMPO® results for the enumeration of the TAF in milk is R2 = 0.976. Furthermore, bacterial counts obtained for Enterobacteriaceae by the PCM using MacConkey medium correlated just as well in a matrix composed of either milk (R2 = 0.995) or BPW (R2 = 0.996). The linear correlation coefficients observed when plotting S. aureus counting results by TEMPO® vs. PCM are R2 = 0.990 and R2 = 0.948 for BPW and milk matrices, respectively. Finally, there were no significant differences in the results obtained by the two methods for the enumeration of B. cereus using BPW (R2 = 0.994) or milk (R2 = 0.990) samples artificially contaminated with spores. Note that an R2 value of 1.0 indicates a perfect fit between variables and indicating that the model explains all the relationship, between the two factors.


Table 3. Correlation coefficients between plate count and TEMPO® methods for the enumeration of bacterial quality indicators in ACMS and NCMS contaminated samples.
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Precision and Accuracy

Table 4 presents the results obtained for the characterization of the precision and accuracy of both methods. For the precision expressed as the CV, a series of six measurements were taken from samples prepared so that their final concentration was strategically located within the quantification range of each bacterial target. For TAF, the expected sample concentration was 5 log CFU/ml. A CV of 3% was obtained for TEMPO, compared to 2% for PCM for paired samples. For Enterobacteriaceae, the enumeration target was set to 4 log CFU/ml and, similar to the TAF result, a slightly lower CV was obtained for PCM (1%) compared to TEMPO (3%), which was identical to the CV for TAF. A lower target concentration of 3 log CFU/ml was chosen for S. aureus, given the more stringent human milk release criteria for gram-positive bacteria. For this target species and concentration, CV of 5 and 2% were obtained for TEMPO® and PCM, respectively. A low 1 log CFU/ml concentration target was chosen for Bacillus; given this target, a CV of 9% was obtained with TEMPO®, and a much higher variability was observed in the results for PCM, with a CV of 82%.


Table 4. Evaluation of the accuracy and precision of the plate count and TEMPO® methods at concentrations close to the acceptance criteria for human milk before pasteurization.
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The accuracy of each method was calculated from the difference observed between the average experimental value, calculated from three separate measurements, and the expected value for each sample whose final concentration was adjusted so as to be in the quantification range. Table 4 presents the PCM and TEMPO® accuracy results observed for each target bacterium. In the case of TAF and Enterobacteriaceae, values approaching 100% were obtained with both enumeration methods at 4 and 5 log CFU/ml, respectively. For S. aureus, the target concentration to assess the accuracy of the PCM and TEMPO® methods was 3 log CFU/ml; at that concentration, the accuracy was 90 and 83% for PCM and TEMPO® method, respectively. Finally, a 1 log CFU/ml target concentration was used with Bacillus; at that target, the PCM method underestimated the milk sample contamination (80%), and the TEMPO® method overestimated it (120%).





DISCUSSION

The TEMPO® system is currently used in several countries, mainly as a quality control tool in the food industry. Indeed, all TEMPO® bacterial tests have been approved by international quality and standards organizations, such as AOAC International, AFNOR and ISO for food and environmental samples (35–38). Evaluations of the performances of the TEMPO® MPN method for the characterization of bacterial content in food products, including dairy milk, have been reported (39–45). Most of them have demonstrated a good agreement in the results between the plate count method and TEMPO® for all types of targeted bacteria. The main objective of this performance evaluation was to compare the enumeration capability of the TEMPO® system aimed at the characterization of human milk microflora and the detection of specific bacterial contaminants of interest at concentration levels as low as 1 log CFU/ml in < 24 h. The enumeration results for TAF and Enterobacteriaceae obtained from 55 NCMS demonstrated a good agreement between the PCM and TEMPO® methods and, more importantly, no significant analytical bias was observed for the TEMPO® system using plate counts as reference. Differences in the output values were not > 1 log CFU/ml for all samples, which testify to the reliability of the TEMPO® system. Interestingly, occasional discrepancies were observed between enumeration counts obtained from TEMPO® AC cards inoculated with 100 and 10−2 dilutions of the same mother's milk sample. The upper detection limit threshold of 490 000 CFU/ml was exceeded with the undiluted sample, while the 10−2 dilution generated bacterial counts within the 1–4,900 CFU/ml enumeration range. This result could be attributed to an apparent fluorescence quenching caused by diffusion or absorption of the output signal by the complex milk matrix, interpreted by the system as a sample of high bacterial content. A dilution of the sample seems to attenuate the matrix effect on the fluorescence output signal and allows obtaining results within the quantification range of the TEMPO® AC card. This in turn enables to identify milk samples with an aerobic flora content that exceeds the quality criterion of > 105 CFU/ml with a good level of confidence.

Testing a 10−1 sample dilution would be recommended for the enumeration of S. aureus; this dilution, corresponding to a limit of detection of < 10 CFU/ml, conforms to the quality criterion threshold for this bacterial species and corresponds to the current plate count method performed on mannitol agar in terms of limit of detection. Finally, 100 and 10−1 dilutions of the mother's milk sample would be recommended to span appropriate concentration ranges for the enumeration of Bacillus and Enterobacteriaceae with TEMPO® BC and EB cards, according to the quality criteria applicable to these bacterial species. During the evaluation of the TEMPO® analytical performances, a few samples, independently of the targeted bacteria, generated an error code (code 19), which could be attributed to incoherent results according to the TEMPO® user's manual. The error code is believed to be associated to the opacity of the human milk matrix since all events were observed with undiluted samples. Light absorption by proteins or scattering by the milk fat globules, among others, could interfere with the bacterial growth transducer excitation of its fluorescence emission resulting in a noisy optical signal. According to bioMérieux's technical staff, adherence to the incubation period recommended for each testing card should allow sufficient growth from the lower wells and solve the issue. Repeating the same sample analyses with new testing cards and using the upper recommended limit as the incubation period, the same error code was obtained. One must conclude on the possibility that some human milk constituents may interfere with the TEMPO® detection process. Proper identification of the principal interfering constituents and, extensively, of maternal factors impacting detection performances of the TEMPO® system could be investigated. Nevertheless, to maintain a detection limit of 1 CFU/ml for S. aureus and Bacillus sp. it requires performing TEMPO® analyses on undiluted samples. Consequently, it would be well-advised to conduct secondary testing in the case of positive samples for S. aureus or Bacillus sp. in order to determine the bacterial concentration. It is worth noting that some Bacillus species outside the cereus group would not be detected by the TEMPO® BC test. However, this test remains efficient at quantifying some of the most harmful contaminants with pathogenic potential related to this genus (46). Finally, TEMPO®'s precision and accuracy were comparable to the PCM and, interestingly, the semi-automated detection method performed better than the PCM at low concentration levels, which might prevent the distribution use of human milk contaminated with small numbers of bacteria belonging to the Bacillus cereus group.

Within a 24-h period, characterization of the bacterial content in mother's milk donations and pasteurized human milk bottles were performed using the TEMPO® technology from bioMérieux. More specifically, TEMPO® was used for the enumeration of the total aerobic bacterial flora, Enterobacteriaceae, B. cereus group and S. aureus from raw human milk with sample dilutions as the only sample preparation steps prior to the incubation and detection. Rapid and reliable detection of bacterial content would help screening for contaminated milk donations with heat-resistant bacteria prior to pasteurization, thereby reducing rejection rates, and improving overall end-product safety and quality. The bioMérieux TEMPO® system includes a built-in scanning device ensuring sample traceability. It is designed to be integrated within a human milk production line for in-process testing and determining pooling strategies before thermal processing. This study underlines the importance for human milk banks to keep an eye on innovative technologies, especially those dealing with the characterization of bacterial content, as these could lead to enhancements in productivity but most of all, in the safety of a precious product intended for preterm infants.
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In this study, we examined the effects of high-altitude environment on the brain function of a young-rat seizure model. Two-hundred healthy, 3-week old, male rats were selected and equally divided into the plateau and plain groups. The plateau group was preconditioned in a simulated 5,000-m altitude (barometric pressure [PB], 405 mmHg; partial pressure of oxygen [PO2], 84 mmHg) for 6 h/day for 7 days, while the plain group was kept in the ordinary atmospheric environment (PB, 760 mmHg; PO2, 157 mmHg) for 7 days. After preconditioning, rats were administered pentylenetetrazol (PTZ) to generate level-4 or stronger seizures. Electroencephalogram (EEG) signals were recorded (16 rats/group); the histology and apoptosis of hippocampal tissue were evaluated (6 rats/group); and spatial learning and memory were examined in the Morris water maze (12 rats/group; 6-weeks old). To induce a level 4 or stronger seizure successfully, a significantly higher PTZ dose was used in the plateau (81.32 ± 21.57 mg/kg) than in the plain group (63.41 ± 19.77 mg/kg, p < 0.01); however, the plateau group survival rate was significantly lower than that of the plain group (26.2 vs. 42.9%, p < 0.05). EEG parameters did not differ between the two groups. Histological analysis revealed that in the plateau group, more neurons were observed (p < 0.001), especially in DG and CA1 areas, and less apoptotic cells were found in DG areas (p = 0.035), comparing with the plain group. No differences were found between the two groups in any of the parameters examined in the Morris water maze. Our results show that the disease outcome caused by low pressure and low oxygen environment in the plateau group was different to that in the plain group. The high drug dosage to induce seizures in the plateau group, accompanied by increased mortality rates after seizures, indicates that the seizure threshold may be higher in the plateau than in the plain group. Moreover, based on the histological findings, the plateau environment seems to exert a protective effect on brain development after seizures only for survived individuals with mild conditions.

Keywords: high altitude, seizures, brain function, hypoxia, young-aged rats


INTRODUCTION

Tibet is an area with an average altitude of about 4,000 m, with a pressure and partial pressure of oxygen significantly lower than those in plain areas. Tibet's special geographical state not only results in differences between disease spectra but also between the physiological states within the same disease. During one of our author's work as aid for Tibet, she found that for the young children especially the neonates with convulsion in Tibet, the outcome of survival children seemed to be better than in plain areas. It has been established that sustained severe hypoxia can lead to brain hypoxia, ischemia, and edema, eventually leading to neuronal necrosis and irreversible brain damage (1). However, recent studies suggest that moderate hypoxia may have a protective effect on brain injury-related diseases. To train pilots, the concept of “hypoxic training” was proposed as early as the 1930s (2). It is believed that moderate hypoxia training can increase the tolerance of human body, especially that of the cardiovascular system, to subsequent hypoxia. The training method can be a stay at high altitude camps for several weeks, regular high-altitude flights by airplane, training in altitude chambers, and inhalation of a low-oxygen mixture. Follow-up studies found that the low-pressure hypoxic preconditioning can improve other organs' tolerance to hypoxic-ischemic injury; this effect is also encountered in the brain, providing protection to cerebral ischemia and neurodegenerative diseases (3, 4). However, the degree to which hypoxia can induce damage or protection, and against which degree of brain injury hypoxia can provide protection is not clear and is still controversial. Therefore, the impact of plateau environment on diseases needs to be further studied.

Convulsions are common neurological symptoms in childhood and can be caused by a variety of reasons (5). The infantile, especially the neonatal period, is a critical period for nervous system development; thus, the convulsion-induced damage to the nervous system during this period can be considerable. The severity and duration of convulsive seizures are crucial factors influencing the outcomes. A study showed that in 89 patients, 23 (36%) had neurological abnormalities upon examination without an apparent functional impact, neonatal mortality due to convulsive seizures in term infants has been reported at 7%; while 28% of the survivors have poor long-term outcomes. Among the infants with overall poor neurological outcomes (25 patients), 20 (80%) had severe and 5(20%) had moderate neurological impairment (6). Recurrent epileptic seizures cause neuronal loss in the developing brain through apoptosis and necrosis and induce progressive memory deficits (7). In order to reduce those poor outcomes, many studies have been conducted to search for brain protective measures. Research on preconditioning has resulted in various promising strategies for the treatment of patients with acute brain injury (8). Among them, low-pressure hypoxic preconditioning has been widely studied. A study by Zhen et al. (9) suggested that moderate hypoxic preconditioning after epilepsy had a protective effect on brain injury. However, there is paucity of studies examining whether these protective effects are present at different hypoxic levels.

The Tibetan plateau provides a natural low-pressure hypoxic environment. The characteristics of children's convulsion in Tibet are special in outcomes compared with those in plain areas. However, it is still not clear whether the low-pressure hypoxia provided by the plateau environment leads to protection or damage as relevant research is lacking. And if the convulsions are severe, whether the low-pressure hypoxia plays a role is also a problem we want to clarify. To better understand the effect of the plateau environment on the severe convulsion and prognosis, we generated a convulsion rats model with sever levels (level 4–5). First, we preconditioned rats in a low-pressure hypoxia oxygen environment to simulate the plateau environment. Next, we monitored the rats' brain electrical activity, observed the pathological changes of brain tissues, and analyzed the results of the Morris water maze experiment to evaluate the effects of low-pressure hypoxia on brain function.



MATERIALS AND METHODS


Animals

All animal experiments were approved by the local Animal Welfare Committee. We randomly divided 200 3-week-old (the earliest time to withdraw breastfeeding is 21 days after birth), healthy male, Sprague–Dawley rats (weight 60–80 g) into an experimental group (100 rats), and a control group (100 rats). We chose male rats to exclude any effects on epilepsy produced by estrogens or the estrous cycle of female rats (10). The animal experimental protocols were performed in accordance with the Animal Management Rule of the Chinese Ministry of Health and the Animal Care Committee of Peking University First Hospital, Beijing, China. All rats were born and raised at Beijing Vital River Laboratory Animal Technologies Co., Ltd., for the first 21 days, then were transferred to PKUFH Experimental Animal Center. The rats were housed in wire mesh cages in an air-conditioned room (22 ± 2°C) on a 12-h light/dark cycle (06:00–18:00) and ad libitum access to food and water. The plateau group was preconditioned to a simulated altitude of 5,000 m (barometric pressure [PB], 405 mmHg; partial pressure of oxygen [PO2], 84 mm) for 6 h/day, for a total of 7 days. The plateau environment was stimulated by the high pressure/low pressure oxygen tank in The Sixth Medical Center of PLA General Hospital. We placed the rats of plateau group into the tank at same time each day (in light cycle) and provide them the same foods and temperature as outside. The plain group was exposed to ordinary atmospheric conditions (PB, 760 mmHg; PO2, 157 mmHg) for 7 days.



Young-Rat Seizure Model

After preconditioning, all experimental animals received an intraperitoneal injection (i.p.) of 20 mg/kg (The dosage was a moderate dosage compared with those reported by other institutions) pentylenetetrazol (PTZ, Sigma, USA) to generate the convulsion model freely dissolved in saline (solution: 20 mg PTZ dissolved in 1 ml saline) (11, 12). Extracorporeal electroencephalogram (EEG) electrodes was placed on 16 rats of each group to monitor the seizure (which don't get the additional PTZ). Behavioral seizures were graded according to the Racine scale (13) as follows: stage 1—behavioral arrest with mouth/facial movements; stage 2—head nodding; stage 3—forelimb clonus; stage 4—rearing or hind limb extension; and stage 5—continuous rearing and falling and loss of balance. Rats were observed for 25 min after drug administration. If the seizures of the rest 84 rats were not severe enough to reach stage 4, an additional dose of 15 mg/kg (solution: 15 mg PTZ dissolved in 1 ml saline) was administered until the occurrence of a convulsive seizure enduring the duration of 5 min. The operation was repeated for up to 3 days; we remeasure the rats' weight daily before giving the drug. If the seizure reached grade 4 or 5 in 2 days, the model was defined as “successful” and the follow-up experiment was performed. If the seizure of any rats lasted for 10 min, 5% chloral hydrate was given to stop the attack (40–60 mg/kg, i.p., Sigma, USA).



Brain Function Evaluation
 
Evaluation of Brain Electrical Signals

Randomly selected rats from the plateau and plain groups (16 rats per group), for all rat models, 15% chloral hydrate were administered 150 mg/kg intraperitoneally, then fixated on a stereotaxic apparatus. Cranial were exposed and drilled at bilateral frontal and temporal area. Bilateral frontal electrodes were placed 2 mm anterior and 2 mm lateral to the bregma. Bilateral temporal electrodes were placed 4 mm lateral to the bregma and as close to the ear as possible. Four stainless steel screws, 0.5 mm in diameter, were placed epidurally. Wirings were connected and fixed with self-curing denture acrylic. Aseptic techniques were observed during the whole procedure. Then the rats were administered PTZ and then were connected with a signal analysis system (BL-420N Biological, Signal Acquisition, and Analysis System) to monitor the brain electric signals at baseline—before the onset of convulsion—and signals in the middle and after the termination of convulsion, with a duration of 5 min each. The severe stage, duration, amplitude of convulsion, frequency of onset spike, interval of wave peak, and voltage suppression time after convulsion were recorded.



Histopathological Analysis of Acute Brain Injury

Six successful rats models were randomly selected from the plateau and plain groups, and brain tissue was collected at 24 h (3 rats per group) and 72 h (3 rats per group) after the last seizure. After receiving an i.p. injection of 10% chloral hydrate (600 mg/kg), rats were transcardially perfused with 0.9% NaCl followed by 4% phosphate-buffered saline (PBS). The brains were carefully removed and the tissue was fixed in PBS at 4°C for 72 h. The tissue was embedded in paraffin and cut into a series of 4-μm sections. A total of nine sections were examined per brain: three were stained with hematoxylin-eosin (HE) (Servicebio, G1005, Wuhan, China) for the study of cellular morphology; three were stained with cresyl violet (Nissl) to identify neuronal cells (200 × fields); and the remaining three were examined with the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay to identify apoptotic cells.

The histological structure was observed under a light microscope (Nikon Eclipse E100, Japan). We chose the hippocampus because it is closely associated with memory and cognition, and is known to be actively involved in epileptogenesis, with CA1, CA3, and DG being the most representative and sensitive regions (14, 15). Three fields of vision were randomly selected from the CA1, CA3, and dentate gyrus (DG) areas of the hippocampus for each. The number of dark Nissl-stained neurons were counted. TUNEL-positive cells were counted with the Pannoramic viewer (3D HISTECH, Hungary), after the sections were scanned (Pannoramic MIDI, 3DHISTECH, Hungary) (16).



Evaluation of Spatial Learning and Memory

The Morris water maze was used to evaluate any spatial learning and memory differences between the plateau and plain groups. Twelve rats from each group were randomly selected at 6-weeks of age. The experiment was performed in a circular pool with a 120-cm diameter, 50-cm wall height, and 25-cm water depth. The water temperature was set at 26°C, and the color of the water was turned white with the use of a milk powder. The escape platform was placed in the second quadrant, 1 cm below the water surface. Three objects of different shapes were placed on the shore of the pool as spatial cues. The camera was placed directly above the pool, and the rat's head was dyed black before entering the water to facilitate the camera recording. Once rats were placed in the pool, they started swimming until they successfully found the hidden platform (success rate, 100%); if after 60 s they did not find the platform, they were removed from the pool (success rate, 0%). During the first 5 days of the experiment, known as the place navigation test, the rats' spatial learning and memory were analyzed. Each entry point was randomly selected from the edge of the pool. Each rat was tested five times per day for a total of 5 days. When a test finished, the rat stayed on the platform to rest for 30 s, and was then moved on to the next training session. The swimming distance traveled (cm), the escape latency to successfully find the hidden platform for the first time after each entry (s), the total distance swum in the platform quadrant (cm), the duration in the platform quadrant (s), and the total distance swum before reaching the platform for the first time (cm) were recorded and analyzed (17, 18). On the sixth day, rats underwent the reversal test at the same time as that during the first 5 days to investigate the rat's ability to retain spatial memory. For this, the platform was removed and placed at the point furthest from the original position. The number of crossings within the area where the original platform had been during a time interval of 120 s, the stay duration (s) and swimming distance (cm) in the original platform quadrant, the numbers of crossing the original platform quadrant, the total distance traveled (cm), and the time point (s) when the original platform was crossed for the first time were recorded.




Statistical Analysis

Quantitative data are expressed as the mean ± standard error of the mean (SEM). The data were statistically analyzed using the SPSS 21.0 software. Independent sample T-test was used to compare the statistical difference of electroencephalogram parameters (duration, amplitude of convulsion, frequency of onset spike, interval of wave peak, and voltage suppression time after convulsion) and neuronal counts, analysis of variance for repeated data was used for parameters of Morris water maze (the escape latency, total distance traveled, distance spent in platform quadrant/total distance traveled, and platform quadrant duration/escape latency period). A value of P < 0.05 was considered as statistically significant.




RESULTS


Seizure Manifestation and Electroencephalogram Parameters

After preconditioning, all rats were given PTZ to generate seizure models. After the end of seizures, the survival rate in the plateau group was significantly lower than in the plain group (26.2 vs. 42.9%, respectively; p < 0.05). The drug dose for inducing stage 4 or 5 seizures successfully was significantly higher in the plateau group compared to in the plain group (81.32 ± 21.57 vs. 63.41 ± 19.77 mg/kg, respectively; p < 0.01).

The baseline characteristic showed slow waves of 3–5 Hz in all rats in intermittent period. No differences in EEG signals during and after the seizures were observed between the plateau and the plain group (frequency of sharp wave: 5.78 ± 1.90 vs. 4.81 ± 1.88 Hz, respectively; p = 0.051). Similarly no differences between the two groups were observed in seizure duration and amplitude, interval of crest, and duration of post-seizure electrical suppression (Table 1).


Table 1. Electroencephalogram parameters in the plateau and plain groups. Values are the mean±SEM.
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Histopathological Findings

Histological examination of HE sections revealed that in the plain group, 24 h after the last seizure, CA1 and DG cell morphology were normal, except for a small amount of cytoplasm that was deeply stained and showed unclear cytoplasmic and nuclear boundaries (Figure 1A); 72 h after the last seizure the CA1 and DG hippocampal areas appeared normal (Figure 1B). In the plateau group, 24 h after the last seizure, CA1 and DG neuronal morphology appeared normal (Figure 1C); however, 72 h after the last seizure, a few neurons in the DG appeared wrinkled, the cell staining was darker, and the cytoplasmatic boundaries were unclear (Figure 1D). These results suggest that 72 h after the seizure cell morphology seems to be affected in the plateau but not the plain group.


[image: Figure 1]
FIGURE 1. Hematoxylin and eosin (HE) stained sections depicting the CA1 and dentate gyrus (DG) areas of the hippocampus. (A) Plain group, 24 h after the last seizure. The arrows indicate deeply stained cells. Neurons are abundant and closely arranged with clear boundaries. A small number of pyramidal cells are deeply stained, and the boundaries between cytoplasm and nucleus are unclear (black arrow). No other obvious abnormalities are observed (20.0×). (B) Plain group, 72 h after the last seizure. Neurons are abundant and closely arranged, with clear boundaries and normal morphology. The boundaries between cytoplasm and nucleus are clear, and no obvious abnormalities are observed (20.0×). (C) Plateau group, 24 h after the last seizure. Neurons are abundant and regularly arranged, with normal morphology and structure of neurons, clear boundaries of cytoplasm and nucleus, and no obvious inflammation (20.0×). (D) Plateau group 72 h after the last seizure. The arrows indicate deeply stained cells. The number of neurons in the hippocampal CA1 region is abundant and regular, the morphology and structure of neurons are normal, and the boundaries of nuclei and cytoplasm are clear. A small number of neurons are wrinkled in the DG region, the cells are deeply stained, and the boundaries of the nuclei and cytoplasm are unclear (black arrow) (20.0×).


Nissl staining (Figure 2) was used to evaluate neuronal survival in the brains of rats with seizures. Neuronal counts revealed a significant increase in the number of Nissl-positive cells in the DG of the plateau group compared to that in the plain group both at 24 and 72 h after the last seizure and in CA1 of the plateau group compared to that in the plain group at 72 h. No differences between groups were observed in the number of neuronal cells in the CA3 hippocampal areas (Table 2).


[image: Figure 2]
FIGURE 2. Nissl stained pictures of the hippocampus. When taking screenshots, try to fill the field of whole tissue, make sure that the background light of each photo is consistent. The nuclei of the surviving neurons were large and round, pale blue or blue, with clear nucleoli and abundant cytoplasm. (A) plateau group, 24 h after the last seizure; (B) plain group, 24 h after the last seizure; (C) plateau group, 72 h after the last seizure; (D) plain group, 72 h after the last seizure (20.0×).



Table 2. Neuronal counts revealed by Nissl staining in the plateau and plain groups at 24 and 72 h after the last seizure.
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The TUNEL (Figure 3) assay revealed a significant increase in hippocampal apoptotic cell death rate in the plain group of DG areas compared to that in the plateau group at 72 h after the last seizure (p = 0.009); however, no differences were observed in the apoptotic rates between the two groups at 24 h after the last seizure (Table 3).


[image: Figure 3]
FIGURE 3. TUNEL stained pictures of the hippocampus. The software nuclei quant automatically identified all the neurons with dark brown, claybank, and light yellow nuclei as positive and blue nuclei as negative. The positive rate was the apoptosis rate (%). (A) Plateau group, 24 h after the last seizure; (B) plain group, 24 h after the last seizure; (C) plateau group, 72 h after the last seizure; (D) plain group, 72 h after the last seizure (20.0×).



Table 3. Apoptotic rates revealed by TUNEL staining in the plateau and plain groups at 24 and 72 h after the last seizure.
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Morris Water Maze Performance

In the place navigation test, the escape latency, total distance traveled, distance spent in platform quadrant/total distance traveled, platform quadrant duration/escape latency period (Table 4) were analyzed, and there were no statistical differences between the two group.


Table 4. Analysis of place navigation of the Morris water maze.
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In the reversal phase of the experiment on day 6, there was no statistical difference between the two groups in the number of crossings around the area of the original platform, total distance traveled, swimming distance in the original platform quadrant/total distance, and the number of times entering the platform quadrant (Table 5).


Table 5. Analysis of the reversal phase of the Morris water maze.
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DISCUSSION

Plateau areas are a special survival and living environment. Plateaus' hypoxic and hypobaric conditions can produce complex overall responses from the various physiological functions of the human body. This, in turn, has led to differences in the disease spectra, disease characteristics, and prognosis between populations in Tibet and the plains. Convulsions are abnormal movements, behaviors, and autonomic nervous system functions, caused by the excessive depolarization and abnormal synchronous discharge of neurons. During infancy, the particularity of neurotransmitter development and the susceptibility of immature brain tissue to injury imply that the incidence of convulsions in this period is higher than that in children of other age groups and adults. Convulsions are not only the most common symptom of neurological injury, but can also lead to brain damage, residual epilepsy, developmental delay, other neurological sequelae, and even death in severe cases, affecting the patient's prognosis. However, existing research findings on convulsions and convulsive brain injury are all based on clinical data of pediatric patients from plain areas, whereas the incidence and prognosis of convulsions in children from plateau areas are still unclear. There is a lack of clinical research data on the effects of hypoxia and hypobaria on children's brain functions after convulsions. This is because, on one hand, Tibet covers a wide area and is sparsely populated, which makes it difficult to collect follow-up data. On the other hand, patient prognosis is affected by various factors such as whether medical attention was sought in time and the cause of convulsions. Thus, it is difficult to reflect on the role of hypoxic and hypobaric environments in the prognosis of infantile convulsions based on clinical follow-up alone. For these reasons, this study performed an animal experiment to investigate the onset and prognosis of seizures in young rats under a plateau environment, in order to provide a theoretical basis for the clinical treatment of pediatric patients with convulsions in plateau areas, and to clarify whether hypoxia and hypobaria have possible protective effects on the brain in pediatric patients with convulsions.

With respect to the occurrence of induced convulsions, stage 4–5 seizures were induced in 84 young rats each in the plateau and plain groups. Regarding the drug dose needed for the successful induction of stage 4–5 seizures in young rats, the plateau group required a significantly higher dose than the plain group, that means with the same PTZ dosage, less rats in plateau group would reach stage 4–5 seizures compared with the plain group, in other words, the threshold for convulsion in the plateau group was higher than that in the plain group. This indicates that preconditioning with the hypobaric and hypoxic conditions of the plateau environment may increase an individual's threshold to convulsions and make them less prone to the occurrence of convulsions. Hypobaric and hypoxic preconditioning has now been applied to the prevention and treatment of diseases that may cause organ hypoxia and ischemia, such as respiratory failure, coronary heart disease, and stroke. The underlying mechanism is related to the combined actions of multiple factors and signaling pathways, such as the involvement of glial glutamate transporter-1 (GLT-1) (19), heat-shock protein 70 (HSP70) (20), nitric oxide synthase (NOS) (21), and the Bcl-2 (22) family in the apoptotic pathway. Our study suggests that hypobaric and hypoxic environments may play a role in protecting the damage of convulsions, but the specific mechanisms that underline this will need to be verified by further basic research.

In terms of the short-term prognosis of convulsions in young rats in a plateau environment, we found that although the threshold of the drug dose for inducing convulsions was higher in this group, upon the induction of seizures, the mortality rate of young rats in the acute stage was significantly higher than the plain group. One of the mechanisms by which convulsions cause brain damage and even death is loss of oxygen (23), the results of some previous studies suggest that hypobaric and hypoxic preconditioning can improve the body's tolerance, and increase the tolerance of organs to the re-occurrence of hypoxia (9, 24). However, other studies have differing views, supporting instead that whether hypoxic preconditioning is damaging or protective is mainly determined by the degree of hypoxia (9). Our experimental results indicate that the dosage to induce severe convulsion in plain group is not enough to induce the same stage convulsion in plateau group, young rats that died following severe stage 4–5 seizures were critically ill. In such cases, even prior hypobaric and hypoxic preconditioning could not reverse disease progression, but instead it might cause serious consequences due to the underlying hypobaric and hypoxic state. We supposed maybe the tolerance increase in a certain range, once breakthrough the threshold, the ability to protect and compensate is broken, there is a cliff-like mechanism leading to a high mortality rate. The causes of death from severe epilepsy are very complex, including cerebral edema, respiratory arrest (25), capillary telangiectasias in the hippocampus (26), damage to other organs, and some unclear causes. According to the results of our research, we speculate that the reason lead to the high mortality with the low neuronal apoptosis rate in the plateau group may be that the hypobaria and hypoxia environment actually protects the neurons, but it does not prevent the other causes that directly cause the death. But the mechanism is only a hypothesis, which needs to be verified in future studies. Although the mortality rate of young rats in the plateau preconditioning group was higher than that in the plain group, rats that survived after seizure induction showed lower neuronal apoptosis in the acute stage than the plain group, while the neuronal survival rate in the DG at both time points and in the CA1 at 72 h was higher than that in the plain group. These observations indicate that for young rats with relatively mild conditions, hypobaria and hypoxia may still have a certain protective effect on the brain in the acute stage.

With regards to long-term prognosis, our water maze findings indicate that the performance of the young rats in the plateau and plain groups are comparable. This reflects, to a certain extent, that although the preconditioning environment of the plateau group did not improve the prognosis of the neurological development of young rats with convulsions, it also did not aggravate the impact of brain injury on their learning and memory abilities. The degree of convulsions induced in this study was severe, and the early mortality rate was high. Hence, the protective effect of hypobaric and hypoxic preconditioning in critical cases was not apparent. However, for surviving young rats with relatively mild conditions, hypobaria, and hypoxia might have exerted protective effects on the brain, which were manifested as increased neuronal survival rate in some brain regions and decreased neuronal apoptosis. In future studies, we could attempt to induce relatively mild seizures in young rats and evaluate their long-term prognosis, to investigate the protective effects of hypobaric and hypoxic preconditioning in young rats with mild seizures.

There are limitations to this study. We investigated the incidence and prognosis of young rats with convulsions by preconditioning them to a simulated altitude of 5,000 m with intermittent hypobaria and hypoxia, however, residents of Tibet live at an average altitude of ~4,000 m and are in a continuous state of hypobaria and hypoxia, experimental conditions that more closely simulate the real environment should be designed in the future to further explore the incidence and neurological prognosis of infantile convulsions in plateau areas. Secondly, because the drug dose in two groups are different, this may be one of the reason attribute to the high mortality rate, but since the induced convulsions stages were ultimately the same, we think our results are credible, but more studies on the dose-effect relationship would be helpful to eliminate the dosage bias. Last but not least, in this manuscript, we mainly described the phenomena we discovered, which we thought could be attributable to a neuro-protective effect, but confirmation as well as further research into the mechanism is needed.



CONCLUSION

Our results suggest that the effect of the plateau environment on young rats with convulsive brain injury may be related to their disease severity. For individuals in critical condition, hypobaria and hypoxia are factors that will aggravate their poor prognosis, whereas for normal individuals or those with mild conditions, hypobaria and hypoxia may have a protective effect against convulsive brain injury. However, the specific mechanisms involved still require further investigation.
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Isoflavones are dietary phytoestrogens commonly found in soy-based products. The widespread presence of isoflavones in soy infant formula and breast milk may have long-lasting effects on the development of sex hormone-sensitive organs like the skeleton. Animal early-life programming models are suitable for testing the skeletal effects of pre- and neonatal exposure of soy isoflavones. This review aims to collate the impacts of early-life exposure of soy isoflavones as evidenced in animal models. The isoflavones previously studied include daidzein, genistein, or a combination of both. They were administered to rodent pups during the first few days postnatal, but prolonged exposure had also been studied. The skeletal effects were observed when the animals reached sexual maturity or after castration to induce bone loss. In general, neonatal exposure to soy isoflavones exerted beneficial effects on the skeletal system of female rodents, but the effects on male rodents seem to depend on the time of exposure and require further examinations. It might also protect the animals against bone loss due to ovariectomy at adulthood but not upon orchidectomy. The potential benefits of isoflavones on the skeletal system should be interpreted together with its non-skeletal effects in the assessment of its safety and impacts.

Keywords: bone, daidzein (CID 5281708), genistein (CID 5280961), neonates, life cycle, imprinting, perinatal, diethylstilbestrol (DES)


INTRODUCTION

Developmental programming or imprinting refers to the phenomenon whereby changes in the early development of an organism can exert long-lasting impacts that manifest during adulthood (1). Antenatal glucocorticoid use among pregnant women at risk of preterm delivery to assist the maturation of lungs of newborns is an example (2). Recent studies suggest the development of metabolic and cardiovascular abnormalities during adulthood in the offspring of mothers receiving glucocorticoids (3). This phenomenon has been replicated in primate models recently, whereby antenatal glucocorticoid exposure led to obesity in adult male baboons (4). The prevailing theory about the mechanism of developmental programming is epigenetic regulation by DNA methylation and histone modification induced by various factors (5).

The skeletal system is responsive to hormones and hormone-like substances. Prenatal and neonatal exposure of the skeletal system to hormonal stimuli might alter the trajectory of skeletal development. A single dose of estrogen at the first postnatal day could increase the bone mineral density (BMD) and cortical thickness of male mice at the prepubertal stage, but the inverse happened at the stage of peak bone mass acquisition (6). Prenatal and postnatal exposure of bisphenol A, a synthetic xenoestrogen, lowered the femoral bone stiffness of female rats but not in males (7). These studies highlight that early exposure of xenoestrogens can potentially impact bone development.

Isoflavones are phytoestrogens present abundantly in soy-based products (8) and are also an important source of dietary xenoestrogens to human infants. The average isoflavone content in soy infant formula ranges from 25 to 28 mg/100 g of powder, consisting of daidzein (DAI), genistein (GEN), and glycitein (9). Additionally, these isoflavones are also present in breast milk (10). Setchell et al. reported that circulating isoflavones of infants were 13,000–22,000 times higher than the estradiol level, and the exposure level was 6–11 times higher than the dose in adults with regular soy food intake (11). The American Academy of Pediatrics Committee on Nutrition only recommends soy formula to infants with inherited galactosemia, lactose intolerance, or from vegan families (12). Soy formulation is not recommended to infants with cow milk protein allergy because some of them also experience allergy to soy protein (12). A study in the United States showed that 11.6% of the infants ≤ 12 months consuming formula were being fed with soy-based products (13). The prevalent use of soy infant formula that may imply the reason to consume these products is based on preference rather than medical reasons. Other committees around the world take a stricter stand against the use of soy infant formula over concerns of the biological activities of phytoestrogens (14).

The skeletal effects of soy isoflavones take decades to develop, and the planning of epidemiological studies or interventional trials on this topic is difficult. Animal models of prenatal and neonatal programming enable us to have a glimpse of the potential effects of soy isoflavones on skeletal developments. Animals like rodents have a relatively short life cycle, so developmental changes can be examined within a shorter time. The purpose of this review is to examine the skeletal effects of early-life exposure to soy isoflavones in animal models of prenatal and neonatal programming.



ANIMAL MODELS

In toxicity testing, the neonatal life stage refers to the period from birth to 3 weeks of age (15), but the definition is debatable because newborn rodents are very immature due to the short gestation period, and some researchers suggest they better resemble human preterm infants (16). A similar definition has been used for rats (17). Thus, this review will focus on rodent models supplemented with soy isoflavones within this period. We noted that most neonatal and prenatal studies are the collective work of one research group, so the reader should take note of potential publication bias.

Most studies examining neonatal exposure of soy isoflavones on the skeletal system used mice as the model organism. The soy isoflavones studied included DAI, GEN, or a combination of both. Since the binding affinity of different types of isoflavones on biological targets, like estrogen receptors (18), are different, this could contribute to the variation of the results among the studies. Notably, a study reported that skeletal effects of a combination of GEN and DAI were less prominent compared to individual isoflavones (19), suggesting that the less active isoflavone could attenuate the effects of the more potent isoflavone.

The soy isoflavones were administered subcutaneously during the first few postnatal days, and the skeletal outcomes were assessed when the mice reached maturity (4 months of age), with diethylstilbestrol (DES) as the positive control. The dose and type of isoflavone used in each study were different [GEN, 4 μg/day sc or 5 mg/kg body weight (bw)/day sc; DAI, 2 mg/kg bw/day sc; GEN + DAI, 7 mg/kg bw/day sc]; thus, the skeletal effects may not be comparable between studies. Other variations of the models exist. Two studies assessed the skeletal effects of prenatal exposure of folic acid (FA) and postnatal exposure of isoflavones on mice (20, 21); thus, the effects of isoflavones were confounded by prenatal FA treatment.

In the prenatal and postnatal rat model (22, 23), soy isoflavones were administered through food, in contrast to subcutaneous for studies in mice. Soy isoflavones like DAI are known to be metabolized by gut microbiomes to equol and O-desmethylangolensin with different biological activities compared to the parent compounds (24). However, in all studies reviewed, the bioavailability of the isoflavones and their metabolites were not measured. Along with the doses that were not readily translatable between the mouse and rat studies, these factors prevent effective comparisons between different research groups.

Another study exposed the mouse pups with isoflavones, castrated them in the fourth month, and assessed their bone health status in the eighth month (25). The castration model is a classic bone loss model due to sex hormone deficiency (26), so the mentioned study examined the antiosteoporosis effects of early exposure to isoflavones.

The composition of the control diet is essential to ensure a fair comparison between the isoflavone-supplemented and control groups. Long-term supplementation of different diet regimens with and without soy isoflavones or protein can modify body composition and metabolic profile of the animals (27). Most studies indicated the use of soy-free diet. Modified AIN93G diet without isoflavones is the most common diet used (19, 23, 28), while other studies indicated the use of diet without DAI (23) or isoflavones (22), or amino acid-based diet without isoflavones (20, 21). The difference in the composition of these diets could cause variation in the results of the studies reviewed.

The design of the studies is shown in Table 1 for comparison.


Table 1. Skeletal effects of prenatal and/or neonatal exposure of soy isoflavones derived from animal studies.
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NEONATAL EXPOSURE


Effects on Bone Mass

Bone mineral density (BMD) assessment through dual-energy X-ray absorptiometry in animals allows non-invasive longitudinal changes in bone mass (29). Neonatal exposure to GEN increased the femoral BMD of mice at sexual maturity. Additionally, it also increased the lumbar BMD of female mice (28). The effects of GEN was greater than DES in males but on par with DES in female mice (28). In another study, DAI was more potent than GEN, DAI + GEN, and DES in increasing the femoral midpoint BMD of mice (19). However, DES exerted greater effects on female, while all treatments exerted similar effects on male lumbar BMD (19). In prenatal FA and postnatal isoflavone (DAI + GEN) models, femoral and lumbar BMD increased significantly in male mice exposed to adequate FA (2 mg/kg bw/days) and postnatal isoflavone compared to other treatment groups (20). Similar treatment resulted in higher lumbar and femoral BMD of the female mice (21). Neonatal isoflavone exposure (DAI + GEN) also prevented deterioration of lumbar and femoral BMD due to castration in female rats but not in male rats (25).

Overall, neonatal exposure to isoflavones increased BMD of the mice at sexual maturation, and the effects were slightly better in male mice. However, it did not protect male mice against bone loss due to sex hormone deficiency. These observations suggest that both androgenic and estrogenic stimulation are essential in the development of the skeleton in males (30, 31). On the other hand, the adverse effects of androgen deprivation on bone are tremendous and cannot be displaced by earlier BMD gain caused by soy isoflavones.

BMD cannot differentiate between the trabecular and cortical compartment, and it has a low resolution (8). Microcomputed tomography assessment, which is discussed below, provides a more complete picture of the microstructure in each bone compartment.



Effects on Bone Microarchitecture

Skeletal microarchitecture is a major determinant of bone strength, which can be studied through microcomputed tomography (32). Neonatal exposure of DAI significantly improved the trabecular microstructure indices of the lumbar spine and femoral neck, and the trabecular separation of the femoral midpoint in female mice (19). The effects of GEN were superior to those of DAI on lumbar trabecular thickness (19). Similarly, neonatal isoflavone exposure independently increased lumbar trabecular microstructure in female offspring from dams supplemented with FA during gestation (21).

On cortical bone indices, DAI increased the cortical area of the femoral neck and midpoint (19). DAI, GEN, and DAI + GEN also improved cortical thickness of the midpoint but not at the femoral neck (19).

Overall, data on neonatal exposure of isoflavones on bone microarchitecture is limited. The available study showed that improvements were site specific. The lumbar spine and femoral neck are trabecular rich; therefore, the improvement in trabecular indices is better. The femoral midshaft is cortical rich; hence, cortical improvement is more apparent. The variations in bone composition could significantly influence the effects of isoflavones on different bone regions, which dictates bone strength.



Effects on Bone Strength

The ultimate measure of bone health is skeletal strength, which predicts fracture risk. The usual indices include ultimate/peak load, which refers to bone strength under certain specific loading conditions, and stiffness, which refers to the resistance of the bone against deformation (33). Neonatal GEN significantly increased the lumbar, but not the femoral, peak load of adult male mice compared to DES, and the normal control (28). The effects of neonatal GEN and DES exposure on lumbar peak load were similar in adult female mice, whereby an improvement over normal control was observed (28). Both compounds did not alter the femoral peak load in adult female mice (28). Since the lumbar spine is rich in trabecular bone, the improvement in strength could be a result of enhanced trabecular bone structure.

On the other hand, neonatal DAI exposure increased the femoral neck and midpoint peak load in adult male mice but not in female mice (19). The effects of DAI were greater than those of DES in male mice, while the effects of GEN or DAI + GEN were intermediary (19). Neonatal isoflavone exposure only retained the peak load of the femoral neck in male mice and the peak load of the femoral midpoint in female mice after castration (25). Adequate prenatal FA and postnatal isoflavone exposure increased the lumbar and femoral peak loads in male mice (20). Contradictory to BMD results, the femoral midpoint, but not the lumbar peak load, was higher in female mice treated with adequate prenatal FA + postnatal isoflavone (21). The beneficial effects on cortical-rich regions in these studies due to DAI or isoflavone mixture with DAI correspond to the results of skeletal microstructure, whereby DAI increased cortical thickness. It also warrants further investigation on whether the skeletal action of DAI is selective on cortical bones.

Overall, neonatal isoflavone exposure generally improves the bone strength of mice, but the skeletal sites vary due to the type of isoflavones present.



Effects on Bone Remodeling

Bone remodeling refers to the tightly regulated process of bone resorption by osteoclasts and formation by osteoblasts (34). The bone remodeling process can be inferred by circulating markers of bone resorption and formation, which are the products of bone cell activities (35). Neonatal GEN exposure did not change the serum C-terminal telopeptide of type I collagen (CTX-1; bone resorption markers) and osteocalcin level (bone formation markers) in mice (28). On the other hand, adequate prenatal FA plus postnatal isoflavone increased osteoprotegerin (OPG) and OPG/receptor activator of nuclear factor kappa-β ligand (RANKL) ratio in male mice (20) and female mice (21). Since OPG prevents the action of RANKL in stimulating osteoclast differentiation, this observation indicates the suppression of bone resorption (36). Additionally, the serum level of insulin-like factor-1, a bone anabolic hormone, was increased in female mice (21).

Overall, neonatal isoflavone exposure might suppress the formation of osteoclasts, but this observation was not reflected in the bone resorption markers. Perhaps this change is transient and has normalized upon adulthood.




MODELS AND PRENATAL AND NEONATAL EXPOSURE

Other studies reported a longer period of isoflavone exposure involving the prenatal and neonatal periods. We limit our discussion to studies with postnatal exposure within the limit of the neonatal period of life. Tousen et al. (23) reported on the skeletal effects of rat dams fed with DAI from gestation till postnatal day 13 and their offspring fed with control diet until weaning. The whole BMD of the male and female offspring was significantly lower at the prepubertal stage (day 35) compared to the control rats (23). Upon sexual maturation (day 77), the BMD of the male remained lower compared to that of the normal control, but the BMD of the female returned to control values (23). The serum osteocalcin level of the exposed rats was lower compared to that of the control rats at the prepubertal stage, but the level returned to control values upon sexual maturity (23). Another study reported a lower tibial BMD in female offspring of rat dams exposed to GEN or isoflavones during gestation and lactation period (postnatal 21 days) (22). These effects persisted when the rats reached adulthood, but it should be noted that the offspring were fed with the same diet as the dams' lifelong (22).

Overall, in contrast to neonatal exposure, prenatal plus postnatal exposure of isoflavones exerted negative effects to the bone. This observation might be related to the critical period of intrauterine exposure. It was reported that soy isoflavones could regulate the epigenetic process of embryonic stem cells (37). Whether these changes are beneficial or harmful to the development of the skeletal system remains a question.

Current findings from animal experiments are summarized in Figure 1.
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FIGURE 1. Skeletal effects of early life exposure to soy isoflavones. BMD, bone mineral density; BV/TV, bone volume over total volume; CTRL, control; DAI, daidzein; DES, diethylstilbestrol; Dnmt3a, DNA methyltransferase 3a; FA, folic acid; GEN, genistein; IGF-1, insulin-like growth factor-1; ISO, isoflavone mixture (DAI + GEN); NPY, neuropeptide Y; OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor kappa-B ligand; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation.


Prepubertal exposure of soy isoflavones also influences skeletal health at adulthood. Zhang et al. (38) showed that female rats fed with soy protein isolates for 14 days from postnatal day 20, had higher bone formation markers (alkaline phosphatase, ALP, and osteocalcin), bone resorption markers (RatLap), and sclerostin level (a negative regulator of bone formation) compared to the control. Chen et al. (39) compared the rats fed with casein or soy protein isolate-based diet starting from the postnatal day 24 till postnatal day 55 and subsequently switched to standard diet or continue with soy protein isolates till 6 months old. Some of the rats were castrated at the age of 6 months and sacrificed 1–3 weeks later. They reported that the total BMC and BMD, and trabecular and cortical BMD of the soy protein isolate group were greater than those of the casein group. After castration, rats on short-term or long-term soy protein isolates had better bone health than those on the casein diet. Overall, prepubertal exposure of soy isoflavones exerts skeletal beneficial effects similar to those of neonatal exposure models. In contrast, prenatal and postnatal exposures of soy isoflavones exert negligible or negative effects on rats in adulthood. However, apart from the period of exposure, the dose and type of isoflavones supplemented should be considered in interpreting the results of these studies.

Hotchkiss et al. (40) compared the skeletal effects of GEN in rats supplemented continuously for 2 years or switched to the control diet after postnatal day 140. Lifelong exposure to high-dose GEN resulted in lower lumbar BMC and area, as well as higher pyridinoline (a bone resorption marker) compared to those of rats supplemented with lower doses. In female rats treated till postnatal day 140, pyridonoline was lower and ALP was higher with higher GEN dose, indicating that GEN induced higher bone formation rate in these rats. In rats treated with GEN till weaning and male rats at all life stages, no skeletal effects were observed. The data may indicate that androgenic regulation is essential for skeletal development in males and that phytoestrogenic effects of isoflavones may not be as important as in females.



MECHANISM OF ACTION OF ISOFLAVONES ON BONE DEVELOPMENT

Soy isoflavones affect skeletal development through direct and indirect action on bone cells. In this section, the actions of soy isoflavones on bone cells, through DNA methylation and thyroid hormones (TH), are discussed.

GEN exerts a positive effect on bone remodeling by reducing osteoclast and increasing osteoblast number. It lowers the osteoclast number in neonatal bone marrow cell culture through decreasing the survival of osteoclasts or attenuating their formation (41). It also increases the differentiation and migration of primary rat calvarial osteoblasts by estrogen receptor (ER) and nitric oxide synthase pathway (42). Mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) transduction systems are shown to involve in the pro-osteogenesis effects of GEN (42). Surprisingly, in a coculture of osteoblasts and monocytes, GEN increased the formation of osteoclast-like cells (42), probably through stimulating factors from osteoblasts. Another study suggested the upregulation of Ereg and Efcab2, as well as downregulation of Hrc, Gli, and Ifim5 in MC3T3-E1 preosteoblastic cells (43).

Similarly, DAI promoted apoptosis of osteoclast-like cells derived from porcine bone marrow cells by caspase-3 cleavage and upregulation of nuclear ER (44). DAI improved osteoblastic differentiation of OCT-1 cells via upregulation of bone morphogenetic protein-2 (BMP-2) and activation of the SMAD pathway (44). DAI also improved proliferation, differentiation of MG-63 osteoblasts primarily through ERα signaling and at least partly through MAPK kinase/extracellular regulated kinase (MEK/ERK) and the PI3K/protein kinase B (Akt) signaling pathway (45). Another study showed an increased expression of ERα, ERβ, and steroid receptor (SR) comprising the classic estrogen-responsive elements in MG-63 osteoblasts induced by DAI (46). It also reduced the expression of stimuli for osteoclastogenesis [RANKL and interleukin-6 (IL-6)] while increasing the expression of OPG in MG-63 osteoblasts (46).

Equol and O-desmethylangolensin, derived from DAI metabolism, could also inhibit the formation of osteoclast-like cells from bone marrow cells from male mice (47). Equol also promoted osteoblast differentiation from primary osteoblast precursors, probably through ER and the protein kinase C-α (PKC-α) pathway (48).

DNA methylation is an epigenetic process mediating gene expression, which plays an important role in skeletal development. It is regulated by DNA methyltransferase (Dnmt) (49). The differentiation of mesenchymal stem cells to osteoblastic or non-osteoblastic progenitors is linked to the methylation rate of critical genes encoding BMP-2 and ALP, which is responsive to the Wnt signaling pathway (50). Methylation of the gene encoding interferon regulatory factor eight facilitates osteoclastogenesis (51). Previous studies have demonstrated that the antiestrogenic effects of isoflavones could be partially attributed to its effects on the methylation of steroidogenic factor 1 (49, 52). Exposure of mouse embryonic tissues to GEN also modified the regulation level of genes (37). Since DNA methylation is the prevailing theory for neonatal imprinting effects, the effects of prenatal FA plus postnatal isoflavones on Dnmt in the bone for female mice have been explored. Postnatal isoflavone exposure decreased Dnmt3a expression in the adequate FA group but increased Dnmt3a expression in the supplemental FA group, indicating a significant interaction between FA and isoflavones (21). Gene expression analysis demonstrated that neuropeptide Y (NPY) level, a potent osteogenesis inhibitor, was suppressed in the adequate FA plus isoflavone group (21). Other epigenetic factors, like histone modifications, could also influence bone health, but the role of soy isoflavones in mediating bone health through this mechanism is less clear.

On the other hand, soy isoflavones exert their effects on the skeletal system indirectly through interference with TH homeostasis (53). Congenital and juvenile hypothyroidism can delay skeletal development, while thyrotoxicosis can accelerate skeletal aging and premature closure of growth plate. These phenomena have been replicated in genetically modified rodent models with altered thyroid hormone signaling (54). On the other hand, the skeletal effects of over hypo/hyperthyroidism and thyroid-stimulating hormone (TSH) are well-known (55, 56). Epidemiological studies showed that soy isoflavone consumption could influence TH levels. Intakes of soy isoflavones or protein are associated with high TSH, especially among women (57), which could be a result of the thyroid suppressive effect of isoflavones. In contrast, urinary isoflavone levels are found to be associated with higher serum thyroxine (T4) in women but not in men (58), in which the authors attribute the higher T4 to the suppressive effects of isoflavones on deiodination of T4 to T3. Mechanistically, soy isoflavones suppress the level of TH by inhibiting thyroid peroxidase (TPO) activity competitively (59) and inhibit the binding of TH to thyroid transport protein [transthyretin (TTR)] in the blood (60, 61). Soy isoflavones, especially GEN, are also deiodinase (Dio) inhibitors, specifically type 1 (Dio1) (62). However, Dio1 is not expressed in the bone (63). In silico analysis showed that isoflavones could bind to thyroid receptors, but this effect has not been validated in vitro (64). Isoflavones were reported to enhance transcription mediated by triiodothyronine-liganded thyroid receptor (64). Soy isoflavones also inhibit aromatase and 17-β-hydroxysteroid dehydrogenase (17-β-HSD) (65), which prevent the conversion of androgens to estrogens, thereby lowering thyroxine-binding globulin (TBG) and decreasing T4 level (66). However, TTR, instead of TBG, is the main carrier of thyroid hormones in rodent blood (67).

Soy isoflavones may also affect skeletal health through other indirect mechanisms. A multigeneration supplementation study showed that soy protein concentrates and soy isoflavones slowed down the weight gain and reduced the insulin level of the rats (27). The reduction in mechanical loading exerted by body weight and the bone anabolic insulin signaling may be harmful to the bone. Soy protein isolates also decreased the expression of caveolin-1, a membrane protein that anchors other proteins to the membrane, accompanied by activation of BMP-2/SMAD signaling in bone and osteoblasts (38). In another study, long-term soy protein isolate supplementation caused concurrent reductions in caveolin-1, p 53, p 21, and senescence-associated beta-galactosidase in the bone of rats and osteoblasts cultured with the serum of treated rats (39), thus, preventing senescence of osteoblasts. These are translated to a beneficial effect on the bone.

Overall, soy isoflavones modulate a complex network of factors influencing bone health. The net effects seem to be beneficial, considering the phenotypic response of the skeletal system on soy isoflavone supplementation. The mechanisms of action of soy isoflavones and soy protein isolates are summarized in Figure 2.
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FIGURE 2. Mechanisms of action of soy isoflavones and soy protein isolates. 17-β-HSD, 17-β-hydroxysteroid dehydrogenase; BMP-2, bone morphogenetic protein-2; Cav1, caveolin-1; DAI, daidzein; Dnmt3a, DNA methyltransferase 3a; ER, estrogen receptor; ER-α/β, estrogen receptor-α/β; FA, folic acid; GEN, genistein; IL-6, interleukine-6; ISO, isoflavone mixture; MAPK, mitogen-activated protein kinase; MEK/ERK, MAPK kinase/extracellular-regulated kinase; NPY, neuropeptide Y; PI3K/Akt, phosphoinositide 3-kinase/protein kinase B; PKC, protein kinase C; PLC, phospholipase C; RANKL, receptor activator of nuclear factor kappa-B ligand; SAβG, senescence-associated beta-galactosidase; T4, thyroxine; TBG, thyroxine-binding globulin; TH, thyroid hormone; TPO, thyroid peroxidase; TTR, transthyretin.




CONCLUSION

Early-life exposure to isoflavones, especially during the neonatal period, enhances BMD, skeletal microstructure, and strength in adulthood. Similarly, prepubertal or life-long supplementation suggested beneficial skeletal effects, which may reduce the skeletal negative effects of castration at adulthood. On the other hand, the prenatal plus postnatal exposure models reveal the negative effects of isoflavones. Further, basic research on the influence of isoflavones on the epigenetic process in embryos would explain the skeletal phenotypes observed. Mechanistically, the skeletal protection may be due to their direct actions on bone cells favoring osteogenesis and DNA methylation. The effects of isoflavones on TH homeostasis could bring more harm than benefits to the skeleton at this life stage. Therefore, soy infant formulation should not be initiated without proper evaluation of the risk and benefits. The evidence presented in this review should also be interpreted together with evidence from other organ systems, especially sex hormone-sensitive organs to assess the impacts of early-life exposure of isoflavones on developmental health holistically.
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Mesenchymal stromal cells (MSCs) can be derived from various tissue sources, such as the bone marrow (BMSCs), adipose tissue (ADSCs), umbilical cord (UC-MSCs) and umbilical cord blood (UCB-MSCs). Clinical trials have been conducted to investigate the potential of MSCs in ameliorating neonatal diseases, including bronchopulmonary dysplasia (BPD), intraventricular hemorrhage (IVH) and necrotizing enterocolitis (NEC). In preclinical studies, MSC therapy has been tested for the treatment of various neonatal diseases affecting the heart, eye, gut, and brain as well as sepsis. Up to date, the number of clinical trials using MSCs to treat neonatal diseases is still limited. The data reported thus far positioned MSC therapy as safe with positive outcomes. However, most of these trials are still preliminary and generally smaller in scale. Larger trials with more appropriate controls and a longer follow-up period need to be conducted to prove the safety and efficacy of the therapy more conclusively. This review discusses the current application of MSCs in treating neonatal diseases, its mechanism of action and future direction of this novel therapy, including the potential of using MSC-derived extracellular vesicles instead of the cells to treat various clinical conditions in the newborn.
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INTRODUCTION

Mesenchymal stromal cells (MSCs) possess several unique properties which render them an ideal candidate for cell-based therapy in various neonatal diseases. MSCs are multipotent and can migrate to the damaged tissues or organs in response to the inflammatory mediators. At the injured sites, the cells can replicate and differentiate to regenerate the loss or damaged tissues. Besides, MSCs also secrete paracrine factors such as growth factors, cytokines and chemokines which diffuse to local tissue environment and interact with the surrounding cells. These paracrine factors can remedy tissue injury and inflammation as well as mediate tissue repair and regeneration by exerting its anti-inflammatory, anti-apoptotic and pro-mitotic effects (1–3).

MSCs are classified into various groups according to the cell source, such as bone marrow-derived MSCs (BMSCs), adipose-derived MSCs (ADSCs), umbilical cord-derived MSCs (UC-MSCs), and umbilical cord blood-derived MSCs (UCB-MSCs) (4). BMSCs were favored by some researchers since the cells are proven to be safe, easily accessible and can be extracted from the patient's bone marrow (autologous) thus minimizing the risk of immune rejection (5, 6). On the other hand, UC-MSCs and UCB-MSCs appear as attractive sources of allogeneic MSCs due to their availability and immune evasive nature (7–9). Generally, the procedure of BMSC preparation is more time consuming and costlier compared to UC-MSCs and UCB-MSCs, thus the use of UC-MSCs and UCB-MSCs may be preferred.

Regardless of the tissue sources, MSCs have low immunogenicity and can suppress the activation of immune cells (10). Therefore, both autologous and allogeneic MSCs can be used clinically as the cells have a very low risk of being rejected by the host immune system. A significant advantage of allogeneic MSCs is that the cells can be developed into an off-the-shelf product that is convenient to be used clinically. Table 1 highlights the advantages and disadvantages of different MSCs.


Table 1. Comparison between BMSCs, ADSCs, UC-MSCs and UCB-MSCs for stem cell therapy.
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MSC therapy can be instituted during the first month of life and is reportedly quite safe. MSC therapy has been introduced to treat neonatal diseases such as severe intraventricular hemorrhage (IVH), bronchopulmonary dysplasia (BPD), and necrotizing enterocolitis (NEC) (11–13) (Figure 1). MSCs are more widely used clinically to treat neonatal diseases as the cells do not have ethical concerns and have a very low risk of tumor formation compared to the embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). In preclinical studies, MSCs have been experimented to treat congenital heart, eye, gut and brain diseases as well as sepsis.


[image: Figure 1]
FIGURE 1. MSCs for the treatment of neonatal diseases. MSCs are known to exert its therapeutic effect through paracrine secretion, direct cell contact and cell fusion to enhance cell survival, proliferation and differentiation, and angiogenesis as well as to reduce cell apoptosis, inflammation, fibrosis, and oxidative stress. Clinically, MSCs have been used to treat intraventricular hemorrhage, bronchopulmonary dysplasia, and necrotizing enterocolitis. Besides, MSCs have been tested for the treatment of congenital heart diseases, eye, gut, and brain diseases as well as sepsis.


In this review, literature search was conducted using the keywords (1) neonate and (2) clinical and (3) mesenchymal stem cells on Pubmed and Medline databases and all the relevant articles were included in the review.



MSCs FOR THE TREATMENT OF NEONATAL LUNG DISEASES


Bronchopulmonary Dysplasia (BPD)

BPD is a chronic lung disease affecting mostly preterm neonates and is characterized by disrupted alveolar growth and pulmonary vascularization. Recent years have witnessed an increased incidence of BPD due to the spike in the population of preterm survivors as a result of the improvement in neonatal care. Pulmonary hypertension is common in severe cases of BPD. Affected infants may require oxygen support and commonly develop respiratory problems that need hospitalization (14, 15).

Currently, clinical trials evaluating MSC therapeutic and preventive effects on BPD are still limited (Table 2). The majority of the studies are small in scale, non-randomized and lack proper comparison groups. To the best of our knowledge, the first clinical study was reported by Chang et al. in 2014 which followed-up the patients up to 2 years (11, 16). The study examined the safety and feasibility of single intratracheal transplantation of 1 × 107 and 2 × 107 allogeneic UCB-MSCs/kg in 9 preterm infants with a high risk of developing BPD at the age of 7–14 days. Results showed that UCB-MSC therapy helped to reduce BPD severity and inflammatory markers as well as to minimize the risk of neurodevelopmental morbidities. Powell et al. treated 12 preterm infants with BPD using the same protocol as Chang et al. and found that disease severity improved after the stem cell treatment (19). Alvarez-Fuente et al. reported suppression of pro-inflammatory as well as improvement in pulmonary hypertension and diminished levels of surfactant protein D (SP-D) expression, a biomarker for lung injury, in 2 preterm infants given multiple dosages of allogeneic BMSCs intravenously (17). Nonetheless, both patients received stem cell therapy at the very advanced stages of BPD and passed away 6 weeks after the initiation of MSC therapy. Lin et al. reported improvement in respiratory functions after intratracheal administration of maternal BMSC (6.25 × 106 cells/kg) in a 10-month old preterm infant with BPD that developed acute respiratory distress syndrome (ARDS) (18). Results from these clinical studies suggested that the beneficial effects of MSCs might be attributed to paracrine effects that stimulate alveolarization and vascularization rather than cell engraftment and proliferation as traces of donor cells in the recipients were absent.


Table 2. Clinical trials used MSCs to treat neonatal diseases.
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The optimal dosage regimen, including the optimal MSC per dose, number of doses, timing of transplantation, time between doses, and route of administration, is essential in determining MSC efficacy. However, this regimen has not been established yet. The identified clinical studies used MSC dose of 1–20 × 106 cells/kg body weight. Studies that compared high and low doses (1 × 107 vs. 2 × 107 cells/kg) found no difference in outcome (11, 19). Majority of the studies gave a single dose except for Alvarez-Fuente et al. that applied multiple infusions (17). Chang et al. noticed that respiratory function improvement started to decline after 7 days of transplantation (11). This finding supports the notion of the inadequacy of a single-dose approach and the authors suggested that day 7 could be the time for the second dosage of MSCs. Another issue is determining the optimal timing of MSC transplantation. Generally, researchers agreed that early intervention is more beneficial for BPD patients. Most studies administered the cells using the intratracheal route to ensure high cell homing at the targeted tissue while evading systemic side effects (11, 18, 19). Besides, the airway is easily accessible through the endotracheal tube in preterm neonates assisted with mechanical ventilation. Although there are concerns over the risk of delivering a large number of MSCs to the premature lungs, nonetheless, intratracheal administration has been shown to be safe and feasible. Intravenous administration also has been reported to be safe and this route might be preferred in infants that do not require invasive ventilation (17). Preclinical studies showed that intravenously administered MSCs reach the lungs within 24 h and dissipate in 7 days after infusion with no traces in other organs (20).

In spite of the inconsistencies on the degree of effectiveness of MSCs, all reported studies support the apparent safety profile of MSCs regardless of the dose and route of administration. There was no anaphylactic shock, no immune rejection, no mass formation and no dose-limiting toxicities reported. This has led to much excitement about the potential of using MSCs in the prevention and treatment of BPD. There are many more studies that are currently underway (Table 3).


Table 3. Clinical trials using MSCs to treat neonatal diseases recorded in ClinicalTrials.gov.
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MSCs FOR THE TREATMENT OF NEONATAL BRAIN DISEASES

Neonatal brain diseases, including intraventricular hemorrhage (IVH), neonatal stroke (NS), hypoxic-ischemic encephalopathy (HIE) and periventricular leukomalacia (PVL), are the major contributor to the high mortality and morbidity rates among the neonate (21). Experimental investigations have identified multiple causes for these diseases, including perinatal-induced neuronal cell death due to depleted tissue energy reserve, placental disruption, prolapsed umbilical cord, dysfunctional mitochondria, accumulated free oxygen radical species, persistent inflammatory reactions, defective maturation, and myelination of neuronal cells, as well as the loss of endogenous stem cell pool that is responsible for cell differentiation and tissue repair (22, 23). In the developing brain, pre-oligodendrocytes normally present in high number to form mature oligodendrocytes for the production of myelin sheath. Unfortunately, these pre-oligodendrocytes are more vulnerable than its mature counterpart, hence are more easily lost in the presence of the injurious assaults leading to the development of neonatal brain diseases (22). Despite the advances and progress in neonatal therapeutic medicine, there is still a lack of therapy that is effective to prevent or cure developmental brain injuries in neonates. Therefore, research for a newer, safer and more effective therapeutic approach is necessary to improve the outcome of these conditions. Thus, far, the use of stem cell-based therapy has been well-researched as an intervention to ameliorate complications associated with brain diseases. MSCs have been used clinically to treat IVH, whilst pre-clinical studies have been conducted to unveil the potential of MSCs to attenuate or to repair the brain injury present in various disease models, including NS, HIE, and PVL.


Intraventricular Hemorrhage (IVH)

IVH is a perinatal brain morbidity that results from the rupture and bleeding of the germinal matrix that is restricted to the ventricular area of the brain. Premature neonates are at a higher risk of developing IVH (24). IVH continues to be one of the leading causes of mortality and lifetime disability in infants. A recent systematic review concluded that prematurity and IVH are major contributing factors to the increased risk for cerebral palsy (CP) in neonates (25).

Clinical research examines MSC therapeutic and preventive effect on IVH is still in its infancy. To the best of our knowledge, the first clinical trial for the evaluation of MSC therapy in IVH patients was revealed by Ahn et al. in South Korea in 2018 (12). It was an uncontrolled phase I dose-escalation study intended to investigate the safety and feasibility of the intraventricular transplantation of allogeneic UCB-MSCs. Nine premature newborns of gestational age 23–34 weeks with severe IVH of grade 3 and 4 were recruited and received a single dose of UCB-MSCs. The average age at transplantation was 11.6 days, around 7 days after IVH diagnosis. UCB-MSCs were injected directly to the lateral ventricle through the anterior fontanelle. Two different UCB-MSC concentrations were tested. The lowest dose used was 5 × 106 cells/kg and the highest dose was 1 × 107 cells/kg given to 3 and 6 patients, respectively. Preliminary findings showed that transplantation was well-tolerated with no immune rejection, anaphylactic shock, dose-related toxicity, death, or any MSC infusion-related severe adverse events. Eight infants developed prematurity related disorders including BPD, sepsis, retinopathy of prematurity, and NEC. Additionally, 5/9 MSC recipients needed shunt placement. The 2-year follow-up study to evaluate the safety of MSC transplantation on these infants is still ongoing (NCT02673788). The same research group is currently conducting a phase II trial to assess the therapeutic efficacy of MSC therapy in preterm infants with IVH (NCT02890953). Of note, the narrow therapeutic window and utilization of brain injury biomarkers should be considered when designing MSC therapeutic protocols for IVH. More well-designed clinical studies to confirm the safety and efficacy of MSC transplantation in IVH patients are necessary.



Neonatal Stroke (NS)

NS involves injury to the cerebral tissue, usually caused by a disruption in arterial blood flow or major cerebral vein due to the presence of thrombus or embolism. It is a neonatal brain disease with high mortality and morbidity. The use of MSCs has been attempted by Kim et al. for the attenuation of brain injuries in a middle cerebral artery occlusion-induced newborn rat model (26). They observed a reduction in brain infarct volume, improvement of functional tests and enhanced astrogliosis post-MSC transplantation. Similarly, van Velthoven et al. delivered MSCs intranasally to the stroke-affected newborn rats and discovered that the extent of brain injury was reduced, as shown by the decreased size of the infarct, reduced loss of brain matter as well as improved motor functions (27). In another study, exosomes isolated from MSCs were used to treat lipopolysaccharide-induced neuroinflamed 3-day old rat pups intranasally (28). As a result, the expression of inflammatory genes and pro-inflammatory cytokines were suppressed by the exosomes, therefore decreasing the microglia-mediated brain injuries. These exosomes primarily worked by interfering with the Toll-like receptor 4 signaling of microglial cells, hence preventing degradation of NFκB inhibitor (IκBα), as well as phosphorylation of MAP kinase family of proteins.



Hypoxic-ischemic Encephalopathy (HIE)

HIE refers to a type of brain injury whereby insufficient blood flow is delivered to the brain tissue, resulting in death or severe disabilities such as epilepsy, intellectual disability and CP (29). The current widely used treatment option for HIE is hypothermia, although it only provides a neuroprotective effect rather than a neurorestorative function. Therefore, researchers are working hard to establish a therapy that could improve the prognosis of this neonatal disease.

The combined therapy of hypothermia and UCB-MSCs significantly reduced the cerebral infarcted area and improved the sensorimotor function of rats with HIE (30). This improved diseased condition is thought to be contributed by the paracrine factors released by MSCs, including IGF-1, bFGF, neural cell adhesion molecules, nerve growth factors, and anti-inflammatory cytokines, which stimulated neurogenesis. Moreover, MSCs enhanced expression of genes that triggered cell proliferation while suppressing genes involved in inflammatory responses. Through the inhibition of apoptosis, induction of nerve fibers to remyelinate and axons to regenerate, the administered MSCs were also able to reduce the loss of brain matter while improving sensorimotor functions (31, 32). The potential neurorestorative function of MSCs is further demonstrated in the study by van Velthoven et al. (27). In the control group, inflammatory and cell death activities in the affected rodent brain tissue stopped after 4 days, indicating the therapeutic window to be up to 4 days after the initial attack. However, intranasal transplantation of 1 × 107 MSCs/kg at day 10 post-hypoxia-ischemia attack in the experimental group was still able to limit the brain tissue damage. This implies that tissue reparative activity is ongoing and responsive to MSCs that migrated to the ischemic zone to induce a microenvironmental change which favors neurogenesis (27, 33). Functionality wise, newborn rodents treated with MSCs also showed long-lasting improvement in cognitive and motor functions, up to 14 weeks post-injury (34). In a pre-clinical study, Ophelders et al. reported that intravenous administration of BMSC-derived extracellular vesicles (EVs) to the fetus improved the brain function using a preterm sheep model of hypoxic-ischemic brain injury (35).



Periventricular Leukomalacia (PVL)

PVL is characterized by a loss of oligodendrocyte and its progenitor cell. This disease is one of the clinical complications of HIE that lead to CP. Other than HIE, the predisposing factors include birth trauma, and immature brain development. In neonates affected by PVL, their periventricular tissue undergoes necrosis while the surrounding white matter experiences diffused gliosis. These changes in brain tissue will disrupt the cognitive, adaptive, motor, and social functions in the infant. Unlike other brain diseases with some limited therapeutic option, there is no specific treatment for PVL except for expectant and supportive management (36). Thus, researchers have begun exploring the use of MSCs for the treatment of PVL.

In the cystic PVL rat model used by Chen et al., excitotoxic ibotenic acid was injected into the white matter of rat brain leading to loss of myelin with transient formation of cysts, activation of microglia and development of CP-like behavioral defects (37). With this animal model, the research group injected the animals intracerebrally with BMSCs 1 day after PVL induction. Results showed that MSCs migrated to the lesion areas in the brain to increase the proliferation of glial cells, hence resulting in improvement of the myelination process with better motor function outcome. Using a different PVL study model that is established through ligation of the left common carotid artery inducing 4 h of hypoxia, the rats were treated with intraperitoneal UC-MSC injection for 3 consecutive days (38). Similarly, functional outcomes improved with decreased microglia and astrocyte activities. Another study by Morioka et al. also demonstrated the suppression of pro-inflammatory cytokines in the affected brain treated with UC-MSCs to reverse the lipopolysaccharide-induced PVL-like injury in newborn rats (39).




MSCs FOR THE TREATMENT OF NEONATAL GUT DISEASES

There are several types of neonatal gut diseases that affect the neonate, with higher prevalence in the preterm infant. Currently, MSC therapy has been used to treat NEC in one clinical study involving a neonatal patient. Conversely, several preclinical studies have examined the safety and efficacy of MSC therapy to ameliorate NEC and gastroschisis.


Necrotizing Enterocolitis (NEC)

NEC is the most common devastating gastrointestinal disease affecting the neonate, with a mortality rate between 15 and 30 % (40). It may affect both full-term and preterm neonates with the latter group having an increased risk. Predisposing factors include prematurity, low birth weight, formula feeding, intrauterine growth retardation, postnatal asphyxia, sepsis, and congenital heart diseases (41, 42). In NEC, bowel inflammation causes necrosis and perforation which may lead to intestinal surgical removal, death or a lifetime severe neurodevelopmental impairment (43, 44)

MSCs have emerged as a promising therapeutic choice for intestinal anomalies such as ulcerative colitis and Crohn's disease (45, 46). However, the therapeutic benefit of MSCs for NEC has yet to be fully explored in clinical setting. A case report of a full-term, 22-day old male neonate weighed 3.350 kg who experienced NEC as a consequence to repeated supraventricular tachycardia (SVT) leading to the resection of 60 cm of the intestine because of gangrene revealed a noticeable improvement after intravenous infusion of MSCs (13). A single dose of 1 × 107 allogeneic UC-MSCs was transfused 4 days after colectomy with no complications. Improved intestinal blood supply was confirmed 3 days post-transplantation, enteral nutrition was resumed at day 8, and the jejunal stoma was closed 46 days post-transplantation. The authors speculated that MSC therapy helped to salvage the remaining of the resected intestine thus prevent short bowel syndrome. Overall, MSC transplantation may offer substantial practical advantages to NEC patients. Nonetheless, findings of this single case report should be interpreted with caution.

In an animal study conducted by Taymen et al. BMSCs were administered to a rat model of NEC (47). The rat showed significant weight gain and improvement in clinical sickness scores after BMSC transplantation. The number of BMSCs homing to the bowel was significantly higher in the treated group. In fact, the severity of bowel damage was significantly reduced in histopathological evaluation. A similar study was conducted by McCulloh et al. using 4 different sources of stem cells, i.e., BMCSs, amniotic fluid-derived MSCs (AF-MSCs), amniotic fluid-derived neural stem cells and neonatal enteric neural stem cells (48). The results indicated that all sources of stem cells reduced the incidence and severity of experimental NEC equally.



Gastroschisis

Gastroschisis is a full-thickness paraumbilical defect in the abdominal wall that results in herniation of the fetal midgut with a significant mortality rate of 5–10% (49). Feng et al. evaluated the efficacy of intraamniotic delivery of concentrated AF-MSCs to treat gastroschisis (50). The cells were injected into rat fetuses with surgically-created gastroschisis. A significantly thicker muscular layer was observed in the AF-MSC group compared to the control group. It was concluded that AF-MSCs mitigated bowel damage in experimental gastroschisis after intraamniotic injection. A further study was conducted by the same research group but in a larger animal model, i.e., the rabbit (51), which reported similar results.

Since heterotopic cell fusion has been demonstrated between MSCs and various cells, as such, the similar mechanism of protection was also proposed in congenital gut diseases. Nevertheless, preclinical data do not support this hypothesis (52, 53). It seems that MSC homing and paracrine effects are better accepted as the protective mechanism in congenital gut diseases. MSCs may be attracted to the injured site, differentiate to replace damaged cells or interact with native intestinal stem cells to upregulate the Wnt/β-catenin pathway, which promotes auto-regeneration of the intestinal epithelium (54). MSCs secrete a myriad of paracrine factors that promote gut healing and reconstruction. MSC secretome has been shown to improve the severity in a rat NEC model (47).




MSCs FOR THE TREATMENT OF NEONATAL EYE DISEASES

Corneal disease is a challenging condition to manage particularly in the neonatal age group. However, successful preclinical studies in the past 10 years have shed some light on the usage of MSCs to treat neonatal corneal diseases. Liu et al. evaluated the efficacy of MSC transplantation in treating congenital corneal disease in vivo (55). The corneal disease was simulated using a Lumican null mice model where the cornea is manifested as thin and cloudy due to the disorganization of stromal extracellular collagen matrix and down-regulated expression of keratocan. Results showed that stromal thickness increased significantly and transparency improved in MSC-treated corneas as early as 8 weeks after treatment compared to the control group. This exciting finding has spurred the interest of other research groups to use the similar strategy to treat neonatal patients with corneal diseases.

Mucopolysaccharidosis (MPS) VII is a disease caused by the mutation of β-glucuronidase. Patients with this disease often suffer from developmental defects including short stature, corneal clouding and delayed development. In 2013, Coulson-Thomas et al. transplanted UC-MSCs into the cornea of MPS VII mice (56). MSC-transplanted corneas demonstrated reduced corneal haze 1–3 months post-transplantation. Corneas treated during the first and second month presented significantly improved corneal integrity in comparison to those treated at the third month, suggesting that prophylactic treatment upon diagnosis could prevent the development of corneal clouding. An overall decrease in glycosaminoglycan content was detected in corneas treated at all time points in comparison to the untreated corneas.

Collagen V is a critical protein in the regulation of corneal collagen fibrillogenesis and function development. It has been reported that collagen V knockout stroma demonstrated severe dysfunctional regulation of fibrillogenesis (57). Call et al. treated this congenital and acquired corneal opacity associated with the loss of collagen V in Col5a1Δst/Δst mice (58). The mice were subjected to keratectomy in which the corneal epithelium and the anterior stroma were removed before received UC-MSC transplantation via intrastromal injection. MSC therapy reduced corneal opacity by re-establishing the collagen fibril arrangement via the production of collagen V.

Retinal neovascularization is an unhealthy development which leads to visual diminution and even blindness. Xu et al. studied the therapeutic effect of BMSCs against retinal neovascularization and found that BMSCs migrated and integrated into the host retina, significantly inhibited retinal neovascular tufts and remodeled the capillary network after injection (59). In addition, BMSCs increased the retinal vascular density, decreased the number of acellular capillaries and inhibited retinal cell death.

The therapeutic effect of MSCs in congenital cornea diseases is believed to be attributed to supplementation or replacement of corneal cells. In lumican null cornea model by Liu et al., the injected UC-MSCs acquired the characteristics of keratocytes in which lumican and keratocan were laid down in the stroma cornea (55). The treated animal regained normal corneal thickness and transparency due to reorganization of the collagen fibrils in the cornea. Likewise, MSC transplanted into MPS VII mice cornea also acquired the characteristics of keratocytes. The transplanted cells supplied functional β-glucuronidase to degrade accumulated glycosaminoglycans thereby assisting in lysosome recycling (60). On the other hand, MSCs also secrete paracrine factors that exert anti-inflammation and anti-fibrosis functions, thus suppressing inflammatory neovascularization (61, 62). Through these mechanisms, MSCs can mitigate the inflammation, fibrosis and neovascularisation of the cornea.



MSCs FOR THE TREATMENT OF NEONATAL HEART DISEASES

Research has been conducted to investigate the application of MSCs in 28-day old mice/rats for the treatment of heart diseases. In an in vitro experiment, it was found that neonatal thymus-derived MSCs (ntMSCs) secreted higher level of sonic hedgehog (Shh) in comparison to neonatal bone marrow-derived MSCs (nbMSCs) (63). Shh is involved in cell growth, cell specialization and morphogenesis of the corpus during embryonic development. Animal studies have revealed that ntMSC transplantation improved the left ventricular function, increased revascularization, decreased scar size and decreased cardiomyocyte death, 4 weeks after infarction. The protective mechanism in this study could be attributed to heterotopic cell fusion. This mechanism occurs when two cells from different lineages merge into one cell, transmitting information and mediators in the process (64). Fusion has been demonstrated between BMSCs with cardiomyocytes, Purkinje neurons and hepatocytes (65). These results warrant further consideration as therapy for heart diseases resulting in early-onset heart failure, such as the cardiomyopathies.

Kang et al. compared the pro-angiogenic, anti-apoptotic and inflammation-modulatory potential of MSCs derived from patients of cyanotic congenital heart disease (C-CHD) and acyanotic congenital heart disease (A-CHD) (66). The purpose of the study is to locate the best source of MSCs for engineered heart tissue treatment (EHT). In vitro results showed that MSCs from C-CHD patients expressed higher levels of VEGF-A and VEGFR2, and secreted more pro-angiogenic and anti-inflammatory cytokines under hypoxic condition in comparison to the cells from A-CHD patients. Interestingly, 4 weeks after right ventricular outflow tract reconstruction, cytokine-immobilized patches seeded with C-CHD MSCs exhibited preserved morphology, prolonged cell survival and enhanced angiogenesis compared to A-CHD MSCs. Considering the “naturally hypoxic preconditioning,” MSCs from C-CHD donors might be more adaptable to the hypoxic environment upon transplantation.



MSCs FOR THE TREATMENT OF NEONATAL SEPSIS

In sepsis, the host immune system responsible for the clearing of infection may be dysregulated and becomes no longer protective to the host when it is too exuberant. Such an injurious hyperinflammatory response frequently involves excessive release of cytokines and over-activation of the complement system. Unnecessary stimulation of the coagulation system and pro-thrombogenesis is another characteristic of sepsis, which eventually leads to poorer tissue perfusion, cell death and organ dysfunction (67).

A variety of animal sepsis models have been established depending on the use of different bacterial pathogens such as P. aeruginosa and E.coli, induction with a toxic agent such as lipopolysaccharide (LPS) as well as disruption to the tissue barrier integrity such as cecal ligation and puncture (CLP) (67–70). Using these animal models, the effects of a variety of MSC variables have been tested, including dosage, timing, and route of MSC administration. Reports have shown that MSC dosage as low as 2.5 × 105 cells was effective in reducing the mortality rate of the septic animals though the effect was better when increasing the cell number to 106 cells per animal. Furthermore, the treatment efficacy may be affected by the timing of MSC administration as some researchers failed to identify any positive effects of MSC when administered 6 h post-CLP induction while other identified positive correlation when used at 24 h pre-CLP induction and up to 24 h post-induction. Similar contradictory findings were seen in the route of administration used whereby intraperitoneal injections of MSCs were able to decrease demise of LPS-induced septic mice in one study while the same method resulted in slightly more deaths among CLP-induced septic rats in another investigation (68, 70).

Notably, most of the studies reported that the higher survival rate of septic animals post-MSC treatment is attributable to improved organ function presumably from the MSC anti-apoptotic and anti-oxidant properties as well as reduction of the inflammation-associated tissue injury (68, 71). This is because the administration of MSCs is capable in limiting immune cell infiltration to target organs such as the liver, intestine, lung, and kidney. MSC administration also balances the enhanced expression of pro-inflammatory cytokines seen during the sepsis with higher production of anti-inflammatory cytokines (72).

In addition, MSC may reduce the bacterial burden causing sepsis and increase the survival rate of septic animals. In the study by Zhu et al., treatment with UC-MSCs enhanced the clearance of E. coli in 3-day old septic rats with a decreased influx of neutrophils coupled with the increased phagocytic activity of macrophages (73). The antimicrobial activity of MSCs is also due in part to its ability to synthesize anti-microbial peptides. Krasnodembskaya et al. discovered the secretion of LL-37 anti-microbial peptide by MSCs after exposure to E. coli, P. aeruginosa, and S. aureus (74). Likewise, Lee et al. reported the increased clearance of E. coli through the effects of KGF secreted by MSCs (75). A more recent study demonstrated the potential of pre-treating MSCs with polyinosinic:polycytidylic acid (an agonist for Toll-like receptor 3) to further improve its anti-microbial activity (76).



LIST OF REGISTERED CLINICAL TRIALS

Apart from the various completed clinical studies discussed earlier, there are various clinical trials currently registered in the ClinicalTrials.gov database that have yet to publish results (Table 3). These clinical trials use MSCs to treat BPD, perinatal arterial ischemic stroke (PAIS), infantile spinal muscular atrophy (ISMA), hypoplastic left heart syndrome (HLHS), HIE, and IVH. The treatment of neonatal diseases with MSCs is still at the early stage whereby the majority of these trials are either phase I, II or I/II. Of note, MSC-derived EVs, and paracrine factors are also being evaluated clinically for the treatment of BPD (NCT03857841) and HIE (NCT02854579).



FUTURE PERSPECTIVES


Large-Scale Production of MSCs

A sustainable strategy of MSC expansion is essential to fulfilling the large cell number needed for clinical applications. To achieve a scalable MSC expansion, multi-layered flask, spinner flask, and bioreactor were introduced and gained more attention as a potential for mass production. The multi-layered flask is a static culture system while the spinner flasks and bioreactors are dynamic expansion system. Each of the aforementioned systems has its unique features, whereby the selection should base on preferences or requirements in different situations.

Multi-layered flask offers a simple and straight forward up-scale process. However, due to its larger size compared to conventional flasks, cell monitoring throughout the culture period is almost impossible. Also, the uniform distribution of cells will be relatively harder to achieve and possibly will lead to culture heterogeneity and suboptimal yield of cells (77).

Three-dimensional culture in bioreactor simulates the environment of cells in vivo, therefore providing an optimal condition that possibly enhances cellular activities that are not observed in standard monolayer culture (78). Unlike traditional MSC culture protocol, microcarriers are usually added into the culture to provide sufficient growth areas for cells (79). Compared to the multi-layered flask, bioreactor offers better monitoring of cells throughout the culture period and precise control of the culture environment can be done with the aid of computerized sensors in the bioreactor. For more information about the large-scale expansion of MSCs, the readers may refer to the systematic review by Hassan et al. (80).



Cell-Free Approaches

Recently, EVs, including microvesicles and exosomes, have been identified as one of the vital components of stem cell paracrine potency (Figure 2). Many researchers suggested that, if purified and concentrated, the therapeutic potential of EVs can be greater compared to the parent cell (81, 82). In addition, it is still unclear in the long-term regarding the safety of MSC transplantation, e.g., the possibility of malignant transformation. Hence, the use of EVs may be a safer approach and a better alternative to MSC therapy.


[image: Figure 2]
FIGURE 2. MSC secretome. MSC secretome consists of soluble factors, i.e., growth factors, cytokines, chemokines, extracellular matrix proteins, hormones, and enzymes, as well as extracellular vesicles that contain soluble proteins, lipids, DNAs, and RNAs.


EVs are nano-sized particles secreted by cells and are delimited by a phospholipid bilayer. However, EVs do not possess a functional nucleus, hence do not replicate (83). EVs carry various proteins, lipids, and nucleic acids, particularly in the form of RNA, which function in intercellular signaling (84).

EV therapy has been demonstrated to exhibit promising results in ameliorating neonatal diseases in animal model studies (28, 35). A clinical trial (NCT03857841) has recently been developed to evaluate EV therapeutic potential. Nonetheless, there are several challenges to overcome in the bench to bedside translation of EV therapy. One of the major challenges is to identify and quantify the content of EVs, especially the nature of their therapeutically active components. Much effort is made to understand the bioactive elements of these EV-cargoes. EVs are reported to contain proteins, lipids, and nucleic acids, yet there is still a lack of understanding regarding the role of some of these components, particularly the non-coding RNA species. Similarly, the function and mechanism of action of the DNA found in EVs remain unclear.

Besides these cargoes, another vital aspect to consider in EV therapy is the potency. Currently, there are several methods to quantify EV doses based on cell equivalent calculation, protein concentration, EV number and particle size using specialized quantitative analytical measurements, such as nanoparticle tracking analysis (85). EVs are known for having short half-life, as such the therapeutic effect could be short-lived (86). Therefore, a repeat or multiple dosage model is preferred compared to single administration for sustained therapeutic effects over time (87). Sjöqvist et al. observed that repeated administration of EVs was more important than the dose in promoting wound healing in a pig model of esophageal wound repair (88). Furthermore, repeat administration of a lower dose reduces the risk of toxicity and immunogenicity (89, 90).

Another major challenge is to isolate highly purified EVs (91). Currently, purity of EVs is normally expressed as the ratio between protein content and the number of EVs. It has been reported that the purity of EVs is directly related to the isolation technique (91). The isolation technique may impact on EV yield, size distribution and potential biological effects. Currently, many techniques, including ultracentrifugation, size-based filtration, immunoaffinity capture, precipitation and microfluidics-based isolation are used to isolate EVs (92). Different isolation methods yielded a different amount of EVs and Antounians et al. recently reported that significant biological variations were also observed when EVs isolated with different methods were used to treat an in vitro lung epithelial injury model (93). The dose-dependent effects have been reported by in several studies (94–96). To date, it is uncertain which isolation technique can provide an optimal yield and the best outcome.

Apart from purity considerations, quality control of EV preparation is also vital. It is proposed that the doses for EVs should be specifically quantified, e.g., by the copies of their microRNAs, so as to reduce the inherent biological variation.




CONCLUSION

MSC therapy is a promising treatment for neonatal diseases. The safety and efficacy of MSC therapy have been reported in numerous preclinical and several clinical studies. MSC transplantation can be conducted safely as early as the first month of life. Future studies should be well-designed, i.e., controlled, randomized, involving a larger group of patients, and with a longer follow-up period, to further assure the safety and efficacy of this novel therapy. Besides, more focus is needed to improve on the dosage regimen, to investigate the influence of adjunct therapies on MSC effectiveness and to identify molecular biomarkers to indicate MSC efficacy. In addition, MSC-EV has emerged as a highly potential therapy for neonatal diseases as MSC exerts its therapeutic potential via the paracrine mechanism.



AUTHOR CONTRIBUTIONS

FC and JL revised it critically for important intellectual content. All authors substantially contributed to the conception and design of the article and interpreting the relevant literature, drafted the article, and approved the final draft.



FUNDING

This work was supported by research grants from the Universiti Kebangsaan Malaysia Medical Center (FF-2019-450/1 and FF-2020-038).



REFERENCES

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

 2. Hofer HR, Tuan RS. Secreted trophic factors of mesenchymal stem cells support neurovascular and musculoskeletal therapies. Stem Cell Res Ther. (2016) 7:131. doi: 10.1186/s13287-016-0394-0

 3. Looi QH, Eng SP, Liau LL, Tor YS, Bajuri MY, Ng MH, et al. Mesenchymal stem cell therapy for sports injuries-From research to clinical practice. Sains Malaysiana. (2020) 49:825–38. doi: 10.17576/jsm-2020-4904-12

 4. Lim WL, Liau LL, Ng MH, Shiplu RC, Law JX. Current progress in tendon and ligament tissue engineering. Tissue Eng Regen Med. (2019) 16:549–71. doi: 10.1007/s13770-019-00196-w

 5. Hafez P, Chowdhury SR, Jose S, Law JX, Ruszymah BHI, Ramzisham ARM, et al. Development of an in vitro cardiac ischemic model using primary human cardiomyocytes. Cardiovasc Eng Technol. (2018) 9:529–38. doi: 10.1007/s13239-018-0368-8

 6. Hafez P, Jose S, Chowdhury SR, Ng MH, Ruszymah BHI, Abdul Rahman Mohd R. Cardiomyogenic differentiation of human sternal bone marrow mesenchymal stem cells using a combination of basic fibroblast growth factor and hydrocortisone. Cell Biol Int. (2016) 40:55–64. doi: 10.1002/cbin.10536

 7. Lim J, Razi ZRM, Law JX, Nawi AM, Idrus RBH, Chin TG, et al. Mesenchymal stromal cells from the maternal segment of human umbilical cord is ideal for bone regeneration in allogenic setting. Tissue Eng Regen Med. (2018) 15:75–87. doi: 10.1007/s13770-017-0086-6

 8. Lim J, Razi ZRM, Law J, Nawi AM, Idrus RBH, Ng MH. MSCs can be differentially isolated from maternal, middle and fetal segments of the human umbilical cord. Cytotherapy. (2016) 18:1493–502. doi: 10.1016/j.jcyt.2016.08.003

 9. Lee M, Jeong SY, Ha J, Kim M, Jin HJ, Kwon SJ, et al. Low immunogenicity of allogeneic human umbilical cord blood-derived mesenchymal stem cells in vitro and in vivo. Biochem Biophys Res Commun. (2014) 446:983–9. doi: 10.1016/j.bbrc.2014.03.051

 10. Liau LL, Looi QH, Eng SP, Yazid MD, Sulaiman N, Busra MFM, et al. Mesenchymal stem cells for the treatment of immune-mediated diseases. In: Haider KH, editor. Stem Cells. Singapore: World Scientific (2020). p. 178–210.

 11. Chang YS, Ahn SY, Yoo HS, Sung SI, Choi SJ, Oh W Il, et al. Mesenchymal stem cells for bronchopulmonary dysplasia: phase 1 dose-escalation clinical trial. J Pediatr. (2014) 164:966–72. doi: 10.1016/j.jpeds.2013.12.011

 12. Ahn SY, Chang YS, Sung SI, Park WS. Mesenchymal stem cells for severe intraventricular hemorrhage in preterm infants: phase I dose-escalation clinical trial. Stem Cells Transl Med. (2018) 7:847–56. doi: 10.1002/sctm.17-0219

 13. Akduman H, Dilli D, Ergün E, Çakmakçi E, Çelebi SK, Çitli R, et al. Successful mesenchymal stem cell application in supraventricular tachycardia-related necrotizing enterocolitis: a case report. Fetal Pediatr Pathol. (2019) 1–6. doi: 10.1080/15513815.2019.1693672. [Epub ahead of print].

 14. Higgins RD, Jobe AH, Koso-Thomas M, Bancalari E, Viscardi RM, Hartert T V, et al. Bronchopulmonary dysplasia: executive summary of a workshop. J Pediatr. (2018) 197:300–8. doi: 10.1016/j.jpeds.2018.01.043

 15. Kwon HW, Kim HS, An HS, Kwon BS, Kim GB, Shin SH, et al. Long-term outcomes of pulmonary hypertension in preterm infants with bronchopulmonary dysplasia. Neonatology. (2016) 110:181–9. doi: 10.1159/000445476

 16. Ahn SY, Chang YS, Kim JH, Sung SI, Park WS. Two-year follow-up outcomes of premature infants enrolled in the phase I trial of mesenchymal stem cells transplantation for bronchopulmonary dysplasia. J Pediatr. (2017) 185:49–54.e2. doi: 10.1016/j.jpeds.2017.02.061

 17. Álvarez-Fuente M, Arruza L, Lopez-Ortego P, Moreno L, Ramírez-Orellana M, Labrandero C, et al. Off-label mesenchymal stromal cell treatment in two infants with severe bronchopulmonary dysplasia: clinical course and biomarkers profile. Cytotherapy. (2018) 20:1337–44. doi: 10.1016/j.jcyt.2018.09.003

 18. Lin HC, Wang CC, Chou HW, Wu ET, Lu FL, Ko BS, et al. Airway delivery of bone marrow-derived mesenchymal stem cells reverses bronchopulmonary dysplasia superimposed with acute respiratory distress syndrome in an infant. Cell Med. (2018) 10:2155179018759434. doi: 10.1177/2155179018759434

 19. Powell SB, Silvestri JM. Safety of intratracheal administration of human umbilical cord blood derived mesenchymal stromal cells in extremely low birth weight preterm infants. J Pediatr. (2019) 210:209–13.e2. doi: 10.1016/j.jpeds.2019.02.029

 20. Guess AJ, Daneault B, Wang R, Bradbury H, La Perle KMD, Fitch J, et al. Safety profile of good manufacturing practice manufactured interferon γ-primed mesenchymal stem/stromal cells for clinical trials. Stem Cells Transl Med. (2017) 6:1868–79. doi: 10.1002/sctm.16-0485

 21. Ahn SY, Chang YS, Park WS. Stem cells for neonatal brain disorders. Neonatology. (2016) 109:377–83. doi: 10.1159/000444905

 22. Mitsialis SA, Kourembanas S. Stem cell-based therapies for the newborn lung and brain: possibilities and challenges. Semin Perinatol. (2016) 40:138–51. doi: 10.1053/j.semperi.2015.12.002

 23. Mueller M, Wolfs TG, Schoeberlein A, Gavilanes AW, Surbek D, Kramer BW. Mesenchymal stem/stromal cells-a key mediator for regeneration after perinatal morbidity? Mol Cell Pediatr. (2016) 3:6. doi: 10.1186/s40348-016-0034-x

 24. Szpecht D, Szymankiewicz M, Nowak I, Gadzinowski J. Intraventricular hemorrhage in neonates born before 32 weeks of gestation-retrospective analysis of risk factors. Childs Nerv Syst. 2016) 32:1399–404. doi: 10.1007/s00381-016-3127-x

 25. Gotardo JW, de Freitas Valle Volkmer N, Stangler GP, Dornelles AD, de Athayde Bohrer BB, Carvalho CG. Impact of peri-intraventricular haemorrhage and periventricular leukomalacia in the neurodevelopment of preterms: a systematic review and meta-analysis. PLoS ONE. (2019) 14:e0223427. doi: 10.1371/journal.pone.0223427

 26. Kim ES, Ahn SY, Im GH, Sung DK, Park YR, Choi SH, et al. Human umbilical cord blood-derived mesenchymal stem cell transplantation attenuates severe brain injury by permanent middle cerebral artery occlusion in newborn rats. Pediatr Res. (2012) 72:277–84. doi: 10.1038/pr.2012.71

 27. van Velthoven CT, Kavelaars A, van Bel F, Heijnen CJ. Mesenchymal stem cell transplantation changes the gene expression profile of the neonatal ischemic brain. Brain Behav Immun. (2011) 25:1342–8. doi: 10.1016/j.bbi.2011.03.021

 28. Thomi G, Surbek D, Haesler V, Joerger-Messerli M, Schoeberlein A. Exosomes derived from umbilical cord mesenchymal stem cells reduce microglia-mediated neuroinflammation in perinatal brain injury. Stem Cell Res Ther. (2019) 10:105. doi: 10.1186/s13287-019-1207-z

 29. Allen KA, Brandon DH. Hypoxic ischemic encephalopathy: pathophysiology and experimental treatments. Newborn Infant Nurs Rev. (2011) 11:125–33. doi: 10.1053/j.nainr.2011.07.004

 30. Park WS, Sung SI, Ahn SY, Yoo HS, Sung DK, Im GH, et al. Hypothermia augments neuroprotective activity of mesenchymal stem cells for neonatal hypoxic-ischemic encephalopathy. PLoS ONE. (2015) 10:e0120893. doi: 10.1371/journal.pone.0120893

 31. Bruschettini M, Romantsik O, Moreira A, Ley D, Thébaud B. Stem cell-based interventions for the prevention of morbidity and mortality following hypoxic-ischaemic encephalopathy in newborn infants. Cochrane Database Syst Rev. (2018) 2018:CD013202. doi: 10.1002/14651858.CD013202

 32. Cánovas-Ahedo M, Alonso-Alconada D. Combined therapy in neonatal hypoxic-ischaemic encephalopathy. An Pediatría. (2019) 91:59–9.e6. doi: 10.1016/j.anpede.2019.04.007

 33. McDonald CA, Djuliannisaa Z, Petraki M, Paton MCB, Penny TR, Sutherland AE, et al. Intranasal delivery of mesenchymal stromal cells protects against neonatal hypoxic-ischemic brain injury. Int J Mol Sci. (2019) 20:2449. doi: 10.3390/ijms20102449

 34. Wagenaar N, Nijboer CH, van Bel F. Repair of neonatal brain injury: bringing stem cell-based therapy into clinical practice. Dev Med Child Neurol. (2017) 59:997–1003. doi: 10.1111/dmcn.13528

 35. Ophelders DRMG, Wolfs TGAM, Jellema RK, Zwanenburg A, Andriessen P, Delhaas T, et al. Mesenchymal stromal cell-derived extracellular vesicles protect the fetal brain after hypoxia-ischemia. Stem Cells Transl Med. (2016) 5:754–63. doi: 10.5966/sctm.2015-0197

 36. Wang Y, Long W, Cao Y, Li J, You L, Fan Y. Mesenchymal stem cell-derived secretomes for therapeutic potential of premature infant diseases. Biosci Rep. (2020) 40:BSR20200241. doi: 10.1042/BSR20200241

 37. Chen A, Siow B, Blamire AM, Lako M, Clowry GJ. Transplantation of magnetically labeled mesenchymal stem cells in a model of perinatal brain injury. Stem Cell Res. (2010) 5:255–66. doi: 10.1016/j.scr.2010.08.004

 38. Zhu LH, Bai X, Zhang N, Wang SY, Li W, Jiang L. Improvement of human umbilical cord mesenchymal stem cell transplantation on glial cell and behavioral function in a neonatal model of periventricular white matter damage. Brain Res. (2014) 1563:13–21. doi: 10.1016/j.brainres.2014.03.030

 39. Morioka C, Komaki M, Taki A, Honda I, Yokoyama N, Iwasaki K, et al. Neuroprotective effects of human umbilical cord-derived mesenchymal stem cells on periventricular leukomalacia-like brain injury in neonatal rats. Inflamm Regen. (2017) 37:1. doi: 10.1186/s41232-016-0032-3

 40. Niemarkt HJ, de Meij TG, van Ganzewinkel CJ, de Boer NKH, Andriessen P, Hütten MC, et al. Necrotizing enterocolitis, gut microbiota, and brain development: role of the brain-gut axis. Neonatology. (2019) 115:423–31. doi: 10.1159/000497420

 41. Lin H, Mao S, Shi L, Tou J, Du L. Clinical characteristic comparison of low birth weight and very low birth weight preterm infants with neonatal necrotizing enterocolitis: a single tertiary center experience from eastern China. Pediatr Surg Int. (2018) 34:1201–7. doi: 10.1007/s00383-018-4339-9 

 42. Lu Q, Cheng S, Zhou M, Yu J. Risk factors for necrotizing enterocolitis in neonates: a retrospective case-control study. Pediatr Neonatol. (2017) 58:165–70. doi: 10.1016/j.pedneo.2016.04.002

 43. Zozaya C, Shah J, Pierro A, Zani A, Synnes A, Lee S, et al. Neurodevelopmental and growth outcomes of extremely preterm infants with necrotizing enterocolitis or spontaneous intestinal perforation. J Pediatr Surg. (2020). doi: 10.1016/j.jpedsurg.2020.05.013. [Epub ahead of print].

 44. Eaton S, Zani A, Pierro A, De Coppi P. Stem cells as a potential therapy for necrotizing enterocolitis. Expert Opin Biol Ther. (2013) 13:1683–9. doi: 10.1517/14712598.2013.849690

 45. Shi X, Chen Q, Wang F. Mesenchymal stem cells for the treatment of ulcerative colitis: a systematic review and meta-analysis of experimental and clinical studies. Stem Cell Res Ther. (2019) 10:266. doi: 10.1186/s13287-019-1336-4

 46. Lightner AL, Wang Z, Zubair AC, Dozois EJ. A systematic review and meta-analysis of mesenchymal stem cell injections for the treatment of perianal Crohn's disease: progress made and future directions. Dis Colon Rectum. (2018) 61:629–40. doi: 10.1097/DCR.0000000000001093

 47. Tayman C, Uckan D, Kilic E, Ulus AT, Tonbul A, Hirfanoglu IM, et al. Mesenchymal stem cell therapy in necrotizing enterocolitis: a rat study. Pediatr Res. (2011) 70:489–94. doi: 10.1203/PDR.0b013e31822d7ef2

 48. McCulloh CJ, Olson JK, Zhou Y, Wang Y, Besner GE. Stem cells and necrotizing enterocolitis: a direct comparison of the efficacy of multiple types of stem cells. J Pediatr Surg. (2017) 52:999–1005. doi: 10.1016/j.jpedsurg.2017.03.028

 49. Overcash RT, DeUgarte DA, Stephenson ML, Gutkin RM, Norton ME, Parmar S, et al. Factors associated with gastroschisis outcomes. Obstet Gynecol. (2014) 124:551–7. doi: 10.1097/AOG.0000000000000425

 50. Feng C, Graham CD, Connors JP, Brazzo J, Pan AHS, Hamilton JR, et al. Transamniotic stem cell therapy (TRASCET) mitigates bowel damage in a model of gastroschisis. J Pediatr Surg. (2016) 51:56–61. doi: 10.1016/j.jpedsurg.2015.10.011

 51. Feng C, Graham CD, Shieh HF, Brazzo JA, Connors JP, Rohrer L, et al. Transamniotic stem cell therapy (TRASCET) in a leporine model of gastroschisis. J Pediatr Surg. (2017) 52:30–4. doi: 10.1016/j.jpedsurg.2016.10.016

 52. Davies PS, Powell AE, Swain JR, Wong MH. Inflammation and proliferation act together to mediate intestinal cell fusion. PLoS ONE. (2009) 4:e6530. doi: 10.1371/journal.pone.0006530

 53. de Jong JH, Rodermond HM, Zimberlin CD, Lascano V, De Sousa E, Melo F, Richel DJ, et al. Fusion of intestinal epithelial cells with bone marrow derived cells is dispensable for tissue homeostasis. Sci Rep. (2012) 2:271. doi: 10.1038/srep00271

 54. Zani A, Cananzi M, Fascetti-Leon F, Lauriti G, Smith VV, Bollini S, et al. Amniotic fluid stem cells improve survival and enhance repair of damaged intestine in necrotising enterocolitis via a COX-2 dependent mechanism. Gut. (2014) 63:300–9. doi: 10.1136/gutjnl-2012-303735

 55. Liu H, Zhang J, Liu CY, Wang IJ, Sieber M, Chang J, et al. Cell therapy of congenital corneal diseases with umbilical mesenchymal stem cells: Lumican null mice. PLoS ONE. (2010) 5:e10707. doi: 10.1371/journal.pone.0010707

 56. Coulson-Thomas VJ, Caterson B, Kao WWY. Transplantation of human umbilical mesenchymal stem cells cures the corneal defects of mucopolysaccharidosis vii mice. Stem Cells. (2013) 31:2116–26. doi: 10.1002/stem.1481

 57. Sun M, Chen S, Adams SM, Florer JB, Liu H, Kao WWY, et al. Collagen V is a dominant regulator of collagen fibrillogenesis: dysfunctional regulation of structure and function in a corneal-stroma-specific Col5a1-null mouse model. J Cell Sci. (2011) 124:4096–105. doi: 10.1242/jcs.091363

 58. Call M, Elzarka M, Kunesh M, Hura N, Birk DE, Kao WW. Therapeutic efficacy of mesenchymal stem cells for the treatment of congenital and acquired corneal opacity. Mol Vis. (2019) 25:415–26. 

 59. Xu W, Cheng W, Cui X, Xu G. Therapeutic effect against retinal neovascularization in a mouse model of oxygen-induced retinopathy: bone marrow-derived mesenchymal stem cells versus conbercept. BMC Ophthalmol. (2020) 20:7. doi: 10.1186/s12886-019-1292-x

 60. Zhang L, Coulson-Thomas VJ, Ferreira TG, Kao WWY. Mesenchymal stem cells for treating ocular surface diseases. BMC Ophthalmol. (2015) 15:54–65. doi: 10.1186/s12886-015-0138-4

 61. Navas A, Magaña-Guerrero FS, Domínguez-López A, Chávez-García C, Partido G, Graue-Hernández EO, et al. Anti-inflammatory and anti-fibrotic effects of human amniotic membrane mesenchymal stem cells and their potential in corneal repair. Stem Cells Transl Med. (2018) 7:906–17. doi: 10.1002/sctm.18-0042

 62. Song HB, Park SY, Ko JH, Park JW, Yoon CH, Kim DH, et al. Mesenchymal stromal cells inhibit inflammatory lymphangiogenesis in the cornea by suppressing macrophage in a TSG-6-dependent manner. Mol Ther. (2018) 26:162–72. doi: 10.1016/j.ymthe.2017.09.026

 63. Wang S, Huang S, Gong L, Yuan Z, Wong J, Lee J, et al. Human neonatal thymus mesenchymal stem cells promote neovascularization and cardiac regeneration. Stem Cells Int. (2018) 2018:8503468. doi: 10.1155/2018/8503468

 64. Doster DL, Jensen AR, Khaneki S, Markel TA. Mesenchymal stromal cell therapy for the treatment of intestinal ischemia: defining the optimal cell isolate for maximum therapeutic benefit. Cytotherapy. (2016) 18:1457–70. doi: 10.1016/j.jcyt.2016.08.001

 65. Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM, Fike JR, Lee HO, Pfeffer K, et al. Fusion of bone-marrow-derived cells with Purkinje neurons, cardiomyocytes and hepatocytes. Nature. (2003) 425:968–73. doi: 10.1038/nature02069

 66. Kang K, Chuai JB, Xie B dong, Li J zhong, Qu H, Wu H, et al. Mesenchymal stromal cells from patients with cyanotic congenital heart disease are optimal candidate for cardiac tissue engineering. Biomaterials. (2020) 230:119574. doi: 10.1016/j.biomaterials.2019.119574

 67. Elman JS, Li M, Wang F, Gimble JM, Parekkadan B. A comparison of adipose and bone marrow-derived mesenchymal stromal cell secreted factors in the treatment of systemic inflammation. J Inflamm. (2014) 11:1. doi: 10.1186/1476-9255-11-1

 68. Lombardo E, van der Poll T, DelaRosa O, Dalemans W. Mesenchymal stem cells as a therapeutic tool to treat sepsis. World J Stem Cells. (2015) 7:368–79. doi: 10.4252/wjsc.v7.i2.368 

 69. Zhao X, Liu D, Gong W, Zhao G, Liu L, Yang L, et al. The toll-like receptor 3 ligand, poly(I:C), improves immunosuppressive function and therapeutic effect of mesenchymal stem cells on sepsis via inhibiting MiR-143. Stem Cells. (2014) 32:521–33. doi: 10.1002/stem.1543

 70. Korneev K V. [Mouse models of sepsis and septic shock]. Mol Biol. (2019) 53:799–814. doi: 10.1134/S0026893319050108

 71. Horák J, Nalos L, Martínková V, Beneš J, Štengl M, Matějovič M. Mesenchymal stem cells in sepsis and associated organ dysfunction: a promising future or blind alley? Stem Cells Int. (2017) 2017:7304121. doi: 10.1155/2017/7304121

 72. Spees JL, Lee RH, Gregory CA. Mechanisms of mesenchymal stem/stromal cell function. Stem Cell Res Ther. (2016) 7:125. doi: 10.1186/s13287-016-0363-7

 73. Zhu Y, Xu L, Collins JJP, Vadivel A, Cyr-Depauw C, Zhong S, et al. Human umbilical cord mesenchymal stromal cells improve survival and bacterial clearance in neonatal sepsis in rats. Stem Cells Dev. (2017) 26:1054–64. doi: 10.1089/scd.2016.0329

 74. Krasnodembskaya A, Song Y, Fang X, Gupta N, Serikov V, Lee JW, et al. Antibacterial effect of human mesenchymal stem cells is mediated in part from secretion of the antimicrobial peptide LL-37. Stem Cells. (2010) 28:2229–38. doi: 10.1002/stem.544

 75. Lee JW, Krasnodembskaya A, McKenna DH, Song Y, Abbott J, Matthay MA. Therapeutic effects of human mesenchymal stem cells in ex vivo human lungs injured with live bacteria. Am J Respir Crit Care Med. (2013) 187:751–60. doi: 10.1164/rccm.201206-0990OC

 76. Park J, Kim S, Lim H, Liu A, Hu S, Lee J, et al. Therapeutic effects of human mesenchymal stem cell microvesicles in an ex vivo perfused human lung injured with severe E. coli pneumonia. Thorax. (2019) 74:43–50. doi: 10.1136/thoraxjnl-2018-211576

 77. Hanley PJ, Mei Z, da Graca Cabreira-Hansen M, Klis M, Li W, Zhao Y, et al. Manufacturing mesenchymal stromal cells for phase I clinical trials. Cytotherapy. (2013) 15:416–22. doi: 10.1016/j.jcyt.2012.09.007

 78. Levenberg S, Huang NF, Lavik E, Rogers AB, Itskovitz-Eldor J, Langer R. Differentiation of human embryonic stem cells on three-dimensional polymer scaffolds. Proc Natl Acad Sci USA. (2003) 100:12741–6. doi: 10.1073/pnas.1735463100

 79. Koh B, Sulaiman N, Fauzi MB, Law JX, Ng MH, Idrus RBH, et al. Three dimensional microcarrier system in mesenchymal stem cell culture: a systematic review. Cell Biosci. (2020) 10:75. doi: 10.1186/s13578-020-00438-8

 80. Hassan MNF Bin, Yazid MD, Yunus MHM, Chowdhury SR, Lokanathan Y, Idrus RBH, et al. Large-scale expansion of human mesenchymal stem cells. Stem Cells Int. (2020) 2020:9529465. doi: 10.1155/2020/9529465

 81. Adamiak M, Cheng G, Bobis-Wozowicz S, Zhao L, Kedracka-Krok S, Samanta A, et al. Induced pluripotent stem cell (iPSC)-derived extracellular vesicles are safer and more effective for cardiac repair than iPSCs. Circ Res. (2018) 122:296–309. doi: 10.1161/CIRCRESAHA.117.311769 

 82. Porzionato A, Zaramella P, Dedja A, Guidolin D, Van Wemmel K, Macchi V, et al. Intratracheal administration of clinical-grade mesenchymal stem cell-derived extracellular vesicles reduces lung injury in a rat model of bronchopulmonary dysplasia. Am J Physiol Lung Cell Mol Physiol. (2019) 316:L6–19. doi: 10.1152/ajplung.00109.2018

 83. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R, et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell vesicles. (2018) 7:1535750. doi: 10.1080/20013078.2018.1461450 

 84. Lokanathan Y, Law JX, Yazid MD, Chowdhury SR, Busra MFM, Sulaiman N, et al. Mesenchymal stem cells and their role in hypoxia-induced injury. In: Haider KH, editor. Stem Cells: From Myth to Reality and Evolving. Boston: De Gruyter (2019). p. 166–86.

 85. Willis GR, Kourembanas S, Mitsialis SA. Toward exosome-based therapeutics: isolation, heterogeneity, and fit-for-purpose potency. Front Cardiovasc Med. (2017) 4:63. doi: 10.3389/fcvm.2017.00063 

 86. Bachurski D, Schuldner M, Nguyen P-H, Malz A, Reiners KS, Grenzi PC, et al. Extracellular vesicle measurements with nanoparticle tracking analysis - an accuracy and repeatability comparison between nanoSight NS300 and ZetaView. J Extracell vesicles. (2019) 8:1596016. doi: 10.1080/20013078.2019.1596016

 87. Aliotta JM, Pereira M, Wen S, Dooner MS, Del Tatto M, Papa E, et al. Exosomes induce and reverse monocrotaline-induced pulmonary hypertension in mice. Cardiovasc Res. (2016) 110:319–30. doi: 10.1093/cvr/cvw054

 88. Sjöqvist S, Ishikawa T, Shimura D, Kasai Y, Imafuku A, Bou-Ghannam S, et al. Exosomes derived from clinical-grade oral mucosal epithelial cell sheets promote wound healing. J Extracell vesicles. (2019) 8:1565264. doi: 10.1080/20013078.2019.1565264

 89. Zhu X, Badawi M, Pomeroy S, Sutaria DS, Xie Z, Baek A, et al. Comprehensive toxicity and immunogenicity studies reveal minimal effects in mice following sustained dosing of extracellular vesicles derived from HEK293T cells. J Extracell vesicles. (2017) 6:1324730. doi: 10.1080/20013078.2017.1324730

 90. Mendt M, Kamerkar S, Sugimoto H, McAndrews KM, Wu CC, Gagea M, et al. Generation and testing of clinical-grade exosomes for pancreatic cancer. JCI insight. (2018) 3:e99263. doi: 10.1172/jci.insight.99263

 91. Duijvesz D, Luider T, Bangma CH, Jenster G. Exosomes as biomarker treasure chests for prostate cancer. Eur Urol. (2011) 59:823–31. doi: 10.1016/j.eururo.2010.12.031

 92. Li P, Kaslan M, Lee SH, Yao J, Gao Z. Progress in exosome isolation techniques. Theranostics. (2017) 7:789–804. doi: 10.7150/thno.18133

 93. Antounians L, Tzanetakis A, Pellerito O, Catania VD, Sulistyo A, Montalva L, et al. The regenerative potential of amniotic fluid stem cell extracellular vesicles: lessons learned by comparing different isolation techniques. Sci Rep. (2019) 9:1837. doi: 10.1038/s41598-018-38320-w

 94. Tassew NG, Charish J, Shabanzadeh AP, Luga V, Harada H, Farhani N, et al. Exosomes mediate mobilization of autocrine Wnt10b to promote axonal regeneration in the injured CNS. Cell Rep. (2017) 20:99–111. doi: 10.1016/j.celrep.2017.06.009

 95. Tabak S, Schreiber-Avissar S, Beit-Yannai E. Extracellular vesicles have variable dose-dependent effects on cultured draining cells in the eye. J Cell Mol Med. (2018) 22:1992–2000. doi: 10.1111/jcmm.13505

 96. Willis GR, Fernandez-Gonzalez A, Anastas J, Vitali SH, Liu X, Ericsson M, et al. Mesenchymal stromal cell exosomes ameliorate experimental bronchopulmonary dysplasia and restore lung function through macrophage immunomodulation. Am J Respir Crit Care Med. (2018) 197:104–16. doi: 10.1164/rccm.201705-0925OC

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 © 2020 Liau, Al-Masawa, Koh, Looi, Foo, Lee, Cheah and Law. 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.












	
	SYSTEMATIC REVIEW
published: 09 December 2020
doi: 10.3389/fped.2020.578984






[image: image2]

Stem Cells as Therapy for Necrotizing Enterocolitis: A Systematic Review and Meta-Analysis of Preclinical Studies

Eduardo Villamor-Martinez1, Tamara Hundscheid1, Boris W. Kramer1, Carlijn R Hooijmans2 and Eduardo Villamor1*


1Department of Pediatrics, Maastricht University Medical Center (MUMC+), School for Oncology and Developmental Biology (GROW), Maastricht, Netherlands

2Department for Health Evidence Unit SYRCLE, Radboud University Medical Center, Nijmegen, Netherlands

Edited by:
Geok Chin Tan, National University of Malaysia, Malaysia

Reviewed by:
Chin Seng Gan, University of Malaya, Malaysia
 MaryAnn Volpe, Tufts University School of Medicine, United States

*Correspondence: Eduardo Villamor, e.villamor@mumc.nl

Specialty section: This article was submitted to Neonatology, a section of the journal Frontiers in Pediatrics

Received: 01 July 2020
 Accepted: 13 October 2020
 Published: 09 December 2020

Citation: Villamor-Martinez E, Hundscheid T, Kramer BW, Hooijmans CR and Villamor E (2020) Stem Cells as Therapy for Necrotizing Enterocolitis: A Systematic Review and Meta-Analysis of Preclinical Studies. Front. Pediatr. 8:578984. doi: 10.3389/fped.2020.578984



Background: Necrotizing enterocolitis (NEC) is the most common life-threatening gastrointestinal condition among very and extremely preterm infants. Stem cell therapy has shown some promising protective effects in animal models of intestinal injury, including NEC, but no systematic review has yet evaluated the preclinical evidence of stem cell therapy for NEC prevention or treatment.

Methods: PubMed and EMBASE databases were searched for studies using an animal model of NEC with stem cells or their products. The SYRCLE tool was used for the assessment of risk of bias. A random-effects model was used to pool odds ratios (ORs) and 95% confidence interval (CI).

Results: We screened 953 studies, of which nine (eight rat and one mouse models) met the inclusion criteria. All animal models induced NEC by a combination of hypothermia, hypoxia, and formula feeding. Risk of bias was evaluated as unclear on most items for all studies included. Meta-analysis found that both mesenchymal and neural stem cells and stem cell-derived exosomes reduced the incidence of all NEC (OR 0.22, 95% CI 0.16–0.32, k = 16), grade 2 NEC (OR 0.41, 95% CI 0.24–0.70, k = 16), and grade 3–4 NEC (OR 0.28, 95% CI 0.19–0.42, k = 16). k represents the number of independent effect sizes included in each meta-analysis. The effect of the exosomes was similar to that of the stem cells. Stem cells and exosomes also improved 4-day survival (OR 2.89 95% CI 2.07–4.04, k = 9) and 7-day survival (OR 3.96 95% CI 2.39–6.55, k = 5) after experimental NEC. Meta-analysis also found that stem cells reduced other indicators of intestinal injury.

Conclusion: The data from this meta-analysis suggest that both stem cells and stem cell-derived exosomes prevented NEC in rodent experimental models. However, unclear risk of bias and incomplete reporting underline that poor reporting standards are common and hamper the reliable interpretation of preclinical evidence for stem cell therapy for NEC.

Keywords: stem cells, necrotizing enterocolitis (NEC), preclinical (in-vivo) studies, meta-analysis, risk of bias assessment


INTRODUCTION

Necrotizing enterocolitis (NEC) is the most common life-threatening gastrointestinal condition among very and extremely preterm infants (1–4). Severe NEC is characterized by full-thickness destruction of the intestine leading to intestinal perforation, peritonitis, bacterial invasion of blood stream, and generalized infection (1–4). NEC has a multifactorial etiology that is largely related to prematurity and the consequent immaturity of the gastrointestinal tract (1–10). However, besides low gestational age (GA), several risk factors such as formula feeds, gut dysbiosis, infection, or intestinal hypoperfusion have been implicated in the etiopathogenesis of NEC (1–10). Furthermore, a clear definition of NEC remains elusive because NEC likely represents different conditions with intestinal injury or necrosis as final outcome (4, 11).

A number of animal models have been developed to investigate the pathophysiology of NEC and to test different preventive and therapeutic strategies (12–18). The most widely used experimental animals are rats, mice, and piglets (12–18). The experimental models try to reproduce the pathogenesis of NEC using one or a combination of potential contributory factors such as intestinal immaturity, formula feeding, bacteria and/or their byproduct, and hypoxic–ischemic stress (12–18). However, after more than five decades of preclinical and clinical research on NEC, the promise of a “magic bullet” for the prevention and/or treatment of NEC has yet to become a reality (11).

Stem cell therapy is increasingly proposed as a novel therapeutic approach for a number of complications of prematurity such as bronchopulmonary dysplasia (19–22), brain injury (22, 23), or retinopathy of prematurity (24) with encouraging preclinical results auspicious for clinical translation (19, 21, 22). A growing number of preclinical studies have investigated the potential therapeutic role of stem cells in experimental NEC (13–21). However, to use stem cell therapy, we need to answer five questions: which cells to give, at what time, via which route, in which dose, and to which babies (25).

Systematic reviews and meta-analyses are common practice in human clinical research, particularly for randomized controlled trials. Although most animal experiments are performed to enrich our clinical understanding of human diseases, systematic reviews of preclinical studies are still scarce (26, 27). Meta-analyses of preclinical studies can be used to inform clinical trial design, to understand the possible discrepancies between findings from preclinical and clinical studies and to improve the quality and translational utility of animal experimentation (28–30). To date, there has been no systematic review and/or meta-analysis on the therapeutic potential of stem cells in experimental NEC. We aimed to provide a comprehensive overview of all studies using stem cells in animal models of NEC and to quantify the effects of stem cells in mortality and development of intestinal injury.



METHODS


Protocol

A protocol was registered on PROSPERO (CRD42018110084) before starting the review (31). We used the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist for the manuscript (32).



Sources and Search Strategy

We searched PubMed and EMBASE databases for original, preclinical studies concerning the effects of stem cells or stem cell products on NEC published until June 2019. The search strategy involved the following four search components: stem cells (and all synonyms) AND (necrotizing enterocolitis OR [neonate AND (intestinal injury OR necrosis)] AND animals (33, 34) (for our complete search strategy, see S 1). No language or date restrictions were applied. Electronic search alerts were set up using Google Scholar to be able to include any studies published after the last search.



Inclusion Criteria and Study Selection

Studies were included in this systematic review when they met all of the following criteria, defined a priori in our published protocol: (1) original in vivo animal studies using a neonatal experimental NEC model; (2) intervention was randomized, quasi-randomized, or non-randomized; (3) tested as intervention stem cells or stem cell-derived products; and (4) reported on any of the following outcome measures: survival, NEC incidence and/or severity, intestinal injury, weight gain, and clinical sickness scores. Non-interventional studies, studies without controls, and non-neonatal models of intestinal injury were excluded.

The primary outcome was NEC incidence. Secondary outcomes were survival and severity of NEC. Therefore, studies that reported on survival, NEC incidence (determined histologically), and/or severity of NEC (determined histologically and with predetermined scales) were included.

Two independent reviewers (TH and EV-M) screened all studies for inclusion. The first screening was based on title and abstract using Rayyan RCI software (35). In case of doubt, the full text of the article was evaluated. The full text of all preselected publications was subsequently assessed by two independent reviewers (TH and EV-M). Studies were included when they met all the inclusion criteria. Disagreements about inclusion were resolved through discussion and consensus among three reviewers (TH, EV-M, and CH).

One reviewer (TH) extracted the data using a predetermined data extraction sheet. A second reviewer (EV-M) checked data for accuracy. Data were extracted for study characteristics (authors, year of publication, and study location), study design (sample size for intervention, control, and sham groups), intervention characteristics (timing, dose, and mode of stem cell administration), and outcome measures (primary and secondary outcomes as described above). Dichotomous and continuous data provided in numbers were extracted directly. Data on survival and NEC incidence/severity were converted to odds ratios (ORs), and data on intestinal injury (intestinal permeability and motility), weight, and sickness/severity scores were converted to standardized differences in means. If only graphs were available, Web Plot Digitizer was used to extract numerical values (36).



Risk of Bias

We used the SYRCLE tool (37) to assess the risk of bias in the included studies. Two reviewers (TH and EV-M) independently evaluated the studies, and discrepancies in scoring were resolved through discussion. A “yes” score indicates low risk of bias; a “no” score indicates high risk of bias; and a “?” score indicates unknown risk of bias.

In order to avoid the problem of too many items being evaluated as “unclear risk of bias” due to lack of reporting of experimental details on animals, methods, and materials (38), we added three items on reporting and evaluated whether studies reported (1) any measure of randomization, (2) any measure of blinding, and (3) a sample size calculation. For these three items, a “yes” score indicates “reported,” and a “no” score indicates “unreported.”



Meta-Analysis, Subgroup Analyses, and Publication Bias

Studies were combined and analyzed using Comprehensive Meta-Analysis V3.0 software (Biostat Inc., Englewood, NJ, USA). The unit of analysis for the meta-analysis (represented as k) was the individual experiments (i.e., one reference could contain multiple independent experiments). All outcome measures that were reported in more than one study were included in meta-analyses. For dichotomous outcomes, the OR with 95% confidence interval (CI) was calculated from the data provided in the studies. For continuous outcomes, we extracted the mean, SD, and n to calculate the standardized mean difference (SMD). If studies used a single control group and multiple experimental groups, we corrected for this by dividing the sample size of the control group by the number of experimental groups. When one of the cells contained a zero value or the risk in either the control or experimental group was 100%, we added 0.5 to each cell to calculate the OR.

Due to anticipated heterogeneity, summary statistics were calculated with a random-effects model. This model accounts for variability between studies as well as within studies. Statistical heterogeneity was assessed by Cochran's Q statistic and by the I2 statistic, which is derived from Q and describes the proportion of total variation that is due to heterogeneity beyond chance (39).

Subgroup analyses were predefined in the protocol and only carried out if there were at least three independent comparisons per subgroup (k ≥ 3). The criteria we planned on using for subgroup analyses included cell-type, animal/species, stem cells vs. cell-derived products, control group (placebo/sham vs. no intervention), and definition of neonatal (term vs. preterm model). Subgroup analyses were conducted according to the mixed-effects model (40). In this model, a random-effects model is used to combine studies within each subgroup, and a fixed-effects model is used to combine subgroups and yield the overall effect. We expected the variance to be comparable within the subgroups; therefore, we assumed a common among-study variance across subgroups. For subgroup analyses, we adjusted our significance level according to the conservative Bonferroni method to account for multiple analyses (p/number of comparisons).

Publication bias analysis was carried out for the outcomes with k > 10. We used visual inspection of the funnel plot, Duval and Tweedie's trim and fill, and Egger's regression test to assess publication bias (40).




RESULTS


Study Characteristics and Experimental Models

After duplicates were removed, 953 references needed to be screened for eligibility. Figure 1 shows the PRISMA diagram of the comprehensive search and the reasons for excluding studies. Finally, nine studies could be included in this systematic review (13–21), which encompassed 23 comparisons in total. We did not find additional studies after the search through electronic alerts (until December 2019). Six of the included studies (41–46) were carried out in the same research facility in Columbus, Ohio (USA). One study (47) was carried out in Turkey, and two studies were carried out in the United Kingdom (48, 49). The characteristics of included studies are summarized in Table 1. Eight studies used rats, and the study of Wei et al. used mice. All included studies used the method of Barlow et al. (50) for inducing experimental NEC through formula feeding, hypoxia, and hypothermia.


[image: Figure 1]
FIGURE 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of systematic search.



Table 1. Summary of the characteristics of studies in each article.
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Intervention: Stem Cells and Stem Cell-Derived Products

As shown in Table 1, seven studies examined stem cells as the intervention (42, 44–49), one study examined both stem cells and exosomes (43), and one study examined only exosomes as intervention (41). Regarding the type of stem cells, one study (one experiment) (42) examined amniotic fluid (AF) mesenchymal stem cells (MSCs), and two studies (three experiments) (48, 49) examined AF stem cells (AFSCs). AFSCs stained positively for a number of surface markers that are characteristic of MSCs and/or neural stem cells (NSCs) (51, 52) and therefore were analyzed separately from AFMSCs. Five studies (seven experiments) (42, 43, 45, 47, 48) examined bone marrow MSCs (BMMSCs), three studies (three experiments) (42, 44, 46) examined enteric NSCs (ENSCs), and one study (one experiment) (42) examined AFNSCs. Two studies studied exosomes of stem cells as the intervention, with McCulloh et al. (41) studying exosomes of AFMSCs, BMMSCs, ENSCs, and AFNSCs in two experiments, and Rager et al. (43) studying BMMSC exosomes in one experiment. The dosages and timing for each intervention are detailed in Table 1.



Reported Outcomes


Primary Outcomes

Four studies (16 experiments) (41–43, 45) reported on incidence of any grade NEC, incidence of grade 2 NEC, and incidence of severe NEC (grades 3 and 4). Five studies (nine experiments) reported on survival at day 4 of life (45–49), and two studies (five experiments) reported on survival at day 7 of life (46, 48).



Secondary Outcomes

Several studies reported on indicators of intestinal injury. Four studies (10 experiments) (42, 43, 45, 48) reported on intestinal permeability. Two studies (two experiments) reported on intestinal motility (46, 49). Two studies (two experiments) reported on clinical sickness (47, 48). One study (one experiment) reported on NEC severity score (48).




Risk of Bias Assessment


Selection Bias and Performance Bias

The details for the risk of bias analysis are shown in Table 2. None of nine included studies provided sufficient information to assess the risk of bias as either low or high risk of bias for selection bias (sequence generation, baseline characteristics, and allocation concealment) and performance bias (random housing and investigator/caregiver blinding). We evaluated all six of these items as “unclear” risk of bias due to poor reporting of essential experimental details.


Table 2. Risk of bias assessment.
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Detection Bias

We evaluated risk of bias for blinding of outcome assessors (detection bias) separately for each outcome reported, and the details of this evaluation are provided in Table 3. Five studies (41, 42, 44, 45, 47) had low risk of bias for blinding of outcome assessors, for the outcome NEC incidence and severity. One study (48) blinded outcome assessors for intestinal motility and scored “low” risk of bias for this outcome, whereas another (46) did not clarify if outcome assessors were blinded and scored “unclear” risk of bias. For all other outcomes (survival, intestinal permeability, and clinical sickness score), studies did not clarify if outcome assessors were blinded, and they were evaluated as “unclear” risk of bias. No study provided information on random outcome assessment (detection bias), and we evaluated this for all studies as “unclear” risk of bias.


Table 3. Risk of bias for blinding of outcome assessment, per outcome.
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Attrition Bias

Attrition bias (incomplete outcome data) was evaluated as “low” in one study (44), “high” in another study (41), and “unclear” in seven studies (42, 43, 45–49).



Reporting Bias and Other Bias

Reporting bias (selective outcome reporting) was evaluated as “high” in one study (48) and unclear in eight studies (41–47, 49).

We evaluated seven out of nine studies as low risk of “other biases”: there were no indications of unit of analysis errors, and they reported information on funding and conflicts of interest. Two studies did not provide funding and conflict of interest information and were evaluated as “unclear” risk of bias in this category.




Meta-Analyses of Primary Outcomes


Necrotizing Enterocolitis Incidence

As shown in Figure 2, meta-analysis showed that stem cells and stem cell-derived products significantly reduced the incidence of any grade of NEC (k = 16, OR 0.22, 95% CI 0.16–0.32). Meta-analysis also found that stem cells and stem cell-derived products significantly reduced incidence of grade 2 NEC (k = 16, OR 0.41, 95% CI 0.24–0.70, Figure 3), as well as incidence of grade 3–4 NEC (k = 16, OR 0.28, 95% CI 0.19–0.42, Figure 4). As shown in Figures 2–4, the protective effects of stem cells were similarly observed in the subgroups of mesenchymal SC, neural SC, and SC-derived exosomes. Sensitivity analyses showed that the removal of the study that used mice instead of rats did not affect the significance of the results, nor did removal of experiments that used SC-derived exosomes (instead of SC) as the intervention (Supplementary Table 1).


[image: Figure 2]
FIGURE 2. Meta-analysis on stem cells/stem cell-derived products and incidence of any grade necrotizing enterocolitis (NEC). AF, amniotic fluid; BM, bone marrow; ENSC, enteric neural stem cell; IP, intraperitoneal; IV, intravenous; MSC, mesenchymal stem cell; NSC, neural stem cell; SC, stem cell.
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FIGURE 3. Meta-analysis on stem cells/stem cell-derived products and incidence of grade 2 necrotizing enterocolitis (NEC). AF, amniotic fluid; BM, bone marrow; ENSC, enteric neural stem cell; IP, intraperitoneal; IV, intravenous; MSC, mesenchymal stem cell; NSC, neural stem cell; SC, stem cell.
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FIGURE 4. Meta-analysis on stem cells/stem cell-derived products and incidence of grade 3–4 necrotizing enterocolitis (NEC). AF, amniotic fluid; BM, bone marrow; ENSC, enteric neural stem cell; IP, intraperitoneal; IV, intravenous; MSC, mesenchymal stem cell; NSC, neural stem cell; SC, stem cell.




Survival

Meta-analysis showed that stem cells significantly improved survival at day 4 of life (k = 9, OR 2.89, 95% CI 2.07–4.04, Figure 5). Moreover, meta-analysis showed that stem cells significantly improved chance of survival at day 7 of life (k = 5, OR 3.96, 95% CI 2.39–6.55, Figure 6). Subgroup analysis based on the type of stem cells was not performed for this outcome due to the small number of studies in each subgroup.
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FIGURE 5. Meta-analysis on stem cells and survival at day 4 of life following necrotizing enterocolitis (NEC). AFSC, amniotic fluid stem cell; BMMSC, bone marrow mesenchymal stem cell; IP, intraperitoneal; IV, intravenous; MSC, mesenchymal stem cell; NSC, neural stem cell.
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FIGURE 6. Meta-analysis on stem cells and survival at day 7 of life following necrotizing enterocolitis (NEC). AFSC, amniotic fluid stem cell; BMMSC, bone marrow mesenchymal stem cell; ENSC, enteric neural stem cell.





Meta-Analyses of Secondary Outcomes

Meta-analysis showed that stem cells and stem cell exosomes significantly reduced intestinal permeability (k = 10, SMD −3.48, 95% CI −3.90 to −3.05, Figure 7). Sensitivity analyses showed that the reduction remained significant after removing the sole experiment that used exosomes as the intervention and after removing the sole experiment that used mice as the experimental animal (Supplementary Table 1). Meta-analysis also found that stem cells improved intestinal motility (k = 2, SMD 3.73, 95% CI 3.09–4.38, Supplementary Figure 1) and reduced clinical sickness score (SMD −3.49, 95% CI −6.58 to −0.40, Supplementary Figure 2).
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FIGURE 7. Meta-analysis on stem cells/stem cell-derived products and intestinal permeability following experimental necrotizing enterocolitis (NEC). AF, amniotic fluid; BM, bone marrow; ENSC, enteric neural stem cell; h, human; IP, intraperitoneal; IV, intravenous; MSC, mesenchymal stem cell; SC, stem cell.




Publication Bias

There were sufficient independent effect sizes (k > 10) to test two outcomes (any grade NEC and grade 3–4 NEC incidence) for publication bias. For any grade NEC (k = 16), the visual inspection and trim-and-fill analysis suggested funnel plot asymmetry (Supplementary Figure 3), but Egger's regression test was non-significant (p = 0.090). For the outcome NEC grade 3–4 (k = 16), the visual inspection and trim-and-fill analysis suggested funnel plot asymmetry (Supplementary Figure 4), and Egger's regression test supported the presence of significant publication bias (p < 0.001).




DISCUSSION

To the best of our knowledge, this is the first systematic review and meta-analysis of preclinical studies investigating the effects of stem cells in experimental NEC. Meta-analysis showed that stem cells and stem cell-derived exosomes increased survival and decreased both incidence and severity of histologically proven NEC in rodent models of the condition. The beneficial effects of stem cells were consistent despite the heterogeneity in the sort of cells or exosomes across the different studies.

The studies included in our review used bone marrow- and AF-derived MSCs, and AF- and fetal intestine-derived NSCs. Among non-embryonic stem cells, MSCs are considered to have a high therapeutic potential due to their ability of proliferation and multilineage differentiation (22, 53–55). MSCs are found in multiple tissues, including bone marrow, adipose tissue, placenta, chorion, amnion, umbilical cord, umbilical blood, and breast milk (22, 55). The data of the meta-analysis suggest that MSCs and NSCs have similar effects on experimental NEC. However, NSCs, compared with MSCs, are challenging to isolate and culture, potentially limiting their clinical utility (22). Two studies investigated the effects of AFSC (48, 49). AFSC are considered as an intermediate type between embryonic and adult stem cells, and they stained positively for a number of surface markers characteristic of MSCs and NSCs (51, 52). Interestingly, it has been shown that NSCs can be purified and derived from AFSC. As reviewed by McCulloch et al., these amniotic-fluid derived NSCs may have the ability to provide the same therapeutic effects than other NSCs but with the advantage of a greater easiness in obtaining them (52).

The results from this meta-analysis also suggest that exosomes are just as effective in reducing the incidence and severity of experimental NEC as the stem cells from which they derive. Accordingly, a previous meta-analysis showed that cell-free MSC-derived conditioned media had significant therapeutic effects in hyperoxic rodent models of bronchopulmonary dysplasia (21). Paracrine mediators such as stem cell-derived exosomes are emerging as a novel therapeutic strategy to overcome some of the limitations of stem cell therapy (56). Exosomes are small membrane vesicles of endocytic origin that exert their therapeutic actions by involving cell–cell interactions and transferring proteins, RNAs, and microRNAs (56). Interestingly, breast milk-derived exosomes, which are produced by a variety of cells, stimulate intestinal cell proliferation and differentiation (57, 58) and may be protective in experimental NEC (59).

The strengths of our systematic review included the breadth of the search strategy, the clear definition of inclusion and exclusion criteria, and the rigorous data evaluation and reporting by the use of international guidance and standards. However, the review has also a number of limitations that should be discussed. First, the included studies generally had small sample sizes that were not justified by power calculations. Second, evidence of publication bias was detected in some of the analyses (see supplementary Figure 4). Publication and other forms of reporting bias appear to occur in a greater proportion in preclinical than in clinical studies (60, 61). Therefore, studies with less positive results might not have been published. Third, a high number of the included studies came from the same research group (41–46). Fourth, although no statistical heterogeneity was detected, there was evident heterogeneity in the design of the studies, particularly in the type of stem cells (or exosomes) that were used. We conducted subgroup analyses to determine whether some of the stem cell types were more effective than others. However, these subgroups included a limited number of studies. Therefore, the results of the subgroup analysis should be interpreted with caution, and their main value is the generation of hypotheses for future research.

The fifth limitation to discuss was that the risk of bias assessment for the primary studies was hampered by low quality and/or completeness of reporting on relevant domains. This fact has already been highlighted in other systematic reviews of preclinical studies on neonatal pathological conditions (21, 62, 63). In general, studies blinded outcome assessment and had low risk of bias for selective outcome reporting. However, for all other elements of risk of bias, including sequence generation, randomization of intervention, comparability of baseline characteristics, allocation concealment, random housing, investigator blinding, random outcome assessment, and reporting bias, the information contained in the articles was insufficient to draw conclusions about risk of bias. It should be considered that the information may be incomplete because the authors considered some aspects of study design not sufficiently relevant to be mentioned (64). Despite the publication of extensive guidelines such as the ARRIVE guidelines (65), or the Gold Standard Publication Checklist (66), underreporting is a point of concern that harms the internal validity and the generalizability of the results (64). Therefore, it is imperative that studies report all characteristics of their animal, experimental, and intervention models (62, 64). This information, along with information regarding the experimental conditions, is especially important for future study comparisons and meta-analyses and, consequently, to optimize interventions for future translational and clinical studies (62, 64).

One final limitation that is inherent to all preclinical studies is the so-termed indirectness, which is defined as “how well the results translate from animals to the clinical situation” (28). Rodent models of NEC are frequently used by investigators because of their relative low costs and ease of breeding (14, 15). However, the inability to provide intensive care and parenteral nutrition to the pups limits the model to only a few days after NEC induction (14, 15). Moreover, it has been argued that the combination of insults (hypoxia, hypothermia, formula feeds, and bacterial products) that is used in rodent models is not what commonly leads to classical late-onset NEC in very and extremely preterm infants (63). In addition, the effects of an intervention may be species specific, making the extrapolation of experimental NEC to human preterm infants difficult (63). In this sense, it should be noted that some studies were carried out in term pups (see Table 1). Finally, the translational applicability of the studies included in this review is limited by the clinical difficulty of identifying those preterm infants who are starting to develop NEC and are therefore susceptible to early treatment with stem cells. Also related to translational applicability, the majority of the included studies administered the stem cells by intraperitoneal (IP) injection. IP administration of drugs in adults seems to be safe (67), but it is not known if this can be extrapolated to very preterm infants. Nevertheless, the IP route appears to be the most adequate for stem cell administration for the treatment of gastrointestinal disorders (68).

In conclusion, the data form this meta-analysis suggest that both stem cells and stem cell-derived exosomes prevented NEC in rodent experimental models. However, there is a need to explore this effect in other species and NEC models. Preclinical studies using animal models are invaluable tools for enriching our understanding of the etiopathogenesis and treatment of human diseases. Nevertheless, there is a need for greater homogeneity and clarity in both the experimental designs and in the way the design and results are reported in the publications. The participation of clinicians in the design of the experimental models would contribute to increase their translational applicability.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

EV-M conceptualized the study, wrote the review protocol, carried out the systematic search, selected studies for inclusion, supervised data collection, carried out statistical analysis, and reviewed and revised the manuscript. TH carried out the systematic search, selected studies for inclusion, extracted study data, and drafted the first version of the manuscript. BK contributed to interpretation of results and reviewed and revised the manuscript. CH co-wrote the review protocol, supervised study inclusion and data collection, contributed to statistical analyses and interpretation of results, and reviewed and revised the manuscript. EV conceptualized and supervised the study, contributed to statistical analyses and interpretation of results, and reviewed and revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was funded by a ZonMw grant Synthesis of Evidence in practice, within the program More Knowledge with Fewer Animals, project number 114024123 (in Dutch: Meer Kennis met Minder Dieren—Module Kennisinfrastructuur ‘De praktijk van een Synthesis of Evidence’ voor dierexperimenteel onderzoek).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fped.2020.578984/full#supplementary-material



REFERENCES

 1. Neu J, Walker WA. Necrotizing enterocolitis. N Engl J Med. (2011) 364:255–64. doi: 10.1056/NEJMra1005408

 2. Neu J. Necrotizing enterocolitis: the mystery goes on. Neonatology. (2014) 106:289–95. doi: 10.1159/000365130

 3. Hunter CJ, Upperman JS, Ford HR, Camerini V. Understanding the susceptibility of the premature infant to necrotizing enterocolitis (NEC). Pediatr Res. (2008) 63:117. doi: 10.1203/PDR.0b013e31815ed64c

 4. Neu J, Pammi M. Necrotizing enterocolitis: the intestinal microbiome, metabolome and inflammatory mediators. Semin Fetal Neonatal Med. (2018) 23:400–5. doi: 10.1016/j.siny.2018.08.001

 5. Cuna A, George L, Sampath V. Genetic predisposition to necrotizing enterocolitis in premature infants: current knowledge, challenges, and future directions. Semin Fetal Neonatal Med. (2018) 23:387–93. doi: 10.1016/j.siny.2018.08.006

 6. Mai V, Young CM, Ukhanova M, Wang X, Sun Y, Casella G, et al. Fecal microbiota in premature infants prior to necrotizing enterocolitis. PLoS ONE. (2011) 6:e20647. doi: 10.1371/journal.pone.0020647

 7. Wu SF, Caplan M, Lin HC. Necrotizing enterocolitis: old problem with new hope. Pediatr Neonatol. (2012) 53:158–63. doi: 10.1016/j.pedneo.2012.04.001

 8. Lim JC, Golden JM, Ford HR. Pathogenesis of neonatal necrotizing enterocolitis. Pediatr Surg Int. (2015) 31:509–18. doi: 10.1007/s00383-015-3697-9

 9. Rose AT, Patel RM. A critical analysis of risk factors for necrotizing enterocolitis. Semin Fetal Neonatal Med. (2018) 23:374–9. doi: 10.1016/j.siny.2018.07.005

 10. Bowker RM, Yan X, De Plaen IG. Intestinal microcirculation and necrotizing enterocolitis: the vascular endothelial growth factor system. Semin Fetal Neonatal Med. (2018) 23:411–5. doi: 10.1016/j.siny.2018.08.008

 11. Gordon PV, Swanson JR, MacQueen BC, Christensen RD. A critical question for NEC researchers: can we create a consensus definition of NEC that facilitates research progress? Semin Perinatol. (2017) 41:7–14. doi: 10.1053/j.semperi.2016.09.013

 12. Xing T, Camacho Salazar R, Chen YH. Animal models for studying epithelial barriers in neonatal necrotizing enterocolitis, inflammatory bowel disease and colorectal cancer. Tissue Barriers. (2017) 5:e1356901. doi: 10.1080/21688370.2017.1356901

 13. Topalian SL, Ziegler MM. Necrotizing enterocolitis: a review of animal models. J Surg Res. (1984) 37:320–36. doi: 10.1016/0022-4804(84)90196-3

 14. Sulistyo A, Rahman A, Biouss G, Antounians L, Zani A. Animal models of necrotizing enterocolitis: review of the literature and state of the art. Innov Surg Sci. (2018) 3:87–92. doi: 10.1515/iss-2017-0050

 15. Sodhi C, Richardson W, Gribar S, Hackam DJ. The development of animal models for the study of necrotizing enterocolitis. Dis Model Mech. (2008) 1:94–8. doi: 10.1242/dmm.000315

 16. Lu P, Sodhi CP, Jia H, Shaffiey S, Good M, Branca MF, et al. Animal models of gastrointestinal and liver diseases. animal models of necrotizing enterocolitis: pathophysiology, translational relevance, and challenges. Am J Physiol Gastrointest Liver Physiol. (2014) 306:G917–28. doi: 10.1152/ajpgi.00422.2013

 17. Crissinger KD. Animal models of necrotizing enterocolitis. J Pediatr Gastroenterol Nutr. (1995) 20:17–22. doi: 10.1097/00005176-199501000-00004

 18. Ares GJ, McElroy SJ, Hunter CJ. The science and necessity of using animal models in the study of necrotizing enterocolitis. Semin Pediatr Surg. (2018) 27:29–33. doi: 10.1053/j.sempedsurg.2017.11.006

 19. Thebaud B. Stem cells for extreme prematurity. Am J Perinatol. (2019) 36(S 02):S68–73. doi: 10.1055/s-0039-1691774

 20. Pierro M, Thebaud B, Soll R. Mesenchymal stem cells for the prevention and treatment of bronchopulmonary dysplasia in preterm infants. Cochrane Database Syst Rev. (2017) 11:CD011932. doi: 10.1002/14651858.CD011932.pub2

 21. Augustine S, Avey MT, Harrison B, Locke T, Ghannad M, Moher D, et al. Mesenchymal stromal cell therapy in bronchopulmonary dysplasia: systematic review and meta-analysis of preclinical studies. Stem Cells Transl Med. (2017) 6:2079–93. doi: 10.1002/sctm.17-0126

 22. Nitkin CR, Rajasingh J, Pisano C, Besner GE, Thébaud B, Sampath V. Stem cell therapy for preventing neonatal diseases in the 21st century: Current understanding and challenges. Pediatr Res. (2019) 2019:1–12. doi: 10.1038/s41390-019-0425-5

 23. Finch-Edmondson M, Morgan C, Hunt RW, Novak I. Emergent prophylactic, reparative and restorative brain interventions for infants born preterm with cerebral palsy. Front Physiol. (2019) 10:15. doi: 10.3389/fphys.2019.00015

 24. Ma QQ, Liu FY, Shi M, Sun CH, Tan Z, Chang XD, et al. Bone marrow mesenchymal stem cells modified by angiogenin-1 promotes tissue repair in mice with oxygen-induced retinopathy of prematurity by promoting retinal stem cell proliferation and differentiation. J Cell Physiol. (2019) 234:21027–38. doi: 10.1002/jcp.28706

 25. Mueller M, Kramer BW. Stem cells and bronchopulmonary dysplasia-the five questions: which cells, when, in which dose, to which patients via which route? Paediatr Respir Rev. (2017) 24:54–9. doi: 10.1016/j.prrv.2016.12.003

 26. Sena ES, Currie GL, McCann SK, Macleod MR, Howells DW. Systematic reviews and meta-analysis of preclinical studies: why perform them and how to appraise them critically. J Cereb Blood Flow Metabol. (2014) 34:737–42. doi: 10.1038/jcbfm.2014.28

 27. Vesterinen H, Sena E, Egan K, Hirst T, Churolov L, Currie G, et al. Meta-analysis of data from animal studies: a practical guide. J Neurosci Methods. (2014) 221:92–102. doi: 10.1016/j.jneumeth.2013.09.010

 28. Hooijmans CR, de Vries RB, Ritskes-Hoitinga M, Rovers MM, Leeflang MM, IntHout J, et al. Facilitating healthcare decisions by assessing the certainty in the evidence from preclinical animal studies. PLoS ONE. (2018) 13:e0187271. doi: 10.1371/journal.pone.0187271

 29. Hooijmans CR, IntHout J, Ritskes-Hoitinga M, Rovers MM. Meta-analyses of animal studies: an introduction of a valuable instrument to further improve healthcare. ILAR J. (2014) 55:418–26. doi: 10.1093/ilar/ilu042

 30. Hooijmans C, Ritskes-Hoitinga M. Progress in using systematic reviews of animal studies to improve translational research. PLoS Med. (2013) 10:e1001482. doi: 10.1371/journal.pmed.1001482

 31. Villamor-Martinez E, Hunscheid T, Kramer B, Hooijmans C, Villamor E. Stem Cells for the Prevention of Experimental Necrotizing Enterocolitis: a Systematic Review and Meta-Analysis of Preclinical Studies: PROSPERO;. (2018). Available online at: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42018110084 (accessed March 12, 2020).

 32. Moher D, Liberati A, Tetzlaff J, Altman DG, The PG. Preferred reporting items for systematic reviews and meta-analyses: The PRISMA statement. PLOS Med. (2009) 6:e1000097. doi: 10.1371/journal.pmed.1000097

 33. de Vries RB, Hooijmans CR, Tillema A, Leenaars M, Ritskes-Hoitinga M. Updated version of the embase search filter for animal studies. Lab Anim. (2014) 48:88. doi: 10.1177/0023677213494374

 34. Hooijmans CR, Tillema A, Leenaars M, Ritskes-Hoitinga M. Enhancing search efficiency by means of a search filter for finding all studies on animal experimentation in PubMed. Lab Anim. (2010) 44:170–5. doi: 10.1258/la.2010.009117

 35. Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. Rayyan—a web and mobile app for systematic reviews. Syst Rev. (2016) 5:210. doi: 10.1186/s13643-016-0384-4

 36. Rohatgi A. Web Plot Digitizer San Francisco, California, USA2019. (2019). Available online at: https://automeris.io/WebPlotDigitizer (accessed March 12, 2020).

 37. Hooijmans CR, Rovers MM, de Vries RB, Leenaars M, Ritskes-Hoitinga M, Langendam MW. SYRCLE's risk of bias tool for animal studies. BMC Med Res Methodol. (2014) 14:43. doi: 10.1186/1471-2288-14-43

 38. Kilkenny C, Parsons N, Kadyszewski E, Festing MF, Cuthill IC, Fry D, et al. Survey of the quality of experimental design, statistical analysis and reporting of research using animals. PLoS ONE. (2009) 4:e7824. doi: 10.1371/journal.pone.0007824

 39. Borenstein M, Hedges LV, Higgins J, Rothstein HR. Identifying and quantifying heterogeneity. In: Introduction to Meta-Analysis. Chichester: John Wiley & Sons, Ltd (2009). p. 107–26. doi: 10.1002/9780470743386.ch16

 40. Borenstein M, Hedges LV, Higgins JP, Rothstein HR. Publication bias. In: Introduction to Meta-Analysis. Chichester: John Wiley & Sons, Ltd (2009). p. 277:292. doi: 10.1002/9780470743386.ch30

 41. McCulloh CJ, Olson JK, Wang Y, Zhou Y, Tengberg NH, D, et al. Treatment of experimental necrotizing enterocolitis with stem cell-derived exosomes. J Pediatr Surg. (2018) 53:1215–20. doi: 10.1016/j.jpedsurg.2018.02.086

 42. McCulloh CJ, Olson JK, Zhou Y, Wang Y, Besner GE. Stem cells and necrotizing enterocolitis: a direct comparison of the efficacy of multiple types of stem cells. J Pediatr Surg. (2017) 52:999–1005. doi: 10.1016/j.jpedsurg.2017.03.028

 43. Rager TM, Olson JK, Zhou Y, Wang Y, Besner GE. Exosomes secreted from bone marrow-derived mesenchymal stem cells protect the intestines from experimental necrotizing enterocolitis. J Pediatr Surg. (2016) 51:942–7. doi: 10.1016/j.jpedsurg.2016.02.061

 44. Wei J, Zhou Y, Besner GE. Heparin-binding EGF-like growth factor and enteric neural stem cell transplantation in the prevention of experimental necrotizing enterocolitis in mice. Pediatr Res. (2015) 78:29–37. doi: 10.1038/pr.2015.63

 45. Yang J, Watkins D, Chen CL, Bhushan B, Zhou Y, Besner GE. Heparin-binding epidermal growth factor-like growth factor and mesenchymal stem cells act synergistically to prevent experimental necrotizing enterocolitis. J Am Coll Surg. (2012) 215:534–45. doi: 10.1016/j.jamcollsurg.2012.05.037

 46. Zhou Y, Yang J, Watkins DJ, Boomer LA, Matthews MA, Su Y, et al. Enteric nervous system abnormalities are present in human necrotizing enterocolitis: potential neurotransplantation therapy. Stem Cell Res Ther. (2013) 4:157. doi: 10.1186/scrt387

 47. Tayman C, Uckan D, Kilic E, Ulus AT, Tonbul A, Murat Hirfanoglu I, et al. Mesenchymal stem cell therapy in necrotizing enterocolitis: a rat study. Pediatr Res. (2011) 70:489–94. doi: 10.1203/PDR.0b013e31822d7ef2

 48. Zani A, Cananzi M, Fascetti-Leon F, Lauriti G, Smith VV, Bollini S, et al. Amniotic fluid stem cells improve survival and enhance repair of damaged intestine in necrotising enterocolitis via a COX-2 dependent mechanism. Gut. (2014) 63:300–9. doi: 10.1136/gutjnl-2012-303735

 49. Zani A, Cananzi M, Lauriti G, Fascetti-Leon F, Wells J, Siow B, et al. Amniotic fluid stem cells prevent development of ascites in a neonatal rat model of necrotizing enterocolitis. Eur J Pediatr Surg. (2014) 24:57–60. doi: 10.1055/s-0033-1350059

 50. Barlow B, Santulli TV. Importance of multiple episodes of hypoxia or cold stress on the development of enterocolitis in an animal model. Surgery. (1975) 77:687–90.

 51. Perin L, Sedrakyan S, Da Sacco S, De Filippo R. Characterization of human amniotic fluid stem cells and their pluripotential capability. Methods Cell Biol. (2008) 86:85–99. doi: 10.1016/S0091-679X(08)00005-8

 52. McCulloh C, Zhou Y, Besner GE. Transplantation of amniotic fluid–derived neural stem cells. Perinatal Stem Cells. (2018) 2018:39–51. doi: 10.1016/B978-0-12-812015-6.00003-0

 53. Slack JM. What is a stem cell? Wiley Interdiscipl Rev Dev Biol. (2018) 7:e323. doi: 10.1002/wdev.323

 54. McCulloch EA, Till JE. Perspectives on the properties of stem cells. Nat Med. (2005) 11:1026. doi: 10.1038/nm1005-1026

 55. Cananzi M, Atala A, De Coppi P. Stem cells derived from amniotic fluid: new potentials in regenerative medicine. Reprod Biomed Online. (2009) 18:17–27. doi: 10.1016/S1472-6483(10)60111-3

 56. Prathipati P, Nandi SS, Mishra PK. Stem cell-derived exosomes, autophagy, extracellular matrix turnover, and miRNAs in cardiac regeneration during stem cell therapy. Stem Cell Rev Rep. (2017) 13:79–91. doi: 10.1007/s12015-016-9696-y

 57. Chen T, Xie M-Y, Sun J-J, Ye R-S, Cheng X, Sun R-P, et al. Porcine milk-derived exosomes promote proliferation of intestinal epithelial cells. Sci Rep. (2016) 6:33862. doi: 10.1038/srep33862

 58. Hock A, Miyake H, Li B, Lee C, Ermini L, Koike Y, et al. Breast milk-derived exosomes promote intestinal epithelial cell growth. J Pediatr Surg. (2017) 52:755–9. doi: 10.1016/j.jpedsurg.2017.01.032

 59. Li B, Hock A, Wu RY, Minich A, Botts SR, Lee C, et al. Bovine milk-derived exosomes enhance goblet cell activity and prevent the development of experimental necrotizing enterocolitis. PLoS ONE. (2019) 14:e0211431. doi: 10.1371/journal.pone.0211431

 60. Van der Worp HB, Howells DW, Sena ES, Porritt MJ, Rewell S, O'Collins V, et al. Can animal models of disease reliably inform human studies? PLoS Med. (2010) 7:e1000245. doi: 10.1371/journal.pmed.1000245

 61. Tsilidis KK, Panagiotou OA, Sena ES, Aretouli E, Evangelou E, Howells DW, et al. Evaluation of excess significance bias in animal studies of neurological diseases. PLoS Biol. (2013) 11:e1001609. doi: 10.1371/journal.pbio.1001609

 62. Archambault J, Moreira A, McDaniel D, Winter L, Sun L, Hornsby P. Therapeutic potential of mesenchymal stromal cells for hypoxic ischemic encephalopathy: a systematic review and meta-analysis of preclinical studies. PLoS ONE. (2017) 12:e0189895. doi: 10.1371/journal.pone.0189895

 63. Athalye-Jape G, Rao S, Patole S. Effects of probiotics on experimental necrotizing enterocolitis: a systematic review and meta-analysis. Pediatr Res. (2018) 83:16–22. doi: 10.1038/pr.2017.218

 64. Leenaars CH, Kouwenaar C, Stafleu FR, Bleich A, Ritskes-Hoitinga M, De Vries RB, et al. Animal to human translation: a systematic scoping review of reported concordance rates. J Transl Med. (2019) 17:223. doi: 10.1186/s12967-019-1976-2

 65. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience research reporting: the ARRIVE guidelines for reporting animal research. PLoS Biol. (2010) 8:e1000412. doi: 10.1371/journal.pbio.1000412

 66. Hooijmans CR, Leenaars M, Ritskes-Hoitinga M. A gold standard publication checklist to improve the quality of animal studies, to fully integrate the Three Rs, and to make systematic reviews more feasible. Altern Lab Anim. (2010) 38:167–82. doi: 10.1177/026119291003800208

 67. Fonnes S, Holzknecht BJ, Arpi M, Rosenberg J. Characterisation and safety of intraperitoneal perioperative administration of antibacterial agents: a systematic review. Drug Res. (2017) 67:688–97. doi: 10.1055/s-0043-109565

 68. Wang M, Liang C, Hu H, Zhou L, Xu B, Wang X, et al. Intraperitoneal injection (IP), Intravenous injection (IV) or anal injection (AI)? Best way for mesenchymal stem cells transplantation for colitis. Sci Rep. (2016) 6:30696. doi: 10.1038/srep30696

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 © 2020 Villamor-Martinez, Hundscheid, Kramer, Hooijmans and Villamor. 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.












	
	ORIGINAL RESEARCH
published: 15 January 2021
doi: 10.3389/fped.2020.624915






[image: image2]

Radiographic Imaging to Evaluate Food Passage Rate in Preterm Piglets as a Model for Preterm Infants

Susanne Soendergaard Kappel1,2, Per Torp Sangild1,2,3, Thomas Scheike4, Christel Renée Friborg2, Magdalena Gormsen5 and Lise Aunsholt1,2*


1Comparative Pediatrics and Nutrition, University of Copenhagen, Copenhagen, Denmark

2Department of Neonatology, Copenhagen University Hospital Rigshospitalet, Copenhagen, Denmark

3Department of Pediatrics, Odense University Hospital, Odense, Denmark

4Section of Biostatistics, Department of Public Health, University of Copenhagen, Copenhagen, Denmark

5Department of Radiology, Copenhagen University Hospital Rigshospitalet, Copenhagen, Denmark

Edited by:
Fook-Choe Cheah, National University of Malaysia, Malaysia

Reviewed by:
Shalini Ojha, University of Nottingham, United Kingdom
 Roberto Murgas Torrazza, Tecnología e Innovación, Panama

*Correspondence: Lise Aunsholt, lise.aunsholt@regionh.dk

Specialty section: This article was submitted to Neonatology, a section of the journal Frontiers in Pediatrics

Received: 01 November 2020
 Accepted: 18 December 2020
 Published: 15 January 2021

Citation: Kappel SS, Sangild PT, Scheike T, Friborg CR, Gormsen M and Aunsholt L (2021) Radiographic Imaging to Evaluate Food Passage Rate in Preterm Piglets as a Model for Preterm Infants. Front. Pediatr. 8:624915. doi: 10.3389/fped.2020.624915



Objectives and study: Gut motility in infants mature with increasing post-menstrual age and is affected by numerous hormonal, immunological and nutritional factors. However, it remains unclear how age and diet influence gut motility and its relation to feeding intolerance and gastric residuals in preterm neonates. Using preterm piglets as a model for infants, we investigated if contrast passage rate, as determined by X-ray contrast imaging, is affected by gestational age at birth, advancing postnatal age and different milk diets.

Methods: Contrast passage rate was evaluated using serial abdominal X-ray imaging on postnatal day 4 and 18 in preterm and near-term piglets fed infant formula, colostrum or intact bovine milk, with or without added fortifier (total n = 140).

Results: Preterm piglets had a faster small intestinal passage rate of contrast solution at day 4 of life than near-term piglets (SIEmpty, hazard ratio (HR): 0.52, 95%CI [0.15, 0.88], p < 0.01). Formula fed piglets at day 4 had a faster passage rate of contrast to caecum (ToCecum, HR: 0.61, 95%CI [0.25,0.96], p = 0.03), and through the colon region (CaecumToRectum, p < 0.05, day 4) than colostrum fed preterm piglets. The time for contrast to leave the stomach, and passage through the colon in day 4 preterm piglets were slower than in older piglets at day 18 (both, p < 0.05). Adding a nutrient fortifier increased body growth, gastric residuals, intestinal length and weight, but did not affect any of the observed passage rates of the contrast solution.

Conclusion: Serial X-ray contrast imaging is a feasible method to assess food passage rate in preterm piglets. Contrast passage rate through different gut segments is affected by gestational age at birth, postnatal age, and milk diet. The preterm piglet could be a good model to investigate clinical and dietary factors that support maturation of gut motility and thereby feeding tolerance and gut health in preterm infants.

Keywords: enteral nutrition, feeding intolerance, gut motility, bovine colostrum, x-ray


INTRODUCTION

Gut motility secures the continuous movement of nutrients through the gastrointestinal tract (GIT) via coordinated contractions of the smooth muscle layers, regulated by both dietary, neural, and hormonal factors (1). In newborn infants, the maturation stage of gut motility depends on post-menstrual age at birth. At 34–36 weeks gestation, the motility pattern reaches a relatively mature level, although some maturation of motility may continue throughout infancy and childhood in both term and preterm infants (1–3). Adequate physiological maturation of intestinal motility is important for preterm infants to tolerate enteral feeding and to avoid serious gastrointestinal (GI) complications, such as necrotizing enterocolitis (NEC). Early enteral feeding stimulates GI motor activity as shown by manometry studies of the immature intestine in preterm infants (4). This may occur via both physical food stimulation and luminal nutrients affecting the release of motility-promoting hormones, such as neurotensin from enteroendocrine cells in the small intestine (5).

Following preterm birth, mother's own milk or donor human milk is not always available and alternative enteral diets may be required. Diet type and nutrient density (e.g., breast milk, formula, human donor milk, nutrient-fortified human milk) vary widely for preterm infants and all these factors may influence food passage rate and maturation of gut motility patterns. In preterm piglets, bovine colostrum improves GI function compared with formula and human donor milk, as shown by reduced NEC incidence and improved digestive function and immunity (6–8). In ongoing clinical studies, the effects of bovine colostrum on growth, feeding intolerance, and defecation patterns (Amsterdam Stool Scale) are being investigated (9, 10) (Clinical trials: NCT03085277, NCT03537365).

To assess intestinal motility in preterm infants, previous studies have used food colors, abdominal ultrasound, manometry, or scintigraphy (11–14). Most of these studies can only assess motility of the upper or lower part of the GIT, without integrated information about the motility along the entire GIT. All these methods are technically difficult to perform because of the size and fragile condition of preterm infants, and some of them are relatively invasive and may interfere with the infant physiology (1). In clinical practice, standardized abdominal X-ray imaging is performed to evaluate functions in pathological conditions (e.g., obstruction, ileus, NEC), with or without the use of contrast solutions (15). Contrast solution provides detailed information about the gut transit time across different gut regions. This method, has not yet been used to provide information about the age- and diet-related maturation of gut motility in infants, partly because of the potential health risks associated with serial X-ray examinations.

Preterm piglets delivered at 90% gestation have become a well-established animal model of preterm infants to investigate gut development, nutrition, NEC and clinical complications of prematurity (16). Proof-of-concept studies in preterm pigs may pave the way for focused investigations in preterm infants and provide initial information about the factors that affect development of intestinal motility and food passage rate in infants. Using this model, we hypothesized that gestational age at birth, type of nutrition and age after birth are factors that influence contrast passage rate as assessed by X-ray imaging. To assess the possible utility of this method to monitor intestinal motility in immature newborns, we compared recordings from preterm and near-term cesarean-delivered piglets, from preterm piglets fed bovine colostrum or formula, and from piglets at different ages (4 and 18 days), with and without bovine colostrum used as a nutrient fortifier to cow's milk.



MATERIALS AND METHODS


Animals

Preterm and near-term piglets were delivered from sows by cesarean section at 90% gestation (day 105–106 of gestation, 11 litters) and 96% gestation (113 days of gestation, 2 litters), which were used in 5- and 19-day experiments to investigate the effects of different enteral diets on gut structure and function (10, 17, 18). Piglets were placed individually in preheated incubators (37–38°Celcius) and received supplementary oxygen during the first 24 h (1–2 L/min). Two hours after delivery, a feeding tube was placed for enteral nutrition (EN) and a vascular catheter inserted via the umbilical cord for parenteral nutrition (PN). Piglets were orally fed every 2–3 h with gradually increasing volumes of either infant formula (n = 60) or dilute bovine milk (n = 50). The bovine milk fed was fed with or without fortification, using bovine colostrum powder, to increase protein and energy contents (e.g., protein 27–55 g/L, energy 2426-3602 kJ/L) (10). To ensure adequate fluid and nutrient intake, enteral nutrition was supplemented with PN to reach a total fluid intake of 120–180 ml/kg/d (Kabiven, Fresenius Kabi, Bad Homburg, Germany). In the 19-day study piglets were at day 7 transitioned to voluntary drinking from troughs. To secure that all piglets were healthy, they were continuously monitored by caretakers for clinical symptoms of feeding intolerance, hemorrhagic diarrhea, pain, and/or respiratory distress throughout the study periods. Pigs were euthanized, if they developed severe clinical symptoms. All animal studies were approved by the National Committee on Animal Experimentation, Denmark (license nr: 2014-15-0201-55 00418), and in line with the ARRIVE guidelines (19).

At time of organ harvest, one last bolus meal of 15 mL/kg was administered 60–90 min before tissue collection, when piglets were anesthetized and euthanised with an overdose of sodium pentobarbital. The gastrointestinal organs were removed and separated into stomach, small intestine and caecum-colon. The mass of the gastric residual was determined by weighing the stomach before and after emptying its contents. The small intestine was dissected by cutting along the mesenteric border and the intestine and colon wet weights were determined.

For Study 1, piglets were born preterm (n = 30) or close to term (n = 27) and fed increasing amounts of formula for 5 days (Table 1). For Study 2, preterm piglets were fed increasing amounts of bovine colostrum (n = 17) or formula (n = 33, Table 1), as described previously (17, 18). In study 1 and 2, radiographic recording was performed on day 4. Finally, for Study 3, preterm piglets (n = 33) had radiographic recordings done taken both on day 4 and 18 (Table 1). Some of these piglets were fed fresh dilute cow's milk (control, n = 17) while others were fed the same milk fortified with bovine colostrum powder (n = 16), as described previously (10). As the present study aimed to investigate effects of gestational age, maturity at birth and milk diets on intestinal passage rate under normo-physiological, healthy conditions, all piglets with signs of NEC or other severe complications were excluded prior to X-ray examination. We have previously reported the effects of NEC development on gastric residuals and contrast passage rates, as assessed by X-ray imaging (20).


Table 1. Clinical outcomes.
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Contrast X-Ray Imaging

Luminal passage of contrast through the GI tract was assessed by transit time recordings for the contrast solution on day 4 or day 18. Briefly, piglets were fasted for 2–3 h and then administered 4 mL/kg contrast (Iodixanol, Visipaque, GE Healthcare, Brøndby Denmark) by a feeding tube. Piglets receiving contrast on day 18, ate the contrast solution from a trough, to minimize the risk of lung aspiration and the potential effect on gastric motility by insertion of the feeding tube. Abdominal X-ray images were captured (80 kV/1,00 mAs) using Mobilett XP Hybrid (Siemens, Germany) at 10, 25, 60, 120, 180, 240 min after contrast was given and every 120 min until the contrast had left the gut completely. The piglets were fed with their normal enteral diet (colostrum, formula or cow's milk) 25 min after intake of the contrast solution and fed every 3 h during X-ray examination. X-rays were performed with piglets restricted and placed in supine position, see Figure 1. The procedure lasted ½-1 min and X-ray images were stored digitally. Contrast passage rate was evaluated by a neonatologist and an expert radiologist blinded to age and diets of the piglets. The time periods taken for the contrast to leave the stomach (StEmpty), reaching the cecum (ToCecum), emptied from small intestine (SiEmpty), and reaching the rectum (ToRectum) were recorded. Time taken for the contrast solution to pass through the colon (CecumToRectum) was calculated as the difference in time between ToCecum and ToRectum times.


[image: Figure 1]
FIGURE 1. Contrast X-ray imaging of preterm piglets placed in lateral recumbence for taking the X-ray picture (A). The figure also shows a stomach filled with contrast solution (B1, B2), contrast reaching the caecum (C1, C2), and contrast in colon and rectum with a near-empty small intestine (D1, D2). Upper panel: 4 days of age; lower panel: 18 days of age.




Statistics

Survival analyses for interval-censored data was used to analyse time-to-event outcomes. When analyzing time-to-event data, the time of interest lies in an interval. In this study we only know whether the time of interest occurred or did not occur at the time of X-ray imaging. If the time of interest did not occur at the latest X-ray imaging, then this is a right censored observation (21).

Comparing preterm with near-term piglets (Study 1), different diets (Study 2) and unfortified with fortified cow's milk (Study 3), interval-censored data was analyzed by the Cox regression model using the R-package icenReg (Statistical software R version 2.0.14). In addition, we validated the results by extensive simulations and other methods for discrete interval-censored data, considering that the intervals were based on observing the piglets at particular time points, as previously described (22). Results are presented as hazard ratio (HR) with 95% confidence interval. To compare StEmpty, ToCecum, CecumToRectum, SiEmpty, and ToRectum at day 4 and 18 (Study 3), we used the paired McNemar test. This was feasible because we had equivalent evaluation times for each piglet. Demographic/clinical data and time for first passage of meconium were analyzed using t-test and a non-parametric Wilcoxon test. We did not perform treatment-related power calculations for this initial method validation study because variation of the key outcome variables was unknown. Sample size was based on those sufficient to show age and diet effects in our previous studies (16). A p < 0.05 was considered statistically significant different and a p < 0.1 was considered as a tendency toward an effect (23).




RESULTS

Comparisons between groups in Experiments 1–3 were based on a total of 140 recordings (Table 1) from a total of 110 piglets. All piglets tolerated the X-ray examination well, with no obvious pain or distress during or after the 1 min handling for X-ray (Figure 1). The fecal score before intake of contrast was lower than after intake of contrast, indicating some laxative effect of contrast and/or handling (p < 0.01).


Study 1: Preterm vs. Near-Term Piglets

Preterm and near-term piglets showed similar organ weights and length, time for first meconium passage and gastric residuals (Table 1), while colon weight tended to be higher in near-term piglets. For preterm piglets there was a tendency for contrast to leave the stomach at a slower rate compared with near-term piglets (StEmpty, HR: 0.67, 95%CI [0.24, 1.09], p = 0.1, Figure 2A). Time for contrast to leave the small intestine was faster in preterm piglets than in near-term piglets (SIEmpty, HR:0.52, 95%CI [0.15,0.88], p < 0.01, Figure 2B), while there were no differences in the time to reach caecum (ToCaecum, HR: 1.32, 95%CI [0.52, 2.11], p = 0.4) or rectum (ToRectum, HR:1.34, 95%CI [0.34,2.41], p = 0.5). The contrast passage rate through the colon (CaecumToRectum) was slower in preterm vs. near-term piglets (p < 0.05).
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FIGURE 2. Contrast passage rate measured by serial of x-ray images after intake of contrast solution in 4 d-old immature piglets. (A) Stomach emptying time (StEmpty) in preterm and near-term piglets. (B) Small intestinal emptying time (SIEmpty) in preterm and near-term piglets. (C) Time for the contrast to reach the caecum (ToCaecum) in piglets fed formula or bovine colostrum.




Study 2: Bovine Colostrum vs. Formula for Preterm Piglets

There were limited differences between the two diets with regards meconium passage, residuals and intestinal weights on day 5 (Table 1). The intestinal length was greater in formula-fed piglets. On day 4, similar values across the diets were found for stomach emptying time (StEmpty, HR:0.97, 95%CI [0.41, 1.52]), p = 0.9), emptied small intestine (SiEmpty, HR:0.64, 95%CI [0.08, 1.20], p = 0.2) and time to reach to rectum (ToRectum, HR:0.85, 95%CI [0.135, 1.56], p = 0.7). Contrast passage rate was faster in the formula-fed piglets compared with colostrum-fed piglets (ToCecum, HR:0.61, 95%CI [0.25, 0.96], p = 0.03, Figure 2C). Likewise, the contrast passage rate through the colon region (CaecumToRectum) was faster in formula-fed vs. colostrum-fed piglets (p < 0.05, paired McNemar test).



Study 3: Preterm Piglets Tested on Day 4 and 18, With and Without Milk Fortification

Nutrient fortification increased the growth of preterm piglets, also inducing higher relative weights and lengths of the small intestine, together with larger gastric residuals on day 19 (Table 1). On day 4, time for contrast to leave the stomach was slower compared with day 18 (p < 0.05). There were no differences in time for the contrast to reach cecum or rectum between day 4 and 18 (ToCeacum, p = 0.3 and ToRectum, p = 0.2). However, the calculated colon transit time was slower in day 4 piglets compared with day 18 (p < 0.05, CaecumToRectum) when assessing the time to events. For comparison between the dilute and the fortified cow's milk, the stomach emptying time (StEmpty, day 4: HR:0.83, 95%CI [0.13, 1.78], p = 0.7; day 18: HR: 0.49, 95%CI [0, 1.60], p = 0.4), intestinal transit time (Tocecum, day 4: HR:0.67, 95%CI [0.07, 1.42], p = 0.4; day 18: HR:3.58, 95%CI [0–25.5], p = 0.8), and time to reach to rectum (ToRectum, day4: HR:2.16, 95%CI [0.05, 4.37], p = 0.3; day 18: HR: 1.79, 95%CI [0.7,4.3], p = 0.5) were similar between the two groups on day 4 and day 18.




DISCUSSION

Feeding intolerance (FI) and poor gastrointestinal motility is a challenge in the clinical care of preterm infants. Adverse clinical conditions, such as sepsis or gut inflammatory reactions, potentially leading to NEC, affect intestinal motility patterns, as indicated in our previous study (20). On the other hand, poor gut motility, and impaired food passage may be an inherent sign of physiological immaturity at birth, independent of clinical conditions and diseases, predisposing to large gastric residuals, NEC and sepsis. These interacting factors are difficult to study in infants. Using preterm piglets as a model, we now demonstrate that contrast passage rate is influenced by gestational age at birth, type of milk diet and postnatal age. We conclude that contrast X-ray imaging is a feasible method to investigate food transit rate in piglets, demonstrating region-dependent effects of gestational age at birth, postnatal age and milk diets. This adds information to the few studies in preterm infants on this topic, using a range of other methods (11–14).

Preterm piglets tended to empty their stomach at a slower rate than piglets born close to term. This result concurs with some previous infant perfusion manometry studies (4), indicating maturational changes in proximal gut motility with increasing gestational age at birth (2), and the common clinical observation of feeding intolerance, with large pre-feeding gastric residuals, in the early life of very preterm infants. Likewise, the slower contrast passage rate through the colon in preterm vs. near-term pigs may reflect the frequently reported risk of constipation in preterm infants, reflecting poor hind gut motility (24). Conversely, the faster passage rate through the small intestine in preterm vs. near-term individuals may reflect an inability of the immature intestine to promote an adequately controlled intestinal motility pattern, allowing maximal nutrient absorption, thereby predisposing to nutrient maldigestion (25).

Stomach and colon transit times were longer in piglets shortly after birth, relative to later (day 4 vs. 18), indicating maturational changes, and possibly feeding effects, also in preterm pigs. The results are in accordance with a study in preterm infants, showing that volume, and content of enteral intake increase the frequency of stool passage, independent of the digestibility of the enteral diet (26). Using ultra-sonographic imaging, one preterm infant study showed that bovine-milk-based fortified mother's milk reduced stomach emptying time (27). We observed more gastric residuals in fortified piglets (bovine milk fortified with bovine colostrum) but no difference in stomach emptying time assessed by x-ray contrast imaging. This may reflect that both diet type and density, together with maturation of intestinal motility pattern, affect food passage rates. We cannot exclude that motility effects of bovine colostrum differ from those of standard fortifiers, and the nature of the base diet may also be important (e.g., bovine milk vs. human milk). An ongoing infant study using bovine-colostrum-based fortifier to human milk may help to answer some questions for preterm infants (28).

In the first days after preterm birth, previous studies show that bovine colostrum improves gut functions in pigs, relative to formula, as assessed by less gastric residuals, improved digestive enzyme activities, immunological functions and NEC resistance (7). In this study, we observed no diet-related differences in intestinal wet weight but a longer intestine in formula-fed pigs. This may reflect a longer and thinner intestine in piglets fed formula, consistent with previous observations of structural changes in the gut of formula- vs. colostrum-fed piglets (29). Further, we found no effect of colostrum on contrast passage rate through the gut across piglets without NEC lesions. Since we assessed only healthy preterm piglets, this might indicate that previous observations of altered motility in formula-fed animals that developed mild NEC symptoms, could be a direct result of NEC development and the associated pro-inflammatory effects, rather than a specific effect of diet composition (20, 30). An ongoing clinical trial in preterm infants will help to show if bovine colostrum or formula, used in the first feeds after preterm birth, when mother's own milk is not available, influence gastric residuals, bowel habits, constipation and time to full enteral feeding (ClinicalTrials.gov Identifier: NCT03085277).

In infants, carmine red has been used in several studies to investigate the total transit time through the GIT (12). However, this approach does not accurately reflect food transit, but rather transit of the marker compound used. Furthermore, the osmolarity of the compound and the composition of the nutrient intake (orally or via a feeding tube) may impact the results obtained. In our study, we investigated the total transit time, i.e., from the first intake of our non-absorbable contrast solution (Iodixanol) to its entry into the rectum. We found that intake of contrast affected the fecal score and increased the transit time, indicating that the contrast solution itself may affect the total transit time. The osmolarity of the solution used in this study was 290 mOsm/L (unpublished observations) and therefore comparable to mother's milk (277-303 mOsm/l (31). Its chemical carrier constituents include mainly calcium and sodium which should not have notable direct gut osmotic effects or increase the fecal score, although such effects cannot be excluded (32). Digestive effects of a contrast or color solution are avoided when using Tc99m-DTPA scintigraphy that have also been used for preterm infants (13), despite the ethical limitations in using radioactive constituents. Most scientific methodologies related to gut motility and food passage studies in preterm infants, from color markers to use of serial X-rays or radiolabeled components, have ethical constraints that limits their use in clinical practice.

We used preterm piglets as a model for preterm infants because they show many similarities to infants in their complications after preterm birth, including maldigestion, poor respiration, brain defects, high NEC sensitivity and a degree of feeding intolerance with large gastric residuals (16, 20, 33, 34). The model has translational limitations, not only because preterm piglet anatomy and physiology may differ from infants (e.g., a relatively long small intestine and high NEC sensitivity) but also because serial X-rays are required to accurately assess the passage of contrast through the entire gut. Regardless, preterm piglets may be used effectively to study in detail the influence of medical, nutritional and disease-related factors that affect enteral feeding tolerance and the important transition from parenteral to full enteral feeding in immature newborn infants. We conclude that gestational age at birth, postnatal age, and milk diet influence intestinal motility in piglets, as evaluated by contrast passage rate and X-ray images. The method used was feasible and provided novel information about regional intestinal motility but may not be applicable to human preterm infants. Regardless, there is a great need to investigate different aspects of intestinal motility and food passage rate in human preterm infants, considering the important clinical problem of both primary (immaturity) or secondary (response to complications) intestinal dysmotility in preterm infants.
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Background: Gardnerella vaginalis (GV) is most frequently associated with bacterial vaginosis and is the second most common etiology causing intrauterine infection after Ureaplasma urealyticum. Intrauterine GV infection adversely affects pregnancy outcomes, resulting in preterm birth, fetal growth restriction, and neonatal pneumonia. The knowledge of how GV exerts its effects is limited. We developed an in vivo animal model to study its effects on fetal development.

Materials and Methods: A survival mini-laparotomy was conducted on New Zealand rabbits on gestational day 21 (28 weeks of human pregnancy). In each dam, fetuses in the right uterine horn received intra-amniotic 0.5 × 102 colony-forming units of GV injections each, while their littermate controls in the left horn received sterile saline injections. A second laparotomy was performed seven days later. Assessment of the fetal pups, histopathology of the placenta and histomorphometric examination of the fetal lung tissues was done.

Results: Three dams with a combined total of 12 fetuses were exposed to intra-amniotic GV, and 9 fetuses were unexposed. The weights of fetuses, placenta, and fetal lung were significantly lower in the GV group than the saline-inoculated control group [mean gross weight, GV (19.8 ± 3.8 g) vs. control (27.9 ± 1.7 g), p < 0.001; mean placenta weight, GV (5.5 ± 1.0 g) vs. control (6.5 ± 0.7 g), p = 0.027; mean fetal lung weight, GV (0.59 ± 0.11 g) vs. control (0.91 ± 0.08 g), p = 0.002. There was a two-fold increase in the multinucleated syncytiotrophoblasts in the placenta of the GV group than their littermate controls (82.9 ± 14.9 vs. 41.6 ± 13.4, p < 0.001). The mean alveolar septae of GV fetuses was significantly thicker than the control (14.8 ± 2.8 μm vs. 12.4 ± 3.8 μm, p = 0.007). Correspondingly, the proliferative index in the interalveolar septum was 1.8-fold higher in the GV group than controls (24.9 ± 6.6% vs. 14.2 ± 2.9%, p = 0.011). The number of alveoli and alveolar surface area did not vary between groups.

Discussion: Low-dose intra-amniotic GV injection induces fetal growth restriction, increased placental multinucleated syncytiotrophoblasts and fetal lung re-modeling characterized by alveolar septal hypertrophy with cellular proliferative changes.

Conclusion: This intra-amniotic model could be utilized in future studies to elucidate the acute and chronic effects of GV intrauterine infections.

Keywords: bacterial vaginosis, intrauterine growth restriction, bronchopulmonary dysplasia, intra-amniotic, rabbit model, multinucleated syncytiotrophoblasts, fetal lung development, intrauterine infection


INTRODUCTION

Gardnerella vaginalis (GV) is the first bacterium found to play a significant role in bacterial vaginosis (BV), which is a dysbiosis of the vaginal microflora that affects 4.7–58.3% of the female population worldwide, particularly in females of reproductive age (1, 2). The majority of women who harbor GV frequently remain untreated unless they developed severe symptoms (3, 4). Therefore, a significant proportion of women may carry this organism while they are pregnant. The high recurrence rate further complicates the course of GV infection (5).

GV infection during the perinatal period is becoming increasingly important as it is associated with unfavorable outcomes for both the mother and growing fetus (2). It is the second most common etiology of intrauterine infection (6–8) and is associated with an increased risk of preterm birth, spontaneous abortion, and maternal infection (9, 10). Postnatally, several neonatal cases of invasive GV infection causing pneumonia, meningitis, osteomyelitis, septicemia, and death had been reported (11–16).

Besides, GV-associated BV served as an independent risk factor for low in birthweight infants and was responsible for as much as 56% of pregnancies complicated with intrauterine growth restriction (IUGR) (17). Some potential mechanisms which could limit the intrauterine fetal growth include placenta dysfunction, thrombosis of the placenta vessels, and tissue necrosis (18). In humans, a prominent histopathological feature in the placenta of IUGR infant is the increase in syncytial knots (19, 20). The syncytial knot (SK) is characterized by a clustering of five or more syncytiotrophoblast nuclei that bulge on top of the normal villous surface. It is presently uncertain whether intrauterine GV infection may be associated with a similar histological change that may explain the underlying cause of IUGR in such cases.

Intrauterine infection also has an impact on the developing fetal lung (21–23). In animal models, the intra-amniotic injection of Ureaplasma urealyticum, Escherichia coli, and bacterial lipopolysaccharide were associated with histomorphometric lung changes that resemble bronchopulmonary dysplasia (BPD) (24–26). BPD is a chronic lung disease which primarily affects preterm infants and results in significant morbidity and mortality (27). A recent systematic review concluded that exposure to intrauterine inflammation is associated with a higher risk of developing BPD (28). Nevertheless, the impact of intrauterine GV infection on the development of the fetal lung remains unclear.

Various animal models of intrauterine infection/inflammation have been created to study the effects of pathogens/toxins on the developing fetus (10, 24). In this study, we developed a rabbit model by directly inoculating GV into the amniotic cavity to study its effects on the developing fetus. As opposed to intravaginal inoculation, the direct intra-amniotic route overcomes the issue of vaginal flora variation across species (29–31). Besides, studies have shown that the direct intra-amniotic inoculation of bacteria produces more apparent effects as compared to the deposition of bacteria into the placenta-decidual interface (32–34). Titration of the doses and approach used are crucial to study a specific pathology and reduce attrition from overwhelming infection causing animal deaths (10). As such, we introduced the lowest dose of GV to ensure survival and studied the pathological effects to the fetus after the insult and clearance of the infection.

The female rabbit has a bicornuate duplex uterus, characterized by two completely separated uterine horns with a cervix each. This unique anatomy allows fetuses in one horn to be used as the control littermates for the other horn's as intervention. The littermate-controlled experimental design ensures the standardization of genetic profile, environmental background, and intrauterine condition.



MATERIALS AND METHODS


Animal

Three timed-pregnant New Zealand white rabbits (Oryctolagus cuniculus) were obtained from the animal farm of Broga Hill (Selangor, Malaysia), where they were born and bred. They were housed in the experimental facility of the Laboratory Animal Resource Unit (LARU), Universiti Kebangsaan Malaysia under standard care conditions, and fed rabbit chow ad libitum. The sample size obtained was 21 (12 in GV-inoculated group; nine in the saline-inoculated group), and based on the “resource equation” calculation formula [degree of freedom, E = total number of animal – total number of groups], the E = 19 was in the optimal range of 10–20 and this number was considered adequate (35).

The study protocol and sample size were approved by the Universiti Kebangsaan Malaysia Animal Ethics Committee (UKMAEC) (approval code: FP/PAED/2012/CHEAH/26-SEPTEMBER/460-NOVEMBER-2012-NOVEMBER-2014), and all procedures were conducted in compliance with the Malaysian Code of Practice for the Care and Use of Animals for Scientific Purposes. This novel animal model design is registered under the copyright reference number: UKM.IKB.800-4/1/1084.



Surgical Procedure and Intra-amniotic Inoculation of GV

The pregnant dams were subjected to a surviving mini-laparotomy surgery on day 21 of gestation (equivalent to 28 weeks human gestation). They were anesthetized with intravenous xylazine 5 mg/kg and ketamine 35 mg/kg via the marginal ear vein, placed supine and prepared in a sterile field. The fur at the surgical area was shaved, and the skin was scrubbed with povidone–iodine. A lower midline mini-laparotomy (incision size: 1–1.5 in.) was then performed, exposing the two uterine horns. The uterine horns were carefully externalized from the abdominal cavity, and the number of viable fetuses in each horn was identified (Figure 1A). The fetuses were assigned to two experimental groups based on the position of the uterine horn. With prefilled standard insulin syringes, the amniotic cavity of fetuses on the right uterine horn was injected with 0.5 mL volume containing GV (102 colony-forming units per mL; ATCC 14018) suspended in Hank's Balanced Salt Solution (HBSS) (Gibco, Massachusetts, United States). As controls, the amniotic cavity of fetuses on the left horn was each injected with 0.5 mL sterile HBSS (Figure 1B). The site of injection was observed for any leakage and sealed with an adhesion spray if necessary. Routine layered abdominal wall closure was performed. Meanwhile, the remaining aliquot of GV suspension was sent to the laboratory to confirm bacterial viability and back-culture quantification.


[image: Figure 1]
FIGURE 1. Intra-amniotic injection of GV. (A) Following the laparotomy procedure, the gravid uterine horns were externalized and examined. (B) Injection was performed directly into the amniotic sac surrounding each of the fetus, with either 0.5 × 102 CFU of GV or sterile saline. The injection was done at a site to avoid hitting the placenta and fetal parts.


Upon recovery from the surgery, the dams were housed in individual cages with 12/12 light cycles and ad libitum access to a commercially-available pellet diet and sterile water for the next seven days. The animals were examined daily for wound healing and signs of preterm labor.

The dams were subjected to the second laparotomy on day 28 of gestation (equivalent to 37–38 weeks human gestation). Once sedated, the abdominal and uterine walls were sectioned, the fetuses and placenta were removed. The amniotic fluid surrounding each of the fetuses was gently dabbed onto a sterile cotton swab and sent for culture. At the end of the surgery, the dams and fetuses were humanely euthanized with a lethal dose of xylazine-ketamine mixture (2 mL/kg). Each fetus and placenta were weighed individually. The lungs and placenta were harvested and prepared for the various tissue analyses.



Preparation of GV Suspension

Gardnerella vaginalis (ATCC 14018) was used as stock in this model of intrauterine infection. The Gardnerella selective Columbia Blood Agar with sheep blood (Thermo Scientific, Massachusetts, United States) was streaked with GV from the bacteria stock and incubated for 48 h in a 5% CO2 atmosphere at 37°C. A 50 mL centrifuge tube was filled with 20 mL of Mueller Hinton Broth (MHB), and a sterile cotton swab was used to roll on the GV colonies on the agar plate and transferred into the MHB to make the inoculum. The concentration of bacteria per mL of the inoculum was determined using a spectrophotometer. The inoculum was then centrifuged, and the bacteria were pelleted down. The supernatant was discarded, and the remaining pellet in the 50 mL centrifuge tube was mixed with 2 mL HBSS (Gibco, Massachusetts, United States). A concentration of 102 CFU/mL of GV suspended in HBSS was used for intrauterine inoculation.

In optimizing the dose of inoculum, the lower dose of 102 CFU/mL of GV was used based upon our preliminary results that showed intrauterine inoculation with a higher concentration of GV (103 and 104 CFU/mL) brought about unacceptably high mortality for both the dams and fetuses.

The volume for intraamniotic injection was 0.5 mL, as a volume of more than 0.5 mL resulted in a higher incidence of leakage, resulting in sepsis and mortality to the dams.



Tissue Processing for Histomorphometry and Histopathology

The placenta was fixed in 4% paraformaldehyde (PFA4%) solution, dehydrated, and embedded in paraffin wax. The placenta tissues were sectioned (3–5 μm thickness) and stained using a standard hematoxylin and eosin (H&E) protocol. The slides were evaluated for the inflammatory infiltrates, edema, and necrosis. Aggregation of syncytial nuclei forming multinucleated cells was observed and quantified by counting the number of cells in five different high power fields (HPF; 400x) for each specimen. The average number per HPF was then calculated. An additional macrophage marker antibody MAC387 (Abcam, Cambridge, United Kingdom) staining was performed.

For fetal lung fixation, a 50 cm3 syringe was filled with 30 mL of chilled PFA4%, and the lungs were placed carefully into a syringe after first removing the plunger. The plunger was then reinserted, excess air expelled and the syringe tip occluded with a stopper. The syringe plunger was drawn with about 15 pulls to create a vacuum to inflate the alveoli for better lung fixation. The tissue was rinsed, dehydrated and embedded in paraffin wax. The lung tissue was then sectioned and stained by routine H&E staining protocol.

The lung morphometry assessment was carried out to assess the number of alveoli, alveolar surface area, and the thickness of alveolar septae. Five random non-overlapping HPF were viewed and measurements taken for each tissue section. Firstly, the number of alveoli was recorded. The alveolar area and the alveolar septal thickness were assessed using the DP2-BSW software (Olympus Corporation, Tokyo, Japan). The average alveolar surface area was determined by the sum of all closed areas, divided by the number of alveoli. The mean alveolar septal thickness was calculated from the average of three thickest septae.



Immunohistochemical Staining of the Lung Tissue

Lung tissues were sectioned at 4 μm thickness and stained with mouse monoclonal Ki-67 antibody (Dako, Glostrup, Denmark) diluted 1:200. The DAKO ARK™ (Animal Research Kit) (Dako, California, United States) detection was used according to the manufacturer's instructions. Briefly, the sections were deparaffinized and dehydrated with xylene and graded alcohols. Antigen retrieval was carried out by heating for 30 min at 110°C in Tris-EDTA solution pH 9, followed by peroxidase blocking to quench endogenous peroxidase. Sections were then incubated for 15 min with the prepared biotinylated primary antibody, followed by streptavidin-peroxidase incubation for 15 min. Finally, 3,3′Diaminobenzidine (DAB) substrate chromogen was applied onto the sections for 5 min and counterstained with Mayer's Hematoxylin solution.

Three random fields of each lung tissue section were image-captured using high magnification (400×) with a B×40 microscope (Olympus Corporation, Tokyo, Japan). Two hundred nuclei in each field were counted manually, and a total of 600 nuclei per tissue section were analyzed. An average percentage of positively stained cells for every 100 nuclei were calculated as the proliferation index.



Statistical Analysis

The Shapiro–Wilk test was applied to assess the normality of data. The mean differences between groups were compared with an unpaired two-tailed Student's t-test. The results were expressed as mean ± SD. All statistical analyses were performed with SPSS 22.0 (PASW Statistics, Chicago, USA). The p-values of < 0.05 were considered to be statistically significant.




RESULTS


Animal Survival and Clearance of GV in Amniotic Fluid After 7 Days of Inoculation

In the experiment, all dams and their fetuses were alive at day 28 of gestation. There was neither preterm labor nor complications of the surgical procedure observed. Of note, no GV was cultured from the amniotic fluid of any of these fetuses after 7 days of inoculation. In contrast, all the bacterial cultures used to inoculate in the preceding 7 days when back-cultured were confirmed positive and yielded 102 CFU/mL of GV in each sample.



GV Infection Associated With Decreased Gross Body, Lung, and Placenta Weights

The weight of fetuses in the GV was significantly lower as compared to their littermate controls (mean gross weight, 19.8 ± 3.8 g vs. 27.9 ± 1.7 g, respectively, p < 0.001). The fetal lung weight was also significantly lower in the GV as compared with their littermate controls (mean fetal lung weight, 0.59 ± 0.11 g vs. 0.91 ± 0.08 g, respectively; p = 0.002). The placenta weight in GV infection was significantly lower as compared to the controls (mean placenta weight, 5.5 ± 1.0 g vs. 6.5 ± 0.7 g, respectively, p = 0.027) (Table 1).


Table 1. Comparison of the gross body, lung weights of fetuses, and the placental weights in gram (g) between saline-inoculated and GV-inoculated pregnant rabbits.

[image: Table 1]



GV Infection Increases Multinucleated Syncytiotrophoblasts in the Placenta

Microscopically, the histological characteristics of inflammation were not evident in the placenta tissues. However, the number of multinucleated syncytiotrophoblasts per HPF was two-fold higher in the placenta of fetuses exposed to GV than those unexposed (mean cell count per HPF, 83 ± 15 vs. 42 ± 13, respectively, p < 0.001). These cells display condensed nuclei without prominent nucleoli, and the surface macrophage marker, MAC387, were negative, together these are characteristics of the multinucleated syncytiotrophoblasts, also present and usually recognized as syncytial knots in the human equivalent (Figure 2).


[image: Figure 2]
FIGURE 2. Representative histological changes of the placenta from (A) saline-inoculated and (B) GV-inoculated groups. GV exposed cases showed dilated vascular spaces and a significant increase in multinucleated syncytiotrophoblasts (arrows). These cells stained negative for the macrophage marker MAC387 (scale bar = 100 μm).




GV Infection Increases the Alveolar Septal Thickness and Proliferative Index in the Lung Interstitium

The alveolar septa measured in the fetuses of the GV infected was approximately 1.2-fold thicker than the control group (Table 2). Ki-67 immunohistochemical study revealed that the proliferative index (PI) in the interalveolar septum was 1.8-fold higher in the GV than the control group (Table 2). The lung histology and immunohistochemical staining of Ki-67 antibody were illustrated in Figure 3.


Table 2. Comparison of the fetal lung histomorphometry indices between saline-inoculated and GV-inoculated pregnant rabbits.

[image: Table 2]
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FIGURE 3. Histomorphometry and immunostaining of the fetal lung with or without exposure to GV. H&E staining of (A) saline-inoculated group (B) GV-inoculated group. The alveolar septae in the GV-inoculated group were thicker as compared to the saline-inoculated group (scale bar = 100 μm). There was no inflammatory cell infiltration observed in the alveoli or lung interstitium in both groups. Immunohistochemical staining showed significantly more Ki-67 positive cells in the interalveolar septae of fetal lungs in the (D) GV-inoculated group than (C) saline-inoculated group (scale bar = 100 μm).


The histology of lung tissue revealed no alveolar or interstitial inflammation in the GV and control group. The total number of alveoli and their total surface area did not vary between groups (Table 2).




DISCUSSION

In this study, we demonstrated that intrauterine GV infection was associated with features indicative of fetal growth restriction, lower gross body, lung, and placenta weights. This is consistent with previous studies on GV infection during pregnancy (36, 37). We found the fetal growth restriction was associated with increased multinucleated cells in the placenta of the GV-inoculated group, which has not been previously reported. These multinucleated cells also exhibited condensed nuclei and absent nucleoli which appear similar to syncytial knots (SK) in the human placenta. They are pathognomonic of syncytiotrophoblast apoptosis (38, 39), and are present in cases of infants born as IUGR (19, 20, 38). How SKs are formed are still not clearly understood (40). Histologically, they display condensed nuclei, no nucleoli, and devoid of transcriptional activity (41–43). SKs are generally an indicator of placenta aging, and an excessive number of SKs is suggestive of uteroplacental malperfusion (40, 44). The presence of multinucleated cells resembling SK had also been previously reported in the rabbit model of toxemia (45).

We speculate with infection, the direct insult to the trophoblasts could be mediated by the Toll-like Receptor-2 (TLR-2), which is expressed on the trophoblastic membrane (46, 47). TLR-2 recognizes the bacterial peptidoglycan and lipoteichoic acid, which are present on the bacterial wall of GV (47, 48). The ligation of TLR-2 activates MyD88/FADD-dependent caspases and/or NF-kappaB signaling pathways, which lead to cell death (49, 50) and the inflammation cascade. Moreover, in vitro peptidoglycan treatment on human trophoblastic cells resulted in a dose-dependent increase in cell apoptosis (50). The next phase of our study will include determination of the inter-related mechanisms underlying these observations.

In addition, intrauterine infection may affect placenta vasculogenesis (51–53). Altered placental vascular re-modeling, causing reduced perfusion and oxygen transport across the feto-maternal interface were observed in animal studies (54, 55). The dysregulation of several angiogenic mediators accompanied by uteroplacental malperfusion leads to hypoxia and adverse pregnancy outcomes (52, 56–58). The hypoxia-inducible factor 1α (HIF-1α) mediates cell apoptosis (59, 60), transcribes upregulation of anti-angiogenic mediators, e.g., sFlt-1 (61), that were increased in the placenta of IUGR infants (62, 63).

The increased SKs observed with GV infection implicates trophoblastic dysfunction and apoptosis, reducing the functional mass of the placenta, thus limiting nutrient transport and restricting intrauterine fetal growth (64). Even so, Burton et al. (40) reported that multinucleated syncytiotrophoblasts, important in placental development, may consist of sprouts. The increased numbers of these cells on the other hand may thus signify trophoblastic proliferative response to an increased need from the insult inflicted by GV.

We noted that there was no viable GV recovered from the amniotic fluid after 7 days of inoculation. The possible explanation could be clearance of the organism by the host immune response. In McDuffie et al. (37) study on chronic chorioamnionitis, a decreasing trend in the amniotic fluid positive cultures of GV from day four through six after inoculation, may support the role of host immune response in eradicating the organisms from the amniotic cavity with time. Additionally, our preliminary experiments with a higher dose of GV led to an increased demise of the dams and rates of abortion. Two earlier studies had used the intrauterine infection model to investigate the impact of higher doses of GV during pregnancy. Field et al. (36) endoscopically inoculated a relatively high concentration of GV into the uterine horns of pregnant rabbits and reported a significantly lower live birth rate (80 vs. 90%), lower live birthweight (12.82 g vs. 16.82 g) and more neuronal necrosis (60 vs. 0%) in GV-inoculated rabbits as compared to the saline-inoculated control. Nearly a decade later, McDuffie et al. (37) used a similar animal model and found a positive association between the duration of infection with the amniotic fluid proinflammatory cytokine (TNF-α) levels and fetal brain histological index scores. In both studies, high dose GV resulted in 20% abortion and 10% preterm labor (31, 36, 65).

In using a relatively lower concentration of inoculum but injected direct intra-amniotically, our study produced a 100% survival rate without any preterm birth or spontaneous abortion. A lower dose of GV at 0.5 × 102 CFU, although eventually cleared by the host immune system, could have exerted injury to the fetal organs in the process (66). Changes to the placenta have been discussed above, but we also observed effects on the developing fetal lung. The lungs of low dose GV-infected fetuses demonstrated a significant degree of septal thickening as a result of increased cellular proliferation in the lung interstitium. Several preclinical models of intrauterine infection with low dose pathogens also yielded similar lung histopathology, which resembled the features of BPD in humans (24–26). Intrauterine infection has been shown to induce cellular proliferation via the effects of proinflammatory cytokine. Interleukin 1 beta (IL-1beta) is one of the central cytokines which has been implicated in the pathogenesis of BPD (67–70). The lung of IL-1beta-expressing gene-targeted mice revealed increased alveolar septal thickness accompanied with abnormal deposition of elastin in the interstitium (70) disrupting the lung morphogenesis. Moreover, prophylactic subcutaneous injection of IL-1 receptor antagonists (IL-1Ra) has been shown to prevent the BPD-like lung changes in the mice exposed to intrauterine LPS and postnatal hyperoxia (71). Our results showed unremarkable alteration in the number of alveoli and the total alveolar surface area with GV infection that are features of alveolar simplification reported in the “new BPD” (72). Future studies sufficiently powered with the appropriate sample size are necessary to confirm if these findings are induced with GV infection.

Antigen Ki-67 is a nuclear protein that is associated with cellular proliferation, and as such any cellular mitosis will display a high number of Ki-67. In this study, we demonstrated an increase in the proliferative cell index in the lung interstitium. Lung interstitial cells are derived from the mesenchyme and play a crucial role in alveolarization, along with the epithelium (73). Myofibroblast is the major interstitial cell that is critically involved in secondary septation and alveolarization. The dysregulation of myofibroblast has been implicated in the development of BPD (73, 74). Myofibroblasts markedly decreased after the alveolarization phase, and their persistent high numbers is associated with fibrotic lung diseases (75, 76). The regulatory pathways of myofibroblast during the different phases of lung development are still unclear. We are pursuing further studies to determine if lower dose of GV infection induced an increased interstitial lung myofibroblast activity resulting in alveolar septal hypertrophy. This may potentially impede alveolar gaseous exchange and predispose to pulmonary hypertension, features commonly associated with BPD.

Future studies with this model are in the planning to determine the signaling pathways involved leading to the multinucleated syncytiotrophoblasts formation and alveolar septal hypertrophy. Specific cell staining for alveolar type I, II pneumocytes, interstitial myofibroblasts, vascular bundles, and extracellular matrix composition could provide additional insights to the current understanding on the pathogenicity of intrauterine GV infection in modifying fetal lung growth. It would also be valuable to study the postnatal functional outcomes of these fetuses with abnormal growth and lung development.



CONCLUSION

In conclusion, low dose intrauterine GV infection leads to fetal growth restriction, increased placenta multinucleated syncytiotrophoblasts, and disrupted lung morphogenesis with alveolar septal hypertrophy. These findings may lead to studies in human pregnancies to determine if antenatal GV infection with and without treatment similarly results in fetal growth restriction and alveolar septal re-modeling that predisposes to BPD development.
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Background: Bronchopulmonary dysplasia (BPD) is a common pulmonary complication in preterm infants. Acetate is a metabolite produced by the gut microbiota, and its anti-inflammatory function is well known. The role of acetate in BPD has not been studied. Here, we investigate the effects of acetate on lung inflammation and damage in mice model of BPD.

Objective: To investigate the role of acetate in the development of BPD.

Methods: C57BL/6 mice were randomly divided into three groups on the 3rd day after birth: room air group, hyperoxia group, and hyperoxia + acetate (250 mM, 0.02 ml/g) group. The expression of inflammatory factors was determined by ELISA and RT-PCR, and NLRP3 and caspase-1 were detected by Western blot. High-throughput sequencing was used to detect bacterial communities in the mice intestines.

Results: After acetate treatment, the expression levels of TNF-α, IL-1β, IL-18, NLRP3, and caspase-1 were significantly reduced, while the expression of GPR43 was increased. In the BPD mice treated with acetate, the proportion of Escherichia-Shigella was lower than in placebo-treated BPD mice, while the abundance of Ruminococcus was increased.

Conclusions: These results indicate that acetate may regulate intestinal flora and reduce inflammatory reactions and lung injury in BPD. Therefore, acetate may be an effective drug to protect against neonatal BPD.

Keywords: GPR43, microbial communities, inflammasome, acetate, bronchopulmonary dysplasia


INTRODUCTION

Bronchopulmonary dysplasia (BPD) is the most common pulmonary complication of very premature birth (1), and its prevalence is increasing, most likely due to the prolonged survival of preterm infants (2). BPD is characterized by stunted development involving impaired alveolar and vascular growth (3, 4). In addition to preterm birth, inflammation and infection are all related to the pathogenesis of BPD (4, 5). Pro-inflammatory factors such as tumor necrosis factor (TNF)-α and interleukin (IL)-1β have been associated with the development of BPD (3, 6, 7). Inflammasomes are a series of multiprotein complexes that modulate the innate immune responses (8). NLRP3 is the most commonly studied protein in the inflammasomes and activated by infection, tissue lesion and oxidative stress. Meanwhile, activation of NLRP3 could promote IL-1β and IL-18 secretion (9, 10). Many studies have shown that inflammasome activation is associated with various inflammatory disorders. Previous studies have shown that NLRP3 inflammasome plays an important role in the pathogenesis of BPD (11). Therefore, the regulation of NLRP3 activation may be a therapeutic target of BPD.

Acetate is produced by the intestinal flora, and well known for its anti-inflammatory function (12, 13). In most cases, acetate acts by binding to its receptor. G protein-coupled receptor 43 (GPR43) is the natural receptor for acetate (14). Antunes et al. (12) demonstrated that acetate activated and regulated type 1 responses in lung epithelial cells by GPR43 to prevent RSV infection. Another study showed that acetate binds to GPR43 to reduce the inflammasome in lipopolysaccharide (LPS)-induced endotoxemia through sAC-PKA (15). Despite the acetate have shown anti-inflammatory effects by regulating NLRP3 in several peritonitis models, its role in BPD remains unknown.

In this study, we investigated the effects of acetate on inflammation and lung damage in mice model of BPD and found that acetate intervention could alter the abundance of gut microbiota.



MATERIALS AND METHODS


Animal Model and Experimental Protocol

This study was approved by the Ethics Committee for Animal Protection and Use of Chongqing Children's Hospital. All C57BL/6 mice were purchased from Chongqing Medical University. Mice were housed under environmentally controlled conditions, and pregnant mice were kept in separate cages. All studies used newborn mice, and the number of pups in each litter was adjusted to 5–7 mice in each group to minimize the impact of nutritional differences on lung development. All mice were weighed on the day of birth and during modeling. According to the experimental conditions, newborn mice on postnatal day 3 (P3) were randomly divided into 3 groups (n = 5–7/group): room air (21% O2) + placebo (phosphate-buffered saline, PBS) group, hyperoxia (85% O2) + placebo (PBS) group, and hyperoxia (85% O2) + acetate group. During continuous exposure to hyperoxia, acetate (250 mM, 0.02 ml/g) (15) was given daily for 14 consecutive days. The continuous exposure to 85%O2 was achieved in a sealed oxygen chamber, and the oxygen concentration inside was continuously monitored with an oxygen meter. To avoid oxygen poisoning of nursing mothers, these mice were exchanged between the hyperoxia and room air conditions every 24 h.



Mouse Lung Tissue Harvesting

The mice were anesthetized by intraperitoneal injection of pentobarbital sodium on P17. The left lung was completely fixed in 4% paraformaldehyde and then embedded in paraffin. The right lung was immediately stored in −80°C for the measurement of gene expression, proteins, and cytokine.



Lung Histopathology

Standard inflation was used in generating the lung histopathology as previously described (6). 4%Paraformaldehyde-fixed lung tissue was embedded in paraffin and cut into 4 μm sections. Lung tissues sections were stained with hematoxylin and eosin (H&E) for morphological analysis by optical microscopy at a magnification of 200x (Nikon, Japan). Six fields of view were randomly selected on each tissue section. Alveolar development was estimated using the mean linear intercept (MLI) and radial alveolar count (RAC) (11, 16). The MLI is used as a method to estimate volume-to-surface ratio of acinar airspaces complex. The RAC is used to quantify alveolarization and estimate lung maturation. All images were evaluated by two blinded investigators. Data analyses were performed using Image-ProPlus software.



RNA Isolation and Quantitative Real-Time PCR

Total RNA was separated and purified using the TRIZOL reagent (Invitrogen). The A260/A280 ratio was measured to determine the RNA concentration. Takara Primescript RT (China) kits were used for reverse transcription according to the instructions.

The primers were as follows: IL-1β (Forward: TGGTGTGTGACGTTCCCATT Reverse: CAGCACGAGGCTTTTTTGTTG), TNF-α (Forward: GACGTGGAACTGGCAGAAGAG Reverse: CAGGAATGAGAAGAGGCTGAGAC), NLRP3 (Forward: ATTACCCGCCCGAGAAAGG Reverse: CATGAGTGTGGCTAGATCCAAG), GPR43 (Forward: CTTGATCCTCACGGCCTACAT Reverse: CCAGGGTCAGATTAAGCAGGAG), GAPDH (Forward: AGGTCGGTGTGAACGGATTTG Reverse: GGGGTCGTTGATGGCAACA). Reactions were performed in the Bio-Rad CFX Real-Time PCR system. The software of this instrument was used to compute the threshold cycle (Ct) values of all genes. The expression of each gene was normalized to that of GAPDH.



Cytokine Measurements

The inflammatory cytokine levels in lung homogenates of mice were evaluated. According to the manufacturer's instructions, the pulmonary concentrations of IL-18 (Xinbosheng China), IL-1β (Sizhengbai China), and TNF-α (Sizhengbai China) were measured by mouse cytokine enzyme-linked immunosorbent assay (ELISA) kits.



Western Blotting Analysis

We extracted proteins from whole lung tissues. Western blot was performed according to a protocol described by Chen et al. (6). Antibodies recognizing NLRP3 (Abcam, UK) and caspase-1-p20 (GeneTex, USA) were used.



Microbiome Analysis

After the mice were anesthetized by intraperitoneal injection of pentobarbital sodium on P17, feces were collected under sterile conditions and stored in −80°C. According to the manufacturer's instructions, QIAamp FAST DNA Stool Mini Kit (Qiagen, Hilden, Germany) was used to extract bacterial DNA. PCR was used to amplify the 16S ribosomal DNA variable V3-V4 region, and the primer sequences were 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The original data obtained by Miseq sequencing were processed and optimized. Operational taxonomic units (OTUs) were clustered at 97% similarity. At the phylum and genus levels, we analyzed the relative abundance of each OTU. Data analyses were run on the free online platform of Majorbio Cloud Platform (www.majorbio.com).



Statistical Analysis

SPSS version 22.0 (SPSS Inc., USA) was used for statistical analysis. Data between multiple groups were analyzed by one-way analysis of variance (ANOVA). P value < 0.05 was considered statistically significant.




RESULTS


Body Weight of Neonatal Mice

Compared with the room air group, the body weight of hyperoxia + placebo group was obviously decreased at P9. However, the body weight of hyperoxia + acetate group increased at P9 compared to that of the hyperoxia + placebo group (Figure 1A). Similar weight differences were observed at P17 (Figure 1B), but the difference in weight could not be completely reversed.


[image: Figure 1]
FIGURE 1. Body weight of neonatal mice. (A) Acetate-treated mice in the hyperoxia group had a significantly higher body weight on postnatal day 9 than non-acetate treated mice (P < 0.001). (B) The body weight on postnatal day 17 (P < 0.001). n = 8 mice/group. Data are expressed relative to the control group at each time point as the mean ± SEM.




Acetate Attenuates Morphological Changes of the Lung

H&E staining was used to examine lung morphology (Figure 2). In the room air group, the lung exhibited complete lung structures with a normal alveolar epithelium and alveolar septum (Figure 2A). However, after 14 days of hyperoxia exposure, the alveoli of the mice were enlarged (Figure 2B), the RAC of per unit area significantly reduced, while the MLI significantly increased (Figures 2D,E). These data showed that exposure to hyperoxia increased alveolar damage and led to alveolar simplification. Alveolar simplification and alveolar septal improvement were observed in the hyperoxia + acetate group compared to the hyperoxia group (Figure 2C). These results demonstrated that acetate therapy could resist high O2-induced lung injury and partly restore high O2-induced alveolar simplification.


[image: Figure 2]
FIGURE 2. Acetate attenuates morphological changes. Hyperoxia exposure led to marked alveolar simplification as shown by H&E staining and by RAC and MLI assessment. Acetate treatment improved the hyperoxia-induced impairment of alveolar growth. (A–C) Representative H&E staining (light microscopy, ×200) of lung tissue slides from each group. Scale bars = 100 μm. (D) Semiquantitative pathological determination of RAC in lung tissues. (E) Semiquantitative pathological determination of MLI in lung tissues. The values represent the mean ± SD; n = 6 mice/group.




Acetate Decreases Inflammatory Factors in the Mouse Lung

RT-PCR and ELISA were used to detect the expressions of inflammatory cytokines in lung tissues. Compared with the room air group, the expression of TNF-α was significantly increased after 14 days of exposure to the high O2 level. However, in the hyperoxia + acetate group, the expression of TNF-α was significantly lower than the hyperoxia group (Figures 3A,B). These results indicated that acetate treatment decreases the expressions of TNF-α in the lung caused by hyperoxia.


[image: Figure 3]
FIGURE 3. Acetate decreases pro-inflammatory factors in the mouse lung. The pulmonary mRNA levels of TNF-α (A). The pulmonary protein levels of TNF-α (B). n = 5–7/group from 3 independent experiments; data are presented as the means ± SD.




Acetate Reduces the Expression of NLRP3 Inflammasome-Related Proteins and GPR43

To assess the effect of acetate on the lung NLRP3 inflammasome-related cytokines IL-1β and IL-18, lung tissues were examined by RT-PCR and ELISA. Compared with the room air group, the expression of IL-18 in hyperoxia group was significantly increased (Figures 4C,D). However, the expression of IL-18 in the hyperoxia + acetate group was significantly lower than the hyperoxia group. Similar results were also observed for IL-1β (Figures 4A,B). Then, RT-PCR and Western blot were used to detect the expressions of NLRP3 inflammasome and caspase-1 in lung tissue.


[image: Figure 4]
FIGURE 4. Acetate decreases NLRP3 inflammasome-related protein and GPR43 expression. The pulmonary mRNA levels of IL-1β (A), IL-18 (C), NLRP3 (E) and GPR43 (F). The pulmonary protein levels of IL-1β (B), IL-18 (D), NLRP3 (G,H) and caspase-1 (G,H). n ≥ 3/group from 3 independent experiments; data are presented as the means ± SD.


Compared with the room air group, the expressions of NLRP3 inflammasome and caspase-1 were significantly increased in the hyperoxia group, and these effects could be partially reversed by the acetate treatment (Figures 4E,G,H).

Next, we investigated whether acetate could alter the expression level of GPR43 in newborn mice exposed to high oxygen. Compared with the control group, high oxygen exposure reduced the expression of GPR43 in lung tissue (Figure 4F). Acetate treatment could partially increase the expression of GPR43. These data showed that acetate affects the expression of NLRP3 and GPR43 in lung tissue after hyperoxia exposure.



Acetate Treatment Affects the Composition of the Gut Microbiota in Mice Exposed to Hyperoxia

To investigate whether acetate could change the composition of intestinal flora, we used the 16S rRNA method to analyze the intestinal contents to determine the changes in intestinal flora. The bacterial compositions of the three groups of mice were significantly different at the phylum and genus levels. Compared with the room air group, the abundance of Proteobacteria in the gut was significantly higher in the hyperoxia group (P < 0.05) (Figure 5A), while no significant difference was observed in the proportion of Bacteroidetes and Firmicutes in the gut. In the hyperoxia+acetate group, the abundance of Proteobacteria was decreased. In addition, at the genus level (Figure 5B), we found an increase in the relative abundance of Escherichia/Shigella in the hyperoxia group compared with the room air group (P < 0.001), while the relative abundance of Ruminococcus was significantly decreased (P < 0.05). In the hyperoxia+acetate group, the relative abundance of Escherichia/Shigella was decreased, while the relative abundance of Ruminococcus was significantly increased.
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FIGURE 5. Acetate treatment affects the composition of the gut microbiota in mice exposed to hyperoxia. The relative abundance of microbial communities in the gut of the 3 groups at the phylum (A) and genus (B) levels. For (A,B), relative abundance >1%, *P < 0.05 and **P < 0.01. Assessment of the diversity of microbial communities in the intestinal contents (C) of the 3 groups by the Shannon Diversity Index (room air: red, hyperoxia: blue, acetate: green).





DISCUSSION

BPD is a chronic lung disease of prematurity and it is usually accompanied by delayed pulmonary hypertension, persistent pulmonary dysfunction, developmental delay, and neurocognitive problems in later life (17, 18). In this study, hyperoxia activated the NLRP3-IL-1β axis and induced the pathological features of BPD in newborn mice. We found that acetate downregulated the expression levels of NLRP3-related proteins, alleviated lung inflammation, and improved simplification of alveoli. Acetate intervention could also alter the abundance of gut microbiota.

Lung injury induced by hyperoxia exposure is the most common model of BPD in neonatal mice. Impaired alveolarization and angiogenesis disorders are the main pathological features of BPD (1, 19). Studies have confirmed that lung development of mice undergoes five stages: embryonic, pseudoglandular, canalicular, saccular, and alveolar stages, suggesting that the process of alveolarization has a similar time sequence as that in humans (20). However, unlike the development of the human embryonic lung, neonatal mice lung tissue only completes gross morphogenesis, and alveolarization begins 3 days after birth (21, 22). In the present study, a mouse model of BPD was successfully established by selecting 3-day-old newborn mice and continuously exposing them to 85% O2 for 14 days. H&E staining of the lung tissue demonstrated simplification of alveoli after high O2 exposure, which is consistent with the pathological features of BPD. NLRP3 activation results in excessive inflammation, which is associated with a variety of inflammatory disorders, including type 1 diabetes, hyperinflammation following influenza infection, asthma and gout (23–26). NLRP3, ASC and pro-caspase-1 are the main components of the NLRP3 inflammasome (10). Infection, tissue lesions and oxidative stress can activate the NLRP3 inflammasome. Activation of this complex processes pro-caspase-1 into an active 20 kDa fragment, which can enzymatically cleave pro-IL-1β into mature IL1β, and process pro-IL-18 into mature IL-18 (27). This process plays an important role in the initiation of inflammation (8). Liao's research showed that NLRP3 activation is one of the primary causes of BPD (11). In the present study, after 14 days of hyperoxia exposure, the levels of NLRP3, caspase-1, IL-1β, IL-18, and TNF-α were significantly increased compared to the room air group. After acetate treatment, the expression levels of NLRP3, caspase-1, IL-1β, IL-18, and TNF-α were significantly decreased. In BPD mice, the increased accumulation of macrophages can be observed (11). After RSV infection, acetate intervention reduces the recruitment of inflammatory cells including macrophages and lymphocytes into the lungs of mice, thus reducing lung inflammation (12, 28). In addition, acetate reduces the activation of NLRP3 through ubiquitination and autophagy and plays an anti-inflammatory role in peritonitis and endotoxemia models (15). Our results are consistent with these studies and suggested that acetate intervention may reduce lung inflammation. However, the effect of acetate intervention on inflammatory cells in BPD needs to be further explored in vitro. Subsequently, we explored the mechanism by which acetate reduces NLRP3 expression. Short-chain fatty acids (SCFAs) are metabolites derived from the gut flora, which are produced by the fermentation of indigestible dietary fiber (12) and mainly consist of acetate, propionate, and butyrate. These fatty acids are absorbed into the circulatory system and act through binding G protein-coupled receptors (GPR43 and GPR41) or inhibiting histone deacetylases (HDACs) (29, 30). It is well known that acetate can activate GPR43, and this receptor was originally recognized in colitis (29). Activation of GPR43 can reduce inflammation, and in this manner, SCFAs protect the colon from injury. Our results also indicated that after 14 days of hyperoxia, the expression of GPR43 in the newborn mice decreased and this decrease would be improved by acetate treatment. However, because GPR43 is widely expressed on the membranes of different cells, such as macrophages and epithelial cells (31), it is unclear which cell type plays a key role; further research is needed. In addition, the causal relationship between GPR43 and NLRP3 requires further investigation. Thorburn et al. demonstrated that acetate specifically activates GPR43 and subsequently decreases Ca2+ to activate downstream signals (32). However, an increase in Ca2+ can further promote the activation of NLRP3 (33). It can be concluded that after activation of GPR43 by acetate, NLRP3 activation is inhibited by decreasing Ca2+.

The colonization pattern of microbiota in very low birth weight (VLBW) infants is significantly different from that in healthy full-term infants (34, 35). Because acetate, a main component of SCFAs, significantly ameliorates inflammation in BPD, we speculate that the intestinal microbiota may affect the susceptibility and/or severity of BPD. Previous studies have demonstrated that gut microbiota may affect the immune response of the lungs (36–39), which indicates that gut microbiota may affect the severity of BPD by regulating systemic and lung inflammation. As previous reports, Escherichia/Shigella from the Enterobacteriaceae were significantly increased in infants with BPD (40). Escherichia-Shigella belongs to the Proteobacteria phylum and produces LPS (41). Since the LPS of Escherichia/Shigella may activate the immune system and cause inflammation (41), the increase in the relative abundance of Escherichia/Shigella in the hyperoxia group compared to the acetate group shown in our study suggests that higher levels of inflammation may have occurred in the hyperoxia group. Ruminococcaceae, which is an important source of SCFA production (42), also decreased after hyperoxia exposure but increased after administration of acetate in our study, these results are consistent with previous studies showing that Ruminococcaceae have anti-inflammatory effects (43–45) and can ameliorate lung injury (45, 46). All of these findings suggested that intestinal flora may be involved in the protective effect of acetate against lung injury.

In our study, some limitations are to be mentioned. (i) Although we found that acetate could change the composition of intestinal flora in the model of hyperoxia-induced lung injury, the combined effects of hyperoxia + acetate were considered and the independent effect of acetate on the perinatal intestinal was not considered. At present, no studies have investigated the effects of acetate treatment during the perinatal period on gut microbiota. However, a study on hypertension showed that acetate changed the gut microbiota composition, increasing the levels of bacteria from the Bacteroides genus (47). Thus, acetate-independent effects on the perinatal microbiome should be added into the future investigations. (ii) Studies have proven that male neonatal are more susceptible to hyperoxic lung injury (48). In our experimental design, sex was not taken into account as a variable, which may only reflect part of the role of acetate.

In summary, our research showed that acetate treatment can alleviate lung injury after hyperoxia exposure by inhibiting the expression of NLRP3-related proteins, which indicates that acetate treatment may be helpful for the treatment or prevention of BPD. The mechanism remains to be elucidated.
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Background: Recombinant human IGF-1/binding protein-3 (rhIGF-1/BP-3) is currently tested as a therapy in preterm infants but possible effects on the gut, including necrotizing enterocolitis (NEC), have not been tested. The aim of this study was to evaluate if rhIGF-1/BP-3 supplementation in the first days after birth negatively affects clinical variables like growth, physical activity, blood chemistry and hematology and gut maturation (e.g., intestinal permeability, morphology, enzyme activities, cytokine levels, enterocyte proliferation, NEC lesions), using NEC-sensitive preterm pigs as a model for preterm infants.

Methods: Preterm pigs were given twice daily subcutaneous injections of rhIGF-1/BP-3 or vehicle. Blood was collected for IGF-1 measurements and gut tissue for NEC evaluation and biochemical analyses on day 5.

Results: Baseline circulating IGF-1 levels were low in preterm pigs compared with near-term pigs reared by their mother (<20 vs. 70 ng/ml). Injection with rhIGF-1/BP-3 resulted in increased plasma IGF-1 levels for up to 6 h after injection (>40 ng/mL). rhIGF-1/BP-3 treatment reduced the incidence of severe NEC lesions (7/24 vs.16/24, p = 0.01) and overall NEC severity (1.8 ± 0.2 vs. 2.6 ± 0.3, p < 0.05, with most lesions occurring in colon). In the small intestine, villi length (405 ± 25 vs. 345 ± 33 μm) and activities of the brush border peptidases aminopeptidase N and dipeptidylpeptidase IV were increased in rhIGF-1/BP-3 treated pigs, relative to control pigs (+31–44%, both p < 0.05). The treatment had no effects on body weight, blood chemistry or hematology, except for an increase in blood leucocyte and neutrophil counts (p < 0.05, i.e., reduced neonatal neutropenia). Likewise, rhIGF-1/BP-3 treatment did not affect intestinal tissue cytokine levels (IL-1β, IL-6, IL-8, TNFα,), enterocyte proliferation, goblet cell density, permeability or bacterial translocation to the bone marrow.

Conclusion: Supplemental rhIGF-1/BP-3 did not negatively affect any of the measured variables of clinical status or gut maturation in preterm pigs. Longer-term safety and efficacy of exogenous rhIGF-1/BP-3 to support maturation of the gut and other critical organs in preterm newborns remain to be investigated in both pigs and infants.

Keywords: IGF-1, infant, intestine, preterm birth, gut, newborn, growth restriction, fetus


INTRODUCTION

Preterm birth (<37 weeks gestation) accounts for 5–15% of all live births worldwide or about 15 million infants per year (1). Premature infants are a highly vulnerable population due to immaturity of their organs and the accelerated transition to extrauterine life. Postnatally, infants with gestational age (GA) <32 weeks at birth show clearly reduced serum levels of insulin-like growth factor 1 (IGF-1) relative to term infants and gestational age-matched fetuses in utero, probably due to the sudden loss of placental and amniotic fluid supplies (2–4). Recently, a large multi-center international clinical trial was initiated to test the clinical effects of supplemental recombinant human (rh) IGF-1/rhIGFBP-3 (rhIGF-1/BP-3) during the first weeks after extremely preterm birth (<28 weeks GA), with respiratory function as the primary outcome (ClinicalTrials.gov registry NCT03253263).

IGF-1 is a 70-amino acid polypeptide playing an important role in intrauterine and postnatal growth and organ development. In the fetus and newborn, the majority of circulating IGF-1 is generated by the liver in an insulin- and nutrient-dependent manner (4). About 80% of circulating IGF-1 is bound to IGF-binding protein (IGFBP)-3 and an acid labile subunit, regulating the action and biological availability of IGF-1 in peripheral tissues (5). Free IGF-1 binds to the type 1 IGF-receptor, a transmembrane tyrosine kinase receptor highly homologous to the insulin receptor, that activates intracellular signaling cascades like the mitogen-activated protein (MAP)-kinase and phosphatidylinositol 3(PI3-K)-kinase/Akt pathways (6, 7). In addition to its endocrine effects via the blood stream, IGF-1 is also produced locally in a variety of tissues exerting cellular paracrine and autocrine effects. In the gastrointestinal tract, IGF-1 may promote enterocyte proliferation and differentiation and inhibits apoptosis, thus supporting cell survival and mucosal growth (8–10). In young rodents, parenteral IGF-1 administration attenuates intestinal injury by decreasing apoptosis and increasing proliferation of epithelial cells after hypoxia/reoxygenation (11), sepsis (9) or thermally-induced damage (10). In weaned rats, an anabolic effect on the small intestine was observed only after subcutaneous, but not enteral IGF-1 administration (12). Inconsistent effects on intestinal growth have also been observed in neonatal pigs after enteral IGF-1 administration (13–15) and effects beyond the gut are poorly investigated. Considering the multifunctional actions of IGF-1, it is critical to understand how circulating IGF-1 levels relate to development of both the gut and other organs in the short and longer term.

Hellström et al. (16) demonstrated an association between persistently low serum concentrations of IGF-1 and several morbidities in preterm infants. In support, a recent phase II clinical trial indicated that exogenous rhIGF-1/BP-3 reduced the occurrence of severe bronchopulmonary dysplasia (BPD) and intraventricular hemorrhage (IVH) in extremely premature infants (17). The same study showed no effect on the overall incidence of necrotizing enterocolitis (NEC) (6/61 vs. 5/60), but the number of fatal NEC cases was highest in the rhIGF-1/BP-3 group (3 vs. 0). Generally, NEC is associated with high mortality (20–30%) and occurs in 5–10% of extremely preterm infants within the first weeks of life (18–22). Despite comprehensive research, in part using animal models, the pathogenesis of NEC remains ambiguous and worldwide the NEC incidence is constant or increasing (19, 21).

Preterm pigs reflect many clinical aspects of preterm infants, thus enabling pathophysiological investigation and drug development. Comparison between preterm pigs and preterm infants is organ-dependent but judged by their immature gut and immune systems, and high sensitivity to NEC and sepsis, 90% gestation in pigs may reflect gut and immunity development in extremely preterm infants (23–25). Within a few days of advancing enteral feeding with infant formula, 40–70% of preterm pigs spontaneously develop NEC-like lesions, including pneumatosis intestinalis, mucosal necrosis, villus atrophy and digestive dysfunction (26–29). We have previously shown that circulating IGF-1 levels remain low until at least 26 days after birth in preterm pigs vs. term pigs (30). However, data concerning the relationship between IGF-1 levels and comorbidities in preterm pigs are lacking.

We hypothesized that parenteral rhIGF-1/BP-3 supplementation in preterm pigs, to reach physiological levels in corresponding term individuals, would not negatively affect clinical variables, gut maturation and NEC incidence. To test this hypothesis, we first compared circulating IGF-1 levels in preterm pigs with values in near-term pigs reared artificially or reared naturally by their sow. Next, we tested the pharmacokinetics (PK) of rhIGF-1/BP-3 to establish an appropriate dosing regimen in preterm pigs. Finally, we investigated how restoration of circulating IGF-1 levels in preterm pigs affected clinical variables, parameters of gut function and NEC in 5-day-old formula-fed preterm pigs, known to be highly sensitive to spontaneous development of NEC-like lesions throughout the gut.



MATERIALS AND METHODS

Animal studies were conducted in accordance with the European Communities Council Directive 2010/63/EU for the protection of animals used for experimental purposes and approved by the Danish Animal Experiments Inspectorate, Ministry of Environment and Food of Denmark.


Experiment 1: Basal Circulating IGF-1 Levels in Piglets

Groups of pigs (Landrace x Yorkshire x Duroc) were born at different gestational ages in relation to normal full term [117 ± 2 days] and reared artificially or naturally, as previously described (31). In brief, these pigs were born vaginally on day 112 and housed with their mother under natural rearing conditions (n = 12), by cesarean section at day 115 and housed in incubators (n = 14), or groups of pigs delivered by cesarean section on day 106 and housed in incubators (total n = 145). Blood samples were obtained at day 1 (cord blood), day 5 or day 19 (Figure 1).


[image: Figure 1]
FIGURE 1. Experimental setup. Schematic drawing showing the experimental setup used to evaluate basal IGF-1 levels in piglets (Experiment 1), pharmacokinetics of IGF-1(Experiment 2) and the effects of rhIGF-1/BP-3 supplementation (Experiment 3). IA+ and IA-, intra-arterial administration with (+) or without (–) maternal plasma immunization; SC, subcutaneous; PO, peroral.




Experiment 2: Pharmacokinetics of IGF-1

A 1:1 molar ratio of the non-covalent complex rhIGF-1/rhIGFBP-3 (rhIGF-1/BP-3, mecasermin rinfabate) and formulation vehicle were provided by Takeda, Cambridge, MA, USA. Based on our literature studies from both infants and pigs (3, 4, 30), we aimed for a target physiological IGF-1 range of 30–110 ng/ml in the circulation. Preterm pigs for the pharmacokinetic study were delivered from one sow by cesarean section at day 106 and reared in incubators. All pigs received 4 ml/kg/h total parenteral nutrition (TPN) for 3 days. On day 2, pigs were divided into four groups, with pigs given a single injection of rhIGF-1/BP-3 (Figure 1): Pigs injected with 0.5 mg/kg intra-arterially without maternal plasma (IA-, n = 3), pigs injected with 0.5 mg/kg intra-arterially subsequent to 16 ml/kg maternal sow plasma (IA+, n = 3), pigs injected with 0.5 mg/kg subcutaneously with no sow's plasma (n=5) and pigs injected with 6 mg/kg orally, no maternal sow plasma and fed 10 ml/kg colostrum 0 and 1 h after IGF-1 (n = 2). Plasma for IGF-1 measurement was obtained via the umbilical arterial catheter at intervals from 30 min to 8 h after the single rhIGF-1/BP-3 injections. The preliminary investigation of IGF-1 levels after oral administration was to verify that the contribution from dietary IGF-1 to circulating IGF-1 levels would be minimal. Likewise, the studies with/without sow's plasma were to study the specific contribution of IGF-1 from sow's plasma, normally given in our studies on preterm pigs to provide them with passive immunity for survival and infection resistance (31). Based on the pharmacokinetic profile, with sustained levels of plasma IGF-1 within the desired physiological range (Supplementary Figure 1), a subcutaneous dose of 0.5 mg/kg rhIGF-1/BP-3 twice daily was chosen for the IGF-1 supplementation study (Experiment 3).



Experiment 3: IGF-1 Supplementation Study

Forty-nine piglets were delivered from two sows by cesarean section at 90% of gestation (day 106). Immediately after birth all pigs were injected intramuscularly with 0.1 ml doxapram and 0.1 ml flumazenil, transferred to our NICU facility and housed in temperature-regulated incubators with extra oxygen supply (1–2 l/min) for the first 12 h. The pigs were fitted with orogastric and umbilical arterial catheters for enteral feeding and vascular access. One pig was euthanized due to catheter-related problems and excluded from the study before randomization. Pigs were block-randomized according to birth weight and gender into two groups: pigs given 0.5 mg/kg rhIGF-1/BP-3 subcutaneously (SC) twice daily (rhIGF-1/BP-3, n = 24) at 7 am and 3 pm and pigs given equivalent volumes of vehicle SC twice daily (Controls, n = 24) at 7 am and 3 pm until they were euthanized at day 5 (Figure 1). Via the umbilical arterial catheter all pigs were immunized with maternal sow plasma (16 ml/kg) during the first 24 h and parenteral nutrition (PN) (Kabiven modified with Vamin, Soluvit, Vitalipid and Peditrace, all Fresenius Kabi, Uppsala, Sweden) was infused continuously throughout the study period (2–5 ml/kg/h) to meet nutrient and fluid requirements of pigs (25). Every 3 h, the pigs were fed enteral formula composed of commercially available products used for feeding infants (formula composition shown in Supplementary Table 1). The enteral nutrition (EN) was provided via the orogastric catheter with increasing volumes (24–120 ml/kg/d) throughout the study period.



Clinical Observations and in vivo Tests

Pigs were weighed daily, monitored closely and euthanized immediately if severe respiratory distress or NEC symptoms were observed. Clinical and fecal status were evaluated twice daily using previously validated scoring systems (30) (except that fecal score 5 included diarrhea with visual blood). All involved personnel was trained and experienced in work with preterm pigs. The treatment groups were blinded by color codes on the stable records. Motor activity was captured by infrared video surveillance connected to a motion detection software (PigLWin, Ellegaard Systems, Faaborg, Denmark). Physical activity was analyzed from day 2, 8 am, since physical activity during the first 24 h of life mainly reflects wake-up movements after delivery and anesthesia. Intestinal permeability was assessed day 5 by peroral administration of a 5/5% lactulose/mannitol bolus (15 ml/kg) and urine recovery after 3 h. Concentration of lactulose and mannitol in urine were obtained and analyzed as previously described (32). Gastric residual was assessed by oral administration of a last feeding bolus (15 ml/kg) 60 min prior to euthanasia and postmortem measurement of the stomach content weight. Gastric pH was measured in the stomach content using a pH meter.



Blood Biochemistry, Hematology and Circulating IGF-1 Levels

For biochemistry and hematology, 1 ml blood was collected on day 4 in a heparin blood vacutainer (BD Diagnostics, Oxford, UK) via the umbilical catheter. Biochemistry of plasma and cell counting of full blood were analyzed using an Advia 1800 Chemistry System and an Advia 2120i Hematology system (Siemens Healthcare, Ballerup, Denmark), respectively. The plasma biochemistry profile included typical measures of metabolic, liver and kidney functions.

For circulating IGF-1 measurement blood samples were obtained two, six and 15 h post-dosing at day 4 via the umbilical catheter and at day 5 via intracardial puncture at euthanasia. One ml blood was collected in a serum tube with clot activator (BD diagnostics), rested until clotted (½-1 h), centrifuged at 1300 × g for 10 min and stored at −80°C. All serum samples were analyzed using a human IGF-1 ELISA kit (Mediagnost GmbH, Reutlingen, Germany) in a bioanalytical testing laboratory (PPD Laboratories, Richmond, Virginia). The quantitative limit of the analysis was 20 ng/mL, however, values between 10 and 20 ng/ml were also recorded for information. The detection limit of the analysis was 10 ng/ml and measurements lower than 10 ng/ml were assigned a value of 5 ng/ml for quantitative evaluations.



Tissue Collection and NEC Evaluation

On day 5, pigs were euthanized with an intracardial injection of sodium-pentobarbital (Euthanimal, Scanvet, Denmark). The entire gastrointestinal tract was removed from the abdomen and the stomach, proximal, middle and distal small intestine, caecum and colon were evaluated for pathological changes in a blinded fashion by two persons, using the following validated NEC scoring system for each of the gut regions (28): 1 = absence of lesions, 2 = local hyperaemia, 3 = hyperaemia, extensive edema and local hemorrhage, 4 = extensive hemorrhage, 5 = local necrosis or pneumatosis intestinalis, 6 = extensive necrosis and pneumatosis intestinalis. NEC was defined as a score of minimum 3 in at least one gut region, whereas a score of minimum 4 in at least one gut region was defined as “severe NEC.” An average NEC severity score of the total gastrointestinal tract was calculated as the mean of the highest score of the small intestine parts (prox, mid or dist), the highest score of the colon parts (cecum or colon) and stomach. Organs were weighed and tissue from small intestine and colon was snap frozen and stored at −80°C to evaluate enzyme activities and levels of pro-inflammatory cytokines. Bone marrow was harvested from the distal femoral epiphysis with sterile instruments, cultured on blood agar at room temperature for 24 h, and stored at 4°C until colonies were enumerated.



Histological Examinations

Mid small intestine and colon tissue were fixed in 4% formaldehyde solution (CellPath, Newton, Powys, United Kingdom) routinely processed, embedded in paraffin blocks and sectioned at a thickness of 3 μm. The slides were stained with hematoxylin and eosin and Alcian-Blue-periodic acid Schiff for light-microscopic evaluation. Using a Leica DM2500 optical microscope images were taken by a lab technician unaware of treatment groups and villus length and crypt depth were quantified by an averaging value from 10 representative villi and crypts measured by ImageJ software (Laboratory for Optical and Computational Instrumentation, University of Wisconsin-Madison). Goblet cell density was calculated by the same lab technician using a stereological approach as the area of goblet cells relative to the total area of tunica mucosa (%).

To access the degree of proliferation, immunohistochemical staining was performed on tissue from small intestine mid sections. The slides were pre-treated with TEG buffer pH 8 for 2x5 min. Endogenous peroxidase was inhibited by incubation in 0.6% H2O2 for 15 min followed by Ultra V blocking (Thermo Fisher Scientific, Hvidovre, Denmark) for 5 min. Primary Ki-67 antibody (clone MIB-1, Dako, Glostrup, Denmark) was diluted 1:200 in 1% bovine serum albumin (BSA)/Tris-buffered saline (TBS) and slides were stained with the primary antibody overnight. Afterwards the sections were incubated for 20 min with Primary Antibody Enhancer followed by detection with HRP Polymer for 30 min (Thermo Fisher Scientific). Slides were then incubated with aminoethyl carbazole (AEC) solution for 10 min and counterstained with Meyer's hematoxylin. Finally, sections were dehydrated and mounted with glycerol-gelatine. Using a Leica DM2500 optical microscope, eight images of each small intestine section were taken in a standardized way and an automated digital image analysis of positive Ki67 staining areas in tunica mucosa was performed using FIJI software (Fiji Is Just ImageJ, Laboratory for Optical and Computational Instrumentation). The analysis was run with vectors H DAB to detect cell nuclei and staining of specific Ki76 immunohistochemically positive areas (threshold = ∞-150, particle size, pixel∧2 = 10-∞). The process was followed by a calculation step. Ki67 density was given as mean total Ki67 stained area of the total nuclei area in tunica mucosa (%).



Brush Border Enzyme Activity and Cytokine Expression

For activity of the brush border enzymes, lactase, maltase, sucrase, aminopeptidase N (ApN), aminopeptidase A (ApA), dipeptidylpeptidase IV (DPPIV) tissue samples from the mid small intestine were homogenized in 1% Triton X-100 buffer using a gentleMACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany). Assays were performed using specific substrates, as described previously (33). Interleukin (IL)-1β, IL-6, IL-8 and tumor necrosis factor (TNF)-α levels in mid small intestine and colon homogenates were analyzed using DuoSet ELISA kits (R&D systems, Minneapolis, MN) following the manufacturer's instruction. Each sample was tested in duplicate and measurements below detection limits were assigned a value of zero for the given analyte.



Statistical Analysis

The statistical software package R (version 3.6.1) was used for statistical analyses. Statistical significance of difference in continuous variables was analyzed by linear models if normally distributed. The model was tested for normality by Shapiro-Wilk's test and plots, data were transformed when required and non-parametric analysis was applied when data could not be transformed properly. Basal plasma IGF-1 levels measured in in Experiment 1 were analyzed by a non-parametric test with corrections for multiple testing. Binary data were analyzed by a logistic regression model. Ordered categorical outcomes, like NEC scores, were analyzed by a proportional odds logistic regression model. Repeated measurements were analyzed by the linear mixed effects modelif continuous and by cumulative link mixed models if ordered categorical. The above mentioned models were adjusted for possible cofounders like litter, sex and birth weight. For value comparisons, p < 0.05 was considered statistically significant. Values are expressed as mean ± standard error of mean (SEM) unless otherwise specified and levels of significance are assigned as *p < 0.05, **p < 0.01, ***p < 0.001.




RESULTS


Experiment 1: Basal IGF-1 Levels in Piglets

At day 1, 5, and 19, 23% (7/31), 0% (0/5) and 29% (31/107) of preterm pigs had plasma IGF-1 values above the pre-set lower quantitative limit of the assay, with an estimated mean level below 20 ng/ml. At day 19, more near-term pigs reared by their sow had IGF-1 values above the quantitative limit (83%, 10/12) and a higher estimated mean level than preterm pigs (both p < 0.01) and near-term pigs reared artificially (36%, 5/14 above the quantitative limit, both p < 0.05) (Figure 2A). Preterm pigs born with low birth weight [lowest 25% weight percentile (28/107)] showed a reduced estimated mean level at day 19 compared with remaining preterm pigs (p < 0.001, Figure 2A). Also, preterm pigs with extrauterine growth restriction (lowest 25% weight gain percentile, 26/106) had reduced estimated mean levels compared with the remaining pigs (p < 0.05, Figure 2A).
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FIGURE 2. Circulating IGF-1 levels and pharmacokinetics (mean ± SEM). (A) Basal IGF-1 plasma levels in 1–19 day-old preterm pigs reared in incubators (n = 7–107), near-term pigs reared in incubators (n = 14), and near-term pigs reared with their mother (n = 12). The 19 day-old preterm pigs were subdivided into pigs with intrauterine growth restriction (IUGR, n = 28) or non-IUGR (n = 79), and extrauterine growth restriction (EUGR, n = 26) or non-EUGR (n = 80), with growth restriction defined as the pigs with body weight within the lowest 25% of the growth percentiles. Data are presented as box plots (median and 25/75 percentiles) with whiskers = min to max. The interrupted horizontal line indicates the lower limit of quantitation (20 ng/ml) and the dotted horizontal line indicates the limit of detection (10 ng/ml) of the assay. (B) Serum IGF-1 levels in rhIGF-1/BP-3 and control preterm pigs after a single subcutaneous injection of rhIGF-1/BP-3 or vehicle on day 4 (n = 18–23) (mean ± SEM). (C) Serum IGF-1 levels at euthanasia 0–10 h after the last subcutaneous injections of rhIGF-1/BP-3 or vehicle on day 5 (n = 1–2 for samples taken 1-10 h after last dosing). t = 0 represents samples taken 15 h after last dosing (n = 16–19). *p < 0.05, **p < 0.01, ***p < 0.001.




Experiment 2: Pharmacokinetics of IGF-1

Baseline plasma IGF-1 levels (t = 0) in preterm pigs were generally below the lower limit of quantitation, with an estimated mean level below 20 ng/ml. Following intra-arterial dosing of 0.5 mg rhIGF-1/BP-3, plasma IGF-1 levels peaked 30 min after injection and reached baseline levels by 8 h both in the IA+ and IA- group (Supplementary Figure 1, i.e., passive immunization with sow's plasma contributed minimally to IGF-1 levels). Following subcutaneous administration, IGF-1 levels peaked at 4 h and had sustained elevated levels within the desired physiological range (30–110 ng/ml) for up to 8 h. Finally, following oral administration of 6 mg/kg rhIGF-1/BP-3, plasma IGF-1 levels were comparable to baseline levels at all time points (Supplementary Figure 1, i.e., minimal enteral absorption of IGF-1).



Experiment 3: IGF-1 Supplementation Study


Circulating IGF-1 Levels

At birth, serum IGF-1 levels in cord blood of rhIGF-1/BP-3 and controls pigs were similar and generally near the quantitative limit of 20 ng/ml (n = 24–25). Two, six and 15 h after injection on day 4, the serum IGF-1 levels in pigs treated with rhIGF-1/BP-3 were 54.0 ± 3.6, 38.0 ± 2.6 and below 20 ng/ml, respectively (mean ± SEM). In corresponding control pigs, the estimated IGF-1 levels were below 20 ng/ml throughout (Figure 2B). When pigs were euthanized in a random sequence on day 5, serum IGF-1 levels in rhIGF-1/BP-3 pigs peaked 1.5-4.5 hrs after the last injection, with IGF-1 levels being 55–75 ng/ml. The IGF-1 levels then declined to 20–35 ng/ml 7–9 h after injection (Figure 2C). In all control pigs, values were below 20 ng/ml (Figure 2C, except for one control pig with a value of 24.8 ng/ml).




Clinical Observations, Organ Weights, Blood Chemistry, and NEC Lesions

Until day 4 all pigs were clinically stable with a clinical score = 1 (Supplementary Table 2). One control pig was euthanized on day 4 because of severe clinical NEC symptoms (abdominal distension, cyanosis and bloody diarrhea) while all others were killed on day 5 for planned tissue collection. No differences were found between rhIGF-1/BP-3 pigs and control pigs in birth weight, kill weight and average daily weight gain (Table 1). Likewise, rectal temperatures, clinical scores, fecal scores and physical activity were similar throughout the study period (Supplementary Table 2). At tissue collection on day 5, there were no differences among groups in relative organ weights, intestinal length or gastric pH (Table 1). At this time, hematological values and blood biochemistry values were similar between groups, except that rhIGF-1/BP-3 treatment increased the leukocyte and neutrophil counts (p < 0.05, Supplementary Tables 3, 4). Of note, basal plasma glucose levels were not significantly affected by rhIGF-1/BP-3 treatment.


Table 1. Relative organ weights and parameters of preterm pigs treated with rhIGF-1/BP-3*.

[image: Table 1]

When the incidence of NEC lesions included mild cases (score ≥3 in at least one gut region) there was no significant difference between groups (15/24 in rhIGF-1/BP-3 pigs vs. 20/24 in control pigs), but severe NEC lesions (score ≥4 in at least one gut region) was less frequent in rhIGF-1/BP-3 pigs than in control pigs (7/24 vs.16/24, p = 0.01, Figure 3A). Accordingly, average NEC severity across the entire gut and NEC scores in the colon region were lower in rhIGF-1/BP-3 vs. control pigs (Figures 3B,C, both p < 0.05). Stomach, small intestine and colon NEC lesions were present in 13 (37%), 8 (23%), and 32 (91%) out of the total 35 NEC cases, respectively (Supplementary Table 5). Thus, colon lesions occurred most frequently in 5 day-old preterm pigs, with three pigs (9%) having NEC in both colon and small intestine, nine pigs (26%) having NEC in both colon and stomach and 3 pigs (9%) having NEC in all three gut regions (Supplementary Table 5).
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FIGURE 3. Intestinal lesions and structure. (A) Incidence of severe NEC (defined as score ≥4 in at least one gut region) in rhIGF-1/BP-3 and control preterm pigs (n = 24). (B) NEC severity score across gut regions in rhIGF-1/BP-3 and control preterm pigs (n = 24). (C) Individual NEC scores in stomach, small intestine regions (highest score of the proximal, middle and distal section) and colon regions (highest score of the colon and cecum). (D) Villus length, crypt depth and Ki67 stained area relative to total nuclei area in tunica mucosa in mid small intestine (n = 23). Values are mean±SEM. (E) Immunohistochemically staining for Ki67 with hematoxylin counterstain in a representative middle small intestine section from a preterm pig treated with rhIGF-1/BP-3 and a control preterm pig. Pictures are 10x. *p < 0.05, **p < 0.01, ***p < 0.001.




Intestinal Histology, Permeability, Digestive Enzymes and Cytokines

In the mid small intestine, rhIGF-1/BP-3 pigs had increased villus length compared with control pigs (p < 0.05, Figure 3D). When the four pigs with severe NEC lesions in this region (lesion score ≥ 4) were excluded from the analysis, the villus height difference between groups disappeared, indicating that the rhIGF-1/BP-3 effect on villus morphology occurred via a NEC-protective effect. No differences in crypt depth or Ki67 density, reflecting the enterocyte proliferation rate, were observed (Figures 3D,E). In the colon, crypt depth (63.9 ± 1.6 vs. 64.1 ± 2.5 μm) and density of mucin-containing goblet cells (5.9 ± 0.7 vs. 5.3 ± 0.9 %) did not differ between rhIGF-1/BP-3 and control pigs.

No significant differences were observed between rhIGF-1/BP-3 and control pigs in intestinal permeability, as indicated by the urinary lactulose/mannitol ratio and accumulation of bacteria in the bone marrow (Figures 4A,B). Relative to control pigs, rhIGF-1/BP-3 pigs had a 44% (p = 0.01) and 31% (p = 0.02) increase in activity of the brush border peptidases ApN and DPPIV respectively, while ApA and disaccharidase activities (sucrase, maltase, lactase) did not differ between groups (Figure 4C). No significant differences in TNFα, IL-1β, IL-6 or IL-8 levels in the mid small intestine or colon were observed (Figures 4D,E).
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FIGURE 4. Intestinal functions (means ± SEM). (A) Concentration of lactulose/mannitol (Lac/Man) ratio to asses intestinal permeability in the urine on day 5 (n = 18–22), and (B) bacterial load in bone marrow (colony forming units, CFU) to assess bacterial translocation on day 5 (n = 23–24). (C) Brush border enzyme activities in mid small intestine (n = 24, ApN, aminopeptidase N; ApA, aminopeptidase A; DPPIV, dipeptidylpeptidase). Pro-inflammatory cytokines in (D) middle small intestine and (E) colon (n = 23–24). *p < 0.05, **p < 0.01, ***p < 0.001.





DISCUSSION

Considering the ongoing clinical trials on IGF-1 supplementation in extremely preterm infants, it is important to understand how elevated IGF-1 levels in the postnatal period may affect organ development in preterm neonates short- and long-term. Using preterm NEC-sensitive pigs as models for such infants, we now examined the short-term effect of supplemental rhIGF-1/BP-3 on clinical variables, gut maturation and NEC incidence. Supporting our earlier studies (30), circulating IGF-1 levels remained low in preterm pigs for at least 3 weeks after birth (until the weaning transition period), at levels similar to those reported in hospitalized very and extremely preterm infants (2, 4). Conversely, IGF-1 values in 3 week-old near-term pigs reared by their sow were similar to values for normal in utero human fetuses in the weeks before full-term birth (4). In control preterm pigs, we could only estimate the basal IGF-1 levels as most of the values were below the limit of optimal quantitation for our assay. Thus, a window of opportunity for supplemental IGF-1 may exist in the first week(s) after preterm birth. Our results suggest that IGF-1 supplementation in the first days after birth, restoring circulating IGF-1 levels for up to 6 h twice daily for 4 days, did not negatively affect clinical parameters, gut function or NEC. Rather, the treatment induced a moderate reduction in NEC incidence, accompanied by increased intestinal villus heights and peptidase activities that are good markers of villus integrity and function in preterm pigs (25–29). Further studies in both pigs and infants are required to confirm these findings.

It is well-documented that IGF-1 stimulates enterocyte proliferation and function (10, 12, 14, 15) but we were unable to demonstrate effects on epithelial proliferation, as tested by immunohistochemical staining. Enterocyte proliferation is relatively slow in fetuses and preterm neonates, especially in the more distal parts of the intestine, and IGF-1 may have worked to increase enterocyte lifespan and differentiation rather than stimulating proliferation, like in rodents after intestinal injury (9–11) or preterm pigs given milk diets rich in IGF-1 (34), supporting the effects of oral IGF-1 on gut growth, nutrient absorption, and enzyme activities in term pigs (13–15). Fresh milk contains important nutrients and multiple bioactive factors and the beneficial effects of mothers' milk and colostrum on gut maturation and NEC in infants are well-documented (20, 35). Colostrum and milk feeding also improve gut function and reduce NEC incidence and severity in preterm pigs relative to formula feeding (27, 29, 36). This may in part relate to high IGF-1 exposure (37, 38). Industrial processing of bovine milk for infant formula, for example, filtration and heat treatment steps, reduces the concentrations of bioactive proteins, including IGF-1 (34).

Impaired innate and adaptive immunity is a hallmark of prematurity and IGF-1 may play a role in this. In both preterm pigs and infants, a low number of leucocytes, specifically neutrophils (neonatal neutropenia), may contribute to high susceptibility to infection, sepsis and NEC (23, 39, 40). However, in this study no correlation was observed between the number of leucocytes in the blood and the number of bacteria in the bone marrow of individual pigs (data not shown). In infants, IGF-1 has anti-inflammatory effects on newborn cord blood (41) and in rodents IGF-1 inhibits the TLR4/NF-κB signaling pathway and secretion of pro-inflammatory cytokines (42). The neutropenia and depressed immune function in preterm infants (40) and pigs (23, 39) may be partly prevented by IGF-1 treatment, like in other life stages (7, 43), but more studies are required to test this hypothesis.

Locally in intestinal epithelial cells, IGF-1 increases the expression of mucin and SIgA and protects against oxidative injury, thereby promoting mucosal barrier functions (8, 42). In this study, the macroscopic IGF-1 effects in the colon were not accompanied by changes in tissue cytokine levels or mucosal barrier function in the small intestine, as indicated by the urinary lactulose/mannitol ratio, bacterial load in the bone marrow or goblet cell density, despite that the overall NEC severity was similar to that reported in earlier similar studies in preterm pigs (39, 44, 45). However, some of these parameters may be mostly affected by NEC lesions in the small intestine vs. colon (where lesions occurred most frequently in this study), as shown in our previous study on region-dependent NEC effects on systemic inflammation in preterm pigs (46). In follow-up studies, we have quantified the expression levels of a series of immune-related genes specifically in the colon region (C3, CASP3, HIF1A, IL17, IL8, LBP, MPO, OFLM4, TLR2, TLR4, VEGF) but no significant differences were found between rhIGF-1/BP-3 pigs and control pigs on day 5 (unpublished observations). We conclude that the chosen treatment regimen, like dose, time and length of administration, had minimal effects on both intestinal and colonic immune responses in preterm pigs, despite the observed NEC-protective effects.

In the recent Swedish infant rhIGF-1/BP-3 intervention study, treatment reduced BPD and IVH severity, while the primary endpoint (retinopathy of prematurity, ROP) was unaffected (17). Conclusions regarding NEC effects were not possible due to low sample size and low NEC rate. The overall incidence of NEC was similar between groups (5–6 out of 60–61 infants), but the number of fatal NEC cases was highest in the rhIGF-1/BP-3 treated group (3 vs. 0), which raises some concerns despite the low number of cases. NEC remains a frequent and serious disease with potential fatal outcomes or long-term consequences for infants (18, 19, 21, 47). Current treatment strategies include bowel rest, nasogastric decompression, systemic antibiotics, respiratory and cardiovascular support and in the worst cases, surgical intervention (25–50% of NEC cases) (35, 48).

Preterm infants are a highly heterogeneous patient group and standardized rhIGF-1/BP-3 supplementation of all extremely preterm infants is unlikely to be appropriate. Because of the short circulating half-life of IGF-1 after subcutaneous and intravenous injections with rhIGF-1/BP-3, a current need for daily administration via indwelling catheters or repeated injections, is another challenge that needs to be overcome and adapted to clinical practice. The present pre-clinical safety and efficacy results in preterm pigs are promising but results should be interpreted with caution. Importantly, the short duration of twice daily subcutaneous dosing and the short half-life of rhIGF-1/BP-3 did not result in longer-lasting, continuous physiologic levels of circulating IGF-1 in preterm pigs. This may partly explain the limited effects and benefits across all the investigated clinical, blood and tissue parameters in preterm pigs during the first 5 days of life. We have recently tested the effects of a longer, higher and more frequent dose of rhIGF-1/BP-3 (0.75 mg/kg three times daily until day 9 after birth) and confirmed the reduction in NEC incidence, together with a clear increase in intestinal weight (unpublished observations). Provision of rhIGF-1/BP-3 at the right time and dose may be safe and support growth and organ development in subgroups of preterm infants, but more studies, across multiple organs, are required before rhIGF-1/BP-3 can used in clinical practice for groups of preterm infants.

Prematurity involves developmental deficits across multiple organs in the body, making exogenous IGF-1 an attractive early therapy for very preterm infants with its well-documented multi-functional physiological benefits in animal models and low levels after preterm birth in humans. Neonatal IGF-1 supplementation is clearly a therapy where the benefits vs. potential unforeseen treatment risks must be thoroughly investigated. Importantly, organ systems develop differently in various mammals relative to the normal time of birth, either preterm or term. This makes it a challenge to translate the effects of exogenous IGF-1 observed for one organ system at one time point in one species (e.g., pigs) to corresponding conditions in another species (e.g., infants). Preterm pigs are more sensitive to develop NEC lesions than very preterm infants and lesions often first appear in the colon region, unlike infants (39, 44, 48). However in both infants and pigs, the predisposing factors for NEC lesions are similar, for example, low gestational age, aggressive enteral (formula) feeding and adverse gut bacterial colonization (25–27, 29, 44). These interact with a number of other determinants, eventually leading to breakdown of the gut mucosal barrier and excessive mucosal inflammation (20, 35).

Future studies, potentially using pigs as models, should further study both short- and long-term NEC effects of IGF-1 and other critical morbidities known from very preterm infants, like BPD, IVH and ROP. In such studies, it will also be important to verify if IGF-1 supplementation in early life may alleviate the growth restriction and nutrient dysmetabolism often observed in very preterm infants.
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Background: After very preterm birth, male infants show higher mortality than females, with higher incidence of lung immaturity, neurological deficits, infections, and growth failure. In modern pig production, piglets dying in the perinatal period (up to 20%) often show signs of immature organs, but sex-specific effects are not clear. Using preterm pigs as model for immature infants and piglets, we hypothesized that neonatal survival and initial growth and immune development depend on sex.

Methods: Using data from a series of previous intervention trials with similar delivery and rearing procedures, we established three cohorts of preterm pigs (90% gestation), reared for 5, 9, or 19 days before sample collection (total n = 1,938 piglets from 109 litters). Partly overlapping endpoints among experiments allowed for multiple comparisons between males and females for data on mortality, body and organ growth, gut, immunity, and brain function.

Results: Within the first 2 days, males showed higher mortality than females (18 vs. 8%, P < 0.001), but less severe immune response to gram-positive infection. No effect of sex was observed for thermoregulation or plasma cortisol. Later, infection resistance did not differ between sexes, but growth rate was reduced for body (up to −40%) and kidneys (−6%) in males, with higher leucocyte counts (+15%) and lower CD4 T cell fraction (−5%) on day 9 and lower monocyte counts (−18%, day 19, all P < 0.05). Gut structure, function and necrotizing enterocolitis (NEC) incidence were similar between groups, but intestinal weight (−3%) and brush-border enzyme activities were reduced at day 5 (lactase, DPP IV, −8%) in males. Remaining values for blood biochemistry, hematology, bone density, regional brain weights, and visual memory (tested in a T maze) were similar.

Conclusion: Following preterm birth, male pigs show higher mortality and slower growth than females, despite limited differences in organ growth, gut, immune, and brain functions. Neonatal intensive care procedures may be particularly important for compromised newborns of the male sex. Preterm pigs can serve as good models to study the interactions of sex- and maturation-specific survival and physiological adaptation in mammals.
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INTRODUCTION

Across the lifespan, overall morbidity and mortality is higher in males than in females, caused by a multifaceted interaction among biological factors, societal conditions, and environmental determinants (1). The physiological mechanisms of the interacting sex- and age-related morbidities remain unknown and studies indicate that the male deficits are greatest at short gestational age at birth (2). Males are overrepresented among preterm infants and show an increased post-natal mortality compared with their female counterparts (3). Male sex is more prevalent with decreasing gestational age at birth, suggesting that male sex itself may be a risk factor for preterm birth (4). After preterm birth, deficient respiratory and immune functions may increase mortality (4, 5), potentially linked to later reduced body growth (6, 7) and more frequent neurological sequelae (4). While such complications may be specific for preterm birth, indications of increased mortality of term male infants, across the entire lifespan, imply that differences in survival capacity may exist between sexes, even after term birth (1, 8).

It is unknown if neonatal survival and adaptation is sex-specific across mammalian species. For pigs, perinatal mortality is high (15–25%) in both modern and traditional farming systems (9–15). A higher male piglet mortality is reported for outdoor, extensive systems with moderate litter size (16, 17) and impaired locomotion, hypothermia and lacking energy and passive immunity via sow's colostrum have been suggested as causative factors for increased male mortality (16). Intensive breeding programs for prolonged lean tissue growth (physiological immaturity) and large litter size in high-intensity facilities may increase the number of weak piglets (18–20). Considering the above knowledge of sex-specific effects for preterm infants, this may increase sex-specific neonatal morbidities for modern piglets. Pig growth rates and litter size are top in the world in Denmark (mean 18, range 15–30 piglets/sow) and perinatal mortality remains high, despite genetic selection for survival (9, 21). Previous studies in preterm pigs suggest that the combination of immaturity and growth restriction at birth negatively affects systemic and gut immunity (22–25).

Among the immune-related morbidities in preterm infants, necrotizing enterocolitis (NEC), a serious gut inflammatory disorder (26), does not appear to differ between males and females, although few studies report higher NEC incidence in males (27). Conversely, sex-specific differences in systemic immunity complications are reported, and full-term male infants show weaker innate and adaptive immunity, reduced vaccine response and poorer pathogen clearance (8, 28). These results indicate fundamental sex-specific differences in systemic immune functions, possibly driven by sex hormones, because differences accelerated after puberty in the above studies. Other hormones, such as glucocorticoids, critical for neonatal maturation and survival across many species, could also play a role for sex-specific survival after term birth (29, 30). Less is known for immature infants, but because sex-specific differences may manifest themselves already in utero (31), it is plausible that immaturity at birth pre-dispose to sex-specific effects on morbidity and mortality. Further, maternal inflammation and infection are known to affect infant immunity both in the neonatal period and beyond (32, 33). Male term and preterm infants also have higher risk of positive blood cultures and sepsis, indicating a higher post-natal sensitivity to infection (4, 34), and cord blood from male infants show greater pro-inflammatory response to lipopolysaccharide (LPS) (35). However, in other studies cord blood mononuclear cells from term and preterm infants did not show sex-specific differences in response to Toll-like receptor agonists (36). While these data confirm sex-specific responses and morbidities in some, but not all, human studies, they do not provide insight into mechanisms and whether sex effects exist across mammals with/without preterm birth. Observational studies in preterm infants provide limited insight into organ-specific mechanisms and results are often confounded by variable fetal conditions, gestational ages and post-natal treatments.

During 20 years, we have conducted numerous experiments with preterm pigs as models for preterm infants and immune-compromised newborn production pigs, using similar procedures for delivery (elective cesarean section at 90% gestation) and neonatal care (e.g., incubator rearing with supplemental oxygen, heating, and parenteral/enteral nutrition) (37, 38). This animal model has been used to assess effects of immaturity itself (reduced gestational age at birth) (39–45) and dietary, microbial and pharmacological interventions on nutritional (46), gastrointestinal (47, 48), immune (49, 50), and neurological endpoints (51–54). Across these separate experiments, no consistent sex-specific effects were reported. Larger cohorts of preterm pigs, across variable clinical complications and interventions, may be required to demonstrate sex-specific effects. We hypothesized that cohorts of preterm pigs, like preterm infants, show increased mortality of male offspring, potentially related to sex-specific development of organ growth and gut, immune and brain functions. This knowledge may help to define the need for sex-specific care procedures in pig production (e.g., intensive care procedures, artificial rearing, cross-fostering) as well as in human neonatatology.



METHODS


Animals and Their Treatment

All animal experiments were conducted under a license from the Danish National Committee on Animal Experimentation (2014-15-0201-00418). We compiled a database from previous experiments performed with preterm pigs 2009-2020, all using the same delivery procedures and rearing facilities (37). For all measured outcomes in total 1,938 preterm pigs from 109 litters across 37 experiments (Table 1), we collected sex-specific results when the same outcome parameter was measured across several experiments (aiming to have n > 100 for each sex). Across the different experiments, preterm pigs were reared for 4–5, 8–9, or 19 days and the three cohort groups were denoted 5, 9, and 19 day cohorts. An overview of the number of pigs, litters and experiments with specific interventions related to diet (e.g., feeding of formula, porcine, bovine or human milk, or colostrum), microbes (e.g., administration of pre-, pro- and antibiotics) or drugs (e.g., cortisol, IGF-1) is shown in Supplementary Table 1. While some biological endpoints were shared among experiments, other parameters were assessed only in some experiments, resulting in different n numbers for different parameters for each cohort. For immune endpoints, we first assessed the sex-specific responses to systemic infection for subgroups of pigs younger than 5 days, not included in the 5, 9, or 19 day cohorts (described in detail later).


Table 1. Overview of cohorts of preterm pigs.

[image: Table 1]

All pigs (Duroc × Yorkshire × Danish Landrace) were delivered by elective cesarean section at 105–106 days gestation (term = 117 ± 1 days), and while anesthetized, piglets were fitted with oro-gastric feeding tubes and umbilical arterial lines. The pigs were reared in incubators with supplemental oxygen for the first 12 h (1–2 L/min), extra heating to prevent hypothermia and standardized parenteral and enteral feeding, as described previously (37). In the day 5 cohort, pigs had their rectal temperature taken at 2 h intervals for the first 12 h of life (data available for n = 719, 49% male). Furthermore, all pigs were infused with maternal plasma (16–20 mL/kg) within the first 24 h to ensure a standardized level of systemic passive immunity to support immunological protection (e.g., maternal IgG), independent of their sow's colostrum, thus excluding by this artificial rearing system any variability induced by differential piglet-sow interactions. Figure 1 presents an overview of rearing conditions and possible clinical complications in 90% gestation preterm pigs when reared for 5, 9, or 19 days.
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FIGURE 1. Illustration of clinical care procedures (green text) and possible morbidities (red text) for cesarean-delivered 90% gestation preterm pigs, reared as models for preterm infants. Preterm pigs show clinical and physiological characteristics reflecting very preterm infants (<32 weeks gestation) but comparisons to infants are both age- and organ-specific (37). Based on the reports of gender-specific morbidities in preterm infants, we investigate if sex-specific effects are present in preterm pigs at different stages after preterm birth.


Several different enteral diets and interventions were used in the studies (see Supplementary Table 1) while the same formulation of parenteral nutrition (modified composition of Kabiven, Fresenius Kabi, Sweden) was used across experiments (41, 48, 51, 55). Across all experiments, pigs were randomly allocated to treatment groups stratified by sex and birth weight, thereby ensuring an even sex distribution in each intervention. During the studies, pigs were euthanized ahead of time if serious complications developed, defined as humane endpoints in accordance with criteria and the license from the Danish National Committee on Animal Experimentation. As described previously (37), the majority of mortalities for preterm pigs reared under such conditions occur within the first 48 h of life. Therefore, only pigs dying within this early neonatal period were included into mortality data for the present study. Pigs dying from iatrogenic causes (e.g., catheter-related complications with blood loss) were excluded from the analyses. At the end of the pre-defined study periods, all pigs were sacrificed by intracardial injection of phenobarbital after which organ weights were recorded and tissues sampled according to the different study protocols.



Neonatal Mortality and Blood Immunity, Hematology and Biochemistry

Across all experiments, we identified the litters where mortality within the first 48 h was accurately reported and noted as spontaneous death or euthanasia. Respiratory distress was commonly observed for such preterm pigs, but a detailed clinical and post-mortem organ investigation of the piglets was not performed. Hematology parameters were evaluated at birth (from the cord, during cesarean delivery), day 9 and day 19 (Advia 2120 Hematology System, Siemens Healthcare Diagnostics, Tarrytown, NY, USA) and plasma biochemistry was recorded at day 19 (Advia 1800 Chemistry System, Siemens, Erlangen, Germany).

Before analyzing organ data for the 5, 9, and 19 day cohorts, we explored the sex-specific differences in neonatal immune response by re-examining data from two previously conducted experiments modeling neonatal sepsis in infants (23, 56). These animals were not included among the 5, 9, or 19 day cohorts because the study length was shorter than 5 days. In short, preterm pigs were infused with live Staphylococcus epidermidis (1 × 108-5 × 109 CFU/kg body weight) bacteria through the umbilical caterer, either few hours after birth (n = 38, 53% male) or after 48 h (n = 39, 56% male), without prior provision of maternal plasma. The animals were followed for 24–48 h and hematological and arterial blood gas parameters evaluated. Animals inoculated with bacteria at birth were kept exclusively on parenteral nutrition whereas those inoculated after 48 h were supplemented with enteral milk diets. A detailed description of the experimental setup and bacterial inoculation procedure is available (23).

In the 9 day cohort, and in a subgroup of the 5 day cohort (n = 75, 40% male), spontaneous bacterial infection of the bone marrow was determined. After euthanasia, the femur head was dissected in a sterile manner and a sample of bone marrow collected. This sample was homogenized, serially diluted, plated out on agar and cultured for 24 h. Afterwards, bacterial density was calculated as culture-forming units (CFUs) per milliliter of bone marrow homogenate.

In 9 day pigs, and in a subgroup of day 19 pigs (n = 148, 51% male), flow cytometry (FACS) was used to determine T cell subsets, as described elsewhere (24). Using fluorescent-labeled antibodies against CD3, CD4, CD8, and FOXP3, the fraction of T cells, CD4+ T cells, CD8+ T cells and regulatory T cells (CD3+CD4+FOXP3+) were established. For the same pigs, the FACS equipment was used to determine neutrophil phagocytic function (57). In short, whole blood samples were incubated with fluorescent-labeled Escherichia coli (pH rhodo, Thermofischer, USA) and the phagocytic rate was defined as the fraction of neutrophils with internalized bacteria and the phagocytic capacity as the median fluorescent intensity of those neutrophils.

In the 9 day cohort, leucocyte gene expression at birth was evaluated using cord blood. Using primers against a panel of immune related genes, the relative expression of genes in whole blood, before and after stimulation with LPS, was calculated. Gene expression levels were presented as fold change, relative to a housekeeping gene. The same analysis was repeated at day 9 for a subgroup of animals (n = 38, 53% male). A full description of the genes investigated and methodologies are published elsewhere (22). Cortisol levels in plasma were measured by enzyme linked immune assay (R&D systems, USA) in cord blood (n = 112, 49% male) and at euthanasia in the day 5 (n = 164, 44% male) and day 19 cohorts (n = 60, 53% male).



Growth, Organ Weights and Gut Endpoints

Body weights at birth and euthanasia were used to calculate growth rate as relative daily weight gains across the study period (g/kg/day). At euthanasia, all major internal organs were evaluated and weight relative to body weight recorded. In a subgroup of the 19 day cohort (n = 86, 53% male) a full body dual-energy X-ray absorptiometry (DEXA, Lunar Prodigy scanner, GE Healthcare, Little Chalfont, UK) was performed at euthanasia to determine body composition, as described previously (41).

Sensitivity to NEC in preterm pigs is highest during the first 1–2 weeks after birth (58), and for the 5 and 9 day cohorts, the stomach, small intestine, and colon was visually inspected post-mortem for signs of inflammation and occurrence of NEC lesions, according to the same validated scoring system, with score 1–2 representing healthy tissue, 3–4 some evidence of NEC lesions, and 5–6 reflecting severe lesions (59). Brush border enzyme activities, including sucrase, maltase, lactase, aminopeptidase N (ApN), aminopeptidase A (ApA), and dipeptidyl peptidase IV (DPPIV), were evaluated across the small intestine for the 5 and 19-day cohorts (48). Using formalin-fixed small intestinal tissue, villus height and crypt depths were determined (48).



Neurodevelopment and Behavior

Brain weights were recorded and specifically for the 19 day cohort, the brains were further dissected to assess the relative size of each brain region [as percentage of the whole brain (60)]. Furthermore, in the 19 day studies, we performed a T maze-test, as a measure of spatial memory (Figure 1), explained in detail elsewhere (51, 52, 54). Briefly, from 10 days of age preterm pigs were placed in a T-shaped maze with a milk reward in one arm. Using visual clues on the walls, pigs could learn to find the reward following their daily tests in the maze. The number of days until pigs chose the right path in at least 80% of trials, was considered as the time taken to learn the task. The pigs were also subject to an open field test investigating explorative free movement behavior [Figure 1, (54)].



Statistical Analyses

All statistical analyses were performed using Stata 14.2 (StataCorp, Texas, USA). Categorical data was compared by Fischer's exact-test and an unadjusted odds ratio, with corresponding confidence interval (CI) calculated. Continuous data were compared using a linear mixed effect model with litter and diet type as fixed factors. Variables that could not conform to normal distribution were logarithmically transformed. If normal distribution could not be obtained, data was compared by Kruskal Wallis'-test. Data collected at several time points were mostly from independent samples and therefore compared separately for each time point. When analyzing immune related endpoints any animals treated with an antibiotic intervention were censored from analysis. Results were presented as means with corresponding standard error of the mean (SE).




RESULTS


Neonatal Mortality and Blood Immunity, Hematology and Biochemistry

Across the 109 litters of pigs, there were a mean of 17.8 live-born piglets per sow (Table 1). Mortality within the first 48 h was recorded for 833 live-born preterm pigs (48% male) from 18 experiments and 44 of these litters. From these litters, 107 (13%) died within 48 h of birth. The mortality was higher in male than female piglets (18 vs. 8%, P < 0.001). The unadjusted odds ratio for male piglets dying within 48 h compared to female was 2.4 (CI: 1.6–3.8, P < 0.001). Rectal temperatures decreased in the first 3–4 h after birth, despite being reared in incubators (to 34–35°C), but recovered thereafter to normal temperatures, as shown previously for preterm vs. term pigs (61). The temperature curve during the first 24 h after birth did not differ between male and female pigs (data not shown).

Hematological parameters at birth did not differ between female and male preterm pigs. By day 9, male piglets had higher total leucocyte counts (Table 2, P < 0.05) with a tendency to lower hemoglobin and haematocrit values (Table 2, both P = 0.09). At day 19, the male piglets showed lower hemoglobin concentration and haematocrit values (Table 2, both P < 0.01) with lower monocyte counts (Table 2, P < 0.05). Cortisol levels did not differ between the females and males, neither in cord blood (58.0 ± 2.1 vs. 63.4 ± 3.4 ng/mL, P > 0.1), at day 5 (87.5 ± 9.7 vs. 83.6 ± 7.5 ng/mL, P > 0.1) or by day 19 (60.0 ± 15.5 vs. 60.2 ± 18.2 ng/mL, P > 0.1). Furthermore, no differences in the serum biochemical parameters were found between female and male piglets on day 19, except higher aspartate aminotransferase levels in male piglets (Table 3, P < 0.05).


Table 2. Hematological parameters of female and male preterm pigs on day 1, 9, and 19.

[image: Table 2]


Table 3. Serum biochemistry in female and male piglets at day 19.
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Animals inoculated with S. epidermidis right after birth showed marked sex-specific differences in their responses. Males showed higher neutrophil fractions and platelet counts with lower leucocyte fraction 6–12 h after inoculation (Figures 2A–C, P < 0.05–0.001). This result was coupled with a higher blood pH (Figure 2D, P < 0.05) and oxygen pressure (Figure 2E, P < 0.01–0.001), and with lower blood lactate (Figure 2F, P < 0.001). When the same experiment was conducted 48 h after birth, no differences in hematology or blood gas parameters between females and males were detected (data not shown).
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FIGURE 2. Hematological and blood gas parameters in female and male preterm pigs (open and filled circles, respectively) inoculated with live S. epidermidis bacteria shortly after birth. Neutrophil fractions (A, n = 38). Platelet counts (B, n = 38). Lymphocyte fractions (C, n = 38). Blood acidity (D, n = 38). Blood oxygen pressure (E, n = 38). Blood lactate levels (F, n = 38). All shown as means with corresponding SE. *P < 0.05, **P < 0.01, ***P < 0.001.


There was no difference in the occurrence of spontaneous bacterial infection in bone marrow on day 5, but by day 9, male piglets tended to have a higher infection incidence (71 vs. 56%, Figure 3A, P = 0.06). However, the bacterial densities in the bone marrow did not differ between females or males, neither at day 5 nor at day 9 (Figure 3B, both P > 0.1). There were no differences in T cell subsets at birth or by day 19. However, by day 9, male preterm pigs showed lower fraction of T cells and CD4 positive T cells (Figures 3C,D, both P < 0.05). Neutrophil phagocytic function did not differ between female and male preterm piglets at birth, day 9 or day 19 (data not shown).
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FIGURE 3. Incidence of bone marrow bacterial infection (A, n = 74 and 130) with corresponding bacterial densities (B, n = 74 and 130), as well as fractions of T cells (C, n = 52–148), CD4 positive T cells (D, n = 52–148) and expressions of IL2, IFNG, TLR2, and MPO (E–H, n = 38–81) in male and female preterm pigs. Shown as fractions (A), means with corresponding error (B–D) and fold- changes in relation to housekeeping gene, before and after stimulation with lipopolysaccharide (LPS, E–H). (*)Tendency to an effect, P < 0.1, *P < 0.05. §Effect of LPS, P < 0.1, §P < 0.05, §§P < 0.01, §§§P < 0.001.


Leucocyte gene expression at birth was performed for 81 preterm pigs (51% male) and was repeated at day 9 for a smaller subgroup (n = 38, 53% male). At birth, male piglets showed higher expression of IL2, both before and after stimulation with LPS (Figure 3E, both P < 0.05), male pigs also had higher expression of IFNG after stimulation with LPS (Figure 3F, P < 0.05). Furthermore, male piglets had lower expression of TLR2 and with higher expression of MPO than females (Figures 3G,H, both P < 0.05). By day 9, there was a tendency to higher expression of IL2 in male pigs after LPS stimulation (Figure 3E, P = 0.09). No further differences between female and male preterm pigs were found at day 9.



Growth, Organ Weights and Gut Endpoints

Mean birth weight did not differ between female and male preterm piglets in any of the pig cohorts and ranged 912–998 g. However, relative daily weight gain was lower in male piglets, both at day 5, 9, and 19 (Figure 4A, all P < 0.05). For organ growth, 5 day male piglets showed lower relative kidney and small intestinal weight (Table 4, P < 0.001 and P < 0.05, respectively), with a tendency toward higher relative brain weight (Table 4, P = 0.065). In the cohort of pigs reared for 19 days, the relative kidney weight was still lower in male piglets (P < 0.001) whereas other organ weights did not differ, apart from a tendency to lower colon weight in male piglets both at day 9 and 19 (Table 4, P < 0.10). No sex-specific differences in body composition at day 19, as evaluated by DEXA scanning, were found (data not shown).
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FIGURE 4. Growth rates for 5, 9, and 19 day cohorts (A, g/kg/day, n = 1,135, 319, and 221), incidence of necrotizing enterocolitis (NEC score ≥3) at day 5 and 9 (B, n = 1,152 for day 5 and n = 319 for day 9), and brush border enzyme activities at day 5 (C, n = 1,028) for male and female preterm piglets. Shown as means with corresponding SE (A,C) or as proportion of animals (%) in the cohort (B). (*)Tendency to effect, P < 0.1, *P < 0.05, **P < 0.01.



Table 4. Relative organ weights (g per kg body weight) of male and female preterm pigs.
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On day 5, 48% of pigs assessed for NEC (n = 1,152) showed mild-severe signs of NEC upon necropsy (score ≥3 in at least one region), while 36% showed more severe signs (score ≥4 in at least one region), but for both categories, no differences between males and females were observed (Figure 4B). Likewise, there was no difference in the average NEC severity score between males and females, even when stratifying across different regions of the gut (data not shown). The corresponding values for day 9 piglets with NEC scores (n = 319) were 64 and 54%, again with no differences between males and females.

After 5 days, male piglets showed lower activity of lactase and DPPIV (Figure 4C, P < 0.05 and P < 0.01, respectively) with a tendency to higher activity of ApN (P = 0.06). In pigs reared for 19 days, there were no differences in brush border enzyme activities (data not shown). Likewise, there were no difference between villus height or crypt depth across gut regions in pigs reared for either 5 or 19 days (data not shown).



Neurodevelopment and Behavior

On day 19, male pigs had higher absolute weight of cerebellum (2.87 vs. 2.76 g, P < 0.05), and higher relative weights cerebellum (% of total brain weight, Table 5, P < 0.001), relative to female pigs. Other brain weight measures did not differ. Measured outcomes of motor function, explorative behavior, cognition, and visual memory (open field and T-maze-tests), did not show any significant differences between male and female piglets at any time points during the test (data not shown).


Table 5. Brain parameters in male and female preterm pigs after 19 days.
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DISCUSSION

To optimize the care and treatment of immature neonates, it is important to know to which extent males and females have different risk factors and respond differently to treatments. Using our preterm pig model of immature birth, we studied preterm male and female pigs during the neonatal transition (5 days), post-natal adaptation (9 days) and initial growth phases of development (19 days, Figure 1). Following elective cesarean section in late gestation, this animal model mimics many of the complications of weak, compromised piglets at term, and of very preterm infants (e.g., immature lung, metabolic, thermoregulatory, gut, immune, and brain functions (37, 38, 62), yet it avoids the possible confounding effects of fetal factors leading to preterm birth in humans (e.g., maternal inflammation, hypertension, placental dysfunction). Further, our standardized rearing and feeding protocols ensure that we can isolate intrinsic biological differences between the sexes, independent of interactions with their mother for thermoregulation, nutrient uptake or passive immunity. Using this model we now show that neonatal mortality in immature preterm pigs is much higher in male vs. female pigs, despite a seemingly improved resistance to bacterial infection within the first days. There was a clear reduction in body growth in surviving male pigs, but apart from this the observed sex-specific gut, immunity and brain differences were marginal, at least compared with effects of most nutritional, microbial, or pharmacological interventions in preterm pigs (37). How sex-specific differences shortly after preterm birth may develop toward puberty and adulthood remains to be shown, and in-depth studies on immunity, growth and organ functions are required in both pigs and infants.

Despite the clear difference in neonatal mortality, we are limited by the fact that our preterm pig studies did not include a detailed diagnosis of the cause of death. Yet, studies in infants suggest that poor respiratory function in preterm males is a key contributor to increased mortality (5) and cohort studies have shown that males, both late pre-terms and terms, have higher risk of respiratory distress syndrome (RDS) (63), possibly related to less surfactant production in late gestation (64, 65). Following cesarean section at 90% gestation, a large proportion of preterm pigs show RDS-like symptoms and lung immaturity, as assessed by reduced blood oxygen levels and macroscopic lung appearance at autopsy (atelectasis) (39, 41, 57, 61). However, we have not systematically registered the degree of post-natal respiratory distress in our studies. Interestingly, we did not detect any differences in cord blood levels of cortisol, a hormone well-known to stimulate lung development and respiratory function in preterm infants (66) although differences in cortisol production between the sexes may be masked by the cesarean section that may not stress the piglets as much as preterm labor. We have previously shown that blocking cortisol production in newborn pigs lead to increased neonatal mortality (29). Likewise, low cortisol levels at birth are associated with neonatal mortality in production pigs (30), highlighting the importance of this hormone after birth. Lower body temperature has also been observed in male production pigs and poor thermoregulation was suggested to contribute to increased mortality (16). However, we did not observe any differences in our study in the first 24 h of life but sex-specific differences in rectal temperature and thermoregulation could have been hidden by our tight control of temperatures in incubators.

Beyond the neonatal period, surviving male preterm pigs in our study showed reduced growth rate, kidney weight and activity of some digestive enzymes. Gut growth was not markedly affected although the slightly reduced intestinal weight on day 5, and tendency to reduced colon weight at day 9–19, may indeed reflect a slight delay in gut development in males. The magnitude of the transient male-specific reduction in lactase and DPPIV activity on day 5 remained quantitatively of lower magnitude (e.g., 5–10% reduction) than those of feeding formula vs. intact milk diets or colostrum (47, 67) or changes to gut bacterial colonization (relative to germ-free rearing or antibiotics treatment) (47, 55, 68). The limited effect of sex on gut development and NEC in preterm pigs, despite their high NEC sensitivity in the first 1–2 weeks (37), is consistent with observations in preterm infants, where gender does not markedly affect NEC risk (27, 69, 70).

The slower body growth in male vs. female preterm pigs is consistent with the finding that male preterm infants are at a higher risk to develop extra-uterine growth restriction (6, 7). Among internal organs, only kidney growth was consistently reduced in male preterm pigs. In preterm infants, glomerular filtration rate is similar in males and females (71) but males show a higher risk of acute kidney injury (72, 73). At 19 days, male pigs had slightly lower hemoglobin and haematocrit values than females, potentially related to diminished erythropoiesis by the smaller kidneys (74), but more studies are required to verify sex effects on renal structure and function. This organ could be particularly susceptible to perinatal stressors, as indicated by our recent studies on fetal inflammation on gut, lung, liver, immunity and kidney development in preterm pigs (33, 57, 75–77). In the literature on production pigs, males do not consistently show reduced neonatal survival and growth (18–20, 30), hence sex-specific survival, growth and adaptation may be most pronounced for immature newborns. Consequently, it may become increasingly relevant with sex-specific intensive care procedures for weak (immature) newborn pigs from hyperproliferative sows in modern pig production (e.g., resuscitation, cross-fostering, immunization, artificial rearing procedures, microbial protection).

Important sex-related differences were observed for some systemic immune endpoints just after birth, and these may interact with effects in internal organs. Despite that leucocyte or T cell subsets did not differ between preterm male and female piglets at birth, the leucocyte gene expression analysis showed that expression of genes encoding interleukin-2 (IL2) and interferon gamma (IFNG) were higher in males, also after stimulation with LPS. Both cytokines are important in development of a Th1-directed immune response (78). Together with a higher expression of myeloperoxidase (MPO) this may have made males more resilient to infection with S. epidermidis. Inoculation with the same bacteria later (48 h after birth) showed no differences between male and female piglets. However, the general response to infection was dampened from 2 to 3 days after preterm birth in pigs (23), potentially making sex-specific differences harder to detect from this age. A tendency to a higher rate of spontaneous infection from days 5 to 9 may indicate diminished immune function in males beyond the neonatal period. Staphylococcus epidermidis bacteria are considered pathogenic in preterm infants (79). Male preterm pigs also showed transiently lower T cell and CD4+ T cell fractions at day 9, but these disappeared by day 19, possibly reflecting age-related data from term 0 to 5 month old infants (80). We cannot exclude that species-specific differences in immune development between pigs and infants, including differential transfer of passive immunity (parentally via the placenta in infants vs. post-natally via colostrum uptake in the gut in pigs), affect our conclusions regarding sex effects. On the other hand, artificially-reared preterm pigs infused with maternal plasma to provide passive immunity (Figure 1) may very well reflect preterm infants normally born with low plasma levels of IgG and seldom receive mother's own milk or colostrum as their first enteral meals.

The only neurological parameter that differed between piglet sexes was the size of the cerebellum. While this may indicate better motor function, we saw no sex-related differences in the open field test, nor in the T-maze-test for visual memory capacity. In preterm infants, males have worse neurological outcomes following hypoxia, higher incidence of cerebral palsy and poorer long-term cognitive and language outcomes (81, 82), together with delayed myelination (83). The sex-differences in neurological outcomes are worse after more extreme pre-maturity (4). In this context, it is important to note that the brain, neurological outcomes and motor function are relatively mature in 90% gestation preterm pigs, relative to preterm infants, even if they show (temporary) post-natal deficits relative to term piglets (41, 43, 45, 60).

Across a large series of experiments with identical birth conditions (elective cesarean section) and clinically-relevant interventions in the same neonatal care facility, we aimed to mimic and standardize clinical responses to immaturity at birth for both pigs and infants. Still, it remains unclear how to translate results from preterm pigs to preterm infants because species similarities and differences are both age- and organ-dependent. Similarly, it remains speculative how well 90% preterm piglets reflect the clinical complications for the large proportion of normal term pigs dying during delivery or shortly after birth in modern pig production. The inclusion of a large number of endpoints from different cohorts increases the risk of false discoveries in statistical testing, despite large sample size. Regardless, our model provides a well-controlled and sensitive tool to test the effects of interventions and biological co-variants when individuals show immaturity at birth, and without the variable maternal interactions known to influence sex-specific survival rates in both pigs (16) and infants (1–4). Our results document that preterm pigs mimic many of the sex-specific differences in mortality, growth, and immune functions in preterm infants, supporting the use of this model to investigate sex-specific diseases of immature newborns. The mechanisms related to differences in immune response in the neonatal period, as well as the small effects on body and organ growth and function later (e.g., lung, gut, immunity, brain) warrant further investigations. At the population level, such biological differences may affect clinical outcomes but it remains questionable, if they justify sex-specific clinical treatment of immature and/or mature newborn individuals, either pigs or infants.
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Aim: This study aimed to investigate the safety of transfusing red blood cell concentrates (RBCCs) through small [24 gauge (24G)] and extra-small [28 gauge [28G)] peripherally inserted central catheters (PICCs), according to guidelines of transfusion practice in Switzerland.

Methods: We performed a non-inferiority in vitro study to assess the safety of transfusing RBCC for 4 h at a 4 ml/h speed through 24G silicone and 28G polyurethane PICC lines, compared with a peripheral 24G short catheter. The primary endpoint was hemolysis percentage. Secondary endpoints were catheter occlusion, inline pressure, and potassium and lactate values.

Results: For the primary outcome, hemolysis values were not statistically different among catheter groups (0.06% variation, p = 0.95) or over time (2.75% variation, p = 0.72). The highest hemolysis values in both 24G and 28G PICCs were below the non-inferiority predefined margin. We did not observe catheter occlusion. Inline pressure varied between catheters but followed the same pattern of rapid increase followed by stabilization. Potassium and lactate measurements were not statistically different among tested catheters (0.139% variation, p = 0.98 for potassium and 0.062%, p = 0.96 for lactates).

Conclusions: This study shows that RBCC transfusion performed in vitro through 24G silicone and 28G polyurethane PICC lines is feasible without detectable hemolysis or pressure concerns. Also, it adds that, concerning hemolysis, transfusion of RBCC in small and extra-small PICC lines is non-inferior to peripheral short 24G catheters. Clinical prospective assessment in preterm infants is needed to confirm these data further.

Keywords: neonatal care, neonatal transfusion, premature (babies), quality of care/care delivery, blood transfusion, transfusion—alternative strategies


INTRODUCTION

Peripherally inserted central catheters (PICCs), usually ranging from 24 gauge (G) to 28G, are routinely used in very preterm infants for parenteral nutrition and drug infusion. They can be inserted at the bedside and maintained for several weeks. Their small diameter is also suitable for the most immature neonates, and the central positioning allows infusing high osmolality solutions (1).

Very preterm infants are at high risk of anemia due to impaired erythropoietin production, repeated blood draws, reduced red blood cell life span, iron depletion, and rapid growth. As a result, 80% of very low birth weight (VLBW) and 80–95% of extremely low birth weight (ELBW) neonates need at least one blood transfusion before discharge (2, 3). Potential risks of catheter occlusion and hemolysis exist when considering red blood cell concentrate (RBCC) transfusion through 24/28G PICC lines (1). However, securing a peripheral IV line for transfusions can be challenging and can lead to clinical instability in a critically ill neonate, moving some physicians toward performing them through an available PICC. To the best of our knowledge, there are no clear guidelines on transfusions using neonatal PICC lines, while there is also no evidence that using these devices with this purpose would be hazardous.

Few studies analyzed the feasibility and safety of transfusing RBCC through extra-small (27G) (4, 5) and small (24G) PICCs (6). However, no study compared the safety of transfusing RBCC using the polyurethane and silicone smallest PICC lines with the regularly used 24G short catheters, in conditions simulating a preterm neonate transfusion in the neonatal intensive care unit (NICU).

To understand this issue's relevance in Switzerland, we invited the nine Swiss level III NICU to answer a small self-administered questionnaire regarding PICC usage (available in the Supplementary Material). It revealed that 4/9 (44.4%) had already performed blood transfusion through 28G PICC lines. Among them, only one center declared that catheter blockage occurred. Furthermore, 7/9 (77.8%) units stated they would be willing to use catheters for transfusion if further safety evidence exists.

We then performed a non-inferiority in vitro study comparing the smallest PICCs available in Switzerland with the standard peripheral 24G short catheter. We hypothesize that transfusing RBCC through either small (24G) or extra-small (28G) PICC lines is as safe as transfusing RBCC through peripheral 24G short catheters in the NICU environment. The primary objective was to provide evidence for RBCC transfusion safety through extra-small PICC lines considering hemolysis, catheter blockage, and inline pressure levels.



MATERIALS AND METHODS


Setting

We performed a non-inferiority in vitro study to assess the safety of transfusing RBCC through small PICC lines compared with a peripheral 24G short catheter. We performed this study at Geneva University Hospital NICU. The Geneva Cantonal Ethics Commission waived the study (BASEC 2018−00823).



Red Blood Cell Concentrate Transfusion Setup

To do a mock neonatal RBCC transfusion, we performed the blood transfusion as per our unit protocol, into an incubator with the air temperature set at 37°C, considering the average body temperature of the neonate to be 37°C (Figure 1). In the setting, the incubator simulated the neonate, and the three different catheters underwent simultaneous standard RBCC transfusion in the incubator:

- peripheral 24G short catheter (24G BD Insyte-W™, Utah, USA), used as the control group (CTR);

- polyurethane catheter Premicath 1 Fr/28G 20 cm (Vygon Schweiz GmbH, Aachen, Germany), used as intervention Group #1 (PICC28);

- silicone catheter Epicutaneo 2 2 Fr/24G 30 cm (Vygon Schweiz GmbH, Aachen, Germany), used as intervention Group #2 (PICC24).


[image: Figure 1]
FIGURE 1. System setup overview: the figure represents one red blood cell concentrate (RBCC) infusion through a peripherally inserted central catheter (PICC) line that lies on a support catheter station with the tip inserted on a collector tube filled in with NaCl 0.9% for sampling. The same setup was used for the three groups at the same time.


For each catheter, we added to the standard transfusion setup a three-way stopcock on the catheter entrance connected to a syringe pump with an embedded inline pressure sensor Alaris CC® (Becton Dickinson, Eysins, Switzerland). A data logger software registered inline pressure every 2 s. A minimal flow of 0.1 ml/h of NaCl 0.9% ran through this pressure measurement line.

The filtered RBCCs were gamma-irradiated immediately (25 Gray) before the procedure, and they were not older than 14 days. We calculated the volume and infusion rate based on a neonate of 1,000 g, who would need 15 ml/kg of RBCC transfusion infused within 4 h.



Procedure

Upon arrival, RBCC rested at room temperature (26°C) for at least 30 min, and then sampling for hemoglobin, hematocrit, potassium, and free hemoglobin took place before splitting it into three aliquots of 20 ml in 50 ml syringes.

Meanwhile, the three groups received a continuous infusion of parenteral nutrition (per 100 ml: amino-acid 3 g; glucose: 10.8 g; Na: 2 mmol; K: 1 mmol; Ca: 1.1 mmol; PO4: 0.86 mmol; osmolarity: 1,000 mOsm/L) for 1 h, at a 4 ml/h speed, followed by a manual flush of 1 ml of NaCl 0.9%.

After parenteral nutrition infusion, RBCC infusion started simultaneously in all groups, at 4 ml/h for 4 h on the syringe pumps (Module DPS Fresenius Vial, Brézins, France). In order to avoid clotting, we placed catheter tips into an isotonic solution (NaCl 0.9%), avoiding direct contact between the red cells and air; and by the end of each hour (H1, H2, H3, and H4), we placed catheters tips into an Eppendorf Tube® 3810X 1.5 ml vial (Eppendorf AG, 22331 Hamburg, Germany) filled with 0.5 ml of NaCl 0.9% to complete 1.5 ml of total sample volume (Figure 1).

After that, we immediately analyzed samples for hemoglobin, hematocrit, and potassium (ABL835 Flex Radiometer Medical Inc., Brønshøj, Denmark) and centrifuged the remaining, in room temperature, at 2,000 rpm for 10 min; we collected 400 μl of the supernatant and froze it at −20°C until free hemoglobin testing (Spectrophotometer Biochrom Libra S70, Holliston, USA). Hemolysis in the RBCC bag was assessed (hemoglobin, hematocrit, and free hemoglobin) before and immediately after the procedure.

At the end of transfusion, all the lines were flushed with 1 ml of NaCl 0.9%, and the parenteral nutrition was restarted in the three systems for at least 1 h to determine pressure variation and possible catheter occlusion.



Outcomes

The primary outcome was hemolysis, measured as indicated in the European Guidelines (7): % hemolysis = [free hemoglobin (g/L) × (100 – hematocrit (%)]/total hemoglobin.

The secondary outcomes were as follows:

- potassium and lactate serum concentrations at baseline, H1, H2, H3, and H4;

- complete catheter occlusion during and after infusion, defined as inline pressure superior to 600 mmHg with a flush NaCl 0.9% in the 4 ml/h speed;

- inline pressure for each catheter during and after transfusion;

While lactate is not a hemolysis marker, it is considered a surrogate marker for blood storage (8). Hence, we assumed it was relevant to report its variation over time in our study.



Statistics

For sample size calculation, we considered a limit of the hemolysis parameter below 0.8% (9), and a non-inferiority margin of 0.2%. According to published data, the mean hemolysis for RBCC bags after 2 weeks of storage is 0.23 ± 0.12% (9). The reached sample size was eight separate RBCC transfusions, considering that the mean hemolysis at the end of the transfusion is at least equal to the control and intervention groups, reaching a significance level of 2.5% and 90% power. We compared the hemolysis values at the end of RBCC transfusion (H4) between the control and intervention groups using a one-way ANOVA and Friedman test for paired measures. We also compared hemolysis among catheters and over time, using repeated-measures two-way ANOVA with Geisser–Greenhouse correction. Hemolysis in RBCC bags was compared before and after the procedure using a Wilcoxon matched-pairs signed-rank test.

Secondary outcomes include catheter occlusion, inline pressure comparison before, during (at the steady state), and after RBCC infusion. Potassium and lactate hourly measures were analyzed using repeated-measures two-way ANOVA with Geisser–Greenhouse correction. Statistical analyses used GraphPad PRISM version 6.0 (San Diego, CA).




RESULTS


Primary Outcome

Difference in means [standard deviations (SD)] of hemolysis values measured at the end of the transfusion procedures (H4) were not statistically significant between the control group [0.0675% (0.0205)], PICC28 [0.0700% (0.0239)], and PICC24 [0.0700% (0.02390)] (p = 0.99). For both intervention catheters (PICC28 and PICC24), the higher-margin values were significantly lower than the predefined non-inferiority margin of 0.2%. Figure 2A shows the mean hemolysis values in the three groups from the baseline to the end of transfusion. Comparing the hemolysis values between groups through the whole procedure on repeated-measures two-way ANOVA further confirms that hemolysis values were not statistically changed among catheter groups (0.06% variation, p = 0.95) or over time (2.75% variation, p = 0.72). The mean hemolysis in the RBCC that remained in the RBCC before and after transfusion was not found statistically different (0.0595% vs. 0.0706%, p = 0.11) (Figure 2B). The detailed data are available in the Supplementary Materials.


[image: Figure 2]
FIGURE 2. Comparison of hemolysis over time during a 4 h transfusion according to IV line used. (A) Mean hemolysis for each catheter assessed each hour; data (mean ± SEM) were compared using a two-way ANOVA with time and catheter type as variables. (B) Comparison of hemolysis values (%) in red blood cell concentrate (RBCC) bag between baseline (H0) and the end of transfusion (H4). Data (mean ± SD) were compared using a Wilcoxon matched-pairs signed-rank test.




Secondary Outcomes

The potassium and lactate measurements analyzed on a two-way ANOVA revealed a non-significant variation among the three catheter groups (0.139% variation, p = 0.98 for potassium and 0.062%, p = 0.96 for lactates). Lactate increased significantly in all experimental groups overtime during the transfusion process (10.7% variation, p < 0.001). In contrast, potassium measurements remained remarkably stable (Figure 3).


[image: Figure 3]
FIGURE 3. Mean potassium (A) and lactate (B) concentrations in each IV line group during red blood cell concentrate (RBCC) transfusion.


Catheter occlusion did not happen during RBCC transfusions or parenteral nutrition infusion in the eight separate experiments. The recorded inline pressures were very reproducible among five experiments for the PICC28 group and four experiments for both the PICC24 and control groups (Figure 4A). During RBCC infusion, there was a rapid increase of pressures in the system, likely due to high blood viscosity, being the highest in the PICC28 group with a rise from 77 ± 5 mmHg during parenteral infusion to 183 ± 12 mmHg during transfusion. In the PICC24 group, pressure increased from 18 ± 8 to 55 ± 6 mmHg. In contrast, the pressure increase was limited from 3.3 ± 0.6 to 7.6 ± 5.3 mmHg in the control group (Figure 4B). Infusion of parenteral nutrition at the end of RBCC transfusion allowed, in all cases, a drop in pressure to similar values measured before the RBCC transfusion (84 ± 4, 24 ± 7, and 4.5 ± 1.0 mmHg for PICC28, PICC24, and control lines, respectively).


[image: Figure 4]
FIGURE 4. Mean pressure within the lines before, during, and after the transfusion. Comparisons within IV line groups (A) and typical traces (B) in PICC28 line (blue), PICC24 line (red), and CTR peripheral control line (green).





DISCUSSION

RBCC transfusions are common interventions in very preterm infants admitted in NICUs and are dependent on available IV lines. In contrast to PICC lines usually already present when a transfusion is needed, peripheral IV lines are not; securing them to an already sick neonate is a challenge. In this in vitro non-inferiority study, for the primary outcome of hemolysis, transfusing RBCC in 24 and 28G PICCs was non-inferior to standard 24G short catheter. For the secondary outcomes, we have not detected catheter occlusion; inline pressures were measured within our pre-established limits; and there was no statistically significant difference in potassium and lactate concentrations among experimental groups during RBCC transfusion.

These observations are of interest in light of our Swiss national survey, which exhibits that most NICUs (7/9) would be ready to perform RBCC transfusions using small and extra-small PICC lines if further evidence of feasibility and safety available and some 44.4% (4/9) had already done it. This contrasts with a previous extensive survey performed in the United States, in which out of 186 NICUs, only five used (2.7%) PICC lines to transfuse blood products (10).

Our data show that free hemoglobin concentrations were found similar in PICC lines compared with peripheral IV lines. Also, no detectable adverse events were recorded. In a previous report, Repa et al. have tested in vitro the safety of RBCC transfusions in 27G 20 and 30 cm polyurethane PICC lines, without significant hemolysis (5). In another retrospective study, transfusion through a 27G PICC line was found feasible in 38 neonates, while free hemoglobin was not measured in this study, hemoglobin levels increased, and cardiovascular parameters remained stable without increase in potassium levels (4). Our data are consistent with those of previous studies and further support that transfusing RBCC through a 28G polyurethane 20 cm PICC line or a 24G silicone 30 cm PICC line is at least as safe as transfusing RBCC though a 24G short catheter.

Considering the inline pressure, the RBCC transfusion induced a substantial pressure increase. The blood viscosity infused at 4 ml/h through the PICC28 line generated pressures as high as 180 mmHg, far below 300 mmHg, which we and others consider as the safety threshold (11, 12). The rapid pressure drop after transfusion to the range of pre-RBCC transfusion values suggests that PICC resistance remained unchanged and is consistent with the absence of catheter occlusion, even partial, during the transfusion.

This in vitro study has several limitations. First, even if we set a system as close as possible to a neonatal RBCC transfusion with body temperature at 37°C and using same equipment and transfusion procedure as in our patients, it remains an in vitro study design and needs to be further completed by a clinical prospective study. Second, the speed of 4 ml/h during transfusion, fitting with standard care in a 1,000 g infant, appears to be the highest to avoid 300 mmHg of inline pressure usually considered a limit for safety reasons. We did not test lower speeds considering that they would not be clinically relevant. Third, we used a parenteral mixture with relatively low osmolarity, and catheters were unused for each experiment, all factors that may reduce the risk of catheter occlusion. Finally, we performed the RBCC transfusion alone and not in combination with simultaneous parenteral nutrition, which would not be recommended due to possible damage of RBC (13). However, most neonates needing transfusions are likely to be fed orally, and the sickest neonates will mostly have a two-lumen IV line.

In conclusion, this study showed that in vitro RBCC transfusion performed through 24 to 28G neonatal PICC lines was non-inferior to 24G short catheters, with no further evidence of catheter occlusion. These results might be useful in light of a practice that already exists in several NICUs, but safety of RBCC transfusion through PICC lines remains to be confirmed in a prospective clinical study.
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AUTHOR'S NOTE

Red blood cell transfusions are a common intervention in very premature infants. Usually, they require a peripheral intravenous line, which can be very challenging to secure. Although very small neonates routinely have peripherally inserted central catheters (PICCs) to receive intravenous nutrition and medication infusion, only few studies are available regarding the safety of using PICCs for red blood cell transfusions. This study assessed the safety of performing blood transfusions through the smallest PICCs available (24 and 28 gauge) using an in vitro model that mimics preterm infants' environment, and its results might improve neonatal care to date.
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Bronchopulmonary dysplasia (BPD) is a devastating lung disorder of preterm infants as a result of an aberrant reparative response following exposures to various antenatal and postnatal insults. Despite sophisticated medical treatment in this modern era, the incidence of BPD remains unabated. The current strategies to prevent and treat BPD have met with limited success. The emergence of stem cell therapy may be a potential breakthrough in mitigating this complex chronic lung disorder. Over the last two decades, the human placenta and umbilical cord have gained increasing attention as a highly potential source of stem cells. Placenta-derived stem cells (PDSCs) and umbilical cord-derived stem cells (UCDSCs) display several advantages such as immune tolerance and are generally devoid of ethical constraints, in addition to their stemness qualities. They possess the characteristics of both embryonic and mesenchymal stromal/stem cells. Recently, there are many preclinical studies investigating the use of these cells as therapeutic agents in neonatal disease models for clinical applications. In this review, we describe the preclinical and clinical studies using PDSCs and UCDSCs as treatment in animal models of BPD. The source of these stem cells, routes of administration, and effects on immunomodulation, inflammation and regeneration in the injured lung are also discussed. Lastly, a brief description summarized the completed and ongoing clinical trials using PDSCs and UCDSCs as therapeutic agents in preventing or treating BPD. Due to the complexity of BPD, the development of a safe and efficient therapeutic agent remains a major challenge to both clinicians and researchers.
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INTRODUCTION TO STEM CELL BIOLOGY

Stem cell therapy has evolved tremendously since its first success story of bone marrow cells in regenerating a rodent's infarcted myocardium (1). In recent years, it has been advocated as a novel yet promising treatment modality for a myriad of diseases, including cardiovascular, neurodegenerative, musculoskeletal, wound repair. Stem cells are unspecialized cells in the human body that have a remarkable capability to regenerate continually. The key abilities of stem cells to constantly self-renew, proliferate and differentiate into specialized cells under adapted physiological environment allow them to restore tissue to its pre-injurious state (2). Sources of stem cells include bone marrow, umbilical cord, cord blood and adipose tissue.

Stem cell potency is defined as its capability to self-renew and differentiate, thus classified as totipotent, pluripotent, multipotent, and unipotent. The term plasticity means the ability to be molded or change to adapt to the situation. Stem cell plasticity is defined as the ability to give rise to different cell types (3, 4). The potency of stem cells reduces with each journey of lineage differentiation from early embryogenesis to mature specialized cells (4). A zygote, which is formed following ovum fertilization by a sperm, is the classic example of a totipotent stem cell. It has the ability to generate the embryonic as well as extra-embryonic structures including placenta. The blastocyst, which is formed 5 days after fertilization, consists of the inner cell mass (also known as embryoblast) rimmed by trophoblasts (5). The latter will develop into the placenta. Human embryonic stem cells (hESCs) which originate from the inner cell mass, remain undifferentiated with pluripotent potential. Similar to totipotent stem cells, pluripotent stem cells are able to give rise to all cell types of any of the three primary germ layers (endoderm, mesoderm and ectoderm) in the body, but lacking the capability to produce extra-embryonic cells. Following differentiation of pluripotent stem cells into one of the germ layers, they become multipotent stem cells with differentiation potential restricted to only cells of that germ layer (5). Adult and fetal stem cells are the examples of multipotent stem cells. Adult stem cells, or somatic stem cells are found in adult somatic tissues (6), whereas fetal stem cells are obtained from cadaveric fetuses following medically terminated pregnancies. Unipotent stem cell has the narrowest differentiation ability to only one cell type (5). Progenitor cells are descendants of stem cells with limited ability to differentiate and replicate. Hematopoietic, neural and cardiac progenitor cells are among the examples (7).

Several categories of stem cells have been widely investigated over the last few decades, such as embryonic stem cells (ESCs), fetal stem cells and somatic/adult stem cells. Acquisition of pluripotent ESCs that involved destruction of a developing embryos and the use of fetal stem cells from aborted/living fetal tissue however, posed some ethical and legal implications (8). Moreover, these pluripotent ESCs and possibly fetal stem cells which possess similar oncogenic properties with cancer stem cells raise a major safety concern as these cells may undergo undesirable differentiation and pose a risk of malignant transformation post transplantation (9). For instance, in vivo teratoma when grafted in severe combined immunodeficient mice (10).

Human placenta, an ephemeral but crucial organ in pregnancy, is an alternative reservoir of stem cells. Apart from its fundamental role in determining optimal fetal growth trajectory in utero, it represents a rich source of stem cells that could offer additional advantages in terms of proliferation and plasticity compared to adult stem cells (11, 12). Placenta and umbilical cord are traditionally regarded as nothing but biological waste, is often discarded after parturition. This helps to resolve the ethical concern inherent in ESCs (8, 13). Unlike stem cells harvested from other sources such as the bone marrow, adipose tissue and endometrium, these placental and umbilical cord tissues are readily available in large quantities and its stem-cell derivatives are easily recovered without the donors incurring any invasive surgical procedures (14). These unique features of PDSCs and UCDSCs make them attractive alternatives in cell therapies and regenerative medicine.

In this review, we first provide an overview of bronchopulmonary dysplasia (BPD) and the disease pathogenesis, followed by the potential roles of human PDSCs and UCDSCs as effective therapeutic and possibly preventive modalities for BPD as the disease in focus. Unanswered fundamental challenges related to clinical translation of stem cells from bench to bedside in BPD are also discussed.



BRONCHOPULMONARY DYSPLASIA AND THE DISEASE PATHOGENESIS

Infants born extremely premature may have arrested lung development at the canalicular-saccular phase, before alveolarization could occur. These infants are inevitably exposed to postnatal interventions such as positive pressure mechanical ventilation, supplemental oxygen therapy and sustaining recurrent bouts of infections that may exert further harmful effects on the immature lung. Consequently, the prematurity-induced interruption of normal alveolar and distal vascular development, which is superimposed by pulmonary inflammation and aberrant reparative process may collectively contribute to the progression of BPD (15).

The lung of infants with BPD has three histopathological features: [1] widespread but occasionally patchy interstitial edema and fibrosis may give rise to areas of relative collapse and fibrosis accompanied by more distended emphysematous lung and thus less alveolar surface area; [2] arterial muscular hypertrophy and adventitial thickening of small pulmonary arteries leading to increased vascular resistance and pulmonary hypertension; and [3] less usually nowadays, acute major airway pathology characterized by necrosis associated with an obliterative bronchiolitis, squamous metaplasia, and collapse of lung tissue distal to the obstructed airway (16).


Imbalance Between Pro- and Anti-inflammatory Activities

An imbalance between pro- and anti-inflammatory activities in the lung is proposed as the major mechanism resulting in BPD (17). It is characterized by influx of neutrophils and macrophages into the airways and lung parenchyma. Migration and accumulation of these inflammatory components in the lung may amplify and perpetuate further immune activation by release of potentially destructive pro-inflammatory cytokines, chemokines and tissue proteases such as tumor necrosis factor-alpha (TNF-α), interleukin-8 (IL-8), IL-1, IL-6, matrix metalloproteinase-8 (MMP-8) and MMP-9 (17).

Besides, adhesion molecules such as soluble E-selectin (sE-selectin) and intercellular adhesion molecule-1 (ICAM-1) were found elevated in the arterial plasma level of infants with BPD (18, 19). These adhesion molecules initiate effective immune response by triggering leukocyte rolling, adhesion and transendothelial migration to the site of injury (20). This results in an influx of neutrophils to the lung tissue, followed by recruitment of macrophages, which in turn produce macrophage inflammatory proteins (MIP-1a and MIP-1b), causing a disturbance in pro- and anti-inflammatory factors in the lung (21).

The release of pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6 and IL-8 activates NLR Family Pyrin Domain Containing 3 (NLRP3) inflammasome protein complex (22), incites the upregulation of nuclear factor kappa B (NF-κB) signal transduction pathway. Bourbia et al. (23) revealed a high NF-κB transcription factor concentration in the tracheobronchial lavage of infants with BPD compared to those without (23). Iosef et al. (24) demonstrated that NF-κB inhibitor engendered alveolar simplification with marked reduction in pulmonary capillary density of neonatal mice, similar to that seen in BPD. Taken together, these suggest the physiological role of NK-κB in the developing lung by promoting angiogenesis and alveolarization (24). Intriguingly, whether NF-κB possesses pro- or anti-inflammatory property depends on the timing and degree of stimuli as well as the maturation status of the lung. By inhibiting NF-κB after the onset of inflammation aggravates the inflammatory response, while inhibiting NF-κB prior to injury showed otherwise (25). Similarly, NF-κB inhibition in the neonatal lung increased the inflammatory response, while the same treatment in adult mice gave a protective effect by repressing inflammation (26).



Aberrant Tissue Repair and Fibrosis

Inflammatory response is a double-edged sword, in which inflammation can be beneficial but at the same time detrimental to the host. Despite playing an active defense role against diverse insults and removing offending pathogens, exuberant inflammation can lead to paradoxical tissue destruction that trigger tissue repair, leading to fibrosis and scarring.

Developmental pathways particularly transforming growth factor-β (TGF-β) and Wnt signaling pathways that are involved in regulating various stages of lung development have been implicated in the pathogenesis of BPD. Wnt signal transduction cascade governs a myriad of developmental processes in the mammalian embryonic state, maintaining tissue homeostasis and controlling stem cells in postnatal life (27); while TGF-β is the key player in tissue healing by mediating fibroblastic activation, myofibroblastic transdifferentiation and extracellular matrix deposition.



Abnormal Pulmonary Vasculogenesis

In addition to defects in airway remodeling, dysmorphic vascular growth pattern within the distal airways were observed in various animal models of BPD, while some pulmonary arteries underwent structural remodeling with medial hypertrophy and distal arterial muscularization which contribute to pulmonary hypertension (28). Several angiogenic growth factors, such as vascular endothelial growth factor (VEGF) and nitric oxide (NO) were noticeably reduced in their expression in experimental models of BPD.



Dysfunction of Endogenous Lung-Resident Stem/Progenitor Cells

The discovery of resident undifferentiated stem/progenitor cell population residing in all organ systems including the lung, has opened up a new door to remarkable research in the field of regenerative medicine in recent years, with new knowledge on their physiological roles in lung development, pathogenesis and repair (29, 30) It is hypothesized that functional impairment or depletion of these lung-resident stem/progenitor cell populations has contributed to the disease pathogenesis in BPD (31).

Lung-resident stem/progenitor cells include cells of endothelial, mesenchymal and epithelial lineages. Endothelial progenitor cells are involved in vascular repair and regeneration by homing to the injury site to restore endothelial integrity and secure tissue perfusion. Endothelial colony-forming cells (ECFCs), a subset of endothelial progenitor cells with intrinsic self-renewal potential and capable of forming de novo vessels in vivo (32), were found to be in lower amount in the cord blood of infants with BPD (33). In contrast, those with high levels of ECFCs were protected from developing BPD, indicating its pivotal role in lung vascular maturation process. Baker et al. (34) revealed that ECFCs were highly susceptible to hyperoxia in vitro and lost their angiogenic potential. This observation linked the dysfunctional endogenous stem cell theory with occurrence of BPD in preterm neonates receiving postnatal oxygen therapy (34).

Lung-resident mesenchymal stromal/stem cells (L-MSCs) are stem cells found within the lung mesenchyme along with fibroblasts and extracellular matrix. They play a crucial role in the normal lung development and are recently discovered as the orchestrators in alveolarization through conduct of the tightly regulated processes of alveolar septation and angiogenesis in a developing lung (31, 35). In murine model, these L-MSCs were able to regenerate giving rise to differentiated daughter cells including airway smooth muscle cells or stalk mesenchyme fibroblasts (36). In addition, L-MSCs directly coordinate the proliferation and maturation of lung epithelial stem/progenitor cells via epithelial-mesenchymal crosstalk.

Lung epithelial stem/progenitor cells, like other stem cells, are capable of giving rise to differentiated cell lineages. For instance, alveolar type 2 epithelial cells exhibited the ability to proliferate and differentiate into alveolar type 1 epithelial cells in hyperoxia-induced rodent models (37), nonetheless, under the instruction of L-MSCs. Antenatal and repetitive postnatal insults cause damage and injury to these progenitor cells through various mechanisms. Failure of these cells to repair themselves in the desired manner leads to simplification of alveolar structures and abnormal pulmonary angiogenesis resulting in pulmonary hypertension.

It is strongly believed that targeting inflammatory-related and angiogenic signaling pathways could reduce the severity of BPD (38). Hence, translation research aimed at modulating inflammation and angiogenesis might be a new hope for an effective remedy to treat or prevent this devastating disease of premature newborns. The potential therapeutic value of cell-based replacement therapy acting as anti-inflammatory and excellent reparative agent to ameliorate BPD is further explored in the following section.




HUMAN PLACENTA AND UMBILICAL CORD AND THEIR STEM CELL DERIVATIVES


The Normal Human Placenta and Umbilical Cord

The eutherian mammalian placentas show striking morphological and structural diversity across species (39), and are classified as epitheliochorial, endotheliochorial or hemochorial according to the number of tissue layers separating the maternal blood from that of the fetus (40). Similar to rodents, rabbits and primates, humans possess a hemochorial placental subtype, characterized by negligible cellular barrier between the maternal and fetal circulations, thus allowing effective transfer of nutrients to fetuses (41). A normal term human placenta has a flat, round to elliptical, disc-like shape that measures ~22 and 2.5 cm in diameter and thickness, with an average weight of 500 g (42). It comprises both the fetus (chorionic plate) and maternal (basal plate) surfaces, held together by anchoring villi. These villi are organized into a series of 30 to 40 lobules or cotyledons, which are bathed directly by maternal blood filling the intervillous space, and epitomize the most important functional units for maternal-fetal exchange (43).

The outer surface of the chorionic villi constitutes the main cellular barrier between the fetal and maternal circulations and is formed by an outer layer of syncytiotrophoblasts and an inner layer of cytotrophoblasts, the latter of which diminishes as gestation progresses. The stroma of the villi is composed of sinusoidally dilated fetal capillaries embedded within loose connective tissues formed by mesenchymal cells, mesenchymal-derived macrophages (Hofbauer cells) and fibroblasts (44). The fetal membrane encompasses three distinct layers: [1] innermost amnion, [2] chorion laeve connective tissue, and [3] outermost decidua capsularis. Amnion comprises a single avascular layer of epithelial cells and connective tissue that contacts directly with the amniotic fluid and encloses the fetus. The chorion laeve is usually atrophic, composed of connective tissue containing fetal (chorio-allantoic) blood vessels, whereby decidua capsularis represents maternal modified endometrium (45). The developing embryo is connected to the chorionic plate (fetal surface) of placenta by an umbilical cord containing two arteries and one vein surrounded by gelatin-like mucoid substance, the Wharton's jelly. Wharton's jelly encompasses all loose connective tissue from the external surface of the tunica media of cord vessels to the inner margin of the amniotic epithelium (46). Wharton's jelly is important in keeping the integrity of umbilical cord. It prevents kinking of the cord and protects the umbilical blood vessels (47). The umbilical cord has an average length of 50 to 60 cm and diameter of 2 cm, with up to 40 helical turns (42).



Placenta and Umbilical Cord-Derived Stem Cells

The human placenta and umbilical cord represent a reliably high yield reservoir of stem cells compared to other sources. The observation that teratoma can arise from a term placenta suggests that it may harbor some multipotent germ cells (48). Studies have reported the placenta contains a population of multipotent stem cells that express stem cells markers such as c-KIT, octamer-binding transcription factor 4 (OCT4), sex determining region Y-box 2 (SOX2), stage-specific embryonic antigen-3 (SSEA3), SSEA4, T cell receptor alpha locus-1-60 (TRA-1-60) and TRA-1-81 (11). These cells possess mesodermal phenotype and demonstrate broad multilineage differentiation ability (12, 49, 50).

Different sources of placental stem/progenitor cells are derived from different layers of the placenta, namely amnion, chorion and decidua (51) as well as umbilical cord which constitutes the Wharton's jelly and cord blood vessels (52) (Figure 1). The two types of stem cells from the amniotic layer are amniotic epithelial cells (AECs), which originate from the epiblast and amniotic mesenchymal stromal/stem cells (AMSCs), derived from the hypoblast (53, 54). Deriving from the chorion sheets are chorionic MSCs from the inner chorionic mesoderm, which is similar to mesenchymal region of the amnion, and chorionic trophoblast cells from the outer layer of trophoblastic origin. The uterine component of the placenta, the decidua, also harbors decidual MSCs (55). Wharton's jelly of the umbilical cord serves as attractive source of MSCs while cord lining membrane (amniotic epithelium and subamniotic Wharton's jelly) is identified as a valuable source of epithelial stem cells and MSCs, respectively (52). The PDSCs and UCDSCs may be utilized in a wide range of clinical applications. In this review, we focused on stem cells harvested from placenta and umbilical cord that have demonstrated potential therapeutic value in BPD.


[image: Figure 1]
FIGURE 1. (A) Injury models causing bronchopulmonary dysplasia (BPD) and BPD-like injuries; (B) Effects of placenta and umbilical cord-derived stem cells in ameliorating BPD, and (C) The origin of placenta and umbilical cord-derived stem cells. AECs, amniotic epithelial cells; AMSCs, amniotic mesenchymal stromal/stem cells; BPD, bronchopulmonary dysplasia; CMSCs, chorionic mesenchymal stromal/stem cells; CV-MSCs, chorionic villi mesenchymal stromal/stem cells; DMSCs, decidual mesenchymal stromal/stem cells; LPS, lipopolysaccharide; UC-MSCs, umbilical cord mesenchymal stromal/stem cells.



Human Amniotic Epithelial Cells (hAECs)

The human amniotic epithelial cells (hAECs) are valuable progenitor/stem cells for regenerative medicine as these cells offer great promise for therapeutic application due to their ease of isolation, multilineage potential, immune privilege, anti-inflammatory properties, do not have telomerase reverse transcriptase, show a stable karyotype, do not form tumors when injected and have a low risk of allogeneic rejection (2, 53, 56).

Cell surface antigens and other specific markers are often used to define the “stemness” of a cell type. Investigations demonstrated that hAECs displayed a similar set of stem cell marker profile to that of ESCs. hAECs expressed most of the ESCs transcription factors and cell surface markers in the early second trimester, namely OCT4, NANOG, SOX2, SOX3, SSEA3, SSEA4, TRA-1-60, TRA-1-81, and GCTM2 (53, 56, 57). Although most of these cells with stem cell markers are lost over time, some of them are still retained in the term placental amniotic epithelium (58). hAECs are pluripotent and have unlimited capacity for self-renewal as well as the ability to differentiate into the derivatives of the three primary germ layers; ectoderm, mesoderm and endoderm (53, 56, 58, 59).

Studies showed that hAECs have low expression of the major histocompatibility complex (MHC) class I molecules [human leukocyte antigen (HLA)-A, HLA-B, HLA-C and β2 microglobulin] and MHC class II molecules (HLA-DR) (58, 60, 61). Since the amnion does not express MHC class II antigens, hAECs can elude the immune system (51). The other suggested mechanism of induction of tolerance of hAECs is related to the expression of unique HLA class 1b molecules (62). These HLA class 1b molecules regulate immune response under autoimmune and transplantation conditions, while HLA class I and II molecules contribute to the allogeneic immune rejection (58).

hAECs express a number of distinct Toll-like receptors (TLRs) and induce the production of inflammatory cytokines as a part of their immunomodulatory responses. TLR4 expression induces apoptosis, and play a role in the pathogenesis of premature rupture of membrane. Study showed TLR4 expression in hAECs was accompanied by reduced BCL-2 expression and increased Bax protein (63). TLR5 and TLR6 recognize a variety of pathogens. Both TLR2 and TLR6 are expressed in respond to Mycoplasma-associated protein, while TLR5 ligand is expressed in reaction with flagellated Gram-positive and Gram-negative bacteria. Activation of TLR5 and TLR6 induced proinflammatory response. Together, these indicate hAECs possess self-regulatory mechanisms in immunomodulatory responses (58).



Placental Mesenchymal Stromal/Stem Cells (P-MSCs)

Human MSCs were first described by Friedenstein in the bone marrow in 1968 (64). Although bone marrow remains the most common source of MSCs, these cells can also be isolated from various human tissues, such as the lung (30), adipose tissue (65), umbilical cord (66), skeletal muscle (67), dental pulp (68), corneal stroma (69), synovium (70), cardiac tissue (71), spleen, liver, kidney (72), bone marrow (73), cord blood (74), amniotic fluid (75), and placenta (76, 77). The placental mesenchymal stromal/stem cells (P-MSCs) express stromal markers, and are negative for the hematopoietic markers (78). Additionally, some studies reported P-MSCs expressed pluripotency markers (54, 79).

P-MSCs were first described in 2004 as plastic-adherent cells that share a similar immunophenotype with that of bone marrow MSCs and have multilineage differentiation potential (80). P-MSCs are of mesodermal origin. Depending on the layer they originate from, their stem cell derivatives include AMSCs, chorionic MSCs, chorionic villi MSCs and decidual MSCs (78, 81, 82). AMSCs (11, 83), chorionic MSCs (82, 84) and chorionic villi MSCs (78, 85) have been described as having a longer life span than the decidual MSCs population obtained from the maternal-derived decidua (82, 84).

P-MSCs have a much-limited differentiation repertoire compared to the pluripotent ESCs. These cells display the ability to differentiate in vitro into different mesodermal cell lineages, including adipocytes, chondrocytes, and osteoblasts (86). Another study suggested that P-MSCs may also be capable of neural differentiation (87). P-MSCs are widely studied in regenerative medicine. Other than their advantages in terms of the ease in isolation, high plasticity, low immunogenicity and tumorigenesis (51), P-MSCs display the ability to migrate to inflammatory microenvironments and tumors, involvement in angiogenesis and wound healing as well as tissue repair activity through paracrine actions, which are important therapeutic advantages of P-MSCs (88–90).



Umbilical Cord-Derived Stem Cells

Wharton's jelly is a popular source of umbilical cord mesenchymal stromal/stem cells (UC-MSCs) (91). Stem cells isolated from the Wharton's jelly show mesenchymal fibroblast-like morphology, with self-renewal ability and capable to differentiate into neuronal, osteo-chondral, adipocytic and muscular derivatives (92). Apart from having characteristics of MSCs as defined by the International Society for Cellular Therapy (93), UC-MSCs also exhibit properties attributed to ESCs, expressing markers such as TRA-1-60, TRA-1-81, SSEA1, SSEA-4 and alkaline phosphatase. In addition, ESC pluripotent markers that include OCT4, Sox-2, and NANOG are also detected at a lower level (94). Although UC-MSCs are not as pluripotent as ESCs, these cells are widely multipotent and do not develop into teratomas in immunocompromised mice (92).

Recently, Davies et al. (2017) proposed an anatomically/histologically-based nomenclature of the umbilical cord structures for the purpose of standardization and ease of comparison across cells harvested from different regions/zones of Wharton's jelly (46). Wharton's jelly is further divided into three distinct anatomical/histological zones: [1] subamnion, [2] intervascular and [3] perivascular Wharton's jelly. Interestingly, the stromal cells of Wharton's jelly are not uniformly distributed, but in a gradually increasing manner from the cord lining up to the proximity of umbilical vessels. Likewise, the tendency of myofibroblast differentiation of the stroma cells is the highest near the umbilical vessels with the least differentiated ones predominantly located in the subamniotic zone (95).

Accumulating evidence suggests that umbilical cord contains a unique cell family with different degree of stemness and phenotypic profiles residing in various parts of the umbilical cord (96). For instance, other than MSC markers (CD44, CD90 and CD105), stem cells harvested from perivascular Wharton's jelly demonstrated high expression of endothelial markers CD146 like that of CD146+ pericyte, a more differentiated MSC progenitor cells. They are however absent for CD73, a MSC marker. On the contrary, the intervascular Wharton's jelly yields stem cells positive for MSC markers but lacking that of endothelial markers (CD144, CD146 and CD34). The pericyte-like properties of the MSCs isolated from perivascular Wharton's jelly provide additional advantage in its rapid response to tissue damage upon engraftment and induce angiogenesis (97).




Comparison Between Placenta/Umbilical Cord-Derived Mesenchymal Stromal/Stem Cells and Bone Marrow-Derived Mesenchymal Stromal/Stem Cells
 
In vitro Comparison

Stem cells harvested from bone marrow are considered as the gold standard and the most characterized source of adult MSCs for various clinical applications. Acquisition of MSCs from bone marrow; however, requires invasive procedure with a risk of complications. Moreover, the cell yield from bone marrow declines with advancing donor age. When compared to young donor (<40 years old), older donors' MSCs revealed smaller-sized colonies and lower integrated density (98).

The P-MSCs and UC-MSCs are excellent alternatives to BM-MSCs. The former is shown to share similar morphology, cell surface markers and some pluripotency-related markers with BM-MSCs. Interestingly, BD-MSCs have additional advantages than BM-MSCs. For instance, a higher frequency of colony forming unit-fibroblasts was reported in UC nucleated cells (1:1609) compared to BM nucleated cells (1:35700) (99). Lower immunogenicity was seen in UC-MSCs over BM-MSCs with lower levels of lymphocyte proliferation following allogeneic lymphocyte stimulation assay. Likewise, UC-MSCs have a higher overall immunomodulatory effect with increased expression of potent immunosuppressive factors such as CD200, LIF, and TGF-β2 (99). In vitro study showed UC-MSCs underwent slower senescence, demonstrated a higher cell proliferation rate and greater anti-inflammatory effects than BM-MSCs (100). The challenges remain in understanding the heterogeneity of the isolated populations, and to standardize the diversity in isolation protocols and culture conditions (101).

P-MSCs were observed to consistently faster population doubling time and longer-term expandability (up to 15 passages) under identical culture condition compared with BM-MSCs (102). P-MSCs are more homogeneous as compared to BM-MSCs in culture (103). This might be due to the fact that P-MSCs are younger cells with less exposure to harmful substances such as reactive oxygen species, chemical and biological agents, and physical stressors (104), thus increasing the efficacy and safety of the therapeutic applications of P-MSCs in regenerative medicine. Homing of P-MSCs to damaged tissue may be further enhanced with the demonstration of higher expression of VLA-4 (very late antigen-4) adhesion molecule on P-MSCs compared to BM-MSCs to allow adherence and migration through the endothelium (105). In addition, the advantage of P-MSCs over BM-MSCs and adipose tissue-derived stem cells includes the ability to be obtained using a non-invasive method and in larger quantity (106). Di Bernardo et al. (107) reported that P-MSCs played a pivotal role as potent stimulator of perinatal lung morphogenesis in ex-vivo fetal lung culture model compared with BM-MSCs (107).



In vivo Comparison

The therapeutic efficacy of BM-MSCs has been investigated in experimental models of lung injury in adult and newborn animals. Tian et al. (108) reported a significant improvement in radial alveolar count and reduction in lung inflammatory cytokines in hyperoxic mice model after intravenous BM-MSCs injection (108). Their findings were confirmed by other studies on hyperoxic rat models (109–111). Intra-tracheal delivery of BM-MSCs in hyperoxic neonatal rat lungs shown to confer protection with increased pulmonary vascular angiogenesis, reduced pulmonary hypertension and normalized alveolar structures (112). Conversely, intranasal administration of BM-MSCs in newborn mice lung injury model, failed to achieve epithelial reconstruction and transdifferentiation into respiratory epithelial cells (113). To date, the efficacy of BM-MSCs in larger animal BPD models such as preterm lambs, pigs and baboons have not been explored (114).

Although there have been extensive pre-clinical studies of BPD animal models using stem cells derived from bone marrow, placenta and umbilical cord, to the best of our knowledge, head-to-head comparative study on the efficacy of both the BM-MSCs and P-MSCs/UC-MSCs in BPD animal models is still lacking. This research gap needs to be further addressed.





MECHANISMS OF FUNCTION OF PLACENTA AND UMBILICAL CORD-DERIVED STEM CELLS


Cell-Contact-Mediated Effects

Upon transplantation, MSCs exert their immunomodulatory functions at damaged sites through a synergy of direct cell-cell contact. The direct cell-to-cell contact between PD-1 inhibitory molecule on T cells and its ligands PD-L1 on MSCs, inhibits CD3+ T cell proliferation, induces early apoptosis and suppressed effector T cell (e.g., IL-17 producing T cells, Th17) responses (115). Similarly, TNF receptor superfamily member 6 (Fas)-FasL interactions propagate the death signal and induce T cell apoptosis (116). In addition, expression of CD106 (VCAM-1) on P-MSCs (117) and CD54 (ICAM-1) on UC-MSCs (118) is crucial in mediating immunomodulatory functions on T cells.



Paracrine and Extracellular Vesicles-Mediated Effects

Despite the relatively poor in vivo engraftment rate (0–20%), pleiotropic lung protection following transplantation is believed to be attributed to paracrine factors such as lipid based mediators, growth factors and signaling peptides (119). Among the secreted bioactive substances include lipoxin A4 (120), epithelial growth factors (e.g., keratinocyte growth factor, pro-angiogenic factors) (121) and TNF-α-stimulated gene/protein 6 (122), which have potent anti-inflammatory properties. With the presence of these molecules, administered stem cells are able to migrate to injured tissue and promote anti-inflammatory environment which support cell proliferation and inhibit apoptosis, thus enhance tissue regeneration, remodeling and survival.

MSCs influence both tissue resident stem cells and macrophages through paracrine effects like extracellular vesicles (EVs) other than cytokines and secreted soluble factors, which results in more efficient reparative process by tissue resident stem cells (123). EVs (such as exosomes and microvesicles) are nanometer-scale, cell membrane-enclosed packages of biomolecules that are released by cells into the surrounding environment to mediate signal transmission and cell-to-cell communication. These vesicular cargo biomolecules carry biological active compounds including amino acids, bioactive lipids and nuclei acids (124). These cell-free products may serve as safer alternatives to cell therapies. For large scale production, adipose tissue-derived MSCs and UC-MSCs exosomes will be easier to obtain compare to BM-MSCs (123). Compared to BM-MSCs, UC-MSCs have a higher production rate of EVs (125).

Kourembanas team was the first to discover pleiotropic protective effects of EVs-based therapy in experimental BPD models. In their study, they reported that intravenous administration of EVs derived from both BM-MSCs and UC-MSCs in hypoxic mice model were able to inhibit influx of alveolar macrophages and pro-inflammatory cytokines, besides ameliorate lung vascular remodeling and pulmonary hypertension. Moreover, the uptakes by macrophages cause a shift in balance to anti-inflammatory state (126). Following that, the same group of researchers reported that the lung functions of the EVs-treated mice were significantly improved with decreased fibrosis, arteriole muscularization and pulmonary hypertension. They concluded that restoration of lung function occurred partly related to macrophage immunomodulation induced by administration of EVs (127). Several subsequent studies have shown that early administration of human MSC-derived EVs improved histological and functional outcomes in experimental BPD (122, 128).

Similar therapeutic effects were observed in hyperoxia-induced neonatal lung injury in mice treated both with early and late EVs interventions (129). EVs might even potentially reverse the cardiorespiratory complications in children with developed BPD (129). In addition, Tan et al. (130) reported that the release of EVs from hAECs administered intranasally exerted similar beneficial effects to MSCs with significant reduction in lung inflammation, improvement in tissue-to-airspace ratio and reduction in fibrosis in bleomycin-challenged aged mice (130). Willis et al. (129) and Bonadies et al. (131) suggested that MSCs and EVs are two most revolutionary treatments for BPD, not only effective in the prevention of BPD but also may potentially reverse the complications in children diagnosed with BPD (129, 131).




THERAPEUTIC POTENTIAL OF PLACENTA AND UMBILICAL CORD-DERIVED STEM CELLS IN BRONCHOPULMONARY DYSPLASIA


Experimental Therapeutics in Animal Models

Animal models play a crucial role in advancing our fundamental knowledge on the pathogenesis of this complex disease and to direct our future clinical trials into therapeutics. Mice and rats are among the widely used models since the newborn rodent pups are delivered at term in the saccular stage of lung development, equivalent to that of a preterm infant at risk of BPD. Other animal models for BPD that have been established are pigs (132), rabbits (133), lambs (134), and baboons (135). Arguably, larger animal models that require the need for mechanical ventilation and other life-support care after premature delivery are more clinically relevant and closely resemble human biology than rodents. Nonetheless, the use of these larger animal models increases the costs of experimentation and more labor intense, which might have precluded their use in preclinical studies (136). Methods of inducing BPD in animal models vary across studies and include the use of high concentration of oxygen (hyperoxia), mechanical ventilation, bleomycin, intrauterine inflammation via lipopolysaccharide (LPS) injection, postnatal continuous hypoxia or intrauterine prenatal hypoxia (137). Hyperoxia-induced lung injury is among the most used method.

Nonetheless, these animal models are not perfect representation of BPD in human. Induced animal models demonstrating alveolar simplification and vascular remodeling, may also reveal additional widespread fibrosis and inflammation (138). Recently, Zhang et al. (139) successfully created an innovative BPD model using premature hyperoxia-exposed rodents which showed characteristic histological features of BPD in humans (139), suggesting a new alternative model for future research. Table 1 summarizes the effects of PDSCs and UCDSCs in BPD therapeutic experimental animal models while Figure 1 illustrates how PDSCs/UCDSCs remedy the various BPD-like injuries inflicted in the models.


Table 1. Effects of placenta and umbilical cord-derived stem cells in BPD models.
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Human Amniotic Epithelial Cells (hAECs)

hAECs have been shown to reduce acute inflammation, accelerate repair and improve lung function in both immunodeficient and immunocompetent-mouse models with bleomycin-induced injury (140–142). Administration of hAECs to BPD models resulted in decreased gene expression of pro-inflammatory cytokines (TNF-α, TGF-β, IFN-γ, and IL-6), and decreased inflammatory cell infiltration (141). hAECs reduced scarring in lung injury by decreasing the collagen content (140). These cells were capable of mitigating lung inflammation and alveolar simplification in a murine model with BPD-like lung injury, by improving lung tissue-to-air space ratio and secondary septal crest density (143).

In larger animal like fetal sheep models, exposed to intraamniotic LPS injection, hAECs reduced the need of ventilation and reduced inflammatory changes (144, 145). In addition, it restored a normal lung tissue-to-air space ratio, reduced pro-inflammatory cytokines (145), normalized secondary septal crests, reduced collagen and elastin deposition and fibrosis (144). Deus et al. (152) described hAECs having beneficial effects by the production and secretion of various bioactive factors involved in anti-inflammation, immunomodulation, wound healing, angiogenesis, anti-fibrosis and anti-bacterial (152).

Studies showed host macrophages and T regulatory cells were the main contributors toward the reparative effects of hAECs (120, 153–155). Of note, the response to these cells was dependent on the timing of administration and the effects were best observed when they were administered at an early stage of injury (142, 143). Umezawa et al. (156) showed that placental amnion-derived cells can be reprogrammed to induced pluripotent stem cells. These cells maintained normal karyotype and chromosomal stability over a long period of passages. It can be easily isolated and expanded for industrial production of large quantities (156).



Placental Mesenchymal Stromal/Stem Cells (Placental MSCs)

Although not as widely utilized, P-MSCs attenuated perinatal inflammation- and hyperoxia-induced defective alveolarization and angiogenesis as well as reduced lung fibrosis. In LPS-injected rats, human MSCs derived from placentas improved vascular density, reduced TNF-α and IL-6 levels and collagen density, by exerting paracrine effects via increased VEGF and decreased connective tissue growth factor (CTGF) expression (146).

Cargnoni et al. (147) demonstrated that P-MSCs derived from fetal membrane showed stem cell phenotype, high plasticity, and displayed low immunogenicity both in vitro and in vivo. These MSCs also displayed the ability to engraft in the lung. A 1:1 mixture of hAECs and human AMSCs/human chorionic MSCs administered intratracheally into bleomycin-treated, immunocompetent C57/Bl6 mice exhibited a reduction in neutrophil infiltration and fibrosis, indicating the presence of the anti-fibrotic effect of PDSCs (147).



Umbilical Cord Mesenchymal Stromal/Stem Cells (UC-MSCs)

Umbilical cord mesenchymal stromal/stem cells (UC-MSCs) were injected into bleomycin-induced lung injury models and demonstrated reduced inflammation and fibrosis, with the injected cells found after 2 weeks and only in areas of inflammation and fibrosis (148). The treatment inhibited the expression of TGF-β, IFN-γ and proinflammatory cytokines macrophage migration inhibitory factor (MIF) and TNF-α. Collagen level was decreased, caused by up-regulation of MMP-2 and reduced endogenous inhibitors, tissue inhibitors of MMPs. These results suggest that UC-MSCs harbor anti inflammation and antifibrotic properties and may augment lung repair (148).

In hyperoxia-exposed newborn mice, intraperitoneal administration of UC-MSCs at high dose (1 x 106 cells) restored lung structure and function (149). Characteristic arrest in alveolar growth with air space enlargement and loss of lung capillaries induced by hyperoxia were partially prevented and lung function and structure were somewhat preserved, without tumor formation following computed tomography scan assessment. While high dosage of intraperitoneal administration of UC-MSCs (1 × 106 cells) was associated with alveolar septal widening probably through the modification of the interstitial matrix, intranasal administration of UC-MSCs or lower dose at 0.1 × 106 cells intraperitoneal administration had no significant effects on lung function or alveolar remodeling. It is suggested that UC-MSCs may act via a paracrine effect. Purified exosomes from various sources of MSCs including Wharton's jelly-derived MSCs were also reported to restore lung architecture and improve lung development and function in hyperoxia-induced BPD animal models (129).

Moreira et al. (150) reported that the first intranasal administration of umbilical cord Wharton's jelly-derived MSC (UC-MSCs) to a hyperoxia-induced rat BPD model resulted in restoration of lung alveolarization, vascularization and pulmonary vascular remodeling. This was due to the combined effect on angiogenesis, immunomodulation, wound healing and cell survival of hUC-MSCs as indicated by the protein microarray results (150). The lungs of hUC-MSCs treated mice showed significantly lower levels of injury-related proteins associated with immunomodulation (C-X3-C motif chemokine ligand 1 (CX3CL1), TNF-α, T cell immunoglobulin and mucin domain (TIM-1), hepassocin, neprilysin), cell survival (osteoprotegerin), and wound healing [MMP-2, leukocyte inhibitory factor (LIF)]. Moreira et al. (150) suggested the intranasal route of delivery as a feasible, non-invasive and effective method that may bear clinical applicability (150).

Elastin expressions stimulated by 90% O2 in human lung fibroblasts (HLF) of a hyperoxia-induced rat model of BPD were reduced by intratracheal-delivered UC-MSCs. HLF trans-differentiation into myofibroblasts were also inhibited, indicating that UC-MSCs could inhibit lung elastase activity. These findings showed that UC-MSCs could ameliorate aberrant elastin expression and deposition in the lung of hyperoxia-induced BPD models, possibly through the suppression of TGF-β (151).




Clinical Translation: From Bench to Bedside

The results following extensive in vitro and in vivo experiments on animal BPD models using UC-MSCs and hAECs, are promising. This has created great enthusiasm in the scientific community with a surge in clinical trials, offering new hopes of cure for a myriad of diseases including BPD. Notably, hUC-MSCs are among the MSCs that had been extensively investigated over the past decades on various small and larger animal models.

There are currently 11 registered clinical trials of PDSCs and UCDSCs used for BPD listed in the United States National Institute of Health database at https://clinicaltrials.gov, while two are listed in the Australian New Zealand Clinical Trials Registry at https://anzctr.org.au (last accessed on 15 September 2020). At present, clinical trials are also being conducted at various countries including Korea, United States, Spain and China.

These clinical trials have collectively embraced umbilical cord as the main source of MSCs with only a few using hAECs. Most of them are phase 1 clinical trials, focusing on the safety and efficacy of PDSCs and UCDSCs in the treatment and prevention of BPD. Intratracheal and intravenous routes are the two preferred routes of administration, with a wide inter-study variation in the selection of dosage that ranges from 1 million cells/kg body weight up to 30 million cells/kg body weight. A summary of the ongoing and completed clinical trials (excluding 5 follow up studies—NCT03873506, NCT01632475, NCT04003857, NCT01897987, NCT02023788) is in Table 2.


Table 2. Ongoing and completed clinical trials on bronchopulmonary dysplasia with placenta and umbilical cord-derived stem cell.
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hAECs were being explored for their safety and feasibility in treating BPD. Lim et al. (157) conducted the first in-human phase I clinical trial of allogeneic hAECs in 6 preterm babies with BPD via the intravenous route. They reported no immediate adverse events except one of the babies developed transient cardiorespiratory compromise due to pulmonary embolic event. In addition, serum C-reactive protein levels were slightly reduced or remained unchanged 48 h following hAECs administration. One of the six babies died a month after cell administration due to multiorgan failure. The rest of the babies were alive at the time of discharge (median, 174 days of life) (157) and after 2 years of follow up (158) (Table 3).


Table 3. Published clinical trials on bronchopulmonary dysplasia with placenta derived stem cells.
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Translational Challenges in Cell-Based Therapy

Although cell-based intervention is hyped as the next therapeutic pillar in medicine, there are still many challenges to be overcome prior to its successful translation into clinical use. Comparing to small molecule and biologic drugs, cell-based therapies are considerably complex and are generally more challenging to control their biological behavior in vivo, which has posed a great obstacle to the scientific community toward establishing these cell sources as promising and rewarding therapeutic use in the clinics. In addition, other cell-based therapies such as ECFC and human umbilical vein endothelial cells (HUVEC) that had been comprehensively investigated in adult diseases (159, 160) may be explored for their potential benefits in treating BPD.

Safety remains a primary issue in cell transplantation. The complexity and lack of full understanding on the mode of action of PDSCs and UCDSCs in vivo remains a major issue (161). As compared with other small molecule or biologic drugs, these cells are living entities that are capable of metabolism, growth and reaction to environmental stimuli, affecting their therapeutic abilities.

Heterogeneity of PDSCs and UCDSCs may become a barrier that hinders treatment success. Notably, stem cells derived from different anatomic locations of the human placenta, although revealed to share common morphology and immunophenotypic pattern, differ significantly with regards to the numbers of cells in the host tissue, global gene expression patterns and their trilineage differentiation potential ex vivo. Careful biomolecular characterization of PDSCs and UCDSCs through genomic, epigenetic, secretomic and proteomic profiling can further refine their overlapping identities and hence reduce heterogeneity.

Standardization in isolation methods is hard to be achieved as different protocols exist for PDSCs/UCDSCs isolation from different anatomic locations. Isolation of cells from human amniotic membrane particularly could be problematic and at risk of cross-contamination due to both AECs and AM-MSCs located close to one another (54). Isolation of hAECs from amniotic fluid may inadvertently harvest trophoblast cells as well (162). Furthermore, the number of cells isolated is often not adequate for clinical use, requiring cell expansion by culture method to achieve a minimum of 1.5-6 × 107 cells per single dose (163). Large-scale production of MSCs is currently made possible with robust controlled bioreactor systems which enable rigorous process monitoring to ensure cell cultivation under optimum controlled conditions (164).

Lastly, it is imperative to note that the risk in transmitting of infections such as viruses, prions and mycoplasma from donors to the immunocompromised premature host although minimal, but extant (165). Stringent safety assurance system with appropriate donor selection and screening as well as employing sensitive screening tests for infectious diseases is mandatory.




CONCLUSION AND FUTURE PROSPECTS

Currently, there is no single effective therapy for BPD and as such, stem cells have emerged as a potential source of effective therapy. Stem cell insufficiency in preterm infants may be one of the underlying pathological mechanisms for disordered development of alveolar and vascular structures. The placenta and umbilical cord are readily available source of stem cells, although the properties of these stem cells may differ depending on the regions they are isolated from.

To date, there are still very limited studies on the direct comparison between the value of MSCs from different sources, especially between BM-MSCs and P-MSCs/UC-MSCs. It would also be valuable to compare stem cells-derived EVs from various sources such as placenta, bone marrow, and adipose tissue. Accumulating evidence has demonstrated the beneficial effects of these placenta/umbilical cord-derived stem cells on both in vitro and in vivo experimental animal BPD models. Pre-clinical studies showed they are able to treat established BPD and can prevent BPD from developing in preterm neonates exposed to lung insults. The effects include reduced in the levels of inflammatory mediators such as IL-6 and TNF-α, improved pulmonary angiogenesis, ameliorated lung fibrosis and restored alveolar structures in BPD experimental models. Although paracrine activities seemed to be the most likely mechanism involved, the exact functions of how these stem cells work in vivo remain unclear, leaving a knowledge gap in this area.

At the present moment, hAECs and hUC-MSCs are two stem-cell based therapies that are leading the way as potential treatment of BPD. In our opinion and backed by increasing evidence that the “game-changer” lies in the treatment with cell-free products via EVs which appear to yield similar benefits as stem cells. EVs are considered a novel discovery in stem cell biology. Although there are still many uncertainties and questions with regards to this product and that safety of this product has yet to be tested in any phase 1 clinical trial, EVs being cell-free do not have the inherent concerns of uncontrolled transformation. Future studies should investigate the properties of EVs isolated from different regions of placenta and umbilical cord. Lastly, standardized extraction methods and harvesting techniques are necessary to ensure quality and reproducibility of this stem cell product before it is released for use in human translational applications.
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Hereditary or developmental neurological disorders (HNDs or DNDs) affect the quality of life and contribute to the high mortality rates among neonates. Most HNDs are incurable, and the search for new and effective treatments is hampered by challenges peculiar to the human brain, which is guarded by the near-impervious blood-brain barrier. Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR), a gene-editing tool repurposed from bacterial defense systems against viruses, has been touted by some as a panacea for genetic diseases. CRISPR has expedited the research into HNDs, enabling the generation of in vitro and in vivo models to simulate the changes in human physiology caused by genetic variation. In this review, we describe the basic principles and workings of CRISPR and the modifications that have been made to broaden its applications. Then, we review important CRISPR-based studies that have opened new doors to the treatment of HNDs such as fragile X syndrome and Down syndrome. We also discuss how CRISPR can be used to generate research models to examine the effects of genetic variation and caffeine therapy on the developing brain. Several drawbacks of CRISPR may preclude its use at the clinics, particularly the vulnerability of neuronal cells to the adverse effect of gene editing, and the inefficiency of CRISPR delivery into the brain. In concluding the review, we offer some suggestions for enhancing the gene-editing efficacy of CRISPR and how it may be morphed into safe and effective therapy for HNDs and other brain disorders.

Keywords: Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR), gene-editing, gene therapy, hereditary neurological disorders, neonates, pharmacogenomics, caffeine, drug responsiveness


INTRODUCTION

The human brain is the most complex organ in our body, consisting of a multitude of neurons communicating with each other. It is the command center that governs our bodily functions, including senses, movements, emotions, language, communication, thoughts, and memory. The intricate neural circuits of the brain are built in utero and continue to grow till adulthood. The process is orchestrated by a collection of genes that encode signals for triggering neural cell differentiation and migration; but many of the genes are still unknown (1, 2). Defects in these genes impair prenatal brain development and cause hereditary neurological disorders (HNDs) (3). Currently, there is no cure for most of the HNDs, as the underlying pathogenesis is often obscure and poorly understood; and effective treatments of HNDs are impeded by the blood-brain barrier (BBB) that prevents drugs from being delivered to their target sites. For many of the known HNDs, symptomatic treatments are the only feasible avenues to clinical care (4, 5). However, a major caveat is that some HNDs may not become manifest until after the neonatal period, and critical treatment opportunities may be missed (6).

Gene-editing systems, such as Zinc Finger Nucleases (ZFN) and Transcription Activator-Like Effector Nuclease (TALEN), are potentially powerful approaches for the disease-modifying treatment of HNDs (7). However, they are complex, time-consuming, and have low gene-editing efficiency. To date, Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) is the most efficient and simplest genome editing system and has been widely used in different cell types and organisms to edit single or multiple target genes (8). CRISPR can be directed to different genetic loci simply by redesigning the sgRNAs (Table 1), unlike ZFN and TALEN which would require time-consuming synthesis of new guiding proteins (9). The ease of reconstructing sgRNAs enables CRISPR to target multiple loci simultaneously, needing only an assortment of gene-specific sgRNAs. Moreover, wild-type Cas9 can be reprogrammed into catalytically inactive Cas9 (dead Cas9 or dCas9) that can modulate target gene expression when it is fused to transcriptional modifiers (10).


Table 1. Gene-editing glossary (62, 63).
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The number of clinical trials looking into CRISPR-based therapy, especially that of cancer, is growing, (11). Recently, a patient with Leber congenital amaurosis, a hereditary disorder that causes blindness, became the first patient to undergo in vivo gene editing using CRISPR (ClinicalTrials.gov identifier: NCT03872479). Although CRISPR has not yet reached the clinical stages of testing in humans with HNDs, pre-clinical results have demonstrated the efficacy of CRISPR in correcting faulty genes associated with HNDs (12). Therefore, CRISPR-based treatments could help to reduce the mortality and morbidity in neonates who suffer HNDs. A viable treatment strategy would be pre-emptive CRISPR gene editing that could prevent the causal genetic defects from developing into full-blown HNDs (6).

Besides, CRISPR can be utilized to generate models to study the effects of genetic variation on drug response (13, 14). Caffeine has a beneficial effect on the developing brain, improving cognitive outcomes in infants treated with it (15). However, caffeine sensitivity varies between neonates, possibly owing to genetic variation. The outcome of caffeine therapy was shown to be adversely affected by rs16851030, a DNA variant located in the 3'-untranslated region of the ADORA1 gene—the target of caffeine. Individuals who are homozygous for the rs16851030 C-allele may respond better to caffeine than those who harbor the T-allele (16).

In this review, we discuss how CRISPR may progress from laboratory benches into clinics to improve neonatal care. We cover a particularly interesting but challenging subject—the management of HNDs, which affect the vulnerable, growing brains of newborns. We include only relevant HNDs that are manifest during the neonatal period and those that occur later. We also discuss how CRISPR may help us to understand the genetic basis of the variable caffeine sensitivity among neonates with apnea of prematurity, given the large amount of evidence pointing to a beneficial effect of caffeine on brain development.



CRISPR GENE-EDITING VS. TRADITIONAL GENE THERAPY

Gene therapy has the potential to treat a wide range of inherited diseases, such as cystic fibrosis and muscular dystrophy (17, 18). Traditional gene therapy replaces faulty genes with the correct versions or, with the help of a vector, introduces new genes into cells to produce functional proteins (19) (Figure 1). However, not all gene constructs can fit into a vector. The gene expression system has a size limit, and large genes are difficult to package and deliver into cells (20). Traditional gene therapy works well for autosomal recessive disorders as the mechanism is straightforward. Most autosomal recessive disorders are caused by loss-of-function exonic variants, and inserting normal copies of the target gene into cells is sufficient to restore protein function (21). In contrast, autosomal dominant disorders are caused by gain-of-function exonic variants and require more elaborate gene editing. This includes an exogenous supply of functional gene constructs to restore protein function, and the use of antisense oligonucleotides and small interfering RNAs to silence the transcription of disease-causing genes (22, 23). The additional requirement for gene silencing means that repeat doses would be needed to maintain therapeutic efficacy (24). This would not be necessary with gene edits created by CRISPR, as the outcome is long-lasting.


[image: Figure 1]
FIGURE 1. CRISPR gene-editing vs. traditional gene therapy. (A) A new gene construct is packaged into a viral vector. The vector binds to the cell membrane and releases the gene construct into the cell nucleus. This enables the cells to produce normal, functional proteins, encoded by the construct. (B) CRISPR targets a specific gene and corrects a disease-causing DNA variant. The corrected gene can now be transcribed and translated into a functional protein. (Created with BioRender.com).


Deaths reported following gene therapy have cast serious concerns on its safety. For example, two patients suffered liver dysfunction and died after they received high doses of adeno-associated viruses (AAV) that delivered a gene therapy for X-linked myotubular myopathy (25). An 18-year-old patient passed away 4 days after he was given an intra-artery dose of a gene therapy that was designed to remedy ornithine transcarbamylase deficiency. The cause of death was determined to be a severe immune reaction to the AAV vector that carried the corrective gene (26).



THE MECHANICS OF CRISPR

CRISPR is an adaptive immune defense used by archaea and bacteria against viruses (27). Upon infection by a virus, the host will integrate fragments of the viral genetic material into its genome, which will serve as memory for recognizing and destroying the virus in subsequent infections. The virus will be targeted and destroyed by the CRISPR-associated protein (Cas), an endonuclease that cleaves DNA strands. Between 2011 and 2013, substantial efforts by many researchers led to the successful repurposing of this CRISPR-Cas system to enable gene editing in eukaryotes. The mechanics of CRISPR-Cas are simple and readily reproducible outside the microbes (28, 29).

CRISPR has been widely used to edit single or multiple target genes in a variety of cells and organisms (8). For a detailed discussion of the mechanisms of CRISPR and the requirements for successful gene edits, the readers are referred to another review (30). A functional CRISPR toolkit needs only: (I) the Cas nuclease, commonly the Cas9, and (II) a guide RNA complementary to the target sequence. The basic scheme can be altered to suit a variety of gene-editing needs (28). The guide RNA directs the Cas9 nuclease to the targeted DNA region, which must contain a protospacer adjacent motif (PAM) at the 3′ end. The binding of Cas9 nuclease to the target region induces DNA double-strand breaks (DSBs), which subsequently trigger endogenous mechanisms to repair the DSBs. DSBs can be repaired either by non-homologous end joining (NHEJ) or homology-directed repair (HDR). In actively dividing human cells, NHEJ is the prevailing DNA repair mechanism, remedying 75% of naturally occurring DSBs, while HDR is responsible for the remaining 25% (31). NHEJ is an error-prone process and causes random DNA insertions or deletions (indels), which could generate frameshift mutations (32). Thus, NHEJ is useful when the resultant edits are intended to abolish gene expression. For precise gene edits such as single-base substitutions, a donor repair template is needed to shift the DNA repair pathways from NHEJ to HDR (33) (Figure 2A). HDR enhances the precision of CRISPR, but the issue remains that unlike NHEJ which is active throughout the cell cycle, HDR is only active at the G2 and S phases. This decreases the efficiency of HDR; and the problem is exacerbated in post-mitotic cells, which are not actively dividing (34).


[image: Figure 2]
FIGURE 2. Cas9 nuclease, base editing, and prime editing. (A) Guide RNA guides Cas9 nuclease to cut a DNA segment that is 3 bases upstream of the PAM. The resultant double-strand break (DSB) triggers NHEJ, which may cause frame-shifting indels and abolish gene expression. By using a repair template, the repair machinery can be shifted to HDR and introduce precise edits while rejoining the broken DNA strands. (B) Cytidine deaminase converts cytosine to uracil while deoxyadenosine deaminase (not shown in the figure) converts adenosine to guanine. Cas9 nickase cuts the opposite strand and triggers a mismatch repair mechanism. As a result, in repairing the nick previously created by the Cas9 nickase, the cell uses the edited DNA strand as a template and copies the “mutation” into the complementary strand. (C) Prime editing requires a prime editor and a prime editing guide RNA (pegRNA) to modify gene sequences. The prime editor is a chimera of a Cas9 nickase and a reverse transcriptase (RT). The pegRNA guides the prime editor to the target site where editing should occur. It also carries a primer-binding site (PBS) and a short stretch of a template sequence containing the desired edit. The reverse transcriptase converts the template sequence into complementary DNA, which is then incorporated into the target site after the original DNA sequence is excised by an endogenous endonuclease. Then, the edited strand serves as a template for the repair of the unedited strand after it is nicked by Cas9 nickase. Hence, both DNA strands have the desired edit. X: original DNA sequence; Y: edited DNA sequence (Created with BioRender.com).


The discovery of DNA base editors in 2016 offered an HDR-independent solution to the problem (35). These base editors utilize Cas9-nickase or dCas9 conjugated with deaminase to induce single-base transitions from C to T or A to G (36, 37) (Figure 2B). Prime editing expands the types of base substitutions that can be created by the base editors, using its dual-functioning guide RNA to prime the synthesis of DNA edits by a reverse transcriptase (Figure 2C). Instructed by a template embedded in the guide RNA, the reverse transcriptase can create precise indels or any of the 12 possible point mutations (C → T, G → A, A → G, T → C, C → A, C → G, G → C, G → T, A → C, A → T, T → A, and T → G) without the need for DSBs or an HDR template (37).

Precise single-base editing would be an important, clinically relevant modality of gene editing, as ~50% of disease-causing mutations are single-nucleotide substitutions rather than small indels. The Cas9-deaminase base editors may find use in correcting those mutations and treating the associated disorders (37, 38). For instance, a base editor has been shown to correct a mutation that caused Niemann-Pick disease type C and accumulation of lipids in mouse brain tissue (39). Prime editing is expected to surpass the base editors in therapeutic utility, as it could edit up to 89% of known genetic variants associated with human diseases (37).



GENERATION OF CELL AND ANIMAL MODELS OF HNDS USING CRISPR

Genes hold the blueprint for how the brain matures and functions. However, the roles of many genes in the developing human brain are still poorly understood, making the search for new HND treatments a difficult undertaking (40). In vitro and in vivo disease models are useful for understanding the molecular mechanisms and the pathogeneses of HNDs and exploring novel therapies. However, the generation of disease models using the conventional transgenesis technique, which introduces an altered version of a gene (harbored in a vector) into a host organism, is time-consuming and inefficient. Cells naturally reject foreign substances, so the expression of the mutant gene is usually lost after several rounds of cell division (41). CRISPR obviates this limitation, creating inheritable and permanent changes in nuclear (native) DNA (42).

CRISPR has been used to rapidly create in vivo and in vitro models to elucidate the pathogenetic mechanisms of genetic diseases and to identify potential treatments (Table 2). For instance, to facilitate the study on how the loss of UBE3A, which regulates synaptic development, in neurons leads to Angelman syndrome, in vitro and in vivo (rat) models were generated by knocking out UBE3A using CRISPR. UBE3A-deficient rats showed signs similar to what have been observed in patients with Angelman syndrome, namely cognitive and motor impairment. Neurons lacking functional UBE3A lose the ability to fire mature action potentials—the electrical signals that connect neurons and underpin the workings of the brain (43, 44). By silencing UBE3A, CRISPR has helped to pinpoint the genetic switch of neural circuits and the causal gene for Angelman syndrome.


Table 2. HNDs models generated by CRISPR.
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Mice and rats are popular choices of model organisms for studies of human diseases. However, they are not always compatible with human HNDs. Though the brains of humans, mice, and rats share the same general layout, they differ in some key aspects, making it impossible to create valid mouse or rat models for certain HNDs. The cortex of the human brain is heavily folded to house dense networks of neurons that perform high-level cognitive functions—an anatomical feature that is absent from the brains of mice and rats (48, 49). Beneath the cortical sheath, neurons are grouped by the genes they actively express into a variety of functional classes. Many of the neuron classes are conserved between humans and mice, but some putative counterparts were found to have notably varied patterns of gene expression (50). This means the molecular workings of some human brain diseases are species-specific and may only be accurately replicated in animals that are closely related to humans.

Medium-sized animals, such as sheep, monkeys, pigs, and ferrets resemble humans more closely than mice or rats and are therefore better model organisms for use in CRISPR-based studies of HNDs (51). For instance, CRISPR-mediated genome editing was applied to develop a ferret model to study lissencephaly, which causes loss of cortical folding in the human brain (45). In this study, a CRISPR system targeting Dcx was injected into single-cell ferret embryos, which were then implanted into surrogate females. This abolished the function of Dcx and resulted in the birth of ferrets who had smooth brains, confirming the importance of Dcx in enabling neuronal migration during cortical folding (45). Infants born with lissencephaly have small brains and severe intellectual disability (40). In another study, by delivering a CRISPR system using in utero electroporation, researchers proved that Cdk5 can be another gene required for cortical folding, as knocking out this gene resulted in smooth-surfaced brains (46). Both studies used ferrets, as cortical folds are present in ferrets but not in rodents (45, 46).

It is evident that the choice of an animal model depends on the characteristics of the disease in question. For instance, a CRISPR-ovine model is the logical choice for infantile neuronal ceroid lipofuscinoses, where deleterious mutations in the palmitoyl-protein thioesterase 1 (PPT1) gene cause progressive death of nerve cells. The incurable disease affects children and severely reduces their life expectancy to ~10% of the average lifespan of humans, as death typically occurs at ~9 years of age. Sheep are more effective disease models than ferrets in this case, though both have brain structures similar to humans. The longer lifespans of sheep would allow us to thoroughly map out the development of the disease (47, 52, 53).

Overall, the studies curated in Table 1 have clearly shown the utility of CRISPR, when coupled with medium-sized animal models, in helping us to understand the pathogeneses of HNDs. However, the high costs, long breeding periods, ethical concerns, and strict regulations may still limit the use of those animal models in the future (51, 54).



CRISPR-MEDIATED TREATMENT OF HEREDITARY OR DEVELOPMENTAL NEUROLOGICAL DISORDERS

Besides its potential in the generation of effective models of human diseases, CRISPR can also be used to treat HNDs (Table 3). Here we discuss in detail the pre-clinical findings reported by studies of a variety of HNDs, namely fragile X syndrome, Down syndrome, and sphingolipidoses. CRISPR-based therapy could be achieved using different approaches in the clinical settings, namely in vitro germline editing, in utero gene editing, and in vivo and ex vivo gene editing (Figure 3). We detail the rationales and challenges of different strategies for CRISPR editing of HND-causing DNA variants in Table 4.


Table 3. CRISPR-mediated treatment of HNDs.
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FIGURE 3. The future of gene editing in HNDs. (A) In vitro germline editing is initiated with the creation of zygotes. CRISPR constructs are microinjected into the zygotes, which are allowed to grow into embryos harboring the desired DNA edits. PGD is carried out to ensure there are no off-target mutations before the embryos are transferred into the uterus. (B) A viral vector harboring a genome editor is injected into the umbilical cord for direct delivery into the fetus. Alternatively, the editor can be delivered using a non-viral vector (not shown in the figure). Before the baby is born, a variety of tests will be performed to confirm on-target gene edits and detect off-target mutations. (C) CRISPR is packaged in a viral or non-viral vector for systemic delivery or direct injection into the brain. (D) Ex vivo gene editing begins with isolation of fibroblasts from the patients. The cells are reprogrammed into iPSCs, differentiated into neural stem cells, and CRISPR-edited. Then, the edited cells are analyzed for on- and off-target gene edits before they are transplanted into the brain. PGD, pre-implantation genetic diagnosis; IVF, in vitro fertilization; iPSCs, induced pluripotent stem cells (Created with BioRender.com).



Table 4. Advantages and disadvantages of different strategies of CRISPR-based gene editing in HNDs.
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Fragile X Syndrome

CRISPR-Gold, a non-viral delivery system, was found to effectively edit mGluR5, an autism-associated gene, in a mouse model of fragile X syndrome. mGluR5 editing reduces the signaling between brain cells and thus decreases the repetitive behaviors caused by this disorder (Figure 4). In the study that examined the therapeutic potential of CRISPR-Gold, the CRISPR system was injected directly into mouse brains to limit gene editing to the striatum, which mediates repetitive behaviors. As a result, mGluR5 mRNA and protein levels were reduced by 40–50%, and this was sufficient to rescue the treated mice from repetitive behaviors (12). However, it could be a challenge for researchers to determine the extent of mGluR5 reduction that would cause a similar effect in humans. Fragile X syndrome is associated with an imbalance of glutamatergic and GABAergic signaling (64). mGluR5 serves a role in excitatory glutamatergic neurotransmission and completely knocking out this gene can further disrupt GABAergic signaling and impair human brain function (65, 66). Hence, the nuanced balance between the glutamatergic and GABAergic signals in the brain dictates the level of mGluR5 inhibition that would be therapeutic in humans (67).


[image: Figure 4]
FIGURE 4. mGluR5 signaling reduction rescues fragile X syndrome in mice. (A) mGluR5 signaling activates protein synthesis. FMRP opposes mGluR5 and suppresses the translation of mRNAs into proteins. (B) In FMRP-knockout mice, mGluR5 signaling is exaggerated, causing excessive synthesis of proteins. (C) CRISPR-Gold is injected intracranially to knock out mGlur5 gene. This has been shown to decrease mGlurR5 mRNAs by 40–50% and restore protein synthesis to its normal levels (12). (Created with BioRender.com).




Down Syndrome

Down syndrome, also known as trisomy 21, is caused by an error in cell division that leads to an extra chromosome 21 (68). It is a well-known genetic disorder that impairs neurodevelopment in newborns. The extra chromosome 21 causes overexpression of >100 genes that drive brain development or function (69). Several gene editing strategies, including CRISPR, have been applied to eliminate the surplus chromosome (70). For instance, two gRNAs were designed to target repetitive sequences at the long arm of chromosome 21, induce cleavage at multiple sites, and eliminate the whole chromosome. The deletion of an entire chromosome is challenging as it is difficult to efficiently induce multiple DNA cleavages. Although the initial trial of the chromosome-removing strategy was successful in stem cells derived from patients with Down syndrome, the same outcome was not replicable in embryos, probably because chromosomal deletion was lethal to embryonic cells (55). Recently, two alternative strategies were proposed. The suggestions were aimed at inactivating instead of deleting the extra chromosome 21 (71). Guided by sgRNAs, the Cas9 nuclease could home in on and cut off the Down syndrome critical regions in chromosome 21, which harbor the culprit genes that cause Down syndrome and inhibit neuronal development. Alternatively, the enzyme could edit out a non-functional segment within chromosome 21 in exchange for a regulatory DNA construct which contains XIST that inactivates the chromosome (71, 72). With this proposed approach, chromosomal inactivation by XIST which normally occurs at the pluripotent stage could be induced in non-pluripotent neural stem cells and differentiated neurons (73). Both the proposed methods could rescue neurogenesis and improve cognitive performance in Down syndrome patients.



Sphingolipidoses

CRISPR has also demonstrated its genome editing efficacy in mouse models of Tay-Sachs and Sandhoff diseases. Mutations in HEXA, which encodes the Hex α subunit, lead to Tay-Sachs disease while mutations in HEXB, which encodes the Hex β subunit, cause Sandhoff disease. Mutations in the HEXA and HEXB genes reduce the activity of beta-hexosaminidase, which breaks down GM2 ganglioside, a normal component of the neuronal membrane. As a result, GM2 ganglioside accumulates to a level which is toxic to neurons in the brain and the spinal cord, causing intellectual disability and seizures (74). Instead of targeting the brain, a CRISPR system delivered by AAV was used to turn hepatocytes into machinery that produces a modified human Hex μ subunit, by integrating cDNA encoding the protein into the albumin gene. The enzymes expressed and secreted from the edited hepatocytes were then carried by the bloodstream to the brain to break down GM2 ganglioside (56).

With new techniques being rapidly developed, several alternative strategies—one of which being prime editing—have become available for editing HEXA mutations in Tay-Sachs disease (37). The most common mutation found in patients with Tay-Sachs disease is a 4-bp insertion, i.e., TATC in exon 11 of the HEXA gene (75). In an in vitro model, prime editing was shown to correct the mutation by removing the 4-bp insertion without DSB (37). To determine which CRISPR system is optimal, criteria such as safety, costs, delivery vectors, and how well the system works in cells should be considered. Most importantly, more supporting evidence should be garnered from pre-clinical studies before moving into clinical trials.




GENE-EDITING TO STUDY DRUG RESPONSIVENESS

Caffeine, an antagonist of adenosine A1 (ADORA1) and A2A receptors (ADORA2A), is a key modality of the management of apnoea of prematurity. Administration of caffeine in pre-mature, apneic infants was found to improve symptoms and significantly reduce death rates and the severity of neurocognitive impairment (76). Caffeine has also been shown to have a variety of neuroprotective effects in vitro and in vivo. It protects against cell death and preserves background electrical activity in the hypoxic-ischemic brains (77–80) and enhances the connection between neurons by activating genes that control neuron projection. This is especially important to the developing brains of infants. Together, the protective mechanisms of caffeine act to improve neurodevelopment in preterm infants (81).

Individual genetic differences can affect the pharmacology of some drugs and cause inter-individual variability in drug response. This would affect drug therapy outcomes. Because of genetic variation, not all infants given caffeine will respond optimally to the drug. Rs16851030, a DNA variant located in the 3′-untranslated region of the ADORA1 gene, was shown to adversely affect the outcome of caffeine therapy. A prospective case-control study was conducted to assess the variability of caffeine sensitivity in relation to single-nucleotide variants in the ADORA1 gene. All infants who were >28 weeks old and homozygous for the rs16851030 reference C-allele were found to have responded favorably to caffeine therapy, in comparison with a 57% response rate among those harboring the alternate T-allele. The discrepancies in the treatment outcomes may be due to the influence of rs16851030 on the expression of the adenosine A1 receptor (16); but this remains an unconfirmed theory. Furthermore, we do not know whether the genetic variation in caffeine response could be overcome by dosage adjustment (82). In caffeine-sensitive individuals, the augmented effects of caffeine could be offset by lowering caffeine doses to avoid toxicity, such as tachycardia and seizure (83). Conversely, individuals who are less caffeine-responsive may benefit from higher caffeine doses to reduce the risk of apnea and to prevent complications such as hypoxia-induced brain damage. CRISPR has been used to create a mutant breast cancer cell line with a single base edit to elucidate the mechanism of drug resistance (14). Therefore, by creating a cell-based model using CRISPR and treating the cells carrying the C- or T-allele with different concentrations of caffeine, we could then gauge whether the underlying genetic influence could be overcome by adjustments to the dosage of caffeine. The resultant findings would be valuable for optimizing the management of apnea of prematurity and improving neurodevelopmental outcomes in preterm infants.

Using a base editor to investigate how rs16851030 affects the outcome of caffeine therapy could be challenging as there are multiple Cs around the target C (in brackets) within the editing window, as shown in the flanking sequences of rs16851030, TCTTAGATGTTGGTGGTGCAGC[C/T]CCAGGACCAAGCTTAAGGAGAG. The editing of additional Cs can cause harmful effects. CRISPR base editors with narrow editing windows were reported recently but they still would not be able to precisely edit the target C, owing to bystander effects (84, 85); and the editing may result in a non-T (86, 87). Prime editing would be a fitting alternative to the base editors (Figure 2C), as it creates precise point mutations by directly copying the desired gene edits into the target DNA segments (37). Another advantage of prime editing is that unlike the other base editors, it can perform gene editing in post-mitotic cells, including neurons in the brain (37).



LIMITATIONS OF CRISPR AND THE WAY FORWARD

In this section, we detail the roadblocks to CRISPR attaining its maximal utility in neuroscience research: off-target effects, potential difficulties in crossing the blood-brain barrier, and immunogenicity of Cas9 and vulnerability of neuronal cells to the adverse effect of CRISPR editing (or the system that delivers it).


Off-Target Effects

The specificity of CRISPR is ensured by its companion gRNA, which consists of sequences complementary to the target DNA region. However, the specificity is not absolute, and unintended binding between gRNA and non-target DNA sequences is possible. Off-target activity must be avoided because it can lead to adverse side effects. Current tactics for curbing off-target editing have focused on two key aspects of how CRISPR operates, i.e., the need for specific gRNAs, and the fundamental gene editing mechanics.

DISCOVER-Seq (discovery of in situ Cas off-targets and verification by sequencing) is a tool for detecting possible in vitro or in vivo off-targets of CRISPR, helping researchers to validate the guide RNAs they have designed in silico. By checking the interaction between a DSB repair protein, MRE11, with Cas9 cut sites, DISCOVER-Seq can identify the exact locations in the genome where a cut has been made by CRISPR. The MRE11-bound DNA segments are captured by chromatin immunoprecipitation and sequenced on a high-throughput platform. DISCOVER-Seq is superior to other tools as it can be used to detect off-target events in vivo (88). This may in then inform corresponding strategies to eradicate the off-target editing.

Prime editing overhauls the mechanism of base editing and could be an option that is relatively free of off-target editing. It was reported to have increased target specificity (37). However, the safety and efficacy of prime editors in neuronal cells are still unclear. Further studies are needed to explore the utility of this newly developed gene editor in the neuroscience space.



Crossing the Blood-Brain Barrier

For gene expression studies and treatment of HNDs, the main challenge is to deliver a CRISPR system across the BBB. The BBB prevents the entry of foreign substances into the brain, including toxins and pathogens (89). The protective mechanism is a two-edged sword, as it also cuts off the access of CRISPR systems to the brain. There are several strategies to tackle the BBB, such as viral delivery and nanoparticles. AAV is a popular method for shipping CRISPR expression constructs to the target brain cells. To make room for CRISPR, the virus is emptied of its protein-coding genes, leaving only the capsids and the sequences that regulate DNA replication. The passage of AAV-CRISPR across the BBB is made possible by the inherent ability of viruses to bind to and invade host cells (90).

However, wild-type AAVs are inefficient in crossing the BBB and need direct injection into the brain (91). Besides, they have low transduction efficiency in vitro and in vivo (92, 93). To counter the drawbacks, a 7-mer peptide, PHP.B, was inserted into the capsids of wild-type AAVs to facilitate the penetration of BBB and to increase transduction efficiency in neuronal cells (93, 94). However, a high viral load of AAV-PHP.B would be required (≥1 ×1012 vg per adult mouse) for genetic modification in the brain, and this translates into a high risk of immune reactions. With the development of AAV-PHP.eB, which varies from AAV-PHP.B at only two amino acids adjacent to the initial 7-mer peptide insertion, neuronal cells can be edited using a lower viral load (95). Some studies showed that PHP.B and PHP.eB require the LY6A receptor (lymphocyte antigen 6 complex) to reach the mouse brain. Ly6a disruption decreases, while Ly6a overexpression enhances, transduction efficiency (96, 97). Nonetheless, this mechanism utilized by AAVs to cross the BBB is mouse-specific and there is no direct homolog to Ly6a in humans. Further experiments should focus on pinpointing a gene which can be targeted to increase AAV transduction in the human brain (98).

Another way to deliver the CRISPR system across the BBB has been developed recently using in vitro BBB models and holds promises in the eradication of neuroHIV. It was achieved by packaging the CRISPR system bound with magneto-electric nanoparticles (MENPs) in a nanoformulation. A magnetic field was then applied on the nanoformulation to release CRISPR from the surfaces of MENPs and to facilitate cell uptake. This would then result in intracellular release of CRISPR and inhibition of HIV (99). Neonates acquire neuroHIV when the virus enters their brains, and this could delay their brain development (100, 101). Although HIV is not an inherited disease, the same approach to delivery across the BBB could be applied in the treatment of HNDs. However, it is unclear whether the BBB has fully formed during the neonatal period (89). This would affect the concentration of a CRISPR system to be safely delivered into the brain. Future efforts should focus on determining the optimum concentration of CRISPR before this technique can be adopted clinically.



Immunogenicity of Cas9 and Vulnerability of Neuronal Cells to the Adverse Effect of CRISPR Delivery Systems

The most common Cas9 orthologs are derived from Staphylococcus aureus (SaCas9) and Streptococcus pyogenes (SpCas9) (102). Because of their bacterial origins, Cas9 proteins face pre-existing adaptive immune responses in humans. Antibodies against SaCas9 and SpCas9 have been detected in 86 and 73%, respectively, of the serum samples obtained from cord blood donors (103). The potential immunogenicity of Cas9 proteins warrants caution in future clinical trials examining the use of CRISPR in neonates.

Besides, the delivery methods of CRISPR systems may also induce immune responses and impact neuronal cells. Viral vectors are commonly used to deliver CRISPR constructs across the BBB (12, 104). However, viral delivery causes protracted CRISPR expression, which is toxic to neuronal cells and alters neuronal phenotypes (12). Moreover, it has been demonstrated that persistent Cas9 expression elicits cytotoxic immune response, which removes genetically edited cells. The removal of modified cells in the brain could lead to adverse consequences, as brain cells have limited capacity to regenerate (105). The finding also means that CRISPR edits are not necessarily permanent, so repeat administration of CRISPR therapy would be required (106). Hence, non-viral delivery methods have received great interest recently; for instance, gold nanoparticles have been used to deliver Cas9 ribonucleoproteins targeting mGluR5 in a mouse model of fragile X syndrome (12). Gold nanoparticles are safe, as they were not found to cause cytotoxicity or changes to neuronal functions at low doses. Also, they did not induce immune responses—a common problem arising from the delivery of CRISPR systems via viral methods (12).

Overall, nanoparticles seem an ideal carrier for delivering CRISPR systems into brain cells. Nanoparticles are versatile as their surfaces can be engineered to target specific cells. For instance, gold nanoparticles coated with exosomes have been shown to be able to cross the BBB via endocytosis (107, 108). To selectively target brain cells, the exosomes can be modified with a neuron-specific peptide derived from the rabies virus glycoprotein. This peptide specifically binds to the acetylcholine receptors expressed by neuronal cells (109, 110). Therefore, by modifying the surfaces of nanoparticles, we can ensure a CRISPR system is able to pass through the BBB and reach its target brain cells.




ETHICAL AND FUTURE PERSPECTIVES

In the last few years, CRISPR-driven research is rapidly increasing, and new cell and animal models have been created to elucidate the pathogenesis of HNDs. This is important groundwork for future research into new therapies. The family of CRISPR-Cas9 gene editors has been growing steadily. A variety of base editors and prime editors are continually being discovered that may improve the precision and efficacy of gene editing. Studies trialing the gene editors have resulted in various success rates. The simple mechanics of CRISPR make it a robust gene-editing tool; however, off-target editing is still a major concern and could have severe consequences (111). The safety of CRISPR editing should be guaranteed in two aspects. First, enhancing the precision of gene editing should remain at the core of future CRISPR-centric research. It may be helpful to pinpoint “hotspots” in the genome where off-target edits are most likely to arise. This may then lead to strategies that can effectively curb off-target editing in those DNA segments. Second, the chosen mode of CRISPR delivery should be non-toxic to neuronal cells and non-immunogenic. The body's immune response may suppress CRISPR gene therapy, and pose a health risk to the person receiving the treatment. Screening for potential immunological or allergic reactions to CRISPR should be performed before commencing therapy.

An appealing use of the CRISPR technique would be pre-emptive in utero editing of pathogenic gene mutations coupled with prenatal genetic testing (112–114). This would be better than delaying gene therapy until after birth, when the disease would have become manifest and the damage established. Some of the HNDs develop before birth; for instance, lissencephaly impairs cortical folding and is irreversible once the prenatal brain development is completed (115).

However, a long road lies ahead for the adoption of CRISPR-based gene editing in the clinics. What is therapeutic and what is not; or defining which genetic diseases should take priority for CRISPR therapy, are some difficult choices to make even in settings with relatively abundant health care resources. CRISPR therapy is likely to be costly—some estimates have priced it at USD $0.5 to $2 million, so funding it would be a challenge for most countries or insurance companies. Owing to the exorbitant costs of emerging gene therapies, health insurers may become increasingly selective in choosing their clients, excluding those diagnosed with “pre-existing conditions” (116, 117).

Ethical concerns are also important considerations before CRISPR can be used in humans. Genome editing in clinical settings is currently limited to somatic cells, as this is less likely than germline editing to be misused for non-ethical purposes. Potential problems may arise if “designer babies” are created using CRISPR. For instance, undetected off-target effects can be passed down to future generations and the undesirable negative consequences may be grave. Other ethical considerations include using CRISPR to achieve better phenotypic characteristics, such as height, intelligence, and athletic performance. This highlights the need for strict regulations and judicial frameworks on human germline editing. The National Institute of Health supports the call for an international moratorium on human germline editing in the clinical settings until certain conditions are met (118). Global discussions involving scientists and ethicists are needed to address how germline editing should be performed and ethically acceptable before the moratorium can be lifted.

In summary, CRISPR is an effective research tool for studying HNDs. If important safety and ethical concerns can be addressed, it has immense potential as a new treatment modality for HNDs. We expect more established CRISPR-based treatment strategies that bring new hopes for HNDs in the future.
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Background: Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a pro-inflammatory cytokine that is increased in the amniotic fluid in chorioamnionitis and elevated in the fetal lung with endotoxin exposure. Although GM-CSF has a pivotal role in fetal lung development, it stimulates pulmonary macrophages and is associated with the development of bronchopulmonary dysplasia (BPD). How antenatal GM-CSF results in recruitment of lung macrophage leading to BPD needs further elucidation. Hence, we used a transgenic and knock-out mouse model to study the effects of GM-CSF focusing on the fetal lung macrophage.

Methods: Using bitransgenic (BTg) mice that conditionally over-expressed pulmonary GM-CSF after doxycycline treatment, and GM-CSF knock-out (KO) mice with no GM-CSF expression, we compared the ontogeny and immunophenotype of lung macrophages in BTg, KO and control mice at various prenatal and postnatal time points using flow cytometry and immunohistology.

Results: During fetal life, compared to controls, BTg mice over-expressing pulmonary GM-CSF had increased numbers of lung macrophages that were CD68+ and these were primarily located in the interstitium rather than alveolar spaces. The lung macrophages that accumulated were predominantly CD11b+F4/80+ indicating immature macrophages. Conversely, lung macrophages although markedly reduced, were still present in GM-CSF KO mice.

Conclusion: Increased exposure to GM-CSF antenatally, resulted in accumulation of immature macrophages in the fetal lung interstitium. Absence of GM-CSF did not abrogate but delayed the transitioning of interstitial macrophages. Together, these results suggest that other perinatal factors may be involved in modulating the maturation of alveolar macrophages in the developing fetal lung.

Keywords: bronchopulmonary dysplasia, chorioamnionitis, GM-CSF overexpression, intrauterine inflammation or infection, GM-CSF knockout, interstitial macrophages, alveolar macrophages, transgenic mice


INTRODUCTION

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a glycoprotein which was discovered as a hemopoietic growth factor based on its ability to stimulate bone marrow cell proliferation in a mouse lung-conditioned medium (1). It is now evident that GM-CSF also exhibits immunomodulatory effects and serves as one of the major cytokines during inflammation (2–4). In the lung, the locally expressed GM-CSF have both autocrine and paracrine functions on type II alveolar epithelial cells and alveolar macrophages, respectively (5, 6). During pregnancy, the level of GM-CSF is developmentally regulated and is elevated in the presence of chorioamnionitis and other inflammatory conditions (7, 8). Endotoxin-induced chorioamnionitis resulted in increased GM-CSF in the amniotic fluid and fetal sheep lung, but not in the fetal circulation, suggesting that chorioamnionitis induced local expression of GM-CSF and could have profound effects on the developing fetal lung (9).

Intriguingly, augmentation of GM-CSF resulted in the proliferation of type II alveolar epithelial cells, restoration of alveolar epithelial barrier function, increased vascular endothelial growth factor expression, enhancement of lung growth and surfactant phospholipid production in several animal models, suggesting the role of this cytokine in the lung reparative and remodeling process (5, 10–12). These may underlie clinical observations of a lesser burden of respiratory distress syndrome in preterm infants with intrauterine exposure to chorioamnionitis (13–15). In fact, GM-CSF is essential for alveolar macrophage (AM) phenotypic and functional maturation via its downstream transcriptional factor PU.1 and peroxisome proliferator-activated receptor-γ (PPAR-γ) (16–19). As the AM is also crucial in alveolar surfactant catabolism (16, 17), ablation of the mice genetic loci for GM-CSF, although does not perturb lung morphogenesis (10), leads to the abnormal deposition of surfactant in the alveolar space, a typical characteristic of pulmonary alveolar proteinosis (16, 20).

The development of fetal AM is thought to begin antenatally in the lung interstitium and translocate into the alveolar sacs in the first week of postnatal life (18, 21–24). The fetal monocytes first colonize the developing lung and differentiate into the primitive AM from embryonic day 18.5 in the lung interstitium, which corresponds to the saccular phase of alveolar development (18). Subsequently, the primitive AM differentiates into mature AM under the influence of GM-CSF surge that occurs in the perinatal period, and they reside in the alveoli with minimal turnover (18). However, more recently, the study on the ontogeny of lung macrophages elegantly showed that during postnatal and adult life, the lung interstitium could be re-populated in a third “wave” with non-embryonic bone marrow-derived macrophages (25). This phase may be less dependent on GM-CSF as Dranoff et al. in their seminal paper surmised that the ablation of this cytokine did not appear to critically affect basal hematopoesis (26).

During an inflammatory process, macrophage recruitment in the alveolar sacs are associated with delayed alveolar and pulmonary vasculature development, similar to lung changes seen in infants with bronchopulmonary dysplasia (BPD) (27–29). In preterm infants, the early alteration in pulmonary expression of GM-CSF during postnatal life has been found to precede the development of BPD (30).

Together, these observations suggest a balance in GM-CSF levels may exist during the perinatal period affecting AM trafficking and maturation, which is still largely unclear. Disruption of this balance may predispose to the development of BPD in preterm infants. Therefore, we used animal models with GM-CSF over-expression and knock-out to study the effects on the AM during the saccular phase of alveolar development in late gestation and early postnatal life. The results may serve as a platform for the further evaluation of the direct effects of GM-CSF on BPD development.



MATERIALS AND METHODS


Mice

Animal experiments were performed following protocols approved by the Cincinnati Children's Hospital Medical Center Animal Care Committee (IACUC S3D01004). Wild type mice (Charles River, Wilmington MA), and transgenic mice in this study were on the C57Bl/6 background. All mice were housed in a barrier facility with a continuous supply of purified water, air and food, which was supplemented with doxycycline (Dox) if indicated. The female mice were checked for vaginal plug the morning after the night of breeding, and plug presence was recorded as embryonic day 0.5 (E0.5). For the study of fetal lungs, the pregnant dams were euthanized by carbon dioxide narcosis, the fetuses surgically delivered and mouse pups were sacrificed with intraperitoneal pentobarbital injection.



GM-CSF Overexpressing and GM-CSF Knockout Mice

Inducible lung-specific GM-CSF expressing bi-transgenic mice (BTg) were generated previously by crossing the reverse tetracycline-activator (rtTA)-Clara cell secretory protein (CCSP) line with the (tet-O)7-CMV-GM-CSF line. In this system, inducible expression of GM-CSF is mediated by rtTA binding to the tet-operator, switched on by Dox administered in the food. Lung epithelial-specific GM-CSF expression is mediated by the CCSP promoter, which directs transgene expression at high levels in non-ciliated respiratory epithelial cells of the tracheal-bronchial and bronchiolar regions of the lung starting at embryonic day 14.5 (31). To generate single transgenic (STg) mice [rtTA-CCSP or (tet-O)7-CMV-GM-CSF] and WT mice as littermate controls for BTg mice, male BTg mice were bred with WT females. Pregnant mice received daily Dox starting at gestational day E14.5. The GM-CSF KO mice, generated by Dr. Glenn Dranoff (26), were backcrossed for at least eight generations into the C57Bl/6 strain.



Genotyping

Mouse tails were digested using proteinase K (1 mg/mL) in lysis buffer containing Tris HCL pH 8, 0.5 M EDTA, 5 M NaCl, and 20% SDS. The samples were precipitated with KOAc and washed with pure ETOH followed by 70% ETOH, dried, and the pellets were reconstituted in Tris-EDTA buffer. Genotyping was done using the following primers with GoTaq Green Master Mix (Promega Corporation, Madison, WI) with minor modifications of the manufacturer's protocol.

CCSP-rtTA 5′ ACT GCC CAT TGC CCA AAC AC

CCSP-rtTA 3′ AAA ATC TTG CCA GCT TTC CCC

(tet-O)7-GM-CSF 5′ GCC ATC CAC GCT GTT TTG AC

(tet-O)7-GM-CSF 3′ CCT GGG CTT CCT CAT TTT TGG.



Animal Procedures

To obtain bronchoalveolar lavage fluid (BALF), the fetal (E18.5) and neonatal (postnatal, PN day 1–14) mice were dissected under a microscope, trachea exposed and cannulated and flushed with 0.5–1.0 mL cold sterile PBS (pH 7.4) through a 25 Fr gauge needle. BALF was used for cell counts and differential counts using Diff-Quik staining, flow cytometry cell studies and for GM-CSF protein measurement in the supernatant collected from select animals using ELISA assay (Endogen, Inc., Boston, MA). Lung cell suspensions were made in tissue culture media (RPMI + 10% FCS) by mincing the left lung under gentle pressure and filtered using a 50 μm nylon mesh.



Flow Cytometric Analyses

Lung cells were suspended at a density of 1 × 106 cells/100 μL media. Cell viability was determined using trypan blue exclusion and was found to be >90% viable for all the experiments. The antibodies used in the study were based on validated markers for immunophenotyping lung monocyte/macrophage (32). The following antibodies were used: Rat anti-mouse F4/80 - FITC (BM8) (Abcam, Cambridge, MA), CD11b - APC (M1/70) (BD Pharmingen, San Diego, CA) and CD68 - RPE (AbD Serotec, Raleigh, NC). Appropriate isotype-control antibodies were used. The cells were reacted with the antibodies for 30 min on ice followed by washing × 3. At least 10,000 events were recorded for each sample using the BD FACSCalibur™ flow cytometer (Becton, Dickinson and Co., Franklin Lakes, NJ), and analyses were done using the FlowJo software (Ver 9.5.2, Treestar, Ashland, OR). Cells above the isotype background intensity were considered as positively stained cells. The values were expressed as proportions of positively labeled cells.



Lung Tissue Immunohistochemistry

For lung tissue immunohistochemistry, thoraces from embryonic and PN day 1 pups were immersed in ice-cold 4% paraformaldehyde in PBS overnight. For PN day 4, 7, and 14 mouse pups, after cannulation of the trachea, the lungs were inflation fixed with 4% paraformaldehyde at 25 cm H2O pressure. The fixed lung tissues were washed three times in PBS and dehydrated in ethanol before paraffin embedding or immersed in 30% sucrose followed by mounting in the cryoprotectant OCT and frozen at −80°C before immunostaining. Lung tissues for CD68 were immunostained using 5 μm sections from OCT embedded lung specimen (Rat anti-mouse CD68 AbD Serotec, Raleigh, NC). Myeloperoxidase (MPO) staining of lung samples was done on formalin fixed lung tissue cut in 5 μm sections (rabbit polyclonal anti-MPO Cell Marque Corp., Rocklin, CA). For the paraffin embedded sections, antigen retrieval was performed by boiling the tissues in citrate buffer followed by quenching of endogenous peroxidase activity with hydrogen peroxide. Non-specific binding was blocked with 5% goat serum before overnight incubation at 4°C with anti-CD68 (1:100) or anti-MPO antibody (1:200). The sections were washed followed by incubation at room temperature for 1 h with a secondary biotinylated goat anti-rabbit antibody (Vector Laboratories, Burlingame, CA) diluted at 1:200. Immunoreactivity was determined by the diaminobenzidine method. The tissues were counterstained with nuclear fast red. Quantitative cell counts were performed in a blinded fashion by counting CD68+ cells in 5 random microscopic fields per animal in at least 3 animals per group.



Statistics

Statistical analyses were performed with SigmaStat v.1.0 (Jandel, San Rafael, CA) and GraphPad, Prism v.6.03 (GraphPad Software, Inc., La Jolla, CA). Comparisons of two groups were made with unpaired t-tests and the results are presented as means and SD. For comparisons of more than two groups, ANOVA followed by Student-Newman-Keuls tests for post-hoc analyses were used. Significance was accepted at P < 0.05.




RESULTS

We used both WT and STg littermates as controls for the BTg experimental fetal mice. We confirmed the non-inducible GM-CSF expression in the WT and STg littermates showing no differences in the percentages of positive F4/80 and CD11b cells on flow cytometry or CD68 positive macrophages on lung immunohistology after Dox treatment at E16.5 and E18.5 (Supplementary Figure 1). Thus, the controls used in this study were a composite of WT and/or STg genotypes. Similarly, in the CCSP-rtTA model with constitutive and inducible Fgf-7, WT and STg did not overexpress when given Dox as compared with the BTg (31).


Antenatal GM-CSF Overexpression Increased Macrophages in the Fetal Lung

Switching on with Dox resulted in markedly increased GM-CSF in BALF of BTg, E18.5 fetal mice (236 ± 171 pg/mL for BTg mice vs. 2.5 ± 2.8 pg/mL, for controls, respectively, p < 0.05. There was no difference in mean GM-CSF levels between the WT and STg; 3.2 and 2.3 pg/mL, respectively). This was consistent with a previously reported study that constitutive levels of GM-CSF in the BALF of these mice were at the limit of detection of the assay, 5 pg/mL (10). Concordantly, compared to littermate controls, BTg fetuses exposed to Dox at E14.5 showed accumulation of CD68+ macrophages by immunohistology on days E16.5 and E18.5 (Figures 1A–E). These cells had a typical mononuclear morphology (Figure 1E, inset), and lacked MPO expression. Almost all the lung macrophages in the E18.5 BTg mice were interstitial with <5% alveolar macrophages (Figure 1F). Immuno-phenotyping results of these interstitial cells by flow cytometry of fetal lung suspensions in response to GM-CSF is shown in Figure 1G. Compared to control littermates, BTg fetuses had a 3-fold increase in lung CD68+ cells (Figure 1H).


[image: Figure 1]
FIGURE 1. Antenatal GM-CSF increased interstitial CD68+ cells in the fetal lung. Representative immunohistology for CD68 using lung sections (20X objective) from (A) Bitransgenic (BTg) mice at E14.5 without exposure to doxycycline (Dox), (B) control E16.5 and (D) control E18.5 fetuses. Sections from BTg fetuses after exposure to Dox at (C) E16.5 and (E) E18.5. Inset in (E) shows a magnification of a CD68+ cell in the interstitium with the characteristic mononuclear morphology. Increased staining for CD68 (dark brown/black staining) expressing cells were noted in the interstitium of BTg mice at E16.5 and E18.5. (F) Quantification of interstitial vs. alveolar location of CD68+ cells (by immunohistology) in E18.5 BTg fetuses. (G,H) Flow cytometry quantification using E18.5 fetuses shows more than two-fold increase in CD68+ cells in BTg fetal lungs compared to control lungs (*p < 0.05 vs. controls).


It has been reported that interstitial lung macrophages are CD11b+ and F4/80low while alveolar macrophages are CD11b− and F4/80high in adult mice (32). Moreover, immature macrophages have lower side and forward scatter properties (18). We therefore sought to further determine the characteristics of antenatal GM-CSF driven accumulation of macrophages. In control fetuses at E18.5, the alveolar phenotype CD11b− F4/80+ macrophages were 5-fold more abundant compared to CD11b+ F4/80+ macrophages (Figures 2A,B). In contrast, the predominant population of macrophages in BTg fetuses at the similar timepoint showed predominantly the interstitial type CD11b+ F4/80+ macrophages. The alveolar:interstitial (CD11b−:CD11b+) macrophage ratio showed a reversal in phenotype with fewer alveolar but more interstitial at 1:2 ratio in BTg fetuses compared to 5:1 in controls. Finally, GM-CSF KO at E18.5 had cells with lower side and forward scatter properties compared to BTg fetuses (Figure 2C). These KO fetuses had the lowest alveolar type CD11b− F4/80+ macrophages compared to both controls and BTg fetuses (Figure 2B).


[image: Figure 2]
FIGURE 2. Increased double positive CD11b/F4/80 (CD11b+ F4/80+) fetal lung macrophages after antenatal GM-CSF exposure. Lung cell suspensions were made from fetuses at E18.5 with the genotypes BTg on Dox starting at E14.5, GM-CSF KO, and controls. Cell suspensions were labeled with anti-CD11b and anti-F4/80 for flow cytometry. (A) Representative dot plots, (C) the corresponding quantitation for the gated cells in (A) are shown, (B) histogram showing scatter properties of the lung cells from the three groups. The major lung macrophage population in the BTg fetuses was CD11b+ F4/80+ (*p < 0.05 vs. controls).




Fetal Lung Interstitial Macrophages Are Reduced but Not Absent in GM-CSF KO Mice

We next investigated whether GM-CSF was essential for the development of lung macrophages. At E14.5 there were very few CD68+ cells in the lung interstitium of both control and GM-CSF KO mice but the CD68+ cell counts were similar between these groups (Figures 3A,B,E). In the controls, there was a progressive increase in CD68+ interstitial macrophages from E14.5 to E16.5 and E18.5 (Figure 3E, see also, Figures 1A,B,D). In contrast, the CD68+ cell counts did not increase from E14.5 to E18.5 in the GM-CSF KO mice (Figures 3B–E), and the proportions of these CD68+ cells were lower in the GM-CSF KO mice compared to the controls (Figure 3E). Consistently, there were no alveolar macrophages in the fetal lungs of controls and KO.


[image: Figure 3]
FIGURE 3. Decreased CD68+ macrophages in fetal lungs of GM-CSF KO fetuses. Representative immunohistology for CD68 using lung sections (20X objective) from (A) Control fetal lung at E14.5. (B–D) Fetal lungs from GM-CSF KO mice at the indicated gestational ages. Inset in (D) shows magnification of a group of interstitial CD68 staining macrophages with their characteristic morphology. (E) Quantitation of CD68+ cells based on the average number of cells present in at least five random high power fields (hpf) is shown. The number of macrophages was lower in GM-CSF KO compared to control lungs at E16.5 and E18.5. (*p < 0.05 vs. controls).




Lung Interstitial Macrophages Maturing as Alveolar Type Postnatally May Be Dependent on GM-CSF

Absence of GM-CSF signaling causes disruption of alveolar macrophage function resulting in pulmonary alveolar proteinosis in an adult mouse model (16, 20). There is limited data to indicate if this phenomenon occurs even at the early neonatal period. To understand the postnatal ontogeny of lung macrophage and its dependence on GM-CSF, we compared immunohistology for CD68 in the lung tissue from GM-CSF KO vs. controls. As in the preceding antenatal period, despite the absence of GM-CSF in KO, CD68+ cells were still present in the lungs at postnatal days 1, 4, 7, and 14, although they appeared fewer than controls (Figure 4). Notably, on PN14, CD68+ cells were abundantly seen in the alveolar space of controls but not in the GM-CSF KO mice (compare Figures 4G,H). In the lung tissue, CD68+ cell numbers in the GM-CSF KO mice were decreased at PN1 and PN4 compared to controls, but were similar for PN7 and PN14 (Figure 4I). Similarly, CD11b− F4/80+ macrophages were fewer in KO mice on PN1 than controls (Figure 4J). In BALF, a distinct population of cells from the alveolar space appeared with high forward and side scatter properties in the controls but this was completely absent in the KO mice (Supplementary Figures 2A,B). Consistent with immunohistology, KO mice also had fewer CD68+ cells (Supplementary Figure 2C) and CD11b− F4/80+ macrophages in the BALF (Supplementary Figure 2D) than controls.
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FIGURE 4. Decreased CD68+ macrophages in lungs of GM-CSF KO neonatal mice. Representative immunohistology of neonatal mouse lungs at postnatal (PN) days 1, 4, 7, and 14 (20X objective). (A,C,E,G) show immunostaining in control mice and (B,D,F,H) show immunostaining in GM-CSF KO mice. There were more alveolar macrophages (arrowhead showing dark brown/black staining cells) in the controls compared to the GM-CSF KO group. Inset in (G) shows a magnified CD68+ alveolar macrophage in control mice, but CD68+ cells were not seen in the alveolar space of GM-CSF KO mice (N = 4–13 animals/group). Immunohistology quantitation of the lung CD68+ cells comparing control and GM-CSF KO mice (I). Flow cytometry quantitation of lung homogenates for proportions of cells positive for CD11b and/or F4/80 (J). Differences in CD68+, CD11b+, and F4/80+ expression between controls and GM-CSF KO mice noted on PN1 and PN4 were no longer seen at PN7 and PN14 (*p < 0.05 vs. controls).





DISCUSSION

Our results demonstrate that antenatal surge of GM-CSF increased the population of CD68 and CD11b/F4/80 double-positive cells. These lung macrophages in the fetus just before birth were almost exclusively located in the interstitium rather than the alveoli. Although some loss of alveolar macrophages may occur during tissue processing, the overwhelming interstitial macrophage presence compared to controls was remarkably significant (Figure 1). Furthermore, compared with macrophages of postnatal day 14 mice, the lung macrophage from E18.5 fetuses had a significantly lower F4/80 expression and lower scatter properties, suggesting that antenatal GM-CSF increases the population of immature macrophages in the interstitium. A recent ontogeny study reported the three “waves” in lung macrophage development. The first two “waves” are “primitive” macrophages originating from the yolk sac and fetal liver, and they are located primarily in the lung interstitium with F4/80 and Mac2 (low F4/80) expression. These are gradually replaced by the postnatal form of “definitive” interstitial macrophages, also having F4/80 expression but presumably regulated by progenitors from bone-marrow dependent hematopoeisis (25). It is recognized that interstitial macrophages are involved in tissue repair and lung remodeling while alveolar macrophages are considered as the “police” of the alveolar space involved in phagocytosis of foreign particles and surfactant catabolism. The functional potential of interstitial macrophages is less clear, but macrophages from fetal mice can respond to LPS in vitro with the production of IL-1β and TNF-α (33). Our previous work in a preterm sheep model indicated that lung monocytes/macrophages from controls did not respond with oxidative burst to an inflammatory stimulus, but with prior intrauterine exposure to LPS it significantly increases the oxidative ability of these lung monocytes/macrophages (9). The functional competency of the interstitial lung macrophage induced by antenatal inflammation with cytokines such as GM-CSF surge in vivo awaits further studies. As GM-CSF levels have been reported to be increased in chorioamnionitis (7, 9, 34, 35), we speculate that these macrophages may be primed to a more robust response to extrauterine stresses such as hyperoxia and volutrauma from mechanical ventilation. As observed by Tan and Krasnow, physiologically, a population of interstitial macrophages (Mac2) began to populate the alveolar spaces at the end of the first postnatal week (25). Furthermore, a recent study showed that exposure to hyperoxia in the first 10 days postnatal life induced accumulation of macrophages in the alveolar space, possibly including a population of interstitial macrophages (36). We speculate the first “hit” from intrauterine infection upregulates GM-CSF and increases interstitial macrophages in the fetal lung. The second “hit” during postnatal life such as hyperoxia, triggers the release of these accumulated interstitial macrophages into the alveolar space. This “double-hit” hypothesis has been proposed by some authors in the pathogenesis of BPD (37, 38).

Even though the administration of GM-CSF may increase surfactant production in preterm rabbits (39), activated interstitial macrophages as the result of local GM-CSF surge impaired airway branching morphogenesis, which, together are some features of the new BPD (33). In a clinical study, GM-CSF levels were elevated in the tracheal aspirates of preterm infants who developed BPD (34). Together, tight regulation of GM-CSF levels appears to be necessary for normal fetal lung development and the maturation of alveolar macrophages.

Our study concludes that a surge of antenatal GM-CSF, as might happen in intrauterine inflammation, stimulates an increase in the interstitial macrophage population in the developing fetal lung. These GM-CSF-induced interstitial macrophages have the characteristics that are lacking of the mature alveolar type. Our results were consistent with what have been previously reported (18, 25). We further demonstrated that postnatally, GM-CSF is required for the early transition to this population of mature macrophages in the alveolar space. Also, the absence of GM-CSF showed a slower accumulation of CD68+ cells in the lung during the early postnatal period. Similarly, in the experiment by Kalymbetova et al. in depleting Csf1r-expressing monocytes or macrophages by Fas-induced apoptosis, few macrophages were still detected in the alveolar spaces (36). Collectively, our results suggest a novel finding that GM-CSF is necessary, but not the sole determinant for interstitial macrophage recruitment and alveolar macrophage maturation during the perinatal period. Other stimuli, perhaps the mechanical stretch from respiration postnatally, oxygen sensing or other cytokine signals, are likely needed for the accumulation of mature alveolar macrophages. Intuitively, interstitial macrophages and intrauterine factors may be the major modulators of the “new” BPD whereas alveolar macrophages may play a greater role in the more severe or “old” BPD (40).



CONCLUSION

The Dox-inducible CCSP-promoter based transgenic mice model has been successfully developed for tight control of various gene expression to study lung development and disease pathogenesis. Concerns regarding toxicity of the rtTA system associated with emphysematous change in the lung structure of adult mice (41) was not evident at the perinatal or neonatal stages in our mouse model when comparing between the wild type and single transgene littermates. Of note, this transgenic model has rarely been used in studying antenatal inducible events followed by postnatal exposures to agents of interest.We hope our preliminary results and the models utilized here may serve as a platform to further study the mechanisms of disruption in the control and balance of GM-CSF during the perinatal period. How this could interfere with normal lung development and functional outcomes when complicated by postnatal factors such as hyperoxia and sepsis in the pathogenesis of BPD also warrant further studies.
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Supplementary Figure 1. Immunohistology and flow cytometry quantification of lung macrophages using CD68, F4/80 and CD11b markers in mice with constitutive and inducible GM-CSF backgrounds. (A–E) Represent results from E14.5 mice on regular chow and from mice who were on Dox at E16.5 and E18.5. There were no differences in CD68, F4/80 and CD11b positive macrophages between WT and STg at E14.5, E16.5 or E18.5. However, significantly more of these macrophages were present in BTg on Dox at E16.5 and E18.5. WT, wild type; STg, single transgenic; BTg, bitransgenic; *p < 0.05 vs. controls.

Supplementary Figure 2. Immunophenotyping of BALF cells for monocyte/macrophage surface markers in control and GM-CSF KO neonatal mice. Flow cytometry was performed on BALF cells from control and GM-CSF KO neonatal mice at PN14. (A) Representative dot plots and (B) histogram of the forward-scatter (FSC) and side-scatter (SSC) properties of BALF cells. (C) Quantitation of CD68+ cells and (D) CD11b+ and F4/80+ cells. In contrast to the subtle differences between cell populations in lung homogenates (Figure 4J), BALF from GM-CSF KO mice had strikingly lower CD68+ cells, and lower CD11b− F4/80+ cells compared to controls (*p < 0.05 vs. controls).
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Background: Preterm infants are born with immature organs, leading to morbidities such as necrotizing enterocolitis (NEC), a gut inflammatory disease associated with adverse feeding responses but also hemodynamic and respiratory instability. Skin-to-skin contact including “kangaroo care” may improve infant survival and health via improved vital functions (e.g., pulmonary, cardiovascular) and endocrine influences by adrenal glucocorticoids. Clinical effects of skin-to-skin contact for newborn siblings (“co-bedding”) are not known. Using NEC-susceptible Preterm pigs as models, we hypothesized that co-bedding and exogenous glucocorticoids improve vital functions and NEC resistance.

Methods: In experiment 1, cesarean-delivered, formula-fed Preterm pigs were reared in incubators with (co-bedding, COB, n = 30) or without (single-bedding, SIN, n = 29) a sibling until euthanasia and tissue collection on day four. In experiment 2, single-bedded Preterm pigs were treated postnatally with a tapering dose of hydrocortisone (HC, n = 19, 1–3 mg/kg/d) or saline (CON, n = 19).

Results: Co-bedding reduced NEC incidence (38 vs. 65%, p < 0.05) and increased the density of colonic goblet cells (+20%, p < 0.05) but had no effect on pulmonary and cardiovascular functions (respiration, blood pressure, heart rate, blood gases) or cortisol levels. There were limited differences in intestinal villous architecture and digestive enzyme activities. In experiment 2, HC treatment increased NEC lesions in the small intestine without any effects on pulmonary or cardiovascular functions.

Conclusion: Co-bedding may improve gut function and NEC resistance independently of cardiorespiratory function and cortisol levels, but pharmacological cortisol treatment predispose to NEC. Preterm pigs may be a useful tool to better understand the physiological effects of co-bedding, neonatal stressors and their possible interactions with morbidities in Preterm neonates.

Keywords: necrotizing enterocolitis, skin-to-skin care, co-bedding, hydrocortisone, preterm (birth)


INTRODUCTION

Preterm birth (birth before 37 weeks' gestation) interrupts intrauterine development and results in premature exposure of the developing fetus to the extra-uterine environment, leading to a range of morbidities, including necrotizing enterocolitis (NEC). NEC is a life-threatening gut inflammatory disease that develops in part due to dysfunctional barrier and motility of the gut following enteral feeding, especially with formula, and the presence of opportunistic pathogenic bacteria (1). However, physiological stressors and the mesenteric blood supply may also play a role in NEC etiology, exemplified by the reduction in NEC incidence after surgical ligation of patent ductus arteriosus in extremely low birth weight infants (2).

Parent-infant skin-to-skin contact (termed “kangaroo care”) may serve to reduce negative stress effects, thereby increasing cardiovascular and respiratory stability in Preterm infants (3–5). A meta-analysis, including more than 3,000 low birth weight infants, showed that kangaroo care decreased overall mortality and infection rates and increased body weight gain (6). Skin-to-skin contact between infant siblings (termed “co-bedding”) may provide the same benefits as kangaroo care, but few clinical studies are available and effects on survival, vital functions, NEC and infection rates are unknown (7). The mechanisms whereby kangaroo care or co-bedding may improve survival and health remain unknown but could relate to changes in circulating cortisol levels, a key regulator of perinatal organ maturation and cardiovascular and respiratory stability (8). However, the relations among care procedures, circulating cortisol and neonatal morbidities in Preterm infants are not clear (9, 10).

Cortisol is a critical birth adaptation hormone and an essential drug for Preterm infants. This was elegantly demonstrated in the pioneering studies by Liggins et al., incidentally discovering a partial lung expansion in fetal lambs exposed to synthetic cortisol (11), and later showing improved survival and prevention of lung disease in Preterm infants after antenatal betamethasone treatment (12). Besides the beneficial effects on lung maturation, antenatal corticosteroid treatment reduces the risk of NEC (13), but it is unclear whether this is an independent effect or due to improved pulmonary function. Conversely, postnatal corticosteroid therapy does not appear to have organ maturational effects and may even have negative effects on immunity and brain development (e.g., cerebral palsy) (14). Regardless, early postnatal hydrocortisone (HC) treatment is commonly used to support neonatal cardiovascular function and blood pressure (15) and may improve pulmonary function in extremely Preterm infants (16). Effects on gut functions and NEC sensitivity are unknown.

The Preterm pig is a highly translational animal model in experimental neonatology with similarities to moderately Preterm infants in size, physiology, anatomy and presence of a range of relevant physiological immaturities (17). At 80% gestation, Preterm pigs have lower mean arterial blood pressure and require antenatal corticosteroid treatment to survive (17) while at 90% gestation, neither exogenous corticosteroids or mechanical ventilation are strictly required for survival. However, Preterm newborn pigs have lower serum cortisol levels than term counterparts (18), and treatment with adrenocorticotropic hormone (ACTH) or cortisol to pig fetuses or cesarean-delivered near-term pigs improves maturation of the gut, pancreas and liver (19–22). In 90% gestation Preterm pigs, formula feeding alone, without further physiological stressors, is sufficient to induce high sensitivity to develop gut lesions with a high degree of clinical, radiographic and pathological similarity to human NEC (23).

On this background, we hypothesized that neonatal co-bedding and HC treatment are two clinically relevant interventions that together or independently improve cardiovascular and respiratory functions and protect against NEC in Preterm neonates. Using Preterm pigs as models for Preterm infants, we first compared co-housed animals with single-housed siblings and subsequently performed a saline-controlled HC intervention study in single-housed animals. Pulmonary and cardiovascular functions were longitudinally recorded before gut pathological assessment a few days later when Preterm formula-fed pigs are known to be highly NEC sensitive.



MATERIALS AND METHODS


Experiment 1: Co-bedding

Fifty-nine Preterm piglets from three pregnant sows (Danish Landrace × Large White × Duroc) were delivered by cesarean section at 90% gestation (gestational day 106) and resuscitated as previously described (24) (see study design in Figure 1). The newborn pigs were stratified by sex and birth weight and randomly allocated for single-housing (SIN, n = 29) or co-bedding (COB, n = 30) immediately after birth. Co-bedded animals were paired with a littermate pig and shared a single heated incubator (32–36°C), as shown in Figure 1. In contrast to our standard rearing of Preterm pigs (24), no supplemental oxygen was provided to the incubators within the first 12 h, to allow the piglets to demonstrate their independent ability to reach respiratory stability after some hours. On the first day, co-bedded piglets were wrapped together in a dry cotton cloth, while on subsequent days, they were placed in skin-to-skin contact (Figure 1, bottom panel) whenever they were not walking around in incubators (typically after 24–48 h).


[image: Figure 1]
FIGURE 1. Study design (upper panels). In Experiment 1, single-housed (SIN) and co-bedded (COB) Preterm cesarean-delivered piglets were studied for 72 h, including a period of longitudinal monitoring of vital functions and blood gases. In Experiment 2, Preterm pigs receiving a tapering dose of hydrocortisone (HC) were compared with controls (CON) for 96 h. Main outcomes in both experiments were vital signs, cardiovascular and respiratory functions, as well as gut structure and function, including NEC-like lesions. Lower panels show how co-bedded piglet siblings were wrapped together just after birth and fitted with umbilical catheters and feeding tubes.


Within 2–3 h after birth, animals were fitted with oro-gastric and umbilical arterial catheters for gavage feeding and vascular access (6 and 4 Fr size, respectively, Portex, Kent, UK), as previously described (24). To compensate for the lack of transplacental immunoglobulin transfer, animals were passively immunized with 16 ml/kg body weight of intra-arterially administered maternal plasma within the first 24 h after birth. The animals were gavage-fed at 3-h intervals with increasing volumes of infant formula (40 ml/kg/d on day 1, increasing to 80 ml/kg/d on day 4–5 (see nutrient compositions in Supplementary Table 1). Throughout the experiment, until euthanasia for tissue collection at ~72 h after birth, the animals were continuously infused with parenteral nutrition via the arterial catheter (4 ml/kg/h, Kabiven, Fresenius-Kabi, Bad Homburg, Germany).



Experiment 2: Hydrocortisone Treatment

Thirty-eight Preterm piglets from two sows were stratified by sex and birth weight and randomly allocated for intra-arterial hydrocortisone injection (HC, n = 19; Solu-Cortef, Pfizer, Ballerup, Denmark) or saline (CON, n = 19). The tapering dose of HC was 3 mg/kg twice daily on day 1, decreasing to 2 mg/kg on days 2–3, and 1 mg/kg on day 4. The dose regimen was based on clinical HC use for hypotension treatment (25) and prevention of bronchopulmonary dysplasia (26). Animals were euthanized ~96 h after birth. All other procedures were as described above for Experiment 1.



Vital Signs, Blood Gases, and Cortisol

In the co-bedding experiment, assessment of vital signs and arterial blood sampling for blood gas measurements was done at 0, 4, 8, 12, 24, 48, and 72 h after birth. Serum cortisol levels were measured at 48 and 72 h. In the hydrocortisone experiment, vital signs were recorded at 0, 6, 24, 48, and 72 h after birth, except for arterial blood pressure (only at 24 and 72 h). Arterial blood gases were measured at 24 h, while serum cortisol levels were measured at birth, and at 72 and 96 h (12 h after the final HC administration). Core body temperature was measured using a rectal thermometer. Respiratory frequency was manually counted in 2-min intervals. Heart rate and oxygen saturation were measured using pulse oximetry with the sensor attached to the upper left forelimb. Arterial blood pressure was measured by connecting the umbilical catheter to a saline-filled tubing system pressurized to 200 mmHg and equipped with transducer and monitor (Datex Ohmeda Compact S5, GE Healthcare, Brondby, Denmark). Data was stored and analyzed using Datex-Ohmeda S/5 Collect software. Arterial blood gases were measured using the GEM Premier 3000 system (Intrumentation Laboratory, Bedford, MA, USA). Cortisol levels were measured in serum samples using an enzyme-linked immunosorbent assay (KGE008B, R&D Systems, Abingdon, UK).



Euthanasia, Tissue Collection, and NEC Evaluation

Three hours prior to euthanasia, all animals received an oro-gastric 15 ml/kg bolus of 5/5% lactulose/mannitol solution for the assessment of intestinal permeability by urinary recovery of the sugar marker molecules. Furthermore, animals in the co-bedding experiment received a standardized oro-gastric formula bolus of 15 mL/kg to assess gastric emptying. Animals were then anesthetized and blood collected by cardiac puncture for hematological cell counting and blood biochemistry (only for the HC experiment) measurements, followed by euthanasia with a lethal cardiac injection of barbiturate. Urine was collected by cystocentesis for measurement of lactulose and mannitol, as previously described (27). Abdominal and thoracic organs were excised and brains collected for recording of their wet weights. Macroscopic lesions of small intestine and colon were graded according to a previously validated six-grade NEC scoring system (see Supplementary Figure 1), where NEC was defined as the presence of a lesion score of three (focal hemorrhage) or above in any of the gut segments (28). Biopsies of proximal, mid and distal small intestine were dissected and either immersion fixed to assess mucosal morphometry or snap-frozen for later measurement of brush-border enzyme activity and oxidative stress markers (only for the HC experiment), while a biopsy from the transverse colon was collected and immersion fixed for estimation of goblet cell mucin density (only for the co-bedding experiment).



Gut Structure and Function

Duplicate biopsies from three small intestinal regions were paraffin-embedded, and tissue sections stained with hematoxylin-eosin. Villus lengths and crypt depths were measured with ImageJ software in four 10× magnification photomicrographs per region capturing mainly well-oriented villus structures. Further, duplicate biopsies from transverse colon were embedded in paraffin, and tissue sections stained with Alcian blue-periodic acid Schiff to visualize mucin-laden goblet cells. Relative goblet cell area was quantified using ImageJ software. Small intestinal brush-border enzyme activities were measured as previously described (29). Finally, markers of oxidative status in small intestinal homogenate were measured. Superoxide dismutase (SOD) acticity was analyzed using the Ransod colorimetric assay (Randox, Crumlin, UK). Oxidized (GSSG) and reduced (GSH) glutathione were analyzed by a fluorometric assay (30), Vitamin E (α- and γ-tocopherol), ascorbic acid and malondialdehyde (MDA), a lipid peroxidation end product, were analyzed by high-performance liquid chromatography (31–33).



Statistics

All statistical analyses were performed using R statistical software (version 1.3.1093). Analysis of dichotomous outcomes (NEC and diarrhea incidences) was done using a generalized linear model (glm), while continuous outcomes were analyzed using a general linear model (lm). Longitudinal data (vital functions, blood gases, mucosa morphometry) were analyzed using a linear mixed-effects (lme) model with animal ID as a random effect parameter. All models included adjustments for litter, sex and birth weight as fixed-effects parameters. Residuals were checked using Q-Q and residual vs. fit plots and data log-transformed, if these did not adhere to model assumptions of normality and homoscedasticity. Probability values <0.05 were considered significant.




RESULTS


Experiment 1: Co-bedding

The vital functions of co-bedded and single-housed Preterm piglets were closely monitored for 72 h (Figure 2). Following transient hypothermia in the hours following Preterm birth, the core body temperature increased to normal levels in both groups (38–39°C) within 4 h (Figure 2A). The respiratory frequency decreased gradually, and similarly in the groups, together with increasing heart rate and oxygen saturation (Figures 2B–D). Large intra- and inter-individual variation (e.g., 40–50 mmHg) were observed in mean arterial blood pressures with no obvious effect of time or treatment (Figure 2E).


[image: Figure 2]
FIGURE 2. Core body temperature (A) and pulmonary and cardiovascular functions (B–E) in single-housed (SIN) and co-bedded (COB) Preterm piglets. Data is presented as means with standard deviations.


Pronounced changes over time were also observed for arterial blood gas parameters (Figures 3A–E), measured at similar time points as the vital signs. Piglets were mildly acidotic just after birth (mean arterial blood pH around 7.2, Figure 3A) but blood acidity was normalized within the first 24 h, and similarly in the two groups. Accordingly, CO2 partial pressure (Figure 3B) and lactate levels decreased over time (Figure 3E), whereas O2 partial pressure and bicarbonate levels increased (Figures 3C,D), with no effect of co-bedding vs. single-bedding. Likewise, serum cortisol levels measured at 48 and 72 h (Figure 3F), and blood hematology at 72 h (Table 1), showed no differences between the groups.


[image: Figure 3]
FIGURE 3. Arterial blood gas values (A–E) and serum cortisol levels (F) in single-housed (SIN) and co-bedded (COB) Preterm piglets. Longitudinal data is presented as means with standard deviations, and cortisol data is presented in box plots (box edges denote interquartile ranges and horizontal line denotes the median value) with Tukey whiskers (outliers shown as dots).



Table 1. Blood hematology of three-day old single-housed or co-bedded piglets.

[image: Table 1]

Until euthanasia at 72 h, daily growth rate was similar between the groups (Figure 4A) and no differences were observed for organ weights (Supplementary Table 2). At this time, the NEC incidence was significantly lower in co-bedded animals relative to single-housed littermates (p < 0.05, Figure 4B). This was due to a reduction in colonic NEC-like lesions, as the small intestinal NEC incidences were similar (Figure 4C). Conversely, diarrhea incidence, gastric emptying rate and intestinal permeability (Figures 4D–F) were not affected by co-bedding. Likewise, small intestinal villi and crypts were of similar lengths (Figure 4G), and disaccharidase and aminopeptidase activities did not differ (Figure 4H). However, supporting the reduced colonic NEC incidence, significantly higher colonic goblet cell density was observed in co-bedded animals (p < 0.05, Figure 4I).


[image: Figure 4]
FIGURE 4. Body growth rate (A), overall and small intestinal (SI) NEC incidence (B,C), proportion of pigs with diarrhea (D), gastric residual volume (E), urinary lactulose-mannitol ratio as a measure of intestinal permeability (F), small intestinal villus and crypt morphology (G), activity of brush-border disaccharidases (lactase, sucrase, maltase) and aminopeptidases (aminopeptidase N, ApN; aminopeptidase A, ApA; dipeptidyl peptidase-4, DPP-4) (H), and relative area of colonic goblet cells (I). Dichotomous data is reported as frequencies. Longitudinal data is presented as means with standard deviations, while remaining continuous data is presented as box plots (box edges denote interquartile ranges and horizontal line denotes the median value) with Tukey whiskers (outliers shown as dots). *Denotes a probability value below 0.05. SIN, single-housing; COB, co-bedding.




Experiment 2: Hydrocortisone Treatment

Following the tapering HC dose over 4 days, serum cortisol levels were measured at birth and 72 h (shortly after HC administration) and at euthanasia (~12 h after the last HC injection (Figure 5A). Cortisol levels at birth were ~50 ng/ml on average and increased to a concentration just above 100 ng/ml at 72 and 96 h in CON animals. Cortisol levels were more than six-fold higher in HC animals relative to CON at 72 h (p < 0.001) but appeared to decrease to control levels 12 h after treatment discontinuation (Figure 5A). Vital functions followed a similar longitudinal trend as observed in Experiment 1, with increasing core body temperature, pulse and oxygen saturation (Figures 5B,D,E) and decreasing respiratory frequency (Figure 5C). Like in Experiment 1, all blood gas values were largely normalized by 24 h after birth, and there were no clear effect of HC treatment on these (Figure 5G) or on blood pressure (Figure 5F). In addition, blood hematology (Supplementary Table 3) and biochemical profiles (Supplementary Table 4) measured at euthanasia showed no effects of HC treatment.


[image: Figure 5]
FIGURE 5. Serum cortisol levels (A), core body temperature (B), pulmonary and cardiovascular functions (C–F) and arterial blood gas parameters at 24 h (G) for hydrocortisone (HC) and control (CON) Preterm piglets. Longitudinal data is presented as means with standard deviations, and remaining data is presented as box plots (box edges denote interquartile ranges and horizontal line denotes the median value) with Tukey whiskers (outliers shown as dots). ***Denotes a probability value below 0.001.


Until euthanasia at 96 h after birth, daily growth rate was not affected by HC treatment (Figure 6A) and organ weights did not differ (Supplementary Table 5). The incidence of small intestinal NEC lesions was significantly increased in the HC group, relative to CON (p < 0.05), without effects on the overall NEC incidence across gut regions (Figures 6B,C). The incidence of diarrhea was similarly high in both groups (Figure 6D), while the HC group showed a tendency to reduced intestinal permeability (Figure 6E, P = 0.07). Further, no treatment effects were observed for small intestinal villous architecture, brush-border enzyme activities and markers of oxidative status (Figures 6F–H). However, across groups animals with NEC showed increased MDA levels relative to littermates without NEC (p < 0.05, data not shown).


[image: Figure 6]
FIGURE 6. Body growth rate (A), overall and small intestinal (SI) NEC incidence (B,C), proportion of pigs with diarrhea (D), urinary lactulose-mannitol ratio as a measure of intestinal permeability (E), small intestinal villus and crypt morphology (F), activity of brush-border disaccharidases (lactase, sucrase, maltase) and aminopeptidases (aminopeptidase N, ApN; aminopeptidase A, ApA; dipeptidyl peptidase-4, DPP-4) (G), markers of oxidative stress in small intestinal tissue (superoxide dismutase activity, SOD, U/g; reduced (GSH) and oxidized glutathione, GSSG, both nmol/g; α- and γ-tocopherol, both nmol/g; ascorbate, μmol/g; malondialdehyde, MDA, nmol/g) (H). Dichotomous data is reported as frequencies. Longitudinal data is presented as means with standard deviations, while remaining continuous data is presented as box plots (box edges denote interquartile ranges and horizontal line denotes the median value) with Tukey whiskers (outliers shown as dots). *Denotes a probability value below 0.05. HC, hydrocortisone; CON, control.





DISCUSSION

With increasing survival of extremely Preterm infants, improving the care for these patients remains a priority to facilitate optimal growth and development and reduce the risk of serious morbidities. Skin-to-skin contact appears to provide organism-wide benefits to Preterm infants, but detailed knowledge about physiological effects requires the use of animal models. With the use of Preterm pigs, we examined the potential of Preterm sibling skin-to-skin contact (co-bedding) as well as pharmacological cortisol treatment to improve vital functions and prevent the life-threatening disease NEC. Cardiovascular and respiratory function were not notably affected by either treatment but co-bedding decreased overall NEC incidence while HC treatment increased NEC specifically in the small intestine. The two experiments provide preliminary insights into some clinically relevant interventions for Preterm infants but more studies are required to better understand mechanisms and possible interactions across organs and functions.

Co-bedding and kangaroo care share the concept of skin-to-skin contact and possible effects on neuro-endocrine regulatory pathways, but they also differ in many aspects. The majority of clinical data on skin-to-skin clinical care in Preterm infants is based on kangaroo care, documented to increase survival, growth and infection resistance (6), in addition to possible effects on the oral and stool microbiome (34, 35). The latter effect may arise from exposure to maternal skin microbiota, a factor that we have excluded in our co-bedding mediated skin-to-skin experiments. Growth and feeding results from studies of kangaroo care should also be interpreted with caution, as it is often difficult to differentiate between the effects of breastmilk intake and skin-to-skin contact per se. In this perspective, it is attractive from a scientific standpoint to use cesarean-delivered (sterile) Preterm pigs, not affected by prenatal complications, and fed without contact to their mother in highly standardized conditions, in studies on skin-to-skin contact via siblings, affecting relevant physiological, clinical and pathological endpoints.

Across all mammals, organ structure and function develop differently in relation to the normal time of birth (24, 36). In pigs, gut and immune functions are relatively immature until close to term, making them highly susceptible to gut dysfunctions (e.g., NEC) and infections when delivered at 90% gestation (37, 38). For these pigs, the development in vital organ functions just after birth was characterized by a transient hypothermia, tachypnea, low oxygen saturation and blood pH as well as elevated lactate but all these parameters resolved to normal levels within 24–48 h after birth when pigs were kept in heated incubators with fluid and nutrition supply (parenteral nutrition), and even without oxygen supplementation. In this regard, neonatal viability of 90% gestation Preterm pigs may reflect that in moderately Preterm infants (32–37 weeks gestation), rather than very or extreme Preterm infants (<32 weeks gestation). This is supported by the limited need for surfactant, oxygen and mechanical ventilation for survival of 90% gestation Preterm pigs. A large proportion of these pigs have an open ductus arteriosus (PDA) at 24 h after birth, relative to term pigs (20–40 vs. 0%, our unpublished observations). In addition to a moderate cardiovascular and respiratory immaturity in 90% gestation Preterm pigs, anesthesia of the pregnant sow during the cesarean section, could also have contributed to the compromised physiological state in the first day of life. The fact that normalization of vital functions during the first 1–2 days was not accelerated by co-bedding or HC treatment may indicate that such interventions are most pronounced in more extreme states of prematurity.

Antenatal glucocorticoid treatment is among the most well-documented medical treatments for Preterm infants with beneficial effects on survival and pulmonary function (13). After Preterm birth on the other hand, it has proven difficult to identify the proper drug and dose regimen to patients with insufficient endogenous glucocorticoid production to ensure optimal clinical benefit (e.g., treatment of hypotension) without adverse treatment effects (14). A frequent side effect to postnatal glucocorticoid treatment is gastrointestinal bleeding (14). In this study, we found an increased incidence of small intestinal hemorrhage (NEC-like lesions) in HC treated Preterm pigs, which may be due to excessive circulating cortisol levels. Oxidative tissue damage was confirmed by increased levels of MDA, a lipid peroxidation product shown in animals with hemorrhagic small intestine. Establishing reference values for serum cortisol levels in Preterm infants is difficult due to fluctuations and numerous influencing factors (e.g., antenatal glucocorticoids, delivery mode, glucose levels, infection). However, 20–200 ng/ml has been proposed as a relatively wide range reflecting cortisol levels in non-symptomatic Preterm infants (39) and is in accordance with that of Preterm pigs in the neonatal period (40). In this regard, co-bedded and single-housed Preterm pigs had cortisol levels in the normal range, whereas HC treated animals largely exceeded these reference values. The initial HC dose used in this study (3 mg/kg/d) is three-fold higher than the dose that has been shown to be safe and efficacious for prevention of bronchopulmonary dysplasia in Preterm infants (16). In summary, 90% gestation pigs may not benefit from exogenous cortisol postnatally with regards to their cardiaovascular and respiratory functions, potentially because these functions are relatively mature. This contrasts the marked effects of ACTH or HC treatment on gut functions in both near-term or term pigs (20, 21).

We found that skin-to-skin contact between Preterm newborn pigs increased the resistance to NEC-like colonic inflammation in ways that are unlikely to depend on cardiopulmonary functions or cortisol levels. The benefits of co-bedding on NEC was confined to the colon region, which showed less NEC-like pathology and higher relative area of goblet cells in co-bedded animals. The suggestion that Preterm skin-to-skin contact improves stress coping via neuroendocrine mechanisms (41) may help to explain how co-bedding could reduce NEC incidence without affecting vital functions. Heart rate variability, an accepted marker for cardiac vagal tone and parasympathetic nervous activity, is altered in Preterm relative to term infants (42), and reduced by kangaroo care in response to pain (43). Further, massage of Preterm infants, another type of skin-to-skin contact, improves gastric motility in addition to increasing vagal tone. Whereas increases in vagal tone is usually accompanied by decreased cortisol levels, evidence from inflammatory bowel disease patients indicates that this inverse association may be uncoupled during disease states (44). The gut microbiota is closely associated with gut inflammatory status and NEC, but to which degree it is affected by co-bedding and whether this is causally related with NEC development remains to be explored. To address this issue, we propose a future experiment, where gut microbiota from co-bedded Preterm neonates is transplanted into single-housed recipients to investigate causality of the gut microbiota in this regard. Collectively, we speculate that skin-to-skin contact during co-bedding increases vagal tone, thereby promoting gastrointestinal motility and improves NEC resistance, possibly through modulation of the gut microbiota.

Kangaroo care has become standard practice in most neonatal clinics, but in situations where a parent is not able to be in contact with the infant (e.g., culture, tradition, socioeconomic reasons), co-bedding may provide an alternative, even among non-siblings if deemed safe. Regardless, the causal relationships among skin-to-skin contact, vagal tone, gastrointestinal motility and inflammation clearly warrants further investigations and the Preterm pig may be of value to in this context to study detailed effects of clinical care procedures.
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Decreases therapeutic dosing as the fetus is small in size.

Ameliorates disease symptoms for conditions diagnosed
after birth.

Poor engraftment of edited cells can be avoided.

Mother is not affected by the gene editing system.

Ameliorates disease symptoms for after birth diagnosis.
Precise selection of genetically modified cels without
off-target mutations (60).
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21 human chromosome deletion and sgRNA
Tay-Sachs HEXA Mouse Invivo GDNA-mediated Hex  Hydrodynamic injection  AAV-SaCas9 and (66)
enzyme expression AAV-HEXM-gRNA plasmids
HEXA 1278 +  Human In vitro TATC deletion Transfection Prime editing (PE3/PESb @7
TATC plasmid, pegRNA plasmid,
sgRNA plasmid)
Sandhoff disease HEXB Mouse Invivo GDNA-mediated Hex  Hydrodynamic injection  AAV-SaCas9 and (56)
enzyme expression AAV-HEXM-gRNA
plasmids.
Niemann-Pick disease  NPCT Mouse Invivo coT Retro-orbital injection AAV-mediated cytosine @9)

typeC ©.3182T>C base editor





OPS/images/fped-09-592571/fped-09-592571-t002.jpg
HNDs

Angelman syndrome

Lissencephaly

Infantile neuronal ceroid
lipofuscinoses

Targeted
gene

UBE3A

Dex

Cdks

PPT1

Species

Human

Ferret

Ferret

Ovine

In vitro/
invivo

Invitro

Invivo

Invivo

In vivo

In vivo

Genetic alteration

NHEJ-mediated gene
knockout
NHEJ-mediated gene
knockout
NHEJ-mediated gene
knockout
NHEJ-mediated gene
knockout
HDR-mediated
mutation

Delivery method

Transfection

Embryo microinjection

Embryo microinjection

In utero electroporation

Zygote microinjection

Editing method

Cas9 and sgRNA
Cas9 and sgRNA
Cas9 mRNA and sgRNA

Plasmid expressing Cas9
and sgRNA

Cas9 mRNA, sgRNA and
HDR template (90 mer
single-stranded
oligodeoxynucleotide)

References

(49)

(44

(48)
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Term

Autosomal dominant

Autosomal recessive
Cas nickase

CRISPR-associated protein 9 (Cas9)
Double-strand break (OSB)

Guide RNA (GRNA)

Homology-directed repair (HDR)
Insertion/deletion (Indels)
Non-homologous end-joining (NHEY)

Off-target effect
Protospacer adjacent motif (PAM)
Ribonuciear protein complex (RNP)

Definition

Apattern of inheritance in which an affected individual has a copy of a mutant gene and a normal gene on a pair of
autosomal chromosomes

Apatter of inheritance in which an affected indivicual has a mutant gene on each autosomal chromosomme
Cas9 mutant with a single functional endonuclease domain and is only able to introduce single-stranded DNA nicks
An enzyme that cuts DNA at specific sites, guided by gRNA

Abreak in the DNA double helix that is formed when both strands are cut by Cas9. This is different from a single-strand
break or “nick.”

A short segment of RNA, usually 20 nucleotides, used to direct a DNA-cutting enzyme, such as Casg, to the target location
in the genome. It contains sequences which are complementary to the target sequence. It is also frequently referred to as
single guide RNA (sgRNA).

A DNA repair mechanism that uses a template that is homologous to the site of DNA double-strand break to repair the break
Mutations that could disrupt an entire protein-coding frame of amino acids and abrogate gene function

Anatural repair process used to join the two ends of a broken DNA strand. This is prone to erors where short indels are
introduced.

An undesired effect that occurs when Cas9 cuts at an unintended site, which typically resembles the target site
A short segment of a few nuceotides adjacent to the sequence that is cleaved by Cas9
A complex of gRNA and Cas9 that cuts DNA at specific sites
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Lung indices Saline
Alveoli number, n* 15(3)
Alveolar surface area, um?  1,792.1(1,006.2)
Alveolar septa 12.438)
thickness, pm

Interstitium —Proliferative 142 (2.9
index, %

GV

14
1,806.0 (1,060.7)
148(28)

24.9(66)

p-value

0.260
0.800
0.007

0011

*This number was the average of the total number of alveoli counted in five random

non-overlapping high power field (400x).
Values are expressed as mean (SD)
GV, Gardnerella vaginalis.
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Weights, g Saline av p-value

(n=9) (=12
Fetuses Dam 1 300 140
Gross body 280 220
280 21.0
27.0 220
Dam 2 250 15.0
280 160
26.0 230
210
Dam3 300 220
29.0 150
26.0
210
Mean gross body (SD) 27.9(1.7) 19.8(3.8) <0.001
Fetuses Dam 1 100 0.60
Lung 082 0.70
1.00 0.60
092 061
Dam2 081 045
090 063
1.00 072
0.60
Dam3 090 055
0.85 042
081
050
Mean fetal lung (SD) 091 059 0.002
(0.08) ©.11)
Placenta, Dam 1 80 a5
60 55
65 70
60 75
Dam2 68 50
60 45
65 55
50
Dam3 65 55
70 43
65
55
Mean placenta (SD) 65(0.7) 55(1.0) 0.027

GV, Gardnerella vaginalis.
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Total n
Birth weight (g)

End weight (o)

Passage of meconium (n)
Gastric residual (g/kg)
Intestinal length (cm)

Intestinal weight (g)

Relative intestinal weight (g/kg)
Colon weight (g)

Relative colon weight (g/kg)

Experiment 1

Preterm Near-term
30 27
1,028+£219 1,078 =262
1,114 + 195 1,179 309
31+18 3727
16 £9 19+ 12
483 + 153 471 £ 91
356 37+ 10
32+4 31+4
1M+3 153
101 M1

NS
NS
NS
NS
NS
NS
NS
<0.05
NS

Experiment 2

Colostrum Formula
17 33
1,084 +£198 1,007 +229
1,224 £249 1,095 +£209
30+ 19 31+17
19+£6 17+9
327 £47 466 + 150
378 37£15
31+5 34+ 16
145 13
T 1M£3

NS
NS
NS
NS

<0.01

NS
NS
NS
NS

Fortified

16
1,024 + 161
1,954 + 331

25+ 11
12£2
473 £ 61
75+ 12
39+4
33x15
177

Experiment 3

Non-fortified

17
1,009 + 214
1,602 + 279

27+ 16
8+3
405 £ 41
54+ 14
37+ 11
257
187

P

NS
<0.01
NS
<0.01
<0.01
<0.01
NS
NS
NS
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Stem cells Phase Gestational Mean age at Mean birth Sample Study designs Results References
age (weeks)  treatment  weight(g)  size,n

(days)
Dosage  Route

Alogeneic 1 26 89 days 795 6 x10%kg  Intravenous 5 alive, 1 died (due to (157)
hAECs multiorgan failure)
(ACTRN 1 transient cardiorespiratory
12614000174684) event

No other adverse effect

During the 2 years follow up: (158)

2 resolved pulmonary

hypertension

No long-term

transplant-related

adverse effect

HAECs, human amnion epithelial cells.
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Identification code Status Cells Phase Study design Age attreatment  Target Country
Interventional model ~ Dosage  Route of
administration
NCT04062136 Recriting hUC-MSCs | Single group 1x10%g Intravenous  1-6 months 10 Vietnam
(x2)
NCT03558334 Recruiting hUC-MSCs | Parallel assignment 1x 10%g, Intravenous  Child, adult, olderadult 12 China
5 x 10%kg
NCT03645525 Recruiting hUC-MSCs HI  Parallel assignment 2x107/kg  Intratracheal  Up to 3 weeks 180 China
NCT03601416 Not yet Recruiting hUC-MSCs I Parallel assignment 1 x 108/kg, Intravenous  Upto 1 year 57 China
5 x 10%kg
NCT03631420 Recruiting hUC-MSCs | Single group 3x 10°kg, NA 36-48 weeks 9 Taiwan
1 x 107/kg,
3 x 107/kg
NCT04255147 Not yet Recruiting hUG-MSCs | Single group 1x 10%g, Intravenous  7-21 days 9 Canada
3 x 108/kg,
1 x 107/kg
NCT03774537 Recruiting hUC-MSCs I Parallel assignment 1 x 10%kg, 5 Intravenous 314 days 20 China
x 10%/kg
NCT01207869 Unknown hUC-MSCs | Parallel assignment 3x10%kg Intratracheal  Up to 6 months 10 Taiwan
NCT02443961 Recruiting hUC-MSCs | Single group 5x10°%kg Intravenous  1monthto28weeks 10  Spain
(x3)
ACTRN12618000920291  Recruiting hAECs | Other 2x 10%kgto Intravenous  14-16 days 24 Australia
3 x 107/kg
+ACTRN12614000174684 Completed hAECs | Single group 1x10%kg  Intravenous  More than 36 weeks 6 Australia

HAECs, human amniotic epithelil cells; hUC-MSCs, human umbilical cord mesenchymal stromal/stem cells; h(UCB-MSCs, human umbilical cord blood mesenchymal stromal/stem

cells; NA, not available; **Published clinical trials.
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Cell types Effects Evidence References
hAECs Anti-inflammatory 1 Pro-inflammatory cytokines. (140-145)
- TNF-a, TGF-B, IFN-y, PDGF-o, PDGF-p, IL-18, IL-10, IL-6

J infiltration of inflammatory cells
 anti-inflammatory substances

Anti-fibrosis 1 collagen density
Lung function 1 peripheral pulmonary arterial remodeling
improvement 4 density of pulmonary capillary bed

Improved lung tissue-to-air space ratio
Improved secondary septal crest density
Restoration of alveolar architecture

Preserved spatial patter of elastin deposition
Promoted pulmonary angiogenesis

P-MSCs Anti-inflammatory 1 pro-inflammatory cytokines (146, 147)
- IL-6, TNF-o
Anti-fibrosis 1 VEGF
4 CTGF

| collagen density
{ infitrating macrophages
{ neutrophil infitration

Lung function Restored vascular density
improvement
hUC-MSCs Anti-inflammatory 1 Pro-inflammatory cytokines (148-151)

- TGF-B, IFN-y, macrophage MIF and TNF-«

Anti-fibrosis & ameliorate 1 Collagen density

elastin remodeling 1 MMPs
| Elastin expression
1 VEGF
1+ MMP-2
1 Vessel density
1 Angiogenesis

Lung function 1 BPD injury-related proteins

improvement &

accelerated repair - CX3CL1, TNF-a, TIM-1, hepassocin, neprilysin osteoprotegerin,
MMP-2, LIF

1 alveolar septal widening
+ septal crest density

Restored lung alveolarization, vascularization and pulmonary
vascular remodeling.

BPD, bronchopulmonary dysplasia; CTGF, connective tissue growth fector; CX3CL1, C-X3-C moltif chemokine ligand 1; hAECs, human amniotic epithelial cels; hUC-MSCs, humen
umbilical cord mesenchymel stromal/stem cells; IFN-y, iterferon-y; IL, interleukin; LIF, leukocyte inhibitory factor; MIF, migratory inhibitory factor; MMPs, matrix metalloproteinases; P-
MSCs, plecental mesenchymel stromel/stem cells; PDGF pletelet derived growth factors; SMA, smooth muscle actin; TGF-, transforming growth fector-B; TiM-1, T cellimmunoglobuiin
and mucin domain; TNF-a, tumor necrosis factor-o; VEGF, vascular endothelial growth factor.
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Groups

Air group
Hyperoxia
t
p

1d

6.85 +0.65
7.00+0.79
-0.422
0.679

4ad

12.18 £1.80
11.39 £ 0.96
1.909
0.063

7d

2227 £1.05
16.00 £ 0.83
15.247
<0.001

10d

26.09 % 4.60
19.96 + 1.03
3.894
0.004

14d

37.40 +8.25
30.12+3.63
2335
0.044

99.914
338.388

<0.001
<0.001
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Parameter rhiGF-1/BP-3 Controls

Number of animals 23-24 2224
Birth weight, g 1164 +63 1180 4 60
Kill weight, g 1282 + 66 1249 + 61
Daily weight gain, g 14927 153+25
Sllength, cm/kg 2857+ 9.9 280.4 £8.0
Sl weight-ength, mg/om 918+26 89.9+82
Stomach acidity, pH 3801 38+0.1
Relative organ weights, g/kg:

Liver 274£07 280+£06
Spleen 2702 24+£01
Kidney 87+03 82+03
Stomach 62+02 6.8+0.4
Stomach content 258+ 16 27.4£25
Colon 160+£06 163£0.7
Stotal 258+06 24907
S Proximal 9.1+£03 8604
S Middle 79406 7304
i Distal 77402 76402

*Values are mean  SEM. There were no significant differences for any variable between
groups (all p > 0.05). SI, Small intestine.
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BMSCs, Bone marrow-derived mesenchymal stromal cells; ADSCs, adipose tissue-
derived mesenchymal stromal cells; UC-MSCs, umbilical cord-derived mesenchymal
stromal cells; UCB-MSCs, Umbilical cord blood-derived mesenchymal stromal cells.
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Outcome measures

NEC incidence, NEC
severity

NEC incidence, NEC
severity

NEC incidence, NEC
severity

NEG incidence, NEG
severity, intestinal injury
Survival, sickness score

NEC incidence, NEC
severity, intestinal injury
Sunvival, NEG incidence,
NEC severity, intestinal
injury

Survival

Survival, NEC severity,
intestinal injury, sickness
score

Sunvival, NEC severity,
intestinal injury, sickness
score

Survival, NEC severity,
intestinal injury, sickness
score

Survival, intestinal injury

INT, interventional group; CON, control group; Admin, administration; NEC, necrotizing enterocolts; AF; amniotic flid; MSC, mesenchymal stem cel; IP intraperitonel; exo, exosomes
(stem cellproduct); IV, intravenous; PBS, phosphate-buffered saline; DMEM, Dulbecco’s modified Eagle’s medlum; AFS, amniotic flid-derived stem cells (stained positively for a number
of surface markers characteristic of mesenchymal and/or neural stem cels); AFMSC, amniotic fluid mesenchymal stem cel: AFNSC, amniotic flid neural stem cell: BMMSC, bone
marrow mesenchymal stem cell: ENSC, enteric neural stem cell: HBSS, Hank's Balanced Salt Solution.
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Expected Measured  CV (%) Accuracy®
concentration concentration (%)
(log CFU/ml)  (log CFU/ml)

Plate count method

Total aerobic flora 53 5201 17 98.1

Enterobacteriaceae 40 4001 14 100.0
S. aureus 30 27£01 20 90.0

Bacillus cereus (spores) 1.0 08+06 816 80.0

TEMPO® method

Total aerobic flora 53 53%0.1 29 1000
Enterobacteriaceae 40 4104 30 1025
S. aureus 30 25201 53 833

Bacillus cereus (spores) 1.0 12£01 91 1200

¥ Accuracy = (measured concentratio/expected concentration) x 100 (n = 3).
Coefficient of variation = (standard deviation/mean) x 100 (n = 6).
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Conditions

Initial sample dilutions
Sample volume (mL)

Agar media or TEMPO® tests
Incubation period (h)
Incubation temperature (°C)
Detection method
Supplemental tests

“Triple-sugar iron agar.

Total aerobic flora

TEMPO®

10°, 102
1
AC
24
35

PCM

10°-10°%
0.1
Blood sheep
48
35

Fluorescence+ Al colonies

No

No

Enterobacteriaceae
TEMPO® PCM
10 10°-10%
1 0.1
=} MacConkey
22 24-48
35 35

Fluorescence-  Purple colonies

No

TSI

. aureus
TEMPO® PCM
100 10°
1 0.1
STA Mannitol-salt
24 48
35 35
Fluorescence-  Yellow colonies
No Coagulase

Bacillus cereusgroup

TEMPO® PCM

100 100-10°

1 0.1
BC Blood sheep
22 24-48
30 30

Fluorescence+  Hemolysis

No Sporulation
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TEMPO method

Positive

Negative

Total aerobic flora

Positive

55
0

Negative

0
0

PCM

Enterobacteriaceae S. aureus
Positive Negative Positive Negative
24 2 1 )

1 28 2 52

Bacillus sp.
Positive Negative
4 5
1 5
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Total aerobic Enterobacteriaceae S. aureus Bacillus

flora cereus
Enumeration 0-6 0-5 0-4 0-4
range* (log/m)
Correlation (R2)
NCMs 0.976 na. na na.
ACMS buffered na. 0.996 0990 0994
peptone water
Artficially na. 0995 0948 0990

contaminated milk

*A minimum of four dilutions were teste (n = 3).
n.a., not available.
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Start
measurement
+10min
+20min
+30min
+40min
+50min
+60min
+70min
+80min
+90min
+100min
+110min
+120min

HR

133 (113-142)

130 (112-146)
133 (118-140)
133 (122-151)
146 (135-160)
144 (137-156)
149 (137-164)
154 (136-166)
150 (137-168)
151 (133-168)
157 (124-163)
133 (121-168)
187 (127-171)

MABP

41(37-44)

48 (40-59)
49 (40-62)
47 (44-49)
42 (35-46)
41 (35-48)
43 (39-45)
45 (40-48)
45 (35-46)
42 (37-48)
42 (39-45)
46 (42-62)
42 (37-52)

Saturation

96 (94-97)

94 (91-97)
96 (93-97)
95 (94-97)
92 (00-97)
95 (91-99)
97 (91-99)
96 (92-97)
96 (95-99)
97 (91-99)
96 (92-99)
97 (93-99)
96 (92-99)

SO,

87 (66-93)

83 (69-92)
83 (69-93)
81(74-93)
79 (70-88)
82 (72-89)
88 (77-95)
87 (65-94)
86 (71-95)
83 (67-94)
78 (65-91)
84(68-91)
77 (74-91)

MitoPO,

58 (51-60)

57 (55-64)
54 (53-63)
53 (49-60)
53 (52-56)
50 (48-54)
51(49-54)
52 (49-58)
52 (47-59)
53 (52-59)
51(50-63)
53 (50-64)
48 (45-53)
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Study Study design Bone mineral density  Bone microstructure Bone strength Bone remodeling and
biochemical markers
Peikarz and Ward ~ CD-1 mouse pups were Male NA Male Male
©8) exposedtocomol, GEN (4 Femoral BMD: GEN = Femoral peak load: GEN = Serum osteocalcin: GEN
wg/day sc), or DES (2 p/day  com ol < DES com ol < DES = DES < com ol Serum
sc) forthe first 5 days of fe.  Lumbar BMD: GEN > Lumbar peak loack: GEN > CTX-4:NS
Outcomes measured at 4 DES = com oil DES = com ol
months of age.
Gontrol diet: AIN9SG diet
without ISO
Female NA Female Female
Femoral BMD: GEN = Femoral Peak load: NS Serum osteocalcin &
DES > com ol Lumbar peak loack GEN=  CTX-1 NS
Lumbar BMD: GEN = DES > com ol
DES > com ol
Kaludjerovicand ~ GD-1 mouse pups were Male NA Male NA
Ward (19) exposed to com of, DAl (2 Lumbar BMD: DES = all Lumbar peak load: NS
mg/kg bw/day sc), GEN(5  isoflavones group > com Femoral midpoint yield: NS
mg/kg bw/day sc), DAI + ol Femoral midpoint peak load:
GEN (SO, 7 mg/kg bw/day  Femoral midpoint BMD: DES < DAI = ISO, DES =
sc), or DES (2mg/kgbw/day DAl > GEN=1S0 = com oil = GEN
sc) forthe first 5 days of lfe.  DES = com ol Femoral midpoint stifiness: NS
Outcomes measured at 4 Femoral neck yield: DAI >
months of age. DES, ISO > DES, cornoil =
Control diet: AIN93G diet DES = GEN
vithout Femoral neck peak load: DAI
estrogenic compounds. > comoil = GEN =180 >
DES
Femoral neck stifiness: NS
Female Female Female NA
Lumbar BMD: DES > all  Lumbar Lumbar peak loac: DAl = DES
isoflavones group = com  BV/TV: DAl = DES > comoil > > ISO = com oil Femoral
ol GEN, ISO = com oil = GEN midpoint yield: DES > all
Femoral midpoint BMD:  BS/BV: DAI > all groups. isoflavones = corn oil Femoral
DAl > GEN=1S0 = To/Th: GEN = 1SO > comooil = midpoint peak load: corn oil <
DES = CON DAl = DES DES > GEN = SO,
Al = GEN = DES > com  isoflavones > con oil Femoral
ol =150 midpoint stiffness: corn ail <
Tb.Sp: DA = DES > GEN =ISO  allisoffavones, DES = DAl >
> comoil GEN = ISO Femoral neck
Femoral neck yield, peak load, stifness: NS
BV/TV: DAl = GEN > comn oil =
1O = DES
BS/BV: DES > DA, = other
groups, DAI = other groups
To/TH: DAl > DES = comoil =
GEN =180
Outer cortical perimeter: DA >
comn oll = DES = GEN = SO
Cortical area: DAl > com ol =
1SO, DAl > DES, DES = com oil
Marrow area: GEN = corm oil >
DES, GEN = DAI, DES = DA,
Al = IS0
Femoral midpoint
To.Sp: DAl = GEN > DES, DES
=180 = comoil
Cortical area: DAl > com oll =
DES, ISO = GEN = DES = com
oil, IS0 = DAI
Cortical thickness: DAI > cor ol
= DES, DAl = GEN =1SO
Kaludjerovicand ~ CD-1 mouse pulps were Male NA Male NA
Ward (25) exposed to com o, DAl + Lumbar BMD: NS Whole Lumbar peak load: NS
GEN (SO, 7 mg/ow/day sc),  femur BMD: NS Femoral midpoint peak load,
or DES (2 mg/bw/day sc) for yield, stifiness: NS
the first § days of lfe. Femoral neck peak load: ISO
Castration was performed at > DES, DES = com oil
4th month. Outcomes Femoral neck yield, stifiness:
measured at 8th month of lfe. NS
Control diet: AIN93G diet
Female Female Female NA
Lumbar BMD, BMC: IS0 Lumbar Lumbar peak load: DAI +
> corn oil = DES BV/TV:NS Tb/Th: DES=1S0 >  GEN > com ol = DES
Whole femur BMD: IS0 corm oil To.N: DES > comol,  Femoral midpoint peak loack
> comoil, = DES, com IS0 = DES = com oil To.Sp: NS 1SO > com oil = DES Femoral
oil = DES Femoral neck: midpoint yield, stfiness: NS
AINS Femoral neck peak load, yield,
stifiness: NS
Hertrampf et al. (22) ~ Sprague-Dawley female rats ~ Tibial BMD at Day 21:  NA NA NA
Dams fed with diet without ~ GEN = IRD > IDD
isoflavones (IDD), mixed
isoflavone diet (IRD: GEN
240 /g + DAI 232 ng/g), or
GEN (700 ug/g diet). Pups fed
vith the same diet as dams
for 80 days postnatal*
Kaludjerovicand ~ CD-1 mouse dams fed with  Male NA Male Male
Ward (20) low (0 mg/kg bw/day), Lumbar BMD: Overal Lumbar peak load: Overall IS0 Serum biomarkers OPG
adequate (2 mgkgbw/day) 1O > no ISO >no iSO and OPG/RANKL ratio:
and supplementary @mg/kg  Whole femur BMD: ISO Whole and midpoint femur  1SO + supplementary FA
bw/day) FA. Pups fed with -+ adequate FA group > peak load: ISO + adequate FA  group > FA only
either com oil or DAl + GEN  FA only group > FA only
(IS0, 7 mg/kg bw/day, sc)
from day 1-10 after birth.
Outcomes measured at 4
months of age. Only male
puips are studied.
Control diet: amino.
acid-based diet vithout ISO
Kaludjerovicand ~ GD-1 mouse dams fed with ~ Female Female Female Female
Ward (21) Tow (0 mg/kg bw/day), Femur and lumbar BMD:  Lumbar BV/TV, To.N: Overall IS0 Lumbar peak load: NS Femur ~ OPG, OPG/RANKL,
adequate (2 mg/kg bw/day),  adequate FA +1SO >no iSO midpoint peak load: IS0+ IGF-1: Adequate FA +
and supplementary @mgkg  group > FA only Lumbar Tb.Sp: OverallISO <no  adequate FA group > FAonly IS0 > FA only Dnmt3a
bw/day) FA. Pups fed with 1S0 mRNA:
either com oil or DAl + GEN Femur Tb.Th, Tb.N: Adequate FA Adequate FA + ISO < FA
(IS0, 7 mg/kg bw/day, sc) +1S0 > FA only only; Supplemental FA +
from days 1-10 after birth. 1S0 > FA only
Outcomes measured at 4 NPY mRNA: Adequate
months of age. Only female FA +1S0 < FA only
puips are studied.
Gontrol diet: amino acid based
diet free from ISO
Tousenetal. (23)  Control: Sprague-Dawley Male NA NA Male
dams and offspring fed on Whole femur BMD Serum osteocalcin
DAlfree diet. Day 22: D1 = control Day 22: D1 < control
D1: Sprague-Dawley dams  Day 35: D1 < control Day 35: D1 = control
and offspring fed with DAI (0.5 Day 77: D1 < control Day 77: D1 = control
kg diet) il postnatal
day 13"
Female NA NA Female
Whole femur BMD Day Serum osteocalcin
22: D1 = control Day 22: D1 = control

Day 35: D1 < control
Day 77: D1 = control

Day 35: D1 < control
Day 77: D1 = control

BMD, bone mineral density: BV/TV, bone volume; bw, body weight; CTX-1, C-terminal telopeptide of type 1 collegen; DA, deidzein; DES, diethyistibestrol; Dmnt3a, DNA
methylransferase 3a; FA, folic acid; GEN, genistein; IDD, dems fed with it without isoflevones; IGF-1, insuln-like growth factor-1; IRD, dams fed with mixed isoflavones diet (GEN +
DAY IS0, isoflevone misture (GEN + DA); NA, not available; NS, not significant among all the groups; NPY, neuropeptice Y: OPG, osteoprotegerin; RANKL, receptor activator of nuclear
factor kappa-B ligand: T.N, trabecular number; Th.Th, trabecular thickness; T.Sp, trabecular separation; sc, subcutaneous.
“Only data till day 21 is included in this table. **There was another group fed til postnatal day 77.
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24 apoptotic rate (%)

72h apoptotic rate (%)

Values are the mean + SEM.

CA1
CA3
ol
CA1
CA3
DG

Plateau

51.19 + 16.20
47.55 £ 27.75
40.97 + 24.05
38.34 + 25.14
45.24 + 1354
39.88 + 4.63

Plain

5152 + 8.64
57.13 + 22.97
50.04 £ 12.48
68.38 + 15.92
63.76 + 15.39
7117 £ 8.45

p-value

0.485
0.461
0513
0312
0.342
0.035
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Day 1
Day 2
Day3
Day 4
Day§
F
Pvalue

Escape Latency (s)

Plateau Plain
3881+21.41 3077 £22.49
2457 £ 20.42 27.66 £+ 20.21
25.05 £ 20.66 22.80 £ 16.07
2286+ 17.71 2327 £21.18
223942047 2583+ 1885

0.053
0818

Values are the mean + SEM.

Total distance (cm)

Plateau

8,207.20 + 4,447.56
5,387.09 + 4,463.94
5,296.64 + 4,018.47
4,764.52 + 3,378.02
4,740.10 + 3,867.63

Plain

8,031.70 £ 5123.23
6,647.84 + 5198.70
6,275.21 & 3974.32
5,143.16 + 4653.78
5,866.05  3909.33

0.968
0330

Distance in platform
quadrant/total distance

Plateau Plain
032£0.13  031+0.14
0.39+£0.19 0.30+0.16
0.31+0.19 0.32+0.13
0.35+0.19 0.32£0.21
0294014  033£0.13

0.233
0.631

Platform quadrant
duration/escape latency

Plateau

0.37 £0.17
0.49£0.28
0.39+0.23
0.44 £0.27
036+ 023

0.019
0.890

Plain

0.46 +0.32
0.33+£0.18
0.50 + 0.35
0.39+0.26
039+ 020
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Plateau Plain p-value

Number of crossings 157 £0.79 100£122 0345
through the original platform

Number of entering the 628+ 1.60 560+1.82 0505
platform quadrant

Total distance (cm) 12,200.98 + 976.21 12,290.79 + 1,395.34 0.898
Swimming distance in the 033006 031041 0874

original platform
quadrant/total distance

Values are the mean + SEM.
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Plateau (1 =16)  Plain (1=16)  p-value

Frequency of sharp wave 578+ 190 481188 0,051
(Hz)

Duration (5) 5430 £5129 65878422 0490
Amplitude (V) 783.42 £ 247.40 83017 £ 28121  0.409
Interval of crest (s) 023099 018075 0.067
Duration of post-seizure 819+ 876 1035 £ 7.25 0316

electrical suppression(s)
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24h CAl
CA3
DG

72h CA1
CA3
DG

Plateau

262.44 £ 36.15
255.00 £ 25.61
946.33 £ 17.27
289.11 + 15.15
270.56 + 27.30
954.78 + 23.82

Values are the mean = SEM.

DG, dentate gyrus.

Plain

264.33 + 27.60
267.78 £ 19.97
803.78 + 24.49
206.78 + 51.75
266.33 £ 31.90
758.00 + 85.77

p-value

0.224
0.279
< 0.001
0.003
0.827
< 0.001
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Water content (%)

Cerebellum (%)
Cerebrum (%)
Brainstem (%)

Hippocampus (%)

Striatum (%)

Female (n = 102)

82.7(0.1)
10.4(0.1)
799(0.1)
92(0.1)
18002
1.0(00)

Data are means with corresponding SE. ***P < 0.001

Male (n = 115)

828(0.1)
108 (0.0
797 0.9)
93(0.1)
16(00)
10(00)
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Stomach
Small intestine
Colon

Heart

Lungs

Liver

Kidneys
Spleen

Brain’

Data are means with corresponding SE. TOn day 5, brains were collected from a subgroup (n = 615, 47% male). (")Tendency to effect, P < 0.1, *P < 0.05, ***

Day5

Female (n = 501-568)

68(0.1)
31.7 (0.3)
12.2(02)
8.1(0.1)
24.1(0.3)
282(0.2)
10.6(0.2)
1.9(0.0)
28.3(0.4)

Male (n = 457-514)

7.0(0.1)
309 (0.8
11.9(02)
79(0.1)
24.4(0.3)
28.8(0.2)
100 (02
1.9(0.0)
29.9 0.5))

Day9

Female (1=163)  Male (n = 156)

68(02) 7.0(03)
325(0.6) 33.8(1.1)
16.4 (0.5) 15.5 (0.7)0)
7.5(02) 80(03)
24.1(0.6) 25.3(0.9)
31.10.7) 33.1 08)
7702 7.8(03)
25(0.1) 25(0.1)
27.3(08) 29.6(1.1)

Day 19

Female (n = 104)

6.6(0.1)
402(0.7)
21.0(1.8)
7.2(0.1)
205 (0.6)
25.7(0.5)
7.5(0.1)
30(0.1)
22.9(06)

Male (n = 116)

66(0.1)
39.5(0.6)
18.5 (13)()
73(0.1)
19.7 (06)
255 (0.6)
7.0 A"
3.1(0.4)
228(0.7)

P < 0.001.
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Female (n = 95) Male (n = 105)

Albumin (g/L) 167 (03) 16.9(03)
Total protein (g/L) 29.1(05) 29.6(0.6)
Alkaline phosphatase (U/L) 1,385 (81) 1,271 (69)
Alanine aminotransferase (U/L) 313(0.8) 30.7(08)
Total bilrubin (wmol/L) 20(0.1) 23(0.1)
Cholesterol (mmolL) 27(0.1) 27(0.1)
Creatinine (mol/L) 508 (1.1) 555(2.1)
Creatine kinase (U/L) 241(21.2) 245 (29.5)
Iron (umol/L) 7.2(06) 82(05)
Phosphate (mmol/L) 2.10.1) 2.10.1)
Aspartate aminotransferase (U/L) 333(1.4) 399 2.7
Blood urea nitrogen (mmol/L) 37(03) 45(04)
Gamma-glutamyl transferase (U/L) 22.4(0.9) 21.9(09)
Calcium (mmol/L) 26(0.0) 26(0.0)
Magnesium (mmol/L) 09(0.0) 09(0.0)
Sodium (mmol/L) 142(1.9) 143(13)
Potassium (mmol/L) 4.4(0.1) 4.4(0.1)

Data presented as means with corresponding SE. *P < 0.05.
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Total leucocytes (10° cells/L)
Neutrophils (109 cells/L)
Lymphocytes (10° cells/L)
Monocytes (10° cells/L)
Eosinophils (10° cells/L)
Basophils (10° cells/L)
Platelets (10° cells/L)

Red blood cells (102 cells/L)
Hemoglobin (g/L)
Haematocrit (%)

Day 1

Female (n = 109)

27(00)
0.6 (0.0)
1.9(00)

0.06 (0.01)

0.09 (0.01)

0.01 (0.00)
214(8)
37(00)
52(0.1)

28.1(0.3)

Male (n = 116)

28(0.0)
0.6(0.0)
20(0.1)

005 (0.00)

0.090.01)

0.01 (0.00)
209 (9)
38(0.0)
52(0.0)

28.1(0.3)

Day9

Female (1=100)  Male (n = 102)

56(0.3) 64003
36(03) 4108
1.8(0.1) 200.1)
0.13(0.01) 0.15 (001)
0,09 (0.05) 006 (001)
0,02 (0.01) 001 (0.00)
363 (20) 390 (22)
3.4(0.1) 350.1)
4.4(0.1) 42010
23.8(0.4) 23.2 (0.4)()

Data presented as means with corresponding SE. (' Tendency to effect, P < 0.1, *P < 0.05, **P < 0.01.

Day 19

Female (n = 92)

99(06)
7.108)
28(0.1)

038 (0.03)

007 0.01)

0.02(0.00)
479 (20)
400.1)
4.40.1)

235(0.5)

Male (n = 95)

95(0.4)
62(04)
28(0.1)

0.31(0.08)°

0.08 (0.01)

0.02 0.00)
479 (22)
40(0.1)

4304

22905
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Duration
(days)

5
9
19

Preterm pigs
total n

1,398
319
221

Litters

el
18
12

Separate
studies n

27
5
5

Females
n

698
163
104

Males

700
156
17
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