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Abstract

Objective
To investigate the anti-in�ammatory role of H2 in LPS-induced BPD via regulating TNF-α/NF-κB signaling
pathway in placenta.

Methods
We induced a neonatal rat model of BPD by injecting lipopolysaccharide (LPS, 1ug) into the amniotic
�uid at embryonic day 16.5(E16.5). Treatment of 30% hydrogen gas for 4 hours/day with continuously
5days. We primarily analyzed the neonatal outcomes and then compared in�ammatory levels from
Control group (CON), LPS group (LPS) and LPS with H2 inhalation group (LPS + H2). TUNEL and
Hematoxylin-Eosin (HE) staining were performed to evaluate in�ammatory and apoptotic levels. We
further used RNA sequencing and ELISA assay to examine differentially expressed proteins and mRNA
levels of tumor necrosis factor-α (TNF-α), nuclear factor kappa-B (NF-κB) (p65), interleukin (IL)-6, IL-18, IL-
1β, C-C motif chemokine ligand 2(CCL2) and C-X-C motif chemokine ligand 1(CXCL1). Bioinformatics
analysis (GO and KEEG) of RNA-seq and correlation analysis were applied to clarify the mechanisms of
H2 anti-in�ammatory effect on LPS-induced BPD.

Results
We found the H2 inhalation decreased production of in�ammatory cytokines/chemokines (IL-6, IL-18, IL-
1β, CCL2, CXCL1) in LPS-induced placenta to rescue from the BPD. Upon administration of H2, in�ltration
degree of LPS-induced placenta was reduced and in�ltrating signi�cantly narrowed down. Hydrogen
normalized LPS-induced perturbed lung development, reduced lung apoptotic index, death ratio of fetus
and neonate. Meanwhile, H2 also upregulated the survival ratio. RNA-seq and Elisa demonstrated that
both mRNA and protein levels of TNF-α/NF-κB signaling pathway were activated by LPS, and H2 relieved
the pro-in�ammatory function of LPS on TNF-α/NF-κB-stimulated placenta. Correlation analysis showed
a positive association of TNF-α vs both NF-κB and in�ammatory cytokines/chemokines.

Conclusion
H2 inhalation alleviated LPS-induced BPD by inhibiting excessive pro-in�ammatory cytokines and
in�ammatory chemokines via the TNF-α/NF-κB signaling pathway in placenta and may be a potential
therapeutic strategy for BPD.

Introduction
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Owing to lack of effective interventions to prevent preterm births and faced with life-saving postpartum
intervention, BPD has been recognized as the most frequent complication in premature infants
accompanied with high incidence and poor prognosis [1–3]. It can develop chronic lung dysfunction,
persistent airway and pulmonary vascular diseases, seriously affect the quality in survival [4].

BPD is now considered as the result of an abnormal repair response to lung injury by multiple antenatal
and postnatal exposures [5]. In�ammation, especially chorioamnionitis (CAM), is expressed as the
common antenatal pathway that initiates the lung injury that can progress to a BPD phenotype [6]. The
increasing evidence linking the in�ammatory regulatory function in the placenta to BPD has been
analyzed in a systematic review [7]. The placenta makes an adaptive response to CAM-induced by LPS
[8], even placental histology is believed to predict adverse neonatal outcomes in some studies, which can
cause the aggregation of placental decidual cells, amniotic cells and in�ltrating macrophages and
release pro-in�ammatory cytokines and chemokines to the gestational sac [9], subsequently resulting in
fetal in�ammatory response syndrome (FIRS) and eventually contribute to the development of BPD [10,
11]. Concerning the vital role of placenta in anti-in�ammation, it is conceivable that alterations of
placenta can reverse the process LPS-induced BPD and result in improving the poor prognosis that has
lifelong consequences.

Hydrogen, a novel therapeutic molecule, plays the biological effects by mainly anti-in�ammatory,
antioxidant and anti-apoptosis, which have been con�rmed by many cellular, animal and clinical trials
[12–14]. Despite many inaccuracies, in�ammation scavenging ability is still the widely accepted
mechanism of H2 [15, 16]. Lack of any known adverse effects of hydrogen makes hydrogen an ideal anti-
in�ammatory therapeutic modality [17, 18]. Therefore, the purpose of this study was to investigate the
protective effect of hydrogen on LPS-induced BPD and to explore its potential molecular mechanisms.

Materials And Methods

A neonatal rat model of BPD and administration of
hydrogen gas
All experimental procedures were approved by the Experimentation Ethics Committee of Taian City
Central Hospital in Shandong, China (permit numbers: 2022-07-10). 8-week-old sprague-dawley (SD) rats
were purchased from Shanghai JSJ. Male and female rats with the ratio 2:1 were caged over night,
vaginal plugs were con�rmed the next morning which was counted as E0.5.

We induced CAM to make a neonatal rat model of BPD by injecting LPS (0.2ug/ul, 5ul) into the amniotic
�uid at E16.5. LPS, from Escherichia coli (O55:B5), was purchased from Sigma–Aldrich (L2880,
Shanghai, CHINA). Pregnant rats were anesthetized by inhaling 5% iso�urane, and then maintained with
2% iso�urane until the end of induction. Carefully injected 5ul LPS/saline to each amniotic sac after
exposed by a midline abdominal aseptic incision and accounted the numbers. Pregnant rats divided into
three groups with 5 in each group: intra-amniotic injection of saline as the control (CON group), intra-
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amniotic injection of LPS as the LPS group, treatment of 30% hydrogen gas for 4 hour/day with
continously 5days upon the intra-amniotic injection of LPS as the LPS + H2 group.

The placenta and umbilical cord were collected by cesarean section at E21.5 and the weight of neonate
and placenta were recorded. The newborn rats were fed with breast-feeding rats prepared in advance.
Intrauterine fetal death (IUFD) rate was calculated by the number of stillbirths based on fetal counts at
E16.5. The number of surviving pups was continuously counted until postnatal day 14 (P14). The body
weights of pups were measured at P0, P7 and P14.

Tissue Preparation
Placenta, umbilical cord and the left lung of rats at P0, P7 and P14 were collected to HE staining and
TUNEL apoptotic index analysis subsequently. Pups were euthanized at P7 and P14 by an intraperitoneal
injection of 120 mg/kg (2 ml/kg) of sodium pentobarbital, followed by cardiac perfusion with precooled
saline. The placenta was placed in the tubes and stored frozen in -80℃ for ELISA, RNA-seq assay.

Hematoxylin-Eosin (HE) staining for histopathology analysis
To intuitively evaluate the degree of LPS-induced CAM and assess the perturbed lung development in
different groups, the tissues, including the placentae, umbilical cords and pups’ lungs, were para�n-
embedded and sliced at 5mm after �xed with 4% PFA for 24 hours. Then, they were respectively stained
with hematoxylin and eosin (H&E; Sigma-Aldrich) to assess in�ammatory cell in�ltration and lung
development. Finally, they were dehydrated and rendered transparent and sealed with neutral gum.
Sections were observed under a microscope and photographed. Parameters of alveolarization: the mean
linear intercept (MLI), radial alveolar count (RAC) and alveolar wall ratio (alveolar wall area/total area)
were measured.

TUNEL staining in lung tissue
We carried out the TUNEL assay through the TUNEL Apoptosis Detection Kit (FITC) (Yeasen
Biotechnology (Shanghai), China). The lung slices at P0 and P7 were dewaxed with xylene and
rehydrated with alcohol. 20min was treated with protease K at room temperature and washed with PBS
for 3 times. After followed by the instructions, the FITC-labeled TUNEL positive cells were imaged under
an inverted �uorescence microscope.

RNA sequencing (seq) -RNA extraction, library construction
and sequencing
According to the manufacturer’s protocol, using Trizol reagent kit (Invitrogen, Carlsbad, CA, USA) extracted
the total RNA, then proceeded the assessment of RNA quality on an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) and checked with RNase free agarose gel electrophoresis. After total
RNA was extracted, eukaryotic mRNA was enriched by oligo (dT) beads. Then the enriched mRNA was
fragmented into short fragments using fragmentation buffer and reversely transcribed into cDNA by
using NEBNext Ultra RNA Library Prep Kit for Illumina (NEB#7530, New England Biolabs, Ipswich, MA,
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USA). The puri�ed double-stranded cDNA fragments were end repaired. A base added and ligated to
Illumina sequencing adapters. The ligation reaction was puri�ed with the AMPure XP Beads (1.0X).
Ligated fragments were subjected to size selection by agarose gel electrophoresis and polymerase chain
reaction (PCR) ampli�ed. The resulting cDNA library was sequenced using Illumina Novaseq6000 by
Gene Denovo Biotechnology Co. (Guangzhou, China).

RNA seq-bioinformatics analysis
Filtering reads to get high quality clean reads and alignment with both ribosome RNA (rRNA) and
reference genome, prepared for further assembly and gene abundance calculation. A FPKM (fragment per
kilobase of transcript per million mapped reads) value was calculated to quantify the expression
abundance and variations by RSEM software. We calculated the correlation coe�cient between two
replicas to evaluate repeatability between samples by correlation analysis. To identify the differentially
expressed genes, we performed the analysis by the DESeq2 software between two different groups (and
by edgeR between two samples). Parameters of the genes/transcripts were considered differentially
statistical signi�cance when q-value < 0.05 (the corrected p-values obtained by the BH algorithm) and
absolute fold change ≥ 2.

Differentially expressed genes were mapped to GO terms in the Gene Ontology database
(http://www.geneontology.org/), gene numbers were calculated for every term, signi�cantly enriched GO
terms in DEGs comparing to the genome background were de�ned by hypergeometric test. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed to identify
signi�cantly enriched metabolic pathways and signal transduction pathways in DEGs.

ELISA assay
To validate the levels of protein related to TNF-α/NF-κB in�ammatory signaling pathway in placenta, we
used the ELISA assay to measure the placental protein levels. Accurately weighed placental tissue and
rushed with balls at 4°C, and stored overnight at -20℃. Upon two freeze-thaw cycles, the supernate was
removed after the homogenates centrifuged at 5000 x g for 5 min at 4℃. Separated the samples to be
tested and stored them at-20℃. Protein concentration was determined by BCA protein assay kit (Thermo
Fisher Scienti�c, MA, United States). The contents of TNF-α, NF-κB (p65), interleukin-1β (IL-1β), IL-18, IL-6,
IL-10, C-C motif chemokine ligand 2 (CCL2) and C-X-C motif chemokine ligand 1 (CXCL1) in placental
tissues were determined by ELISA assay kits, including TNF-α uncoated ELISA kits (Cat.no.88-7340,
Thermo Fisher Scienti�c, MA, United States), IL-6 uncoated ELISA Kit (Cat.no.88-50625, Thermo Fisher
Scienti�c, MA, United States), IL-10 uncoated ELISA Kit (Cat.no.88-50629, Thermo Fisher Scienti�c, MA,
United States), CCL2 ELISA Kit (Cat.no.EK387-96, MULTI Scienti�c, Hanzhou, China), CXCL1 Elisa Kit
(Cat.no.EK396, MULTI Scienti�c, Hanzhou, China), IL-1β ELISA Kit (Cat.no.SEA563Ra, USCN KIT INC.
Wuhan, China), IL-18 ELISA Kit (Cat.no.SEA064Ra, USCN KIT INC. Wuhan, China), and NF-κB (p65) ELISA
kits (Cat. no.CSB-E08788r, Cusabio Technology, Wuhan, China).

Statistical analysis
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Statistical analysis was performed with GraphPad Prism 8.0 database. All results were presented as
mean ± SD, p < 0.05 was considered as signi�cant. All data were analyzed using one-way analysis of
variance (ANOVA) with the Tukey multiple comparison test. Pearson correlation analysis was used to
measure the relationship between NBW and placental weight, the relationship of the levels of proteins
TNF-α/NF-κB and the in�ammatory factors.

Results

Inhaled hydrogen gas ameliorated LPS-induced BPD in rats

H2 attenuated the abnormal intrauterine development
induced by LPS
The neonatal outcomes results were checked immediately after birth displayed in Table 1. Among the
maternal baseline characteristics, the intrauterine fatal death (IUFD) rates were 3/50 (6%) in the CON
group, 18/46 (39%) in the LPS group, and 13/48 (27%) in the LPS + H2 group. Moreover, there was no
signi�cant difference of maternal weight and amniotic sacs.

Table 1
The maternal baseline characteristics in different groups.

  CON LPS LPS + H2

Maternal rat (n) 5 5 5

Maternal weight (g) 298.80 ± 7.83 301.00 ± 8.25 285.60 ± 5.44

Gestational sacs (n) 50 46 48

Fetal death (n) 3 18 13

IUFD rate (%) 6 39 27

H2 inhalation improved the poor outcomes of neonatal rats
Similarly, the pups in LPS group represented a growth-restricted state in the postnatal days in Fig. 1,
mainly in the lower body weight at P0-P14 (Fig. 1A) and lower survival rate up to P14 (Fig. 1B). While, the
dysplasia and the lower survival ratio were all improved by hydrogen shown in LPS + H2 group (p < 0.01).

Positive correlation between placental weight and BW
Compared with CON group, BW in LPS group was signi�cant lower shown in Fig. 2A. Equally, the average
placental weight in LPS group was also at a lower level shown in Fig. 2B. Interestingly, the above
abnormalities were improved after inhaling hydrogen (p < 0.05). A positive relationship between placental
weight and BW was found in pups at P0 (r = 0.7528; p < 0.0001; Fig. 2C).
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H2 inhalation relieved the LPS-induced BPD

Inhaled H2 relieved the LPS-induced perturbed lung
development
Perturbed lung development with obviously lagging behind was demonstrated in LPS group by
histological examination. LPS treatment abnormally increased the alveolar size, resulting in the
heterogeneous alveolar and severe in�ammatory response with a large number of polymorphonuclear
leukocyte in�ltration. Fortunately, hydrogen normalized the alveolar sizes, pulmonary septum and
evidently reduced the in�ammatory cell in�ltration (Fig. 3A). Quantitatively, the parameters of
alveolarization: the alveolar wall area ratio and MLI were increased by LPS, RAC was decreased by LPS.
On the contrary, the above disorder-induced by LPS were normalized by hydrogen (Fig. 3B-D).

Inhaled H2 mitigated the LPS-induced lung injury
Figure 4 revealed the lung apoptotic index by TUNEL assay. Compared with CON and LPS + H2 groups,
the LPS group owned a highest apoptotic index in lung disrupted by LPS at P0 and P7 (Fig. 4A and
Fig. 4C). Quantitatively, H2 inhalation could protect against the injury from LPS by reducing the apoptosis
at P0 and P7 (p < 0.05) (Fig. 4B and 4D).

Hydrogen inhalation inhibited the excessive in�ammatory
response of LPS-induced placenta and fetus
In order to explore the role of H2 in inhibiting placental in�ammatory response, we analyzed the
morphology of placental tissue by HE staining to observe the changes of placental in�ammation
intuitively and evaluate the degree of placental in�ammation in CON, LPS and LPS + H2 groups.
Placentae in LPS group were displayed with severe CAM which were manifested as a large number of
polymorphonuclear leukocyte in�ltration (200×, Fig. 5A), involving the lower pole of the amniotic sac, the
intervillous space, the chorionic plate, decidua and even the whole layer of placenta (100×, Fig. 5A).
Interestingly, upon administration of H2, in�ltration degree was remarkably reduced and in�ltration range
signi�cantly narrowed down, only amniotic sac and chorionic plate were involved. Similarly, this
phenomenon was also presented in the HE staining of umbilical cord, which re�ected the degree of
in�ammation in the fetus. Unlike the CON group, in�ammatory cells were scattered in the umbilical artery
(200×, Fig. 5B) and amniotic membrane surrounding (100×, Fig. 5B) in LPS group, but not in LPS + H2

group. Results were shown in Fig. 5.

TNF-α/NF-κB signaling pathway may be involved in
hydrogen inhalation rescue from LPS-induced in�ammatory
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imbalance in placenta

Alterations in placental mRNA levels of TNF-α/NF-κB
signaling pathway relevant proteins
To further verify the underlying mechanisms of H2 effect, the transcriptome in CON, LPS and LPS + H2

groups was determined via RNA-seq. Differentially expressed genes in the three groups (CON, LPS and
LPS + H2) indicated that H2 could take therapeutic effect on the LPS-induced BPD via various molecular
mechanisms. A total of 671 genes with signi�cant difference were screened out when comparing LPS + 
H2 group with LPS group, including 78 up-regulated and 593 down-regulated genes (Fig. 6A). Signi�cantly
enriched GO terms were identi�ed in biological processes, which included the ‘in�ammatory response’
and ‘cytokine production’ (Fig. 6B). Further digging mechanism, KEGG pathway analysis was also applied
to analyze the dysregulated genes involved in various signal transduction pathways. Among the top 20 of
KEEG enrichments, TNF signaling pathway was strikingly located (Fig. 6C).

Meanwhile, the mRNA expressions of proteins related to TNF signaling pathway from the different groups
were presented as the fpkm levels (Fig. 6D). Compared with the CON group, the results displayed the LPS
group owned a higher levels of TNF-α induced protein2 (TNFaip2), TNFaip3 and TNFaip6. Previous
studies have revealed that key role of TNF-α in BPD. According to the GO and KEEG analysis in this
research, the results revealed that TNF-α/NF-κB-mediated signaling pathway was involved in the
in�ammatory response. Therefore, it was hypothesized that H2 may function via the TNF-α/NF-κB
signaling pathway. H2 inhalation could alleviate the up-regulated mRNA levels of TNF-α and NF-κB in LPS
group (p < 0.05). Similarly, up-regulated mRNA levels of in�ammatory cytokines (IL-6, IL-18 and IL-1β) and
in�ammatory chemokines (CXCL1, CCL2) in LPS group were also remarkably reversed by H2 inhalation
(p < 0.05, Fig. 6D), but not in IL-10 (p > 0.05).

Alterations in placental protein levels of TNF-α/NF-κB
signaling pathway relevant proteins
To evaluate the role of H2 in the protein of TNF-α/NF-κB signaling pathway in placenta, we conducted the
ELISA assay to assess alterations in expression of the key proteins involved in these pathways in CON,
LPS and LPS + H2 groups. Results were demonstrated in Fig. 7.

H 2 inhalation moderated the increased placental proteins levels of TNF-α and NF-κB levels in LPSinduced
BPD. Compared to the CON group, the placental protein level of TNF-α in LPS group was remarkably
increased in response to LPS (p < 0.05; Fig. 7A). In addition, NF-κB(p65), which was detected to re�ect the
total NF-κB levels, still owned a higher protein level in LPS group (p < 0.05; Fig. 7B). Fortunately, inhaled
H2 moderated the above disorder-induced by LPS (p < 0.05; Fig. 7A-B).
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H 2 inhalation scavenged excessive placental in�ammatory cytokines and in�ammatory chemokines in
LPS-induced BPD. Placenta in LPS group performed the in�ammatory storm. For instance, the
in�ammatory cytokines such as IL-6, IL-18, IL-1β and IL-10 and in�ammatory chemokines such as CCL2
and CXCL1 were excessively released by placental cells in response to TNFα based on the Gene
enrichment analysis in RNA-seq (Fig. 7C-H). Among them, we identi�ed the signi�cant statistical
difference in the IL-6 (Fig. 7C), IL-18 (Fig. 7D), IL-1β (Fig. 7E), CCL2 (Fig. 7G) and CXCL1 (Fig. 7H), but not
in IL-10 (Fig. 7F). While, when inhaled H2 with LPS group, the excessive in�ammatory cytokines and
chemokines induced by LPS were scavenged (p < 0.05). In addition, the protein level of IL-10 was not
signi�cantly changed in the three groups (Fig. 7F).

The pivot role of TNF-α/NF-κB signaling pathway in H2
inhibiting in�ammatory response
In order to verify whether H2 ameliorated LPS-induced BPD through inhibiting the hub protein TNF-α and
resulting in down-regulating the NF-κB-mediated the in�ammatory response subsequently. We
respectively performed pearson correlation analysis on relationship of TNF-α vs both NF-κB(p65) and
in�ammatory cytokines/chemokines. Our study showed that TNF-α was positively related to NF-κB(p65)
protein levels (p < 0.05; Fig. 8A). In placenta, both TNF-α and NF-κB(p65) protein expressions were
positively associated with in�ammatory cytokines (Fig. 8B-G) (p < 0.05). A similar relationship was also
found between TNF-α/NF-κB(p65) and in�ammatory chemokines (p < 0.05, Fig. 8H-K).

Discussion
Owing to serious complications and the poor prognosis, BPD has been widely concerned among LPS-
induced adverse pregnancy outcomes [19]. BPD, manifested as lung injury, disrupts alveolarization and
microvascular development [20]. Intra-amniotic administration of LPS at E16.5 to induce in�ammatory
cascades-CAM is similar to the major clinical characteristics observed in patients with BPD. CAM can
produce excessive in�ammatory factors into the fetus, which affect the maturation of fetal lung, cause
fetal lung structural remodeling, affect the contractile function of pulmonary vessels, and thus lead to the
occurrence of BPD [21, 22]. Our results indicated that LPS group exhibited a disorder of intrauterine
development: the intrauterine fatal death (IUFD) rates represented a high level in the LPS group. The
surviving newborns also had a lower birth weight and placental weight than those in CON group.
Moreover, the results also revealed the poor outcomes of neonatal rats induced by LPS: The pups in LPS
group presented a growth-restricted state in the postnatal days, mainly in the lower body weight and
lower survival ratio. A perturbed lung development (abnormal alveolarization and severe in�ammatory
response) was existed in LPS-induced newborn accompanied with obviously lagging behind. Meanwhile,
the damaged lung induced by LPS was re�ected by a higher apoptotic index. Overall, LPS-induced lung
injury reached to model for BPD. Hydrogen gas, a novel therapeutic molecule, the therapeutic potential in
anti-apoptotic, anti-oxidative and anti-in�ammatory effects has been recognized by many animal studies
and clinical trials, especially in lung diseases [23–25]. However, in�ammatory scavenging ability is the
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widely accepted mechanism of H2 [26, 27]. In our research, H2 was incorporated into the treatment of BPD
as a therapeutic method. H2 not only attenuated the abnormal intrauterine development by reducing the
IUFD and ameliorating the loss to fetus induced by LPS, but also improved the poor outcomes of
neonatal rats through normalizing the LPS-induced perturbed lung development. Our �ndings indicated
that H2 inhalation was indeed a promising candidate for BPD treatment and the mechanism was deeply
excavated in this research.

Recent studies reveal that imbalanced pro-in�ammatory and antiin�ammatory cytokines in placenta
serves a major role in the pathophysiology of BPD, characterized by excessive in�ammatory response
syndrome which act as exposure risk factor that contribute to the development of BPD[28, 29]. Placental
compositions, consisting of cytokines, chemokines and natural antioxidants, have direct consequence to
the in�ammatory response via anti-in�ammatory, anti-bacterial and anti-viral properties [30][31]. It is
conceivable that disturbances in placental biochemical composition and in placental signaling pathway
contribute to the pathophysiology of BPD. Our results observed the excessive in�ammatory response of
LPS-induced placenta in rats, the in�ammatory cells were scattered in the umbilical artery. Combined with
the correlation analysis results (placental weight versus birth weight), there is no doubt that placental
dysfunction plays a critical role in the development of BPD.

Previous studies con�rm that H2 can exert anti-in�ammatory effects in a variety of cells through multiple
signaling pathways. For instance, H2 can reduce the expression of intercellular adhesion molecules and
chemokines to reduce the in�ltration of neutrophils and macrophages [32, 33]. In a study of rat burns, H2

also alleviated the airway in�ammatory response by reducing the activation of crucial NF-κB-mediated
in�ammatory signaling pathway, reducing IL-1β, IL-6 levels subsequently [34]. Currently, Researcher also
found the perspectives of H2 for coronavirus disease-2019 (COVID-19) caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [35]. COVID-19 manifested as an acute in�ammatory lung injury
caused by cytokine storm [36, 37]. H2 inhalation play notable role in annihilating in�ammatory cytokines
to inhibit cytokine storm. Due to the remarkably anti-in�ammatory effect of H2, H2 has been
recommended in acute or chronic pulmonary disease to confront COVID-19 pandemic eventually [38]. Our
results were consistent with the previous study: H2 inhalation moderated the excessive in�ammatory
response of LPS-induced placenta in rats, including reducing the degree of the in�ltration and
signi�cantly narrowing down the range of in�ltration. The fetal in�ammatory reaction mitigated upon
administration of H2 equally, re�ected by the umbilical artery histology.

BPD has been generally acknowledged as a complicated pathological process, involving complex and
redundant molecules and signaling pathways. TNF-α is a major in�ammatory messenger, widely involved
in in�ammation. The activation of TNF-α can initiate the downstream signaling pathway to participate in
the development of BPD [39]. As we all known that NF-κB, one of downstream targets activated by TNF-α,
can promote in�ammatory response, because the transcription of in�ammatory factors and the release
of these cytokines largely depends on the activation of NF-κB [40]. Given the role of TNF-α and NF-κB
signaling pathway relevant proteins to in�ammation, we investigated the bene�cial effect of inhaled H2
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on LPS-induced BPD, and we raised the question: does hydrogen inhibit in�ammation by down-regulating
the expression of hub protein TNF-α and subsequently reducing the activity of NF-κB-mediated
in�ammatory signaling pathway? We identi�ed and evaluated alterations of TNF-α and NF-κB-mediated
signaling pathway in placenta of CON, LPS and LPS + H2 group and the relevant intensity between them.
The results demonstrated that H2 inhalation largely ameliorated the increased mRNA and protein levels of
TNF-α and NF-κB (p65) induced by LPS in placenta (p < 0.05). Consistently, excessive in�ammatory
cytokines and chemokines in response to LPS were also scavenged by H2 inhalation, including IL-6, IL-18,
IL-1β, CCL2 and CXCL1. Just as we conceived, the bioinformatics analysis (GO and KEEG analysis) of
RNA-seq revealed the prominent role in TNF-α/NF-κB-mediated in�ammatory signaling pathway regulated
by H2 inhalation. Proteins, as the messenger of biological function, identifying the relevant intensity of
those proteins was conducive to re�ect the pivotal role of TNF-α/NF-κB-mediated signaling pathway in
regulating the downstream in�ammatory cytokines/chemokines. The data con�rmed that a positive
association of TNF-α versus NF-κB and TNF-α versus in�ammatory cytokines/chemokines, was
consistent with the role of TNF-α in previous studies. Combining with relevant relationships, we can
conjecture that TNF-α contributes to the therapeutic effect of hydrogen inhalation on LPS-induced BPD by
regulating the NF-κB-mediated in�ammatory signaling pathway, resulting in scavenging excessive
in�ammatory cytokines and chemokines.

Conclusions
In conclusion, our study demonstrated that H2 inhalation signi�cantly rescued from LPS-induced BPD,
alleviation of LPS-induced BPD by H2 inhalation was mainly dependent on the inhibition of the TNF-α/NF-
κB-mediated signaling pathway, eventually resulting in scavenging in�ammatory cytokines/chemokines.
However, further research is needed to study the exact mechanism of the H2 in the pathogenesis of LPS-
induced BPD, such as apoptosis, oxidative damages. Larger studies will be required to clarify the role of
H2.
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Figure 1

The outcomes of neonatal rats dynamically from P0 to P14. (A) Body weights of pups at P0 (n=15 for
CON, 15 for LPS, and 15 for LPS+H2) and P7 (n=15 for CON, 12 for LPS, and 15 for LPS+H2) and P14
(n=12 for CON, 9 for LPS, and 12 for LPS+H2). Data were presented as mean ± SD using ANOVA analysis
followed by Tukey multiple comparison test. *p<0.05, **p<0.01 vs LPS group. (B) Kaplan-Meier survival
curves of pups from P0 to P14 (n = 47 for CON, 28 for LPS and 35 for LPS+H2). Signi�cant difference
was observed by the log-rank test (p = 0.0017).

Figure 2

The neonatal baseline characteristics in CON, LPS and LPS+H2 groups. (A-B) Birth weight (BW) and
placental weight of pups (a total of 15 newborn rats were selected from each group (3 newborns were
randomly selected from each maternal rats); n=15 for CON, 15 for LPS and 15 for LPS+H2). *p<0.05,
**p<0.01 vs LPS group. (C) Relationship between BW and placental weight in all groups (n = 45), r =
Pearson’s correlation coe�cient.
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Figure 3

The lung pathological histology in CON, LPS and LPS+H2 groups. (A) HE staining of lung tissues at P0,
P7 and P14 (scale bar, 100um). (B) The alveolar wall area ratio: using the Image J software to
quantitatively calculate the alveolar wall area and total area, then calculate the ratio to analyze the
statistical difference in the three groups (n=5). (C-D) Respectively, graphic representation of abundance of
average of mean linear intercept (MLI) and radial alveolar count (RAC) at P7 and P14 in three groups
(n=5). *p<0.05, **p<0.01 vs LPS group.
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Figure 4

The lung apoptotic indexes at P0 and P7 in different groups by TUNEL assay (200×). (A, C) TUNEL
staining of CON, LPS and LPS+H2 lungs at P0 (A) and P7 (C). (B, D) Average of lung apoptotic index at
P0 (B) and P7 (D) (n=5). *p<0.05, **p<0.01 vs LPS group.



Page 18/21

Figure 5

Placental and umbilical cord histologies by HE staining in CON, LPS and LPS+H2 groups. (A) Histology of
placenta in CON, LPS and LPS+H2 groups. 100× images showed the whole layer of placenta, 200×
images showed the maternal portion and fetal portion to present the degree of polymorphonuclear
leukocyte in�ltration. (B) Histology of umbilical cord in CON, LPS and LPS+H2 groups.
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Figure 6

Hydrogen reversed the dysregulated placental mRNA of the TNF-α/NF-κB signaling pathway in response
to LPS. (A) Placentae in the LPS group and LPS+H2 group were sent for RNA sequencing. A volcano plot
map of the differentially expressed genes was identi�ed with cut-off values of q-value < 0.05 and |log(fc)|
>1, in which red represented up-expression and blue represented down-expression. (B, C) GO and KEEG
enrichment analysis were performed with the differentially expressed genes. (D) The fpkm levels were
used to represented the dysregulated mRNA levels of the TNF-α/NF-κB signaling pathway which were
induced by LPS and reversed by H2 treatment (n=4). *p<0.05, **p<0.01, ***p<0.001 vs LPS group, q-value:
the corrected p-values obtained by the BH algorithm was conceptually equivalent to adjusted p-value,
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TNFaip2: TNF-α induced protein 2, NF-κB1: nuclear factor kappa B subunit 1, IL-6: interleukin 6, CCL2: C-C
motif chemokine ligand 2, CXCL1: C-X-C motif chemokine ligand 1.

Figure 7

H2 relieved the excessive in�ammatory cytokines and chemokines in LPS-induced BPD detected by ELISA
assay.(A-H) Protein levels of TNF-α, NF-κB(p65), IL-6, IL-18, IL-1β, IL-10, CCL2 and CXCL1 in placenta
(n=5). *p<0.05, **p<0.01 vs LPS group.
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Figure 8

The relationships of between TNF-α/NF-κB(p65) and protein levels of in�ammatory
cytokines/chemokines in placenta from the three groups. (A) Relationship between TNF-α and placental
NF-κB(p65) protein levels in all groups; (B-C) TNF-α vs IL-6 and NF-κB(p65) vs IL-6; (D-E) TNF-α vs IL-18
and NF-κB(p65) vs IL-18; (F-G) TNF-α vs IL-1β and NF-κB(p65) vs IL-1β; (H-I) TNF-α vs CCL2 and NF-
κB(p65) vs CCL2; (J-K) TNF-α vs CXCL1 and NF-κB(p65) vs CXCL1; n=15, r = Pearson’s correlation
coe�cient.
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