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Abstract

Background Prolonged exposure to hyperoxia can lead to hyperoxic acute lung injury (HALI) in preterm neonates.
Vitamin D (VitD) stimulates lung maturation and acts as an anti-inflammatory agent. Our objective was to determine
if VitD provides a dose-dependent protective effect against HALI by reducing inflammatory cytokine expression

and improving alveolarization and lung function in neonatal mice.

Methods C57BL/6 mouse neonates were randomized and placed in room air or hyperoxic (85% O,) conditions
for 6 days. Control, low (5 ng/neonate) and high (25 ng/neonate) doses of VitD were administered daily begin-
ning at day 2 via oral gavage. Lung tissue was analyzed for edema, changes in pulmonary structure and function,
and inflammatory cytokine expression.

Results Neonatal mice treated with VitD in hyperoxic conditions had improved weight gain, reduced pulmo-

nary edema and increased alveolar surface area compared to untreated pups in hyperoxia. No significant changes

in cytokine expression were observed between untreated and VitD neonates. While changes in surfactant protein
mMRNA expression were impacted by hyperoxia and VitD administration, no significant changes in alveolar type Il cell
percentages were observed. At 3 weeks, mice in hyperoxia treated with VitD had greater lung compliance, diminished
airway reactivity and improved weight gain.

Conclusions High dose VitD significantly limited harmful effects of HALI. These results suggest that supplementa-
tion of VitD to neonatal mice during hyperoxia exposure provides both short-term and long-term protective benefits
against HALI.

Keywords Hyperoxia, Acute lung injury, HALI, Vitamin D, Preterm neonate, Inflammatory cytokines, Airway
responsiveness
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collectively referred to as hyperoxic acute lung injury
(HALI). Development and accumulation of reactive
oxygen species (ROS) due to hyperoxia can damage cel-
lular proteins, lipids and DNA, resulting in pulmonary
inflammation and tissue injury [4]. Continued exposure
reduces expression of surfactant proteins, which leads to
pulmonary atelectasis and progression of respiratory dis-
tress syndrome (RDS) [5]. Upregulation of the cytokine
cascade may cause chronic inflammation and lead to
impairment of lung development and airway hyper-
responsiveness resulting in increased morbidity and
mortality [6]. Hyperoxia during the neonatal period con-
tinues to have significant harmful effects into adulthood
possibly from dysregulation of the innate immune system
and its failure to resolve inflammation [7, 8].

Vitamin D (VitD) stimulates maturation of the lung
epithelium and increases the number of type II alveolar
cells responsible for surfactant synthesis [9-11]. VitD
decreases alveolar cell apoptosis via its paracrine effects
on alveolar epithelial differentiation and reduction of
ROS through increased expression of peroxidredoxin,
nuclear factor erythroid 2-related factor 2 (Nrf2) acti-
vation and inhibition of lung lipofibroblast apoptosis
[12-15]. VitD also has anti-inflammatory effects and
can downregulate toll-like receptor 4 (TLR4) expression,
a key receptor central to inflammatory processes [14].
The fetus receives a large portion of its required level of
VitD via the placenta during the third trimester, placing
preterm neonates at high risk for VitD deficiency with
exclusively breastfed infants requiring VitD supplemen-
tation [16—19]. Currently, there are different recommen-
dations for VitD supplementation in preterm infants. The
American Academy of Pediatrics (AAP) recommends
preterm neonates receive 200 — 400 IU/day of VitD while
the European Society for Paediatric Gastroenterology
Hepatology and Nutrition (ESPGHAN) recommends 800
— 1000 IU/day[20, 21]. We hypothesized that VitD sup-
plementation in the neonatal murine HALI model would
ameliorate inflammatory cytokine expression and protect
lung in a dose-dependent manner.

Methods

Mice

All research utilizing vertebrate animal subjects conforms
to the principles enunciated in the Assurance of Com-
pliance document negotiated between the Health Sci-
ence Center and the Department of Health and Human
Services and to regulations promulgated by the U.S.
Department of Agriculture. All protocols were certified
by the Animal Welfare Committee (AWC) of McGovern
Medical School at the University of Texas Health Sci-
ence Center at Houston (UTHealth), which is the Insti-
tutional Animal Care and Use Committee (IACUC) for
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UTHealth (AWC-20-0067, Houston, TX). Generation of
C57BL/6 wildtype (WT) adult and neonatal mice have
been described previously [22] and are supplied from our
colony housed at the Center for Laboratory Animal Med-
icine and Care (CLAMC) facility, which is responsible for
the health and well-being of laboratory animals.

Murine HALI model

Mouse pups from different time-mated litters were evenly
randomized into 6 groups starting at birth (considered
day 0): normoxia control, hyperoxia control, normoxia-
low dose, hyperoxia-low dose, normoxia-high dose and
hyperoxia-high dose. Hyperoxia-exposed animals were
placed in sealed chambers (A-Chamber, BioSpherix,
Lacona, NY) with oxygen level kept at 85% (ProOx110,
BioSpherix, Lacona, NY) from day 0 to day 6 of life
[23-26]. Any pups demonstrating excessive stress were
removed and euthanized. Nursing dams were switched
between hyperoxia and normoxia cages daily to protect
the health of dams. Dams were monitored for appropri-
ate nursing after switching cages to ensure nutrition for
the pups. Mouse health was monitored frequently for
signs of health deterioration, and dams that showed signs
of poor adaptation to new pups were replaced. Neo-
natal pups showing overt signs of failure to thrive were
euthanized and removed from the data. Neonatal pups
were humanely euthanized by exposure to isoflurane fol-
lowed by decapitation. Mice used in assessment of lung
mechanics were humanely euthanized by lethal injection
of avertin at 250 mg/kg intraperitoneally (IP).

Administration of vitamin D to pups

Calcitriol (BML-DM200, Enzo Life Sciences) was dis-
solved in olive oil as previously described [27-29]. All
pups were gavaged daily from day 2 to day 5. Control
groups received 20 pL of olive oil, low dose groups were
given 5 ng (0.2 IU) of VitD and high dose groups were
given 25 ng (1 IU) of VitD in 20 pL olive oil. [30-33].
Utilizing previously published methodology with wide
variation in vitamin D dosing determined and given the
weight of our pups at birth, we determined that 5 ng
would correlate to the low dose and five times the low
dose at 25 ng would correlate to the current recommen-
dation for higher daily vitamin D supplementation [31,
34, 35]. Sample size per group was n>6 of mixed mice
Sex.

Assessment of lung mechanics

Pups at 23 days+2 days and weight of 10 g+1 g were
anesthetized with 250 mg/kg avertin IP [36]. To deter-
mine lung function parameters, a FlexiVent FX sys-
tem (SCIREQ Inc.) equipped with the FX1 module and
Flexiware v8.3 software was used. Mice were ventilated
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Table 1 Primer sequences used for real-time quantitative reverse transcriptase polymerase chain reaction PCR (qRT-PCR) analysis

Mouse Forward Primer Reverse Primer Amplicon
Target Gene

IL-13 5'-GCCACCTTTTGACAGTGATGAG 5'-AAGGTCCACGGGAAAGACAC 218 bp
IL.-6 5'-TAGTCCTTCCTACCCCAATTTCC 5-TTGGTCCTTAGCCACTCCTTC 75 bp
CXCL1 5'-CTGCACCCAAACCGAAGTC 5'-AGCTTCAGGGTCAAGGCAAG 66 bp
TNF-a 5'-CAGCCTCTTCTCATTCCTGC 5'-GGTCTGGGCCATAGAACTGA 132 bp
IL-10 5'-GCTCTTACTGACTGGCATGAG 5'-CGCAGCTCTAGGAA-GCATGTG 104 bp
SP-A 5'-GTGCACCTGGAGAACATGGA 5'-TGACTGCCCATTGGTGGAAA 177 bp
SP-B 5'-AGAACAGAATCCAGGGATGC 5'-CAGAGAAGTCCTGAGTGTGAG 118 bp
SP-C 5'-ACACCATCGCTACCTTTTCC 5'-CGAAAGCCTCAAGACTAGGG 146 bp
SP-D 5'-GAGAACGTGGACTAAGTGGAC 5'-GCACCTACTTCTCCTTTGGG 137 bp
18S rRNA 5'-GTAACCCGTTGAACCCCATT 5'-CCATCCAATCGGTAGTAGCG 150 bp

(tidal volume 10 ml/kg; rate 300 breaths/min; posi-
tive end-expiratory pressure 3 cm H,O at FiO2 of 21%)
as previously described [37-40]. Pulmonary mechanics
parameters (respiratory system elastance (Egg), resist-
ance (Rpg), tissue damping (G) and tissue elastance (H))
were evaluated using phosphate buffered saline (PBS).
Increasing doses of acetyl-f-methacholine chloride
(Sigma-Aldrich, St. Louis, MO) were nebulized (Aer-
oneb, SCIREQ, Montreal, Canada) at 0.3 log unit at 0 mg/
mL, 1.5 mg/mL, 6.25 mg/mL, 25 mg/mL and 100 mg/mL
to assess airway responsiveness via Flexivent (SCIREQ,
Montreal, Canada). Pulmonary function data was ana-
lyzed with constant phase model as previous described
[23, 41, 42]. Sample size per group was n>12 of mixed
mice sex. Anesthetized mice were humanely euthanized
by cervical dislocation after lung mechanics assessment
was performed.

Assessment of edema

Left lungs were obtained and weighed immediately (wet
lung weight). Whole lungs were then dehydrated in an
oven at 65 °C for 90 s. The tissue was re-weighed (dry
lung weight) after removal from the oven. Wet/dry lung
ratio was calculated. Sample size per group was n>6 of
mixed mice sex.

Histology preparation of lung sections

Mice were tracheostomized, right bronchus tied off and
left lungs were flushed with PBS then instilled for 3 min
with 10% neutral buffered formalin at a constant pres-
sure of 20 cm H,O and fixed overnight at 4 °C. Paraffin-
embedded tissues were cut to 5 um thick sections using a
rotary microtome and sections mounted on glass slides.
Lung sections were then stained with hematoxylin and
eosin according to manufacturer’s protocol.

Pulmonary morphometry

Lung sections were analyzed for mean linear intercept
(MLI) using previously described methodology [43] and
radial alveolar count (RAC) calculated by determining
the number of alveoli that were crossed by a perpen-
dicular line placed between the conducting and respira-
tory bronchiole to the closest septum or pleural edge [44,
45]. Three separate observers assessing the sections were
blinded to the groups. Sample size per group was n>6 of
mixed mice sex.

Assessment of cytokine and surfactant protein expression
Expression of mRNA was determined in lung lysate
via real-time quantitative PCR as described previously
[22, 46] using primers specific for target mRNAs (see
Table 1). 18S rRNA was chosen as a normalizer for all
analyses as it provided more consistent results than using
B-actin or TATA binding protein (TBP) mRNA, which
demonstrated greater variability regarding pup age and
hyperoxic exposure. Data was calculated by the compara-
tive C; method (Cy, threshold cycle). mRNA expression
was determined via replicated 2724¢® values and nor-
malized to normoxia values=1 [47-49].

Alveolar epithelial type Il cells quantification

To visualize surfactant protein C (SP-C) positive cells
(alveolar type II cells) in the parenchyma of the lung
sections, fixed sections were prepared and subjected to
immunohistochemistry using an antibody specific for
pro SP-C (EMD Millipore; AB3786), followed by incuba-
tion with a peroxidase-conjugated mouse IgG specific for
rabbit IgG labeled and the resulting complexes visualized
using a chromogenic stain to stain the cells blue (Vector
Laboratories; Vector® Blue Substrate Kit; SK-500). The
nuclei of all cells in the lung sections were visualized after
staining with nuclear fast red stain (Vector Laboratories;
Nuclear Fast Red Counterstain; H-3403-500).
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To quantitate type II cells and all cells in the fixed lung
sections, areas of the sections predominately containing
peripheral alveolar areas were digitally imaged (5 areas
per section, lung lungs from each group). Quantitation
of SP-C positive and all cells were performed using the
KEYENCE BZ-X800 (Keyence Corporation of America;
Itasca, IL) which possesses imaging and software that
allows for automated cell counting for user-independent,
repeatable quantification. Images were acquired using
the BZ-X810 at 40X using brightfield. The images were
analyzed for cell counts using the BZ-X800 Analyzer soft-
ware. Two sequential color extractions were utilized, first
with blue to quantify cells positive for SP-C, including
those structures that were of proper hue, size, and bright-
ness to represent a positive cell. Next an additional sepa-
rate extraction was performed to quantify cells positive
for red nuclei. The software output provides the number
of cells positive for each target in each image, from which
the percentages were calculated. The software allows for
exclusion of stained blood cells or cells within the alveo-
lar space as well as cells comprising capillary vessels or
bronchiolar regions from the analysis.

Statistical analysis

Paired student t-test and/or two-way repeated measures
analysis of variance (ANOVA) adjusted with Tukey’s
method for comparisons. Statistical significance was con-
sidered at p<0.05. Values are graphed as mean +stand-
ard deviation (SD). Paired student t-test were performed
using Excel while ANOVA was performed in Jamovi
(Version 1.2.27, Sydney, Australia).

Results

Impact of vitamin D administered during hyperoxia

on short-term weight gain

To characterize the physiological changes in response
to HALI in our neonatal hyperoxia model, we meas-
ured changes in weight after exposure to 85% oxygen for
6 days. In the results shown in Fig. 1A, neonatal pups
exposed to hyperoxia were observed to have signifi-
cantly decreased weight gain on day 2 through day 5 as
compared to normoxia control as previously reported
in the literature [31, 50-52]. Significant improvement in
the rate of weight gain was observed on days 3 and 4 in
mice housed under hyperoxic conditions when admin-
istered low dose VitD as compared to the hyperoxia
control group (Fig. 1A). When high doses of VitD were
administered, a significant increase in weight gain was
observed on days 2, 3 and 4 as compared to hyperoxia
control group. No significant difference in weight gain
is observed between different sexes. When pups were
administered vehicle, low does VitD or high does VitD
in the presence of normoxia rather than hyperoxia,, no

Page 4 of 17

significant impact on weight gains was noted (Fig. 1A,
Supplemental Data). It should be noted that the increases
in weight gain in the pups administered high dose VitD
in hyperoxic conditions did not reach the rate of weight
gain demonstrated by pups raised in normoxic condi-
tions, suggesting that vitamin D does not completely
abrogate the negative impact of hyperoxia on weight gain
in neonatal mice.

Impact of vitamin D administered during hyperoxia

on long-term weight changes

To further assess the long-term physiological impact of
HALI and treatment with VitD, we assessed changes in
weight after the neonates and dams were switched to
normoxic conditions after exposure to hyperoxia. The
results, shown in Fig. 1B, demonstrate significant weight
differences in hyperoxia control as compared to normoxia
control throughout the experiment from day 7 through
day 21 (day 7: 1.47+0.12 vs 1.26 £ 0.04, p <0.0001; day 14:
2.34+0.16 vs 1.88+0.05, p=0.005; day 21: 4.39+0.30 vs
3.33+£0.09, p=0.0006). Mice in hyperoxia gavaged with
low dose vitamin D had significant increase in weight as
compared to hyperoxia control on days 14 and 21 (day
14:2.25+0.12 vs 1.88 £0.05, p=0.002; day 21: 4.13+0.19,
p=0.0002). Similarly, mice in hyperoxia gavaged with
high dose vitamin D have significant increase in weight
change as compared to hyperoxia control on days 7, 14
and 21 (day 7: 1.54+0.13 vs 1.26+0.04, p<0.014; day 14:
2.24+0.20 vs 1.88+0.05, p=0.0.027; day 21: 4.12+0.23
vs 3.33+0.09, p=0.0005). No significant difference in
weight change is observed between low dose and high
dose groups exposed to hyperoxia as compared to nor-
moxia control group. No significant difference in long
term weight changes is observed between sex groups.
When pups were administered vehicle, low does VitD or
high does VitD in the presence of normoxia rather than
hyperoxia, no significant impact on weight gains was
noted (Fig. 1B, Supplemental Data). The findings indicate
that while the effects of acute hyperoxia on long-term
resolution of weight gain was not seen in our model of
HALI, administration of both low and high dose VitD
to neonatal pups during acute exposure of hyperoxia
resulted in significant weight gain compared to untreated
pups exposed to hyperoxia at 1-3 weeks of age.

Impact of vitamin D administered during hyperoxia

on pulmonary edema

Exposure to hyperoxia is known to increase pulmonary
edema in neonates (9, 11, 56). We measured the wet-to-
dry weight lung ratio as described in Materials and Meth-
ods to determine the presence of edema in this study.
In the results shown in Fig. 2, neonatal pups exposed to
hyperoxia for 6 days were observed to have a significantly
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Fig. 1 Impact of vitamin D administration on growth rate in neonatal mice exposed to normoxia with administered vehicle or hyperoxia

with administered vehicle, low dose vitamin D or high dose vitamin D (combined male and female data). A Acute (0-5 days) growth. Values are
relative to average weight at DOL 0 normalized as 1. Data is average + SEM of 2 independent experiments; n > 10. * denotes significant difference
(p<0.05) to mice in hyperoxia with administered vehicle. B Long term (0-21 days) growth. Neonatal mice were exposed to hyperoxia or normoxia
with interventions up to DOLS, then all groups were subject to normoxia until DOL21 without interventions. Values are relative to average weight
at DOL 0 normalized as 1. Data is average + SEM of > 2 independent experiments; n> 10. * denotes significant difference (p <0.05) of mice exposed
to normoxia receiving vehicle compared to mice exposed to hyperoxia. # denotes significant difference (p < 0.05) of mice exposed to hyperoxia
receiving low dose VitD compared to mice exposed to hyperoxia. Q) denotes significant difference (p < 0.05) of mice exposed to hyperoxia receiving
high dose VitD compared to mice exposed to hyperoxia
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Fig. 2 Impact of vitamin D administration on pulmonary edema in neonatal mice exposed to normoxia or hyperoxia at DOL6 (combined male
and female data). Values represent wet lung to dry lung ratio determined before and after drying lung in a 65 °C oven for 90 s. Data is average + SEM
of > 2 independent experiments; n>10. * denotes significant difference (p <0.05) to control mice in normoxia. # denotes significant difference

(p<0.05) to control mice in hyperoxia

increased wet to dry lung ratio as compared to neona-
tal pups exposed to normoxia for 6 days as previously
reported in the literature. Administration of high dose
VitD to pups raised in hyperoxia significantly decreased
wet/dry lung ratio as compared to hyperoxia control,
but no significant reduction in pulmonary edema was
observed with low dose VitD treatment in hyperoxia.
No significant difference was observed between sexes in
relation to wet/dry lung ratio. These results indicate that
administration of high dose VitD reduces the expected
edema in neonatal mice under hyperoxic conditions
while low dose VitD does not provide the same benefits.

Impact of vitamin D administered during hyperoxia

on alveolar structure and development

Alveolar simplification with enlarged alveolar sacs is seen
in hyperoxia control (Fig. 3B) as compared to animals in
normoxia, which has been reported in literature (Fig. 3A)

(See figure on next page.)

[52, 53].). In hyperoxia, the alveolar structure of pups
treated with low dose VitD (Fig. 3D) appears to have less
simplification of structure as compared to untreated pups
in hyperoxia (Fig. 3B) but appears to be more simplified
than pups receiving low dose VitD in normoxia (Fig. 3C).
On the other hand, the alveolar structure of pups in
hyperoxia treated with high dose VitD (Fig. 3F) is clearly
less simplified than untreated hyperoxia-exposed pups
(Fig. 3B) and approaching the structure seen in pups in
normoxia administered high dose VitD (Fig. 3E).

In order to quantify the structural differences shown in
Fig. 3A-F, morphometric analysis measuring mean linear
intercept length (MLI) and radial alveolar count (RAC)
of lung sections of pups exposed to normoxia and hyper-
oxia and administered VitD was performed. Mouse pups
in the hyperoxia control group had significant increase
in MLI as compared to normoxia control (73.1+0.8 pm
vs. 121.8+1.9 pm, p<0.0001) (Fig. 3G). Within the

Fig. 3 Hematoxylin and eosin (H&E) staining and morphometric analysis of lung sections from neonatal mice exposed to normoxia or hyperoxia
and administered vehicle, low dose vitamin D or high dose vitamin D (assortment of male and female stained lung sections). H&E-stained sections
visualized with 40 x objective. A Normoxia control. B Hyperoxia control. C Normoxia with low dose VitD. D Hyperoxia with low dose VitD. E
Normoxia with high dose VitD. F Hyperoxia with high dose VitD. G Mean linear intercept was determined from histological sections of lungs from 10
lung neonatal pups as described in the Materials and Methods, shown are whisker plots of the data. H Radial alveolar count was determined

from histological sections of lungs from 10 lung neonatal pups as described in the Materials and Methods, shown are whisker plots of the data. *
denotes significant difference (p < 0.05) to mice in normoxia. # denotes significant difference (p <0.05) of mice exposed to hyperoxia receiving low
dose VitD compared to mice exposed to hyperoxia. Q) denotes significant difference (p < 0.05) of mice exposed to hyperoxia receiving high dose

VitD compared to mice exposed to hyperoxia
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hyperoxia-exposed groups, pups given low dose VitD
had significantly decreased MLI as compared to hyper-
oxia control (98.7+1.1 pm vs 121.8+1.9 um, p<0.0001)
as well as pups given high dose VitD (83.3+0.8 pm vs
121.8+1.9 pm, p<0.0001) (Fig. 3G). Significant reduc-
tion in RAC is observed in hyperoxia control as com-
pared to normoxia control as well (4+0.0 vs 1.7+0.2,
p<0.0001) (Fig. 3H). Groups in hyperoxia gavaged VitD
showed some preservation of radial alveolar count (low
dose 2.3+0.3 vs 1.7+0.2, p=0.12; high dose 3.7+0.2
vs 1.7+0.2, p<0.0001). Pups gavaged low dose VitD
in hyperoxia had significantly decreased RAC as com-
pared to normoxia control (low dose 2.3+0.3 vs 4+0.0,
p=0.0005) while interestingly, pups gavaged with high
dose VitD in hyperoxia showed no significant RAC
reduction as compared to normoxia control.

Males and females show no difference in observed
RAC but MLI of male control mice was statistically more
affected by hyperoxia as compared to their female coun-
terparts (122.1+2.6 vs 121.5+2.8) (data not shown).
Males also had significantly lower MLI than females
when treated with high dose VitD in hyperoxia (80.9+ 1.0
vs 85.6+1.3). These results indicate that administra-
tion of low or high dose VitD to neonatal pups reverses
oversimplification of alveolar structure induced by expo-
sure to hyperoxia, and high dose VitD proved to be more
protective of developmental alveolarization. This effect
seems to be amplified in males as compared to females.

Impact of vitamin D administered during acute hyperoxic
exposure in the neonatal period on pulmonary function

at 3 weeks of age

Airway responsiveness to increasing concentrations of
aerosolized methacholine, a bronchoconstrictor, was
measured to investigate the possibility that VitD admin-
istration could improve pulmonary function of older
mice that were subjected to our neonatal HALI model.
In Fig. 4A, total respiratory system elastance (Eyg) shows
significant difference at baseline and all methacholine
dosages between normoxia control and hyperoxia control
(»<0.008 for all comparisons). Low and high dose VitD
intervention in the hyperoxia arm showed significant
reduction in Eyg for all values when compared to pla-
cebo control (low dose: p<0.001; high dose: p <0.0008).
On the other hand, total respiratory system resistance
(Rgg) did not show any significant difference between
groups (Fig. 4B). As seen in Fig. 4C, G (tissue dampen-
ing), which closely represents resistance of the small
airway, is significantly increased in hyperoxia control as
compared to normoxia control for all values (p <0.007).
Groups exposed to hyperoxia and gavaged with low and
high dose vitamin D both had significant reduction of
G in hyperoxia as compared to hyperoxia control (low
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dose: p<0.01; high dose: p<0.001). As seen in Fig. 4D,
hyperoxia control also had significantly higher H (tis-
sue elastance) values as compared to normoxia controls
at baseline and for all methacholine doses (p<0.008).
Mice in hyperoxia given low and high dose vitamin D
also showed significantly decreased H values as com-
pared to hyperoxia control (low dose: p<0.002; high
dose: p<0.001). Surprisingly, no significant difference is
observed in any of the constant phase models (Fig. 4G,
4H) and single compartment model (Eggs, Rpg) when
low and high dose intervention groups in hyperoxia are
compared to normoxia controls. Again, no difference is
observed between sexes. When pups were administered
vehicle, low does VitD or high does VitD in the presence
of normoxia rather than hyperoxia, no significant impact
on pulmonary function was noted (Fig. 2, Supplemental
Data).

Impact of vitamin D administered during hyperoxia

on inflammatory cytokine expression

Since pulmonary inflammation has been shown to
increase in neonates after hyperoxic exposure, we
assessed the expression of pulmonary cytokine mRNA
in lung lysate of neonatal pups exposed to hyperoxia
and administered VitD from days 2 through 5. As can
be seen in Fig. 5, exposure to hyperoxia resulted in sig-
nificant increases in expression of pro-inflammatory
II-1B, 11-6, CXCL1 and TNF-a mRNAs when compared
to their expression under normoxic conditions. No sig-
nificant differences in cytokine expression were observed
with VitD intervention when hyperoxia controls were
compared with both low and high dose VitD interven-
tion in hyperoxia groups (Fig. 5). The only significant dif-
ference observed between sex groups is a more robust
expression of IL-1B in females as compared to males
(2.6+0.4 vs 1.2+ 0.4, p<0.05) when exposed to hyperoxia
with no VitD treatment (Data not shown). No change in
IL-10 was found in hyperoxia environment or with VitD
administration (Data not shown). We did not observe
VitD to have any impact on inflammatory cytokine
expression in HALI as previously described [31, 32, 54].
When pups were administered vehicle, low does VitD or
high does VitD in the presence of normoxia rather than
hyperoxia, no significant impact on expression of inflam-
matory cytokines was noted (Fig. 3, Supplemental Data).

Surfactant protein gene expression has been shown to be
impacted by hyperoxic exposure

Hyperoxia and exposure to vitamin D has been shown to
alter surfactant gene expression in a number of models
[55-57], but the impact of both hyperoxia and vitamin
D exposure together has not been investigated. When
pups were treated with VitD under normoxic conditions,
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expression of all surfactant proteins genes increased, but
significant increases in expression were only observed
with SP-A (low and high dose VitD) and SP-D (low dose
VitD). In our model of HALIL, we found that expression of

all surfactant protein genes were significantly increased
in hyperoxia control as compared to normoxia control
(Fig. 6)(SP-A: 3.1£0.58 vs. 1+£0.07, p=0.0002, SP-B:
4.2+0.6 vs. 1£0.08, p<0.0001, SP-C: 4.1 £0.6 vs. 1£0.09,
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Fig. 5 Expression of cytokine mRNA expression in neonatal mice with administered vehicle, low dose vitamin D or high dose vitamin D

and exposed to normoxia or hyperoxia at DOL6 (combined male and female data). RNA was isolated from lungs and levels of cytokine mRNA
assessed by quantitative real-time RT-PCR analysis. Shown are levels of expression relative to levels in mice exposed to normoxia (set as 1). Data
is average + SEM of 2 independent experiments; n > 10. * denotes significant difference (p < 0.05) to control mice in hyperoxia, mice treated
with Low Dose VitD in hyperoxia and mice treated with High Dose VitD in hyperoxia. There were no significant differences in any of the treated

or untreated groups in hyperoxia

»<0.0001 and SP-D: 4.7+0.6 vs. 1+0.07, p<0.0001) as
reported previously. VitD administration under hyper-
oxic conditions generally decreased surfactant protein
gene expression compared to untreated pups. Only high
dose VitD administration under hyperoxic conditions
significantly impacted surfactant gene expression by
decreasing expression of SP-A, SP-C and SP-D mRNA
levels relative to untreated pups (SP-A: 3.1+0.58 vs.
0.99+0.25, p=0.01, SP-C: 4.1+ 0.6 vs. 2.1+0.21, p=0.04,
SP-D: 4.7+0.6 vs. 1.7+ 0.4, p=0.003), depicted in Fig. 6.

Impact of vitamin D on alveolar type Il cell numbers

during hyperoxic exposure

It has been reported that VitD exposure increases the
number of type II cells, which are responsible for sur-
factant gene expression, in neonatal lung [9-11]. We
then assessed the impact of VitD exposure on the num-
bers of type II cells in the distal parenchyma of neonatal
mice subjected to our model of HALIL Sections of lungs
that prepared from neonatal mice that were exposed

to normoxia or hyperoxia for 6 days and administered
low dose or high dose VitD were subjected to immuno-
histochemistry for SP-C, and the nuclei of all cells were
stained as described in Methods and Materials (Fig. 7A).
The percentages of alveolar type II cells were determined
using software that allowed for unbiased counting of cells
while allowing for the elimination of stained cells present
in the alveolar space. The results of the analysis, shown in
Fig. 7B, indicate that in normoxia, type II cells comprised
about 30% of the total cells in each section. Exposure to
hyperoxia or exposure to low and high dose VitD had no
significant impact on the percentage of type II cells.

Discussion

There are several mouse models of HALI, which have
been used to demonstrate the mechanisms of oxygen
toxicity [26, 58—62]. Mechanisms to explain observed
lung injury due to hyperoxia include reactive oxy-
gen species accumulation, alveolar-capillary mem-
brane permeability, chronic pulmonary inflammation
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and cellular apoptosis and necrosis [4, 63]. Our study
showed that exposure to 85% hyperoxia led to sig-
nificant detrimental physiologic effects in neonatal
mice, and VitD ameliorated these effects. In hyperoxia
exposed pups, we observed a significant increase in
pulmonary edema and disruption of alveologenesis. We
also found significant increases of cytokine expression
(CXCL1, IL-1B, IL-6 and TNF-«a). These findings are in
line with previous studies of mice subjected to hyper-
oxic conditions that found poor growth, pulmonary
edema, decreased alveolar development and significant
elevations in mRNA expression of similar cytokines
at 7 days [6, 60]. Treatment with VitD demonstrated

improvement in weight gain, pulmonary edema, and
alveolarization, but no change in cytokine expression.

Dose responsiveness of VitD Treatment

Protective effects of VitD have been described at length
in the literature and a wide range of dosages and form
of administration have been utilized [9, 11, 29, 31, 64—
66]. To closely mimic the differences in dosages as rec-
ommended by AAP and ESPGHAN, we used 5 ng/g of
VitD as our low dose group versus 25 ng/g of VitD as
our high dose group. We found VitD improved alveolar
development with improvement in both MLI and RAC
in a dose dependent manner. This finding differs from
previous study by Chen et. al. who found that lower
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Fig. 7 Presence of alveolar type Il cells in neonatal mouse lung after exposure to normoxia and hyperoxia after DOL6 (combined male and female
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dosages of VitD at 0.5 ng/g rather than 3 ng/g was more
beneficial for weight gain, alveolarization and cytokine
expression [31]. These different findings may owe to
different methodology and animal model including

the use of neonatal rats rather than C57BL/6 neona-
tal mice, intraperitoneal injection versus oral gavage
as well as hyperoxia exposure with 90% O, for 7 days
rather than 6 days.
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Surfactant expression in hyperoxia

White et. al found increased mRNA expression of all
surfactant proteins in newborn rats exposed to hyper-
oxia which agreed with our findings [67]. The increased
expression of surfactant protein can owe to the body’s
adaptive response to oxidative stress and inflammation
[13, 67, 68]. Direct oxidation and altered metabolism of
pulmonary surfactant contributing to worsened lung
injury in hyperoxia could explain its loss of function while
still maintaining normal to high levels [69, 70]. Extrapul-
monary immune and chemotactic function of surfactant
protein could also play a role in pulmonary dysfunction
in hyperoxia [22, 70-72]. Surfactant synthesis could be
upregulated by VitD through acceleration and matura-
tion of pulmonary artery endothelial cell (PAEC) alveolar
type II (ATII) cells [66, 73].

Prolonged effects
Weight gain and pulmonary function tests were
improved at 21 days with VitD treatment. We speculate
the improvement in weight gain for mice given VitD in
hyperoxia as compared to hyperoxia control can be due
VitD ability to enhance host cell defense, optimize bone
mineralization as well as its positive interaction with
insulin-like growth factor 1 (IGF-1) hepatic secretion
[74, 75]. Hyperoxia significantly increased Egg, G and H,
but had no effect on Ryg as compared to normoxia con-
trol at all methacholine dosages suggesting that hyper-
oxia continues to impair airway dynamic response even
after hyperoxic insult has ceased. Mice treated with VitD
during hyperoxic exposure showed significant reduction
in Ezg, G and H as compared to hyperoxia control. Both
groups showed no significant changes from the normoxia
control which suggests that VitD may continue to exert
protective effects against HALI into later years if pro-
vided sufficient dosages during when the injury occurs.
Dylag et. al also evaluated pulmonary function at
4 weeks in C57BL/6 mouse pups exposed to 80% O, for
8 days after birth. Pulmonary function testing was ana-
lyzed at 4 weeks, and mice exposed to hyperoxia in the
neonatal period exhibited alveolar oversimplification
with increased MLI and no change in Rypg This is simi-
lar to our findings, but they observed decreased G and
H values in their respiratory function test which is con-
trary to our findings [23]. Possible explanation for the
difference in findings could be due to the lower oxygen
concentration used, longer duration of oxygen expo-
sure as well as delayed pulmonary function testing at
4 weeks rather than 3 weeks which was done in our
study. We speculate that exposure to hyperoxia at 85%
O, for 6 days in neonatal period could have promoted
increased collagen synthesis and induced destructive
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architectural remodeling leading to pulmonary fibrosis
which may explain why we found significantly increased
G and H values at 3 weeks reflecting increased small air-
way resistance, parenchymal stiffness and decreased air-
space recruitment [76, 77]. Similarly, Wang et. al found
that mice exposed to hyperoxia at 40% and 70% FiO2 had
significantly increased Rpg and significantly decreased
compliance in the 40% group versus the 70% group and
attributed this puzzling difference due to increased effect
of hyperoxia on smaller airways associated with colla-
gen deposition[78]. We also found increased interstitial
pulmonary edema as well as disruption of normal lung
architecture which could explain the increased heat loss
in the alveolar walls as noted by G leading to functional
pulmonary dysregulation. The significant elevation in H
may be due to increased airway closure due to height-
ened alveolar tension, thickening of alveolar walls, and
reduced lung volume resulting in impaired tissue elastic
recoil. One possible explanation for the lack of significant
changes in Ryg could be hyperoxia exhibiting the major-
ity of its effect on progressive alveolar destruction rather
than on the larger conducting airways which is responsi-
ble for the majority of the calculated Rpyg.

Absence of cytokine changes

Surprisingly, although VitD ameliorated the detrimen-
tal effects of hyperoxia on lung mechanics, VitD had no
effect on inflammatory cytokine expression induced by
hyperoxia. This study suggests that cytokine involvement
in inflammatory response does not have a significant role
in pulmonary outcomes when evaluating VitD effects on
HALI as previously predicted. It may be possible that we
did not detect significant changes in cytokine levels with
VitD treatment because VitD may have a more active
role in the integrity of pulmonary epithelial tight junc-
tion and regulation of innate immunity rather than via
cytokine release or the timing of whole lung harvesting
and inability to isolate serum for evaluation of cytokine
expression was not optimal for cytokine assessment [24,
79-83]. Other considerations include upregulation of
VitD receptor (VDR) expression in response to active
VitD treatment in fetal lung development and matura-
tion leading to alveolar thinning, proliferation of alveolar
macrophages as well as inhibition of NF-«p activity, criti-
cal in inflammatory signaling [73, 84]. Studies on effects
of postnatal hyperoxia delivered to mothers with vitamin
D deficiency in murine models also showed impairment
in lung growth and persistent defects with depression of
HIF-1a protein and VEGF gene expression affecting air-
way and microvascular development [85, 86].
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Sex differences

We found that male mice had significantly higher MLI
when exposed to hyperoxia as compared to female mice,
but no other parameters were significantly different. This
is in contrast to Lingappan et. al. who found that male
mice had lower body weights, increased alveolar over-
simplification and cytokine upregulation as compared to
their female counterparts [62].

Limitations

Our study is limited by several factors. The most impor-
tant was the rearing of pups were entirely dependent on
dams’ health and nurture. Many different methods were
applied to enhance the nurturing of newborn pups such
as using “experienced dams” that previously reared pups.
However, it was difficult to ensure that the pups were
properly nourished. Pups in hyperoxia chambers or those
that became ill appeared to be quickly neglected by the
dams, which could have affected our results. Second,
there is no literature to assess if mother’s milk compo-
sition is affected by hyperoxia and it is unknown if the
pups’ nutrition has changed significantly throughout the
course of the experiment. Lastly, our results reflect com-
bined data of both sexes. We do not have a significant
sample size to fully analyze all parts of the experiment
with enough power to show significance by sex.

Possible mechanisms

From the results of this study, concurrent treatment of
mice exposed to VitD can mitigate the harmful impact of
acute hyperoxic exposure. However, treatment does not
impact the percentage of type II cells in the lung and, for
the most part, surfactant gene expression is unaffected
or reduced when VitD is administered during hyperoxia,
negating the possibility that increased surfactant produc-
tion is a beneficial impact of vitamin D. Alternatively,
VitD may decrease activation of the TGF-p pathway
leading to decreased monocyte and macrophage infiltra-
tion and therefore decreased lung fibroblast and remod-
eling [87]. Supplementation of VitD has also been found
to be associated with variable expression of VDR which
may affect the expression of claudin in airway epithelial
cells during inflammation [88, 89]. VitD has been impli-
cated in direct enhancement of VEGF and its receptor
which is critical in alveolarization. This may play a key
role in reduction alveolar simplification in pups afflicted
by hyperoxia but supplemented with high dose VitD
[90]. As our results found that there are significant dif-
ferences in surfactant load in pups given hyperoxia and
VitD, we believe it is possible that surfactant may have
an extrapulmonary roles in monocyte and macrophage
recruitment leading to decreased inflammation. The
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reduction in surfactant protein may play a role in reduc-
tion of oxygen toxicity to decreased permissible oxygen
diffusion through alveolar barrier [91, 92].

Conclusions

In conclusion, our study showed that HALI has sig-
nificant detrimental effects on weight gain, pulmonary
edema, alveolar development as well as airway mechan-
ics in neonatal mice. Vitamin D can provide significant
protection against HALI, in a dose dependent manner.
These findings lend support to usage of high dose vitamin
D to those at risk of HALI and may provide an important
potential strategy in the treatment of the most vulnerable
population — the preterm neonate.
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TLR4 Toll-like receptor 4

VitD Vitamin D

WT Wildtype

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512890-024-03391-1.

[ Supplementary Material 1. }

Acknowledgements
BioRender was used to create graphical abstract.

Authors’ contributions

T.T.T. contributed to conceptualization, methodology, investigation, data cura-
tion, analysis, writing and visualization. J.D. contributed to resources, visualiza-
tion, review and editing. RAJ contributed to conceptualization, methodology,
review and editing. HK.-Q. contributed to resources, review and editing. H.L.
contributed to methodology and resources. C.E.C contributed to review

and editing. AM.XK. contributed to conceptualization, review, editing and
visualization. JL.A. contributed to conceptualization, methodology, validation,
resources, visualization, supervision. All authors reviewed the manuscript.

Funding
The authors have no significant funding support to declare for this work.


https://doi.org/10.1186/s12890-024-03391-1
https://doi.org/10.1186/s12890-024-03391-1

Tran et al. BMC Pulmonary Medicine (2024) 24:584

Data availability

Data is provided within the manuscript or supplementary information files.
Anyone wishing to get the original data can email me at Joseph.L. Alcorn@uth.
tmc.edu.

Declarations

Ethics approval and consent to participate

All protocols were certified by the Animal Welfare Committee (AWC) of
McGovern Medical School at the University of Texas Health Science Center at
Houston (UTHealth), which is the Institutional Animal Care and Use Commit-
tee (IACUQC) for UTHealth (AWC-20-0067, Houston, TX).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 8 August 2024 Accepted: 11 November 2024
Published online: 25 November 2024

References

1. Mach WJ, Thimmesch AR, Pierce JT, Pierce JD. Consequences of hyperoxia
and the toxicity of oxygen in the lung. Nurs Res Pract. 2011;2011:260482.

2. Brugniaux JV, Coombs GB, Barak OF, Dujic Z, Sekhon MS, Ainslie PN. Highs
and lows of hyperoxia: physiological, performance, and clinical aspects.
Am J Physiol Regul Integr Comp Physiol. 2018;315(1):R1-r27.

3. TretterV, Zach ML, Bohme S, Ullrich R, Markstaller K, Klein KU. Investigat-
ing disturbances of oxygen homeostasis: from cellular mechanisms to
the clinical practice. Front Physiol. 2020;11:947.

4. Bhandari V. Hyperoxia-derived lung damage in preterm infants. Semin
Fetal Neonatal Med. 2010;15(4):223-9.

5. JinY, Peng LQ, Zhao AL. Hyperoxia induces the apoptosis of alveolar
epithelial cells and changes of pulmonary surfactant proteins. Eur Rev
Med Pharmacol Sci. 2018;22(2):492-7.

6. Johnston CJ, Wright TW, Reed CK, Finkelstein JN. Comparison of adult
and newborn pulmonary cytokine mRNA expression after hyperoxia. Exp
Lung Res. 1997;23(6):537-52.

7. Silva DM, Nardiello C, Pozarska A, Morty RE. Recent advances in
the mechanisms of lung alveolarization and the pathogenesis of
bronchopulmonary dysplasia. Am J Physiol Lung Cell Mol Physiol.
2015;309(11):L.1239-1272.

8. Menon RT, Shrestha AK, Reynolds CL, Barrios R, Shivanna B. Long-term
pulmonary and cardiovascular morbidities of neonatal hyperoxia expo-
sure in mice. Int J Biochem Cell Biol. 2018;94:119-24.

9. Lykkedegn S, Sorensen GL, Beck-Nielsen SS, Christesen HT. The impact
of vitamin D on fetal and neonatal lung maturation. A systematic review.
Am J Physiol Lung Cell Mol Physiol 2015;308(7):L587-602.

10. GeH,QiaoY, Ge J, Li J,Hu K, Chen X, Cao X, Xu X, Wang W. Effects of early
vitamin D supplementation on the prevention of bronchopulmonary
dysplasia in preterm infants. Pediatr Pulmonol. 2022;57(4):1015-21.

11. Al-Beltagi M, Rowiesha M, ElImashad A, Elrifaey SM, Elhorany H, Koura
HG. Vitamin D status in preterm neonates and the effects of its sup-
plementation on respiratory distress syndrome. Pediatr Pulmonol.
2020;55(1):108-15.

12. Chen L, Wilson R, Bennett E, Zosky GR. Identification of vitamin D sensi-
tive pathways during lung development. Respir Res. 2016;17:47.

13. Sakurai R, Shin E, Fonseca S, Sakurai T, Litonjua AA, Weiss ST, Torday JS,
Rehan VK. 1alpha,25(0H)2D3 and its 3-epimer promote rat lung alveolar
epithelial-mesenchymal interactions and inhibit lipofibroblast apoptosis.
Am J Physiol Lung Cell Mol Physiol. 2009;297(3):L496-505.

14. Yao L, ShiY, Zhao X, Hou A, Xing Y, Fu J, Xue X.Vitamin D attenuates
hyperoxia-induced lung injury through downregulation of Toll-like recep-
tor 4. Int J Mol Med. 2017,39(6):1403-8.

15. Tao'S, Zhang H, Xue L, Jiang X, Wang H, Li B, Tian H, Zhang Z.

Vitamin D protects against particles-caused lung injury through

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

Page 150f 17

induction of autophagy in an Nrf2-dependent manner. Environ Toxicol.
2019;34(5):594-609.

Jung JH, Kim EA, Lee SY, Moon JE, Lee EJ, Park SH. Vitamin D status and
factors associated with vitamin D deficiency during the first year of life in
preterm infants. Nutrients. 2021;13(6):2019.

Balasubramanian S. Vitamin D deficiency in breastfed infants & the

need for routine vitamin D supplementation. Indian J Med Res.
2011;133(3):250-2.

Tan ML, Abrams SA, Osborn DA. Vitamin D supplementation for term
breastfed infants to prevent vitamin D deficiency and improve bone
health. Cochrane Database Syst Rev. 2020;12(12):Cd013046.

Budhwar S, Verma P, Verma R, Gupta S, Rai S, Rajender S, Singh K.

Altered cord serum 25-hydroxyvitamin D signaling and placental
inflammation is associated with pre-term birth. Am J Reprod Immunol.
2020;83(2):213201.

Agostoni C, Buonocore G, Carnielli VP, De Curtis M, Darmaun D, Decsi T,
Domelléf M, Embleton ND, Fusch C, Genzel-Boroviczeny O, et al. Enteral
nutrient supply for preterm infants: commentary from the European Soci-
ety of Paediatric Gastroenterology, Hepatology and Nutrition Committee
on Nutrition. J Pediatr Gastroenterol Nutr. 2010;50(1):85-91.

Wagner CL, Greer FR. Prevention of rickets and vitamin d deficiency in
infants, children, and adolescents. Pediatrics. 2008;122(5):1142-52.

Liu L, Aron CZ, Grable CM, Robles A, Liu X, Liu Y, Fatheree NY, Rhoads JM,
Alcorn JL. Surfactant protein A reduces TLR4 and inflammatory cytokine
mMRNA levels in neonatal mouse ileum. Sci Rep. 2021;11(1):2593.

Dylag AM, Haak J, Yee M, O'Reilly MA. Pulmonary mechanics and struc-
tural lung development after neonatal hyperoxia in mice. Pediatr Res.
2020;87(7):1201-10.

Lee C, Lau E, Chusilp S, Filler R, Li B, Zhu H, Yamoto M, Pierro A. Protective
effects of vitamin D against injury in intestinal epithelium. Pediatr Surg
Int. 2019;35(12):1395-401.

Kumar VHS, Wang H, Kishkurno S, Paturi BS, Nielsen L, Ryan RM. Long-
Term Effects of Neonatal Hyperoxia in Adult Mice. Anat Rec (Hoboken).
2018;301(4):717-26.

Kumar VH, Lakshminrusimha S, Kishkurno S, Paturi BS, Gugino SF, Nielsen
L, Wang H, Ryan RM. Neonatal hyperoxia increases airway reactivity and
inflammation in adult mice. Pediatr Pulmonol. 2016;51(11):1131-41.

Jain SK, Parsanathan R, Achari AE, Kanikarla-Marie P, Bocchini JA Jr. Glu-
tathione stimulates vitamin d regulatory and glucose-metabolism genes,
lowers oxidative stress and inflammation, and increases 25-hydroxy-
vitamin D levels in blood: a novel approach to treat 25-hydroxyvitamin D
deficiency. Antioxid Redox Signal. 2018;29(17):1792-807.

Noor Ghaffar Said AL Habooby NGY, Najah R. Hadi, Jinan Jasim Al-
Baghdadi. Vitamin D Attenuates Myocardial Injury by Reduces ERK
Phosphorylation Induced by I/R in Mice Model. Curr Chem Genom Trans|
Med 2018;12:27-38.

Vetvicka V, Vetvickova J. Glucan supplementation enhances the immune
response against an influenza challenge in mice. Ann Transl Med.
2015;3(2):22. https://doi.org/10.3978/j.issn.2305-5839.2015.01.08.
Vetvicka VVJ. Glucan and Vitamin D supplementation showed synergy in
improvements of the immune response against an influenza challenge in
mice. Arch Nutr Food Sci. 2020;1(1):8-14.

Chen C,Weng H, Zhang X,Wang S, Lu C, Jin H, Chen S, Liu Y, Sheng A,
Sun'Y. Low-dose vitamin d protects hyperoxia-induced bronchopulmo-
nary dysplasia by inhibiting neutrophil extracellular traps. Front Pediatr.
2020;8:335.

Kose M, Bastug O, Sonmez MF, Per S, Ozdemir A, Kaymak E, Yahsi H,
Ozturk MA. Protective effect of vitamin D against hyperoxia-induced lung
injury in newborn rats. Pediatr Pulmonol. 2017;52(1):69-76.

Mallya SM, Corrado KR, Saria EA, Yuan FF, Tran HQ, Saucier K, Atti E,
Tetradis S, Arnold A. Modeling vitamin D insufficiency and moderate
deficiency in adult mice via dietary cholecalciferol restriction. Endocr Res.
2016;41(4):290-9.

Badger-Emeka LI, AlJaziri ZY, Almulhim CF, Aldrees AS, AlShakhs ZH,
AlAithan RI, Alothman FA. Vitamin D supplementation in laboratory-bred
mice: an in vivo assay on gut microbiome and body weight. Microbiol
Insights. 2020;13:1178636120945294.

Wang Z,Wang Y, Xu B, Liu J, Ren Y, Dai Z, Cui D, Su X, Si S, Song SJ. Vitamin
D improves immune function in immunosuppressant mice induced by
glucocorticoid. Biomed Rep. 2017;6(1):120-4.


https://doi.org/10.3978/j.issn.2305-5839.2015.01.08

Tran et al. BMC Pulmonary Medicine

36.

37.

38

39.

40.

41.

42

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

(2024) 24:584

Papaioannou VE, Fox JG. Efficacy of tribromoethanol anesthesia in mice.
Lab Anim Sci. 1993;43(2):189-92.

Headley L, Bi W, Wilson C, Collum SD, Chavez M, Darwiche T, Mertens TCJ,
Hernandez AM, Siddiqui SR, Rosenbaum S, et al. Low-dose administration
of bleomycin leads to early alterations in lung mechanics. Exp Physiol.
2018;103(12):1692-703.

Shore SA, Rivera-Sanchez YM, Schwartzman IN, Johnston RA. Responses
to ozone are increased in obese mice. J Appl Physiol. 2003;95(3):938-45.
Collins RA, Ikegami M, Korfhagen TR, Whitsett JA, Sly PD. In vivo measure-
ments of changes in respiratory mechanics with age in mice deficient in
surfactant protein D. Pediatr Res. 2003;53(3):463-7.

Bozanich EM, Janosi TZ, Collins RA, Thamrin C, Turner DJ, Hantos Z, Sly
PD. Methacholine responsiveness in mice from 2 to 8 wk of age. J Appl
Physiol. 2007;103(2):542-6.

Schuessler TF, Bates JH. A computer-controlled research ventila-

tor for small animals: design and evaluation. IEEE Trans Biomed Eng.
1995;42(9):860-6.

Hantos Z, Dardczy B, Suki B, Nagy S, Fredberg JJ. Input imped-

ance and peripheral inhomogeneity of dog lungs. J Appl Physiol.
1992;72(1):168-78.

Crowley G, Kwon S, Caraher EJ, Haider SH, Lam R, Batra P, Melles D, Liu M,
Nolan A. Quantitative lung morphology: semi-automated measurement
of mean linear intercept. BMC Pulm Med. 2019;19(1):206.

Cooney TP, Thurlbeck WM. The radial alveolar count method of Emery
and Mithal: a reappraisal 2-intrauterine and early postnatal lung growth.
Thorax. 1982;37(8):580-3.

Maturu P Wei-Liang Y, Jiang W, Wang L, Lingappan K, Barrios R, Liang Y,
Moorthy B, Couroucli XI. Newborn mice lacking the gene for Cyplal are
more susceptible to oxygen-mediated lung injury, and are rescued by
postnatal 3-naphthoflavone administration: implications for bronchopul-
monary dysplasia in premature infants. Toxicol Sci. 2017;157(1):260-71.
Tokieda K, Iwamoto HS, Bachurski C, Wert SE, Hull WM, Ikeda K, Whitsett
JA. Surfactant protein-B-deficient mice are susceptible to hyperoxic lung
injury. Am J Respir Cell Mol Biol. 1999;21(4):463-72.

van Iterson M. t Hoen PA, Pedotti P, Hooiveld GJ, den Dunnen JT, van
Ommen GJ, Boer JM, Menezes RX: Relative power and sample size analy-
sis on gene expression profiling data. BMC Genomics. 2009;10:439.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods.
2001;25(4):402-8.

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the compara-
tive C(T) method. Nat Protoc. 2008;3(6):1101-8.

Chen S, Wu Q, Zhong D, Li C, Du L. Caffeine prevents hyperoxia-induced
lung injury in neonatal mice through NLRP3 inflammasome and NF-kB
pathway. Respir Res. 2020;21(1):140.

Rogers LK, Tipple TE, Nelin LD, Welty SE. Differential responses in the
lungs of newborn mouse pups exposed to 85% or >95% oxygen. Pediatr
Res. 2009;65(1):33-8.

Padela S, Cabacungan J, Shek S, Belcastro R, Yi M, Jankov RP, Tanswell AK.
Hepatocyte growth factor is required for alveologenesis in the neonatal
rat. Am J Respir Crit Care Med. 2005;172(7):907-14.

Garcia D, Carr JF, Chan F, Peterson AL, Ellis KA, Scaffa A, Ghio AJ, Yao H,
Dennery PA. Short exposure to hyperoxia causes cultured lung epithelial
cell mitochondrial dysregulation and alveolar simplification in mice.
Pediatr Res. 2021;90(1):58-65.

Schapochnik A, da Silva MR, Leal MP, Esteves J, Hebeda CB, Sandri S.

de Fatima Teixeira da Silva D, Farsky SHP, Marcos RL, Lino-Dos-Santos-
Franco A:Vitamin D treatment abrogates the inflammatory response in
paraquat-induced lung fibrosis. Toxicol Appl Pharmacol. 2018;355:60-7.
Nogee LM, Wispé JR, Clark JC, Weaver TE, Whitsett JA. Increased expres-
sion of pulmonary surfactant proteins in oxygen-exposed rats. Am J
Respir Cell Mol Biol. 1991;4(2):102-7.

Minoo P, Segura L, Coalson JJ, King RJ, DeLemos RA. Alterations in
surfactant protein gene expression associated with premature birth and
exposure to hyperoxia. Am J Physiol. 1991;261(6 Pt 1):.L386-392.

Phokela SS, Peleg S, Moya FR, Alcorn JL. Regulation of human pulmonary
surfactant protein gene expression by Talpha,25-dihydroxyvitamin D3.
Am J Physiol Lung Cell Mol Physiol. 2005;289(4):.L617-626.

Maturu P, Wei-Liang Y, Androutsopoulos VP, Jiang W, Wang L, Tsatsakis AM,
Couroucli XI. Quercetin attenuates the hyperoxic lung injury in neonatal

59.

60.

61.

62.

63

64

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 16 of 17

mice: Implications for Bronchopulmonary dysplasia (BPD). Food Chem
Toxicol. 2018;114:23-33.

Park MS, Rieger-Fackeldey E, Schanbacher BL, Cook AC, Bauer JA, Rogers
LK, Hansen TN, Welty SE, Smith CV. Altered expressions of fibroblast
growth factor receptors and alveolarization in neonatal mice exposed to
85% oxygen. Pediatr Res. 2007,62(6):652-7.

Warner BB, Stuart LA, Papes RA, Wispé JR. Functional and patho-

logical effects of prolonged hyperoxia in neonatal mice. Am J Physiol.
1998;275(1):.L110-117.

Dumpa V, Nielsen L, Wang H, Kumar VHS. Caffeine is associated with
improved alveolarization and angiogenesis in male mice following hyper-
oxia induced lung injury. BMC Pulm Med. 2019;19(1):138.

Lingappan K, Jiang W, Wang L, Moorthy B. Sex-specific differences in
neonatal hyperoxic lung injury. Am J Physiol Lung Cell Mol Physiol.
2016;311(2):L481-493.

del Portillo IP, Vazquez S, Mendoza J, Moreno R. Oxygen therapy in critical
care: a double edged sword. Health. 2014;6:2035-46.

Sassi F, Tamone C, D’Amelio P. Vitamin D: Nutrient, hormone, and immu-
nomodulator. Nutrients. 2018;10(11):1656.

Fort P, Salas AA, Nicola T, Craig CM, Carlo WA, Ambalavanan N. A Com-
parison of 3 vitamin d dosing regimens in extremely preterm infants: a
randomized controlled trial. J Pediatr. 2016;174(132-138):e131.

Mandell E, Seedorf G, Gien J, Abman SH. Vitamin D treatment improves
survival and infant lung structure after intra-amniotic endotoxin exposure
in rats: potential role for the prevention of bronchopulmonary dysplasia.
Am J Physiol Lung Cell Mol Physiol. 2014;306(5):L420-428.

White CW, Greene KE, Allen CB, Shannon JM. Elevated expression of
surfactant proteins in newborn rats during adaptation to hyperoxia. Am J
Respir Cell Mol Biol. 2001;25(1):51-9.

ter Horst SA, Fijlstra M, Sengupta S, Walther FJ, Wagenaar GT. Spatial and
temporal expression of surfactant proteins in hyperoxia-induced neona-
tal rat lung injury. BMC Pulm Med. 2006;6:8.

Pace PW, Yao LJ, Wilson JX, Possmayer F, Veldhuizen RA, Lewis JF. The
effects of hyperoxia exposure on lung function and pulmonary surfactant
in a rat model of acute lung injury. Exp Lung Res. 2009;35(5):380-98.
Schwingshackl A, Lopez B, Teng B, Luellen C, Lesage F, Belperio J, Olcese
R, Waters CM. Hyperoxia treatment of TREK-1/TREK-2/TRAAK-deficient
mice is associated with a reduction in surfactant proteins. Am J Physiol
Lung Cell Mol Physiol. 2017,313(6):L.1030-11046.

Bernhard W. Lung surfactant: Function and composition in the context of
development and respiratory physiology. Ann Anat. 2016;208:146-50.
Haagsman HP, Hogenkamp A, van Eijk M, Veldhuizen EJ. Surfactant col-
lectins and innate immunity. Neonatology. 2008;93(4):288-94.
Gayan-Ramirez G, Janssens W. Vitamin D Actions: The lung is a major
target for vitamin D, FGF23, and Klotho. JBMR Plus. 2021;5(12):e10569.
Helve O, Viljakainen H, Holmlund-Suila E, Rosendahl J, Hauta-Alus H,
Enlund-Cerullo M, Valkama S, Heinonen K, Réikkdnen K, Hytinantti T,

et al. Towards evidence-based vitamin D supplementation in infants:
vitamin D intervention in infants (VIDI) - study design and methods of a
randomised controlled double-blinded intervention study. BMC Pediatr.
2017;17(1):91.

Esposito S, Leonardi A, Lanciotti L, Cofini M, Muzi G, Penta L. Vitamin D
and growth hormone in children: a review of the current scientific knowl-
edge. JTransl Med. 2019;17(1):87.

Kondrikov D, Caldwell RB, Dong Z, Su Y. Reactive oxygen species-depend-
ent RhoA activation mediates collagen synthesis in hyperoxic lung
fibrosis. Free Radic Biol Med. 2011;50(11):1689-98.

Mizikova I, Ruiz-Camp J, Steenbock H, Madurga A, Vadasz |, Herold S,
Mayer K, Seeger W, Brinckmann J, Morty RE. Collagen and elastin cross-
linking is altered during aberrant late lung development associated with
hyperoxia. Am J Physiol Lung Cell Mol Physiol. 2015;308(11):L1145-1158.
Wang H, Jafri A, Martin RJ, Nnanabu J, Farver C, Prakash YS, MacFarlane
PM. Severity of neonatal hyperoxia determines structural and functional
changes in developing mouse airway. Am J Physiol Lung Cell Mol Physiol.
2014;307(4):L295-301.

Sotirchos ES, Bhargava P, Eckstein C, Van Haren K, Baynes M, Ntranos A,
Gocke A, Steinman L, Mowry EM, Calabresi PA. Safety and immunologic
effects of high- vs low-dose cholecalciferol in multiple sclerosis. Neurol-
ogy. 2016;86(4):382-90.

Danner OK, Matthews LR, Francis S, Rao VN, Harvey CP, Tobin RP,

Wilson KL, Alema-Mensah E, Newell Rogers MK, Childs EW. Vitamin



Tran et al. BMC Pulmonary Medicine (2024) 24:584

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

ot

92.

D3 suppresses class Il invariant chain peptide expression on activated
B-Lymphocytes: a plausible mechanism for downregulation of acute
inflammatory conditions. J Nutr Metab. 2016;2016:4280876.

Shirazi HA, Rasouli J, Ciric B, Rostami A, Zhang GX. 1,25-Dihydroxyvitamin
D3 enhances neural stem cell proliferation and oligodendrocyte differen-
tiation. Exp Mol Pathol. 2015;98(2):240-5.

Zhou X, Fragala MS, McElhaney JE, Kuchel GA. Conceptual and
methodological issues relevant to cytokine and inflammatory marker
measurements in clinical research. Curr Opin Clin Nutr Metab Care.
2010;13(5):541-7.

Kim SH, Pei QM, Jiang P, Yang M, Qian XJ, Liu JB. Effect of active vitamin
D3 on VEGF-induced ADAM33 expression and proliferation in human
airway smooth muscle cells: implications for asthma treatment. Respir
Res. 2017;18(1):7.

Mitchell S, Vargas J, Hoffmann A. Signaling via the NFkB system. Wiley
Interdiscip Rev Syst Biol Med. 2016;8(3):227-41.

Mandell EW, Ryan S, Seedorf GJ, Gonzalez T, Smith BJ, Fleet JC, Abman
SH. Maternal vitamin D deficiency causes sustained impairment of lung
structure and function and increases susceptibility to hyperoxia-induced
lung injury in infant rats. Am J Respir Cell Mol Biol. 2020,63(1):79-91.
Saadoon A, Ambalavanan N, Zinn K, Ashraf AP, MacEwen M, Nicola T,
Fanucchi MV, Harris WT. Effect of prenatal versus postnatal vitamin d
deficiency on pulmonary structure and function in mice. Am J Respir Cell
Mol Biol. 2017;56(3):383-92.

Waiden J, Heydarian M, Oak P, Koschlig M, Kamgari N, Hagemann M,
Wijst M, Hilgendorff A. Prenatal vitamin D supplementation mitigates
inflammation-related alveolar remodeling in neonatal mice. Am J Physiol
Lung Cell Mol Physiol. 2023;325(2):L95-103.

Gorman S, Buckley AG, Ling KM, Berry LJ, Fear VS, Stick SM, Larcombe
AN, Kicic A, Hart PH. Vitamin D supplementation of initially vitamin
D-deficient mice diminishes lung inflammation with limited effects on
pulmonary epithelial integrity. Physiol Rep. 2017;5(15):e13371.

Fujita H, Chalubinski M, Rhyner C, Indermitte P, Meyer N, Ferstl R, Treis A,
Gomez E, Akkaya A, O'Mahony L, et al. Claudin-1 expression in airway
smooth muscle exacerbates airway remodeling in asthmatic subjects. J
Allergy Clin Immunol. 2011;127(6):1612-1621.e1618.

WangY, Jiang L. Role of vitamin D-vitamin D receptor signaling on
hyperoxia-induced bronchopulmonary dysplasia in neonatal rats. Pediatr
Pulmonol. 2021;56(7):2335-44.

Olmeda B, Villen L, Cruz A, Orellana G, Perez-Gil J. Pulmonary surfactant
layers accelerate O(2) diffusion through the air-water interface. Biochim
Biophys Acta. 2010;1798(6):1281-4.

Bezerra FS, Ramos CO, Castro TF, Araujo N, de Souza ABF, Bandeira ACB,
Costa GP, Cartelle CT, Talvani A, Cangussu SD, et al. Exogenous surfactant
prevents hyperoxia-induced lung injury in adult mice. Intensive Care Med
Exp. 2019;7(1):19.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17



	Impact of vitamin D on hyperoxic acute lung injury in neonatal mice
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Mice
	Murine HALI model
	Administration of vitamin D to pups
	Assessment of lung mechanics
	Assessment of edema
	Histology preparation of lung sections
	Pulmonary morphometry
	Assessment of cytokine and surfactant protein expression
	Alveolar epithelial type II cells quantification
	Statistical analysis

	Results
	Impact of vitamin D administered during hyperoxia on short-term weight gain
	Impact of vitamin D administered during hyperoxia on long-term weight changes
	Impact of vitamin D administered during hyperoxia on pulmonary edema
	Impact of vitamin D administered during hyperoxia on alveolar structure and development
	Impact of vitamin D administered during acute hyperoxic exposure in the neonatal period on pulmonary function at 3 weeks of age
	Impact of vitamin D administered during hyperoxia on inflammatory cytokine expression
	Surfactant protein gene expression has been shown to be impacted by hyperoxic exposure
	Impact of vitamin D on alveolar type II cell numbers during hyperoxic exposure

	Discussion
	Dose responsiveness of VitD Treatment
	Surfactant expression in hyperoxia
	Prolonged effects
	Absence of cytokine changes
	Sex differences
	Limitations
	Possible mechanisms

	Conclusions
	Acknowledgements
	References


