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Abstract

Bronchopulmonary dysplasia (BPD) is a chronic respiratory disease caused by a combination of prenatal and postnatal factors
that leads to the disruption of lung development and abnormal repair, this is a condition that is commonly seen in premature
infants. With the improvement of treatment technology, the survival rate of very early preterm infants has increased significantly
compared with before, and the incidence of severe BPD has decreased, however, the prevalence of BPD has not decreased. The
overall prevalence of BPD is 45%.The prevention of prematurity, the systematic use of non-aggressive ventilator measures, the
avoidance of supra-physiological oxygen exposure, and the administration of diuretics, caffeine and vitamin A have all been
shown to lead to a significant reduction in the risk of BPD development. A growing number of clinical studies have shown
that caffeine not only prevents apnea, but also reduces the incidence of BPD. We review the clinical value of caffeine in the
treatment of BPD and its potential mechanisms of action, include anti-inflammatory, antioxidant, anti-fibrotic, anti-apoptotic

pathways, and the regulation of angiogenesis. Our aim was to provide a new theoretical basis for the clinical treatment of BPD.
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[{Abstract ] :

Bronchopulmonary dysplasia (BPD) is a chronic respiratory disease caused by a combination of prenatal and
postnatal factors that leads to the disruption of lung development and abnormal repair, this is a condition
that is commonly seen in premature infants. With the improvement of treatment technology, the survival
rate of very early preterm infants has increased significantly compared with before, and the incidence of



severe BPD has decreased, however, the prevalence of BPD has not decreased. The overall prevalence of
BPD is 45%.The prevention of prematurity, the systematic use of non-aggressive ventilator measures, the
avoidance of supra-physiological oxygen exposure, and the administration of diuretics, caffeine and vitamin A
have all been shown to lead to a significant reduction in the risk of BPD development. A growing number of
clinical studies have shown that caffeine not only prevents apnea, but also reduces the incidence of BPD. We
review the clinical value of caffeine in the treatment of BPD and its potential mechanisms of action, include
anti-inflammatory, antioxidant, anti-fibrotic, anti-apoptotic pathways, and the regulation of angiogenesis.
Our aim was to provide a new theoretical basis for the clinical treatment of BPD.
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Introduction

Bronchopulmonary dysplasia (BPD) is a chronic respiratory disease caused by a combination of prenatal and
postnatal factors that leads to the disruption of lung development and abnormal repair, this is a condition
that is commonly seen in premature infants' .With technological improvements in technology, the survival
rate of very early preterm infants has increased significantly compared with previous years, and the incidence
of severe BPD has decreased, However, the prevalence of BPD has not decreased? .The overall prevalence of
BPD is 45%3. A previous study found that more than 70% of infants with a birth weight of less than 1000
grams went on to develop BPD*.In a recent cohort study of the prevalence and risk factors for BPD in very
low gestational age infants( [?]28 weeks),the mean gestational age (GA) and birth weight (BW) of the cohort
was 25. 3 £ 1. 4weeks and 724 +14g, respectively, with a moderate to severe BPD of 67%°.The pathology of
classical BPD is dominated by severe airway compromise, such as severe epithelial damage, smooth muscle
hyperplasia in the airway, and fibrosis®. As medical treatments have advanced, the pathology of BPD has
changed; new BPD is characterized by simplification of the alveolar structure, abnormal vascular development
,and impaired lymphatic function, as the main pathological features”®. The prevention of prematurity, the
systematic use of non-aggressive ventilator measures, the avoidance of supra-physiological oxygen exposure,
and the administration of diuretics, caffeine and vitamin A have all been shown to lead to a significant
reduction in the risk of BPD development? ,However, we have yet to develop a method that can completely
prevent and treat BPD!?.A growing number of clinical studies have shown that caffeine not only prevents
apnea, but also reduces the incidence of BPD'"14 Therefore, caffeine is receiving increasing attention with
regards to the prevention of BPD.

Calffeine, also known as 1, 3 and 7 methylxanthine, can act as an antagonist of adenosine receptors, an
inhibitor of phosphodiesterase and an activator of ryanodine receptors. At physiological concentrations,
caffeine acts primarily as an inhibitor of the adenosine receptor. However, with increasing plasma con-
centrations, caffeine may also inhibit other receptors, such as the gamma-aminobutyric acid receptor and
cholinergic receptors 1°. Caffeine has been used for the treatment of apnea in preterm infants since the 1970s.
The recommended dose for use in neonates is 20 mg/kg (loading)with a 5-10 mg/(kg-d) maintenance dose
given after 24 h'S . Furthermore, clinical studies have found that early caffeine treatment, and high-dose
caffeine treatment, exerts a protective against BPD in the prevention and treatment of apnea in preterm
infants'7'® Early caffeine treatment is also known to reduce neurological sequelae, such as cerebral palsy
and hearing impairment'®.

In this article, we review the clinical value of caffeine in the treatment of BPD and its potential mechanisms
of action. Our aim was to provide a new theoretical basis for the clinical treatment of BPD.

Multiple Benefits of Caffeine for the Treatment of BPD

1.1Improving the success rate of extubation and withdrawal and reducing the duration of
mechanical ventilation

Mechanical ventilation is known to be one of the most important risk factors for BPD in preterm infants. The
lung of preterm infants are poorly developed and require additional mechanical ventilation support, However,



invasive mechanical ventilation can exacerbate lung epithelial cell damage and lead to BPD.Caffeine may
shorten the duration of mechanical ventilation and reduce the risk of BPD. Systematic reviews and meta-
analyses have shown that methylxanthines reduce extubation failure, and strongly recommend the use of
caffeine?’. Previous studies in the apnea of prematurity (AOP) randomized controlled trial found that
caffeine reduced the duration of positive pressure ventilation and attenuated the incidence of BPD in infants
with very low birth weight'4. With regards to the of timing of caffeine treatment, several retrospective cohort
studies confirmed that the duration of mechanical ventilation was shorter in infants treated with caffeine in
the early stages 2! and that the mortality rate and incidence of BPD were lower among infants treated early
with caffeine than those who received caffeine later??. However, another study reported a lower incidence of
BPD (23.1% versus 30.7%) but a higher mortality rate (4.5% versus 3.7%) in infants who received caffeine
early?3.

In terms of caffeine dosing, two randomized controlled trials showed that high doses of caffeine led to a
significant reduction in the failure rate of extubation and reduced the duration of mechanical ventilation in
prematurely ventilated infants?42°.In another study of the effect of maintenance doses of caffeine on extu-
bation in preterm infants, higher maintenance doses of caffeine citrate reduced the incidence of extubation
failure and apnea in preterm infants2®. Interestingly, a systematic review and meta-analysis found that
high-dose caffeine (>20 mg/kg.d) reduced cases of failed extubation and apnea and shortened the duration
of mechanical ventilation, but had no effect on mortality or the incidence of BPD?7.Anis et al.conducted a
further controlled study of the prophylactic use of high-dose caffeine for the prevention of apnea and found
that lower doses of caffeine may be as effective as higher doses of caffeine in preventing apnea, but fewer ad-
verse effects?®. Unfortunately, the study only analyzed short-term efficacy and did not consider the effects of
caffeine on long-term outcomes such as BPD. Therefore, the potential role of caffeine in reducing mechanical
ventilation remains to be further investigated.

1.2 Improvement of lung function

A retrospective study of pulmonary function in preterm infants found that preterm infants born at less than
32 weeks may have significantly reduced airflow during childhood and adolescence and that impairment of
pulmonary function was partially associated with the degree of BPD?°. Young people with very low birth
weight with combined BPD have significantly reduced lung ventilation, as evidenced by a low expiratory vol-
ume on exertion and reduced expiratory volume/exertional lung volume in one second on exertion3’.Caffeine
improves lung function by increasing lung volume and airway compliance, decreases airway resistance, im-
proves respiratory muscle strength, and helps wean premature infants from mechanical ventilation3'. A
clinical study on the effect of caffeine treatment on pulmonary function in preterm infants (birth weight
<1500 g and gestational age <31 weeks) showed that early caffeine treatment significantly increased forced
vital capacity(FVC) and forced expiratory volume(FEV) by five-fold in preterm infants without BPD, while
this trend remained in preterm infants with BPD 32. Doyle et al.demonstrated a significant effect of caffeine
on expiratory flow ;a group of patients who weighed less than 1250 g at birth, and did not receive early caf-
feine treatment ,had a lower of expiratory forced expired volume in 1 second (FEV1), FVC, and the forced
expired flow from 25% to 75% of the FVC (FEF25-75%) at 11 years of age3®. Another study found that
caffeine treatment resulted in a sustained rapid increase in diaphragmatic activity and tidal volume (VT)
in preterm infants and that caffeine did not always affect end-expiratory lung volume (EELV), respiratory

rate, or inspiratory and expiratory times3?.

Caffeine treatment has also been shown to improve lung function by increasing lung volume, total lung
volume, and by improving lung elasticity and compliance in a rabbit model®®. In a preliminary study,
carried out in baboons, early caffeine treatment, combined with prophylactic surfactant treatment, was
found to improve lung function over 24 hours by significantly reducing airway resistance and increasing lung

compliance3.

1.3 Other clinical benefits

Patent ductus arteriosus(PDA) is one of the postnatal risk factors for the development of BPD37. A prospec-



tive multicenter study of very preterm infants with respiratory distress syndrome confirmed that the early
initiation of caffeine was associated with the reduced occurrence of PDA38. In a retrospective cohort of 140
newborns weighing [?] 1250 g at birth, early caffeine treatment was also found to reduce PDA requiring
treatment in preterm infants??. In addition, active substances on the alveolar surface are closely associated
with lung maturation. Fehrholz et al. demonstrated that caffeine enhanced the role of glucocorticoids in
promoting the production, maturation and release of alveolar surface active substances both in vivo and in
vitro in premature sheep with bronchoalveolar lavage solution®®.

2.The mechanism of action of caffeine in the lungs

It has been well established clinically that caffeine can reduce the incidence of BPD, although its protective
mechanisms are still being investigated. The mechanisms that might be involved are shown in Figure 1
and include anti-inflammatory, antioxidant, anti-fibrotic, anti-apoptotic pathways, and the regulation of
angiogenesis .

2.1 Anti-inflammatory effects

It is well known that inflammation is the most important risk factor for bronchopulmonary dysplasia and that
inflammation leads to the increased secretion of pro-inflammatory cytokines. Over recent years, it has been
found that caffeine can inhibit the inflammatory response by reducing the release of inflammatory factors
and by regulating the expression of inflammatory pathway proteins and inflammatory receptors. Next, we
describe how caffeine exerts its inhibitory effects on inflammation.

2.1.1Inflammatory factors

Numerous studies have confirmed the increased expression levels of pro-inflammatory factors in children
with BPD, including interleukin (IL)-1B, IL-6, IL-8, and tumor necrosis factor (TNF)-o*%-42.In vitro exper-
iments showed that caffeine reduced IL-1p and IL-18 secretion in lipopolysaccharide (LPS)-induced THP-1
macrophages®3.In animal experiments involving hyperoxia-induced lung injury, it was confirmed that caf-
feine treatment not only reduced the expression of cyclooxygenase(COX-2),myeloperoxidase(MPO), TNF-qo,
and IL-13% but also reduced leukocyte infiltration and decreased the release of pro-inflammatory factors
and chemokines in the lungs, thus protecting against hyperoxia-induced alveolar dysplasia*®.In a young rat
model of LPS-induced pro-inflammatory amnionitis, caffeine exerted anti-inflammatory effects and improved
lung function by inhibiting the expression of IL-1f and CD68S. In a cohort study of preterm infants, Raul et
al.found that BPD was associated with higher concentrations of IL-1 and IL-6, a greater imbalance between
these cytokines and IL-10, and that alterations occurred in tracheal secretions and peripheral blood inflam-
matory factors before and after caffeine administration®”.At therapeutic levels of 10-20 mg/mL, caffeine
prevented the sustained activation of the inflammatory cascade response, although serum caffeine levels >20
mg/mL resulted in elevated levels of IL-1b, IL-6,but TNF-a and decreased IL-10 concentrations. Thus, in
vitro and in vivo experiments , together with clinical trials, have shown that caffeine reduces to lung injury
by modulating changes in inflammatory factors.

2.1.2 Inflammasomes

Inflammasomes are complexes formed by the polymerization of multiple proteins that play an important
regulatory role in the onset and progression of lung injury. The NLRP3 inflammasome is one of the most
widely studied inflammatory vesicles, and mainly contains the recognition protein NLP, the bridging protein
Asc, and the effector protein Caspasel*®. Previous studies have found that activation of NLRP3 inflammatory
vesicles is a critical step in the pathogenesis of BPD*?. Zhao et al. found that caffeine-induced antagonism of
adenosine 2A receptor (A2AR) reduced the production of reactive oxygen species(ROS) , decreased the levels
of cleaved caspase 1 expression, and inhibited expression of the NLRP3 inflammasome expression in LPS-
induced THP-1 macrophages*3. Subsequently, Chen et al. used animal models to demonstrate that caffeine
inhibits the production of inflammatory factors and protects against lung injury due to hyperoxia exposure

by reducing NF-xB pathway activation and by inhibiting NLRP3 the formation of the inflammasome?*?.

2.1.3 The ARA receptor



A2AR protein is considered to be an important mediator of inflammation and immune response. In mono-
cytes, caffeine reduces the secretion of TNF-a by monocytes by blocking adenosine receptors®. Animal
experiments found that mouse TNF-a, IL-103, and phosphorylated-NF-xB proteins were positively correlated
with A2AR proteins. Caffeine, as an A2A receptor antagonist, has been shown to reduce pulmonary in-
flammatory infiltration and apoptosis and promote the development of type II alveolar epithelial cells*4.
In LPS/ATP-induced THP-1 macrophages, caffeine was shown to inhibit the ROS-mediated activation of
NLRP3 inflammatory vesicles and reduced the secretion of IL-13 and IL-18 in THP-1 macrophages by de-
creasing the gene transcription and protein expression of A2AR*3. In addition,caffeine antagonism of A2AR
was shown to modulate neutrophil production by inflammatory factors and reduce the inflammatory response

to oxidative stress®!.

2.1.4 The TOLL receptor

Toll-like receptor (TLR) is a molecular pattern associated with the recognition of specific pathogens. Toll-
like receptor-2 recognizes multiple microbial components of Gram-positive bacteria and TLR4 is required
for the lipopolysaccharide response, an external component of Gram-negative bacterial membranes®?. TLR4
activation has been associated with neonatal lung inflammation®®54. Studies showed that caffeine had no
significant effect on TLR2 and 4 in normal neonatal rat lung tissue, but increased TLR9 expression, limited
TLR4 expansion, inhibited pro-inflammatory cytokine production, and reduced the severity of BPD%®. In
addition, Ren et al.found that caffeine may inhibit the TLR-mediated inflammatory cascade response in
macrophages by suppressing calcium mobilization®®. It was also demonstrated in human monocytes that
high concentrations of caffeine (200uM) upregulated TLR4 to promote inflammation, while 50 and 100uM of
caffeine downregulated TLR1 and TLR2 expression and was able to reduce TNF-a levels;this may be related
to the reduced incidence of BPD by caffeine®”.

2.2 Antioxidant effects

Increased oxidative stress due to exposure to hyperoxia in preterm infants is an important factor in the
development of BPD.Caffeine has been shown to exert antioxidant effects in the nervous system®®. Oxida-
tive stress can lead to an increase in reactive oxygen species(ROS) and damage to cellular deoxyribonucleic
acid (DNA) and lipid oxidation. In an in vitro model of pulmonary oxygen toxicity in human and mouse
lung epithelial cells, a low concentration of caffeine (0.01 mM) reduced hydrogen peroxide (HzO32)levels but
increased them at high concentrations of 1 mM?®°. Caffeine reduced hyperoxia-induced oxidative damage in
mouse lung DNA and lipids, as well as increased superoxide dismutase, heme oxygenase-1 and Nrf2/Keapl
gene expression; it also blocked the expression levels of key proteins and superoxide dismutase (SOD) in ox-
idative stress, achieved antioxidant effects at different time points, and attenuated oxidative stress damage5°.
In addition, endoplasmic reticulum stress is one of the major manifestations of oxidative stress. Caffeine
may have the pharmacological propertiesto improve leptin resistance by reducing endoplasmic reticulum
stress®!. Teng et al.confirmed that caffeine treatment attenuated markers of endoplasmic reticulum stress
and downstream effectors (C/EBP homologous protein (CHOP) or the splicing of X-box binding protein 1
(XBP-1) )and attenuated the hyperoxia-induced oxidative stress-induced impairment of alveolar formation
62

2.3 Anti-fibrotic effects

There is growing evidence that transforming growth factor-g(TGFp), connective tissue growth factor(CTGF),
and transgelin, play an important role in the pathogenesis of BPD in rodent models. Tatler et al. showed
for the first time that caffeine exerted antifibrotic effects in a concentration-dependent manner in lung
epithelial cells and fibroblasts®. Caffeine directly inhibited TGFB activation in lung epithelial cells, whereas
in lung fibroblasts, it suppressed the basal expression of o-smooth muscle actin genes and reduced the TGFpB-
induced increase in pro-fibrotic genes via a pro-fibrotic response to TGFB%. In a witroprecision-cut lung

section model, caffeine was shown to reduce bleomycin-induced fibrosis®3.

CTGF is a downstream regulator of TGF-$ that is responsible for abnormal extracellular matrix(ECM)
deposition and tissue fibrosis. Transgelin is a cytoskeleton binding and stabilizing protein. Both of these



factors are regulated by TGF-f1 and play an important role in airway remodeling. The increased conditional
expression of CTGF in alveolar type II epithelial cells was shown to disrupt alveolarization and vascular
development, induce vascular remodeling, and led to pulmonary hypertension, a pathological feature of
severe BPD%4. Transgelin is an important target of TGFf-regulated type II alveolar epithelial cell fibrosis.
Increase dexpression of transgelinin ATII cells may lead to TGF-dependent alveolar type II (ATII) cell
injury, along with repair and migration in pulmonary fibrosis®®.Caffeine antagonizes the TGF-B1-induced
upregulation of CTGF and transgelin, and plays a role in airway remodeling in BPD%. Caffeine treatment
has also been shown to attenuate glucocorticoid-induced CTGF expression and thus promote the restoration
of intrapulmonary homeostasis®”. Interestingly, recent studies have found that the stereological analysis of
lung structure after caffeine administration found no effects of caffeine on alveolar simplification in lungs
exposed to hyperoxia®. Caffeine was also found to enhance the ability of TGF-B to drive CTGF gene
expression in type II alveolar epithelial cells and fibroblasts®®. Therefore, the mechanism by which caffeine
can exert regulatory effects on TGFB, CTGF, and transgelin, still requires further research.

2.4 Anti-apoptotic effects

Previous studies have demonstrated the presence of apoptosis during BPD and found that caspase-3, caspase-
9 and caspase-12 are important regulators of apoptosis. Li et al.evaluated 50 Wistar rats that received
a dose of 25 mg/kg/day caffeine for the first 4 weeks of anexperiment and found that caffeine inhibited
caspase 3 activation and reduced apoptosis incardiomyocytes®®. Caffeine has also been shown to inhibit
apoptosis in a mouse model of BPD, most notably in alveolar epithelial cells. In a hyperoxia-induced mouse
model of lung. In terms of transcription of cell death-related mediators, caffeine inhibited the effect of
hyperoxia on cell death-related mediators (caspase3, apoptosis-inducing factor(AIF) and glutamate cysteine
ligase catalytic subunit (GCLC))?!. Teng et al.also demonstrated that caffeine can inhibit endoplasmic
reticulum stress-associated apoptosis by reducing the BCl2/Bax ratio and by inhibiting the expression of
caspasel12%2. Moreover, another in vitro study found that caffeine induced apoptosis in lung cancer epithelial
cells in a concentration-dependent manner during a G2 phase block of the cell cycle; this was enhanced
at a concentration of 5 mM and also induced a TP53 non-dependent G1 phase block™. In addition, high
concentrations of caffeine abolished G2 phase block and increased the rates of cell death, whereas low and
clinically relevant concentrations of caffeine had no effect on G2 phase block and exerted antioxidant effects®®.
Dayanim et al found that caffeine reduces the number of ATII cells and increases the levels of apoptosis by
decreasing the expression of the A2AR in animal models of hyperoxia”™. Therefore, the anti-apoptotic effects
of caffeine still need to be investigated further.

2.5 The regulation of angiogenesis

In recent years, there is increasing evidence that pulmonary vascular injury has become a major manifes-
tation of BPD. Jing et al.found that early caffeine treatment increased cAMP levels in a hyperoxicmodel
of lung injury, improved endothelial nitric oxide synthase (eNOS) activity by inhibiting the degradation
of GTP-cyclohydrolase-1, improved the bioavailability of tetrahydrobiopterin(BH4), and improved alveolar
structure and vascular function”®. In addition, Dumpa et al.used male miceto show that caffeine can im-
prove pulmonary vascular remodeling in response to hyperoxia by increasing the vascular surface area of
small pulmonary arteries and by inhibiting smooth muscle proliferation”. However, additional studies have
found that caffeine inhibits embryonic angiogenesis™; therefore, furtherstudies are required to support the
protective effects of caffeine against pulmonary vascular injury.

In summary, the clinical benefits of caffeine have been confirmed, although the molecular mechanisms re-
sponsible for its action remain controversial and are still being investigated.Currently, research is limited to
five aspects: anti-inflammatory, antioxidant, anti-apoptotic, and anti-fibrotic effects, and the regulation of
angiogenesis. Caffeine can act as a neurostimulant, thus leading to severe restrictions in the clinical research
process in many countries. In recent years, caffeine has been shown to be protective against both Parkinson’s
diseaseand colorectal cancer’®by regulating flora and autophagy; however, there is still significant scope for
investigating the effect of caffeine on BPD. This condition affects the long-term survival of newborns; conse-
quently, we need to consider this disease carefully and find effective solutions for prevention and treatment



in order to promote human development.
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Figure 1:Mechamsm of action of caffeine in bronchopulmonary dysplasia
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