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Abstract

:

Human pregnancy can be affected by numerous pathologies, from those which are mild and reversible to others which are life-threatening. Among these, gestational diabetes mellitus and hypertensive disorders of pregnancy with subsequent consequences stand out. Health problems experienced by women during pregnancy and postpartum are associated with significant costs to health systems worldwide and contribute largely to maternal mortality and morbidity. Major risk factors for mothers include obesity, advanced maternal age, cardiovascular dysfunction, and endothelial damage; in these scenarios, oxidative stress plays a major role. Markers of oxidative stress can be measured in patients with preeclampsia, foetal growth restriction, and gestational diabetes mellitus, even before their clinical onset. In consequence, antioxidant supplements have been proposed as a possible therapy; however, results derived from large scale randomised clinical trials have been disappointing as no positive effects were demonstrated. This review focuses on the latest evidence on oxidative stress in pregnancy complications, their early diagnosis, and possible therapies to prevent or treat these pathologies.
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1. Introduction


During pregnancy, both the mother’s and baby’s health have major implications on a successful pregnancy, and deterioration in either or both can lead to a variety of life-threatening complications. A pre-existing—known or unknown—maternal condition with little impact on maternal health prior to gestation can suddenly induce significant implications during pregnancy (pre-gestational pathology). Alternatively, at the time of conception, the maternal dysfunction may be absent and thus arise and develop during the gestational period (gestational pathology). Regardless of this distinction, more than 500,000 maternal deaths occur worldwide every year due to pregnancy complications and this figure remains persistently high. Furthermore, for every woman who dies from causes related to pregnancy and childbirth, there are another 20 who suffer from pregnancy-related pathologies or who experience other serious consequences (UNICEF, 2009). In 2017, the global incidence of maternal disorders was estimated to be almost 80 million cases [1].



Among maternal diseases, preeclampsia, a pregnancy complication characterized by high blood pressure and signs of damage to other organs or systems after 20 weeks of gestation (Mayo Clinic), is one of the main causes of maternal mortality, resulting in more than 50,000 deaths annually worldwide [2]. In addition, it has been associated with an increased risk for the mother and her child to develop cardiovascular complications and diabetes mellitus later in life [3].



These figures cause a significant increase in the cost in health systems. In 2008, an average complicated pregnancy in the USA was associated with a total maternal cost of USD 27,803, which represents an increase of USD 8000 over an uncomplicated pregnancy [4]. However, these figures do not take into account long-term health implications associated with the disease.



In the United Kingdom (UK), hypertensive disorders of pregnancy (HDP) account for 20% occupancy of antepartum hospital admissions, 25% of intensive care unit admissions, and 20% occupancy of neonatal intensive care units [5].



The placenta represents the pivotal organ for two of the main pregnancy complications: preeclampsia and foetal growth restriction (FGR). Despite being the target of research for the last decades, complete understanding of the placenta remains unclear and pregnancy complications derived from failure of this organ still represent an important cause of maternal and foetal morbidity and mortality worldwide, even in industrialized countries [1]. The human placenta is a transitory organ with a remarkable complexity. Its development begins in the first weeks of pregnancy and does not end until the second trimester, involving two different but related processes: vascularisation to establish a foeto-placental vascular network and a posterior invasion of the maternal spiral arteries, transforming them from a high-resistance low-flow vessel into a low-resistance, high-flow type [6]. During this transition, the placenta moves from a low oxygen/hypoxic environment to an oxygenated one.



Various alterations in the placentation process can have serious consequences during pregnancy and women presenting specific characteristics, including obesity, advanced maternal age, cardiovascular dysfunction, and metabolic syndrome, which are also related to endothelial damage, are at higher risk [7,8]. In this pathological placentation, oxidative stress (OS) plays a major role. Some of the most serious complications associated with pregnancy, such as preeclampsia, FGR, or gestational diabetes mellitus (GDM), show an increase in parameters of inflammation and OS in both the mother and the foetus [9], as well as lower antioxidant status and endogenous antioxidants. These alterations can be observed before the clinical development of such pathologies. When the foeto-placental unit is poorly perfused, free radicals are realised and generate oxidative damage in placental cells; thus, OS can induce DNA damage [10], alter proteins and lipids from the cell membranes [11], and promote peroxidation of low-density lipoproteins. In consequence, antioxidant supplements have been studied as a possible therapy. Unfortunately, results derived from large-scale randomised clinical trials have been rather disappointing. Antioxidants such as vitamins C and E given during pregnancy have not demonstrated any significant positive effects [12,13].



The aim of the present review is to outline the available and newest data on the effects of OS in complicated pregnancies by HDP (including preeclampsia and FGR) or GDM, their early diagnosis, and possible therapies to prevent or treat these pathologies.




2. Oxidative Stress in Pregnancy


Oxidative stress is caused by an imbalance between production and accumulation of reactive oxygen species (ROS) in cells and tissues and the ability of a biological system to detoxify these reactive products [14].



ROS can be classified in two groups:




	-

	
Free radicals (superoxide, the hydroxyl radicals, lipid peroxy-radicals, and alkoxy radicals);




	-

	
Non-radical products (including hydrogen peroxide, peroxynitrite, and hypochlorous acid).









At the cellular level, mitochondria are the major site where the largest amount of ROS is generated through the electron transport chain, formed mainly by four protein complexes. Nicotinamide adenine dinucleotide phosphate hydrogen (NADH) and flavin adenine dinucleotide (FADH2) begin the chain by donating their electrons to complex I and complex II, respectively. These electrons are passed to the following complex in the chain and, by this mechanism, electrons become continuously oxidized and reduced, generating an electron current.



In pregnancy, ROS are generated mainly in the placenta, but xanthine oxidase (XO) are present in the vascular endothelium, and nitric oxide synthase (NOS) are also sources of ROS [15]. OS mediated by ROS is a common feature of a range of interrelated pathologies and several gestational disorders; excessive ROS in the endothelium can inhibit the expression and function of endothelial nitric oxide synthase (eNOS), thus affecting normal vasodilation and becoming an important factor in the pathogenesis of preeclampsia. They also act as a trigger for atherosclerosis, which plays an important role in cardiovascular diseases. Atheromatous plaque formation results from an early endothelial inflammation, which recruits macrophages and leads to ROS generation. Then, circulating lipoproteins are oxidized by ROS, leading to foam cell formation, lipid accumulation, systemic inflammation, and endothelial dysfunction.



In addition, OS can affect the kidneys with similar mechanisms to atherosclerosis, as evident in the renal damage of preeclamptic patients. ROS production leads to an initial inflammatory stage; however, if the stress continues, the result is the formation of abundant fibrotic tissue that impairs organ function [14].



In diabetic patients, ROS can be induced by hyperglycaemia through mitochondrial respiratory chain enzymes, including XO, NOS, and peroxidases, among others [7]. Furthermore, increased ROS levels can damage macromolecules and lead to cellular senescence and accelerated aging. In a normal environment, telomeres (repetitive sequences of non-coding DNA at the end of a chromosome) protect the chromosome from damage and become shorter each time a cell divides. Eventually, the telomeres become so short that the cell can no longer divide. OS is the most common mechanism underlying accelerated telomere shortening, leading to a number of pathologies including cancer, cardiovascular diseases, diabetes, obesity, and atherosclerosis [16].



In contrast, an antioxidant is “any substance that protects cells from the damage caused by free radicals’’ (National Institute of Health). They are present throughout the organism and can be categorised as follows.



	-

	
Enzymatic antioxidants are the first line of defence against ROS. The superoxide dismutase family is composed of manganese superoxide dismutase (MnSOD) located in the mitochondrial matrix, as well as Cu,Zn superoxide dismutase (SOD1) located in the mitochondrial intermembrane space, cytosol, and extracellular space. They catalyse the dismutation of superoxide anion radical to hydrogen peroxide and molecular oxygen, thus metabolizing ROS to innocuous products [17].




	-

	
Non-enzymatic or free radical scavengers can reduce and inactivate existing free radicals. They include vitamins C and E, carotenoids, and glutathione, and also represent the most-studied antioxidant supplements in pregnancy.







When there is imbalance between produced and disposed free radicals, or when there is inadequate amount of antioxidants, the organism is exposed to OS.



2.1. Oxidative Stress in Normal Pregnancies


As the placenta develops, it transits from a hypoxic environment to a more oxygenated setting. The period of placental development is characterised by a low grade of OS, increased circulating levels of oxidised low-density lipoproteins (LDL), and a reduction in total antioxidant capacity (TAC). A recent study by Mannaerts et al. [18] has shown that systemic inflammation also increases with the advance of pregnancy, thus activating maternal endothelial cells and increasing OS.



ROS are necessary for certain cellular functions, such as mitochondrial or endothelial functions, normally in low and stable levels. Redox signalling is pivotal in many physiological processes, whereby oxidative post-translational modifications induce changes in structural and functional characteristics of molecules, thus modifying signalling processes [19]. However, elevated levels of ROS, as observed in pathologic pregnancies, are associated with adverse outcomes, including tissue and mitochondrial damage and accelerated aging.



First Trimester



During the first 6–8 weeks of pregnancy, with the placenta not yet completely attached to maternal circulation, the uterine spiral arteries are blocked by intraluminal cytotrophoblast and a physiological and local hypoxia is generated. In this period, since the syncytiotrophoblast cells do not express the antioxidant mitochondrial superoxide dismutase (SOD), ROS levels are high, inducing the production of factors that regulate cell proliferation and angiogenesis, such as vascular endothelial growth factor (VEGF) and placental growth factor (PlGF), which are abundantly expressed in the placenta [20].



The angiogenic signalling pathway is tightly regulated at various levels, such as a soluble Fms-like tyrosine kinase-1 (sFlt-1), acting as a decoy receptor to neutralize the pro-angiogenic effects from VEGF and PIGF. Maternal blood levels of sFlt-1 and PlGF have been analysed extensively [21] and are utilised as key biomarkers during pregnancy (see below).



Second trimester



Unblocking of the spiral arteries begins at 8 weeks and continues until 16 weeks of gestation. While spiral arteries lose their muscular layer and transform into a large vessel with low resistance, an increased oxygen tension is quickly imposed, bringing the associated risks of damage from OS. In non-pathological concentrations, OS stimulates cell proliferation. However, with premature opening (unplugging) of the spiral arteries, the placental growth is prejudiced since there is insufficient antioxidant defence by this time. A deficiency in the early development of the placenta restricts its growth, which can never be catch up [22].



From a chemical point of view, these periods of ischemia followed by reperfusion are associated with the conversion of xanthine dehydrogenase into xanthine oxidase, which is a potent source of superoxide free radicals, thus increasing OS. It has been demonstrated that xanthine oxidase activity is increased in the placenta of women affected by HDP. In addition, a lower production of NO is related to the peripheral vasoconstriction observed in preeclampsia [23].



Third Trimester



The third trimester is the period of maximum growth of both the placenta and the foetus, corresponding to a great increase in placental vascular and energetic requests. During this stage, the highly metabolic placenta relies on efficient mitochondrial function to produce the necessary energy. In this scenario, a hypovolemic state could progress to placental hypoperfusion and, therefore, to foetal growth restriction.



Cardiovascular System



During pregnancy, the maternal cardiovascular system adapts to the increased demand, resulting in an increase in cardiac output, stroke volume, heart rate, and plasma volume. The heart undergoes significant remodelling to keep up with the demand. The right heart volume is significantly higher and left ventricle mass increases by an average of 40% by the end of the pregnancy [24]. Despite all these modifications, in most cases, maternal blood pressure remains stable, compensated by generalized peripheral vasodilation.



This vascular change is largely driven by a higher production of NO in endothelial cells [25]. NO is a prime target for inactivation by superoxide and this free radical is increased in preeclamptic pregnancies, thus explaining the generalized peripheral vasoconstriction observed in this pathological state. This systemic vasoconstriction can be clinically observed in preeclampsia and acts as a major indicator of pregnancy complications. In the first trimester, uterine artery Doppler can be performed to assess the risk of preeclampsia. The uterine artery pulsatility index (PI), defined as the difference between peak systolic and end diastolic flow velocity, divided by the time-averaged flow velocity [26], provides a measure of uteroplacental perfusion. A high PI index suggests an increased risk of developing PE, FGR, and stillbirth. Examples of normal and abnormal uterine artery doppler waveform in the first trimester are shown in Figure 1. Moreover, maternal renal vasoconstriction favours hypertension and a modest reduction in glomerular filtration rate with a latter disruption of glomerular fenestrae, causing proteinuria.




2.2. Oxidative Stress in Pregnancy Pathologies and Its Biomarkers


Although the main focus of this review is OS damage in pregnancy concerning the foetus and the mother, it is important to note that OS influences the entire reproductive lifespan of women and men. There has been a considerable amount of work regarding oxidative damage in sperm and oocytes. Male gametes are sensitive cells to the accumulation of damaged DNA, which can be induced by a wide variety of factors, such as diet [27], ionization, or even heavy metals [28,29]. Since DNA damage in the gametes could have serious consequences in reproduction [30], the sperm may also play a role in complicated pregnancies.



2.2.1. Oxidative Stress in Preeclampsia


Preeclampsia is a disease in which the mother develops high blood pressure after 20 weeks of pregnancy and presents with proteins in her urine, alterations in blood test, or clinical symptoms (such as severe headache, abdominal pain, or visual alterations). Clinically preeclampsia is defined by American College of Obstetricians and Gynaecologists (ACOG) (2013) as a “syndrome characterized by both new-onset of hypertension plus new-onset proteinuria ≥ 300 mg/24 h after 20 weeks of gestation or, in the absence of proteinuria, hypertension in association with thrombocytopenia, impaired liver function, renal insufficiency, pulmonary edema, or new-onset cerebral or visual disturbances’’ [31]. The only cure available for this clinical entity is delivery, which can represent a major disadvantage for the foetus if the pregnancy is not advanced, adding prematurity to a possible suboptimal development.



The aetiology of preeclampsia is not completely understood and has been previously described as a “2 stage-disease” [32]. During the first trimester, abnormal and asymptomatic placentation occurs, followed by a symptomatic maternal syndrome that carries an excess of antiangiogenic factors. The definition was later expanded to a “6-stage” disease [33], incorporating immunological factors (toleration of the mother to the semen of the father), abnormal placentation, and OS in the first 10 weeks, as well as placental damage and atherosis. See Figure 2 for an overview of the main events in the development of preeclampsia.



According to the timing of clinical onset, before or after 34 weeks of gestation, preeclampsia is classified as early-onset preeclampsia (EoPE) and late-onset preeclampsia (LoPE), respectively.



EoPE, also referred to as “placental preeclampsia”, is associated with a poor development of the cytotrophoblast early in pregnancy, leading to reduced transformation of spiral arteries. While this subtype is the less frequent (5% to 20% of all cases), its clinical impact is significant, since it can add prematurity to a foetus that has been developing in sub-optimal conditions if delivery becomes necessary. The threshold of foetal viability is around 24 to 26 weeks; however, babies born at this gestational age present high mortality and morbidity, as 50% of neonates that survive will suffer from moderate to severe neurological sequelae [34].



LoPE, also referred to as “maternal preeclampsia”, is associated with a mismatch between the increasing metabolic demands of the placenta–foetal duet and the normal maternal perfusion, contributing to a maternal predisposition to cardiovascular and metabolic pathologies. It represents more than 80% of all cases. Although foetuses at this point are already more developed, they are at risk of being either small or large for gestational age and they tend to have less adaptability and can rapidly deteriorate [35].



Despite the classification of EoPE and LoPE attributing the cause to the placenta and maternal, respectively, it is important to clarify that the combination of both maternal and placental factors can contribute to the development of both types of preeclampsia.



OS provides one explanation for the pathogenesis of preeclampsia since it leads to lipid peroxidation accompanied by endothelial dysfunction, i.e., a consequence of periods of ischemia–reperfusion generated from failed spiral artery remodelling during placentation. A vicious cycle of enhanced placental OS can allow the release of leukocytes, neutrophils, and cytokines from the placenta, as well as further ROS into the maternal blood circulation, resulting in a massive systemic endothelial dysfunction. In cases where great endothelial damage is observed, arterial compliance is lower and vascular resistance is higher [36]. Furthermore, as widely demonstrated in the Framingham Heart Study [37], arterial stiffness acts as a predictor of cardiovascular disease, cognitive impairment, and dementia.



Elevated ROS levels could also provide the cause for early elevation of antiangiogenic or decrease in angiogenic factors at a time when the placenta needs more vascular development. There is abundant evidence of higher serum and tissue concentrations of biomarkers for OS and systemic inflammation, as well as decreased concentrations of antioxidants, such as vitamin C and vitamin E in women with preeclampsia [38].



However, a major challenge in recent decades has been to establish reliable biomarkers for the early detection and prediction of pregnancy complications. Identifying a circulatory biomarker can have major clinical impacts, especially if they can provide early opportunities for clinical intervention. Unfortunately, to date, both predictive and diagnostic biomarkers have rarely been successful. Several molecules related to OS stress have been proposed, since there are direct chemical interactions between ROS and biological components in preeclampsia. Nevertheless, most of these biomarkers are diagnostic, meaning they are elevated by the time the disease is clinically present, thus with scarce predictive capacity.



Glutathione (GSH), one of the most prevalent antioxidants, can reduce unstable ROS and form oxidized GSH. Reduced GSH represents the most prevalent form of GSH in the organism and the ratio of reduced GSH and oxidized GSH can be used to demonstrate levels of OS. In a study conducted by Kharb et al. [39], women with preeclampsia were found to have significantly lower levels of reduced GSH in blood compared with healthy pregnant controls.



With regards to the lower levels of reduced GSH seen in preeclamptic patients, it is important to note that an association between the use of paracetamol (acetaminophen) and the depletion of GSH has been described [40]. Paracetamol is one of the most consumed drugs during pregnancy, not limited to hypertensive women. In fact, it has been published that more than 40% of pregnant women use paracetamol at least once in pregnancy [41]. Although it is feasible to speculate that paracetamol may be responsible for lower GSH levels, it is doubtful that such a chronic effect would be sustained. Further investigations are needed in order to elucidate the eventual correlation between this worldwide used drug and the antioxidant capacity during pregnancy.



In response to OS, protein carbonyls are generated and researchers have shown elevated levels of these molecules in plasma [42] and placentas [43,44] of preeclamptic women during the clinical stage. However, higher levels of protein carbonyls were also described in pregnancies complicated with GDM [45], making these molecules a poorly specific biomarker.




2.2.2. Oxidative Stress in Foetal Growth Restriction (FGR)


FGR or intra-uterine growth restriction (IUGR) is a common pregnancy pathology in which the foetus is unable to achieve its genetically determined potential size and weight. Growth restricted foetuses are under the tenth centile of estimated foetal weight compared to standard weights at a given gestational age, affecting 10–15% of pregnancies [46]. They carry a higher risk of long-term complications, such as poor cognitive performance, growth retardation, as well as lifelong risk of cardiovascular disease and metabolic syndrome.



Since the main cause is placental dysfunction, it has been associated with elevated OS. Placentas from pregnancies with FGR have a significantly decreased expression of genes involved in mitochondrial function and oxidative phosphorylation but higher markers of OS [47]. Additionally, elevated levels of oxidized low-density lipoproteins (Ox-LDL) in placental tissue have been shown in patients with preeclampsia and FGR. A major issue with utilising oxidative stress biomarkers for pregnancy complications is that labour activates oxidative stress in the placenta [48], which can lead to wrong conclusions. Care needs to be taken when interpreting results from placenta and blood taken post-delivery.



Studies that have monitored blood levels of ROS during pregnancies with FGR have shown an increased level of MDA—a breakdown product of lipid peroxidation [49], as well as reduced plasma TAC [50] both in maternal plasma, placental tissue [51], and cord blood in the infants [52].



Pregnancy-associated plasma protein-A (PAPP-A) is a protein also related to FGR. It is synthesized by the decidua and measurable in maternal blood in early pregnancy. One of its functions is to cleave IGFBP-4, an insulin growth factor (IGF) inhibitor, thus augmenting the activity of IGFs. Lower levels of PAPP-A are associated with an increased risk for FGR.




2.2.3. Oxidative Stress in Gestational Diabetes Mellitus (GDM)


GDM is usually a transient hyperglycaemic state brought on by pregnancy and linked to insulin dysregulation. Clinically, it is defined as “carbohydrate intolerance of variable severity with onset or first recognition during pregnancy” [53], and it is estimated that, worldwide, one in seven pregnant women may suffer from hyperglycaemia, which in 85% of cases corresponds to GDM (WHO, 2016). However, GDM and type 2 diabetes share a common pathogenesis related to insulin resistance or β-cell dysfunction. It represents an important gestational disorder and a precursor for lifetime disease, since up to half of women with a history of GDM will develop type 2 diabetes five to ten years after delivery [54].



Following NICE Guidelines [55], pregnant patients are offered a 75 g 2 h oral glucose tolerance test (OGTT) at 24 to 28 weeks. GDM is diagnosed if the woman has either a fasting plasma glucose level of >5.6 mmol/L or a 2 h plasma glucose level of >7.8 mmol/L.



Being closely related to obesity, a new term has emerged in recent years: “Diabesity”, considered a modern epidemic, which indicates the coexistence of both diabetes and obesity [23]. In the last three decades, prevalence of GDM has increased ostensibly in all countries despite the income levels (WHO, 2016).



As in preeclampsia, increased ROS and lower plasma antioxidant capacity occur in association with an altered maternal metabolic environment, and GDM is frequently associated with systemic and chronic inflammation. It has been observed that insulin resistance reduces mitochondrial respiration [56] and that human umbilical cord mesenchymal stromal cells from patients with GDM have premature senescence phenotypes and mitochondrial dysfunction.



The increased levels of ROS are associated with non-enzymatic glycation of macromolecules, producing “advanced glycation end products” (AGEs), which can lead to further OS, inflammatory, and thrombotic reactions, thus playing a role in the development of maternal and neonatal complications [57]. Elevated levels of AGEs are also observed in patients with preeclampsia [58].



Moreover, hyperglycaemia has been found to upregulate NADPH oxidase, whose primary role is to generate ROS [59]. As shown by Leloup et al. [60], more than a decade ago, glucose has the capacity to induce ROS and H2O2 production in isolated rat islets of Langerhans. Furthermore, insulin secretion can be induced by mitochondrial ROS. It has been demonstrated that incubation of trophoblast from normal placentas, with glucose at a concentration similar to in vivo hyperglycaemic levels, also generates a rise in MDA [47].



Other molecules involved in OS and GDM are F2-isoprostanes, formed mostly by the peroxidation of arachidonic acid. They have an important role in organ vasoconstriction, including in the kidney and the placenta, and can be detected in the plasma and urine of diabetic and preeclamptic pregnant women. Kapustin et al. [61] recently described increased levels of isoprostanes in patients with GDM, thus adding more information to what has already been published by Walsh [62], who had demonstrated higher levels of isoprostanes in preeclamptic placentas.





2.3. Oxidative Stress in Common Risk Factors for Complicated Pregnancies


OS plays an important role, not only in preeclampsia and GDM, but in several disorders which represent risk factors for complicated pregnancy and subsequent (and possible pre-) comorbidities, i.e., type 2 diabetes, renal failure, and cardiovascular disease.



2.3.1. Endothelial Dysfunction


Vascular endothelium consists of a single but complex layer of epithelial cells covering the interior surface of blood vessels. This organ is responsible for controlling the passage of molecules in and out of the bloodstream; has paracrine and autocrine functions; and plays a role in inflammatory cell adherence, anticoagulation, and angiogenesis. Endothelial dysfunction is a key event in the development of vascular diseases and it is enhanced by OS, leading to cardiac failure, peripheral artery disease, diabetes mellitus, and stroke [47]. It is a state characterized by vasoconstriction, inflammation, and prothrombotic tendency.



On a chemical pathway, excessive production of ROS induces oxidation of tetrahydrobiopterin (BH4), a cofactor of endothelial NOS, which produces NO from l-arginine. In consequence, lower levels of BH4 results in less generation of NO [63]. Moreover, the deficient generation of NO causes systemic vasoconstriction, leading to hypertension, hypoperfusion, and ischemia. In addition, ROS modifies the intracellular influx of calcium, resulting in interstitial oedema, haemoconcentration, and ischemia, as well as further production of ROS, creating a self-perpetuating cycle [47].



Furthermore, IGF-1 is synthesized by several tissues and, after binding with its receptor (IGF-1R), becomes an important mediator of cell growth and differentiation, as well as an antiapoptotic factor in endothelial cells. IGF-1 enhances NO production by eNOS and upregulates antioxidant enzymes, such as glutathione peroxidase (GPX) and superoxide dismutase (SOD). IGF-1-infused animals show lower vascular superoxide levels and higher levels of vascular eNOS and NO [64].




2.3.2. Obesity


The World Health Organization recognizes obesity as a global epidemic. In 2014, approximately 13% of the world’s population was classified as obese, defined as “abnormal or excessive fat accumulation that presents a risk to health. A body mass index (BMI) over 25 kg/m2 is considered overweight and over 30 kg/m2 is obese” (WHO, 2016). The same organization in 2011 estimated that the female prevalence of overweight and obesity was as high as 77% in the United States, 69% in South Africa, 37% in France, and 32% in China. It is an increasingly common complication in pregnancies, related to the lifestyles of modern society and changes in dietary habits.



This situation also carries major economic consequences. In 2000, Galtier-Dereure et al. [65] described that the average cost of hospital prenatal care was five times higher in mothers who were overweight before pregnancy than in normal-weight control women.



Obese women are 2–3 times more likely to develop preeclampsia [56] since metabolic factors related to obesity (lipids, insulin, glucose, and leptin) enhance placental and endothelial dysfunction. It has been proposed that obesity induces a state of mitochondrial dysfunction and OS [66]. Furthermore, NO increases blood flow by relaxing the smooth vascular muscle and abdominal, and central obesity leads to an imbalanced production of fat-derived metabolic products, hormones, and adipokines that predispose to a state endothelial dysfunction, activating NADPH oxidase [67]. The FINNPEC cohort [68], a cross-sectional case control study in Finland from 2008 to 2011, confirmed that preeclamptic women had increased pre-pregnancy BMI, demonstrating the close relation between obesity and adverse pregnancy outcomes.



Obesity also modifies the immune system. The uterine environment of obese women shows natural killer cells overexpressing the Decorin gene, which codifies a protein that promotes the apoptosis of proliferative trophoblasts [69].




2.3.3. Advanced Maternal Age (AMA)


Defined as pregnancy among women aged 35 years or older, it has become more prevalent in modern society due to women postponing motherhood, resulting in an advanced maternal age at first pregnancy. In 2013, women aged 35 years or over were responsible for 20% of births in England while women 40 years or over were responsible for 4% of births in England, compared to 6% and 1%, respectively, in 1980 [70].



Older women are more likely to suffer from previous pathological conditions, such as obesity, high blood pressure, or insulin resistance, placing them at high risk for pregnancy complications. It has long been suggested that ageing per se is associated with increased inflammation and ROS. As Odame Anto et al. [71] highlighted, women with AMA (35–45 years old) presented higher levels of sFlt-1 at 28–32 weeks and after birth than pregnant women of optimal childbearing age (20–29 years old). Conversely, levels of PIGF, TAC, and PIGF: sFlt-1 ratio were significantly lower in the older group.






3. Biomarkers for Prediction of Pregnancy Complications


An important number of clinical trials have been carried out in recent years. Biomarkers for pregnancy complications, possible screening algorithms, and drugs proposed as treatment to these pathologies will be detailed in the subsequent sections.



3.1. Mitochondrial DNA


A molecule recently proposed as a potential biomarker is mitochondrial DNA (MtDNA) which has two main characteristics that make it easy identifiable: it is inherited solely from the mother (hence, results obtained from placenta tissue could be translated for screening using maternal blood) and it is not protected by histones proteins (making it susceptible to OS-induced damage). Studies have shown that there is a significant increase in mtDNA copy number at 15–20 weeks of gestation in preeclampsia cases compared to controls and even higher in EoPE than in LoPE [72,73], possibly as an adaptive response in early gestation to combat the increased OS.




3.2. Endothelial Activation


One major advance in biomarkers of endothelial activation in pregnancy has been the use of PlGF and sFlT-1 to predict preeclampsia. As described previously, sFlt-1 is a circulating protein with anti-angiogenic capacity that inhibits PlGF. The latter protein shows lower levels in low oxygen environments and increases along with higher oxygen concentration. In addition, sFlt-1 enhances endothelial dysfunction previously established by OS. What is clinically relevant is that blood levels of PlGF and sFlt-1 are modified in preeclampsia before the clinical manifestation, thus turning these worldwide-used biomarkers into a tool of great clinical utility.



Lower levels of PlGF are seen in preeclamptic patients when compared with normal pregnancies. A recent controlled trial by Duhig et al. [74] detailed that measuring serum PlGF level in women with suspected preeclampsia significantly reduced the time to diagnosis confirmation, thus allowing rapid implementation of treatment and surveillance. The National Institute for Health and Care Excellence (NICE) in the UK recommends use of the sFlt-1/PlGF ratio accompanied by clinical assessment to help predict preeclampsia between 20 and 36.6 weeks. The PROGNOSIS study [25] clearly demonstrated that sFlt-1/PlGF ratio of 38 or lower can be used to rule out the onset of preeclampsia within one week with a negative predictive value higher than 99%.



Besides the previously detailed biomarkers, endothelial cells synthesize plasminogen-activator inhibitor 1 (PAI-1), a marker of endothelial cell activation. Its concentrations progressively increase during pregnancy and are higher in women with preeclampsia. PAI-2 is synthesised by the placenta and its concentration decreases in preeclampsia due to placental insufficiency. In consequence, PAI-1/PAI-2 ratio is higher in preeclampsia due to endothelial cell activation and placental insufficiency. Although it has been proposed as an effective biomarker, only EoPE (but not LoPE) is associated with increased PAI-1/PAI-2 ratio [75].




3.3. First-Trimester Preeclampsia Prediction


The search for robust methods to predict preeclampsia is far from over. However, the use of the Foetal Medicine Foundation (FMF) algorithm can improve first-trimester prediction and diagnosis of preeclampsia. It combines maternal clinical characteristics, angiogenic factors levels (PlGF or PAPP-A), and ultrasound findings (UtA-PI) to estimate risk for preeclampsia. With a false positive rate (FPR) of 5%, this algorithm has a detection rate of 93% for EoPE and 61% for LoPE [76].



A different screening algorithm has been proposed: a combination of placental proteins with MDA. One of those proteins is placental protein 13 (PP-13), expressed in the placenta and released from the syncytiotrophoblast into maternal blood, with lower levels in maternal serum of patients with preeclampsia, but with an increase in the second and third trimesters. Pregnancy-associated plasma protein A (PAPP-A) is another placental protein and its maternal serum concentration is lower in preeclampsia. Beta-HCG is produced by trophoblastic cells of the placenta and promotes angiogenesis, showing higher values in preeclampsia, as well as high levels of MDA. The “Four-parameter combined model”, consisting of MDA+ PP–13 + PAPP-A+ B-HCG, demonstrated a sensitivity and specificity of 97% and 75% in the prediction of preeclampsia in the first trimester [77].



In addition, higher levels of oxidative stress and endothelial cell activation in the first trimester could be related to increased arterial stiffness and, therefore, later development of preeclampsia or FGR. Khalil et al. [78] demonstrated that as early as in the first trimester, women who will develop placental insufficiency showed increased arterial stiffness and higher central aortic systolic blood pressure (SBPAo) than women with normotensive pregnancies did.



After reviewing the theoretical side of oxidative stress in pregnancy, it seems obvious that the answer should be found in antioxidants. For decades, scientists from diverse disciplines have focused their attention on antioxidant drugs or supplements, and numerous trials have been conducted worldwide. Nevertheless, and despite expectations, the results have been disappointing.





4. Antioxidants for Preventing Pregnancy Complications


4.1. Vitamins


Vitamins are a group of worldwide used drugs, not only consumed (and commonly recommended) in pregnancy but also in prevention of cardiovascular diseases and cancer, and as a dietary supplement. They have been in the market since the 1940′s and, by 2017, their global market was valued at more than USD 130 billion [79]. These supplements were seen as a promising treatment due to their relative low cost of production and their low incidence of severe adverse effects. In fact, many people think that vitamins may not be efficient, but at least they are safe. Is this true?



Between 2003 and 2005, the multi-centre randomised VIP trial [12], i.e., one of the biggest studies on antioxidants, was performed in the UK. Poston et al. recruited women from 25 hospitals with pregnancies 14 + 0 to 21 + 6 weeks and clinical risk factors for preeclampsia. In total, 2400 participants were given vitamin C (1000 mg) and vitamin E (400 IU) or the placebo from the moment of recruitment until delivery. Blood samples were taken and maternal and foetal outcomes were analysed. Despite showing higher blood concentrations of vitamin C and E, women taking supplements prophylactically did not present a reduction in the rate of preeclampsia and, conversely, the outcomes showed higher risk of gestational hypertension. Moreover, babies born in the interventional group were significantly more likely to have a low birthweight and a lower arterial cord pH at birth.



The same group published the results of a smaller trial [80] with a similar population, doses, and time of treatment in 1999. PAI-1 and PAI-2 were measured every month until delivery and the PAI-1/PAI-2 ratio was calculated. Vitamin supplementation lowered this biochemical indicator of disease in this population but no clinical differences were observed. Similar results were obtained in 2002 when Chappell et al. [81], using the same drug, dosage, and time of treatment, showed an improvement in biochemical indices of the disease in the control group. However, these trials were not powered enough to assess clinical outcomes.



In a distinct clinical study conducted in Mexico [82] in 2012, women at high risk of preeclampsia were given energy bars containing l-arginine (a substrate for NO synthesis) and antioxidant vitamins, vitamins only, or the placebo, from 14 to 32 weeks until delivery. The incidence of preeclampsia was significantly lower in the l-arginine + antioxidant vitamins group. However, this study demonstrated that antioxidant vitamins did not show a statistically significant effect by themselves.



In 2018, Wang et al. [83] published their results of a large case–control study performed in China. Similar to the VIP trial, the study included more than ten thousand women after 20 weeks of gestation. The dietary intake of vitamins C and E, selenium, copper, zinc, and manganese was analysed before or during pregnancy, as well as its relationship with hypertensive disorders. Of concern, a non-statistically significant lower risk of hypertensive disease was found with zinc and selenium taken before pregnancy. No association was demonstrated between vitamin C, vitamin E, copper, or manganese intake and hypertensive disorders. Of note, copper can induce OS also by significantly decreasing glutathione levels [84].



On the contrary, during the same year, Lorzadeh [85] conducted a trial where they studied the effects of vitamins C (1 g/day) and E (400 IU/day) for the prevention of preeclampsia in the second trimester of pregnancy in 160 low-risk nulliparous women. The vitamin group showed a significantly lower incidence of preeclampsia (5% vs. 17.5%), as well as lower mean arterial pressure (MAP).



One question that might be asked by this point is whether the correct dose was used. The need to adjust the dose of vitamins by maternal weight was recently studied in obese women by Sen et al. [66]. No differences in clinical maternal or neonatal outcomes, nor in any biomarker of inflammation or oxidative stress, could be demonstrated, suggesting that doses may not play a leading role in the effect of antioxidants.



In fact, Korenc et al. [86] analysed IV vitamin C administration at high doses in postpartum women with severe preeclampsia as a tertiary prevention. They randomized 34 patients to vitamin C (1.5 g within 30 min of delivery and then every 6 h for 72 h) or the placebo, and measured the urinary concentration of biochemical parameters of OS, i.e., N epsilon-(hexanoyl) lysine (HEL), dityrosine, 8-isoprostane, and 8-hydroxy-2-deoxyguanosine (8-OHdg), at first and third day after delivery. The vitamin group showed lower levels of dityrosine and 8-OHdg on day three after delivery. No effect was observed on lipid peroxidation biomarkers.



Several groups have been interested in gathering information and data available in the search of a clearer answer, and systematic reviews and meta-analysis have been published with similar results. As detailed in Table 1, a meta-analysis performed by Conde-Agudelo et al. [87], covering nine studies and more than 19,000 women, analysed the effect of supplementation with vitamin C (1000 mg) and vitamin A (400 UI) to pregnant women at low, moderate, and high risk of preeclampsia. There was no significant difference in the risk of preeclampsia between women receiving supplementation with vitamins C and E vs. those receiving placebo (9.6% vs. 9.6%). Moreover, they found a statistically significant increase in the risk of gestational hypertension, the use of antihypertensive drugs, and the premature rupture of membranes (PROM) among women in the intervention group. No differences were established for foetal or perinatal outcomes.



One year later, a systematic review performed by Salles et al. [88] reached the same conclusion and analysed pregnancy supplementation with antioxidants (selenium, vitamin C, vitamin E, lycopene, and multivitamins). There was no statistically significant difference for preeclampsia, severe preeclampsia, preterm birth, or neonatal death incidence when comparing women receiving antioxidants and the placebo group.



In 2015, two systematic reviews were published, analysing the possible benefits of supplementing with vitamin E or vitamin C in pregnancy to prevent adverse foetal and maternal outcomes. To note, vitamin E interacts synergistically with vitamin C; thus, these supplements are frequently given concurrently. One study included 21 trials with more than 21,000 women [89] and analysed vitamin E supplementation in pregnancy. There was no difference between the groups (supplementation vs. placebo) for the risk of adverse maternal or foetal outcomes, i.e., stillbirth, neonatal death, PE, preterm birth, or FGR. However, vitamin E supplementation was associated with an increased risk of and prelabour rupture of membranes (PROM).



The other systematic review analysed vitamin C supplementation in pregnancy [90]. It included 29 trials (of which 17 are shared with the previous systematic review) and 24,300 women. Similar results were observed, i.e., no clear differences were seen between the intervention group and the placebo group for the risk of stillbirth, neonatal death, perinatal death, birthweight, FGR, preterm birth, preterm or term PROM, and PE. In consequence, the data do not support routine vitamin C or E supplementation in pregnancy.



Finally, in 2018, a meta-analysis conducted by Tenorio et al. [38] investigated the effect of antioxidant supplementation in pregnancy (mostly vitamins C and E). Out of 29 studies analysed, 19 were related to prevention of preeclampsia and 10 studies were related to treatment of the disease, focusing on adverse perinatal outcome. No beneficial effects regarding the prevention of preeclampsia or improvement of perinatal outcomes were observed in this meta-analysis.
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Table 1. Nine trials involving a total of 19,810 women were included and randomly assigned to the placebo or vitamin C (1000 mg) + vitamin E (400 IU). Meta-analysis by Conde-Agudelo [87]. PE = preeclampsia.






Table 1. Nine trials involving a total of 19,810 women were included and randomly assigned to the placebo or vitamin C (1000 mg) + vitamin E (400 IU). Meta-analysis by Conde-Agudelo [87]. PE = preeclampsia.





	Author
	Year and Country
	Participants
	GA at Entry (Weeks)
	Outcomes





	Chappell [80]
	1999, UK
	283 high-risk pregnant women
	16–22
	Lower rate of PE in the vitamin group (17% vs. 8%; OR 0·39 [95% CI 0.17–0.90]).



	Beazley [13]
	2005, USA
	100 high-risk pregnant women
	14–20
	Similar rate of PE in both groups (17.3% vs. 18.8%. RR = 0.92; 95% CI [0.4–2.13]).



	Poston [12]
	2006, UK
	2395 high-risk pregnant women
	14–21
	Similar incidence of PE in both groups (15% vs. 16%, RR 0.97 [95% CI 0.80–1.17]). In the intervention group, higher incidence of low birthweight babies (28% vs. 24%, 1.15 [1.02–1.30]), but no difference in SGA (21% vs. 19%, 1.12 [0.96–1.31]).



	Rumbold [91]
	2009, Australia
	1877 nulliparous women
	14–22
	No difference in the risk of PE between groups (6% vs. 5%, RR: 1.20; 95% CI [0.82–1.75]), adverse neonatal outcomes (9.5% vs. 12.1%; RR 0.79; 95% CI [0.61–1.02), or SGA (8.7% vs. 9.9%; RR 0.87, 95% CI [0.66–1.16).



	Spinnato [92]
	Brazil
	707 women with chronic hypertension or history of preeclampsia
	12–19
	No reduction in the rate of PE (13.8% vs. 15.6%, RR 0.87, 95% CI [0.61–1.25]). No differences in the mean GA at delivery or adverse outcomes. Previous normotensive patients showed a slightly higher rate of severe PE in the study group (6.5% vs. 2.4%, p: 0.11, OR 2.78, 95% CI [0.79–12.62]).



	Villar [93] WHO
	2009, India, Peru, Vietnam, and South Africa
	1355 high-risk pregnant women (previous PE or its complications)
	14–22
	No association between vitamin supplementation and the rate of PE (RR: 1.0; 95% CI: 0.9–1.3), eclampsia (RR: 1.5; 95% CI: 0.3–8.9), GH (RR: 1.2; 95% CI: 0.9–1.7), low birthweight (RR: 0.9; 95% CI: 0.8–1.1), SGA (RR: 0.9; 95% CI: 0.8–1.1), or perinatal death (RR: 0.8; 95% CI: 0.6–1.2).



	Xu [94]
	2010, Canada and Mexico
	2363 unselected women (later stratified by risk factors for PE)
	12–18
	No difference in the risk of GH and its adverse outcomes between the groups (RR: 0.99; 95% CI [0.78–1.26]). Vitamin supplements increased the risk of foetal loss, perinatal death, and PPROM.



	Roberts [95]
	2010, USA
	9969 low-risk nulliparous women
	9–16
	No significant difference between the groups in the rates of GH (6.1% vs. 5.7%; RR 1.07; 95% CI [0.91–1.25]), preeclampsia (7.2% vs. 6.7%, RR 1.07; 95% CI, [0.93–1.24]), or adverse perinatal outcomes.



	McCance [96]
	2010, UK
	761 women with type 1 diabetes
	8–22
	Similar rates of PE between the groups (15% vs. 19%; RR 0.81, 95% CI [0.59–1.12]).









4.2. Melatonin


In addition to being essential in the circadian rhythm, melatonin is a safe and potent antioxidant acting as a direct scavenger of free radicals and indirectly upregulating antioxidant enzymes. It crosses the placental barrier and may have an effect on FGR and brain development. In preeclamptic women, circulating melatonin levels are significantly lower than in healthy pregnancies.



A recent randomized controlled trial [97] on melatonin supplementation with 30 mg/daily versus the placebo was studied, showing a significantly longer interval from preeclampsia diagnosis to delivery in the intervention group. Although no significant change in maternal blood pressure or uterine artery PI was observed, women receiving melatonin required less antihypertensive drugs compared to controls. Moreover, babies in the treated group had a higher rate of being SGA.




4.3. Lycopene


Lycopene is a carotenoid found in several foods worldwide, it does not have pro Vitamin A activity and it has been widely studied for its antioxidant properties. Two trials conducted in India studied the effect of 4 mg lycopene supplementation in preeclampsia and FGR. Treatment was initiated in the second trimester until delivery in women without any medical complication. Sharma et al. [98] recruited 250 primigravida and analysed the effect of lycopene in preeclampsia and FGR, while Antartani and Ashok [99] randomized 54 pregnant women with a high risk for preeclampsia and showed that lycopene could not decrease the incidence of preeclampsia in this population. Both studies showed a lower incidence of growth-restricted babies in the lycopene group; however, only Sharma et al. demonstrated a significantly lower incidence of preeclampsia and FGR in the intervention group.



Lycopene has not only been studied in HDP. In a large study, Gao et al. [100] demonstrated that lycopene intake during pregnancy is inversely associated with GDM risk, even after adjusting for confounding factors, probably due to its antioxidant characteristics.




4.4. Selenium (Se)


Selenium is a cofactor of the glutathione peroxidase and thioredoxin reductase; thus, its intake might benefit women at risk for IUGR through its capacity as an antioxidant and anti-inflammatory. In a study with 60 high-risk primigravida (due to abnormal uterine artery Doppler waveform), randomly divided (1:1) into two groups to take either 100 μg selenium supplements or the placebo from 17 to 27 weeks of gestation, a higher proportion of women with UtA PI < 1.45 was found in the selenium group when compared with the placebo [101]. This and other main trials performed in the last 5 years are described in Table 2.



Similarly, in 2014, a UK trial was performed with 230 nulliparous women [102] who were randomized to selenium (60 μg/d) or the placebo for earlier intervention (12 to 14 weeks until delivery). The intervention group showed a higher Se concentration in plasma and a decreased sFlt-1 concentration at 35 weeks as well.



However, very recently, a large population-based study from Norway demonstrated that there was no association between selenium intake, selenium blood status, and hypertensive disorders of pregnancy in more than 2500 women [103].
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Table 2. Main trials relating antioxidants with gestational hypertensive disorders performed in 2017–2020. PE = preeclampsia. MAP = mean arterial pressure. UtA PI = uterine artery pulsatility index. Mn = manganese. Cu = copper. Zn = zinc.
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	Author
	Country/Year
	Participants
	Intervention Drug and Daily Doses
	Outcome





	Sheikhi [104]
	Iran, 2017
	148 pregnant women
	Antioxidants in daily nutrition
	No association between intake of antioxidant and risk of PE.



	Mesdaghinia [101]
	Iran, 2017
	60 primigravida women at risk for IUGR
	Selenium: 100 μg
	Beneficial effects on UtA PI, markers of insulin metabolism, and HDL-C levels. No effect on MDA, NO, and lipid profiles.



	Wang [83]
	China, 2018
	10,228 pregnant women
	Vitamin C, vitamin E, Cu, Zn, Se, Mn
	Vit C, Vit E, Cu, Mn: No association with hypertensive disorders.

Zn and Se: Lower risk of HDP.



	Hobson [97]
	Australia and Canada, 2018
	68 women with PE between 24 and 35.6 weeks
	Melatonin: 30 mg
	Melatonin group:

Higher risk of SGA and proteinuria.

Higher interval (6 days) from diagnosis to delivery.

Lower need of antihypertensive drugs.

No difference on MAP; maternal serum levels of 8-isoprostane, sFlt1, activin A, PlGF, or TAC.

No changes in UtA IP.



	N. Lorzadeh [85]
	Iran, 2020
	160 nulliparous women
	Vitamin C: 1000 mg +

vitamin E: 400 μg.
	Intervention group:

Lowe incidence of PE.

Lower MAP before and after intervention.









4.5. Aspirin


Only one drug has been successful in achieving a significant reduction in the incidence of preeclampsia and that is aspirin™ (acetylsalicylic acid). It has been an important drug for more than 120 years due to its pain relief capacity and cardiovascular prevention properties, and it is included in the WHO’s list of essential medications [105]. The aspirin for Evidence-based Preeclampsia Prevention (ASPRE) trial is a world-renowned study published in 2017 [6]. It was the biggest multicentre, prospective, double-blind placebo-controlled randomised trial performed on the prophylactic use of aspirin in pregnancy. By using the FMF combined screening at 11–14 weeks, women at high risk of preeclampsia (>1:100) were identified and randomized to aspirin vs. the placebo. In the aspirin group, the patient received 150 mg per day at bedtime from 11 to 14 until 36 weeks of gestation. The trial showed that in women with singleton pregnancies at high risk of PE, the administration of aspirin resulted in a significantly reduction (62%) of the incidence of EoPE.



Acetylsalicylic acid is a non-steroidal anti-inflammatory drug that irreversibly inhibits cyclooxygenase 1 and 2 (COX 1 and COX2, respectively), i.e., enzymes that produce prostaglandins and thromboxanes from arachidonic acid. Prostaglandins are synthetized in the endothelium and show vasodilator and anti-inflammatory effects. Oppositely, thromboxanes promote platelet aggregation and vasoconstriction. Nonetheless, given at low doses (150 mg), aspirin selectively inhibits production of thromboxanes, but not prostaglandins, thus decreasing the vasoconstrictive action of thromboxanes.



In addition, it has been shown by in vitro studies that acetylsalicylic acid can increase PlGF production and have an influence in cytokine imbalance in pregnancy [106]. By this mechanism, aspirin can have an anti-inflammatory effect, contributing to endothelium stabilisation.



Finally, research in mice has shown animals receiving low-dose aspirin, as well as higher serum concentrations of antioxidative enzymes (such as SOD) [107].



Despite these explanations, the exact mechanism by which aspirin reduces the incidence of preeclampsia remains unclear.





5. Future Directions from Experimental Evidence


Even though antioxidant trials largely turned out to be negative, research is still ongoing to find an optimal antioxidant drug to prevent or treat pregnancy related complications. Focus has been on more selective antioxidants and has investigated intracellular sources of OS during pregnancy.



l-Ergothioneine (ERG): ERG serves as an antioxidant and cellular protectant against various kinds of ROS. Experimental ERG administration in reduced uterine perfusion pressure (RUPP) rat model of preeclampsia [108] showed beneficial effects in RUPP rats, but not in the control group; therefore, it may be useful in patients with preeclampsia in response to placental ischemia, but not in normal pregnancies. No differences in micro-albumin:creatinine ratio, protein:creatinine ratio, or placental weight were observed.



Mitochondria specific drugs: Mitochondria and the oxidative stress generated by them are new potential targets that address the vascular dysfunction of preeclampsia. Mitochondria-targeted antioxidant therapies could be an important treatment for adverse pregnancy outcomes, including preeclampsia and FGR. Two main drugs have been studied.



	-

	
MITO TEMPO: Mitochondria-targeted superoxide dismutase antioxidant mimetic. It improved endothelial function and reduced mROS production in an in vivo model of hypertension [109], and modified the inflammatory profile of endothelial cells treated with preeclampsia plasma.




	-

	
MITO Q: This substance is reduced in the mitochondria to active ubiquinol, which prevents lipid peroxidation and mitochondrial damage. MitoQ has been successfully used in humans, showing a reduced placental MDA and lower levels of placental lipid peroxidation. Interestingly, two main responses have been observed with MitoQ supplementation in mice, depending on the pregnancy period of administration. Although it shows a protective effect against hypertension and kidney damage induced by RUPP rats when administered in late gestation, it exacerbates the preeclampsia-like phenotype when given in early gestation, predisposing to a smaller placenta and increasing proteinuria. As mild OS is required to normal trophoblast proliferation, which occurs due to Mito-Q interference with placenta formation in early pregnancies [110,111]. These findings may help explain the negative results from clinical trials and suggest that more research should be conducted.







Table 3 describes some of the planned trials for the years to come. Despite analysing the possible effect of drugs or biomarkers that have been already studied, they differ by evaluating the effect adjusted by dose or in combination with other substances. As an example, one particular ongoing research is focused on the effect of pravastatin, a statin, in pregnancies with placental insufficiency. Statins are prescribed worldwide due to their capacity of lowering the cholesterol levels; however, additionally, they contribute to endothelial protection through their pro-angiogenic, anti-inflammatory, and antioxidant effects. With preeclampsia being a disease with widespread endothelial damage, we may be facing a novel intervention.




6. Conclusions


Designing effective drug treatments for complicated pregnancies, such as preeclampsia and FGR, has been a major challenge in maternal and foetal health for some time. It is essential to ensure an early diagnosis and an efficient treatment since the impact on maternal and foetal health can have long-term consequences. Although there is evidence of elevated OS levels in women with preeclampsia, the role of this mechanism is less clear, raising questions around whether it is a causative or an associated factor in the pathophysiology of preeclampsia. Furthermore, redox homeostasis appears to be crucial for a healthy pregnancy; hence, alternating the balance at an early stage may explain why antioxidants have failed in large-scale clinical trials and, in some cases, had negative effects.



As demonstrated by the aspirin therapy, early therapeutic intervention can help with pregnancy-related complications. In addition, the timing of antioxidant administration, rather than the doses or the type of drug, might be the essential component to assess the management of preeclampsia. Possibly, focusing on antioxidants therapy during the second trimester, as several studies did, may be too late since the critical vascular dysfunction has already occurred.



Despite small randomized trials suggesting that patients with a high supplementation risk of preeclampsia with antioxidants may be beneficial, the overwhelming evidence from large, randomized, and placebo-controlled trials clearly found that vitamin supplementation in pregnancy does not prevent the development of preeclampsia. Moreover, the largest clinical trials included in the meta-analysis—and, in consequence, those with more power in the analysis—used vitamins E and C, i.e., supplements without proven beneficial effects. This detailed feature may explain why the systematic reviews have shown disappointing results.



Millions of US dollars and research resources have passed since the Cochrane review [112] detailed that there was no significant difference between antioxidant and control groups for the relative risk of preeclampsia or any other analysed outcome thirteen years ago. Thus, Talaulikar and Manyonda [113] were arguably right when they suggested that it was time to “give up the ghost” on antioxidants for preeclampsia treatment/prevention twelve years ago. What is more surprising is that even though antioxidant treatment for preeclampsia has clearly failed, future trials involving antioxidant treatment (among other drugs) in complicated pregnancies are planned and several are expected to be completed in subsequent years (see Table 3).



Considering all the high-quality studies and information available, do we really need more trials on antioxidants?
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Figure 1. Abnormal (top) and normal (bottom) uterine artery Doppler waveform in the first trimester. While systolic velocities are similar, the lower waveform show a low resistance vessel with broader systolic peak, as well as a continuous diastolic flow, secondary to a complete remodelling of the spiral arteries. In contrast, the abnormal waveform (up) shows an artery with high resistance, as well as a sharp systolic peak, a flow reduction at the start of diastole (“notch”), and low diastolic velocities with poor blood flow. 
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Figure 2. Main events in the development of preeclampsia. eNOS = endothelial nitric oxide synthase. 
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Table 3. Ongoing and planned trials involving antioxidant treatment. FGR = foetal growth restriction. SGA = small for gestational age. PE = preeclampsia. OS = oxidative stress.
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	Study Name
	Hypothesis/Objective
	Status
	Recruitment
	Institution
	Intention to Publish





	Treatment of FGR with l-arginine.
	To study if l-arginine in pregnant women with FGR decreases the risk of SGA babies and evaluate perinatal outcomes
	Ongoing
	No longer recruiting
	Hospital Clínico Universitario Virgen de la Arrixaca (Spain)
	December 2021



	Pravastatin for Pregnancies complicated by Ischemical Placental Disease
	To assess the effect of pravastatin in placental insufficiency, the latency period of pregnancy, levels of endothelial factors in the blood, and maternal and neonatal outcomes
	Ongoing
	No longer recruiting
	Aristotle University of Thessaloniki, Greece
	December 2021



	The Correlation Between Vitamin A/E Levels and PE
	To study the correlation between intake of vitamin A, vitamin E, and both together in PE occurrence
	Ongoing
	Recruiting
	School of Medicine, Zhejiang University (China)
	January 2022



	PLANES-placental growth factor led management of the SGA foetus: a feasibility study
	To assess the feasibility of delivering sFlt-1/PIGF ratio led management of women with an SGA foetus, as well as its acceptability to women and clinicians
	Ongoing
	Recruiting
	Dr Jane Harrold. Liverpool Women’s Hospital (UK)
	April 2022



	Role of Aspirin in Placental and Maternal Endothelial Cell Regulation In PE (ASPERIN)
	To determine if aspirin has a dose-dependent response for modifying biomarkers of endothelial dysfunction in women at risk of PE
	Ongoing
	Recruiting
	John O’Brien, MD. University of Kentucky (USA)
	June 2022



	Antioxidant Use in Diabetes to Reduce OS
	To see whether potent and better-targeted antioxidants are successful in preventing birth defects in the offspring of women with diabetes
	Ongoing
	Active, not recruiting
	University of Maryland, Baltimore (USA)
	June 2024



	Endothelium-dependent Vasodilatation and Other Biomarkers: Predictive Indicators of the Progression From Gestational Hypertension to PE?
	To study the correlation between the alteration of endothelium-dependent vasodilatation in pregnant women with stable hypertension with the occurrence of PE
	Planned
	Not yet recruiting
	Avicenne Hospital and Jean Verdier Hospital, Seine Saint Denis, (France)
	September 2024
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