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Abstract

BACKGROUND

Bronchopulmonary dysplasia (BPD) is not merely a chronic lung disease, but a
systemic condition with multiple organs implications predominantly associated
with hyperoxia exposure. Despite advances in current management strategies,
limited progress has been made in reducing the BPD-related systemic damage.
Meanwhile, although the protective effects of human umbilical cord-derived
mesenchymal stem cells (hUC-MSCs) or their exosomes on hyperoxia-induced
lung injury have been explored by many researchers, the underlying mechanism
has not been addressed in detail, and few studies have focused on the therapeutic
effect on systemic multiple organ injury.

AIM

To investigate whether hUC-MSC intratracheal administration could attenuate
hyperoxia-induced lung, heart, and kidney injuries and the underlying regulatory
mechanisms.

METHODS

Neonatal rats were exposed to hyperoxia (80% O,), treated with hUC-MSCs intrat-
racheal (iT) or intraperitoneal (iP) on postnatal day 7, and harvested on postnatal
day 21. The tissue sections of the lung, heart, and kidney were analyzed morpho-
metrically. Protein contents of the bronchoalveolar lavage fluid (BALF), myeloper-
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oxidase (MPO) expression, and malondialdehyde (MDA) levels were examined. Pulmonary
inflammatory cytokines were measured via enzyme-linked immunosorbent assay. A comparative
transcriptomic analysis of differentially expressed genes (DEGs) in lung tissue was conducted via
RNA-sequencing. Subsequently, we performed reverse transcription-quantitative polymerase
chain reaction and western blot analysis to explore the expression of target mRNA and proteins
related to inflammatory and oxidative responses.

RESULTS

iT hUC-MSCs administration improved pulmonary alveolarization and angiogenesis (P < 0.01, P <
0.01, P < 0.001, and P < 0.05 for mean linear intercept, septal counts, vascular medial thickness
index, and microvessel density respectively). Meanwhile, treatment with hUC-MSCs iT ame-
liorated right ventricular hypertrophy (for Fulton’s index, P < 0.01), and relieved reduced
nephrogenic zone width (P < 0.01) and glomerular diameter (P < 0.001) in kidneys. Among the
beneficial effects, a reduction of BALF protein, MPO, and MDA was observed in hUC-MSCs
groups (P < 0.01, P < 0.001, and P < 0.05 respectively). Increased pro-inflammatory cytokines
tumor necrosis factor-alpha, interleukin (IL)-1B, and IL-6 expression observed in the hyperoxia
group were significantly attenuated by hUC-MSCs administration (P < 0.01, P < 0.001, and P < 0.05
respectively). In addition, we observed an increase in anti-inflammatory cytokine IL-10 expression
in rats that received hUC-MSCs iT compared with rats reared in hyperoxia (P < 0.05). Tran-
scriptomic analysis showed that the DEGs in lung tissues induced by hyperoxia were enriched in
pathways related to inflammatory responses, epithelial cell proliferation, and vasculature
development. hUC-MSCs administration blunted these hyperoxia-induced dysregulated genes
and resulted in a shift in the gene expression pattern toward the normoxia group. hUC-MSCs
increased heme oxygenase-1 (HO-1), JAK2, and STAT3 expression, and their phosphorylation in
the lung, heart, and kidney (P < 0.05). Remarkably, no significant difference was observed between
the iT and iP administration.

CONCLUSION

iT hUC-MSCs administration ameliorates hyperoxia-induced lung, heart, and kidney injuries by
activating HO-1 expression and JAK/STAT signaling. The therapeutic benefits of local iT and iP
administration are equivalent.

Key Words: Mesenchymal stem cell; Hyperoxia; Multiple organ injury; Bronchopulmonary dysplasia; Heme
oxygenase-1; JAK/STAT pathway

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In the present study, we used a newborn rat model of postnatal hyperoxia exposure to simulate
clinical bronchopulmonary dysplasia (BPD) and the associated heart and kidney injuries in preterm
infants. Improved lung, heart, and kidney development, as well as reduced inflammatory and oxidative
responses, were observed with human umbilical cord-derived mesenchymal stem cells (hUC-MSCs)
administration. We demonstrated that hUC-MSCs ameliorate hyperoxia-induced systemic organ injuries
by activating heme oxygenase-1 expression and JAK/STAT pathway. Overall, our study shows that intrat-
racheal administration is a more attractive route of MSCs administration in preterm infants for the
prevention and treatment of BPD and hyperoxia-induced systemic damage.

Citation: Dong N, Zhou PP, Li D, Zhu HS, Liu LH, Ma HX, Shi Q, Ju XL. Intratracheal administration of umbilical
cord-derived mesenchymal stem cells attenuates hyperoxia-induced multi-organ injury via heme oxygenase-1 and
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URL: https://www.wjgnet.com/1948-0210/full/v14/i7/556.htm

DOI: https://dx.doi.org/10.4252/wjsc.v14.i7.556

INTRODUCTION

Bronchopulmonary dysplasia (BPD) is the most common chronic lung disease in premature infants and
is a heterogeneous disease predominantly associated with oxygen supplementation clinically[1]. Data
from major cohort studies demonstrate an increasing BPD prevalence of 11%-50%, most likely due to
the increased survival of newborns at an extremely low gestational age[2,3]. Current management
strategies include the use of volume-targeted and non-invasive ventilation, as well as targeted use of

WJSC | https://www.wjgnet.com 557 July 26,2022 | Volume14 | Issue7 |


https://www.wjgnet.com/1948-0210/full/v14/i7/556.htm
https://dx.doi.org/10.4252/wjsc.v14.i7.556

Dong N et al. UC-MSCs Attenuate hyperoxia-induced multiple organ injury

Jaishideng®

steroids along with adjunct medical therapies including surfactant, caffeine, and vitamin A[2,4]. Despite
advances in these interventions resulting in improved survival and decreased morbidity, limited
progress has been made in reducing the risk of BPD development.

BPD is characterized by varying magnitudes of impairment in alveolar septation, lung fibrosis, and
abnormal vascular development and remodeling. Moreover, increasing evidence has suggested that
BPD is not merely a lung disease but a systemic condition with short-term and long-term multiple organ
implications[3,5]. Clinical and experimental findings demonstrated that chronic exposure to hyperoxia
causes oxidative stress and leads to certain implications, including neurodevelopmental impairments
[6], retinopathy of prematurity[7,8], renal vascular and tubular development impairments[9,10], and
associated cardiac disease[11,12]. Notably, hyperoxia exposure in neonates results in long-term cardiac
defects and renal abnormalities in later adult life. More specifically, recent studies on experimental
models have revealed that hyperoxia-treated mice exhibited significantly reduced stroke volume and
ejection fractions, the appearance of left ventricular (LV) dysfunction, right ventricular (RV) dysfun-
ction, and pulmonary hypertension (PH)[13,14]. In addition, hyperoxia exposure reduces kidney size,
glomerular density, and glomerular filtration rate, along with increases in the renal tubular necrosis,
dilation, regeneration, and interstitial inflammation[10,15]. Hence, new effective therapeutic
interventions are urgently needed to attenuate BPD-associated multiple organ damage, rather than
focusing on single organ injuries.

Mesenchymal stem cells (MSCs) are multipotent stromal cells that have immunomodulatory and anti-
inflammatory properties, as well as low immunogenicity, and have shown great potential for the
management of a range of different neonatal conditions, including BPD, in both preclinical models and
clinical trials, by systemic or local intratracheal (iT) administration[16-20]. The therapeutic mechanism of
MSCs may predominantly include paracrine or indirect pathways, which are responsible for the
beneficial effects of local MSCs administration on systemic damage[21,22]. Neonates with very low birth
weight are often intubated at birth, making local iT instillation an attractive route of administration[17].
Notably, higher isolation efficiency and proliferation capacity, lower immunogenicity, and greater
overall immunomodulatory and anti-inflammatory effects were observed for human umbilical cord-
derived MSCs (hUC-MSCs) over stem cells harvested from other sources[23]. Moreover, recent studies
confirmed that MSCs are poorly immunogenic, and both allogeneic and xenogeneic MSCs showed equal
efficacy without side effects[24,25]. Xenogeneic hUC-MSCs transplantation has been extensively invest-
igated over the past decades on various animal models with promising effects[16,18,19]. However,
beyond the pulmo-protective properties of systemic or local iT hUC-MSCs administration, its potential
therapeutic effects on hyperoxia-induced heart and kidney injuries have not yet been evaluated.

Extensive evidence has demonstrated that heme oxygenase-1 (HO-1) is an inducible enzyme with
potent anti-oxidant, anti-inflammatory, and anti-apoptotic attributes[26,27]. The protective response
regulated by HO-1 has been reported in multiple animal models of hyperoxia-induced injury[28-30].
Furthermore, it is generally considered that the JAK2 and STAT3 signaling pathway are involved in the
various patho-physiological responses[31] and also play a key role in the development of pulmonary
[32], cardiovascular[33], and renal[34] diseases. Interestingly, the evidence demonstrated that cross-talk
may exist between HO-1 and JAK/STAT pathways[35-37]. However, whether HO-1 and JAK/STAT
signaling pathways are involved in the protective effects of MSCs remains unclear.

In the present study, we used a newborn rat model of postnatal hyperoxia exposure to simulate
clinical BPD and the associated heart and kidney injuries in preterm infants. This study aimed to
investigate whether iT administration of hUC-MSCs could simultaneously attenuate hyperoxia-induced
lung, heart, and kidney injuries in experimental neonatal rat models via mechanisms that involve
activation of the HO-1 and JAK2/STATS3 signaling pathways.

MATERIALS AND METHODS

hUC-MSCs culture and identification
hUC-MSCs were provided by the Cell and tissue bank of Shandong province (Jinan, China) and
cultured in alpha-minimal essential medium (Gibco, Carlsbad, CA, United States) containing 10% fetal
bovine serum and 1% penicillin/streptomycin (Gibco) at 37 °C with 5% CO,. Cells between passage
three and five were used in this study.

Phenotypic analysis was conducted by flow cytometry[38]. Briefly, hUC-MSCs were washed with
phosphate-buffered saline (PBS) and resuspended to a concentration of 1 x 10° cells/mL. Then, the cells
were stained with antibodies against the following cell surface epitopes: Phycoerythrin (PE)-anti CD29
(1:20; 303004, BioLegend, San Diego, CA, United States), PE-anti CD31 (303106, BioLegend), PE-anti
CD44 (12-0441-82, eBioscience, San Diego, CA, United States), PE-anti CD45 (368510, BioLegend), PE-
anti CD73 (344004, BioLegend), PE-anti CD90 (12-0909-42, eBioscience), PE-anti CD105 (12-1057-42,
eBioscience), and PE-anti CD271 (12-9400-42, eBioscience). Flow cytometry was performed with the
Guava easyCyte 6HT (EMD Millipore, Billerica, MA, United States), and the data were examined using
the Flowjo™ software (V10, BD Life Sciences, Franklin Lakes, NJ, United States). To demonstrate the
multilineage differentiation potential, hUC-MSCs were seeded in 6-well plates and cultured in
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adipogenic (HUXUC-90031, Cyagen, Santa Clara, CA, United States), and osteogenic (HUXUC-90021,
Cyagen) differentiation medium, or in a loosely capped tube (430790, Corning, NY, United States) in
chondrogenic differentiation (HUXUC-90042, Cyagen) medium. The medium was changed every 3 d in
accordance with the manufacturer’s instructions. At the end of 21 d, all cells were fixed with 4%
paraformaldehyde (PFA) and processed with oil red O, alizarin red, and alcian blue.

Animal model and experimental groups

Timed pregnant Sprague Dawley rats were obtained from SPF (Beijing) Biotechnology Co., Ltd. (Beijing,
China) and kept under a 12/12 h light-dark cycle, controlled temperature of 25 + 2 °C, and relative
humidity of 55% (+ 10%) with free access to food and water. Pregnant rats were housed individually
and allowed to deliver vaginally at term. Newborn rats were then randomly assigned to four experi-
mental groups as follows: Normoxia group (n = 12, exposed to room air), hyperoxia group [n = 12,
exposed to 80% O,, treated with PBS 40 pL on postnatal day 7 (P7)], hyperoxia + iT-MSC group (n =12,
exposed to 80% O,, treated with 4 x 10° hUC-MSCs, 40 pL, iT, on P7), and hyperoxia + intraperitoneal
(iP)-MSC group(n = 12, exposed to 80% O,, treated with 4 x 10°hUC-MSCs, 40 pL, iP, on P7). The
nursing mothers were alternated between the 80% O,and the room air groups every 24 h to minimize
oxygen toxicity in the mothers.

On postnatal day 21 (P21), rats were euthanized via iP injection of pentobarbital sodium. Bronchoal-
veolar lavage fluid (BALF) was obtained after ligation of the right main bronchus by back-flushing 1 mL
of cold PBS three times via endotracheal intubation. The lungs, heart, and kidneys were excised and
fixed overnight in 4% PFA for histological analysis, or frozen at -80 °C for reverse transcription-
quantitative polymerase chain reaction (RT-qPCR), western blotting, and cytokine analyses. All animal
procedures and protocols complied with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Ethics Committee on Animal Experiments of Shandong
University Qilu Hospital (DWLL-2021-035, Jinan, China).

iT administration

For iT administration, the neonatal rats on P7 were euthanized via iP injection of pentobarbital sodium
and restrained on a board with the neck in hyperflexion. The 29-gauge needle syringe (320310, Becton,
Dickinson and Company, NJ, United States) with the tip smoothened and wrapped with a 0.3 mm
flexible capillary pipe was prepared as endotracheal intubation. The light source was placed close to the
neck of the rat. The rat's tongue was wrapped and pulled outside the mouth with gauze in the right
hand, the root of the tongue was gently pressed with a small tweezer to expose the glottis with the left
hand. hUC-MSCs were transplanted into the trachea through the prepared endotracheal intubation at
the glottis opening. Then the rats were allowed to recover from the anesthesia and return to their dam.
Mortality induced by the iT administration procedure was not observed.

Protein content in BALF

BALF was centrifuged at 3000 rpm for 20 min at 4 °C, and the supernatant was collected into a new
tube. The protein content of cell-free BALF was subsequently measured using the BCA Protein
Quantitative Assay Kit (Beyotime Biotechnology, Shanghai, China) in accordance with the manu-
facturer’s instructions and was used as an indication of endothelial and epithelial permeability.

Histological examination

The lung, heart, and kidney tissues were fixed in 4% PFA, washed with PBS, and then serially
dehydrated in increasing concentrations of ethanol before being embedded in paraffin. Consecutive
sections (5 pm thick) from each tissue block were subjected to hematoxylin and eosin (HE) staining,
observed under a microscope (Olympus, BH2, Japan), and photographed (CellSens, Ver. 1.18, Japan).
Alveolar structures in lung sections were quantified using the mean linear intercept (MLI) and septal
count methods[17,39]. Briefly, the number of intercepts was counted in both the horizontal and vertical
fields, and MLI was measured following the equation MLI = N x L/m, where m is the sum of all the
intercepts, L is the length of the traverses, and N is the number of times the traverses were placed on the
lung. To quantify the degree of PH-induced right ventricular hypertrophy (RVH), the thicknesses of the
right ventricle (RV) free wall, left ventricle (LV) free wall, and interventricular septum (IVS) of excised
hearts were measured, and RV/LV + IVS (Fulton’s index) was calculated[12,21]. The kidney sections
across the full coronal plane were stained for morphology assessment as previously described by Mohr
et al[15]. Glomerular diameter and width of the nephrogenic zone were measured. Five measurements
of each parameter in each of the three fields of view were recorded and then averaged. All the above
parameters were measured using Image Pro Plus (V6.0, Media Cybernetics, United States).

Immunohistochemistry and immunofluorescence

Immunohistochemistry (IHC) and immunofluorescence (IF) were performed on 5 pm paraffin sections.
After routine deparaffinization, heat-induced epitope retrieval was performed by immersing the slides
in 0.01 M sodium citrate buffer (pH = 6.0). The sections were preincubated in 0.3% hydrogen peroxide
for 10 min to remove the endogenous peroxidase activity and then in 0.1 M PBS containing 5% normal
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goat serum for 1 h at room temperature to block the non-specific antibody binding. Subsequently, the
samples were stained with rabbit anti-a smooth muscle actin (a-SMA) antibody (1:100; 19245S, CST,
Danvers, MA, United States), or rabbit anti-von Willebrand factor (vWF) polyclonal antibody (1:50;
27186-1-AP, Proteintech, Rosemont, IL, United States) as primary antibodies overnight at 4 °C. For IHC,
sections were then incubated with horseradish peroxidase (HRP)-labeled goat anti-rabbit/mouse IgG
polymers (PK10006, Proteintech), developed in 3,3'-diaminobenzidine (Proteintech) and counterstained
with hematoxylin following the manufacturer’s recommendations. For IF, the samples were incubated
with DyLight® 488 pre-adsorbed secondary antibodies (ab98498, Abcam, Cambridge, United Kingdom)
for 1 h at 37 °C and cell nuclei were counterstained with DAPI for 15 min. The thickness of the
microvessel muscle layers was measured using sections stained with anti-o-SMA and the medial
thickness index (MTI) was calculated as follows: (A, - A;.)/ A Where A, and A, are the areas within
the external and internal boundaries of the a-SMA layer, respectively[17]. Pulmonary microvessel
density (MVD) was determined by counting the number of vVWF-positive vessels (< 100 um) per high-
power field using Image J (V1.8, National Institutes of Health, United States)[16].

Malondialdehyde concentration in tissues

Frozen lung, heart, and kidney tissues were weighed, and 10% tissue homogenate was prepared at 4 °C
using an electric tissue grinder (LC-TG-24, Lichen Keyi, Shanghai, China). Malondialdehyde (MDA)
levels in the tissues were measured using colorimetric assay kits in accordance with the manufacturer’s
instructions (BC0025, Solarbio, Beijing, China). The absorbance of the organic layer was measured using
spectrophotometry at 450, 532, and 600 nm (DNM-9602, Perlong, Beijing, China). MDA levels were
expressed in mmol/g wet tissue and calculated as follows: [12.9 x (AA532 - AA600) - 2.58 x AA450] x 50.

Myeloperoxidase level in tissues

The tissues were homogenized to determine the expression of myeloperoxidase (MPO) in accordance
with the manufacturer’s instructions (A044-1-1, Jchio, Nanjing, China). Yellow compounds were
produced on hydrogen supply from adjacent anisodamines, and the amount was measured at 460 nm to
reflect the viability of MPO and the number of leukocytes. One unit of MPO activity was defined as the
quantity of enzyme that degrades 1 pmol peroxide/min.

Quantitation of cytokine levels by enzyme-linked immunosorbent assay
The total protein content of lung tissue homogenate was measured and samples were analyzed using
the rat interleukin (IL)-1p (KE20005, Proteintech), IL-10 (KE20003, Proteintech), tumor necrosis factor-
alpha (TNF-a) (KE20001, Proteintech), and IL-6 (SEKR-0005, Solarbio, China) enzyme-linked
immunosorbent assay (ELISA) kits to determine the level of inflammatory cytokines in accordance with
the manufacturer’s instructions. The absorbance was measured at 450 nm.

RNA extraction and RT-qPCR

Total RNA was extracted from the lung samples using TRIzol reagent (T9424-100 mL, Sigma, United
States) according to the manufacturer’s protocols. First-strand cDNA was synthesized from 1 pg of total
RNA using the ReverTraAce RT-qPCR Master Mix kit (FSQ-201, TOYOBO, Osaka, Japan). RT-qPCR was
performed using a Real-Time Thermocycler (Analytik Jena AG, qTOWER3G, Germany), and detection
was performed using SYBR Green Realtime PCR Master Mix (TOYOBO, Osaka, Japan) in a 20 pL
reaction mixture to detect the mRNA levels of relative genes. All procedures were performed according
to the manufacturer’s protocol. The primer sequences for each gene analyzed using RT-qPCR are listed
in Table 1. The cycling profile involved 40 cycles of the following: 95 °C for 5 s, 55 °C for 10 s, and 72 °C
for 15 s. Data were analyzed using Sequence Detection Software 1.4 (Applied Biosystems, CA, United
States). Relative fold changes were normalized to endogenous S-actin mRNA expression using the 244
method.

RNA-sequencing and analysis

The right lower lobe of the lung from the normoxia, hyperoxia, and hyperoxia + iT-MSC groups were
collected for total RNA extraction, as mentioned above. Poly-A pull-down with Oligo(dT) was then
used to enrich mRNAs from total RNA samples. Then, cDNA libraries were constructed via PCR
amplification and sequenced using Illumina HiSeq X10 platform (Annoroad Genomics, Beijing, China).
Adapter polluted reads and low-quality reads in the original sequence were filtered, and the obtained
high-quality clean reads were mapped to the human reference genome (GRCh38) using hierarchical
indexing for spliced alignment of transcripts 2 (HISAT2; version 2.2.1). Gene expression levels were
measured according to the fragments per kilobase per million mapped fragments method. Differentially
expressed genes (DEGs) were screened using DESeq?2, with absolute log?2 fold change > 1 and adjusted P
< 0.05 as criteria. Gene Ontology (GO) enrichment analyses were performed to find significantly
enriched GO terms related to the DEGs.
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Table 1 Primer sequences for quantitative reverse transcription-polymerase chain reaction

Genes Sequence (5'- 3') Length (bp)
MIP-1a F GCTTCTCCTATGGACGGCAA 20
R TGCCGGTTTCTCTTGGTCAG 20
MIP-18 F CTGCTTCTCTTACACCTCCCG 21
R AAAGGCTGCTGGTCTCATAGT 21
VEGF F GCGGATCAAACCTCACCAAAG 21
R TTGGTCTGCATTCACATCTGCT 22
PDGF F CTCTGCTGCTACCTGCGTCT 20
R TCGGGTCATGTTCAAGTCCA 20
Bractin F CTCTGTGTGGATTGGTGGCT 20
R CGCAGCTCAGTAACAGTCCG 20

MIP: Macrophage inflammatory protein; VEGF: Vascular endothelial-derived growth factor; PDGF: Platelet-derived growth factor; F: Forward primer; R:

Reverse primer.
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Western blot analysis

Lung tissue samples were lysed in radioimmunoprecipitation assay buffer (P0013B, Beyotime)
containing a phosphatase inhibitor and protease inhibitor mixture. The samples were centrifuged at
12000 rpm for 20 min at 4 °C to remove the cellular debris. Protein concentrations were determined
using a BCA protein assay kit (Beyotime). Equal quantities of proteins were separated via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride
membranes (ISEQ00010, Millipore, MA, United States). Membranes were blocked in 5% skimmed milk
for 1 h at room temperature and then incubated with the following primary antibodies overnight at 4
°C: Rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:3000; 5174S, CST), rabbit anti-
Janus kinase 2 (JAK2; 1:1000; 3230S, CST), rabbit anti-phospho-JAK2 (1:1000; 3776S, CST), rabbit anti-
signal transducer and activator of transcription 3 (STAT3; 1:2000; 4904S, CST), rabbit anti-phospho-
STAT3 (1:2000; 9145S, CST), and rabbit anti-HO-1 (HO-1; 1:1000, 43966S, CST). Membranes were
washed and then incubated with HRP-conjugated goat anti-rabbit antibodies (1:5,000; SA00001-2,
Proteintech) for 1 h at room temperature. The protein bands were visualized using the ECL chemilumin-
escence detection kit (Millipore) and analyzed with JP-K600plus (Jiapeng Technology Co., Shanghai,
China). The band intensity was quantified using Image] software. The signal intensities of all target
proteins were normalized to those of GAPDH. The experiments were performed in triplicate.

Statistical analysis

GraphPad Prism 8.0.1 (GraphPad Software, Inc., La Jolla, CA, United States) and SPSS Statistics 26.0
(SPSS, Inc., Chicago, IL, United States) were used for statistical analysis. The quantitative data were
examined by normal distribution test and expressed as the mean * standard error, followed by variance
homogeneity test. One-way analysis of variance (ANOVA) was conducted to determine statistically
significant differences among multiple homogeneous groups. For significant ANOVA results,
Bonferroni’s multiple comparison test was performed to analyze the differences between two groups.
Results with P values less than 0.05 were considered significant.

RESULTS

Characterization of hUC-MSCs

Typical MSC-associated surface markers were identified by flow cytometry. The hUC-MSCs showed
high expression of CD29, CD44, CD73, CD90, and CD105, and did not express endothelial cell marker
(CD31), hematopoietic marker (CD45), and differentiated activated effector cell marker (CD271,
Figure 1A). The cells were stained with Oil Red O (Figure 1B), Alizarin red (Figure 1C), and Alcian blue
(Figure 1D). These results confirmed that the hUC-MSCs could differentiate into osteoblasts, adipocytes,
and chondrocytes in vitro.

hUC-MSCs administration increases survival rate and improves lung development
Newborn mice were exposed to 80% O, or standard room air from P1 to P21. Treatment groups received
a single dose of hUC-MSCs iT or iP on P7 (Figure 2A). The survival curve was recorded from the day of
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Figure 1 Identification of human umbilical cord-derived mesenchymal stem cells. A: The human umbilical cord-derived mesenchymal stem cells
(hUC-MSCs) showed high expression of CD29, CD44, CD73, CD90, and CD105, and did not express CD31, CD45, and CD271; B-D: hUC-MSCs were positive for
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Oil Red O, Alizarin red, and Alcian blue staining under the corresponding induction conditions (scale bars = 200 pm).
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injection (P7), which was decreased on hyperoxia. iT and iP administration of hUC-MSCs increased the
survival of the rats exposed to O,, although the difference was not statistically significant (Figure 2B).
Remarkably slow growth and body weight gain were observed in rats exposed to hyperoxia from P7,
and these were improved on hUC-MSCs administration on P14 and P21 (Figure 2C). There was no

statistically significant difference between iT and iP administration.

The lung tissue sections stained with HE showed signs of impaired alveolar development in the

animals exposed to hyperoxia, with marked interstitial thickening, fewer septations (hyperoxia vs

normoxia, 19.55 + 2.08 vs 32.44 + 7.31, P < 0.01), and enlarged MLI (hyperoxia vs normoxia, 76.12 + 7.7

pm vs 47.34 + 10.48 pm, P < 0.01; Figure 2D). Treatment with hUC-MSCs significantly diminished the
hyperoxia-induced increase in the MLI (60.16 + 4.62 pm and 53.65 + 6.85 pm for iT-MSC and iP-MSC,
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Figure 2 Human umbilical cord-derived mesenchymal stem cells administration increases survival rate and improves lung development.
A: Schematic diagram of the overall experimental design process and grouping; B: Kaplan-Meier survival curves of rat pups treated as indicated; C: Body weight
alterations of rat pups treated as indicated; D: Representative images of harvested lung sections stained with hematoxylin and eosin for morphometric analyses
(scale bars = 100 ym); E and F: Mean linear intercept and septal counts in lungs treated as indicated (n = 5 for each group, 10 fields/animal). 2P < 0.05; ®P < 0.01; °P
<0.001.iT: Intratracheal; iP: Intraperitoneal; P: Postnatal day; PBS: Phosphate-buffered saline; MSC: Mesenchymal stem cell.

respectively; Figure 2E) and decrease in septal counts (24.63 + 1.85 and 27.84 + 3.37 for iT-MSC and iP-
MSC, respectively; Figure 2F).

hUC-MSCs treatment rescues hyperoxia-induced loss of peripheral pulmonary blood vessels and

peripheral pulmonary arterial remodeling

To explore the effect of hUC-MSCs on hyperoxia-induced pulmonary vascular remodeling, lung
sections were stained with an anti-a-SMA antibody (Figure 3A). The MTI for the peripheral pulmonary
blood vessels was higher in hyperoxia-exposed animals than that in normoxia-exposed ones (47.18 +
3.80 vs 33.12 + 3.48, P < 0.001; Figure 3B). The hyperoxia + iT-MSC and hyperoxia + iP-MSC groups
exhibited significantly induced vascular muscularization (27.65 + 2.89 and 29.06 + 2.52, respectively).
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Figure 3 Human umbilical cord-derived mesenchymal stem cells treatment rescues hyperoxia-induced loss of peripheral pulmonary
blood vessels and peripheral pulmonary arterial remodeling. A: Representative photomicrographs of lung sections of rats harvested at postnatal day 21
stained with o smooth muscle actin antibody in normal air or hyperoxia exposure groups, with or without human umbilical cord-derived mesenchymal stem cells
administration (scale bars = 100 ym); B and D: Medial thickness index and microvessel density in lungs treated as indicated were calculated to assess hyperoxia-
induced peripheral pulmonary vascular remodeling and loss of blood vessels in the peripheral microvasculature (n = 5 for each group, 5 fields/animal); C:
Representative lung slides with von Willebrand factor- immunofluorescence staining obtained at 200 x magnification. White arrows highlight stained pulmonary
vessels (scale bars = 50 um); E and F: Vascular endothelial-derived growth factor and platelet-derived growth factor mMRNA expression in the lung tissues in the

indicated groups. 2P < 0.05; °P < 0.01; °P < 0.001. iT: Intratracheal; iP: Intraperitoneal; VEGF: Vascular endothelial-derived growth factor; PDGF: Platelet-derived
growth factor; MSC: Mesenchymal stem cell.

To determine the effect of hyperoxia exposure on peripheral pulmonary vessel number, we
performed von Willebrand factor staining on lung sections (Figure 3C). The rats reared in hyperoxia
yielded a significantly lower MVD than those reared in normoxia (3.01 £ 0.36 vs 6.11 + 1.02 vessels/field,
P <0.001; Figure 3D). Treatment with hUC-MSCs significantly restored the hyperoxia-induced decrease
in vascular density (5.54 = 1.16 and 5.57 + 1.70 for iT-MSC and iP-MSC, respectively). MTI and MVD of
the lungs of the iT-MSC-treated animals did not differ significantly from those of the iP-MSC-treated
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group.

Vascular endothelial-derived growth factor (VEGF) and platelet-derived growth factor (PDGF)
expression were primarily detected in lung tissues using RT-qPCR. Decreased VEGF and PDGF mRNA
expression was observed in the lungs of pups with hyperoxic lung injury, which was augmented upon
hUC-MSC administration (Figure 3E and F).

hUC-MSCs treatment modulates hyperoxia-induced lung inflammation and oxidative stress

Total protein levels in BALF were measured as an indication of endothelial and epithelial permeability.
Hyperoxia-exposed animals demonstrated elevated BALF protein concentrations compared to
normoxia-exposed pups. hUC-MSCs administration (iT or iP) ameliorated the hyperoxia-induced high
permeability of the lung epithelium (Figure 4A). The same trend was reflected in MPO expression, an
indicator of the number of neutrophils in the lung (Figure 4B).

To further investigate the inflammatory response after hyperoxia exposure, we measured the
expression of the pro-inflammatory cytokines TNF-a, IL-1B, and IL-6 and the anti-inflammatory
cytokine IL-10 in the lung tissues using ELISA. The increased TNF-a, IL-1B, and IL-6 expressions
observed in the hyperoxia group were significantly attenuated in both the iT-MSC and iP-MSC groups
(Figure 4C-E). Although there was no significant difference in IL-10 expression between the hyperoxic
and normoxic groups, we observed an increase in IL-10 expression in rats that received hUC-MSCs iT
compared with rats reared in hyperoxia (Figure 4F).

Furthermore, RT-qPCR results confirmed that hyperoxia exposure led to a significant increase in the
mRNA expression of the pro-inflammatory mediators macrophage inflammatory protein (MIP)-1a, and
MIP-1p. After infusion of hUC-MSCs, iT or iP, the expression of MIP-1a and MIP-1§ also significantly
decreased (Figure 4G and H). iP administration of hUC-MSCs was slightly more effective in reducing
MIP-1a levels than iT administration.

MDA levels in tissues were measured to reflect the oxidative stress. Elevated MDA levels induced by
hyperoxia exposure were significantly diminished upon hUC-MSC administration in hyperoxia-
exposed rats (Figure 4I).

hUC-MSCs treatment modulates the lung transcriptome

We performed a comparative transcriptomic analysis of lung samples from the normoxia, hyperoxia,
and hyperoxia + iT-MSC groups via RNA-sequencing (Xiuyue Biol, Shandong, China). Hyperoxia-
exposed animals showed 1486 significantly enriched and 1720 suppressed mRNAs compared to their
normoxic counterparts, while meeting the threshold of an absolute log2 fold change of 2 1 and an
adjusted P < 0.05. Among the DEGs induced upon hyperoxia exposure, the expression of 880
suppressed genes was increased and that of 1314 upregulated genes was reduced upon hUC-MSCs
administration, resulting in a shift in gene expression pattern toward normoxia. The top 100 DEGs are
presented in a heat map (Figure 5A). GO analysis indicated that hUC-MSCs treatment blunted these
hyperoxia-induced dysregulated genes involved in epithelial cell proliferation (ENG, GPC3, ALDH1A2,
SULF1), regulation of vasculature development (CYBB, PTPRC, CYR61, CDH5, ANXA3, NOTCH4),
positive regulation of cell adhesion (ALOX15, CCDC80, CXCL12), wound healing (PLET1, POSTN,
MACF1, DSP), and leukocyte migration (CCL6, ITGAL, CXCL3, LPL, CCL9, CHST4), which are biological
processes that likely contribute to BPD pathogenesis (Figure 5B). Additionally, five of the most
significantly enriched cellular components were extracellular matrix, apical part of the cell, external side
of the plasma membrane, receptor complex, and membrane microdomain (Figure 5C). The top five
significantly enriched molecular functions were phospholipid binding, signaling receptor activator
activity, cell adhesion molecule binding, actin binding, and sulfur compound binding (Figure 5D).
Therefore, preliminary RNA-sequencing showed that hyperoxia exposure and hUC-MSCs trans-
plantation caused significant changes in the gene expression, which might serve as novel targets for the
treatment of hyperoxia-induced organ injury.

Beneficial effects of hUC-MSCs administration in heart and kidneys in hyperoxia exposed neonatal

rats

To quantify the degree of PH-induced RVH, HE stained heart tissue sections were assessed (Figure 6).
Exposure to hyperoxia increased the RV free wall thickness and IVS thickness (Figure 6A). The Fulton’s
index (RV/LV +1VS) showed an increase with hyperoxia exposure (Figure 6D). Both iT and iP adminis-
tration of hUC-MSCs significantly ameliorated this increase.

Nephrogenesis was assessed on HE stained kidney sections. We observed that, compared to the
normoxia group, hyperoxia exposure led to a significant reduction in nephrogenic zone width (237.9 +
35.5 pm vs 145.3 + 23.6 pm) and glomerular diameter (70.5 + 5.33 pm vs 43.0 + 8.5 pm). These morpho-
logical abnormalities in the heart and kidney were alleviated upon hUC-MSCs administration. In the
hyperoxia + iT-MSC group, the averaged nephrogenic zone width and glomerular diameter were 196.7
+ 25.1 pm and 62.1 £ 5.2 um, respectively. In hyperoxia-exposed rats receiving hUC-MSCs iP, the
averaged nephrogenic zone width and glomerular diameter were 176.7 + 27.8 pm and 61.9 + 3.5 pm,
respectively (Figure 6B, C, E, and F).
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Figure 4 Human umbilical cord-derived mesenchymal stem cells treatment modulates the hyperoxia-induced lung inflammation and
oxidative stress. A: Statistical analyses of overall protein concentration in bronchoalveolar lavage fluid in the four groups (n = 7); B-F: Statistical analyses of
myeloperoxidase, tumor necrosis factor-alpha, interleukin (IL)-1B, IL-6, and IL-10 levels in the lung tissues in the indicated groups (n = 7); G and H: Macrophage
inflammatory protein (MIP)-1a and MIP-138 mRNA expression in the indicated groups (n = 5); I: Malondialdehyde levels were measured to evaluate the degree of
oxidative reaction in the lung tissues (n = 7). 2P < 0.05; °P < 0.01; °P < 0.001. iT: Intratracheal; iP: Intraperitoneal; BALF: Bronchoalveolar lavage fluid; MPO:
Myeloperoxidase; TNF-a: Tumor necrosis factor-alpha; IL: Interleukin; MIP: Macrophage inflammatory protein; MDA: Malondialdehyde; MSC: Mesenchymal stem cell.

Similarly, as per the degree of inflammatory and oxidative reactions, MPO expression and MDA
levels in the hyperoxia group were elevated compared with those in normoxia in both heart and kidney
tissues. Treatment with hUC-MSCs significantly diminished the hyperoxia-induced increase in MPO
expression and MDA levels (Figure 6G-]). These parameters did not show a significant statistical
difference between iT and iP hUC-MSC administration.

hUC-MSCs activate HO-1 expression and the JAK2/STATS signaling pathway to protect against

hyperoxia-induced multiple organ injury
To further investigate the mechanism by which hUC-MSCs administration alleviated hyperoxia-induced
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Figure 5 Human umbilical cord-derived mesenchymal stem cells treatment modulates the lung transcriptome. A: The heatmap shows the top
100 differentially expressed genes in lung tissues from the normoxia, hyperoxia, and hyperoxia + intratracheal-mesenchymal stem cell groups. The expression levels
of up- and downregulated genes are shown in red and blue, respectively; B-D: Gene ontology analyses of the most significantly affected pathways related to
biological process, cellular components, and molecular function. iT: Intratracheal; MSC: Mesenchymal stem cell; GO: Gene ontology.
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Figure 6 Beneficial effects of human umbilical cord-derived mesenchymal stem cells administration in the heart and kidneys of
hyperoxic neonatal rats. A: Representative images of harvested heart sections stained with HE for morphometric analyses (scale bars = 500 um); B and C:
Representative photomicrographs of the hematoxylin and eosin stained sections of kidneys obtained at 40 x magnification (scale bars = 200 ym) and 200 x
magnification (scale bars = 100 um) respectively; D: Fulton’s index (right ventricle/left ventricle + interventricular septum) was measured to quantify the degree right
ventricular hypertrophy (n = 5); E and F: Nephrogenesis was assessed through measuring the width of the nephrogenic zone and the glomerular diameter (n = 7);
G-J: Myeloperoxidase and malondialdehyde levels were measured to evaluate the degree of inflammatory and oxidative reaction in heart and kidney tissues
respectively (n = 7). 2P < 0.05; °P < 0.01; °P < 0.001. iT: Intratracheal; iP: Intraperitoneal; RV: Right ventricle; LV: Left ventricle; IVS: Interventricular septum; MPO:
Myeloperoxidase; MDA: Malondialdehyde; MSC: Mesenchymal stem cell.

lung, heart, and kidney injury in BPD rats, we measured the expression of HO-1 and JAK2/STAT3
signaling pathways in the whole rat lungs, heart, and kidneys. Through gray value quantification, the
results of western blotting showed that the expressions of phosphorylated JAK2 (pJAK2), JAK2,
phosphorylated STAT3 (pSTAT3), and STAT3 in lungs, heart, and kidneys were significantly
suppressed in the hyperoxia group. The expression of the above proteins increased significantly after
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hUC-MSCs administration (Figure 7A-E). Hyperoxia exposure significantly increased the expression of
HO-1, which was further enhanced in the hUC-MSCs treated groups (Figure 7A and F). These findings
imply that the HO-1 and JAK2/STAT3 signaling pathways are associated with the benefits of hUC-MSC
therapy in hyperoxic neonatal rats.

DISCUSSION

BPD is now recognized as a systemic disease associated with respiratory morbidity, cardiac dysfunction,
and neural and renal development impairments[3,12,40,41]. Despite advances in the understanding of
BPD pathogenesis, not all the mechanisms that lead to hyperoxia damage are completely understood.
The use of allogeneic MSCs, derived from the umbilical cord[16,18], adipose tissue[42], or bone marrow
[43], has been recognized as the most promising treatment for BPD. Many experiments and clinical trials
have reported that MSC administration, iT[16,18], iP[44], intranasally[45], or intravenously[46], exerts
beneficial outcomes with improved lung development, reduced inflammation, and decreased oxidative
damage. Moreover, recent studies have demonstrated that MSC-derived exosomes (EXOs) or
conditioned medium (CM) containing cytokines, growth factors, and nucleic acids play a critical role in
mediating the therapeutic effects of MSCs[17,21]. Notably, we previously showed that iT drip of living
human amnion-derived MSCs (hAD-MSCs) is more effective in treating hyperoxia-induced lung injury
than hAD-MSC-EXOs or hAD-MSC-CM[42]. This phenomenon can be explained by the fact that living
cells survive in the lungs for several days and secrete more exosomes.

Although the protective effects of MSCs or their exosomes on hyperoxia-induced lung injury have
been explored by many researchers, the underlying mechanism has not been well studied, and few
studies have focused on the therapeutic benefits of systemic multiple organ injury. Hence, based on the
above findings, the protective effects of the local administration of hUC-MSCs on systemic multiple
organ damage and its underlying mechanisms were investigated in the current study.

The most frequently used animal models of BPD are term-born mice or rats that are exposed to
supplemental oxygen, to study the effects of hyperoxia exposure on preterm infants with respiratory
distress[1,47]. In this study, we established an experimental newborn rat model via prolonged exposure
to hyperoxia to induce lung, heart, and kidney injury. The present study showed that the administration
of hUC-MSCs on P7 played an essential role in improving pulmonary alveolarization and modulating
pulmonary angiogenesis in hyperoxia-exposed rats, although the survival rate did not significantly
improve. Specifically, iT hUC-MSCs administration diminished the hyperoxia-induced increase in MLI
and vascular smooth muscle thickness and augmented the hyperoxia-induced decrease in peripheral
pulmonary vascular density in neonatal rats. We also determined the expression levels of VEGF and
PDGEF in rats. VEGF is a potent mitogen in endothelial cells that regulates angiogenesis and alveolar
development[48]. PDGEF is crucial for the alveolarization of normally developing lungs[49]. Our results
suggested that treatment with hUC-MSCs augmented the hyperoxia-induced decrease in VEGF and
PDGF expression in rats. Thus, we demonstrated that treatment with hUC-MSCs enhanced vascular and
alveolar development in neonatal rats through the induction of growth factors.

Inflammation activated during oxidative stress is a common pathway leading to the BPD phenotype
[1]. Increased pro-inflammatory cytokine levels found in tracheal aspirates and blood samples from
premature infants correlate with an increased risk of BPD[50,51]. Recent studies have suggested that
hyperoxia induces pro-inflammatory cytokines and cell infiltration in the alveolar spaces in neonatal
Sprague Dawley rats[52]. MDA is the main product of lipid peroxidation and is recognized as a
biological marker of oxygen stress injury[53,54]. In this study, rats reared in hyperoxia exhibited a
significant increase in BALF protein content, as well as TNF-a, IL-1B, IL-6, MIP-1a, MIP-18, MPO, and
MDA levels, which decreased with hUC-MSC treatment. Additionally, we observed an increase in anti-
inflammatory cytokine IL-10 expression in rats that received hUC-MSCs. These results support previous
ones[16,55] and suggest that the therapeutic effects of surfactant and hUC-MSCs on hyperoxia-induced
lung injury are mediated through the inhibition of pro-inflammatory cytokine production and oxidative
stress reactions, as well as the induction of immunosuppressive soluble cytokines such as IL-10.

Subsequently, we performed a comparative transcriptomic analysis of differential gene expression in
the lung tissues of rats in the normoxia, hyperoxia, and hyperoxia + iT-MSCs groups. It has been
reported that hyperoxia dysregulates the expression of genes that modulate immune response[21,56],
oxidative stress[57], cell migration, proliferation, and abnormal airway and pulmonary vascular
contractility[58] in an experimental model of hyperoxia-induced BPD. Consistent with previous studies,
our findings showed the DEGs in lung tissues induced upon hyperoxia exposure were enriched in
pathways related to inflammatory responses, epithelial cell proliferation, and vasculature development.
These dysregulated genes could contribute to the observed aberrant pulmonary alveolarization and
angiogenesis, increased leukocyte infiltration, and enhanced pro-inflammatory cytokine production.
Additionally, we found that hUC-MSCs infusion rescued the abnormally expressed genes, which
possibly explains their therapeutic ability in hyperoxia-induced lung injury. Taken together, our
findings may provide new evidence for the underlying mechanisms of BPD and MSCs treatment.
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Figure 7 Human umbilical cord-derived mesenchymal stem cells activated the heme oxygenase-1 and JAK2/STAT3 signaling pathway to
protect against hyperoxia-induced multiple-organ injury. A: The protein extracted from tissue homogenates of the lungs, heart, and kidneys were
collected for western blotting to detect heme oxygenase-1, JAK2, STAT3 protein expression levels, as well as their phosphorylation; B-F: Statistical analyses of
protein expression levels of the above-mentioned genes. 2P < 0.05; °P < 0.01; °P < 0.001. iT: Intratracheal; iP: Intraperitoneal; HO-1: Heme oxygenase-1; GAPDH:
Glyceraldehyde-3-phosphate dehydrogenase; MSC: Mesenchymal stem cell.
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As mentioned above, supraphysiological oxygen concentrations were found to lead to hyperoxia-
related PH, ventricular hypertrophy, and renal development impairments, which have been recognized
as strong contributors to poor outcomes in preterm infants with BPD[3,4,41]. Of concern, little is known
about the treatment outcomes of MSCs in the heart and kidney injuries associated with hyperoxia. In
our study, positive results with relieved RVH and nephrogenesis impairment, as well as reduced MPO
and MDA levels in the heart and kidney tissues were obtained after iT or iP administration of hUC-
MSCs in hyperoxic rat models. Consistent with previous reports, our results suggest additional
therapeutic effects of hUC-MSCs administration on histological alterations and modulation of inflam-
matory cell infiltration and oxidative stress in extrapulmonary organs.

We conducted further experiments to investigate the mechanisms contributing to the therapeutic
effects of hUC-MSCs in hyperoxia-exposed animals. The JAK/STAT3 pathway is one of the major
pathways involved in many crucial biological processes and is closely associated with many immune
and inflammatory diseases[31,59]. Recent studies have indicated that changes in the expression of JAK2
and STAT3 or their phosphorylated forms are related to IL-10 secretion[38,59,60]. Increased IL-10
secretion induced by MSCs in our study has been described previously. Increasing evidence suggests
that the JAK2/STATS3 signaling pathway plays a key role in protection against pulmonary[32], cardiac
[33,61], and renal injury[34]. The protective effects were inhibited by the selective inhibitors or
JAK2/STAT3 siRNA. These studies provided powerful evidence indicating that the activated
JAK2/STATS3 signaling pathway is involved in the protective phenotypic changes in injured organs. In
line with previous studies, our results showed that JAK2 and STAT3 expression, as well as their
phosphorylation, in the lungs, heart, and kidneys were suppressed to some extent in the hyperoxia
group and significantly increased after hUC-MSCs treatment.

Among the special defense enzymes developed in mammalian cells to combat oxidative stress, HO-1,
an essential enzyme in heme catabolism, has been postulated to play a key role in catalyzing the detoxi-
fication of oxidized proteins and modulating the cellular redox homeostasis[26]. In addition, increasing
evidence suggests that the products released by the HO reaction possess anti-inflammatory, anti-
apoptotic, and anti-proliferative properties[27,62,63]. In the present study, we observed increased HO-1
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Figure 8 Proposed mechanism of therapeutic effects of human umbilical cord-derived mesenchymal stem cells in hyperoxia-induced
multiple organ injury. The administration of human umbilical cord-derived mesenchymal stem cells at postnatal day ameliorates hyperoxia-induced lung, heart,
and kidney development, and reduces inflammatory and oxidative responses by activating heme oxygenase-1 expression and the JAK/ISTAT3 pathway. O,: Oxygen;
hUC-MSCs: Human umbilical cord-derived mesenchymal stem cells; HO-1: Heme oxygenase-1; MPO: Myeloperoxidase; TNF-a: Tumor necrosis factor-alpha; IL:
Interleukin; MDA: Malondialdehyde.
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expression in the hyperoxia-exposed group, which is probably a spontaneous response induced by
oxidative stress. Furthermore, our findings suggest that the infusion of hUC-MSCs into neonatal rats
further enhanced HO-1 expression. No statistically significant difference in the expressions of these
proteins was observed between iT and iP hUC-MSC administration. It has been reported that HO-1
contributes to attenuating hyperoxia-induced pulmonary inflammation, arterial remodeling, and RVH,
which were significantly reversed in HO-1 knockout mice or upon tin protoporphyrin IX adminis-
tration, a HO-1 inhibitor[29,30,64]. Detsika et al[65] establish HO-1 as a key regulator to attenuate
glomerular injury by using HO-1 deficient rats or rats with HO-1 overexpression targeted to glomerular
epithelial cells. Based on these studies, it is considered that elevated HO-1 expression also plays a
crucial role in the protective effects of UC-MSCs in alleviating oxidative and inflammatory damage in
the lung, heart, and kidney tissues. Moreover, recent studies have demonstrated that HO-1 expression is
partly regulated by the JAK/STAT pathway[35]; in turn, the JAK/STAT pathway can be activated by
enhanced HO-1 expression[36]. Taken together, we speculate that hUC-MSCs can sense inflammatory
and oxidative stimulation and then trigger HO-1 expression, IL-10 secretion, and the JAK2/STAT3
signaling pathway, eventually reducing multiple abnormalities induced by hyperoxia (Figure 8).

Remarkably, the benefits of iT-hUC-MSC administration were equivalent to those of the iP-hUC-MSC
administration group. Based on previous studies[66,67] and our investigation, we hypothesized that the
beneficial effects of local iT administration of MSCs on hyperoxia-induced systemic multi-organ damage
are ascribed to paracrine effects. Considering that the majority of low-birth-weight infants were
endotracheal intubated at birth, our study supported that iT-MSC administration is a more convenient
and effective administration method.

We acknowledge that there are several limitations to this study. Firstly, we only performed
transcriptome sequencing of the whole-lung tissue, which consisted of several types of cells. Gene
expression changes of sorted cell subtypes from multiple organs exposed to hyperoxia should be
studied and validated in future research to assess the effect of MSCs on different target cell populations
and address the underlying molecular mechanisms. Moreover, we observed that hUC-MSCs increased
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HO-1 expression and activated the JAK2/STAT3 pathway in the lung, heart, and kidney tissues.
However, we merely speculated that these changes in protein expression are involved in the therapeutic
changes in the phenotype based on previous studies. Further in-depth mechanistic studies will be
needed to validate and understand the molecular mechanisms modulated by hUC-MSCs.

CONCLUSION

In summary, the main findings of our study were that administration of hUC-MSCs significantly
ameliorates not only lung injuries but also associated heart and kidney damage in hyperoxia-exposed
infant rats. Remarkably, the therapeutic benefits of local iT instillation are equivalent to those of iP
administration in hyperoxia-induced systemic multi-organ damage. Additionally, we also demonstrated
that the underlying mechanism of the therapeutic effects is presumably the increase in HO-1 expression,
IL-10 secretion, and the JAK2/STAT3 signaling pathway. Above all, it is desirable that the present study
yield positive results to transform healthcare outcomes for a growing population of premature
survivors.

ARTICLE HIGHLIGHTS

Research background

Increasing evidence has suggested that bronchopulmonary dysplasia (BPD) is not merely a lung disease,
but a systemic condition with short-term and long-term multiple organ implications. Exposure to
hyperoxia causes oxidative stress and contributes to the pathogenesis of these recognized implications,
including respiratory morbidity, cardiac dysfunction, and impairments in renal development.
Mesenchymal stem cells (MSCs) are multipotent stromal cells that have immunomodulatory, anti-
inflammatory, and low immunogenicity properties and have shown great potential for the management
of a range of different neonatal conditions, including BPD.

Research motivation

Although the protective effects of MSCs or their exosomes on hyperoxia-induced lung injury have been
explored by many researchers, the underlying mechanism has not been addressed in detail, and few
studies have focused on their therapeutic benefits on systemic multiple organ injury.

Research objectives

This study aimed to investigate whether intratracheal (iT) administration of human umbilical cord-
derived MSCs (hUC-MSCs) could simultaneously attenuate hyperoxia-induced lung, heart, and kidney
injuries in an experimental neonatal rat model, and elucidate the underlying regulatory mechanism.

Research methods

We established an experimental newborn rat model via prolonged exposure to hyperoxia to induce
lung, heart, and kidney injury. Briefly, neonatal rats were exposed to hyperoxia (80% O,), treated with
hUC-MSCs iT or intraperitoneal (iP) on postnatal day 7 (P7), and harvested on postnatal day 21. The
tissue sections of the lung, heart, and kidney were analyzed morphometrically. Protein contents of
bronchoalveolar lavage fluid (BALF), pulmonary inflammatory cytokines, myeloperoxidase (MPO)
expression, and malondialdehyde (MDA) levels were examined. Furthermore, RNA-sequencing, reverse
transcription-quantitative polymerase chain reaction and western blot analysis were performed to
explore underlying mechanisms.

Research results

The present study showed that the administration of hUC-MSCs on P7 played an essential role in
improving pulmonary alveolarization and modulating pulmonary angiogenesis, as well as relieving
right ventricular hypertrophy and nephrogenesis impairment in hyperoxia-exposed rats. Rats reared in
hyperoxia exhibited a significant increase in BALF protein content, tumor necrosis factor-alpha,
interleukin (IL)-1pB, IL-6, and macrophage inflammatory protein (MIP)-1o, MIP-1, MPO and MDA
levels, which decreased with hUC-MSC treatment. Additionally, we observed an increase in anti-inflam-
matory cytokine IL-10 expression in rats that received hUC-MSCs. Transcriptomic analysis showed that
hUC-MSCs administration blunted the hyperoxia-induced dysregulated genes, which were enriched in
pathways related to inflammatory responses, epithelial cell proliferation, and vasculature development.
Moreover, hUC-MSCs increased heme oxygenase (HO-1), JAK2, and STAT3 expression, and their
phosphorylation in the lung, heart, and kidney. Remarkably, no significant difference was observed
between iT and iP administration.
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Research conclusions

Our results suggest additional therapeutic effects of hUC-MSCs administration on histological
alterations, along with the modulation of inflammatory cell infiltration and oxidative stress in extrapul-
monary organs. The therapeutic benefits of local iT instillation are equivalent to those of iP adminis-
tration in systemic multi-organ damage. These therapeutic effects presumably result from an increase in
HO-1 expression and the JAK2/STAT3 signaling pathway.

Research perspectives

In future studies, gene expression changes of sorted cell subtypes from multiple organs injured upon
hyperoxia exposure will be studied. Further in-depth mechanistic studies are warranted to validate and
understand the molecular mechanisms modulated by hUC-MSCs. Moreover, given the significance of
changing the MSCs culture mode, the application of genetically modified and three-dimensionally
cultured MSCs will be explored to improve therapeutic outcomes in future studies. These studies will
lay the foundation for a more extensive and effective clinical application of MSCs in the treatment of
BPD.
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