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Preface

Antioxidant treatment has long been considered beneficial because oxidative stress (OS) is

thought to damage tissues and organs. Recent research has clarified its essential role in organ

patterning and growth in utero. This may explain why antioxidant treatments have inconsistent

results in preventing prematurity-related health problems. Exposure to harmful factors like placental

insufficiency, nicotine, air pollution, and cocaine, among others, during pregnancy can easily

disturb the natural balance, leading to fetal organ damage. The sudden surge in OS during the

perinatal transition is especially challenging for neonates, particularly those born prematurely with

underdeveloped antioxidative defenses. Respiratory support, such as supplemental oxygen and

positive-pressure airway support, can further increase OS. Unstable blood flow in sick neonates

worsens OS through ischemic-reperfusion injury. Proper nutrition and careful management of tissue

oxygenation are vital for helping these vulnerable infants. Since breast milk is the best nutrition

for neonates, the mother’s diet is particularly important because it affects breast milk composition.

Neonates develop their gut microbiomes from their mothers, and these microbiomes significantly

influence the neonate’s OS status; we can expect maternal gut microbiomes to affect health outcomes,

making them valuable for extensive research. OS and innate inflammation activate each other, which

explains why inflammation often occurs in many OS-related neonatal disorders. This is one reason

systemic corticosteroids were once routinely used to treat premature neonates with chronic lung

issues. Addressing OS alone may not be sufficient to treat prematurity-related conditions. Therefore,

a new systems pharmacotherapy approach is proposed. Melatonin, which has both antioxidant and

anti-inflammatory properties, has been studied for its potential effects on multiple therapeutic targets.

Despite many successes in treating OS-related neonatal problems, researchers face the challenge

that most common animal models are born with mature antioxidative systems. This makes it

hard to accurately mimic prematurity-related health issues. Advances like organoid systems and

bioinformatics may assist in researching these problems, but only time will reveal their true value.

Ru-Jeng Teng

Guest Editor
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Editorial

Oxidative Stress Is a Double-Edged Sword for the Neonate

Ru-Jeng Teng 1,2

1 Department of Pediatrics, Medical College of Wisconsin, Children Corporate Center, Suite C410,
999N 92nd Street, Milwaukee, WI 53226, USA; rteng@mcw.edu

2 Children’s Research Institute, Medical College of Wisconsin, 8701 W Watertown Plank Rd.,
Wauwatosa, WI 53226, USA

Fetal oxygen tension is low, with an umbilical venous pO2 of 30–37 mm Hg in the
third trimester, while arterial pO2 is around 20 mm Hg. Placental PaO2 can be as low
as 18 mm Hg at 8–10 weeks of gestation. These values are relatively lower than those
in ambient air, which is approximately 150 mm Hg. This “physiological hypoxia” is
necessary for placental growth and tissue differentiation because it stabilizes hypoxia-
inducible factors (HIF-1 and HIF-2) [1]. Acting as master regulators, HIFs promote vascular
endothelial cell growth by upregulating glycolysis and inducing vascular endothelial
growth factor (VEGF) expression [2]. This process is coordinated by reactive oxygen
species (ROS) produced during “physiological hypoxia.” The right amount of ROS is
vital for developmental senescence, which is essential for organ patterning during fetal
development [3]. Therefore, an optimal level of ROS is indispensable during fetal growth.

The sudden increase in oxygen during the perinatal transition, with pO2 rising sharply
from below 40 mm Hg to 150 mm Hg, can effectively turn off this HIF pathway. However,
if neonates require supplemental oxygen for extended periods due to respiratory distress,
oxidative stress (OS) can sequentially activate HIF1α and HIF2α. Activation of HIF1α
during the initial phase is proinflammatory, while subsequent HIF2α activation supports
angiogenesis and organ repair [4]. Persistent OS may cause organ damage by impairing
mitochondrial function [5], triggering the unfolded protein response [6], autophagy [7],
oxidation-induced senescence [8], and cell death pathways such as necrosis, necroptosis,
pyroptosis, ferroptosis, and others [9], along with fibrosis [10]. The damage worsens if
prematurity is involved, as premature neonates are born with surfactant deficiency and an
underdeveloped antioxidative system. The oxygen supplementation and positive airway
pressure required to maintain tissue oxygenation can further increase ROS production in
premature infants, potentially overwhelming their immature antioxidant defenses.

Excessive ROS in sick premature neonates can damage cellular DNA, especially in
rapidly dividing stem and progenitor cells. OS-induced DNA damage can lead to cell
death or senescence, depriving immature organs of growth potential by depleting these
progenitor cells [11]. At the same time, dead or dying cells release high-mobility group
box 1 (HMGB1), which triggers innate inflammation [12]. This inflammation, mediated
by cells containing inducible nitric oxide synthase and myeloperoxidase (MPO), releases
MPO and NO, creating highly reactive oxidants such as hypochlorous acid (HOCl) and
peroxynitrite (ONOO−) that damage immature organs [13]. Thus, inflammation amplifies
OS. The interaction between OS and inflammation [14] creates a self-sustaining, destructive
cycle in neonatal organs under respiratory support.

HMGB1 is a non-histone nuclear DNA-binding protein that is released from the cell
upon injury. Once outside, HMGB1 acts as a danger signal, activating damage-associated

Antioxidants 2026, 15, 400 https://doi.org/10.3390/antiox150304001
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molecular pattern (DAMP) signaling with proinflammatory effects [15]. Its receptors
include the Receptor for Advanced Glycation End Products (RAGE) and Toll-like receptors
(TLRs). When HMGB1 binds to these receptors, it activates NF-kB signaling, leading to
macrophage and neutrophil activation. HMGB1 contains three sulfhydryl groups, and
its effects depend on its redox state. Fully reduced HMGB1 acts as a chemoattractant,
the disulfide form stimulates inflammatory cells, and the fully oxidized form is anti-
inflammatory. Thus, HMGB1 is a key link between OS and inflammation.

Prematurity and intrauterine growth restriction predispose to OS and inflammation
even before birth [14]. Paradoxically, the heightened OS upregulates the HIF pathway
through ROS production. As a result, VEGF expression increases to maintain tissue oxy-
genation, but it can also lead to disorganized pathological angiogenesis (dysangiogenesis).
This abnormal vessel growth is associated with several prematurity-related conditions, such
as bronchopulmonary dysplasia (BPD) and retinopathy of prematurity (ROP), including
the pulmonary hypertension seen in BPD [16]. Persistent activation of HIF signaling also
promotes lung fibrosis via endothelial-to-mesenchymal transition [17]. Elevated HIF1α is
also observed during the second ischemic phase of ROP. HIF1 can further boost insulin-like
growth factor-1 (IGF-1) signaling by increasing IGF1 binding protein levels [18]. Interest-
ingly, hyperoxia correlates with decreased IGF1, which strongly links to ROP development
in meta-analyses [19]. These conflicting findings highlight the complexity of OS’s influence
on HIF signaling in neonatal organs.

For a long time, OS has been considered the main cause of all prematurity-related
complications. Over the past thirty years, many antioxidants have been studied, including
N-acetylcysteine, vitamin C, vitamin E, superoxide dismutase, melatonin, selenium, and
lactoferrin. Unfortunately, consistent clinical benefits have not been established. Although
intramuscular vitamin A has been shown to reduce BPD [20], it is not an antioxidant itself.
Several reasons may explain why broad-spectrum antioxidants do not work effectively:
(1) basal OS is necessary for developmental senescence, which is vital for organ patterning
and growth; (2) the timing of HIF1α and HIF2α changes is critical for organ recovery after
injury; (3) OS plays complex roles across different organs simultaneously. Determining
the precise level of OS that promotes premature organ growth while minimizing damage
remains very challenging. Additionally, the interaction between OS and inflammation must
be considered. A systems pharmacological approach targeting multiple signaling pathways
might be the most effective strategy for managing OS-related neonatal disorders. Decades
of research have led to a better understanding of OS in neonatal disorders. However,
we are still far from finding the silver bullet. The animal models we have been using
do not recapitulate what happens in premature neonates. Other animal models and new
approaches will be needed to identify appropriate OS-oriented therapies.

In this Special Issue, entitled “Oxidative Stress in the Newborn”, we are excited to
present five research articles and six reviews for our readers. In contribution #1, an ex vivo
organotypic slice of a neonatal brain was challenged with oxygen–glucose deprivation
and reperfusion (OGDR). Cell death, redox state, and proteomic profile of inflammatory
mediators were studied in the corticostriatal and hippocampal regions. Melatonin was
used as the therapeutic agent. Not surprisingly, OGDR increased cell death in both regions,
but melatonin markedly attenuated it. Although melatonin increased the GSH/GSSG ratio
in both regions, only the hippocampal region had a GSH/GSSG ratio below 1 under OGDR,
indicating a regional difference in response to OGDR. In contrast, the OGDR-induced
inflammatory response was more pronounced in the corticostriatal region, and melatonin
also ameliorated it. In contribution #4, prenatal melatonin injection was shown to facilitate
the postnatal lung maturation process in an antenatal inflammation-induced preterm birth.

https://doi.org/10.3390/antiox150304002
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Together, these two contributions suggest that melatonin has both anti-inflammatory and
antioxidative properties that can protect neonatal organs.

In contribution #2, Endesfelder and Bührer used a rat hyperoxia exposure model
(80% O2) for 3 or 5 days to show that caffeine can restore alveolar development and
limit the fibrosis. Although caffeine transiently enhances the fibrosis in room air-exposed
fibrosis, in the end, there was no morphometric difference. Their study provided another
mechanism by which caffeine attenuates BPD severity. In contribution #3, Shvetsova et al.
demonstrated the maturational change in superoxide dismutase expression and activity,
and their effect on the vasomotor activity of the systemic artery. Apparently, SOD and
catalase activities are significantly higher in young rats (10–15 days) than in adult rats (3–4
months). The endothelial-independent vasomotor response in the systemic artery is more
pronounced in young rats than in adult rats. The possible age-related difference in response
should always be kept in mind when we treat patients.

In contribution #5, the milk composition was compared between vegan and omniv-
orous women. A significantly higher cortisol concentration and lower iron, vitamin B6,
and antioxidant status were seen in the milk from vegan women than from omnivorous
women. With the popularity of the vegan diet, health professionals need to be aware of the
low iron and vitamin B6 content. Whether antioxidant depletion increases susceptibility to
OS-induced organ damage warrants further exploration.

The cross-talk between the OS and inflammation has been clearly described in the
literature. In contribution #6, Kaltsogianni et al. reiterated this relationship in several
neonatal pulmonary disorders. With no obvious benefit from antioxidant therapy, they
recommended judicious use of oxygen to avoid both hypoxia and hyperoxia, thereby
reducing OS. The gut microbiome has attracted our attention over the past several years
and has been linked to almost all diseases. In contribution #7, Morozan et al. suggested
that maternal dysbiosis is associated with increased risk of perinatal asphyxia. The link is
mainly through its association with maternal metabolic disorders, immune response, and
impaired placental function, which might render an increased susceptibility to perinatal
asphyxia in their offspring.

As inflammation results in direct organ damage and increased OS, corticosteroids were
once almost routinely given to premature neonates due to the belief that their use could
decrease the incidence of BPD. Later, a randomized controlled study showed a significant
increase in neurodevelopmental deficit with early postnatal systemic steroid use, which
led the American Academy of Pediatrics to recommend not prescribing systemic steroids
to premature neonates [21]. Further studies suggested that the timing of steroid treatment
might be critical for this association. In contribution #8, Galletta et al. carefully reviewed
the topic and offered suggestions for addressing the issue.

In contribution #9, Teng et al. developed a new hypothetical destructive cycle based
on their previous studies to explain the development and progression of BPD. The cycle
is initiated by OS from supplemental oxygen treatment, followed by HMGB1-mediated
DAMP signaling and the unfolded protein response, and then subsequent OS amplification,
forming a self-perpetuating cycle. In this contribution, they suggested a systems pharmaco-
therapeutic approach to prevent or attenuate BPD.

With E-cigarettes gaining more popularity nowadays, their impact on fetuses cannot
be ignored. In contribution #10, Gambadauro et al. provided evidence that E-cigarettes
are not as safe as users believe. Although caffeine has been shown to reduce BPD in pre-
mature infants through the Caffeine for Apnea of Prematurity (CAP) trial [22], its original
hypothesis was that it reduces apnea of prematurity, thereby improving neurodevelop-
mental outcomes. Hypoxia, because of apnea and subsequent hyperoxia after recovery,
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is similar to the ischemic–reperfusion episode that will generate OS. Although the study
did not show early-age neurodevelopmental benefits, its subsequent long-term follow-up
did demonstrate efficacy. Because most enrollees were intubated early in the CAP trial,
there was no way to demonstrate that caffeine reduced episodes of apnea of prematurity
(AOP); it is impossible to show that AOP is associated with increased OS. This is described
in contribution #11.

Unfortunately, we were unable to include all OS-related, prematurity-associated mor-
bidities in our Special Issue due to time constraints. OS is believed to play a critical role in
retinopathy of prematurity, acute kidney injury, necrotizing enterocolitis, periventricular–
intraventricular hemorrhage, periventricular leukomalacia, and birth asphyxia. We hope re-
searchers will offer their expertise and research to readers so that we can better understand
pathophysiology and formulate the best ways to prevent or attenuate these morbidities.

Funding: The author is supported by the 2025 Mellowes Endowed Chair funds, the 2025 Department
of Pediatrics Internal Support funds, the 2026 Mellowes Center CRI-Focused Award, and NHLBI
R44HL166018, R01HL128371, and R01HL174635.

Conflicts of Interest: The author declares that the research was conducted in the absence of any
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Abstract

Hypoxic–ischemic encephalopathy remains a major cause of neonatal mortality and long-
term neurological disability. Therapeutic hypothermia is currently the only available
treatment in hospitals, but its efficacy is limited, making the search for alternative neuro-
protective strategies essential. Melatonin has shown promising results in other models of
hypoxia–ischemia, acting as a potent antioxidant and anti-inflammatory molecule. Here,
we studied the effects of hypoxia–ischemia and melatonin treatment in two brain regions
that are particularly vulnerable to hypoxic–ischemic injury. Neonatal rat organotypic
slice cultures from the corticostriatal and hippocampal regions were subjected to oxygen–
glucose deprivation and reperfusion (OGDR) and treated with melatonin (50 μM). Cell
death (propidium iodide staining), redox state (GSH/GSSG ratio) and the inflammatory
profile (Proteome Profiler) were analyzed. OGDR markedly increased cell death in both
regions and melatonin treatment significantly reduced it. The GSH/GSSG ratio decreased
only in the hippocampus after OGDR, but melatonin treatment elevated this ratio in both
regions. In contrast, the inflammatory profile was more pronounced in the corticostriatal
region, where the treatment strongly reduced proinflammatory mediators. These findings
reveal region-specific mechanisms involved in the response to hypoxic–ischemic damage
and support the potential of melatonin as a promising therapy for neonatal brain injury.

Keywords: neonatal hypoxia–ischemia; melatonin; oxygen–glucose deprivation;
organotypic slice cultures

1. Introduction

Currently, 2–3 out of every 1000 term newborns experience some form of neurological
dysfunction referred to as hypoxic–ischemic encephalopathy [1,2]. Approximately 24% of
these infants die in neonatal intensive care units, and a significant number of survivors face
serious long-term consequences [3]. These include cerebral palsy in 10–20% of cases, visual
and hearing deficits in 40%, as well as motor and behavioral disorders such as epilepsy,
global developmental delay, or autism [3].

Since therapeutic hypothermia was implemented in clinical practice, the risk of dying
or developing such consequences has significantly reduced. However, several studies
indicate that the benefits of hypothermia in neonates after hypoxia–ischemia (HI) might be
limited [4–6], urging for new neuroprotective strategies. One of the reasons of a lack of an
effective treatment is the complex physiopathology of hypoxic–ischemic encephalopathy,
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with concomitant processes encompassing oxidative stress and neuroinflammation, leading
to cell death and brain tissue damage [7–9].

Melatonin (N-acetyl-5-methoxytryptamine) is a hormone synthesized in the pineal
gland in response to light/dark cycles, so it is commonly used as a treatment for sleep
disorders in children with few or no side effects [10]. It is also a potent antioxidant that
scavenges highly toxic free radicals, increases antioxidant enzyme expression and inhibits
nitric oxide synthase activity, the source of many free radicals that accumulate in cells after
hypoxic–ischemic damage [11]. Several studies have demonstrated its neuroprotective po-
tential, reporting reduced brain injury in rats in the short and long term [12,13], augmented
neuroprotection when combined with hypothermia in piglets [14] or decreased cell death
and inflammation in sheep [15], among others. However, much less is known about its
region-specific impact within the brain. Most available studies addressing differences after
melatonin treatment in different regions rely on either neuron cultures (which lack the archi-
tectural complexity of the brain), or in vivo studies (where the analyses are often restricted
to histological outcomes). Organotypic brain cultures preserve the structural organization
of the brain, including neurons, glia and their interactions. This provides an intermediate
level of complexity that allows the study of molecular mechanisms such as oxidative stress
and inflammation under controlled conditions across different brain regions. As reviewed
by Humpel [16], organotypic slice cultures offer a more in vivo-like microenvironment
than cell lines or dissociated primary cultures, while still allowing precise experimental
control, reduced variability and a decrease in the number of animals required. Despite
some limitations (they do not preserve the full neurovascular unit, systemic circulation
or peripheral immune components), organotypic slice cultures have been widely used to
efficiently study the effects of HI in the brain [17–23].

In neonates surviving intra-partum HI, the regional pattern of brain injury may change
depending on various clinical factors, such as the gestational age or the severity of the
insult [24,25]. Thus, different cerebral areas might not respond in the same way to the same
insult, and a single treatment may not be able to offer neuroprotection in all brain regions.

Using organotypic brain slice cultures from neonatal rats, the aims of this work were
(i) to compare the extent of the damage in corticostriatal and hippocampal regions by
evaluating cell death, oxidative stress and inflammation and (ii) to determine whether
melatonin differentially modulates these mechanisms across the two regions.

2. Materials and Methods

2.1. Organotypic Slice Cultures

All animal procedures were performed following the European Union regulations for
animal research (Directive 86/609/EEC) and approved by the Animal Welfare Committee
of the University of the Basque Country.

Organotypic slice cultures of the corticostriatal and hippocampal areas of the brain
were prepared as previously described [22,26]. Briefly, brains were extracted from 6-day-old
Sprague Dawley rats and the two hemispheres were separated. Coronal sections (350 μm
thick) were obtained using a McIlwain Tissue Chopper (Ted Pella, Inc., Redding, CA, USA;
Cat. No. 10180-220, 220V) and separated individually under a stereomicroscope. From
these sections, those containing the corticostriatal region were selected and from adjacent
sections, hippocampi were carefully dissected out. Both corticostriatal and hippocampal
slices were then placed in Milicell culture inserts (Merck, Darmstadt, Germany; Cat. No.
PICM0RG50) immersed in 1 mL of complete culture medium consisting of 50% MEM, 25%
HBSS, 25% horse serum, supplemented with glucose (25 mM), B27 1X (Thermo Fisher
Scientific, Waltham, MA, USA; Cat. No. 17504044), GlutaMAX 1X (Thermo Fisher Scien-
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tific, Waltham, MA, USA; Cat. No. 35050061), fungizone (Amphotericin B, 1.25 μg/mL;
Thermo Fisher Scientific, Waltham, MA, USA; Cat. No. 15290018), penicillin–streptomycin
(50 U/mL; Thermo Fisher Scientific, Waltham, MA, USA; Cat. No. 15070063), and gen-
tamicin (50 μg/mL; Sigma-Aldrich, St. Louis, MO, USA; Cat. No. G1397). Slices of the
same experimental group always originated from different rats to prevent intra-animal
redundancy. Cultures were maintained in a 37 ◦C humidified incubator gasified with 5%
CO2/95% O2 and medium was changed three times weekly for 14 days. Slices that showed
altered morphology after 14 days in culture were discarded from the analysis.

2.2. Oxygen-Glucose Deprivation and Reperfusion (OGDR)

After 14 days in vitro, oxygen–glucose deprivation (OGD) was performed to simulate
hypoxia–ischemia. Slices were placed in a hypoxic chamber (MIC-101, Billups-Rothenberg,
San Diego, CA, USA) infused with a mixture of 95%N2/5% CO2 gas and the complete
medium was changed to a glucose-free medium. Corticostriatal slices were maintained in
such conditions for 1 h whereas hippocampal sections for 45 min. For the next 24 h, reper-
fusion was simulated by placing the cultures under normoxic conditions and replacing
the medium with reperfusion medium, which had the same composition as the complete
medium except for the horse serum. A shorter OGD duration was used for hippocampal
slices to avoid extensive and irreversible hippocampal cell death due to its regional vul-
nerability, thus obtaining a similar level of injury in both regions that would still allow
the detection of potential neuroprotective effects of melatonin. These different OGD times
were also in line with previous works [18,23].

2.3. Preparation of Melatonin Treatment

Melatonin (Sigma-Aldrich, St. Louis, MO, USA; Cat. No. M5250), was dissolved in
0.05% DMSO and diluted in the reperfusion medium to a final concentration of 50 μM.
The treatment was added immediately after the OGD process and maintained in the
medium for 24 h. The final concentration of Melatonin was selected in accordance with
previous studies demonstrating neuroprotective effects in organotypic and in vitro models
of hypoxia–ischemia [13] and after dose–response experiments carried out by our group.

2.4. Experimental Groups

(1) Control: Slices maintained under normal culture conditions with complete medium
and no treatment.

(2) OGDR: Slices subjected to oxygen–glucose deprivation followed by 24 h of reperfu-
sion, to mimic HI and reperfusion-induced injury.

(3) OGDR + MEL: Slices subjected to oxygen–glucose deprivation and treated with 50 μM
melatonin followed by 24 h of reperfusion to assess the potential protective effects of
melatonin against HI and reperfusion-induced injury.

Experimental procedures, image analysis, and quantification were conducted in a
blinded manner to ensure unbiased evaluation.

2.5. Cell Death Quantification

Dead cells were counted by staining the slices with propidium iodide (PI). PI is uptaken
by dead cells as it is a polar molecule that can only enter the cell when the membrane is
damaged. Once inside the cell, PI binds to DNA generating red fluorescence. PI (5 μg/mL)
was added to the cultures after OGDR and maintained in the medium for 30 min. Slices
were then observed using an inverted fluorescent microscope and the total number of
PI positive cells (dead cells) were counted in situ at 10× (high power field, HPF) within
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the target region (hippocampus or corticostriatal area). Results are expressed as the ratio
between the mean number of PI-positive/dead cells in the OGDR or OGDR+MEL groups
and the control group (fold change).

2.6. Glutathione (GSH) and Oxidized Glutathione (GSSG) Quantification

To assess the redox state of the cells after OGDR and melatonin treatment, GSH and
GSSG levels were measured using the Glutathione Fluorescent Detection Kit (Invitrogen,
Waltham, MA, USA, Cat. No. EIAGSHF). For each experimental group, slices from a
single culture were pooled to obtain sufficient tissue for analysis. The pooled samples were
homogenized and processed according to the manufacturer’s instructions.

Briefly, we first obtained free GSH levels by measuring the fluorescence at 510 nm. The
same samples were then incubated with a mix containing glutathione reductase and fluo-
rescence was measured again to obtain total GSH levels. The GSSG levels were calculated
dividing the difference between total GSH and free GSH by two:

GSSG=(totalGSH−freeGSH)÷2

The free GSH/GSSG ratio was calculated as an overall indicator of the redox state of
the cell. Each measurement was performed in triplicate to ensure technical reproducibility.
Data therefore represent technical replicates from a single pooled biological sample per
condition and are presented as representative values.

2.7. Proteome Profile

The proteome profile of supernatants was assessed using a membrane-based sandwich
immunoassay (Proteome Profiler Rat Cytokine Array Kit, R&D Systems, Minneapolis, MN,
USA; Cat. No. ARY008). Briefly, supernatants of the same experimental groups were
pooled, total protein was calculated using bicinchoninic acid assay and 400 μg of total
protein from each pool were used to perform the assay. Each sample was mixed with a
cocktail of biotinylated antibodies and incubated overnight in contact with a nitrocellulose
membrane containing 29 different antibodies printed in duplicate. The next day, several
washes were performed and streptavidin-HRP and the chemiluminescent reagent mix
were added. The chemiluminescent signal was captured using a Syngene G:BOX Chemi
HR16 (Syngene, Cambridge, UK) and pixel densitometry was obtained using Protein Array
Tool (v2.0.0.1) [27] on MATLAB(R2024b, 24.2.0; The MathWorks, Inc., Natick, MA, USA),
which turns the captured images into a list of relative protein levels.

2.8. Statistical Analysis

The normality of the figures was analyzed using the D’Agostino–Pearson test. For
parametric data, a two-tailed, unpaired Student’s t-test was performed. In the same way,
non-aparametric data were analyzed using the Mann–Whitney test. Statistical analysis was
performed using the GraphPad Prism 10 software package (GraphPad Prism 10, GraphPad
Software, San Diego, CA, USA) and data were considered significantly different if p < 0.05.

3. Results

3.1. Cell Death

In all experiments, PI uptake of the control group slices was considered as the basal
level of cell death, so values of the other experimental groups were expressed as fold
change vs. control.
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In the corticostriatal region, slices that underwent OGDR showed significantly higher
values of cell death compared to control, with the number of PI+ cells being 12 times higher
in this group (p < 0.0001). Treating cells with melatonin after OGDR significantly reduced
the number of PI+ cells observed in the OGDR group, as the fold change reduced from 12 to
1.9 (p < 0.001). Further, the treatment reduced the number of dead cells to control/basal
levels, with no significant differences when comparing OGDR+MEL and control groups.
Results are shown in Figure 1.

Figure 1. Cell death in corticostriatal and hippocampal slice cultures after OGDR and melatonin
treatment. Cultures were subjected to 1 h (corticostriatal) or 45 min (hippocampal) of OGD and
immediately treated with 50 μM melatonin followed by 24 h of reperfusion. Cell death was measured
by PI uptake (A–F). Representative microphotographs of PI fluorescence in each of the experimental
groups of the two regions ((A–C) Scale bar: 50 μm, (D–F) scale bar: 200 μm). (G,H). Graphs
show PI+ cell counts in corticostriatal (G) and hippocampal (H) regions. n for control, OGDR and
OGDR+MEL in the corticostriatal region was 16, 17 and 11 slices, respectively. n for control, OGDR
and OGDR+MEL in the hippocampal region was 19, 10 and 5 slices, respectively. The dotted line at
y = 1 represents the control values. *** p < 0.001 or **** p < 0.0001 vs. control group; ### p < 0.001 or
#### p < 0.0001 vs. OGDR group.

In the hippocampus, cell death was also significantly increased after OGDR, reaching
values 8 times higher than those observed in the control slices (p < 0.0001). Again, melatonin
treatment after OGDR significantly decreased the number of PI+ cells from a fold change
of 8 to 2.75 (p < 0.0001). However, unlike in the corticostriatal region, the treatment did not
reduce dead cells to control-like values in the hippocampus, as we found nearly 3 times
more dead cells in the OGDR+MEL group compared to the control group (p < 0.001).
Results are shown in Figure 1.
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3.2. Oxidative Stress

To assess the redox state of the slices in the different experimental conditions, we mea-
sured the changes in the state of GSH and obtained the GSH/GSSG ratio, with decreased
values as an indicator of cellular oxidative stress. These findings, obtained from pooled
tissue samples analyzed in technical triplicates, should be interpreted as representative
trends supporting the modulatory effect of melatonin on redox homeostasis.

In the corticostriatal region (Figure 2), GSH/GSSG ratio did not change after OGDR
compared to control samples. However, after treating the slices with melatonin, the
GSH/GSSG ratio clearly increased, suggesting that melatonin modulates the cellular
antioxidant system beyond its role as a direct antioxidant.

Figure 2. Redox state of the corticostriatal and hippocampal regions after OGDR and melatonin
treatment. Cultures were subjected to 1 h (corticostriatal) or 45 min (hippocampal) of OGD and
immediately treated with 50 μM melatonin followed by 24 h of reperfusion. GSH/GSSG ratio
was calculated as an indicator of the redox state and is expressed relative to the control. n in the
corticostriatal region was 6 slices in each experimental group. n in the hippocampal region was
9 slices in each experimental group. Slices were pooled and experiments were performed in triplicate.
The dotted line at y = 1 represents the control values.

In the hippocampus (Figure 2), the redox state of the cells was markedly deteriorated
following OGDR, as the GSH/GSSG ratio decreased to 0.53. After melatonin treatment, an
improvement in redox status was found, as evidenced by a higher GSH/GSSG ratio in the
OGDR+MEL group compared to OGDR. Nevertheless, this improvement did not reach control
levels, thus suggesting that melatonin partially restores the cellular redox balance after OGDR.

3.3. Inflammatory Response

Following OGDR, several mediators of the inflammatory response were altered in the
corticostriatal region (Figure 3). IP-10 (Interferon-γ-induced Protein-10), MIP-3α (Macrophage
Inflammatory Protein-3α), CINC-1 (Cytokine-Induced Neutrophil Chemoattractant-1) and
LIX (Lipopolysaccharide-Induced CXC chemokine) are chemokines involved in leukocyte
recruitment, which help amplify the inflammatory response. After OGDR, all four appeared
upregulated compared to controls, where very little or none of these markers was detected.
Remarkably, after treating the slices with melatonin, the levels of these chemokines were
strongly reduced, recovering control levels as in the case of IP-10 and MIP-3α. The ex-
pression of ICAM-1 (Intercellular Adhesion Molecule-1), a molecule associated with cell
adhesion and transmigration, was also affected: while no ICAM-1 was detected in the
control samples, OGDR clearly upregulated its levels. Again, melatonin treatment notably
reduced the expression of this inflammatory molecule.
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Two markers related to tissue remodeling were also detected on corticostriatal samples.
TIMP-1 (Tissue Inhibitor of Metalloproteinases-1), a tissue inhibitor of matrix metallopro-
teinases, showed elevated levels in all the experimental groups, with no differences between
them. Compared to control samples, VEGF (Vascular Endothelial Growth Factor), a key
regulator of angiogenesis and vascular remodeling, was strongly and mildly elevated after
OGDR and OGDR+MEL, respectively.

Figure 3. Proteome profile of the corticostriatal region after OGDR and melatonin treatment. Corticos-
triatal cultures were subjected to 1 h of OGD and immediately treated with 50 μM melatonin followed
by 24 h of reperfusion. The proteome profile of supernatants was assessed using a membrane-based
sandwich immunoassay (left side of the figure). The following were detected (graphs, right side of the
figure): IP-10, MIP-3α, CINC-1, LIX, ICAM-1, TIMP-1 and VEGF. n was 6 slices in each experimental
group. Samples were pooled and pixel densitometry was measured in duplicate.

In the hippocampus, the number of detected markers and their expression levels
clearly varied compared to the corticostriatal region (Figure 4).

Regarding the recruitment phase of the inflammatory response, only IP-10 and CINC-
1 were detected. The expression of IP-10 increased in OGDR slices compared to the control,
where no IP-10 was detected. After treating cells with melatonin, the expression of this
molecule did not differ from what was observed in OGDR slices. CINC-1, on the other
hand, could not be detected in both the control and OGDR slices, but the supernatants
of OGDR+MEL slices showed slightly increased levels of this marker. We did not detect
MIP-3α, LIX or ICAM-1.

Tissue remodeling markers TIMP-1 and VEGF appeared again in hippocampi, but
with a different profile compared to the corticostriatal region. Whereas TIMP-1 was not
detected in control slices, its expression was strongly increased after OGDR and slightly
reduced with melatonin. VEGF, unlike in the corticostriatal region, was only detected in
the OGDR+MEL group, being absent in the non-treated OGDR group.

https://doi.org/10.3390/antiox1501001312



Antioxidants 2026, 15, 13

Figure 4. Proteome profile of the hippocampal region after OGDR and melatonin treatment. Hip-
pocampal cultures were subjected to 45 min of OGD and immediately treated with 50 μM mela-
tonin followed by 24 h of reperfusion. The proteome profile of supernatants was assessed using
a membrane-based sandwich immunoassay (left side of the figure). The following were detected
(graphs, right side of the figure): IP-10, CINC-1, TIMP-1 and VEGF. n was 10 slices in each experi-
mental group. Samples were pooled and pixel densitometry was measured in duplicate.

4. Discussion

Using organotypic brain slices from neonatal rats, we compared here the effects of
HI and melatonin treatment in the corticostriatal and hippocampal regions, two brain
areas particularly sensitive to asphyxia in the neonatal period. Our findings confirmed
such sensitivity and similar extent in cell death but revealed inter-regional differences in
oxidative stress and inflammation. Melatonin treatment was able to reduce cell death and
oxidative stress in both brain areas, but its anti-inflammatory effects differed depending on
the region.

When evaluating cell death, the degree of injury showed minor regional differences,
with the corticostriatal area exhibiting slightly higher cell counts compared to the hip-
pocampus. The latter is usually a more sensitive region to asphyxia [28], so this discrepancy
may be attributed to the different oxygen-glucose deprivation durations used in this work
(60 min for corticostriatal [23] and 45 min for hippocampus [18]), which were established to
avoid irreversible cell death in the hippocampus. There are different factors that could be be-
hind the regional differences observed in cell death. First, each region has different intrinsic
properties, which are likely to contribute to different responses after damage. As observed
in previous works, neurons and astrocytes from the cortex, hippocampus and striatum
differ in the activity of superoxide dismutase and the expression levels of gluthatione
or Bcl-xL, cellular components related to the regulation of the antioxidant and apoptotic
responses [29]. Different cell types are also likely to have specific responses depending
on the region, which is also probably behind the different patterns of injury. For example,
astrocytes are usually more resistant than neurons to excitotoxic and oxidative stimuli,
but in the striatum, astrocytes seem to be particularly vulnerable to OGD. A similar thing
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happens with cortical neurons, which are more sensitive than striatal and hippocampal
neurons [29,30]. At the molecular level, brain regions can also differ in cell death pathways
after HI, as CA1 neurons usually undergo caspase-dependent apoptosis [31], whereas
cortical and striatal regions may show a combination of caspase-dependent apoptosis,
necrosis and other forms of cell death [32,33].

As cell death usually correlates with (or is a consequence of) oxidative stress and
inflammation [34], we next studied these parameters.

The corticostriatal region did not show major variations in oxidative stress (measured
by the GSH/GSSG ratio), whereas data from the hippocampus revealed a significant
drop in this ratio after OGDR, pointing to more severe oxidative damage in this region.
These regional differences in oxidative stress may be due to several factors. Together with
its high consumption of oxygen as one of the most metabolically active regions of the
developing brain [35], the hippocampus contains a very high density of glutamatergic
neurons compared to other regions [36], which makes this area especially vulnerable to
excitotoxicity and the resulting overproduction of reactive oxygen species (ROS) [37,38].
Consistent with data from the present work, GSH levels of the CA1 pyramidal neurons
significantly decreased after OGDR in slice cultures [39], leaving the hippocampus with
a less robust antioxidant defense, especially during early development. For its part, the
low impact of oxidative stress on the corticostriatal slices may be due to a greater redox
capacity of the region or to a previously resolved oxidative peak, as inflammation was
relevant in this area at 24 h after OGDR.

In the corticostriatal region, we observed increased values of IP-10, MIP-3α, CINC-1,
LIX, ICAM-1 and VEGF. These results suggest a classical inflammatory cascade in this
region, where leukocyte recruitment chemokines (IP-10, MIP-3α, CINC-1 and LIX) are
predominant at the studied time point [40]. In corticostriatal primary cultures subjected to
OGDR, Zhang and collaborators reported IP-10 was markedly increased, which contributed
to neuronal injury [41]. Both CINC-1 and LIX are potent neutrophil-attracting signals that
aggravate the outcomes of neurological damage [42,43]. Neutrophils contribute to the
damage caused by ischemia by impairing vascular remodeling, worsening blood–brain
barrier integrity, increasing microvascular occlusions and ultimately promoting neuronal
death [44–47], which correlates with the cell death observed in our work after OGDR.
Similarly to our data, Terao et al. also reported an increase in MIP-3α in a rat model of
ischemia, which was associated with exacerbation of the injury [48]. Molecules involved
in endothelial adhesion (ICAM-1) and tissue remodeling (VEGF) were also detected in
the corticostriatal region, which suggests that although the region appears to be primar-
ily at the leukocyte recruitment stage, the tissue might be initiating the next phases of
inflammation, which involve vascular adaptation and structural reorganization [49,50].
Further, the induction of ICAM-1 in the cortex and the activation of VEGF after ischemia
are well documented in rodents and both markers appear to be upregulated in response to
damage [51,52]. To sum up, corticostriatal-augmented inflammation may amplify tissue
injury, microvascular dysfunction and blood–brain barrier disruption [53–55].

In contrast, the hippocampal inflammatory profile was much milder, with only two
markers (IP-10 and TIMP-1) upregulated at 24 h post-OGDR, both markers correlating with
brain injury and long-term sequelae, as reported before [41,56].

These region-dependent differences in inflammation may be due to several factors, like
the spatial heterogeneity of microglia and the temporal heterogeneity in cytokine kinetics,
among others. Microglia plays a leading role in inflammation, and its density, morphology
and gene expression is not uniform across all brain areas. Further, its diversity peaks at the
developmental stage [57,58], so this may influence a region-specific response to damage.
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Another factor to consider is the different temporal window of inflammatory molecules
depending on the region. In neonatal HI, canonical proinflammatory cytokines often
increase within 3–6 h post-injury and return to baseline after 24 h in the hippocampus [59],
while in the cortex or striatum, signals of these cytokines can be detected across the 12–48 h
window post-insult [60].

Our work also studied the therapeutic capacity of melatonin in the two regions.
Melatonin significantly reduced cell death in both corticostriatal and hippocampal areas,
a neuroprotective effect in line with prior data using primary neuronal cultures [61,62],
organotypic hippocampal slices [18,63] and in vivo HI models [32,33].

Melatonin also improved GSH/GSSG ratio, with similar increases in both brain areas.
These data align with previous works reporting the antioxidant capacity of the molecule,
enhancing the synthesis of GSH, as well as scavenging free radicals [64–66]. Here, OGDR
especially affected the redox state of the hippocampus, so the observed redox rebalanc-
ing after the treatment could contribute to the observed decrease in hippocampal cell
death [13,18,63].

As discussed previously, the main process behind damage of the corticostriatal region
in our work appears to be inflammation. The inflammatory mediators upregulated after
OGDR in this region (IP-10, MIP-3α, CINC-1, LIX, ICAM, and VEGF) were all reduced after
melatonin treatment, thus confirming a potent anti-inflammatory effect of the treatment,
described in other models [67].

A different response in inflammation was observed in the hippocampus after the
treatment. The upregulated markers after OGDR (IP-10 and TIMP-1) were not significantly
reduced and two new markers (CINC-1 and VEGF) were detected. Some of these changes
might contribute to the reduction in cell death; for instance, the appearance of VEGF after
the treatment might indicate tissue regeneration [68].

This study has some limitations. First, all measurements were obtained at a single
time point (24 h post-OGD). This time-point corresponds to a window in which cell death,
inflammation and oxidative stress are clearly detectable in our model, but it does not allow
us to characterize their temporal dynamics. Earlier sampling could help define the onset of
the oxidative and inflammatory responses, whereas later sampling would probably help
clarify whether these processes persist or resolve in the longer term, leading to a more
robust understanding of the evolution of deleterious and/or repairing mechanisms in the
studied brain areas. While organotypic slices preserve local architecture and neuron–glia
interactions, being a highly representative model for the study of new therapies in HI, they
do not preserve the full neurovascular unit present in vivo. As commented before, OGD
duration differed between regions to avoid irreversible cell death in the hippocampus, and
slices had to be pooled for some analyses, which limits some statistical comparisons. Future
work incorporating multi-timepoint sampling, study of the upstream processes behind the
immune response and complementary in vivo validation will help refine the interpretation
of these findings.

In summary, our work suggests that organotypic corticostriatal and hippocampal
slices respond differently to OGDR, with inflammation playing a predominant role in
the corticostriatal region and oxidative stress in the hippocampus. Melatonin treatment
reduced cell death in both regions, targeting both harmful mechanisms. From a trans-
lational perspective, our findings reinforce the therapeutic potential of melatonin as a
neuroprotective strategy in neonatal hypoxic–ischemic injury and highlight the impor-
tance of considering region-specific pathophysiology when designing and evaluating
new treatments. Future studies should determine whether similar patterns of vulnera-
bility occur in vivo and evaluate longer-term structural and functional outcomes. Such
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work will help bring our results a step closer to clinical application in neonates with
hypoxic–ischemic encephalopathy.
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Abstract: In the developing lung, oxidative stress caused by relative hyperoxia constitutes
a central pathogenic mechanism of neonatal lung injury resulting in bronchopulmonary
dysplasia (BPD). The immature postnatal lung is highly susceptible to oxidative damage
due to incomplete antioxidant defenses and ongoing alveolar and vascular maturation. In
a postnatal high-oxygen-induced rat model of BPD-associated lung injury, three or five
days of exposure to 80% oxygen was found to disrupt developmental signaling pathways,
downregulating genes essential for alveolarization and angiogenesis while inducing profi-
brotic mediators and collagen expression (Sirius Red staining). These changes resulted in
simplified alveolar architecture, as quantified by toluidine blue staining and mean linear
intercept analysis of normalized volumes of parenchyma, non-parenchyma, airspaces,
septa, and edema. Acting as a multifunctional antioxidant with antifibrotic activity, caffeine
mitigated structural lung damage and normalized the transcription of angiogenic and
fibrotic genes. It counteracted TGF-β/CTGF-driven fibrogenic signaling and promoted re-
covery of normal lung morphology following hyperoxic injury. Under normoxic conditions,
however, caffeine transiently upregulated profibrotic mediators. Overall, caffeine mitigates
hyperoxia-induced lung injury and may actively promote physiological lung maturation,
warranting future studies to define optimal dosing windows, clarify context-dependent
fibrotic signaling, and translate gene-level effects into long-term clinical outcomes.

Keywords: hyperoxia; oxygen; postnatal immature lung; caffeine; morphology; fibrosis

1. Introduction

The prevention of bronchopulmonary dysplasia (BPD) and the reduction in respiratory
instability remain major challenges in neonatal intensive care. Improved survival rates are
accompanied by a higher rate of chronic respiratory complications [1,2]. Extremely and
very preterm infants (<28 weeks of gestational age) are especially susceptible to respiratory
instability evolving into (BPD) [3]. Despite advances in neonatal intensive care medicine,
such as the increased use of non-invasive ventilation and optimized surfactant therapy, the
incidence of BPD remains high or is even increasing, while mortality is declining [4,5].

BPD is one of the most common respiratory complications in premature infants.
Similarly, preterm infants without BPD, as well as moderate and late preterm infants,
may also exhibit relevant and sometimes persistent impairments in lung function and
an increased risk of respiratory morbidity [6–8]. Lifelong morbidities affecting various
aspects of quality of life can result from respiratory diseases following premature birth.
Cohort studies show that preterm infants with very low gestational age (<32 weeks) have
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a significantly increased risk of persistent and progressive lung function deficits, asthma,
and the development of chronic obstructive pulmonary disease in adulthood [9–11]. These
morbidities are reflected in higher hospitalization rates, greater medication requirements,
and an increased prevalence of respiratory symptoms and infections already in childhood,
often with functional limitations persisting into adulthood [12].

Current intervention options for the treatment of BPD primarily involve a combination
of non-invasive ventilation, targeted pharmacotherapy, and supportive measures. The
most important evidence-based therapies include the early application of non-invasive
ventilation immediately after birth, volume-controlled ventilation, and the minimization
of oxygen toxicity to prevent invasive ventilation and the associated lung injury [13–15],
as well as surfactant therapy, preferably using less invasive surfactant administration [16].
Corticosteroids are employed to reduce the incidence of BPD; however, the optimal timing,
choice of agent, and dosage remain debated [17,18]. Vitamin A supplementation may
lower the risk of BPD but is not routinely used due to uncertain cost–benefit considerations.
Diuretics and bronchodilators are applied symptomatically in established BPD, improving
lung function in the short term but showing no preventive efficacy [14]. Experimental
approaches include clinical and preclinical studies investigating mesenchymal stromal cells
(MSCs), IGF-1/IGFBP-3, and IL-1 receptor antagonists [13,19,20]. Addionally, new thera-
peutic concepts, such as systems pharmacology therapeutics, aim to interrupt the complex,
self-reinforcing cycle of BPD progression, comprising oxidative stress, inflammation, and
downstream endoplasmic reticulum (ER) stress, to promote proper lung regeneration rather
than defective repair [21]. While preclinical data indicate improved lung development
and reduced inflammation, clinical benefits remain to be confirmed. The prophylactic
and therapeutic use of caffeine is well established and significantly reduces the risk of
BPD [14,15,22].

BPD is characterized by a complex interplay of impaired lung development and
dysregulated processes of injury and repair [23]. Morphologically, this is manifested by a
simplified alveolar architecture with reduced septation and enlarged alveoli, resulting in a
diminished surface area for gas exchange [24–26]. In parallel, pulmonary microvascular
development is impaired, leading to dysmorphic angiogenesis with reduced capillary
density and an increased risk of pulmonary hypertension [24,25,27]. The small airways also
exhibit pathological alterations, including wall thickening, smooth muscle hyperplasia, and
enhanced reactivity, which contribute to obstructive ventilatory disorders and increased
susceptibility to infection [24,27]. Interstitial remodeling processes involving fibrosis and
chronic inflammation further compromise lung elasticity and compliance [25,26].

Ventilation-induced damage aggravates these changes by causing endothelial and
epithelial dysfunction and disrupting the integrity of alveolar-capillary barrier. This results
in pulmonary edema, increased protein permeability and diffuse alveolar damage, which
progresses through exudative, proliferative, and fibrotic phases characterized by distinct
patterns of tissue remodeling. In premature infants, the lungs are particularly vulnera-
ble as the structural and functional maturation of both endothelium and epithelium is
incomplete [28,29]. Even short periods of mechanical ventilation can lead to significant
parenchymal and bronchiolar injury. Although repair mechanisms are activated, the risk of
developing chronic lung disease such as BPD remains high [30].

Oxidative stress resulting from hyperoxia and the formation of reactive oxygen species
(ROS) is central to BPD pathogenesis [31,32]. Preterm infants are particularly susceptible
due to immature antioxidant defense systems [33,34]. Reduced glutathione concentrations
limit free radical detoxification, promote inflammation and apoptosis, and disrupt alveolar
and vascular development [35,36]. Elevated proinflammatory cytokines such as IL-6, IL-
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8, and TNF-α contribute to chronic tissue damage and impaired alveolarization [37,38],
with an increased neutrophil-to-lymphocyte ratio indicating systemic inflammation [38].
Additional mechanisms include impaired VEGF signaling and angiogenesis [39], epigenetic
modifications [38], and programmed cell death pathways such as apoptosis, autophagy, and
ferroptosis [32]. Genetic predispositions and dysregulated immune responses, including
Th1/Th2 imbalance, further increase risk [23,38]. Overall, oxidative injury constitutes the
major molecular risk landscape BPD progression.

Given the central role in premature lung injury, antioxidant strategies, including
potential effects of caffeine, may hold therapeutic relevance. The interaction between
oxidative stress and inflammation, although critical, remains incompletely understood in
BPD an is an important area of ongoing [40].

Animal models, particularly mouse and rat models, are essential for investigating
these mechanisms under controlled conditions [41]. They allow targeted analysis of oxygen
toxicity, antioxidant system dysregulation, and BPD development [42]. The lungs of rodents
in the late fetal and early neonatal periods are comparable to human preterm lungs in
terms of development and antioxidant capacity [14,42]. Similarities include immature
surfactant production, reduced antioxidant enzyme activity, and heightened vulnerability
to oxidative stress after birth and oxygen exposure [42,43]. Changes observed in animal
models after hyperoxia or intermittent hypoxia, such as alveolar hypoplasia, inflammation,
and impaired vascular development, mirror those seen in human preterm infants [42–44].
Despite these similarities, differences in lung development, genetics, and immune response
limit clinical translatability, so findings must be critically evaluated [42,43,45].

Against this background, animal models are particularly valuable for investigating an-
tioxidant therapies such as caffeine. In mouse and rat models, caffeine exhibits pronounced
antioxidant and anti-inflammatory effects. It reduces oxidative DNA damage, modulates
antioxidant enzyme expression, inhibits NLRP3 inflammasome and NF-κB activation, and
decreases alveolar epithelial cell apoptosis [46–52]. Additionally, caffeine promotes angio-
genesis and alveolar development [53,54]. These effects are dose-dependent, as excessive
caffeine concentrations may induce cellular damage [55]. The protective effects observed in
animal studies correspond to clinical findings of reduced BPD incidence in preterm infants.

This study aims to investigate the effects of neonatal hyperoxia on postnatal lung
development and to explore whether caffeine can modulate these outcomes. We focus on
structural, molecular, and remodeling changes, including alveolar simplification, angiogen-
esis, and expression of key developmental and pro-fibrotic markers. Specifically, we are
investigating the acute phase of oxygen exposure within the saccular stage and the transi-
tion from the saccular to the alveolar stage of lung development, as well as the subsequent
effects in adolescent rats during the alveolar stage without further insults, in order to assess
both immediate and longer-term impacts on lung maturation. Furthermore, we aim to
determine whether caffeine exerts protective effects under oxidative stress and whether its
impact is context-dependent, potentially influencing lung development differently under
normoxic versus hyperoxic conditions. The findings of this study are expected to clarify
caffeine’s role as a potential modulator of postnatal lung development and its therapeutic
relevance for preterm infants at risk of BPD.

2. Materials and Methods

2.1. Animal Welfare

After an acclimatization period, the pregnant Wistar rats were housed individually
for two days before labor under controlled environmental conditions with a constant
12 h/12 h light/dark cycle, room temperature, and 60% relative humidity and had access
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to food and water at all times. In a 12 h birth window, pups were randomized by sex
and number and assigned to lactating dams according to the experimental group. The
animal experimental procedures were evaluated and approved by the local animal welfare
authority (LAGeSo, authorization number G-0088/16), including a prior case number
determination. All procedures performed on the animal, as well as the husbandry condi-
tions, were in accordance with institutional and ARRIVE guidelines. For a comprehensive
evaluation of the data collected, reference is made to the previously published studies
with identical experimental cohorts [50,51,56,57], which have focused on pulmonary and
neurodevelopmental analyses.

2.2. Experimental Design and Caffeine Administration

As described previously [50,51,56,57], all pups born within a 12 h time window were
randomized by sex across litters and assigned to lactating dams according to litter size.
Sample size was calculated using G∗Power V3.1.2 [58] for local authority approval. Dams
with assigned rat pups were randomly divided into the different test groups. Exposure to
two oxygen concentrations, either room air (normoxia, NO) or an 80% oxygen enriched
atmosphere (hyperoxia, HY), was performed. Normoxic conditions were maintained
in the animal housing, while hyperoxia-exposed pups remained with their dams in an
80% oxygen environment in an incubator (OxyCycler BioSpherix, Lacona, NY, USA). The
duration of the modified oxygen environment was applied for two distinct periods: from
postnatal day (P)0 to P3 (n = 6–8) or from P0 to P5 (n = 6–8) for both normoxia and
hyperoxia conditions. Compared to neonatal pups, adult rats have limited tolerance to
high oxygen concentrations and may stop feeding the pups. To prevent oxygen toxicity
in the dams, they were alternated between hyperoxic and normoxic litters every 24 h.
Pups were randomized into experimental groups on the day of birth (P0). In addition to
the oxygen concentration, the treatment of the pups varied in the application of either
caffeine or vehicle. Caffeine or vehicle was administered intraperitoneally (i.p.), correlated
to body weight (100 μL/10 g). Crucially, the first application was administered on P0
prior to the onset of the respective oxygen exposure. The subsequent dosing schedule
depended on the exposure duration: the P0-P3 subset received a total of two applications
(on P0 and P2), while the P0–P5 subset received a total of three applications (on P0, P2,
and P4). Validation of plasma caffeine levels confirmed that the dosing regimen was
sufficient to achieve concentrations in the pups (8.8–11.2 μg/mL, [50]) that fell within
the clinical therapeutic range (5.5–23.7 μg/mL, [59]). Importantly, experimental groups
maintained until P15 received no further applications of caffeine or vehicle after the initial
exposure period (P3 or P5), thus remaining untreated during the subsequent recovery phase
under room air/normoxia. The dose of 10 mg/kg pure caffeine is equivalent to 20 mg/kg
caffeine citrate, which is commonly used clinically [60]. This protocol resulted in four
distinct groups at each exposure duration: (a) normoxia (NO, control group): application
of 21% oxygen with vehicle (phosphate-buffered saline, PBS, Thermo Fisher Scientific
Inc., Waltham, MA, USA), (b) normoxia with caffeine (NOC): 21% oxygen with caffeine
(10 mg/kg, Sigma-Aldrich, Steinheim, Germany), (c) hyperoxia (HY): 80% oxygen with
vehicle (PBS) and (d) hyperoxia with caffeine (HYC): 80% oxygen with caffeine (10 mg/kg).
The study relevant examinations were performed immediately after the end of the oxygen
exposure (P3, P5) or after recovery in room air at P15 (P3_P15, P5_P15). The experimental
design with the timeline, the experimental groups and the outcome parameters is shown
below in Figure 1.
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Figure 1. Schematic of the experimental design showing oxygen exposure (normoxia or
hyperoxia, left box) with or without caffeine treatment from P0 to P3 or P5, followed by analy-
ses either immediately (P3, P5) or after recovery in room air (P15). Four groups were studied at each
time point: normoxia with vehicle (NO), normoxia with caffeine (NOC), hyperoxia with vehicle (HY),
and hyperoxia with caffeine (HYC, middle box). Outcome parameters (right box) included RNA
gene expression, Sirius Red staining (paraffin sections), and morphology (plastic embedding).

2.3. Sampling and Processing Lung Tissue
2.3.1. Tissue for RNA Extraction and Paraffin Embedding

At the time of targeted analyses (P3, P5, P3_P15 and P5_P15), as previously de-
scribed [50,51], pups received i.p. injection of anesthetics (ketamine (100 mg/kg), xylazine
(20 mg/kg), and acepromazine (3 mg/kg)). After opening the thorax, the pups were per-
fused transcardially as described previously. Cold PBS (pH 7.4) was used to perfuse the lung
tissue for further transcript analysis. To prepare the whole lung for paraffin embedding,
the PBS perfusion was followed by a further perfusion step with cold paraformaldehyde
(PFA, 4% (w/v), pH 7.4, Merck KGaA, Darmstadt, Germany). After exsanguination of the
deeply anesthetized rat pups, the lungs were removed and either snap-frozen in liquid
nitrogen for gene expression studies and stored at −80 ◦C until further use, or dehydrated
in ethanol for embedding after one day of post-fixation in PFA at 4 ◦C and then embedded
in paraffin.

2.3.2. Tissue for Glycol Methacrylate Embedding

Sedation and deep anesthesia were achieved with an i.p. injection of ketamine, xy-
lazine and acepromazine (see below 2.3.1). The abdomen and thorax were opened and
the trachea was dissected free. A tube was inserted into the trachea via the oral cavity
and fixed with a ligature in order to start transcranial perfusion. This was performed
under constant pressure, first with cold isotonic Ringer’s solution mixed with procaine
and heparin, and then with cold glutaraldehyde-formaldehyde solution (4% (w/v) PFA
and 0.1% (v/v) glutaraldehyde (GA, Carl Roth GmbH, Karlsruhe, Germany) in 0.2 M
HEPES, Merck KGaA). Meanwhile, a recruitment maneuver (10 cm H2O to 30 cm H2O)
was performed twice via a connected ventilation system (MidiVent Ventilator Model 849,
Harvard Apparatus GmbH, March-Hugstetten, Germany) to optimally inflate the lungs.
The tube was then removed and the heart-lung package carefully removed and post-fixed
in the perfusion solution (PFA/GA/HEPES) for a further 24 h. Until further use and after
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removal of the heart, the lungs were stored at 4 ◦C in 0.15 M HEPES. The volume of the
whole lungs was determined according to Archimedes’ principle [61].

Plastic embedding of the left and the right lung lobes in glycol methacrylate (GMA,
Technovit 7100; Heraeus Kulzer, Wehrheim, Germany) was performed over three consecu-
tive days. For the embedding procedure, the lungs were washed twice for 10 min each in
0.15 M HEPES (pH 7.4) and then four times for 5 min each with 0.1 M sodium cacodylate
buffer. The samples then remained in distilled water for about one hour. Dehydration was
carried out using an ascending acetone dilution series with incubation times of 20 min
twice each (70%, 80%, 90% and 100%), with the last step being repeated three times. A
mixture of the base solution (Technovit 7100) with 100% acetone was added to the tissue
for preinfiltration and incubated overnight at 4 ◦C. On the second day, the preinfiltra-
tion medium was replaced by freshly prepared infiltration medium (100 mL Technovit
7100 with 1 g hardener I). The samples were stored overnight at room temperature and
shaken gently. Plastic embedding was carried out on the third day. Infiltration medium
was mixed 15:1 with Hardener II, mixed well and placed in embedding cassettes for stan-
dardized positioning of the lungs. For optimal polymerization, the samples were left at
room temperature for at least 24 h. For later sample preparation for cutting, they were
glued to plexiglass blocks with superglue and stored cool. Using a rotary microtome, the
glycol methacrylate-embedded lungs were cut into 1.5 μm thick sections and mounted on
uncoated slides.

2.4. RNA Extraction and qPCR

The procurement of lung tissue for the transcript analyses with underlying RNA
isolation and subsequent transcription into cDNA has already been described in the work
carried out with the same animal cohorts [50,51]. Briefly described again, total RNA was
isolated from frozen tissue by acid phenol/chloroform extraction (peqGOLD RNAPure™,
PEQLAB Biotechnologie, Erlangen, Germany). The isolated and DNase-treated RNA (2 μg)
was reverse-transcribed, then amplified and quantified in a real-time qPCR with the target
gene sequences summarized in Supplementary Table S1, with detailed abbreviations for the
amplified genes. Amplification of target genes was performed using the mastermix qPCR
BIO Mix Hi-ROX (NIPPON Genetics Europe, Düren, Germany) in the QuantStudio™ 3
Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA, Thermo Fisher Scientific
Inc.). Using standardized HPRT as an internal reference, expression analyses of selected
target genes were performed using the 2−ΔΔCT method [62].

2.5. Sirius Red and Toluidine Blue Staining

The paraffin-embedded lungs were deparaffinized and then hydrated with descending
alcohol concentrations (EtOH; 96%, 80%, 70%). After the sections were rinsed in distilled
water, they were incubated with a saturated aqueous picric acid solution (Sigma-Aldrich)
for at least 1 h. The slides were then washed twice with freshly prepared acidified water
(0.5% (v/v) glacial acetic acid in ddH2O) and hydrated again with an ascending concentra-
tion of alcohol (EtOH; 70%, 80%, 96%) and cleared with xylene substitute (ROTI®Histol,
Carl Roth GmbH) before mounted on the slide with aqueous mounting medium.

The GMA-embedded lung sections from the young rats were incubated for 15 min
at room temperature with an aqueous toluidine blue solution (1% (w/v) toluidine blue O
(Carl Roth GmbH), 2.5% (w/v) sodium bicarbonate). The sections were then differentiated
in deionized water and mounted in a resin-containing medium.
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2.6. Aspects of Morphologic Analysis

The left toluidine blue-stained lung lobes of all experimental animals were used for
quantitative analysis of morphological characteristics. The stereological analyses were
performed according to the recommendations of the American Thoracic Society/European
Respiratory Society [63] for the quantitative assessment of lung structure, whereby all lungs
were embedded in the same orientation and serially cut into 1.5 μm thick sections. From
the beginning of the tissue structure in the GMA block, the sections were numbered and
selected for further analyses in comparable areas. For analysis, three left lung lobe sections
from each animal were imaged at 10× and 20× magnification with the BZX800 microscope
(Keyence, Osaka, Japan) using light microscopy with stitching and Z-stack. The images
were taken under identical conditions and then analyzed blindly.

The mean linear intercept (MLI) of lung tissue sections was quantified using ImageJ
(version 1.53, National Institutes of Health, Bethesda, MD, USA). Toluidine blue-stained
images were acquired at 20× magnification, saved in TIFF format, and standardized to
identical resolution. Image segmentation was performed by applying a uniform threshold-
ing method across all samples [64]. To obtain chord lengths, horizontal and vertical test line
grids were superimposed on the images. For each animal, ten fields per orientation were
analyzed, corresponding to a defined test line length. Image processing was automated
through a dedicated macro executed in batch mode, which included background correction,
thresholding, chord isolation, and export of measurement data. The results were saved
in Excel-compatible format. The MLI was calculated as the sum of the lengths [μm] of all
counting lines divided by the total number of intercepts with alveolar septa. The mean
intercept value per sample was obtained by averaging the values of all sections from the
same animal. These means were then used to compare the intercepts of treated animals
with those of control animals.

For each left lung examined in this study, a set of predefined morphological parameters
was assessed, including the volume of parenchyma (VV (par, lung), [mm3]) and non-
parenchyma (VV (non-par, lung) [mm3]), the volume of alveolar airspace (VV (alv, lung),
[mm3]), the volume of alveolar septa (VV (sept, lung), [mm3]), the absolute surface area
of the alveolar septum (S (sept, lung), [cm2]), the mean thickness of the alveolar septum
(τ (sept), [μm]), and the volume of alveolar edema (VV (edema, lung), [mm3]). As an
initial step, the total lung volume was determined, since this value served as the essential
reference volume against which all subsequent stereological volume estimations were
normalized [65]. Histological sections were stained with toluidine blue and imaged at
10× magnification. Images were acquired in JPEG format and standardized to an identical
resolution to ensure comparability across samples. The quantification of volume densities
was performed using the point-counting method, a well-established stereological technique
that allows unbiased estimation of three-dimensional structures from two-dimensional
sections. For this purpose, the software STEPanizer (version 1) was employed, which
facilitates stereological evaluation by superimposing grids of test points and lines on digital
images [66]. The number of points hitting the respective tissue components was recorded,
and volume densities were calculated relative to the reference lung volume. From these
volume densities, absolute compartment volumes were derived. For each animal, the
estimations were based on a systematic sampling of ten images, ensuring a representative
coverage of the lung tissue. The measurements were blinded. All values determined
for each sample were first averaged across all sections obtained from the same animal.
These animal-level mean values were then used for group-level analyses by calculating the
average of all animals within the respective experimental groups. Comparisons between
treated and control groups were subsequently based on these group means. All stereological
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results were exported in an Excel-compatible format to enable structured data storage and
facilitate subsequent statistical analysis.

Quantification of the red-stained collagen of paraffin-embedded rat lungs was per-
formed by Sirius Red staining using ImageJ (version 1.53, [67]). For the fibrosis analyses,
two complete left and two complete right lung lobes were used for each animal, recorded
using a 10× magnification with stitching and Z-stack in the light field (BZX800 microscope).
To determine the fibrosis per area, a calibration scale was first created for all subsequent
analyses. For this purpose, an object of known size was measured and stored in ImageJ as
a reference. The threshold value of the Sirius Red-stained areas was determined via ‘colour
convolution2’ and the data were collected in a standardized manner. The percentage of the
fibrotic area in the image section and the area of the corresponding lung were recorded, so
that final fibrotic areas [%] per area [mm2] were included in the evaluation. The measure-
ments were blinded. The mean values per sample were calculated by averaging the values
of all sections from the same animal and used to compare the cell counts of the treated
animals with those of the control animals. The mean fibrosis percentages of the control
animals were used as 100% values, as indicated in the figure legends.

2.7. Statistic

Box and whisker plots were created for the statistical evaluation, identical to the
previous analyses of these cohorts. [50,51,56,57] The interquartile range (box) was shown,
with the line representing the median, while the whiskers show the data variability outside
the upper and lower quartiles. As already described, the groups were compared using a
one-way analysis of variance (ANOVA). In the case of a partially non-Gaussian distribution,
the analysis was carried out using the Kruskal–Wallis test or, assuming that the groups do
not have the same variances, using the Brown–Forsythe test. Post hoc tests were matched
to the respective omnibus test with Bonferroni for ANOVA, Dunn’s for Kruskal–Wallis, and
Dunnett’s T3 for the Brown–Forsythe test. A p-value of <0.05 was considered significant.
All graphs and statistical analyses were performed using GraphPad Prism 8.0 software
(GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. Survival, Growth and Lung Volume

All rat pups survived exposure to high oxygen concentrations. The nursing dams were
rotated between hyperoxia- and normoxia-exposed litters, as described, in order to avoid a
possible undersupply of the pups. The weight at the time of analysis (P3, P5, and after survival
to P15) increased over time according to postnatal development and significant differences
between the oxygen and/or caffeine treated pups could not be detected within the different
time points (Figure 2a). However, when looking at the percentage difference in weight gain
from the day of birth in a randomized distribution of pups, there was a delayed weight gain
in caffeine-treated pups with caffeine application under room air conditions at P3 and P5
(Figure 2b). Caffeine-treated rats that remained under 80% oxygen for the first five days of life
also showed delayed weight gain compared to both the control and hyperoxia groups.

The lung volumes of the respective rat pups were determined using the fluid displace-
ment method and are equivalent to the lung volume. The lung volumes increase over
time due to development. A significant increase in lung volume was observed for the
rats exposed to 80% oxygen for 3 and 5 days after recovery in room air (P3_P15, P5_P15)
(Figure 2c). The lung volume stabilized at a comparable level to the control animals when
rats were treated with caffeine during hyperoxia. This effect was confirmed when lung
volume was related to body weight (Figure 2d).
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Figure 2. Quantification of (a) body weight on examination day, (b) body weight gain over time,
(c) lung volume on examination day, and (d) the ratio of lung weight to body weight for 3 days
postnatal oxygen exposure (P3) and recovery (P3_P15) as well as 5 days postnatal oxygen exposure
(P5) and recovery (P5_P15). Data are presented as median of the experimental groups (normoxia,
white; hyperoxia, black; normoxia with caffeine, light gray; hyperoxia with caffeine, dark gray) or
normalized to the level of rat pups exposed to normoxia at each time point (body weight gain, control
100%, white bars). n = 7–8 per group; * p < 0.05, ** p < 0.01, *** p < 0.001 (ANOVA; Kruskal–Wallis;
Brown–Forsythe).

3.2. Lung Morphology
3.2.1. Lung Development

Rat lung maturation occurs postnatally, with alveolarization taking place during the
first two weeks of life [68,69]. Postnatal exposure of newborn rats (P0) to 80% oxygen (HY)
for 3 (P3) or 5 days (P5) resulted in marked alterations in alveolar development (Figure 3).
Compared to normoxic controls (NO), hyperoxia caused a simplified alveolar architecture
with fewer alveoli and enlarged distal airspaces (HY at P3 and P5). These abnormalities
persisted after recovery in room air until day 15 (HY at P3_P15, P5_P15), while caffeine
treatment (HYC) mitigated these effects.

Quantitative assessment using the MLI (Figure 4a) revealed that hyperoxia increased
MLI values at all time points (P3, P5, P3_P15, P5_P15), reflecting alveolar wall destruction
and enlarged airspaces. Caffeine prevented this oxygen-induced increase at P3, P5, and
after recovery from short-term exposure, although after 5 days of hyperoxia followed
by recovery, MLI values remained slightly elevated. Under normoxia, caffeine had no
structural effect.

Stereological analyses were performed to evaluate parenchymal and non-parenchymal
lung compartments. Volume and surface densities are relative parameters influenced by
changes in the reference space, all volume densities were related to total lung volume.
The volume fraction of parenchyma (Vv (par, lung), Figure 4b), comprising alveoli, septa,
and distal airways, was similar among groups at P3 and P5 but increased in hyperoxia-
exposed pups after recovery (P3_P15, P5_P15). This increase was prevented by caffeine.
Non-parenchymal volumes (Vv (non-par, lung)), including conducting airways and large
vessels, remained unchanged (Figure 4c).
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Figure 3. Representative toluidine stain imaging of left lung lobes for 3 days postnatal oxygen
exposure (P3, left) and recovery (P3_P15, middle left) as well as 5 days postnatal oxygen exposure
(P5, middle right) and recovery (P5_P15, right) of rats exposed to normoxia (NO) or hyperoxia (HY)
compared to lung lobes of rats treated with caffeine (NOC, HYC). Scale bar 100 μm. The outlined
regions (black bordered boxes) are magnified 1.8× compared to the original image.

The fraction of ventilated alveoli and alveolar ducts (Vv (alv, lung), Figure 4d) was
unaffected by hyperoxia or caffeine at P3. After recovery, alveolar volume was significantly
increased following both 3- and 5-day hyperoxia, an effect blocked by caffeine. Notably,
caffeine under normoxia slightly increased alveolar volume at P5. Conversely, the volume
fraction of alveolar septa (Vv (sept, lung)) decreased under hyperoxia, consistent with
alveolar simplification. Caffeine restored septal volumes to near-control levels except at P3
(Figure 4e). The absolute surface area of the alveolar septum (S (sept, lung), Figure 4f) was
markedly reduced by hyperoxia, with a near 50% decrease already evident at P3. At P5,
hyperoxia induced only a trend toward reduction, yet both 3- and 5-day exposures resulted
in a persistent decrease that remained detectable through P15. Caffeine did not modify
these hyperoxia-induced reductions at any time point (Figure 4f). In contrast, the mean
thickness of the alveolar septum (τ (sept), Figure 4g) was consistently diminished under
hyperoxic conditions at all acute time points (P3, P5), and this reduction persisted after the
recovery phase (P15). Caffeine mitigated septal thinning induced by hyperoxia and fully
normalized septal thickness by P15. Under normoxic conditions, caffeine alone slightly
decreased septal thickness at P5 (Figure 4g).
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Figure 4. Quantification of (a) mean linear intercept (MLI), volume of (b) parenchyma (VV (par,
lung)), (c) non-parenchyma (VV (non-par, lung)), (d) alveolar airspace (VV (alv, lung)), (e) alveolar
septa (VV (sept, lung)), (f) absolute surface of the alveolar septum (S (sept, lung)), (g) mean thickness
of the alveolar septum (τ (sept)), and (h) alveolar edema (VV (edema, lung)) for 3 days postnatal
oxygen exposure (P3) and recovery (P3_P15) as well as 5 days postnatal oxygen exposure (P5) and
recovery (P5_P15). Data are presented as median of the experimental groups (normoxia, white;
hyperoxia, black; normoxia with caffeine, light gray; hyperoxia with caffeine, dark gray). n = 6–8 per
group; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (ANOVA; Kruskal–Wallis; Brown–Forsythe).

Exposure to high oxygen concentrations may have increased the permeability of the
alveolo-capillary barrier, promoting interstitial fluid accumulation. Hyperoxia increased
alveolo-capillary permeability, leading to mild interstitial edema ((Vv (edema, lung) with
4.7% at P3; 3.2% at P5). Caffeine successfully reduced the edema to approximately 1% of
total lung volume (Figure 4h), rendering this effect unmeasurable in the overall assessment
of lung volume. However, separate assessment at the P15 time point, representing early
hyperoxia followed by recovery in room air, showed an increased lung volume, both in
absolute terms and relative to the pups’ body weight (Figure 2c).

3.2.2. Gene Expression of Alveolarization- and Angiogenesis-Associated Mediators

The effect of hyperoxia on the developing lung in relation to alveolarization and
angiogenesis was investigated by gene expression analysis of pulmonary transcripts.

CycD2 expression was reduced by 3-day and 5-day hyperoxia. This impairment in
transcription persisted after recovery under normoxia (Figure 5a). Without persistent down-
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regulation of gene expression, FGF10, PDGFα, PDGFRα, and PDGFRβ showed reduced
transcription after acute hyperoxia at P3 and P5 (Figure 5c,e–g). TGFβ was down-regulated
after neonatal hyperoxic insult only after recovery without high oxygen (P3_P15, P5_P15)
(Figure 5h) after it had undergone a strong induction of transcription under acute hyperoxia
(P3, P5). Excessive induction of gene expression after significant inhibition at P3 and P5
was seen at P15 for PDGFRα and PDGFRβ (Figure 5f). An increased transcription level
could be detected for FGF2 and Grem1 after a recovery period in room air (P15) without
prior hyperoxia-induced downregulation (Figure 5b,d). Caffeine affected transcription of
all target genes when administered concomitantly with 80% oxygen exposure and, with
few exceptions, caused significant counter-regulation (CycD2 at P3, P5 and P3_P15; FGF2
at P3_P15 and P5_P15; FGF10 at P3 and P5; Grem1 at P3_P15 and P5_P15; PDGFα at P3;
PDGFRα at P3 and P5; PDGFRβ at P3; TGFβ at P3, P5 and P5_P15; Figure 5a–h).

Figure 5. Quantification of alveolarization mediator’s transcript expression of a whole lung
lobe with (a) CycD2, (b) FGF2, (c) FGF10, (d) Grem1, (e) PDGFα, (f) PDGFRα, (g) PDGFRβ, and
(h) TGFβ for 3 days postnatal oxygen exposure (P3) and recovery (P3_P15) as well as 5 days postnatal
oxygen exposure (P5) and recovery (P5_P15). Data are normalized to the level of rat pups exposed
to normoxia at each time point (control 100%, white bars) with verum groups hyperoxia (black),
normoxia with caffeine (light gray), and hyperoxia with caffeine (dark gray). n = 7–8 per group;
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (ANOVA; Kruskal-Wallis; Brown–Forsythe).
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When caffeine alone was applied under normoxia, various alveolarization-related
factors were modulated. FGF10, PDGFα and PDGFRα were up-regulated at P5 compared
to untreated controls (Figure 5c,e–f), with PDGFRα expression remaining elevated even
after recovery in room air (Figure 5f). Caffeine had an inhibitory effect on the transcription
of PDGFα, PDGFRα and PDGFRβ after treatment up to P3 (Figure 5e–g), while TGFβ was
induced by caffeine at P3 (Figure 5h).

Exposure to 80% oxygen for three days decreased the expression of Angpt1 (P3,
Figure 6a) and was shown to be overexpressed after recovery below 21% (P3_P15). Angpt2,
on the other hand, was strictly upregulated both after three (P3) and after 5 days of hyper-
oxia (P5, Figure 6b). P5_P15 then showed a drastic downregulation of Angpt2 (Figure 6b).
As an associated receptor to Angpt1 and Angpt2, Tie2 was decreased under 80% oxygen
and then increased at P5_P15 (Figure 6c). VEGF and VEGFR2 were also inhibited in tran-
scription under hyperoxia at P3 and P5, while VEGFR1 was induced at P3_P15 and P5
(Figure 6e). Caffeine affected transcription of all target genes when administered in parallel
with 80% oxygen exposure and, with few exceptions, caused significant counter-regulation
(Angpt1 at P3 and P3_P15; Angpt2 at P3, P5 and P5_P15; Tie2 at P3, P5 and P5_P15; VEGF at
P3, P5 and P5_P15; VEGFR1 at P5; VEGFR2 at P3 and P5_P15; Figure 6a–f).

Figure 6. Quantification of angiogenesis mediator’s transcript expression of a whole lung lobe with
(a) Angpt1, (b) Angpt2, (c) Tie2, (d) VEGF, (e) VEGFR1, and (f) VEGFR2 for 3 days postnatal oxygen
exposure (P3) and recovery (P3_P15) as well as 5 days postnatal oxygen exposure (P5) and recovery
(P5_P15). Data are normalized to the level of rat pups exposed to normoxia at each time point
(control 100%, white bars) with verum groups hyperoxia (black), normoxia with caffeine (light gray),
and hyperoxia with caffeine (dark gray). n = 7–8 per group; * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 (ANOKruskal–Wallisllis; Brown–Forsythe).

When caffeine was administered under normoxia, the transcription of Angpt1 at P3
and VEGFR2 at P5 was induced (Figure 6a,f), and an inhibition of transcription by caffeine
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was detected for Tie2 at P3_P15 (Figure 6c), VEGF at P3 (Figure 6d), for VEGFR1 at P3 and
for VEGFR2 at P3 (Figure 6e,f).

3.3. Fibrosis
3.3.1. Collagen Staining

Histologic analysis of lung sections from normoxia (NO)- and hyperoxia (HY)-exposed
rats showed no subjective difference between the groups in the percentage of area covered
by collagen after 3-day (P3, top left) or 5-day (P5, top right) exposure (Figure 7), as well as in
comparison to caffeine-treated pups under hyperoxia (HYC). However, the caffeine-treated
rats (NOC) under room air showed intensified Sirius Red staining over the entire area.
However, survival in room air up to P15 showed that 80% oxygen (HY) resulted in increased
collagen production over the entire tissue area after both 3 (P3_P15, bottom left) and 5 days
(P5_P15, bottom right). Caffeine treatment (HYC) attenuated this hyperoxia-induced effect,
and was no longer elevated for the caffeine-treated group under 21% oxygen (NOC). After
quantification of the collagen content over the area, these observations were confirmed for
all time points and experimental groups (Figure 8).

 

Figure 7. Sirius red stain imaging representative of general collagen for 3 days postnatal oxygen
exposure (P3, upper left) and recovery (P3_P15, bottom left) as well as 5 days postnatal oxygen
exposure (P5, upper right) and recovery (P5_P15, bottom right) in lung lobes of rats exposed to
normoxia (NO) or hyperoxia (HY) compared to lung lobes of rats treated with caffeine (NOC, HYC).
Images indicated stained Sirius Red areas (threshold, left) and merged with brightfield images (right).
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Figure 8. Quantification of Sirius Red positive areas for 3 days postnatal oxygen exposure (P3) and
recovery (P3_P15) as well as 5 days postnatal oxygen exposure (P5) and recovery (P5_P15). Data
are normalized to the level of rat pups exposed to normoxia at each time point (control 100%, white
bars) and represented hyperoxia (black), normoxia with caffeine (light gray), and hyperoxia with
caffeine (dark grey). n = 6–8 per group; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (ANOVA;
Kruskal–Wallis; Brown–Forsythe).

3.3.2. Gene Expression of Fibroblast-Associated Mediators

The effect of hyperoxia on the developing lung in relation to fibroblast-associated
factors was investigated using gene expression analysis of pulmonary transcripts.

This indicated that some transcripts were reduced in expression to P3 and P5 by
acute hyperoxia, such as Acta2 (Figure 9a), Col1a1 (Figure 9b), Col3a1 (Figure 9c), Csf2
(Figure 9d), and Pu.1 (Figure 9i). Three days of hyperoxia reduced the transcription of Fn1
(Figure 9h), whereas only 5 days of exposure to 80% oxygen impaired the transcription
of Timp1 and Timp2 (Figure 9j,k). In some cases, down-regulated transcription persisted
after recovery until postnatal day 15 (Csf2 at P5_P15; Pu.1 at P3_P15 and P5_P15; Timp1 at
P5_P15; Figure 9d,i,j). A drastically increased expression compared to a down-regulation
after hyperoxia directly after termination at P3 and P5 was observed for some transcripts
after recovery (Acta2, Col1a1, Col3a1 at P3_P15 and P5_P15; Fn1 at P3_P15; Figure 9a–c,h). A
direct hyperoxia-induced increase in expression was seen at P3 and P5 for Egr1 (Figure 9g)
and tPa (Figure 9l), for CTGF at P5 (Figure 9e), as well as for Timp1 and Timp2 at P3
(Figure 9j,k), some of which remained elevated without further oxygen-induced noxae
(CTGF at P5_P15, Edn1 at P3_P15, Egr1 at P3_P15, tPa at P3_P15 and P5_P15). Caffeine
affected the transcription of all target genes when administered in parallel with 80% oxygen
exposure and, with few exceptions, caused a significant counter-regulation (Figure 9a–l).

Caffeine under control conditions modulated, except Col1a1 and tPa, all investigated
factors, predominantly directly after the end of caffeine administration (Acta2, Col1a1,
CTGF, Edn1 at P3 and P5; Fn1, Timp2 at P3; Egr1, Pu.1 at P5).
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Figure 9. Quantification of fibroblast-associated mediator’s transcript expression of a whole lung
lobe with (a) Acta2, (b) Col1a1, (c) Col3a1, (d) Csf2, (e) CTGF, (f) Edn1, (g) Egr1, (h) Fn1, (i) Pu.1,
(j) Timp1, (k) Timp2, and (l) tPa for 3 days postnatal oxygen exposure (P3) and recovery (P3_P15)
as well as 5 days postnatal oxygen exposure (P5) and recovery (P5_P15). Data are normalized to
the level of rat pups exposed to normoxia at each time point (control 100%, white bars) with verum
groups hyperoxia (black), normoxia with caffeine (light gray), and hyperoxia with caffeine (dark
grey). n = 7–8 per group; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (ANOVA; Kruskal–Wallis;
Brown–Forsythe).
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4. Discussion

Exposure of neonatal rats to 80% oxygen during the early postnatal period resulted in
marked alterations in lung development, architecture, and molecular pathways regulating
alveolarization, angiogenesis, and fibrosis. Although survival and body weight gain were
not significantly affected, hyperoxia induced classical BPD-like pathology characterized
by simplified alveolar structure, enlarged distal airspaces, reduced septal volume, and
increased alveolo-capillary permeability. Morphological and molecular impairments were
examined both during the acute phase of oxygen exposure, corresponding to the saccular
stage and the transition to the alveolar stage, and later in adolescent rats during the alveolar
stage without further insults, allowing assessment of immediate and longer-term effects on
lung maturation. These morphological impairments were accompanied by downregulation
of key alveolo-angiogenic genes, alongside transient activation of fibroblast-associated
mediators. Notably, the injury progressed in a two-phase manner, comprising an acute,
reversible barrier disruption with edema followed by chronic fibrotic remodeling that
persisted through P15, which corresponds to the infant developmental stage and falls
within the early alveolar stage of lung development.

Caffeine administration during hyperoxia markedly mitigated these structural and
transcriptional abnormalities, preserving lung volume and architecture and largely restor-
ing physiological gene expression profiles. Importantly, caffeine also exerted intrinsic
developmental effects under normoxia by enhancing mediators of alveolarization and an-
giogenesis and suppressing pro-fibrotic and tissue-remodeling signals. Thus, while caffeine
counteracted hyperoxia-induced injury, it also displayed context-dependent regulatory
effects on postnatal lung maturation; anti-fibrotic under oxidative stress, yet transiently
pro-fibrotic under normoxic conditions.

Overall, this study provides comprehensive evidence that caffeine preserves lung
structure and function under oxidative stress while actively shaping physiological lung
maturation, extending its known antioxidant and anti-inflammatory properties and sug-
gesting therapeutic benefit for preventing or ameliorating neonatal lung injury. Compared
with previous preclinical studies investigating the effects of caffeine in neonatal hyper-
oxia [46,53,54,70–73], the present work offers several unique contributions, driven by an
enhanced methodological rigor. Earlier studies often lacked systematic morphometric
lung endpoints, stereological quantification, or detailed phase-specific analyses. Our study
overcomes these limitations by integrating high-resolution stereological and transcrip-
tional analyses across two distinct postnatal exposure phases, namely the saccular and
the alveolar stages. This approach allowed us to systematically evaluate organ-level re-
modeling, capture the stage-specific impact of hyperoxia and caffeine, and define the
context-dependent, pro- versus anti-fibrotic effects of caffeine over time, which were pre-
viously unresolved. This combination of temporal resolution and morphometric rigor
establishes a novel framework with high translational relevance to preterm infants.

The postnatal lung is highly vulnerable to oxidative injury given immature antioxidant
defenses and ongoing alveolar and vascular growth. Hyperoxia downregulated essential
alveolo-angiogenic mediators such as cyclin D2, FGF10, PDGFα/β, VEGF, and Tie2, while
also dysregulating fibrotic mediators including Col1a1, CTGF, and TIMP1/2 [42,74]. Down-
regulation of Acta2/α-SMA must be interpreted within neonatal pathobiology: unlike
adult fibrosis, neonatal hyperoxia primarily disrupts fibroblast subtype dynamics and alve-
olar septation rather than inducing classical collagen-rich fibrosis [75]. Lipofibroblasts and
matrix fibroblasts, critical for septation, are selectively reduced under hyperoxia [76,77], ex-
plaining the apparent reduction in Acta2 and pro-fibrotic markers as a loss of myofibroblast
commitment and impaired septation rather than fibrosis resolution [75,78].
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Hyperoxia produced the characteristic simplified alveolar architecture repeatedly
described in neonatal models, including enlarged distal airspaces, reduced septal volume
and surface area, and increased permeability [42,74,79,80]. Persistent impairment of gas-
exchange surface area is supported by transcriptional evidence of disrupted AT1/AT2 cell
dynamics [81], consistent with increased MLI at later ages (P60) [81,82] and the structural
deficits observed here up to the alveolar phase in rat pups (P15). The absolute surface area
and mean thickness of the alveolar septa are key determinants of gas-exchange capacity;
destruction of septa reduces total surface area and diffusion capacity, ultimately limiting
oxygen uptake [83,84]. Early hyperoxia induced acute barrier disruption with permeability
increases and interstitial edema without changes in total lung volume [85]; edema resolved
after return to normoxia [86], but structural remodeling, increased parenchymal volume,
and collagen deposition indicated progression toward chronic, likely irreversible injury.
This two-phase pathophysiology, an acute, reversible edema followed by chronic structural
reorganization, fits the persistent simplification observed after neonatal hyperoxia.

Neonatal programming effects can have lifelong implications. Neonatal hyperoxia
causes long-term depletion of an AT2 precursor subset, which potentially impairs adult
lung regeneration [81]. This aligns with epidemiological evidence showing increased risk
of asthma, obstructive disease, and respiratory infections among individuals born preterm,
independent of atopy, with risk increasing as gestational age decreases [11,87–94]. Datta
et al. [95] confirmed that early, but not late, postnatal hyperoxia disrupts alveolarization
and pulmonary arterial remodeling, and that mitochondria-targeted antioxidants protect
alveolar development, paralleling the protective effects of caffeine in our model.

Hyperoxia triggers excessive ROS production, causing inflammation, apoptosis, mito-
chondrial dysfunction, and altered ECM turnover [42,50,51,79,95–99]. These effects impair
lung development and recapitulate central features of BPD. Consistent with extensive
prior work from our group using the same experimental cohort, caffeine reduced ROS
accumulation, apoptosis, inflammatory signaling, and immune cell recruitment, while
modulating cell cycle and ECM dynamics [50,51,100]. Hyperoxia-induced inflammatory
responses involve macrophages with mixed activation states, neutrophils, and epithelial
and endothelial cell subsets [51,79], all of which contribute to the injury cascade.

Vascular development is integral to alveolar growth and BPD pathogenesis. Hyperoxia
strongly downregulated FGF10, VEGF, PDGF, and Tie2, all critical for vascular stability
and microvascular maturation [39,101–103]. Experimental and human BPD consistently
show disrupted VEGF signaling. Recent studies highlight the complex, dynamic regulation
of VEGF in BPD and its potential as a biomarker [104]. While preclinical models suggest
therapeutic benefits of VEGF modulation, safety concerns limit direct application [105].
Hyperoxia acutely suppressed PDGFα and its receptors, with post-recovery PDGFRα/β
overexpression, and disrupted Tie2 signaling, indicating impaired mesenchymal diversity
and vascular stability in our study. FGF10 and VEGF were also reduced, compromising
microvascularization and contributing to BPD-like pathology [25,33,106].

As shown in this study, caffeine preserves lung architecture, normalizes lung volume,
and counteracts transcriptional disturbances induced by oxygen toxicity, supporting its
therapeutic potential. Its protective profile combines anti-inflammatory, antioxidant, anti-
fibrotic, and antiapoptotic effects, with additional regulation of angiogenesis [46,49–51,107].
These mechanisms, including antioxidant and antiapoptotic actions, are consistent with
findings from our previous studies in the same experimental cohort [49–51]. Caffeine
reduces proinflammatory cytokine release, inhibits NLRP3 inflammasome activation, sup-
presses NF-κB signaling, and antagonizes adenosine A2A receptors, thereby modulating
apoptosis and vascular development [46,51,108–110]. It enhances antioxidant enzyme
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expression [31,50], regulates pro-fibrotic mediators such as CTGF [111], and may improve
pulmonary vascular remodeling [53,54]. Effects are concentration-dependent and can be
paradoxical under certain conditions [46,52,55]. Beyond oxidative stress, caffeine modu-
lates lung maturation under normoxia by upregulating FGF10, PDGFα, angiopoietin 1, and
VEGFR2, while suppressing remodeling- and fibrosis-associated genes such as CTGF and
Timp2, demonstrating context-dependent, multimechanistic regulation of postnatal lung
development. Dumpa et al. [54] demonstrated that caffeine stabilizes HIF-2α, modulates
VEGFR1, and improves lung and microvascular architecture, supporting its multifaceted
role in developmental signaling.

Given this impact on angiogenic signaling, it is important to consider how alterations
in the angiopoietin/Tie2/VEGF axis may affect vascular integrity in hyperoxia-induced
lung injury. Dysregulation of this axis has been consistently linked to severe impairment
of pulmonary vasculature, even when PECAM-1/CD31 levels remain stable [112]. Other
hyperoxia models report concurrent reductions in PECAM-1 alongside changes in these
mediators [113], and in chronic lung injury, PECAM-1 downregulation is associated with
endothelial barrier loss and vascular remodeling [114]. Although our study did not di-
rectly assess PECAM-1/CD31, changes in Angpt1, Angpt2, Tie2, VEGF, VEGFR1, and
VEGFR2 provide meaningful insight into microvessel density and endothelial function.
Interpreting our molecular findings in the context of established PECAM/CD31 variabil-
ity [112,115–118] acknowledges this limitation while underscoring the relevance of our
approach for evaluating pulmonary microvascular integrity.

Caffeine significantly mitigates hyperoxia-induced lung injury. Hyperoxia increases
ROS, DNA, and lipid damage and activates endogenous antioxidant pathways, including
Nrf2/Keap1, superoxide dismutase, and heme oxygenase-1 [47,48,50–52,55]. Consistent
with previous findings in the identical experimental cohort of newborn rat pups, our data
demonstrate that caffeine reduces oxidative stress in neonatal lungs, reflected by decreased
DNA damage, lower hydrogen peroxide levels, and modulation of antioxidant enzyme
expression [50]. Mechanistically, this involves antagonism of adenosine A2A receptors,
inhibition of cAMP/PKA-MAPK signaling, and attenuation of ER stress, thereby reducing
alveolar apoptosis [47,48]. Consequently, caffeine acts as a potent antioxidant at clinically
relevant doses.

Beyond oxidative stress, hyperoxia promotes fibrosis in the developing lung, par-
ticularly in preterm infants, via ROS-driven inflammation, TGF-β signaling, fibroblast–
myofibroblast differentiation, and ECM accumulation, contributing to BPD pathogene-
sis [31,33,42,119–127]. Key profibrotic mediators, including Acta2/α-SMA, Col1a1, Col3a1,
Fn1, Timp1/2, CTGF, and Gremlin-1, were induced by hyperoxia, with Gremlin-1 at P15
differentially modulated by caffeine in our study [128–136]. Caffeine exhibits antifibrotic
effects by inhibiting TGF-β/CTGF signaling, reducing myofibroblast differentiation, ECM
deposition, and airway remodeling [47,111,137–142]. Its mechanisms include blockade of
TGF-β signaling, Nrf2 activation, and Snail1 suppression, with limited impact on Timp1/2,
and modulation of MMP activity [99,141–143].

Caffeine’s regulation of fibrosis is context- and time-dependent. Under normoxia,
we observed transient upregulation of TGF-β at P3 and CTGF at P5, indicating potential
early pro-fibrotic signaling, whereas under hyperoxic stress, antioxidant and antifibrotic
effects predominate. This reflects the complex, multi-stage process of pulmonary fibrosis,
in which TGF-β drives myofibroblast differentiation and ECM accumulation [111,138,144].
Caffeine also modulates Smad signaling, reducing CTGF expression and downstream
ECM production, thereby attenuating fibrotic remodeling. Furthermore, caffeine directly
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affects fibroblasts by influencing Acta2/α-SMA and other ECM-associated gene expression,
limiting myofibroblast activation in injured lungs.

These effects are particularly relevant in the immature lung. In early postnatal devel-
opment, excessive TGF-β and CTGF promote pathological matrix deposition, impaired
alveolarization, and vascular malformation. In this context, caffeine can antagonize profi-
brotic signaling under oxidative stress, supporting structural lung maturation. Overall, our
findings indicate that caffeine’s impact on the TGF-β/CTGF axis is strongly dependent on
oxygen status and timing: under normoxia, transient pro-fibrotic effects may occur, while
under hyperoxic stress, antioxidant and antifibrotic effects predominate, highlighting its
dual, context-dependent role in postnatal lung development.

Caffeine therapy in preterm infants is well established for apnea of prematurity
and is consistently associated with reduced BPD risk and improved respiratory out-
comes [15,145–148]. Early initiation within the first two days of life further decreases
BPD, mortality, and need for prolonged respiratory support [149–151]. Benefits may partly
reflect reduced duration of mechanical ventilation and lower cumulative oxygen expo-
sure [107,149,152]. Higher-dose regimens may provide additional pulmonary advantages,
although long-term safety in extremely preterm infants requires caution [15,146].

Although caffeine citrate is an established and effective drug for the treatment of
AOP, its dosage and application in clinical practice are still discussed, and further research
is needed to determine the optimal doses and timing for its multiple beneficial effects
on various organs [60]. It is important to note that while the benefits of caffeine are
well documented in animal models, its effects outside the context of oxidative stress may
have undesirable consequences, so its use beyond the recommended indications must be
carefully considered [52].

5. Conclusions

Neonatal hyperoxia induced a biphasic, BPD-like lung injury, with an early, reversible
barrier disruption followed by sustained fibrotic remodeling into adolescence, accompanied
by impaired alveolo-angiogenic signaling and transient fibroblast activation. Caffeine coun-
teracted these acute and long-term effects by preserving alveolar structure, maintaining
angiogenic gene expression, and limiting fibrosis via TGF-β/CTGF modulation. Its effects
were context-dependent, being largely protective under hyperoxia but briefly pro-fibrotic
under normoxia. These findings highlight caffeine’s capacity to modulate postnatal lung
maturation and its therapeutic promise for preterm infants at risk of BPD.
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Abstract: The mechanisms of vascular tone regulation during early postnatal ontogenesis
differ considerably from those in adulthood. We tested the hypothesis that the vasomotor
influence of superoxide dismutases is higher in arteries of rats shortly after birth compared
to adult animals. Saphenous arteries of 10 to 15 day (“young”) and 3 to 4 month (“adult”)
old rats were studied using quantitative PCR, spectrophotometry, Western blotting, and
isometric myography. Sod3 mRNA was most abundant in both adult and young saphenous
arteries. Total SOD activity, Cu/ZnSODs activity, and SOD3 protein content were higher
in young compared to adult arteries. H2O2 caused vessel contraction, while elimination
of H2O2 weakened contractile responses of endothelium-denuded young arteries. The
Cu/ZnSOD inhibitor DETC had no influence on contraction of adult arteries, but weakened
contraction of endothelium-denuded, but not endothelium-intact arteries of young rats.
The latter effect was observed in the presence of the NO-synthase inhibitor L-NNA, but not
with the soluble guanylate cyclase inhibitor ODQ. DETC had no effect in the presence of
sodium nitroprusside. Thus, Cu/ZnSODs promote contraction of saphenous arteries in the
early postnatal period, but not in adult age. This influence of Cu/ZnSODs is counteracted
by endothelial NO in early postnatal arteries.

Keywords: superoxide dismutase; reactive oxygen species; diethyldithiocarbamate; artery;
smooth muscle; vascular tone; endothelium; early postnatal period

1. Introduction

Superoxide dismutases (SODs) are enzymes that catalyze the conversion of the highly
reactive superoxide anion radical O2

•− into a more stable and less aggressive molecule,
hydrogen peroxide H2O2. H2O2 has a number of signaling functions in the cell, including
vasomotor effects [1]. Notably, H2O2 may cause both relaxation or contraction of arterial
smooth muscle, which depends on many factors, including the animal species, the artery
type, the presence of endothelium, etc. [2–6].

There are three isoforms of SODs: cytoplasmic Cu/ZnSOD (SOD1), mitochondrial
MnSOD (SOD2), and extracellular Cu/ZnSOD (SOD3) [1]. All three isoforms are expressed
in blood vessels. However, among the isoforms of SOD, the functional roles of SOD1
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and SOD3 in the regulation of arterial smooth muscle tone have been the most studied
due to the existence of their inhibitor diethyldithiocarbamate (DETC) [7], which chelates
Cu2+ ions in the active centers of the enzymes. Thus, in rat aorta, DETC did not affect
phenylephrine-evoked contractile responses [8,9]. However, DETC caused an increase
of norepinephrine-induced contractile responses of mouse aorta [10] and rat mesenteric
arteries [11], as well as serotonin-induced contraction of mouse aorta [12], which may
indicate an anticontractile role of Cu/ZnSOD-produced H2O2 in several arteries. It is
worth noting, however, that such effects were reported for arteries from mature animals.

Nevertheless, the mechanisms of smooth muscle tone regulation, including those
involving reactive oxygen species (ROS) [13], are considerably different between adulthood
and the period of early postnatal ontogenesis. However, the functional contribution of
SODs to the regulation of arterial tone in the early postnatal period has been poorly studied
and the few existing studies focus mainly on the pulmonary circulation. For example, it was
shown that DETC increased U46619-induced contractile responses of pulmonary arteries
from newborn and two-week-old piglets [14]. At the same time, SOD content/activity in
lung tissue of newborn or early postnatal organisms (human, rabbit, and mouse) were
lower compared to adults [15–17] which might be associated with a smaller functional
contribution of SODs in the pulmonary circulation at the early postnatal period compared
to adulthood. However, the vasomotor impact of SODs on the regulation of smooth muscle
contraction in systemic arteries, which play a key role in the regulation of systemic blood
pressure and blood flow distribution during the early postnatal period, has not been studied
yet, to the best of our knowledge. The need and significance to address this issue also
follows from the widely used antioxidant therapy of newborns in the clinic [18], which
does not take into account the probable consequences of the vasomotor role of SODs.

Therefore, in this study we hypothesized that the functional impact of SODs (mainly
SOD1 and SOD3) is different in systemic arteries of early postnatal rats and adult animals.

2. Materials and Methods

2.1. Animals and the Main Object of the Study

Animal studies are reported in compliance with the ARRIVE guidelines 2.0 [19,20].
The use of laboratory animals and of all procedures used in this study were approved
by the Biomedical Ethics Committee of M.V. Lomonosov Moscow State University (Pro-
tocol number 149-g). Wistar rats (obtained from the Institute of General Pathology and
Pathophysiology, Russia) were used. Rats were maintained at a controlled temperature
and a 12/12 h light/dark cycle in the laboratory animal unit of the Biological Faculty,
M.V. Lomonosov Moscow State University with access to food and water ad libitum. To
obtain the offspring, sexually mature male and female rats were placed together for 4 days.
Pregnant females were housed individually 3–4 days before the expected delivery. The
next day after birth, the litters were reduced to 8 pups. Experiments were carried out on
male rats aged 10 to 15 days (“young” in the following text) and 3 to 4 months (“adult” in
the following text). In total, 30 adult and 75 young rats (offspring of 20 females) were used
in the study. Rats were killed by decapitation, adult rats were first anesthetized by CO2.

The main object of the study was the saphenous artery. There are several reasons
for this choice. The rat saphenous artery is a muscular-type artery, is densely innervated,
and develops strong contractile responses to the stimulation of sympathetic nerves [21].
Therefore, along with its conduit function the saphenous artery participates in the control
of cutaneous blood flow, which comprises up to 20% of the cardiac output in neonatal
rats [22]. Importantly, according to our data, developmental alterations of several regulatory
mechanisms observed in the saphenous artery are associated with corresponding changes
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at the level of blood pressure control [23]. Therefore, we consider the saphenous artery
to be a representative artery from the peripheral circulation, i.e., the findings from the
saphenous artery can be generalized to other vascular beds. In addition, the saphenous
artery is large enough in 10–15-day-old rats to assess its responses by wire myography
and to obtain a sufficient amount of tissue for qPCR, Western blot, and spectrophotometry
analyses (described further).

2.2. Measurement of mRNA Expression Levels in Arterial Tissue by qPCR

Measurement of mRNA expression levels in arterial tissue by qPCR was performed as
previously described [13,24]. Briefly, saphenous arteries were isolated, carefully cleaned
from surrounding tissue and blood, and kept in RNAlater solution (Qiagen, Venlo, The
Netherlands) at −20 ◦C pending further procedures. Each sample in the adult group
included one artery and in the young group two arteries.

Arteries were homogenized in RLT lysis buffer (Qiagen, Venlo, The Netherlands)
containing 1% β-mercaptoethanol and proteinase K (20 mg/mL, MP Biomedicals, Irvine,
CA, USA). RNA was extracted using the ExtractRNA kit (cat. number BC032, Evrogen,
Moscow, Russia) according to the manufacturer’s instructions and then processed with
DNase I (cat. number EN0525, Fermentas, Waltham, MA, USA, 1000 U/mL). The RNA
concentration was measured by a NanoDrop 1000 (Thermo Scientific, Waltham, MA,
USA), and then all samples were diluted to an equal concentration of 35 ng/μL. Reverse
transcription was performed using the MMLV RT kit (Evrogen, Moscow, Russia) according
to the manufacturer’s manual. qPCR was run in the Bio-Rad CFX 96 Real-Time PCR System
(Bio-Rad, Hercules, CA, USA), using qPCRmix-HS SYBR (Evrogen, Moscow, Russia).
Primers used in this study were synthesized by Evrogen; their sequences are listed in
Table 1. The mRNA expression level was calculated as Eˆ(−Cq), where E is the primer
efficiency, and Cq is the cycle number corresponding to the maximum of the second
derivative of the fluorescence curve. Primer efficiency was identified using the LinRegPCR
(version 2015.1) software [25]. All E values were close to 2.0. mRNA expression levels of
investigated genes were normalized to the mRNA expression level of the housekeeping
gene beta-actin (Actb), detected in the same sample. Importantly, mRNA expression values
of Actb did not differ between the two age groups and were 2.2 × 10−6 ± 0.5 × 10−6 in
adult arteries (n = 9) and 1.6 × 10−6 ± 0.3 × 10−6 in young arteries (n = 9, p > 0.05, unpaired
Student’s t-test).

Table 1. Gene specific primers used in the study.

Gene
Name

Gene
Accession
Numbers

Forward Reverse

Sod1 NM_017050.1 GTACCACTGCAGGACCTCAT CCACCTTTGCCCAAGTCATC
Sod2 NM_017051.2 CCGTGGTGGGTGTTTTGTAG CGTCCAAGCAATTCAAGCCT
Sod3 NM_012880.2 CGCCTCCAGTCATCCTAGAG AAAGTGTCCTGGTCTCCGAG
Actb NM_031144.3 CAGGGTGTGATGGTGGGTATGG AGTTGGTGACAATGCCGTGTTC

2.3. Measurement of Superoxide Dismutase and Catalase Activity in Arterial Tissue

Two saphenous arteries from one adult rat or four saphenous arteries from two
young rats were used for one sample. Arteries were homogenized with ice cold PBS and
centrifuged at 1500× g over 10 min at +4 ◦C. After that, probes were incubated with ice for
15 min. Supernatants were collected and frozen at −80 ◦C till further analysis.

SOD activity was determined by a spectrophotometric method based on the inhibi-
tion of the superoxide anion radical production rate by SOD, formed in the reaction of
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quercetin autooxidation in a slightly alkaline medium [26]. To determine the total SOD activity,
5 μL of the homogenate was mixed with 150 μL of a buffer containing 20 mM potassium
phosphate buffer pH 7.8, 8 mM TEMED, and 0.08 mM EDTA in a 96-well plate. The reaction
was started by adding 5 μL of 0.15 mg/mL quercetin in DMSO. To determine MnSOD activity,
3 mM KCN was added to the buffer. The change in optical density at 405 nm was recorded
on a plate spectrophotometer INNO LTEK Co., Ltd. Instruments, Seongnam-si, Republic of
Korea. One unit (U) of SOD activity was defined as the rate of 50% inhibition of the quercetin
autooxidation reaction. Total SOD activity was expressed as U/mg total protein. Cu/ZnSOD
activity was calculated as the difference between total SOD and MnSOD activities. Total
protein content was determined by the modified Lowry method [27].

Catalase activity was determined spectrophotometrically using a method based on
the reaction of excess (unreacted) hydrogen peroxide with FOX reagent [28]. The substrate–
buffer mixture for catalase contained 50 mM potassium phosphate buffer (pH 7.4) and
0.2 mM hydrogen peroxide. In a 96-well plate, the supernatant of vascular homogenates
was mixed with the substrate–buffer mixture at a ratio of 1:20 (v/v) and incubated for
10 min at room temperature. The reaction was stopped by the addition of FOX reagent
and further incubated for 30 min at room temperature until a stable violet coloration
developed. Optical density was recorded at 560 nm using a microplate spectrophotometer
(INNO LTEK Co., Ltd. Instruments, Seongnam-si, Republic of Korea). The concentration of
decomposed hydrogen peroxide was calculated using the millimolar extinction coefficient
of 235 mM−1·cm−1. One unit (U) of catalase activity was defined as the amount of enzyme
required to decompose 1 μmol of hydrogen peroxide per minute. Catalase activity in
vascular homogenates was expressed as U/mg of total protein. Total protein concentration
was determined using the modified Lowry method [27].

2.4. Measurement of Protein Abundance in Arterial Tissue by Western Blotting

Measurement of protein abundance in arterial tissue was performed as described
previously [13,29]. Four saphenous arteries from two young rats or two saphenous arteries
from one adult rat were used for one sample. The endothelium was rapidly removed
after isolation of the artery with the use of a custom-made wire myograph analogue [30].
Thereafter, saphenous arteries were quickly frozen in liquid nitrogen and kept at −80 ◦C
until further analysis. Samples were homogenized in ice-cold SDS buffer supplemented
with protease inhibitor cocktail (Roche, Bazel, Switzerland) and phosphatase inhibitors
(2 mg/mL NaF and 180 mg/mL Na3VO4), centrifuged at 16,900× g for 5 min; the super-
natant was kept at −20 ◦C till further analysis. Proteins were separated by SDS-PAGE and
transferred to nitrocellulose membranes (Santa Cruz, Dallas, TX, USA) using the Trans-Blot
Turbo transfer system (Bio-Rad). The transfer was visualized with Ponceau S staining.
Thereafter, membranes (each containing samples from adult and young groups) were cut
into two pieces at the level of appr. 28 kDa based on the corresponding levels of protein
markers (Abcam, Cambridge, UK, cat. number 116027). The membranes were blocked
with 5% nonfat milk (AppliChem, Darmstadt, Germany) in TBS with 0.1% Tween 20 (TBSt).
Then, two pieces of the first membrane were incubated overnight with antibodies against
GAPDH (mouse, Abcam, cat. number 125247, 1:2000 in TBSt with 5% milk, molecular
weight 37 kDa) or SOD1 (rabbit, Sigma, St. Louis, MO, USA, cat. number SAB5200083
1:4000 in TBSt with 5% milk, molecular weight 23 kDa), and one piece of the second mem-
brane was incubated overnight with antibodies against SOD3 (rabbit, Enzo, New York,
NY, USA, cat. number ADI-SOD-106-F 1:1000 in TBSt with 5% milk, molecular weight
35–40 kDa). The next day, the membranes were washed from the primary antibodies and
incubated with appropriate secondary antibodies: anti-mouse (Cell Signaling, Boston, MA,

50



Antioxidants 2025, 14, 1231

USA, cat. number 7076, 1:5000 in 5% milk) or anti-rabbit (Cell Signaling, Boston, MA,
USA, cat. number 7074, 1:10,000 in 5% milk) for 1 h and visualized with SuperSignal
West Dura Substrate (Thermo Fisher Scientific, Waltham, MA, USA) using a ChemiDoc
(Bio-Rad, Hercules, CA, USA). Of note, since SOD3 and GAPDH have similar molecular
weights (close to 40 kDa), membrane stained with antibodies against SOD3 was stripped
using stripping buffer (for composition see Section 2.6), blocked again as described above,
and incubated overnight with antibodies against GAPDH. Western blotting experiments
were analyzed using the Image Lab software 6.0 (Bio-Rad, Hercules, CA, USA). SOD1 and
SOD3 protein abundance was normalized to GAPDH in each sample—the rationale for
using GAPDH as a reference protein for comparing arteries from adult and early postnatal
animals was provided previously [31])—and then the average ratio of the «Adult» group
was taken as 100%.

2.5. Wire Myograph Experiments

Saphenous arteries were carefully cleaned from surrounding tissue in PSS for ves-
sel dissection (PSS I), cut into 2-mm-long segments, and mounted in a wire myograph
(410 A or 620 M, DMT A/S, Aarhus, Denmark) to measure the isometric force. Experiments
were carried out both on arteries with an intact endothelium and on arteries with the
endothelium removed. The endothelium was removed mechanically using a rat whisker
by performing rotational movements inside the artery.

During the subsequent experiments, arterial segments were kept in PSS II. The myo-
graph chambers were heated to 37 ◦C and continuously bubbled with 5% CO2 in O2 to
maintain pH at 7.4. Data were recorded at 10 Hz using an analogue-to-digital converter
(E14-140M, L-CARD, Moscow, Russia) and the PowerGraph 3.3 software (DISoft, Moscow,
Russia). Each arterial segment was stretched to 0.9 × d100 (90% of the inner diameter it
would have at a transmural pressure of 100 mmHg), corresponding to maximum active
force development [13,32].

At the beginning of each experiment, all vessels were exposed to a standard start-
up procedure. This included the following: (a) application of noradrenaline (10 μM);
(b) application of acetylcholine (10 μM) on the top of methoxamine-induced contraction
(1 μM) to confirm the integrity or removal of the endothelium (by the presence or the
absence of a relaxation response, respectively); (c) application of methoxamine (10 μM).

Two experimental protocols were used in the study. The first experimental protocol
included two sequential concentration–response relationships to methoxamine (concentra-
tion range from 0.01 to 100 μM, for three minutes each). The first relationship was started
20 min after the end of the activation procedure. After washout, one arterial segment was
incubated for 20 min with one of the following substances or their combinations: inhibitor
of Cu/ZnSOD DETC (1 mM), NO-synthase inhibitor L-NNA (0.1 mM), soluble guanylate
cyclase inhibitor ODQ (1 μM), NO-donor sodium nitroprusside SNP (0.1 μM), superoxide
dismutase SOD (300 U/mL), catalase (1500 U/mL). The other segment was incubated
with an equivalent volume of the solvent (DMSO or H2O or their combination). Then,
the second concentration–response relationship was obtained. The second experimental
protocol also included sequential concentration–response relationships. The first one was
to methoxamine (concentration range from 0.01 to 100 μM), which allowed us to determine
the concentration of methoxamine that causes a contraction of approximately 60% of the
maximum. After washout, contractions at the level of approximately 60% of the maximum
in two arterial segments were induced, and then H2O2 (concentration range from 1 μM to
0.3 mM, for 2 min each) was added sequentially to one of the segments and an equivalent
volume of H2O was added to another segment (Time-control).
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To calculate active force values at each methoxamine concentration, the force value
at the fully relaxed state was subtracted from all recorded values. All active force values
obtained during the second concentration–response relationship to methoxamine were
expressed as the percentage of the maximum active force developed during the respective
first concentration–response relationship or as a percentage of the precontraction level (for
H2O2). Areas under the curves (AUCs) were calculated in several experimental series as an
additional way to evaluate the effects of inhibitors (Table S1). The internal diameter (d100),
maximal force and values of acetylcholine-induced relaxation of the arteries in different
series of wire-myography experiments are presented in Table S2.

2.6. Solutions

1. PSS for vessel isolation (PSS I), in mM: 145 NaCl, 4.5 KCl, 1.2 NaH2PO4, 1 MgSO4,
0.1 CaCl2, 0.025 EDTA, 5 HEPES (pH 7.4).

2. PSS for myograph experiments (PSS II), in mM: 120 NaCl, 26 NaHCO3, 4.5 KCl,
1.2 NaH2PO4, 1.0 MgSO4, 1.6 CaCl2, 5.5 D-glucose, 0.025 EDTA, 5 HEPES; equilibrated
with 5% CO2 in 95% O2 (pH 7.4).

3. SDS-buffer: 0.0625 M Tris-HCl (pH 6.8), 2.5% SDS, 10% water-free glycerin, 2.47%
dithiothreitol, 0.002% bromophenol blue.

4. TBS: 50 mM Tris-HCl, 150 mM NaCl, pH 7.6.
5. TBSt: TBS with 0.1% Tween.
6. Stripping buffer: 0.2 M glycine, 0.1% SDS, 1% Tween (pH 2.2).

2.7. Drugs

Noradrenaline, acetylcholine, methoxamine, DETC, catalase (all dissolved in H2O)
and ODQ (dissolved in DMSO) were obtained from Sigma (St. Louis, MO, USA). L-NNA
(dissolved in H2O) was obtained from Alexis Biochemicals (San Diego, CA, USA). SOD
(dissolved in H2O) was obtained from BiosynthCarbosynth (Staad, Switzerland).

2.8. Statistics

Statistical analysis was performed using GraphPad Prism 8.0. The normality of data
distribution was checked using the Shapiro–Wilk test; data are presented as the mean and
standard error of the mean or as the median and interquartile range, depending on the type
of data distribution. Statistical analysis was performed using two-way repeated measures
ANOVA, one-way ANOVA, the parametric Student’s t-test, and the Mann–Whitney test.
Differences were accepted as statistically significant if the p value was less than 0.05;
n represents the number of animals, i.e., biological replicates.

3. Results

3.1. mRNA Expression of SOD Isoforms in Saphenous Arteries in Adult and Young Rats

First, we identified the expression profile of SOD isoforms in the saphenous artery of
young and adult rats. For this purpose, we compared mRNA contents of Sod1, Sod2, and
Sod3 genes. mRNAs of all three isoforms were detected in arterial tissue from adult and
young rats (Figure 1). Among these three isoforms, mRNA of Sod3 was most abundant in
both adult and young saphenous arteries (Figure 1).
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Figure 1. mRNA expression of superoxide dismutase isoforms in saphenous arteries of adult (A) and
young (B) rats. Data are normalized to the beta-actin (Actb) expression level. The number of samples
in each group is 9. * p < 0.05 (one-way ANOVA with Tukey’s multiple comparisons test).

3.2. Activity of SODs and Catalase in Saphenous Arteries in Adult and Young Rats

Next, we evaluated the activity of SODs in saphenous arteries from adult and young
rats. Total SOD activity was higher in arterial homogenates from young in comparison to
adult rats (Figure 2A), which, apparently, is due to the higher activity of Cu/ZnSOD iso-
forms (SOD1 and SOD3) (Figure 2B), but not MnSOD (SOD2) (Figure 2C). Catalase activity
was higher in arterial homogenates from young in comparison to adult rats (Figure 2D).

 

Figure 2. Activity of superoxide dismutases (total (A), Cu/ZnSOD (B) or MnSOD (C)) and catalase
(D) in saphenous arteries of adult and young rats. Data are normalized to the total protein amount
in the same sample; n is the number of animals. * p < 0.05 (unpaired Student’s t-test), # p < 0.05
(Mann–Whitney test).

3.3. SOD1 and SOD3 Protein Abundances in Saphenous Arteries in Adult and Young Rats

Since Cu/ZnSODs demonstrated higher activity in arteries from young rats, we further
compared the protein abundance of SOD1 and SOD3 between arteries of young and adult
rats. We did not detect any difference in the protein amount of SOD1 in arterial tissue of
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adult and young rats (Figure 3A), while the protein amount of SOD3 was augmented in
young rats (Figure 3B).

Figure 3. Protein abundance of SOD1 (A) and SOD3 (B) in saphenous arteries of adult and young rats.
Data are normalized to GAPDH. The mean value of SOD1 or SOD3 protein content in the adult group
is taken as 100%; n is the number of animals. * p < 0.05 (unpaired Student’s t-test). The whole-length
Western blot membranes are shown in Supplemetary Materials (Figure S1).

3.4. Effect of H2O2 on Arterial Tone in Saphenous Arteries of Young Rats

One of the main functions of SODs in the cells is the catalysis of O2
•− to H2O2,

which in its turn has a number of signaling functions, including vasomotor effects [1].
However, the vasomotor effect of H2O2 has been much less studied in arterial smooth
muscle at early postnatal age. Therefore, we evaluated the effects of H2O2 on the tone of
endothelium-denuded saphenous arteries of young rats.

First, we added H2O2 to precontracted (approximately 60% of maximal force)
endothelium-denuded segments of saphenous arteries of young rats. In the concentration
range used H2O2 caused additional contraction of the arteries in comparison to vehicle
application (Figure 4A). Importantly, the initial values of precontraction did not differ
between solvent- and H2O2-treated arteries and were 57 ± 7% and 64 ± 4% of maximal
force, respectively, (p > 0.05, unpaired Student’s t-test).

 

Figure 4. Effect of H2O2 addition and elimination on the tone of endothelium-denuded saphenous
arteries from young rats. (A) Concentration–response relationship of precontracted by methoxamine
arteries to exogenous H2O2. (B) Contractile responses to methoxamine in the presence of solvent or
superoxide dismutase (SOD, 300 U/mL) together with catalase (CAT, 1500 U/mL); n is the number
of animals. * p < 0.05 (two-way repeated measures ANOVA).

Second, when H2O2 was eliminated from the extracellular space by addition of su-
peroxide dismutase (300 U/mL) together with catalase (1500 U/mL, promotes H2O2

breakdown), methoxamine-induced contractile responses of young saphenous arteries
were reduced compared to untreated vessels (Figure 4B).
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3.5. Effect of a Cu/ZnSOD Inhibitor on Arterial Contractile Responses in Saphenous Arteries of
Adult and Young Rats

In the following experiments we focused on SOD1 and SOD3 since these superoxide
dismutase isoforms (i) are abundant in the saphenous arteries in both age groups; (ii) demon-
strate higher activity and amount in arteries of young rats, and (iii) can be blocked by the
inhibitor DETC (unlike SOD2) [7], which allowed us to evaluate their role at the functional
level, i.e., in the regulation of contractile responses of isolated arterial segments.

We did not detect any effect of pre-treatment with DETC (1 mM) on methoxamine-induced
contractile responses in endothelium-denuded arteries of adult rats (Figure 5A). However,
DETC considerably reduced contractile responses to methoxamine of endothelium-denuded
arteries of young rats (Figure 5B).

 

Figure 5. Effect of the Cu/ZnSOD inhibitor DETC on the contractile responses to methoxamine of
endothelium-denuded arteries from young and adult rats. Concentration–response relationships to
methoxamine in the presence of solvent (H2O) or DETC (1 mM) of endothelium-denuded arteries from
adult (A) and young (B) rats; n is the number of animals. * p < 0.05 (two-way repeated measures ANOVA).

In contrast, we did not detect any effect of DETC in endothelium-intact arteries of
both adult and young rats (Figure 6).

 

Figure 6. Effect of the Cu/ZnSOD inhibitor DETC on the contractile responses to methoxamine of
endothelium-intact arteries from young and adult rats. Concentration–response relationships to
methoxamine in the presence of solvent (H2O) or DETC (1 mM) of endothelium-intact arteries from
adult (A) and young (B) rats; n is the number of animals.

3.6. Effect of a Cu/ZnSOD Inhibitor on Arterial Contractile Responses in Saphenous Arteries of
Young Rats During Manipulation of NO-Dependent Signaling

Next, we interrogated which endothelium-dependent pathway counteracts the func-
tional impact of SOD1 and SOD3 in smooth muscle of saphenous arteries of young rats.
Since the anticontractile effect of endothelial NO is particularly pronounced during early
postnatal ontogenesis [33], we focused primarily on the NO pathway.

Thus, we evaluated the effect of DETC in the presence of the NO-synthase inhibitor
L-NNA. L-NNA increased contractile responses of endothelium-intact arteries of young
rats (Figure 7A, Table S1). Importantly, DETC decreased contractile responses of the arteries
in the presence of L-NNA (Figure 7A, Table S1).
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Figure 7. Effect of the Cu/ZnSOD inhibitor DETC on the contractile responses to methoxamine
of arteries from young rats during manipulation of NO-dependent signaling. (A) Concentration–
response relationships to methoxamine in the presence of solvent (H2O) or DETC (1 mM), or the NO-
synthase inhibitor L-NNA (100 μM), or L-NNA together with DETC of endothelium-intact saphenous
arteries. (B) Concentration–response relationships to methoxamine in the presence of solvent (H2O) or
DETC (1 mM), or the soluble guanylate cyclase inhibitor ODQ (1 μM), or ODQ together with DETC of
endothelium-intact saphenous arteries. (C) Concentration–response relationships to methoxamine in
the presence of solvent (H2O), or DETC (1 mM), or the NO donor sodium nitroprusside SNP (0.1 μM),
or SNP together with DETC of endothelium-denuded saphenous arteries; n is the number of animals.
* p < 0.05 (two-way repeated measures ANOVA, followed with Tukey’s multiple comparisons test).

Next, we evaluated the effect of DETC in the presence of ODQ, an inhibitor of soluble
guanylate cyclase, the intracellular target of NO. ODQ caused an increase in the contractile
responses of endothelium-intact arteries of young rats (Figure 7B, Table S1). At the same
time, we did not detect any effect of DETC in the presence of ODQ (Figure 7B, Table S1).

In order to test whether NO (or its derivatives) may neutralize SODs directly, we
assessed the effects of DETC in endothelium-denuded arteries in the presence of the
NO donor sodium nitroprusside (SNP). SNP attenuated arterial contractile responses
(Figure 7C, Table S1). Importantly, we did not detect any effect of DETC in the presence of
SNP (Figure 7C, Table S1).

4. Discussion

In the present study, for the first time, age-related changes of SOD1 and SOD3 vasomo-
tor functional contribution in systemic arteries were evaluated. We showed that activities
of Cu/ZnSODs (SOD1 and SOD3) as well as SOD3 protein content were considerably
increased in arterial tissue from early postnatal rats in comparison to adult animals. In
accordance with these results, functional experiments indicate that SOD1 and SOD3 func-
tioning promotes contraction of arterial smooth muscle of young, but not adult rats. In
addition, endothelial NO (or its derivatives) considerably counteracts the SOD1 and SOD3
influence in arterial smooth muscle of early postnatal rats.

Age-related changes in SOD expression and/or activity were addressed previously,
but only in the pulmonary circulation, not in the systemic arteries. For example, the activ-
ity and protein amount of Cu/ZnSOD were significantly decreased in the lung tissue of
newborn rabbits compared to adults [15]. Similarly, the expression of Cu/ZnSOD mRNA
in human lung tissue increased from newborns to adults [16]. In addition, the protein
content of SOD1 and SOD3 in the lung tissue of adult mice was higher than in 7-day-old
mice [17]. Of note, lung tissue, used in the cited studies, includes many types of cells, not
just vascular ones. Nevertheless, taken together, these data suggest that the activity and
expression of SOD1 and SOD3 in the pulmonary circulation at the early stages of postnatal
development is decreased, making newborn organisms more susceptible to persistent
pulmonary hypertension development [18]. Our study, for the first time, addresses the
expression pattern and age-related changes in SOD activity/protein content in systemic
arteries. We found that the mRNA expression level of Sod3 was the highest in both adult
and young rats. At the same time, total SOD activity as well as Cu/ZnSOD activity was
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considerably increased in arterial tissue from early postnatal rats in comparison to adult.
Importantly, although SOD1 protein content did not differ between arterial smooth muscle
of adult and young rats, the protein amount of SOD3 in the arterial smooth muscle of
10–15-day old rats was increased in comparison to adults. Thus, in contrast to the pul-
monary circulation, arteries of the systemic circulation demonstrate a higher activity and
protein amount of Cu/ZnSODs during the early postnatal period.

As mentioned, SODs catalyze the conversion of O2
•− into H2O2, which participates

in cell signaling. H2O2 may cause both relaxation and contraction of arteries, as it was
shown for different arteries from adult animals [2–6]. However, much less is known about
vasomotor effects of H2O2 in arteries of newborn/early postnatal organisms. A few studies
demonstrated transient H2O2-induced contractions of piglets’ pial arterioles [34] as well
as small pulmonary arteries of 1–2-week-old piglets [35]. In accordance with this, our
data demonstrate that H2O2 addition promotes contraction, while H2O2 elimination, on
the contrary, results in the weakening of contractile responses of endothelium-denuded
saphenous arteries from 10–15 day-old rats, indicating a pro-contractile influence of H2O2 in
arterial smooth muscle in the early postnatal period. Of note, previously we demonstrated
that H2O2 elimination had no effect on methoxamine-induced contractile responses of
saphenous arteries of adult rats [33], indicating that H2O2 does not have a pronounced
vasomotor effect in this artery at adulthood.

Our next step was to evaluate the functional impact of H2O2, produced by
Cu/ZnSODs, on the regulation of smooth muscle contraction in saphenous arteries from
two age groups of rats. To do so, we used DETC, which chelates Cu2+, leading to a de-
crease of enzyme activity [7] and, consequently, H2O2 content in the arterial wall [36].
In accordance with our molecular experiments, which demonstrated low activity and
protein amount of Cu/ZnSODs in the arteries of adult rats, DETC had no influence on
methoxamine-induced contractions of endothelium-denuded arteries in adult animals.
Similarly, in previous studies, DETC had no effect on phenylephrine-induced contractile re-
sponses of rat aorta [8,9] and contractile responses to PGF2alpha of mouse aorta [12]. Along
with that, DETC augmented vasocontraction of mouse aorta in response to serotonin [12]
and norepinephrine [10] as well as induced further vasoconstriction of precontracted by
norepinephrine rat mesenteric arteries [11], pointing to an anti-contractile influence of
H2O2, produced by Cu/ZnSODs. Thus, the vasomotor contribution of SODs may de-
pend on the artery type and/or the agonist used. Importantly, our data demonstrate
that the vasomotor influence of SODs may also depend on the stage of the organism’s
development: DETC led to pronounced weakening of methoxamine-induced contrac-
tion of endothelium-denuded saphenous arteries of young rats. In accordance with the
described above pro-contractile influence of H2O2 in endothelium-denuded saphenous
arteries of young rats, the weakening of arterial contraction after Cu/ZnSOD inhibition
indicates a pro-contractile role of H2O2, produced by these enzymes, in the smooth muscle
of early postnatal saphenous arteries. Of note, the mechanism of such pro-contractile
influence remains unclear. Previously we demonstrated, that ROS, produced by NADPH-
oxidase, promote vasocontraction of saphenous artery in early postnatal rats by activation
of LTCC [24]. Taking into account (1) the high production of O2

•− (demonstrated previ-
ously [13]) and (2) high activity of Cu/ZnSODs in saphenous arteries of early postnatal rats
(demonstrated in the present study), it is possible that H2O2 formed from O2

•− activates
LTCC. However, such a hypothesis should be tested in future studies.

It should be also noted that the activity of one of the H2O2 scavengers, catalase, was
higher in arteries of young compared to adult rats. As already mentioned, we demonstrated
previously increased O2

•− production [13] in saphenous arteries of early postnatal rats.
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Therefore, apparently, saphenous arteries of early postnatal rats exhibit both higher levels of
ROS production and ROS degradation. Such an augmentation of catalase activity in young
arteries may serve as an adjustment for increased ROS levels, where initially increased
production leads to a rise in ROS levels and a secondary increase in ROS degradation then
establishes a new, higher ROS steady state with balanced production and degradation.
However, we do not know the kinetics of these processes and cannot say whether such
a compensation occurs to the same extent as in adults. Determination of the kinetics of
the production and degradation processes requires a large number of experiments that
were beyond the scope of the present study. In addition, a set of data demonstrating
(1) higher ROS production (O2

•− [13]), (2) higher Cu/ZnSODs activity, (3) higher SOD3
protein content in saphenous arteries of early postnatal rats allows the suggestion that
the differences in functional impact of Cu/ZnSODs between young and adult arteries are
mainly associated with ROS generation than with their downstream signaling.

Importantly, vasomotor effects of many molecules, including H2O2, on smooth muscle
tone may depend on the endothelium. For example, endothelium denudation eliminated
contraction of pressurized gracilis muscle arterioles of adult rats in response to 0.1 mM of
H2O2 [3]. In addition, incubation with SOD weakened phenylephrine-induced contraction
of endothelium-intact pulmonary arteries of newborn rabbits, which was not observed after
endothelium denudation [37]. Therefore, we evaluated the effects of the Cu/ZnSOD inhibitor
DETC in endothelium-intact saphenous arteries. The presence of endothelium did not affect
the effect of DETC in adult arteries: contractile responses to methoxamine were not affected
by DETC. However, DETC did not weaken anymore the contraction of young arteries when
the endothelium was left intact. Thus, endothelium is able to counteract the vasomotor impact
of Cu/ZnSODs in the arteries of young rats. Since the anti-contractile effect of endothelial
NO is particularly pronounced during early postnatal ontogenesis [33], we hypothesized that
the lack of DETC effect in endothelium-intact arteries of young rats is primarily associated
with the NO pathway. Indeed, DETC decreased contractile responses of young arteries in the
presence of the NO-synthase inhibitor L-NNA, as we previously observed in vessels without
endothelium (Figure 5B). This indicates that endothelial NO counteracts the vasomotor impact
of Cu/ZnSODs in the arterial smooth muscle of young rats.

Further experiments were aimed to answer the question of how NO counteracts the
effect of DETC in the arteries of young rats. According to the literature, the activity of
Cu/ZnSODs can be altered by post-translational modifications via phosphorylation [38].
Therefore, we suggested that the signaling cascade activated by NO in the smooth muscle
cell (activation of soluble guanylate cyclase followed by activation of PKG) may be involved.
To answer this question, we evaluated the effect of DETC in the presence of the soluble
guanylate cyclase inhibitor ODQ. Importantly, the effectiveness of using 1 μM of ODQ
in the saphenous artery of rats was previously demonstrated [33]. Our data show that
DETC had no effect in the presence of ODQ, indicating that the neutralizing effect of NO
on the effects of DETC in endothelium-intact arteries of young rats is not linked with
soluble guanylate cyclase activation, and, probably, its main target in smooth muscle cell—
PKG. Of note, Cu/ZnSODs may be nitrosylated, which may also change their activity [38].
Therefore, we suggested that NO (or its derivatives, such as peroxynitrite (ONOO−)) may
neutralize SODs directly. To check this, we assessed the effects of DETC in endothelium-
denuded arteries in the presence of the NO donor sodium nitroprusside (SNP), which
mimics best the effect of naturally produced endothelial NO [39]. Importantly, incubation
with DETC did not further attenuate the contractile response in the presence of SNP, similar
to that which we observed in endothelium-intact arteries. Thus, NO (or its derivatives,
such as peroxynitrite (ONOO−)) counteracts the SOD1 and SOD3 functional impact in the
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arterial smooth muscle of young rats regardless of the classical signaling cascade of NO, in
particular soluble guanylate cyclase activation.

Limitations

The present study has a number of limitations. First, the effect of exogenous H2O2

was not studied in the arteries of adult rats. Second, sex-dependent differences were not
assessed, since only males were used. Third, H2O2 downstream signaling mechanisms
were not explored.

5. Conclusions

In conclusion, our novel findings demonstrate that Cu/ZnSODs promote contraction
of saphenous arteries, an artery of the systemic circulation, at the early postnatal period,
but not at adult age. Moreover, endothelial NO, the anti-contractile influence of which
is particularly high at the early stages of postnatal development, counteracts the pro-
contractile influence of Cu/ZnSODs in early postnatal, but not in adult arteries. The
data obtained should be taken into account at least for several reasons. First, our data
complement and develop knowledge about the altered vasomotor contributions of ROS in
early postnatal ontogenesis. In addition, the more pronounced functional contribution of
Cu/ZnSODs, along with the previously demonstrated high vasomotor influence of NADPH
oxidases [13,24], in arteries of young animals may be associated with the stimulation of
smooth muscle differentiation [40,41] and angiogenesis [42] by ROS, which actively occur
in the early postnatal period. Second, the direction of age-related changes in the functional
contribution of Cu/ZnSODs in the systemic circulation appears to be opposite to that in
the pulmonary circulation, as described in the literature. Therefore, we have received
further evidence for the differences in the functioning between the systemic and pulmonary
circulations. Finally, the data obtained need to be taken into account when developing
therapeutic approaches in newborns, including those intended to treat “oxygen radical
disease in the newborn” [18,43,44].
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Abbreviations

The following abbreviations are used in this manuscript:

ROS Reactive oxygen species
SOD Superoxide dismutase
DETC Diethyldithiocarbamate
NO Nitric oxide
SNP Sodium nitroprusside
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Abstract: Inflammation-induced preterm birth (PTB) significantly impacts neonatal devel-
opment, particularly due to fetal lung immaturity. The lungs undergo critical development
both in utero and postnatally, and PTB disrupts this process, leading to impaired pulmonary
function. Current treatments for promoting lung maturation in preterm infants have lim-
ited efficacy and safety. Melatonin, known for its potent antioxidant and anti-inflammatory
properties, has shown promise in preventing PTB, but its effects on fetal and postnatal lung
maturation remain unclear. This study evaluated the therapeutic efficacy of melatonin in a
mouse model of intrauterine inflammation-induced PTB (IPTB). Pregnant mice (Pregnancy
Day 17, [PD17]) were assigned to control, lipopolysaccharide (LPS), and LPS + melatonin
groups. LPS (25 μg) was injected into the right uterine horn, with melatonin (10 mg/kg) ad-
ministered intraperitoneally 30 min prior. Uterine tissues were collected at 6 and 24 h post-LPS
administration for molecular and histological analyses. PTB occurred in seven out of eleven
(63.6%) IPTB mice within 24 h of LPS injection, whereas melatonin significantly reduced this
rate to 25% (2/8). In melatonin-treated mice, the downregulation of pro-inflammatory genes
in uterine tissues, restoration of placental blood flow, increased lamellar body counts, and
prevention of LPS-induced vacuolation in PD18 fetal lungs were observed. Furthermore, mela-
tonin administration enhanced surfactant protein B expression and improved lung structure.
In the offspring of IPTB mice that survived, melatonin further suppressed pro-inflammatory
markers and promoted lung septal thickening at postnatal day 3. In conclusion, melatonin
prevents PTB, mitigates inflammation, and supports fetal lung maturation in IPTB mice,
highlighting its therapeutic potential for improving neonatal pulmonary outcomes.

Keywords: preterm birth; melatonin; fetal lung development; inflammation; postnatal lung

1. Introduction

Preterm birth (PTB), defined as delivery before 37 weeks of gestation, has various
causes and poses significant health risks [1,2], particularly due to immature organ develop-
ment, especially the lungs. The earlier PTB occurs, the higher the risk of severe respiratory
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complications, as underdeveloped lungs can lead to oxygen insufficiency, triggering sys-
temic dysfunction, including central nervous system impairments [3,4].

Among the causes of PTB, intrauterine inflammation is a major contributor [2]. Elevated
expression of pro-inflammatory mediators such as cyclooxygenase (COX)-2, interleukin (IL)-6,
IL-1β, tumor necrosis factor (TNF)-α, and prostaglandins (PGE2) induces uterine contraction,
cervical remodeling, and fetal membrane apoptosis, ultimately leading to premature rupture
of membranes and labor [1,2]. Additionally, inflammation disrupts placental blood flow
through vasoconstriction and intravascular coagulation [5]. Compensatory mechanisms, such
as increased iNOS activity and vasodilation, further exacerbate perfusion abnormalities [6,7],
leading to placental hypoxia and the generation of reactive oxygen species (ROS), which can
negatively impact fetal organ development, particularly pulmonary maturation [6–9]. Pul-
monary artery dysfunction due to compromised blood flow is especially concerning as it can
result in fetal lung injury and delayed lung maturation.

Despite advancements in neonatal care, pulmonary complications in premature infants
remain a significant challenge, necessitating both prenatal and postnatal interventions. Postna-
tally, respiratory support, including oxygen therapy and mechanical ventilation, increases the
risk of complications such as pneumothorax, pneumomediastinum, retinopathy of prematurity,
and bronchopulmonary dysplasia. Artificial surfactant therapy can aid lung function, but in
extremely preterm neonates—the highest risk group—it is often inadequate, as it may not fully
compensate for the profound structural and functional lung immaturity [10]. In late preterm
and term neonates, surfactants have been shown to benefit, including reduced mortality, air
leaks, and the need for prolonged respiratory support [11]. Prenatally, corticosteroids (e.g., be-
tamethasone or dexamethasone) are routinely administered between 24–34 gestational weeks to
accelerate fetal lung maturation, with cohort studies demonstrating significantly lower neonatal
mortality—particularly at 24–29 weeks of gestation [12]. However, efficacy remains limited in
the most premature neonates (<28 weeks), and systemic risks—such as exacerbated maternal
hyperglycemia requiring insulin therapy in gestational and pre-existing diabetes—have also
been reported [13]. More recently, emerging therapies such as IGF-1 supplementation and
N-acetylcysteine administration have been investigated in clinical studies as potential strategies
to improve outcomes in preterm infants [14,15]. While these novel approaches show promise,
their therapeutic application is still constrained by limited clinical evidence and methodological
challenges, highlighting the need for further studies to establish their safety and efficacy.

Melatonin, a multifunctional antioxidant and anti-inflammatory molecule, offers a
promising therapeutic approach for prenatal intervention. Melatonin exhibits potent an-
tioxidant properties and efficiently scavenges free radicals [16]. Maintaining a homeostatic
equilibrium between ROS and antioxidants is essential during pregnancy to ensure placen-
tal health and stability. Disruption of this balance can lead to complications such as PTB,
preeclampsia, and intrauterine growth restriction [17]. Capable of crossing the placental and
blood–brain barriers, melatonin modulates inflammation, ROS, and hypoxia—key drivers
of PTB-associated lung immaturity [4,18,19]. Also, melatonin modulates immune responses
by suppressing the activation of pro-inflammatory transcription factors such as NF-κB [20],
thereby downregulating the expression of cytokines, including TNF-α, IL-1β, and IL-6, which
are well-known inflammatory mediators that are markedly upregulated during PTB [21].
In addition to intrauterine inflammation, melatonin has shown protective effects in other
experimental models, including hyperoxia-induced neonatal lung injury [22] and hypoxic–
ischemic brain damage [23], where it reduced oxidative stress, suppressed pro-inflammatory
cytokines, and preserved tissue integrity. These findings underscore the dual antioxidant and
anti-inflammatory mechanisms of melatonin against both inflammation and oxygen toxicity,
supporting its potential to prevent PTB-associated fetal organ damage. However, research
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on melatonin’s role in preventing PTB-associated lung complications and enhancing fetal
lung maturation, especially in the context of intrauterine inflammation-induced PTB (IPTB),
remains limited. The present study aims to investigate the therapeutic potential of melatonin
in promoting fetal lung maturation in a mouse model of IPTB.

2. Materials and Methods

2.1. Animals

All animal care and treatment procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) of CHA University (Approval No. IACUC 230152).
Pregnant ICR mice (Koatech, Ansan-si, Republic of Korea) were used for this study.

2.2. Establishment of Mouse Models of Intrauterine Inflammation-Induced Preterm Birth

Pregnant ICR mice obtained from Koatech were anesthetized with isoflurane, and a 1.5
cm midline incision was made in the lower abdominal wall after aseptic preparation. At
Pregnancy Day 17 (PD17), mice were randomized to receive intrauterine injections of either
lipopolysaccharide (LPS) (Sigma-Aldrich, St. Louis, MO, USA) to induce inflammation-induced
preterm birth, or phosphate-buffered saline (PBS) as a control. For intrauterine inflammation,
LPS (25 μg in 100 μL PBS) was injected into the uterine horn between the first and second
gestational sacs. PTB was defined as delivery within 48 h post-injection. Melatonin (10 mg/kg)
(Sigma-Aldrich) was administered intraperitoneally 30 min before LPS injection. For postnatal
analyses, the number of live pups delivered in each group was recorded at birth, and subsequent
evaluations were performed at matched postconceptional ages (PCA = gestational day [GD] at
birth + postnatal days [PND]). Thus, pups born at GD20 (PBS) were counted and analyzed at
PND1 (PCA21), while pups born at GD18 (LPS) were counted and analyzed at PND3 (PCA21),
ensuring developmental equivalence across groups. In this study, PND3 was used as the
reference developmental stage based on the LPS group (PCA21).

2.3. RNA Preparation, RT-PCR, and Real-Time RT-PCR

Total RNA was extracted from myometrium, decidua, placenta, and fetal lung tissues
using TRIzol reagent (Ambion, Carlsbad, CA, USA), following the manufacturer’s instruc-
tions. For cDNA synthesis, RNA (1 μg) was subjected to reverse transcription (RT) using
M-MLV reverse transcriptase (Promega, Madison, WI, USA) with random primers and
oligo dT. The synthesized cDNA was used for polymerase chain reaction (PCR) with gene-
specific primers under optimized thermal cycling conditions and annealing temperatures,
followed by electrophoresis of the PCR products. DNA fragments were separated by 2%
agarose gel electrophoresis in TBE buffer. Real-time RT-PCR was performed using SYBR
Green Dye (Bio-Rad, Waltham, MA, USA) to quantify gene expression. A standard curve
of cycle thresholds from serial dilutions of a cDNA sample was generated to determine
relative transcript levels, normalized to ribosomal protein L7 (rPL7) cDNA. All PCRs were
performed in duplicate. All raw data values from the real-time RT-PCR experiments are
available in the Supplementary Excel File (Supplementary Data S1).

2.4. Western Blot Analysis

Uterine and fetal lung tissues were homogenized using a Polytron homogenizer
(Brinkmann, Westbury, NY, USA). Proteins were extracted using PRO-PREP Protein Ex-
traction Solution (iNtRON Biotechnology, Seongnam, Republic of Korea) containing a
1× phosphatase inhibitor (Roche Applied Sciences, Indianapolis, IN, USA). Extracted
proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to a nitrocellulose membrane (Bio-Rad). For Western blot analyses, the
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membranes were incubated with primary antibodies, followed by horseradish peroxidase-
conjugated goat anti-rabbit or anti-mouse secondary antibodies (Invitrogen, Carlsbad, CA,
USA). Immunoreactive bands were detected using the enhanced chemiluminescence (ECL)
Western blotting substrate kit (Cytiva, Marlborough, MA, USA) and visualized using the
ChemiDoc XRS + System (Bio-Rad) with Image Lab software v6.1.

2.5. In Vivo Imaging of Placental Blood Flow

To assess placental blood flow in pregnant mice, indocyanine green (ICG; 0.025 mg/
100 μL, Cayman Chemical, Ann Arbor, MI, USA) was intravenously injected via the tail
vein at PD17. Fluorescence imaging was performed for 30 min under anesthesia using the
Pearl Impulse Imager (LI-COR Biosciences, Lincoln, NE, USA). In the LPS-treated group,
the maximum placental fluorescence was consistently observed approximately 5 min after
injection; therefore, representative images were selected at the time of injection (10 s) and
5 min (300 s). The “time to maximum fluorescence” was defined as the time taken for the
placental fluorescence signal to reach its peak and subsequently begin to decline. Fluorescent
signals in the placental region were captured, and the intensity of ICG fluorescence was
quantified using Image Studio software v5.2 (LI-COR Biosciences, Lincoln, NE, USA).

2.6. Histochemistry and Immunofluorescence Staining

Fetal lungs were fixed at PD18 by immersing the entire pup in 4% paraformaldehyde
(PFA) (Biosesang, Seongnam, Republic of Korea) prior to the onset of air breathing, whereas
PND3 lungs were fixed by immersion in paraformaldehyde following cardiac perfusion
with saline to remove blood. Fetuses were then immersed in 30% sucrose (Sigma-Aldrich),
embedded in the optimal cutting temperature compound (Leica Microsystems, Wetzlar, Ger-
many), and sectioned at 15 μm using a cryostat (Leica Microsystems). PND3 lungs were
processed into paraffin after fixation and subsequently sectioned for histological and immuno-
histochemical analyses. The sections were stained with hematoxylin and eosin (H&E). For
immunofluorescence studies, frozen sections were fixed in 4% PFA for 10 min, washed with
PBS, and permeabilized with 0.1% Triton X-100 in PBS for 15 min at 25 ◦C. Non-specific
staining was blocked using Protein Block Serum-Free (Dako, Santa Clara, CA, USA) for 1 h,
followed by incubation with the primary antibodies against surfactant protein-B (SP-B) (1:200,
ab40876, Abcam, Cambridge, UK) overnight at 4 ◦C. For fluorescence labeling, sections were
incubated with Alexa Fluor 488-conjugated secondary antibodies (1:1000, Invitrogen) for 1 h
at 25 ◦C. Nuclei were counterstained with propidium iodide (1:500, Thermo Fisher Scientific,
Waltham, MA, USA). Slides were mounted using Gel Mount Aqueous Mounting Medium
(M01, Sigma-Aldrich), and images were captured using a microscope (Carl Zeiss Meditec AG,
Jena, Germany) and analyzed with the corresponding software.

2.7. Transmission Electron Microscopy (TEM)

Fetal lungs were fixed with 2% glutaraldehyde (Sigma-Aldrich) and 2% PFA in PBS
at 4 ◦C for 8 h, followed by post-fixation in 1% osmium tetroxide. After washing with
PBS, samples were dehydrated through a graded ethanol series (60%, 70%, 80%, 90%, 95%,
and 100%) and embedded in Epon resin. Thin sections were prepared, counterstained
with uranyl acetate and lead citrate, and imaged using a transmission electron microscope
(H-7600; Hitachi, Tokyo, Japan).

2.8. Statistical Analyses

Statistical analyses were performed using GraphPad Prism (version 8.2, GraphPad
Software, San Diego, CA, USA) and SPSS (version 29, IBM Corp., Armonk, NY, USA).
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Comparisons among three groups for continuous variables were conducted using the
Kruskal–Wallis test, while comparisons between two groups were performed using the
Mann–Whitney U test. Categorical variables were analyzed using the chi-square test.
A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Melatonin Prevents Preterm Birth and Reduces the Inflammatory Response

To investigate the effects of melatonin on PTB, we used a mouse model of IPTB.
Pregnant ICR mice received an intrauterine injection of LPS at PD17 to induce PTB, while
the LPS + melatonin group was pretreated with melatonin 30 min before LPS administration
(Figure 1A,B). Within 24 h, no cases of PTB were observed in the PBS group (control) (0%,
8/8). In contrast, the LPS group showed a significantly increased PTB rate of 63.6% (7/11),
while co-administration of melatonin reduced the rate to 25% (2/8) (p < 0.05). By 48
h, PTB remained absent in the PBS group, but occurred in all cases of the LPS group
(100%, 11/11) and half of the LPS with melatonin group (50%, 4/8), showing a significant
difference between the groups (p < 0.001) (Figure 1C). In addition, we quantified the
number of surviving pups after delivery (Figure 1D). The results showed a reduction
in the LPS group compared with the PBS group, whereas prenatal melatonin treatment
significantly increased the number of pups that survived. Melatonin treatment not only
reduced the PTB rate but also significantly attenuated the expression of pro-inflammatory
genes, including Ptgs2, Il-6, and Tnf-α, in uterine tissues such as myometrium, decidua,
and placenta compared to the LPS group (Figure 1E–G).

3.2. Melatonin Restores Reduced LPS-Induced Blood Flow in Inflammation-Induced Preterm Birth
in Mice

Adequate placental vascularization is essential for proper fetal development. To assess
the impact of melatonin on placental blood flow in IPTB, indocyanine green (ICG) was ad-
ministered intravenously 6 h after LPS injection at PD17 in pregnant mice, and uterine tissues
were imaged using fluorescence detection (Figure 2A). The expression of the vasoconstrictor
endothelin-1 (Edn1) was significantly increased in the myometrium (p < 0.001), decidua (p
< 0.05), and placenta (p < 0.05) of IPTB mice (Figure 2B). Melatonin treatment effectively
reduced Edn1 expression in the uterine tissues (p < 0.05). In vivo imaging revealed reduced
placental blood flow in IPTB mice (Figure 2C). Dotted lines indicate the location of placentas,
showing decreased fluorescence intensity following LPS administration, which was restored
by melatonin treatment. Quantitative analysis of ICG fluorescence intensity in the placenta
revealed a significant reduction in blood flow in the LPS group compared to both the PBS and
melatonin groups at both 10 s (p < 0.001) and 300 s (p < 0.001) after ICG injection. Melatonin
treatment markedly restored placental blood flow at both time points (10 s: p < 0.001; 300
s: p < 0.001) (Figure 2D). In addition, the time required for placental fluorescence to decline
after reaching its highest intensity was defined as the “Time to maximum fluorescence”. This
time was significantly longer in the LPS group compared with the PBS and melatonin groups
(p < 0.05), indicating impaired placental hemodynamics. However, in IPTB mice treated
with melatonin, the time to maximum fluorescence did not differ significantly from that of
the PBS or melatonin groups alone, but it tended to decrease, suggesting a potential partial
improvement in placental blood flow.
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Figure 1. Melatonin prevents preterm birth and reduces inflammatory responses. (A) The scheme
illustrates the establishment of IPTB mice. The figure was created with BioRender.com. (B) The
scheme illustrates the time window defined as PTB following IPTB. (C) Graph showing the rate of
birth after LPS administration with or without prenatal melatonin treatment. Melatonin treatment
decreased the rate of PTB. (D) The number of surviving pups was quantified at birth. * p < 0.05.
(E–G) Real-time RT-PCR analysis of pro-inflammatory gene expression in the myometrium (E),
decidua (F), and placenta (G) following LPS administration, with or without melatonin treatment.
rPL7 was used as an internal loading control. Each plot represents an individual value. * P vs. others,
p < 0.05; # L vs. LM, p < 0.05. Abbreviations: P, PBS; L, LPS; LM, LPS + melatonin.

3.3. Melatonin Improves Fetal Lung Immaturity in Inflammation-Induced Preterm Birth in Mice

To assess the effect of melatonin on fetal lung development in IPTB, the number of
lamellar bodies (LBs, secretory organelles present in type II alveolar cells indicative of lung
development) was evaluated 24 h after LPS-induced PTB (Figure 3A). Histological analysis
showed no significant structural differences in fetal lungs among the groups, regardless of
LPS or melatonin treatment (Figure 3B). At PD18, septal thickness was consistent across
all groups (no statistically significant difference was observed) (Figure 3C). However,
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LPS administration led to a decrease in SP-B expression in the fetal lungs of IPTB mice.
Melatonin treatment effectively restored SP-B expression (Figure 3D). Microstructural
examination by TEM showed that melatonin administration prevented vacuolation of LBs
in the fetal lungs induced by LPS exposure. Additionally, melatonin increased the number
of secreted LBs (Figure 3E). Furthermore, LPS treatment tended to reduce the number
of LBs in the amniotic fluid (p < 0.05), while melatonin treatment significantly restored
their numbers (p < 0.05) (Figure 3F). These findings suggest that although no immediate
structural abnormalities were observed in fetal lungs following LPS exposure, functional
impairments, particularly in surfactant production, were evident.

3.4. Melatonin Improves Postnatal Lung Development in Inflammation-Induced Preterm Birth
in Mice

Functional impairments observed immediately after LPS exposure also impacted post-
natal lung development. At PND3 (PCA21), the body weights of the surviving pups were
measured (Figure 4A). Offspring in the LPS group exhibited reduced body weights com-
pared with the PBS group, whereas prenatal melatonin treatment restored the reduction.
Histological examination of PND3 lungs by H&E staining revealed that the alveolar septa
remained thickened in the LPS group, while this change was ameliorated in the melatonin-
treated group (p < 0.05) (Figure 4B,C). However, melatonin administration mitigated these
abnormalities (p < 0.01), suggesting its protective role in postnatal lung maturation. In
the LPS group, Tnf-α and Il-1β were significantly upregulated compared to the PBS group
(p < 0.05), contributing to impaired lung development at PND3. Melatonin treatment
effectively alleviated these inflammatory responses (p < 0.05) (Figure 4D,E). Western blot
analysis showed that administration of melatonin reduced the expression of inflammatory
protein IL-1β compared to the LPS group (p < 0.05) (Figure 4F,G). Although the thickness
of pulmonary capillary endothelial cells tended to increase in the LPS group, the differ-
ence did not reach statistical significance compared to the PBS and LPS with melatonin
groups (Figure 4H,I). These findings demonstrate that melatonin not only restores placental
blood flow to prevent IPTB but also facilitates lung maturation, mitigating alveolar septal
thickness and inflammation in newborn offspring (Figure 5).

Figure 2. Cont.
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Figure 2. Melatonin restores reduced LPS-induced blood flow in inflammation-induced preterm birth
in mice. (A) The scheme to explain in vivo fluorescence imaging in placental blood flow. The figure was
created with BioRender.com. (B) Real-time RT-PCR analyses for relative mRNA expression of Edn1 in the
myometrium, decidua, and placenta. rPL7 was used as an internal loading control. Each plot represents
an individual value. (C) In vivo imaging of blood flow in the placenta using the Pearl Impulse Imager.
LPS treatment reduced blood flow to the placenta, which was restored by melatonin administration.
Regions marked by dotted lines indicate the placental location. The right panel of each group shows a
magnified view of the boxed region. (D) Graph showing the intensity of blood flow in the placenta at 10
and 300 s after ICG injection. (E) Graph showing the time to maximum ICG fluorescence in the placenta.
* p < 0.05; ** p < 0.001. Abbreviations: Mel, melatonin; ICG, Indocyanine green.

Figure 3. Melatonin improves fetal lung immaturity in inflammation-induced preterm birth in mice.
(A) The scheme illustrates the fetal lung preparation time point in IPTB mice. (B) Histological analysis
of fetal lungs at PD18 by H&E staining. (C) Quantitative analysis of the septal thickness in PD18 fetal
lungs. (D) Melatonin increased SP-B expression in fetal lungs exposed to intrauterine inflammation.
Scale bar = 20 μm. (E) Microstructure of the fetal lung by TEM. Yellow arrowheads indicate normal
LBs. Red arrowheads indicate vacuolated and abnormal LBs. Scale bar = 500 nm. (F) The LB count in
amniotic fluid 24 h after PTB * p < 0.05.
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Figure 4. Melatonin improves postnatal lung development in inflammation-induced preterm birth
in mice. (A) Body weights of surviving pups at PND3. PND3 was defined based on the LPS group
to ensure developmental stage equivalence. (B) Histological analysis of PND3 lungs in IPTB mice
using H&E staining. Scale bar = 20 μm. (C) Quantitative analysis of the septal thickness in PND3
lungs. (D) RT-PCR analysis of pro-inflammatory genes in PND3 lungs. (E) Real-time RT-PCR analysis
of pro-inflammatory genes in PND3 lungs. rPL7 is used as an internal loading control. Each plot
represents an individual value. (F) Western blot analysis of pro-inflammatory proteins in PND3 lungs.
(G) The relative intensity of pro-inflammatory genes was quantified using GAPDH as a loading
control. Each plot represents an individual value. (H) Immunohistochemistry showed the expression
of α-SMA in PND3 lungs. Scale bar = 20 μm. (I) Quantitative analysis of vessel thickness in PND3
lungs (PBS n = 5, LPS n = 5, LPS + melatonin n = 5). * L vs. others, p < 0.05. Abbreviations: PND,
Postnatal day; α-SMA, Alpha-smooth muscle actin.

Figure 5. Cont.
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Figure 5. Schematic overview of the role of prenatal melatonin in recovering from preterm birth
and enhancing fetal and postnatal lung development in inflammation-induced preterm birth in
mice. This figure illustrates the central role of prenatal melatonin administration in regulating PTB
and promoting fetal and postnatal lung development in IPTB in mice. The figure was created with
BioRender.com.

4. Discussion

PTB, particularly IPTB, poses significant challenges to newborn health and devel-
opment, impacting crucial organ development such as the lungs. Our study provides
compelling evidence for the beneficial effects of melatonin administration in a murine
model of IPTB, suggesting its potential to restore fetal lung development. Using IPTB mice,
our study showed that inflammation-related genes, Ptgs2, Il-6, Tnf-α, and Il-1β, were in-
creased in uterine tissues (Figure 1) and lungs of offspring at PND3 (Figure 4). Similarly, in
the chorioamnionitis-induced PTB rat model, LPS administration increased cerebral expres-
sion of inflammatory and apoptotic markers, such as IL-1β, TNF-α, RANK, and caspase-8.
Similarly, in the intra-amniotic induced PTB mouse model, LPS elevated IL-6 and TNF-α
expression in the amniotic fluid [24,25]. LPS exposure has been reported to induce IL-1β
expression through activation of the NLRP3 inflammasome, which plays a central role in
amplifying inflammatory responses [26]. The increased IL-1β mRNA and protein observed
in our study suggest that this pro-inflammatory response may be mediated through NLRP3
inflammasome signaling. Consistent with this, previous studies have demonstrated that
melatonin attenuates NRLP3 inflammasome activity via inhibiting nuclear translocation of
NF-κB, thereby reducing IL-1β production [27,28]. These findings suggest that the reduc-
tion of IL-1β expression by melatonin in our model may be linked to its ability to inhibit
NF-κB-driven priming and NLRP3 inflammasome activation. In addition, previous reports
using similar PTB models have demonstrated that maternal LPS-induced inflammation not
only elevates pro-inflammatory gene expression but also promotes immune cell infiltration
into fetal tissues [29,30]. For example, in intraperitoneal LPS-induced PTB mouse models,
marked accumulation of neutrophils was observed in fetal lungs and kidneys, coinciding
with increased expression of inflammatory cytokines [29]. Also, studies in rhesus macaques
have shown that intra-amniotic LPS induces a potent and rapid myeloid cell response
in fetal lungs, dominated by infiltrating neutrophils and monocytes/macrophages, with
transcriptional profiles indicating exposure to TLR ligands and pro-inflammatory cytokines
such as IL-1β and TNF-α [30]. In addition, our unpublished observations in the uterine
context revealed that LPS-induced inflammation was accompanied by increased neutrophil
and macrophage infiltration, whereas prenatal melatonin treatment attenuated macrophage
accumulation. Together, these observations suggest that the elevated cytokine expression in
our study may reflect enhanced immune cell recruitment induced by LPS, and it is therefore
reasonable to assume that prenatal melatonin treatment could attenuate such neutrophil
and macrophage infiltration in the fetal lung of our model.
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In our IPTB model, reduced placental blood flow led to uterine vasoconstriction, as
indicated by the upregulation of vasoconstrictor markers, such as Edn1 (Figure 2). Reduced
placental blood flow impaired placental function, resulting in a hypoxic environment that
initiates a cascade of events characterized by the generation of ROS and tissue inflamma-
tion [9]. Melatonin, through its potent antioxidant activity, can neutralize ROS and protect
against hypoxia-induced oxidative injury, thereby mitigating the downstream effects of
hypoxia in fetal tissues [17,31]. Given that melatonin administration restored placental
perfusion and reduced inflammation in our model (Figures 1 and 2), it is plausible that
these protective effects were at least partly mediated by melatonin’s antioxidant activity.

In the chorioamnionitis-induced PTB rat model, severe hyperemia and edema were
observed in various fetal organs, along with hemorrhagic foci in the pleura and lung
parenchyma of the LPS group [32]. Particularly inflammatory infiltrates mainly composed
of activated T lymphocytes (CD45R0+) were often associated with focal necrosis of adjacent
parenchyma, exhibiting severe hypertrophy and disorganization [33]. These findings closely
align with our observations of thickened fetal lung septum and inflammatory responses
following intrauterine LPS administration. Notably, melatonin treatment effectively mit-
igated these inflammatory reactions (Figure 4). This protective effect may, in part, stem
from melatonin’s ability to attenuate hypoxia-induced oxidative stress, thereby preserving
vascular integrity and reducing inflammation in the fetal lung. In this study, intrauterine
inflammation impaired fetal lung maturation, as demonstrated by reduced SP-B expression
and abnormal LB morphology (Figure 3). These changes are consistent with the essential
role of surfactant in maintaining alveolar stability and efficient gas exchange [34]. Given the
essential roles of SP-B and SP-C in preventing alveolar collapse and supporting fetal lung
development [35], the restoration of these proteins by melatonin underscores its potential
to mitigate inflammation-induced lung dysfunction.

Melatonin exhibits potent antioxidant properties by neutralizing free radicals and acts
as an anti-inflammatory agent by suppressing COX-2 and NF-kB pathways [36,37]. Clini-
cally, melatonin has shown efficacy in improving blood flow and treating conditions such as
stroke, depression, glaucoma, hypertension, diabetes, and various cancers [38–40]. In our
previous study, melatonin prevented placental blood clot formation in a murine intrauter-
ine inflammation model [41]. Moreover, melatonin has demonstrated anti-fibrotic potential
in chemotherapy-induced lung damage [42] and ameliorates neonatal morbidities such as
bronchopulmonary dysplasia by reducing oxidative stress and inflammation [41,43,44]. The
antioxidant effect of melatonin is primarily mediated through non-receptor mechanisms
involving direct scavenging of ROS [45]. The protective effects of melatonin in preventing
PTB and improving lung immaturity are likely mediated through receptor-independent
antioxidant mechanisms. Furthermore, other studies have demonstrated that melatonin’s
antioxidant effects are not limited to the fetal lung but also extend to the fetal brain, where
they facilitate neurodevelopment in preterm models [17,21]. These observations suggest
that the antioxidant properties of melatonin may play a broader role in promoting overall
fetal development under inflammatory or oxidative stress conditions. Recent research also
highlights melatonin’s role in cell differentiation and proliferation [42,46,47], influencing
fetal growth and development [48,49]. Our earlier investigation confirmed melatonin’s
anti-inflammatory effects in preventing PTB in mice and its positive impact on fetal brain
and lung maturation [6].

This study provides valuable insights into the impact of melatonin on lung develop-
ment in premature infants, addressing a critical aspect of PTB. It highlights melatonin’s
potential as a therapeutic option for enhancing fetal lung maturation, which could improve
the prognosis of premature infants. Notably, this study extends beyond previous research
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focused on prenatal fetuses by demonstrating improved lung maturation in postnatal
offspring. Using a mouse model of IPTB enabled a detailed investigation of the molecular
pathways and physiological changes associated with fetal lung maturity under controlled
experimental conditions.

However, this study has some limitations. Although it identifies changes in gene ex-
pression and histological features associated with melatonin treatment, further mechanistic
studies are needed to clarify the pathways influencing fetal lung development during
PTB. Additionally, the study does not assess long-term effects on respiratory function and
neurodevelopment in offspring, highlighting the need for future research in this area. We
monitored the offspring up to PND14, primarily recording body weights (unpublished
observation). However, in the LPS group, the number of surviving pups was lower than in
the other groups (Figure 1D), which reduced litter competition and consequently dimin-
ished the body weight differences compared to the other groups. This made it difficult to
accurately interpret group differences at this later point. Therefore, we found our analyses
on PND3, when the acute effects of intrauterine inflammation and prenatal melatonin
treatment were most evident. Given its experimental nature in animals, the direct transla-
tion of these findings to clinical practice may be limited. Therefore, further investigations,
including clinical trials, are necessary to validate the efficacy and safety of melatonin as
a therapeutic intervention for PTB and fetal lung immaturity. Moreover, the relatively
small number of biological replicates in some experimental groups could be a limitation
of this study. This was largely due to the reduced survival of offspring in the LPS group,
which restricted the number of samples available for certain analyses. Although statistical
methods were applied appropriately, future studies with larger groups will be required to
strengthen these findings. Previous studies have demonstrated that combined administra-
tion of melatonin and corticosteroids exerts greater protective effects against acute lung
injury than either agent alone, suggesting potential synergistic interactions [50]. Based on
these findings, we propose that future studies exploring the combination of melatonin with
corticosteroids, which are the current clinical standard for promoting fetal lung maturation
in PTB, may help to overcome the residual risks that remain when corticosteroids are
used alone in extremely preterm infants. Such an approach could provide an enhanced
therapeutic strategy to improve neonatal outcomes in the setting of IPTB.

5. Conclusions

This study demonstrates that melatonin effectively mitigates intrauterine inflamma-
tion induced by LPS, which adversely affects the uterine tissues, leading to preterm birth
and impaired fetal lung development. The protective effects of prenatal melatonin treat-
ment are likely mediated primarily through anti-inflammatory mechanisms that reduce
inflammatory responses. They may also manifest through secondary antioxidant effects,
such as the restoration of impaired blood flow. These findings suggest that melatonin holds
promise as a therapeutic intervention not only for preventing PTB but also for promot-
ing lung development in premature infants. This underscores the potential of maternal
melatonin administration as a viable treatment option for complications associated with
PTB. Further investigations, particularly in clinical settings, are warranted to validate the
translational potential of melatonin in improving pregnancy outcomes and neonatal health.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox14091094/s1, Supplementary Data S1 (Excel File): Raw
data for Real-time RT-PCR and Western blot band intensity; Supplementary Figure S1: Original
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uncropped RT-PCR images corresponding to Figure 4D; Figure S2: Original uncropped Western blot
images corresponding to Figure 4F.
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Abstract: Background: More and more women are following a vegan and vegetarian diet.
For some, the use of a vegan diet during lactation is controversial. Purpose: The aim of the
study was to comparatively analyze the concentration of selected hormones, micro- and
macronutrients, vitamins, and the basic composition and antioxidant status of the milk of
vegan women, compared to the milk of omnivorous women. Methods: The study included
17 breastfeeding vegan women and 27 omnivorous women. The basic composition of
human milk was analyzed using the MIRIS HMATM analyzer (Uppsala, Sweden) The
levels of hormones and vitamins were determined by the enzyme-linked immunosorbent
method. In order to determine the antioxidant activity and micro- and macroelements,
spectrophotometric methods were used. Results: The vegan group was characterized by
a lower average age, lower BMI, and lower WHR index compared to the control group.
The milk of vegan women showed significantly higher cortisol concentrations and lower
iron, vitamin B6, and antioxidant status than the milk of omnivorous women. Conclusions:
A vegan diet helps maintain a healthy body weight and is more popular among younger
women, under 30 years of age. Higher levels of milk cortisol in vegan women may indicate
a high level of anxiety and stress experienced by breastfeeding women, which may have
negative consequences not only for breastfeeding mothers but also for the development of
their children. Lack of appropriate supplementation in women who do not consume meat
and animal products may cause a deficiency of micro- and macroelements in breast milk.

Keywords: human milk; vegans; antioxidants; nutrition

1. Introduction

Proper nutrition during pregnancy and lactation is crucial for the health of both the
mother and the child. A balanced diet rich in essential nutrients supports the development
of the fetus and then ensures adequate milk production. Human milk is usually sufficient to
cover the caloric requirements of the child and thus support its growth and development. It
is widely believed that the mother’s diet affects the composition of human milk, especially
the fatty acid profile, which is well documented [1–3]. However, the remaining variability
of nutrients and macro- and microelements in human milk attributable to diet remains
largely unknown [4]. It should be noted that restrictive dietary restrictions of lactating
women may affect the nutrient content of human milk as well as reduce the volume of
milk produced [5]. In the context of optimal nutrient intake, the use of a vegan diet
by breastfeeding women is controversial. The vegan diet is the most restrictive form of
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vegetarianism. Vegans eliminate all animal products from their diet. In recent years, it has
been observed that plant-based diets are becoming increasingly popular in Europe [6]. It
is estimated that the prevalence of vegans in Europe is from 1 to 10% [7]. In turn, in 2024,
according to a report conducted by CEOWORLD Consumer Insights magazine, Poland
ranked 19th in the world in terms of the population of vegetarians and vegans, 8.4% and
1.8%, respectively [8]. The more restrictive the vegan diet, the greater the risk of dietary
deficiencies. Hence, doubts have arisen as to the adequacy of nutrient intake by vegan
women and the impact of this diet on the composition of breast milk [9].

According to the American Academy of Nutrition and Dietetics, the composition of ve-
gan milk is similar to that of non-dieting mothers, except for the concentration of fatty acids.
They recommend this diet, properly balanced, with well-chosen supplementation [10].
The Swiss Federal Food Commission and the German Nutrition Society have expressed
an opposing position, claiming that a vegan diet cannot be recommended for pregnant
and breastfeeding women nor for infants, children, and the elderly [11,12]. According
to the guidelines of the European Milk Bank Association (EMBA), breastfeeding vegan
women can be recruited as donors to the Human Milk Bank, provided that they regularly
supplement vitamin B12 [13]. In turn, national guidelines for individual countries vary;
for example, in Switzerland, Germany, and Australia, vegan mothers cannot donate their
milk to other children [14]. In Poland, a vegan diet is a permanent exclusion criterion for
donating human milk [15]. Given the scientific evidence for the varied intake of some
nutrients during a vegan diet, which may translate into differences in the composition of
human milk, the aim of this study was to conduct a comparative analysis between the milk
of vegan women and the milk of women consuming all animal products.

Human milk consists, among others, of carbohydrates, fats, proteins, bioactive factors
(immunoglobulins, hormones, growth factors), vitamins, micro- and macronutrients, as
well as the microbiome [16–22].

Carbohydrates are utilized in energy processes but also for the proper maturation of the
nervous system and the maintenance of a healthy bacterial flora in the gastrointestinal tract of
infants [16]. Human milk oligosaccharides (HMOs) exhibit anti-adhesive, anti-infective, and
probiotic properties [17]. Meanwhile, proteins in human milk not only provide nutrition but
also serve bioactive functions. They act as carriers of other nutrients (e.g., lactoferrin, alpha-
lactalbumin, β-casein), regulate intestinal development (e.g., growth factors, lactoferrin), and
nutrient absorption (e.g., bile salt-stimulated lipase, amylase), and demonstrate immunological
and antimicrobial activity (e.g., lactoferrin, secretory IgA, cytokines, lysozyme) [18,23]. Fats
constitute the primary energy source (approximately 50% of calories, equivalent to 25 g
per day up to 6 months of age) and are an important source of essential nutrients such as
polyunsaturated fatty acids (PUFAs), fat-soluble vitamins, complex lipids, and bioactive
compounds [18]. The lipids in human milk positively influence child development. Long-
chain polyunsaturated fatty acids (LCPUFAs) stimulate the functional development of the
retina and brain in infants, participate in inflammatory and immune processes, which affects
the optimal maturation of the immune system, and may additionally influence adipocyte
differentiation and contribute to reducing the risk of obesity [19].

Bioactive factors in human milk include immunoglobulins, hormones, growth factors,
glycans, nucleotides, blood cells, cytokines, stem cells, lactoferrin, antioxidant compounds
such as vitamins A, E, C, β-carotene, and glutathione, as well as antioxidant enzymes (e.g.,
glutathione peroxidase, catalase, superoxide dismutase) [20,21,24–26].

Human milk contains numerous hormones, including thyroid hormones (thyroxine, tri-
iodothyronine), thyrotropin (TSH), thyrotropin-releasing hormone (TRH), parathormone, corti-
sol, melatonin, progesterone, estrogens, prolactin, insulin, adipose tissue hormones (adiponectin,

79



Antioxidants 2025, 14, 505

resistin, leptin, ghrelin), and growth hormone [16,20,25,26]. Cortisol (a stress hormone, glu-
cocorticoid) is produced by the adrenal cortex, influences metabolism, and possesses anti-
inflammatory properties. It is a crucial component of human milk due to its role in regulating
the digestive system and influencing the neurological development of the child [20].

Adipose tissue hormones have a positive effect on early satiety control in infants and
the regulation of energy balance during childhood and adulthood, protecting against later
obesity. These hormones are likely secreted and synthesized by the mammary gland and pass
from the serum into human milk. Adipose tissue hormones present in human milk include
leptin, adiponectin, resistin, ghrelin, obestatin, irisin, apelin, and visfatin [25,26]. Adiponectin
has anti-inflammatory and anti-atherogenic properties and regulates metabolism [25], while
leptin improves insulin sensitivity, regulates energy balance, and appetite [26].

Human milk is rich in all vitamins, micro- and macroelements necessary for the proper
development of the child. Macronutrients include Na, Cl, K, Mg, Ca, phosphates, and sulfates,
while microelements include Fe, Cu, Mn, Zn, Co, Mo, Se, Cr, F, and I [24,27–29]. Vitamin B6
supports the body’s immune resistance, participates in gluconeogenesis and antibody formation,
and aids the child’s nervous system [27]. Vitamin D is involved in bone formation and plays a
crucial role in calcium–potassium balance. Its deficiency causes rickets in children [30].

Due to the limited scientific literature on the impact of veganism on the composition
and antioxidant status of human milk, the aim of our study was to assess the basic compo-
sition, hormones (adiponectin, leptin, cortisol), vitamins (vitamin D, vitamin B6), micro-
and macroelements (iron, phosphorus, magnesium, calcium), and the antioxidant status of
vegan mothers’ milk.

2. Materials and Methods

The research was approved by the Bioethics Committee of the Nicolaus Copernicus
University in Toruń at the Ludwik Rydygier Collegium Medicum in Bydgoszcz (consent
no. KB437/2018).

All women participating in the study read information about it, completed the ques-
tionnaire, and expressed their conscious opinion, written consent to participate in it. The
questionnaire included questions about the age of women, residence, professional activity,
weight and height of a breastfeeding woman, duration of pregnancy, fertility (primi-
parous/multiparous), type of delivery, diet, and taking medications and supplements.

2.1. Characteristics of the Vegan and Control Groups

The study group initially included 23 vegan women and 27 women who consumed
all animal products. In the group of vegan women recruited for the study, only 5 women
consciously supplemented vitamin B12. The remaining 17 women only used supplemen-
tation due to breastfeeding when recommended by medical personnel. Finally, the study
included 17 women who had excluded all animal products such as meat, milk, honey, dairy
products, and eggs from their diet for at least 3 years and did not supplement vitamin B12.

Both the study group (n = 17) and the control group (n = 27) excluded women with
diagnosed diseases: thyroid, circulatory system, digestive system, respiratory system,
cancer, and allergies. The study also did not include women addicted to nicotine or women
taking any medications. The entire study group came from one region of the Kujawsko-
pomorskie Voivodeship (Poland). The women resided in urban areas and held higher
education degrees. They were primiparous, having given birth via vaginal delivery, and
were in the 3rd to 6th month of lactation. The mothers exclusively breastfed their infants
without supplementation with formula or solid foods (Figure 1).
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Figure 1. Study group inclusion criteria.

The material for the study was human milk from breastfeeding women. The study
participants volunteered to participate in the research project via social media in response
to the information about the study. Human milk came from a daily collection (40 mL). Each
woman expressed milk using a breast pump according to the daily milk collection protocol
four times a day, from four time intervals: 06:00–12:00, 12:00–18:00, 18:00–24:00, and 24:00–6:00.
The desired amount of expressed milk from each time interval was 10 mL, with 5 mL before
putting the baby to the breast and 5 mL after the end of feeding. Each portion of milk was
poured into one collective bottle. The material was provided by breastfeeding women within
24 h of collection, then aliquoted into 2 mL Eppendorf tubes (MedLab, Raszyn, Poland) and
frozen at −20 ◦C and then at −80 ◦C. The material was stored in these conditions until the
parameters described below were determined, but no longer than 3 months.

2.2. Determination of the Basic Composition of Breast Milk

The basic composition of breast milk includes the content of fats [mg/100 mL], total
protein [mg/100 mL], crude protein [mg/100 mL], carbohydrates [mg/100 mL], total
solids [mg/100 mL], and energy value [kcal/100 mL]. The determination was performed
using the MIRIS HMAT analyzer (MIRIS AB, (Uppsala, Sweden)) in accordance with the
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manufacturer’s procedure. Miris HMA™ software (2022) processes the measurement data
via internal calibration. Detection limit: for fat content—0.06 g/100 mL, crude protein—
0.06 g/100 mL, total protein—0.05 g/100 mL, and for carbohydrates—0.04 g/100 mL.

Breast milk samples were heated at 40 ◦C in a thermostatic bath (BIONOVO, Legnica,
Poland) before analysis and then homogenized with MIRIS Sonicator (Białystok, Poland)
[1.5 s/mL]. Each sample was analyzed in three replicates.

2.3. Determination of Leptin Concentration

In order to determine leptin, a ready-made, commercial enzyme-linked immunosor-
bent assay, Human Leptin ELISA (BioVender, Karásek, Czech Republic) was used in
accordance with the manufacturer’s procedure. This method consisted of 60 min of incuba-
tion of milk samples and standards (100 μL each) on a 96-well plate coated with polyclonal
antibodies against human leptin. The next step was the application of 100 μL of polyclonal
antibody conjugated to horseradish peroxidase and incubation for 60 min. The resulting
conjugate reacted with 100 μL of TMB, then the reaction was stopped by the addition of
an acidic solution (100 μL of sulfuric acid VI). The absorbance was measured using the
MultiSkan Go (Vantaa, Finland) reader at a wavelength of 450 nm relative to the reference
wave (630 nm). Detection limit: 0.2 ng/mL. Each sample was analyzed in three replicates.

2.4. Determination of Adiponectin Concentration

In order to determine adiponectin in human milk, a commercial enzyme-linked im-
munosorbent assay (Human Adiponectin/Acrp30, DuoSet ELISA, R&D Systems, Min-
neapolis, MN, USA) was used.

Prior to analysis, a 96-well plate was coated with antibodies and incubated overnight at
room temperature, then rinsed, and a reagent containing 1% BSA (bovine serum albumin)
in PBS was added and incubated for 1 h. After this time, 100 μL of human milk and
standard samples were applied and incubated for 2 h, then the plate was rinsed and a
detection antibody (100 μL) was added, incubated for another 2 h, washed, and 100 μL
Streptavidin-HRP was added and incubated for 20 min. In the next step, the plate was
rinsed, 50 μL of “Substrate Solution” (containing TMB) was added and incubated for 20 min
at room temperature to protect it from light, finally “Stop Solution” (containing acid) was
added to stop the reaction, the plate was gently shaken and the absorbance was measured
at a wavelength of 450 nm using the MultiSkan Go reader. Detection limit: 10 pg/mL. Each
sample was analyzed in three replicates.

2.5. Determination of Cortisol Concentration

A commercial enzyme-linked immunosorbent assay, Cortisol Elisa (DiaMetra, Via Poz-
zuolo, Italy), was used to determine cortisol in human milk according to the manufacturer’s
procedure. Human milk samples and standards (20 μL each) were applied to a 96-well plate
coated with antibodies, followed by the addition of 200 μL of antigen-conjugated horseradish
peroxidase solution, and incubated at 37 ◦C for 60 min. Subsequently, 100 μL of TMB was
added to obtain a colored solution, incubated for 15 min at room temperature in the dark, and
the reaction was stopped by the application of sulfuric acid VI (100 μL). Absorbance was read
at a wavelength of 450 relative to the reference wave (620–630 nm) using the MultiSkan Go
reader. Detection limit: 0.12 ng/mL. Each sample was analyzed in three replicates.

2.6. TAS Marking

A ready-to-use, commercially sourced enzyme-linked immunosorbent assay (TAS,
München, Germany) was used to determine the total antioxidant capacity in accordance
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with the manufacturer’s procedure. A 10 μL sample of human milk, a calibrator, and a
light were applied to the 96-well plate. A 100 μL reagent containing a peroxide solution
was added and prepared and then incubated for 10 min at 37 ◦C. Reagent with an enzyme
was added to some wells, and a reagent without an enzyme was added to the rest. Then,
50 μL of “Stop Solution” (containing sulfuric acid) was added to stop the reaction. The
absorbance at a wavelength of 450 nm was read.

The total antioxidant capacity was calculated using the formula:

TAS = 392 − (392 − calibrator concentration)×
(

change in absorbance of the sample
change in absorbance of the calibrator

)
[μmol/L]

Reference Range:
<250 μmol/L—low antioxidant capacity
250–300 μmol/L—medium antioxidant capacity
>300 μmol/L—high antioxidant capacity
Each sample was analyzed in three replicates.

2.7. Determination of the Antioxidant Activity of Human Milk Using the DPPH•
(2,2-Diphenyl-1-picrylhydrazyl) Radical

The method of Atanassov et al. was used in the study. (2011) with minor modifications [31].
Prior to the experiment, a 100 μM solution of DPPH• (2,2-diphenyl-1-picrylhydrazyl,

Sigma Aldrich, Darmstadt, Germany) was prepared by dissolving 4 mg of the standard
substance in 100 mL of methanol (POCH, Gliwice, Poland).

Briefly, 1 mL of prepared DPPH solution was applied to Eppendorf tubes (Warsaw,
Poland), 250 μL of human milk was added, vortexed, and then incubated for 60 min
in the dark at room temperature. Before reading, the samples were centrifuged for
2 min at 1500× g, at room temperature. The absorbance was measured at a wavelength of
517 nm against the reference sample, which was methanol. The control sample was a
100 μM methanol DPPH solution, which was measured at the beginning and end of the
experiment. The solutions for obtaining the curve were prepared in a similar way, replacing
250 μL of human milk with Trolox solutions (Morąg, Poland).

Each sample was analyzed in three replicates.

Preparation of the calibration curve

Five solutions of Trolox (TE, (+−)-hydroxy-2,5,7,8-tetramethylchromatane-2-carboxylic
acid, Sigma Aldrich, Darmstadt, Germany) at concentrations of 10–80 mg/1000 mL were
prepared to determine the ability to deactivate free radicals in human milk. The calibration
curve shows the dependence of the absorbance value of Trolox on its concentration. The
results were expressed in terms of Trolox equivalent (μmol TE/1000 mL, mg TE/100 mL). In
addition, the percentage ability of human milk to reduce the DPPH radical was calculated:

%inhibition = (
A − Ab

A
)× 100

A—control absorbance;
Ab—average absorbance value of the tested human milk;
Detection limit: 0.1 μg TE/mL.

2.8. Determination of the Ability of Human Milk to Reduce Fe (III) Ions

In the experiment, the FRAP method (iron ion reduction ability) according to Benzie
and Strain (1999) was used with modifications [32].

Labeling in human milk rolls
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Before the experiment, the following were prepared:

(a) 300 mM acetate buffer, pH 3.6;
(b) 10 mM TPTZ (2,4,6-Tri(2-pyridyl)-s-triazine, Sigma-Aldrich, Darmstadt, Germany) in

40 mM HCl;
(c) 20 mM FeCl3 × 6H2O. (Chempur, Piekary Śląskie, Poland).

The first step was to prepare the FRAP reagent by combining solutions a, b, and c in a
ratio of 10:1:1. For the purpose of determination, a blank sample was prepared, which was
a FRAP reagent, and 100 μL of human milk samples and calibration curve standards. The
next step was to apply 100 μL of sample and 3 mL of FRAP reagent, vortexing, followed
by immediate reading of sample absorbance at 0 min at 593 nm and incubation at 37 ◦C
in a water bath for 4 min. The last stage was vortexing and subsequent measurement of
absorbance at the same wavelength.

Each sample was analyzed in three replicates.

Preparation of the calibration curve

Six solutions of ascorbic acid (Chempur, Piekary Śląskie, Poland) with concentrations
of 100–1000 μM were prepared in order to determine the ability to reduce Fe(III) ions in
human milk. The standard curve shows the dependence of the absorbance value of ascorbic
acid on its concentration. FRAP concentrations are expressed as the equivalent of ascorbic
acid (μM).

The FRAP value is calculated from the formula:

FRAP =
change in sample absorbance from 0 min to 4 min

change in absorbance of the standard from 0 min to 4 min
× standard concentration × 2 [μM]

Ascorbic acid has a constant stoichiometric coefficient of 2.0 in the FRAP test.
Detection limit: 2 μM.

2.9. Determination of the Content of the Total Sum of Polyphenols

Determination of human milk samples

The method of Vazquez et al. was used for the determination (2015) with modifica-
tions [33]. The milk samples were gradually thawed in the refrigerator and vortexed. The
first stage of the assay was the deproteinization of the samples by mixing 1 mL of a sample
of human milk with 2 mL of 50% methanol, 100 μL of Carrez I and Carrez II reagent, and
1 mL of acetonitrile The samples were then vortexed and topped up with 50% methanol to
a volume of 5 mL. The samples were incubated at room temperature for 25 min, and finally
centrifuged at 4500× g at 4 ◦C for 15 min.

The total sum of polyphenols was determined in the aqueous layer of the sample
by the FC (Folin–Ciocâlteu, Chempur, Poland) method. Briefly,100 μL of methanol ex-
tract was mixed with 1 mL of previously prepared FC reagent (FC:H20; 1:1, v/v) and with
3 mL of 20% Na2CO3. After vortexing, the mixture was incubated for 30 min in the dark at
room temperature. The absorbance was then measured at a wavelength of 765 nm using a
UV/VIS spectrophotometer (Biosense, Wrocław, Poland). The solutions necessary to obtain
the calibration curve were prepared by replacing 100 μL of methanolic extract with gallic acid
solutions (Merck, Darmstadt, Germany) of known concentration. The reference sample was
100 μL of methanol.

Each sample was analyzed in three replicates.

Preparation of the calibration curve
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Six aqueous standard solutions of gallic acid (GAE) were prepared with concentrations:
0.0–0.10 mg/mL. The total polyphenol content was calculated on the basis of a calibration
curve describing the dependence of absorbance values on the concentration of gallic acid.
Results are presented as the equivalent of gallic acid in 1000 mL of human milk (mg GAE/L).

Detection limit: 5 mg GAE/L.

2.10. Determination of Paraoxonase 1 (PON1) Concentration

In order to determine the concentration of paraoxonase 1, a ready-made, commercial
enzyme-linked immunosorbent assay (Human Paraoxonase 1 ELISA, BioVender, Karásek,
Czech Republic) was used. Standards and samples of human milk (100 μL each) were
incubated on a 96-well plate coated with polyclonal antibodies, then after 60 min of incuba-
tion (37 ◦C) and washing, 100 μL of biotin-labeled antibody was applied and incubated
for another 60 min at 37 ◦C. The next stage was rinsing and an application of 100 μL of
Streptavidin-HRP and another 30 min incubation (37 ◦C), then the plate was rinsed for
the last time, and 100 μL of TMB and 10 min incubation were added. The last step was to
stop the reaction by adding 100 μL of sulfuric acid (VI) each. The absorbances were read
at a wavelength of 450 nm relative to the reference wave (620–630 nm). Detection limit:
0.1 ng/mL. Each sample was analyzed in three replicates.

2.11. Determination of Iron Concentration

A set of reagents from BioMaxima (Lublin, Poland) was used for the determination of
iron (Table 1).

Table 1. Determination of iron concentration in human milk.

Reagent Test Human Milk Samples Pattern

R1 reagent 750 μL 750 μL 750 μL

Standard/Sample - 75 μL 75 μL

Distilled water 75 μL - -

The samples were thoroughly mixed, incubated for 5 min at 37 ◦C, centrifuged for several
seconds at the highest speed, and then the absorbance A1 was read against the reagent test at a

wavelength of 590 nm.

R2 Reagent 75 μL 75 μL 75 μL

The samples were mixed, incubated at 37 ◦C for 5 min, after which time the samples were
centrifuged for several minutes at the highest speed, and then the A2 absorbance was read against

the reagent test at a wavelength of 590 nm.

Making the marking:
A ready-made standard from BioMaxima (Lublin, Poland) (200 μg/dL) was used.
The concentration of iron in the human milk samples was calculated using the formula:

Iron concentration =
A2(PB)− A1(PB)

A2(PW)− A1(PW)
× standard concentration [μg/dL]

A1(PB)—absorbance of 1 test sample;
A2(PB)—absorbance of 2 test sample;
A1(PW)—absorbance of standard 1;
A2(PW)—absorbance 2 of the standard;
Each sample was analyzed in three replicates.
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2.12. Determination of Magnesium, Calcium, and Phosphorus Concentration

In order to determine magnesium, calcium, and phosphorus, the BioMaxima kit
(Lublin, Poland) was used. Each sample was analyzed in three replicates (Table 2).

Table 2. Determination of magnesium, calcium, and phosphorus concentrations in human milk.

Reagent Test Human Milk Samples Pattern

R1 reagent 750 μL 750 μL 750 μL

Standard/Sample - 75 μL 75 μL

Distilled water 75 μL - -

The samples were thoroughly mixed, incubated for 5 min at 37 ◦C, centrifuged for several
seconds at the highest speed, and then the absorbance A1 was read against the reagent test at a

wavelength of 590 nm.

R2 Reagent 75 μL 75 μL 75 μL

The samples were mixed, incubated at 37 ◦C for 5 min, after which time the samples were
centrifuged for several minutes at the highest speed, and then the A2 absorbance was read against

the reagent test at a wavelength of 590 nm.

Making the marking:

Magnesium concentration = [mg/dL]
A (PB)
A(PW)

× standard concentration

A(PB)—absorbance of the test sample;
A(PW)—standard absorbance.

2.13. Determination of Vitamin D Concentration

To determine the concentration of vitamin 25(OH)D3 (HVD3) in human milk, a com-
mercial enzyme-linked immunosorbent assay from Cloud-Clone Corp (Katy, TX, USA) was
used. The test was performed in accordance with the rules of the procedure given by the
test manufacturer. Briefly, 50 μL of standards and human milk samples were pipetted onto
a 96-well plate, and then 50 μL of reagent A was added to each well and incubated for 1 h
at 37 ◦C. Subsequently, the plate was rinsed 3 times, and 100 μL of reagent B was added
at 37 ◦C. The penultimate stages were rinsing the plate and adding 90 μL of “Substrate
Solution” (incubation 15 min, 37 ◦C). Finally, 50 μL of “Stop Solution” was added to each
well, and the absorbance at a wavelength of 450 nm was read. Detection limit: 4.83 pg/mL.
Each sample was analyzed in three replicates.

2.14. Determination of Vitamin B6

In order to determine the concentration of vitamin B6 in human milk, an enzyme-
linked immunosorbent assay from Cloud-Clone Corp. (USA) was used. The principle of
the method and the performance of the test are identical to the above-described test for the
determination of vitamin D.

Detection limit: 1.00 ng/mL. Each sample was analyzed in three replicates.

2.15. Statistical Analysis

In order to carry out the statistical analysis, the Statistica 13.1 software package from
StatSoft® (Kraków, Poland) was used.

The normality of the schedule was verified by the Shapiro–Wilk test. No normality of
the distribution of the analyzed quantitative variables was found.
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A nonparametric Mann–Whitney U test was used to assess statistical significance in
two groups of independent variables. The variability of the parameters is presented in the
form of a median, minimum, and maximum (Min–Max).

In order to analyze many factors per variable in the studied groups, multiple linear
regression was used. The variability of the parameters is presented in the form of a
regression coefficient, error of the standard, regression coefficient, and the level of statistical
significance p < 0.05.

To assess the correlation between the parameters studied, the Spearman correlation
test was used. The results at the level of p < 0.05 were considered statistically significant.

The correlations that occur are represented by a correlation matrix.

3. Results

The group of vegan women had a lower mean age, lower BMI, and lower WHR
compared to the control group (Table 3).

Table 3. Characteristics of the study groups.

Vegans
n = 17

Control Group
n = 27

p

Age (years)
x ± SD 29.23 ± 4.29 30.74 ± 2.68 0.049

BMI (kg/m2)
(Me; Min–Max)

21.26;
17.31–27.14

23.05;
17.93–29.30 0.066

HBD (week)
(Me, Min–Max)

40.00;
35.00–42.00

40.00;
35.00–41.00 0.425

WHR
(Me, Min–Max)

0.78;
0.71–0.85

0.81;
0.72–1.06 0.039

n—size; SD—standard deviation; BMI—body mass index [kg/mx2]; WHR—ratio of waist circumference to hip
circumference; HBD—week of pregnancy; Me—median; Min–Max—minimum and maximum values; p—level of
statistical significance (Mann–Whitney U test).

3.1. Basic Composition of Human Milk

No significant differences were observed in the parameters of the basic composition of
human milk between the group of vegans and the control group (Table 4).

Table 4. Comparison of the basic composition of human milk in vegan and non-dieting women.

Variable
Study Group: Vegans

n = 17 Me
(Min–Max)

Control Group:
Women Not

Following Diets
n = 27 Me

(Min–Max)

p

Fat [g/100 mL] 3.40
(1.30–6.90)

3.30
(0.80–7.300) 0.847

Total protein [g/100 mL] 1.20
(0.40–1.60)

1.20
(0.70–1.50) 0.615

Carbohydrates [g/100 mL] 7.90
(6.60–8.30)

7.80
(6.20–8.30) 0.734

Total solids [g/100 mL] 12.60
(10.10–16.30)

12.20
(10–16.00) 0.847

Energy value [g/100 mL] 68
(47–101)

65
(44–100) 0.426

Crude protein [g/100 mL] 1.00
(0.30–1.30)

0.90
(0.50–1.20) 0.419

Me—median; Min–Max—minimum and maximum values; p—level of statistical significance (Mann–Whitney U
test); n—number.
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3.2. Hormones in Human Milk

No significant differences were observed in the concentration of adipose tissue hor-
mones (adiponectin, leptin) in human milk between the vegan group and the control group
(Table 3). A median increase in cortisol concentration of 61.10% (p = 0.022) in the milk of
vegan women was shown compared to the control group (Table 5).

Table 5. Hormone content in the milk of vegans and women who do not follow a diet.

Variable

Study Group:
Vegans
n = 17

Me
(Min–Max)

Control Group:
Women Not

Following Diets
n = 27

Me
(Min–Max)

p

Adiponectin [pg/mL] 3233
(540–5230)

2900
(335–7891) 0.735

Leptin [ng/mL] 1.52
(1.04–10.46)

1.65
(1.10–9.06) 0.628

Cortisol [ng/mL] 9.36
(3.97–48.02)

5.81
(1.48–16.29) 0.022

Me—median; Min–Max—minimum and maximum values; p—level of statistical significance (Mann–Whitney U
test); n—number.

3.3. Antioxidant Status of Human Milk

The antioxidant status of vegan women shows significant differences compared to
the milk of women who do not follow a diet. In the group of vegans, the median total
antioxidant status of human milk was lower by 32.82% (p < 0.001) and the ability of human
milk to reduce iron ions by 27.50% (p = 0.049), as well as the concentration of paraoxonase
1 by 29.03% (p = 0.021) and polyphenols by 11.18% (p = 0.039), compared to the control
group (Table 6).

Table 6. Antioxidant status of human milk in vegan and non-dieting women.

Variable

Study Group:
Vegans
n = 17

Me
(Min–Max)

Control Group:
Women Not

Following Diets
n = 27

Me
(Min–Max)

p

TAS [μM] 200.13
(156.60–272.99)

298.03
(170.99–403.96) <0.001

DPPH [% Inhibition] 47.35
(4.37–76.30)

53.24
(24.95–74.91) 0.419

DPPH [μM TE/L] 208.50
(68.60–302.76)

227.67
(135.59–298.21) 0.419

FRAP [μM] 482.97
(65.10–887.21)

666.16
(155.94–2272.51) 0.049

PON1 [ng/mL] 1.10
(0.46–2.12)

1.55
(0.46–4.46) 0.021

Polyphenols
[mg GAE/L]

10.33
(7.40–23.98)

11.63
(7.08–102.064) 0.039

TAS—total antioxidant status; FRAP—iron ion reduction ability; DPPH—2,2-diphenyl-1-picrylhydrazyl radical
reduction method; TE—trolox; GAE—gallic acid; PON1—paraoxonase 1; Me—median; Min–Max—minimum
and maximum values; p—level of statistical significance (Mann–Whitney U test), n—abundance.
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In the group of vegans, high positive correlations were found between BMI/DPPH
(r = 0.556, p = 0.020) and WHR/polyphenols (r = 0.659; p = 0.007), and high negative
correlations between age/FRAP (r = −0.553; p = 0.021) and cortisol/TAS (r = −0.557;
p = 0.020) (Tables S1–S3).

3.4. Content of Vitamins, Micro-, and Macroelements in Human Milk Samples

The content of iron and vitamin B6 in human milk differs significantly in the group of
vegans (p = 0.037; p = 0.024) compared to the control group. The median concentration of
iron in human milk is lower by 41.88% in the study group compared to the control group
(p = 0.037), while vitamin B6 is lower by 3.49%. The remaining micro- and macroelements
examined did not show any significant statistical differences (Table 7).

Table 7. The content of selected vitamins, micro-, and macronutrients in the milk of vegans and
women who do not follow a diet.

Variable

Study Group:
Vegans
n = 17

Me
(Min–Max)

Control Group:
Women Not

Following Diets
n = 27

Me
(Min–Max)

p

Iron [μg/dL] 8.52
(1.38–21.63)

14.66
(1.98–65.01) p = 0.037

Phosphorus [mg/dL] 6.26
(2.25–12.64)

5.16
(2.57–7.45) p = 0.231

Magnesium [mg/dL] 4.02
(2.74–8.73)

4.02
(2.51–5.94) p = 0.774

Calcium [mg/dL] 14.06
(8.29–32.82)

13.90
(6.79–21.88) p = 0.703

Vitamin D [pg/mL] 138.60
(62.05–804.87)

162.10
(44.38–354.40) p = 0.398

Vitamin B6 [ng/mL] 273.20
(1.05–296.80)

283.10
(155.50–350.89) p = 0.024

p—level of statistical significance (Mann–Whitney U test).

In the group of vegans, a high negative correlation was observed between magnesium
and leptin (r = −0.565; p = 0.018) and calcium-polyphenols (r = −0.514; p = 0.035). In
addition, high positive correlations were found between vitamin B6 and adiponectin
(r = 0.747; p = 0.001) and vitamin D and calcium (r = 0.641; p = 0.007), (Tables S1–S3).

3.5. Analysis of the Influence of Different Predictors on the Tested Parameters

No significant statistical difference was found when examining multiple linear re-
gressions between the examined parameters (DPPH, FRAP, cortisol, fat, total protein,
carbohydrates, total solids, caloric value) and predictors (HBD, BMI, WHR, age, stage of
lactation, type of delivery, place of residence) in the study groups.

4. Discussion

Breast milk is sufficient for the development of a child in most cases due to its rich
composition and adaptation to the needs of the child. Permanent dietary restrictions during
lactation may result in the exhaustion of the breastfeeding woman’s body and negatively
affect both the volume of breast milk and the content of certain nutrients in breast milk. Of
great importance for the development of a child in the first months are proteins, especially
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amino acids, polyunsaturated fatty acids, vitamin D, B vitamins, iron, and iodine [34]. A
vegan diet is often accused of not providing the right amount of nutrients [12].

Our studies did not show any significant differences in parameters such as BMI, HBD,
but a positive correlation was observed between HBD and WHR (r = 0.601; p < 0.001).
These results indicate that younger women are adopting veganism and that diet and HBD
can affect the figure of a breastfeeding woman.

There is little scientific research on the effect of a vegan diet on the composition
of human milk. According to literature data, a vegan and vegetarian diet may affect the
composition of breast milk, mainly the fatty acid composition and vitamin concentration [5,9,35].

Milk from vegetarian women contains reduced levels of saturated long-chain fatty
acids and higher levels of polyunsaturated fatty acids [5]. Sanders et al. (1978) [35] showed
significantly lower amounts of C16:0, C16:1, and C18:0, and higher C18:2 and C18:3 in the
milk of vegan women compared to women not following a diet. A higher percentage of
ALA (2.09%) was shown in milk from vegan women compared to milk from vegetarians
(1.55%) and from women not following a diet (1.19%). There was no statistically significant
difference in the concentration of DHA in the study groups (p = 0.543) [21]. Patel and
Lovelady (1998) observed a higher amount of short-chain fatty acids in the milk of vegan
women compared to the milk of vegetarians and women who did not follow a diet, similarly
for linoleic acid and α-linolenic acid [36]. The amount of long-chain fatty acids in human
milk was higher in the milk of omnivorous women than in the milk of vegetarians and
vegans. Compared to other dietary groups, the share of DHA in the milk of vegan women
was lower, and in addition, a lower LA/ALA ratio and a higher omega-6/omega-3 ratio
were observed in the milk of vegan women than in the other groups [35]. The results of our
own studies did not show significant differences in the basic composition of human milk
between the group of vegans and the group of omnivorous women.

Further studies show a lower concentration of taurine in the milk of vegan women
(35 mg/dL) compared to the milk of omnivorous women (53 mg/dL) [37,38]. Due to the
various guidelines regarding the vegan diet during breastfeeding, mainly caused by reports
of insufficient demand for vitamins, micro-, and macroelements during the above diet, it
was decided to extend our own research by analyzing selected compounds in human milk.
Our own studies showed that the concentration of iron in the milk of vegan women is
41.88% lower compared to the control group, while the content of phosphorus, magnesium,
and calcium does not differ significantly. There is no reference to the results in the scientific
literature, but there are a few studies comparing the iron status in the blood plasma of
vegans to people who do not follow a diet. Scientists have shown that the iron concentration
between the two groups does not differ significantly, but it was noted that vegans have
lower plasma ferritin concentrations compared to the control group [39]. Low levels of
ferritin, an iron-binding protein, may be related to insufficient iron storage, which in turn
leads to lower concentrations in breast milk.

Concerned about the content of vitamins, micro-, and macroelements, researchers
have studied the effect of diet on this topic in a rather narrow scope. It was shown that
the concentration of vitamin B12 in milk from vegetarian women was significantly lower
(p = 0.006) [36]. Similar results were obtained by Specker et al. (1990) [40]. Pawlak et al.
(2018) [41] analyzed the concentration of a given vitamin in human milk from vegans,
vegetarians, and women who did not follow a diet, and no significant differences were
observed. The results of our own studies showed that the milk of vegans contains a
lower concentration of vitamin B6 compared to the control group (p = 0.024), while no
significant differences were observed with regard to vitamin D (p = 0.398). There is a lack
of comparative literature regarding the content of vitamin B6 in human milk in the groups
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discussed, but we can refer to the content of this substance in blood plasma. Atamasirikul
et al. (2008) [42] confirm the effect of a vegan diet on the content of vitamin B6 in the human
body, showing a lower median concentration of the substance in the blood plasma of
vegans (37.40 nmol/L) compared to people not following a diet (47.40 nmol/L). Schüpbach
et al. (2017) [43] had the opposite opinion, showing no effect of diet on the concentration of
vitamin B6 in the body of vegans (27 nmol/L), but they showed lower values in vegetarians
(16 nmol/L) compared to the control group (22 nmol/L).

These data draw particular attention to the precise preparation of the meal in vegans
and possible deficiencies in supplementation.

To date, the scientific literature does not contain studies comparing the content of
hormones in human milk, as well as the antioxidant status of human food between the
groups described above. The results of our own studies showed an increase in the median
concentration of cortisol in milk from vegan women (9.36 ng/mL) compared to the control
group (5.81 ng/mL). Its increased concentration may indicate increased stress factors affect-
ing vegans, but it should also be remembered that cortisol in appropriate concentrations
stimulates the digestive system in children. In this study, a decrease in TAS in daytime
samples and FRAP, polyphenol concentration, and PON1 in nighttime samples of milk
from vegan women was also observed. These results indicate lower protection against free
radicals and, consequently, in the future against free radical diseases, such as cancer, cardio-
vascular diseases, diabetes, and neurodegenerative diseases. These results are surprising
considering the fact that vegans consume foods rich in antioxidants. On the other hand,
analyzing our own results showing deficiencies in the content of vitamin B6, which inhibits
oxidative stress [44,45], suggests a significant effect of the content of a given vitamin on
antioxidant status.

5. Conclusions

A plant-based diet is becoming increasingly popular. People who do not consume
meat and animal products have a lower body mass index (BMI) and are slimmer than
people who eat meat.

Our research indicates that the elimination of meat and animal products alone does not
have a significant effect on the nutritional composition of breast milk. Vegan mothers are
able to produce nutritionally valuable milk for their infants. This is particularly significant
for vegan women during lactation, as their dietary choices should not serve as a permanent
exclusion criterion for their participation as donors in human milk banks—a practice that
currently occurs, among other places, in Poland. However, the results of this study draw
attention to the need to introduce recommendations for supplementation in breastfeeding
women who follow a vegan diet. The milk of women who follow a vegan diet, in the absence
of appropriately selected supplementation, has lower values of micro- and macroelements
and a lower antioxidant status, which may affect the growth and development of the
child. Higher levels of milk cortisol were also observed in the breast milk of vegan women,
indicating that these women experienced more long-term stress than omnivores. Therefore,
special attention should be paid to the mood of a postpartum woman who follows a vegan
diet, as the higher levels of milk cortisol in our study probably indicate that the elimination
diet itself is a risk factor for long-term stress, which may consequently affect mental health.
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GAE gallic acid
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Me median
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n abundance
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Abstract: Neonates, especially those born prematurely, have low antioxidant capacity and
are highly exposed to oxidant stress during the perinatal period. Oxidant stress damage
has been associated with several diseases of prematurity, including respiratory distress
syndrome (RDS), bronchopulmonary dysplasia (BPD), and pulmonary hypertension. In
addition, preterm infants are frequently exposed to hypoxia or hyperoxia, which further
increases oxidant stress and morbidity. This narrative review describes the relationship
between oxidant stress, hyperoxia/hypoxia, and neonatal respiratory disorders. Preterm
infants with respiratory distress syndrome and BPD have higher levels of oxidative stress
biomarkers in plasma and in tracheal aspirates and reduced activity of antioxidant en-
zymes. Early, prolonged, and frequent intermittent hypoxaemic episodes are related to BPD
development. Exposure to hyperoxia is linked to longer duration of respiratory support
and higher BPD rates. Preclinical data showed that intermittent hypoxia and hyperoxia
are associated with pulmonary hypertension (PH) and that hyperoxia can negatively af-
fect the response to pulmonary vasodilators. Antioxidant treatments are not routinely
implemented into clinical care due to their modest effect on clinical outcomes, associated
complications, and limited clinical data. Optimisation of oxygen delivery and monitoring
with closed-loop automated oxygen control systems could potentially reduce oxidant stress
in the neonatal environment.

Keywords: oxidative stress; neonate; hyperoxia; hypoxia

1. Introduction

Reactive oxygen species (ROS) are a group of molecules that are formed from molec-
ular oxygen through reduction–oxidation or electronic excitation. These molecules can
be classified as free radicals and non-radicals. ROS are generated endogenously or as a
result of environmental exposure, and several mechanisms exist to control their production
and availability. Under physiological conditions, ROS function as second messengers that
regulate cellular processes through different mechanisms, including changes to enzyme
activity, gene transcription, and membrane integrity [1]. The imbalance between increased
ROS production and deficient intracellular antioxidant systems leads to the generation
of free radicals and subsequent cell damage or disrupted redox signalling, a condition
frequently described as oxidant stress [2]. More recently, the term “oxidative distress” has
been used to describe this imbalance to account for the presence of oxidant stress and for
the importance of redox signalling under physiological conditions [3]. A key metabolite in
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oxidant stress is hydrogen peroxide (H2O2), which is derived from molecular oxygen by
NADPH oxidases, superoxide dismutases (SOD), and the mitochondrial electron transport
chain in mammalian cells with aerobic metabolism [3]. Biological signalling is mainly
mediated by oxidation of sulfur in target proteins and affects several cellular responses,
including cell proliferation, migration, differentiation, and angiogenesis [4]. Antioxidant
enzymes (catalases, glutathione peroxidases, and peroxiredoxins) are responsible for the
removal of H2O2 [5]. Higher levels of H2O2 lead to nonspecific protein oxidation and
altered signalling, which cause damage to all cellular components and subsequently lead
to inflammation, growth arrest, and cell death [1].

Free radicals are reactive oxygen, nitrogen, or sulfur species that contain one or more
unpaired electrons [6]. Free radicals are a product of metabolic redox reactions, mainly
in the respiratory chain, as a consequence of exogenous and endogenous processes such
as hypoxia, ischemia, ischemia–reperfusion, inflammation, hyperoxia, neutrophil and
macrophage activation, and mitochondrial dysfunction [7]. Free radicals are unstable
molecules that react with cellular components and affect cellular and tissue functions,
leading to organ damage. Antioxidants are produced endogenously or potentially can be
administered exogenously and protect from free radicals by either neutralising or removing
them and by repairing the free-radical-induced cellular damage (Table 1) [8,9].

Table 1. Major oxidants and antioxidants.

Oxidants

Reactive oxygen species

Superoxide (O2˙
–)

Hydrogen peroxide (H2O2)

Hydroxyl radical (HO˙)

Hypochlorite (HOCl)

Reactive nitrogen species

Nitric oxide (NO)

Nitric dioxide (NO2˙)

Nitric trioxide (NO3˙)

Nitrate (NO3
–)

Peroxynitrite (ONOO˙)

Reactive sulfur species

Radicals Thiyl radical (RS˙)

Glutathionyl radical (GSSG˙)

Reactive sulfane species (RSR˙)

Non-radicals Reactive sulfane species (RSR)

Reducing sulfur species (hydrogen sulfide (H2S), reduced
glutathione (GSH))

Reactive sulfur substances (sulfur dioxide (SO2), sulfur trioxide
(SO3))

Sulfur secondary metabolites (Allicin)

Antioxidants

Enzymatic Primary enzymes: superoxide dismutase, catalase, glutathione
peroxidase
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Table 1. Cont.

Secondary enzymes: glutathione reductase,
glucose-6-phosphate-dehydrogenase

Non- enzymatic Flavonoids

Cofactors: coenzyme Q10

Minerals: zinc, selenium

Organosulfur compounds: glutathione

Vitamins and derivatives: A (retinol), C (Ascorbic acid), E
(tocopherol), K

Carotenoids: β-carotene, lycopene, lutein, zeaxanthin

Nitrogen non-protein compounds: uric acid

Phenolic acids: hydroxycinnamic acids, hydroxybenzoic acids

Pregnancy complications and conditions, including pre-eclampsia, diabetes, undernu-
trition, smoking, infection or inflammation, may trigger an acute increase in free radical
formation and, thus, create an adverse intrauterine environment that affects foetal develop-
ment [10]. Foetal oxidant stress has also been demonstrated in pregnancies complicated by
intrauterine growth restriction (IUGR), as this condition is often linked with impaired pla-
cental blood flow and intrauterine hypoxia that causes the generation of free radicals [11].
It has also been hypothesised that foetal oxidant stress may be the underlying mechanism
that links placental dysfunction to foetal programming that predisposes to adult diseases
such as metabolic syndrome, obesity, diabetes, hyperinsulinemia, hypertension, and car-
diovascular disease [10]. An impaired oxidant/ antioxidant status, as demonstrated by
significantly higher isoprostane and prostaglandin F2 alpha levels, was found in children
born small or large for gestation when compared with those who had an appropriate for
gestation birth weight [12]. In addition, animal studies link foetal oxidant stress to renal
and cardiovascular alterations, which contribute to hypertension, endothelial dysfunction,
ventricular hypertrophy, and susceptibility to develop arrhythmias [13].

Newborn infants are susceptible to significant oxidant stress during the transition from
the hypoxic intrauterine environment to the relatively high oxygen exposure after birth.
This transition, in combination with the use of supplementary oxygen during resuscitation,
assisted ventilation, administration of surfactant, total parenteral nutrition, and blood
transfusions, further enhances the production of free radicals and exacerbates oxidant
stress [5].

Newborn infants have decreased antioxidant capacity and are highly exposed to
oxidant stress. Antioxidant defence mechanisms progressively increase during gestation,
and many important vitamins and minerals with antioxidant roles are delivered to the
foetus during the third trimester of pregnancy [14]. Premature birth interrupts the synthesis
and passage of maternal antioxidants and, consequently, increases the susceptibility of
preterm infants to oxidant stress damage, which has been associated with several diseases
of prematurity [14].

Neonatal patients, and especially those born prematurely, experience frequent fluctu-
ations of their transcutaneous oxygen saturation (SpO2) levels, either due to respiratory
pauses or apnoea and ineffective breathing efforts in spontaneously breathing infants [15].
Other physiologic parameters that contribute to desaturations are the low functional resid-
ual capacity (FRC) of preterm infants, which results from atelectasis and high chest wall
compliance, and low blood oxygen capacity, including blood volume and haemoglobin
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content [16]. In ventilated infants, episodes of intermittent hypoxia (IH) occur due to
ineffective respiratory support and loss of lung volume [17]. In a cohort study, extremely
preterm infants experienced up to 600 intermittent hypoxic episodes within one week,
and these were associated with a higher risk of developing retinopathy of prematurity
(ROP) requiring laser treatment [18]. In addition, newborn infants receiving supplemental
oxygen are frequently exposed to hyperoxia and its associated complications. Studies on
the achievement of oxygen saturation targets in extremely preterm and very low birth
weight (VLBW) infants showed that they spent 20% to 73% of the time in hyperoxia [19,20].

Hypoxia, hyperoxia, and fluctuations between these conditions increase oxidant stress
and generate reactive oxygen species that result in alterations in cellular proliferation and
apoptosis (Figure 1) [21]. Hypoxaemic events during early postnatal life have been asso-
ciated with multiple poor outcomes, including growth restriction [22], sleep-disordered
breathing [23], ROP [24], neurodevelopmental impairment [24], and mortality [24]. Hy-
peroxia has been related to lung, retina, central nervous system (CNS), and red blood cell
injuries, as well as generalised tissue damage in the neonatal period [25]. Recurrent IH
and hyperoxia exposure may result in long-term changes in respiratory mechanics with
increased airway resistance and decreased compliance and may contribute to wheezing in
former preterm infants [26].

Figure 1. Diagram demonstrating the generation of reactive oxygen species (ROS) relative to hypoxia
and hyperoxia in neonatal respiratory disorders. Hypoxia leads to adenosine triphosphate (ATP)
exhaustion and subsequent increased formation of purine derivatives. Reoxygenation and excess
oxygen/hyperoxia activate oxidases that metabolise purine derivatives and generate reactive oxygen
species (ROS) (e.g., superoxide anion) that cause oxidative stress and tissue damage. ATP: adenosine
triphosphate; DNA: deoxyribonucleic acid; ROS: reactive oxygen species.

Early exposure to oxidative stress has been associated with altered lung development
processes and susceptibility to neonatal respiratory disorders, including respiratory dis-
tress syndrome (RDS), bronchopulmonary dysplasia (BPD), and persistent pulmonary
hypertension (PH) [27]. This narrative review describes the relationship between oxidant
stress, hyperoxia/ hypoxia, and neonatal respiratory disorders.

2. Respiratory Distress Syndrome

Respiratory distress syndrome (RDS) is the most common respiratory disorder in
preterm infants. Among other factors, oxidative stress plays a significant role in the
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pathophysiology of RDS. Preterm infants at birth frequently experience periods of hypoxia
and reoxygenation that lead to an increase in oxidant stress. ROS increase proinflammatory
cytokines, activate neutrophils, and lead to an acute inflammatory state with subsequent
alveolar injury and pulmonary damage [28]. Bodha et al. found lower levels of reduced
glutathione (GSH) in the tracheal aspirates of preterm infants with RDS compared with
controls that were electively intubated for surgery. In addition, oxidised glutathione
(GSSG) and the ratio of GSSG to GSH were significantly increased and correlated with
disease severity [29]. Dizdar et al. showed an association of lower serum total antioxidant
capacity (TAC) levels with longer duration of respiratory support in preterm infants with
RDS. Surfactant administration significantly increased TAC levels and improved oxidant–
antioxidant balance [30]. A pilot study demonstrated a significant increase in the plasma
levels of interleukin (IL)-6, IL-8, and tumour necrosis factor (TNF)-α in preterm ventilated
infants with high oxygen requirements (FiO2 > 0.3) compared with infants requiring lower
inspired oxygen concentration (FiO2 < 0.3) [31]. In addition, in a subsequent case–control
study, preterm infants with RDS (n = 31) had significantly higher plasma levels of oxidative
stress markers (malondialdehyde (MDA) and hydrogen peroxide (H2O2)) and reduced
activity of antioxidant enzymes (catalase (CAT) and superoxide dismutase (SOD)) when
compared with healthy preterm newborns (n = 36) [32]. However, more infants in the RDS
group were born by caesarean section, which may also increase oxidative stress [33].

3. Bronchopulmonary Dysplasia

Despite advances in neonatal care, bronchopulmonary dysplasia (BPD) is one of the
most common serious morbidities of prematurity and is associated with adverse respiratory
and neurodevelopmental outcomes [34]. BPD is a multifactorial disease, and its pathogene-
sis entails an ongoing process of injury and recovery of an immature lung [35]. Intermittent
hypoxaemic episodes have the potential to trigger a proinflammatory cascade [36] and
oxidative stress [37], which have both been implicated in the pathogenesis of BPD. Chronic
oxygen toxicity damages the pulmonary epithelium, inactivates surfactant, and causes
intra-alveolar oedema and interstitial wall thickening with fibrosis, leading to pulmonary
atelectasis. This results in disturbed alveolarisation, which is a pathological characteristic of
BPD [25]. Inflammatory markers, including neutrophils, interleukin 8 (IL-8), and elastase,
were increased in the bronchoalveolar lavage fluid of infants with BPD, supporting the role
of inflammation and oxidative stress in the development of the disease [38]. In addition,
IL-6, as a marker of airway inflammation, and 8-hydroxy-20-deoxyguanosine (8-OHdG),
which indicates oxidative DNA damage, were higher in tracheal aspirates of preterm
ventilated infants with BPD on postnatal days 1 and 28 compared with preterm infants
without BPD [39]. Among 104 preterm infants born at less than 30 weeks of gestation,
higher carboxyhaemoglobin (COHb) levels from blood gas analysis in the first seven days
of life were significantly associated with the risk of developing BPD [40]. The level of
COHb is a marker of endogenous production of carbon monoxide as a consequence of
oxidative stress [41].

Fairchild et al. studied episodes of bradycardia or hypoxaemia (SpO2 < 80% for ≥10 s)
in 502 VLBW infants, 37% of whom developed BPD, in the first four weeks after birth.
The frequency and duration of hypoxaemic episodes overall and during the fourth week
were significantly associated with the development of BPD [42]. In a retrospective cohort
of 137 extremely preterm infants, a diagnosis of BPD at 36 weeks postmenstrual age was
associated with increased daily frequency of IH episodes, longer duration, and a higher
IH nadir from day seven to day 26 of life. Increased numbers of IH events occurring
1–20 min apart were also related to this outcome. Infants with BPD had a lower mean SpO2
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and higher mean airway pressure and inspired oxygen concentration requirements [43].
Similarly, a post hoc analysis of the Canadian Oxygen Trial that included 1018 extremely
preterm infants demonstrated significant differences in hypoxaemic exposure among in-
fants who developed BPD compared to those who did not, and these differences increased
in magnitude over the first four weeks of life. Both the frequency of prolonged intermit-
tent hypoxic episodes (SpO2 < 80% and duration of ≥60 s) and the proportion of time
per day with SpO2 < 80% between birth and 36 weeks postmenstrual age (PMA) were
significantly associated with the risk of severe BPD [44]. In the same cohort of extremely
preterm infants, intermittent hypoxic episodes were linked to increased risk of late death
or childhood disability at 18 months corrected age [24]. BPD increases the risk of adverse
neurodevelopment [45]. Therefore, early and prolonged intermittent hypoxic episodes
may independently contribute to an increased risk of poor neurodevelopmental outcomes
and BPD.

Oxygen toxicity has been well recognised as one of the factors contributing to the
development of BPD. Animal models suggest that even brief exposure to hyperoxia can
cause long-term morphologic and functional changes in the lung [46,47], resulting in a
phenotype comparable with BPD [47]. Those data are in agreement with clinical studies
showing that restricted use of supplemental oxygen or lower SpO2 targets is associated
with a reduction in lung inflammation and BPD rates [48]. In a prospective observational
study in 502 VLBW infants, the implementation of lower SpO2 targets (85 to 93% versus 92
to 100%) reduced the incidence of BPD and the use of postnatal corticosteroids; the number
needed to treat was six [49].

Vento et al. randomised 78 extremely preterm infants to a lower (0.3) or higher (0.9)
fraction of the inspired oxygen concentration during resuscitation at birth. Patients in the
lower FiO2 group required significantly fewer days of supplemental oxygen, mechanical
ventilation, and continuous positive airway pressure support and had lower BPD rates
(15.4% versus 31.7%). In addition, infants who received higher FiO2 were characterised by
increased expression of proinflammatory cytokines and oxidative stress biomarkers in the
first week after birth, and those indices correlated significantly with BPD development [50].
Birenbaum et al. showed a 50% reduction in the incidence of BPD among 145 VLBW
infants with the use of lower oxygen concentrations during resuscitation and lower oxygen
saturation targets (88–92%). However, the study was limited by its retrospective design and
several changes implemented into the neonatal care during the study period that prevented
the authors from being able to accurately attribute the relative influence of each factor on
the outcome of interest [51].

4. Pulmonary Hypertension

During the intrauterine period, the foetus is subjected to a relative hypoxaemia, which
results in a physiological state of pulmonary hypertension (PH). At birth, lung aeration
leads to a rise in oxygen tension that contributes to rapid pulmonary vasodilation. Failure
of the pulmonary vasculature to relax results in increased pulmonary arterial pressure and
vascular resistance with right-to-left shunting of deoxygenated blood from the pulmonary
to the systemic circulation and the development of persistent pulmonary hypertension
of the newborn (PPHN) [52]. Oxygen is often used in the treatment of PPHN as a potent
pulmonary vasodilator. Preclinical studies have shown that even short-lasting alveolar
hyperoxia can be harmful for newborns with PPHN, as it seems to increase pulmonary
vascular contractility [53] and impairs the subsequent response to pulmonary vasodilators,
including inhaled nitric oxide (iNO) [54]. In a lamb model of PPHN, a gradual increase
in the FiO2 up to 0.5 significantly reduced the pulmonary vascular resistance, but no
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additional decrease was observed with a further increase in the oxygen concentration to
100% [54].

The alveolar and lung vascular changes in infants with BPD may also result in an
increase in pulmonary vascular resistance and subsequently in the development of PH [55].
Animal data suggest that intermittent hypoxia is implicated in the pathogenesis of PH. In
a rat model of BPD, IH during recovery from hyperoxia-induced lung injury prevented
recovery of alveologenesis and increased pulmonary vascular resistance, the Fulton in-
dex (which is the weight ratio of the right ventricle to the sum of the left ventricle and
septum [56]), and arterial wall thickness [57]. Exposure of neonatal mice to IH from day
seven of postnatal life and for three weeks resulted in altered lung endothelial cell function,
mitochondrial DNA lesions, and impaired lung angiogenesis. When superimposed on
hyperoxia, IH induced a severe lung vascular phenotype that is seen in preterm infants
with PH [58]. In a case–control study that included 80 extremely preterm infants with BPD,
prolonged severe hypoxaemic episodes (SpO2 < 70% and <80%) were associated with PH
and increased mortality [59].

5. Antioxidant Treatments

Many antioxidant therapeutic strategies have been studied to determine if they would
reduce oxidative stress in newborn infants. Vitamins A and E have been extensively in-
vestigated as potential antioxidant therapies for the prevention of BPD with regard to
whether they could eliminate lipid peroxidation induced by ROS. A Cochrane review and
meta-analysis included 10 randomised controlled trials (RCTs) and 1460 infants comparing
vitamin A with a control and showed a marginal reduction (risk reduction (RR): 0.87, 95%
confidence interval (CI): 0.77 to 0.99) in the incidence of BPD at 36 weeks PMA and no
significant differences in neurodevelopmental outcomes at 18–22 months corrected age [60].
Vitamin A supplementation has not been implemented into standard clinical practice due to
its modest effect and the need for intramuscular administration [61]. A more recent system-
atic review and meta-analysis showed that enteral compared with parenteral vitamin A is
equally effective in reducing BPD rates at 36 weeks postmenstrual age, but the benefit was
limited to infants with low baseline intake (<1500 IUIU/kg/day) [61]. Vitamin E was not
found to play a significant role in the prevention of BPD (RR = 0.659, 95% CI = 0.243–1.786;
p = 0.412) [62]. Vitamin E supplementation may have a neuroprotective effect [63] and
reduce severe ROP, but high intravenous doses in VLBW infants have been associated with
increased risk of sepsis [64].

Vitamin C (ascorbic acid: AA) is a water-soluble antioxidant in cells and plasma that
is actively transported across the placenta [65]. In addition, in vitro studies demonstrate
a prooxidant activity via the Fenton reaction [66]. Evidence regarding the association
between AA concentration and respiratory morbidity in preterm infants is conflicting.
In a prospective observational study that included 144 infants of any gestation, higher
AA concentrations on day two of life were associated with a higher risk of developing
BPD [67]. A double-blind RCT that included 119 VLBW infants did not show any significant
association between AA levels throughout the first 28 days of life and the incidence of BPD
at 36 weeks postmenstrual age. Higher AA supplementation was associated with a trend
towards reduced need for supplemental oxygen at 36 weeks postmenstrual age [68]. A more
recent systematic review and meta-analysis included two studies (160 VLBW infants) and
demonstrated a significant reduction in the risk for BPD with vitamin C supplementation
but with very low certainty evidence [69]. In another systematic review and meta-analysis,
vitamin C supplementation in pregnancies exposed to smoking was found to reduce the
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incidence of wheeze in offspring at 12 months and five years. No significant association
was found between vitamin C and E supplementation and the risk for RDS [70].

Superoxide dismutase (SOD), an antioxidant enzyme, converts the superoxide rad-
ical that is generated through metabolism or other cell reactions to hydrogen peroxide
(H2O2) and molecular oxygen (O2). Antioxidant enzymes, including catalase, glutathione
peroxidase, and peroxiredoxins, break down H2O2 to water and molecular oxygen [5].
SOD is decreased in the pulmonary vascular endothelium of preterm infants with BPD,
leading to reduced vasodilation induced by nitric oxide [71]. Studies in lamb models of
PPHN demonstrated that intratracheal administration of recombinant human SOD (r-h
SOD) reduced oxidant stress [72,73] and improved nitric oxide-mediated vasodilation [72].
In an RCT in preterm infants with RDS, intratracheal administration of r-h SOD every 48 h
during mechanical ventilation (MV) for up to one month of age did not significantly affect
the rates of death or BPD at 36 weeks postmenstrual age. At follow-up, however, infants
treated with r-h SOD had fewer wheezing episodes and respiratory illnesses requiring
hospitalisation compared with controls when assessed at one year of age [74].

Breast milk consists of many antioxidants, including vitamins, SOD, glutathion, mela-
tonin, and short-chain fatty acids [75]. Therefore, in addition to its other advantages
with regard to nutrition and immunity, it may contribute to reducing oxidative stress for
newborn infants. Human milk following preterm birth has been found to have higher
antioxidant capacity when compared to term milk and may help reduce the incidence of
oxidative stress-related diseases of prematurity [76]. A systematic review and meta-analysis
included 15 studies (n = 4984 infants) evaluating the effect of mother’s own milk on the
incidence of BPD. They found that breast milk as an exclusive diet was associated with
a significant reduction in the risk of BPD (RR: 0.74, 95% CI: 0.57–0.96, five studies) when
compared with preterm formula, regardless of gestation at birth [77]. A recent review
concluded that the antioxidant capacity of breast milk may be the primary mechanism
through which it contributes to reduced BPD rates [75]. These results further emphasise
the well-established benefits of breast milk for preterm infants.

Novel antioxidant therapies aim at the induction of endogenous antioxidant systems,
as, following systemic administration, they may not reach the target cells where oxidative
stress causes injury [78]. One example is melatonin, a neurohormone that induces several
endogenous antioxidant systems. In an RCT that included 110 infants < 32 weeks of
gestation, intravenous administration of melatonin in divided doses and within six hours
of life led to significant reductions in inflammatory cytokines and ventilator and oxygen
requirements compared with controls. Furthermore, none of the infants treated with
melatonin were oxygen dependent at 28 days of life, whereas there were six infants (7.5%)
with oxygen dependency in the control group [79]. These promising results need to be
examined in a larger RCT, preferably with long-term follow-up.

A recent review highlighted the limitations of therapeutic interventions in targeting
oxidative stress [80]. Oxidative stress is usually a contributor to the disease rather than
its primary cause, and this limits the effectiveness of antioxidant treatments. In addition,
agents that appear to work in vitro may not provide the same results in vivo due to diffi-
culty in achieving adequate concentrations [80]. Therapeutic strategies should selectively
target disease-related mechanisms to avoid disrupting some important signalling processes
mediated by oxidants [1]. Preventing oxidant production or inhibiting oxidant-induced
signalling and increasing the synthesis of endogenous antioxidant enzymes should be the
focus of emerging antioxidant therapies [80].
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6. Closed-Loop Automated Oxygen Control Systems

Closed-loop automated feedback-controlled (CLAC) systems of oxygen delivery mon-
itor oxygen saturation values in real time to calculate and make an adjustment to the
inspired oxygen concentration, without any human intervention [81]. Several algorithms
have been developed to provide automated oxygen control in preterm infants. All of them
use SpO2 levels measured by pulse oximetry as an input, but they process this information
in different ways in order to adjust the inspired oxygen concentration. CLAC has been
extensively studied in very preterm or low birth weight infants. The available studies
demonstrated that CLAC monitoring increases the time spent within the target SpO2 range,
improves the stability of partial arterial oxygen pressure (PaO2), and reduces the time spent
in hypoxia and hyperoxia, with fewer manual adjustments to the inspired oxygen concen-
tration [81–86]. Results appear to be consistent for all the control algorithms [86,87], across
different SpO2 target ranges [87], and in infants receiving either mechanical ventilation or
non-invasive respiratory support [85]. In addition, CLAC facilitates earlier weaning of the
FiO2 compared with manual oxygen control [88,89]. In a randomised crossover study in
ventilated preterm infants, hourly median FiO2 values were lower during the automated
period (median 24 h FiO2: 0.32 versus 0.37, p < 0.001) and infants spent longer time with
FiO2 < 0.25 (median % time with FiO2 < 0.25: 8% versus 0%, p = 0.018) [89]. Reynolds
et al. [88] demonstrated that preterm infants receiving high-flow nasal cannula oxygen
spent more time in air during automated oxygen control when compared with manual
control [88]. However, there is limited evidence on the effect of CLAC on longer-term respi-
ratory and other outcomes [81,85,86]. The majority of studies had a randomised crossover
design and were not sufficiently powered to detect significant differences in long-term
outcomes. A recent Cochrane review [85] included 18 randomised trials, which compared
CLAC with manual oxygen control or different systems of automated oxygen control in
preterm infants and concluded that none of the studies assessed time on oxygen therapy,
BPD, severe ROP, necrotising enterocolitis, or mortality [85].

The improvement in the achievement of oxygen saturation targets and the reduction
in the duration of supplemental oxygen treatment could ameliorate the risks related to
hypoxia and hyperoxia and improve neonatal respiratory morbidity. We have recently
reported that, in an RCT in preterm ventilated infants, CLAC monitoring was associated
with significant reductions in the duration of MV and supplemental oxygen treatment,
incidences of BPD and moderate or severe BPD or death, and the need for home oxygen [90].
These promising results should be further explored in large multicentre studies before the
routine implementation of CLAC in clinical practice.

7. Conclusions

Newborn infants, especially those born prematurely, are exposed to oxidative stress,
which increases their susceptibility to respiratory disorders and other free-radical-related
diseases of prematurity. Oxygen is the most used drug in neonatal intensive care, and
inappropriate dosing may lead to hypoxia or hyperoxia that further increases oxidative
damage. Strategies to limit oxidant stress need to be developed.

Despite promising early data, no specific antioxidant treatments are currently used in
the neonatal setting. Major barriers to effective treatments include the lack of targets of the
antioxidant factors, their limited bioavailability to the tissue in which oxidative stress is
ongoing, and the lack of knowledge regarding appropriate dosing, as well as the timing
of therapy, as there is evidence of oxidative stress occurring even in the perinatal period.
Further, the genetic variability of the subjects may affect their susceptibility to oxidative
stress and response to treatment [91]. Genetic differences between antioxidant systems may
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influence individual responses to hypoxia and hyperoxia. In a cohort of 284 VLBW infants
with BPD, genetic variants of a transcription factor that induces antioxidant enzymes (nu-
clear factor erythroid-2 related factor-2 (NFE2L2)) were significantly associated with the
risk and severity of BPD after adjusting for epidemiological confounders [92]. Therefore, ge-
nomic sequencing may allow for the identification of individual differences in endogenous
antioxidant systems and the development of tailored therapeutic interventions.

The complex interplay between oxidant stress and antioxidants has recently been
reviewed [1,80]. These reviews highlight that the results of clinical trials in this field are
rather disappointing and emphasise that a greater understanding of the mechanisms of
action of antioxidants is necessary.

Future studies should explore the biomarkers that would help identify patients at
high risk of oxidative injury at an early stage and develop novel, tailored therapies.

Importantly, the implementation of strategies that will promote an optimal perinatal
environment with minimal risk of oxidative stress appears necessary. As oxygen can cause
oxidative damage, the optimisation of oxygen delivery and monitoring should also be the
focus of future research. CLAC systems appear promising in reducing the risks related to
oxygen treatment. Future research should further explore the effects of CLAC on clinical
outcomes and evaluate its implementation in clinical practice.
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The following abbreviations are used in this manuscript:

AA Ascorbic acid
BPD Bronchopulmonary dysplasia
CAT Catalase
CLAC Closed-loop automated oxygen control
CNS Central nervous system
COHb Carboxyhaemoglobin
FiO2 Fraction of inspired oxygen
FRC Functional residual capacity
GSH Reduced glutathione
GSSG Oxidised glutathione
H2O2 Hydrogen peroxide
IH Intermittent hypoxia
IL Interleukin
iNO Inhaled nitric oxide
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IUGR Intrauterine growth restriction
MDA Malondialdehyde
MV Mechanical ventilation
NFE2L2 Nuclear factor erythroid-2 related factor-2
8-OHdG 8-hydroxy-20-deoxyguanosine
PH Pulmonary hypertension
PMA Postmenstrual age
PaO2 Partial arterial oxygen pressure
PPHN Persistent pulmonary hypertension of the newborn
RCT Randomised controlled trial
RDS Respiratory distress syndrome
ROP Retinopathy of prematurity
ROS Reactive oxygen species
SOD Superoxide dismutase
SpO2 Peripheral oxygen saturation
TAC Total antioxidant capacity
TNF Tumour necrosis factor
VLBW Very low birth weight
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Abstract: This review explores the maternal gut microbiome’s role in shaping neonatal neu-
rodevelopmental outcomes following perinatal asphyxia (PA), a leading cause of infant mor-
tality and disability with limited therapeutic options beyond hypothermia. We synthesized
current evidence on microbiome-mediated neuroprotective mechanisms against hypoxic-
ischemic brain injury. The maternal microbiome influences fetal development through bioac-
tive metabolites (short-chain fatty acids, indole derivatives) that cross the placental barrier,
bacterial antigen regulation, and infant microbiome colonization. These pathways activate
multiple protective mechanisms: anti-inflammatory signaling via NF-κB suppression and
regulatory T cell expansion; antioxidant defenses through Nrf2 activation; neural repair via
BDNF upregulation and neurogenesis; and oxytocin system modulation. Animal models
demonstrate that maternal dysbiosis from high-fat diet or antibiotics exacerbates PA-induced
brain damage, increasing inflammatory markers and hippocampal injury. Conversely, probi-
otic supplementation, dietary fiber, and specific interventions (omega-3, resveratrol) reduce
neuroinflammation and oxidative injury. Human studies link maternal dysbiosis-associated
conditions (obesity, gestational diabetes) with adverse pregnancy outcomes, though direct clin-
ical evidence for PA severity remains limited. Understanding the maternal microbiome-fetal
brain axis opens therapeutic avenues, including prenatal probiotics, dietary modifications, and
targeted metabolite supplementation to prevent or mitigate PA-related neurological sequelae,
potentially complementing existing neuroprotective strategies.

Keywords: maternal microbiome; gut-brain axis; perinatal asphyxia; oxidative stress;
neuroinflammation; neuroprotection; Nrf2 pathway; short-chain fatty acids; ferroptosis;
blood-brain barrier
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1. Introduction

Perinatal Asphyxia (PA) is a medical condition in newborns caused by oxygen depri-
vation and hypercapnia that lasts sufficiently long to cause physical damage, particularly
to the nervous system. By accounting for about half of neonatal encephalopathies in term
and near-term infants, PA inflicts significant neurodevelopmental disability and ranks as
the second-leading contributor to neonatal mortality [1–3].

Despite its high prevalence, therapeutic interventions for PA remain limited, with
most offering only partial benefit [4]. While hypothermia remains the sole established
treatment in clinical practice, its modest effectiveness (one out of seven treated infants
avoids death or major disability) and narrow therapeutic window following birth [5,6] call
for novel strategies to mitigate the consequences of hypoxic-ischemic events. Emerging
evidence suggests that the maternal microbiome may be a novel and beneficial tool to
address these therapeutic gaps [7–9].

The maternal microbiome influences foetal brain development, particularly through
influencing inflammation and oxidative stress, two key drivers of hypoxic-ischemic injury
in PA [7,9]. A balanced maternal microbiota creates a potent anti-inflammatory and antiox-
idative environment that regulates maternal immune activation and modulates microglial
activity in the foetus, guiding adequate foetal neurodevelopment [10–13]. This protective
milieu can buffer the developing brain against the detrimental effects of oxygen deprivation,
while enhancing its neural repair capacity [10,11].

Conversely, maternal microbiota impairment, known as dysbiosis, has been linked to
heightened pro-inflammatory states and disrupted metabolic signalling, exacerbating the
severity of hypoxic-ischemic damage [14]. Given these findings, this narrative review aims
to examine the mechanistic links and current evidence regarding the role of the maternal
microbiota in PA outcomes.

2. Perinatal Asphyxia: Pathophysiology and Outcomes

To understand how the maternal microbiota might influence PA outcomes, it is essen-
tial to consider the pathophysiological cascade underlying this condition.

Classically, PA undergoes three distinct phases interweaved with a latent period [15].
The primary phase represents the injury itself, where low oxygen and high carbon dioxide
levels trigger the chemo-reflexes, which further induce bradycardia and intense peripheral
vasoconstriction to maintain perfusion of central organs [16,17]. Hypoxemia increases
inflammation and oxidative stress, causes cell oedema and amplifies cell injury, increasing
cellular death [18,19]. These neuronal lesions cause waves of anoxic depolarisation, which
provide positive feedback in this loop and further aggravate the injuries [20,21].

Following moderate or severe hypoxic injury, a latent and apparently quiescent phase
appears [22]. The higher the degree of injury, the shorter the latent period, after which the
secondary phase commences with a restart of the inflammatory cascades and a continu-
ation of the cytokine storm [5]. During this phase, trophic factors decrease, the amount
of reactive oxygen species (ROS) and the mitochondrial membrane permeability increase,
and intracellular calcium concentration rises, all creating a self-sustaining destructive land-
scape [21,23,24]. This landscape facilitates a pro-excitatory environment, which, combined
with the increased glutamate resulting from neuronal loss, leads to massive depolarisation
waves and seizure activity that further exacerbate neuronal loss [25–27].

Approximately three days after the hypoxic injury, the third phase begins [28]. Depend-
ing on the injury severity, it either tilts toward a reparatory phase, with the regeneration of
damaged tissues, or, conversely, tilts toward continuing the inflammatory processes and
aggravating the existing lesions [29–32].
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PA produces different patterns of neurological injuries, depending on the severity and
duration of oxygen deprivation, as well as the infant’s gestational age [5,33]. In preterm
neonates, PA leads to a form of white matter injury called periventricular leukomalacia
(PVL), which involves oligodendrocyte death and hindered myelination [34–37]. PVL
presents with two distinct forms: cystic and diffuse [34,35]. In full-term neonates, acute
sentinel PA damages the grey matter in the thalamus, basal ganglia, and brainstem, while
repeated moderate hypoxic events lead to a “watershed” pattern, primarily affecting
cortical regions [38,39]. However, depending on the context, neonates can also present
multiple patterns simultaneously [5,38,40].

These lesions accompanying PA may lead to outcomes ranging from mild symptoms
to neonatal hypoxic-ischemic encephalopathy (HIE), with severe hypoxic events potentially
resulting in death [41]. Unfortunately, the neuronal damage often comes with dramatic long-
term consequences: cerebral palsy, intellectual disability, psychiatric disorders, epilepsy,
neurodevelopmental disorders (e.g., ADHD), learning disabilities, motor disabilities, etc.,
thus posing a great burden on the individual, as well as on society [40–48].

Although extensive work has focused on the pathophysiological cascades triggered
by PA and the efficacy of therapeutic hypothermia and pharmacotherapy, important gaps
remain in understanding why some newborns are more susceptible to brain damage
than others [5,33]. The severity and persistence of PA outcomes underscore the need to
investigate additional prenatal factors. In this regard, the maternal microbiome, long
overlooked, has surfaced as a key player capable of influencing foetal health through
immune regulation and metabolic pathways [7,9,49].

3. The Maternal Gut Microbiome: Composition, Functions, and Impact
on Foetal Development

The maternal microbiota represents a complex consortium of microorganisms coloniz-
ing various maternal body sites, including the gastrointestinal tract, conjunctiva, airways,
vagina, breast tissue, skin, and oral cavity [50]. Among these niches, the gut microbiota is
the most extensively studied and undergoes significant shifts during pregnancy, driven
by hormonal, metabolic, and immunological changes [51,52]. These adaptations promote
enhanced energy storage and immune modulation [14,53].

In the gut, Firmicutes (split into several groups in the Genome Taxonomy Database)
and Bacteroidetes (Bacteroidota) phyla comprise approximately 90% of the total bacterial pop-
ulation, with Actinobacteria (Actinomycetota), Proteobacteria (Pseudomonadota), Verrucomicrobia,
and archaeal members such as Euryarchaeota accounting for the remaining 10% [51,54]. A
balanced, eubiotic microbiota is characterized by diverse species, a beneficial ratio of key
taxa, and vital functional capabilities, such as short-chain fatty acids (SCFAs) production,
immune system education, maintenance of epithelial barrier integrity, vitamin and nutrient
synthesis, and competitive exclusion of pathogens [55,56].

Despite this complexity, deviations from a balanced microbiome or dysbiosis can be
categorized into three main forms: type 1, with the loss of beneficial microbes (e.g., Lacto-
bacillus in the vaginal microbiome, Bifidobacterium in the gut); type 2, with an overgrowth of
potentially harmful species (e.g., increased Proteobacteria during pregnancy) and type 3, with
an overall reduction in microbial diversity, leading to compromised functional capacity and
resilience [56].

3.1. Factors Influencing Microbiome Composition

Multiple factors influence the maternal microbiome during pregnancy, leading to
unique microbial signatures that can impact both maternal and foetal health (Table 1).
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These influences create a dynamic, ever-shifting microbial landscape in the mother, which,
in turn, shapes foetal development, systemic inflammation, the mother’s health, and the
maturation of the foetal gut–brain axis [10–14,57–63].

Table 1. Factors Influencing Maternal Microbiome Composition During Pregnancy.

Factor Effect on Microbiome Impact Type References

High-fat diet ↓ Bacteroidetes, ↑ Firmicutes, ↑ pro-inflammatory taxa Dysbiotic [64,65]

High-fiber diet ↑ short-chain fatty acids (SCFA)-producers,
↑ Bifidobacterium, ↑ diversity Beneficial [66–68]

Alcohol consumption ↓ beneficial bacteria, altered metabolic pathways Dysbiotic [69]

Antibiotic use ↓ diversity, loss of key commensals, ↑ resistant strains Dysbiotic [63,70]

Probiotic supplementation ↑ specific beneficial strains, ↑ barrier function Beneficial [71]

Iron supplementation Altered Bacteroidetes to Firmicutes ratio, ↑ pathobionts Variable [72]

Elevated body mass index
(BMI)/Obesity ↓ diversity, ↑ Firmicutes, altered SCFA production Dysbiotic [73,74]

Insulin resistance Altered glucose metabolism pathways,
↓ butyrate producers Dysbiotic [75]

Pre-existing
gastrointestinalconditions:
inflammatory bowel
disease (IBD)

↓ diversity, ↑ Proteobacteria,
↑ inflammatory markers Dysbiotic [76]

Smoking ↓ beneficial anaerobes, ↑ opportunistic pathogens Dysbiotic [77,78]

Regular exercise ↑ diversity, ↑ SCFA production, ↑ Akkermansia Beneficial [79,80]

Psychological stress ↑ Proteobacteria, ↓ Lactobacillus, altered barrier function Dysbiotic [13,81]

Pregnancy progression ↑ Proteobacteria (with pregnancy progression),
↓ diversity (adaptive) Adaptive [51,52,82]

Previous pregnancies Enhanced microbial stability, faster adaptation Beneficial [83]

Maternal age Age-dependent diversity changes, altered metabolic
capacity Variable [51]

Residential environment Urban vs. rural differences in diversity and composition Variable [51]

↑ increased/higher levels; ↓ decreased/lower levels.

3.2. Maternal Health Implications

Maternal gut microbiome shapes maternal health throughout pregnancy (Figure 1).
Dysregulated maternal gut communities are associated with elevated proinflammatory cy-
tokines, altered oestrogen metabolism, and impaired metabolic health [84,85]. Gestational
dysbiosis is associated with conditions such as preeclampsia and hypertension [13,86,87].
Probiotic administration decreases blood glucose levels, lowers gestational diabetes mark-
ers, reduces insulin levels, and improves glucose tolerance; however, some studies argue
for minimal or no probiotic effect [86,88].

Beyond maternal metabolic health, gut microbes can modulate the maternal immune
system by influencing populations of granulocytes and regulatory T cells (Treg) [13]. Diets
rich in fibre, known to improve the gut microbiota, are associated with lower proportions of
proinflammatory immune cells. At the same time, dysbiosis increases M1 macrophages and
proinflammatory cytokines (e.g., TNF-α, IL-1β, IL-6, IL-17), and reduces anti-inflammatory
cytokines such as IL-10 [13]. Moreover, dysbiosis can lead to maternal immune activation, with
important consequences for both maternal and foetal health [89]. Some studies conclude that
dysbiosis increases the risk of preterm birth; however, the evidence remains conflicting [90–93].
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Figure 1. Influence of the maternal gut microbiome on the metabolic function, immune, and placental
health. Left: A balanced maternal gut microbiome (eubiosis) is associated with improved glucose
tolerance, reduced insulin levels, and lower markers of gestational diabetes. It is characterized by low
systemic inflammation, with decreased pro-inflammatory cytokines and controlled populations of
granulocytes and T-regulatory cells, as well as optimal placental development. Right: In contrast, dys-
biosis is associated with impaired metabolic function (gestational diabetes, insulin resistance, altered
oestrogen metabolism), heightened immune activation (elevated levels of M1 macrophages, Tumour
Necrosis Factor alpha (TNF-α), Interleukin-1 beta (IL-1β), Interleukin-6 (IL-6), Interleukin-17 (IL-17);
reduced levels of Interleukin-10 (IL-10); maternal immune activation), and compromised placental
function (lower placental weight and volume; increased risk of preeclampsia and hypertension).
Created in BioRender. Racovita, A. (2025) https://BioRender.com/75vubaj.

Maternal microbiota influences placental development, and dysbiosis is accompanied
by lower placental weight and volume, as well as impaired maternal-foetal circulation
interfaces [94]. These conditions are attenuated by SCFAs administration [94] and certain
bacterial species (e.g., Bifidobacterium breve) [95]. Although a wave of scientific discoveries
pinpointed that the placenta might present a microbiome of its own, scientific consensus
tilts towards no microbiome [73,94–98].
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3.3. Direct Effects on Foetal Development

Aside from maternal health, pregnancy well-being, and placental development, the
maternal gut microbiota influences the development of foetal immune and nervous systems,
and the infant’s future metabolic health (Figure 2) [86,88].

 

Figure 2. Impact of the maternal gut microbiome-derived signals on fetal immune and neurodevel-
opment. Bioactive microbial metabolites, namely short-chain fatty acids (SCFAs), aryl hydrocarbon
receptor ligands, bile salts, trimethylated compounds, and peptidoglycan fragments, together with
IgG-bound microbial antigens, microbiota-derived extracellular vesicles, and trace amounts of bacte-
ria, cross the placental barrier and modulate fetal neuroimmune development. These signals regulate
the balance between pro-inflammatory cytokines (TNF-α, IL-17, IL-1β, IL-6) and anti-inflammatory
cytokines (IL-10, TGF-β), promoting microglial maturation, synaptogenesis, axonogenesis, and
myelination. Created in BioRender. Racovita, A. (2025) https://BioRender.com/ye58bcx.
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3.3.1. Immune System Maturation

From in utero to early childhood, the immune system undergoes a set of fine-tuned,
sequential developmental processes [99] that evolve in parallel with the maternal gut
microbiota, engaging in a bidirectional interplay [100] that shapes the immune cell popula-
tions. Dysbiosis can alter normal immune system development and can shift the balance
either towards more immune reactivity with increased chances to develop autoimmune
diseases or atopy, or towards a less reactive immune system, incapable of defending it-
self against threats [13,100–107]. For example, a maternal high-fat diet, known to induce
dysbiosis, increases the expression of receptors that compromise the intestinal mucus
barrier (e.g., LRRC19) [108], leading to increased bacterial translocation and heightened
inflammatory state. Also, it upregulates proinflammatory RORγt-positive cells (precur-
sors of IL-17-producing cells) [58,109] and elevates the levels of TNF-α and IL-6 [110]. In
contrast, probiotics and prebiotic administration push the immune balance toward a more
tolerogenic state, marked by an increase in regulatory T cells (Tregs) and in IL-10 and TGF-β
levels [111,112].

The mechanisms underlying immune system maturation involve four primary path-
ways: (1) microbial metabolites—SCFAs [100,107,113–116], aryl hydrocarbon receptor
(AhR) ligands [10], bile salts [117], peptidoglycan fragments [118], trimethylated microbial
metabolites [10], (2) IgG-bound microbial antigens [119], (3) microbiota derived extracellu-
lar vesicles [120] and (4) bacterial translocation [58].

Immune system maturation, although an autonomous process, is closely intertwined
with neurodevelopment [121,122], each influencing the other’s course [123].

3.3.2. Neurodevelopmental Processes

Maternal microbial communities and their metabolites impact the fetal neural circuits’
development, such as thalamocortical axons [57]. Germ-free animal models revealed altered
gene expression related to myelination and axon development, highlighting the pivotal role
of microbiota in neurodevelopment [10]. In addition, differentiation of GABAergic neurons
appears to depend on AhR signaling [124], which is activated by microbial metabolites in
the foetus.

Recently, the role of the maternal gut-fetal brain axis in fetal neurodevelopment has
been increasingly considered [14]. Dysbiotic conditions lead to maternal immune activation,
which has been linked to autism-like phenotypes in offspring, via IL-17-producing Th17
cells [63,89,125–127]. In addition, specific bacterial taxa (e.g., Fusobacteria) in the maternal
gut have also been associated with better fine motor outcomes in children [128] and
enhanced neurogenesis [129].

Maternal diet, which is known to impact microbiome, can either exacerbate [130] or
mitigate [131] long-term neurodevelopmental deficits. Antibiotic use during gestation,
known to induce dysbiosis, alters hippocampal development and emotional regulation in
offspring [9,70], suggesting that the maternal microbiome profoundly impacts fetal brain
health and development.

4. Neuroprotective Mechanisms Mediated by the Maternal Microbiome

The response of the immature brain to metabolic deprivation conditions, such as
hypoxia/ischemia, involves mechanisms still to be revealed, which could explain why
some newborns walk away from the same hypoxic insult while others live with lifelong
disability [132–135]. The maternal microbiome could be an important factor influencing this
response: dysbiosis magnifies cytokine-driven injury [136], while eubiosis, by promoting
anti-inflammatory mechanisms, redox buffering, and reparatory signals (Figure 3), blunts
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the secondary wave of neuronal loss that could determine whether recovery or lifelong
disability prevails [137].

 

Figure 3. Neuroprotective mechanisms mediated by the maternal gut microbiome. Maternal gut
microbiome-derived metabolites confer neuroprotection against perinatal hypoxic-ischemic injury
through four integrated pathways spanning the maternal gut-placental-fetal brain axis. (1) Anti-
inflammatory mechanisms: Short-chain fatty acids (SCFAs) inhibit histone deacetylase (HDAC) activ-
ity, promote M2 microglial polarization, reduce neuroinflammation, and strengthen gut-placental-
blood-brain barriers. SCFAs expand regulatory T cells (Tregs) by priming thymic epithelial cells
(TECs) to select Treg precursor thymocytes, dendritic cells to promote differentiation into Tregs, and,
consequently, suppress inflammatory cascades. Tryptophan-derived indole metabolites activate aryl
hydrocarbon receptor (AhR), suppressing NF-κB p65 phosphorylation in microglia and decreasing
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IL-1β and TNF-α expression; (2) Antioxidant defense: eubiosis prevents ROS leaks into the circula-
tion and contributes to upregulation of junction proteins. At the placental level, microbiota-derived
metabolites directly neutralise ROS and lower oxidative stress. Through FFAR activation and Nrf2
signaling, the antioxidant capacity of the fetal BBB is increased, leading to better integrity and
protection against ROS activity. In neurons, by HDAC inhibition, SCFAs induce Nrf2 activation
that enhances antioxidant enzyme activity and lowers ferroptosis. AhR ligands also directly buffer
some of the ROS species. Consecutive to NF-κB inhibition, M2 microglia produce less ROS, miti-
gating the oxidative stress; (3) Neural repair and neurogenesis: Microbiome metabolites maintain
brain-derived neurotrophic factor (BDNF) expression through H3 crotonylation via HDAC inhi-
bition. This promotes neurogenesis, oligodendrocyte maturation, and protective glial responses
that enhance tissue preservation, myelination, and adequate pruning during the recovery phase;
(4) Oxytocin system modulation: Specific maternal gut bacteria (particularly Lactobacillus reuteri)
enhance hypothalamic oxytocin expression. During hypoxic stress, oxytocin facilitates the critical
gamma-aminobutyric acid (GABA) switch from excitatory to inhibitory signaling, reducing excitotox-
icity and providing direct neuroprotection against neuronal loss. Created in BioRender. Racovita, A.
(2025) https://BioRender.com/wc5q5uf.

4.1. Anti-Inflammatory Mechanisms

Within hours following a hypoxic-ischemic insult, a secondary cytokine storm un-
leashes, with increased concentrations of IL-1β, TNF-α, and IL-6. These cytokines amplify
the initial lesion size, and their levels hold predictive power for outcome forecast [138–141].

Maternal gut metabolites, mainly SCFAs and indole derivatives, can dampen that
cytokine surge at several, hierarchically layered checkpoints: (i) epigenetic silencing of
NF-κB inside microglia [142], (ii) tightening of gut-placenta-blood/cerebrospinal fluid
barriers that stop endotoxin leakage [143,144], and (iii) prenatal expansion of Tregs that
pre-set a tolerogenic baseline [145].

SCFAs inhibit the histone deacetylase (HDAC), which reduces the expression of
inflammatory cytokines [146] and prevents NF-κB translocation, both directly, as well as
through HDAC inhibition [147], thus steering microglia towards an Arg-1/IL-10 rich M2
anti-inflammatory phenotype [142,148]. In a middle cerebral artery occlusion stroke model
in adult mice, butyrate, a key SCFA, almost halved infarcted volume when administered
alone [149]. Moreover, in a model of neuronal damage due to cardiac arrest, butyrate
attenuated the microglial inflammation through the NF-κB pathway [150] and reduced
brain inflammation through activation of the JAK-STAT pathway [151]. Studies both in
the adult and neonate found that the microglia respond similarly to SCFAs, by reducing
NF-κB translocation, thus providing an anti-inflammatory and protective response to
hypoxia [152].

SCFAs bind G-protein-coupled receptors (GPCRs) in brain endothelial and intestinal
cells, providing a second layer of protection. GPCR activation increases the expression of
claudin 5 and occludin in both cell types, thus tightening the barriers and limiting endo-
toxin accumulation in the brain [143,153]. Furthermore, SCFAs induce actin cytoskeleton
rearrangements in a blood-brain barrier (BBB) in vitro model, contributing to improved
BBB integrity [144]. A structurally sound BBB promotes a lower microglial activation, thus
limiting the initial lesions and inflammation [154,155].

In parallel, SCFAs boost Treg cells’ expansion [113,156] in the thymic and placental
tissues, which lowers the fetal IL-6/IL-1β basal levels and increases the anti-inflammatory
cytokine IL-10 production. SCFAs may exert these effects by directly inhibiting HDACs in
naïve T cells, activating free fatty acid receptors (FFARs) on both dendritic cells and naïve
T cells, and priming thymic epithelial cells to select Treg cells [113,156,157].

Gut-derived indole derivatives cross the placenta and reach fetal brain tissues [158].
In animal models of ischemia, they affect microglia through AhR activation, which sup-
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presses p65 phosphorylation and decreases IL-1β/TNF-α expression through the NF-κB
pathway [159–161]. As shown in a stroke model, reduction of NF-κB translocation provides
an anti-inflammatory and protective response to hypoxia in both adult and neonate mouse
brains [152]. Experimental evidence shows that AhR-ligands interact with microglia in the
fetal brain and reduce brain inflammation [162].

Epigenetic silencing of NF-κB, GPCR-driven BBB tightening, systemic Treg expansion,
and AhR activation form together a multilayered anti-inflammatory buffer that shields the
newborn brain against PA damage.

4.2. Antioxidant Pathways: Maternal Gut Barrier, Placenta, Blood-Brain-Barrier, Glial Cells,
and Neurons

The hypoxic injury begins with a primary burst of ROS and a larger oxidative af-
tershock, which result in mitochondrial failure and excitotoxicity, which together form a
self-amplifying destructive loop [18]. Beyond classical apoptosis and necrosis, ferroptosis,
an iron-dependent, lipid-peroxidation-driven form of regulated cell death, has emerged as
an additional contributor in neonatal HIE [163,164]. Moreover, experimental data link Nrf2
activation to lower ferroptosis and improved outcomes in PA [163,165,166].

The maternal gut microbiome shapes antioxidant defences in both the mother and
foetus, playing a key role in antioxidant capacity transfer to the foetus [167,168]. In mice,
the maternal microbiome drives distinct metabolomics profiles in the placenta, foetal gut,
and foetal brain, confirming transplacental transfer of microbial metabolites [158].

This antioxidant “defence line” spans several interconnected compartments along the
maternal-foetal axis: maternal gut, placenta, epithelial barriers (BBB and placento-fetal),
neurons, and glial cells.

Within the maternal gut, eubiosis sustains intestinal barrier function and neutralises
ROS, preventing leakage of pro-oxidant and inflammatory molecules into the circula-
tion [169]. A well-colonized maternal gut contributes to antioxidant protection in two
complementary ways: first, gut bacteria neutralise reactive oxygen species with antioxidant
enzymes—NADH peroxidase and SOD—as well as with metabolites with ROS-scavenging
activity [170,171]; second, microbial metabolites increase antioxidant defence through Nrf2
signalling and upregulate tight-junction proteins [169–171]. SCFAs bind FFAR, inhibit
HDAC, and activate AMPK, which increases Nrf2 nuclear translocation and induces an-
tioxidant defences [170]. AhR ligands increase Nrf2 nuclear translocation and induce tight
junction proteins, as well as increased enzymatic antioxidant defences [169].

In the placenta, maternal antioxidant reserves and microbiota-derived metabolites
help neutralize reactive oxygen species before they reach the foetus, supporting glutathione
balance and redox homeostasis [172,173], thus protecting the placenta and the foetus [174].
AhR ligands induce Nrf2 translocation, which enhances enzymatic antioxidant systems
and provides antioxidant buffers themselves through interaction with IDO (indoleamine
2,3-dioxygenase) [172]. Direct placental Nrf2 activation by SCFAs in vivo remains to be
demonstrated; although current evidence supports SCFA transfer and sensing, with anti-
inflammatory effects through NF-κB that lower oxidative stress at the placenta [94,174].

In the foetal BBB, an increased permeability allows for more ROS increased oxidative
damage in PA [175]. The microbiome regulates maturation of the BBB, controlling the
expression of tight junction proteins: occludins and claudins [176]. Because SCFAs reach
foetal circulation, FFAR activation and Nrf2 signalling could enhance antioxidant capacity
and maintain BBB integrity [154,177].

In neurons, SCFAs protect against oxidative ischemic damage in animal mod-
els [178,179]. SCFAs inhibit neuronal HDAC [180], increase Nrf2 nuclear translocation,
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enhance antioxidant enzyme activity, and lower ferroptosis [181]. Additionally, they act
through the BDNF-Akt3 pathway to reduce oxidative stress and apoptosis [178]. AhR
ligands could exhibit direct antioxidant effects. Thus, tryptophan metabolites related to
gut microbiota, which are endogenous AhR ligands, attenuated neuronal damage in an
ischemic hippocampus model [182].

Glial cells, including microglia and astrocytes, further contribute by fine-tuning in-
flammatory responses and limiting oxidative injury, roles that have been demonstrated in
ischemia and related injury models [159,165]. Mechanistically, this could involve NF-κB
inhibition, which triggers M2 phenotype with lower ROS production, both through SCFA
and AhR ligands [150,159], although direct evidence in PA is currently lacking.

Together, these layers form a coordinated antioxidant network that may critically
influence vulnerability or resilience to oxidative injury in PA.

4.3. Neurogenesis, Neuroplasticity, and Neural Repair

The maternal microbiota modulates neurotrophic factor expression through pathways
that lead to increased antioxidant enzymes. Short-chain fatty acids, particularly butyrate,
enhance brain-derived neurotrophic factor (BDNF) expression by direct histone deacety-
lase inhibition and increased H3 crotonylation, which together amplify antioxidant gene
transcription [183–185]. This SCFA-mediated BDNF upregulation activates the PI3K/AKT
signaling cascade, which phosphorylates and inactivates pro-apoptotic proteins BDNF
and increases antioxidant expression [186], as shown in a model of ischemia reperfusion
injury [178]. In contrast, maternal high-fat diet-induced dysbiosis correlates with reduced
offspring BDNF levels, along with functional impairments [187–190].

By promoting a strong anti-inflammatory phenotype in microglia, adequate synaptic
pruning and development occur [191], leading to a greater neuronal reserve and im-
proved wiring.

In dysbiotic animal models (induced through high-fat diet), butyrate improves mi-
tochondrial function in the cerebral cortex and the synaptic fraction [192], enhances neu-
roplasticity [193], and shows an impressive neuroprotective effect in ischemia [142,194],
all increasing the neural functional reserve. One possible mechanism underlying this
protective effect could be the ability of sodium butyrate to stimulate neurogenesis, as
demonstrated in rat models of perinatal asphyxia [142,195].

In addition, the maternal gut microbiome affects oligodendrocyte activation and myeli-
nation processes in the offspring’s central nervous system [196]. Through HDAC inhibition
in precursor oligodendrocytes, SCFAs guide their maturation and proper myelination, cre-
ating additional resistance against PA [196]. Moreover, SCFAs reduce brain inflammation,
lowering the risk of precursor oligodendrocyte disruption.

Maternal eubiosis likely primes the foetus towards a reparative phenotype during
phase 3, providing direct neuroprotection through enhanced neurogenesis and neural
repair, thus improving neuronal reserve and mitigating the PA effects.

4.4. The Maternal Microbiome, Oxytocin Signaling, and Perinatal Asphyxia—Direct
Neuroprotection?

The maternal microbiome’s neuroprotective effects extend beyond direct metabolite
production to include modulation of critical neuropeptide systems, particularly oxytocin
(OXT) [197]. We believe this neuroendocrine pathway represents an underexplored mecha-
nism through which the maternal gut bacteria influence fetal resilience to hypoxic injury.

Maternal gut dysbiosis, particularly from high-fat diets, depletes beneficial species
like Lactobacillus reuteri, correlating with diminished hypothalamic OXT expression in
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offspring and impaired stress regulation [197]. Crucially, L. reuteri supplementation during
pregnancy enhances maternal OXT signaling via the vagus nerve stimulation [198,199],
with strain-specific effects not replicated by other Lactobacillus species [200].

The microbiome-OXT connection is particularly relevant for PA outcomes, as OXT
facilitates the critical transition from excitatory to inhibitory GABA signaling in the fetal
brain, a key protective mechanism against hypoxia-induced excitotoxicity [201]. In ex-
perimental PA models, OXT administration reduces neuronal loss, seizure severity, and
hippocampal damage, with efficacy dependent on injury severity [202–205].

The neuroprotective capacity is enhanced by OXT’s co-release with arginine vaso-
pressin during perinatal stress, which suppresses excessive neuronal excitability during
oxygen deprivation [206–208]. Further, germ-free and antibiotic-exposed [209] animal
models display altered OXT signaling and social deficits reminiscent of neurodevelop-
mental disorders, whereas offspring treatment with L. reuteri reversed maternal high-fat
diet-induced social and synaptic deficits [197], suggesting that early microbial colonization
is essential for normal oxytocinergic development.

Therefore, maternal dysbiosis may compromise this endogenous neuroprotective
system, increase HIE severity, and disrupt OXT signalling. Microbiome-based interventions
that target OXT could enhance fetal neuroprotection against PA.

5. The Maternal Gut Microbiome Dysbiosis and Perinatal
Asphyxia Outcomes

While maternal eubiosis provides multiple layers of neuroprotection against hypoxic-
ischemic injury, dysbiosis creates a contrasting scenario of increased vulnerability. Dis-
rupted maternal microbial communities compromise the very pathways that normally
shield the developing brain from oxidative damage, inflammatory cascades, and metabolic
dysfunction.

This section examines the experimental evidence demonstrating how the maternal
microbiome imbalance amplifies the pathophysiological processes underlying PA, trans-
forming what might be a manageable hypoxic insult into severe, lasting neurological injury.

5.1. Mechanisms of Dysbiosis-Induced Neuronal Vulnerability

PA creates a storm of oxidative vulnerability that, amplified by maternal (and sub-
sequent fetal) dysbiosis, amplifies PA’s neurological injury. This section examines how
dysbiosis-derived endotoxins amplify the oxidative damage cascade specific to hypoxic-
ischemic events.

As dysbiosis results in a higher lipopolysaccharide (LPS) concentration in the blood-
stream [155], LPS can amplify the oxidative and proinflammatory stress [210,211], with
increased ROS production, TNF-α level, and antioxidant enzymes, as shown in a model of
PA, combined with LPS exposure. LPS action seems to also depend on timing [211], while
even hypothermia could bring minimal benefit against a LPS sensitised neural tissue [212].

Mitochondrial dysfunction from PA is another factor of ROS and triggers multiple
forms of cellular death, including ferroptosis [18]. Dysbiosis reduces bacterial metabolites
that promote a tolerogenic and anti-inflammatory status, and increase oxidative stress and
pro-oxidative and inflammatory cytokines such as IL-6, IL-1β, and TNF-α [181,213], thus
amplifying the effect of PA.

By allowing more LPS into the bloodstream, dysbiosis affects BBB integrity [176,214–216],
leading to enhanced neuroinflammation and, ultimately, more severe outcomes.
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Lastly, by increasing pro-inflammatory cytokines and decreasing beneficial bacte-
rial metabolites, dysbiosis transforms microglia into a pro-inflammatory phenotype with
increased ROS production and neuronal damage [217,218].

5.2. Experimental Findings

Detrimental microbiome alterations consistently exacerbate PA-induced brain damage
(Table 2). Empirical findings reveal that a high-fat gestational diet linked to gut dysbiosis
heightens neuroinflammation and cellular injury in the hippocampus of rat pups subjected
to PA, as shown by increased TNF-α, IL-1β, and S100B [219]. Similarly, antibiotic-induced
maternal dysbiosis amplifies PA vulnerability and exacerbates brain injuries, with altered
neurodevelopmental reflexes and increased hippocampal S100B [9], while neonatal an-
tibiotic exposure reduces SCFA-producing bacteria and promotes astrocytic gliosis and
microglial activation during perinatal ischemia [7].

Conversely, interventions that display neuroprotective effects have been shown to
positively affect microbiome homeostasis (Table 2). Nutritional supplements, including
trans-resveratrol [220], citicoline [221], and omega-3 PUFAs [222], not only provide direct
neuroprotection through mechanisms such as SIRT1 activation and membrane stabilization
but also promote beneficial bacteria that may protect against PA [223–225].

Table 2. Experimental Evidence Linking Microbiome Modulation to Perinatal Asphyxia (PA) Outcomes.

Intervention Model Primary Action Microbiome Effect
Perinatal
Asphyxia (PA)
Outcomes

Key Markers References

High-fat diet Sprague-Dawley
(SD) rats, PA P7

Metabolic
dysregulation

↓ Bacteroidetes, ↑ Firmi-
cutes/Bacteroidetes ratio

↑ Hippocampal
injury

↑ TNF-α, IL-1β,
S100B [219]

Gestational
antibiotics SD rats, PA birth Microbiome

depletion #
↓ Diversity, ↓ Lactobacil-
lus/Bifidobacterium

↑ Brain injury,
altered reflexes ↑ S100B [9]

Neonatal
antibiotics Mice, PA Microbiome

disruption #
↓ short-chain fatty acid
(SCFA) producers

↑ Neuronal
damage, gliosis ↑ GFAP, Iba1 [7]

Omega-3 PUFA Mice, HI P9 Anti-
inflammatory ↑ Butyrate producers 1*

↓ Injury volume
(5 weeks)

↓ NF-κB,
apoptosis [222]

Resveratrol SD rats, PA P7 SIRT1 activation ↑ Lactobacillus and
Bifidobacterium 2*

↓ Hippocampal
damage ↓ IL-1β, TNF-α [220]

Citicoline SD rats, PA P7 Membrane
stabilization Maintains homeostasis 3*

Preserved
hippocampus ↓ Inflammation [221]

Lactoferrin Rats, PA ↑ Nrf2, ↓
ferroptosis

↑ Bifidobacterium and
Lactobacillus 4* ↓ Neuronal death ↓ Ferroptosis [226,227]

SCFAs SD rats, PA P7 Metabolic
dysregulation Direct metabolite ↓ 30% infarct, ↑

neurogenesis ↓ IL-1β, COX-2 [194]

Probiotics † SD rats, PA birth Microbiome
depletion #

↑ Lactobacillus and
Bifidobacterium, ↑ SCFAs

Blood-brain
barrier (BBB)
protection

↓ Microglial
activation [8]

↑ increased/higher levels; ↓ decreased/lower levels; # Primary mechanism is microbiome-related; * Microbiome
effects documented separately from PA studies: 1* [225]; 2* [223]; 3* [224]; 4* [227]; † L. acidophilus + B. infantis;
IL-1β inflammatory model.

Lactoferrin supplementation reduces PA-induced neuronal death through Nrf2-
mediated ferroptosis inhibition [226], while also promoting beneficial bacteria and in-
hibiting harmful ones [227].

Direct microbiome-targeted interventions provide compelling evidence for causality.
SCFA administration after neonatal hypoxia reduces brain infarct volume by 30%, decreases
IL-1β and COX-2 expression, and enhances neurogenesis through histone crotonylation
and HDAC inhibition [142,185,194,195].
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Maternal probiotic supplementation with Lactobacillus acidophilus and Bifidobacterium
infantis protects blood-brain barrier integrity and reduces microglial activation even in
inflammatory challenge models [8], suggesting that microbiome optimization creates re-
silience against multiple injury pathways.

These experimental findings demonstrate that the maternal microbiome represents a
modifiable factor influencing offspring vulnerability to hypoxic-ischemic injury, with inter-
ventions showing efficacy through both direct neuroprotective mechanisms and indirect
microbiome-mediated pathways.

5.3. Vertical Transmission and Neonatal Gut-Brain Axis Disruption

Neonates born to mothers with gut microbiome dysbiosis may vertically inherit an
altered microbial community [50], potentially predisposing them to an impaired gut-brain
axis function and heightened susceptibility to PA-induced neurological injury [136]. While
infant gut microbiome colonization timing remains debated, most evidence indicates
postnatal establishment [97], with the maternal gut microbiome serving as the primary
inoculum source [50]. Multiple factors shape this vertical transmission, including maternal
health status, delivery mode, breastfeeding practices, and maternal care habits [49,228,229].

This inherited dysbiosis creates a foundation of vulnerability that compounds PA
pathophysiology. Because of the infant gut’s rich vascularization and the underdevel-
oped fetal circulatory system, gastrointestinal tissues show increased vulnerability to
PA [230,231]. Animal models of global hypoxemia or mesenteric artery occlusion report
upregulation of IL-1 and IL-17, gut barrier disruption, and increased bacterial translocation,
reflected by higher blood LPS levels [49,232,233].

Furthermore, hypoxemic conditions consistently alter intestinal microbiome composi-
tion, with murine models showing increased Firmicutes and decreased Bacteroides and
Proteobacteria populations [234,235]. This demonstrates that hypoxemia directly modifies
gut microbiome composition, establishing a self-reinforcing cycle where inherited dysbio-
sis increases PA susceptibility while PA-induced hypoxemia further destabilizes the gut
microbiome [49,236].

6. Therapeutic Interventions Targeting the Maternal Microbiome

Given the profound impact of the maternal gut microbiome on fetal neurodevelop-
ment and resilience to hypoxic injury, therapeutic strategies targeting maternal microbial
communities represent a promising avenue for preventing or mitigating perinatal asphyxia
outcomes. These interventions range from simple dietary modifications to sophisticated
microbiome-engineering approaches, each offering distinct mechanisms for enhancing
neuroprotection through modulation of oxidative stress and inflammatory pathways.

6.1. Dietary Modifications

Maternal diet shapes its microbiome, and it also shapes the infant gut micro-
biome [237,238]. Despite appearing relatively straightforward, dietary interventions
demonstrate significant therapeutic potential.

Dietary fibre serves as the primary substrate for SCFA production, with demon-
strated anti-inflammatory effects [239,240]. High-fibre diets during pregnancy increase
SCFA-producing bacteria, enhancing SCFAs levels [67,241]. Among the most studied, the
Mediterranean diet, rich in vegetables, fibres, and antioxidants, seems to provide a more
anti-inflammatory microbiome [242,243], with effects reverberating into early childhood,
hence protection against PA [237]. A randomized control trial analysing the impact of
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the Mediterranean diet showed better neurodevelopment outcomes at the 2-year mark
(Bayley-III) [244].

Alongside fibres, another important aspect of dietary modifications could be related to
the amount of polyphenols found in the Mediterranean diet. While having an impact on the
gut microbiome and on the inflammatory reverberations of the gut microbiome [224,245],
polyphenols serve as antioxidants and have been found to reduce the impact of brain
ischemic damage in animal models [220,246–249]. Polyphenols enhance the development
of SCFAs-producing bacteria, especially Akkermansia and Bifidobacterium, and inhibit poten-
tially harmful bacteria growth [250–252]. Dietary polyphenols are metabolized mainly in
the colon into bioactive components, such as equol, urolithin, and protocatechuic acid, by
several bacterial species (Bifidobacterium sp., Lactobacillus sp., Bacteroides sp., etc.) [251,253].
Through the interaction with the maternal microbiome, resveratrol, transformed into 4-
hydroxyphenylacetic acid, acts through the SIRT1 pathway and prevents obesity [254].

Omega-3 fatty acid supplementation deserves special emphasis, with maternal
DHA-enriched diets preventing neuronal apoptosis and reducing brain injury volume
in HIE models through anti-inflammatory effects and microglial NF-κB signalling suppres-
sion [222,255], an effect that was present at 5 weeks postnatal. Alongside direct effects
in animal studies, in humans, omega-3 has been associated with fewer pre-term births
and better neonatal health [256]. Omega-3 fatty acids also influence maternal microbiome
and the inflammatory status of the placenta and the offspring, respectively [225]. These
supplements maintain the intestinal wall integrity and modulate host immune response
through modulating the gut composition, promoting butyrate-producing bacteria and
Bacteroidetes sp. [257].

Fermented foods such as kombucha, yogurt, and kimchi show promise for establishing
a balanced maternal microbiome [258]. Furthermore, these foods have been reported to
offer benefits for pregnancy overall [259]. These effects likely stem from their complex
composition; while serving as a vehicle for probiotics, these foods also supply essential
macronutrients (carbohydrates, proteins, fats), alongside other bioactive compounds such
as prebiotics and microbial metabolites [259,260]. A review on fermented foods shows
the benefits on immune system maturation, brain development and maternal health, and
infant microbiota [261].

In addition, maternal administration of lactoferrin improved outcomes in PA [226]
through Nrf2 signalling, increasing antioxidant buffer and reducing ferroptosis. In addi-
tion, lactoferrin modulates gut diversity and promotes beneficial bacterial growth (e.g.,
Bifidobacterium and Lactobacillus) [227].

Conversely, a Western-style high-fat/low-fibre dietary pattern promotes dysbiosis,
elevates maternal and placental cytokine levels, and predisposes offspring to neuroinflam-
mation [187].

6.2. Emerging Microbiome-Based Therapeutic Strategies

Alongside dietary and lifestyle interventions, targeted manipulation of the maternal
gut microbiome through prebiotics, probiotics, postbiotics, and synbiotics represents an
expanding area of research with significant implications for maternal–infant health and
neurodevelopment. These interventions are distinct yet complementary, each influencing
microbial composition and function via different mechanisms.

6.2.1. Prebiotics: Enhancing Endogenous Microbial Metabolism

Prebiotics are defined as selectively fermentable, non-digestible food components,
most notably galacto-oligosaccharides (GOS) and fructo-oligosaccharides (FOS), that stimu-
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late the growth and activity of beneficial gut microorganisms. During pregnancy, prebiotic
supplementation alters microbial fermentation patterns, leading to increased production
of SCFAs such as acetate, propionate, and butyrate. These metabolites cross the placental
barrier and exert systemic effects, enhancing antioxidant defense and modulating immune
tolerance in the offspring [112,262]. Notably, prebiotics induce a tolerogenic immune
shift by promoting regulatory B and T cells expansion and elevating acetate and butyrate
concentrations, metabolites with potent anti-inflammatory functions [112,263].

Such effects may enhance fetal resilience to hypoxic-ischemic insults, although direct
evidence in the context of PA is currently lacking.

6.2.2. Probiotics: Augmenting Beneficial Microbial Populations

Probiotics, live microorganisms that confer health benefits when administered in
adequate amounts, provide a more direct strategy to enhance maternal gut composition.
Supplementation during gestation with Lactobacillus and Bifidobacterium species lowers
proinflammatory cytokines, preserves the BBB, and enhances oligodendrocyte maturation
following neonatal challenges [8]. Mechanistically, probiotics increase antioxidant capacity,
improve immune response, suppress inflammatory cascades, and produce antimicrobial
peptides that inhibit pathogenic bacteria [264–267].

Strain-specific effects have also been observed. For example, Clostridium butyricum en-
hances SCFAs production and mitigates ischemia/reperfusion injury in rodent models [179],
while Lactobacillus reuteri modulates OXT signalling, increasing hypothalamic oxytocin
expression and improving GABA-mediated neuroprotection under hypoxic stress [199,266].
In addition, probiotic interventions have reduced neuronal damage in experimental models
of perinatal inflammation [8], and are clinically employed in conditions such as necrotizing
enterocolitis (NEC), a pathology that can follow PA [268].

In maternal populations, probiotics have been used to reduce complications, including
gestational diabetes, preeclampsia, and infection-related outcomes [111], factors that may
indirectly influence PA severity if unmanaged. Nevertheless, while preclinical findings
are promising, human data remain limited and inconsistent, highlighting the need for
large-scale trials [269].

6.2.3. Postbiotics: Delivering Microbial Metabolites Directly

Postbiotics are non-viable bacterial components or metabolites, such as SCFAs, that
offer an alternative route to harness microbial benefits without live organisms. Supplemen-
tation with SCFAs has demonstrated safety and efficacy in attenuating hypoxic-ischemic
brain lesions, improving BBB function, reducing oxidative stress, and suppressing in-
flammation in animal studies [137,154,194]. Additional evidence suggests that postbiotics
may ameliorate placental dysfunction and immune dysregulation associated with dysbio-
sis [12,94].

6.2.4. Synbiotics and Other Advanced Strategies

Synbiotics, defined as combinations of probiotics and prebiotics, represent an evolving
therapeutic concept. By supplying beneficial microorganisms alongside their preferred
substrates, synbiotics may synergistically enhance colonization and functional outputs.
While PA-specific studies are absent, synbiotics have improved clinical outcomes in NEC
and reduced allergy incidence in infants [270]. These findings suggest potential neuro-
protective benefits under hypoxic stress conditions. Maternal synbiotic supplementation
during gestation and lactation significantly enhances antioxidant capacity, upregulates
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mitochondrial function–related genes, and increases the abundance of beneficial intestinal
microbiota in offspring, suggesting a synergistic benefit over probiotics alone [271].

Faecal microbiota transplantation (FMT), although still experimental in pregnancy
and neonates, is another emerging modality. By transferring processed stool from healthy
donors, FMT restores microbial diversity and metabolic function. Evidence supports its
efficacy in metabolic syndrome and inflammatory conditions across animal and human
studies [272–274], but its safety and utility in PA-related contexts require rigorous evaluation.

6.2.5. Addressing Harmful Metabolites and Novel Pharmacological Targets

Not all microbial metabolites are beneficial. Compounds such as trimethylamine
(TMA) and trimethylamine N-oxide (TMAO) are implicated in adverse cardiovascular
programming and offspring hypertension [275,276]. Inhibitors like 3,3-dimethyl-1-butanol
(DMB) suppress TMA/TMAO formation, mitigating these risks [276,277].

Furthermore, pharmacological targeting of the microbial-sensing pathways shows
promise. FFARs agonists, such as 4-CMBT, or AhR ligands like indole-3-propionic acid
(IPA), have demonstrated anti-inflammatory and neuroprotective effects in preclinical set-
tings [159,278,279]. Such strategies, though untested in PA, may complement microbiome-
directed therapies to enhance foetal resilience to hypoxia.

In summary, microbiome-based interventions, including prebiotics, probiotics, postbi-
otics, synbiotics, and emerging pharmacological approaches, offer exciting opportunities to
improve maternal and neonatal outcomes. While animal models provide strong mecha-
nistic evidence, clinical translation remains at an early stage. Addressing safety, timing,
and strain-specific effects will be essential to realize the full potential of these therapies in
preventing or mitigating the PA-related neurodevelopmental injury.

7. Current Challenges and Future Research Directions

Understanding the maternal microbiome’s influence on PA remains a developing
area of investigation. While animal models have provided initial insights into the mater-
nal microbiome–foetal brain axis, human research remains limited. This is compounded
by methodological variability, ethical concerns, and the absence of clear clinical guide-
lines for microbiome-based interventions during pregnancy or neonatal care. Bridging
these gaps is crucial for translating preclinical findings into effective and safe perinatal
neuroprotective strategies.

7.1. Methodological and Scientific Gaps

Most studies to date have focused on the maternal gut microbiome, excluding other
potentially influential microbial niches such as the vaginal, oral, skin, and placental mi-
crobiota. These ecosystems may play important and interactive roles in foetal immune
and neurodevelopment, particularly in modulating the neonatal response to hypoxic stress.
The exclusion of these sites from current studies limits our understanding of the broader
maternal microbial landscape and its role in perinatal outcomes.

In addition, this review employed a narrative approach, which, while suitable for
conceptual exploration, lacks the methodological rigor of systematic reviews and may not
capture the full spectrum of available evidence. The majority of research investigating ma-
ternal gut microbiome influences on offspring development originates from rodent models,
which enable microbiome manipulation through antibiotic depletion, gnotobiotic designs,
and maternal immune activation [9,57,125]. Large animal models have validated the impact
of maternal gut microbiome on infant development, both in cattle and swine [280], as well
as in non-human primates [281–283]. Since perinatal asphyxia models are well-established
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in rodents, large animals, and primates, these species offer valuable platforms for inves-
tigating maternal microbiome influences on hypoxic-ischemic outcomes [142,284–286].
However, few studies have directly examined the interplay between maternal gut micro-
biome manipulation and neonatal hypoxic-ischemic injury, representing a critical research
gap that these established models are well-positioned to address.

There is also a lack of longitudinal human studies examining maternal microbiome
dynamics across pregnancy and their association with neonatal outcomes following PA.
Without such studies, the ability to draw causal links or develop predictive microbial
biomarkers remains limited.

7.2. Ethical and Safety Concerns

The use of microbiome-modulating therapies during pregnancy and in neonates in-
troduces several ethical and safety concerns. Although many probiotics contain strains
that are naturally present in the human gut or used in fermented foods, such as Lactobacil-
lus, Bifidobacterium, Streptococcus, Saccharomyces, and Bacillus, their safety in vulnerable
populations remains incompletely understood [287].

Evidence suggests that maternal probiotic use is relatively safe. A systematic review
by Jarde et al. found no increased risk of miscarriage, foetal malformation, premature
birth, low birth weight, or Caesarean section associated with probiotic administration
during pregnancy. Therefore, targeting the maternal microbiome may represent a safer
alternative to direct postnatal probiotic supplementation, particularly in preterm or at-risk
neonates [90].

In contrast, neonatal probiotic use is more controversial. Case reports have docu-
mented severe adverse outcomes, including bacteraemia, fungemia, and endocarditis, in
immunocompromised or preterm infants treated with probiotics [288–291], while others
consider the direct administration rather beneficial [292]. In 2023, the U.S. Food and Drug
Administration (FDA) issued a formal warning following reports of infections and deaths
in preterm infants who received probiotics to prevent necrotizing enterocolitis [293]. These
incidents underscore the need for stringent safety protocols and regulatory oversight when
considering microbiota-based interventions in neonatology.

Beyond individual-level risks, public health concerns also emerge. O’Doherty et al.
argue that microbial interventions may inadvertently affect others through microbial shed-
ding or environmental transmission. For example, altering the microbiome of a pregnant
individual may influence the microbial exposure of her infant, household members, or even
broader community contacts. These findings highlight the importance of ethical scrutiny
and the development of responsible policies around microbiome modulation, especially
during critical developmental windows [294].

Taken together, these findings reinforce the need for internationally accepted standards
and clinical guidelines governing the design, testing, and application of microbiome-
modulating therapies in perinatal medicine.

7.3. Clinical Evidence and Limitations

While there are many therapeutic microbiome-targeted options, few have been studied
in the context of PA and even fewer possess a straight from the bench to bedside pathway
that would allow human trials soon.

Several limitations hinder clinical translation, including mechanistic uncertainty re-
garding how microbiome modulation leads to improved neurodevelopmental outcomes
in PA, population-specific variability in maternal microbiome composition, the absence
of defined timing and dosing windows for intervention during pregnancy or postpar-
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tum, and substantial regulatory and safety hurdles in ensuring maternal–foetal safety for
novel therapeutics.

Furthermore, animal models, while invaluable for mechanistic insights, do not fully
replicate human perinatal physiology and immune–microbiome interactions, which com-
plicates extrapolation to clinical practice. As a result, while the therapeutic potential of
microbiome-based interventions in PA is promising, progress toward clinical application
will require rigorous, multi-centre studies employing standardized protocols, validated
biomarkers, and long-term neurodevelopmental follow-up.

7.4. Future Research Recommendations

Future research should expand beyond the maternal gut microbiome to explore the
contribution of other maternal microbial niches. The vaginal and placental microbiota are
likely to play central roles in foetal immune education and inflammatory priming. Their
influence on susceptibility to perinatal hypoxia-related brain injury remains underexplored
and deserves targeted investigation.

Mechanistic studies must also evolve. Integrating high-throughput multi-omics ap-
proaches, such as metagenomics, metabolomics, transcriptomics, and immune profiling,
with histological and imaging assessments of the foetal brain will allow a better under-
standing of how maternal microbiome signals are transduced across the placental barrier.
The placenta itself is emerging as a critical intermediary in this signalling network and
should be prioritized in future experimental designs.

Human clinical research must shift toward longitudinal, standardized protocols.
Prospective cohort studies tracking microbiome profiles across pregnancy and associ-
ating them with neurodevelopmental outcomes in infants exposed to PA are essential.
These studies should incorporate both structural imaging and behavioural assessments to
evaluate the functional significance of microbial influences on neurodevelopment.

Randomized controlled trials are urgently needed to evaluate the safety and effi-
cacy of probiotics and related interventions during pregnancy. Given current safety con-
cerns surrounding neonatal probiotic use, maternal-targeted strategies may offer a safer
route to modulate the infant microbiome indirectly. However, rigorous adverse event
monitoring and stratification by maternal and infant risk factors will be crucial in any
interventional study.

Finally, incorporating microbiome-based screening into routine prenatal care may
enhance risk stratification for perinatal brain injury. Identifying microbial signatures pre-
dictive of adverse outcomes could support early intervention and inform the development
of personalized therapeutic strategies.

In summary, the maternal microbiome represents a promising yet underutilized target
for influencing the outcome of perinatal hypoxia/asphyxia. At this moment, no interven-
tion that addresses the microbiome is currently in practice for mitigating PA effects [295].
Addressing current methodological, ethical, and clinical limitations through multidisci-
plinary research is essential to realize the translational potential of microbiome-based
interventions in perinatal neuroprotection.

8. Conclusions

This narrative review shows the critical role of the maternal gut microbiome in shaping
fetal immune and neurodevelopmental trajectories, with growing evidence linking its com-
position to neonatal vulnerability or resilience in the context of perinatal hypoxia/asphyxia.
Maternal gut eubiosis may enhance brain resilience to perinatal asphyxia through potent
antioxidant and anti-inflammatory stimuli that reverberate across the gut-placenta-brain
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axis, and through promotion of neurogenesis, neuroplasticity, and oxytocinergic path-
ways. Conversely, dysbiosis may exacerbate hypoxic-ischemic brain injury by priming
a hyperreactive immune system, increasing oxidative stress, and negatively influencing
neurodevelopmental trajectories.

The therapeutic landscape offers promising opportunities through dietary modifica-
tions, prebiotic, probiotic, and postbiotic therapeutics. However, significant challenges
remain, including methodological limitations in current research, ethical considerations
surrounding maternal interventions, optimal timing strategies, and the critical need for
thorough safety data in pregnancy populations.

While animal studies support these associations, human data remain limited. Further
research is needed to establish causality, identify key microbial mediators, and evaluate
the safety and efficacy of microbiome-targeted interventions during pregnancy and the
perinatal period. Bridging mechanistic insights from animal models to longitudinal human
studies will be essential to translate these findings into safe, effective interventions in
obstetric and neonatal practice. Therefore, harnessing the maternal microbiome as a
therapeutic target could offer a promising avenue to improve perinatal neuroprotection and
long-term neurodevelopmental outcomes. Ultimately, integrating maternal microbiome
modulation into perinatal care—alongside established approaches such as therapeutic
hypothermia—may provide a transformative strategy to reduce the burden of hypoxic-
ischemic brain injury.
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4-CMBT 4-Chloro-α-(1-methylethyl)-N-2-thiazolyl-benzeneacetamide
AhR Aryl hydrocarbon receptor
AMPK 5′ adenosine monophosphate-activated protein kinase
BBB Blood-brain barrier
BDNF Brain-derived neurotrophic factor
BEVs Bacterial extracellular vesicles
BMI Body mass index
COX-2 Cyclooxygenase-2
CSF Cerebrospinal fluid
DHA Docosahexaenoic acid
DMB 3,3-dimethyl-1-butanol
F/B Firmicutes/Bacteroidetes ratio
FDA U.S. Food and Drug Administration
FFAR Free fatty acid receptor
FFAR2 Free fatty acid receptor 2
FFAR3 Free fatty acid receptor 3
FMT Faecal microbiota transplantation
FOS Fructo-oligosaccharides
GABA Gamma-aminobutyric acid
GFAP Glial fibrillary acidic protein
GOS Galacto-oligosaccharides
GPCRs G protein-coupled receptors
H3 Histone 3
HDAC Histone deacetylase
HI Hypoxia-ischaemia
HIE Hypoxic-ischaemic encephalopathy
Iba1 Ionised calcium-binding adapter molecule 1
IBD Inflammatory bowel disease
IDO Indoleamine 2,3-dioxygenase
IgG Immunoglobulin G
IL-1β Interleukin-1 beta
IL-6 Interleukin-6
IL-10 Interleukin-10
IL-17 Interleukin-17
IPA Indole-3-propionic acid
JAK-STAT Janus kinase/Signal Transducer and Activator of Transcription
LPS Lipopolysaccharide
LRRC19 Leucine Rich Repeat Containing 19
MCAO Middle cerebral artery occlusion
MGM Maternal gut microbiota
MIA Maternal immune activation
NADH Nicotinamide adenine dinucleotide
NEC Necrotising enterocolitis
NF-κB Nuclear factor kappa B
Nrf2 Nuclear factor erythroid 2-related factor 2
OXT Oxytocin
P7/P9 Postnatal day 7/9
PA Perinatal asphyxia
PI3K/AKT Phosphoinositide 3-kinase/Protein kinase B
PKC Protein kinase C
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PUFA Polyunsaturated fatty acids
PVL Periventricular leukomalacia
ROS Reactive oxygen species
S100B S100 calcium-binding protein B
SCFAs Short-chain fatty acids
SD Sprague-Dawley
SIRT1 Sirtuin 1
SOD Superoxide dismutase
TECs Thymic epithelial cells
TGF-β Transforming growth factor-beta
TMA Trimethylamine
TMAO Trimethylamine N-oxide
TMG Trimethylglycine
TNF-α Tumour necrosis factor-alpha
Tregs Regulatory T cells
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Abstract: Bronchopulmonary dysplasia (BPD) remains a significant complication of preterm
birth, characterized by impaired alveolar and vascular development, chronic lung in-
flammation, and long-term respiratory morbidity. Corticosteroids, both systemic and
inhaled, have been widely investigated as potential therapeutic agents due to their anti-
inflammatory properties and their emerging role in modulating oxidative stress. This
narrative review explores the current evidence regarding the use of inhaled and systemic
corticosteroids in the prevention and management of BPD, analyzing their efficacy, safety
profiles, and long-term outcomes. While systemic corticosteroids, particularly dexametha-
sone, have demonstrated benefits in reducing ventilator dependence and lung inflamma-
tion, concerns regarding adverse neurodevelopmental effects have limited their routine
use. Inhaled steroids have been proposed as a safer alternative, but their role in altering
the disease trajectory remains controversial. A better understanding of the optimal timing,
dosage, and patient selection is essential to maximize benefits while minimizing risks.
Future research should focus on optimizing dosing strategies and identifying subgroups of
preterm infants who may derive the greatest benefit from corticosteroid therapy.

Keywords: bronchopulmonary dysplasia; systemic steroids; inhaled steroids; lung injury;
inflammation; oxidative stress; newborn

1. Introduction

Bronchopulmonary dysplasia (BPD) is a chronic lung disease primarily affecting preterm
infants, particularly those born before 27 weeks of gestation [1]. Despite advances in neonatal
care, its prevalence remains high, with up to 75% of extremely preterm infants diagnosed
with the condition [2]. BPD is currently defined by the need for supplemental oxygen or
respiratory support at 36 weeks’ postmenstrual age (PMA) and is categorized into three
severity grades based on oxygen dependency and ventilation requirements [3]. Severe cases
of BPD are associated with prolonged hospital stays, difficulties in weaning from respiratory
support, feeding intolerance, and intermittent hypoxic episodes [4,5]. Many affected infants
require home oxygen therapy upon discharge [5]. The long-term consequences of BPD
extend into adolescence and adulthood, often leading to impaired lung function, recurrent
respiratory infections, and neurodevelopmental challenges [6,7]. Furthermore, severe cases
carry a significant mortality risk, with rates reaching 3% during the initial hospital stay and
up to 20% within two years in infants requiring tracheostomy [8,9]. While initially described
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as a consequence of high oxygen exposure and prolonged mechanical ventilation, it is now
understood as a multifactorial disease where immune dysregulation and abnormal lung
development play critical roles [3].

1.1. The Role of Inflammation in the Pathogenesis of BPD

Inflammation plays a central role in the pathogenesis of BPD [Figure 1]. Both prenatal
and postnatal factors contribute to the development of an exaggerated and persistent inflam-
matory response in the immature lung [10,11]. Particularly, one of the main prenatal factor
contributors to BPD is intrauterine inflammation, often associated with conditions such as
chorioamnionitis, which can elicit a fetal inflammatory response. Prenatal exposure to inflam-
mation may cause early immune activation, predisposing the neonatal lung to exaggerated
inflammatory responses after birth [10]. This immune hyperactivation contributes to the infil-
tration of inflammatory cells and the release of pro-inflammatory cytokines, including IL-1β,
IL-6, IL-8, and TNF-α, which recruit and activate neutrophils and macrophages. These cells, in
turn, release reactive oxygen species (ROS) and proteases, exacerbating alveolar and vascular
injury [12]. Postnatal exposures to oxygen therapy, mechanical ventilation, and infections fur-
ther exacerbate the inflammatory state, promoting endothelial dysfunction, increased vascular
permeability, and interstitial edema [11,13]. The persistence of inflammation disrupts the
normal processes of lung development, including alveolarization and angiogenesis, leading to
impaired gas exchange and chronic lung dysfunction [13]. Studies indicate that inflammatory
signaling is mediated by pattern recognition receptors (PRRs), such as toll-like receptors
(TLRs) and the receptor for advanced glycation end-products (RAGE), which respond to
danger-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns
(PAMPs) [11]. Moreover, recent microbiome studies suggest that an altered lung microbiota
composition in preterm infants may contribute to heightened inflammation, with an increased
prevalence of potentially pathogenic species such as Ureaplasma spp. and Corynebacterium
spp., and a reduction in beneficial Lactobacilli. This dysbiosis may further exacerbate immune
dysregulation and predispose preterm infants to BPD [14].

1.2. The Role of Oxidative Stress in the Pathogenesis of BPD

Oxidative stress (OS) is a central contributor to the pathogenesis of BPD, intricately
linked to both inflammation and impaired lung development [Figure 1]. Preterm infants are
particularly susceptible due to their abrupt shift from a hypoxic intrauterine environment to
a hyperoxic extrauterine setting, compounded by mechanical ventilation and oxygen sup-
plementation [12]. This transition challenges the immature antioxidant defense systems of
the preterm lung, resulting in the excessive generation of ROS such as superoxide anions,
hydrogen peroxide, and hydroxyl radicals. These ROS induce lipid peroxidation, protein
oxidation, and DNA damage, leading to epithelial and endothelial cell injury, increased
alveolar–capillary permeability, and interstitial edema [11]. Emerging evidence highlights a
dynamic interplay between oxidative stress and inflammation, with ROS capable of activating
transcription factors such as NF-κB and AP-1, further amplifying inflammatory response and
perpetuating lung injury [11]. Furthermore, OS has been shown to modulate the expression
of genes crucial for lung development, including peroxisome proliferator-activated receptor
gamma (PPARγ) and β-catenin. The hyperoxia-induced downregulation of PPARγ impairs
alveolar epithelial cell growth and differentiation, while persistent β-catenin activation is
associated with abnormal extracellular matrix deposition and fibrosis [11]. Experimental
models have demonstrated that the pharmacological modulation of these pathways can
mitigate hyperoxia-induced lung injury [14]. Metabolomic and proteomic studies have identi-
fied specific oxidative stress biomarkers, such as lipid peroxidation products and oxidized
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proteins, in the early postnatal period of infants who subsequently developed BPD. These
findings suggest that OS may begin antenatally, with oxidative damage markers detectable
shortly after birth, and that early antioxidant strategies might be necessary for effective preven-
tion [14]. Despite the role of these biomarkers in BPD onset and progression, their regulation
in response to corticosteroid treatment has yet to be systematically characterized in clinical
populations. While preclinical studies indicate that corticosteroids may influence oxidative
stress mechanisms and related proteomic pathways, clinical investigations demonstrating the
direct associations between steroid therapy and the shifts in metabolomic or proteomic profiles
in neonates remain limited [14]. Further research is necessary to determine whether these
biomarkers could serve as reliable tools to predict or monitor therapeutic response, ultimately
supporting the development of more personalized corticosteroid-based interventions in the
management of BPD [14].

Figure 1. Conceptual model illustrating the proposed role of oxidative stress and inflammation in the
pathogenesis of bronchopulmonary dysplasia (BPD) and the potential modulatory effects of corticos-
teroids. The diagram integrates current knowledge from experimental and clinical studies to depict how
antenatal and postnatal factors trigger reactive oxygen species (ROS) production and pro-inflammatory
cascades, contributing to lung injury and impaired alveolar development. Corticosteroids are shown to
act at multiple levels, modulating inflammation and oxidative stress pathways.

1.3. Rationale for the Use of Steroids in the Management of BPD

Therapeutic strategies have focused on modulating inflammatory and oxidative stress
responses to mitigate lung injury and promote normal pulmonary development. Among
these, glucocorticoids have been considered for their ability to suppress inflammation and
stabilize lung function [4]. Additionally, corticosteroids may provide a protective effect by
not only dampening inflammation but also indirectly modulating oxidative stress. Their
anti-inflammatory action includes the suppression of pro-oxidant cytokine release and the
promotion of antioxidant pathways, potentially reducing ROS production and its downstream
effects [15,16]. Some studies have shown that steroid administration is associated with decreased
levels of oxidative stress biomarkers, suggesting a synergistic role between anti-inflammatory
and antioxidant effects [15,16]. However, their use remains controversial, necessitating a careful
evaluation of their benefits and potential risks. This narrative review aims to explore the role of
corticosteroids as potential therapeutic approaches targeting lung inflammation and OS. We
performed a literature search using the main scientific databases, including PubMed, Scopus,
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Embase, and Google Scholar, selecting only relevant articles published in high-quality journals
and written in English to ensure the reliability and scientific rigor of the review.

2. Systemic Steroids in BPD

The primary corticosteroids used for their anti-inflammatory effects in infants with
BPD include dexamethasone, hydrocortisone, prednisolone, and methylprednisolone [17].
Although other corticosteroids like betamethasone and fludrocortisone have been consid-
ered, there is insufficient and inconsistent data supporting their use in evolving BPD, and
they will not be further reviewed here [17].

2.1. Dexamethasone in BPD

Dexamethasone is among the most extensively studied corticosteroids in preterm
neonates, particularly for its role in reducing BPD. Several randomized controlled tri-
als (RCTs) have shown that early systemic dexamethasone administration, particularly
within the first 7 days of life, reduced the incidence of BPD at 36 weeks PMA (RR 0.72,
95% CI 0.63–0.82; 17 studies, 2791 infants; high-certainty evidence), as well as the combined
outcome of death or BPD (RR 0.88, 95% CI 0.81–0.95; 17 studies, 2791 infants; high-certainty
evidence) [18–20]. However, the effect on mortality alone was not significant (RR 0.95,
95% CI 0.85–1.06; 31 studies, 4373 infants; high-certainty evidence), and the certainty of
the evidence for BPD across all studies was downgraded to moderate due to suspected
publication bias [18]. Moreover, dexamethasone facilitates extubation, with significant im-
provements noted as early as day 3 and sustained through day 10 [18]. Late administration
(after seven days of age) has also shown consistent benefits, including a reduced need for
rescue corticosteroids, lower extubation failure rates, and decreased home oxygen depen-
dency [17,18]. Regarding the dosage used, the remote Dexamethasone: A Randomized
Trial (DART) protocol used a cumulative dose of 0.89 mg/kg over 10 days in extremely
low birth-weight infants, achieving a significant facilitation of extubation without increas-
ing mortality or neurodevelopmental impairment [19]. However, more recent systematic
reviews and meta-analyses indicated that moderately early initiation (between 8 and 14
days) with medium cumulative doses (2–4 mg/kg) appeared to provide the most favor-
able outcomes in preventing BPD, with up to a 57% relative risk reduction in some stud-
ies [20,21]. The Canadian Paediatric Society endorses the initiation of dexamethasone at
0.15–0.2 mg/kg/day for 7–10 days in neonates requiring mechanical ventilation beyond the
first postnatal week [22]. This regimen aligns with evidence suggesting improved pulmonary
outcomes when therapy begins between 8 and 14 days of age and maintains a cumulative
dose between 2 and 4 mg/kg. In summary, longer treatment durations and moderate dosing
regimens appear to be more effective than shorter or low-dose approaches [19,21]. However,
despite these pulmonary benefits, dexamethasone therapy carries notable risks, particularly
when initiated early or at higher doses. Its early use has been consistently linked with an
increased risk of cerebral palsy (CP) and neuromotor impairment, even with courses as brief
as three days [20]. Doyle et al. [23] found that early administration of dexamethasone raised
the incidence of CP, while late administration did not. Zeng et al. reported that high-dose
early regimens (>3 mg/kg) heightened this risk further [24]. Gastrointestinal complications
are also a concern. The early administration of dexamethasone, especially in conjunction
with indomethacin, has been associated with gastrointestinal perforation [25]. Other adverse
events include hyperglycemia, hypertension, and, as recently reported, hypoglycemia, a less
commonly recognized effect of dexamethasone in neonates, warranting closer glucose moni-
toring during treatment [23]. Infections remain a common complication, with some studies
reporting incidences exceeding 50% [23,26]. Nevertheless, neither dexamethasone nor other
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systemic steroids, such as hydrocortisone, have been shown to increase the risk of necrotizing
enterocolitis (NEC), retinopathy of prematurity (ROP), or sepsis in a consistent manner across
studies [26]. Ultimately, the risk–benefit profile of dexamethasone is highly dependent on
timing, dosage, and duration. While early administration may reduce BPD incidence, it
increases the likelihood of neurodevelopmental harm. Conversely, delayed and moderately
dosed regimens appear to preserve pulmonary efficacy while minimizing long-term adverse
outcomes. In current clinical practices, dexamethasone is generally discouraged during the
first week of life [27]. Its administration beyond this period should be limited to preterm
infants who are at a high risk of developing BPD. One approach to identifying such high-risk
neonates is using predictive tools, such as the neonatal BPD Outcome Estimator [28].

2.2. Hydrocortisone in BPD

Hydrocortisone, a corticosteroid with predominant mineralocorticoid activity, has also
been widely investigated for its potential role in preventing BPD in preterm infants [17].
Emerging evidence suggests that early administration may offer meaningful benefits, par-
ticularly in infants at a high risk for pulmonary morbidity [17]. One of the most notable
studies is the PREMILOC trial (N = 523), which demonstrated that low-dose hydrocor-
tisone, administered within the first 24 h of life and continued for 10 days, significantly
improved survival without BPD at 36 weeks PMA (60% vs. 51%, OR 1.48; 95% CI 1.02–2.16;
p = 0.04) [29]. Importantly, the trial avoided early gastrointestinal perforation by prohibit-
ing the use of prophylactic nonsteroidal anti-inflammatory drugs (NSAIDs) in the first
24 h. In contrast to dexamethasone, hydrocortisone was not associated with increased
risks of CP or long-term neurodevelopmental impairment (NDI). In fact, a post hoc anal-
ysis of a subgroup of infants born at 24–25 weeks’ gestation showed a significant neuro-
logical benefit (moderate-to-severe NDI: 2% in the hydrocortisone group vs. 18% in the
placebo group; p = 0.02) [29]. The role of hydrocortisone in the later neonatal period has
also been evaluated. The STOP-BPD trial (N = 372) assessed high-dose hydrocortisone
in ventilator-dependent preterm infants between 7 and 14 days of age. While no signifi-
cant difference was found in the composite outcome of death or BPD at 36 weeks’ PMA
(71% vs. 74%, p = 0.54), mortality alone was significantly lower in the hydrocortisone
group (15.5% vs. 23.7%, p = 0.048) [30]. Similarly to what was observed in DART, hydro-
cortisone also facilitated extubation at multiple time points (Day 3: 16% vs. 7%, p = 0.01;
Day 7: 46% vs. 22%, p < 0.001; and Day 14: 66% vs. 49%, p = 0.001) [30]. At two years
corrected age, follow-up data were available for 96% of participants in the study. Among
the infants assessed, the combined rate of death or NDI was 56.7% in the hydrocortisone
group and 62.7% in the placebo group, with no statistically significant difference (adjusted
risk difference −5.2%, 95% CI −15.1% to 4.6%; p = 0.28) [31]. Mortality rates were lower
in the hydrocortisone group (21.5%) compared to the placebo (29.5%), though this differ-
ence did not reach significance (p = 0.08). Similarly, the incidence of NDI among survivors
was comparable between groups, 43.9% in the hydrocortisone group versus 46.5% in the
placebo group (p = 0.68), with no notable differences observed in the specific domains of
the neurodevelopmental assessment [31]. In a multicenter RCT, Wattenberg et al. [32] en-
rolled 800 infants of <30 weeks’ gestation who had been intubated for at least 7 days. The
infants were randomized to receive hydrocortisone (4 mg/kg/day, tapered over 10 days)
or the placebo. The primary efficacy outcome, survival without moderate/severe BPD at
36 weeks PMA, occurred in 16.6% of the hydrocortisone group and 13.2% of the placebo
group (adjusted RR 1.27; 95% CI 0.93–1.74). At 22–26 months corrected age, survival
without moderate/severe NDI was similar between groups (36.9% vs. 37.3%) [32]. Re-
garding its safety profile, hydrocortisone was generally well tolerated. In the Wattenberg
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study, hypertension requiring medication was more common in the hydrocortisone group
(4.3% vs. 1.0%), while the incidence of other adverse events was comparable [32]. In contrast
to dexamethasone, hydrocortisone has not been associated with an increased risk of cognitive
impairment, as seen in data from the EPICE cohort [33]. A recent systematic review and
meta-analysis by Doyle et al. [24] reported that hydrocortisone did not significantly reduce
the risk of BPD compared to the placebo (RR = 0.98; 95% CI 0.87–1.10), speculating that the
predominantly low cumulative doses (<2 mg/kg in most studies) may have been insufficient
to elicit a strong anti-inflammatory effect. Similar findings were reported by van de Loo
et al. [34], although Doyle did note a mortality benefit with early hydrocortisone use. A very
recent meta-regression analysis compared systemic postnatal corticosteroids across 26 RCTs
including 3700 infants [35]. The analysis highlighted a differential effect of corticosteroid
type: dexamethasone was associated with improved survival, free of CP, in infants with a
BPD risk of >70% but was potentially harmful in those with a BPD risk of <30% [35]. In
contrast, no substantial benefit or harm was observed with hydrocortisone, suggesting a less
pronounced or more context-dependent role. The timing of the treatment did not significantly
influence dexamethasone outcomes. Additionally, a meta-analysis by Zhou et al. [36] found
that early low-dose hydrocortisone may reduce the combined outcome of BPD or death in
infants weighing <1000 g with a prior exposure to chorioamnionitis (OR 0.52; 95% CI 0.32–0.79;
NNT = 6), but not in those without such exposure. No significant differences were observed
in the individual outcomes of BPD or death regardless of their exposure status [36].

2.3. Prednisolone and Methylprednisolone in BPD

Prednisolone and methylprednisolone are synthetic glucocorticoids with similar anti-
inflammatory potency and are often used interchangeably in clinical settings [17]. However,
their application in the context of BPD remains limited to specific scenarios, and the available
evidence for it is still sparse [17]. Unlike dexamethasone or hydrocortisone, these agents have
primarily been investigated for late use, once BPD is already established, particularly in infants
beyond 36 weeks PMA [17]. Retrospective data have suggested some clinical benefits. In a
study by Bhandari et al. [37], prednisolone was administered to infants with established BPD
(mean PMA ~38 weeks) who were receiving supplemental oxygen but were not mechanically
ventilated. The findings showed that 63% of the treated infants were successfully weaned off
supplemental oxygen, indicating a potential role for prednisolone in improving respiratory
status. Similarly, Linafelter et al. [38] evaluated a longer course of prednisolone (≥30 days;
median duration: 67 days) in infants with severe BPD, including both those on mechanical
ventilation and those on noninvasive support. The study noted a significant reduction in
respiratory support needs after the first week of treatment. Despite these initial improvements,
the benefits appeared to stabilize beyond the first week, and extended therapy did not yield
additional clinical gains. Furthermore, prolonged use was associated with notable adverse
effects, most significantly impaired linear growth observed by week 4 of the treatment [17]. In
Linafelter’s cohort, although a high survival rate to discharge was reported (86%), more than
half of the infants (57%) ultimately required a tracheostomy, underscoring the complexity and
severity of their condition [38]. Importantly, no prospective RCTs have been conducted to
assess the efficacy or safety of prednisolone or methylprednisolone in the prevention or early
treatment of BPD [17].

2.4. Current Recommendations

A recent position statement from the Canadian Paediatric Society emphasized that
the quality of evidence supporting the use of these corticosteroids in established BPD was
very low, and therefore, their use could not be routinely recommended [22]. Notably, once
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BPD has been established, the 2020 European Respiratory Society (ERS) guidelines on the
long-term management of children with BPD do not recommend systemic corticosteroids
(including dexamethasone or hydrocortisone) [39]. The task force found no strong or direct
evidence supporting the benefit of systemic corticosteroids in improving clinically mean-
ingful outcomes in this population. Moreover, concerns regarding the potential adverse
effects, including growth suppression and negative neurodevelopmental consequences,
contributed to the recommendation against their routine use [39]. As a result, systemic cor-
ticosteroids are discouraged in the long-term management of established BPD, particularly
as standard therapy. However, in cases of severe disease, persistent symptoms, or frequent
hospital readmissions unresponsive to other treatments (e.g., bronchodilators), a carefully
monitored trial of corticosteroids may be considered on an individual basis, guided by
clinical judgment [39] [Tables 1 and 2].

Table 1. Comparison between systemic and inhaled corticosteroids in the prevention and manage-
ment of bronchopulmonary dysplasia in preterm infants.

Systemic Corticosteroids Inhaled Corticosteroids

Route of administration Intravenous or oral Inhaled (with or without surfactant)

Main agents Dexamethasone, Hydrocortisone, Prednisolone Budesonide, Beclomethasone, Fluticasone

Timing of use
Early (first week), Moderately early (8–14 days), Late

(>14 days) Early initiation (<7 days), some used later

Primary benefit
Effective reduction in BPD * incidence,

improves extubation
Localized effect with reduced

systemic exposure

Main risks
Neurodevelopmental impairment, gastrointestinal

perforation, infections
Possible increased mortality (early use),

technical delivery limitations

Neurodevelopmental
concerns

Significant with early/high-dose use Less pronounced or unclear

Evidence level Moderate to High (Cochrane, RCTs) Low to Moderate (NEUROSIS, Cochrane)

Use in BPD Discouraged (ERS guidelines) Discouraged (ERS guidelines)

* BPD: bronchopulmonary dysplasia.

Table 2. Summary of the timing, duration, main benefits, adverse effects, and current recom-
mendations for systemic and inhaled corticosteroids used in the prevention and management of
bronchopulmonary dysplasia (BPD) in preterm infants. This table synthesizes clinical trial evidence
and current guidelines to support clinical decision-making.

Steroid Timing of Initiation Duration Main Benefits Risks Recommendation Unresolved Issues

Dexamethasone
Early (≤7 days) or

Late (>7 days) 3–10 days Reduced BPD,
facilitates extubation

Neurodevelopmental
impairment, GI

perforation, infections

Use after 1st week in
high-risk infants

Ideal timing in
moderate-risk infants;

long-term safety;
biomarker-guided use

Hydrocortisone
Early (<24 h) or

7–14 days 10 days Improved survival
without BPD

Hypertension, uncertain
NDI effect

Consider in early
high-risk or 7–14 d
intubated infants

Optimal dose; timing
relative to

chorioamnionitis;
metabolic outcomes

Prednisolone
Late (>36 weeks

PMA) ≥30 days
Improved O2
weaning in
severe BPD

Growth suppression,
need for tracheostomy

Limited use in
severe, established

BPD only

Comparative efficacy;
initiation thresholds;

endocrine effects

Budesonide
(inhaled)

Early (<24 h) Until 32 weeks
PMA or off O2

Reduced BPD
incidence

Possible increased
mortality, unclear
long-term safety

Not routine;
promising with
surfactant, more

data needed

Long-term safety;
neurodevelopmental

impact; optimal
delivery method

BPD: bronchopulmonary dysplasia; GI: gastrointestinal disease; NDI: neurodevelopmental impairment.
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3. Inhaled Corticosteroids in BPD

Inhaled corticosteroids (ICSs) have been proposed as a strategy to reduce pulmonary
inflammation in preterm infants while minimizing systemic exposure. The theoretical
advantage lies in delivering the anti-inflammatory effect directly to the lungs, lowering the
risk of adverse systemic effects commonly associated with systemic corticosteroids [17]. The
current literature includes two distinct approaches: (1) prolonged ICS administration and
(2) intratracheal instillation of corticosteroids in combination with a surfactant, typically as
a single dose early in life [17].

3.1. Budesonide in BPD

Among studies on prolonged ICS use, the NEUROSIS trial is particularly noteworthy
as a large, multicentric RCT involving 863 infants born before 28 weeks of gestation [40].
High-dose inhaled budesonide, administered within the first 24 h of life and continued until
32 weeks PMA or weaning off supplemental oxygen, significantly reduced the incidence
of BPD compared to the placebo (27.8% vs. 38.0%, p = 0.004). However, the composite
outcome of death or BPD was only borderline significant (40.0% vs. 46.3%, p = 0.05), and
mortality alone was numerically higher in the budesonide group (16.9% vs. 13.6%, RR
1.24), although not statistically significant [40]. A long-term two-year follow-up revealed
an increased mortality rate in the budesonide group (19.9% vs. 14.5%, RR 1.37, p = 0.04),
raising concerns about the trade-off between reduced BPD and potential excess mortality.
These findings underscore the importance of balancing the pulmonary benefits with over-
all survival outcomes [40]. A recent Cochrane review supports the notion that the early
initiation of ICSs may reduce the risk of BPD and death at 36 weeks’ PMA (RR 0.86, 95%
CI 0.75–0.99), with no significant adverse effects reported [35]. The Bassler et al. [40,41]
trial, which also evaluated early budesonide use, confirmed a reduction in BPD (27.8%
vs. 38.0%; p = 0.004) and lower reintubation rates and patent ductus arteriosus (PDA)
surgery. However, mortality was again slightly higher in the treatment group, though
not statistically significant (16.9% vs. 13.6%). Despite these encouraging findings, ICS
delivery in extremely preterm infants remains technically challenging due to low tidal
volumes and weak inspiratory efforts, which limit pulmonary deposition [42]. Studies on
intratracheal corticosteroid–surfactant administration involve a single or limited number
of doses delivered early in life. However, commercial formulations are not yet widely
available [42]. Particularly, in one randomized trial involving 265 very low birth-weight
neonates, the combined surfactant–budesonide therapy significantly reduced the incidence
of death or BPD (42.0% vs. 66.0%; RR 0.58; p < 0.001; NNT = 4.1), with no significant
differences in their long-term growth or neurodevelopmental outcomes at 2–3 years [43]. A
meta-analysis of two RCTs showed that this approach resulted in a 43% reduction in the
incidence of BPD (RR 0.57; 95% CI 0.43–0.76; NNT = 5) and a 40% reduction in the compos-
ite outcome of death or BPD (RR 0.60; 95% CI 0.49–0.74; NNT = 3), without a statistically
significant difference in mortality alone [44]. Furthermore, a recent randomized trial by Liu
et al. [45] reinforced these findings, demonstrating that an early intratracheal instillation of
budesonide combined with pulmonary surfactant significantly reduced the incidence and
severity of BPD, decreased oxygen requirements and the duration of respiratory support,
and did not increase glucocorticoid-related complications, supporting the potential safety
and efficacy of this combined approach. However, the recently published PLUSS trial in-
vestigated the effect of early prophylactic intratracheal budesonide mixed with a surfactant
in extremely preterm infants and found no statistically significant improvement in survival
that was free of BPD at 36 weeks postmenstrual age, although a slight numerical benefit was
observed [46]. Additionally, a meta-analysis including five randomized controlled trials
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(n = 1515) found no significant differences in neurodevelopmental impairment, mortal-
ity, or growth parameters between infants who received intratracheal corticosteroids and
those who did not (RR for NDI: 0.90; 95% CI: 0.79–1.03; p = 0.14), suggesting a neutral
safety profile [47].

3.2. Other ICSs

Data regarding the use of fluticasone and beclomethasone for the prevention of BPD in
preterm infants are currently limited. Both are more commonly used in managing infants
with BPD or those who have developed long-term respiratory complications rather than as
preventive therapies [24]. A 2024 systematic review provided further clarity by comparing
different inhaled corticosteroid regimens. While promising results were highlighted for
budesonide, beclomethasone and fluticasone propionate did not demonstrate superior
or inferior effects on the clinical outcomes when compared with the controls [48]. While
ICSs are thought to present a lower systemic risk profile than systemic corticosteroids,
several key limitations prevent their widespread recommendation. First, the quality of
evidence is variable, with many studies being small, underpowered, or inconsistent in
outcome reporting [49]. Secondly, long-term safety data, especially neurodevelopment-
related, remain scarce. However, the existing Cochrane reviews suggest that ICSs initiated
after seven days of life do not significantly increase the risk of major adverse events or
neurodevelopmental impairments [49,50]. Although evidence ranges from low to very low
certainty, no consistent safety concerns such as hypertension, sepsis, or cerebral palsy have
emerged, and ICSs may reduce the need for systemic steroid exposure [49,50]. Importantly,
the 2022 Cochrane review concluded that the routine early use of ICSs outside of clinical
trials is not currently supported. Conversely, the late administration of ICSs appears to
offer neither significant benefits nor issues [49]. However, comparative studies between
inhaled and systemic corticosteroids are lacking, and no clear evidence exists to support
the superiority of one route over the other [49,50].

3.3. Current Recommendations

Regarding children with established BPD, the 2020 ERS guidelines do not recommend
the use of ICSs in infants beyond 36 weeks PMA or following hospital discharge [39].
This recommendation is based on low-certainty evidence, as the available data do not
demonstrate a clear clinical benefit that outweighs the potential risks, particularly the
concerns related to growth restriction and adverse neurodevelopmental outcomes with
prolonged or repeated exposure. As a result, the routine use of ICSs is discouraged
for the long-term management of BPD. However, in select clinical scenarios, such as in
cases of severe BPD, persistent respiratory symptoms, or recurrent hospitalizations not
responsive to bronchodilators, a carefully monitored, individualized trial of ICSs may be
considered [39] [Tables 1 and 2].

4. Conclusions

BPD remains a major challenge in the care of preterm infants, driven by persistent
inflammation and impaired lung development. Corticosteroids, both systemic and inhaled,
have shown potential in modulating this inflammatory process and OS, but their use must
be carefully balanced against potential adverse effects, particularly in terms of neurodevel-
opment outcomes. Systemic and inhaled corticosteroids continue to play a selective role in
BPD management. While dexamethasone and hydrocortisone show potential in specific
settings, and budesonide has yielded promising results, particularly when combined with
a surfactant, the limitations in long-term safety data and guideline support restrict their
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routine use. The evidence for other steroid agents remains insufficient. The choice to
use corticosteroids for BPD prevention or treatment must be individualized, weighing
gestational age, clinical trajectory, and BPD risk. Current evidence underscores the need
for larger, high-quality RCTs, particularly those evaluating long-term neurodevelopmental
outcomes, biomarker-guided strategies, and optimal timing and dosage regimens to better
define the safest and most effective steroid therapies for this vulnerable population.
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Abstract: Bronchopulmonary dysplasia (BPD) remains a significant complication of pre-
mature birth and neonatal intensive care. While much is known about the drivers of
lung injury, few studies have addressed the interrelationships between oxidative stress,
inflammation, and downstream events, such as endoplasmic reticulum (ER) stress. In this
review, we explore the concept of a “destructive cycle” in which these drivers self-amplify
to push the lung into a state of maladaptive repair. Animal models, primarily the hyperoxic
rat pup model, support a sequential progression from the generation of reactive oxygen
species (ROS) and inflammation to endoplasmic reticulum (ER) stress and mitochondrial
injury. We highlight how these intersecting pathways offer not just therapeutic targets
but also opportunities for interventions that reprogram system-wide responses. Accord-
ingly, we explore the potential of systems pharmacology therapeutics (SPTs) to address
the multifactorial nature of BPD. As a prototype SPT, we describe the development of
N-acetyl-L-lysyl-L-tyrosyl-L-cysteine amide (KYC), a systems chemico-pharmacology drug
(SCPD), which is selectively activated in inflamed tissues and modulates key nodal targets
such as high-mobility group box-1 (HMGB1) and Kelch-like ECH-associated protein-1
(Keap1). Collectively, the data suggest that future therapies may require a coordinated,
network-level approach to break the destructive cycle and enable proper regeneration
rather than partial repair.

Keywords: bronchopulmonary dysplasia; systems pharmacology therapeutic; unfolded
protein response; mitochondria; inflammation; cellular senescence; endothelial nitric oxide
synthase

1. Introduction

Bronchopulmonary dysplasia (BPD) is a multifactorial lung disorder frequently seen
in premature infants. Classical BPD, first described by Northway et al. in 1967 [1], is a
severe phenotype that was characterized by moderate prematurity (>30 weeks), severe
lung damage, inflammation, and fibrosis resulting from prolonged exposure to high-
concentration oxygen and prolonged mechanical ventilation. With the introduction of
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exogenous surfactant and the advancement of neonatal care, extremely premature neonates
(<28 weeks) now have a much higher survival rate. Still, many require prolonged oxygen
treatment and develop what is now termed “new BPD.” The pathologic changes of “new
BPD” include alveolar simplification, large alveolar sacs with less extensive lung fibrosis
and damage [2]. It is believed that the mechanism behind the new BPD is growth arrest [3]
secondary to the impaired angiogenesis [4].

Respiratory distress syndrome resulting from a lack of surfactant formation used to be
the primary cause of death in premature neonates. The introduction of exogenous surfac-
tant [5] and advancements in neonatal care [6] have successfully increased the survival rate
of premature neonates, including periviable (22–25 weeks) premature neonates [7]. Still, as
a result, the prevalence of BPD has increased. Clinicians commonly define BPD as oxygen
requirement at the postconceptional age of 36 weeks [8]. About half of the premature
neonates born less at than 29 weeks of gestation are expected to develop BPD [9]. It is
estimated that there are 10,000 to 15,000 new BPD cases diagnosed in the United States each
year [10]. Postnatal steroid treatment used to be the standard treatment to prevent BPD
under the belief that inflammation is the key contributor. However, the increased odds of
neurodevelopmental impairment with early initiation [11] have resulted in a debate about
its routine use in premature neonates [12].

Prolonged supplemental oxygen use, aggressive nutritional support, restricted fluid
intake, systemic or airway steroids, and bronchodilators are commonly given to infants with
established BPD. Although controversial, diuretics are also commonly included in the thera-
peutic regimen. With the increased work of breathing and concerns about aspiration, when
and how to offer oral feeding to BPD infants remains a debated topic among neonatologists,
dietitians, and speech therapists [13,14]. Each neonatal unit should establish its own feeding
guidelines through a multidisciplinary discussion and drawing on best practices.

Postnatal vitamin A [15] and early postnatal caffeine treatment [16] are clinically
proven beneficial treatments that can prevent premature neonates from developing BPD.
Each treatment reduced BPD by about 10% in the randomized controlled study. Clinicians
have not widely adopted the three-times-a-week intramuscular megadose vitamin A in-
jection due to concerns about the lack of muscle mass in extremely premature neonates.
The implementation of early postnatal caffeine and vitamin A treatments in premature
neonates has not changed the prevalence of BPD [17]. Part of the reason for the unwavering
prevalence of BPD is the improved survival rate in extremely premature neonates. This
suggests that there is still a lack of clarity in our ability to treat such patients effectively.

Premature neonates frequently require supplemental oxygen to maintain adequate
tissue oxygenation. However, the abrupt transition from a hypoxic (32–35 mmHg) intrauter-
ine environment [18] to the ambient 21% oxygen (~150 mmHg) environment generates
oxidative stress (OS) in their premature lungs. This development is especially challenging
for extremely premature neonates, as they lack a fully developed antioxidative capacity
and the capability to generate surfactant [19]. Although exogenous surfactant treatment
improves oxygenation, surfactant does not contain an antioxidative property. Mechanical
ventilation [20], antenatal inflammation [21], and postnatal infection [22] also contribute to
the development of OS in premature lungs. Innate inflammatory cells, such as macrophages
and neutrophils, recruited to the lung further exacerbate OS by releasing hypochlorous
acid (HOCl), generated by myeloperoxidase (MPO) [23]. HOCl is a potent oxidant capable
of damaging most biological molecules and cells [24].

OS and inflammation are often described as distinct pathophysiological components of
BPD. However, they are functionally interconnected. Reactive oxygen species (ROS) not only
damage lipids, DNA, and proteins but also activate pro-inflammatory transcription factors
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such as NF-κB and AP-1 [25,26]. In turn, inflammatory cytokines stimulate enzymatic ROS
production through NADPH oxidase and myeloperoxidase, amplifying oxidative injury [27].
This bidirectional feedback loop drives a self-sustaining cycle of damage in the immature
lung, complicating both mechanistic understanding and therapeutic targeting. As we recently
reviewed in the context of BPD [28], the mechanistic interdependence between oxidative stress
and inflammation undermines the efficacy of monotherapies that target only one of these
pathways. Therapeutic approaches that isolate either oxidative stress or inflammation fail to
interrupt the self-amplifying cycle that drives lung injury in BPD. [28].

The OS-injured cells release several endogenous molecules known as damage-
associated molecular patterns (DAMPs). DAMPs bind to various pattern recognition
receptors (PRRs) and exacerbate inflammation by activating the NF-κB transcription fac-
tor [29]. The mutual interaction between the OS and inflammation creates a complex,
self-perpetuating, and destructive cycle (Figure 1) in the lungs of BPD patients [28]. The
process is accompanied by increased endoplasmic reticulum (ER) stress, also referred to
as the unfolded protein response (UPR), and mitochondrial dysfunction [27]. The protein
refolding process or electron transport chain (ETC) uncoupling generates more reactive
oxygen species (ROS), thereby further contributing to OS. After OS-induced lung injuries,
the oxygen extraction capacity of the neonatal lung decreases due to fibrosis, alveolar sim-
plification, and decreased alveolar blood vessel formation. Type 2 alveolar (AT2) epithelial
cells, considered the resident progenitor cells [30], are reduced in the alveoli, resulting in
an impaired growth trajectory [31].

Figure 1. The proposed “destructive cycle” in the neonatal lung after exposure to supplemental
oxygen. This figure focuses mainly on inflammation and oxidative stress (OS). Modified from [31].

The complex and self-reinforcing nature of these interconnected, pathological pathways
requires a paradigm shift in designing effective therapeutic interventions for BPD. We propose
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that, instead of targeting isolated, individual pathways, the use of systems pharmacology
therapeutics (SPTs) is a more appropriate approach. These SPTs act on multiple interrelated
molecular targets within dysregulated biological networks. They differ from conventional
multidrug regimens in that they can provide restoration of systems-level homeostasis through
a single agent with multi-functional, network-directed activity [32,33]. For example, some
SPDs are designed to target “nodes” or “motifs” within cellular circuits to rebalance signaling
output [34]. The biological and computational logic behind this approach has been outlined
in pioneering studies using disease networks and perturbation theory [35].

We have captured and visualized this conceptual framework in Figure 2. The figure
contrasts the traditional single-target drug model with the SPT paradigm. In the classical
model, a drug binds to a single receptor or enzyme, blocking or activating its function, often
disregarding the redundant, compensatory, or feedback-rich nature of biological systems. In
contrast, SPTs engage multiple nodes, which are usually low-affinity or context-specific, and
exert their effects through partial modulation of key network motifs, feedback loops, and
signaling pathways. This distributed action can achieve greater therapeutic efficacy with
reduced off-target toxicity. Importantly, SPT design does not necessarily require targeting
multiple independent proteins but may instead involve multi-site engagement within a
single regulatory network, restoring systems-level homeostasis [33]. This paradigm has been
validated in complex adult disease conditions such as cancer and neurodegeneration, but has
not been utilized in neonatology. We argue here that BPD is a quintessential systems disorder
and SPT therapies are needed for efficacious treatment. We propose that this paradigm is
particularly applicable to BPD and outline its potential in later sections of this review.

Figure 2. Comparison between classical drug design and systems pharmacology therapeutics (SPTs).
(a) Representation of the one drug–one target model. (b) Representation of a systems biology
perspective of therapeutic drug effects operating through a network. (c) Representation of the
SPT one drug-multi-target-pathway/network approach of systems pharmacology. Green arrows:
intended results; Red arrows: unwanted effects; dashed circles: final treatment outcomes.

This review does not aim to provide an exhaustive inventory of mechanisms or
clinical trials in BPD. Instead, it presents a focused synthesis of the complex and evolving
pathobiology of BPD, integrating clinical insight with biological plausibility. The destructive
cycle of oxidative stress and inflammation (Figure 1) provides a unifying framework
for understanding disease onset, progression, and heterogeneity. Within this context,
we introduce the concept of systems pharmacology therapeutics (SPTs) as a novel and
integrative approach to drug development. By highlighting both the mechanistic rationale
and translational challenges, we propose that SPTs may be particularly well-suited to
disrupt the multifactorial cycles that drive BPD pathogenesis. As an illustrative example,
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we describe the emerging therapeutic profile of N-acetyl-L-lysyl-L-tyrosyl-L-cysteine amide
(KYC), a redox-modulating peptide currently under investigation.

2. Signaling Pathways That Amplify the OS and Inflammation in
BPD Lungs

Inflammation, OS, and mechanical injury are the three central contributors to the
development and progression of BPD. Limited animal studies have been conducted on
the mechanistic role of mechanical injury in BPD. In most animal studies, hyperoxia-
induced OS and lipopolysaccharide (LPS)-induced inflammation are employed. However,
the temporal relationship between OS and inflammation makes it difficult to discuss
them separately [28].

2.1. Primary Mechanisms of Inflammation

There are two kinds of innate inflammation involved in BPD. The first is the inflam-
matory reaction to chorioamnionitis or nosocomial infection, probably in response to
pathogens [28]. The second mechanism is through OS-activated residential macrophages,
which attract neutrophils from the circulation to infiltrate the damaged site, resulting in
sterile inflammation [36,37]. Regardless of the mechanism, neutrophils release molecules
to remove pathogens or dead or dying cells after arriving in the alveoli. The activated
macrophages and neutrophils generate superoxide (O2

•−) or hydrogen peroxide (H2O2)
through NADPH-oxidases (NOXs). O2

•− interacts non-enzymatically with nitric oxide
(•NO) released by the inducible NO synthase (iNOS or NOS2) to form a potent reactive
nitrogen species—peroxynitrite (ONOO−) [38]. H2O2 interacts with the nearby chloride
anion to generate a potent ROS—HOCl—enzymatically by the MPO released from the
activated myeloid cells [39]. Other halides and pseudohalides can also form ROS by the
exact mechanism. Both ONOO− and HOCl are highly reactive oxidants that contribute
significantly to oxidative injury and cellular dysfunction in the neonatal lung.

The sterile and pathogen-driven inflammatory mechanisms described above are func-
tionally intertwined with OS via a shared signaling architecture involving MPO, NOXs, and
cytokine-driven feedback. From a systems pharmacology perspective, this suggests that
modulating a single node, such as MPO or NF-κB, may lead to partial or transient benefits
unless broader network regulation is achieved. SPTs are designed to simultaneously target
multiple redox and inflammatory regulators, exemplifying this systems-level intervention
(see Section 4.2 below).

2.1.1. DAMPs and PRRs

The activated neutrophils release their content to facilitate the removal of pathogens or
injured cells, mainly through forming free radicals or releasing proteases. The wounded, dy-
ing, or dead cells, including neutrophils, release their contents as damage-associated molec-
ular patterns (DAMPs) [40]. The most extensively studied DAMP molecule is high-mobility
group box 1 (HMGB1). HMGB1 is a nuclear protein that helps maintain the structure and
function of chromosomes [41]. After being released from the nucleus, HMGB1 undergoes
post-translational modifications, including oxidation, phosphorylation, S-nitrosylation,
lactylation, and acetylation [42]. Both lactylation and acetylation promote the release of
HMGB1 into the cytosol [43], which is the first step in its extracellular release.

An increased level of HMGB1 has been reported in tracheal aspirates [44] and
serum [45] of premature infants who later developed BPD. In a mouse BPD model, the
administration of an HMGB1 fragment that competitively inhibits HMGB1 successfully
ameliorated the severity of BPD [46]. HMGB1 contains three thiol groups; their redox
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state determines the biological function of HMGB1. The fully reduced form of HMGB1 is
pro-inflammatory but may accelerate tissue regeneration by activating the quiescent stem
cells [47]. The fully oxidized form of HMGB1 is generally considered anti-inflammatory
and does not promote chemotaxis [48]. Modulating the redox state of HMGB1 has thus
been thought to have therapeutic potential in modulating inflammation [49].

Extracellular HMGB1 can bind to several pattern recognition receptors (PRRs) on the
cell membrane, including Toll-like receptors 2 and 4 (TLR2 and TLR4), advanced glyco-
sylation end-product specific receptor (AGER), triggering receptor expressed on myeloid
cells 1 (TREM1), C-X-C motif chemokine receptor 4 (CXCR4), cluster of differentiation 24
(CD24), and hepatitis A virus cellular receptor 2 (HAVCR2) [50]. The binding between
HMGB1 and TLRs, AGER, or TREM1 activates the NF-kB signaling pathway and induces
the formation of inflammatory cytokines. HMGB1 also facilitates the binding between
CXCL12 and CXCR4, promoting the chemotaxis of inflammatory cells (Figure 3).

Figure 3. High-mobility group box-1 (HMGB1) is the most potent damage-associated molecular
pattern (DAMP) family molecule. The binding between HMGB1 and pattern recognition receptors
(PRRs) activates several downstream signaling pathways, exacerbating inflammation by enhancing
inflammatory cell chemotaxis, cytokine release, and inflammasome formation. NF-kB is the primary
mediator for cytokine induction. STING1 (Stimulator of Interferon Response cGAMP Interactor 1 or
Stimulator of Interferon Genes 1) is an adaptor protein that promotes inflammasome formation.

Other DAMP molecules, including extracellular DNA [51], IL1α [52], IL33 [53], cy-
clophilin A [54], HSP70 [55], and S100 [56] have also been implicated in the development
of BPD. However, their mechanistic roles remain incompletely explored.

2.1.2. Inflammasome Pathway

Inflammasomes are intracellular protein complexes comprising caspases, sensors,
and adaptors (Figure 4). Inflammasomes cleave pro-inflammatory cytokines into active
forms [57]. The caspases, especially caspase-1, induce apoptosis or pyroptosis, which is
critical to releasing inflammatory mediators [58]. Caspases involved in the inflammasome
formation include the canonical caspase-1, the non-canonical caspase-11 (also known
as caspase-4 or caspase-5 in humans), or caspase-8. PYCARD, or ASC, is the adaptor
protein for most inflammasomes. The primary sensors are the NOD-like receptors (NLRs),
including NLRP3, NLRP1, NLRC4, and AIM1. Pyrin also serves as a sensor for the
inflammasome [59,60]. The NLRP3 inflammasome is crucial for sterile inflammation [61].
After detecting specific DAMPs or pathogen-associated molecular patterns (PAMPs), the
sensor will either oligomerize or interact with other proteins to form the inflammasome.
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Figure 4. Structure of the inflammasome. NLRP (receptor), caspase (effector), and adaptor are
the three main components of the inflammasomes. Some of the inflammasomes do not contain
the adaptor.

The inflammasome pathway and DAMPs are closely related. In response to DAMPs,
DNA from damaged cells is converted into cyclic guanosine monophosphate–adenosine
monophosphate (cGAMP) by the cyclic GMP-AMP synthase (CGAS). Stimulator of in-
terferon genes 1 (STING1) acts as a receptor for cGAMP, producing type I interferons
and subsequent inflammasome formation [62]. DAMPs can also activate the inflamma-
some directly, especially the NLRP3 inflammasome, releasing IL-1β, IL-18, and other
pro-inflammatory cytokines [63]. Gasdermin D (GSDMD) is the key executor, which is
cleaved by caspase-1/-4/-5/-11, upon inflammasome activation, into the N-terminal frag-
ment (GSDMD-NT) [64]. GSDMD-NT oligomerizes to form a pore in the cell membrane,
releasing inflammatory cytokines and causing pyroptosis [65]. The released cytokines then
augment inflammation by recruiting more inflammatory cells.

The inflammasome represents a central “hub” within the inflammatory signaling net-
work, influenced by both oxidative inputs and DAMP signaling (Figure 4). Systems phar-
macology therapeutics that dampen upstream triggers (e.g., MPO-generated HOCl) and
modulate redox-sensitive proteins (e.g., thiolated HMGB1) could disrupt inflammasome
activation at multiple control points. This reinforces the logic of targeting interconnected
pathways rather than isolated effectors.

2.2. Uncoupled Endothelial Nitric Oxide Synthase (eNOS)

NO generated by the endothelial nitric oxide synthase (eNOS or NOS3) plays a critical
role in vascular endothelial cell growth factor (VEGF)-induced angiogenesis [66]. •NO also
modulates mitochondrial biogenesis [67], which is essential for endothelial cell function.
Proper eNOS activity requires phosphorylation, dimerization, interaction with heat-shock
protein 90, and many cofactors, including tetrahydrobiopterin (BH4) [68]. The absence of
any cofactor can lead to eNOS uncoupling, generating superoxide instead of •NO [69] and
mitochondrial dysfunction [70]. GTP-cyclohydrolase 1 (GCH1) is the critical enzyme in
the BH4 biosynthesis. We have reported decreased GCH1 enzyme activity and BH4 levels
in BPD rat lungs [71]. The uncoupled eNOS and subsequent mitochondrial dysfunction
contribute to the increased OS in BPD lungs. Superoxide generated by the uncoupled eNOS
interacts with the limited amount of •NO at a rate constant of 6.7 ± 0.9 × 109/mol/s to
form the potent ONOO− [72] that oxidizes almost all biological molecules.

eNOS also regulates neutrophil functions through •NO formation [73]. The basal level
of •NO limits neutrophil chemotaxis by reducing the CXCR2 expression [74], prevents
the circulating neutrophils from adhering to the activated endothelial cells, suppresses
neutrophil phagocytic activity, modulates cellular 5-lipoxygenase activity and leukotriene
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synthesis, and enhances the cell death mechanism of the infiltrated neutrophils [75]. Thus,
disrupted basal eNOS activity may facilitate neutrophil-mediated tissue damage.

2.3. Endoplasmic Reticulum (ER) Stress or Unfolded Protein Response (UPR)

The ER is the subcellular organelle where proteins are sequentially folded and modi-
fied to reach their full function. Post-translational protein glycosylation is either accom-
plished or initiated in the ER. It is also a site for lipid and cholesterol synthesis, calcium
storage, and detoxification [27]. The ER also intimately interacts with other organelles, espe-
cially the neighboring mitochondria, to support their function. The neonatal lung responds
to hyperoxia-induced OS acutely with an ER stress response as a coping mechanism [23].
This response reserves critical biomolecules to increase the chance of cell survival. However,
ER stress can also cause translational attenuation, inflammation, autophagy, apoptosis,
mRNA and protein degradation, and increase OS when the exogenous stress is insurmount-
able [27]. Although ER stress resolves quickly after OS is removed [23], its persistence in
the early postnatal life still impairs the lung growth trajectory [76].

In the endoplasmic reticulum (ER), there is a group of protein chaperone ER stress
sensors, including IRE1α, PERK, and ATF6. These endogenous chaperones include BiP (also
known as GRP78), GRP94, CRT, and PDI. BiP is the most extensively investigated chaperone
protein. Any exogenous stress that disrupts protein folding (proteostasis perturbation or
proteotoxicity) can encourage GRP78 to abandon the ER stress sensors, allowing them to
be activated either through phosphorylation and dimer formation (IRE1α and PERK), or
be translocated to the Golgi apparatus for activation through enzymatic cleavage (ATF6)
(Figure 5). The liberated GRP78 can thus help nascent proteins to be refolded appropriately.
Protein folding is a redox process that relies on PDI and ERO1. H2O2 is a byproduct of
the protein folding in the ER that requires glutathione peroxidases and peroxiredoxin 4
to remove it. The excessive protein refolding will thus exacerbate ER stress, leading to
increased OS. The disrupted ER-mitochondria interaction during ER stress also causes
mitochondrial dysfunction [77], with an uncoupled ETC [78], contributing to OS.

Figure 5. Schematic summary of endoplasmic reticulum (ER) stress or unfolded protein response
(UPR). Stress distorting correct protein folding in the ER can elicit the ER stress response. Basal ER stress
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upregulates the synthesis of the endogenous chaperone (BiP/GRP78) that assists protein refolding.
Basal ER stress also inhibits the synthesis of non-essential proteins or degrades them so that raw
material can be generated to synthesize essential proteins. Basal ER stress response is a survival
mechanism for cells (left panel). If, however, the stress is overwhelming, BiP/GRP78 will all leave the
ER stress sensors (IRE1α, PERK, and ATF6) to cope with the unfolded proteins. The protein refolding
process generates ROS that exacerbate OS and lead to cell death. AMP: adenosine monophosphate;
BiP: binding immunoglobulin protein; GRP78: glucose-regulated protein 78; IRE1α: inositol-requiring
enzyme 1α; PERK: protein kinase R-like ER kinase; ATF6: activating transcription factor 6; cATF6:
cleaved ATF6; mROS: ROS from mitochondria; Cyt-C: cytochrome C; Casp 3/7: caspase 3 and 7;
CHOP: C/EBP homologous protein; XBP1: X-box binding protein 1 (XBP1); sXBP1: split XBP1. (The
figure is reproduced from [27] under the Creative Commons CC BY 4.0 license).

All three ER stress sensors participate in the inflammatory response [79]. IRE1α and
PERK activation lead to NF-κB-induced inflammatory response [80]. ATF6 cleavage ac-
tivates NF-κB through the PI3K-Akt pathway [81]. HMGB1 is released from autophagic
flux-induced cell death under ER stress, contributing to another mechanism for sterile
inflammation [82]. Many signaling pathways are involved in the ER stress-induced inflam-
mation. The phosphorylation and dimerization of IRE1α and PERK activate downstream
NF-kB [83] and MAPK [84] signaling pathways, subsequently producing inflammatory
cytokines. ER stress also activates the NLRP3 inflammasome, releasing IL-1α to elicit sterile
inflammation [85]. Through NF-kB, JNK, and IRF3 pathways, ER stress hyperactivates
neutrophils by forming neutrophil extracellular traps (NETosis) [86,87]. Undoubtedly, ER
stress-mediated inflammation also contributes to OS. The reciprocal relationship between
ER stress and oxidative damage highlights the importance of targeting systems at a higher
level. The restoration of ER homeostasis by SPTs, such as through NRF2 activation and mod-
ulation of redox-regulated chaperones, may afford dual benefits in reducing inflammation
and preserving alveolar development.

2.4. Cellular Senescence

The unopposed OS encountered by neonatal lungs, especially premature lungs, can
damage the DNA of lung cells. To avoid faulty replication, tumor suppressor genes are
activated to arrest the cell cycle. When cells enter irreversible growth arrest, it is referred
to as cellular senescence [88]. However, it is now clear that cellular senescence might not
be an irreversible change [89]. There are multiple types of cellular senescence, such as
replicative senescence, oncogene-induced senescence, therapy-induced senescence, and
developmental senescence [90]. Senescent cells are usually larger and metabolically active,
but prone to using glycolysis instead of oxidative phosphorylation in ATP formation, even
in a well-oxygenated environment [91]. Their peculiar metabolic behavior inhibits the
growth of surrounding cells by depriving nutrients and energy. Senescent cells exhibit
a characteristic senescence-associated secretory phenotype (SASP), actively secreting cy-
tokines, growth factors, and proteases [92]. SASP has a paracrine effect that can transform
neighboring cells into a senescent state [93].

Developmental senescence plays a critical yet essential role during fetal organ develop-
ment [94]. This explains why the percentage of senescent cells is high in the mouse lung
immediately after birth and decreases to the nadir at the beginning of the alveolar stage [94].
Acute senescence is recognized as a critical biological adaptation in wound healing, as it releases
growth factors [95]. To resolve acute senescence, phagocytes remove senescent cells. If the
senescent change is too extensive or becomes chronic, it will impair the function and growth of
the organ. This is especially detrimental to premature organs, as the growth trajectory will be
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impaired. We have reported increased cellular senescence in human and rat BPD lungs. The
senescent change in AT2 and endothelial cells indicates its contribution to BPD [31].

Senescent cells often exhibit senescence-associated mitochondrial dysfunction (SAMD),
which includes increased NOX activity, impaired antioxidant defenses, and uncoupled ETC
activity that increases ROS formation [96]. No specific cytokine is consistently present in the
SASP. However, IL-1, IL-6, IL-8, IL-18, TNFα [97], and HMGB1 [98] are frequently described
in the literature. These pro-inflammatory mediators support a chronic inflammatory milieu
and promote fibrosis. Through persistent cytokine release, SASP factors create a pro-
inflammatory microenvironment that reinforces tissue injury, impairs repair, and promotes
fibrotic remodeling—principal features of the BPD phenotype.

2.5. Metabolic Disruption

Metabolic dysregulation has been observed in BPD [99]. The disturbed metabolism
includes glucose, free fatty acids, and amino acids. Ratner et al. were the first group to
describe an association between impaired mitochondrial complex I activity and alveolar
simplification in mouse pups after a short exposure to hyperoxia, suggesting an essential
role of oxidative phosphorylation in alveolar formation [100]. Gong et al. observed
an increased glycolysis and pentose phosphate pathway (PPP) in hyperoxia-exposed
mouse pups and lung endothelial cells. In their report, the increased PPP, not glycolysis,
results in abnormal endothelial cell proliferation, dysmorphic angiogenesis, and alveolar
simplification [101]. In the rat BPD model, hyperoxia exposure resulted in an enrichment
of glycolysis, oxidative phosphorylation, and PPPs by Affymetrix transcriptomic analysis,
but a paradoxical decrease in oxidative phosphorylation (manuscript submitted), probably
due to ER stress and mitochondrial fragmentation [76]. Targeted metabolomics in the same
study revealed an increased glucose transport into the BPD lungs, without a corresponding
increase in ATP generation, suggesting impaired oxidative phosphorylation. The changes
in acylcarnitines and amino acids also suggest an uncoupled ETC.

3. Signaling Pathways That Impair Angiogenesis in BPD Lungs

Impaired angiogenesis is believed to play a central role in BPD development and pro-
gression [4]. Endothelial cells can be classified into tip and stalk cells during sprouting
angiogenesis [102]. However, this classification does not apply to alveolar formation. Alveolar
capillary endothelial cells are classified into aerocyte (aCap) and general capillary endothelial
cell (gCap) [103]. Some gCap cells are in the proliferating stage and can be classified as “prolif-
erating gCap.” Some consider proliferating gCap cells the local stem-like cells that orchestrate
microvascular repair after injury [104]. Although these lung endothelial cells rely mainly
on glycolysis, impaired oxidative phosphorylation can impair the proliferation, resulting in
alveolar simplification. We describe a few signaling pathways that have been studied.

3.1. eNOS Uncoupling

The eNOS-generated NO is crucial for successful angiogenesis [105] as it serves as the
second messenger of VEGF and modulates the mitochondrial function of the endothelial
cells [106]. It was demonstrated that eNOS is uncoupled in the rat BPD model, partly
due to the BH4 deficiency [71]. The uncoupled eNOS and mitochondrial dysfunction thus
contribute to OS and impair angiogenesis. The insufficient •NO formation after eNOS
uncoupling cannot adequately mediate the VEGF signaling. The •NO deficiency will not
be able to remove the superoxide generated by the complex I or to support mitochondrial
biogenesis. eNOS uncoupling illustrates how a single dysfunctional enzymatic process
can simultaneously impair angiogenesis, increase oxidative stress, and alter the behavior
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of immune cells. Therapeutics that restore eNOS coupling via cofactor preservation,
redox modulation, or upstream antioxidant signaling could address multiple axes of BPD
pathology. This is a hallmark of systems pharmacology strategies.

3.2. ER Stress

ER stress impairs angiogenesis by at least two mechanisms. Multiple growth factors,
secretory and transmembrane proteins, acquire various post-translational modifications for
different biological purposes. N-Glycosylation is one of the post-translational modifications
that is initiated in the ER. A characteristic example is the VEGF receptor 2 (VEGFR2) in the
ER [107]. Increased ER stress has been demonstrated in the hyperoxia rat BPD models [23,
76], and decreased VEGFR2 glycosylation was also seen in this model. Treatment with
tunicamycin, a characteristic ER stress inducer, also supports the contribution of ER stress
to BPD, which resulted in a BPD phenotype with alveolar simplification and decreased
blood vessel count. The ability of tauroursodeoxycholic acid, a known chemical chaperone
that reduces ER stress, to attenuate BPD severity induced by hyperoxia and tunicamycin
undoubtedly provides further evidence of the role of ER stress in BPD [76]. The intimate
interaction between the ER and mitochondria is another mechanism by which ER stress
impacts angiogenesis. The uncoupled electron transport chain resulting from the ER stress
can lead to pathological angiogenesis [108] and impair tip cell function during the sprouting
angiogenesis [109] as described in the next section.

3.3. Mitochondrial Dysfunction

The lungs generate a significant amount of lactic acid, primarily due to the high percent-
age of endothelial cells [110]. Although endothelial cells rely mainly on aerobic glycolysis to
provide energy [109], they require both glycolysis and oxidative phosphorylation for prolif-
eration [111]. The impaired complex I activity in hyperoxia-exposed neonatal lungs impairs
angiogenesis and increases OS. Gong et al. reported that hyperoxia causes dysmorphic angio-
genesis [101], which is associated with disrupted mitochondrial metabolism of glucose, free
fatty acids, and amino acids. We did not observe dysmorphic angiogenesis, but we did notice
a decrease in the percentages of aerocytes and proliferating general capillary endothelial cells,
indicating a reduced ability to form new blood vessels (manuscript submitted).

3.4. Cellular Senescence

The relationship between cellular senescence and angiogenesis is a complex one. This
complexity comes from different types of senescence and the SASP. In certain situations,
senescent cells can promote angiogenesis. This can be observed in the pathologic neovas-
cularization associated with diabetic retinopathy [112]. However, cellular senescence can
disrupt the function of endothelial cells, especially progenitor cells, and the response to
angiogenic stimuli [113]. Decreased VEGF expression could be the reason behind radiation-
induced endothelial cell senescence [114], whereas YAP1 signaling has been considered the
cause behind aging-related endothelial cell senescence [115].

We have reported increased senescent changes in endothelial and AT2 cells in rat BPD
lungs [31]. Multiple putative signaling pathways are involved in this process, including ER stress,
autophagy, TGFβ/SMAD, PTEN/PI3K, AMPK, PGC1α, etc. [94]. These signaling pathways
interact with each other and ultimately lead to impaired angiogenesis. The improved alveolar
complexity and blood vessel count by foxo4-dri, a synthetic senolytic agent [116], provide
further evidence that cellular senescence contributes to the impaired angiogenesis in BPD.

Given the convergence of the multiple pathways in BPD, such as oxidative stress,
ER stress, senescence, and impaired angiogenesis, on common molecular regulators, a
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therapeutic capable of modulating several of these simultaneously could provide superior
clinical benefit. The concept of systems pharmacology is particularly compelling in this
context: by partially correcting imbalances across a network. SPTs should help restore
developmental trajectories more effectively than monotherapies.

4. Therapies for BPD: From One-Target Drugs to Systems Pharmacology

4.1. Historical and Current One Target–One Drug Paradigm

Drug discovery and development in neonatology remain limited and poorly aligned
with the unique physiological and maturational trajectories of premature infants [117,118].
In particular, over the past three decades, multiple therapeutic interventions have been
tested to reduce the incidence and severity of BPD. Many of these therapies were not initially
developed or rigorously tested for neonates, but rather repurposed from adult medicine
and used off-label. Most target individual aspects of disease pathophysiology, such as
inflammation, oxidative stress, or respiratory drive, reflecting the traditional “one drug–one
target” paradigm [28]. While some have demonstrated short-term physiological benefits,
their overall impact on long-term pulmonary outcomes has been limited. Moreover, none
of these interventions consistently disrupt the self-reinforcing pathological cycle that drives
disease progression. In the following sections, we highlight several major therapeutic
strategies, including corticosteroids, caffeine, vitamin A, and stem cell therapies and
evaluate their benefits, limitations, and implications for future treatment approaches.

4.1.1. Steroids

Although the American Academy of Pediatrics does not recommend it due to the po-
tential complication of neurodevelopmental deficit, some clinicians still use early systemic
steroids to prevent or treat BPD in a selective group of premature neonates at high risk [119].
Steroids’ main biological effect stems from their non-selective anti-inflammatory properties.
Steroids do not have antioxidant activity themselves. The antioxidant property of steroids
is believed to be a secondary effect through upregulating certain antioxidant enzymes.

4.1.2. Vitamin A

Vitamin A has anti-inflammatory and antioxidant properties. The hydrophobic chain
of polyene units of vitamin A can quench singlet oxygen, neutralize thiyl radicals, and
stabilize peroxyl radicals [120]. However, this antioxidant property only occurs in a low-
oxygen tension environment. Vitamin A will auto-oxidize when the oxygen tension is
high. The anti-inflammatory property has been demonstrated in several randomized
controlled studies, using inflammatory markers as the primary endpoint [121]. So far,
only intramuscular high-dose injections have been beneficial. Meta-analysis of the four
available randomized controlled studies using enteral low-dose vitamin A failed to show
efficacy [122]. The inhaled vitamin A study is presently ongoing.

4.1.3. Caffeine

Caffeine is probably one of the most extensively studied medications in neonatology.
The primary hypothesis of the CAP study was that a better neurological outcome would be
achieved by reducing apnea of prematurity. Interestingly, the successful reduction in the rate
of BPD, one of the secondary outcomes, has led to almost universal implementation among
clinicians [16]. Our group has demonstrated in the rat BPD model that caffeine increases BH4
levels and eNOS phosphorylation [71], decreasing neutrophil infiltration, apoptosis, and ER
stress [23], which may explain the improved angiogenesis and alveolar formation. BH4 is
also an antioxidant. Endesfelder et al. demonstrated the antioxidative effect of caffeine by
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showing decreased H2O2, malondialdehyde, and 8-hydroxy-deoxyguanosine with increased
expression of superoxide dismutases in the hyperoxia rat BPD model [123]. They also showed
caffeine’s anti-inflammatory activity by decreasing NF-kB expression using the same animal
model [124]. Köroğlu et al. used the rat intra-amniotic lipopolysaccharide injection BPD
model to show a reduced inflammatory response with improved lung morphometry and
respiratory system resistance by caffeine treatment [125]. Other potential benefits of caffeine
treatment include antifibrotic and diuretic effects [126]. Caffeine protects the neonatal lung
against the development of BPD through multiple mechanisms.

4.1.4. Stem Cell Therapy

Stem cells [127] and stem cell-derived extracellular vesicles [128] treatments are promis-
ing for BPD. Phase I [129,130] and II clinical studies (NCT03601416) are ongoing. Mesenchy-
mal stem cells (MSCs) are the most used source due to their ease of isolation, low immune
reaction, anti-inflammatory and antioxidative properties [131,132], and reparative capabili-
ties [127,133]. MSC secretome [134] or exosome [135] are new stem cell-based modalities.
The available short-term results of the phase I trials showed that premature neonates toler-
ated stem cell therapy well without apparent side effects [130]. Still, concerns regarding
the difficulty in obtaining the appropriate number of cells and maintaining their quality, as
well as the potential for vascular occlusion and tumorigenicity, remain unresolved [136].

These traditional therapeutic strategies for BPD, while biologically grounded and
sometimes clinically useful, have not produced consistent or transformative outcomes.
This reflects the limitations of targeting isolated disease mechanisms in a condition driven
by a complex, interconnected network of oxidative stress, inflammation, and disrupted
development. These shortcomings underscore the need for a paradigm shift toward
systems-level therapeutics that can address the multifactorial nature of BPD pathogenesis.

4.2. Systems Pharmacology Therapeutics: A New Paradigm for Complex Diseases
4.2.1. Need for a New Therapeutic Framework

The failure of traditional BPD therapies to consistently improve long-term outcomes
reflects more than incremental inefficiency. It also underscores a deeper conceptual limitation
of the prevailing pharmacologic approach. For decades, drug development has been guided
by the “one drug–one target–one disease” paradigm, which has proven effective in treating
conditions with discrete, well-defined etiologies, such as bacterial infections or certain forms
of cancer [33,35]. However, this reductionist model is poorly suited for treating complex,
multifactorial diseases like BPD. As noted above, a myriad of biological processes, such as
interdependent OS associated with inflammation, ER stress, senescence, and disrupted lung
development, are mechanistically entangled and mutually reinforcing [27,28,137]

The need for a systems-level therapeutic strategy is especially compelling in BPD,
where disease drivers exhibit bidirectional feedback, redundancy, and compensation. In
such settings, inhibiting a single node often triggers adaptations in adjacent or upstream
pathways, leading to limited efficacy or off-target consequences. Thus, a new framework is
required that can modulate multiple disease-relevant nodes while accounting for feedback,
crosstalk, and nonlinear system responses. This is the conceptual foundation of SPTs. Such
therapeutic drugs are an emerging class of interventions designed to address disease as an
integrated network rather than a linear sequence of isolated events [138,139].

4.2.2. Definition of an SPT

SPTs are not simply multitarget drugs. Instead, they are intentionally designed or
selected to engage multiple nodes within a pathological network in a coordinated, system-
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aware fashion [33,35,140]. The goal is to restore or reprogram system-level behavior rather
than merely suppress an isolated molecular signal.

Historically, the roots of systems pharmacology date back to the 1940s, when early
frameworks sought to encompass the complexity and variability of human physiology
and pathology. The advent of high-throughput multiomics, network analysis, and com-
putational modeling in the 1990s and 2000s helped crystallize systems biology into a
practical foundation for drug design [140]. Talevi later introduced the concept of the “mas-
ter key” therapeutic capable of unlocking multiple related nodes within a disease network,
contrasting with the conventional “lock-and-key” model [141].

Essential features of SPTs include the following:

• Multinodal Engagement: Simultaneous modulation of multiple interrelated targets
within the same biological circuit.

• Modulatory (Not Ablative) Action: SPTs often tune rather than eliminate function,
favoring homeostatic correction over complete suppression.

• Network-Driven Outcomes: Effects emerge from interaction dynamics across the
system, not simple target summation.

• Emergent System Reprogramming: This may include the activation of adaptive re-
sponses, such as NRF2, the restoration of mitochondrial balance, or the dampening of
DAMP signaling.

To further clarify what constitutes a true systems pharmacology therapeutic, it is
useful to examine drugs that, while biologically broad in action, lack the design coherence
and network specificity that define SPTs. For example, aspirin is often proposed as an
SPT. Indeed, it has been demonstrated to be a pleiotropic agent, binding over two dozen
targets including COX-1/2, NF-κB, and numerous acetylation-sensitive proteins [33]. It
also exhibits diverse biological effects such as anti-inflammatory, anti-thrombotic, and
chemopreventive actions, yet it is not an SPT.

Aspirin’s broad actions are the result of biochemical promiscuity rather than ratio-
nal network targeting. Its effects are neither coordinated nor intentionally designed to
modulate disease networks in a systemic, balanced manner. Moreover, its lack of targeted
coherence can produce harmful side effects, such as GI bleeding and renal stress. This
distinction highlights a fundamental principle: multi-targeting does not equate to systems
pharmacology. What defines an SPT is not the number of targets, but their intentional
engagement as part of a coherent, disease-relevant network strategy. True SPTs stand at
the intersection of systems biology, network pharmacology, and translational medicine,
offering a next-generation solution for diseases where linear pharmacology has reached its
practical and efficacious limits [139,142].

4.2.3. BPD Complexity and SPTs

BPD epitomizes a systems-level disease. Its progression involves recursive feedback
among oxidative stress, inflammation, ER stress, and disrupted alveolar and vascular
development [26]. Each of these domains reinforces the others, creating a self-sustaining
pathophysiological cycle. Figure 1 illustrates this loop: ROS generation enhances cytokine
production, which in turn promotes ER stress and senescence, thereby exacerbating oxida-
tive injury. Furthermore, standard interventions such as corticosteroids or vitamin A act on
individual elements of this system and thus do not break this destructive cycle. Redun-
dancy in cytokine signaling, compensatory metabolic flux, and nonlinear amplification all
conspire to make one-target therapies ineffective or transient in their benefits.

An ideal BPD-directed SPT should
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• Scavenge ROS while modulating MPO activity.
• Activate NRF2-driven antioxidant gene expression.
• Reduce pro-inflammatory cytokine signaling in specific immune cell subsets.
• Protect epithelial and endothelial progenitor cell pools critical for lung development.

Such coordinated actions cannot be achieved through drug cocktails or traditional
multitarget drugs. Instead, they require system-aware molecules designed to engage the
disease network holistically.

4.2.4. Strategic Considerations in Developing SPTs

Developing SPTs presents unique challenges but holds the potential to transform care
for complex disorders like BPD. Critical development principles include the following:

• Network-Informed Targeting: Use of transcriptomic/proteomic data to map disease-
relevant subnetworks.

• Phenotypic Screening: Prioritize functional outcomes in disease models over single-
target readouts.

• Pharmacodynamic Complexity: Recognize that efficacy may reflect delayed or emer-
gent system changes, requiring longitudinal biomarker strategies [143].

• Safety Profiling at the Network Level: Systems toxicology is essential to predict effects
on unintended but connected pathways [138].

Despite the conceptual maturity of systems pharmacology in adult diseases, neonatology
remains largely untouched by these frameworks. No published clinical or preclinical studies,
to our knowledge, have purposefully applied SPT principles to BPD. This highlights both
the novelty and the opportunity of doing so. Our group has been developing an end-capped
tripeptide that exemplifies the SPT model, targeting MPO catalysis to generate thiyl radicals
that modulate protein networks, and activating NRF2 while reducing HMGB1 release and
senescence markers. It demonstrates how intentional molecular design can generate systems-
level therapeutic outcomes, and this is discussed in more detail in Section 4.3 below.

4.3. KYC as an SPT
4.3.1. What Is KYC?

KYC is a synthetic end-capped tripeptide originally developed to intercept inflam-
matory oxidants in vivo. It is now recognized as a prototype of a novel drug class known
as systems chemico-pharmacology drugs (SCPDs). SCPDs are not defined solely by their
target profile, but rather by their chemical reactivity, context-dependent activation, and
network-level pharmacodynamics. As described in our patent [144], an SCPD interacts
with a “first target”, which is often a catalytically active enzyme such as myeloperoxidase
(MPO). The latter is then modified chemically, such as via oxidation, to form the parent
compound (KYC). This activation step creates a reactive intermediate (e.g., a thiyl radical)
capable of selectively engaging with other nearby biomolecules, which are referred to as
the “second target(s)” within the pathological microenvironment. Thus, an SCPD uses a
two-step, context-locked mechanism: the first interaction activates the parent molecule, and
the second extends its pharmacological sphere of influence across the surrounding system.

This molecular choreography provides both spatial specificity (as activation occurs
only in disease-associated biochemical zones) and network coherence, enabling the SCPD
to reshape aberrant biological signaling in a systemic yet controlled fashion. KYC embodies
this principle, since it becomes pharmacologically active only within inflamed tissues rich
in MPO, and its subsequent thiylation of key signaling proteins promotes a homeostatic
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rebalancing rather than toxic ablation. As such, this SCPD offers a next-generation strategy
for treating complex, nonlinear diseases like BPD.

4.3.2. Mechanism of Action: From MPO Activation to Site-Specific Network Modulation

KYC operates through a unique multi-step redox mechanism that defines its systems-
level pharmacology:

• Myeloperoxidase (MPO) Activation: KYC is selectively activated at sites of inflam-
mation by MPO, a heme-containing enzyme released by neutrophils. MPO catalyzes
the oxidation of the tyrosine residue in KYC, forming an initial tyrosyl radical and
then, via intramolecular electron transfer, converting the cysteine thiol into a thiyl
radical. This activation is contingent on MPO’s catalytic cycle and thus restricted to
inflammatory microzones.

• Sphere of Influence and Local Specificity: Once formed, the thiyl radical exits the MPO
catalytic site and engages proximal protein thiols or oxidized amino acids, enabling
reversible, site-specific covalent modification. We have termed this concept the “sphere
of influence,” which confers selectivity by limiting KYC’s reactive behavior to a defined
microenvironment shaped by inflammatory enzyme release, pH, and redox potential.
In addition, the short-lived thiyl radical ensures both spatial precision and temporal
constraint, limiting off-target effects. Unlike classical inhibitors, KYC does not irreversibly
bind to targets but instead modifies them through thiolation, enabling the reprogramming
of key signaling hubs, such as HMGB1, GSNOR, Keap1, and NF-κB regulators.

• Emergent Network Effects: These covalent modifications reset cellular redox tone,
activate NRF2 signaling, dampen DAMP-associated inflammation, and restore mito-
chondrial homeostasis. KYC thus engages multiple, interlinked targets as part of a
broader strategy to reestablish physiological equilibrium.

This chemical mechanism of KYC satisfies several defining criteria for SPTs outlined
in Section 4.2, including multinodal engagement, homeostatic tuning, and emergent re-
programming of complex inflammatory networks. Taken together, these findings not only
validate KYC’s pharmacodynamic profile but also provide biological confirmation of its
system-level engagement in neonatal lung pathology.

4.3.3. Systems Biological Effects of KYC in BPD

KYC has been shown to reversibly inhibit MPO activity [145]. It inhibits the peroxidase
activity of MPO by entering the ferric protoporphyrin IX (heme) center to inhibit the binding
of halides. The reaction between MPO and KYC transforms MPO into quasi-catalase and
prevents HOCl formation. The tyrosine is an electron acceptor and becomes a tyrosyl
radical after oxidation. The cysteine thiol group accepts the electron from the tyrosyl
radical to become a thiyl radical. The thiyl radical reacts with thiol-containing molecules to
form disulfide bonds. The quasi-catalase activity and inhibition of HOCl formation are not
the only antioxidant properties of KYC. In the rat BPD model, we have shown that KYC
also facilitates the expression of NRF2-induced antioxidant enzymes through thiylation and
glutathionylation of KEAP1, followed by the stabilization of NRF2 [146]. The attenuation
of ER stress is the third mechanism of the antioxidant activity [74]. These can explain why
KYC decreases the chlorinated tyrosine and 8-hydroxy-deoxy-guanosine in BPD lungs.

The anti-inflammatory activities of KYC include decreasing neutrophil infiltration and
MPO expression in the rat BPD lungs [146], reducing the expression of cyclooxygenases,
TLR4, AGER, and extracellular HMGB1, oxidizing HMGB1, decreasing HMGB1 binding to
PRRs [146], and attenuating ER stress [76], autophagy, and cellular senescence [31]. Fully
oxidized HMGB1 loses its pro-inflammatory activity, and the decreased HMGB1 binding
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to TLR4, and AGER prevents the downstream NF-kB signaling. Attenuating autophagy,
ER stress, and cellular senescence contribute to KYC’s anti-inflammatory properties.

In addition to its antioxidant and anti-inflammatory activities, KYC also increases the
AT2 cell count in rat BPD lungs [31]. As AT2 behaves as a resident progenitor epithelial
cell, the increased count by KYC indicates a better lung growth potential. Affymetrix
studies show enrichment in the E2F, WNT/Catenin, and Notch signaling, with a decrease
in TNFα/NF-kB, IL6/JAK/STAT3, P53/apoptosis, and epithelial–mesenchymal transition
signaling that are awaiting further investigations. Mouse sickle cell models further demon-
strate that KYC improves endothelial cell-mediated vasodilation, indicating an improved
eNOS coupling [147]. The evidence suggests that KYC inhibits MPO, protects neonatal
lungs against OS and inflammation, and offers more extensive benefits than vitamin A
and caffeine. Thus, KYC operates not only as an anti-inflammatory and antioxidant agent
but as a prototype for a next-generation class of therapeutics designed to operate within
and reprogram the network dynamics of disease. Taken together, these findings not only
validate KYC’s pharmacodynamic profile but also provide biological confirmation of its
system-level engagement in neonatal lung pathology.

4.3.4. Aligning KYC with the SPT Framework

Based on the characteristics and experimental findings discussed above, KYC satisfies
multiple criteria that define a well-characterized SPT (Table 1). This is exemplified in the
Table below as we map SPT attributes (as defined in Section 4.2) against KYC’s mechanisms
and preclinical findings:

Table 1. Aligning KYC with the SPT framework.

SPT Attribute KYC Alignment

Multinodal Network Engagement Modifies multiple proximal targets (e.g., HMGB1, Keap1) through a
shared chemical mechanism (thiyl radical formation).

Context-Dependent Activation Selectively activated by MPO in inflamed tissues, limiting off-target
effects and enhancing safety.

Systemic Rebalancing Reprograms redox and inflammatory signaling pathways (e.g., NRF2
activation, DAMP suppression).

Emergent Properties Results in improved alveolarization and lung function not attributable to
single-target inhibition.

Mechanism-Guided Design Engineered with chemical features (thiol, tyrosine) for specific redox
activation and network modulation.

Translational Scalability Mechanistic pathway—MPO activation and downstream NRF2/DAMP
effects—relevant to multiple diseases beyond BPD.

The development and characterization of KYC as an SCPD provides a tangible example
of how SPT principles can be applied in neonatal disease contexts such as BPD. Its capacity to
interface with the biochemical architecture of inflamed tissues and to exert controlled, multi-
layered network effects points toward a new therapeutic horizon—one where complexity is
not bypassed, but instead embraced, in drug design. As a first-in-class SCPD, KYC represents
not just a therapeutic candidate for BPD but a model for rationally engineered network-aware
drugs designed to restore homeostasis in complex disease systems.

5. Discussion

The dramatic advancement in neonatal care has successfully improved the survival
rate of extremely premature neonates and contributed to the unchanged prevalence of BPD.
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Clinicians are facing an increasing number of survivors of premature neonates born at the
late canalicular stage (22–26 weeks) of lung development [6,7]. Unlike diseases affecting other
age groups, premature organs are still developing and require maintenance of their growth
potential. The most significant contributors to BPD are OS, inflammation, and the use of a
positive-pressure mechanical ventilator. Other contributors include fluid overload, patent
ductus arteriosus, malnutrition, genetic factors, intrauterine growth restriction, and maternal
smoking, among others. [148]. Although animal studies have helped us understand the
mechanisms involved in the development and progression of BPD, it is not possible to study
all risk factors, such as fluid overload, patent ductus arteriosus, and prolonged mechanical
ventilation, in humans. Fortunately, all risk factors are associated with OS and inflammation.

Rodents are commonly used as small animal models for BPD [149,150]. Although rodent
pups are born at the saccular stage, they are imperfect as they have no surfactant deficiency
with mature antioxidant capacity. However, their large litter size, small body size, and
relatively short life span make them the most convenient animal models. Researchers use LPS
or hyperoxia (greater than 70% O2) to simulate inflammation and OS, respectively, to generate
the BPD phenotype. We used outbred rat pups to study BPD, assuming they can better
mirror the genetic diversity in the human population. Combining data from our experiments
and those in the literature, we have constructed a theoretical “destructive cycle for BPD.”
(Figure 1), which exhibits a self-perpetuating nature. The complexity of this cycle suggests
that any therapy that only targets one mechanism will be insufficient in BPD treatment.

Available evidence suggests that caffeine and vitamin A have antioxidant and anti-
inflammatory properties. The clinical success of early postnatal caffeine and high-dose
vitamin A treatment in decreasing BPD incidence supports the importance of a multi-prong
approach. Recent insights from systems pharmacology have highlighted the limitations of
single-target drugs in addressing complex, nonlinear diseases, such as BPD. The concept of
SPTs, which leverages network-aware, multinodal engagement, offers a promising strategy
to overcome these limitations. In this context, our lead candidate, KYC, a first-in-class
SCPD, represents a new therapeutic class capable of reprogramming disease networks.
The deliberate mapping of KYC’s mechanism onto features of SPTs that includes modular
engagement, context-specific activation, and emergent system-level effects supports its
potential as a paradigm-shifting intervention in BPD.

6. Conclusions

BPD is a complex, multifactorial, and incompletely understood complication of RDS.
As prematurity is not physiologic, decreasing OS and inflammation and preserving growth
potential make BPD treatment different from the disease in other age groups. We propose
the concept of utilizing SPTs to treat premature birth-associated disorders. In conclusion,
integrating a systems pharmacology framework into the therapeutic landscape of BPD
enables a more comprehensive and mechanistically coherent approach to treatment. Our
work introduces KYC as a prototype SCPD, a molecule that conforms to the principles of an
SPT by engaging disease-relevant networks in a spatially and biochemically restricted man-
ner. The convergence of experimental evidence, mechanistic rationale, and systems-level
design reinforces the promise of KYC not merely as a drug candidate but as a conceptual
advance in how we approach pharmacotherapy for complex neonatal diseases.

7. Patents

1. SYSTEMS CHEMICO–PHARMACOLOGY DRUGS AND METHODS OF USE. Kirk-
wood Arthur Pritchard, Jr.; Dustin Paul Martin; Ru-Jeng Teng; Billy W. Day; and Stephen
Naylor. Pub. No.: US 2022/0409692 A1 (NON-PROVISIONAL FULL APPLICATION).
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Jeng Teng; and Stephen Naylor. FILED 04/21/2025 US PROVISIONAL PATENT
APPLICATION 63/791,992.
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Abbreviations

The following abbreviations are used in this manuscript:

AGER Advanced glycosylation end-product receptor
AT2 Type 2 alveolar epithelial cell
ATF6 Activating Transcription Factor 6
BiP Binding immunoglobulin protein
BPD Bronchopulmonary dysplasia
CD24 Cluster of differentiation 24
cGAMP Cyclic guanosine monophosphate-adenosine monophosphate
CGAS Cyclic GMP-AMP synthase
CHOP C/EBP homologous protein
CXCR4 C-X-C motif chemokine receptor 4
DAMP Damage-associated molecular pattern
eNOS Endothelial nitric oxide synthase
ER Endoplasmic reticulum
ETC Electron transport chain
GCH1 GTP-cyclohydrolase 1
GRP78 Glucose-regulated protein 78
GSDMD Gasdermin D
HAVCR2 Hepatitis A virus cellular receptor 2
HMGB1 High-mobility group box 1
HOCl Hypochlorous acid
HSP Heat-shock protein
iNOS Inducible nitric oxide synthase
IRE1α Inositol-requiring enzyme 1 α

JAK Janus kinase
KEAP1 Kelch-like ECH-associated protein 1
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KYC N-acetyl-lysyltyrosylcysteine-amide
LPS Lipopolysaccharide
MPO Myeloperoxidase
mROS ROS from mitochondria
MSC Mesenchymal stem cell
NF-kB Nuclear factor-kappa B
NLR NOD-like receptors
NOX NADPH oxidase
NRF2 Nuclear factor erythroid 2-related factor 2
ONOO− Peroxynitrite
OS Oxidative stress
PAMP Pathogen-associated molecular patterns
PERK PRKR-Like Endoplasmic Reticulum Kinase
PI3K Phosphoinositide 3-Kinase
PPP Pentose phosphate pathway
PRR Pattern recognition receptor
PTEN Phosphatase and tensin homolog
ROS Reactive oxygen species
SAMD Senescence-associated mitochondrial dysfunction
SASP Senescence-associated secretory phenotype
SCPD Systems chemico-pharmacology drug
SMAD Suppressor of mothers against decapentaplegic.
SPT Systems pharmacology therapeutics
STAT Signal transducer and activator of transcription
STING1 Stimulator of interferon genes 1
TGFβ Transforming growth factor β
TLR Toll-like receptor
TNFα Tumor necrosis factor α
TREM1 Triggering receptor expressed on myeloid cells 1
VEGF Vascular endothelial cell growth factor
VEGFR2 Type 2 VEGF receptor
UPR Unfolded protein response
WNT Wingless/Integrated
XBP1 X-box binding protein 1
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Abstract: Electronic cigarettes (e-cigs) recently increased their popularity as “safer” alter-
natives to traditional tobacco smoking, including among pregnant women. However, the
effect of e-cig exposure on fetal and neonatal developing lungs remains poorly investi-
gated. In this review, we analysed the impact of e-cig aerosol components (e.g., nicotine,
solvents, and flavouring agents) on respiratory system development. We particularly
emphasized the role of e-cig-related oxidative stress and inflammation on lung impairment.
Nicotine contained in e-cigs can impair lung development at anatomical and molecular
levels. Solvents and flavours induce inflammation and oxidative stress and contribute to
compromising neonatal lung function. Studies suggest that prenatal e-cig aerosol exposure
may increase the risk of future development of respiratory diseases in offspring, such as
asthma and chronic obstructive pulmonary disease (COPD). Preventive strategies, such
as smoking cessation programs and antioxidant supplementation, may be essential for
safeguarding respiratory health. There is an urgent need to explore the safety profile and
potential risks of e-cigs, especially considering the limited studies in humans. This review
highlights the necessity of regulating e-cig use during pregnancy and promoting awareness
of its potential consequences on fetal and neonatal development.

Keywords: air pollution; asthma; COPD; e-cigarette; lung development; neonates; oxida-
tive stress; pregnancy

1. Introduction

In the last decade, researchers warned the global population about indoor and outdoor
pollution’s harmful effects on respiratory health in adults and children [1]. Despite the
increased knowledge about the deleterious impact of nicotine and other additives on the
lungs, new electronic nicotine delivery systems (ENDSs) became popular among consumers
and often suggested for smoking cessation and reported as safer than tobacco cigarettes [2,3].
Electronic cigarettes (e-cigs) are one of the most popular ENDSs in commerce. These devices
may also not contain nicotine, and, in this case, they can be classified as electronic non-
nicotine delivery systems (ENNDSs) [4]. E-cigs are non-combustible systems comprising
a battery, a microprocessor, a start button, a heating part, and a liquid reservoir [5]. The
solution in the reservoir is vaporized during use, producing an aerosol (or vapour) of
highly concentrated droplets mainly formed by sub-micrometre particles [6]. In addition
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to the potential presence of nicotine, the liquid solution may contain a wide variety of
flavours, solvents (e.g., propylene glycol (PG), vegetable glycerine (VG), glycerol), and
preservatives [7,8]. Trace metals and additional impurities (e.g., polyaromatic hydrocarbons,
aldehydes, and acrolein) have also been detected in the aerosol [9–11].

ENDS use during pregnancy was reported in percentage rates ranging from 0.6% to
15% in different analyses [12–15]. An online national survey conducted in the United States
(USA) on 445 pregnant women reported that 6% and 7% used only tobacco cigarettes or only
e-cigs, respectively, while 9% used both tobacco cigarettes and e-cigs [16]. These findings
must be read considering the general perception that e-cigs are a healthier alternative to
traditional cigarettes and may assist with smoking cessation during pregnancy [17].

The fetal lungs are organs sensitive to toxins, which can alter their normal neonatal
development and predispose them to respiratory diseases later in life [18]. Few data are
available on the short- and long-term influences of e-cigs on respiratory development dur-
ing the fetal and neonatal period due to the lack of safety studies [19]. The latest evidence
suggests that nicotine and chemical products generated from e-cigs during the perinatal
period could promote the activation of inflammation and the production of oxidative com-
pounds, altering lung development and increasing the incidence of respiratory diseases in
offspring [20,21].

In this review, we summarized and critically analysed the existing literature about
the impact of e-cigs on fetal and neonatal lung development. There is an urgent need
to determine if these electronic devices could be safe for offspring or potentially related
to functional and structural lung impairment. By combining the key terms “e-cigarettes”
OR “e-cigs” AND “lung development” OR “airway” OR “lung” AND “pregnancy” OR
“neonates” in a computerized search of PubMed limited to the last 10 years, we provided a
comprehensive overview of the literature, based on a critical evaluation without standard-
ized methodologies or statistical analyses.

2. Stages of Normal Lung Development

Lung development is a sequential, multistep process that begins prenatally and con-
tinues postnatally, reaching completion in early adulthood [22,23]. This extended timeline
makes the respiratory system vulnerable to prenatal and postnatal influences, including
prematurity, low birth weight, maternal and personal nutrition, exposure to smoking,
environmental pollutants, and early-life infections. These factors interact with individual
genetic and epigenetic backgrounds to shape respiratory function [22]. Lung function
at birth is a key determinant of lung health across the lifespan, and supporting optimal
lung development during early life is crucial to mitigate the natural decline in respiratory
function with ageing [22].

Prenatal lung development is classically divided into five stages from 3 to 36 weeks
of gestation: the embryonic, pseudo-glandular, canalicular, saccular, and alveolar stages
(Figure 1). Each phase represents a critical window during which specific structural and
functional components of the lungs are established [23].

During the embryonic stage (0–7 weeks), the first rudiment of the respiratory system,
which is called the laryngotracheal groove, appears on the ventral wall of the anterior
foregut, extending caudally into the respiratory diverticulum [22]. The trachea separates
from the oesophagus via tracheoesophageal septa, and the “branching morphogenesis”
begins [22,24]. This process first generates the two main bronchi and progresses to lobar
and segmental bronchi until the development of 18 major lobules, laying the groundwork
for the airway tree. Simultaneously, angiogenesis begins around the developing respiratory
structures, initiating the formation of the pulmonary vasculature [22].
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In the pseudo-glandular stage (7–17 weeks), vasculogenesis and branching morpho-
genesis advance rapidly, forming terminal bronchioles by 14 weeks of gestation. By the
end of this stage, approximately 70% of the airway tree is complete [22]. Airway epithelial
cells also begin to differentiate, with columnar cells appearing in the proximal airways and
cuboidal cells in the distal regions [22]. Fetal breathing movements and airway contrac-
tions play a pivotal role in stimulating epithelial proliferation, differentiation, and early
surfactant production. These mechanical stimuli stretch the lung tissue, promoting cellular
development through pathways like serotonin upregulation [25,26].

Figure 1. Stages of normal lung development and impact of adverse exposures.

The canalicular stage (17–27 weeks) is characterized by the development of respiratory
bronchioles, alveolar ducts, and primitive alveoli, establishing the functional units of the
lungs known as “pulmonary acini” [24]. During this stage, type I and type II pneumo-
cytes differentiate, with type II cells beginning to produce surfactant precursors, known as
lamellar bodies, by 24 weeks of gestation [24]. Early surfactant production reduces surface
tension within the lungs, stabilizes alveoli during inflation, and facilitates effective breath-
ing [24]. At the end of this stage, the formation of the alveolar–capillary barrier and the
onset of gas exchange capability makes it possible for a preterm newborn to survive [24].

Branching morphogenesis concludes in the saccular stage (28–36 weeks of gestational
age), with saccules developing from pulmonary acini, accompanied by a significant increase
in gas exchange potential and surfactant production [24].

The alveolar stage (36 weeks–early childhood) begins shortly before birth, and it
involves the development of new alveoli through secondary septation of terminal sac-
cules [22]. The alveolar number increases rapidly during the first 2–4 years of life, reaching
an estimated 300–800 million at around 8 years of age; then, alveolarization slows, though
alveolar size continues to grow until adolescence, with interindividual variability and slight
gender differences [27,28]. Recent advances in imaging techniques, such as high-resolution
tomography and helium-3 magnetic resonance imaging, suggest that alveolarization may
persist into adulthood, though the exact timeline and molecular mechanisms remain under
investigation [29–31]. During this period airways expand proportionally in diameter and
length, maintaining a constant length-to-diameter ratio [32]. Concurrently, the pulmonary
microvasculature undergoes remodelling, with the double-layered network fusing into a
single-layered structure through capillary fusion and thinning of the alveolar septa. The
resulting alveolar–capillary membrane, composed of alveolar epithelial cells, capillary
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endothelial cells, and their shared basement membrane, becomes the key site for efficient
respiratory gas exchange [22,24].

The respiratory system remains highly sensitive to environmental and genetic factors
throughout its development, with long-term outcomes depending on the timing and nature
of exposures during critical windows of susceptibility (Figure 1) [33].

Adverse exposures occurring before 18 weeks of gestation may disrupt airway branch-
ing and major pulmonary vessel development, resulting in severe congenital anomalies,
such as pulmonary agenesis or aplasia, which are often incompatible with life, or condi-
tions like diaphragmatic hernia with pulmonary hypoplasia and tracheoesophageal fistula,
which carry significant morbidity and mortality [24].

Instead, later exposures, occurring after 18 weeks of gestation, generally affect lung
volume, alveolarization, and capillary development. For example, alveolar capillary dys-
plasia (ACD) may result from insults during this stage, characterized by reduced capillary
density, misaligned pulmonary veins, and thickened alveolar septa, leading to pulmonary
hypertension [34]. Additionally, disturbances in the normal pattern of angiogenesis and
alveolar maturation can impair gas exchange efficiency and lung compliance, often leading
to chronic respiratory complications [35].

Finally, adverse exposures after birth, such as air pollution, second-hand smoke,
or recurrent respiratory infections, might impair lung growth and the development of
pulmonary microvasculature [22]. Young children are particularly vulnerable to inhaled
pollutants due to their relatively higher airway flow rates and greater deposition of small
particles than adults [36]. These vulnerabilities highlight the importance of protective
measures and early interventions to preserve respiratory health and promote optimal
lung development.

3. Are E-Cigarettes Safe?

3.1. Impact on Lung Development

In recent years, especially among young people, the interest in e-cigs has increased.
Furthermore, their use is intensifying in pregnant women due to the perception of their safety
compared to tobacco cigarettes [17,37]. The reservoir of these devices contains e-liquid, which
is converted into aerosols by a heating process. E-liquid is a mixture of water, different nicotine
levels, solvents, flavours, preservatives, and other potential additives [7,8] (Table 1).

Nearly 40% of pregnant women believe that e-cigs do not contain nicotine [12]. Nico-
tine is a dinitrogen alkaloid extracted from tobacco plants. It is a parasympathomimetic
stimulant and a dependence-forming constituent of e-cigs and tobacco cigarettes [38]. In
pregnant women, nicotine crosses the placenta and reaches high concentrations in fetal
blood and amniotic fluid [39,40]. During breastfeeding, nicotine levels are higher in breast
milk than in maternal plasma [41,42]. No amount of nicotine is known to be safe during
pregnancy [43]. ENDSs contain diverse nicotine concentrations, and previous studies
conducted on animals and humans reported similar or higher nicotine levels in e-cigs com-
pared to tobacco cigarettes [44,45]. In a study conducted on rodents, nicotine concentrations
were eight times higher after e-cig exposure (JUUL type) compared to tobacco cigarette
exposure [44]. A study conducted on 13 healthy adult e-cig users who took 15 puffs from
their usual e-cigs revealed that nicotine levels were comparable to or higher than classic
tobacco cigarettes [45]. These results are relevant for understanding the potential impact of
e-cigs during pregnancy. However, the most important limitation of these findings is the
different nicotine levels in the diverse formulations of e-cigs studied.

Few data are reported in the literature about the effects of nicotine contained in e-cigs
on human lung development. Most studies have been conducted on animal models and
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not exclusively during the in utero period. However, they can assist in comprehending
the effect of maternal e-cig use and exposure during the critical first few weeks of life on
the lung development of offspring. Ozekin et al. tested the impact of maternal vaping on
fetal lung development in mice by low–moderate daily exposure to 2.4% nicotine vapour
during the entire gestational period [46]. They specifically focused on the mouse E18.5
timepoint, considered as the last day of the embryonic stage, and reported that maternally
vaped wildtype mouse lungs have smaller airspaces compared to room-air-exposed mice [46].
This finding was consistent with the disruption of the saccular stage of lung development
in the same model [46]. A separate study analysed the impact of the daily inhalation of
36 mg/mL of nicotine cinnamon-flavoured e-cig aerosols during the preconception period
(12 days before mating) and during gestation in a murine model [47]. Lung morphometry
evaluations of preconception e-cig-exposed offspring reported a notably increased tissue
fraction at birth related to a delayed thinning of the lung epithelium during the saccular
stage [47]. Both of these studies showed wide gene expression changes in maternally vaped
embryos dominated by the downregulation of developmental signalling pathways such as
Notch and Wnt [46,47]. Notch and Wnt are pivotal regulators of lung development. Notch
regulates ciliated versus secretory cell expression in the developing airways, and ciliated
cell loss associated with downregulated Notch expression was reported in smokers and in
patients with chronic obstructive pulmonary disease (COPD) [48,49]. The Wnt signalling
pathway is essential in the saccular stage, promoting the proliferation and differentiation of
alveolar epithelial cells, stem cell maintenance, and lung branching morphogenesis [50]. These
findings confirm, at both the anatomical and molecular levels, that the nicotine contained
in e-cigs impairs fetal lung development. Another study on mice compared e-cig aerosol
exposure during pregnancy with and without nicotine to room-air controls at gestational
day (GD) 21, at postnatal day (PND) 4, and at PND 10 [19]. The group exposed to e-cig
aerosol vaping containing nicotine reported decreased lung size, increased free space within
the lung parenchyma, and decreased alveolar septation compared to the other two groups at
PND 4 [19]. In humans, the equivalent developmental stage of murine PND 4 occurs in the
alveolar stage. These results suggest the specific role of nicotine contained in e-cig vapours
(without the confounding factor of flavours) in determining an emphysematous phenotype
with larger and fewer distal air spaces in neonatal mice [19]. Postnatal lung growth and weight
gain were also reduced in neonatal mice after exposure to e-cigs containing 1.8% nicotine and
PG for the first ten days of life compared to room air controls [51]. Based on these results,
we can conclude that nicotine contained in e-cigs can affect lung development by altering
airway growth, especially during the embryonic, saccular, and alveolar stages, inducing a
final emphysematous phenotype and low lung size at birth.

Mucociliary clearance is essential to defend against the organisms that cause respi-
ratory infections or the inhalation of irritants [52]. A bullfrog palate paradigm (a well-
established model used to study mucociliary clearance) confirmed a modest dampening
effect of e-cig aerosol on mucociliary clearance [53]. The impact on the mucociliary function
seems principally related to the nicotine contained in e-cigs. In a study conducted on a
murine model, chronic (3 weeks), daily, 20 min-exposure to nicotine and PG (e-cigs) slowed
mucociliary clearance in murine lungs. Conversely, exposure to PG alone did not impact
mucociliary clearance [54]. A study conducted in both in vitro human bronchial epithe-
lial cells obtained from never-smoking individuals and in vivo sheep bronchial epithelial
cells showed that nicotine-containing e-cig vapour induced mucociliary dysfunction by
acting on TRPA1 (transient receptor potential ankyrin 1) [55]. TRPA1 is a nicotine-sensitive
receptor that belongs to the TRP ion channel family, and it is extensively distributed in
the cellular membranes of humans and mammals [56]. The impairment in mucociliary
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clearance, by altering mucus viscoelasticity, increasing mucus/mucin concentrations, and
damaging mucociliary transport, may affect the protection of the airway and increase
infectious diseases in neonates and infants born to vaping women. Studies on the neonatal
period are needed to confirm this hypothesis.

The two solvents most frequently included in e-cigs are PG and VG. Both PG and VG
were initially considered innocuous components of e-cigs. However, recent studies have
analysed their impact on lung development. During vaping, the thermal decomposition of
PG generates acetone, acetaldehyde, and formaldehyde, while the thermal decomposition
of VG produces principally acrolein and formaldehyde [57]. Among these substances,
acetaldehyde and formaldehyde are classified as carcinogens, while acrolein is considered
a human carcinogen able to irritate the upper respiratory tract after inhalation [58]. An
in vivo study on human bronchial epithelial cells (HBECs) obtained from never-smoking
individuals revealed that a one-week exposure to VG and PG/VG-containing e-cigs (in
the absence of nicotine and flavours) decreased the function of cystic fibrosis transmem-
brane conductance regulator (CFTR), an anion channel important for mucus hydration [59].
In volunteers exposed to VG-containing e-cigs, the reduction in CFTR function was as-
sociated with high inflammatory biomarkers, such as Interleukin-6 (IL-6), IL-8, matrix
metalloproteinase-9 (MMP9) mRNAs, MMP-9 activity, and mucin 5AC (MUC5AC) expres-
sion levels [59]. These modifications induced a reduction in ciliary beating and increased
mucus concentration as a possible consequence of goblet cell hyperplasia [60]. Exposure
during pregnancy to PG/VG-containing e-cig vapour with and without nicotine was tested
in murine neonates at 5 months of age [61]. Female mice exposed to PG/VG-containing e-
cig vapour with and without nicotine reported goblet cell hyperplasia. The group exposed
only to solvents (without nicotine) showed increased lung and alveolar stiffness (both
genders) and decreased lung compliance (only female mice) [61]. This last finding could be
the result of increased extracellular matrix (ECM) deposition, which was reported as a cause
of PG/VG-containing e-cig aerosol exposure (without nicotine) during pregnancy [62].

Few studies consider the impact of flavours contained in e-cigs during pregnancy, and
most of them consider the preferences of pregnant women. Among flavouring agents, fruit and
mint are the most used in this population [8]. However, the impact of specific flavours on lung
development in the fetal and neonatal periods was not critically analysed in previous research.
Each flavouring agent may potentially have different inflammatory and toxic effects on lung
morphogenesis and function. Moreover, e-cigs containing several flavours are more toxic and
induce a higher inflammatory response than single flavours [63]. Maltol, ethyl maltol, ethyl
vanillin, vanillin, and furaneol have been reported as the most cytotoxic flavouring agents in
e-cigs [64]. By considering the respiratory system, cinnamaldehyde, 2-methoxycinnamaldehyde,
O-vanillin, and pentanedione seem to have cytotoxic effects on airways [65]. Further studies are
needed to analyse the role of different flavours on the developmental lungs.
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Table 1. An overview of the main harmful effects of e-cigarette compounds on lung development.

Chemical Compound Harmful Effect References

Nicotine
Crosses the placenta, accumulates in fetal blood and amniotic fluid, disrupts
lung development (embryonic, saccular, and alveolar stages), reduces lung

size, induces the emphysematous phenotype, impairs mucociliary clearance.
[19,39,40,46–51,53–55]

PG/VG

Their thermal decomposition generates carcinogens and irritants (PG produces
acetone, acetaldehyde, and formaldehyde, while VG produces acrolein and

formaldehyde); PG/VG exposure reduces CFTR function and increases
inflammatory biomarkers, leading to lower ciliary beating and higher mucus
concentration; PG/VG exposure decreases lung compliance, increases alveolar

stiffness, and induces extracellular matrix deposition.

[57–62]

Flavouring agents Some flavours (e.g., cinnamaldehyde, O-vanillin, pentanedione) have cytotoxic
and inflammatory effects on airways. [63–65]

PM2.5 and UFPs Oxidative stress by generating ROS; activation of inflammatory pathways. [66]

CFTR = cystic fibrosis transmembrane conductance regulator; PG = propylene glycol; VG = vegetable glycerine;
UFPs = ultrafine particles; PM2.5 = particulate matter 2.5.

3.2. The Role of Oxidative Stress

Oxidative stress has a central role in the development and maintenance of numerous
lung diseases [67]. E-cigs can directly or indirectly induce oxidative damage to human
lungs due to the presence of reactive chemical substances in their aerosols, the activation of
pro-inflammatory compounds, and the modulation of intracellular pro-inflammatory path-
ways. E-cig aerosols contain diverse toxic compounds (e.g., formaldehyde, acetaldehyde, and
acrolein), reactive oxygen species (ROS), heavy metals, flavours, and propylene oxide, which is
derived from PG heating [68]. It was reported that e-cig vapour contains 7 × 1011 free radicals
per puff, eliciting an important increase in oxidative stress [69]. Moreover, several studies have
described the presence of significant amounts of fine (PM2.5) and ultrafine particles (UFPs)
in e-cig aerosol [66] (Table 1). Nicotine, PG, and VG play a pivotal role in determining the
cytotoxic and pro-inflammatory effects of these aerosols. PG and VG induce cytotoxic effects
depending on puff number, while nicotine seems protective against cellular toxicity [66]. Lung
inflammation is secondary to the activation of the pro-inflammatory NF-kB pathway, which
induces IL-1β and tumour necrosis factor (TNF)-α production [66]. Interestingly, a study
on murine models reported an abnormal inflammatory environment in the airways of both
mothers and offspring after e-cig exposure during pregnancy [70]. In that research, TNF-α was
increased in the lungs of both the mothers and offspring; and IL-1β was increased only in the
mothers [70]. An in vivo study conducted on human bronchial airway epithelial cells (H292)
and human fetal lung fibroblasts (HFL1) showed that the inflammatory response and the
stress phenotype depended on nicotine content and flavour type [71]. For example, cinnamon-
flavoured e-liquid produced a higher IL-8 response than cigarette smoke extract [71]. The
exposure of wild-type mice to e-cig aerosols decreased lung glutathione levels, increasing
oxidative airway damage [71]. A recent study on rat lung tissues confirmed that exposure to
e-cig aerosols reduced the activity of antioxidant compounds, such as superoxide dismutase,
catalase, and glutathione peroxidase [72]. Pulmonary microvascular endothelial cells can also
be the target of oxidative stress damage. Exposure to e-cig vapour contributes to vascular
endothelial dysfunction in the cardio-respiratory system, predisposing to hypertension and
atherosclerosis [73,74]. E-cig vapour exposure (with or without nicotine) increases the ex-
pression of NADPH oxidase (NOX), an enzymatic source for ROS during inflammation [75].
Furthermore, it induces endothelial nitric oxide synthase (eNOS) uncoupling, increasing
superoxide generation and peroxynitrite production, as well as tetrahydrobiopterin (BH4)
reduction [75]. All these changes decrease nitric oxide (NO) synthesis and availability, induc-
ing endothelial dysfunction and long-term cardio-respiratory system impairment [75]. These
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findings are useful in improving our understanding of the potential oxidative harm produced
by e-cigs on the airways (Figure 2). However, studies on fetal and neonatal lungs may be
helpful in understanding the effects of e-cig-induced oxidative stress during pregnancy.

Figure 2. The role of e-cig-induced oxidative stress on the airways.

3.3. Long-Term Effects on Respiratory Health

Maternal smoking during pregnancy is related to a twofold increase in the risk of
wheezing and asthma in offspring [76,77]. Several studies reported that this increased risk
seems to be associated with nicotine alone during perinatal smoke exposure [18]. During
gestation, the use of devices containing tobacco, such as heated tobacco products (HTPs),
was associated with an increased risk of onset of allergic diseases (e.g., asthma, allergic
rhino/conjunctivitis, atopic dermatitis) in offspring [78]. However, few studies have been
conducted on e-cigs, and most of the literature is based on the effect of tobacco cigarettes.
Nicotine is the primary agent responsible for impaired lung development. Maternal
smoking exposure is associated with reduced forced expiratory flows, decreased passive
expiratory compliance, higher hospitalization rates for respiratory infections, and increased
prevalence of childhood wheezing and asthma [20]. A study conducted in a murine model
analysed e-cig aerosol exposure (with and without nicotine) during pregnancy [19]. The
findings of that research revealed increased respiratory resistance and reduced compliance
in mice exposed to nicotine-containing e-cigs compared to controls [19]. Infants and
children exposed to passive smoking during pregnancy showed higher airway resistance
and increased rates of persistent wheezing [79,80]. Adolescents using e-cigs are more likely
to have chronic cough, bronchitis, and asthma [81]. Asthmatic children and adolescents
exposed to second-hand e-cig smoke at home have more daily respiratory symptoms
compared to unexposed controls [82]. In adults, an association between e-cigs and the
development of asthma or COPD was found, especially in non-smokers [83]. E-cig vapour
may also suppress the immune response to viral and bacterial infections, increasing the
host susceptibility by impairing pulmonary anti-microbial defences [69]. The literature on
the long-term effects of e-cigs on respiratory health is still lacking. However, asthma and
COPD seem to be the two conditions more associated with e-cig exposure.

4. Prevention Strategies

The adoption of effective prevention strategies represents a pivotal step in mitigating
the adverse effects of e-cig use on fetal lung development. These strategies are essential
not only for safeguarding the fetus’s health but also for enhancing maternal health out-
comes [84]. Prevention strategies require a multifaceted approach that integrates smoking
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cessation programs, legislative efforts, dietary interventions, and the active involvement of
healthcare providers [20].

Smoking cessation remains the cornerstone of preventing the harmful effects of e-cigs
on both the mother and fetus [84]. Despite the well-documented risks to lung development
and overall fetal health, a significant number of pregnant women continue smoking due to
addiction, limited access to support, or socioeconomic barriers [85–87]. Successful cessation
strategies, therefore, play a critical role in reducing these risks [84]. The effectiveness of
various smoking cessation interventions has been extensively evaluated. Behavioural coun-
selling is one of the most effective interventions for smoking cessation during pregnancy.
Evidence from systematic reviews demonstrated that intensive psychosocial support, in-
cluding motivational interviewing and behavioural therapies, can significantly increase
cessation rates. Counselling programs tailored to the unique needs of pregnant women
are especially effective, particularly when delivered through multiple sessions by trained
professionals [85,88]. Physical activity programs have been explored as adjunct strategies
to traditional behavioural support [89]. Although their effectiveness in promoting smoking
cessation during pregnancy remains uncertain, physical activity contributes to overall
health benefits and has been shown to reduce smoking urges in non-pregnant individuals.
These findings suggest the potential for further research of these interventions in future
studies [89]. Emerging technologies such as Artificial Intelligence (AI) have introduced
innovative approaches to smoking cessation [90]. AI-powered tools can provide real-
time, personalized support, analyse individual behavioural patterns, and predict relapse
risks [90]. For instance, mobile applications can deliver motivational messages, monitor
smoking habits, and recommend tailored coping strategies. Virtual support groups facili-
tated by AI platforms have also proven effective in fostering community engagement [90].
Financial incentives have been identified as another effective tool in promoting smoking
cessation among pregnant individuals, particularly those from disadvantaged socioeco-
nomic backgrounds. Studies reveal that offering monetary or voucher-based rewards
for achieving abstinence significantly increases cessation rates and reduces the economic
burden of smoking-related complications [91–93].

Healthcare providers, particularly midwives and obstetricians, play a critical role in
smoking cessation efforts during pregnancy. Routine screening for tobacco use during
prenatal visits, combined with timely referrals to cessation resources, is essential. However,
challenges such as time limitations and resource restrictions often hinder the consistent
implementation of these interventions [88,94–96]. Overall, integrating evidence-based
strategies like counselling, financial incentives, and healthcare provider engagement into
prenatal care can significantly enhance smoking cessation rates during pregnancy, im-
proving both maternal and fetal outcomes [95]. Additionally, systematic reviews and
population-based studies have highlighted both the potential benefits and risks associated
with Nicotine Replacement Therapy (NRT) and other pharmacological interventions, such
as bupropion and varenicline, for smoking cessation during pregnancy [97–101]. NRT is
commonly used to support smoking cessation in the general population and is sometimes
prescribed during pregnancy to mitigate nicotine withdrawal symptoms [98]. Studies
have demonstrated that NRT can increase the likelihood of smoking cessation during
pregnancy when combined with behavioural support. A Cochrane review showed that
NRT improves cessation rates by approximately 37% compared to placebos, although with
low-certainty evidence [98,99]. Faster-acting formulations, such as nicotine gum or tablets,
have been suggested as potentially safer options compared to nicotine patches, which
provide continuous nicotine delivery [102]. However, concerns persist about potential
risks, including increased rates of infant colic and attention-deficit/hyperactivity disorder
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(ADHD) in children exposed to nicotine during gestation [97,103]. Consequently, the use
of NRT during pregnancy remains controversial due to its potential effects on fetal devel-
opment [98]. Bupropion, an atypical antidepressant, and varenicline, a partial nicotine
receptor agonist, are other pharmacological options that have been studied for smoking
cessation during pregnancy [100]. Evidence suggests that bupropion can be effective with-
out significantly increasing the risk of adverse perinatal outcomes, such as preterm birth
or congenital anomalies [100,101]. Varenicline, while effective in the general population,
has limited data on its safety in pregnancy, and guidelines generally recommend caution
due to insufficient evidence [100,101]. To date, no information is currently available re-
garding the effects of either bupropion or varenicline on fetal lung development. Overall,
while pharmacological interventions such as NRT, bupropion, and varenicline may support
smoking cessation during pregnancy, their use should be carefully balanced against poten-
tial risks [100]. Healthcare providers should adopt a patient-centred approach, tailoring
pharmacological strategies to individual needs and circumstances, and should ensure that
such treatments are complemented by behavioural and psychosocial support [99,101,104].
Further research is needed to provide clearer evidence regarding the safety and efficacy of
these interventions in pregnancy.

Legislative measures could have a pivotal role in promoting smoking cessation during
pregnancy. Policies that restrict the sale of e-cigs prohibit their use in public spaces and
mandate clear labelling of nicotine content can discourage use. Additionally, public health
campaigns focused on raising awareness about the risks of e-cigs, particularly during preg-
nancy, can enhance the effectiveness of these legislative actions by educating individuals to
make healthier choices [105].

The use of antioxidants during pregnancy for smoking mothers has shown promise
in mitigating respiratory issues in offspring. Vitamin C has been extensively studied
for its protective effects against oxidative stress induced by maternal smoking [106–108].
A randomized trial demonstrated that daily supplementation with 500 mg of vitamin C
during pregnancy improves newborn pulmonary function, reduces wheezing, and prevents
DNA methylation changes associated with maternal smoking [109]. These changes suggest
that vitamin C mitigates the epigenetic alterations linked to reduced lung development
and long-term respiratory risks.

Vitamin E, another powerful antioxidant, has been shown to synergize with vitamin
C to contrast oxidative stress in placental tissues, thereby protecting fetal development
from the adverse effects of nicotine [110]. Similarly, N-acetylcysteine (NAC), by enhancing
glutathione synthesis, has demonstrated protective roles in reducing oxidative stress and
supporting placental function [110]. Meanwhile, L-carnitine has shown efficacy in reducing
inflammation and oxidative damage in animal studies, improving birth weight and partially
normalizing inflammatory markers in offspring exposed to maternal smoke [111].

5. Conclusions

E-cigs are significant modifiable risk factors for short- and long-term respiratory
damage in fetal and neonatal airways. Nicotine and other compounds are responsible for
anatomical and molecular modifications of the lungs during pregnancy and the perinatal
period. Oxidative stress has a pivotal role in the activation of inflammatory damage in the
respiratory system. Studies in humans are urgently needed to confirm the sequelae of the
exposure on the developing airways.

A comprehensive prevention strategy should integrate multiple interventions to ad-
dress the diverse factors influencing e-cig use during pregnancy (Figure 3). Legislative
measures and counselling are the most relevant strategies for mothers and their children.
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The use of antioxidants and/or NRT without stopping the smoking habit can increase
the nicotine burden on fetal and neonatal lungs and encourage the mother to continue
nicotine dependence and transfer it to the next generations. Community-based programs
that involve partners, family members, and social networks can create a supportive en-
vironment for behaviour change. Similarly, collaborations between healthcare systems,
public health agencies, and advocacy groups can amplify the reach and effectiveness of
prevention efforts.

Figure 3. Multiple integrated prevention strategies to influence e-cig use during pregnancy.

Author Contributions: Conceptualization, S.M. and M.F.P.; methodology, A.G. and S.F.R.; data
curation, F.G. and B.A.; writing—original draft preparation, A.G., F.G. and B.A.; writing—review
and editing, A.G. and S.F.R.; supervision, S.M. and M.F.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. La Grutta, S.; Indinnimeo, L.; di Coste, A.; Ferrante, G.; Landi, M.; Pelosi, U.; Rusconi, F. Environmental Risk Factors and Lung
Diseases in Children: From Guidelines to Health Effects. Early Hum. Dev. 2013, 89, S59–S62. [CrossRef] [PubMed]

2. Palazzolo, D.L. Electronic Cigarettes and Vaping: A New Challenge in Clinical Medicine and Public Health. A Literature Review.
Front. Public Health 2013, 1, 56. [CrossRef] [PubMed]

3. McRobbie, H.; Bullen, C.; Hartmann-Boyce, J.; Hajek, P. Electronic Cigarettes for Smoking Cessation and Reduction. In Cochrane
Database of Systematic Reviews; McRobbie, H., Ed.; John Wiley & Sons, Ltd.: Chichester, UK, 2014. [CrossRef]

4. Yoong, S.L.; Hall, A.; Turon, H.; Stockings, E.; Leonard, A.; Grady, A.; Tzelepis, F.; Wiggers, J.; Gouda, H.; Fayokun, R.; et al.
Association between Electronic Nicotine Delivery Systems and Electronic Non-Nicotine Delivery Systems with Initiation of
Tobacco Use in Individuals Aged < 20 Years. A Systematic Review and Meta-Analysis. PLoS ONE 2021, 16, e0256044. [CrossRef]

5. Breitbarth, A.K.; Morgan, J.; Jones, A.L. E-Cigarettes—An Unintended Illicit Drug Delivery System. Drug Alcohol. Depend. 2018,
192, 98–111. [CrossRef] [PubMed]

194



Antioxidants 2025, 14, 262

6. Sosnowski, T.R.; Odziomek, M. Particle Size Dynamics: Toward a Better Understanding of Electronic Cigarette Aerosol Interac-
tions With the Respiratory System. Front. Physiol. 2018, 9, 853. [CrossRef] [PubMed]

7. Stefaniak, A.B.; LeBouf, R.F.; Ranpara, A.C.; Leonard, S.S. Toxicology of Flavoring- and Cannabis-Containing e-Liquids Used in
Electronic Delivery Systems. Pharmacol. Ther. 2021, 224, 107838. [CrossRef] [PubMed]

8. Stroud, L.R.; Papandonatos, G.D.; Borba, K.; Kehoe, T.; Scott-Sheldon, L.A.J. Flavored Electronic Cigarette Use, Preferences, and
Perceptions in Pregnant Mothers: A Correspondence Analysis Approach. Addict. Behav. 2019, 91, 21–29. [CrossRef] [PubMed]

9. Goniewicz, M.L.; Knysak, J.; Gawron, M.; Kosmider, L.; Sobczak, A.; Kurek, J.; Prokopowicz, A.; Jablonska-Czapla, M.; Rosik-
Dulewska, C.; Havel, C.; et al. Levels of Selected Carcinogens and Toxicants in Vapour from Electronic Cigarettes. Tob. Control
2014, 23, 133–139. [CrossRef]

10. Palazzolo, D.L.; Crow, A.P.; Nelson, J.M.; Johnson, R.A. Trace Metals Derived from Electronic Cigarette (ECIG) Generated Aerosol:
Potential Problem of ECIG Devices That Contain Nickel. Front. Physiol. 2017, 7, 663. [CrossRef]

11. Jensen, R.P.; Luo, W.; Pankow, J.F.; Strongin, R.M.; Peyton, D.H. Hidden Formaldehyde in E-Cigarette Aerosols. N. Engl. J. Med.
2015, 372, 392–394. [CrossRef]

12. Mark, K.S.; Farquhar, B.; Chisolm, M.S.; Coleman-Cowger, V.H.; Terplan, M. Knowledge, Attitudes, and Practice of Electronic
Cigarette Use Among Pregnant Women. J. Addict. Med. 2015, 9, 266–272. [CrossRef]

13. Ashford, K.; Wiggins, A.; Butler, K.; Ickes, M.; Rayens, M.K.; Hahn, E. E-Cigarette Use and Perceived Harm Among Women of
Childbearing Age Who Reported Tobacco Use During the Past Year. Nurs. Res. 2016, 65, 408–414. [CrossRef] [PubMed]

14. Reynolds, C.M.E.; Egan, B.; McKeating, A.; Daly, N.; Sheehan, S.R.; Turner, M.J. Five Year Trends in Maternal Smoking Behaviour
Reported at the First Prenatal Appointment. Ir. J. Med. Sci. 2017, 186, 971–979. [CrossRef]

15. Whittington, J.R.; Simmons, P.M.; Phillips, A.M.; Gammill, S.K.; Cen, R.; Magann, E.F.; Cardenas, V.M. The Use of Electronic
Cigarettes in Pregnancy: A Review of the Literature. Obs. Gynecol. Surv. 2018, 73, 544–549. [CrossRef]

16. Wagner, N.J.; Camerota, M.; Propper, C. Prevalence and Perceptions of Electronic Cigarette Use during Pregnancy. Matern. Child.
Health J. 2017, 21, 1655–1661. [CrossRef]

17. McCubbin, A.; Fallin-Bennett, A.; Barnett, J.; Ashford, K. Perceptions and Use of Electronic Cigarettes in Pregnancy. Health Educ.
Res. 2017, 32, 22–32. [CrossRef] [PubMed]

18. Kuniyoshi, K.M.; Rehan, V.K. The Impact of Perinatal Nicotine Exposure on Fetal Lung Development and Subsequent Respiratory
Morbidity. Birth Defects Res. 2019, 111, 1270–1283. [CrossRef]

19. Orzabal, M.R.; Naik, V.D.; Lee, J.; Hillhouse, A.E.; Brashear, W.A.; Threadgill, D.W.; Ramadoss, J. Impact of E-Cig Aerosol Vaping
on Fetal and Neonatal Respiratory Development and Function. Transl. Res. 2022, 246, 102–114. [CrossRef]

20. McEvoy, C.T.; Spindel, E.R. Pulmonary Effects of Maternal Smoking on the Fetus and Child: Effects on Lung Development,
Respiratory Morbidities, and Life Long Lung Health. Paediatr. Respir. Rev. 2017, 21, 27–33. [CrossRef]

21. Wills, T.A.; Soneji, S.S.; Choi, K.; Jaspers, I.; Tam, E.K. E-Cigarette Use and Respiratory Disorders: An Integrative Review of
Converging Evidence from Epidemiological and Laboratory Studies. Eur. Respir. J. 2021, 57, 1901815. [CrossRef]

22. Calogero, C.; Sly, P.D. Developmental Physiology: Lung Function during Growth and Development from Birth to Old Age. In
Paediatric Lung Function; European Respiratory Society: Lausanne, Switzerland, 2010. [CrossRef]

23. Rehman, S.; Bacha, D. Embryology, Pulmonary; StatPearls Publishing LLC.: Tampa, FL, USA, 2025.
24. Schittny, J.C. Development of the Lung. Cell Tissue Res. 2017, 367, 427–444. [CrossRef] [PubMed]
25. Koos, B.J.; Rajaee, A. Fetal Breathing Movements and Changes at Birth; Springer: New York, NY, USA, 2014; pp. 89–101. [CrossRef]
26. Pan, J.; Copland, I.; Post, M.; Yeger, H.; Cutz, E. Mechanical Stretch-Induced Serotonin Release from Pulmonary Neuroendocrine

Cells: Implications for Lung Development. Am. J. Physiol.-Lung Cell Mol. Physiol. 2006, 290, L185–L193. [CrossRef]
27. Dunnill, M.S. Postnatal Growth of the Lung. Thorax 1962, 17, 329–333. [CrossRef]
28. Thurlbeck, W.M. Postnatal Human Lung Growth. Thorax 1982, 37, 564–571. [CrossRef] [PubMed]
29. Lovric, G.; Barré, S.F.; Schittny, J.C.; Roth-Kleiner, M.; Stampanoni, M.; Mokso, R. Dose Optimization Approach to Fast X-Ray

Microtomography of the Lung Alveoli. J. Appl. Crystallogr. 2013, 46, 856–860. [CrossRef] [PubMed]
30. Vasilescu, D.M.; Gao, Z.; Saha, P.K.; Yin, L.; Wang, G.; Haefeli-Bleuer, B.; Ochs, M.; Weibel, E.R.; Hoffman, E.A. Assessment of

Morphometry of Pulmonary Acini in Mouse Lungs by Nondestructive Imaging Using Multiscale Microcomputed Tomography.
Proc. Natl. Acad. Sci. USA 2012, 109, 17105–17110. [CrossRef] [PubMed]

31. Yablonskiy, D.A.; Sukstanskii, A.L.; Woods, J.C.; Gierada, D.S.; Quirk, J.D.; Hogg, J.C.; Cooper, J.D.; Conradi, M.S. Quantification
of Lung Microstructure with Hyperpolarized 3He Diffusion MRI. J. Appl. Physiol. 2009, 107, 1258–1265. [CrossRef]

32. Hislop, A.; Muir, D.C.F.; Jacobsen, M.; Simon, G.; Reid, L. Postnatal Growth and Function of the Pre-Acinar Airways. Thorax 1972,
27, 265–274. [CrossRef] [PubMed]

195



Antioxidants 2025, 14, 262

33. Selevan, S.; Kimmel, C.; Mendola, P. Windows of Susceptibility to Environmental Exposures in Children: (Excerpt from Children’s
Health and the Environment: A Global Perspective). In Everyday Environmental Toxins; Apple Academic Press: Cambridge, MA,
USA, 2015; pp. 23–34. [CrossRef]

34. Kovesi, T.; Rubin, S. Long-Term Complications of Congenital Esophageal Atresia and/or Tracheoesophageal Fistula. Chest 2004,
126, 915–925. [CrossRef] [PubMed]

35. Kool, H.; Mous, D.; Tibboel, D.; de Klein, A.; Rottier, R.J. Pulmonary Vascular Development Goes Awry in Congenital Lung
Abnormalities. Birth Defects Res. Part C Embryo Today 2014, 102, 343–358. [CrossRef] [PubMed]

36. Phalen, R.F.; Oldham, M.J.; Beaucage, C.B.; Crocker, T.T.; Mortensen, J. Postnatal Enlargement of Human Tracheobronchial
Airways and Implications for Particle Deposition. Anat. Rec. 1985, 212, 368–380. [CrossRef]

37. Wen, X.; Liu, L.; Moe, A.A.; Ormond, I.K.; Shuren, C.C.; Scott, I.N.; Ozga, J.E.; Stanton, C.A.; Ruybal, A.L.; Hart, J.L.; et al. Use of
E-Cigarettes and Cigarettes During Late Pregnancy Among Adolescents. JAMA Netw. Open 2023, 6, e2347407. [CrossRef]

38. Mescolo, F.; Ferrante, G.; La Grutta, S. Effects of E-Cigarette Exposure on Prenatal Life and Childhood Respiratory Health: A
Review of Current Evidence. Front. Pediatr. 2021, 9, 711573. [CrossRef]

39. Prochaska, J.J.; Vogel, E.A.; Benowitz, N. Nicotine Delivery and Cigarette Equivalents from Vaping a JUULpod. Tob. Control 2022,
31, e88–e93. [CrossRef] [PubMed]

40. Luck, W.; Nau, H.; Hansen, R.; Steldinger, R. Extent of Nicotine and Cotinine Transfer to the Human Fetus, Placenta and Amniotic
Fluid of Smoking Mothers. Dev. Pharmacol. Ther. 1985, 8, 384–395. [CrossRef]

41. Napierala, M.; Mazela, J.; Merritt, T.A.; Florek, E. Tobacco Smoking and Breastfeeding: Effect on the Lactation Process, Breast
Milk Composition and Infant Development. A Critical Review. Environ. Res. 2016, 151, 321–338. [CrossRef]

42. Rowe, H.; Baker, T.; Hale, T.W. Maternal Medication, Drug Use, and Breastfeeding. Child. Adolesc. Psychiatr. Clin. N. Am. 2015, 24,
1–20. [CrossRef] [PubMed]

43. Suter, M.A.; Mastrobattista, J.; Sachs, M.; Aagaard, K. Is There Evidence for Potential Harm of Electronic Cigarette Use in
Pregnancy? Birth Defects Res. A Clin. Mol. Teratol. 2015, 103, 186–195. [CrossRef] [PubMed]

44. Rao, P.; Liu, J.; Springer, M.L. JUUL and Combusted Cigarettes Comparably Impair Endothelial Function. Tob. Regul. Sci. 2020, 6,
30–37. [CrossRef]

45. St. Helen, G.; Havel, C.; Dempsey, D.A.; Jacob, P.; Benowitz, N.L. Nicotine Delivery, Retention and Pharmacokinetics from
Various Electronic Cigarettes. Addiction 2016, 111, 535–544. [CrossRef] [PubMed]

46. Ozekin, Y.H.; Saal, M.L.; Pineda, R.H.; Moehn, K.; Ordonez-Erives, M.A.; Delgado Figueroa, M.F.; Frazier, C.; Korth, K.M.;
Königshoff, M.; Bates, E.A.; et al. Intrauterine Exposure to Nicotine through Maternal Vaping Disrupts Embryonic Lung and
Skeletal Development via the Kcnj2 Potassium Channel. Dev. Biol. 2023, 501, 111–123. [CrossRef] [PubMed]

47. Noël, A.; Hansen, S.; Zaman, A.; Perveen, Z.; Pinkston, R.; Hossain, E.; Xiao, R.; Penn, A. In Utero Exposures to Electronic-
Cigarette Aerosols Impair the Wnt Signaling during Mouse Lung Development. Am. J. Physiol.-Lung Cell. Mol. Physiol. 2020, 318,
L705–L722. [CrossRef] [PubMed]

48. Beers, M.F.; Morrisey, E.E. The Three R’s of Lung Health and Disease: Repair, Remodeling, and Regeneration. J. Clin. Investig.
2011, 121, 2065–2073. [CrossRef]

49. Tilley, A.E.; Harvey, B.-G.; Heguy, A.; Hackett, N.R.; Wang, R.; O’Connor, T.P.; Crystal, R.G. Down-Regulation of the Notch
Pathway in Human Airway Epithelium in Association with Smoking and Chronic Obstructive Pulmonary Disease. Am. J. Respir.
Crit. Care Med. 2009, 179, 457–466. [CrossRef] [PubMed]

50. Hussain, M.; Xu, C.; Lu, M.; Wu, X.; Tang, L.; Wu, X. Wnt/β-Catenin Signaling Links Embryonic Lung Development and
Asthmatic Airway Remodeling. Biochim. Biophys. Acta (BBA)—Mol. Basis Dis. 2017, 1863, 3226–3242. [CrossRef]

51. McGrath-Morrow, S.A.; Hayashi, M.; Aherrera, A.; Lopez, A.; Malinina, A.; Collaco, J.M.; Neptune, E.; Klein, J.D.; Winickoff, J.P.;
Breysse, P.; et al. The Effects of Electronic Cigarette Emissions on Systemic Cotinine Levels, Weight and Postnatal Lung Growth in
Neonatal Mice. PLoS ONE 2015, 10, e0118344. [CrossRef]

52. Gambadauro, A.; Galletta, F.; Li Pomi, A.; Manti, S.; Piedimonte, G. Immune Response to Respiratory Viral Infections. Int. J. Mol.
Sci. 2024, 25, 6178. [CrossRef] [PubMed]

53. Palazzolo, D.L.; Nelson, J.M.; Ely, E.A.; Crow, A.P.; Distin, J.; Kunigelis, S.C. The Effects of Electronic Cigarette (ECIG)-Generated
Aerosol and Conventional Cigarette Smoke on the Mucociliary Transport Velocity (MTV) Using the Bullfrog (R. catesbiana) Palate
Paradigm. Front. Physiol. 2017, 8, 1023. [CrossRef] [PubMed]

54. Laube, B.L.; Afshar-Mohajer, N.; Koehler, K.; Chen, G.; Lazarus, P.; Collaco, J.M.; McGrath-Morrow, S.A. Acute and Chronic in
Vivo Effects of Exposure to Nicotine and Propylene Glycol from an E-Cigarette on Mucociliary Clearance in a Murine Model.
Inhal. Toxicol. 2017, 29, 197–205. [CrossRef]

196



Antioxidants 2025, 14, 262

55. Chung, S.; Baumlin, N.; Dennis, J.S.; Moore, R.; Salathe, S.F.; Whitney, P.L.; Sabater, J.; Abraham, W.M.; Kim, M.D.; Salathe, M.
Electronic Cigarette Vapor with Nicotine Causes Airway Mucociliary Dysfunction Preferentially via TRPA1 Receptors. Am. J.
Respir. Crit. Care Med. 2019, 200, 1134–1145. [CrossRef]

56. Manti, S.; Gambadauro, A.; Galletta, F.; Ruggeri, P.; Piedimonte, G. Update on the Role of B2AR and TRPV1 in Respiratory
Diseases. Int. J. Mol. Sci. 2024, 25, 10234. [CrossRef] [PubMed]

57. Ogunwale, M.A.; Li, M.; Ramakrishnam Raju, M.V.; Chen, Y.; Nantz, M.H.; Conklin, D.J.; Fu, X.-A. Aldehyde Detection in
Electronic Cigarette Aerosols. ACS Omega 2017, 2, 1207–1214. [CrossRef] [PubMed]

58. Sinharoy, P.; McAllister, S.L.; Vasu, M.; Gross, E.R. Environmental Aldehyde Sources and the Health Implications of Exposure; Springer:
Singapore, 2019; pp. 35–52. [CrossRef]

59. Kim, M.D.; Chung, S.; Dennis, J.S.; Yoshida, M.; Aguiar, C.; Aller, S.P.; Mendes, E.S.; Schmid, A.; Sabater, J.; Baumlin, N.; et al.
Vegetable Glycerin E-Cigarette Aerosols Cause Airway Inflammation and Ion Channel Dysfunction. Front. Pharmacol. 2022, 13,
1012723. [CrossRef] [PubMed]

60. Kim, M.D.; Chung, S.; Baumlin, N.; Qian, J.; Montgomery, R.N.; Sabater, J.; Berkland, C.; Salathe, M. The Combination of
Propylene Glycol and Vegetable Glycerin E-Cigarette Aerosols Induces Airway Inflammation and Mucus Hyperconcentration.
Sci. Rep. 2024, 14, 1942. [CrossRef]

61. Aslaner, D.M.; Alghothani, O.; Saldana, T.A.; Ezell, K.G.; Yallourakis, M.D.; MacKenzie, D.M.; Miller, R.A.; Wold, L.E.; Gorr, M.W.
E-Cigarette Vapor Exposure in Utero Causes Long-Term Pulmonary Effects in Offspring. Am. J. Physiol.-Lung Cell. Mol. Physiol.
2022, 323, L676–L682. [CrossRef] [PubMed]

62. Wang, Q.; Sundar, I.K.; Blum, J.L.; Ratner, J.R.; Lucas, J.H.; Chuang, T.-D.; Wang, Y.; Liu, J.; Rehan, V.K.; Zelikoff, J.T.; et al.
Prenatal Exposure to Electronic-Cigarette Aerosols Leads to Sex-Dependent Pulmonary Extracellular-Matrix Remodeling and
Myogenesis in Offspring Mice. Am. J. Respir. Cell Mol. Biol. 2020, 63, 794–805. [CrossRef]

63. Lucas, J.H.; Muthumalage, T.; Wang, Q.; Friedman, M.R.; Friedman, A.E.; Rahman, I. E-Liquid Containing a Mixture of Coconut,
Vanilla, and Cookie Flavors Causes Cellular Senescence and Dysregulated Repair in Pulmonary Fibroblasts: Implications on
Premature Aging. Front. Physiol. 2020, 11, 924. [CrossRef]

64. Hua, M.; Omaiye, E.E.; Luo, W.; McWhirter, K.J.; Pankow, J.F.; Talbot, P. Identification of Cytotoxic Flavor Chemicals in Top-Selling
Electronic Cigarette Refill Fluids. Sci. Rep. 2019, 9, 2782. [CrossRef]

65. Behar, R.Z.; Davis, B.; Wang, Y.; Bahl, V.; Lin, S.; Talbot, P. Identification of Toxicants in Cinnamon-Flavored Electronic Cigarette
Refill Fluids. Toxicol. Vitr. 2014, 28, 198–208. [CrossRef]

66. Ma, T.; Wang, X.; Li, L.; Sun, B.; Zhu, Y.; Xia, T. Electronic Cigarette Aerosols Induce Oxidative Stress-Dependent Cell Death and
NF-KB Mediated Acute Lung Inflammation in Mice. Arch. Toxicol. 2021, 95, 195–205. [CrossRef]

67. Hecker, L. Mechanisms and Consequences of Oxidative Stress in Lung Disease: Therapeutic Implications for an Aging Populace.
Am. J. Physiol.-Lung Cell Mol. Physiol. 2018, 314, L642–L653. [CrossRef] [PubMed]

68. Emma, R.; Caruso, M.; Campagna, D.; Pulvirenti, R.; Li Volti, G. The Impact of Tobacco Cigarettes, Vaping Products and Tobacco
Heating Products on Oxidative Stress. Antioxidants 2022, 11, 1829. [CrossRef]

69. Sussan, T.E.; Gajghate, S.; Thimmulappa, R.K.; Ma, J.; Kim, J.-H.; Sudini, K.; Consolini, N.; Cormier, S.A.; Lomnicki, S.; Hasan, F.;
et al. Exposure to Electronic Cigarettes Impairs Pulmonary Anti-Bacterial and Anti-Viral Defenses in a Mouse Model. PLoS ONE
2015, 10, e0116861. [CrossRef]

70. Chen, H.; Li, G.; Chan, Y.L.; Chapman, D.G.; Sukjamnong, S.; Nguyen, T.; Annissa, T.; McGrath, K.C.; Sharma, P.; Oliver, B.G.
Maternal E-Cigarette Exposure in Mice Alters DNA Methylation and Lung Cytokine Expression in Offspring. Am. J. Respir. Cell
Mol. Biol. 2018, 58, 366–377. [CrossRef] [PubMed]

71. Lerner, C.A.; Sundar, I.K.; Yao, H.; Gerloff, J.; Ossip, D.J.; McIntosh, S.; Robinson, R.; Rahman, I. Vapors Produced by Electronic
Cigarettes and E-Juices with Flavorings Induce Toxicity, Oxidative Stress, and Inflammatory Response in Lung Epithelial Cells
and in Mouse Lung. PLoS ONE 2015, 10, e0116732. [CrossRef]

72. Abusara, O.H.; Hammad, A.M.; Debas, R.; Al-Shalabi, E.; Waleed, M.; Scott Hall, F. The Inflammation and Oxidative Status of Rat
Lung Tissue Following Smoke/Vapor Exposure via E-Cigarette, Cigarette, and Waterpipe. Gene 2025, 935, 149066. [CrossRef]

73. El-Mahdy, M.A.; Mahgoup, E.M.; Ewees, M.G.; Eid, M.S.; Abdelghany, T.M.; Zweier, J.L. Long-Term Electronic Cigarette Exposure
Induces Cardiovascular Dysfunction Similar to Tobacco Cigarettes: Role of Nicotine and Exposure Duration. Am. J. Physiol.-Heart
Circ. Physiol. 2021, 320, H2112–H2129. [CrossRef] [PubMed]

74. Moheimani, R.S.; Bhetraratana, M.; Yin, F.; Peters, K.M.; Gornbein, J.; Araujo, J.A.; Middlekauff, H.R. Increased Cardiac
Sympathetic Activity and Oxidative Stress in Habitual Electronic Cigarette Users. JAMA Cardiol. 2017, 2, 278. [CrossRef]
[PubMed]

197



Antioxidants 2025, 14, 262

75. El-Mahdy, M.A.; Ewees, M.G.; Eid, M.S.; Mahgoup, E.M.; Khaleel, S.A.; Zweier, J.L. Electronic Cigarette Exposure Causes Vascular
Endothelial Dysfunction Due to NADPH Oxidase Activation and ENOS Uncoupling. Am. J. Physiol.-Heart Circ. Physiol. 2022, 322,
H549–H567. [CrossRef]

76. Neuman, Å.; Hohmann, C.; Orsini, N.; Pershagen, G.; Eller, E.; Kjaer, H.F.; Gehring, U.; Granell, R.; Henderson, J.; Heinrich, J.;
et al. Maternal Smoking in Pregnancy and Asthma in Preschool Children. Am. J. Respir. Crit. Care Med. 2012, 186, 1037–1043.
[CrossRef] [PubMed]

77. Burke, H.; Leonardi-Bee, J.; Hashim, A.; Pine-Abata, H.; Chen, Y.; Cook, D.G.; Britton, J.R.; McKeever, T.M. Prenatal and Passive
Smoke Exposure and Incidence of Asthma and Wheeze: Systematic Review and Meta-Analysis. Pediatrics 2012, 129, 735–744.
[CrossRef] [PubMed]

78. Zaitsu, M.; Kono, K.; Hosokawa, Y.; Miyamoto, M.; Nanishi, K.; Okawa, S.; Niki, S.; Takahashi, K.; Yoshihara, S.; Kobashi, G.; et al.
Maternal Heated Tobacco Product Use during Pregnancy and Allergy in Offspring. Allergy 2023, 78, 1104–1112. [CrossRef]

79. Martinez, F.D.; Wright, A.L.; Taussig, L.M.; Holberg, C.J.; Halonen, M.; Morgan, W.J. Asthma and Wheezing in the First Six Years
of Life. N. Engl. J. Med. 1995, 332, 133–138. [CrossRef] [PubMed]

80. Lodrup Carlsen, K.; Jaakkola, J.; Nafstad, P.; Carlsen, K. In Utero Exposure to Cigarette Smoking Influences Lung Function at
Birth. Eur. Respir. J. 1997, 10, 1774–1779. [CrossRef]

81. Gotts, J.E.; Jordt, S.-E.; McConnell, R.; Tarran, R. What Are the Respiratory Effects of E-Cigarettes? BMJ 2019, 366, l5275. [CrossRef]
[PubMed]

82. Costantino, S.; Torre, A.; Foti Randazzese, S.; Mollica, S.A.; Motta, F.; Busceti, D.; Ferrante, F.; Caminiti, L.; Crisafulli, G.; Manti, S.
Association between Second-Hand Exposure to E-Cigarettes at Home and Exacerbations in Children with Asthma. Children 2024,
11, 356. [CrossRef] [PubMed]

83. Wills, T.A.; Pagano, I.; Williams, R.J.; Tam, E.K. E-Cigarette Use and Respiratory Disorder in an Adult Sample. Drug Alcohol.
Depend. 2019, 194, 363–370. [CrossRef]

84. Bailey, C.; Medeiros, P.d.B.; Ellwood, D.A.; Middleton, P.; Andrews, C.J.; Flenady, V.J. A Systematic Review of Interventions to
Increase the Use of Smoking Cessation Services for Women Who Smoke during Pregnancy. Aust. N. Z. J. Obstet. Gynaecol. 2023,
63, 737–745. [CrossRef] [PubMed]

85. Diamanti, A.; Papadakis, S.; Schoretsaniti, S.; Rovina, N.; Vivilaki, V.; Gratziou, C.; Katsaounou, P. Smoking Cessation in
Pregnancy: An Update for Maternity Care Practitioners. Tob. Induc. Dis. 2019, 17, 57. [CrossRef] [PubMed]

86. Bérard, A.; Zhao, J.-P.; Sheehy, O. Success of Smoking Cessation Interventions during Pregnancy. Am. J. Obs. Gynecol. 2016, 215,
e1–e611. [CrossRef] [PubMed]

87. Madureira, J.; Camelo, A.; Silva, A.I.; Reis, A.T.; Esteves, F.; Ribeiro, A.I.; Teixeira, J.P.; Costa, C. The Importance of Socioeconomic
Position in Smoking, Cessation and Environmental Tobacco Smoke Exposure during Pregnancy. Sci. Rep. 2020, 10, 15584.
[CrossRef] [PubMed]

88. Chamberlain, C.; O’Mara-Eves, A.; Porter, J.; Coleman, T.; Perlen, S.M.; Thomas, J.; McKenzie, J.E. Psychosocial Interventions for
Supporting Women to Stop Smoking in Pregnancy. Cochrane Database Syst. Rev. 2017, 2020, CD001055. [CrossRef]

89. Ussher, M.; Lewis, S.; Aveyard, P.; Manyonda, I.; West, R.; Lewis, B.; Marcus, B.; Riaz, M.; Taylor, A.; Daley, A.; et al. Physical
Activity for Smoking Cessation in Pregnancy: Randomised Controlled Trial. BMJ 2015, 350, h2145. [CrossRef]

90. Georgakopoulou, V.E.; Diamanti, A. Artificial Intelligence for Smoking Cessation in Pregnancy. Cureus 2024, 16, e63732. [CrossRef]
[PubMed]

91. McMeekin, N.; Sinclair, L.; Robinson-Smith, L.; Mitchell, A.; Bauld, L.; Tappin, D.M.; Boyd, K.A. Financial Incentives for Quitting
Smoking in Pregnancy: Are They Cost-effective? Addiction 2023, 118, 1445–1456. [CrossRef] [PubMed]

92. Boyd, K.A.; Briggs, A.H.; Bauld, L.; Sinclair, L.; Tappin, D. Are Financial Incentives Cost-Effective to Support Smoking Cessation
during Pregnancy? Addiction 2016, 111, 360–370. [CrossRef] [PubMed]

93. Tappin, D.; Bauld, L.; Purves, D.; Boyd, K.; Sinclair, L.; MacAskill, S.; McKell, J.; Friel, B.; McConnachie, A.; de Caestecker, L.; et al.
Financial Incentives for Smoking Cessation in Pregnancy: Randomised Controlled Trial. BMJ 2015, 350, h134. [CrossRef]

94. Scherman, A.; Tolosa, J.E.; McEvoy, C. Smoking Cessation in Pregnancy: A Continuing Challenge in the United States. Ther. Adv.
Drug Saf. 2018, 9, 457–474. [CrossRef]

95. Vila-Farinas, A.; Pérez-Rios, M.; Montes-Martinez, A.; Ruano-Ravina, A.; Forray, A.; Rey-Brandariz, J.; Candal-Pedreira, C.;
Fernández, E.; Casal-Acción, B.; Varela-Lema, L. Effectiveness of Smoking Cessation Interventions among Pregnant Women: An
Updated Systematic Review and Meta-Analysis. Addict. Behav. 2024, 148, 107854. [CrossRef] [PubMed]

96. Gould, G.S.; Twyman, L.; Stevenson, L.; Gribbin, G.R.; Bonevski, B.; Palazzi, K.; Bar Zeev, Y. What Components of Smoking
Cessation Care during Pregnancy Are Implemented by Health Providers? A Systematic Review and Meta-Analysis. BMJ Open
2019, 9, e026037. [CrossRef]

198



Antioxidants 2025, 14, 262

97. Blanc, J.; Tosello, B.; Ekblad, M.O.; Berlin, I.; Netter, A. Nicotine Replacement Therapy during Pregnancy and Child Health
Outcomes: A Systematic Review. Int. J. Environ. Res. Public Health 2021, 18, 4004. [CrossRef] [PubMed]

98. Hartmann-Boyce, J.; Chepkin, S.C.; Ye, W.; Bullen, C.; Lancaster, T. Nicotine Replacement Therapy versus Control for Smoking
Cessation. Cochrane Database Syst. Rev. 2018, 2019, CD000146. [CrossRef] [PubMed]

99. Claire, R.; Chamberlain, C.; Davey, M.-A.; Cooper, S.E.; Berlin, I.; Leonardi-Bee, J.; Coleman, T. Pharmacological Interventions for
Promoting Smoking Cessation during Pregnancy. Cochrane Database Syst. Rev. 2020, 2020, CD010078. [CrossRef] [PubMed]

100. Robijn, A.L.; Tran, D.T.; Cohen, J.M.; Donald, S.; Cesta, C.E.; Furu, K.; Parkin, L.; Pearson, S.-A.; Reutfors, J.; Zoega, H.; et al.
Smoking Cessation Pharmacotherapy Use in Pregnancy. JAMA Netw. Open 2024, 7, e2419245. [CrossRef]

101. Tran, D.T.; Preen, D.B.; Einarsdottir, K.; Kemp-Casey, A.; Randall, D.; Jorm, L.R.; Choi, S.K.Y.; Havard, A. Use of Smoking
Cessation Pharmacotherapies during Pregnancy Is Not Associated with Increased Risk of Adverse Pregnancy Outcomes: A
Population-Based Cohort Study. BMC Med. 2020, 18, 15. [CrossRef]

102. Morales-Suárez-Varela, M.; Puig, B.M.; Kaerlev, L.; Peraita-Costa, I.; Perales-Marín, A. Safety of Nicotine Replacement Therapy
during Pregnancy: A Narrative Review. Int. J. Environ. Res. Public Health 2022, 20, 250. [CrossRef] [PubMed]

103. Gambadauro, A.; Foti Randazzese, S.; Currò, A.; Galletta, F.; Crisafulli, G.; Caminiti, L.; Germanò, E.; Di Rosa, G.; Nicotera, A.G.;
Manti, S. Impact of the Allergic Therapeutic Adherence in Children with Allergic Rhinitis and ADHD: A Pilot Study. J. Pers. Med.
2023, 13, 1346. [CrossRef] [PubMed]

104. Barboza, J. Pharmaceutical Strategies for Smoking Cessation during Pregnancy. Expert. Opin. Pharmacother. 2018, 19, 2033–2042.
[CrossRef]

105. Adams, E.K.; Markowitz, S.; Kannan, V.; Dietz, P.M.; Tong, V.T.; Malarcher, A.M. Reducing Prenatal Smoking. Am. J. Prev. Med.
2012, 43, 34–40. [CrossRef] [PubMed]

106. McEvoy, C.T.; Schilling, D.; Clay, N.; Jackson, K.; Go, M.D.; Spitale, P.; Bunten, C.; Leiva, M.; Gonzales, D.; Hollister-Smith, J.; et al.
Vitamin C Supplementation for Pregnant Smoking Women and Pulmonary Function in Their Newborn Infants. JAMA 2014, 311,
2074. [CrossRef]

107. Shorey-Kendrick, L.E.; McEvoy, C.T.; Ferguson, B.; Burchard, J.; Park, B.S.; Gao, L.; Vuylsteke, B.H.; Milner, K.F.; Morris, C.D.;
Spindel, E.R. Vitamin C Prevents Offspring DNA Methylation Changes Associated with Maternal Smoking in Pregnancy. Am. J.
Respir. Crit. Care Med. 2017, 196, 745–755. [CrossRef] [PubMed]

108. Shorey-Kendrick, L.E.; McEvoy, C.T.; O’Sullivan, S.M.; Milner, K.; Vuylsteke, B.; Tepper, R.S.; Morgan, T.K.; Roberts, V.H.J.; Lo,
J.O.; Frias, A.E.; et al. Vitamin C Supplementation Improves Placental Function and Alters Placental Gene Expression in Smokers.
Sci. Rep. 2024, 14, 25486. [CrossRef]

109. McEvoy, C.T.; Shorey-Kendrick, L.E.; Milner, K.; Schilling, D.; Tiller, C.; Vuylsteke, B.; Scherman, A.; Jackson, K.; Haas, D.M.;
Harris, J.; et al. Oral Vitamin C (500 Mg/d) to Pregnant Smokers Improves Infant Airway Function at 3 Months (VCSIP). A
Randomized Trial. Am. J. Respir. Crit. Care Med. 2019, 199, 1139–1147. [CrossRef] [PubMed]

110. Gallo, C.; Renzi, P.; Loizzo, S.; Loizzo, A.; Piacente, S.; Festa, M.; Caputo, M.; Tecce, M.F.; Capasso, A. Potential Therapeutic
Effects of Vitamin E and C on Placental Oxidative Stress Induced by Nicotine: An In Vitro Evidence. Open Biochem. J. 2010, 4,
77–82. [CrossRef] [PubMed]

111. Wang, B.; Chan, Y.L.; Zhou, S.; Saad, S.; Chen, H.; Oliver, B.G. Offspring Sex Affects the Susceptibility to Maternal Smoking-
Induced Lung Inflammation and the Effect of Maternal Antioxidant Supplementation in Mice. J. Inflamm. 2020, 17, 24. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

199



antioxidants

Review

Apnea of Prematurity and Oxidative Stress:
Potential Implications

Lauren Thompson, Joseph W. Werthammer and David Gozal *

Department of Pediatrics, Joan C. Edwards School of Medicine, Marshall University, Huntington, WV 25701, USA;
herman8@marshall.edu (L.T.); werthammer@marshall.edu (J.W.W.)
* Correspondence: gozal@marshall.edu; Tel.: +1-304-691-1700

Abstract: Apnea of prematurity (AOP) occurs in 85% of neonates ≤34 weeks of gestational age. AOP
is frequently associated with intermittent hypoxia (IH). This narrative review reports on the putative
relationship of AOP with IH and the resulting oxidative stress (OS). Preterm infants are susceptible
to OS due to an imbalance between oxidant and antioxidant systems with the excessive free radical
load leading to serious morbidities that may include retinopathy of prematurity, bronchopulmonary
dysplasia, and neurodevelopmental delay. Current therapeutic approaches to minimize the adverse
effects of AOP and optimize oxygen delivery include noninvasive ventilation and xanthine inhibitor
therapy, but these approaches have only been partially successful in decreasing the incidence of AOP
and associated morbidities.

Keywords: apnea of prematurity; intermittent hypoxia; CPAP; oxidative stress; retinopathy of prematurity;
bronchopulmonary dysplasia; necrotizing enterocolitis; cognitive development; supplemental oxygen

1. Introduction

Preterm birth, defined as delivery before 37 weeks gestation, is a global public health
issue of significant magnitude. In 2020, an estimated 13.4 million neonates were born
prematurely, accounting for more than 10% of births worldwide [1]. Advances in medical
care have led to improved survival at increasingly earlier gestations, but this technological
success has come with a rise in the incidence of chronic morbidities among the surviving
high-risk neonates.

Common morbidities associated with premature birth include chronic lung disease,
retinopathy of prematurity (ROP), sleep-disordered breathing, neurodevelopmental delay,
growth failure, necrotizing enterocolitis (NEC), and cardiovascular dysfunction. Recent
emerging evidence has pointed to oxidative stress (OS) as a major contributing factor
underlying these morbidities, which occurs when there is an imbalance between oxidant
and antioxidant systems [2]. Preterm infants are particularly susceptible to OS due to the
underlying scarcity in the expression and activity of antioxidant enzymes and consequently
immature antioxidant responses. In addition, preterm infants are also exposed to environ-
mental factors that foster a pro-oxidant state such as the need for oxygen supplementation
and parenteral nutrition [3]. Clinically, apnea of prematurity (AOP) and the resultant
intermittent hypoxia (IH) that characterizes this condition will potentiate the OS that occurs
in preterm neonates and if allowed to persist for extended periods, may promote the risk
of multisystem complications.

In this review, we will discuss (1) the magnitude of the problem of AOP and IH, (2) the
relationship between IH and OS, (3) the currently identified associations between OS and
common morbidities seen in the preterm neonate, and (4) the relatively scarce therapeutic
approaches to mitigate IH and OS [4].
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2. Apnea of Prematurity—The Magnitude of the Problem

Apnea of prematurity (AOP) is one of the most common pathologies seen in premature
infants affecting 85% of neonates born ≤34 weeks gestation [5]. The prevalence of AOP is
inversely proportional to gestational age, with virtually all infants born ≤28 weeks being
affected compared to 20% of the infants born at 34 weeks gestation [6]. AOP generally
resolves spontaneously around 36–43 weeks of gestational age, although the age at which
AOP resolution will occur is stringently dependent on the degree of prematurity at birth,
such that very extreme premature infants may manifest AOP well into 50 weeks post-
conceptional age [6–8]. Clinically significant AOP has been defined as breathing pauses
that last >20 s or for >10 s if associated with bradycardia (e.g., <80 beats per minute) or
oxyhemoglobin desaturation (e.g., O2 saturation <80–85%) [9]. AOP, i.e., the cessation of
airflow, has traditionally been classified as (a) central, characteristically manifesting as the
absence of respiratory efforts, (b) obstructive, as illustrated by the presence of ongoing
inspiratory efforts in the context of upper airway obstruction, and (c) mixed, whereby a
combination of central apnea is either preceded or followed by upper airway obstruction.
(Figure 1). Among the obstructive types of AOP, the site of obstruction in the upper airways
is primarily in the pharynx, although it may also occur at the larynx and possibly at both
sites [10]. All three subtypes of AOP are related to some degree of brainstem immaturity
along with contributions and interactions with respiratory mechanics [11–17]. Mixed apnea
events with loss of upper airway patency following a central pause are the most common
type in premature infants [18,19].

The pathogenesis of AOP is multifactorial and not fully understood [20–22]. AOP
may simply resemble the fetal breathing pattern, where breathing is irregular because its
main function is to ensure lung growth rather than promote gas exchange [22]. Central
nervous system mechanisms and peripheral reflex pathways have all been implicated in
the pathophysiology of AOP [8,10,23] (Table 1).

Table 1. Potential risk factors implicated in the pathogenesis of apnea of prematurity.

Central Factors Peripheral Factors

Reduced central chemosensitivity Variable carotid body and peripheral chemosensitivity responses

Augmented hypoxic ventilatory depression Laryngeal chemoreflex

Upregulated inhibitory neural networks Hering–Breuer and diving reflexes

Immature vasomotor regulatory function Laryngeal chemoreflex

Neural connectome immaturity Autonomic dysmaturity facilitating bradycardia

Sensory integration deficits Reduced diaphragmatic endurance

Increased airway collapsibility

Reduced functional residual capacity of lungs and diminished oxygen reserve

Reduced central chemoreceptor responsiveness and instability of the central respira-
tory pattern generator along with enhanced peripheral chemoreceptor function have all
been proposed as contributors to the initiation of apnea events and also to its continua-
tion until some intervention is implemented [10,21]. The dysmaturity of the brainstem
respiratory pattern generator and altered ventilatory responses to hypercarbia and hypoxia
are all likely to contribute to AOP [24–26]. Changes in CO2 are sensed at many differ-
ent central nervous system regions even though the initial discoveries pointed to three
different sites at or near the ventral medullary surface of the brainstem; the current consen-
sus suggests that there is a multiplicity of chemosensitive fields collectively contributing
to the integrative cardiorespiratory responses along with the preservation of respiratory
drive [27–35]. Preterm infants have long been recognized to exhibit a diminished response
to CO2 when compared to more mature infants [14]. Furthermore, the carotid bodies and
their developmentally regulated maturational patterning are critically important to the
sensing of changes in oxygen levels as well as serving as the major peripheral chemical
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driver of respiration at all ages [10,36,37]. Peripheral chemoreceptors undergo a very
coordinated developmental trajectory initiated by the transition from the hypoxic fetal en-
vironment to the environmental air-oxygenated milieu, a phenomenon commonly referred
to as “resetting” [38,39]. In settings such as preterm birth in which ventilatory support is
required and supplemental oxygen is administered, the resetting phenomenon may be
affected and such blunting of peripheral chemoreceptor responses may be long-lasting and
involve prolongation of apneic events [40–42].

As mentioned above, peripheral chemoreceptors primarily in the carotid body are
responsible for stimulating breathing in response to hypoxia. The classic hypoxic response
in the preterm neonate is triphasic, consisting of an initial increase followed by a decrease
in ventilation usually ascribed to centrally mediated inhibitory inputs [14,43]. However,
preterm infants <1500 g show a virtually absent stimulatory response and instead manifest
an immediate reduction in minute ventilation during hypoxia, which is mainly secondary
to a decrease in respiratory rate related to central nervous system inhibition [44].

Apnea of prematurity and the resulting intermittent hypoxia (IH) it causes are exceed-
ingly common in the preterm neonate and have been recognized as such with the advent
of technology capable of continuously measuring oxygen saturation levels. Historically,
invasive arterial blood gas sampling was the gold standard for measuring oxygen levels
in the NICU. However, these sporadic estimates cannot identify the frequent fluctuations
in oxygen levels that occur in preterm infants. In contrast, transcutaneous and pulse
oximetry monitoring can provide continuous monitoring of an infant’s oxygen levels. Tran-
scutaneous monitoring requires periodic calibration and involves heating the membrane
positioned on the skin of the infant at the probe site, leading pulse oximetry to become
adopted as the standard practice for cardiorespiratory monitoring in the neonatal intensive
care unit (NICU). However, pulse oximetry is not without flaws and has limited value in
identifying periods of hyperoxemia with the use of supplemental oxygen. Pulse oximeters
also have decreased accuracy at lower levels of SpO2. Furthermore, the averaging time
used by the embedded algorithm in the instrument can affect accurate characterization
of apneic and hypoxic events. While a short averaging time produces the most accurate
waveform, a longer averaging time is used in many NICUs to reduce the high frequency of
alarms. This can, for example, portray a hypoxic event as an extended event, when in fact it
consists of multiple short, self-resolving events occurring in a cluster. This is concerning for
two reasons. First, a longer event is more likely to receive supplemental oxygen that may be
unnecessary. Second, there is increasing evidence that clustered IH events versus dispersed
events are likely associated with different clinical outcomes. Given these challenges, it is
difficult to accurately measure and record the true burden of these various types of events
and develop informed predictions as to their consequences [3].

Martin et al. [45] tackled this challenge by following a cohort of 79 preterm infants
(24–28 weeks gestation) over the first 8 weeks of postnatal life using continuous high-
resolution pulse oximetry data (2 s sampling rate and 2 s averaging time). They identified
desaturation events ≤80% from between 10 s and 3 min and calculated the number of
events for each infant for each week of postnatal age. Their results displayed the presence
of an abrupt increase in the density of events after the first week of life followed by a
progressive increase in weeks 2–4 reaching ~600 events/week and finally a decrease by
weeks 6 to 8 of postnatal life. The authors hypothesized that this trend is due to the
decline in central chemosensitivity during the first week of postnatal life. They further
concluded that the high incidence of IH episodes in this population (50–100 per day) would
likely be underestimated using conventional pulse oximetry settings [45]. Thus, IH is an
extremely frequent condition in premature infants and can be the consequence of initially
delayed maturation and resetting of the peripheral chemoreceptors followed by rebound
hypersensitivity of these receptors [34,36].
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Figure 1. Examples representing 3 types of apneas of prematurity events. Arrows indicate apneas,
and colored highlights in pink, purple, and magenta indicate respective events. (A)—central apnea:
10 s central apnea with absence of both airflow by nasal thermistor and chest wall movement by
transthoracic impedance followed by drop in SpO2 to 92%. (B)—obstructive apnea: 9 s obstructive ap-
nea with absent airflow with cardiac deceleration with continued chest wall movement. (C)—mixed
apnea: 20 s mixed apnea with initial obstruction with absent airflow with chest wall movement
followed by central apnea with cardiac deceleration.
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3. Oxidative Stress Cellular Mechanisms

Oxidative stress is usually considered as the presence of “a serious imbalance between
the generation of reactive oxygen species (ROS) and antioxidant defenses in favor of ROS,
causing excessive oxidative damage to biomolecules and cellular organelles”. In a bio-
logical cellular context, ROS are generated as a natural by-product of aerobic metabolic
pathways. Accordingly, mitochondrial respiration is a substantial source of ROS [46]. In
addition to mitochondria, ROS are synthesized by a variety of enzymes such as the NADPH
oxidase family, xanthine oxidase, nitric oxide synthase, and peroxisomal constituents [47].
In addition, ROS are generated during exposure to ionizing and UV radiations, as well as
by the ingestion and activity of a wide range of drugs and xenobiotics. In the endoplasmic
reticulum, oxidative moieties are released during the folding of proteins and the formation
of disulphide bonds. ROS are characteristically very reactive chemical molecules partic-
ularly in their ability to aggregate electrons to the oxygen molecule [48]. In this context,
unstable molecules such as superoxide anion (•O2

−), hydrogen peroxide (H2O2), hydroxyl
radical (OH−), and singlet oxygen (1O2

−) are produced. We should emphasize that ROS are
intrinsic to the homeostatic functioning of cells, fulfilling critically important functions [49].
However, when ROS exceed antioxidant capacity, oxidative stress (OS) damage occurs [50].

4. Relationship Between IH and OS

As discussed above, oxidative stress (OS) occurs because of the homeostatic imbalance
between ROS production and the efficacy of antioxidant systems in canceling OS, thereby
leading to an increased and excessive level of free radicals with subsequent damage
to cells and organs [2,51]. A free radical is any atom or molecule that contains one or
more unpaired electrons that includes reactive oxygen species (ROS), reactive nitrogen
species (RNS), and sulfur-centered radicals collectively named oxidants [2,52]. These
molecules are highly unstable, highly reactive, and known to cause direct damage to a
variety of cellular structures. Under normal physiological circumstances, only a small
percentage of oxygen is incompletely reduced to form ROS, and most ROS are neutralized
by endogenous or exogenous antioxidants. At low physiological levels, free radicals can
be protective and, for example, play an important role in our immune system. However,
increased levels of free radicals are produced in response to stressful metabolic situations
and can cause oxidative and nitrosative stresses that directly damage tissues [3]. Infections,
hypoxia–reoxygenation, ischemia, inflammation, hyperoxia, and radiation are stressors
commonly known to induce oxidative stress. In addition to the direct cellular damage
caused by ROS and RNS, they have also been shown to trigger pro-inflammatory and
pro-apoptotic pathways that accentuate and propagate the damage [3,53,54].

There are several reasons why newborn infants, especially those born preterm, are at
risk of oxidative stress. First, relative oxidative stress is generally high within the first weeks
of birth after transitioning from the low-oxygen fetal environment of the uterus (PaO2
20–26 mm Hg) to the rich extrauterine oxygen environment (PaO2 100 mm Hg) [55,56].
Second, preterm infants have insufficient antioxidant defenses either de novo or passively
acquired transplacentally until the third trimester, which increases their susceptibility
to oxidative stress [56,57]. Third, premature infants have a high energy demand for
growth and very high metabolic rates, which in the process of generating ATP (adenosine
triphosphate) will lead to oxidative product formation in the mitochondria. Lastly, they
have a high concentration of non-protein-bound iron (NPBI) that is available to react with
H2O2 through the Fenton reaction and produce hydroxyl radicals [2].

Intermittent hypoxia (IH) is one of the most important consequences of AOP and the
culprit for oxidative stress [58]. Indeed, it is now well established that a balanced oxygen
homeostasis is an essential requirement to maintain the regulation of normal cellular
systems. Any alterations in the oxygen levels are accompanied by cellular stress responses
which may modify the expression of a large number of regulatory genes and proteins. If
hypoxia occurs, i.e., critical oxygen delivery to preserve cellular bioenergetics, this will
result in oxidative stress and the formation of hypoxia-inducible factors (HIFs) and reactive
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oxygen species (ROS) [59]. The cumulative evidence indicating that IH leads to an overall
pro-oxidant state is derived from animal models that illustrate that IH increases extracellular
superoxide concentration, activates NADPH oxidases, induces hypoxia-inducible factor 1
(HIF-1α), and downregulates both HIF-2α and superoxide dismutase [60–62]. Furthermore,
it is known that during hypoxia, ATP, the major cellular source of energy, is depleted. This
leads to the formation and accumulation of purine derivatives and hypoxanthine. Upon
reoxygenation, oxidases are activated, especially the NADPH oxidase family and xanthine
oxidases. These oxidases metabolize purine derivatives and generate a burst of superoxide
anion, causing significant oxidative stress and subsequent tissue damage [3]. Beyond the
direct action of free radicals on cellular components, oxidative stress has also been shown
to cause direct alterations of DNA through the interruption of classical gene expression
and DNA regulation of DNA repair, in addition to epigenetic modifications [2]. However,
the impact of cycle duration, the severity of oxygen deprivation for each cycle, pattern of
re-oxygenation, and overall cumulative duration of the intermittent events will need to be
explored in much greater detail to deduce a more specific in-depth understanding of how
these elements individually and collectively contribute to OS.

The extent of oxidative stress is difficult to quantify in preterm infants because free
radicals are highly reactive and unstable, making them difficult to measure directly. For-
tunately, the levels of by-products from the oxidation of lipids, proteins, and DNA can
be quantified and have shown promising clinical value [63]. In addition, other biomark-
ers have been identified that help measure the risk of OS. Those currently applicable to
neonatal medicine are summarized in Table 1.

5. Clinical Implications of AOP and OS

5.1. Retinopathy of Prematurity (ROP)

The largest body of evidence implicating OS in neonatal disease revolves around
retinopathy of prematurity (ROP). ROP is a vasoproliferative retinal disorder affecting
premature infants and is a leading cause of visual impairment and blindness worldwide.
Despite robust screening protocols and treatment advancements, at least 50,000 children
worldwide suffer from blindness annually due to this condition [64]. Gestational age
and birth weight are the two risk factors most highly correlated with ROP, both being
inversely proportional to ROP incidence. Hyperoxia has long been accepted as the primary
contributor to the pathogenesis of ROP through increased ROS and RNS and the subsequent
vascular damage and excessive angiogenic effect they cause. More recently, studies in both
animal models and premature infants have demonstrated that intermittent hypoxia is also
a major contributing factor by further increasing oxidative stress in the preterm retina [65].

Upon birth, the neonate must transition from a relatively hypoxic intrauterine en-
vironment to an oxygen-rich extrauterine environment. This transition has important
consequences for the preterm retina, whose development is not yet complete. In utero,
retinal angiogenesis begins around the 15th week of gestation, originating from the optic
nerve and expanding peripherally. The nasal portion of the retina does not become vascu-
larized until 36 weeks of gestation and the temporal area not until 40 weeks gestation [64].
Thus, the preterm retina must develop in a maladaptive hyperoxic environment for which
it was not programmed. Further occurrence of hypoxic–hyperoxic events, as is the common
corollary of AOP, would further challenge the normal maturation of the retina and promote
oxidative stress damage translating into the emergence of ROP as demonstrated by several
experiments in animal models and confirmed by clinical cohort studies [3,66–69].

The development of ROP is frequently described as a two-phase occurrence. The first
phase is characterized by cessation of normal retinal vascular development due to the hyper-
oxic extrauterine environment. This occurs largely due to suppression of hypoxia-inducible
factor 1α (HIF1-α), which causes downregulation of the vascular endothelial growth factor
(VEGF). Oxidative damage to the existing vasculature has been implicated during this stage.
The second phase is comprised of abnormal vascular proliferation stimulated in part by the
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hypoxia-induced production of VEGF and other growth factors [45]. It is most likely during
this second stage that IH contributes to ROP by precipitating retinal neovascularization.

Historically, knowledge surrounding hyperoxia and its deleterious effects on the
developing retina was the main focus of ROP prevention. Significant debate exists regarding
the ideal target oxygen saturation required to mitigate this disease without worsening other
outcomes. Studies have found that preterm infants with a lower target oxyhemoglobin
saturation (85–89%) compared to a higher target SpO2 (91–95%) have a lower incidence
of ROP but incur higher mortality [70]. Thus, other improved options for prevention
are needed.

Recent evidence of the impact of IH on developing ROP provides a potential target
for prevention. As mentioned, IH creates a pro-oxidant environment through increases in
superoxide concentrations and HIF-1α expression, as well as degradation of HIF-2α and
downregulation of superoxide dismutase [71]. In preterm infants, Di Fiori et al. demon-
strated an association between chronic IH and severe ROP requiring laser therapy [64].
Similarly, a post hoc analysis of the Canadian Oxygen Trial showed that infants experi-
encing greater frequency or severity of IH events incurred a higher risk for developing
ROP [72]. Furthermore, research regarding the timing and patterns of IH have demon-
strated that these may be critical in predicting ROP risk. For example, rats exposed to cycles
of IH in a clustered manner (three episodes 10 min apart) vs. equally dispersed cycles (2 h
apart) will develop more severe retinopathy [73]. These observations provide valuable
insights to guide further research regarding preventative strategies and risk stratification
for preterm infants at risk for ROP.

5.2. Neurodevelopmental Impairment (NDI)

The brain is one of the most sensitive organs to oxidative damage due to the large
amount of polyunsaturated fatty acids, the high metabolic rate and bioenergetic depen-
dence on utilization of oxygen, and the relative scarcity of antioxidant defense mecha-
nisms [74]. Mitochondria and NADPH oxidase are the predominant sources of ROS in
the central nervous system and have been shown to play a prominent role in IH-induced
neuronal injury [74].

The preterm brain is at particularly high risk given the critical period of rapid brain
development that occurs postnatally. It is known that oligodendrocyte maturation, myelina-
tion, axon development, and synapse formation occur mainly during the third trimester of
gestation and in the first postnatal year and thus oxidative stress occurring during this time
likely contributes to the white matter impairments frequently seen in preterm neonates [75].

Increased frequency of IH has been shown to be associated with neurodevelopmental
impairment, such as language, cognitive, and motor delays. This has been demonstrated
in many single-center studies, as well as in the large, multicenter Canadian Oxygen Trial
that examined a cohort of >1000 infants [71]. However, data from rodent studies suggest
that this relationship is more than just an association. Several studies have shown that
in neonatal rodents, IH exposures evoke disruption in sleep architecture and cause work-
ing memory impairments and hyperactivity behaviors, remarkably resembling attention
deficit hyperactivity disorder (ADHD), a condition frequently manifested among children
who were born prematurely [76–79]. These behaviors were accompanied by a reduction
in extracellular levels of dopamine, increased cerebral expression of caspase-3 reflecting
increased apoptosis, and marked increases in oxidative stress, neuronal cell losses, and glial
proliferation in the CA1 hippocampal region and cortex that could be mitigated by trans-
genic ablation of NADPH oxidase and inducible nitric oxide synthase, two well-established
enzymes that underlie the major generation of ROS [76,80,81]. Subsequent studies led by
Gozal and collaborators led to the development of a neonatal mouse model of IH simulating
AOP and demonstrated that IH during postnatal days 2–10 induced hypomyelination in the
corpus collosum, striatum, fornix, and cerebellum, as well as alterations in myelin-forming
processes [76]. A later study by Darnall et al. also reported decreases in white matter
integrity in rat pups exposed to IH similar to that experienced by a premature neonate

206



Antioxidants 2024, 13, 1304

with AOP [82]. Furthermore, preterm infants have recently demonstrated a significant
decrease in EEG (electroencephalogram) amplitude during breathing pauses from 5 to
>15 s. It was speculated that frequent disruption to brain activity may impact long-term
neurodevelopment [83]. An excellent summary of extant studies on the association between
IH and nervous system morbidity further confirms the putative adverse effects of IH in
prematurely born infants [84].

There are several biomarkers linking oxidative stress to CNS (central nervous system)
dysfunction and to white matter injury as seen in preterm neonates [85]. Additionally,
non-protein-bound iron (NPBI) has been described as a reliable early predictive biomarker
of neurodevelopmental outcomes [86]. Increased levels of isoprostanes (IsoPs) have been
reported in preterm infants who developed white matter injury seen at corrected term
gestational age. Increased levels of IsoPs have also been found to be associated with poor
neurodevelopmental trajectories at 12 months of age [87]. Lastly, augmented adenosine
(Ado) plasma level concentration at day 15 in premature neonates has also been found to
be significantly associated with white matter injury using MRI. Ado represents a promoter
of oligodendrocyte maturation and has previously been reported to be elevated in response
to OS in preterm neonates [2].

5.3. Respiratory Disorders

Premature neonates, particularly those born less than 28 weeks, have significant short-
and long-term respiratory pathology including respiratory distress syndrome (RDS) and
increased risk for developing bronchopulmonary dysplasia (BPD). Infants born prema-
turely have a limited surface area for gas exchange as well as a limited surfactant which is
necessary to keep the lungs from collapsing during exhalation. Thus, premature neonates
frequently require positive pressure respiratory support, both invasive and noninvasive,
and supplemental oxygen. These therapies can increase the risk for future respiratory
pathology, making it challenging to distinguish the impact of IH on such pathologies. How-
ever, evidence exists that IH plays a role in both short- and long-term respiratory morbidity.
Furthermore, significant lung development and alveolarization occurs postnatally for these
infants albeit with curtailed pulmonary vascular angiogenesis [88,89], making the lungs
a prime target for oxidative stress during the early postnatal period, similarly to other
rapidly developing organ systems [90–93].

Several studies have demonstrated a relationship between the frequency and duration
of IH in very-low-birthweight infants and BPD. Animal models have indicated that IH alone
is unlikely to cause the parenchymal changes seen in BPD, but that it likely causes a more
severe phenotype [94–96]. Wheezing and asthma-like symptoms are common sequelae for
preterm neonates, affecting over 30% [3]. Di Fiori et al. found that early exposure to IH
during the first week of life was associated with reported asthma medication use at 2 years
of age [97].

Biomarkers of OS have been found in infants with these diseases, further providing
evidence on the putative role of IH and subsequent OS in their pathology [98,99]. In preterm
infants with RDS, elevated plasma levels of MDAs (methyl-D-aspartate), protein carbonyls,
AOPPs, 8-OHdG, and H2O2 and an elevated oxidant/antioxidant ratio (calculated as
protein carbonyls/(superoxide dismutase + glutathione peroxidase)) were found compared
to healthy preterm controls [2]. Another study reported that elevated AOPPs (advanced
oxidation protein products) and 8-OHdg on days 0–3 correlated with severity of RDS.
For preterm infants who developed BPD, higher urinary levels of 8-OHdg were reported
compared to those who did not go on to develop BPD. A higher concentration of 8-OHdg
has also been reported in serum and tracheal aspiration samples on the day after birth and
at day 28 of life in those infants who developed BPD compared to those who did not [2].

In addition to BPD, prematurity has also been implicated as a risk factor for sleep-
disordered breathing later in life [100]. The mechanisms underlying this association are
unclear, but it is very possible that bone growth patterns may be affected by IH and
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lead to maladaptive development of the oropharyngeal space and of the craniofacial
structures [101–109].

5.4. Necrotizing Enterocolitis (NEC)

NEC is a gastrointestinal disorder that primarily occurs in preterm neonates and
has a complex pathophysiology culminating in an inflammatory response that can lead
to irreversible intestinal injury [110,111]. While the pathophysiology of NEC is incom-
pletely understood, it has been suggested that there is an association between biomark-
ers of intrauterine OS events and NEC [112]. As indicated, OS is difficult to measure
in vivo, such that correlational biomarkers are used to evaluate host susceptibility to OS
by measuring oxidant-induced changes in proteins, lipids, and DNA [113]. Cord blood
concentration and intestinal levels of biomarkers of OS have been demonstrated in infants
with NEC, establishing an association between perinatal OS and NEC [112–114]. Prelimi-
nary evidence would suggest a role for postnatal IH as a contributing risk factor in NEC
pathophysiology [115,116].

6. Therapeutic Approaches

Management strategies for AOP with IH events focus primarily on prevention. De-
saturation events are a consequence of immature respiratory control superimposed upon
an immature respiratory system [71]. There is no consensus on when to initiate therapy
for AOP. Generally, treatment is indicated when episodes are recurrent and are associated
with bradycardia or desaturation [58]. Two mainstays of management are optimizing
oxygenation and enhancing respiratory control (Figure 2).

Figure 2. Treatment strategies for apnea of prematurity include a multi-prong approach including
xanthines, supplemental oxygen, blood transfusion, and noninvasive ventilation.

6.1. Optimizing Oxygenation

The optimal target oxygen saturation for the preterm infant has not been definitively
defined [58,117,118]. Higher oxygen levels may increase survival but increase morbidities,
including ROP and BPD. Conversely, lower oxygen levels might increase the likelihood
of NEC and death but reduce the risk of problems caused by oxygen toxicity [118]. The
benefits of keeping baseline oxygenation in preterm infants at levels of SpO2 90–95%
outweigh the risks when restricting the upper limits of SpO2 to <89% [119,120]. Low
baseline SpO2 increases the risk of intermittent hypoxemia in the preterm neonate [121],
further aggravating the risk of augmenting the maladaptive effects and oxidative stress
associated with such occurrence.

The challenges of maintaining SpO2 in a target range with manual titration of inspired
oxygen have been described [122]. New devices with automated control of oxygen titration
have been described to reduce the incidence of prolonged periods of hypoxemia and
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hyperoxemia [123]. A recent randomized crossover study, however, demonstrated that
automated control with apnea-triggered FiO2 boost resulted in a reduction in post-apnea
hypoxemia, but was followed by a greater period of SpO2 overshoot [124].

6.2. Methylxanthine Therapy

Methylxanthines have been the mainstay of treatment for AOP for over 40 years. They
act both centrally and peripherally to stimulate respiration and reduce the frequency of apneic
episodes. They primarily work through antagonism of adenosine receptors, blocking both
excitatory A2A receptors on GABAergic neurons and inhibitory A1 receptors [125–127]. They
further improve respiratory dynamics by activating medullary respiratory centers, increasing
CO2 sensitivity, inducing bronchodilation, and enhancing diaphragmatic contraction. Caffeine
administration can also modulate inflammation by inhibiting cyclic nucleotide phosphodi-
esterase and increasing the concentration of cAMP [125,128]. Early studies identified the
effectiveness of aminophylline and theophylline in treating AOP, but caffeine has become the
preferred treatment given its fewer side effects, wider therapeutic index, and longer half-life
that allows for once-daily dosing [129,130].

Despite the widespread use of caffeine, there is variation in clinical practice regarding
the optimal timing of initiation, dose, and duration of treatment. In the Caffeine for Apnea
of Prematurity (CAP) Trial, the benefits of caffeine were the greatest when therapy was
initiated within 3 days after birth [131]. These benefits include reductions in the incidence
of BPD, decreased severity of ROP, and improved long-term neurodevelopment [132]. Early
use of caffeine has become frequent in the treatment of AOP in the extremely preterm infant
and may help dampen this trajectory of increasing frequency of AOP after the first week of
life and perhaps limit the magnitude of oxidative stress associated with it [133].

There is also clinical variability in the duration of caffeine treatment. Many clinicians
look at corrected gestational age and timing of clinically documented episodes when
deciding to discontinue treatment. Therapy is often discontinued around 34–35 weeks
post-menstrual age (PMA) at which time the frequency of apneic events typically declines.
However, it is well known that nursing documentation of events grossly underestimates
the number of cardiorespiratory events [3]. Furthermore, despite a decrease in clinically
apparent events after 34 weeks PMA, it has been shown that neonates born <28 weeks
still have a significant amount of IH until 43–44 weeks corrected gestational age (CGA).
In a multicenter, prospective, randomized trial, Rhein et al. demonstrated that continued
caffeine therapy decreased the amount of IH at 35 and 36 weeks CGA by almost 50% [130].
A subsequent study by the same group demonstrated similar findings at 36–38 weeks using
a higher dose of caffeine [134]. Another study was conducted to compare the incidence
of recurrent AOP after discontinuation of caffeine in a short-course therapy group and a
long-course group. There were fewer episodes of hypoxia in the long-course group but
an increase in adverse effects of the medication [135]. Because of the immaturity of the
metabolic capacity of the hepatic enzyme system during the first weeks of life, most caffeine
is excreted unchanged by the kidneys [136]. This observation indicates that newborn
infants have a deficiency in their caffeine metabolizing capacity until several months of
age when liver enzymes increase to adult levels in their ability to produce demethylated
metabolites and caffeine clearance. As a result, the half-life of caffeine decreases from
120 h to 60 h within the first 8 postnatal weeks [137]. A recent review summarized the
positive effects when caffeine is administered to the hypoxic rodent, but also the negative
effects on the rodent model when caffeine is administered without exogenous oxidative
stress. Thus, critical consideration needs to be given to continuing caffeine treatment
beyond the recommended corrected gestational age in the preterm infant [138]. Further
studies are needed to determine the optimal dosage and ideal time for discontinuation of
caffeine therapy.
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6.3. Noninvasive Respiratory Support

Nasal continuous positive pressure (CPAP) has been a major therapeutic intervention
to treat AOP. It works by splinting open the upper airway to improve patency and increase
functional residual lung capacity [139]. More recently, heated humidified high-flow nasal
cannula (HHFNC) therapy has been used interchangeably with CPAP [140]. Small studies
have found that it delivers similar distending pressures with no differences in the rate of
apneic events while providing a more comfortable interface for the neonate [59]. Nasal
intermittent positive pressure ventilation (NIPPV) may also be effective in the treatment of
AOP and has been compared to CPAP with mixed results [141,142]. However, larger studies
are needed to delineate true differences in the effectiveness of these various noninvasive
respiratory support strategies in reducing AOP and IH.

In addition to caffeine and noninvasive respiratory support, a variety of other pharma-
cologic and non-pharmacologic strategies have been proposed in the management of AOP,
but because of concerns for side effects, these treatments are not widely employed [58].

6.4. Red Blood Cell Transfusions

Anemia may exacerbate apnea by reducing the oxygen-carrying capacity of blood,
decreasing oxygen delivery to the brain [58]. A retrospective study utilizing waveform
analysis demonstrated that a short-term lower hematocrit level was associated with an
increased frequency of AOP [143]. Another study demonstrated a decrease in IH following
packed red blood cell transfusion [144]. A possible side effect of red cell transfusion, how-
ever, includes the increased risk of NEC [145] and ROP [146,147]. Lust et al. hypothesized
that the increase in adult hemoglobin following transfusion could result in a shift of the
oxygen disassociation curve resulting in increased retinal tissue oxygen delivery at a time
when it is susceptible to hyperoxia [147].

6.5. Doxapram

Doxapram, a central respiratory stimulant with a brief duration of action, has been
used in the management of AOP especially in those neonates resistant to methylxanthine
therapy, but because of adverse gastrointestinal and CNS symptoms, it is rarely used
today [148]. A recent study demonstrated that in children ages 5–6 years born prior
to 32 weeks gestation, doxapram treatment for AOP was not associated with neurode-
velopmental disabilities [149]. There is currently a multicenter randomized controlled
trial to examine the efficacy and safety of doxapram in the treatment of AOP in preterm
infants [150].

6.6. Acid Suppression Medication

Ranitidine and other pharmacologic treatments to reduce gastric acids have been tried,
yet the relationship between acid reflux and AOP has not been established [151]. There has
been a described relationship between H2 receptor antagonists and necrotizing enterocolitis
and late-onset sepsis [152].

6.7. Therapeutic Handling

Prone positioning can stabilize the chest wall and allow for improved ventilation of
the lower lobes; however, there is no evidence that it reduces the frequency of AOP [153].
Tactile stimulation including skin-to-skin (kangaroo) care has also been shown to decrease
AOP [154,155]. A multicenter neonatal manikin study was undertaken to evaluate tactile
stimulation for AOP that demonstrated a large heterogeneity and recommended further
prospective studies to provide guidelines for the most appropriate approach [156]. These ap-
proaches follow a long set of antecedent trials examining the impact of olfactory, vibratory,
kinesthetic, and stochastic resonance methodologies aimed at reducing the probabilistic
occurrence of apnea in neonates [157–160].
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7. Conclusions

As our understanding of oxidative stress, its damage to cell membranes, and its role
in epigenetic modifications evolves, so does our knowledge of its potential impact on all
organ systems. This is of particular concern regarding the preterm neonate, who is at a high
risk for oxidative damage given the imbalance of pro-oxidative stressors and immature
antioxidant systems in combination with the rapid development that occurs postnatally.
Apnea of prematurity is ubiquitous in those born <28 weeks gestation, and the intermittent
hypoxia that ensues is a large contributor to the oxidative threat experienced by these
high-risk neonates. Future studies examining the role of oxidative stress in the overall
morbidity catalog of premature infants and the contribution of AOP and its surrogate
effector IH are needed.
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