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Abstract
Renal injury or failure may occur in the context of pre​gnancy requiring special considerations with regard to fetal and maternal health. The condition of pregnancy itself may be a major factor in such injuries. In addition, for many young women previously known to be healthy, pregnancy may be the first presentation for routine urine and blood testing which may yield previously subclinical renal disease. As such, pregnancy may add complexity to considerations in the management of renal disease presenting coincidentally requiring knowledge of the physiologic changes and potential renal disorders that may be encountered during pregnancy. 
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Core tip: Kidney disease and particularly complications of hypertensive disorders is one of the dire threats to successful pregnancy. This review highlights advances in our understanding of the pathophysiological processes that drive the development of hypertensive disorders’ complications during pregnancy, potential use of bio​markers in predicting these complications, and novel therapeutic approaches under consideration for their great promise in achieving successful pregnancy.

INTRODUCTION 

Pregnancy is a unique arena in the practice of nephrology in which special considerations must be made for a host of factors such as hemodynamics, immunology, metabolism, pharmacology, and embryology. For many young women previously known to be healthy, pregnancy may be the first presentation for routine urine and blood testing which may yield previously subclinical renal disease. Furthermore, renal injury or failure may occur in the context of pregnancy requiring special considerations with regard to fetal and maternal health. The condition of pregnancy itself may be a major factor in such injuries (e.g., as in prerenal injury secondary to hyperemesis gravidarum, or acute cortical necrosis secondary to septic abortion or peripartum hemorrhage) or may simply add complexity to considerations in the management of renal disease presenting coincidentally. The nephrologist may be consulted when patients develop acute kidney injury (AKI) with glomerulonephritic features including refractory hypertension, edema, reduced estimated glomerular filtration rate (eGFR), proteinuria, and occasionally microangiopathy[1], for which preeclampsia is often on the differential diagnosis. This review aims to explore the anticipated physiologic changes in pregnancy before addressing the hypertensive disorders of gestation, of which pre-eclampsia is the most common; affecting approximately 5% of pregnancies worldwide. Our aim is to present a comprehensive overview of the current knowledge on physiologic changes in pregnancy, with special attention paid to the epidemiology, genetics, pathophysiology, diagnosis, and management of pree​clampsia.

NORMAL ADAPTATIONS EXPECTED IN PREGNANCY

Several unique physiologic changes occur in the context of a normal healthy pregnancy (Figure 1). There is an overall up-regulation of the renin-angiotensin-aldosterone system (RAAS) that begins at the time of the luteal phase of the menstrual cycle and is co-incident with rising estrogen and progesterone levels[2,3]. After fertilization, elaboration of each of these hormones continues in order to support gestation; renin up to eight times, angiotensin up to four times, and aldosterone up to ten to twenty times normal levels[2,3]. 

Healthy women do not become hypertensive in this context, however, owing either to an estrogen-mediated decrease in vascular responsiveness to these RAAS components, or possibly owing to the counteracting vasodilatory effect of prostacyclins and the ovarian-secreted gestational hormone relaxin[4]. This systemic vasodilation tends to decrease systolic blood pressure by about 10-15 mmHg[5]. This global vasodilation also dilates the renal vasculature resulting in an early and robust increase in glomerular filtration-initially by about 25% and progressing up to 50% by mid-pregnancy. There is an even larger increase in renal plasma flow, around 60%. The result is a state of hyperfiltration that does not actually engender any pathologic injury as in other states of hyperfiltration such as in diabetic kidney disease[6]. Pregnancy is associated with reduction in the single nephron filtration fraction compared to the increase encountered in other hyperfiltration conditions. RAAS up-regulation contributes to sodium and fluid retention, which facilitates plasma volume expansion within the dilated vasculature. Intravascular volume expansion results in a mild dilutional anemia and hypo​natremia; serum sodium concentrations may be reduced by approximately 4-5 meq/L[7]. 

Increased renal volume and length is frequently appreciated on ultrasonography, along with mild non-obstructive hydronephrosis due to uterine compression of the ureters. Pelviectasis is typically more pronounced on the right side, possibly owing to dextrorotation of the uterus and exaggerated by the relative protection of the left ureter provided by the sigmoid colon[8]. This low-grade obstruction may be symptomatic in approximately 30% of pregnant women and can predispose to urinary tract infections. 

HYPERTENSIVE DISORDERS OF PREGNANCY

Preexisting and gestational hypertension

An increasing subset of women enter into pregnancy with pre-existing hypertension in the setting of the usual risk factors for essential hypertension such as obesity, race, and advanced maternal age. An estimated 25% of these patients may develop a superimposed preeclampsia syndrome. Hypertensive disorders of pregnancy increase maternal risk of developing AKI in addition to other etiologies as stratified in Table 1. In this relatively young demographic, essential hypertension is less likely to have been present long enough to manifest any clinically apparent end-organ damage so the development of any proteinuria or other renal dysfunction would potentially point to the onset of an overlapping preeclampsia syn​drome. In women entering pregnancy with pre-existing renal disease, which may potentially be masked by the effects of hyperfiltration on conventional markers of renal function (e.g., serum creatinine) risks to the mother and fetus can be stratified by the severity of renal insufficiency and modes of renal replacement therapy, if applicable (Table 2)[9]. 

Clinical features, criteria, and definition of preeclampsia

Preeclampsia is a heterogeneous, multi-system disorder characterized by widespread dysfunction, including glomerular endothelium; it is the most common glom​erular disorder in pregnancy. The criteria for diag​nosis includes two blood pressure readings at least 4-6 h apart that are greater than 140/90 occurring after 20 wk’ gestation in a woman not known to be previously hypertensive[10]. The syndrome may also develop in the 4-6 wk postpartum period[10]. Consequently, preeclampsia is best categorized into early onset/placental (< 34 wk of gestation) vs late onset/maternal (> 34 wk of gestation) reflecting that there are potentially different triggering events in pathogenesis as well as the worse maternal-fetal prognoses of early vs late preeclampsia. Edema and elevated uric acid levels are also frequently among the constellation of findings but are not strictly part of the definition[10] (Table 3). Either new onset or worsening of pre-existing proteinuria greater than 300 mg in 24 h may be present, but proteinuria itself has been removed from the definition since it is a relatively late marker of glomerular injury. Higher levels of proteinuria above 5 g/g were once considered to be a marker of severity as well but this has fallen out of favor for the same reason. In the absence of proteinuria, preeclampsia is confirmed when de novo hypertension after 20 wk of gestation is associated with maternal or fetal end organ damage which may include thrombocytopenia, elevated serum aminotransferase levels, AKI, pulmonary edema, new onset of cerebral or visual disturbances, or uteroplacental dysfunction. AKI or renal failure can occur, however identifying AKI may be fraught with its own challenges given the lack of a consensus definition of AKI in the pregnant population[10]. Approximately 10%-20% of cases of preeclampsia are severe enough to manifest  hemolysis, elevated liver enzymes, and low platelets (HELLP) syndrome, a thrombotic microangiopathic process (TMA) named for its most notable features of red cell lysis and thrombocytopenia[10]. As such, HELLP is likely a form of atypical HUS that is triggered by pregnancy although transaminitis can occur alone or as part of this syndrome. Adverse cardiovascular and cerebrovascular outcomes may develop if blood pressure is not adequately controlled. 

Morphologically, endothelial swelling (Figure 2A) is the cardinal feature on light microscopy which typically resolves approximately eight weeks after delivery, along with the proteinuria and hypertension. However, persistent damage can follow preeclampsia in the form of focal segmental glomerulosclerosis (FSGS) with collapsing features. Loss of glomerular endothelial fenestrae with relative preservation of the podocyte foot processes is expected on electron microscopy along with possible electron-dense deposits in subendothelial and mesangial tissue (Figure 2B). In severe cases or in healing stages one may note increased glomerular cellularity and mesangial interposition. FSGS has been one of the dominant histopathologic lesions in renal biopsies sampled from women with persistent proteinuria following a preeclamptic pregnancy.

Risk factors: Risk of preeclampsia is increased in the setting of maternal endothelial dysfunction. For example, diabetes mellitus can double or quadruple the risk of developing preeclampsia[10,11]. There is also an increased risk for preeclampsia in patients with a first degree relative with preeclampsia[12]. Patients with a history of preeclampsia are known to carry an increased risk of cardiovascular and renal morbidity and there is some evidence that affected women continue to have impaired endothelial-dependent vasorelaxation which may account for this increased risk. However, there are many shared risk factors for preeclampsia and cardiovascular disease such as diabetes, hypertension, obesity, and metabolic syndrome. Another area of growing evidence is the exposure to environmental and innate risk factors that may contribute to increased susceptibility to hypertensive disorders in pregnancy. For example, seasonal variation in preeclampsia and hypertensive disorders of pregnancy have been observed for the better part of a century. Combined findings in a systematic review of 20 pree​clampsia studies suggested an increased frequency of episodes during the rainy seasons of tropical climates and the cold seasons of non-tropical climates[13]. Plausible biological mechanisms explaining this association include higher blood pressures as well as wider daily blood pressure and body temperature variations during these seasons, reduced physical activity and dietary changes, decreased vitamin D levels, and increased infections. Along the same line and not surprisingly, plant-based diets higher in fiber and potassium, cereals, dark bread, and low-fat dairy may be associated with reduced preeclampsia risk[14]. Similarly, vegetable-laden low protein diets (not more than 0.6-0.7 g/kg per day) seem to confer beneficial effects on clinical variables of renal health during pregnancies in cohorts of women with chronic kidney disease (CKD)[15]. 
Genetics and paternity: While much has been pub​lished about the maternal and placental patho​phy​siologic roles in preeclampsia, a growing area of research is contributing to knowledge about the paternal role as well, as summarized in a recent review by Katsi et al[16]. Among the early implications for a paternal role are the early observations that a family history of preeclampsia places one at increased risk for the syndrome and that multiparity (if prior pregnancies were uncomplicated) decreases one’s risk of preeclampsia, unless there is a change in paternity. This latter fact has been understood to be due to maternal mucosal immune tolerance mechanisms as mediated by human leukocyte antigens. Supporting this hypothesis are reports of relatively increased risks of preeclampsia in women using barrier contraceptive methods, couples with shorter durations of sexual relationships prior to conception, and in women undergoing fertility assistive therapies who receive oocytes fertilized with surgically obtained sperm rather than their partner’s ejaculated sperm. Other observations suggest that immune tolerance is not likely to be the only key in understanding the paternal role. Interestingly, men who father one preeclamptic pregnancy may be more likely to father a preeclamptic pregnancy with a different woman. Also, in a bimodal pattern, paternal age > 45 or < 25 appears to be another risk factor for preeclamptic pregnancy. Paternal race may factor into risk of preeclampsia, such as when differing from maternal ethnicity; and there appear to be decreased rates of preeclampsia in cases of Asian paternal ethnicity. 

Pathophysiology: “Disease of theories”: Numerous mechanisms have been proposed regarding the etiologies of preeclampsia, which has earned it the nickname “the disease of theories[12]”. Mapping these different mechanisms may help one day to elucidate the different phenotypes and their respective mechanisms. Preeclampsia is a very heterogeneous disease, and it may be better thought of as an umbrella term for multiple different subtypes driven by a variety of different processes to varying extents which have yet to be fully elucidated. The predominant paradigm at present is that there is a fundamental imbalance between proangiogenic drivers and antiangiogenesis. Research in recent years has yielded significant advances in identifying early biomarkers, especially within the proposed pro- and anti-angiogenic pathways. The pathogenesis involves a two stage process wherein in the first stage uterine spiral arteries are incompletely remodeled leading to vasospasm and placental ischemia and in the second stage ischemic placental tissue releases systemic mediators or angiogenesis and inflammation in the the maternal circulation with resulting downstream endothelial injury. 
Fetal endovascular cytotrophoblastic cells implant in the uterine endometrium and myometrium during the phase of embryologic development known as placen​tation, occurring between 8 and 18 wk of gestation. Cytotrophoblasts subsequently invade and remodel uterine spiral arteries to augment blood flow to meet the oxygen and nutrient demands of fetal growth. Remodeling reduces smooth muscle cells in the infiltrated vascular segments, facilitating dilatation and a resulting reduction in ureteroplacental pressure and velocity of flow. In the placentas of preeclamptic women-for reasons that are not entirely clear - this trophoblastic invasion fails to transpire adequately and the result is tortuous, thick-walled, incompletely remodeled vessels prone to spasms among retained vasoactive smooth muscle. The consequence is placental hypoxia, oxidative stress, and subsequent intermittent fetal hypoperfusion. The placental response is expression and secretion of anti-angiogenic and pro-inflammatory factors which may induce maternal hypertension and proteinuria[18].

Angiogenic imbalance: For more than a decade the preeclampsia syndrome has been understood to be associated with elevated circulating levels the molecule “sFlt-1”; the placental synthesis and release of which is believed to be triggered by the placental ischemic and reperfusion injury alluded to above. Abbreviated for “soluble fms-like tyrosine kinase”, sFlt-1 is a circulating receptor for vascular endothelial growth factor (VEGF), on which it has an antagonistic effect. In the healthy kidney, VEGF is produced by epithelial podocytes to maintain slit diaphragm integrity and to regulate the health of endothelial cells that express receptors to VEGF. Circulating proangiogenic molecules such as VEGF and placental growth factor (PlGF) are scavenged by sFlt-1 (the soluble receptor to VEGF) and as a result perturbs the balance between pro- and antiangiogenesis, skewing this balance towards the latter. Binding sFlt-1 to proangiogenic regulators prevents these vasodilatory effectors from interacting with their receptors on the endothelial cell surface, impairing nitric oxide-mediated vasodilation. The result is widespread endothelial dysfunction with multiorgan implications including notably the renal manifestations of preeclampsia such as hyper​tension and proteinuric glomerular dysfunction. 
Automated assays for the detection and measure​ment of circulating of sFlt-1 and PlGF levels have been developed but are not yet in widespread use[19]. In a clinical setting the ratio of these markers may perhaps soon provide indices of overall antiangiogenic activity, offering a potential early prediction tool for the development of preeclampsia well before the clinical onset of disease. Another diagnostic dilemma is the later gestational exacerbations of preexisting hypertension and proteinuria which can be difficult to interpret and presents a diagnostic challenge in the identification of superimposed preeclampsia in this population. Bra​mham et al[20] recently published their evaluation of the performance of PlGF concentrations as predictors of superimposed preeclampsia (with a clinical endpoint of requiring delivery within 14 d) in patients with CKD and/or chronic hypertension[20]. In this study, PlGF levels less than the fifth centile performed well in the detection of superimposed preeclampsia in pregnant women with CKD and/or chronic hypertension, with specificity and negative predictive values greater than 80%. sFlt-1, B-type natriuretic peptide, neutrophil gelatinase-associated lipocalin (NGAL), and relaxin were also evaluated but were concluded to have less promising diagnostic discriminatory potential[20].

Soluble endoglin (sEng) is another known detectable antiangiogenic molecule that behaves as an inhibitory receptor for the cytokine TGF-1[21]. Similar to sFlt-1, it can be found to be at notably increased serum levels as early as 2 to 3 mo prior the clinical onset of preeclampsia. It may offer improved predictive accuracy when used in combination with the ratio of sFlt-1 to PlGF. In normal pregnancies, the sFlt-1 to PlGF ratio is an s-shaped curve with a steep rise in the first 5-10 wk followed by a stagnation and a subsequent third trimester rise that progresses until labor and delivery. 

In a nested case control study serum levels of total sFlt-1, free PlGF, and free VEGF in 120 women with preeclampsia were tracked throughout pregnancy and matched to normotensive controls by gestational age[22]. In the preeclamptic group mean sFlt-1 levels were noted to rise in late gestation; this group also consistently had lower PlGF levels (demonstrating the high sFlt-1 to PlGF ratio associated with an antiantiogenic milieu). Circulating levels of sFlt-1 were noted to increase on average five weeks before the clinical onset of preeclampsia and the degree of rise correlated with disease severity. 

Oncology patients treated with drugs targeting VEGF can develop a “preeclampsia-like syndrome” with severe hypertension, proteinuria, and edema[23]. Anti-VEGF drugs have been an important mainstay in cancer therapy owing to their anti-angiogenic effects, exerted through a variety of pharmacologic mechanisms[23]. Examples include anti-VEGF monoclonal antibodies (e.g., bevacizumab), decoy receptors (i.e., VEGF-Trap drugs), and multi-target tyrosine kinase inhibitors (MTKIs), which interfere with the VEGF signaling pathway (e.g., sorafenib, sunitinib and brivanib)[23]. These drugs have been used successfully in renal and gastrointestinal malignancies[23]. Hypertension is an important side effect, along with GI and skin toxicities. Renal side effects that have been reported include proteinuria and acute renal failure, specifically with bevacizumab and sunitinib[23]. In some cases, there have been associated renal failure and biopsy-proven TMA along with endotheliosis and effacement of foot processes[23]. These side effects seem to occur in a dose-dependent manner and have been observed to resolve with treatment cessation[23]. 

Podocyte shedding: Another feature noted on kidney biopsy specimens in patients on these anti-VEGF therapies is a down-regulation in the expression of po​docyte slit diaphragm proteins such as synaptopodin, nephrin, and podocin[24]. This helps to strengthen the link between the upstream antiangiogenic environment in preeclampsia and the downstream glomerular injury and proteinuria[24]. Although proteinuria is no longer considered essential for the diagnosis of preeclampsia, it remains a hallmark of the disorder, differentiating it from other hypertensive disorders of pregnancy as well as from other proteinuric diseases that may be co-incident with pregnancy. Urine sediment is typically “bland” in preeclampsia-without cells or casts-but there may be detectable podocytes and podocyte specific proteins[25]. There has been a recent diagnostic focus on detecting these sloughed podocytes in the urine of preeclamptic women even before proteinuria develops[25]. The de​gree of podocyturia correlates positively with that of proteinuria; and podocyte damage and shedding may affect renal function for years following a pregnancy complicated by preeclampsia[25,26]. This may someday serve as another methodology for early detection, however currently available lab techniques need more development[25]. Podocytes can be cultured from urine samples, although not quickly enough to be of clinical utility[25]. Cytospin techniques for detection may be automated, however there is a loss of sensitivity and specificity owing to contamination with other cellular debris[25]. Polymerase chain reaction (PCR) and mass spectrometry are anticipated to provide the most sen​sitive and specific detection methods but are not yet clinically available[25]. 
Anti-angiotensin Ⅱ type 1 receptors: Agonistic anti​bodies to angiotensin Ⅱ type 1 receptors (AT1-AA) were first described in 1999[27]. These are immunoglobulins of the IgG3 subclass which, by agonizing AT1 receptors, lead to enhanced sensitivity to angiotensin II thus influencing increased sodium retention and vasoconstriction. It remains unclear whether these antibodies are the cause or effect; however agonistic antibodies to AT1-AA may be an upstream trigger of increased sFlt-1 expression[28]. 
Vasodilatory gases and heme oxygenase pathway: Other vasodilatory gases (in addition to nitric oxide discussed above) may offer mechanistic insight and therapeutic value[29]. There exists growing evidence that the enzyme heme oxygenase and its byproduct carbon monoxide may play a protective role in preeclampsia[29]. Heme oxygenase converts heme to bilirubin and bili​verdin; both of which are potent antioxidants[29]. Carbon monoxide (CO) is released in this process and is thought to be an important mediator in maintaining placental vasodilation and healthy development[29]. Supporting this are studies demonstrating reduced end-tidal CO levels in women with preeclampsia (perhaps demonstrating decreased heme oxygenase activity); further, women who smoke and live in areas with higher ambient CO appear to have less epidemiologic risk of preeclampsia[12,29]. 
Asymmetric dimethylarginine (ADMA) is an endo​genous molecule known to competitively inhibit the activity of nitric oxide synthase. Its metabolism is closely associated with homocysteine (Hcy); which, along with ADMA can be found at elevated concentrations in dis​ease patterns characterized by endothelial injury[30]. Hcy is an upstream effector of oxidative stress associated with ischemic injury and CKD[31] and can be found at increased levels in both obesity and vitamin B deficiencies[30]. López-Alarcón et al[30] recruited 411 women from two obstetric hospitals in Mexico focused on high risk pregnancies (excluding smokers, diabetics, and women with hypertension) to monitor monthly serum levels of these potential biomarkers. Approximately 20% of the follow-up group went on to develop preeclampsia and tended to have higher Hcy and ADMA concentrations at baseline despite having values within the normal ranges reported for healthy pregnant women. Though there were no detectable differences between groups with varying degrees of preeclampsia severity, serum levels gradually increased throughout pregnancy in the preeclampsia group compared to women who did not develop pregnancy complications (even after adjusting for obesity and nutritional status), allowing authors to postulate that the detection of increases in serum concentrations of these molecules may allow for early prediction of preeclampsia risk[30]. 

Placental protein-13: Placental protein 13 (PP-13), first discovered in 1983 by Dr Hans Bohn, is produced by the syncytiotrophoblastic layer in early placental implantation and remodeling, and is thought to be shed in the setting of ischemic placental stress and inflammation[18]. It has been evaluated in an ever-growing body of literature with regards to its capacity to be used as a clinical marker of placental pathology. Second and third trimester levels of PP-13 have been shown to rise in preeclampsia compared to normal pregnancy in a manner correlated with severity[18]; however, conflicting reports exist regarding whether detectable levels can be associated in a predictable way with preeclampsia and may vary demographically when accounting for age, ethnicity, and maternal ABO blood type[32]. According to Seravalli et al[32], however, first trimester levels of PP-13 are not likely to independently identify increased risk of preeclampsia in a population at low risk for placental dysfunction although in their cohort of 908 women at low risk for preeclampsia, lower levels of first trimester PP-13 were identified in women with higher BMI, perhaps reflective of metabolic syndrome which is thought to be a risk factor for adverse pregnancy outcomes[33]. Confusing this significance somewhat is the finding that cigarette smoking was associated with a profound decrease in first trimester PP-13 levels; cigarette use has been an environmental expo​sure consistently associated with a reduced risk of preeclampsia despite other negative placental effects such as fetal growth restriction[34,35].

Urine congophilia: Recently reported findings by McCarthy et al[36] appear to confirm the presence of increased levels of amyloid protein in the urine of women with preeclampsia, CKD, and CKD with superimposed preeclampsia compared to healthy pregnant women and women with chronic and gestational hypertension. “Congophilia” is a term used to describe the retention of Congo red dye in a specimen which indicates the presence of amyloid, an aggregate of inappropriately folded proteins thought to be generated by stressed endoplasmic reticulum in the ischemic placenta. Also noted was a significant positive correlation between the magnitude of congophilia and urine protein to Crea​tinine ratios. Further research is needed to elucidate how this method may be utilized clinically to distinguish between renal impairment, early and late term preeclampsia, and other pathologic processes that activate the unfolded protein response pathway in endoplasmic reticulum[36].

CLINICAL MANAGEMENT OF PREECLAMPSIA

Preeclampsia is primarily a placenta-driven disease process; thus delivery is the only definitive treatment. Indeed, levels of key mediators such as sFlt-1 have been noted to fall within 48 h post-partum. The desirability and safety of delivery may depend on clinical considerations such as fetal gestational age, signs of fetal or maternal distress, or severity such as progression to eclampsia as indicated by the presence of seizures[10]. 

Pharmacologic

Though it does little to reverse or correct the placental under-perfusion that is thought to be driving preeclampsia, aggressive blood pressure control is another essential mainstay in preeclampsia management[11]. The primary goals are to prolong gestation in order to allow further fetal growth and development and to prevent maternal cerebro- and cardiovascular catastrophes[11]. Angiotensin-converting enzyme (ACE) inhibitors and angiotension receptor blockade (ARB) therapies are very effective but contraindicated during any trimester of pregnancy[37]. Their use is associated with “fetal renin-angiotensin system blockade syndrome” characterized by impaired tubular development and oligohydramnios, among multiple devastating other effects[37]. Angiotensin Ⅱ is essential in the regulation of umbilical-placental blood flow and maintenance of GFR in the low-pressure circulation of the fetus[37]. Drugs that inhibit renin directly, such as the drug “aliskiren” are expected to have similar effects to ACE inhibitors and ARBs[37]. There are no case reports of fetal exposure to these drugs, but at present they should be avoided[37]. Labetalol, hydralazine, methyldopa, and nifedipine are the antihypertensives that have the best safety profile and are the typical go-to agents in pregnancy[11,38]. 

Magnesium: Intravenous magnesium sulfate (MgSO4) is the treatment of choice for prevention and treatment of recurrent seizures. Infusions are often started 48-72 h prior to delivery induction once preeclampsia is suspected or diagnosed. This allows time for fetal lung maturation after dosing corticosteroids, typically given concomitantly. Dosing may be approached more empirically in patients with normal renal function, however close serum (at least every 6 h) and clinical monitoring of magnesium levels is advised in renal insufficiency to avoid toxicity. While neuroprotective at therapeutic levels, MgSO4 levels above 4.8 mg/dL can lead to central and respiratory depression or cardiac arrest. Calcium gluconate is the appropriate antidote[39]. MgSO4 also has synergistic blood pressure lowering activity with nifedipine[40] and may have anti-inflammatory effects as well via AT1-AA which has yet to be further elucidated[17]. 
Aspirin: Aspirin administration to reduce preeclampsia risk has been an important research question since the 1970s, with more than 50 published trials and several recent meta-analyses[41]. It has been hypothesized that aspirin facilitates trophoblastic invasion of the uterine spiral arteries[41]. Some of its benefit may be due to the inhibition of synthesis of platelet thromboxane, a potent vasoconstrictor produced by endothelial cells. However, data to support this strategy has been conflicting[41]. Since there may be up to 50% risk reduction and there is little harm other than the usual contraindications to aspirin, guidelines currently recommend initiating aspirin in the highest risk patients (such as women with pre-existing diabetes)[11] early on, ideally in the first trimester[41,42].
Statin: Statin use has also been under evaluation-plausibility lies with their known anti-inflammatory pro​perties as well as their demonstrated ability in mouse and in vitro studies to inhibit cytokine-mediated release of sFlt-1[43,44]. Statins are also thought to have a positive influence on endothelial health by increasing the bioavailability of nitric oxide, PlGF, and VEGF[44]. Pravastatin has emerged as the only possible safe agent from this class, due to its inability to cross fetal membranes into the embryonic compartments[43]. Sim​vastatin, lovastatin, and atorvastatin are all lipophilic and able to equilibrate between maternal and fetal compartments where these agents may interfere with cholesterol-mediated cell signaling and result in fetal central nervous system, renal, and limb defects[43]. 
Metformin: Metformin is known to be safe in pregnancy and is currently used to treat gestational diabetes mellitus[45]. It is hypothesized to reduce sFlt-1 and sEng secretion by way of its effect on reduction of mitochondrial electron transport chain activity and downstream inhibition of hypoxic inducible factor 1α[45]. Recently, in vitro and ex vivo experimentation demonstrated reduced sFlt-1 secretion from metformin-treated endothelial and placental cells in a dose-dependent manner[45]. Clinical trials assessing the effect of metformin on primary outcomes such as hypertension and preeclampsia have yet to be published[45]. 
Calcium: As of 2013, the World Health Organization recommends 1.5-2.0 g of elemental calcium daily in three divided doses from 20 wk’ gestation until term in all pregnant women in areas where calcium intake is low, particularly those at higher risk of gestational hypertension[46]. Evidence to support calcium supple​mentation to prevent preeclampsia has been conflicting and remains controversial. In 1996, Bucher et al[47] evaluated 14 randomized controlled trials involving 2459 women and found benefits in blood pressure and preeclampsia incidence reduction supporting the use. The following year, however, the NIH study Calcium for Preeclampsia Prevention (CPEP) concluded from a randomized controlled clinical trial of twice as many healthy nulliparous women that calcium supplementation did not reduce blood pressure, adverse perinatal out​comes, or the incidence or of preeclampsia, nor did it delay onset[48]. In the decade following, subsequent large-scale meta-analyses have supported the practice, particularly in developing countries where dietary calcium intake may be relatively lacking, as well as in otherwise healthy high-risk populations[49,50]. Calcium supplementation in this context has not been shown to increase risk of adverse effects such as nephrolithiasis[48]. 
Heparin: Heparin has been explored as a possible way to augment the excretion of sFlt-1. A recent systematic review and meta-analysis evaluated six randomized, controlled trials and concluded that the use of low molecular-weight heparin (LMWH) resulted in risk re​ductions in women who had any previous history of placenta-mediated pregnancy complications[51]. The mechanism of the potential benefit of LMWH is not yet well understood, but the LMWH molecule is thought to mobilize sFtl-1 into circulation from heparan-bound sites in extracellular matrix[51]. Heparan is a polysaccharide structurally similar to heparin which is known to se​quester and regulate the release of VEGF and other cytokines involved in neovascularization[51,52].
Extracorporeal 

Potential therapeutic solutions may lie within restoration of angiogenic balance, for example via the antagonism of sFlt-1 and subsequent blockade of its pathologic effects. One strategy involves infusion of sFlt-1’s natural ligands VEGF and PlGF at doses high enough to provide systemic saturation. Attempts have been made in animal trials to induce adenoviral synthesis of VEGF as well as by direct infusion of VEGF in mice[53,54]. Alternative potential therapeutic strategies may include the administration of anti-sFlt-1 antibodies or small molecules that reduce sFlt-1 production (such as small interfering “siRNA”)[55]. 

Given the potential adverse effects of novel agents introduced into maternal circulation and unknowns regarding the ability of such molecules to traverse the placenta, early experiments have instead attempted to remove circulating sFlt-1 with an extracorporeal device. A recent open pilot study was conducted to evaluate the safety and potential efficacy of therapeutic apheresis with a plasma-specific dextran sulfate column to remove circulating sFlt-1 in 11 pregnant women with very preterm preeclampsia[55]. At physiologic pH, sFlt-1 circulates in blood with a strongly positive charge. The dextran columns used are negatively charged, are approved for safe use in pregnancy, and have already been used in therapeutic apheresis for familial hyperlipidemia. Circulating sFlt-1 can be removed selectively, leaving placental sFlt-1 in vivo, which may be essential for placental health maintenance. In the treated group, the average sFlt-1 reduction was 18% and the average proteinuria was decreased by an average of 44%[55]. Pregnancy continued for eight days in women treated once and 15 d in women treated multiple times. There were no observed adverse effects or infant deaths. Both groups demonstrated similar short-term neonatal outcomes; neonates in the treatment group required fewer days on supplemental oxygen. Without a controlled trial, it remains unknown whether or not some of the therapeutic benefit derives from the removal of other unmeasured factors by the dextran columns, such as LDL and fibrinogen. Studies using ligand-specific apheresis columns (e.g., configured with anti-sFlt-1 Ab or VEGF) would be informative in determining the relative contribution of sFlt-1 depletion vs depletion of other potential mediators[55]. 

CONCLUSION

Pregnancy is marked by several key physiologic RAAS driven changes that should not result in hypertensive pathology in normal gestation, yet hypertensive disorders in pregnancy abound. Preeclampsia is the most common among these; it is an exceptionally heterogeneous dis​ease that contributes to at least three million pre-term births each year. Placental dysfunction is the fundamental etiology of preeclampsia and mediates the features of the syndrome via the systemic release of angiogenic molecules, typically late in pregnancy and signified by the principal clinical findings of hypertension and proteinuria[56]. Angiogenic imbalance seems to be at the root of this disorder, resulting in maternofetal endothelial pathology and renal end-organ damage with an almost glomerulonephritic or nephrotic phenotype[1]. In recent years, knowledge regarding the pathophysiology of preeclampsia has increased markedly. Understanding of this disease process has been significantly advanced by the discovery of the factor sFlt-1 and its placental source, antiangiogenic behavior, and role in diminished glomerular endothelial health and likely holds the key to future advances in prognostication, diagnosis, and treatment of a condition associated with a significant amount of cardiovascular and renal morbidity[56]. To date, preventative measures and screening tools are relatively lacking, treatments are directed at the management of overt clinical manifestations, and delivery remains the only definitive cure; thus, a strong need persists for the expansion of detection and treatment options for this disease which has seen few therapeutic advances in recent decades.
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Figure 1  Physiological renal changes during pregnancy.
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Figure 2  Light (A) and electron (B) microscopy. A: Glomeruli with capillary loops occluded by swollen endothelial cells, e.g., endotheliosis; B: Capillary loop with subendothelial widening by flocculent material and occlusion by swollen endothelial cells. Courtesy of Naima Carter-Monroe.
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Table 1  Selected renal disorders during pregnancy


Renal disease by trimester


�
�
1st trimester


�
Hyperemesis gravidarum


�
Worsening of preexisting renal disease


�
�
Week 1-12


�
Cortical necrosis due to septic abortion


�
↓


�
�
�
Preeclampsia (> after 20 wk)


�
↓


�
�
�
AFLP


�
↓


�
�
2nd trimester


�
Preeclampsia


�
↓


�
�
Week 13-28


�
HELLP syndrome


�
↓


�
�
�
TTP


�
↓


�
�
3rd trimester


�
Preeclampsia


�
↓


�
�
Week 29-40


�
Polyhydramnios


�
↓


�
�
�
Extraureteral obstructive hydronephrosis


�
↓


�
�
Post-partum


�
Post-partum hemolytic uremic syndrome


�
↓


�
�
�
Preeclampsia


�
↓


�
�
AFLP: Acute fatty liver of pregnancy; TTP: Thrombotic thrombocytopenic purpura; HELLP: Hemolysis, elevated liver enzymes, and low platelets.








Table 2  Renal disorders and associated maternal and fetal health risks


Maternal and fetal risk by degree of renal impairment


�
�
Stage


�
Pregnancy/fetal outcomes


�
Renal/maternal outcomes


�
�
Early CKD Ⅰ-Ⅱ  


sCr < 1.4 mg/dL


eGFR < 70 mL/min


Normal BP


Minimal proteinuria�
Higher risk than general population for preeclampsia, SGA, preterm delivery


Counseling: May need specialized care


Generally good outcomes�
Lower risks for accelerated progression


�
�
Moderate CKD Ⅱ-Ⅲ


sCr 1.4-2.4 mg/dL


eGFR 40-70 mL/min�
With more advanced CKD and higher proteinuria: Higher risks of caesarian section, preterm delivery, SGA, and need for NICU


�
Increased risk of progression during pregnancy and within 6 wk postpartum


Counseling: Pregnancy termination doesn’t reliably reduce risks for progression�
�
Severe CKD Ⅲ-Ⅳ


sCr > 2.4 mg/dL


eGFR < 40 mL/min�
With more advanced CKD and higher proteinuria: Higher risks of caesarian section, preterm delivery, SGA, and need for NICU care


�
Increased risk of progression during pregnancy and within 6 wk postpartum


�
�
ESRD


�
Decreased fertility and high fetal mortality except with more intensive hemodialysis


Higher risks of preeclampsia, SGA, cervical incompetence, and need for NICU care persist�
Increased need for transfusion, worsening hypertension


�
�
Post-transplant


�
± increased risk of fetal loss


Increased risk of low birth weight and preterm delivery


Significantly increased risk of preeclampsia if hypertensive�
Blunted renal physiologic adaptations


No anticipated decrease in graft survival but may be associated with decreased maternal life span


Increased risk of diabetes, urinary tract infection (due to anatomy, insulin resistance, and immunosuppression)�
�
SGA: Small for gestational age; NICU: Neonatal intensive care unit; CKD: Chronic kidney disease; ESRD: End-stage renal disease.








Table 3  Definition of preeclampsia


Updated definition


�
Supportive clinical signs


�
�
2 blood pressure readings 


≥ 140/90


Taken ≥ 4-6 h apart


After 20 wk gestation


+


Patient not previously known to be hypertensive�
Edema


±


Uric acid level ≥ 7.8 mg/dL


±


Proteinuria (severe ≥ 5 g/g)





Thrombocytopenia


Elevated serum aminotransferase levels


Acute kidney injury


Pulmonary edema


Cerebral/visual disturbances (new onset)�
�
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