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Abstract

:

The possibility of prophylaxis of hypertensive disorders of pregnancy (HDPs) such as preeclampsia (PE) and pregnancy-induced hypertension is of interest due to the unpredictable course of these diseases and the risks they carry for both mother and fetus. It has been proven that their development is associated with the presence of the placenta, and the processes that initiate it begin at the time of the abnormal invasion of the trophoblast in early pregnancy. The ideal HDP prophylaxis should alleviate the influence of risk factors and, at the same time, promote physiological trophoblast invasion and maintain the physiologic endothelium function without any harm to both mother and fetus. So far, aspirin is the only effective and recommended pharmacological agent for the prevention of HDPs in high-risk groups. Metformin is a hypoglycemic drug with a proven protective effect on the cardiovascular system. Respecting the anti-inflammatory properties of metformin and its favorable impact on the endothelium, it seems to be an interesting option for HDP prophylaxis. The results of previous studies on such use of metformin are ambiguous, although they indicate that in a certain group of pregnant women, it might be effective in preventing hypertensive complications. The aim of this study is to present the possibility of metformin in the prevention of hypertensive disorders of pregnancy with respect to its impact on the pathogenic elements of development
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1. Introduction


The frequency of hypertensive diseases is estimated at 8–10% of pregnancies: chronic hypertension is observed in 0.9–1.5% of pregnant women and pregnancy-induced hypertension in 2–8% [1,2]. Preeclampsia is diagnosed in 1% of pregnant women and 1.5% of primiparas [3]. According to WHO (World Health Organisation) reports, it is responsible for about 76,000 maternal deaths per year, which accounts for 16% of all maternal deaths, primarily in developing countries. In developed countries, it is the most common cause of iatrogenic premature births [4,5].



Preeclampsia is a complex of clinical symptoms that occur after the 20th week of pregnancy. According to the classification of the American College of Obstetricians and Gynecologists (ACOG), preeclampsia (PE) is defined by new-onset hypertension after the 20th week of gestation, with systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg, measured on two occasions at least four hours apart, and proteinuria of ≥0.3 g per 24 h or ≥1+ proteinuria, detected by urine dipstick. In the absence of proteinuria, preeclampsia is defined by new-onset hypertension with new onset of any of the following: thrombocytopenia (platelet count <100,000/μL), renal insufficiency (serum creatinine concentration >1.1 mg/dL or a doubling of serum creatinine concentration in the absence of other renal diseases), impaired liver function (raised concentrations of liver transaminases to twice normal concentrations), pulmonary edema, or cerebral or visual problems [2].



Another form of hypertension that occurs in pregnancy is gestational hypertension (GH) or pregnancy-induced hypertension (PIH), with systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg, that is diagnosed after the 20th week in a previously healthy woman, with no signs of proteinuria or other symptoms characteristic of preeclampsia [2].



Pregnancy-induced hypertension can result in an adverse pregnancy outcome as well as precede PE development; hence, the management of PIH is similar to that of preeclampsia. At present, the only effective, causal form of PE treatment is delivery. The prevention of the development of hypertension in pregnancy, mainly PE, is extremely important due to its unpredictable course and the risk of unfavorable outcomes for both mother and fetus or newborn. The ideal PE prevention should alleviate the influence of risk factors and, at the same time, promote physiological trophoblast invasion and maintain the physiologic endothelium function without any harm to both mother and fetus. Effective and safe prophylactic methods have remained of great interest for many years. So far, aspirin is the only drug with recognized efficacy in PE prevention, recommended by many institutions around the world for use in patients in high-risk groups [2,6,7,8].



The results of the latest studies on preeclampsia pathogenesis and its better understanding justify research on the possibility of using other drugs for prevention. There are reports of the use of sulfasalazine, folate, nitric oxide donors (such as L-Arginine), antithrombin III, and antioxidants such as melatonin [9].



Metformin, a pharmacological hypoglycemic agent, has been known for decades [10,11]. At present, metformin is called aspirin of the 21st century due to its other than only hypoglycemic properties, such as anticancer, antiaging, protective effect on the endothelium and prevention of cardiovascular events, beneficial effects on body weight, and lipid profile [12].



Preeclampsia is a syndrome involving the vasculature of different organs; it can be found as a form of cardiovascular disease affecting, predominantly, the trophoblast/placenta, where abnormal invasion and function is a starting point to initiate PE development. It has been proven that of all hypoglycemic drugs, only metformin has a beneficial effect on the circulatory system, as underlined by the American Association of Clinical Endocrinologists (AACE). This institution recommends its use as an agent of first choice in patients with type 2 diabetes mellitus (DMt2) [10].



The purpose of this study is to present the possibility of metformin in the prevention of PE and PIH with respect to its impact on the pathogenic elements of development.




2. Pathophysiology of Preeclampsia


The pathogenesis and pathophysiology of PE are still poorly or incompletely understood. The main pathological feature of early-onset PE is the incomplete transformation of the spiral arteries, resulting in the hypoperfusion of the placenta and reduced transfer to the fetus. In this type of PE, a significantly higher risk of maternal and fetal complications, such as fetal growth restriction (FGR), is observed [13]. It has been proposed that preeclampsia be divided into two main categories: early-onset (<34 weeks of gestation) and late-onset (>34 weeks of gestation). These two subtypes seem to have different pathophysiological and etiological pathways [14].



In late-onset preeclampsia, the spiral arteries are slightly changed in diameter; the cause arises from the interaction between a probably normal placenta and maternal factors which are connected with endothelial dysfunction. Maternal late-onset preeclampsia is associated with a lower rate of fetal complications [15].



According to the hypothesis of insufficient trophoblastic invasion with associated uteroplacental hypoperfusion, a two-stage model of PE was proposed: incomplete spiral artery remodeling in the uterus that contributes to placental ischemia (Stage 1) and the release of antiangiogenic factors from the ischemic placenta into maternal circulation that results in endothelial damage (Stage 2) [13]. During implantation, the placental trophoblast invades the uterus and induces the remodeling of the spiral arteries while obliterating the tunica media of the myometrial spiral arteries. This enables the arteries to accommodate increased blood flow regardless of the maternal vasomotor changes [16]. Thus, the major impact of the remodeling of the spiral arteries is to increase the perfusion of the intervillous space [15]. If this process fails, the placenta is likely to be deprived of oxygen, leading to a state of relative ischemia and an enhancement in oxidative stress [16].



The key issue remains the cause of abnormal trophoblast implantation. Many researchers have suggested that it is an impaired response of the maternal immune system or an abnormal tolerance to the development of the allogenic fetus [17,18]. Several studies have been conducted on immunological changes in pregnancies complicated by preeclampsia. They have indicated the excessive activation of neutrophils and monocytes, which synthesize large amounts of proinflammatory cytokines such as IL-1β, IL-6, and IL-8 [19,20]. In addition, CD4+ and CD8+ T-cells, together with NK (natural killer) and dendritic cells (DCs), show a different response in PE women compared to healthy pregnant women. In physiological pregnancy, a dominance of anti-inflammatory response and immunosuppression is observed [21]. Decidual NK cells (dNKcs), which are 70% of the inflammatory cells present in the decidua, play an important role in proper trophoblast implantation and the remodeling of spiral arteries [22]. The potential role of dNKcs was proposed by studies revealing that if dNKcs are knocked out in genetically modified laboratory animals, physiological spiral artery remodeling is not observed [23].



Impaired remodeling of spiral arteries, reduced placental blood flow, and oxidative and endoplasmic reticulum stress may have both systemic and local effects. The placental alterations associated with poor remodeling of the uteroplacental spiral arteries lead to the release of several placental factors into maternal circulation that contributes to the development of increased inflammatory response, oxidative stress, apoptosis, the release of syncytiotrophoblast microparticles, and endothelial dysfunction [24].



A healthy endothelium possesses autocrine, paracrine, and endocrine properties and produces a variety of vasoactive mediators. Nitric oxide (NO), prostacyclin I2 (PGI2), endothelium-derived hyperpolarizing factor (EDHF), bradykinin, histamine, serotonin, and substance P are the main vasodilators synthesized within endothelial cells. Endothelin-1 (ET-1), angiotensin II (ANG-II), thromboxane A2, prostacyclin H2, and reactive oxygen species (ROS) represent vasoconstrictors. The functional stability of endothelium is assured by the balance of secreted vasoconstrictors and vasodilators; the asymmetry in their synthesis is responsible for many pathophysiological changes, including preeclampsia. The impaired function of the endothelium is determined by at least one of the changes, such as a decrease in NO synthesis and bioavailability, higher adhesion molecule and inflammatory gene expression, intensified ROS synthesis, impaired endothelium-dependent vasorelaxation, decreased fibrinolysis, and enhanced endothelial permeability [25].



Disturbed endothelial function is considered one of the most characteristic features of PE that leads to generalized vasoconstriction and restricted organ perfusion. Pre-existing risk factors such as obesity, diabetes, and poor nutrition adversely affect endothelial function and, finally, exacerbate maternal response to signals from the hypoxic placenta [26]. The results of the studies presented by Zhao et al. have suggested a more significant deterioration of endothelial function in the course of PE compared to PIH, which may partly explain the more severe clinical course of preeclampsia [27].



It has been believed that angiogenic and antiangiogenic factors produced by the placenta are influenced by hypoxia and oxidative stress and play a crucial role in the pathophysiological features of preeclampsia [28]. Vascular endothelial growth factor (VEGF) and placental growth factor (PlGF) play a key role in placental angiogenesis in physiological and pathological pregnancy. VEGF exerts its effects via the binding and activation of two cell surface receptor tyrosine kinases, VEGFR-1/Flt-1 and VEGFR-2/KDR (vascular endothelial growth factor receptor), that are presented on endothelial cells [29]. VEGF has been described as a potent stimulator of endothelial cell proliferation and synthesis of plasminogen activators. Both of these mechanisms are markers of angiogenic activity [30]. VEGF is essential for the integrity of endothelial cells [31]. A link between VEGF and oxidative stress in the placenta has been postulated. Koroglu et al. have suggested that changes in VEGF levels may increase 5′ adenosine monophosphate-activated protein kinase (AMPK) activity in patients with severe preeclampsia due to placental hypoperfusion [32].



AMPK is a heterotrimeric serine–threonine protein kinase that is expressed in almost every cell type and tissue within the body [33]. AMPK plays a role in several processes, such as oxygen regulation, cellular energy homeostasis, and metabolism as well as placental angiogenesis [34]. It is known that AMPK is present in the human placenta; its levels increase under hypoxic conditions, as seen in preeclampsia, and maintain the appropriate blood flow in maternal uterine arteries [35]. In the study presented by Koroglu et al., it was concluded that higher levels of AMPK revealed in severe PE may be a compensatory mechanism to balance angiogenic and antiangiogenic molecules that induce endothelial dysfunction [32]. PlGF is an angiogenic protein belonging to a vascular endothelial growth factor family and has 53% homology with VEGF. PIGF influences endothelial cell adhesion and chemotaxis and appears to increase the angiogenic effect of VEGF [36,37]. Like VEGF, it binds to the sFlt-1 receptor, resulting in non-branching angiogenesis [38].



The main antiangiogenic factors that play a role in the pathogenesis of preeclampsia are VEGF receptors (VEGFR1 and VEGFR2) and soluble endoglin (sEng). VEGFR1 is also known as fms-like tyrosine kinase-1 (sFlt-1) [39]. sFlt-1 secretion is regulated through the mitochondria. Inhibiting the mitochondrial electron transport chain reduces sFlt-1 secretion from primary villous cytotrophoblasts cells. It has been proven that mitochondrial electron transport chain activity in preterm preeclamptic patients is increased compared to patients with uncomplicated pregnancies [40]. sEng is known to be an extracellular domain of full-length membrane endoglin, and it decreases its proangiogenic and vasodilators impact [41]. Elevated concentrations of sEng have been described in the serum of preeclamptic patients [42].



Preeclampsia is associated with placental ischemia/hypoxia and an increase in the secretion of sFlT-1 and sEng into maternal circulation [43]. This causes widespread endothelial dysfunction that manifests clinically as hypertension and multisystem organ injury [44]. It has been suggested that an imbalance between angiogenic and antiangiogenic factors influences the pathophysiological changes observed in PE, and it appears before clinical symptoms are noticed [45]. It has been described that the circulating level of PlGF is lower in patients who will be preeclamptic before the increase in s-Flt [46]. In the study published by Maynard et al., it was revealed that at the time of delivery, sFlt-1 was upregulated in the circulation of preeclamptic patients; decreased VEGF and PIGF levels were also observed. When sFlt-1 was administered to rodents via an adenovirus, they developed marked hypertension and albuminuria and histologic changes characteristic of PE (i.e., glomerular enlargement, endotheliosis, and fibrin deposition within the glomeruli). sFlt-1 is supposed to be the main mediator in the development of PE [47]. Govender et al. noticed that serum sFlt-1 levels were significantly higher in early-onset PE and higher in late-onset PE compared to normotensive patients and chronic hypertensive patients, while VEGF was not detectable in all groups [48]. Venkatesha et al. found that both sEng and sFlt-1 could block the actions of VEGF [42]. By this mechanism, sEng may decrease the activation of endothelial nitric oxide synthase (eNOS) and the synthesis of the potent vasodilator nitric oxide, which is crucial for appropriate trophoblast development and invasion [49]. NO bioavailability is positively correlated with VEGF and PIGF, which enhance endothelial NO synthesis [50,51]. Thus, the impaired balance of angiogenic and antiangiogenic factors observed in PE influences NO synthesis. sFlt-1 decreases the availability of free PlGF and VEGF and, finally, leads to the decline in NO synthesis, which is also disturbed by oxidative stress and ROS involved in PE pathogenesis [52,53].



sEng is believed to be one of the potent antiangiogenic factors, the levels of which are raised in preeclampsia [54]. It has been observed that the administration of sEng to pregnant rodents markedly increased blood pressure at the 17th to 18th day of pregnancy but led only to mild-to-modest proteinuria while sFlt-1 infusion resulted in high levels of proteinuria, hypertension, and features of HELLP syndrome [42]. It has been suggested that the increased secretion of sFlt-1 and sEng into maternal circulation could be responsible for widespread endothelial dysfunction that manifests clinically as hypertension and multiorgan injury [44].



It has been observed that hypoxia-inducible factor 1α (HIF1α), the central mediator of hypoxic response, plays an important role in placental development and function. It is upregulated with ischemia/hypoxia. HIF-1α has been demonstrated to induce the production of sFlt-1 in placental explants [55]. A growing body of evidence supports HIF-1α being the molecular link between placental hypoxia and the downstream mediators of preeclampsia. Therefore, drugs that can block HIF1α activity may decrease sFlt-1 secretion [56]. It has also been postulated that some pharmacologic agents that are safe in pregnancy, by reducing placental sFlt-1 and sENG synthesis may improve endothelial dysfunction and, finally, may be effective in preventing and treating preeclampsia [40].



Endoplasmic reticulum stress (ERS), which may be the result of factors such as abnormal glucose metabolism, viral infection, or oxidative stress, is believed to be involved in the pathogenesis of preeclampsia. It promotes the release of proinflammatory cytokines, antiangiogenic factors, and trophoblastic apoptotic debris, and all of them have been found to diminish endothelial function [57,58,59]. Fu et al. observed that ERS-induced apoptosis was important in the development of severe PE, especially in its early onset [60].



Placentation involves extracellular matrix degradation with matrix metalloproteinases (MMPs), the expression/activity of which is augmented in normal pregnancy. The invasive potential of extravillous trophoblast cells relates to MMP-2 and MMP-9 expression [61]. The decreased vascular MMP-2 and MMP-9 expression enhance the vasoconstriction observed in preeclampsia. In animal models, antiangiogenic factors such as sFlt-1 have been observed to diminish MMP expression/activity within placental tissue and vascular walls, while angiogenic factors such as VEGF have been found to transpose this process and to improve placentation [62].



Vascular integrity is an essential feature of the physiological endothelium. Endothelial glycocalyx, one of the matrix structures, prevents increase in endothelial permeability. Endothelial dysfunction, characteristic of PE, can lead to increased vascular permeability, as can endothelial glycocalix disorder [63]. Vascular permeability was more than five times higher in preeclamptic patients than in healthy pregnant women [64]. It has been suggested that an imbalance between angiogenic and antiangiogenic factors may be responsible for increased vascular permeability [47].



Endothelial progenitor cells (EPCs) are endothelial cell precursors that can enhance endothelial repair, influence the remodeling of vessels, and improve angiogenesis [65]. King et al. observed that mothers of small-for-gestational-age infants had a reduced number of EPCs, with limited migration function. It may support the hypothesis of the adverse effects of EPC disturbances on placentation, which may contribute to an increased risk of maternal cardiovascular complications [66]. Actually, in preeclamptic patients, significantly lower EPCs have been noticed compared to healthy patients [67,68]. The decrease in EPCs number and their functional impairment in patients with PE might be associated with endothelial dysfunction. It has been postulated that it could be the result of systematic inflammation and the influence of increased sFlt-1 levels [68,69]. Matsubara et al. concluded that although certain factors such as TNF-alpha or angiotensin II stimulate the proliferation of EPCs, their incomplete release into the circulation prevents the renewal of endothelium cells in preeclampsia [70]. The transfer of EPCs from healthy pregnant rats to PE rats significantly improved placental perfusion [71].



Sirtuin 1 (SIRT1) overexpression is believed to significantly improve cell survival, reduce apoptosis, and also reduce the release of proinflammatory cytokines [72]. Only a few studies on SIRT1 in HDPs pathogenesis are available. Reduced SIRT1 expression has been demonstrated in PE patients compared to PIH patients and healthy pregnant women, which may suggest a different pathogenetic background of PIH and PE [73]. Its decreased levels have been noticed in third-trimester placentas from patients with PE [74]. Yin et al. revealed a reduction in the concentration of this protein in human umbilical endothelial cells incubated with serum from PE patients. The authors concluded that SIRT1 may have a protective effect on the placenta in PE [75].



The real significance of angiogenic and antiangiogenic factors, however, may depend on their ability to predict maternal and fetal/neonatal complications. In patients with the clinical diagnosis of preeclampsia, it has been demonstrated that increased sFlt/PlGF ratios are correlated with worse maternal and fetal outcomes compared to women with lower ratios. In patients with suspected early-onset preeclampsia, the circulating sFlt1/PlGF ratio can predict adverse outcomes that will occur within two weeks [76]. In 2016, the multicenter study that analyzed high-risk pregnant women in their second and third trimesters using angiogenic markers was published. It shows that an sFlt-1/PlGF ratio of 38 or lower, assessed at 24–37 weeks of gestation, can reliably predict the absence of PE and adverse fetal outcomes within 1 week, with negative predictive values of more than 99% [77].



Abnormal trophoblast implantation underlying the development of PE is responsible for the subsequent restriction of blood flow in uteroplacental circulation. An increase in resistance within this circulation can be diagnosed with uterine artery Doppler flow velocimetry between 11 + 0–13 + 6th week using the pulsation index (PI) in both uterine arteries. Restricted placental perfusion is reflected in the increase in mean PI values and the subsequent development of preeclampsia [78]. The Fetal Medicine Foundation has proposed an early preeclampsia prediction algorithm using maternal data, PI values in uterine arteries, and concentrations of PIGF and PAPP-A (pregnancy-associated plasma protein A). The risk, estimated at more than 1:100, indicates the need for prevention with aspirin. Screening based on maternal factors, including mean arterial pressure (MAP), PI values, and PAPP-A and PlGF concentrations, allows to identify 95% of cases of early-onset [79,80].



In the clinical prediction of PE development, risk factors are commonly used, including, but not limited to, the presence of chronic conditions (diabetes mellitus t.1 and t.2, obesity, chronic hypertension, systemic lupus, antiphospholipid syndrome, chronic kidney diseases, PE in the past), as well as multiple pregnancy, advanced maternal age, or first pregnancy. The presence of risk factors, according to recommendations of various gynecological and obstetric societies, is an indication for the prevention of preeclampsia. Currently, the only recommended drug is aspirin at a dose of 75–150 mg per day, which should be offered at the latest by the 16th week of pregnancy [2,6,7,8].




3. Metformin


3.1. Pharmacokinetics and Mechanism of Action


Metformin is believed to be a safe medicine in pregnancy and is used primarily to treat women with gestational diabetes mellitus (GDM) [81]. Metformin, a dimethyl-biguanide hydrochloride, is an oral hypoglycemic agent of a molecular weight of 129 daltons, absorbed within the duodenum and jejunum and excreted unchanged with urine and bile [82]. The hypoglycemic effect of metformin is the result of several mechanisms, such as reduced gluconeogenesis in the liver, with limited hepatic glucose synthesis; decreased glucose absorption in the gastrointestinal tract; and intensification of its uptake in skeletal muscles [83]. Its maximum dose is estimated to be 2.5–3 g daily (35–42 mg/kg) [84]. It has been found that metformin acts within mitochondria, where it inhibits complex I of the mitochondrial electron transport chain (ETC), which leads to a reduction in nicotinamide adenine dinucleotide (NADH) oxidation and adenosine triphosphate (ATP) synthesis. It results in the activation of the 5′-adenosine monophosphate (AMP) kinase (AMPK), an increase in AMP concentrations, and the inhibition of the cAMP/PKA pathway (protein kinase A). Metformin activates the AMPK pathway, which results in a decrease in hepatic glucose synthesis and an increase in glucose consumption in muscles [85,86]. Additionally, metformin inhibits the transmembrane protein vATPase on the surface of the lysosome and raises the AMP/ATP ratio. It also stimulates AXIN-LKB1-vATPase and enhances AMPK protein attachment to the lysosome surface [85]. The increased AMP/ATP ratio is responsible for the activation of AMPK, which results in suppressed glucose synthesis in the liver, enhanced insulin sensitivity and glucose uptake by muscle, and the activation of fatty acid oxidation [87]. This process demands threonine 172 phosphorylation with liver kinase B1 (LKB1) [88]. The AMPK pathway is triggered by metformin in a dose- and time-dependent manner. However, it has also been postulated that metformin can stimulate AMPK separately from AMP/ATP ratio variations [89].



The results of animal studies have indicated that metformin may also decrease liver glucose synthesis concentrations without AMPK pathway involvement [90]. According to the observations presented by Madiraju et al., gluconeogenesis can be restrained by metformin through mitochondrial glycerophosphate dehydrogenase suppression [91]. AMPK activation influences cellular metabolism and cell growth and proliferation by blocking mTORC (mammalian target of rapamycin), which is a cancer-supporting pathway [92]. Metformin may develop an antiproliferative effect by inhibiting mTORC1 through AMPK [93,94,95].



The underlying mechanism by which metformin reduces the incidence of cardiovascular events and all-cause mortality has been actively investigated. It has been found that the induced AMPK pathway may act not only as a hypoglycemic and antiproliferative agent but also favorably influences the cardiovascular system. It may reduce inflammatory cell proliferation and their adhesion to the endothelium and lipid accumulation, and it is involved in the activation of genes responsible for cellular antioxidant defense and enzymes committed in the synthesis of nitric oxide [96]. As a result, this translates into favorable effects on clinical signs and symptoms, such as hypertension, obesity and overweight, atherogenic dyslipidemia, procoagulant and thrombosis conditions, and carotid intima-media thickness, all of which are improved [97,98]. Metformin has been found to protect against cardiovascular complications, mainly by improving the function of the endothelium and by its anti-inflammatory properties, which have a positive impact on blood pressure, coagulation processes, and overweight/obesity [99,100].



Studies on animal models have proven that metformin can restore normal endothelium function [101].








	a.

	
Inflammation and oxidative stress









There are many available reports on in vitro and animal models confirming the antiinflammatory properties of metformin. It has been suggested that metformin, by AMPK pathway activation, can restrain nuclear factor kappa B (NF-κB), which results in the limitation of proinflammatory gene expression [102,103]. NF-κB inhibition by metformin is also the effect of the blockade of the phosphoinositide 3-kinase (PI3K)-Akt pathway in human vascular wall cells [104].



It has been observed that NF-κB suppression in macrophages, monocytes, and lymphocytes may finally result in a decrease in proinflammatory cytokines levels such as IL-1β, IL-6, and tumor necrosis factor-α (TNF-α), monocyte chemoattractant protein-1 (MCP-1), and IL-8, IL-2, and interferon as well as NO and prostaglandin E2 (PGE2) release [105]. Gongol et al. found that metformin may inhibit the TNF-α–induced gene expression regulating E-selectin, vascular cell adhesion molecule 1 (VCAM1), intracellular adhesion molecule 1 (ICAM1), and MCP1 release. All of them contribute to monocyte adhesion to activated endothelial cells, suggesting that metformin could be a useful agent in preventing monocyte adhesion to endothelial cells [106]. Thus, the influence on the NF-κB pathway may represent an interesting target for anti-inflammatory therapies. In addition, metformin has been shown to reduce the proinflammatory response by affecting AMPK-phosphatase and the tensin homolog (PTEN) [107].



Metformin also diminishes the synthesis of advanced glycation end-products (AGEs), the levels of which increase due to hyperglycemia. AGEs have been found to exert proinflammatory properties and are believed to be one of the reasons for the development of vascular complications in diabetes mellitus [108,109]. AGEs have been revealed to induce oxidative stress as well as activate proinflammatory processes in the endothelium [110]. Mamptu et al. observed that metformin inhibits the monocyte adhesion to the endothelium caused by AGEs [111]. However, the exact mechanism of metformin action to reduce inflammation processes—directly or indirectly through glycemic normalization—has not been definitively established [112].



It has been found that metformin, through the inhibition of nicotinamide adenine dinucleotide phosphate (NADPH), diminishes ROS production in endothelial cells [113]. The results of the studies conducted by Bakhashab et al. indicate that metformin intensifies the expression of VEGFs responsible for the enhancement of angiogenesis in hypoxia and hyperglycemia conditions [114].








	b.

	
NO synthesis









The bioavailability of NO, a potent vasodilator, is one of the key factors in maintaining physiological endothelium properties and function. Metformin has been found to enhance the eNOS-NO pathway through the activation of AMPK in a dose-dependent manner. By this mechanism observed in endothelial cells in vitro, metformin may increase NO-mediated vasodilatation [115].




	c.

	
Endothelial senescence and apoptosis









It has been claimed that hyperglycemia could be responsible for the senescence and apoptosis of endothelial cells that eventually lead to the loss of their function. Metformin, by significantly enhancing the expression of SIRT1, has been observed to reduce these processes and enable the endothelium to maintain its properties [116]. SIRT1 has been shown to increase eNOS deacetylation and augment the bioavailability of NO, leading to a reduction of apoptosis and angiogenesis in the endothelium [117].




	d.

	
Vascular integrity









Hyperglycemia is one of the factors increasing vascular permeability that finally result in endothelial leakage and the extravasation of monocytes, which is associate with impaired endothelial function. The endothelial glycocalyx, one of the matrix structures, prevents the increase in endothelial permeability. The results from animal model studies have shown that endothelial permeability is inhibited by metformin via AMPK activation, and the glycocalyx barrier is reinforced [118].



The main mechanisms of metformin action are shown in Figure 1.




3.2. Impact on Preeclampsia Pathophysiology


Elevated insulin levels are believed to be exceptionally toxic to trophoblast cells in the first trimester of pregnancy and may be responsible for damage to their DNA, apoptosis, and limiting their survival. Hence, metformin use may prevent these events. These findings also suggest the need to consider screening for insulin resistance before conception to prevent hyperinsulinemia early in pregnancy [119].



It has been suggested that the development of preeclampsia could be related to proinflammatory conditions that lead to the release of free radicals within the placenta and the consecutive oxidative/nitrosative stress [120]. The results of the study conducted by Han et al. revealed that high glucose concentrations had a significant impact on the rise in trophoblast synthesis of proinflammatory cytokines such as IL-1β, IL-6, and IL-8 as well as the synthesis of antiangiogenic factors sFlt-1 and sEnd. They also reduce trophoblast migration. This may indicate the existence of a mechanism linking hyperglycemia to the development of PE and the role of metformin as a potential preventive agent. However, they also observed that metformin limited the glucose-induced inflammatory response moderately without any impact on the antiangiogenic or antimigratory response [121]. This observation has been confirmed by Chiswick et al., who found that women treated with metformin during pregnancy had lower proinflammatory interleukin-6 levels [122]. The metformin impact on inflammation and oxidative stress was examined in numerous animal and in vitro studies. Hu et al. observed that in a rat model of PE induced by lipopolysaccharides (LPS), metformin decreased the LPS-dependent secretion of proinflammatory cytokines such as TNF-α and IL-6 and limited oxidative/nitrative stress by enhancing the activity of superoxide dismutase (SOD). The placental NF-κB signaling pathway, activated by LPS, was suppressed. This resulted in a normalization of blood pressure, reduced proteinuria, improvement in fetal growth, and decreased stillbirth frequency. The authors concluded that metformin is beneficial to the PE-like rat model by protecting placentas from injury; thus, it could be an attractive agent for PE prevention and/or treatment [123]. It has been reported that the decrease in IL-27, TNF-α, and IL-6 expression in vivo (in both preeclamptic rat models and trophoblast cells) was the result of H19 inhibition by metformin in a dose-dependent manner [124]. On the other hand, Correia-Branco et al. showed the adverse influence of metformin on an extravillous trophoblastic cell line, with reducing cell proliferation rates, culture growth, viability, and capacity of migration. Thus, they were of the opinion that the processes involved in placentation could be highly impaired by metformin, with mTORC and PI3K involvement [125].



Metformin acts as an endothelial protective agent via the AMPK activation pathway not only in diabetic patients but also in healthy individuals in a glucose-independent manner [126]. The endothelium dysfunction reported in PE is correlated with an increase in the expression of ICAM1 and VICAM1, which is enhanced by proinflammatory cytokine TNFα [127,128]. Brownfoot et al. revealed that metformin diminished the VCAM1 levels induced by TNF-α in HUVECs (human umbilical vein endothelial cells) [40,129]. An abnormal invasion of the trophoblast leads to ischemia and hypoxia of the placenta and an increase in the concentrations of circulating vasoactive factors. Antiangiogenic factors such as soluble fms-like tyrosine kinase-1 and soluble endoglin cause imbalances in pro- and antiangiogenic factors [130]. The possibility of restoring the balance by suppressing antiangiogenic agents seems attractive as a method of effective prophylaxis of preeclampsia. The results of the study of Brownfoot et al., conducted on endothelial cells, villous cytotrophoblast cells, and preterm preeclamptic placental villous explants, suggest that metformin in a dose-dependent manner decreases the synthesis of sFlt-1 and sENG. It also reversed the endothelial dysfunction observed in preeclampsia. The authors were of the opinion that the metformin effect was likely to be regulated at the mitochondrial level, probably by inhibiting the mitochondrial electron transport chain. In the same study, it has also been observed that the defective angiogenesis caused by sFlt-1 was improved with metformin. The authors of this research concluded that since metformin limited endothelium dysfunction, reinforced vasodilatation, and promoted angiogenesis, it might be useful for the prophylaxis or treatment of preeclampsia [40]. This group of researchers also studied the effect of metformin and esmoprazol belonging to proton pump inhibitors and metformin and sulfasalazine combined on sFlt-1 mRNA expression and sFlt-1 secretion as well as sENG secretion. They have found metformin and esmoprazol to be more effective in decreasing sFlt-1 synthesis, with no additive impact on sENG levels compared to metformin alone [129,131]. The concomitant use of metformin with sulfasalazine resulted in diminished sFlt-1 and sENG release and enhanced VEGF alpha expression in cytotrophoblasts [131].



According to the results of the abovementioned studies, their authors concluded that the combined use of metformin with esmoprazol or sulfasalazine seemed to be more effective in PE prophylaxis and treatment than metformin alone [129,131].



The increase in VEGF release induced by metformin has been revealed in numerous reports. VEGF represents the family of angiogenic factors participating in the development of placental vasculature and appropriate trophoblast invasion and implantation [132]. It has been found that their levels are decreased in preeclampsia [133]. An animal model study showed that metformin enhances VEGF synthesis and, consequently, improves angiogenesis in the placenta [134].



The results of numerous studies have indicated that endothelial function may also be improved as a result of the action of other mechanisms that are modulated by metformin. NO is the leading vasodilator involved in cytotrophoblast invasion, implantation, and providing the development of low-resistance placental blood flow. Since impaired NO bioavailability and signaling have been reported in preeclampsia, a drug that can restore the balance in the NO pathway may be attractive for PE prophylaxis [49]. Metformin has been found to raise NO synthesis through the activation of AMPK, which leads to the activation of eNOS [115].



The results of studies conducted in diabetic patients have indicated that metformin stimulates a marked increase in the number of EPCs and strengthens angiogenic potential by activating the AMPK/eNOS pathway [115,135]. Asadian et al. presented the opposite opinion: they have shown no metformin impact on the number and activity of EPCs [136]. There are also study results that have indicated the adverse effects of metformin on both the number and bioactivity of EPCs. It has been noticed that metformin suppresses the angiogenic capacity of EPCs and their migration [137,138]. The ambiguous conclusions of the research presented above may be the result of different doses of metformin and the small size of the study groups. Hence, it seems that drugs that have a beneficial effect on EPCs might be useful in the prevention or treatment of preeclampsia.



Endoplasmic reticulum stress is believed to be involved in the pathogenesis of preeclampsia by promoting the release of proinflammatory cytokines, antiangiogenic factors, and trophoblastic apoptotic debris [57,58,59]. The results of the study of Suzuki et al., conducted in trophoblast-like cells, indicated that metformin, by limiting ERS, restored normal levels of PIGF, which might justify its use in the prevention of PE [139].



Placentation, which is impaired in preeclampsia, requires extracellular matrix degradation with the involvement of metalloproteinases [61]. Wang et al., conducting a study on the effect of metformin on PE-like animal models, have found that it improved vascularization and contributed to an increase in the concentration of MMP-2 and VEGF in preeclamptic placental tissue [134].



Additionally, metformin, by inducing SIRT1 expression, is believed to significantly increase cell viability, decrease cell apoptosis, and reduce the release of proinflammatory cytokines, which allow the maintenance of physiological endothelium function [72]. There are few reports on SIRT1 in preeclampsia, and data on the metformin effect on SIRT1 in preeclampsia are, so far, unavailable.



Figure 2 shows the main theoretical basis for the use of metformin in PE prophylaxis.





4. Metformin in Preventing Hypertensive Disorders of Pregnancy


Due to the effect of metformin, far beyond the impact on carbohydrate metabolism, it becomes an attractive drug for the prevention of hypertensive disorders of pregnancy.



The studies published so far have focused mainly on its effects on pregnancy outcomes and the fetus and child and were conducted primarily in women with gestational diabetes (GDM), polycystic ovary syndrome (PCOS), and obesity. The main objective of these studies was not to assess the effect of metformin on the development of hypertensive complications in pregnancy.



This chapter presents the results of randomized controlled trials (RCTs) and meta-analyses that have been published over the past 10 years. Electronic databases Pubmed and MEDLINE were searched using keywords such as metformin and pregnancy. Only articles available in English were taken into account. Of the 110 published RCTs, only 10 provided information on the effect of metformin on preeclampsia and/or pregnancy-induced hypertension incidences, and 11 out of 74 meta-analyses did.



The results of the selected randomized controlled trials that have been published within the last 10 years and provide information on metformin influence on the frequency of preeclampsia are presented in Table 1. Some analyses have also taken into account the incidence of pregnancy-induced hypertension or gestational hypertension; these terms were used interchangeably for gestational hypertension. In none of the following work metformin impact on the incidence of hypertensive complications of pregnancy was the primary outcome.



The results of the above studies are inconclusive, and attention should be paid to the significant differences in their protocols. They were carried out on obese pregnant women (BMI > 30 or > 35 kg/m2) or in patients with GDM, DMt2, or polycystic ovary syndrome (PCOS). The most common comparison was the effect of metformin on the pregnancy course with the effect of insulin. Only studies in obese pregnant women or women with PCOS compared the impact of metformin to placebo or no treatment [122,146,147,148]. The dose of metformin used was also not uniform: treatment usually started with a dose of 500 mg, which was increased at different intervals to the maximum dose of 3000 mg [147], although in most studies, the maximum dose was 2500 mg [122,143,145].



Metformin administration was started at different gestational ages, from the 6th week up to the 36th week, and continued to childbirth; this may be a key issue when it comes to preeclampsia prevention [141,142,143]. Aspirin, which is recommended for PE prophylaxis, should be introduced up to a maximum of the 12–16th week (depending on the recommendations), that is, before the end of the trophoblast invasion [6,7,8].



In obese pregnant women, a significant reduction in PE frequency was observed in two studies [146,147] without such effect as in the research carried out by Chiswick et al. [122]. There was no reduction in the incidence of PIH in obese pregnant women under the influence of metformin, although, in all studies, its administration was started before the 20th week [122,146,147].



In women with GDM, metformin administration was not unequivocally effective in the prevention of PE. Brink et al., offering metformin at the dose of 500–1000 mg from the 14th week, reported a significant decrease in PE incidence compared to insulin treatment [140]. Ainuddin et al. also showed a significant reduction in PE frequency, but the results of these studies should be treated with extreme caution as metformin administration was started between 20 and 34 weeks [141]. The other authors have not demonstrated its beneficial effect on the prevention of PE or PIH [143,144].



For pregnant women with DMt2, however, one study demonstrated the more important role of metformin in preventing PIH compared to PE [145], while Feig et al. did not observe similar effects [144]. Differences in the results of both studies may be the effect of different gestational ages at which the metformin treatment was offered: approximately 10 weeks vs. 6–22 weeks [144,145].



In women with PCOS, metformin was not effective in preventing either PE or PIH, although it was offered since the first trimester [148].



Table 2 presents the results of the meta-analyses that have been published in the last 10 years and provide information on metformin influence on the frequency of PE or PIH or both. It should be noted that only in the meta-analysis of Nascimiento et al., preeclampsia or gestational hypertensive complications were the primary outcomes [149].



Additionally, the results of the presented meta-analyses do not allow us to draw clear conclusions on the effectiveness of metformin in the prevention of hypertensive complications of pregnancy. As in the case of randomized studies and the meta-analyses presented above, the significant differences between the groups assessed should be highlighted. The studied groups were heterogeneous: some analyses included both pregnant women with obesity and women with GDM or PCOS [149] or obesity and GDM [150]; others evaluated groups only with obesity [159] or GDM [151,152,153,154,155,156] or PCOS [158,159]. The presented meta-analyses did not assess studies on metformin influence on pregnancies complicated by diabetes mellitus t.2.



The most common comparison was metformin effect on the pregnancy course and outcomes with the effect of insulin (GDM patients) [151,152,153,154,155,156]. Only meta-analyses on obese pregnant women or patients with PCOS have compared the effects of metformin with placebo or no treatment [157,158,159].



The results in the obesity group have been inconclusive. Dodd et al. did not recorde the efficacy of metformin in reducing PIH [157], while Nascimiento et al. showed rarer PE occurrence [150]. In the group of women with GDM, there was a significant effect of metformin on the reduction of the risk of PIH compared to insulin [149,151,153,154,156], while no such effect was noted on the reduction of PE risk [149,153,155].



The conclusions on the effectiveness of metformin compared to placebo or no treatment in women with PCOS on the incidence of HDPs were even more ambiguous. Feng et al. did not observe the effect of its use on PE frequency [158], Nascimiento et al. revealed a significant reduction in PIH frequency but not PE [149], while the results of the meta-analysis of Zheng et al. indicated a lower risk of developing PE when metformin was administered [159].



In addition, the research of Stridsklev et al., conducted in the group of women with PCOS, showed that metformin compared to placebo did not change the PI value and, thus, did not affect blood flow through uterine arteries at 19 ± 1 weeks of pregnancy. The PI value correlated positively with PE and hypertension in pregnancy and gestational diabetes [160]. However, some authors have questioned the usefulness of the PI assessment in predicting preeclampsia. The PREDO study, evaluating the efficacy of aspirin or placebo in women with abnormal PI in the prevention of PE, did not show a significant difference [161].



Based on the above data, it can be concluded that the most promising results of metformin use in the context of hypertension prophylaxis in pregnancy were demonstrated in the group of women with GDM. Since GDM, in the vast majority of cases, is diagnosed after 20 weeks, that is, after trophoblast implantation is complete, consideration should be given to the more significant impact of metformin on the other elements responsible for the development of hypertensive disorders of pregnancy.



The results of a study by Martis et al., who compared the effect of insulin on the course and outcomes of pregnancy in women with GDM with oral hypoglycemic drugs, including metformin, seem to be intriguing. They revealed that neither insulin nor oral medicines affected the risk of PE development, but insulin significantly increased the incidence of hypertensive disease of pregnancy [162].




5. Conclusions


At the moment, only one agent—aspirin—is recommended for the prevention and development of preeclampsia. Studies are ongoing on the efficacy of other active medical substances and drugs that, due to their mechanism of action and properties, could be offered for the prevention and/or treatment of HDPs. One such drug is metformin, which has much wider than just hypoglycemic properties, long used to treat diabetes. Based on the results of studies explaining its mechanism of action and the reasons and pathophysiology of the development of preeclampsia, it might be postulated that an anti-inflammatory effect of metformin and its beneficial influence on the endothelium constitutes its potential use in the prevention and/or treatment of PE and PIH. In addition, it is a safe drug, long used for the treatment of gestational diabetes. Unfortunately, the results of randomized controlled trials and meta-analyses are ambiguous; they assessed the effect of metformin on the incidence of PE and PIH while treating metabolic diseases (GDM, PCOS, DMt.2, or obesity) that are recognized risk factors for HDP development. It is possible that these pregnant women are the group that would benefit the most from the prophylactic use of metformin.



In the light of available data, however, it seems that, at present, more questions on such metformin applications arise. The most important are as follows: (1) whether more detailed algorithms of PE prediction (angiogenic and antiangiogenic factors, PI value in uterine arteries) before metformin is included should be considered; (2) when and what dose of metformin should be applied; (3) what influence of the concomitant metformin and aspirin administration would have on the incidence of preeclampsia; (4) whether pregnant women with other chronic conditions such as chronic hypertension and autoimmunological diseases will benefit from the prophylactic use of metformin.



These questions may set new directions for research on the use of an old drug with new properties in the prevention of hypertensive complications of pregnancy.







Author Contributions


Conceptualization, E.P.-C. and R.M.; software, E.P-C.; resources, E.P-C., R.M. and D.D.; writing—original draft preparation, E.P-C., R.M. and D.D.; writing—review and editing, E.P.-C.; visualization, E.P.-C. and R.M.; supervision, B.L.-G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Medical University of Lublin, grant number 333.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


MDPI Research Data Policies.




Conflicts of Interest


The authors declare no conflict of interest. The funder had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



ACOG. Practice Bulletin No. 203: Chronic hypertension in pregnancy. Obstet. Gynecol. 2019, 133, e26–e50. [Google Scholar] [CrossRef] [PubMed]

	



ACOG. Practice Bulletin No. 202: Gestational hypertension and Preeclampsia. Obstet. Gynecol. 2019, 133, e1–e25. [Google Scholar] [CrossRef]

	



Duley, L. The global impact of preeclampsia and eclampsia. Semin. Perinatol. 2009, 33, 130–137. [Google Scholar] [CrossRef]

	



Ronsmans, C.; Graham, W.J.; Lancet Maternal Survival Series steering group. Maternal mortality: Who, when, where, and why. Lancet 2006, 368, 1189–1200. [Google Scholar] [CrossRef]

	



Khan, K.S.; Wojdyla, D.; Say, L.; Gülmezoglu, A.M.; Van Look, P.F. WHO analysis of causes of maternal death: A systematic review. Lancet 2006, 367, 1066–1074. [Google Scholar] [CrossRef]

	



Prejbisz, A.; Dobrowolski, P.; Kosiński, P.; Bomba-Opoń, D.; Adamczak, M.; Bekiesińska-Figatowska, M.; Kądziela, J.; Konopka, A.; Kostka-Jeziorny, K.; Kurnatowska, I.; et al. Management of hypertension in pregnancy: Prevention, diagnosis, treatment and long-term prognosis. Kardiol. Pol. 2019, 77, 757–806. [Google Scholar] [CrossRef]

	



Brown, M.A.; Magee, L.A.; Kenny, L.C.; Karumanchi, S.A.; McCarthy, F.P.; Saito, S.; Hall, D.R.; Warren, C.E.; Adoyi, G.; Ishaku, S.; et al. International Society for the Study of Hypertension in Pregnancy (ISSHP). The hypertensive disorders of pregnancy: ISSHP classification, diagnosis & management recommendations for international practice. Pregnancy Hypertens. 2018, 13, 291–310. [Google Scholar] [CrossRef] [PubMed]

	



Magee, L.A.; Pels, A.; Helewa, M.; Rey, E.; von Dadelszen, P.; SOGC Hypertension Guideline Committee. Diagnosis, evaluation, and management of the hypertensive disorders of pregnancy: Executive summary. J. Obstet. Gynaecol. Can. 2014, 36, 575–576. [Google Scholar] [CrossRef]

	



Tong, S.; Kaitu’u-Lino, T.J.; Hastie, R.; Brownfoot, F.; Cluver, C.; Hannan, N. Pravastatin, proton-pump inhibitors, metformin, micronutrients, and biologics: New horizons for the prevention or treatment of preeclampsia. Am. J. Obstet. Gynecol. 2020. [Google Scholar] [CrossRef]

	



Garber, A.J.; Abrahamson, M.J.; Barzilay, J.I.; Blonde, L.; Bloomgarden, Z.T.; Bush, M.A.; Dagogo-Jack, S.; Davidson, M.B.; Einhorn, D.; Garvey, W.T.; et al. American Association of Clinical Endocrinologists. AACE comprehensive diabetes management algorithm 2013. Endocr. Pract. 2013, 19, 327–336. [Google Scholar] [CrossRef] [PubMed]

	



International Diabetes Federation Guideline Development Group. Global guideline for type 2 diabetes. Diabetes Res. Clin. Pract. 2014, 104, 1–52. [Google Scholar] [CrossRef]

	



Wang, Y.W.; He, S.J.; Feng, X.; Cheng, J.; Luo, Y.T.; Tian, L.; Huang, Q. Metformin: A review of its potential indications. Drug Des. Devel. Ther. 2017, 11, 2421–2429. [Google Scholar] [CrossRef] [PubMed]

	



Huppertz, B. Placental origins of preeclampsia: Challenging the current hypothesis. Hypertension 2008, 51, 970–975. [Google Scholar] [CrossRef]

	



Von Dadelszen, P.; Magee, L.A.; Roberts, J.M. Subclassification of preeclampsia. Hypertens. Pregnancy 2003, 22, 143–148. [Google Scholar] [CrossRef]

	



Roberts, J.M. Pathophysiology of ischemic placental disease. Semin. Perinatol. 2014, 38, 139–145. [Google Scholar] [CrossRef]

	



Kaufmann, P.; Black, S.; Huppertz, B. Endovascular trophoblast invasion: Implications for the pathogenesis of intrauterine growth retardation and preeclampsia. Biol. Reprod. 2003, 69, 1–7. [Google Scholar] [CrossRef]

	



Perez-Sepulveda, A.; Torres, M.J.; Khoury, M.; Illanes, S.E. Innate immune system and preeclampsia. Front. Immunol. 2014, 5, 244. [Google Scholar] [CrossRef] [PubMed]

	



Redman, C.W.; Sargent, I.L. Immunology of pre-eclampsia. Am. J. Reprod. Immunol. 2010, 63, 534–543. [Google Scholar] [CrossRef]

	



Borzychowski, A.M.; Sargent, I.L.; Redman, C.W. Inflammation and pre-eclampsia. Semin. Fetal. Neonatal. Med. 2006, 11, 309–316. [Google Scholar] [CrossRef]

	



Luppi, P.; Deloia, J.A. Monocytes of preeclamptic women spontaneously synthesize pro-inflammatory cytokines. Clin. Immunol. 2006, 118, 268–275. [Google Scholar] [CrossRef] [PubMed]

	



Cerdeira, A.S.; Rajakumar, A.; Royle, C.M.; Lo, A.; Husain, Z.; Thadhani, R.I.; Sukhatme, V.P.; Karumanchi, S.A.; Kopcow, H.D. Conversion of peripheral blood NK cells to a decidual NK-like phenotype by a cocktail of defined factors. J. Immunol. 2013, 190, 3939–3948. [Google Scholar] [CrossRef]

	



Fraser, R.; Whitley, G.S.; Johnstone, A.P.; Host, A.J.; Sebire, N.J.; Thilaganathan, B.; Cartwright, J.E. Impaired decidual natural killer cell regulation of vascular remodelling in early human pregnancies with high uterine artery resistance. J. Pathol. 2012, 228, 322–332. [Google Scholar] [CrossRef]

	



Guimond, M.J.; Wang, B.; Croy, B.A. Engraftment of bone marrow from severe combined immunodeficient (SCID) mice reverses the reproductive deficits in natural killer cell-deficient tg epsilon 26 mice. J. Exp. Med. 1998, 187, 217–223. [Google Scholar] [CrossRef]

	



Redman, C.W. Current topic: Pre-eclampsia and the placenta. Placenta 1991, 12, 301–308. [Google Scholar] [CrossRef]

	



Endemann, D.H.; Schiffrin, E.L. Endothelial dysfunction. J. Am. Soc. Nephrol. 2004, 15, 1983–1992. [Google Scholar] [CrossRef]

	



Brennan, L.J.; Morton, J.S.; Davidge, S.T. Vascular dysfunction in preeclampsia. Microcirculation 2014, 21, 4–14. [Google Scholar] [CrossRef]

	



Zhao, J.; Zheng, D.Y.; Yang, J.M.; Wang, M.; Zhang, X.T.; Sun, L.; Yun, X.G. Maternal serum uric acid concentration is associated with the expression of tumour necrosis factor-α and intercellular adhesion molecule-1 in patients with preeclampsia. J. Hum. Hypertens. 2016, 30, 456–462. [Google Scholar] [CrossRef]

	



Mutter, W.P.; Karumanchi, S.A. Molecular mechanisms of preeclampsia. Microvasc. Res. 2008, 75, 1–8. [Google Scholar] [CrossRef]

	



Millauer, B.; Wizigmann-Voos, S.; Schnürch, H.; Martinez, R.; Møller, N.P.; Risau, W.; Ullrich, A. High affinity VEGF binding and developmental expression suggest Flk-1 as a major regulator of vasculogenesis and angiogenesis. Cell 1993, 26, 835–846. [Google Scholar] [CrossRef]

	



Mandriota, S.J.; Seghezzi, G.; Vassalli, J.D.; Ferrara, N.; Wasi, S.; Mazzieri, R.; Mignatti, P.; Pepper, M.S. Vascular endothelial growth factor increases urokinase receptor expression in vascular endothelial cells. J. Biol. Chem. 1995, 270, 9709–9716. [Google Scholar] [CrossRef] [PubMed]

	



Alon, T.; Hemo, I.; Itin, A.; Pe’er, J.; Stone, J.; Keshet, E. Vascular endothelial growth factor acts as a survival factor for newly formed retinal vessels and has implications for retinopathy of prematurity. Nat. Med. 1995, 1, 1024–1028. [Google Scholar] [CrossRef]

	



Koroglu, N.; Tola, E.; Temel Yuksel, I.; Aslan Cetin, B.; Turhan, U.; Topcu, G.; Dag, I. Maternal serum AMP-activated protein kinase levels in mild and severe preeclampsia. J. Matern. Fetal. Neonatal. Med. 2019, 32, 2735–2740. [Google Scholar] [CrossRef]

	



Steinberg, G.R.; Kemp, B.E. AMPK in health and disease. Physiol. Rev. 2009, 89, 1025–1078. [Google Scholar] [CrossRef] [PubMed]

	



Carey, E.A.; Albers, R.E.; Doliboa, S.R.; Hughes, M.; Wyatt, C.N.; Natale, D.R.; Brown, T.L. AMPK knockdown in placental trophoblast cells results in altered morphology and function. Stem. Cells Dev. 2014, 23, 2921–2930. [Google Scholar] [CrossRef]

	



Waker, C.A.; Albers, R.E.; Pye, R.L.; Doliboa, S.R.; Wyatt, C.N.; Brown, T.L.; Mayes, D.A. AMPK knockdown in placental labyrinthine progenitor cells results in restriction of critical energy resources and terminal differentiation failure. Stem. Cells Dev. 2017, 26, 808–817. [Google Scholar] [CrossRef]

	



Xian, L.; Varshney, R.; Raashdin, N.A.; Shaw, J.H.; Lloyd, P.G. Placenta growth factor and vascular endothelial growth factor-A have differential, cell-type specific atterns of expression in vascular cells. Microcirculation 2014, 21, 368–379. [Google Scholar] [CrossRef] [PubMed]

	



Autiero, M.; Luttun, A.; Tjwa, M.; Carmeliet, P. Placental growth factor and its receptor, vascular endothelial growth factor receptor-1: Novel targets for stimulation of ischemic tissue revascularization and inhibition of angiogenic and inflammatory disorders. J. Thromb. Haemost. 2003, 1, 1356–1370. [Google Scholar] [CrossRef] [PubMed]

	



Kurz, H.; Wilting, J.; Sandau, K.; Christ, B. Automated evaluation of angiogenic effects mediated by VEGF and PlGF homo- and heterodimers. Microvasc. Res. 1998, 55, 92–102. [Google Scholar] [CrossRef] [PubMed]

	



Neufeld, G.; Cohen, T.; Gengrinovitch, S.; Poltorak, Z. Vascular endothelial growth factor (VEGF) and its receptors. FASEB J. 1999, 13, 9–22. [Google Scholar] [CrossRef]

	



Brownfoot, F.C.; Hastie, R.; Hannan, N.J.; Cannon, P.; Tuohey, L.; Parry, L.J.; Senadheera, S.; Illanes, S.E.; Kaitu’u-Lino, T.J.; Tong, S. Metformin as a prevention and treatment for preeclampsia: Effects on soluble fms-like tyrosine kinase 1 and soluble endoglin secretion and endothelial dysfunction. Am. J. Obstet. Gynecol. 2016, 214, 356.e1–356.e15. [Google Scholar] [CrossRef] [PubMed]

	



Luft, F.C. Soluble endoglin (sEng) joins the soluble fms-like tyrosine ki- nase (sFlt) receptor as a pre-eclampsia molecule. Nephrol. Dial. Transplant. 2006, 21, 3052–3054. [Google Scholar] [CrossRef]

	



Venkatesha, S.; Toporsian, M.; Lam, C.; Hanai, J.; Mammoto, T.; Kim, Y.M.; Bdolah, Y.; Lim, K.H.; Yuan, H.T.; Libermann, T.A.; et al. Soluble endoglin contributes to the pathogenesis of preeclampsia. Nat. Med. 2006, 12, 642–649. [Google Scholar] [CrossRef] [PubMed]

	



Maynard, S.E.; Karumanchi, S.A. Angiogenic factors and preeclampsia. Semin. Nephrol. 2011, 31, 33–46. [Google Scholar] [CrossRef]

	



Chaiworapongsa, T.; Chaemsaithong, P.; Yeo, L.; Romero, R. Pre-eclampsia part 1: Current understanding of its pathophysiology. Nat. Rev. Nephrol. 2014, 10, 466–480. [Google Scholar] [CrossRef]

	



Bdolah, Y.; Sukhatme, V.P.; Karumanchi, S.A. Angiogenic imbalance in the pathophysiology of preeclampsia: Newer insights. Semin. Nephrol. 2004, 24, 548–556. [Google Scholar] [CrossRef]

	



Levine, R.J.; Maynard, S.E.; Qian, C.; Lim, K.H.; England, L.J.; Yu, K.F.; Schisterman, E.F.; Thadhani, R.; Sachs, B.P.; Epstein, F.H.; et al. Circulating angiogenic factors and the risk of preeclampsia. N. Engl. J. Med. 2004, 350, 672–683. [Google Scholar] [CrossRef] [PubMed]

	



Maynard, S.E.; Min, J.Y.; Merchan, J.; Lim, K.H.; Li, J.; Mondal, S.; Libermann, T.A.; Morgan, J.P.; Sellke, F.W.; Stillman, I.E.; et al. Excess placental soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction, hypertension, and proteinuria in preeclampsia. J. Clin. Investig. 2003, 111, 649–658. [Google Scholar] [CrossRef]

	



Govender, L.; Mackraj, I.; Gathiram, P.; Moodley, J. The role of angiogenic, anti-angiogenic and vasoactive factors in pre-eclamptic African women: Early- versus late-onset pre-eclampsia. Cardiovasc. J. Afr. 2012, 23, 153–159. [Google Scholar] [CrossRef] [PubMed]

	



Sutton, E.F.; Gemmel, M.; Powers, R.W. Nitric oxide signaling in pregnancy and preeclampsia. Nitric. Oxide. 2020, 95, 55–62. [Google Scholar] [CrossRef] [PubMed]

	



Nejabati, H.R.; Latifi, Z.; Ghasemnejad, T.; Fattahi, A.; Nouri, M. Placental growth factor (PlGF) as an angiogenic/inflammatory switcher: Lesson from early pregnancy losses. Gynecol. Endocrinol. 2017, 33, 668–674. [Google Scholar] [CrossRef]

	



Zafer, E.; Yenisey, C.; Kurek Eken, M.; Ozdemir, E.; Kurt Omurlu, I.; Yuksel, H. Second trimester maternal serum-amniotic fluid nitric oxide and vascular endothelial growth factor levels in relation to uterine artery Doppler indices in pregnancies with normal outcome. J. Obstet. Gynaecol. 2018, 38, 1088–1092. [Google Scholar] [CrossRef]

	



Kleinrouweler, C.E.; Wiegerinck, M.M.; Ris-Stalpers, C.; Bossuyt, P.M.; van der Post, J.A.; von Dadelszen, P.; Mol, B.W.; Pajkrt, E. EBM CONNECT Collaboration. Accuracy of circulating placental growth factor, vascular endothelial growth factor, soluble fms-like tyrosine kinase 1 and soluble endoglin in the prediction of pre-eclampsia: A systematic review and meta-analysis. BJOG 2012, 119, 778–787. [Google Scholar] [CrossRef] [PubMed]

	



Taysi, S.; Tascan, A.S.; Ugur, M.G.; Demir, M. Radicals, oxidative/nitrosative stress and preeclampsia. Mini Rev. Med. Chem. 2019, 19, 178–193. [Google Scholar] [CrossRef] [PubMed]

	



Leaños-Miranda, A.; Navarro-Romero, C.S.; Sillas-Pardo, L.J.; Ramírez-Valenzuela, K.L.; Isordia-Salas, I.; Jiménez-Trejo, L.M. Soluble endoglin as a marker for preeclampsia, its severity, and the occurrence of adverse outcomes. Hypertension 2019, 74, 991–997. [Google Scholar] [CrossRef]

	



Nevo, O.; Soleymanlou, N.; Wu, Y.; Xu, J.; Kingdom, J.; Many, A.; Zamudio, S.; Caniggia, I. Increased expression of sFlt-1 in in vivo and in vitro models of human placental hypoxia is mediated by HIF-1. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2006, 291, R1085–R1093. [Google Scholar] [CrossRef]

	



Tal, R. The role of hypoxia and hypoxia-inducible factor-1alpha in preeclampsia pathogenesis. Biol. Reprod. 2012, 87, 134. [Google Scholar] [CrossRef]

	



Xu, C.; Bailly-Maitre, B.; Reed, J.C. Endoplasmic reticulum stress: Cell life and death decisions. J. Clin. Investig. 2005, 115, 2656–2664. [Google Scholar] [CrossRef]

	



Burton, G.J.; Yung, H.W.; Cindrova-Davies, T.; Charnock-Jones, D.S. Placental endoplasmic reticulum stress and oxidative stress in the pathophysiology of unexplained intrauterine growth restriction and early onset preeclampsia. Placenta 2009, 30, S43–S48. [Google Scholar] [CrossRef]

	



Burton, G.J.; Yung, H.W.; Murray, A.J. Mitochondrial-Endoplasmic reticulum interactions in the trophoblast: Stress and senescence. Placenta 2017, 52, 146–155. [Google Scholar] [CrossRef]

	



Fu, J.; Zhao, L.; Wang, L.; Zhu, X. Expression of markers of endoplasmic reticulum stress-induced apoptosis in the placenta of women with early and late onset severe pre-eclampsia. Taiwan J. Obstet. Gynecol. 2015, 54, 19–23. [Google Scholar] [CrossRef]

	



Isaka, K.; Usuda, S.; Ito, H.; Sagawa, Y.; Nakamura, H.; Nishi, H.; Suzuki, Y.; Li, Y.F.; Takayama, M. Expression and activity of matrix metalloproteinase 2 and 9 in human trophoblasts. Placenta 2003, 24, 53–64. [Google Scholar] [CrossRef]

	



Chen, J.; Khalil, R.A. Matrix metalloproteinases in normal pregnancy and preeclampsia. Prog. Mol. Biol. Transl. Sci. 2017, 148, 87–165. [Google Scholar] [CrossRef]

	



Boeldt, D.S.; Bird, I.M. Vascular adaptation in pregnancy and endothelial dysfunction in preeclampsia. J. Endocrinol. 2017, 232, R27–R44. [Google Scholar] [CrossRef]

	



Bills, V.L.; Salmon, A.H.; Harper, S.J.; Overton, T.G.; Neal, C.R.; Jeffery, B.; Soothill, P.W.; Bates, D.O. Impaired vascular permeability regulation caused by the VEGF₁₆₅b splice variant in preeclampsia. BJOG 2011, 118, 1253–1261. [Google Scholar] [CrossRef]

	



Burger, D.; Touyz, R.M. Cellular biomarkers of endothelial health: Microparticles, endothelial progenitor cells, and circulating endothelial cells. J. Am. Soc. Hypertens. 2012, 6, 85–99. [Google Scholar] [CrossRef]

	



King, T.F.; Bergin, D.A.; Kent, E.M.; Manning, F.; Reeves, E.P.; Dicker, P.; McElvaney, N.G.; Sreenan, S.; Malone, F.D.; McDermott, J.H. Endothelial progenitor cells in mothers of low-birthweight infants: A link between defective placental vascularization and increased cardiovascular risk? J. Clin. Endocrinol. Metab. 2013, 98, E33–E39. [Google Scholar] [CrossRef]

	



Liu, X.; Luo, Q.; Zheng, Y.; Liu, X.; Hu, Y.; Liu, W.; Luo, M.; Tao, H.; Wu, D.; Zhao, Y.; et al. Notch1 impairs endothelial progenitor cell bioactivity in preeclampsia. Reprod. Sci. 2017, 24, 47–56. [Google Scholar] [CrossRef]

	



Sugawara, J.; Mitsui-Saito, M.; Hayashi, C.; Hoshiai, T.; Senoo, M.; Chisaka, H.; Yaegashi, N.; Okamura, K. Decrease and senescence of endothelial progenitor cells in patients with preeclampsia. J. Clin. Endocrinol. Metab. 2005, 90, 5329–5332. [Google Scholar] [CrossRef]

	



Xia, L.; Zhou, X.P.; Zhu, J.H.; Xie, X.D.; Zhang, H.; Wang, X.X.; Chen, J.Z.; Jian, S. Decrease and dysfunction of endothelial progenitor cells in umbilical cord blood with maternal pre-eclampsia. J. Obstet. Gynaecol. Res. 2007, 33, 465–474. [Google Scholar] [CrossRef]

	



Matsubara, K.; Abe, E.; Matsubara, Y.; Kameda, K.; Ito, M. Circulating endothelial progenitor cells during normal pregnancy and pre-eclampsia. Am. J. Reprod. Immunol. 2006, 56, 79–85. [Google Scholar] [CrossRef]

	



Zhu, J.; Cheng, X.; Wang, Q.; Zhou, Y.; Wang, F.; Zou, L. Transplantation of endothelial progenitor cells for improving placental perfusion in preeclamptic rats. Arch. Gynecol. Obstet. 2014, 291, 1113–1119. [Google Scholar] [CrossRef]

	



Rajendrasozhan, S.; Yang, S.R.; Kinnula, V.L.; Rahman, I. SIRT1, an antiinflammatory and antiaging protein, is decreased in lungs of patients with chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 2008, 177, 861–870. [Google Scholar] [CrossRef]

	



Viana-Mattioli, S.; Nunes, P.; Cavalli, R.; Sandrim, V. Analysis of SIRT1 expression in plasma and in an in vitro model of preeclampsia. Oxid. Med. Cell Longev. 2020, 2020, 4561083. [Google Scholar] [CrossRef]

	



Broady, A.J.; Loichinger, M.H.; Ahn, H.J.; Davy, P.M.; Allsopp, R.C.; Bryant-Greenwood, G.D. Protective proteins and telomere length in placentas from patients with pre-eclampsia in the last trimester of gestation. Placenta 2017, 50, 44–52. [Google Scholar] [CrossRef] [PubMed]

	



Yin, Y.; Feng, Y.; Zhao, H.; Zhao, Z.; Yua, H.; Xu, J.; Che, H. SIRT1 inhibits releases of HMGB1 and HSP70 from human umbilical vein endothelial cells caused by IL-6 and the serum from a preeclampsia patient and protects the cells from death. Biomed. Pharmacother. 2017, 88, 449–458. [Google Scholar] [CrossRef] [PubMed]

	



Rana, S.; Schnettler, W.T.; Powe, C.; Wenger, J.; Salahuddin, S.; Cerdeira, A.S.; Verlohren, S.; Perschel, F.H.; Arany, Z.; Lim, K.H.; et al. Clinical characterization and outcomes of preeclampsia with normal angiogenic profile. Hypertens. Pregnancy 2013, 32, 189–201. [Google Scholar] [CrossRef] [PubMed]

	



Zeisler, H.; Llurba, E.; Chantraine, F.; Vatish, M.; Staff, A.C.; Sennström, M.; Olovsson, M.; Brennecke, S.P.; Stepan, H.; Allegranza, D.; et al. Predictive value of the sFlt-1:PlGF ratio in women with suspected Preeclampsia. N. Engl. J. Med. 2016, 374, 13–22. [Google Scholar] [CrossRef]

	



Velauthar, L.; Plana, M.N.; Kalidindi, M.; Zamora, J.; Thilaganathan, B.; Illanes, S.E.; Khan, K.S.; Aquilina, J.; Thangaratinam, S. First-trimester uterine artery Doppler and adverse pregnancy outcome: A meta-analysis involving 55,974 women. Ultrasound Obstet. Gynecol. 2014, 43, 500–507. [Google Scholar] [CrossRef]

	



Poon, L.C.; Nicolaides, K.H. Early prediction of preeclampsia. Obstet. Gynecol. Int. 2014, 2014, 297397. [Google Scholar] [CrossRef]

	



Poon, L.C.; Rolnik, D.L.; Tan, M.Y.; Delgado, J.L.; Tsokaki, T.; Akolekar, R.; Singh, M.; Andrade, W.; Efeturk, T.; Jani, J.C.; et al. ASPRE trial: Incidence of preterm pre-eclampsia in patients fulfilling ACOG and NICE criteria according to risk by FMF algorithm. Ultrasound Obstet. Gynecol. 2018, 51, 738–742. [Google Scholar] [CrossRef]

	



Rowan, J.A.; Hague, W.M.; Gao, W.; Battin, M.R.; Moore, M.P. MiG Trial Investigators. Metformin versus insulin for the treatment of gestational diabetes. N. Engl. J. Med. 2008, 358, 2003–2015. [Google Scholar] [CrossRef] [PubMed]

	



Graham, G.G.; Punt, J.; Arora, M.; Day, R.O.; Doogue, M.P.; Duong, J.K.; Furlong, T.J.; Greenfield, J.R.; Greenup, L.C.; Kirkpatrick, C.M.; et al. Clinical pharmacokinetics of metformin. Clin. Pharmacokinet. 2011, 50, 81–98. [Google Scholar] [CrossRef]

	



Foretz, M.; Guigas, B.; Bertrand, L.; Pollak, M.; Viollet, B. Metformin: From mechanisms of action to therapies. Cell Metab. 2014, 20, 953–966. [Google Scholar] [CrossRef] [PubMed]

	



He, L.; Wondisford, F.E. Metformin action: Concentrations matter. Cell Metab. 2015, 21, 159–162. [Google Scholar] [CrossRef]

	



El-Mir, M.Y.; Nogueira, V.; Fontaine, E.; Avéret, N.; Rigoulet, M.; Leverve, X. Dimethylbiguanide inhibits cell respiration via an indirect effect targeted on the respiratory chain complex I. J. Biol. Chem. 2000, 275, 223–228. [Google Scholar] [CrossRef] [PubMed]

	



Oliveras-Ferraros, C.; Vazquez-Martin, A.; Menendez, J.A. Genome-wide inhibitory impact of the AMPK activator metformin on [kinesins, tubulins, histones, auroras and polo-like kinases] M-phase cell cycle genes in human breast cancer cells. Cell Cycle 2009, 8, 1633–1636. [Google Scholar] [CrossRef]

	



Zhou, G.; Myers, R.; Li, Y.; Chen, Y.; Shen, X.; Fenyk-Melody, J.; Wu, M.; Ventre, J.; Doebber, T.; Fujii, N.; et al. Role of AMP-activated protein kinase in mechanism of metformin action. J. Clin. Investig. 2001, 108, 1167–1174. [Google Scholar] [CrossRef] [PubMed]

	



Shaw, R.J.; Lamia, K.A.; Vasquez, D.; Koo, S.H.; Bardeesy, N.; Depinho, R.A.; Montminy, M.; Cantley, L.C. The kinase LKB1 mediates glucose homeostasis in liver and therapeutic effects of metformin. Science 2005, 310, 1642–1646. [Google Scholar] [CrossRef]

	



Zou, M.H.; Kirkpatrick, S.S.; Davis, B.J.; Nelson, J.S.; Wiles, W.G., IV; Schlattner, U.; Neumann, D.; Brownlee, M.; Freeman, M.B.; Goldman, M.H. Activation of the AMP-activated protein kinase by the anti-diabetic drug metformin in vivo. Role of mitochondrial reactive nitrogen species. J. Biol. Chem. 2004, 279, 43940–43951. [Google Scholar] [CrossRef]

	



Foretz, M.; Hébrard, S.; Leclerc, J.; Zarrinpashneh, E.; Soty, M.; Mithieux, G.; Sakamoto, K.; Andreelli, F.; Viollet, B. Metformin inhibits hepatic gluconeogenesis in mice independently of the LKB1/AMPK pathway via a decrease in hepatic energy state. J. Clin. Investig. 2010, 120, 2355–2369. [Google Scholar] [CrossRef]

	



Madiraju, A.K.; Erion, D.M.; Rahimi, Y.; Zhang, X.M.; Braddock, D.T.; Albright, R.A.; Prigaro, B.J.; Wood, J.L.; Bhanot, S.; MacDonald, M.J.; et al. Metformin suppresses gluconeogenesis by inhibiting mitochondrial glycerophosphate dehydrogenase. Nature 2014, 510, 542–546. [Google Scholar] [CrossRef]

	



Luo, Z.; Zang, M.; Guo, W. AMPK as a metabolic tumor suppressor: Control of metabolism and cell growth. Future Oncol. 2010, 6, 457–470. [Google Scholar] [CrossRef] [PubMed]

	



Bost, F.; Sahra, I.B.; Le Marchand-Brustel, Y.; Tanti, J.F. Metformin and cancer therapy. Curr. Opin. Oncol. 2012, 24, 103–108. [Google Scholar] [CrossRef] [PubMed]

	



Dowling, R.J.; Zakikhani, M.; Fantus, I.G.; Pollak, M.; Sonenberg, N. Metformin inhibits mammalian target of rapamycin-dependent translation initiation in breast cancer cells. Cancer Res. 2007, 67, 10804108012. [Google Scholar] [CrossRef]

	



Ben Sahra, I.; Regazzetti, C.; Robert, G.; Laurent, K.; Le Marchand-Brustel, Y.; Auberger, P.; Tanti, J.F.; Giorgetti-Peraldi, S.; Bost, F. Metformin, independent of AMPK, induces mTOR inhibition and cell-cycle arrest through REDD1. Cancer Res. 2011, 71, 4366–4372. [Google Scholar] [CrossRef]

	



Scheen, A.J.; Esser, N.; Paquot, N. Antidiabetic agents: Potential anti-inflammatory activity beyond glucose control. Diabetes Metab. 2015, 41, 183–194. [Google Scholar] [CrossRef]

	



Saenz, A.; Fernandez-Esteban, I.; Mataix, A.; Ausejo, M.; Roque, M.; Moher, D. Metformin monotherapy for type 2 diabetes mellitus. Cochrane Database Syst. Rev. 2005, 3, CD002966. [Google Scholar] [CrossRef]

	



Abbasi, F.; Chu, J.W.; McLaughlin, T.; Lamendola, C.; Leary, E.T.; Reaven, G.M. Effect of metformin treatment on multiple cardiovascular disease risk factors in patients with type 2 diabetes mellitus. Metabolism 2004, 53, 159–164. [Google Scholar] [CrossRef] [PubMed]

	



De Aguiar, L.G.; Bahia, L.R.; Villela, N.; Laflor, C.; Sicuro, F.; Wiernsperger, N.; Bottino, D.; Bouskela, E. Metformin improves endothelial vascular reactivity in first-degree relatives of type 2 diabetic patients with metabolic syndrome and normal glucose tolerance. Diabetes Care 2006, 29, 1083–1089. [Google Scholar] [CrossRef] [PubMed]

	



Libby, P. Mechanisms of acute coronary syndromes and their implications for therapy. N. Engl. J. Med. 2013, 368, 2004–2013. [Google Scholar] [CrossRef]

	



Sena, C.M.; Matafome, P.; Louro, T.; Nunes, E.; Fernandes, R.; Seiça, R.M. Metformin restores endothelial function in aorta of diabetic rats. Br. J. Pharmacol. 2011, 163, 424–437. [Google Scholar] [CrossRef]

	



Li, S.N.; Wang, X.; Zeng, Q.T.; Feng, Y.B.; Cheng, X.; Mao, X.B.; Wang, T.H.; Deng, H.P. Metformin inhibits nuclear factor kappaB activation and decreases serum high-sensitivity C-reactive protein level in experimental atherogenesis of rabbits. Heart Vessels. 2009, 24, 446–453. [Google Scholar] [CrossRef] [PubMed]

	



Hattori, Y.; Suzuki, K.; Hattori, S.; Kasai, K. Metformin inhibits cytokine-induced nuclear factor kappaB activation via AMP-activated protein kinase activation in vascular endothelial cells. Hypertension 2006, 47, 1183–1888. [Google Scholar] [CrossRef]

	



Isoda, K.; Young, J.L.; Zirlik, A.; MacFarlane, L.A.; Tsuboi, N.; Gerdes, N.; Schönbeck, U.; Libby, P. Metformin inhibits proinflammatory responses and nuclear factor-kappaB in human vascular wall cells. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 611–617. [Google Scholar] [CrossRef]

	



Hyun, B.; Shin, S.; Lee, A.; Lee, S.; Song, Y.; Ha, N.J.; Cho, K.H.; Kim, K. Metformin down-regulates TNF-α secretion via suppression of scavenger receptors in macrophages. Immune Netw. 2013, 13, 123–132. [Google Scholar] [CrossRef]

	



Gongol, B.; Marin, T.; Peng, I.C.; Woo, B.; Martin, M.; King, S.; Sun, W.; Johnson, D.A.; Chien, S.; Shyy, J.Y. AMPKα2 exerts its anti-inflammatory effects through PARP-1 and Bcl-6. Proc. Natl. Acad. Sci. USA 2013, 110, 3161–3166. [Google Scholar] [CrossRef]

	



Kim, S.A.; Choi, H.C. Metformin inhibits inflammatory response via AMPK-PTEN pathway in vascular smooth muscle cells. Biochem. Biophys. Res. Commun. 2012, 425, 866–872. [Google Scholar] [CrossRef]

	



Beisswenger, P.; Ruggiero-Lopez, D. Metformin inhibition of glycation processes. Diabetes Metab. 2003, 29, 6S95–6S103. [Google Scholar] [CrossRef]

	



Yan, S.F.; D’Agati, V.; Schmidt, A.M.; Ramasamy, R. Receptor for Advanced Glycation Endproducts (RAGE): A formidable force in the pathogenesis of the cardiovascular complications of diabetes & aging. Curr. Mol. Med. 2007, 7, 699–710. [Google Scholar]

	



Di Marco, E.; Gray, S.P.; Jandeleit-Dahm, K. Diabetes alters activation and repression of pro- and anti-inflammatory signaling pathways in the vasculature. Front. Endocrinol. 2013, 4, 68. [Google Scholar] [CrossRef]

	



Mamputu, J.C.; Wiernsperger, N.F.; Renier, G. Antiatherogenic properties of metformin: The experimental evidence. Diabetes Metab. 2003, 29, 6S71–6S76. [Google Scholar] [CrossRef]

	



Saisho, Y. Metformin and inflammation: Its potential beyond glucose-lowering effect. Endocr. Metab. Immune Disord. Drug Targets 2015, 15, 196–205. [Google Scholar] [CrossRef] [PubMed]

	



Ouslimani, N.; Peynet, J.; Bonnefont-Rousselot, D.; Thérond, P.; Legrand, A.; Beaudeux, J.L. Metformin decreases intracellular production of reactive oxygen species in aortic endothelial cells. Metabolism 2005, 54, 829–834. [Google Scholar] [CrossRef] [PubMed]

	



Bakhashab, S.; Ahmed, F.W.; Schulten, H.J.; Bashir, A.; Karim, S.; Al-Malki, A.L.; Gari, M.A.; Abuzenadah, A.M.; Chaudhary, A.G.; Alqahtani, M.H.; et al. Metformin improves the angiogenic potential of human CD34⁺ cells co-incident with downregulating CXCL10 and TIMP1 gene expression and increasing VEGFA under hyperglycemia and hypoxia within a therapeutic window for myocardial infarction. Cardiovasc. Diabetol. 2016, 15, 27. [Google Scholar] [CrossRef]

	



Yu, J.W.; Deng, Y.P.; Han, X.; Ren, G.F.; Cai, J.; Jiang, G.J. Metformin improves the angiogenic functions of endothelial progenitor cells via activating AMPK/eNOS pathway in diabetic mice. Cardiovasc. Diabetol. 2016, 15, 88. [Google Scholar] [CrossRef]

	



Arunachalam, G.; Samuel, S.M.; Marei, I.; Ding, H.; Triggle, C.R. Metformin modulates hyperglycaemia-induced endothelial senescence and apoptosis through SIRT1. Br. J. Pharmacol. 2014, 171, 523–535. [Google Scholar] [CrossRef] [PubMed]

	



Kinaan, M.; Ding, H.; Triggle, C.R. Metformin: An old drug for the treatment of diabetes but a new drug for the protection of the endothelium. Med. Princ. Pract. 2015, 24, 401–415. [Google Scholar] [CrossRef]

	



Eskens, B.J.; Zuurbier, C.J.; van Haare, J.; Vink, H.; van Teeffelen, J.W. Effects of two weeks of metformin treatment on whole-body glycocalyx barrier properties in db/db mice. Cardiovasc. Diabetol. 2013, 12, 175. [Google Scholar] [CrossRef]

	



Vega, M.; Mauro, M.; Williams, Z. Direct toxicity of insulin on the human placenta and protection by metformin. Fertil. Steril. 2019, 111, 489–496.e5. [Google Scholar] [CrossRef]

	



Tenório, M.B.; Ferreira, R.C.; Moura, F.A.; Bueno, N.B.; de Oliveira, A.C.M.; Goulart, M.O.F. Cross-talk between oxidative stress and inflammation in preeclampsia. Oxid. Med. Cell Longev. 2019, 2019, 8238727. [Google Scholar] [CrossRef]

	



Han, C.S.; Herrin, M.A.; Pitruzzello, M.C.; Mulla, M.J.; Werner, E.F.; Pettker, C.M.; Flannery, C.A.; Abrahams, V.M. Glucose and metformin modulate human first trimester trophoblast function: A model and potential therapy for diabetes-associated uteroplacental insufficiency. Am. J. Reprod. Immunol. 2015, 73, 362–371. [Google Scholar] [CrossRef]

	



Chiswick, C.; Reynolds, R.M.; Denison, F.; Drake, A.J.; Forbes, S.; Newby, D.E.; Walker, B.R.; Quenby, S.; Wray, S.; Weeks, A.; et al. Effect of metformin on maternal and fetal outcomes in obese pregnant women (EMPOWaR): A randomised, double-blind, placebo-controlled trial. Lancet Diabetes Endocrinol. 2015, 3, 778–786. [Google Scholar] [CrossRef]

	



Hu, J.; Zhang, J.; Zhu, B. Protective effect of metformin on a rat model of lipopolysaccharide-induced preeclampsia. Fundam. Clin. Pharmacol. 2019, 33, 649–658. [Google Scholar] [CrossRef] [PubMed]

	



Shu, C.; Yan, D.; Chen, C.; Mo, Y.; Wu, L.; Gu, J.; Shah, N.K.; He, J.; Dong, S. Metformin exhibits its therapeutic effect in the treatment of pre-eclampsia via modulating the Met/H19/miR-148a-5p/P28 and Met/H19/miR-216-3p/EBI3 signaling pathways. Int. Immunopharmacol. 2019, 74, 105693. [Google Scholar] [CrossRef]

	



Correia-Branco, A.; Keating, E.; Martel, F. Involvement of mTOR, JNK and PI3K in the negative effect of ethanol and metformin on the human first-trimester extravillous trophoblast HTR-8/SVneo cell line. Eur. J. Pharmacol. 2018, 833, 16–24. [Google Scholar] [CrossRef] [PubMed]

	



Triggle, C.R.; Ding, H. Metformin is not just an antihyperglycaemic drug but also has protective effects on the vascular endothelium. Acta Physiol. 2017, 219, 138–151. [Google Scholar] [CrossRef]

	



Austgulen, R.; Lien, E.; Vince, G.; Redman, C.W. Increased maternal plasma levels of soluble adhesion molecules (ICAM-1, VCAM-1, E-selectin) in preeclampsia. Eur. J. Obstet. Gynecol. Reprod. Biol. 1997, 71, 53–58. [Google Scholar] [CrossRef]

	



Chaiworapongsa, T.; Romero, R.; Yoshimatsu, J.; Espinoza, J.; Kim, Y.M.; Park, K.; Kalache, K.; Edwin, S.; Bujold, E.; Gomez, R. Soluble adhesion molecule profile in normal pregnancy and pre-eclampsia. J. Matern. Fetal. Neonatal. Med. 2002, 12, 19–27. [Google Scholar] [CrossRef]

	



Kaitu’u-Lino, T.J.; Brownfoot, F.C.; Beard, S.; Cannon, P.; Hastie, R.; Nguyen, T.V.; Binder, N.K.; Tong, S.; Hannan, N.J. Combining metformin and esomeprazole is additive in reducing sFlt-1 secretion and decreasing endothelial dysfunction-implications for treating preeclampsia. PLoS ONE 2018, 13, e0188845. [Google Scholar] [CrossRef]

	



Soobryan, N.; Murugesan, S.; Pandiyan, A.; Moodley, J.; Mackraj, I. Angiogenic dysregulation in pregnancy-related hypertension-A role for metformin. Reprod. Sci. 2018, 25, 1531–1539. [Google Scholar] [CrossRef]

	



Brownfoot, F.C.; Hastie, R.; Hannan, N.J.; Cannon, P.; Nguyen, T.V.; Tuohey, L.; Cluver, C.; Tong, S.; Kaitu’u-Lino, T.J. Combining metformin and sulfasalazine additively reduces the secretion of antiangiogenic factors from the placenta: Implications for the treatment of preeclampsia. Placenta 2020, 95, 78–83. [Google Scholar] [CrossRef]

	



Brouillet, S.; Hoffmann, P.; Feige, J.J.; Alfaidy, N. EG-VEGF: A key endocrine factor in placental development. Trends Endocrinol. Metab. 2012, 23, 501–508. [Google Scholar] [CrossRef] [PubMed]

	



Jena, M.K.; Sharma, N.R.; Petitt, M.; Maulik, D.; Nayak, N.R. Pathogenesis of preeclampsia and therapeutic approaches targeting the placenta. Biomolecules 2020, 10, 953. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.; Cao, G.; Yi, W.; Li, L.; Cao, X. Effect of metformin on a preeclampsia-like mouse model induced by high-fat diet. Biomed. Res. Int. 2019, 2019, 6547019. [Google Scholar] [CrossRef]

	



Liao, Y.F.; Chen, L.L.; Zeng, T.S.; Li, Y.M.; Fan, Y.U.; Hu, L.J.; Ling, Y. Number of circulating endothelial progenitor cells as a marker of vascular endothelial function for type 2 diabetes. Vasc. Med. 2010, 15, 279–285. [Google Scholar] [CrossRef]

	



Asadian, S.; Alibabrdel, M.; Daei, N.; Cheraghi, H.; Maedeh Jafari, S.; Noshadirad, E.; Jabarpour, M.; Siavashi, V.; Nassiri, S.M. Improved angiogenic activity of endothelial progenitor cell in diabetic patients treated with insulin plus metformin. J. Cell Biochem. 2018. [Google Scholar] [CrossRef] [PubMed]

	



Ni, H.Z.; Liu, Z.; Sun, L.L.; Zhou, M.; Liu, C.; Li, W.D.; Li, X.Q. Metformin inhibits angiogenesis of endothelial progenitor cells via miR-221-mediated p27 expression and autophagy. Future Med. Chem. 2019, 11, 2263–2272. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.D.; Li, N.P.; Song, D.D.; Rong, J.J.; Qian, A.M.; Li, X.Q. Metformin inhibits endothelial progenitor cell migration by decreasing matrix metalloproteinases, MMP-2 and MMP-9, via the AMPK/mTOR/autophagy pathway. Int. J. Mol. Med. 2017, 39, 1262–1268. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, M.; Mizuuchi, M.; Baba, T.; Fujibe, Y.; Ino, Y.; Ishioka, S.; Saito, T. The roles of metformin and pravastatin on placental endoplasmic reticulum stress and placental growth factor in human villous-Like trophoblastic BeWo cells. Sapporo Med. J. 2018, 87, 75–84. [Google Scholar] [CrossRef]

	



Brink, H.S.; Alkemade, M.; van der Lely, A.J.; van der Linden, J. Metformin in women at high risk of gestational diabetes mellitus. Diabetes Metab. 2018, 44, 300–302. [Google Scholar] [CrossRef]

	



Ainuddin, J.; Karim, N.; Hasan, A.A.; Naqvi, S.A. Metformin versus insulin treatment in gestational diabetes in pregnancy in a developing country: A randomized control trial. Diabetes Res. Clin. Pract. 2015, 107, 290–299. [Google Scholar] [CrossRef] [PubMed]

	



Tertti, K.; Ekblad, U.; Koskinen, P.; Vahlberg, T.; Rönnemaa, T. Metformin vs. insulin in gestational diabetes. A randomized study characterizing metformin patients needing additional insulin. Diabetes Obes. Metab. 2013, 15, 246–251. [Google Scholar] [CrossRef] [PubMed]

	



Niromanesh, S.; Alavi, A.; Sharbaf, F.R.; Amjadi, N.; Moosavi, S.; Akbari, S. Metformin compared with insulin in the management of gestational diabetes mellitus: A randomized clinical trial. Diabetes Res. Clin. Pract. 2012, 98, 422–429. [Google Scholar] [CrossRef] [PubMed]

	



Feig, D.S.; Donovan, L.E.; Zinman, B.; Sanchez, J.J.; Asztalos, E.; Ryan, E.A.; Fantus, I.G.; Hutton, E.; Armson, A.B.; Lipscombe, L.L.; et al. Metformin in women with type 2 diabetes in pregnancy (MiTy): A multicentre, international, randomised, placebo-controlled trial. Lancet Diabetes Endocrinol. 2020, 8, 834–844. [Google Scholar] [CrossRef]

	



Ainuddin, J.A.; Karim, N.; Zaheer, S.; Ali, S.S.; Hasan, A.A. Metformin treatment in type 2 diabetes in pregnancy: An active controlled, parallel-group, randomized, open label study in patients with type 2 diabetes in pregnancy. J. Diabetes Res. 2015, 2015, 325851. [Google Scholar] [CrossRef] [PubMed]

	



Nascimento, I.B.D.; Sales, W.B.; Dienstmann, G.; Souza, M.L.R.; Fleig, R.; Silva, J.C. Metformin for prevention of cesarean delivery and large-for-gestational-age newborns in non-diabetic obese pregnant women: A randomized clinical trial. Arch. Endocrinol. Metab. 2020, 64, 290–297. [Google Scholar] [CrossRef]

	



Syngelaki, A.; Nicolaides, K.H.; Balani, J.; Hyer, S.; Akolekar, R.; Kotecha, R.; Pastides, A.; Shehata, H. Metformin versus placebo in obese pregnant women without diabetes mellitus. N. Engl. J. Med. 2016, 374, 434–443. [Google Scholar] [CrossRef]

	



Løvvik, T.S.; Carlsen, S.M.; Salvesen, Ø.; Steffensen, B.; Bixo, M.; Gómez-Real, F.; Lønnebotn, M.; Hestvold, K.V.; Zabielska, R.; Hirschberg, A.L.; et al. Use of metformin to treat pregnant women with polycystic ovary syndrome (PregMet2): A randomised, double-blind, placebo-controlled trial. Lancet Diabetes Endocrinol. 2019, 7, 256–266. [Google Scholar] [CrossRef]

	



Nascimento, I.B.D.; Dienstmann, G.; de Souza, M.L.R.; Fleig, R.; Hoffmann, C.B.P.C.; Silva, J.C. Evaluation of preeclampsia results after use of metformin in gestation: Systematic review and meta-analysis. Rev. Bras. Ginecol. Obstet. 2018, 40, 713–721. [Google Scholar] [CrossRef]

	



Kalafat, E.; Sukur, Y.E.; Abdi, A.; Thilaganathan, B.; Khalil, A. Metformin for prevention of hypertensive disorders of pregnancy in women with gestational diabetes or obesity: Systematic review and meta-analysis of randomized trials. Ultrasound Obstet. Gynecol. 2018, 52, 706–714. [Google Scholar] [CrossRef]

	



Butalia, S.; Gutierrez, L.; Lodha, A.; Aitken, E.; Zakariasen, A.; Donovan, L. Short- and long-term outcomes of metformin compared with insulin alone in pregnancy: A systematic review and meta-analysis. Diabet. Med. 2017, 34, 27–36. [Google Scholar] [CrossRef]

	



Feng, Y.; Yang, H. Metformin-A potentially effective drug for gestational diabetes mellitus: A systematic review and meta-analysis. J. Matern. Fetal. Neonatal. Med. 2017, 30, 1874–1881. [Google Scholar] [CrossRef]

	



Li, G.; Zhao, S.; Cui, S.; Li, L.; Xu, Y.; Li, Y. Effect comparison of metformin with insulin treatment for gestational diabetes: A meta-analysis based on RCTs. Arch. Gynecol. Obstet. 2015, 292, 111–120. [Google Scholar] [CrossRef] [PubMed]

	



Poolsup, N.; Suksomboon, N.; Amin, M. Efficacy and safety of oral antidiabetic drugs in comparison to insulin in treating gestational diabetes mellitus: A meta-analysis. PLoS ONE 2014, 9, e109985. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, B.; Zhang, L.; Fan, Y.Y.; Wang, L.; Li, X.G.; Liu, T.; Cao, Y.S.; Zhao, Z.G. Metformin versus insulin in gestational diabetes mellitus: A meta-analysis of randomized clinical trials. Ir. J. Med. Sci. 2016, 185, 371–381. [Google Scholar] [CrossRef] [PubMed]

	



Gui, J.; Liu, Q.; Feng, L. Metformin vs insulin in the management of gestational diabetes: A meta-analysis. PLoS ONE 2013, 8, e64585. [Google Scholar] [CrossRef]

	



Dodd, J.M.; Grivell, R.M.; Deussen, A.R.; Hague, W.M. Metformin for women who are overweight or obese during pregnancy for improving maternal and infant outcomes. Cochrane Database Syst. Rev. 2018, 7, CD010564. [Google Scholar] [CrossRef] [PubMed]

	



Feng, L.; Lin, X.F.; Wan, Z.H.; Hu, D.; Du, Y.K. Efficacy of metformin on pregnancy complications in women with polycystic ovary syndrome: A meta-analysis. Gynecol. Endocrinol. 2015, 31, 833–839. [Google Scholar] [CrossRef]

	



Zheng, J.; Shan, P.F.; Gu, W. The efficacy of metformin in pregnant women with polycystic ovary syndrome: A meta-analysis of clinical trials. J. Endocrinol. Investig. 2013, 36, 797–802. [Google Scholar] [CrossRef]

	



Stridsklev, S.; Carlsen, S.M.; Salvesen, Ø.; Clemens, I.; Vanky, E. Midpregnancy Doppler ultrasound of the uterine artery in metformin- versus placebo-treated PCOS women: A randomized trial. J. Clin. Endocrinol. Metab. 2014, 99, 972–977. [Google Scholar] [CrossRef]

	



Villa, P.M.; Kajantie, E.; Räikkönen, K.; Pesonen, A.K.; Hämäläinen, E.; Vainio, M.; Taipale, P.; Laivuori, H.; PREDO Study group. Aspirin in the prevention of pre-eclampsia in high-risk women: A randomised placebo-controlled PREDO Trial and a meta-analysis of randomised trials. BJOG 2013, 120, 64–74. [Google Scholar] [CrossRef]

	



Martis, R.; Crowther, C.A.; Shepherd, E.; Alsweiler, J.; Downie, M.R.; Brown, J. Treatments for women with gestational diabetes mellitus: An overview of Cochrane systematic reviews. Cochrane Database Syst. Rev. 2018, 8, CD012327. [Google Scholar] [CrossRef]








[image: Jcm 10 02805 g001 550] 





Figure 1. Main mechanisms of metformin action. AMPK—5′-adenosine monophosphate-activated protein kinase, AMP—5′-adenosine monophosphate, ATP—adenosine triphosphate, LKB1—liver kinase B1, NADH—nicotinamide adenine dinucleotide, ROS—reactive oxygen species, eNOS—endothelial nitric oxide synthase, NO—nitric oxide, SIRT1—sirtuin 1, mTORC—mammalian target of rapamycin, FA—fatty acids, NF-κB—nuclear factor kappa B, VCAM1—vascular cell adhesion molecule 1, ICAM1—intracellular adhesion molecule 1, MCP1—monocyte chemoattractant protein 1. 
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Figure 2. Theoretical basis for the use of metformin in PE prevention. AMPK—5’ adenosine monophosphate-activated protein kinase, VEGF—vascular endothelial growth factor, PlGF—placental growth factor, TGF β1—transforming growth factor-β1, sEnd—soluble endoglin, sFlt-1—fms-like tyrosine kinase-1, HTF1 α—hypoxia-inducible factor 1α, ICAM1—intracellular cell adhesion molecule 1, VICAM1—vascular cell adhesion molecule 1, NO—nitric oxide, ROS—reactive oxygen species, MMPs—matrix metalloproteinases, MMP-2—matrix metalloproteinase-2, MMP-9—matrix metalloproteinase-9, ERS—endoplasmic reticulum stress, EPCs—endothelial progenitor cells, SIRT1—sirtuin1. 
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Table 1. Selected randomized placebo-controlled trials on metformin influence on PE and PIH incidence.
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	Studied Group
	Size of Groups
	Metformin Dose
	GA at Entry to the Study
	PIH and PE
	Authors





	GDM high risk
	SG: metformin—24

CG:no treatment—25
	500–1000 mg
	14th week
	PE

SG: 0% (0)

CG: 8.7% (2)

p = 0.049
	Brink et al., 2018 [140]



	GDM
	SG: metformin—43

CG:insulin alone—57
	500–2500 mg
	20th–36th week
	PIH

SG: 18.6% (8)

CG: 24% (18)

NS

PE

SG: 0% (0)

CG: 8% (6)

p = 0.05
	Ainuddin et al., 2014 [141]



	GDM
	SG: metformin 110

CG insulin 107
	500–2000 mg
	22nd–34th week
	PIH

SG: 1.8% (2)

CG: 3.7% (4)

p = 0.42, RR 0.5

95% CI 0.1–2.7

PE

SG: 4.6% (5)

CG: 9.4% (10)

p = 0.19, RR 0.5

95% CI 0.2–1.4
	Tertti et al., 2013 [142]



	GDM
	SG metformin: 86

CG insulin: 80
	1000–2500 mg
	20th–34th week
	PIH

SG: 5% (4)

CG 13.8% (11)

p = 0.058, RR 0.4

95% CI 0.1–1.1

PE

SG: 6.3% (5)

CG: 8.8% (7)

p = 0.548, RR 0.7

95% CI 0.2–2.22
	Niromanesh et al., 2012 [143]



	DMt.2
	SG: metformin—233

CG: insulin—240
	2000 mg
	6th–22th week
	PIH

SG: 5% (13)

CG 6% (15)

p = 0.82, RR 0.92

95% CI 0.46–1.8.

PE

SG: 15% (37)

CG 12% (30)

p = 0.29, RR 1.27

95% CI 0.82–1.92

Chronic HT

ST: 8% (20)

CG: 9% (22)

p = 0.68, RR 0.89

95% CI 0.51–1.56
	Feig et al., 2020 [144]





	DMt.2
	SG: metformin alone—16

CG: insulin alone 100
	500–2500 mg
	about 10th week
	PIH

SG: 6.2% (1)

CG: 36% (36)

p= 0.020

PE

SG: 25% (4)

CG: 17% (17)

p = 0.084
	Ainuddin et al., 2015 [145]



	Obesity
	SG: metformin—171

CG: placebo—186
	1000 mg
	<20th week
	PE

SG: 3.5% (6)

CG: 4.8% (9)

p = 0.01, RR 0.17

95% CI 0.10–1.41
	Nascimento et al., 2020 [146]



	Obesity (35 kg/m2)
	SG: metformin—202

CG: placebo—198
	1000–3000 mg
	12th–18th week
	PIH

SG: 6.4% (13)

CG: 6.7% (13)

p = 0.93, RR 0.96

95% CI 0.43–2.13

PE

SG: 3% (6)

CG: 11.3% (13)

p = 0.001, RR 0.24

95% CI 0.10–0.61
	Syngelaki et al., 2016 [147]



	Obesity (BMI > 30 kg/m2)
	SG: metformin—221

CG: placebo—222
	500–2500 mg
	12th–16th week
	PIH

SG: 10% (21)

CG 6% (14)

p= 0.22, RR 1.56

95% CI 0.77–3.15.

PE

SG: 3% (7)

CG 1% (3)

p = 0.21, RR 2.39

95% 0.61–9.36
	Chiswick et al., 2015 [122]



	PCOS
	SG: metformin—238

CG: placebo—240
	1000–2000 mg
	in the 1st trimester
	PE

SG: 3% (8)

CG: 7% (17)

p = 0.10, RR 0.46

95% CI 0.17–1.15
	Løvvik et al., 2019 [148]







GDM—gestation diabetes mellitus. DMt2—diabetes mellitus t.2. BMI—body mass index. PCOS—polycystic ovary syndrome. SG—study group. CG—control group. PIH—pregnancy-induced hypertension. PE—preeclampsia. HT—hypertension. p—statistical significance. RR—relative risk. CI—confidence interval.
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Table 2. Selected meta-analyses on metformin influence on PE and PIH risk.
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Studied Group

	
Comparison

	
Number of Participants

	
Metformin Impact on PIH/PE

	
Authors






	
GDM

	
metformin vs. insulin

	
1260

	
PIH

RR 0.56

95% CI 0.37–0.85

PE

RR 0.83

95% CI 0.60–1.14

PE

RR 0.74

95% CI 0.09–6.28

	
Kalafat et al., 2018 [150]




	
Obesity

	
metformin vs. placebo

	
840




	
GDM

	
Metformin vs. insulin

	
2165

	
↓PIH

RR 0.56

95% CI 0.37–0.85

	
Butalia et al., 2017 [151]




	
GDM

	
metformin vs. insulin

	
1556

	
↓HDPs

RR 0.82

95% CI 0.67–1.0

	
Feng et al., 2017 [152]




	
GDM

	
metformin vs. insulin

	
1110

	
↓PIH

RR 0.53

95% CI 0.31–0.90

PE

RR 0.81

95% CI 0.55–1.17,

	
Li et al., 2015 [153]




	
1634




	
GDM

	
metformin vs. insulin

	
1110

	
↓PIH

RR 0.55

95% CI 0.31–0.91

PE

RR 0.84

95% CI 0.57–1.23

	
Poolsup et al., 2014 [154]




	
1299




	
GDM

	
metformin vs. insulin

	
1712

	
PE

RR = 0.82

95% CI 0.56–1.2

	
Zhu et al., 2014 [155]




	
GDM

	
metformin vs. insulin

	
1110

	
↓PIH

RR 0.52

95%CI 0.30–0.90

	
Gui et al., 2013 [156]




	
Obesity

	
metformin vs. no-treatment

	
840













614





308

	
PIH (obesity)

RR 1.24

95% CI 0.76–2.02

↓PE (obesity)

RR 0.51

95% CI 0.26–0.98

↓PIH (PCOS)

RR 0.37

95% CI 0.25–0.57

PE (PCOS)

RR 1.96

95% CI 0.81–4.77

↓PIH (GDM)

RR 0.53

95% CI 0.31–0.90

PE (GDM)

RR 0.70

95% CI 0.45–1.10

	
Nascimento et al., 2018 [149]




	
PCOS




	
GDM

	
metformin vs. insulin

	
1120





1120




	
Obesity

	
metformin vs. no-treatment or placebo

	
1034

	
PIH

RR 1.02

95% CI 0.54–1.94

PE

RR 0.74

95% CI 0.09–6.28

	
Dodd et al., 2018 [157]




	
PCOS

	
metformin vs. no-treatment or placebo

	
929

	
PE

RR 0.92

95% CI 0.28–3.00

	
Feng et al., 2015 [158]




	
PCOS

	
metformin vs. no-treatment or placebo

	
878

	
↓PE

RR 0.53

95% CI 0.30–0.95

	
Zheng et al., 2013 [159]








GDM—gestation diabetes mellitus. PCOS—polycystic ovary syndrome. PIH—pregnancy-induced hypertension. PE—preeclampsia. HT—hypertension. RR—relative risk. CI—confidence interval. 
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