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Abstract

Introduction—We have earlier shown that hyperoxia (HO)-induced sphingosine kinase 1
(SPHK1)/sphingosine-1-phosphate (S1P) signaling contribute to bronchopulmonary dysplasia
(BPD). S1P acts through G protein-coupled receptors, S1P; through S1Ps. Further, we noted
that heterozygous deletion of SZpr1ameliorated the HO-induced BPD in the murine model. The
mechanism by which S1P4 signaling contributes to HO-induced BPD was explored.

Methods—SZprI*” and S1prI*/~ mice pups were exposed to either room air (RA) or HO (75%
oxygen) for 7 days from PN 1-7. Lung injury and alveolar simplification was evaluated. Lung
protein expression was determined by Western blotting and immunohistochemistry (IHC). In vitro
experiments were performed using human lung microvascular endothelial cells (HLMVECSs) with
S1P4 inhibitor, NIBR0213 to interrogate the S1P; signaling pathway.

Results—HO increased the expression of SZpri gene as well as S1P4 protein in both neonatal
lungs and HLMVECs. The SZpr1*/ neonatal mice showed significant protection against HO-
induced BPD which was accompanied by reduced inflammation markers in the bronchoalveolar
lavage fluid. HO-induced reduction in ANG-1, TIE-2, and VEGF was rescued in SZpr1*~ mouse,
accompanied by an improvement in the number of arterioles in the lung. HLMVECs exposed to
HO increased the expression of KLF-2 accompanied by reduced expression of TIE-2, which was
reversed with S1Pq inhibition.

Conclusion—HO induces S1P4 followed by reduced expression of angiogenic factors.
Reduction of S1P4 signaling restores ANG-1/ TIE-2 signaling leading to improved angiogenesis
and alveolarization thus protecting against HO-induced neonatal lung injury.
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Introduction

BPD is a chronic lung disease afflicting the preterm newborn resulting from prolonged
oxygen therapy and mechanical ventilation [1, 2]. Exposure of the preterm neonates to

HO contributes to poor lung development leading to BPD, which is characterized by fewer
and larger alveoli due to decreased alveolar formation and impaired vascular growth [3,

4]. The incidence of BPD has risen over the past 25 years [5-7]. Long-term sequelae of
BPD extend into adulthood leading to serious pulmonary disorders [8-12]. Despite advances
in the understanding of the pathophysiology of BPD, there has been no breakthrough in

the therapeutics. This makes BPD a major inevitable morbidity of prematurity, resulting in
significant burden to the society.

Impaired angiogenesis is a salient accompaniment of alveolar simplification that
characterizes BPD. The exact pathophysiology of abnormal angiogenesis is unclear [13],
however, alveolar epithelial, and lung capillary endothelial cells are known to contribute to
angiogenesis and participate in the secondary alveolar septation [14].

Potent bioactive sphingolipids such as sphingosine, sphingosine-1-phosphate (S1P), and
ceramide regulate various cell processes including cell survival, proliferation, migration,
angiogenesis, and vascular integrity. S1IP-mediated signaling differentially regulates lung
inflammation and injury in different pathological conditions [15]. The role of sphingosine
kinase (SPHK)1/S1P signaling and ROS generation via NADPH oxidase (NOX) proteins

in the pathogenesis of BPD has been reported by our lab earlier [16, 17]. SPHK1
phosphorylates sphingosine to S1P. Extracellular signaling of S1P is through ligation to five
G protein-coupled S1P receptors, S1P;_s5 [18]. Studies from our laboratory have unraveled a
role for SPHK1 in the pathogenesis of BPD and SPHK1 inhibitor PF543 enabled improved
lung development along with reduction of adverse airway remodeling [5, 16, 17]. We have
shown that HO augments S1P levels in murine neonatal lung tissues and human lung
microvascular endothelial cells (HLMVECSs) [16]. Also, HO mediated ROS generation is

in part, S1P dependent and is mediated through receptor S1P4 [17]. The downstream effect
of S1P depends upon the type (s) of receptor(s) activated. S1P receptor modulation using
Fingolimod, a sphingosine analog finds its clinical use in the effective therapy of multiple
sclerosis (MS). Very little is known regarding the role of S1P receptor(s) in BPD. In this
context we intended to study the role of S1P/S1P4 signaling in BPD.

We noted an increased expression of S1P1 in the lung tissue of neonatal mice exposed to
HO. An increased S1P expression is known to suppress angiogenesis and sprouting of

new vessels [18-20]. Therefore, we hypothesized that enhanced S1P; expression during HO
disrupts angiogenesis and alveolarization resulting in BPD. Our results suggest a reduction
in the angiogenic factor such as Angiopoietin-1 (ANG-1) and its receptor TIE-2 following
HO, which was restored following disruption of S1P; signaling.
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Materials and Methods

Mouse experiments and animal care

All experiments using SZprI*# (WT) and SZprI*” animals were approved by the
Institutional Animal Care and Use Committee at the Institutional Review Board of the
University of Illinois at Chicago (UIC) (Protocol # 2012-1018). Genetic deletion of

both alleles of S1P; (SZpr1™"")is embryonically lethal [21]. Therefore, we used SZprl
heterozygous mice, SZpr1*/~ provided to Dr. V. Natarajan by Dr. Richard L. Proia (NIDDK,
National Institutes of Health, Bethesda) to evaluate role of S1Pq in alveolarization and lung
development. The SZpr1*/* littermate pups were used as the wild type controls. The neonatal
pups with their lactating dams used for the study were rotated between room air (RA) and
hyperoxia (HO) every 24 h [16]. The neonates were exposed to RA or HO (75% O,) from
postnatal day (PN) PN1 to PN7. Following exposure to RA or HO, the pups were humanely
sacrificed on PN 7 to collect lungs for histology and bronchoalveolar lavage (BAL). About
6-10 mice (both male and female) were used in each of the experiments and representative
data are shown.

BAL collection and analysis

BAL collection was based on our previous protocol [16, 17]. Briefly, the mice were
euthanized, the trachea were exposed, the tubing were secured, and BAL collection with
PBS was performed. Protein concentrations in BAL fluid were measured using Bio-Rad
Protein Assay (Bio-Rad, Hercules, CA).

Lung preparation for histology

The animals were intubated via the trachea, the left lung lobe was inflated with 10% neutral
buffered formalin (at a pressure of 20 cm H,0), followed by fixation for a minimum of 24 h,
and processed for paraffin embedding and sectioning. Lung tissue was cut into 5 um sections
at three levels from the apex to the base of the lung for subsequent alveolar analyses after
hematoxylin and eosin (HE) staining.

Immunohistochemistry (IHC) was done to assess the expression of various proteins

of interest. The sections were pretreated for antigen retrieval (10 mM citrate buffer),
endogenous peroxidase was quenched by using 3% H,0, followed by blocking nonspecific
binding with appropriate blocking serum. Sections were then incubated overnight at 4 °C
with primary antibodies of von Willebrand Factor (1:250, cat # ab9378, Abcam, Cambridge,
MA), ANG-1 (1:250, cat # 23302-1-AP, Proteintech, Rosemont, IL), TIE-2 (1:600, cat #
PA585241, Thermo Fisher), and VEGF (1:600, cat # 19003-1-AP, Proteintech, Rosemont,
IL) followed by application of biotinylated secondary antibodies goat anti-mouse or goat
anti-rabbit as indicated (1:700 & 1:800, Jackson ImmunoResearch, West Grove, PA).

The indirect ABC method (cat # PK 6100, Vector Laboratories, Burlingame, CA) was
performed and diaminobenzidine chromogen (ImmPACT TMDAB, Vector Laboratories
Burlingame, CA) was used to visualize antibodies. The sections were counterstained with
methylene blue. Appropriate negative controls were run by omitting the primary antibodies
to confirm nonspecific staining. Stained sections were dehydrated and cover slipped with
permount mounting medium (Fisher Scientific International, Pittsburgh, PA). All images
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were obtained using a Leica DFC7000T camera mounted on a Leica DMLB microscope
(Leica Microsystems, Germany). The stained sections were analyzed using Image J software
and the intensity of staining measured per area.

Morphometric analysis of lung histology

The objective assessment of alveolarization was calculated by the mean linear intercept
(MLI) method [16, 17]. A minimum of 50 alveoli were measured from images obtained with
10x magnification. At least two sections from each pup were used for analysis.

Exposure of cells to HO

HLMVECs in complete EGM-2 medium with passages between 5 and 8 (~90% confluence)
were exposed to 95% HO as described earlier [17]. The concentration of O, inside

the Billups-Rothenberg modular incubator chamber was monitored using digital oxygen
monitor. The buffering capacity of the cell culture medium did not change significantly
during the period of HO exposure and was maintained at a pH ~7.4.

Pretreatment of cells with S1P; inhibitor

HLMVECs grown to ~90% confluence was serum starved for 1 h and preincubated with
NIBR-0213 (1 pM) in serum-free or media containing 1% FBS as indicated for 1 h prior to
stimulation with HO (95% O, 5%CO5,) for 24 h.

Luciferase reporter assay

DNA fragments of 2 kb human S1PR1 gene promoter were amplified by polymerase chain
reaction (PCR) using the human genomic DNA as described [22]. The fragments were
fused to a pGL3-basic reporter vector (Promega, Madison, WI, USA) and transfected

into HLMVECs. A plasmid with renilla luciferase gene (phRL-TK) was co-transfected

by Fugene HD (Promega Co., Fitchburg, WI, USA) as a control. Transfected EC were
cultured in growth medium, exposed to RA or HO for 6 h and lysed in passive lysis buffer.
HLMVECs cultured in VEGF containing media was used as the positive control. Luciferase
activity was measured by Dual-Luciferase Assay Kits and GloMax-Multi Detection System
(Promega). The relative activities were expressed as the ratio of firefly luciferase in pGL3 to
renilla luciferase in phRL-TK (RLU).

Western blotting

The protein expression was detected in the mouse lung and the HLMVECSs as described
earlier [16, 17]. The RA and HO-exposed lungs/HLMVECSs were lysed for protein
extraction, quantitated using BCA protein assay (Pierce, 23225) and subjected to
immunoblotting. The antibodies against S1P; (1:500), TIE-2 (1:500), KLF-2 (1:1000),
KLF-4 (1:1000), ANG-1 (1:500), and GAPDH (1:20000, cat # 10494-1-AP, Proteintech)
were used.

Quantitative real-time polymerase chain reaction (QRT-PCR)

The gene expression was detected in the mouse lung and the HLMVECs after RA or HO
exposure. Briefly, total RNA was extracted using Trizol reagent (Sigma, USA) according
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to the manufacturer’s instructions and quantified using a Nanodrop (Thermoscientific,
USA). One microgram of RNA was converted to cDNA using the Superscript 111 reverse
transcriptase enzyme (Invitrogen). About 250 ng of cDNA was mixed with respective
forward and reverse primers using the specific primers and added to the SYBR-Green |
master mix-No ROX (Roche, USA). Thirty-five cycles of reaction were performed on the
iCycler (BioRad). For each gene, an assessment of quality was performed by examining
PCR melt curves after real-time PCR to ensure specificity. The cycle threshold (Ct) value of
the target gene was analyzed after normalization to the Ct value of GAPDH. Fold change
(27RACh was calculated by comparing the expression levels of MRNA extracted from RA
and HO samples.

Determination of HO-induced production of ROS

Total ROS production in HLMVECS, exposed to either RA or HO, was determined by the
DCFDA fluorescence method. Briefly, HLMVECs (~90% confluent) were loaded with 10
UM DCFDA in EGM-2 basal medium and incubated at 37 °C for 30 min. The medium
containing DCFDA was then aspirated; cells were rinsed once with EGM-2 complete
medium, and cells were preincubated with vehicle and S1P, inhibitor treated agents for
the indicated time periods, followed by exposure to either RA (95% air and 5% CO,) or
HO (95% O, and 5% CO») for 3 h. The cells were washed and were examined under

a Nikon Eclipse TE 2000-S fluorescence microscope (Tokyo, Japan) with a Hamamatsu
digital charge-coupled device camera (Hamamatsu, Japan) using a 20x objective lens.

Statistical analysis

Results

Histological and morphometric data were analyzed by GraphPad Prism (GraphPad software,
La Jolla, CA). Student’s £test and analysis of variance (ANOVA) were used to compare

means of two or more different treatment groups. The level of significance was set to ****p
<0.0001, ***p < 0.001, **p< 0.01, and *p < 0.05. Results were expressed as mean + SEM.

HO increases expression of S1P4 in neonatal lungs

Exposure of wild-type (WT) mouse neonatal pups (n7=5-8 in each group) to HO (75% O,)
for 7 days stimulated both mRNA (3.3 £ 0.2-fold) (Fig. 1A) and protein expression (3.4 =
0.1-fold) of S1P4 in the lungs (Fig. 1B, C).

Partial deletion of S1P; protected neonatal mice from HO-mediated BPD

Following 7 days of HO exposure, impaired alveolar formation was noted in the SZprzt/*
neonatal mice compared to RA controls. SZprI*/~ neonatal mice were resistant to HO-
induced lung injury showing improved alveolarization (Fig. 2A, B). Quantitative analysis
confirmed a reduction in alveolar size in the SZpr1*/~ group exposed to HO (MLI of 60.8
+ 1.2 um) compared with SZpr1*/* HO-exposed mice (MLI of 86.2 + 1.4 um) and the RA
controls, SZprI*~ (MLI of 33.2 + 1.1 um) and SZpr* (MLI of 34.4 + 1.3 um). This was
accompanied by reduced inflammation, as evidenced by reduced protein concentration in
BAL collected from the lungs of SZprI*/~ neonatal mice exposed to HO (0.079 + 0.002
mg/mL) compared with their SZpr1*/* litter mate controls exposed to HO (0.1 + 0.009
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mg/mL) (Fig. 2C). The protein levels in BAL of RA vehicle group were not statistically
different (0.05 + 0.004 mg/ml). We compared neonatal SZpr3 " mice (also provided by Dr.
Proia, NIH) exposed to HO to their WT counterparts (SZpr3"/*). Neonatal SZpr3 mice did
not show protection against HO-induced lung injury compared to SZpr3# (Fig. 2D, E, F).

Partial deletion of S1P; rescued TIE-2 and ANG-1 expression

mMRNA analysis by gRT-PCR of lung tissue harvested from WT neonatal mouse exposed

to HO showed a significant reduction in the 77e2gene expression (0.3 + 0.03-fold) as
compared to its RA control (Fig. 3A). Similarly, there was a significant reduction in TIE-2
protein expression (Fig. 3B) in the HO-exposed WT mouse lung tissue (0.3 £+ 0.04-fold).
Upon performing IHC, the lung tissue from WT (SZprI** mice) showed a significant
decrease in TIE-2 (0.58 £ 0.03-fold) compared to RA (1 £ 0.01) (Fig. 3C). There was also

a concomitant reduction in ANG-1 in the WT pups exposed to HO (0.5 + 0.04-fold) (Fig.
3E). This reduction was rescued in SZpr1™/~ mice exposed to HO with a fold change of 0.74
+0.02 for TIE-2 (Fig. 3D) and 0.82 £ 0.03 for ANG-1 (Fig. 3F). Quantitative analysis by
Image J confirmed this observation (Fig. 3D, F).

Partial deletion of S1P, rescued VEGF expression

Immunohistochemical analysis of the mouse lung tissue subjected to HO showed a decrease
in VEGF expression (0.68 + 0.02-fold) in the SZpr1** group, which significantly improved
(0.83 + 0.01-fold) in the SZpr1*/~ HO group (Fig. 4A, B). The number of order-1 arterioles
(less than 20 pm diameter) decreased in the SZpr1** group exposed to HO (8.4 + 0.6) and
was relatively more in the lungs of the SZpr1*/ partial knock out mice (12.4 + 0.3) (Fig. 4C)
compared to the RA controls (17 + 0.2-fold and 15 + 0.1-fold for SZpr1** and S1pri*~ RA
groups, respectively).

HO enhances expression of Kruppel like factor (KLF)-2 and 4 and NF-xB in neonatal
mouse lungs

HO induces
inhibitor

In silico analysis of S1P; promoter by Genomatix software revealed binding sites for
NF-xB and KLF-2 upstream of transcription start site (TSS) for S1P; (Fig. 5A-C). The
expressions of K/f2(3.8 £ 0.3) and K/f4mRNA (4.9 £ 0.4) (Fig. 5D, E) in neonatal mouse
lungs exposed to HO (75% for 7 days) were increased. The KLF-4 protein expression also
increased (Fig. 5F) to 3.3 £ 0.2-fold in HO compared to RA (Fig. 5G). Similarly, short
term exposure of HLMVECs to HO (60 min) stimulated NF-xB activation, as evidenced by
translocation of p65 to the nucleus (Fig. 5H) which is quantified and represented in Fig. 5l
(1 +£0.03 for RA vs 1.6 £ 0.04 for HO treated cells).

S1P; and ROS in HLMVECs and increase in ROS is attenuated by S1P4

HLMVECs exposed to 95% O», for 24 h showed enhanced S1P; protein expression (2.2
+ 0.3-fold) (Fig. 6A, B). The ability of HO to modulate S1Pq was further confirmed by
luciferase reporter assay. As shown in Fig. 6C, HO enhanced luciferase reporter activity
of SIPR;to0 7.0 + 0.5-fold compared to RA (normalized to Renilla). HO stimulated
ROS generation, as evidenced by DCFDA oxidation, and increased fluorescence. This
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HO-induced increase in ROS production was significantly decreased by S1P; inhibition

in cells (Fig. 6D). Quantitative data of fluorescence intensity by Image J (NIH, Bethesda,
MD) showed a 4.4 + 0.2-fold increase in HO as compared to NO controls. HO induced ROS
generation decreased 2.0 £ 0.2-fold upon treatment with S1P, inhibitor (Fig. 6E).

HO-induced decrease in TIE-2 expression is rescued by S1P; inhibition in HLMVECs

S1P; inhibitor treatment reversed the HO-induced reduction of TIE-2 in HLMVECs (1.08 +
0.03-fold) (Fig. 7A, B). Exposure of HLMVECs to HO stimulated KLF-2 expression (Fig.
7C). Quantitatively, there was a 1.4 + 0.05-fold increase in KLF-2 expression upon HO
which reduced to 1.0 + 0.09-fold upon inhibitor treatment and is statistically similar to that
of RA control (Fig. 7D).

Discussion

BPD is a neonatal lung condition with long term pulmonary sequelae. The pathological
role of sphingolipids in BPD has been recently identified [5, 16, 23, 24]. S1P is a potent
bioactive sphingolipid with a diverse range of functions, which are mediated via S1P;
receptor [8]. However, the role of S1P; in the pathogenesis of BPD is not well understood,
and hence this was investigated in the current study. We observed an increased expression
of S1P4 in the WT neonatal mice exposed to HO and partial genetic deletion of SZpr1
(S1pr1*”) in mice conferred protection against developing experimental BPD.

Recent studies have shown that elevated S1P; expression inhibits sprouting angiogenesis

in developing blood vessels by affecting endothelial capillary formation [18, 20, 25]. BPD
is characterized by suppression of sprouting angiogenesis and arrest of secondary septation
[4]. The present study demonstrated that by genetically abrogating the expression of S1Pq
receptor, angiogenesis is improved with rescue of impaired alveolarization seen in BPD. The
current study also delineated the role of S1P/S1P signaling in HO-induced generation of
ROS, and angiogenesis in the lungs thus identifying S1P; signaling as therapeutic target

for BPD. Genetic deletion of S1P; (SZpr1*/") conferred protection against HO-induced lung
inflammation/injury and improved alveolarization. We also found that S1P; expression was
significantly elevated accompanied with altered expression of angiogenic factors including
elevated Kruppel like factors (KLF)-2 and 4, reduced TIE-2, ANG-1, and VEGF expression
in WT neonatal pups exposed to HO. This was reversed in the SZprI*/~ mice exposed to
HO, suggesting suppression of angiogenesis by increased S1P; (Figs. 3, 4, and 5).

KLF-2 and 4 have been shown to be key transcriptional regulators of normal lung
development and angiogenesis [26]. KLF-2 is a transcription factor and a known promoter
for S1P1 whereas KLF-4 regulates multiple pathways including that of NF-xB. We

noted an increase in K/f2gene expression in lung tissue and the protein expression in
HLMVECs following HO, which could be a stress response to HO [27]. An increase in
KLF-2 is interestingly accompanied by reduced HO-induced angiogenesis. This could be
because KLF-2, as a promoter of S1P, triggers a pathological increase in S1P4 inhibiting
angiogenesis. In addition, NF-xB could be promoting S1P; expression too inhibiting
angiogenesis. ANG-1 is a ligand for the receptor tyrosine kinase TIE-2 and is expressed

on lung endothelial and epithelial cells. ANG-1 secretion has been shown to be responsible
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for restoring epithelial protein permeability through suppression of NF-xB activity in human
type Il alveolar epithelial cells [28]. ANG-1/TIE-2 signaling has been shown to be mainly
involved in angiogenic activity and promoting maturation of blood vessels, regulated by
Akt and MAPK signaling [29]. A downregulation of ANG-1/TIE-2 signaling was observed
in miR-34a induced HO model of BPD involving vascular and alveolar malformation.

This downregulation was observed in type 11 alveolar epithelial cells isolated from human
samples as well as MLE-12 cells and was rescued with the inhibition of the miRNA.
Significant downregulation of ANG-1 and its receptor TIE-2 has been noted in pulmonary
hypoplasia associated with animal models of congenital diaphragmatic hernia [30]. We
noted that partial deletion of S1P; (SZprZ*/) in mice restored the ANG-1/TIE-2 expression,
which was downregulated in HO [31, 32]. In in vitro studies using HLMVECSs, a reduced
expression of TIE-2 was noted following HO which was restored by S1P; inhibition.
TIE-2 plays a crucial role in the maintenance of normal vasculature and angiogenesis.
Fluorescent co-labeling of TIE-2 with CD34 demonstrated that expression of the TIE-2
receptor is co-localized to the endothelium of the developing vasculature during early

lung development [30]. It has been shown that TIE-2 expression progressively increases
during lung development from the canalicular to saccular stages plateauing thereafter.
TIE-2-mediated signaling has been shown to promote development of the perialveolar
vasculature in the surrounding embryonic mesenchyme [33, 34]. Our data suggest that
genetic abrogation of SZpr1 allele reduced increased expression of S1P; under HO and
restored ANG-1 and TIE-2.

We observed a decrease in VEGF in the HO exposed lung tissue which was restored

upon S1P; deletion. HO-induced lung damage is associated with decreased lung VEGF

and VEGFR-2 expression [4, 35, 36]. Postnatal intratracheal adenovirus-mediated VEGF
gene therapy improved survival, promoted lung capillary formation, and preserved alveolar
structure. Combined VEGF and ANG-1 gene transfer, matured the new vasculature,
reducing the vascular leakage seen in VEGF-induced capillaries [4]. Significantly decreased
VEGEF levels were found in the tracheal aspirates of infants born at 28—-29 weeks gestation
who later developed BPD [37]. Interestingly VEGF is a known inducer of S1P; which

we had used in our luciferase promoter experiment. HO triggered an increase in S1P;
accompanied by a reduction in VEGF. Going beyond an association the mechanism of

this regulation is to be investigated in future. Another interesting aspect that merits further
mechanistic studies include the mechanism by which S1P/S1P; signaling modulates ANG-1/
TIE-2 signaling regulating angiogenesis. The proposed mechanism is depicted in Fig. 8.

In summary, our data demonstrates that S1P/S1P4 signaling axis plays a key role in the
pathogenesis of BPD and suppression of S1P; improves angiogenesis. In this study, we also
identified the role of key downstream targets of S1P/S1P; signaling pathway and defined
the therapeutic effectiveness of S1P; inhibition against HO-induced BPD in the preclinical
model. The identification of the involvement of ANG 1/TIE 2 signaling as well as VEGF/
KLF2 signaling has the potential to identify more druggable targets for BPD.
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Fig. 1.

Hyperoxia (HO) increases the expression of S1P;. WT neonatal mice were exposed to
HO (75% O,) or room air (RA) from postnatal day 1 (PN1) for 7 days. Quantitative real
time-PCR showed increased expression of SZpri following HO (A). Western blot analysis
of whole lung tissue lysates showed increased expression of S1P4 following HO in WT
compared to RA controls (B, C). Statistical analysis was done with ANOVA test. ***

indicates p < 0.0001, 7= 5-8/group
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Fig. 2.
S1pr1 heterozygous (SZprI*/") newborn mice showed protection against hyperoxia (HO)

induced lung injury whereas SZpr3 did not. Representative H&E photomicrographs of
lung sections obtained from WT or SZpr1*/~ neonatal mice exposed to HO (75% O5)

from postnatal day 1 (PN1) for 7 days showed improved alveolarization as compared to
Si1pr1*”* controls (A). Objective assessment of alveolarization demonstrated smaller alveoli
with shorter mean linear intercept (MLI) in the SZprI*/~ group as compared to controls

(B) and less inflammatory exudate in bronchoalveolar lavage fluid (C). Representative H&E
photomicrographs of lung sections obtained from WT (S1pr3) or S1pr3/~ neonatal mice
exposed to HO (75% 02) from PN1 for 7 days showed no protection against HO-induced
BPD as compared to WT controls (D). Objective assessment of alveolarization demonstrated
larger alveoli with longer mean linear intercept (MLI) in both the HO-exposed group as
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compared to RA controls (E) and increased inflammatory exudate in bronchoalveolar lavage
fluid (F). Statistical analyses were done with ANOVA. ***p < 0.001, = 5-8/group
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Fig. 3.
Hyperoxia (HO) reduced the expression of TIE-2 and ANG-1. Western blot analysis of

mouse lung tissue subjected to HO showed decreased expression of 77e2at RNA (A) and
TIE-2 at protein levels (B) in WT mice. Immunohistochemistry (IHC) of lung tissue showed
HO induced decrease in expression of TIE-2 in SZprI*”* mice which recovered in S1pr1*”
mice (C, D). IHC showed a decreased expression of ANG-1 in the HO exposed Szpr1t*
mice which was rescued in the SZprI™~ mice exposed to HO (E, F). The statistical analysis
was carried out using ANOVA where ** indicate p< 0.01, ***p < 0.001, ****p < 0.0001, n
= 5-8/group

Cell Biochem Biophys. Author manuscript; available in PMC 2022 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sudhadevi et al.

1
¥
X
‘e_
»n

Blood vessel count

Page 16

B
e RA ® HO
1.1 *kkk *kk
5 of Ed
[7]
]
£ 0.9
: -¥-
w '
& 0.8
w
> 0.7 %
0.6 T 7
S1pr1** S1pr1*-

®RA  EHO
20- *kk* i} *kk*k
151 E e
|
= =]
y =
HiE
5.
0 ¥ ¥
stpr1*#* s1pr1*-
Fig. 4.

Hyperoxia (HO) exposure reduced the expression of VEGF and blood vessel count.

HO exposure resulted in reduced VEGF in lung tissue of SZprZ** mice as shown by
immunohistochemistry (A, B). This reduction was ameliorated in SZprZ*~ mice which
showed higher expression of VEGF. HO was accompanied by a significant reduction in the
number of order-1 arterioles in the WT mice which was improved in the SZpr*~ mice (C).
The statistical analysis was carried out using ANOVA where *** indicate p< 0.001, n=
5-8/group
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Fig. 5.

Hyperoxia (HO) induced the expression of K/f2and K/f4 accompanied by a translocation of
NF-xB to the nucleus. /n7 silico analyses showed a strong probability for NF-xB and KLF-2
binding to the promoter site of S1P4 with a score of 0.98 and 0.92, respectively (A-C). Real
time PCR analysis of lung tissues obtained from WT neonatal mice exposed to HO (75%
O,) showed increased mRNA expression of K/f2 (D), and K/f4 (E). Western blot analysis
showed increased expression of KLF-4 (F, G). Immunofluorescence showed an increased
translocation of NF-xB to the nucleus (H, I). Statistical analysis was done using ANOVA
test. *** for p< 0.001 and **** for p < 0.0001, HO vs RA and HO vs treatment. /7=
6-8/group
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Fig. 6.
Hyperoxia (HO) increased the expression of S1P1 in human lung microvascular endothelial

cells (HLMVECs) and S1P; inhibition blocked HO-induced reactive oxygen species (ROS)
generation. Western blot analysis of HLMVECs exposed to 95% HO or NO for 24 h showed
increased expression of S1P; (A, B). Luciferase reporter assay on HLMVECs exposed to
95% O, or RA for 24 h showed increased S1PR1 gene transcription following HO (C).
VEGF was used as a known promoter of S1PR1. HLMVECs treated with the vehicle or
S1P, inhibitor and then exposed to HO for 3 h showed increased production of ROS as
determined by the DCFDA fluorescence method. The HO induced increase in the production
of ROS was inhibited by the S1P; inhibitor (D, E). The statistical analysis was carried out
using ANOVA where * indicate p< 0.05, **p< 0.01, ***p< 0.001, n=5
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Hyperoxia (HO)-induced alteration in TIE-2 and KLF-2 were restored by S1P4 inhibition.
Hyperoxia (HO)-reduced TIE-2 expression in human lung microvascular endothelial cells
(HLMVECSs) which was restored with the S1P4 inhibitor treatment (A, B). HLMVEC
exposed to HO increased the expression of KLF-2 which was reduced by inhibitor treatment
(C, D). Statistical analysis was done using ANOVA test. * for p< 0.05, *** for p< 0.001

and, HO vs RA and HO vs treatment
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Fig. 8.

Pr?:)posed mechanism. Hyperoxia (HO) triggers an increase in KLF-2 and KLF-4 and
activates NF-xB. These transcription factors putatively bind to S1P; promoter resulting in
increased transcription of S1P4. The increased S1P results in reduced ANG-1, TIE-2, and
VEGF which are factors important for blood vessel maintenance and angiogenesis, there by
inhibiting angiogenesis. S1P; inhibition reversed the inhibition of angiogenesis by increased
S1P, ameliorating BPD. Thus, S1P; could serve as a potential druggable target for treating
BPD
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