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Caffeine prevents hyperoxia-induced lung
injury in neonatal mice through NLRP3
inflammasome and NF-kB pathway
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Abstract

Background: Bronchopulmonary dysplasia (BPD) is a common chronic lung disease in premature infants and
hyperoxia exposure is a major cause. In hyperoxic lung injury animal model, alveolar simplification and pro-
inflammatory cells infiltration are the main pathophysiologic changes. Caffeine is a drug used to treat apnea in
premature infants. Early use of caffeine can decrease the rate and the severity of BPD while the mechanisms are still
unclear. The purpose of this study was to evaluate the effects of caffeine on inflammation and lung development
in neonatal mice with hyperoxic lung injury and to explore the possible mechanism.

Methods: Following 14 d of 75% oxygen exposure in newborn mouse, the BPD model was established. Caffeine at
a dose of 1 g/L was added in drinking water to nursing mouse. We measured the concentration of caffeine in
serum and oxidative stress in lung by commercially available kits. Adenosine 2A receptor (A,AR) expression and
lung inflammation were measured by Immunohistochemistry and western blotting. Apoptosis and surfactant
protein-C (SFTPC) levels were measured by immunofluorescence. The inflammasome and NF-kB pathway proteins
were assessed by western blotting.

Results: We found that the caffeine concentration in plasma at present dose significantly decreased the expression
of A,aR protein in mice lung. Caffeine treatment significantly reduced oxidative stress, improved weight gain,
promoted alveolar development, attenuated inflammatory infiltration and lung injury in hyperoxia-induced lung
injury mice. Moreover, caffeine decreased the cell apoptosis in lung tissues, especially the Type Il alveolar epithelial
cell. The expression of NLRP3 inflammasome protein and NF-«kB pathway were significantly inhibited by caffeine
treatment.

Conclusion: Caffeine treatment can protect hyperoxia-induced mice lung from oxidative injury by inhibiting NLRP3
inflammasome and NF-kB pathway.
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Background

Bronchopulmonary dysplasia (BPD) is a common
chronic lung disease (CLD) in premature infants, espe-
cially those with extremely low birth weight or / and ex-
tremely preterm [1]. Alveolar simplification is the main
BPD-associated pathological change observed in the
lungs that impacts effective gas exchange and lung func-
tion [2, 3]. Oxygen toxicity is a major risk factor for pre-
mature infants to develop BPD. When premature lung is
exposed to high oxygen level, excessive oxidative stress
will overtake the scavenging abilities of immature organ
system [4, 5]. As a result, excess reactive oxygen species
(ROS) can activate specific inflammatory cells, increase
the inflammatory cytokines and proteins level in the
lung, resulted in lung injury and cell death, particularly
alveolar epithelial cells.

The excessive production and release of inflammatory
cytokines play important roles in the mechanism of
hyperoxic induced acute lung injury (HALI) [6]. Many
studies have shown that an increase of pro-inflammatory
factors, such as IL-6, IL-1B, and TNF-a, may activate
cyto-immune responses, damage lung epithelial and
endothelial cells and result in the development of BPD
[7-9]. Among these proinflammatory factors, cyclooxy-
genase (COX) enzymes are considered as important
rate-limiting enzymes involved in inflammatory tissue
injury. Notably, COX-2 expression is significantly in-
creased in inflammatory disease and closely related to
neutrophil, monocyte function [10, 11]. Additionally,
myeloperoxidase (MPO) is an important factor which is
closely related to neutrophils activation [12].

Currently, IL-1p has been confirmed to activate
inflammasome formation, which is a biomarker reflect-
ing the cellular immune stress response. Inflammasome
is a multi-protein complex which mainly combine with
Caspase-1 [13]. Among the proteins in the inflamma-
some, NLRP3 is the most widely studied and an in-
creased level can be found during oxidative stress and
systemic infections [14, 15]. NLRP3, ASC and Caspase-1
are the main components of the NLRP3 inflammasome
[16]. Grailer et al. found that compared with control
mice, Caspase-1 and NLRP3 knockout mice could re-
duce the albumin leak and IL-1p expression in BALF,
which affected the numbers of neutrophils in LPS-
induced ALI mice [17]. Yoshiko found that NLRP3 could
affect macrophage and neutrophil function and contrib-
ute to the pathophysiology of HALI [18]. Liao found that
the NLRP3 inflammasome was a key mechanism in the
development of BPD [19].

Caffeine is a methylxanthine drug used to prevent and
treat apnea in premature infants in the neonatal inten-
sive care unit (NICU). As reported, Caffeine can effect-
ively block nonspecific adenosine receptors (AR) and
weaken the inhibitory effect of neurotransmitters on
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respiratory drive [20]. AR is a G protein-coupled re-
ceptor which had a high affinity to caffeine, and can acti-
vate a series of downstream pathways in brain injury
[21]. In a clinical study, the early use of caffeine was
found to reduce the incidence of BPD and the mechan-
ical ventilation time [22]. In animal models, Teng found
that caffeine reduced endoplasmic reticulum stress levels
in hyperoxia-induced lung injury rats [23]. Fehrholz
found caffeine had a significant anti-inflammatory effect
and down-regulated the abnormal Smad pathway in in-
flammatory A549 cells [24].

NF-«B is a key transcription factor related to inflam-
mation, which can stimulate inflammatory response and
cause cell apoptosis and injury by regulating inflamma-
tory related factors. When THP-1 macrophages were ex-
posed to LPS, Zhao found that caffeine inhibited NF-xB
pathway, reduced the inflammasomes activation, and de-
creased cell apoptosis [25]. However, the specific mech-
anism on oxidative stress and NF-kB pathway in
hyperoxia mice following caffeine treatment remains
unclear.

In our present study, we investigated the effect of caf-
feine on inflammation and lung injury in a mouse model
of BPD. The oxidative stress, inflammatory reactions,
and especially the role of the inflammasome and NF-xB
pathways in the caffeine-mediated protective effects were
evaluated.

Materials and methods

Animals and study design

C57BL/6 mice were obtained from the Animal Center of
the Chinese Academy of Science (Shanghai, China). All
animal experiments were conducted in compliance with
the Guidelines for the Care and Use of Laboratory Ani-
mals from the National Institutes of Health and were ap-
proved by the laboratory Animal Ethics Committee of
Wenzhou Medical University (the approval code number
is wydw2019-0695).

Adult mice were crossed to deliver litters for subse-
quent studies. At full term (d 21-22 of pregnancy), the
dams delivered naturally, and the pups were pooled, ran-
domized, and returned to the nursing dams within 6 h.
Afterwards, the pups were divided into four experimen-
tal groups: the Normoxia (NO) group; the Normoxia +
Caffeine (NC) group; the Hyperoxia (HO) group; and
the Hyperoxia + Caffeine (HC) group. A solution of 1 g/
L caffeine (Sigma Aldrich, St. Louis, USA) was prepared
in drinking water and administered to nursing mothers
from postnatal day 0 (P0)-P14 as described previously
[26]. The mice in the Normoxia and Hyperoxia groups
were exposed to drinking water without caffeine. The
mice exposed to normoxia were placed in room air with
21% oxygen, and the mice exposed to hyperoxia were
placed in 75% oxygen for 14days. The continuous
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exposure to 75% O, was achieved in a Plexiglass cham-
ber flow-through system, and the O, level inside was
continuously monitored with an O, analyzer. Nursing
dams (HO with NO group dams, HC with NC group
dams) were rotated between the litters exposed to hyper-
oxia and normoxia every 24h to prevent O, toxicity.
The chamber was opened once per day for 0.5h to re-
place the food and water. The body weight of the mice
in each group was determined on P7 and P14.

All neonatal mice were survived during the entire ex-
perimental period. The mice in each group were sacri-
ficed on P14 by an intraperitoneal injection of 1%
pentobarbital (50 mg/kg body weight). For each group, 8
micewere sacrificed for weigh, lung tissues and blood, 6
mice were anesthetized and detect lung morphometric
analyses (repeat two times). All 56 mice were used in
this study. Blood was collected from the right ventricle
and centrifuged at 3000 rpm for 10 min at 4°C. Then,
the supernatant was stored at - 80°C for further ana-
lysis. The lung tissues were harvested and collected as
described below.

Caffeine concentration in serum

The concentration of caffeine in serum was assessed by
a standardized sandwich enzyme-linked immunosorbent
assay (ELISA) kit (Biovision Inc., CA, USA) according to
the manufacturer’s protocol. The ELISA plate was read
at 450 nm and analyzed based on the standards.

A,4R expression in lung tissues

Immunohistochemistry and western blotting were used
to determine A,5R expression in lung tissues. For im-
munohistochemistry, five-micrometer  sections of
paraffin-embedded lung tissue were deparaffinized in xy-
lene and rehydrated with graded ethanol solutions.
Then, the sections were blocked in PBS containing 0.5%
Triton X-100 for 15 min and pretreated with 5% bovine
serum albumin for 30 min. The A;AR antibody (1:100)
(Abcam, Cambridge, UK) was diluted in 10 mM PBS,
and a total of 50 pl was added to the sections (overnight
at 4°C). The next day, the sections were treated with
secondary antibodies (1:500, Biosharp Life Science,
Hefei, China) (1h at room temperature) and stained
with  3,3’-diaminobenzidine (DAB) (30s at room
temperature). The western blot assay used to quantify
A, AR expression is described below.

Assessment of lung inflammation

Immunohistochemistry and western blotting were used
to determine COX-1, COX-2 and MPO expression in
lung tissues. The process was described above. The fol-
lowing primary antibodies were used: COX-1 (1:100);
COX-2 (1:100) (Cell Signaling Technology, MA, USA);
and MPO (1:50) (Abcam, Cambridge, UK). To measure
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MPO expression in the alveoli, MPO-positive cells were
counted in a high-power field (HPF). A minimum of 12
nonoverlapping fields were examined in each group. The
western blot analysis of COX-1, COX-2, TNF-a and IL-
1B (Cell Signaling Technology, MA, USA) expression is
described below.

Assessment of oxidative stress in lung tissues

Peroxides are unstable indicators of oxidative stress in
cells that decompose to form reactive compounds, such
as malondialdehyde (MDA). Superoxide dismutase
(SOD) and glutathione (GSH) are essential antioxidants
that can scavenge superoxide anion free radicals and
protect cells from hyperoxia-induced damage. The con-
centration of MDA and the activities of SOD and GSH
in lung tissues were assessed by commercially available
kits (Beyotime Biotechnology, Shanghai, China).

Lung histological and morphometric analyses

Six mice from each group were sacrificed, and the right
bronchus was ligated. The left lungs were perfused with
4% paraformaldehyde (PFA) at 20 cmH,O pressure via
an intravenous needle inserted into the trachea. The left
lungs were postfixed in 4% PFA for 48 h before the sec-
tions were embedded in paraffin and sectioned into 4-
um sections. The sections were stained with hematoxylin
and eosin (HE) (Solarbio Science & Technology, Beijing,
China) for morphometric analysis by microscopy (Nikon,
Japan). The radial alveolar count (RAC), mean linear
intercept (MLI) and mean alveolar diameter (MAD)
were measured to quantify the interalveolar distance, as
reported in previous studies [27]. MAD was calculated
as the average alveolar diameter. MLI represents the
volume-to-surface ratio of alveoli and was determined
by drawing five lines in each field and dividing the
length of each line by the number of alveoli that inter-
cepted the line. RAC was obtained by drawing a line
from the center of terminal bronchioles to the nearest
connective tissue septum and counting the number of
the alveoli on the line. All images were assessed by in-
vestigators blinded to the experimental groups.

Assessment of SFTPC expression in lung
Immunofluorescence and western blotting were carried
out for surfactant protein-C (SFTPC) expression in the
lung. The immunofluorescence process was similar with
immunohistochemistry. The antibodies were as follows:
SFTPC antibody (1:100) (Abcam, Cambridge, UK), Alex-
aFluor 488 donkey anti-rabbit secondary antibodies (1:
500, Biosharp Life Science, Hefei, China). The nucleus is
shown by DAPI. The western blot assay used to deter-
mine SFTPC expression is described below.
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Analysis of inflammasome and NF-kB pathway protein
expression in lung

Frozen lung tissues were used for protein assays. Protein
lysates were obtained using RIPA lysis buffer supple-
mented with phosphatase inhibitors and phenylmethyl-
sulfonyl fluoride (PMSF), ultrasonication for 5s three
times, and centrifugation at 12000 g for 20 min at 4 °C.
Protein concentrations were measured by a Pierce™ BCA
Protein Assay Kit. Thirty micrograms of protein were
subjected to SDS-PAGE on 4-20% Tris-glycine gels
(Bio-Rad, USA) and then electro-transferred to PVDF
membranes. The membranes were blocked in 5% nonfat
milk supplemented with TBST and incubated with pri-
mary (overnight at 4 °C) and secondary antibodies (2 h at
room temperature). Antibodies against Caspase-1 (1:
1000), SFTPC (1:1000), AjsR (1:1000) (Abcam,
Cambridge, UK), NLRP3 (1:1000), ASC (1:1000), COX-1
(1:1000), COX-2 (1:1000), Caspase-3 (1:1000), NF-«xB (1:
1000), phosphor-NF-xB  (1:1000), IkBa (1:1000),
phosphor-IkBa (1:1000), TNF-a (1:1000), IL-1f (1:1000)
(Cell Signaling Technology, MA, USA), and GAPDH (1:
3000) (Bioworld Technology, Inc., Nanjing, China) were
used. The protein bands were detected by Pierce™ ECL
western blotting substrate (Thermo Fisher Scientific,
Logan, USA) and visualized by a ChemiDocXRS* Im-
aging System (Bio-Rad, USA).

Measurement of cell apoptosis in lung

The TUNEL method is used to measure apoptotic DNA
fragmentation. The In Situ Cell Death Detection Kit
(Roche, South San Francisco, CA, USA) was used ac-
cording to the manufacturer’s protocol. Five-micrometer
sections of paraffin-embedded lung tissue were deparaf-
finized in xylene and rehydrated through graded ethanol
solutions. Then, the sections were treated with 20 pg/ml
proteinase K (15 min at 37 °C) and rinsed with PBS three
times. A total of 50 pl of TUNEL reaction mixture was
incubated with the slides in a dark humidified chamber
(1 h at 37 °C). Then, the sections were treated with DAPI
(5 min at room temperature) and rinsed with PBS three
times. Apoptotic cells emitted strong green fluorescence
from the nucleus according to the manufacturer’s proto-
col. The images were analyzed by Image] software. The
results are shown as the percent of apoptotic cells.

Statistical analysis

The experiments were performed in triplicate and re-
peated a minimum of three times. The data are pre-
sented as the mean + SD and were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey’s post
hoc test and Dunnett post hoc test versus the NO group
(equal variance) or Dunnett T3’s post hoc test (unequal
variance) for multiple comparisons. Correlation analyses
were performed by Spearman’s rank correlation.
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Statistical analysis was carried out by SPSS Statistics ver-
sion 19.0 (SPSS Inc., Chicago, IL) or GraphPad 6.0
(GraphPad Software, San Diego, CA, USA). Values of
P <0.05 versus the indicated group were considered sta-
tistically significant.

Results

The concentration of caffeine in serum

The caffeine level in plasma was detected by ELISA on
P14. As shown in Fig. 1a, the level was below the detec-
tion limit in the Normoxia and Hyperoxia groups, while
the level ranged from 195.01 ng/mL to 414.60 ng/mL
when caffeine (1 g/L) was added to the water of nursing
mothers. There was a significant difference in the groups
administered caffeine and the groups administered pure
water, and there was no difference in the caffeine con-
centration of the Normoxia + Caffeine (267.19 + 75.40
ng/mL) and Hyperoxia + Caffeine (292.75 + 34.02 ng/
mL) group.

The A,4R level in neonatal mouse lung

The A,4R level in the lung was detected by immunohis-
tochemistry and western blotting. The expression of
AR in the lung was increased in hyperoxia-exposed
mice compared with normoxia-exposed mice, as shown
in Fig. 1b. Caffeine is an adenosine receptor antagonist,
and the AR level of the Normoxia + Caffeine group
was lower than that in the normoxia control group.
AR expression was decreased in the Hyperoxia + Caf-
feine group compared with the Hyperoxia group, and
there was no significant difference in the AjsR levels
of the Normoxia group and the Hyperoxia + Caffeine
group. These results indicated that caffeine acts as an
AyaR antagonist and can affect A R expression in
lung cell.

Caffeine decreased oxidative stress in neonatal mouse
lung

The expression of oxidative stress in lung tissue was de-
tected by available kits. As shown in Fig.2a-c, SOD and
GSH activity were decreased and MDA level was dis-
tinctly increased in the Hyperoxia group compared with
Normoxia group. Under caffeine treatment, MDA level
decreased, and SOD and GSH activity increased. These
results showed that caffeine treatment partly decreased
the level of oxidative stress in HALI mice.

Body weight of neonatal mice

After 7 days of 75% oxygen exposure, the body weight of
mice was significantly decreased compared with the
Normoxia group. However, body weight was increased
in the Hyperoxia + Caffeine group compared with the
Hyperoxia group at P7 (Fig. 2d). Similar changes in body
weight were observed on P14 (Fig. 2e), but cannot
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completely reversed. These results showed that caffeine
could increase the weight of mice after exposure to high
oxygen.

Effect of caffeine on the alveolar simplification of lung
tissue

The lung development is shown in Fig. 3 by HE staining.
The lung in the Normoxia group showed intact lung
structures with a normal alveolar epithelium, uniform al-
veolar septum and clear arrangement of airway and
blood vessels. And in the Normoxia + Caffeine group,
the lung sections had a similar structure to that in the
Normoxia group. After 14 days of high oxygen exposure,
we observed a markedly simplified alveolar appearance
in the lungs of mice exposed to hyperoxia (Fig. 3a). In
per unit area, the alveolar volume increased, the number
of alveoli decreased, and the alveolar interval increased,
as represented by the decrease in RAC and the increase
in MLI and MAD (Fig. 3b-d). These results suggested
that exposure to high oxygen levels increased alveolar
injury, resulted in alveolar simplification and delayed
lung development. Alveolar simplification was signifi-
cantly improved in the Hyperoxia + Caffeine group com-
pared with the Hyperoxia group. Moreover, the alveolar
septum was thinner in the Hyperoxia + Caffeine group
than that in Hyperoxia group. Compared with the
Hyperoxia group, the Hyperoxia + Caffeine group had
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increased RAC and decreased MLI and MAD (Fig. 3).
These results indicated that caffeine treatment could re-
store hyperoxia-induced changes in alveolar formation.

Caffeine decreased inflammation infiltration in the mouse
lung

The expression of inflammatory cytokines in the lung
was detected by immunohistochemistry and western
blotting. We detected the levels of COX-1, COX-2,
MPO and TNF-a and IL-1P. As shown in Fig. 4a-b, the
levels of COX-1 and COX-2 were significantly higher in
Hyperoxia group than that in the Normoxia group. Caf-
feine decreased the protein expression of COX-2, but
not that of COX-1. MPO, a characteristic marker of
myeloid cells, was found on neutrophils, monocytes and
macrophages. The MPO level can reflect the activation
of neutrophils. As shown in Fig. 4a, MPO-positive cell
were found in the lung alveolar space and respiratory
airway. The number of MPO-positive cells was signifi-
cantly increased in the Hyperoxia group, and caffeine
decreased that on P14 (Fig. 4c).

We detected the expression of TNF-a and IL-1B pro-
tein in lung tissue. As shown in Fig. 4d, we observed in-
creased TNF-a level in the lung of the Hyperoxia group
compared with those of the Normoxia group. The caf-
feine treatment reduced TNF-a level, almost to that in
Normoxia group. Similar change in the IL-1p level was
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Fig. 3 Effect of caffeine on pulmonary alveolar simplification in lung. Hyperoxia exposure led to marked alveolar simplification as shown by the

HE staining in the images and by the assessment of RAC, MLI and MAD. Caffeine treatment improved the hyperoxia-induced impairment of
alveolar growth. a Representative HE staining (light microscopy, x 100) of lung tissue slides from each group. Scale bars =100 um. b
Semiquantitative pathology determination of RAC in lung tissues. ¢ Semiquantitative pathology determination of MLI in lung tissues. d
Semiquantitative pathology determination of MAD in lung tissues. The values are the mean + SD; n =6 mice/group. **P < 0.01 Hyperoxia (HO)
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found. These results suggest that caffeine ameliorated
the inflammation reaction induced by hyperoxia in lung.

Caffeine increased SFTPC expression in neonatal mice
Type II alveolar epithelial cell is the stem cell in the
newborn lung that can effectively differentiate into Type
I alveolar epithelial cell, which constitute the alveolar
structure involved in pulmonary respiratory function.
SFTPC protein is the characteristic protein expressed in
Type 1I alveolar epithelial cell. The level of SEFTPC pro-
tein in the lung tissue was detected by immunofluores-
cence and western blotting. As shown in Fig. 5a, the
SFTPC in the Normoxia group and the Normoxia + Caf-
feine group was similar. However, it was lower in Hyper-
oxia group compared with Normoxia group. Caffeine
treatment could reverse the hyperoxia-induced reduction
in SFTPC expression to a level lower than that in Nor-
moxia group. This finding revealed that caffeine had a
positive effect on the quantity of Type II alveolar epithe-
lial cells in HALI mouse lung.

Caffeine decreased the cell apoptosis associated with
hyperoxia exposure in neonatal mice

The TUNEL method was used to detect cell apoptosis in
mouse lungs. As shown in Fig. 5b, there was almost no
cell apoptosis in the Normoxia and Normoxia + Caffeine
group. After 14 days of 75% oxygen exposure, cell apop-
tosis was significantly increased in the Hyperoxia group
compared with Normoxia group. After treatment with
caffeine, the hyperoxia-induced cell apoptosis was mark-
edly decreased, similar to the level in the Normoxia

group.

Caffeine decreased the expression of NLRP3
inflammasome proteins and the phosphorylation of NF-
kB pathway in the lungs

To evaluate the effect of caffeine on inflammasome pro-
teins in the lung, we examined lung tissues by western
blot analyses. We quantified the expression of ASC,
NLRPS, Caspase-1 and Caspase-3 in the lungs. As shown
in Fig. 6a-d, ASC expression was increased in the
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Hyperoxia group compared with the Normoxia group,
and this effect could be partly reversed by the caffeine
intervention. Similar changes were found in the protein
expression of NLRP3 and Caspase-1. There was no sig-
nificant difference in the protein expression of Caspase-
3 among the mouse treatment groups.

Next, we investigated whether caffeine could change
the phosphorylation levels of members of the NF-kB
pathway in neonatal mice exposed to hyperoxia. As
shown in Fig. 6e-f, hyperoxia exposure could activate the
NE-kB pathway as phosphor-IkBa and phosphor- NF-«B
were markedly increasing in the Hyperoxia group. Caf-
feine could partly decrease the activation of the NF-kB
pathway. These results indicate that caffeine has a posi-
tive effect on the formation of the inflammasome and

the activation of the NF-kB pathway in mouse lungs
after hyperoxic exposure.

Correlations among serum caffeine concentration, A;5R
protein and lung injury outcomes

Finally, we determined the association between caffeine
concentration, A;,R protein and lung injury outcomes.
As shown in Fig. 7a, the caffeine concentration was
negatively correlated with A,,R protein (P < 0.01). More-
over, in the analysis of AysR protein and other lung in-
jury indexes, there was a negative correlation between
AR protein and mice body weight on P14, SFTPC pro-
tein, and a positive correlation between A,sR protein
and apoptosis cell, pro-inflammatory cytokines and
phosphor-NF-«B protein (Fig. 7b-g).
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Discussion

BPD is a common clinical complication in premature
infants. Prolonged exposure of immature lungs to
high levels of oxygen has been reported to be one of
the main reason in the development of BPD [28]. The
early use of caffeine has been clinically confirmed to
effectively reduce the incidence of BPD [29], but the
specific mechanism remains unclear and has not been
thoroughly studied. We established a BPD model in
neonatal mice by exposing mice to 75% oxygen. Caf-
feine was administered to nursing mice, which re-
sulted in a distinct effective caffeine content in the
blood and in antagonistic, competitive binding with
AR in the lung cells of neonatal mice.

We found that caffeine effectively reduced the oxi-
dative stress, improved weight gain, promoted alveolar
development, reduced inflammatory infiltration and
lung cell injury induced by hyperoxia in mice. More-
over, caffeine could decrease the apoptosis and pro-
mote the proliferation of type II alveolar epithelial
cells. The mechanism may be related to the reduction
of NLRP3 inflammasome formation and the down-
regulation of the NF-kB pathway.

Caffeine is a non-selective adenosine A; and A, re-
ceptors inhibitor, which stimulate respiratory center,
increase CO2 sensitivity, and enhance respiratory
muscle contractility. A number of studies, such as
Dayanim, Teng, Rath, and Nagatomo [23, 30-32],
used intraperitoneal injections to reach the effective
concentration in neonatal mice. In Teng’s study, caf-
feine was reported as a non-selective phosphodiester-
ase inhibitor [23]. In Endesfelder’s research, caffeine
was reported as a potent antioxidant [33]. One of the
advantages of our experiment was that we added caf-
feine to the drinking water of nursing mice. By giving
the mother mice drinking water containing 1g/L of
caffeine, the mice were able to achieve a serum caf-
feine concentration of 195-414.6 ng/mL, same re-
ported as previously [26]. So the concentration above
in HC and NC group could effectively block A,5R,
the target of caffeine in the lung.

High oxygen exposure lung injury is the most com-
mon model in newborn pups for BPD, which can
cause alveolar simplification, vascular malformation
and pulmonary fibrosis in lung. Compare the lung de-
velopment stage in mice and human, we exposed the
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neonatal mice to 75% oxygen on postnatal day 0-14,
which represents the saccular and alveolar stage in
mice [34, 35]. Moreover, exposure to high levels of
oxygen inevitably leads to the production of excess
oxygen radicals [6]. Our study found that MDA level
was increased and that SOD and GSH activity de-
creased in neonatal mice after hyperoxic exposure,
which confirmed the effective establishment of a
hyperoxic lung injury model. Compared with nor-
moxic conditions, hyperoxic exposure resulted in de-
creased postnatal weight gain, distinct alveoli
simplification, increased inflammatory protein expres-
sion, marked inflammatory cell infiltration, and in-
creased apoptotic cells in mice. After the caffeine
intervention, the weight gain of neonatal mice was
significantly improved, nearly the same as that of the
mice in the NO group on P7, indicating that caffeine
could help improve hyperoxia-induced weight loss.
The number of alveoli per unit lung area was signifi-
cantly increased, RAC increased, MAD and MLI de-
creased in the HC group mice compared with the
HO group mice, which was similar to Teng’s report
[23]. Moreover, compared with the HO group, the
HC group exhibited deceased TNF-a and IL-1f

expression and decreased neutrophil infiltration. The
TUNEL results also showed a marked reduction in lung
cell apoptosis following caffeine treatment. The above data
indicated that caffeine could reduce the severity of
hyperoxia-induced lung injury, affect the inflammatory cy-
tokines and alveolar injury degree. And this result was
similar with that in Weichelt’s study [36].

COX is a rate-limiting enzyme induced by inflammation
or tissue injury that catalyzes the reaction that changes ara-
chidonic acid into prostaglandin (PG) and regulates various
physiological and pathological processes [37]. COX-1 is
widely found on the surface of blood vessels, plays a role in
the generation of PG and protects cells and tissues. Add-
itionally, COX-2 mainly mediates the release of various
proinflammatory mediators after inflammatory stimulation
[38, 39]. In Teng’s study, COX-2 level was higher in hyper-
oxia group on P10 and P21, and that could be attenuated
by caffeine, but no difference in COX-1 level [23]. Our re-
sults indicate that COX-1 and COX-2 were significantly in-
creased in lung tissues after hyperoxia exposure
andcaffeine treatment significantly decreased COX-2 ex-
pression but did not significantly change COX-1 expres-
sion. This result indicated that caffeine intervention did not
affect the expression of COX-1 in the lung, which may be
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related to the proliferation and expansion of pulmonary
blood vessels and the increase in pulmonary interstitial cells
after hyperoxic exposure. Caffeine did not affect the hyper-
oxic vascular hyperplasia caused by hyperoxic exposure.
The significant decrease in COX-2 indicated that caffeine
could reduce the expression of COX-2 in lung tissue,
thereby reducing the expression of various downstream in-
flammatory mediators, which was consistent with the de-
crease in the inflammatory factors above. Moreover, the
difference on COX-1 protein between our data and Teng’s,
maybe related to the oxygen exposure time and the experi-
mental animal, which should be studied in more research.

Type II alveolar epithelial cell is stem cell in the lung
that account for almost two-thirds of alveolar epithelial
cells [40]. SFTPC is the characteristic protein of type II
alveolar epithelial cells. Currently, there are many con-
troversies regarding SFTPC expression and high oxygen
exposure. In Johnston’s study, 95% oxygen exposure on
type II alveolar epithelial cells significantly decreased the
expression of SFTPC [41]. In Zhang’s report, high oxy-
gen exposure for 14 days significantly increased the ex-
pression of SFTPC and inhibited the transformation of
type II alveolar epithelial cells into type I alveolar epithe-
lial cells [42]. In Jin’s study, SFTPC increased from P3 to
P7 and decreased from P10 to P14 after hyperoxic ex-
posure [43]. Our data showed a distinct reduction in
SFTPC expression in the lung after 14 days of high oxy-
gen exposure using immunofluorescence and western
blotting. This reduction may be associated with impaired
alveolar development. Hyperoxia reduced the prolifera-
tion and increased the apoptosis of pulmonary cells, and
the number of type II alveolar epithelial cells was signifi-
cantly reduced in newborn mice exposed to hyperoxia
compared with newborn mice exposed to room air. The
increasing expression of SFTPC in the HC group sug-
gested that type II alveolar epithelial cells could recover
or regain function after caffeine intervention.

In Dayanim’s study, the use of caffeine would induce
the alveolar apoptosis, in contrast to Teng, Nagatomo,
Jing and our results [23, 30-32, 44]. Now, caffeine is
the first line of prevention and treatment for apnea,
which can reduce the severity of lung injury. As in
animal studies, most articles shown protective effect
and regarding the mechanism on hyperoxia-induced
lung injury in neonatal mice. Many studies had fo-
cused on the TGF-beta pathway. Tatler found that
caffeine inhibited the fibrosis response induced by the
TGEF-beta pathway in lung fibroblasts and alpha-SMA
formation [45]. Fehrholz found that caffeine affects
airway remodeling in the lung via the TGEF-betal-
Smad pathway [24]. Teng found that caffeine was a
non-selective phosphodiesterase inhibitor, reduced pul-
monary inflammation and apoptosis by inhibiting
endoplasmic reticulum (ER) stress and affected
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mitochondrial function [23]. Endesfelder found that
caffeine appeared to be a potent antioxidant and re-
duced hyperoxia-induced pulmonary oxidative stress
response in rat model [33]. In our study, as IL-1p and
TNF-a level were increased, we studied the role of
the NF-«B pathway and NLRP3 inflammasome in the
protective effect of caffeine against hyperoxia-induced
lung injury. We found that caffeine intervention in
HALI neonatal mice resulted in a significant reduction
inNLRP3 inflammasome proteins and the activation of
the NF-xB pathway. This finding suggested that the
formation of the pulmonary NF-kB pathway and
NLRP3 inflammasome was affected by the competitive
and antagonistic interaction with the lung cell A,, re-
ceptor, thereby reduced the expression of inflamma-
tory cytokines, decreasing the apoptosis of alveolar
epithelial cells, and improving the survival and growth
of lung cells in early lung development (Fig. 8).

A AR protein is recognized as an important mediator
of inflammatory and immune responses. These findings
above had showed that the treatment with caffeine
markedly reduced the expression of pro-inflammatory
cytokines, decreased the expression of NLRP3 inflamma-
some and NF-kB pathway. Then, we determined the as-
sociation between A,sR protein and inflammatory
indexes in hyperoxia mice model. We found that TNF-q,
IL-1B and phosphor-NF-kB protein were positively cor-
related to ApaR protein in mice. Take together, our data
strongly suggested that inhibition of A;sR could be an
effective therapy for high oxygen exposed ALI mice. Fur-
ther preclinical and clinical study need to address this
potential.

Some limitations of our study are to be mentioned. (i)
Our model used 75% high oxygen to establish the BPD
model, which may only reflect part of the clinical mani-
festations. (ii) Although we found that the NF-«B path-
way and NLRP3 inflammasome were increased in the
model of hyperoxia-induced lung injury, caffeine was
able to reduce this change. However, these data may not
be mechanically linked. NLRP3 or NF-«B pathway inhib-
itors should added into the future investigations. (iii)
Epithelial cells and fibroblasts play important roles in
the BPD model, and it has been reported that the effects
of caffeine on epithelial cells and fibroblasts are incon-
sistent [45], which needs to be further explored in a cell-
based experiment. (iv) We added caffeine in mother
dams’ diet at the dosage of 1g/L, other administration
mode and dosage, also Pulmonary performance on P14
or moreshould also be considered for more reliable evi-
dences in clinic.

Conclusions
In summary, our study suggested that postnatal caffeine
administration can ameliorate lung injury after
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Fig. 8 Potential mechanisms of the caffeine treatment-mediated mitigation of hyperoxia-induced lung injury in neonatal mice. High oxygen
exposure led to the release of reactive oxygen species (ROS) in newborn mice lung, activated the NF-kB pathway and NLRP3 inflammasomes
release, resulted in lung cell damage and alveolar simplification. Caffeine could antagonize AR and inhibit the NF-kB pathway, reduce the

hyperoxia exposure by reducing the activation of the
NEF-kB pathway and inhibiting the formation of the
NLRP3 inflammasome. Caffeine, as an A,, receptor an-
tagonist, reduced the pulmonary inflammatory infiltra-
tion and lung cell apoptosis, promoted type II alveolar
epithelial cell development. Our study provided a new
mechanism by which caffeine protects against hyperoxic
lung injury, providing necessary evidence for caffeine
treatment in BPD infants.
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