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Perinatal interventions to reduce oxidative stress
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Abstract

Spontaneous preterm birth (PTB) is one of the magonplications of pregnancy and the main
cause of neonatal mortality and morbidity. Desthteefforts devoted to the understanding of this
obstetrical syndrome and improved medical caregthas been a tendency for the PTB rate to
increase in the last decades globally. The costseo$creening for spontaneous PTB, its
management, and treatment of the sequelae represesipr burden to the health service economy
of high-income countries. In this scenario, it bagn widely acknowledged that oxidative stress
(OS) plays an important role in the pathogenicithaman disease in wide range of areas of
medicine. There is an emerging evidence that aalamice between pro-and-antioxidants may be
associated with spontaneous PTB. However, therstidirsnany controversies on the mechanisms
by which OS are involved in the pathogenesis ofmateirity. Moreover, the crucial question
whether the OS is the cause or consequence ofdbasg is yet to be answered.

The purpose of this article is to briefly summatize current knowledge and controversies on
oxidative stress—related spontaneous PTB and @ayoritical approach on future perspectives on
this topic as a classical example of translationadlicine. Placenta-mediated pregnancy adverse
outcome associated with OS leading to iatrogeni8 EEIg. pre-eclampsia, intrauterine growth
restriction, gestational diabetes) will not be dssed.

Introduction

Preterm birth, defined as birth before 37 gestaliareeks is the leading cause of neonatal

morbidity and mortality (1). Data from 184 counsrighowed that the global average PTB rate in



2010 was 11.1%, ranging from about 5% in northarroge to 18% in subSaharian Africa (2).
During the past few decades, the perinatal outcahpeeterm neonates have improved
significantly; however, rates of spontaneous PT#ehessentially remained constant despite some
promissing interventions in its prevention (3)high-income countries, the majority of PTBs occur
spontaneously, either with intact membranes orepmepremature rupture of membranes (PPROM)
(4). The costs of the screening for PTB, its mansge and treatment of the sequelae represent a
major burden to the health service economies (1,2).

Although PTB is a complex condition resulting fronultiple etiologic factors, it is well accepted
and documented that both infection and inflammatepresent highly significant risk factors for
PTB (3). However, despite the clinical and pubkakh significance of PTB and recent research
achievements, the correlation between infectioentsy molecular and immunological pathways
and triggering factors for spontaneous PTB remaorly understood reflecting the complexity of
this obstetrical syndrome. It has been widely aekadged that oxidative stress (OS) may play an
important role in the pathogenesis of human disaadeconstitutes a major topic in all areas of
medicine (5). In this regard, there is emerginglemce that an imbalance between oxidants and
antioxidants may be associated with PTB (6). TaMllsts recent interventional studies aiming to
reduce the incidence/severity of oxidative stragsreterm birth.

Oxidative stress, antioxidants and oxidative damage biomarkers

Oxidative stress

Oxygen is the final acceptor of electrons generdtethg cellular metabolic activity which imply
mainly the oxidases’activity (xanthine oxido-recas®; NADPH oxidases), nitric oxide synthase
(NOS), and the mitochondrial oxidative phosphorglat Under physiologic conditions, di-oxygen
undergoes a tetravalent reduction and combined2ytiotons will produce water, a neutral
element. However, under pathologic conditions oxygay be incompletely reduced to form

reactive oxygen species (ROS). Monovalent reductsothe most common incomplete reduction



and results in the generation of anion superox@2-). Further reduction with 2 or 3 electrons
leads to the formation of hydrogen peroxide@t) and hydroxyl radical (*OH), respectively the
latter being highly reactive. In addition, nitrigide (NO<) may combine with ROS especially anion
superoxide to conform peroxynitrite (ONO& reactive nitrogen species (RNS). ROS and RNS
may behave as free radicals which are highly readpecies with an extremely short half-life and
with great affinity for electrons of nearby moleesi Free radicals react with proteins, DNA, RNA,
glucids or free fatty acids causing alteration atihbtheir structure and function, begetting them as
free radicals and triggering chain reactions (7,880, is a ROS but not a free radical and acts as
a cell-signaling molecule that regulates the reamwdiated oxidation of cysteine residues within
proteins and plays, therefore an important rol@tracellular antioxidant defense and the redox
regulation code (10).

Oxidative stress is broadly referred to as an iaed between the generation of ROS and RNS and
their clearance by the antioxidant defense systefavior of the former (8). ROS are generated in
different intracellular compartments, such as tlasmpa membrane, the peroxisomes, the
endoplasmic reticulum, and in the cytosol. The neidogenous source of ROS is the
mitochondrial electron transport chain during respon, being the rate of ROS production
proportional to the rate of mitochondrial respiatiIn addition, free circulating transition metals
(Fenton chemistry) and enzymes that catalyze R@®rgéng chemical reactions, such as
peroxidases, NADPH oxidase, xanthine oxidase, jijgerases, myeloperoxidase, nitric oxide
synthase, and cyclooxygenases, are also relevardesoof ROS. However, there are circumstances
such as infection, radiation, or inflammation inigfhother subcellular structures such as
peroxisomes, Golgi apparatus, or endoplasmic demicibbecome sources of ROS that outweigh the

mitochondria (8).



Antioxidant defenses

The redox balance of the different cellular commpartts is tightly regulated by the enzymatic and
non-enzymatic antioxidant defense systems. Ardixis can directly reduce free radical and
attenuate their reactivity, modify their chemictilisture to neutral species, quench damage caused
by free radical chain reactions or sequester ttiansmetals to avoid Fenton chemistry (11).
According to their characteristics there are lowenolar weight antioxidants such as glutathione
(GSH), vitamins C and E, or circulating bilirubinaric acid among others. These compounds are
electron donors that reduce free radicals attemgidfieir reactivity. In addition, there are enzyimat
antioxidants that neutralize free radicals. Thetmelgvant are the group of superoxides
dismutases, catalase, glutathione redox cycle eegyBil diaphorase, and the peroxiredoxin.
Finally, high molecular non-enzymatic proteins ¢tiedoxin, glutaredoxin, and metalothioneins)
that have different antioxidant properties suckexpuestering transition metals to avoid Fenton
chemistry, or act as electron donors, or physiaglignch chain reactions (12). In a pro-oxidant
situation, non-enzymatic antioxidants constitutefirst barrier of defense directly reducing or
guenching free radicals. Simultaneously, theamisctivation of a coordinate array of antioxidant
defenses including nuclear factor (erythroid -dedivrelated factors (NrFs) family of transcription
factors. Among these, NrF2 is the mos relevantiamavolved in a wide range of signal
transduction pathways that deal with oxidative station (13). Under stressful conditions, NrF2
translocates to the nucleus where it activatesutiiexidant responsive element (ARE) gene
expression. As a conseqguence, an array of anfinkiehzymes will be expressed that will
neutralize free radicals and balance the oxidattsthat leads to the promoting cell survival (14)
NrF2 target genes have multiple biological funcsiench as being responsible for detoxification
(NQO1, GSTs, AKRs) and the activation of specific antioxidant enzyrsesh as glutathione
peroxidase, glutamate-cysteine ligase, glutamaséete ligase modifier subunit, glutathione

reductase, superoxide dismutases family, thioredard peroxiredoxins (15). Under physiologic



conditions, antioxidant response maintains low eotr@ations of ROS and RNS which act as
regulatory mediators in signaling processes. Howetanoderate or high concentrations, they act
as free radicals altering cellular function anddgox status indispensable for cell reproduction,
growth, and differentiation (16).

Oxidative stress and damage biomarkers

The extremely short half life of free radicals doésllow to directly measure their concentration i
the clinical setting. Therefore, different analgtistrategies have been employed to assess the
oxidant status. Hence, extracellular (plasma, sewrime, amniotic fluid, cerebral spinal fluid) or
intracellular (erythrocytes, leukocytes) compartisaxidant status has been performed
determining the reduced to oxidized quotient ofenales containing sulfur-disulfide bonds such as
reduced to oxidized glutathione (GSH/GSSG), cysteiystine (Cys-H/Cys-SS) or reduced to
oxidized thioredoxin (Trx-SH/Trx-SS) or the actwiaf enzymatic antioxidants such as SOD, CAT
or GPX (12,17). Recently, our lab has developadva method based on surface enhanced Raman
spectroscopy (SERS) to easily analyze GSH.We harfermed analytical monitoring with high
reliability by using a silver colloid that enhantbe GSH signal and allows for the accurate
measurement of microvolumes (20 mcl) of blood. Ttugel analytical tool has been validated and
is extremely suitable, using portable optical senswvice to perform point-of-care (POC) testing of
OS levels in newborns (18).

Increasingly, the use of highly precise analytmatforms such as high-performance liquid or gas
chromatography coupled to mass spectrometry hawed to determine an array of byproducts
resulting from the oxidative damage to specifisus components such as protein, lipids,
carbohydrates or nucleic acids measured in diffésgriluids are used as surrogates for oxidative
stress (17).

Free radicals provoke oxidative modifications af tthemical structure of proteins such as

oxidation of sulfur residues to sulfide, hydroxydat of aromatic groups, nitration or chlorinatioin o



tyrosine residues, or conversion to carbonyl déikrea. Among the most widely employed
biomarkers are related with the oxidation of Phéaryiae (Phe). Hydroxyl radicals convert Phe to
ortho-tyrosine (o-Tyr) or meta-tyrosine (m-Tyr) rpeynitrite leads the formation of 3-nitrotyrosine
(BNO,-Tyr) and hypochlorous acid to 3-chlorotyrosine I3@r), the latter ones relative to protein
nitration and inflammation (19).

Intrauterine infection, inflammation and oxidative stressin preterm birth etiology

Intrauterine infection and inflammation are thedieg etiological factors in the pathogenesis of
spontaneous PTB (20) and risk factors for brainatgarin the neonate, especially in those born
very prematurely (21). Pro-inflammatory stimulichuas lipopolysaccharide (LPS) and other
bacterial, viral or fungal byproducts often recagl by the toll-like receptor (TLR) pathways, or
intercellular signaling mediators often recogniasdnembers of the TNé&-superfamily or
immunoglobulin domain-containing receptors arerggrmducers of NK-kB activity in many cell
types including placenta. NFkB is responsible friivating its target genes involved in multiple
cellular processes, including inflammation, suryjiyaoliferation, differentiation, apoptosis or kel
cycle arrest. Once activated, NF-kB translocatestime nucleus to activate the expression of an
ample array of genes that constitute the inflamnyatesponse (22, 23). Hence, genes encoding
inflammatory mediators that control cell activatemd chemotaxis, such as the proinflammatory
cytokines TNF-alpha, IL-1 and IL-12, chemokineslsas monocyte chemotactic protein (MCP)-1,
interferon (IFN)-inducible protein (IP)-10 and RANES. In addition, large numbers of NF-kB
dependent genes contribute to the innate immumensg, anti-microbial peptide beta-defensin-2
or C-reactive protein (22, 23).

Intrauterine infection and inflammation cause arréased production of proinflammatory
cytokines in the fetal brain that triggers the\ation of microglia with the consequent release of
free radicals that inevitably cause injury to otigodrocytes and neurons in the most critical stage

of fetal brain development (24, 25).



In experimental studies in different mammal spedias antioxidant enzyme (AO) levels are not
sufficiently efficient to overcome fetal to neonatansition until late in gestation (26). Hence,
during the final 10-15% of gestation, there is gpamential increase of 150-200% activity in the
AO enzymes present in lung tissue. (27). Consefygmeterm infants with an immature AO
enzyme system will be predisposed to oxidativesstassociated lung damage and respiratory
insufficiency (28). Notably, the use of antenatalaids increases the AO enzyme activity,
especially in preterm females improving their dapito satisfactorily transit into the extra uterine
world (29).

Little is known about OS in the human fetus and thob$he published data are based on results
obtained in animal models. However, in type 1 dieb®r insulin-treated gestational diabetes the
association of chronic fetal hypoxia with OS hasrbeecently studied using high performance
liquid chromatography coupled to quadrupole masstspmetry (HPLC-MS/MS) after validating a
specific method for the determination of markergxiflative damage to proteins (meta-
tyrosine/phenylalanine ratio) and DNA (8-oxo-dihgguanosine/2-dihydoguanosine ratio), and
nitrosative stress (3-NO-tyrosine) in amniotic dlui Results clearly established a correlation
between amniotic fluid markers of oxidative andostative stress and erythropoietin an indirect
marker of fetal hypoxia (30). Moreover, fetus witypoxic events in utero and poor postnatal
adaptation evidenced by low Apgar score and metahoidosis exhibited higher concentrations of
lipid peroxidation biomarkers in cord blood, spexfly 8-iso-15 (R)-PGFR& and total isoprostanes
than normal controls (31).

Buhimschi et al demonstrated that term labor thiggecompensatory up-regulation of
nonenzymatic antioxidant reserve in the fetal dedd cell and plasma compartments which serves
as a protective mechanism to the relative posthgadroxia (32). Conversely, the decreased
nonenzymatic antioxidant reserve after pretermralnd delivery would enhance the vulnerability

to free radical damage of the preterm neonate. &atbpeculate that the two compartments of



nonenzymatic antioxidant reserve have distinctrig@fe roles in the perinatal period. Oxidative
stress is linked to both infection and inflammatamd may contribute to the perinatal brain damage
in premature infants (33). Mass spectrometry netho study intraamniotic fluid infection (IAA)
have been recently validated following the strirtgelDA requirements (34, 35). These methods
have allowed to approach with high accuracy andbiity the influence of oxidative stress and
inflammation in the clinical setting (34, 35). $p@neous PTB may occur with intact membranes
or after premature preterm rupture of membrane®R@NR) with different latency. Athough it has
been proposed that the etiology of PTB with intaetnbranes differs from that with PPROM (36,
37, 38), it has been demonstrated by amniocerttesti$Al and microbial invasion of the amniotic
cavity share the similar pattern in both entiti&g, (40). The common finding of these studies i tha
the proportion of samples demonstrating severanmfhation and/or microbial invasion of the
amniotic cavity is much higher in pregnancies vatver gestational age, especially before 25
weeks. Furthermore, not only the presence, butiidagnitude of IAl was much higer in amniotic
fluid samples from lower gestational ages tharrlate These findings may ultimately question the
results of meta-analyses on antibiotic use in womiéim preterm labour with intact membranes.
Meta—analysis of 11 included trials showed a radndh maternal infection with the use of
prophylactic antibiotics but failed to demonstriaémnefit or harm for any of the pre—specified
neonatal outcomes (41). Additionally, there was@gestion of harm with almost significant
increase in neonatal mortality in the antibiotiogp. These trials included 7428 women, but
amniocentesis was not performed in any of themcd@ybining histological diagnosis of
chorioamnionitis with quantitative brain MRI, Anlglan et al have recently shown that
inflammation in utero contributes to altered midrosture in major white matter tracts of preterm
infants at term equivalent age (42). Chorioamnismit a well-known risk factor for fetal and
neonatal infection as up to 17% of preterm newbwingse mother has chorioamnionitis develop

EOS in both PTL and PPROM (43).



Placental histopathology may have a role in risatsitcation for trials of immune-modulatory
therapies designed to improve outcome (43). Howetvbeas been demonstrated that twenty-four
percent of patients with clinical chorioamnionitispreterm gestations have no evidence of either
culture-proven intraamniotic infection or IAl, afalse-positive diagnosis of clinical
chorioamnionitis in preterm gestation may leadrnwarranted preterm delivery. (44).
Amniocentesis and placental investigations-evidence for inflammation, infection and oxidative
stress-related preterm birth.

Amniocentesis is a safe and feasible procedurestiaild be performed in selected cases of
patients with threatened PTB either with intact rhesnes or PPROM (45,46,47,48). The
information about the status of intrauterine enwment (regardless of determination the microbial
invasion of the amniotic cavity (MIAC), inflammaticand/or oxidative stress) obtained by
amniocentesis outweigh its potential risks andscokiese results may properly identify women
that would not benefit of certain obstetrical prdaees (emergency cerclage, tocolysis) and those
that would deliver within a very short intervaleaftamniocentesis (49, 50). This would allow better
timing of antenatal steroids for lung maturatiomgmnesium sulfate for neuroprotection, and
optimal antibiotic administration in case of MIABILso, the results of amniocentesis would help to
restrain from unnecessary and potentially harmnoggdures as mentioned above. Although,
taking into consideration that Al is present irpegximately 14% of women with PTB (with or
without PPROM), not all women would need this pchae; however, the non-invasive
stratification of the at-risk patients has not beeacessful so far (51). Although it seems that
antibiotic administration rarely eradicates the illvomen with PPROM. There is an evidence of
a sub-group of patients with documented inflamnmatibthe amniotic cavity which demonstrated a
decrease in the intensity of the inflammatory psscafter antibiotic administration (52). Currently,
preterm labor is unfortunately too often consideasdireversible in the setting of an infectionisTh

nihilistic view should be challenged due to seveeakons: infection-induced preterm labor in the

10



non-human primate model was significantly delaygaiti-inflammatory and antibiotic
administration, and recent data suggest that iidpitification of intra-amniotic infection and
inflammation is possible (52,53,54).

Amniotic fluid and placental oxidative stress markersin pregnancieswith preterm labor with
intact membranes and/or PPROM.

Isoprostanes (F(2)-1P) are produced by ROS attagbobyunsaturated fatty acids and are sensitive
and specific biomarkers of lipid-peroxidation iveiin adults and neonates (9,12,55,56). Dutta et
al., have studied concentration of F2-Isoprostanei@narkers of OS in amniotic fluid samples
from pregnancies with PPROM and PTB with intact rheanes, demonstrating a 3-fold increase in
F2-lIsoprostanes in PPROM suggesting that OS-assdaiamage is more pronounced in PPROM
than in PTB (57). In the same line of research,dkowski et al hypothesized that isoprostanes
would be good markers of premature rupture of mamds. For this purpose, they determined 8-
iIPF2(2x)-11l isoprostanes and showed that levels of thiscHic isoprostane were significantly
higher in term infants with intact membranes as garad to preterm or term infants with PPROM.
Hence, levels of iPF2(3-11l in maternal plasma and amniotic fluid candmnsidered reliable
markers of pregnancy at risk of preterm ruptureneimbranes (58). Studies by Longini et al., have
also shown that women with PPROM had higher let€&2sisoprostane in the amniotic fluid at the
time of genetic amniocentesis between 15-18 gesiadtiveeks than those with term delivery (59).
Biomarkers derived from oxidative damage to DNAIsas 8-hydroxy-2 deoxy-dihydroguanosin
are also increased in pregnancies with chorioanmsd®0). Polycyclic aromatic hydrocarbons
(PAH) alter the antioxidant defense system and@maequence provoke an induction of early
delivery. In a study performed by Agarwal et alagenta tissue samples were obtained from
healthy pregnant women and levels of PAHs quadtifi@xidative stress was assessed by
determining malondialdehyde and reduced glutathinmdacental tissue. Increased benzo(a)pyrene

and MDA and decreasing concentrations of GSH wanad in women with preterm delivery as
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compared to term controls. In addition, higher Eovder molecular weight PAHs showed
significant correlation with the tendency towar@plétion of GSH showing that oxidative stress
and a pro-oxidant redox status caused by PAH maifribate to preterm delivery (61).

Perrone et al., reported that placentas with lagioal lesions compatible with chorioamnionitis
and inflammation in preterm pregnancies were aagettiwith higher cord blood levels of F2-
isoprostanes (62).

A body of evidence has revealed that spontaneaisrpn labour with or without PPROM may be
triggered by premature placental ageing caused®in@uced damage, premature senescence of
the fetal membranes and telomere reduction (suredgaOS) (63,64,65). Soydinc et al
demonstrated that in non-invasively obtained vdgiashing fluid, levels of markers of total
oxidative stress were significantly higher in wonvath PPROM than in those with intact
membranes (66). Furthermore, higher level of oxrgagtress and lower level of anti-oxidant
capacity markers were observed in women with PPR@kl consequent histological
chorioamnionitis as compared with PPROM but withchdrioamnionitis. Ozalkaya et al
demonstrated that umbilical cord pro-oxidant TO&lavas higher in preterm infants without fetal
inflammatory response syndrome (FIRS) and with PMROmpared to those without FIRS and

PPROM (67).

I nterventionsto reduce oxidative stressin preterm birth

1.Antenatal steroids

Antenatal steroid (AS) administration has beenragfaoutine protocol of the PTB management
between 24 and 34 weeks of gestation for many dscadiobhas been shown indisputably that the
effectiveness AS administration to the mother withidays before delivery significantly reduces
not only the incidence and severity of respiratistress syndrome, but also other prematurity

related problems such as bronchopulmonary dysplpatant ductus arteriosus, intracranial
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hemorrhage, retinopathy of prematurity and nearaiznterocolitis. Free radical production and
oxidative stress are associated with all of thesmnatal conditions. Vento et al., showed that the
maximal effect of AS was achieved when administeedl days before delivery (29). Moreover,
this study also showed an association between atiaesteroids and activities of antioxidant
enzymes and glutathione cycle enzymes in cord blAodordingly, extremely preterm infants who
received antenatal steroids exhibited decreasedsle¥ biomarkers of oxidative damage to proteins
(O-tyrosine) and DNA (8-0xodG) (29). Unfortunatelyere is an evidence of an inappropriate
timing of the AS administration. Sanya et al., destcated that over two-thirds of the women
presenting suspicion of PTB delivery after 34 wealkgestation received AS unnecessarily (68,
51). Furthermore, in large cohorts of women whoveeéd before 34 weeks of gestation, AS was
administered within 7 days of delivery only in appmately 40% of cases (69, 52). Despite these
inconveniences, epidemiological studies confirnt thare than 80% of preterm infants born in
industrialized countries receive at least one dd¥€S before being born (70).

2. Magnesium sulfate fetal neuroprotection

Summarizing the results of five randomized contirials, a meta-analysis published in 2009
demonstrated that magnesium sulphate given to msoghertly before delivery reduced the risk of
cerebral palsy by 32% and improved gross motortfanaén preterm infants born before 32 weeks
of gestation without side effects for the mothelomg-term consequences for the newborn (71).
Based on high quality evidence of benefit, MgSOdusently recommended worldwide for women
at risk of preterm birth before 32 weeks of gestafor fetal neuroprotection. The number of
women needed to be treated to benefit one babydiyliag cerebral palsy is 63. There is still a
lack of understanding of the MgS04 neuroproteatinsezhanisms. Magnesium is an important
cation that regulates cellular calcium influx resjirg voltage-gated Cachannels and as a
consequence cerebral vascular tone thus protefetialgorain (72). Moreover, under stressful

situations blocking massive entrance of Qaduces the activation of the Krebs’ cycle and the
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liberation of highly energized electrons that léae burst of oxygen free radicals in the
mitochondria (72). Additionally, it has been demioai®d in animal models that MgSO4 decreases
the production of free radicals during hypoxic-isetic reperfusion (73). Cerebral vasodilatation
and reduction in inflammatory cytokine producticavh been reported (74,75). This theory is
supported in a randomized controlled trial thatided 72 women and showed increased levels of
brain-derived neurotrophic factor (BDNF) in coratd from pregnancies with MgSO4
neuroprotection administered before 34 weeks datjea compared with placebo (76). There is
evidence that BDNF is protective against neonatpbkic-ischaemic brain injury in vivo (77).
Thordstein et al demonstrated that a combinatiaoxgfen radical scavengers and magnesium
administered in the phase of resuscitation mitgjperinatal postasphyxial brain damage in the rat
(78).

3.Anti-inflammatory medication

Free radicals are generated in large quantitiegsgltine inflammatory response shifting the
fetomaternal redox balance to a pro-oxidative statepromising the fetus. Selective inactivation
of free radicals with N-acetylcysteine (NAC), bath antioxidant and L-cysteine donor for the
synthesis of reduced glutathione (GSH), seemsfantefe way of improving fetal outcome in
preterm deliveries associated with inflammation.experimental studies, NAC administration to
pregnant rats significantly reduced oxidized ghitate (GSSG) in isolated hepatocytes that
occurred in the fetal-neonatal transition. The GS$5G ratio in liver of NAC-treated newborns
was 411 +/- 216 and in liver of controls it was 283176. Thus, the oxidative stress in the fetal-t
neonatal transition was significantly reduced bgl &’ AC administration to pregnant rats (79).
Buhimschi et al., demonstrated in a mice modelrefgsm labor and fetal damage that maternal
inflammation in C57BI/6 mice caused fetal oxidatsteess and death, and was associated with
maternal and fetal GSH depletion (79). Moreovesytalso showed also that oxidative stress

caused damage to the fetus independently of preityadind that restoration of maternal and fetal
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oxidative balance by NAC protected the fetus amidiced the rate of preterm birth (80). Buhimshi
et al., in another study collected fetal membrdr@ms 7 patients undergoing elective cesarean
delivery at term and demonstrated that NAC draraliyiegnhibited amniochorionic matrix
metalloproteinase activity in addition to inhibgimtrinsic superoxide generation within the tissue
(81). In a randomized, double-blind, placebo-cdtedbtrial including 280 women that had
previously have given birth prematurely, showed tral NAC reduced the recurrence of preterm
birth in patients with bacterial vaginosis (82).el$afety and possible pharmacodynamics side
effects of NAC were investigated in a randomizemhtmlled pilot trial that included 22 pregnant
women at24 weeks gestation within 4 hours of clinical diagis of chorioamnionitis and their
infants concluding that antenatal and postnatal Nv&S safe, preserved cerebrovascular regulation,
and increased an anti-inflammatory neuroproteginagein (83).

4. Antibiotics and intra-amniotic inflammation

Molecular microbiology techniques have evidencedgresence of a great diversity of different
microbes in the amniotic fluid in pregnancies W#hB with intact membranes or PPROM.
Morimoto et al., demonstrated that broad-range P@sed approach is more useful for identifying
women with 1Al as well as women with polymicrobiafection than the culture-based approach is
(84). They also found a correlation between thendbuace of 16S rDNA and the severity of Al
(84). It is generally accepted that most IAls refwim a chronic bacterial infection and that the
overt symptoms and neonatal outcome depend notoonilye bacterial load but also in the
presence, duration, and magnitude of the inflanonagecondary to the infection (85).
Azithromycin was introduced as an empirical antilsitreatment for all women with PPROM in
Helsinki University Hospital based on our reseaant the current literature that describes the
bacteria specia detected from amniotic fluid in BRRwomen (86). Azithromycin covers, among
other bacteria, genital mycoplasmas, ureaplasnd$asobacterium nucleatum. This antibiotic

exhibits potent anti-inflammatory effects mediabgthe inhibition of IL-PB-mediated
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inflammation produced by the inflammasome and siam@lous regulation of the NF-kB activity in
response to oxidative stress and lipopolysacchaneledering extreme useful in the control of
chronic lung inflammation (87). The possible apgiicn of azithromycin for inflammatory
processes such as chorioamnionitis in the peripatadd deserves further studies.

5. Progesterone

Experimental studies demonstrated that progestesm@ptor membrane component | (PGRMCI)
can be regulated by progestins, inflammatory cyte&j and oxidative stress in the fetal membranes
and also that PGRMCI acts as a protective elentemhéintaining fetal membrane integrity by
inhibiting oxidative stress-induced chorion celeaqy (88,89). Recent clinical evidence has
demonstrated the benefit of administering progesteand its analogues as prophylaxis for
spontaneous PTB in high-risk patients. The mechabig which vaginal P4 decreases the risk for
PTB appears to be related to the pathophysiologgnfical remodeling during the prelude to
parturition. Systematic review and meta-analysimdividual patient data of randomized controlled
trials comparing vaginal progesterone with placebdreatment in women with a singleton
gestation and a midtrimester sonographic cerverggth <25 mm showed that vaginal
progesterone decreases the risk of preterm bidhraproves perinatal outcomes without any
demonstrable deleterious effects on childhood raewelopment (90).As an example, the number
needed to treat to prevent one preterm biftB2 weeks of gestation is six (90).

Conclusions

Spontaneous preterm birth is one of the major cmagpbns of pregnancy and the main cause of
neonatal mortality and morbidity (1). In survivotisis risk persists through the adulthood causing
both medical and social disability and is increas@t decreasing gestational age at birth (91).
There is accumulated evidence that correlateso®3 B regardless of the fetal membrane status.
Whether OS is a trigger for PTB or its consequgmtgemains to be elucidated. Hence, the

standardization and clinical evaluation of diffe@rararkers of OS in should be integrated in the

16



management protocols of PTB. Strategies to preR@Btrelated OS should include preventive
antioxidant administration to women with a highkrier PTB (including progesterone treatment for
women with high-risk for PTB), administration offappriate antibiotics with proven microbial
invasion of the amniotic cavity, and the introdaatof anti-inflammatory agents for patients with
proven inflammation aiming to reduce oxidative s¢rand prolong the latency period between PTB
clinical signs and after PPROM. Appropriate admiatson of antenatal steroids and magnesium
sulphate for fetal neuroprotection should be adsteshof care in every obstetrical unit. All these
therapies have minimal or no side-effects to fatesyborn and pregnant women if administered
according to the guidelines. However, these stiaseghow evidence of short-term benefit but lack
large-scale follow-up data of long-term childhoadammes (92). We expect that future research on
preterm birth interventions should include longxdollow-up of the children to address the

optimal strategies for the prevention and redutiegsequelae.
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of membranes. MIAC= microbial invasion amniotic itgv
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Table 1. Published studies describing intervensinategies to prevent preterm birth and its seguayadecreasing oxidative-stress and

inflammation
I ntervention/issue Type of the study | Sample and methods Main findings Conclusion References
studied
Antenatal steroids for | Prospective Extremely low- There is an association between antenatal sterpiistenatal administration of steroids reduces | Vento et al
lung maturation observational- gestational-age and activities of antioxidant enzymes and oxidative stress and decreases the intensity gf (2009)
cohort clinical neonates (>28 weeks ofglutathione cycle enzymes in cord blood. prematurity sequelae (oxygen supplementatian,

study

gestation) receiving
antenatal steroids
(CORT, n= 37) or not
(NOCORT, n=20)

In addition, reduced oxidative stress,
and decreased oxidation of proteins and DNA
was also demonstrated

mechanical ventilation, and conditions such a
bronchopulmonary dysplasia, intra-
periventricular hemorrhage, or retinopathy)
related to free-radical production and oxidativ|
stress

sReference #29

e

Magnesium sulfate
(MgSO04) for fetal
neuroprotection

Randomized
controlled clinical
trial

72 pregnant women
who were divided into
three groups: group |
(preterm pregnancy
with MgS0O4), group I
(preterm pregnancy
without MgS0O4), and
group I (full-term
pregnancy as control

group)

The cord blood brain-derived neurotrophic fact

MgSO4 was significantly higher than in
premature infants without antenatal MgSO4 an
was comparable to full-term infants

(BDNF) levels in premature infants with antenatalelivery increased cord blood BDNF levels,

DIThe application of antenatal MgSO4 in preter

which downregulation increases sensitivity to
doxidative damage under stressful circumstang

mBachnas et al
(2014)

dReference #76

N-Acetyl-Cysteine
(NAC) for prevention
of recurrent preterm
birth in adjunct to
progesterone

A randomized,
double-blind,
placebo-
controlled trial

280 women between 1
and 18 weeks of
pregnancy who had 1
previous preterm birth
and had just been
successfully treated fo
bacterial vaginosis with
metronidazole for 1
week. The women
were randomized to
receive 0.6 g of NAC
per day plus 17-
hydroxyprogesterone
caproate (17-OHPC) o
placebo plus 17-OHPC
until 36 completed
weeks of pregnancy or
active labor.

B6Reaching 36 weeks of pregnancy was more
frequent and gestational age at delivery was
significantly higher in the NAC than in the
placebo group (37.4 weeks * 0.4 weeks vs 34.
weeks + 1.2 weeks)

r

Oral NAC (known to be powerful anti-oxidant
was found to reduce the recurrence of pretern
birth in patients with bacterial vaginosis
L

Shahin et al
n(2009)

Reference #82
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Antenatal and postnata
NAC treatment of
newborns exposed to
chorioamnionitis

lRandomized,
controlled,
double-blinded
trial

22 pregnant women
(24 infants) >24 week
of gestation presenting
within 4 hours of
diagnosis of clinical
chorioamnionitis were
randomized to NAC or
saline treatment.
Antenatal NAC or
saline was given
intravenously every 6
hours until delivery.
Postnatally, NAC or
saline was given every
12 hours for 5 doses

Cerebrovascular coupling was disrupted in infajnta this cohort of newborns exposed to

5 with chorioamnionitis

chorioamnionitis, antenatal and postnatal NA

treated with saline but preserved in infants trebatevas safe, preserved cerebrovascular regulati

with NAC, suggesting improved vascular
regulation in the presence of neuroinflammatio
Infants treated with NAC had higher serum ant
inflammatory interleukin-1 receptor

antagonist and lower proinflammatory vascular,
endothelial growth factor over time vs controls.

and increased an anti-inflammatory
n.neuroprotective protein

Jenkinks et al
£(2016)
bn,

Reference #83

Oxidative stress
influence on
Progesterone recepto
membrane component
(PGRMCI) in fetal
membranes

Experimental
study

Human fetal
membranes collected
following planned
uncomplicated
cesarean delivery at
term without rupture of
membranes or labor.
The objective was to
evaluate progesterone
receptor membrane
component |
(PGRMCI) expression
in cells of the fetal
membranes after
exposure to progestin
(7P, P4, and
medroxyprogesterone
acetate [MPA]), a
proinflammatory
cytokine TNF-a, and
oxidative stress
(H202).

Progestin, TNF-a, and oxidative stress act as
regulatory factors of PGRMCI in a cell-specific
manner in fetal membranes.

PGRMCI can be regulated by progestins,
inflammatory cytokines, and oxidative stress i
the fetal membranes. This study demonstrate
that inflammation and oxidative stress are
inseparable in fetal membrane pathology

Meng et al
n(2016)
d
Reference #86

Oxidative stress
influence on fetal
membrane senescencs

Experimental
study

D

Human fetal
membranes collected
following planned

Hydrogen peroxide significantly induced cell
senescence and p38 MAPK phosphorylation,
it significantly decreased SIRT3 expression in

This study demonstrated that oxidative stress
nethduced cell aging is one of the mechanisms
PPROM and PGRMCI acts as a protective

- Feng et al
pf(2019)
Reference #89
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uncomplicated
cesarean delivery at
term without rupture of
membranes or labor.
Study aimed to
investigate the effects
of oxidative stress
(represented by
hydrogen peroxide
[H202] on fetal
membrane and chorion
cell senescence, p38
mitogen-activated
protein kinase (MAPK)
phosphorylation, and
sirtuin (SIRT3) and
examine the role of
progesterone recepto
membrane component
(PGRMCI) in these
effects

full-thickness fetal membrane explants and

chorion cells. These effects were enhanced by

PGRMCI knockdown

element for maintaining fetal membrane
integrity by inhibiting oxidative stress-induced
chorion cell ageing

Vaginal progesterone
on the prevention of
preterm birth

Systematic review
and meta-analysis
of individual
patient data of
randomized
controlled trials
comparing
vaginal
progesterone with
placebo/no
treatment in
women with a
singleton
gestation and a
midtrimester
sonographic
cervical length
<25 mm

974 women (498
assigned to vaginal
progesterone, 476
assigned to placebo)
with a cervical length
<25 mm participating
in five high-quality
trials

Vaginal progesterone significantly decreased t
risk of preterm birth <36, <35, <34, <32, <30 a
<28 weeks of gestation, spontaneous preterm

birth <33 and <34 weeks of gestation, respirata
distress syndrome, composite neonatal morbid

and mortality, birthweight <1500 and <2500 g,

and admission to the neonatal intensive care uhi

me/aginal progesterone decreases the risk of
¢preterm birth and improves perinatal outcome
in singleton gestations with a midtrimester
rgonographic short cervix, without any
tgemonstrable deleterious effects on childhoo
neurodevelopment

)

Romero et al

$(2018)

Reference #90
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HIGHLIGHTS
* Experimental and clinical evidence correlates oxidative stress to preterm
delivery regardless of the fetal membrane status.
* However, it isnot known if oxidative stressis atrigger for preterm birth of the
consequence of infection/inflammation.
* New biomarkers of oxidative stress and oxidative damage biomarkers using
mass spectrometry and metabol omics have recently put forward and validated.
* Hence, the standardization and clinical evaluation of different markers should be
integrated in the management protocols of preterm birth.
» Strategiesto prevent preterm birth-related oxidative stress should include:
0 preventive antioxidant administration to women with a high-risk for
preterm birth including
o administration of appropriate antibiotics with proven microbia invasion
of the amniotic cavity
o introduction of anti-inflammatory agents for patients with proven
inflammation.
0 Appropriate administration of antenatal steroids and magnesium sulfate
for fetal neuroprotection should be a standard of care in every obstetrical

unit.



