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How NETosis Shapes the Conversation Between Mother and Fetus:
Impacts on Trophoblasts, the Placenta, and Healthy Pregnancy
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SUMMARY: Neutrophil extracellular trap (NET) formation, or NETosis, has emerged as a pivotal factor in the maternal-fetal
immune dialogue. During pregnancy, neutrophils infiltrate the decidua and placenta, where their activation must be ficedly balan
between defending against pathogens and preserving fetal tolerance. Excessive NETosis is increasingly implicated in pregnancy
complications by injuring trophoblasts, inciting placental inflammation, and disrupting maternal vascular homeostasisewhis rev
synthesizes clinical, molecular, and immunological evidence on key themes: the dual role of NETosis at the materndlafgtal inter
NETosis-driven placental pathology in preeclampsia and related disorders, metabolic modulation of NETosis in gestatemualitiabet
downstream trophoblast apoptosis, NETosis as a mediator between maternal inflammatory conditions (autoimmune diseasé, periodont
disease) and adverse pregnancy outcomes, and the dynamic changes in neutrophil phenotype from early gestation to the pro-NEToti
state of the puerperium. We highlight how NET components (DNA, histones, proteases) provoke endothelial damage, complement
activation, and thrombo-inflammation in the placenta, while also questioning how evolution may have harnessed NETs ftiveeproduc
success. Throughout, we pose unresolved questions, for example, could targeting NETosis or its upstream drivers (like dk-8, ROS
HMGB1) ameliorate disorders such as preeclampsia without compromising host defense? By integrating insights from recent studies
including those on preeclampsia, gestational diabetes, systemic lupus erythematosus, periodontal disease, and postpgyttiisimmuni
review aims to present a humanized yet authoritative perspective. Understanding NETosis in pregnancy may unlock noved biomarker
and therapies to promote healthier pregnancies and outcomes for both mother and child.
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INTRODUCTION

Pregnancy requires a harmonious immune balanti&rough a specialized cell-death program known as NETosis.
in which the immune system of the mother tolerates the sertiitially discovered as a pathogen-killing mechanism, NETs
allogeneic fetus while still protecting both against infectioare now recognized to drive sterile inflammation when
(Rackaityte & Halkias, 2020). Neutrophils, as centralinchecked (Xuaet al, 2023; Jet al,, 2025).
effectors of innate immunity, are critical participants in this
balance and undergo notable changes during gestation. In normal pregnancy, rising levels of circulating
Neutrophils normally help remodel uterine tissues angeutrophils and granulocyte colony-stimulating factor (G-
support placental development, yet they can also becof&F) reflect an enhanced innate immune readiness, yet these
overzealous, contributing to pathology if improperlycells are phenotypically modulated to prevent excessive
regulated (Beret al, 2021). A key weapon of neutrophils istissue damage to the fetus (Chaiworaporggsal, 2011,
the release of neutrophil extracellular traps (NETS), weblikgutta et al, 2024). Remarkably, polymorphonuclear
DNA fibers studded with histones and granular enzymelgukocytes have been implicated not only in crucial processes
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like implantation and spiral artery remodeling, but also iand placental development, aiding in tissue remodeling and
pregnancy complications when their functions areanmune tolerance (Hebedd al, 2022). Neutrophils can
dysregulated (Hebedet al, 2022). Abnormal neutrophil secrete proteases and vascular endothelial growth factor
activation and NETosis have been reported in conditions sSUSHEGF) to facilitate trophoblast invasion of the uterine lining
as recurrent fetal loss, preeclampsia, and gestational diabédadkarniet al, 2016). At the same time, these neutrophils
mellitus (Bertet al, 2021). The presence of NETs at thestand guard against invasive microbes that could endanger
maternal-fetal interface is a double-edged sword: while NETise fetus (Felket al, 2025). NETosis represents a critical
can trap microbes to prevent infection spread to the fetwtefense strategy in this context: NETs can ensnare and kill
they can also incite local inflammation, damage placentbhcteria in the decidua and placenta, limiting infection spread
cells, and even trigger thrombotic events that compromisg¢ the maternal-fetal boundary (Gomez-Loptal, 2017).
uteroplacental circulation (Katst al, 2025). For example, in chorioamnionitis or other intrauterine
infections, neutrophils releasing NETs in the amniotic fluid
In this review, we discuss how NETosis shapes thend fetal membranes help contain pathogens but may also
conversation between mother and fetus from clinicatontribute to collateral tissue damage and preterm labor (Fig.
molecular, and immunological perspectives. We focus d). This begs the question: how do neutrophils decide the
five thematic areas that encapsulate the role of NETosistiwreshold for NET release in a way that maximizes
maternal-fetal interactions during pregnhancy. Bwantimicrobial action while minimizing harm to fetal tissues?
interrogating each of these areas, we aim to unravel h@me answer is not fully understood, but hormonal and local
NETosis contributes to both physiological outcomes argignals in pregnancy likely raise this threshold to protect
pathological sequelae in pregnancy. This comprehensifatal tolerance.
view will also highlight emerging hypotheses and questions

to spur future research. Indeed, normal pregnancy appears to reprogram
neutrophils towards a regulated activation state. A recent
MATERIAL AND METHOD longitudinal study of healthy pregnant women showed that

as gestation advances, maternal neutrophils undergo

A narrative literature review was conducted tanetabolic shifts (increased glucose use, lipid droplet
examine how NETosis shapes communication betweascumulation) and gradually heighten their baseline reactive
mother and fetus, with particular attention to its impacts arxygen species (ROS) production and NET release capacity
the trophoblast, placenta, and overall pregnancy health. Tt@aloet al., 2025). Intriguingly, by term, these neutrophils
review included original research articles, systematizlso exhibit an attenuated response to additional
reviews, and meta-analyses retrieved from multipleflammatory stimuli. In other words, pregnancy primes
databases, including Web of Science, PubMedgutrophils for NETosis but simultaneously imposes checks
ScienceDirect, Scopus, and Trip Database. Priority was givenprevent an overzealous reaction (Giaglisal, 2016).
to the most recent publications addressing the followinghis controlled NETotic potential likely contributes to
themes: NETosis at the maternal-fetal interface and theaternal-fetal tolerance: neutrophils may form NETs
balance between defense and tolerance; NETosis dparingly to trap microbes, yet excessive NETosis (and the
preeclampsia and placental dysfunction; NETosis iaccompanying inflammation) is actively restrained to avoid
gestational diabetes and its association with trophobladdmaging the placenta and fetus (Abu-Rayal, 2020).
apoptosis; NETosis as a link between maternal inflammatidley modulators in this balancing act include pregnancy
autoimmunity, and pregnancy outcomes; and finalljjormones (e.g. progesterone, estrogen) and cytokines in the
NETosis in the puerperium, focusing on postpartum immurgecidual microenvironment that can suppress or delay
changes and their implications. Examining these areasutrophil full-scale activation (Wanet al., 2024a).
clarified how NETosis contributes to both physiological antVoreover, fetal-derived factors like placental microparticles
pathological processes during pregnancy and the postpartare continuously shed into the maternal circulation; at low
period. This synthesis also highlighted emerging hypothesesels they may induce a mild neutrophil activation that is
and research questions that are likely to guide futupghysiological, but if levels spike, they risk triggering
investigations. pathological NETosis (as discussed in the next section).

The maternal-fetal interface (comprised of decidual Another element at play is the interaction between
maternal cells and fetal trophoblasts) is an immunologicalheutrophils and decidual natural killer (dNK) cells, the other
unique site where neutrophils are abundant, especially predominantimmune cell type in early pregnancy. dNK cells
early pregnancy (Bemtt al, 2021). Decidual neutrophils help orchestrate placental development and produce factors
and other innate immune cells participate in implantatiothat can influence neutrophil behavior. Recent evidence from
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with the assistance of artificial intelligence (Al)-based design tools.

Small, transient releases might
contribute to placentation

SLE-affected pregnancies found NETs and dNK cellseutrophils are central to this hyperinflammation. Studies
colocalized in the intervillous space, suggesting crosstalkave found that neutrophils from women with preeclampsia
NET products might activate dNK cells or viceversa @tiu are overly primed, showing higher surface activation markers
al., 2023). This interplay highlights a broader concept: NETmnd greater propensity to undergo NETosis compared to
do not act in isolation but modulate the local immunaeutrophils from uncomplicated pregnancies. In fact, the first
conversation. Outstanding question: Could small, transieints that NETs contribute to pregnancy disorders came from
releases of NETs by decidual neutrophils actually contributdservations in preeclamptic placentas: Geptd (2005),
to the normally robust angiogenesis and tissue remodelingted DNA-protein lattices clogging the intervillous space
needed for placentation? Some researchers hypothesize tiahe placenta, which we now recognize as NETs. These
NET-derived matrix metalloproteinases or other enzymé$ETs were thought to originate from neutrophils activated
could aid trophoblast invasion and spiral artery modificatiopy placental debris such as syncytiotrophoblast
in early pregnancy, turning a typically “pathological” procesmicroparticles (STBM) and proinflammatory cytokines like
into a physiologic tool when tightly regulated. Unravelingnterleukin-8, which are elevated in PE. Placentally derived
such dual roles of NETosis remains a fascinating area famicrodebris in the maternal circulation can directly trigger
further study. neutrophils to release NETs in a dose-dependent manner,
establishing a vicious cycle: the stressed PE placenta sheds
NETosis in Preeclampsia and Placental Dysfunction debris that activates neutrophils, which in turn deposit NETs
that further damage the placenta and maternal vessels (Gupta
Preeclampsia (PE) exemplifies a scenario wheget al, 2005; Hahret al, 2012).
NETosis tips from adaptive to pathological. Clinically, PE
is characterized by new-onset maternal hypertension and  Within the placenta, NETs exert multi-faceted
end-organ damage (often with proteinuria) arising after 2lamage. NET fibers studded with proteases and histones
weeks’ gestation, rooted in placental maldevelopment ardn physically occlude the narrow maternal blood spaces of
maternal endothelial dysfunction (Hakhal, 2012). An the placenta, exacerbating ischemia. They also cause
excessive inflammatory response is a hallmark of PE, atlatalized oxidative stress and kill surrounding cells (Wang
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et al, 2025). A recent study illuminated how NETs impaillL-8, NADPH oxidase, or the STBM-neutrophil interaction)
trophoblast function in PE via the alarmin high-mobility groupeduce NET formation enough to prolong pregnancy in
box 1 (HMGB1) (Luet al, 2025). HMGB1 was found to be preeclampsia? Small studies suggest antioxidants that reduce
significantly elevated in preeclamptic placentas and caeutrophil ROS can decrease NET release, hinting that
localized with NETs, implicating HMGB1 as a mediator otherapies like N-acetylcysteine or even statins (which have
NET-induced damage. When cultured trophoblast cells weaati-NET effects) might be repurposed in the future (Guillotin
exposed to NET preparations from PE patients, their invasieeal., 2023; Karadzov Orlic & Joksic, 2025). The challenge
and migratory capacity plummeted, and they produced excegil be achievingimmunomodulation that calms pathological
ROS and inflammatory cytokines (ILBLIL-6, IL-8, TNF- NETosis yet preserves neutrophils’ essential role in host
a) (Lu et al, 2025). Strikingly, blocking HMGB1 with the defense. As research progresses, PE stands as a paradigm of
inhibitor glycyrrhizin rescued the trophoblasts from NEThow an overzealous neutrophil response, an immunological
induced harm (Shen, 2024). This suggests NETs initiatecanversation gone awry, can undermine pregnancy health
cascade of trophoblast cell dysfunction through HMGB{Anemanet al, 2020).
signaling, adding a molecular piece to the PE puzzle. It raises
a provocative question: Could neutralizing NET-associateddETosis in Gestational Diabetes: A Link to Trophoblast
HMGBL1 or NETs themselves (for instance, with DNase ohpoptosis
anti-histone therapies) ameliorate preeclampsia without
compromising antimicrobial defenses? Early experimental Gestational diabetes mellitus (GDM), a glucose
evidence offers hope, in a placental explant model, DNas#olerance first recognized in pregnancy, provides another
treatment reduced NET deposition and improved vasculaindow into NETosis-mediated materno-fetal stress
flow, though clinical translation remains distant (Hernande@/okalovaet al,, 2018). GDM creates a hyperglycemic and
Gonzélezt al, 2024; Luet al, 2025). pro-inflammatory intrauterine environment, and it has been
associated with a range of adverse outcomes, including fetal
Beyond trophoblast injury, NETs in PE contribute tavergrowth, placental dysfunction, and an increased risk of
systemic endothelial damage and a pro-thrombotic state. NBiieeclampsia in the mother. Neutrophils from GDM patients
components like histone H3 and neutrophil elastase are togixhibit an “activated” phenotype with elevated basal ROS
to endothelial cells, causing cell death and denudation of theoduction and a heightened tendency to form NETs (Zgutka
vessel lining. Autopsies of severe PE cases reveal NETs mttal., 2024). In fact, one study reported significantly
only in placental vasculature but also in maternal kidneyscreased NETosis in women with GDM compared to healthy
liver, and brain microvasculature, aligning with the multipregnant controls. The mechanistic connection between high
organ nature of the disease (Saffarzastedl, 2012; Ramos blood sugar and NETosis is an area of active investigation.
et al, 2024). Moreover, NETs carry tissue factor and expostyperglycemia can directly induce NET release by triggering
phosphatidylserine, providing a scaffold for disseminateoxidative stress; excess glucose drives the neutrophil
intravascular coagulation, a feared complication of severe RADPH oxidase to generate ROS, a known requirement for
(Lalic-Cosicet al, 2021). Madeet al, reported that placentas NET formation (Wanget al, 2019). Consistently, diabetic
from PE patients are infiltrated with NETs entangled witltonditions are linked to elevated citrullinated histone H3
platelets, and these were associated with decidual vasculitiga peptidylarginine deiminase 4 (PAD4) and increased
fibrin deposition, and microthrombi. Collectively, theseneutrophil elastase activity, priming neutrophils for NETosis.
findings portray NETosis as a driving force in the pathogenesis
of PE: from insufficient spiral artery remodeling due to A novel insight into GDM-associated NETosis is the
trophoblast NET-interference, to maternal hypertension amdle of adipokines, particularly adiponectin. Adiponectin, an
end-organ damage via endothelial toxicity and systemamnti-inflammatory hormone, is typically reduced in GDM
inflammation (Jiangt al,, 2021). Clinically, this is evidenced patients. Low adiponectin removes a brake on neutrophils,
by higher circulating cell-free DNA (a proxy for NETs) init normally suppresses neutrophil NADPH oxidase and ROS
women who develop preeclampsia, often preceding symptapeneration. Shemrt al. (2021), demonstrated that
onset. Thus, one can hypothesize that measuring NEBEYpoadiponectinemia in GDM is causally linked to excessive
biomarkers might allow early identification of women at rislNET formation. In their cellular signaling study, adding
for PE, enabling closer monitoring or preventativediponectin in vitro curtailed NET release from neutrophils
interventions (Rafaeli-Yehudat al, 2018). by dampening ROS production, whereas neutrophils in low-
adiponectin conditions showed robust NETosis via p38
While PE has no cure except delivery, understandindAPK and ERK1/2 pathways. This positions adiponectin
NETosis opens potential therapeutic avenues. Coués a molecular rheostat tuning neutrophil reactivity in GDM
targeting upstream neutrophil activators (such as blockifgokalovaet al, 2018). The downstream consequences of

1409



VACA-MERINO, V.; SANCHEZ, R. & ZAMBRANO, F. How NETosis shapes the conversation between mother and fetus: impacts on trophoblasts, the placenta, and healthy pregnancy.
Int. J. Morphol., 44(4)L406-1416, 2026.

NETosis in GDM are particularly concerning for the placentanot only help manage GDM but also yield insight into non-
The same study found that NETs derived under GDM-lik&DM pregnancies where subclinical metabolic stress (like
conditions directly induce apoptosis in trophoblast cell@besity) could similarly amp up NET-mediated damage.
Specifically, NET exposure activated the intrinsic
(mitochondrial) apoptotic pathway in trophoblastsNETosis Linking Maternal Inflammation and
characterized by cytochrome c release and caspaséd&oimmunity to Pregnancy Outcomes
activation, a process mediated by ERK1/2 signaling (Katsi
al., 2025). The result is placental villous trophoblast attrition, The impact of NETosis in pregnancy is not confined
which can impair nutrient and gas exchange to the.fetus to gestational syndromes; it also serves as a bridge between
pre-existing maternal conditions and adverse pregnhancy
Trophoblast apoptosis and shallow invasion are keyutcomes. Two contexts illustrate this especially well:
features of placental pathologies in GDM, potentiallynaternal autoimmune diseases (such as systemic lupus
explainingthe higher incidence of preeclampsia and fetarythematosus and antiphospholipid syndrome) and maternal
growth restriction in diabetic pregnancies (%teal, 2024). infections/inflammatory disorders (such as periodontal
NETosis offers a unifying mechanism: hyperglycemia andisease) (Aslanian-Kalkhorahal, 2024). In both scenarios,
low adiponectin provoke NET release; NETSs inflict damagmaternal neutrophils are often pre-primed for NETosis, and
on trophoblasts and possibly endothelial cells in placengategnancy can amplify their pathogenic potential at the
vessels, thereby exacerbating placental dysfunction (Guillotmaternal-fetal interface.
et al, 2023). Consistent with this, GDM placentas have been
observed to be larger yet morphologically abnormal, with Systemic Lupus Erythematosus (SLE) and
increased inflammation and deposits of DNA/proteiintiphospholipid Syndrome (APS): Women with SLE or
consistent with NETs. Could therapies that restore adiponecAi®S face higher rates of miscarriage, preeclampsia, and fetal
levels or inhibit NETosis improve placental health in GDM3rowth restriction, largely due to placental insufficiency
It is tantalizing to consider. Thiazolidinediones (TZDs) usefErtonet al, 2022). Lupus neutrophils are intrinsically prone
in type 2 diabetes can raise adiponectin; however, their useaan NET formation, a proinflammatory low-density
pregnancy is limited by safety concerns (Lopez-Quinggro granulocyte subset in lupus has been shown to spontaneously
al., 2022). Antioxidant supplements or targeted inhibition afelease NETs decorated with immunostimulatory molecules.
PAD4 (to block histone citrullination) are theoretical option§hese NETs can damage endothelial cells and expose
to reduce NETosis. An intriguing hypothesis is whether tighintracellular antigens, fueling the autoimmune process
glycemic control alone can normalize neutrophil behaviofSalemmeet al,, 2019). During pregnancy, the placenta
Some small studies suggest that neutrophil activation markéecomes a prime target of lupus-related NETosis. A study
subside when maternal blood sugars are well-controlled, bay Jianget al. (2021), found an abundance of NETs
whether this translates to reduced NET burden in vivo remaiimdiltrating the placentas of patients with active SLE. The
unknown (Zambranet al., 2025) NET deposition was accompanied by fibrin (clot) formation
and inflammatory infiltrates, and was linked with poor
From an immunological perspective, GDM creates placental perfusion and lower birth weights. Notably, SLE
state of chronic, low-grade inflammation akin to metaboliplacentas in that study also showed higher numbers of
syndrome, sometimes dubbed “metaflammation'CD56'CD16" dNK cells amidst the NETSs, suggesting that
Neutrophils in GDM not only form more NETs but alsoNETosis might perturb the normal NK cell regulatory
secrete higher levels of pro-inflammatory cytokines (e.gfynctions and incite a local immune attack (€agl, 2020).
IL-1B, IL-8) and proteases. This can skew the matern®echanistically, lupus autoantibodies (such as anti-DNA or
immune milieu towards a Thl-like inflammatory profile,anti-histone antibodies) may stabilize NETs or reduce their
counteracting the Th2/Treg environment that normallglearance, prolonging their harmful presence. Additionally,
dominates pregnancy (Maretjal, 2025). As such, NETosis neutrophils in SLE express surface toll-like receptors that
in GDM could be contributing to the breakdown of immunean be triggered by immune complexes, driving further NET
tolerance, at least partially. One might ask: Do NETs act esdéase (Yu & Su, 2013). The end result is a placenta peppered
adjuvants that activate maternal dendritic cells or T cells imith NETs that mirror lupus’s systemic vasculopathy,
GDM, potentially increasing the risk of autoimmunity orcomplete with tissue necrosis, thrombosed vessels, and
thyroid dysfunction postpartum? These considerations bridgglammatory cell infiltrates.
the gap between metabolic and immune adaptations in
pregnancy. In summary, GDM highlights how a metabolic In antiphospholipid syndrome, where antiphospholipid
disturbance can spill over into exaggerated NETosis, therefaPL) antibodies cause thromboses and pregnancy loss,
harming the placenta. Unraveling this connection further maNETosis is a key pathological mediator (Zaieshal, 2024).
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aPL antibodies can bind to trophoblast cells and activate The placental implication is that maternal
complement, generating C5a which potently stimulateseutrophils activated by chronic periodontal infection may
neutrophils via C5a receptors. Rededtaal (2007), home to the placenta or release NETSs into the circulation
demonstrated in mouse models that this cascade lealdat deposit in the placenta, contributing to a pro-
neutrophils to undergo NETosis and release tissue factorflammatory milieu (AlSharief & Alabdurubalnabi, 2023).
rich NETs, causing placental thrombosis and fetal demiséase studies have indeed isolated oral bacteria within
NETs have been found in the placental bed of APS patiengdacental tissues, and animal models show that inducing
where they directly damage trophoblasts and incite apoptogieriodontal disease can lead to placental inflammatory
Yalavarthiet al (2015), observed that neutrophils from APSesions. NETs could be the missing mechanistic link: a
patients show higher baseline NET release, and these NEYystemic vehicle by which oral infection translates to
can induce trophoblast cell death and an inflammatoplacental damage (Weet al, 2023). NET-associated
stromal response. Thus, in autoimmune conditions, NETogisoteases (like neutrophil elastase and MMP-8) can degrade
forms a pathogenic link between maternal circulation argkcidual extracellular matrix, potentially leading to
placental injury (Katsét al, 2025). It is sobering to consider premature rupture of membranes and preterm labor (one
that therapies like heparin and hydroxychloroquine, usediigason periodontitis is tied to preterm birth). Additionally,
APS and SLE pregnancies, might exert some of theNETs provide a surface for platelet aggregation and
beneficial effects by dampening NET formation orcoagulation; women with severe periodontitis have higher
accelerating NET clearance (as both can interfere with DNAevels of coagulation markers and a propensity for thrombin
protein interactions). This therapeutic angle, targeting NETeneration, which in pregnancy could mean placental
in autoimmune pregnancies, prompts further exploratiomtervillous thromboses (Wargg al, 2024b).
Could NET-inhibiting strategies, such as PAD4 inhibitors
or DNAse supplements, complement conventional therapy From a clinical standpoint, these insights reinforce
to further reduce pregnancy risks in SLE/APS? Initiahe importance of dental health in pregnancy. Might treating
research in mice is encouraging, but safety in humaeriodontitis (through deep cleaning or antibiotics) not only
pregnancy must be proven (Zambranal., 2025). improve oral health but also reduce NETosis and
inflammation systemically, thereby protecting the
Periodontal Disease and Distant Inflammationpregnancy? It remains an open question, but one worth
Chronic periodontal disease (gum inflammation anihvestigating (Castafio-Suareizal, 2024). The periodontal
infection) is a perhaps unexpected but illustrative examptase exemplifies a broader phenomenon: maternal
of how a localized maternal inflammatory condition camflammatory states, whether autoimmune or infectious, can
affect pregnancy via systemic NETosis (Véral, 2023). escalate NETosis, which in turn becomes a common
Periodontitis tends to worsen during pregnancy due tmthway of placental injury. It underscores NETosis as a
hormonal and immune shifts, and it has beepotential “unifier” in the pathology of diverse conditions
epidemiologically linked to adverse outcomes like pretertike SLE, APS, infection, and even stress-related
birth, low birth weight, and preeclampsia (Tsikougaal, inflammation (Mardeet al, 2016). Each of these scenarios
2024). One hypothesis is that oral pathogens or theiees neutrophils as messengers carrying distress signals into
products (endotoxins, outer membrane vesicles) translocttie maternal-fetal interface, sometimes literally in the form
into the maternal bloodstream and eventually reach tloéextruded NETSs that spark local havoc. An important area
placenta, triggering inflammation there (Orsagtaal, of future research is identifying if any maternal biomarkers
2021). Neutrophils are at the forefront of periodontadf NETosis (such as cell-free nucleosomes or neutrophil
inflammation, and in pregnant individuals with periodonta&ctivation markers) could serve as early warning signs for
disease, they display exaggerated activation profiles. Caltacental dysfunction across these disparate conditions
et al (2025), found that pregnant women with worséSundetet al, 2026).
gingival inflammation had neutrophils that produced more
ROS and released more NETs upon stimulation. Thé&yETosis in the Puerperium: Postpartum Immune Shifts
demonstrated that gingival crevicular fluid fromand Implications
periodontitis patients (especially rich in Porphyromonas
gingivalis components) could induce neutrophils to undergo While pregnancy itself alters neutrophil behavior,
NETosis in vitro, linking oral inflammation to systemicthe story does not end at delivery. The early postpartum
neutrophil priming. Over the course of pregnancyperiod (puerperium) is accompanied by dramatic
neutrophils progressively shifted toward this pro-NETotigmmunological shifts, essentially an “immune reboot” as
pro-inflammatory state in concert with any escalation ithe body transitions from a tolerant, pro-pregnancy state to
periodontal disease (Caé al, 2025). one focused on wound healing and infection control after
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childbirth (Wu & Jin, 2025). Neutrophils in the puerperiunpostpartum plasma-induced NETosis (Giaglial, 2021).
have recently been shown to exhibit a highly pro-NEToti€his indicates that by postpartum, additional factors beyond
phenotype, which has significant implications for matern&-CSF drive neutrophils to NETosis. The candidates
health. Giagli®t al (2021), reported that within 48 hoursinclude high levels of circulating cell-free DNA and
after delivery, women’s neutrophils release NETs mongacental microparticles released en masse at delivery (Yuen
readily and in greater quantity than neutrophils either froet al, 2024; Sundeg¢t al, 2026). The study showed that
late pregnancy or non-pregnant controls. Remarkably, evericroparticle-rich postpartum serum could trigger NET
without any exogenous stimulation, postpartum neutrophilelease from even non-pregnant neutrophils, whereas
demonstrated increased spontaneous NET formatianjcroparticle-depleted serum was far less potent. This
evidenced by higher baseline levels of extracellular DNAsuggests that placental microparticles (tiny membrane-
MPO complexes in culture. When stimulated with PMA (dound vesicles from placental tissues shed into blood) act
potent NETosis trigger), these postpartum neutrophiés a “secondary hit” to neutrophils, unleashing NETs in
formed NETSs far more vigorously than those from pregnattte absence of the pregnancy hormones that previously kept
or never-pregnant women (Metzégral, 2014). This hyper- them in check (Sundet al, 2026).
responsive state was corroborated by molecular changes:
postpartum neutrophils contained elevated levels of PAD4 The concept of NETs at the nexus of thrombosis
(the enzyme driving histone citrullination), citrullinatedand immunity is perhaps most evident in the puerperium.
histone H3, neutrophil elastase, and MPO transcripts. @Glinicians must navigate the fine line: on one side, an
essence, the neutrophils of new mothers are locked andufficient NETosis response could leave a new mother
loaded for NET release (Metzlet al,, 2014). susceptible to sepsis or subinvolution of the uterus (poor
healing), whereas an excessive NETosis response might
Why would evolution favor a surge in NETosismanifest as thromboembolic events or post-surgical
capability right after childbirth? One reason may be the needmplications (Shieldst al, 2023). This trade-off raises a
for enhanced protection against postpartum infections. Thatical question: Should we, and can we, modulate NETosis
hours and days after delivery involve exposure to potential the immediate postpartum period to improve outcomes?
pathogens (especially at the placental implantation site alRdr example, in women with pre-existing risk factors for
in lactational tissues) and a high risk of puerperal infectiotisrombosis, would administering NET inhibitors reduce
(Giaglis et al, 2016). Augmented NET formation couldVTE without increasing infection risk? Or conversely, in
provide an immediate, robust antimicrobial shield duringases of immunosuppression, could stimulating NETosis
this vulnerable window (Fekt al, 2025). Additionally, help prevent infection? Such interventions are not yet in
delivery is accompanied by hemostatic challenges, theach, but simply recognizing the postpartum immune
uterine vasculature must clot effectively to preventecalibration is a step forward (Kamet al., 2014).
hemorrhage. NETs are known to promote thrombosis Research into postpartum NETosis might also explain
providing a scaffold for platelets and coagulation factordinical observations like the flare of autoimmune diseases
(NETSs can carry tissue factor and stimulate fibrin depositiofguch as lupus) that some women experience after delivery,
(Martinod & Wagner, 2014). Thus, a pro-NETotic neutrophipossibly due to the intense NET-driven inflammation
phenotype postpartum might contribute to the rapid clottingbound as pregnancy’s immune suppression lifts (Silver
needed to stanch bleeding from the placental bed. In faet,al, 2023).
(Giagliset al, 2021) noted that NETs generated postpartum
carried tissue factor (TF) and coincided with elevated In summary, the puerperal rise in NETosis
markers of coagulation in maternal blood. This paints NEExemplifies how dynamic and context-dependent neutrophil
as a double agent: aiding in postpartum hemostasis on dmehavior is across the timeline of pregnancy (Eekl,
hand, but potentially raising the risk of pathologicaR025; Xuet al, 2025). It closes the loop on the maternal-
thromboses on the other (¢t al., 2022). fetal conversation: after the baby is born, the mother’s
immune system shifts gears, and NETs are very much part
Indeed, the postpartum period is associated withad the new dialog focused on maternal recovery (Wu &
heightened risk of venous thromboembolism (VTE), up tdin, 2025). Understanding this phase is important, as
3-5-fold higher than in pregnancy itself (¢tial, 2025). complications like postpartum hemorrhage, infection, and
The pro-thrombotic NETosis observed postpartum providéisrombosis remain leading causes of maternal morbidity
a plausible immunothrombotic mechanism for this risk. Orend mortality (Fig. 2). NETosis, it appears, is a common
striking finding was that neutralizing G-CSF (which isdenominator in each of these outcomes, and thus a
elevated during pregnancy) could blunt pregnancy plasmasmpelling target for ongoing research in obstetric medicine
ability to induce NETSs, but it did not fully suppress(Yunaset al, 2025).
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Fig. 2. Schematic overview of postpartum neutrophil reprogramming and the dual role of neutrophil extracellular trapstéXETS) af
parturition. Enhanced postpartum NETosis may contribute to antimicrobial defense and uterine protection, while excessiudatedys
NET formation can promote thromboinflammation and postpartum complications. Figure created with the assistance otelligiaidn
(Al)-based design tools.

CONCLUSIONS

Neutrophil extracellular trap formation is a powerfulAPS) and chronic infections (periodontal disease) utilize
form of communication in the maternal-fetal context, onbBlIETosis as a conduit to affect pregnancy. Autoantibodies
that can be beneficial or destructive. In this review, wand inflammatory stimuli heighten NET release, which in
identified five key dimensions through which NETosigurn causes thrombotic and inflammatory damage at the
shapes pregnancy outcome: Immune Modulation at tieaternal-fetal interface. This convergence on NETs across
Maternal-Fetal Interface: NETosis provides antimicrobialisparate conditions underscores their relevance as a unifying
defense yet is normally restrained to preserve fetal tolerantigerapeutic target. Postpartum NETosis Surge: The early
Neutrophils adapt during pregnancy to prevent unwarrantpderperium sees a notable upswing in neutrophil NET-
NET release, highlighting a delicate immunological poiséorming propensity. While evolutionarily geared to protect
Placental and Vascular Injury in Preeclampsia: Excessiagainst infection and hemorrhage, this pro-NETotic state may
NETosis, triggered by placental factors, drives inflammatiopredispose to postpartum thrombosis and autoimmune flares.
endothelial damage, and coagulopathy in preeclampsidnderstanding and modulating this response could improve
NETs harm trophoblasts (e.g., via HMGB1) and propagap®stpartum care. From a clinical perspective, these insights
a feed-forward loop of placental insufficiency. Thispaint NETosis as a potential biomarker and drug target for
establishes NETs as central players in the pathogenesipmgnancy complications. Measuring NET markers (e.qg.,
hypertensive disorders of pregnancy. Metabolic Influenaeell-free DNA, citrullinated histones) in maternal blood
of NETosis in GDM: Hyperglycemia and low adiponectinmight help predict or diagnose conditions like preeclampsia
levels in gestational diabetes tip neutrophils into aar impending preterm birth. Therapies that safely temper
overactive state. The resulting NETs promote placentdETosis, such as recombinant DNase, PAD4 inhibitors, or
oxidative stress and trophoblast apoptosis, linking metabobtockers of neutrophil activators, could transform the
dysregulation to impaired placental function. Managinghanagement of obstetric disorders that currently have limited
neutrophil activation may be a novel angle to mitigateeatment options besides delivery. Yet, any therapeutic
GDM's impact on pregnancy. NETs as Mediators of Maternahodulation must tread carefully: NETs also serve critical
Condition Impact: Maternal autoimmune diseases (SLEdles in host defense, especially in the context of pregnancy
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when the maternal immune system is already tolerant. Kegutréfilos desde la gestacion temprana hasta el estado pro-
hypothesis: Tailored, temporally targeted NET-inhibitingNET6tico del puerperio. Destacamos como los componentes de
strategies (for example, a short course of DNase during@ NET (ADN, histonas, proteasas) provocan dafio endotelial,
severe preeclampsia flare) might quell the storm witho@gftivacion del complemento y tromboinflamacion en la placenta,

long-term immunosuppression, but this remains to be tes@diempo gue planteamos interrogantes sobre cémo la evolucién
in trials. On a molecular IeV(,-:‘I unraveling NETosis irfmdo haber aprovechado las NET para el éxito reproductivo. A lo

has broader implicati for i | rgo del texto, formulamos preguntas aun no resueltas; por
pregnancy has broader implications for immunoiogy a emplo, ¢podria la intervenciéon sobre la NETosis o sus

vascular biology. It compels us to consider how phenomeggsencadenantes (como IL-8, ROS 0 HMGB1) mitigar trastornos
like oxidative stress, endothelial activation, and complemegimo Ia preeclampsia sin comprometer la defensa del huésped?
activation intersect in the unique immunologicall integrar hallazgos de estudios recientes —incluidos aquellos
environment of pregnancy. NETs sit at this crossroadspbre preeclampsia, diabetes gestacional, lupus eritematoso
engaging innate immunity, coagulation, and evesistémico, enfermedad periodontal e inmunidad posparto—, esta
autoimmunity. For immunologists, pregnancy is a natur&gvision busca ofrecer una perspectiva que sea, a la vez, humana
experiment in tolerance versus immunity; NETosis might rigurosa. Comprender la NETosis durante el embarazo podria
be one of the linchpins that when tilted to one side yie|d)°erm|t|r el descubrimiento de,nuevos b|omarcad(_Jres y terapias
tolerance and successful gestation, and when tilted to Pa fomentar embarazos mas saludables y mejores resultados

other yields inflammation and pathology. tanto para la madre como para el hijo.

. . . PALABRAS CLAVE: Trampas extracelulares de
In conclusion, NETosis profoundly influences the,etrsfilos (NET); Embarazo; Trofoblastos; Placenta.
connection between mother and fetus, with impacts ranging
from molecular (trophoblast signaling, cytokine release) 9 EFERENCES
clinical (preeclampsia, preterm birth, fetal growth). This
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