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Abstract 

[bookmark: _GoBack]One of the key mechanisms of preeclampsia pathogenesis is an increase in the level of soluble Fms -like tyrosine kinase receptor 1 (sFlt-1) and soluble endoglin ( sEng ), which block the action of VEGF and PlGF, which are necessary for normal angiogenesis. This violation of vascular tone and deterioration of the blood supply to the placenta leads to hypoxia, inflammation and the development of complications. Elevated sFlt-1 and sEng levels are not only important biomarkers of preeclampsia, but may also be targets for new therapeutic strategies. These molecules affect vascular dysfunction and inflammation, enhancing pathological processes that contribute to disease progression. Impaired angiogenesis also activates inflammatory cytokines that increase vascular permeability and contribute to the development of eclampsia and other severe forms of preeclampsia. This review aims to explore the role of impaired angiogenesis and inflammation in the pathogenesis of preeclampsia, highlighting potential therapeutic targets (sFlt-1 and sEng) for restoring angiogenic balance and improving maternal and fetal outcomes. Antiangiogenic factors such as sFlt-1 and sEng play a significant role, disrupting normal angiogenesis and placental blood supply. These processes form a vicious circle of vascular dysfunction, hypoxia and systemic inflammation, leading to severe pregnancy complications: intrauterine growth retardation, premature birth, HELLP syndrome, eclampsia and organ failure. A deeper understanding of the molecular and cellular mechanisms of hypertension pathogenesis during pregnancy allows not only to improve diagnostics and prognosis, but also to develop new targeted therapeutic strategies. In the future, therapy blocking the actions of sFlt-1 and sEng may become an effective treatment for preeclampsia, improving the prognosis for both mother and fetus. 
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Introduction

The prevalence of hypertension (HTN) among pregnant women varies considerably depending on various factors such as country, level of health care, and socioeconomic conditions. Hypertensive disorders of pregnancy (including hypertension and preeclampsia) are among the leading causes of maternal morbidity and mortality in many countries, especially in developing regions. Preeclampsia is a multifaceted syndrome that complicates approximately 3–5% of all pregnancies. It is primarily identified by the onset of hypertension after the 20th week of gestation and is frequently accompanied by dysfunction in multiple organs, including the kidneys, liver, blood, brain, and placenta. The clinical presentation of Preeclampsia can vary significantly, ranging from mild to severe, with severe cases leading to life-threatening complications for both the mother and the fetus [101-103]. According to statistics from the World Health Organisation (WHO), the prevalence of hypertension among pregnant women may range from 5% to 10% worldwide [1]. However, this figure may be higher in low- and middle-income countries where access to health care is limited, and hypertension is diagnosed later in pregnancy [2]. In developed countries such as the United States, the incidence of hypertensive complications of pregnancy ranges from 5% to 8% of all pregnancies, which is associated with better opportunities for early diagnosis and control [3]. In developing countries, this figure may reach 15% due to limited access to prenatal care [4]. In recent decades, there has been a trend towards an increase in the incidence of preeclampsia in different countries worldwide, which is associated with lifestyle changes, an increase in the number of older women during pregnancy, and an increase in the prevalence of obesity and diabetes mellitus [2]. Thus, early diagnosis and effective treatment of hypertensive disorders are becoming critical to reducing complications and improving pregnancy outcomes. Signs of preeclampsia, such as high blood pressure, proteinuria, and oedema, often develop in the second or third trimester of pregnancy. These symptoms can be nonspecific, making early diagnosis difficult, especially if the woman is not undergoing regular health monitoring. Placental dysfunction may lead to various pathological disorders such as preeclampsia (PE), fetal growth restriction (FGR) and placental abruption, all of which are related to increased fetal/neonatal morbidity and mortality. Therefore, a very significant part of obstetric care is the maintenance of placental health during pregnancy [104;105].  The objective of the present review is to explore impaired angiogenesis and inflammation in preeclampsia, focusing on therapeutic targets sFlt-1 and sEng.

Oxidative stress and endothelial dysfunction                                                                     
Endothelial dysfunction is a key pathophysiological mechanism of hypertension and preeclampsia in pregnancy. The endothelium plays an important role in maintaining vascular tone and blood flow by synthesising both vasodilators (e.g., nitric oxide, NO) and vasoconstrictors (e.g., endothelin-1). Under normal conditions, there is a balance between these substances, ensuring adequate blood supply to organs and tissues, especially during pregnancy. However, in preeclampsia, this balance is disrupted, leading to endothelial dysfunction and vascular disorders, such as increased blood pressure and decreased blood flow in the placenta [5, 6, 7, 8].
 The main pathogenetic pathways of preeclampsia and their interrelationships are schematically presented in Figure 1.[image: ]
Fig. 1. Schematic representation of the key pathogenetic mechanisms of preeclampsia.
One of the changes that accompanies endothelial dysfunction in preeclampsia is a decrease in the production of nitric oxide (NO), which plays an important role in relaxing blood vessels and improving blood flow. In normal pregnancy, NO levels increase, reducing vascular resistance and improving blood flow to the placenta. However, in preeclampsia, NO bioavailability is significantly reduced, which leads to vasoconstriction and increased blood pressure [9, 10, 11].
At the same time, the secretion of vasoconstrictors increases, in particular endothelin-1 (ET-1), which causes persistent vasoconstriction, increasing vascular resistance and raising blood pressure. In women with preeclampsia, the expression of endothelin-1 is increased, both in the placenta and in maternal blood. These changes correlate with the severity of the disease, emphasising the important role of ET-1 in vascular complications [8, 12, 13].
Oxidative stress is also a significant factor contributing to endothelial dysfunction. Increased production of reactive oxygen species (ROS) disrupts endothelial function, reduces NO synthesis, and activates inflammatory processes. These changes create a vicious circle where oxidative stress and inflammation reinforce each other, contributing to the development of hypertension and endothelial dysfunction [14, 15, 16].
Reduced NO production, increased endothelin-1 levels, and oxidative stress lead to systemic vascular complications such as placental insufficiency, fetal growth restriction, and preterm labour. These changes also contribute to the development of renal and hepatic failure, HELLP syndrome, and eclampsia [9, 11, 15]. Insufficient trophoblast invasion and impaired vascular formation in the placenta exacerbate vascular dysfunction by initiating placental hypoxia and the release of antiangiogenic factors such as soluble Fms -like tyrosine kinase receptor 1 (sFlt-1) and soluble endoglin ( sEng ), which block angiogenesis and impair blood supply [15, 17].
Thus, the key mechanisms of development of arterial hypertension and preeclampsia are disturbances in endothelial function, including decreased NO, increased endothelin-1 levels, and oxidative stress. These processes disrupt the regulation of vascular tone, leading to increased blood pressure and deterioration of blood supply, which threatens the life of the mother and fetus. Understanding these mechanisms opens up opportunities for the development of therapeutic approaches aimed at restoring endothelial function and improving angiogenesis [10, 11, 15].
Oxidative stress is an important pathogenetic factor that enhances endothelial dysfunction in preeclampsia. Reactive oxygen species (ROS) impair endothelial function, reduce nitric oxide (NO) production, and promote inflammation. This leads to impaired vascular regulation and endothelial cell damage, which worsens the condition of the vascular system. As a result, oxidative stress enhances inflammatory processes, forming a vicious circle where both mechanisms mutually reinforce each other, contributing to the development of hypertension and deterioration of endothelial function [21, 22, 23].
In addition, decreased NO levels, increased endothelin-1 concentrations, and activation of oxidative stress contribute to the development of systemic vascular disorders in women with preeclampsia. These changes impair vascular tone, which in turn leads to vascular spasms, decreased blood supply to the placenta, and possible development of placental insufficiency. This can cause complications such as fetal growth restriction, hypoxia, and premature birth. Endothelial dysfunction also increases the risk of renal and hepatic failure, HELLP syndrome, and eclampsia [22, 23, 24].
Particular attention should be paid to insufficient trophoblast invasion and impaired vascular formation in the placenta, since these changes can provoke placental hypoxia, which contributes to the development of systemic vascular disorders. In response to hypoxia, antiangiogenic factors such as soluble Fms -like tyrosine kinase receptor 1 (sFlt-1) and soluble endoglin ( sEng ) are released, which interfere with angiogenesis, impairing the blood supply to the placenta. These mechanisms further increase vascular dysfunction and lead to increased blood pressure and the development of complications in the mother [23, 25, 26].
Thus, the key pathophysiological mechanisms in the development of hypertension and preeclampsia during pregnancy are endothelial dysfunction, decreased NO production, increased levels of vasoconstrictors, and oxidative stress. These processes disrupt vascular regulation and blood circulation, which leads to deterioration in the condition of the mother and fetus. The development of methods aimed at restoring endothelial function and stimulating angiogenesis can become the basis for effective therapeutic approaches [23, 24, 27].

The role of the renin -angiotensin - aldosterone system.
           
In preeclampsia and hypertension, there is an imbalance in the activation of the renin -angiotensin - aldosterone system (RAAS), which contributes to a pathological increase in blood pressure. Excessive activation of the RAAS leads to an increase in the levels of angiotensin II, a potent vasoconstrictor substance that causes vasoconstriction, sodium and water retention, which in turn increases circulating blood volume and vascular resistance. These changes are the main components of hypertension and preeclampsia [19, 28]. In addition, angiotensin II activates aldosterone, which promotes increased sodium reabsorption in the kidneys, which increases fluid retention and worsens blood pressure control.
Studies have shown that angiotensin II also has a negative effect on vascular function in preeclampsia through the activation of AT1 receptors and increased production of reactive oxygen species, which increases inflammation and causes endothelial dysfunction [20, 29]. In preeclampsia, there is also increased expression of these receptors, which further increases vasoconstriction and fluid retention, and can also lead to the development of autoantibodies to angiotensin II receptors (AT1-AA). These antibodies mimic the action of angiotensin II, further contributing to vasoconstriction and worsening the clinical manifestations of the disease [30, 31].
At the same time, angiotensin- (1-7), an alternative peptide of RAAS, plays an important protective role by causing vasodilation and reducing blood pressure, which can compensate for the excessive activity of angiotensin II. However, in preeclampsia, angiotensin- (1-7) levels are significantly reduced, which weakens its vasodilatory effects and enhances pathological activation of RAAS [32, 33]. Thus, an imbalance in the RAAS function, including elevated angiotensin II levels, altered AT1 receptor activity, and decreased angiotensin- (1-7), plays a key role in the development of preeclampsia and arterial hypertension, creating a vicious circle of vascular dysfunction.



Angiogenic imbalance in eclampsia .

In conditions of arterial hypertension (AH) and preeclampsia , angiogenic processes are disrupted , which is associated with increased expression of angiogenesis antagonists , such as soluble Fms -like tyrosine kinase receptor 1 (sFlt-1) and soluble endoglin ( sEng ). These molecules inhibit VEGF and PlGF , preventing their interaction with cellular receptors, which disrupts normal angiogenesis and contributes to the development of vascular dysfunction. In preeclampsia , an increase in the levels of sFlt-1 and sEng in the blood leads to placental hypoxia and the development of placental dysfunction, which affects the blood supply to the fetus and may be associated with the development of fetal growth retardation, placental insufficiency and premature birth [34, 35, 36, 37, 38].
Decreased VEGF and PlGF activity in preeclampsia is accompanied by increased vascular reactivity and impaired endothelial function. This contributes to increased blood pressure and the development of complications. Monitoring the levels of VEGF and PlGF, as well as their antagonists, such as sFlt-1 and sEng, can be useful for diagnosing and prognosticating the course of the disease, as well as for developing new therapeutic strategies aimed at restoring normal angiogenesis and improving vascular tone [39, 40, 41].
Elevated levels of sFlt-1, which binds to VEGF and PlGF, block their interaction with VEGFR-1 and VEGFR-2 receptors, which disrupts the formation of blood vessels in the placenta. This disrupts adequate blood supply, leads to tissue hypoxia and deterioration of nutrient metabolism, which contributes to fetal growth retardation and placental insufficiency [42, 43, 44]. Increased levels of sFlt-1 also correlate with the progression of preeclampsia, increased blood pressure, and the development of organ disorders such as proteinuria, oedema, and kidney and liver damage in the mother [45, 46, 47].
In addition, increased sFlt-1 levels reduce the bioavailability of VEGF and PlGF, which worsens vascular disorders, leading to deterioration of blood supply not only to the placenta but also to other maternal organs. This explains the clinical manifestations of preeclampsia and emphasises the importance of sFlt-1 monitoring for predicting the course of the disease. Studies show that increased sFlt-1 levels have a significant impact on endothelial function, enhancing vascular disorders and contributing to disease progression [49, 51, 52, 53].

 Comparative characteristics of key biomarkers in normal pregnancy and preeclampsia are summarised in Table 1.
Table 1. Biomarker activity in physiological pregnancy and preeclampsia
	Biomarker /Parameter
	Normal Pregnancy
	Preeclampsia (PE)
	Clinical Significance/Notes
	Key links

	sFlt-1 (sVEGFR-1)
	Moderate, gradual growth in the 3rd trimester
	Significantly ↑ , especially in early/severe PE
	Main antagonist of VEGF/ PlGF . Correlates with severity and organ dysfunction.
	[3, 13, 33, 34, 38, 44, 45]

	PlGF (Placental Growth Factor)
	↑ in the 2nd trimester, peak ~30 weeks , then ↓
	Significantly ↓ , especially before clinical manifestations
	Angiogenesis promoter. Early decline is a prognostic sign.
	[3, 36, 38, 40]

	sFlt-1/ PlGF ratio
	Low (<38 before 34 weeks , <110 after)
	Sharply ↑
	An important diagnostic and prognostic tool. A high ratio confirms PE and indicates the risk of complications in the coming days/weeks. A low ratio helps to exclude PE.
	[39, 40, 47, 49]

	sEng (Soluble Endoglin )
	Low/moderate level
	↑
	TGF-β antagonist. Increases endothelial dysfunction. Often ↑ together with sFlt-1.
	[3, 13, 35, 40]

	VEGF (Vascular Endothelial Growth Factor)
	Stable levels (associated with vascular maintenance)
	↓ (due to sFlt-1 binding) or unchanged
	Key factor in angiogenesis and endothelial survival. Bioavailability is reduced in PE.
	[3, 34, 36, 46]

	Endothelin-1 (ET-1)
	Moderate level
	↑
	A potent vasoconstrictor. Correlates with the severity of hypertension and endothelial dysfunction.
	[5, 8, 16]

	Oxidative stress (Markers: MDA, 8-isoprostane, ROS)
	Controlled level
	↑↑
	Indicator of lipid damage, DNA. Worsens endothelial dysfunction and inflammation.
	[14, 19, 25, 27]

	Proinflammatory cytokines (TNF-α, IL-6, IL-1β)
	Moderate ↑ (physiological inflammation)
	↑↑
	Drivers of systemic inflammation and endothelial dysfunction. Suppress NO.
	[7, 56, 65, 66]

	AT1-AA ( Angiotensin II AT1 receptor autoantibodies )
	Absent or low titer
	↑ (in some patients)
	May cause persistent vasoconstriction and activation of the RAAS. Specificity and role as a trigger are controversial.
	[29, 30, 31]

	Angiotensin II (AII)
	Physiologically ↑ during pregnancy
	↑↑
	The main effector of RAS, a potent vasoconstrictor, stimulator of aldosterone and ROS.
	[19, 28, 29]

	Angiotensin -(1-7)
	Physiological role in vasodilation
	↓
	Vasoprotective peptide RAS. Decreased weakens compensatory mechanisms.
	[28, 32, 33]

	Proteinuria
	Missing or traces
	↑↑ (≥ 0.3 g/ day or ≥ 1+ in test strip)
	The key diagnostic criterion of PE. Reflection of damage to the renal endothelium ( glomeruloendotheliosis ).
	[1, 2]

	Serum urates
	Physiological decrease in 1-2 trim ., ↑ in 3 trim.
	↑↑ (early and significant)
	Non-specific marker, but early/marked increase may indicate PE risk and severity.
	[81, 82, 83]


Note: ↑ / ↓ - direction of change in concentration/activity compared to the norm for the gestational age; ↑↑ / ↓↓ -  a significant increase or decrease.
Research aimed at developing therapeutic approaches aimed at reducing sFlt-1 levels offers prospects for improving the treatment of preeclampsia. Drugs that can reduce the level of this antiangiogenic protein or block its interaction with VEGF and PlGF may help restore normal angiogenesis, thereby reducing the risks of vascular disorders characteristic of preeclampsia and associated with fetal hypoxia [37, 39, 46].
Soluble endoglin ( sEng ) is another important angiogenesis antagonist, the level of which is increased in preeclampsia. It inhibits the TGF-β receptor on endothelial cells, disrupting the vascularisation process and promoting the development of endothelial dysfunction [35, 54]. Increased sEng levels enhance vasoconstriction and increase blood pressure, blocking angiogenesis and disrupting the blood supply to the placenta, leading to hypoxia and placental insufficiency. These changes impair tissue oxygenation and delay fetal growth, leading to a number of pregnancy complications [35, 40, 46].
In addition, sEng enhances the action of sFlt-1, creating a synergistic effect that deepens vascular injury. This leads to increased vascular permeability, increased inflammation, and microthrombi formation in the microcirculation, which increases the risk of serious systemic complications in the mother, such as eclampsia, HELLP syndrome, and renal complications [40, 43, 48].
The interaction of sEng with vascular smooth muscle cells disrupts their ability to adapt, reducing vascular tone and aggravating vascular pathology in preeclampsia. This promotes vasoconstriction and increases systemic vascular resistance [25, 51].
Elevated levels of sFlt-1 and sEng in combination can serve as markers for early diagnosis and prognosis of the course of preeclampsia. Studies show that assessment of the levels of these factors has a high prognostic value for identifying severe forms of the disease and developing effective therapeutic strategies aimed at modulating angiogenic factors to prevent complications [25, 47, 51].
Thus, impaired angiogenesis caused by elevated sFlt-1 and sEng levels is a central pathogenetic mechanism of preeclampsia. This leads to decreased placental blood flow, hypoxia and the development of severe complications such as fetal growth restriction, premature birth and intrauterine death, emphasising the importance of developing new therapeutic approaches to restore normal angiogenesis [48, 55, 56].




Inflammatory pathways.

Placental hypoxia is not only a consequence but also plays a major role in activating inflammatory processes that serve as a catalyst for further progression of preeclampsia. Under hypoxic conditions, proinflammatory cytokines such as TNF-α, IL-6, and IL-1β are released, which significantly enhance the inflammatory response and affect the vasculature of both the mother and placenta. This leads to worsening endothelial dysfunction and systemic inflammation, which impairs the function of vital maternal organs, including the kidneys, liver, and heart [7, 57, 58, 59]. Cytokines such as TNF-α and IL-6 affect vascular endothelial cells, increasing their permeability and contributing to the development of oedema and proteinuria, the key features of preeclampsia. They also stimulate the production of reactive oxygen species (ROS), which leads to oxidative stress in endothelial cells and impairs their function. Oxidative stress, in turn, activates the transcription factor NF- κB, which regulates the expression of inflammatory genes and increases the release of inflammatory mediators, creating a vicious circle. This process mutually enhances inflammation and oxidative stress, which leads to further vascular damage and the progression of systemic disorders [59, 60, 61].
Increased levels of proinflammatory cytokines affect the activation of the complement system and disrupt the coagulation system, which contributes to an increased risk of thrombosis and microthrombosis in maternal organs such as the kidneys and liver. This, in turn, can lead to the development of severe complications such as acute kidney injury, liver failure, HELLP syndrome, and eclampsia, which is characterised by seizures and poses a threat to the life of both the mother and the fetus [36, 56, 59, 62].
In addition, cytokines play an important role in vascular dysfunction by influencing the regulation of vascular tone. For example, TNF-α suppresses the synthesis of nitric oxide (NO), an important vasodilator, leading to its deficiency, increased vasoconstriction, and increased systemic vascular resistance and blood pressure. This explains why women with preeclampsia often have significantly elevated blood pressure, which impairs blood flow to both maternal organs and the placenta [59, 63].
Impaired angiogenesis caused by elevated sFlt-1 and sEng levels, as well as inflammation in the placenta and the mother, creates a vicious cycle that promotes the progression of preeclampsia. Placental hypoxia, by activating cytokine release and inflammatory pathways, increases endothelial dysfunction and vascular injury, leading to the development of serious complications for the mother and fetus. These processes also increase the risk of long-term maternal health problems, including cardiovascular disease, hypertension, and renal impairment in the future [58, 64, 65].
In this regard, targeting proinflammatory cytokines and inflammatory mechanisms represents a promising therapeutic strategy for the treatment and prevention of complications of preeclampsia. Current research is aimed at developing drugs that can regulate cytokine levels, reduce inflammation and oxidative stress, as well as restore endothelial function and improve angiogenesis, which can significantly reduce the risk of severe complications in the mother and fetus [39, 58, 66].
The main angiogenic factors, VEGF and PlGF, are critical for normal angiogenesis and adequate blood supply to the placenta. However, in preeclampsia, their activity is blocked by soluble proteins such as sFlt-1 and sEng, which disrupt the vascular structure, lead to endothelial dysfunction, and reduce the effectiveness of the blood supply to the placenta. This, in turn, contributes to its hypoxia, fetal growth retardation, and increases the risk of intrauterine hypoxia [46, 55].
Placental hypoxia increases the release of proinflammatory cytokines such as TNF-α, IL-6, and IL-1β, leading to an increased inflammatory response and worsening vascular function in both the placenta and the mother. Increased levels of these cytokines contribute to vascular injury, increased vascular permeability, and systemic inflammation, which worsens vascular dysfunction and hypertension. TNF-α and IL-6 also suppress nitric oxide (NO) production, which contributes to vasoconstriction and increased blood pressure, as well as renal and hepatic impairment [63, 66].
Critical analysis of the pathogenesis of preeclampsia and arterial hypertension of pregnancy
Preeclampsia and gestational hypertension remain among the most complex and heterogeneous complications of pregnancy, despite significant progress in the study of their pathophysiology. Current data indicate a multifactorial nature of these conditions, including disturbances in the angiogenesis system, immune regulation, oxidative -inflammatory status, as well as dysfunction of the vascular and endocrine systems [67]. Among the pathogenetic mechanisms of PE, the main attention is paid to the imbalance of angiogenic factors. An increase in the levels of antiangiogenic molecules, such as sFlt-1 and sEng, is accompanied by a decrease in the levels of proangiogenic factors ( PlGF, VEGF), which leads to endothelial dysfunction, organ hypoperfusion and arterial hypertension [67, 69]. However, it remains unclear whether these molecular changes are a consequence of existing placental ischemia or its cause. Such ambiguity limits the use of these markers in clinical practice, especially in early gestation [70]. One of the fundamental issues in the pathogenesis of PE is the defect of trophoblast invasion. It is recognised that incomplete transformation of the spiral arteries of the uterus in the second trimester leads to chronic placental hypoxia. However, the immune, genetic and epigenetic causes of this defect remain controversial. Some studies suggest that maternal immune tolerance to fetal antigens may play a key role [71, 72]. In particular, the work of Wang et al . (2023) showed that Treg cell deficiency in pregnant women with PE leads to increased local inflammation and impaired trophoblastic invasion [72]. Preeclampsia is not considered a single disease, but a syndrome with pronounced clinical and pathophysiological heterogeneity. A distinction is made between early (<34 weeks) and late forms, with and without fetal growth restriction. These subtypes differ not only in the time of onset but also in the profile of angiogenic factors. For example, sFlt-1 and PlGF concentrations can differ significantly in patients with early and late PE, which requires the development of personalised diagnostic algorithms [73]. The sFlt-1/ PlGF ratio is actively used as a marker of the short-term risk of developing PE in the third trimester. However, as recent clinical meta-analyses have shown, there are no reliable biomarkers for the first trimester with high sensitivity and specificity that still do not exist [74]. This limits the possibility of early screening and targeted prevention. Oxidative stress plays an important role in the pathogenesis of PE, but it remains unclear whether it is a primary trigger or a consequence of chronic placental hypoxia. Increased production of reactive oxygen species (ROS) in the placenta and mitochondria, along with impaired antioxidant protection, contributes to endothelial damage and activation of proinflammatory cascades [75]. The work of Nishizawa et al . (2024) showed that levels of lipid peroxidation markers (e.g. malonic dialdehyde and 8-isoprostanes) increase even before the clinical manifestations of PE, especially in women with concomitant obesity and insulin resistance [76]. In parallel, proinflammatory cytokines such as TNF ‑α, IL6 and IL1β are activated. They induce the expression of adhesion molecules, increase vasoconstriction, suppress NO synthesis and promote the activation of coagulation [77]. This creates a self-sustaining cycle of inflammation and vascular damage. Interest in autoantibodies to angiotensin II receptors (AT1-AA) remains: their pathogenicity has been confirmed in vitro and in preclinical models. They enhance vasoconstriction, stimulate sFlt-1 secretion, and promote hypertension [78]. However, clinical data remain contradictory. In a large cohort study (BMC Pregnancy Childbirth, 2024), the presence of AT1-AA was detected in only 40–60% of women with PE, and their titers did not always correlate with the severity of the disease [79]. Finally, significant limitations in the translation of preclinical models remain. Administration of sFlt-1, AT1-AA, or hypoxic stimuli in animals induces a PE-like phenotype, but does not reproduce all the features of human pregnancy, including features of placentation, vascular remodelling, and immune tolerance [80].
The role of uric acid ( urates ) in the pathogenesis of preeclampsia
Hyperuricemia is one of the early signs of manifest preeclampsia: according to meta-analysis, Bellos et al (2020), 75–90% of women with preeclampsia have elevated uric acid levels, and it correlates with the severity of the disease, the degree of hypertension and proteinuria, as well as the risk of adverse pregnancy outcomes [81]. Importantly, the sensitivity of hyperuricemia is up to 83%, and the specificity is about 48–71% [81, 82].
Normally, uric acid concentration decreases in the first and second trimesters due to increased glomerular filtration and active tubular secretion. In preeclampsia, renal clearance of urates decreases, leading to accumulation of uric acid [83]. At the same time, hypoxia and oxidative stress in the placenta activate xanthine oxidase, a key enzyme in purine catabolism, increasing uric acid formation and aggravating endothelial damage [84, 85].
In a retrospective study by Yue et al . (2023) in 4725 pregnant women in the first trimester (<20 weeks), a strong association was found between uric acid levels (>240–300 μM, or ~4–5 mg/ dL ) and the risk of developing preeclampsia, including preterm birth [82]. Each 1 standard deviation increase increased the risk by OR ≈ 1.21; in women with the highest quartiles of levels, the risk was approximately OR ≈ 1.46 [82]. An additional analysis of three cohorts showed a linear relationship between uric acid levels before the clinical onset of preeclampsia and subsequent disease [83].
At the cellular level, urates can act as signalling DAMP molecules: monosodium urate (MSU) crystals activate the NLRP3 inflammasome in trophoblasts and monocytes, inducing the production of IL-1β and other cytokines, which enhances the chronicity of inflammation [82]. This contributes to the apoptosis of trophoblast cells, disruption of invasion and remodelling of spiral arteries, and increased endothelial dysfunction [86, 87]. In addition, endothelin-1 can stimulate purine catabolism in the liver, placenta, and endothelium, increasing the production of uric acid [85].
preeclampsia -like phenotype during pregnancy: hypertension, renal damage, fetal growth retardation, and altered circadian blood pressure rhythms [88]. This suggests a potential causal role for hyperuricemia in the development of the disease [88].
Cohort studies have found an association between uric acid levels ≥ 6 mg/ dL and a high incidence of severe preeclampsia, preterm birth, and low birth weight [9]. The combination of low-cost markers, such as uric acid/albumin/ creatinine ratios and NLR/PLR, improves the predictive accuracy of risk stratification [87, 89]. Thus, although uric acid is not a highly specific marker for the diagnosis of preeclampsia, it is important to consider the risk of preeclampsia in patients with preeclampsia. biomarker, its use in combination with other markers ( PlGF, sFlt-1, endoglin ) promises more accurate risk assessment and early diagnosis [90].
Current importance of angiogenic and inflammatory markers in the diagnosis and treatment of preeclampsia
In recent years, significant progress has been made in understanding the role of angiogenic and inflammatory markers, among which the soluble vascular endothelial growth factor receptor 1 to placental growth factor ratio has become a central element of modern clinical practice. Modern studies have confirmed that elevated sFlt-1 and decreased PlGF reflect impaired angiogenesis and endothelial dysfunction, which leads to clinical manifestations of preeclampsia [91, 92]. In particular, the sFlt-1/ PlGF ratio allows not only to diagnose the disease, but also to predict its severity, including the risk of complications and premature birth [93, 94]. New meta-analyses and large prospective studies have confirmed the high sensitivity and specificity of this marker for risk stratification of patients with suspected preeclampsia [95].
In addition to angiogenic markers, inflammatory cytokines and systemic inflammation are recognised as important elements of pathogenesis. Current data highlight their role as potential therapeutic targets, allowing the development of new treatment approaches aimed at modulating the inflammatory response and restoring vascular function [96, 97]. The use of the sFlt-1/ PlGF ratio is already being introduced into clinical protocols to select patient management tactics, which improves prognosis and reduces the frequency of hospitalisations and unnecessary interventions [98]. Moreover, studies in recent years demonstrate the potential of using this biomarker panel to monitor the effectiveness of new therapeutic strategies, including antiangiogenic drugs and anti-inflammatory agents [99, 100].
Thus, current data support the key role of angiogenic and inflammatory markers, especially the sFlt-1/ PlGF ratio, in a comprehensive approach to diagnosis, risk stratification and treatment of preeclampsia, which contributes to improving outcomes for both mother and fetus.
Conclusion
Arterial hypertension and preeclampsia in pregnancy are serious medical and social problems associated with a high risk of adverse outcomes for both mother and fetus. Despite significant progress in diagnostics and treatment, the incidence of hypertensive disorders remains high, especially in developing countries. The main pathophysiological mechanisms include endothelial dysfunction, decreased bioavailability of nitric oxide, increased levels of vasoconstrictors (in particular, endothelin-1), as well as activation of the renin- angiotensin - aldosterone system and increased oxidative stress. Antiangiogenic factors such as sFlt-1 and sEng play a significant role, disrupting normal angiogenesis and placental blood supply. These processes form a vicious circle of vascular dysfunction, hypoxia and systemic inflammation, leading to severe pregnancy complications: intrauterine growth retardation, premature birth, HELLP syndrome, eclampsia and organ failure. A deeper understanding of the molecular and cellular mechanisms of hypertension pathogenesis during pregnancy allows not only to improve diagnostics and prognosis, but also to develop new targeted therapeutic strategies. Particular attention should be paid to early screening, monitoring of angiogenic and proinflammatory markers, as well as individualisation of treatment. Promising areas remain therapeutic approaches aimed at restoring endothelial function, correcting angiogenic imbalance and reducing oxidative stress. A comprehensive understanding of these processes opens the way to reducing maternal and perinatal mortality, improving the quality of prenatal care and maintaining the health of future generations.
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