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Vitamin D attenuates hyperoxia-induced lung injury
through downregulation of Toll-like receptor 4
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Abstract. With considerable morbidity and mortality, bron-
chopulmonary dysplasia (BPD) is a focus of attention in
neonatology. Hyperoxia-induced lung injury has long been
used as a model of BPD. Among all the signaling pathways
involved, Toll-like receptor 4 (TLR4) has been demonstrated
to play an important role, and is known to be regulated by
vitamin D. This study aimed at elucidating the effect of
vitamin D on hyperoxia-induced lung injury and the role
of TLR4 in the process. Vitamin D was administered to
hyperoxia-treated neonatal rats to investigate changes in the
morphology of lungs and expression of pro-inflammatory
cytokines, apoptotic proteins and TLR4. Vitamin D attenuated
hyperoxia-induced lung injury by protecting the integrity of
the lung structure, decreasing extracellular matrix deposition
and inhibiting inflammation. The upregulation of TLR4 by
hyperoxia was ameliorated by vitamin D and apoptosis was
reduced. Vitamin D administration antagonized the activa-
tion of TLR4 and therefore alleviated inflammation, reduced
apoptosis and preserved lung structure.

Introduction

Bronchopulmonary dysplasia (BPD) is a severe complication
of preterm birth which causes considerable mortality and
morbidity in premature infants. Characterized by multifacto-
rial chronic lung disease, it may affect not only pulmonary
function, but also growth, cardiovascular health and neurode-
velopment (1). Although the mechanism of BPD yet remains
to be clarified, chorioamnionitis, sepsis, invasive mechanical
ventilation and hyperoxia may contribute to its incidence (2).
Modulation of alveolarization, epithelial cell transdifferentia-
tion, fibroblast and myofibroblast differentiation, extracellular
matrix production and inflammation are all involved in the
pathological process (3).
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Among all the pathways, Toll-like receptor 4 (TLR4) has
been demonstrated to play an important role. Hyperoxia has
been reported to upregulate TLR4 and activate the nuclear
factor-kB (NF-kB) pathway (4,5). Antagonists of TLR4 were
found to relieve apoptosis and inflammatory response in
neurological diseases (6). However, the role of TLR4 is not
univocal, as other studies have reported a protective role of
TLR4 activation (7). In this case, the exact consequence of
TLR4 activation warrants further attention.

The anti-inflammatory and anti-apoptotic effects of
vitamin D have been confirmed in many organs including the
lung (8-11). Vitamin D-knockout mice experience a more severe
inflammatory response than wild-type mice after LPS treat-
ment (12). The regulatory effect of vitamin D and its receptor
on TLR4 has been demonstrated in many studies (13-15). Our
previous study also found that vitamin D could significantly
relieve LPS-induced lung injury (11). Since TLR4 is the key
receptor of LPS, we hypothesized that regulation of TLR4 may
be associated with this protective effect of vitamin D.

In this study, we established a model of hyperoxia-induced
lung injury in neonatal rats. Vitamin D treatment was admin-
istered to investigate its effect on lung structure, inflammatory
response and apoptosis. We aimed at elucidating the effect of
vitamin D on hyperoxia-induced lung injury and the role of
TLR4 in the process.

Materials and methods

Animal preparation and hyperoxia exposure. All animal
procedures were reviewed and approved by the Laboratory
Animal Ethics Committee of China Medical University. This
study was carried out in strict compliance with the approved
protocols. Pregnant Wistar rats (200-250 g) were supplied
by the Animal Laboratory, Experimental Research Center,
Shengjing Hospital, China Medical University. All rats were
maintained in specific pathogen-free static cages with a 12-h
light/dark cycle. Chow pellets and tap water were available
ad libitum. Hyperoxia exposure was administered as previously
described (16). The oxygen concentration was continuously
monitored using a strip-chart recorder (model 572; Servomex,
Norwood, MA, USA).

Vitamin D treatment. The hyperoxia and normoxia groups
were randomly divided into two subgroups. One subgroup
was treated with a vitamin D (VD) analogue, paricalcitol
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Table I. Primer sequences used for real-time PCR.
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Primer name Forward (5'-3")

Reverse (3'-5")

Rat TNF-a ATGTGGAACTGGCAGAGGAG TGGAACTGATGAGAGGGAGC
Rat IL-1f3 ACTCATTGTGGCTGTGGAGA TAGCAGGTCGTCATCATCCC
Rat IL-6 CCACTGCCTTCCCTACTTCA TTCTGACAGTGCATCATCGC
Rat MIP-2 AACATCCAGAGCTTGACGGT ACGATCCTCTGAACCAAGGG
Rat IFN-y GTGTCATCGAATCGCACCTG GGTGACAGCTGGTGAATCAC
Rat MCP-1 GCTGCTACTCATTCACTGGC ATTGGGGTCAGCACAGATCT

TNF-a, tumor necrosis factor-a; IL-1f, interleukin-1§; IFN-v, interferon-y.

(Sigma-Aldrich, St. Louis, MO, USA), dissolved in 90:10
propylene glycol:ethanol at 0.5 ug/kg body weight, while the
vehicle subgroups received the solvent only. Paricalcitol or
vehicle was administered through i.p. injection 30 min prior
to exposure to hyperoxia, and on every other day (1, 3, 5... 21)
afterwards.

Histology. Lungs were collected and sectioned at a thick-
ness of 4 ym. The slides were stained with H&E (Beyotime
Institute of Biotechnology, Haimen, China) at room tempera-
ture. Radial alveolar counts (RAC) were measured by drawing
a perpendicular line from the center of the most peripheral
bronchiole to the pleura or the nearest interlobular septum and
counting the number of alveoli transected by this line. Every
section was evaluated by two pathologists who were blind to
the study design.

Masson-trichrome staining was performed using a comme-
rcial kit (Beyotime Institute of Biotechnology) according to
the instructions. ECM deposition was analyzed by Image Pro
Plus 6.0 (Media Cybernetics, Rockville, MD, USA).

Wet/dry ratio of the lung weight. The right upper lung lobes
were excised and weighed to determine the wet lung weight.
They were dried in an oven at 80°C for 48 h until the weights
stopped to change. They were then weighed again for the
dry weight. Wet/dry ratio of the lung weight was calculated
accordingly.

Bronchoalveolar lavage fluid (BALF) collection. After anes-
thesia by intraperitoneal injection with a cocktail of xylazine
(Rompun 2%; Bayer AG, Leverkusen, Germany) and ketamine
(Ketavest; 100 mg/ml; Pfizer, Inc., New York, NY, USA), the
trachea was exposed and the lungs were lavaged three times
with 0.2 ml sterile saline/wash. The fluids were collected and
stored at 4°C. The BCA method was used to test the protein
concentrations in the fluids.

Real-time PCR. Total RNA was isolated from the lung tissues
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
First-strand cDNAs were synthesized with a PrimeScript RT
reagent kit (Takara Biotechnology Co., Ltd., Dalian, China).
Real-time PCR was performed in a 20-xl mixture using a
SYBR-Green PCR reagent kit (Clontech Laboratories, Inc.,
Mountainview, CA, USA) and a Bio-Rad IQ5 real-time
system. The 242% formula was used to quantify the relative

expression of mRNA. 3, microglobulin (B2M) was used as an
internal control. Sequences of the PCR primers are provided
in Table I.

Terminal deoxynucleotidyltransferase-mediated dUTP
nick-end labelling (TUNEL) staining. TUNEL staining was
performed using an In Situ Cell Death Detection kit, TMR red
(Roche Diagnostics, Indianapolis, IN, USA) according to the
manufacturer's instructions. The number of TUNEL-positive
cells/field was recorded and compared statistically.

Western blot analysis. Total proteins were harvested from
the lung tissue. Equal amounts of proteins (50 ug/lane)
were separated by 10% polyacrylamide gel electrophoresis,
and the proteins were transferred electrophoretically onto
polyvinylidene difluoride membranes (EMD Millipore,
Billerica, MA, USA). The membranes were then incubated
with primary antibodies. The primary antibodies and their
concentrations were as follows: anti-TLR4 (1:1,000 dilution;
ab30667), anti-caspase-3 (1:1,000 dilution; ab52293) and
anti-B-actin (1:5,000 dilution; ab8226) (all from Abcam).
After being washed with TBST 3 times, the membranes were
then incubated at room temperature for 1 h with horseradish
peroxidase-conjugated secondary antibodies (goat anti-rabbit
and anti-mouse IgG-HRP; Cat. nos. sc-2004 and sc-2005,
respectively; 1:2,000 dilution; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA).

Statistical analyses. All continuous data are presented as
mean * standard deviation (SD). Statistical comparison
of continuous variables between groups was performed
using the Student's t-test or one-way ANOVA (followed
by Games-Howell test) with GraphPad Prism software 6.0
(GraphPad Software Inc., La Jolla, CA, USA) and SPSS 17.0
(SPSS Inc., Chicago, IL, USA). Rank data were analyzed using
Wilcoxon rank test. P<0.05 was considered to indicate a statis-
tically significant result.

Results

Vitamin D attenuates developmental retardation caused
by hyperoxia and promotes the survival rate. In rats treated
with hyperoxia, developmental retardation was observed
from day 3, as represented by a decreased body weight
compared to the control groups. Vitamin D significantly



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 39: 1403-1408, 2017

A 501 =3 Norm+Ctrl
0 =3 Norm+VD
S == Hyp+Ctrl e
= 30{ = Hyp+vD -
k=
@ e
3 —_—
= 204
=} ok
[=] —_
o L
10+
0-

1day 3days 7days 14days 21days

1405

w

—

[

=]
1

Norm+Ctrl
==+ Norm+VD
204 — Hyp+Ctrl
==+ Hyp+VD
0 L} T T L L] L] 1
0 3 6 9 12 15 18 21
Days after hyperoxia

Percent survival (%)
@
s

Figure 1. General status of research animal groups. (A) The average body weight of the four rat groups. (B) Rates of survival in the four groups. n=9 in the
normoxia group, n=15-17 in the hyperoxia group. Norm + Ctrl, normoxia and vehicle; Norm+VD, normoxia and paricalcitol; Hyp+Ctrl, hyperoxia and vehicle;
Hyp+VD, hyperoxia and paricalcitol. P<0.05 refers to the difference between the survival rates of the Hyp+Ctrl and Hyp+VD group. “P<0.01 and "P<0.001.
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Figure 2. Morphological changes of the lungs. (A) H&E staining of the lungs 3,7 and 14 days after exposure to hyperoxia (n=6 in each group). Magnification, x200.
(B) Radial alveolar counts (RAC) in the lungs 3, 7 and 14 days after exposure of hyperoxia (n=6 in each group). “P>0.05 and “P<0.01. (C) Masson staining
of the lungs (n=6 in each group). Magnification, x200. (D) Fold-change in Masson staining density compared to the Norm+Ctrl group (n=6 in each group);
“P<0.05. Norm+Ctrl, normoxia and vehicle; Norm+VD, normoxia and paricalcitol; Hyp+Ctrl, hyperoxia and vehicle; Hyp+VD, hyperoxia and paricalcitol.

attenuated this retardation, but did not influence the body
weights of the normoxia groups (Fig. 1A). Only 35.3% of the
rats survived hyperoxia, while vitamin D increased the rate
to 73.3% (Fig. 1B). Vitamin D reduced the developmental
retardation and mortality caused by hyperoxia (n=9 in the
normoxia group, n=15-17 in the hyperoxia group).

Vitamin D preserves lung structure and decreases extracel-
lular matrix deposition induced by hyperoxia. We investigated
lung structures microscopically. Hyperoxia led to aberrance,

infiltration of neutrophils and destruction of normal alveolar
walls. Decrease in the numbers of alveoli and secondary
septa, irregular alveolar shape and thickening of the alveolar
wall were also observed. Compared to the control groups,
vitamin D-treated lungs presented with more intact structures
and less inflammation (Fig. 2A). RAC, which represent the
status of alveolarization, started to differ 7 days after hyper-
oxia (Fig. 2B). Masson staining was performed in rats after
7 days of hyperoxia. Hyperoxia induced extracellular matrix
deposition in the alveolar wall, while vitamin D attenuated
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Figure 3. Extent of lung edema and barrier functions. (A) The wet/dry (W/D) ratio of lung weights (n=6 in each group). (B) The protein concentration in the
bronchoalveolar lavage fluid (BALF) (n=6 in each group). Norm+Ctrl, normoxia and vehicle; Norm+VD, normoxia and paricalcitol; Hyp+Ctrl, hyperoxia and

vehicle; Hyp+VD, hyperoxia and paricalcitol. ““P<0.01 and *“P<0.001.
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Figure 4. Expression of inflammatory cytokines and chemokines (n=6-8 in
each group). Norm+Ctrl, normoxia and vehicle; Norm+VD, normoxia and
paricalcitol; Hyp+Ctrl, hyperoxia and vehicle; Hyp+VD, hyperoxia and pari-
calcitol. "P<0.05, “P<0.01 and “"P<0.001.

this change. This attenuating effect was also observed in the
normoxia groups (Fig. 2C and D) (n=6 in each group).

Vitamin D relieves lung edema, maintains barrier func-
tion and inhibits inflammation in hyperoxia-treated rats.
We recorded the wet/dry ratio of the lung weight in all the
groups, which is a good indicator of lung edema. Hyperoxia
increased this ratio, indicating more water leakage into the
alveolar space. Vitamin D treatment significantly attenuated
lung edema (Fig. 3A). Similar change was also observed in
the BALF protein content, showing the protective effect of
vitamin D on the epithelial cell barrier function (Fig. 3B) (n=6
in each group). Then we measured the expression of inflam-
matory mRNAs in the lung tissue. Hyperoxia stimulated the
expression of inflammatory cytokines and chemokines, while
vitamin D significantly inhibited the stimulation (Fig. 4)
(n=6-8 in each group).

Vitamin D decreases alveolar cell apoptosis by downregu-
lating TLR4. We performed TUNEL staining to investigate
apoptosis in the alveolar cells 7 days after exposure to hyper-
oxia. In the normoxia groups, TUNEL-positive cells were

scarce. Hyperoxia led to a marked increase in the number of
TUNEL-positive cells, while vitamin D was protective against
hyperoxia-induced apoptosis (Fig. 5A). The apoptotic index
was calculated as the number of apoptotic cells/field, which
was significantly increased by hyperoxia and ameliorated by
vitamin D (Fig. 5B). Western blotting showed activation of
TLR4 and a subsequent increase in the expression of caspase-3,
a downstream apoptotic protein in the hyperoxic group.
Vitamin D treatment suppressed TLR4 expression and subse-
quently the expression of cleaved caspase-3 (Fig. 5C and D)
(n=6 in each group).

Discussion

This study demonstrated that vitamin D attenuates hyper-
oxia-induced lung injury in neonatal rats, by protecting the
integrity of the lung structure, decreasing ECM deposition
and inhibiting inflammation. The mechanism may lie in the
anti-apoptotic effect of vitamin D by downregulating TLR4.

Hyperoxia-induced lung injury has been a focus of recent
research, for it best simulates BPD, a disease that severely
impairs the lung function in preterm births. The number of
macrophages, the surface volume of gas exchange and the
volume of lung parenchyma are decreased, while the area of
atelectasis is increased (17). Hyperoxia induces the production
of ROS, which subsequently activates several downstream path-
ways, represented by the MAPK and NF-«kB cascades (4,18).
Therefore it causes the release and accumulation of inflamma-
tory mediators in the alveolar space (19). Moreover, hyperoxia
may destruct both the endothelial and the epithelial barriers
by downregulating tight junction proteins (20,21). We also
observed deposition of extracellular matrix and retarded lung
development, as reported in our preview study (22).

Through the production of ROS, hyperoxia regulates the
expression of TLRs, and thereby activates NF-kB-related
expression of inflammatory cytokines (4). TLRs are important
components of the innate immunity, which can identify all
types of microbial structures. In the lung, they protect the
host from environmental oxidants and invading microbes (23).
As the receptor of LPS and a key component in the NF-kB
pathway, TLR4 is essential for survival and lung integrity,
by sensing microbial components, exogenous oxidants and
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Figure 5. Alveolar epithelial cell apoptosis and the expression of Toll-like receptor 4 (TLR4). (A) TUNEL staining of the lung tissues. Arrows refer to the apop-
totic cells (n=6 in each group). Magnification, x200. (B) Apoptotic index, calculated as the number of apoptotic cells/field (n=6 in each group). “P>0.05 and
“*P<0.001. (C) Western blotting of TLR4, caspase-3 and its cleaved form (n=6 in each group). (D) Relative protein quantification of TLR4 and caspase-3 (n=6
in each group). "P<0.05 and “P<0.01. Norm+Ctrl, normoxia and vehicle; Norm+VD, normoxia and paricalcitol; Hyp+Ctrl, hyperoxia and vehicle; Hyp+VD,

hyperoxia and paricalcitol.

modulating inflammatory and apoptotic responses (24).
Mutation or deletion of TLR4 has an anti-inflammatory effect
on endotoxin-induced inflammation and ischemic-reperfusion
injury (19). Activation of TLR4 is also responsible for neonatal
necrotizing enterocolitis-associated lung injury, which has
a similar but more severe pathological process compared to
other forms of premature-associated lung injury (25).

Hyperoxia has been found to elevate the expression of
TLR4 in A549 cells (5), and in this study, in neonatal rat
lungs. This over-activation of TLR4 led to increased rele-
ase of inflammatory mediators including tumor necrosis
factor-a (TNF-a), interleukin-1f (IL-1B), IL-6, MIP-2,
interferon-y (IFN-y) and MCP-1. Over-activation of TLR4
has been reported to promote neutrophil recruitment and
microvascular and alveolar epithelial injury in a dose-depen-
dent manner (26). Apoptosis was induced subsequently, as
confirmed by increases in the number of TUNEL-positive
cells and the expression of caspase-3.

Vitamin D largely preserved normal lung structure in the
hyperoxia-induced lung injury. The aberrance, mal-develop-
ment of the alveoli and the deposition of extracellular matrix
were attenuated by vitamin D. We observed less infiltration of
neutrophils and reduction in the release of pro-inflammatory
cytokines, indicating an anti-inflammatory effect of vitamin D
on hyperoxia-induced lung injury. This effect has also been
observed in models of inflammatory bowel diseases and
ischemic-reperfusion injury (8,9). Our previous study found
that vitamin D receptor-knockout mice showed a more

intense inflammatory response to LPS and vitamin D treat-
ment decreased the secretion of pro-inflammatory cytokines
in LPS-induced lung injury (11). The anti-apoptotic role of
vitamin D was also demonstrated in pulmonary tissue (10).
Agonists of vitamin D receptor relieved cardiomyocyte
apoptosis in a model of myocardial ischemic-reperfusion (27).
Vitamin D ameliorated intestinal epithelial apoptosis in
2 4,6-trinitrobenzene sulphonic acid-induced colitis by inhib-
iting the expression of caspase-3 and p53 (28). Such an effect
was also observed in pulmonary epithelial cells (11).

Many studies have indicated that these anti-inflammatory
and anti-apoptotic effects of vitamin D function through
the TLR4 pathway. Vitamin D has been demonstrated to
downregulate TLR4 in liver cells, human monocytes THP-1,
antigen-presenting cells and keratinocytes, resulting in a lower
inflammatory response and reduced apoptosis (13-15,29).
While hyperoxia upregulated the expression of TLR4,
vitamin D treatment significantly attenuated this increase,
and thereby exerted its anti-inflammatory and anti-apoptotic
functions.

In conclusion, hyperoxia may destruct lung structure,
retard lung development and cause deposition of extracel-
lular matrix. The release of pro-inflammatory cytokines and
the increase in pulmonary epithelial cell apoptosis may be
caused by activation of TLR4. Vitamin D administration can
antagonize the activation of TLR4 and therefore alleviate
inflammation, reduce apoptosis and preserve lung structure.
Since hyperoxia-induced lung injury is a typical model of
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BPD, vitamin D may be of curative or preventive value to
patients with BPD.
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