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Abstract: Preeclampsia (PE) is a pregnancy-specific complication that typically occurs in the mid to late stages of gestation. Its main
clinical features include gestational hypertension, proteinuria, and multiple organ dysfunction. In severe cases, it may progress to
eclampsia, HELLP syndrome, and even pose life-threatening risks to both mother and fetus. Recent studies have found that serum uric
acid (UA) levels are significantly elevated in patients with PE and closely correlated with disease severity, suggesting that UA may not
only serve as a metabolic marker but also play an active role in the pathogenesis of PE. At the same time, coagulation dysfunction—an
important pathological feature of PE—manifests as thrombocytopenia, consumption of coagulation factors, suppression of the
fibrinolytic system, and microthrombus formation. These changes contribute significantly to organ damage and adverse pregnancy
outcomes in PE. This review summarizes the dynamic changes in serum uric acid levels during PE and explores their relationship with
coagulation abnormalities. Particular emphasis is placed on the potential mechanisms by which uric acid induces coagulation
disorders, including endothelial cell injury, oxidative stress aggravation, and activation of inflammatory pathways. Additionally, the
review discusses the clinical utility of various coagulation-related biomarkers (such as D-dimer, fibrinogen, PAI-1, and P-selectin) in
the early prediction, severity assessment, and clinical management of PE. Current research indicates that combined monitoring of
serum uric acid and coagulation markers—for instance, models integrating UA with the sF1t-1/PIGF ratio or with PAI-1, which have
demonstrated high predictive accuracy (AUC >0.90) for early-onset PE—may improve early detection and risk stratification. However,
the current evidence remains primarily observational and is limited by heterogeneity in study designs. Future studies should prioritize
well-designed prospective cohorts to clarify causal relationships and explore more sensitive and specific combined predictive models
to provide a stronger theoretical and clinical foundation for improving maternal and fetal outcomes.

Keywords: preeclampsia, serum uric acid, coagulation dysfunction, endothelial injury, inflammatory response, hypercoagulable state,
predictive model

Introduction
Preeclampsia (PE) is a pregnancy-specific syndrome that typically occurs after 20 weeks of gestation. It is mainly
characterized by hypertension and proteinuria and, in severe cases, may involve critical organs such as the liver, kidneys,
and brain, posing a threat to both maternal and fetal life.' * PE exhibits significant pathophysiological heterogeneity,
broadly categorized into early-onset (before 34 weeks) and late-onset (at or after 34 weeks) subtypes, which may involve
distinct placental and maternal vascular mechanisms and influence biomarker profiles.* In China, the incidence of PE is
approximately 2%—6%, a figure that is comparable to or even higher than rates observed in many other developing
countries.® Although the exact etiology remains unclear, factors such as insufficient placental perfusion, endothelial
dysfunction, immune imbalance, and inflammatory responses are considered to play key roles in the pathogenesis of PE.”
In recent years, serum uric acid (UA), a byproduct of purine metabolism and a mediator of oxidative stress, has
gained increasing attention.® Multiple studies have shown that serum UA levels in PE patients are significantly higher
than in normotensive pregnant women, suggesting a potential role in the onset and progression of the disease.” However,
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due to variations in study design and inclusion criteria, the relationship between uric acid and PE remains controversial.
The primary controversy centers on whether elevated serum UA is an active contributor to the pathogenesis of PE (eg, by
promoting endothelial dysfunction, inflammation, and oxidative stress) or merely a secondary consequence of reduced
renal clearance and/or increased tissue ischemia.'®'! Consequently, its clinical utility as a diagnostic or prognostic
marker is still under debate.

On the other hand, coagulation dysfunction is also a key pathological feature of PE, often manifesting as
a hypercoagulable state and even disseminated intravascular coagulation (DIC). Some researchers have pointed out
that disruptions in the coagulation-fibrinolysis system may precede the appearance of clinical symptoms and contribute to
early disease progression.'>'* Studies have shown that parameters such as platelet indices, prothrombin time, D-dimer
levels, plasminogen activator inhibitor-1 (PAI-1), and P-selectin may have certain predictive value.'*'

Currently, it remains inconclusive whether there is an intrinsic link between elevated serum uric acid levels and
coagulation dysfunction in PE, and the underlying mechanisms are not yet fully understood. Nevertheless, investigating
their potential association is crucial, as converging pathways—such as endothelial cell activation, oxidative stress, and
inflammatory responses—might connect hyperuricemia to the prothrombotic state observed in PE.'®!” Elucidating this
interplay could provide deeper insights into the integrated pathophysiology of PE and identify novel therapeutic targets.
Therefore, this review aims to summarize the research progress on changes in uric acid and coagulation abnormalities in
PE, analyze their potential interaction mechanisms, specifically within the context of endothelial damage, oxidative
stress, and inflammation, and explore their possible clinical value in disease prediction and management. To achieve this,
the review will first outline the independent alterations in UA metabolism and the coagulation system in PE, then
synthesize existing evidence for their interconnection, discuss proposed mechanistic links, and finally evaluate their
combined potential as biomarkers and future research directions.

Overview of the Pathogenesis of Preeclampsia

The pathogenesis of preeclampsia remains incompletely understood, but it is widely recognized as a complex disorder
involving the dysregulation of multiple physiological processes. One of the prevailing theories suggests that impaired
trophoblast invasion in early pregnancy leads to defective remodeling of the uterine spiral arteries, resulting in
insufficient placental perfusion. This induces local placental ischemia and hypoxia.'®'® These pathological changes
further stimulate the synthesis and release of various pro-inflammatory cytokines, such as interleukin-2 (IL-2) and
interleukin-6 (IL-6), into the maternal circulation, thereby damaging the vascular endothelium.*® The hypoxic placenta
upregulates hypoxia-inducible factors (HIFs), which in turn promote the transcription and release of anti-angiogenic
factors (like sFlt-1) and pro-inflammatory mediators, establishing a systemic inflammatory milieu.?’

Elevated levels of inflammatory cytokines are particularly evident in patients with PE. IL-2 may inhibit normal
trophoblast function and disrupt placental development, while IL-6 can enhance B lymphocyte activity and promote the
formation and deposition of immune complexes.”” These immune complexes deposit on vascular walls and glomerular
basement membranes, inducing upregulation of endothelial adhesion molecules and exacerbating endothelial dysfunc-
tion. Endothelial injury not only impairs the synthesis of vasodilators such as prostacyclin but also induces vasoconstric-
tion, increased peripheral resistance, and microthrombus formation. Ultimately, these changes lead to a hypercoagulable

state,2’6’14

as illustrated in Figure 1.

Severe PE is often accompanied by widespread endothelial damage, activation of the coagulation system, and chronic
disseminated intravascular coagulation (DIC), indicating that complex interactions may exist among coagulation,
inflammation, and endothelial dysfunction.** These mechanisms are thought to be present even in the early stages

of PE, offering potential early diagnostic and therapeutic targets.

Changes and Significance of Serum Uric Acid in Preeclampsia

An increasing number of studies have shown that serum uric acid (UA) levels are closely associated with the
development of hypertensive disorders of pregnancy (HDCP), particularly preeclampsia (PE).>> However, whether UA
can serve as a sensitive early biomarker for predicting PE remains controversial. Some prospective and case-control
studies have found that elevated UA levels in early or mid-pregnancy are positively correlated with the risk of developing
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Figure | Pathogenesis of Preeclampsia, Schematic representation of the proposed pathophysiological mechanisms underlying preeclampsia. Impaired trophoblast invasion in
early pregnancy results in inadequate remodeling of uterine spiral arteries, leading to placental ischemia and hypoxia. The hypoxic placenta releases inflammatory cytokines
such as interleukin-2 (IL-2) and interleukin-6 (IL-6), which contribute to endothelial dysfunction. Endothelial injury induces vasoconstriction, increases peripheral vascular
resistance, and promotes microthrombus formation, ultimately leading to a hypercoagulable state.

PE. For instance, a follow-up study involving nearly one thousand pregnant women indicated that elevated UA levels
increased the risk of HDCP, though its predictive value was not superior to traditional indicators such as proteinuria.*®*’
Additionally, a cohort study by Mashak et al reported that elevated UA levels in early pregnancy significantly increased
the incidence of PE, with an adjusted odds ratio (OR) of 7.1 (95% CI: 3.2—-15.7). Receiver operating characteristic (ROC)
curve analysis confirmed that UA had high predictive accuracy, with an area under the curve (AUC) of 0.955.>® Another
study noted that when mid-pregnancy UA levels exceeded 213.24 umol/L, the risk of developing PE increased by
approximately 1.8 times.?’

Nevertheless, not all studies support the independent predictive value of UA as an early indicator for PE. The
comparability of these studies is often limited by heterogeneity in key factors, including the gestational age at which UA
is measured, the classification of PE (eg, early- vs late-onset), and the baseline risk profiles of the study populations (eg,
nulliparity, pre-existing hypertension, or obesity).*® This heterogeneity, combined with the fact that hyperuricemia in PE
can arise from both reduced renal excretion and increased cellular turnover/ischemia, contributes to the ongoing
controversy regarding its predictive utility. Some literature reviews suggest that although UA levels are often elevated
in patients with PE, their accuracy and clinical utility in assessing disease severity or enabling early identification are still
limited.>' As a result, serum UA is currently not recommended as a standalone marker for diagnosis or clinical decision-
making. A potential reconciliation of these conflicting viewpoints is that UA may be a more robust biomarker within
specific PE subtypes (such as early-onset PE with significant renal involvement) or when integrated into multi-marker
prediction models, rather than as a universal, standalone test.*

On the other hand, elevated UA levels are also closely related to maternal and fetal outcomes in PE patients. Some
studies have shown that the combined monitoring of serum UA and cystatin C (CysC) may help detect early signs of
renal dysfunction, indicating its potential clinical value in disease management.’® Some researchers have suggested that
when UA levels consistently exceed 400 pmol/L, there is an increased risk of adverse outcomes such as intrauterine fetal
distress, fetal growth restriction (FGR), and perinatal mortality. In such cases, intensified monitoring and timely delivery
should be considered when necessary.** Additionally, mid-pregnancy combined testing of UA and blood lipid levels has
been proposed as a supplementary approach to predicting adverse pregnancy outcomes.
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In summary, although substantial evidence supports the important role of serum UA in the pathogenesis and
progression of PE, there is still no unified standard or consensus regarding its specific application in early diagnosis,
risk stratification, and maternal-fetal outcome prediction.®> At present, it is more appropriate to consider UA as part of
a comprehensive assessment system, used in conjunction with other clinical indicators to improve predictive accuracy
and guide individualized management strategies.

Coagulation Abnormalities in Preeclampsia

Pregnancy is a physiological state characterized by hypercoagulability, primarily marked by increased levels of
coagulation factors (eg, Factors VII, VIII, and X) and fibrinogen (FIB), along with decreased concentrations of natural
anticoagulants such as protein S. Additionally, fibrinolytic activity is enhanced, creating a pro-hemostatic environment
that helps minimize blood loss during delivery. This hypercoagulable state becomes more pronounced as gestation
progresses, especially in the third trimester, with coagulation parameters such as prothrombin time (PT), activated partial
thromboplastin time (APTT), and thrombin time (TT) generally shortened. These changes are considered a physiological
adaptation that facilitates hemostasis after placental separation and supports endometrial repair.*®-’

However, in hypertensive disorders of pregnancy—particularly preeclampsia (PE)—this physiological hypercoagul-
ability is further exaggerated and dysregulated, leading to pathological coagulation abnormalities. Studies have shown
that PE patients often exhibit thrombocytopenia, consumptive decline in coagulation factors, suppression of fibrinolytic
function, and a tendency toward microvascular thrombosis, indicating a disruption in the dynamic balance between
coagulation and fibrinolysis.**>° These pathological changes stem primarily from placental hypoperfusion and hypoxia-
induced widespread endothelial injury. Hypoxia prompts placental trophoblasts to release anti-angiogenic factors such as
soluble fms-like tyrosine kinase-1 (sFlt-1), further damaging the endothelial barrier and exacerbating the hypercoagulable
state.

At the molecular level, damaged endothelial cells in PE express large amounts of tissue factor (TF), activating the
extrinsic coagulation pathway. Simultaneously, exposed collagen and inflammatory mediators (eg, IL-6, TNF-a) trigger
the intrinsic pathway, leading to excessive thrombin generation and subsequent platelet adhesion and aggregation.*
Studies have found significantly elevated levels of thromboxane B2 (TXB2) and reduced levels of prostacyclin 12 (PGI2)
in the peripheral blood of patients with severe PE, contributing to vasoconstriction, elevated blood pressure, and further
platelet activation.*’

In terms of laboratory findings, PT, APTT, and TT are often prolonged in PE, particularly in severe cases. Meanwhile,
FIB levels are reduced due to both increased consumption and impaired synthesis. A study involving 313 third-trimester
pregnant women reported that FIB < 2.87 g/L predicted PE with a sensitivity of 68%, specificity of 98%, and a positive
predictive value of 97%.** Notably, in predicting severe PE, this threshold yielded a sensitivity of 84% and an accuracy
of 92.2%.

Von Willebrand factor (vVWF), a glycoprotein synthesized by vascular endothelial cells, is a sensitive marker of
endothelial damage and is significantly elevated in the plasma of PE patients. A prospective study found that vWF > 1.63
IU/mL predicted PE with a sensitivity of 68% and a specificity of 84.4%.** vWF enhances platelet adhesion to damaged
vessel walls, promoting platelet aggregation and thrombosis, making it a potential early biomarker for PE.

P-selectin is an adhesion molecule released from platelet alpha granules and activated endothelial cells. It facilitates
platelet—endothelial interactions and participates in inflammatory and thrombotic processes. A study by Akolekar et al
involving 8234 pregnant women found that peripheral blood P-selectin levels were significantly elevated at 11-13 weeks
in those who later developed PE. When combined with uterine artery resistance index, the accuracy of predicting early-
onset PE reached 90.3%.** Thus, P-selectin may provide important supplemental information for early prediction and
risk assessment of PE.

D-dimer (D-D), a fibrin degradation product released during fibrinolytic activation, is a sensitive marker of both
hypercoagulability and secondary fibrinolysis. Studies have shown that D-D levels are significantly higher in PE patients
than in normotensive pregnant women, particularly in cases of severe PE or HELLP syndrome. One study reported that
D-D > 2170 ng/mL predicted HELLP syndrome with 91% sensitivity and 69% accuracy.*’ Research by Pinheiro et al
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demonstrated that D-D could predict severe PE with an accuracy of 93.8%, highlighting its clinical value in assessing the
severity of hypertensive disorders during pregnancy.

Plasminogen activator inhibitor-1 (PAI-1), a serine protease inhibitor synthesized by endothelial cells, primarily
inhibits tissue-type plasminogen activator (t-PA), thereby suppressing fibrinolysis. In PE patients, hypoxia and inflam-
mation synergistically upregulate PAI-1 expression, creating an antifibrinolytic state. A study found that PAI-1 > 77.3 ng/
mL predicted PE with an accuracy of 75.3%, sensitivity of 84.6%, and specificity of 66.7%.® These findings suggest that
PAI-1 may play a role in the early identification of PE, although its independent predictive ability still requires validation
alongside other markers. A summary of the key coagulation parameters altered in preeclampsia, their pathophysiological
significance, and associated clinical values is provided in Table 1.

Relationship Between Uric Acid and Coagulation Dysfunction

In recent years, increasing attention has been paid to whether elevated serum uric acid (UA) levels contribute to or
exacerbate coagulation dysfunction in preeclampsia (PE). Both basic research and clinical observations suggest that UA
is not merely a metabolic byproduct or an indirect indicator of renal function in PE, but may also actively participate in
pathological processes such as inflammation, endothelial damage, and vascular dysfunction, ultimately affecting the
coagulation—fibrinolysis balance.

Firstly, UA is believed to activate the nuclear factor-kappa B (NF-«kB) pathway, promoting the release of pro-
inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a), which in turn induce the
expression of coagulation factors and activate platelets.*” Furthermore, UA can stimulate vascular endothelial cells to
release tissue factor (TF), thereby initiating the extrinsic coagulation pathway. A study by Han et al** on pregnant women
with PE found a significant positive correlation between elevated serum UA levels and plasma TF concentrations. The
increases in both were also associated with D-dimer and fibrinogen (FIB) levels, suggesting that UA may contribute to
PE pathogenesis via coagulation system activation.

Secondly, UA-induced endothelial dysfunction is a major mechanism promoting a hypercoagulable state. High UA
concentrations inhibit nitric oxide (NO) synthesis and impair endothelial function, increasing the expression of adhesion
molecules such as ICAM-1 and VCAM-1.*° This promotes leukocyte adhesion and inflammatory infiltration, leading to
endothelial activation and platelet aggregation. This process is closely related to elevated P-selectin and von Willebrand
factor (vWF) levels, which further aggravate coagulation dysfunction.

Clinically, a study by Jin et al** involving 98 PE patients demonstrated significant positive correlations between
serum UA and both D-dimer and PAI-1 levels (r = 0.64 and 0.71, P < 0.01), along with associations between UA and
prolonged PT and APTT. These findings indicate that elevated UA in PE may not only reflect disease severity but also act
as a potential trigger of hypercoagulability and fibrinolytic suppression. Conversely, the potential for coagulation
dysfunction to influence UA levels, while less studied, should be considered. Significant coagulation activation and
microthrombus formation can lead to ischemic damage in organs such as the kidneys. This renal ischemia impairs uric
acid excretion, potentially creating a secondary, compensatory elevation in serum UA levels. Therefore, the relationship
may be bidirectional: UA can promote coagulation, and the resultant coagulopathy may exacerbate hyperuricemia
through end-organ damage.*

In summary, UA may influence coagulation function in PE through multiple mechanisms, including procoagulant
effects, antifibrinolytic activity, and exacerbation of endothelial injury. However, most existing studies are retrospective
or observational, and a more critical evaluation of their design and limitations is warranted. Future large-scale
prospective studies across diverse populations are needed to clarify causality and specific molecular pathways, which
remain important areas for future research.

Clinical Significance and Research Prospects

The synergistic relationship between serum uric acid and coagulation dysfunction in preeclampsia highlights their
potential clinical value in disease monitoring and management. Firstly, as an indicator of disease severity, elevated
UA levels have been confirmed to correlate with severe PE, HELLP syndrome, placental abruption, and preterm birth.>°
Meanwhile, coagulation parameters such as D-dimer, PAI-1, and vWF also play key roles in disease progression. Joint
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Table | Coagulation Abnormalities and Related Indicators in Preeclampsia

Indicator/Parameter

Observed Change

Mechanism/Significance

Clinical Reference Value

Coagulation factors (VII, VIII, X) and FIB

Coagulation times (PT, APTT, TT)

Platelet count

Von Willebrand factor (vWF)

P-selectin

Thromboxane B2 (TXB2)
Prostacyclin 12 (PGI2)

D-dimer (D-D)

Plasminogen activator inhibitor-1 (PAI-1)

Increased in early pregnancy;
decreased FIB in PE
Shortened in normal
pregnancy; prolonged in PE
Decreased

Significantly increased

Significantly increased

Increased

Decreased

Markedly increased

Increased

Physiological hypercoagulability; decreased FIB in PE due to
consumption and reduced synthesis

Dysregulated coagulation; factor consumption; more
pronounced in severe PE

Platelet aggregation and consumption; microthrombus
formation

Marker of endothelial injury; enhances platelet adhesion and
aggregation

Promotes platelet-endothelial interaction; involved in
inflammation and thrombosis

Indicates vasoconstriction and enhanced platelet activation
Reduced vasodilation; promotes vasoconstriction and
hypertension

Indicates hypercoagulability and fibrinolytic activity

Suppresses fibrinolysis; indicates antifibrinolytic state

FIB < 2.87 g/L: PE prediction sensitivity 68%, specificity 98%

Prolongation suggests coagulation dysfunction

Thrombocytopenia indicates pathological coagulation

VWEF > 1.63 IU/mL: PE prediction sensitivity 68%, specificity
84.4%

Early PE prediction (I [-13 weeks); combined accuracy with
uterine artery index: 90.3%

Reflects platelet hyperactivity; suggests disease severity

Reflects vascular dysfunction

D-D > 2170 ng/mL: HELLP sensitivity 91%, accuracy 69%;
severe PE prediction accuracy 93.8%

PAI-1 > 77.3 ng/mL: PE prediction accuracy 75.3%,
sensitivity 84.6%, specificity 66.7%
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monitoring of UA and coagulation-related markers may improve the accuracy of PE classification and assist in
identifying high-risk patients.

Secondly, early elevations of serum UA and certain coagulation markers provide new perspectives for early
prediction and risk stratification of PE.’' Studies have shown that UA levels may rise before the onset of clinical
symptoms, while markers like P-selectin and PAI-1 also show increasing trends weeks before PE onset. Combining these
biomarkers in a unified monitoring strategy holds promise for developing highly sensitive and specific predictive models.
For instance, a multifactorial model combining UA, the soluble fms-like tyrosine kinase-1 to placental growth factor ratio
(sFlt-1/PIGF), and D-dimer has been shown to significantly enhance predictive power for early-onset PE. One study
reported that such a combination achieved an area under the curve (AUC) of 0.92, with superior sensitivity and
specificity compared to any single marker alone.’” Similarly, another predictive model that integrated maternal factors
with uterine artery pulsatility index, mean arterial pressure, PAI-1, and P-selectin demonstrated an AUC of 0.90 for early-
onset PE, underscoring the value of combinatorial approaches.>

Furthermore, in terms of clinical intervention, dynamic monitoring of UA and coagulation indicators may facilitate
personalized treatment and surveillance strategies. For diagnosed PE patients, a sustained increase in UA accompanied
by a rapid rise in D-dimer suggests ongoing coagulation system activation and possible disease progression, indicating
the need to consider timely delivery to reduce maternal-fetal risks. For asymptomatic pregnant women with elevated UA,
enhanced prenatal monitoring, shorter follow-up intervals, and dynamic evaluation may help delay or prevent the onset
of PE.

Future studies should aim to clarify the molecular mechanisms by which UA regulates coagulation factor expression
in PE, including whether it acts through oxidative stress or endothelial dysfunction to indirectly activate the coagulation
cascade. Additionally, the development of multifactorial predictive models centered on UA and coagulation parameters,
validated by multicenter, large-sample prospective cohort studies, is key to improving prediction accuracy and broad
clinical applicability. It is also worth investigating whether interventions that reduce UA levels (eg, non-purine uric acid-
lowering drugs) can improve coagulation abnormalities or delay the progression of PE, representing an important
direction for future research.

Conclusion

Preeclampsia is a pregnancy-related disorder that poses a serious threat to maternal and fetal health. Its pathophysiolo-
gical basis involves placental hypoperfusion, endothelial dysfunction, inflammation, and coagulation system distur-
bances. Serum uric acid, as a key product of oxidative stress and metabolic imbalance, has recently been identified as
being closely associated with the development and progression of PE. At the same time, coagulation abnormalities are
evident in the early stages of PE and are driven by endothelial injury and inflammatory responses, further exacerbating
the disease process.”*

Multiple studies suggest that elevated serum UA may affect coagulation function through mechanisms such as
endothelial damage, tissue factor induction, and fibrinolysis inhibition, contributing to a mutually reinforcing cycle of
hypercoagulability in PE.>>® This review has synthesized evidence suggesting a potential bidirectional relationship,
where UA promotes a prothrombotic state, and coagulation dysfunction may, in turn, exacerbate hyperuricemia through
renal ischemic mechanisms. Clinically, the combined assessment of UA and coagulation biomarkers (such as D-dimer,
PAI-1, vWF, and FIB) may enhance early prediction and severity assessment of PE, offering a theoretical basis for
precision pregnancy management.

However, it is crucial to acknowledge the limitations of the current evidence base. The majority of studies elucidating
the UA-coagulation relationship are observational or in vitro, which precludes definitive conclusions about causality.
Furthermore, heterogeneity in PE definitions, study populations, and laboratory methods across studies complicates the
comparison and consolidation of findings. Future research should, therefore, prioritize well-designed, large-scale
prospective studies across diverse populations to validate these interactions and their clinical utility. The ultimate goal
is to advance from “single-marker evaluation” to validated “multidimensional risk models”, integrating UA, coagulation
parameters, angiogenic factors, and maternal characteristics to provide more scientific support for the early detection,
diagnosis, and individualized treatment of preeclampsia.
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