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Pregnancy and the postpartum period represent phases of heightened vulnerability 
to thrombotic microangiopathies (TMAs), as evidenced by distinct patterns of 
pregnancy-specific TMAs (e.g., preeclampsia, HELLP syndrome), as well as a 
higher incidence of nonspecific TMAs, such as thrombotic thrombocytopenic 
purpura or hemolytic uremic syndrome, during pregnancy. Significant strides 
have been taken in understanding the underlying mechanisms of these disorders 
in the past 40  years. This progress has involved the identification of pivotal 
factors contributing to TMAs, such as the complement system, ADAMTS13, and 
the soluble VEGF receptor Flt1. Regardless of the specific causal factor (which 
is not generally unique in relation to the usual multifactorial origin of TMAs), 
the endothelial cell stands as a central player in the pathophysiology of TMAs. 
Pregnancy has a major impact on the physiology of the endothelium. Besides to 
the development of placenta and its vascular consequences, pregnancy modifies 
the characteristics of the women’s microvascular endothelium and tends to 
render it more prone to thrombosis. This review aims to delineate the distinct 
features of pregnancy-related TMAs and explore the contributing mechanisms 
that lead to this increased susceptibility, particularly influenced by the “gravid 
endothelium.” Furthermore, we  will discuss the potential contribution of 
histopathological studies in facilitating the etiological diagnosis of pregnancy-
related TMAs.
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1 Introduction

The terms “thrombotic microangiopathy” (TMA) or “TMA syndrome” (1, 2) encompasses 
a diverse array of clinical entities sharing a common histological presentation characterized 
by endothelial cell alterations and frequent fibrino-platelet thrombi restricted to the 
microvasculature (3). The biological manifestations of TMA are typically characterized by the 
concurrent presence of consumptive thrombocytopenia and microangiopathic hemolytic 
anemia (MAHA), both of which serve as reliable indicators alerting clinicians to the possibility 
of a TMA syndrome. The presence of one or more organ predominant dysfunctions resulting 
from the downstream ischemic effects of microvascular damage, has historically been used to 
distinguish the different TMA syndromes: predominant neurological impairment in 
thrombotic thrombocytopenic purpura (TTP), acute renal failure in hemolytic uremic 
syndrome (HUS), or hepatic cytolysis in the context of HELLP (Hemolysis, Elevated Liver 
enzymes, Low Platelet count) syndrome in pregnant women (4, 5). This clinical categorization 
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is susceptible to fallibility due to the presence of intragroup 
heterogeneity and potential overlap between distinct syndromes, 
thereby challenging precise differentiation (6–8).

The last 40 years have witnessed substantial advancements in 
elucidating the intricate mechanisms underlying TMAs (2, 9). In the 
1980s, the discovery of a deficiency in a von Willebrand factor-
cleaving protease, ADAMTS13 (a disintegrin and metalloproteinase 
with a thrombospondin type1 motif– member 13), provided a pivotal 
breakthrough (10, 11). This deficiency was identified as a key 
contributor to the accumulation of unusually large von Willebrand 
factor multimers, leading to platelet aggregation and microthrombi 
formation characteristic of TTP (12, 13). Another series of significant 
advances emerged in the early 2000s, centered on the identification 
of abnormalities  - genetic variants or acquired autoantibodies  - 
affecting the regulation of the complement alternative pathway in 
patients with atypical HUS (aHUS) (14–16). This has emphasized the 
significance of disrupted regulation of complement, particularly via 
uncontrolled activation of the alternative C3 convertase and the 
ensuing stimulation of C5 convertase. Ultimately, the release of the 
C5a anaphylatoxin and most importantly of the C5b-9 terminal 
complement complex leads to the development/progression of 
endothelial lesions and thrombi (17, 18). Additional causal or 
associated factors of TMA (e.g., infection, medication, etc.) have also 
been identified with varying degrees of understanding of the 
mechanisms involved (2, 9, 19). These findings have enabled a more 
refined categorization of TMA subtypes based on their distinct 
etiological factors rather than relying solely on syndromic 
presentations. Consequently, the diagnostic and categorization of 
TMA now aspire to be grounded in physiopathological mechanisms, 
as outlined by the KDIGO guidelines (20).

This conceptual framework has forged pathways for the 
implementation of targeted therapeutic modalities, as exemplified by 
the utilization of plasma exchanges combined with or without anti-
CD20 treatment in TMAs characterized by autoantibody involvement 
(e.g., cases of anti-factor H antibody-associated aHUS, ticlodipine-
induced HUS, and immune-related TTP). Additionally, the 
deployment of C5 blockers in complement-mediated HUS 
(CM-HUS), and more recently, the integration of caplacizumab in the 
therapeutic armamentarium for TTP, attests to the precision and 
efficacy afforded by this paradigm. However, there are still many 
challenges. It is important to note that the mechanisms for most TMA 
cases are multifactorial and complex, with interactions between these 
factors contributing to the development and progression of the 
condition. Unraveling the intricate interplay between these factors and 
their roles in transitioning susceptibility to pathology could hold 
promise for the identification of diagnostic and follow-up markers, 
which are notably deficient apart from TTP, as well as for the 
development of additional targeted therapeutic strategies.

This review will focus on the specific context of pregnancy and the 
postpartum period, conditions that exemplify the inherent complexity 
of TMA pathophysiology and the challenges of deciphering the 
predominant causal factor. During pregnancy, intricate physiological 
adaptations occur within the vascular milieu, rendering the 
endothelial lining more vulnerable to disruptions in hemostasis. 
While the exact mechanisms are not fully elucidated for all TMA 
syndrome, this heightened susceptibility is attributed to a multifaceted 
interplay of hormonal, immunological, coagulation and hemodynamic 
factors, culminating in an environment conducive to dysregulated 

endothelial activation and subsequent TMA development, particularly 
in case of additional diseases or risk factors.

This review will examine the characteristics of TMA during 
pregnancy, refraining from detailed one-by-one descriptions and 
excluding discussions on management, as these have recently been 
comprehensively addressed (4, 5, 21). Instead, we  will emphasize 
available tools for distinguishing pregnancy-related TMAs, with 
special attention to the potential contributions of histopathological 
analysis. Furthermore, this review aims to decipher the underlying 
mechanisms that promote susceptibility to TMA lesions during 
pregnancy and drive the transition from predisposition to pathological 
manifestations, with a particular focus on the influence of the 
“gravid endothelium.”

2 Differentiating and diagnosing 
pregnancy related-TMAs

2.1 What TMA syndromes?

Pregnancy and the postpartum period, usually spanning up to 3 
months post-delivery, are well-established significant risk factors for 
TMA (4, 5). TMA can manifest in diverse conditions, including 
exclusive pregnancy-specific patterns referred to as “pregnancy-
specific TMAs” like preeclampsia (PE) and HELLP syndrome, and 
patterns associated with specific diseases or conditions, collectively 
termed “pregnancy-associated TMAs,” the incidence of which rises 
within the pregnancy context (4, 5). Pregnancy-associated TMAs 
encompass TTP, CM-HUS, autoimmune disorders such as systemic 
lupus erythematosus and antiphospholipid syndrome (APS), notably 
the catastrophic APS (CAPS). Despite suggestions, it remains 
unconfirmed whether pregnant women with severe diffuse 
scleroderma have a higher incidence of renal crisis, a TMA-like 
disorder, compared to non-pregnant women (22, 23).

Moreover, both PE and HELLP syndrome may coincide or emerge 
as a result of pregnancy-associated TMAs, adding to the intricacy of 
diagnosis and management (24–27). Further complicating matters, 
TMA-like patterns may also be  noted in case of obstetrical 
disseminated intravascular coagulation (DIC). This severe event, 
characterized by extensive thrombus formation (not limited to small 
vessels), is associated with various pregnancy complications, including 
acute peripartum hemorrhage, placental abruption, sepsis, PE/HELLP 
syndrome, retained stillbirth, amniotic fluid embolism, and acute fatty 
liver of pregnancy (28–30). Hence, any suspicion of TMA should 
prompt repeated analysis of platelet count, coagulation parameters 
(such as prothrombin time and fibrinogen and fibrin split products/D-
dimer concentrations), while considering the pregnancy-associated 
intricacies of these metrics. This consideration has prompted certain 
researchers to advocate the use of pregnancy-specific diagnostic 
scoring systems for obstetrical DIC including fibrinogen 
concentrations, the PT difference and platelet count (31).

The biological criteria for TMA in pregnancy closely resemble 
those in the general population, except for the lower threshold of 
thrombocytopenia. Indeed, in the context of a healthy pregnancy, 
platelet count moderately decreases, gradually starting from the 
second trimester, reaching a nadir in the third trimester, while still 
remaining above 80 × 109/L. This benign gestational thrombocytopenia 
has been related to hemodilution due to increased plasma volume, 
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augmented platelet consumption in the utero-placental unit and 
potential heightened platelet clearance, and does not affect pregnancy 
outcome (32, 33). Diagnosis of pregnancy-related TMA is thus based 
on the following parameters: platelet count <100 × 109/L, hemoglobin 
level < 10 g/dL, serum lactate dehydrogenase >1.5 times the upper 
limit of normal, undetectable serum haptoglobin, negative direct 
erythrocyte antiglobulin test, and presence of schistocytes on blood 
smear (5).

2.2 How do pregnancy-related TMAs 
differ?

The detection of MAHA in a pregnant or newly delivered patient 
constitutes a diagnostic and therapeutic emergency. In this context, 
algorithms for the management of pregnancy-related TMA are 
regularly updated, considering the challenge of urgent differentiation 
(5, 21, 34). Table 1 provides a concise overview of pregnancy-specific 
and -associated TMAs, focusing on the distinguishing features of 
different forms of TMA.

2.2.1 Context and timing
Though non-specific, the context (e.g., significant personal/family 

history, occurrence in conjunction with PE or postpartum 
hemorrhage) and the timing of TMA onset during pregnancy provide 

informative insights. PE, the most common cause of TMA during 
pregnancy, is diagnosed through the identification of new-onset 
hypertension after 20 weeks’ gestation, concomitant with proteinuria 
and/or acute organ dysfunction (e.g., acute kidney injury (AKI), liver 
dysfunction, neurological features, hemolysis or thrombocytopenia, 
or fetal growth restriction) (37, 38). Although it is widely presumed 
that diverse subtypes of PE may exist, each likely driven by distinct 
pathophysiological mechanisms (39), there is no clearly delineated 
association between TMA features and a specific subtype of PE, 
particularly concerning its early or late onset. TMA is notably linked 
to severe forms of PE, especially the patterns associated with renal 
dysfunction and AKI (40–43). The distinction between PE 
complicated by TMA and HELLP syndrome remains subtle, especially 
in cases where HELLP complicates PE, and it is possible that a 
continuum exists between these conditions (4, 44, 45).

TTP and CM-HUS are rarer (occurring in approximately 1 in 
20,000 to 200,000 pregnancies), but timely recognition is critical for 
improving maternal and fetal outcomes through targeted 
interventions. Pregnancy is a common circumstance for initial 
diagnosis or relapse of these diseases, unveiling ~20% of TTP and 
CM-HUS in childbearing-age women (46–51). While TTP is more 
common in the third trimester and early postpartum period (27), it 
can emerge as early as the first trimester, especially in case of 
congenital TTP (52, 53). The characterization of pregnancy-related 
HUS is even more limited; however, it predominantly arises during 

TABLE 1 Main features of pregnancy-specific TMAs and pregnancy-associated TMAs.

TMA syndromes 
in pregnancy

Epidemiology

Key-elements for diagnosis

Physiopathology
Treatment 
modalitiesContext/timing

Most discriminating 
clinico-biological 
symptoms

Impact of 
delivery

PE with renal 

dysfunction

1.7% of all HDP

15% of all PE

From 20 weeks 

gestation to 4 weeks PP

new-onset HT andAKI Δ

Ratio of sFLT1/PlGF > 85

Improvement in 

48-72 h PP. 

Proteinuria may 

persist >1 year

Abnormal placentation with release of 

antiangiogenic markers, mediated 

primarily by sFlt-1 and sEng

Delivery, supportive care

HELLP 0.2–0.6% of all 

pregnancy

Previous PE (80% of 

HELLP)/T3 to early PP

Elevated liver enzymes

AST or ALT > 70 IU/L

Improvement in 

48-72 h PP

Few understood: Abnormal 

placentation (continuum with PE); 

Complement AP dysregulation; DIC

Delivery, supportive care

TTP 5.10−3 to 10−4% of all 

pregnancy

TTP history/iTTP: T3, 

early PP; cTTP: from 

T1

ADAMTS-13 < 10%

platelets < 30.109/L

No Congenital or acquired ADAMTS-13 

deficiency leading to accumulation of 

large VWF multimers

PEX, caplacizumab*, IS 

(iTTP), plasma infusion 

(cTTP)

CM-HUS 4.10−3% of all 

pregnancy

HUS history/from T3 

to 3-months PP (80%)

Severe AKI

Congenital or acquired 

abnormalities of complement 

system

No Dysregulated activation of complement 

alternative pathway

PEX, C5 blocker

CAPS 1% of all APS/8% of all 

CAPS

Context of known APS 

or criteria +/within 

4 weeks PP (80%)

± anti-cardiolipin ± anti-

β2GPI antibodies ±lupus 

anticoagulant

No Few understood: direct endothelial 

injury by aPL; dysregulated 

complement activation

Anticoagulation, PEX, IS

SLE TMA in 17–24% of all 

lupus nephritis

Context of known SLE 

or LN

± Positive antinuclear ± 

anti-native DNA (anti-Ro/

SSA)

No Few understood: ADAMTS-13 activity 

deficiency (TTP-like syndrome); 

dysregulated complement activation; 

secondary APS

IS

DIC 0.03 to 0.35% of all 

pregnancy

Context of obstetrical 

complications

DIC (prolonged PT, 

thrombocytopenia, low 

fibrinogen)

No DIC activates coagulation and triggers 

fibrinolysis

Cause-based treatment, 

supportive care

AID, auto-immune diseases; APS, antiphospholipid syndrome; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GIT, gastrointestinal tractus; HT, hypertension; HDP, 
Hypertensive disorders of pregnancy; IS, immunosuppression; TI, topoisomerase; PEX, plasma exchange; PlGF, placental growth factor; PP, postpartum; SLE, Systemic lupus erythematosus; 
SRC, Scleroderma renal crisis; T1, first trimester of pregnancy; T3, third trimester of pregnancy.
ΔThe definition used in these reports is based on a serum creatinine 0.90 mmol/L and/or a 0.25% increase compared with baseline values.
*caplacizumab is not approved for ongoing pregnancy (small molecular size, transplacental transfer). Nevertheless, it has shown success in pregnant women with acquired TTP, resulting in 
favorable outcomes (35, 36).
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the postpartum period, with a notable 80% of cases occurring between 
the immediate post-delivery phase and the fourth postpartum month 
in a European cohort (47), and 73% in a Spanish cohort (54).

While a history of autoimmune disease contributes to 
understanding causative factors, pregnancy can also serve as a trigger 
for these pathologies first diagnosed during pregnancy. Pregnancy-
associated TMAs are observed in systemic lupus erythematosus, 
particularly involving anti-SSA/Ro antibodies associated with renal 
TMA in lupus nephritis (24, 55). Approximately 4–6% of CAPS occur 
during the third trimester of pregnancy or postpartum, and half of the 
patients had a history of APS (56–58).

2.2.2 Initial presentation
The first clinical and biological evaluation also lacks decisive 

factors but includes certain indicators. Blood pressure typically 
exceeds 140/90 mm Hg in PE/HELLP syndrome and CM-HUS cases, 
while it usually remains normal in TTP and is low in situations 
associated with obstetric severe complications and/or DIC. A recent 
study suggests that serum creatinine levels ≥1.9 mg/dL, LDH levels 
≥1,832 units/L, or a combination of LDH levels ≥600 units/L and 
serum creatinine level ≥ 1.9 mg/dL can effectively differentiate 
CM-HUS from HELLP syndrome in the postpartum period (59). 
Furthermore, it has been suggested that a high LDH to AST ratio > 22 
may indicate a higher likelihood of TTP rather than HELLP syndrome 
in a third-trimester pregnant patient suspected of having TMA 
(60, 61).

Renal failure may occur in all patterns of pregnancy-related 
TMAs, but a rapidly evolving AKI is more indicative of HUS or 
obstetric severe complications. Oligo-anuria may precede an increase 
in creatinine levels and serve as an early indicator of the extent of renal 
damage. Anuria may be a sign of renal cortical necrosis, a potential 
complication in both HUS and severe peripartum conditions, 
especially when linked to DIC in the latter case (62, 63). AKI is less 
common and relatively mild in TTP, but thrombocytopenia is more 
severe. The utilization of the PLASMIC score and the French score, 
developed to predict ADAMTS13 deficiency, can be helpful, although 
they have not been validated in pregnancy and may prove less 
discriminative in the setting of pregnancy (64). Renal involvement can 
be observed in both PE and HELLP syndrome. In a recent study, AKI 
was even more prevalent in HELLP patients than in those with 
preeclampsia (14.4% vs. 4.7%), likely due to higher rates of placental 
abruption or postpartum hemorrhage in HELLP syndrome (65). 
Acute tubular necrosis was the predominant finding in persistent AKI 
with HELLP syndrome, but coexisting TMA lesions are not 
uncommon (4/16 biopsies) (66). Liver function tests are likely to offer 
more discriminative diagnostic insights. While elevated liver enzyme 
levels serve as diagnostic criteria for both PE and HELLP syndrome 
(67, 68), they are considered a requisite for the diagnosis of HELLP 
syndrome according to the Mississippi classification (68). Moreover, 
the elevation of liver enzymes is notably more pronounced (6–8 times) 
in cases of HELLP syndrome compared to severe PE (69, 70).

2.2.3 Outcome
The progression over the initial 72 h can also retrospectively assist 

in distinguishing pregnancy-related TMA (5). Spontaneous 
improvement in hemolysis and thrombocytopenia following delivery 
is common in cases of PE or HELLP syndrome, in contrast to other 
pregnancy-related TMAs. A retrospective study that examined the 

dynamics of various biological parameters in 105 patients with 
immediate post-partum AKI found that changes in hemoglobin, 
haptoglobin, and liver enzymes were not effective discriminators. 
Conversely, the evolution of platelet count showed statistically 
significant differences between primary TMA-related AKI and other 
groups, including AKI associated with PE/HELLP syndrome or post-
partum hemorrhage (71).

2.3 Are there any specific biomarkers?

The recommended initial workup for pregnant or postpartum 
women presenting with TMA is detailed in recent reviews (5, 21). This 
workup includes coagulation tests, quantification of ADAMTS-13 
activity, investigation of autoimmune disorders (lupus anticoagulant, 
anticardiolipin antibodies, Beta-2-glycoprotein antibodies, antinuclear 
antibody) or metabolite deficiencies (vitamin B9, B12), exploration of 
complement levels (C3, C4, factor H, factor H autoantibody, factor I, 
factor B, and MCP/CD46 expression by flow cytometry), and, when 
available, measurement of sFLT1 and PlGF concentrations.

The most specific indicator is ADAMTS13 activity. An activity of 
less than 10%, definitively confirms TTP, while levels above 20% 
usually rule out TTP. Hence, it should be urgently assessed in all cases 
of pregnancy-MAHA. In contrast, there is currently a lack of specific 
biomarkers for distinguishing between CM-HUS, PE, or the 
HELLP syndrome.

2.3.1 Complement system
Quantitative levels of complement regulatory proteins lack both 

sensitivity and specificity to distinguish CM-HUS from other forms of 
pregnancy-TMA. Normal test results do not exclude the possibility of 
CM-HUS. During the acute phase, serum levels of C3, C5a, and 
sC5b-9 were within the normal range in ~50% of CM-HUS patients in 
two large series (72, 73). More recently, soluble C5b-9 levels were found 
elevated in only 21% of CM-HUS patients (74). The sensitivity of factor 
Ba exhibited better performance, with elevated levels found in 95% of 
CM-HUS cases. This study also identified urine Ba and soluble C5b-9 
as potential biomarkers for CM-TMA, as both consistently display 
elevated levels in adults with aHUS in comparison to the highest levels 
observed in normal donors (74). There is currently no data available 
regarding these urinary biomarkers in the pregnant population.

Changes in plasma concentrations of complement proteins, 
including an elevation in complement activation products, have been 
documented in various types of pregnancy-related TMAs (27, 75, 76). 
Plasma levels of C3a, C4d, and sC5b-9 were 1.8-fold, 1.5-fold, and 
1.2-fold higher in preeclamptic patients compared to healthy pregnant 
women (76). Elevated detection of complement activation products 
during pregnancy-related TMAs has been corroborated in other 
cohorts (77, 78) with some showing complement activation occurring 
as early as the first trimester (79).

Notably, pregnant women with elevated plasma factor Bb levels in 
early pregnancy had a heightened risk of later developing preeclampsia 
(80). In a study comparing the proteomic profiles in sera of patients who 
subsequently developed early-onset PE versus those with normal 
pregnancies, factor B was identified among the 12 proteins that showed 
differential expression (down-regulated with fold changes of −0.24) (81). 
In a similar approach, using blood samples collected immediately after 
the confirmation of PE diagnosis, the primary differential pathway 
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identified in early-onset severe preeclampsia was related to complement 
and coagulation (82). In the PROMISS cohort, including 487 pregnant 
women with SLE or APS, elevated complement activation products (Bb 
and sC5b-9) detected as early as 12–15 weeks into pregnancy were 
significantly associated with adverse pregnancy outcomes (fetal/neonatal 
death, preterm delivery <36 weeks because of placental insufficiency or 
preeclampsia and/or growth restriction <5th percentile). This association 
remained strong even after adjusting for demographic and clinical risk 
factors, with a particularly robust link observed in patients with APS (75).

Elevated plasma levels of sC5b-9 and factor Bb have also been 
documented in cases of severe delayed postpartum hemorrhage (83), as 
a potential consequence of significant endothelial stress. Other tests, less 
commonly used in clinical practice, have also demonstrated complement 
activation in other TMAs besides CM-HUS. Through the application of 
an ex vivo assay assessing C5b-9 formation on endothelial cells induced 
by patients’ serum, enhanced C5b-9 deposition was observed in samples 
obtained from individuals with HELLP syndrome and preeclampsia (82, 
84). This enhanced ex vivo C5b-9 deposition persisted up to 3 months 
postpartum, when patients were in clinical remission (84). Moreover, 
increased positivity of the modified Ham test was also noted in HELLP 
syndrome patients compared to those with normal pregnancies (85).

2.3.2 Angiogenesis factors
The imbalance between placenta-derived anti-angiogenic factors, 

notably the soluble fms-Like Tyrosine Kinase 1 (sFLT1) and soluble 
endoglin (sEnd), and angiogenic proteins as placental growth factor 
(PlGF), represents a critical event in the pathogenesis of both PE (86, 
87) and HELLP syndrome (88). Thus, the measurement of these 
angiogenic and anti-angiogenic factors is increasingly used for the 
prediction or early diagnosis of these disorders. An sFlt-1/PlGF ratio 
above 85 before 34 weeks and 110 thereafter indicates possible PE or 
HELLP syndrome. In contrast, ratios below 38 suggest an alternative 
diagnosis with a high negative predictive value (89, 90). In a cohort of 
1,117 patients presenting with PE symptoms, the median sFlt-1/PlGF 
level among those experiencing adverse outcomes, whether maternal 
(AKI, HELLP syndrome, pulmonary edema, DIC, cerebral 
hemorrhage, or eclampsia) or fetal, was significantly higher compared 
to patients without adverse outcomes (median 177 [IQR, 54–362] 
versus 14 [IQR, 4–62]). This suggests that incorporating the sFlt-1/
PlGF ratio into the diagnostic process could aid in detecting adverse 
outcomes in women suspected of having preeclampsia (91).

Elevated sEnd levels were also detected in early-onset PE and 
HELLP syndrome, showing a strong correlation with serum levels of 
sFlt-1/PlGF (92, 93). Therefore, mean sEnd levels were elevated at 
delivery in 72 pathological pregnancies (67 pg./mL in PE and 76 pg./
mL in HELLP), compared to 10 normal pregnancies (5 pg./mL), but 
there was no statistically significant difference between PE and 
HELLP. These findings pertain to HELLP syndrome in conjunction 
with preexisting PE, not isolated HELLP syndrome (94). In a study 
comparing sFlt-1/PlGF ratios among isolated PE, PE/HELLP, and 
isolated HELLP syndrome, the ratios significantly varied between the 
three groups. The highest levels were observed in the PE/HELLP 
group (287 [51–948]), whereas cases with isolated HELLP syndrome 
exhibited the lowest ratios (49 [3–405]) (95). PE/HELLP and isolated 
HELLP syndrome exhibit distinct angiogenic behaviors, suggesting 
that they are two distinct entities.

No direct association between an increase of angiogenic factors 
and the occurrence of pregnancy related-AKI or -TMAs has been 

documented. Recently, the endothelial cell-derived factor DEL-1 has 
been suggested as a potential diagnostic tool for HELLP syndrome in 
pregnancy-TMA, this factor being decreased in HELLP as compared 
to PE. Further prospective studies are needed for confirmation (96). 
Other emerging biomarkers have been identified, but no associations 
have been reported with PE associated with AKI or TMA (97). Few 
studies have investigated the levels of placental-derived angiogenic 
factors in other non-specific pregnancy-related TMAs. Some data 
have emerged in the context of TTP (98).

3 Does histopathological analysis offer 
insights into distinguishing 
pregnancy-related TMAs?

During the acute phase of a pregnancy-related TMA, conducting 
a biopsy of the affected organ is not a standard procedure, primarily 
due to the associated risk of hemorrhage. Thus, histological analysis 
cannot be utilized to guide the diagnosis and immediate therapeutic 
intervention. Nevertheless, it is valuable to summarize the limited 
available data to identify potential pathological variations based on the 
underlying cause of pregnancy-TMAs. The histological features of 
pregnancy-related TMAs are outlined in Table 2. Another aspect that 
will be discussed in this section is the potential relevance of placental 
histology. In cases of immediate postpartum TMAs, the placenta is 
accessible, and we  will assess whether it can serve as a tool for 
distinguishing various patterns of pregnancy-related TMA.

3.1 Defining thrombotic microangiopathy: 
a pathologist’s perspective

TMA lesions are traditionally defined as being confined to 
microvessels, including arterioles, capillaries, small arteries, with a 
diameter cutoff of <200 μm (3). When assessing capillary lesions under 
light microscopy, endothelial swelling is the most prevalent, followed by 
subendothelial widening and capillary wall thickening. Among arteriolar 
lesions, fibrinoid necrosis, mucoid intimal thickening and luminal 
thrombi are reported (Figures  1A,B). Intraluminal thrombi usually 
comprise fibrins and platelets, although their composition can vary 
according to the pattern of TMA (Table 2) (28, 44, 56, 58, 99–102). While 
endothelial changes are consistently evident, thrombi may not always 
be visualized, especially in instances of early or mild disease. Downstream 
from the thrombi, necrotic lesions can be observed, resulting from the 
ischemic process. Consequently, acute tubular necrosis lesions are 
frequently reported in association with renal TMA lesions in cases of 
HUS (103), and liver enzymes are elevated in women with HELLP 
syndrome due to microangiopathy with sinusoidal obstruction, leading 
to hepatocyte necrosis (44, 100). Immunofluorescence typically reveals 
fibrinogen deposits localized to thrombi and also, in mesangium, in 
glomerular capillary walls and in afferent arterioles. Nonspecific 
entrapment of IgM and complement components is usually observed in 
glomeruli and affected vessels in around 50% of specimens, primarily in 
glomerular capillary walls, mesangium, and afferent arterioles. Staining 
for IgG and IgA consistently yields negative results (104, 105).

None of these lesions are specific, and the histological diagnosis 
of TMA remains complex, mainly due to the absence of established 
criteria. Furthermore, the potential overlap between acute (defined as 
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occurring within 2 months from the initial presentation) and chronic 
features further complicates the histological diagnosis. Approaches to 
standardized analysis are beginning to be proposed, as evidenced 
recently in cases of TMA in renal transplant recipients, where they 
incorporate histological, clinical, and biological data. In this specific 
context, fibrin thrombi in arterioles and/or glomerular capillaries 
(100%), arteriolar intimal edema/mucoid changes (95%), and 
mesangiolysis (82%) demonstrated the highest level of consensus 
among the panelists (106).

3.2 Contribution of renal pathology in 
pregnancy related-TMAs

The literature primarily provides renal pathology data for 
pregnancy-related TMAs, possibly due to the frequency of postpartum 
AKI and the feasibility of renal biopsies. Although there are some 

histological descriptions of organ involvement beyond the kidney 
(detailed in Table 2), most of these descriptions originate from post-
mortem examinations (99–102), possibly introducing bias by 
representing the most severe clinical cases, which could overestimate 
the prevalence of diffuse TMA lesions.

The kidney serves as the principal target of TMA in 
conditions such as PE, HUS, and CAPS, suggesting a specific 
vulnerability of this organ to TMA lesion development. While 
various hypotheses and emerging data, notably concerning an 
elevated renal susceptibility to complement activation, have been 
proposed, our understanding of this renal vulnerability remains 
constrained (107, 108). As mentioned previously, renal TMA is 
less common in HELLP syndrome, with predominant tubular 
lesions reported in series associated with AKI (66). The presence 
of fibrin deposition in hepatic sinusoids with periportal 
hemorrhage and hepatocyte necrosis is well-documented in post-
mortem examinations of individuals with PE associated with 

TABLE 2 Histological features of pregnancy-specific TMAs and pregnancy-associated TMAs.

TMA syndromes in 
pregnancy

Target organ of TMA

Characteristics of TMA lesions

Morphologic changes/
location

Preponderant mechanisms 
of capillaries obstruction

PE Kidney +++

(rare in others organs except in 

eclampsia patients (25%) or in necropsy: 

liver, heart, adrenal)

Endothelial vacuolization, hypertrophy 

of the cytoplasmic organelles. Thrombi 

rich in fibrin are infrequent (severe 

disease). No vasculitis/Primary 

glomerular lesions, rare in arterioles

Swelling of EC and accumulation of 

subendothelial electrodense deposits

HELLP Liver +++

Kidney

Fibrin deposition with periportal 

hemorrhage and hepatocyte necrosis/

Sinusoids and portal tract capillaries, 

hepatic arteries, ± portal vein branches

Vasospasm, intraluminal fibrin and 

swelling of EC

TTP CNS +++

Described in kidneys, adrenals, heart, 

liver, spleen. Few in GIT. Classically not 

in the lungs

Thrombi mainly consisted of aggregated 

platelets, relative absence of fibrin. No 

vasculitis, no fibrinoid necrosis/Diffuse 

in brain; Glomeruli, arterioles, and 

interlobular terminal arteries in kidney

Platelets thrombi rich in vWF and factor 

VIII

Swelling of EC

CM-HUS Kidney +++

Frequent: Colon, pancreas, myocardium, 

CNS

Possible: adrenals, skin and lungs

EC swelling, subendothelial deposition 

of fibrinoid, thrombi rich in platelets 

with presence of fibrin. No vasculitis/

Glomerular capillaries, afferent arterioles 

± intralobular arteries

Platelets thrombi

Swelling of EC

CAPS Kidney

lung, CNS, heart, skin, liver, GIT

Microthrombi composed of fibrin, acute 

necrotizing vasculitis. In chronic cases, 

these lesions can be accompanied by/

small arteries and arterioles

Fibrin thrombi

Intimal proliferation, EC swelling + 

frequent fibrous intimal hyperplasia

SLE Kidney (except in TTP-like syndrome) Microthrombi composed of fibrin, 

lesions related with LN (class IV ++ > III 

– V). Frequent immune complex 

deposits, leucocyte infiltration/

Glomeruli, small arterioles ± arteries

TTP like: platelets thrombi

Other cases: fibrin thrombi

DIC Most affected organs (descending order): 

kidney, liver, lung, heart, pancreas, 

adrenal gland, and GIT

Diffuse multiorgan bleeding, 

hemorrhagic necrosis, fibrin 

microthrombi in small vessels, and 

thrombi in medium and large vessels. No 

vasculitis

Fibrin thrombi

CNS, central nervous system; EC, endothelial cells; GIT, gastrointestinal tractus; LN, lupus nephritis; vWF, von Willebrand factor.
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HELLP syndrome. In contrast, these lesions are observed in liver 
needle biopsies in only 25% of eclampsia patients and are 
exceptionally rare in PE patients (44). These findings support the 
hypothesis of a clinical-pathological correlation between the 
extent of morphological changes and the severity of presentation, 
as well as adverse outcomes.

There is no documented correlation between the pathological 
features observed in renal biopsies and the underlying etiology of 
TMA. In non-gravid contexts, it has been suggested that the presence 
of isolated intimal mucoid edema without glomerular fibrin thrombi 
reduces the likelihood of CM-TMA in the setting of TMA associated 
with hypertensive emergencies (109); however, this remains a subject 
of controversy (103, 110). Additionally, some data suggest that renal 
arteriolar involvement is more widespread in aHUS and TTP, while 
glomerular involvement appears to be more prevalent in STEC-HUS 
(105). Nonetheless, it is important to note that the coexistence of these 
lesions is relatively common and has not been definitively linked to a 
specific underlying pathophysiological mechanism.

In gravid contexts, PE results in notable glomerular changes, 
termed “endotheliosis”, characterized by glomerular enlargement 
and reduced capillary blood flow due to endothelial swelling. 
This substantial reduction in endothelial cell fenestrations has 
been also observed in others capillary networks, including, 
choroid plexus, and hepatic sinusoids (104). This phenomenon is 
closely associated with sFlt-1, which reduces circulation of 
vascular endothelial growth factor (VEGF), impacting 
placentation and endothelial cell function, especially in 
fenestrated endothelium (40, 111). However, this specific lesion 
is not unique to PE and has been observed in various other 
conditions, including placental abruption, parvovirus B19 
infection, COVID-19, POEMS syndrome, and even 
uncomplicated pregnancies (112). The presence of arteriolar or 
arterial lesions should prompt consideration of underlying 
conditions, like hypertensive vasculopathy, or alternative 
diagnoses, such as CM-HUS (105). Post partum biopsies can 
provide information about healing process or progression. For 
example, in PE, the endothelial swelling, IgM and fibrin deposits 
typically resolve within 2 weeks of delivery. The subendothelial 

irregularities in the glomerular basement membrane may persist 
for months (105). Renal biopsies can also help in lupus patients 
due to potential clinical similarities between LN flares and PE 
(113, 114). In APL cases, the presence of acute TMA in 
glomerular and arteriolar lesions alongside chronic vascular 
changes aids in diagnosis (115).

3.3 Contribution of placenta pathology in 
pregnancy related-TMAs

In 2016, the Amsterdam Placental Workshop Group provided a 
consensus statement on placental lesion sampling and definitions 
(116). Presently, the accepted term is “maternal vascular malperfusion” 
(MVM), which encompasses a range of placental pathologic findings, 
including macroscopic features (fetal and placenta weights, infarcts, 
retroplacental hemorrhage) and microscopic findings (maternal 
decidual arteriopathy, distal villous hypoplasia, and accelerated villous 
maturation), Figures 2A–D. Maternal decidual arteriopathy comprises 
acute atherosis of decidual arteries, mural hypertrophy of arterioles 
within the placental membranes, abnormal persistence of mural 
smooth muscle within arteries at the placental basal plate, and the 
persistence of intramural endovascular trophoblast. The specific 
causes of MVM remain unclear, with potential factors including 
immunological and inflammatory elements, as well as pre-existing 
maternal susceptibility to microvascular dysfunction (117). MVM is 
described in PE and HELLP syndrome, and it also appears in instances 
of second-trimester spontaneous abortion, fetal demise, abruptio 
placentae, small for gestational age, preterm labor, preterm prelabor 
rupture of membranes, and maternal autoimmune diseases (117, 118).

Most of the placental histological data is centered around PE. Distinct 
lesions are predominant according the timing of PE during gestation, 
suggesting potential differences in underlying pathophysiological factors. 
Early-onset PE is characterized by more severe maternal MVM lesions, 
both macroscopic and microscopic (119). A positive correlation has been 
reported between the presence of decidual vasculopathy in vessels and 
adverse maternal and fetal outcomes (i.e., higher diastolic blood pressure, 
increased urinary protein levels, shorter gestational age, and lower birth 

FIGURE 1

Renal TMA. (A) Glomeruli with GBM thickening due to subendothelial expansion, fibrin thrombi corresponding to acute TMA with swelling of EC in 
glomeruli and arterioles (trichrome stain, x20); (B) Acute TMA with arteriolar occlusions due to intimal edema and thrombosis (trichrome stain, x20).
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weight) (112). In contrast, late-onset PE placentas show normal or 
excessive growth, milder microscopic features like accelerated villous 
maturation and hypertrophic arteriopathy (119), and significantly fewer 
cases of failed spiral artery remodeling, acute decidual arteriopathy, and 
infarcts compared to early-onset PE placentas (120). Mural hypertrophy 
of placental arterioles was linked to the development of stage 2 
hypertension during follow-up (121), emphasizing the impact of 
preexisting cardiovascular risk factors (e.g., diabetes, chronic 
hypertension, obesity) in late-onset PE pregnancies. A limited number 
of studies have compared placental histopathological features in severe 
PE cases with and without HELLP syndrome (122–124). Notably, Weiner 
et al., in their analysis of 287 placentas, reported that vascular and villous 
lesions indicative of maternal malperfusion were independently linked 
to HELLP syndrome (124).

Information regarding other pregnancy-related TMAs is limited. 
In a cohort of 91 pregnancies involving 47 TTP-patients, Scully et al. 
examined placental histology from 15 deliveries. Interestingly, 
untreated congenital cases exhibited distal villous hypoplasia, 
widespread placental ischemia with infarcts of various ages, and acute 
atherosis, while treated congenital cases showed normal placental 
features (27). Similar results were reported in a recent study involving 
28 placentas from congenital TTP cases (125), emphasizing also the 
direct role of ADAMTS-13 deficiency in placental findings. Moreover, 

some research groups have examined placental deposits of 
complement activation products, which have been identified in 
conditions such as PE, HELLP syndrome, lupus, and APS, without 
conclusive discriminatory features among these pathologies at 
present (126–128).

The data is still quite limited, and a more systematic analysis of 
placentas from patients being treated for TMAs could provide valuable 
insights, particularly when combined with the recently suggested use 
of electron microscopy to study placental pathologies during 
pregnancy (129).

4 Endothelium in pregnancy

Endothelial cells play a pivotal role in the pathophysiology of 
TMA (18, 130), implying that the specific occurrence of these 
events during pregnancy and the postpartum period is, to some 
extent, associated with microvascular alterations characteristic of 
pregnancy. Investigating the intricate mechanisms contributing 
to this increased susceptibility is imperative for enhancing our 
understanding of the pathogenesis of pregnancy-associated TMA 
and, consequently, for developing effective preventive and 
therapeutic approaches to mitigate its consequences.

FIGURE 2

Placental MVM. (A) Maternal spiral arteries with acute atherosis and narrowed arteriolar lumens due to fibrinoid necrosis; (B) Recent maternal spiral 
artery thrombosis; (C) A section of free membranes showing decidual hypertrophic arteriopathy and residual smooth muscle; (D) This 23-week-
gestation placenta exhibits accelerated villous maturation with small hypermature villi, increased syncytial knots, and intervillous fibrin.
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4.1 Microvasculature heterogeneity, 
specificities of premenopausal women’s 
endothelium

In contrast to large vessels with their three tunics, capillaries, the 
primary site for TMA with arterioles, consist of a thin endothelium, 
basement membrane, subendothelial connective tissue, and a few 
pericytes, with diameters ranging from 4 to 10 μm and an endothelial 
wall of about 0.5 μm. They operate at low intravascular pressures 
(0–25 mmHg, up to 50 mmHg in kidney glomeruli) and slow flow 
rates (<1 mm/s), facilitating efficient plasma and tissue 
exchanges (131).

The phenotype of microvascular endothelial cells varies from one 
organ to another to fulfill specific functions and respond to the 
different needs of various tissues (132–134). As early as 2003, the 
spatial heterogeneity among endothelial cells was supported by 
distinct transcriptomic profiles (135) and differential expression of 
protein surface markers (136, 137). Most recently, the advent of single-
cell RNA sequencing technologies has revolutionized our 
understanding of endothelial diversity, revealing significant 
heterogeneity within the confines of a single organ or a blood vessel 
type, in both animal models and humans (138–140). The endothelium 
is a dynamic tissue with plasticity properties, making it also subject to 
temporal heterogeneity (141). Endothelial cells react and respond to 
various biomechanical and biochemical stimuli that differ between 
organs, such as hormones, as discussed below, contributing to gender-
driven endothelial heterogeneity. Additionally, site-specific epigenetic 
modifications play a significant role in generating endothelial 
heterogeneity (142, 143).

Significant sex-based differences in endothelial cells have been 
documented (144–146), emphasizing the heightened endothelial 
protection in women of childbearing age, which is associated with a 
lower cardiovascular risk compared to males within the corresponding 
age group or postmenopausal women. The studies have primarily 
focused on exploring the involvement and interactions of circulating 
sex steroid hormones, their receptors, and sex steroid-independent 
mechanisms. Notably, estrogen receptor E2-mediated vascular 
benefits encompass inhibition of lipoprotein oxidation, reduction of 
atherosclerotic lesions, modulation of blood coagulation, inhibition 
of collagen accumulation in vessels, and adjustment of vascular tone 
(144, 147). Studies conducted in animal models involving ovariectomy 
and hormone supplementation therapy have contributed to the 
understanding of sex hormone-dependent effects, particularly those 
of estrogen, on endothelial function, including changes in 
endothelium-dependent dilation, and the respective roles of nitric 
oxide (NO) and endothelium-derived hyperpolarizing factor (EDHF). 
These investigations have predominantly concentrated on medium 
and large arterial vessels (e.g., aorta, carotid, mesenteric arteries) 
(148–150). For instance, small arteries from omental tissue in 
premenopausal women demonstrate increased sensitivity to 
bradykinin (151); premenopausal women have shown increased levels 
of progenitor ECs in comparison to men, alongside enhanced NO 
production essential for vascular homeostasis (152); the profile of 
endothelial-derived factors in childbearing women is associated with 
a less pronounced pro-oxidant environment, characterized by reduced 
levels of vascular reactive oxygen species and other oxidative stress 
markers (153, 154). Additionally, levels of endothelin-1, which play a 
role in cardiovascular and renal pathology, are generally higher in men 

than in women (155); plasma levels of VEGF have been found to 
be elevated in males compared to females and have shown a positive 
association with the advancement of atherosclerosis (156).

Collectively, these studies underscore the heightened endothelial 
protection observed in women of childbearing age, elucidating their 
diminished susceptibility to cardiovascular events. They also illustrate 
the importance of incorporating both genders into experimental 
protocols, also including ex vivo and in vitro studies. Nonetheless, 
questions and controversies debates, especially concerning the strict 
favorable vascular impacts of estrogen and its E2 receptor (157).

Furthermore, as previously emphasized, research on vascular sex 
differences has predominantly focused on macrovessels, while data on 
the microcirculation are limited (158). Some studies have 
demonstrated sex differences in the permeability or inflammation-
induced disruption of the blood–brain barrier (159, 160), and 
circulating levels of products derived from the glycocalyx (e.g., 
syndecan-1, heparan sulfate, and hyaluronan) (161, 162). More 
answers may potentially come from single-cell RNA-seq analyses. 
Already, a single-cell RNA-seq analysis of mouse endothelial cells has 
further confirmed the presence of sex-specific differences in 
endothelial cells across various mouse tissues. Paik et al. found that 
markers of tissue-specific endothelial cells, enriched pathways, and 
endothelial subpopulations differed between male and female mice, 
particularly in the brain, heart, and lung. The Lars2 gene, encoding 
mitochondrial leucyl-tRNA synthetase, was notably more enriched in 
male than in female endothelial cells (163). While this comprehensive 
approach has yet to be undertaken in pregnant individuals or TMA 
patients, specific endothelial attributes associated with pregnancy have 
been recognized and may contribute to the heightened 
thrombogenicity of the gravid endothelium.

4.2 Specificities of the gravid endothelium

Vascular adaptations during pregnancy, even in healthy 
pregnancies, are associated with significant modifications in the 
characteristics and function of endothelial cells. For instance, 
glomerular capillary endotheliosis, originally associated to PE, has 
been detected in patients with gestational hypertension without 
proteinuria (> 1+ in 8/8, and > 2+ in 4/8 cases) and, as cited above, in 
women with healthy pregnancies (>1+ in 5/12, and > 2+ in 1/5 cases) 
based on renal biopsies conducted between 27 and 39 weeks of 
gestation (112). These findings suggest a continuum of endothelial 
changes that range from normal pregnancy to the development of 
PE. Multiple vascular changes take place during pregnancy, potentially 
heightening the vulnerability to thrombosis, and our primary focus in 
this context is on the specific factors involved in the pathophysiology 
of TMAs (Figure 3).

4.2.1 Complement activation
Complement activation via the three pathways - classical, lectin, 

and alternative - has been observed during normal pregnancy. It has 
been suggested that this activation is physiological, serving as a 
regulatory mechanism to facilitate the clearance of fetal placental 
debris and protect both the mother and developing fetus from 
pathogens (4, 82, 164, 165). The complement system plays a significant 
role in various stages of pregnancy, such as implantation, placentation, 
fetal development, and parturition (164, 166). This likely contributes 
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to the variations in plasma levels and placental deposition/expression 
of complement components during this period.

Derzsy et  al. reported significantly elevated levels of various 
complement proteins and activation products, including C4d (~2.75-
fold), C3a (~8.8-fold), soluble C5b9 (~1.8-fold), C3 (~1.2-fold), and 
C9 (~1.3-fold), while C1-inhibitor concentrations were significantly 
lower (~0.8-fold), in healthy pregnant women sampled between 36 to 
67 weeks of gestation (n = 60) compared with healthy non-pregnant 
women (n = 59). There was no significant modification in the 
alternative pathway fragment Bb (76). More recently, a study analyzing 
sequentially collected 733 plasma samples from 362 women with a 
normal pregnancy and 65 samples from non-pregnant women 
confirmed an increase in the levels of C3, C4, factor B, and mannose 
binding lectin, while the levels of C1q remained unchanged. The levels 
of C3a, and to a lesser extent, C5a, remained elevated throughout 
pregnancy, while soluble C5b-9 levels remained unchanged, 
suggesting that excessive complement activation does not progress 
beyond the C3 and C5 levels in normal pregnancy (79). Interestingly, 
the levels of factor H (FH), the principal regulator of the alternative 
pathway, whose default has been shown to be associated with a risk of 
developing CM-HUS, increased significantly, gradually up to 28 weeks 
of gestational age, and then remained stable (76, 79).

Several studies have shed light on the presence of complement 
activation product deposits and the expression of regulatory proteins 
within placentas from healthy pregnancy (164, 166). Notably, deposits 
of C3d and C9 have been reported in trophoblast basement 
membranes, along with staining for C1q, C3d, C4, C6, and C9 in 
normal uteroplacental spiral arteries (167–169). The presence of 
C5b-9 has also been documented in the normal term placenta, 
specifically within the decidua and the stroma of chorionic villi (170). 
These findings suggest that the placenta functions as a localized site of 
complement activation. Interestingly, it has been observed that human 
trophoblasts synthesize complement molecules such as C4, C3, and 
the late complement components (C6, C7, C8, C9) (171). Considering 
this complement activity, a notable presence of complement regulatory 
proteins has been observed within trophoblasts. Lokki et al. identified 
the presence of C4BP in syncytial bodies or regions with damaged 
syncytiotrophoblasts, as well as FH within tissue stroma (168), and 
trophoblasts have been recognized for their synthesis of FH (172). 
Some studies have also reported an elevated expression of membrane 

complement proteins (CD46, CD55, CD59) on extravillous 
trophoblasts during healthy pregnancies (164, 169).

These findings underscore the substantial involvement of 
complement activity in placental homeostasis. It is noteworthy that 
the current knowledge does not offer a concise rationale for the 
increased susceptibility to CM-HUS in the postpartum period. One 
hypothesis suggests that fetal-derived complement regulatory factors 
might exert a compensatory effect that diminishes after childbirth.

4.2.2 Prothrombotic profile
The heightened thrombotic risk during pregnancy is well-

documented. When compared to non-pregnant women, there is a 
three to fourfold increase in the risk of arterial thromboembolism 
[e.g., stroke (173), myocardial infarction (174)], and a four to fivefold 
increase in the risk of venous thromboembolism (175). After 
childbirth, the risk of venous thromboembolism becomes even more 
significant, a twenty-fold increase. The primary cause of the 
heightened risk is hypercoagulability, which is believed to have 
developed as an evolutionary adaptation to safeguard women against 
the bleeding complications associated with miscarriage and childbirth. 
Hemostatic changes that lead to this hypercoagulable state during 
pregnancy encompass all facets of hemostasis, including primary 
hemostasis, coagulation, and fibrinolytic capacity. Numerous factors, 
including circulating factors, platelets, endothelial cells, and others, 
play critical roles in this process, particularly at the maternal-fetal 
interface. The Table 3 reports the per-pregnancy dynamic of important 
endothelial-derived factors.

An increase in platelet aggregation is documented during a 
healthy pregnancy (176, 177), although it is not consistently observed 
in all studies (178). These potential alterations in platelet aggregation 
coincide with a substantial two- to fourfold increase in von Willebrand 
factor levels, originating from endothelial Weibel-Palade bodies (179, 
180). Concurrently, ADAMTS13 activity exhibits a noteworthy 
decline of 20–50%, persisting from the second trimester through 
delivery and into the early postpartum period (180, 181). This decline 
in ADAMTS13 activity is attributed to consumption resulting from 
elevated levels of von Willebrand factor and hormonal fluctuations, 
although it typically remains above 20% (179, 181). These physiological 
changes can exacerbate the low ADAMTS13 levels in individuals with 
congenital TTP to a critical level resulting in overt presentation of 

FIGURE 3

Gravid endothelium—pregnancy-induced adaptations. This figure highlights pregnancy-induced changes in the endothelium, emphasizing adaptations 
in complement activation, prothrombotic profile, and angiogenic state. These modifications underscore the complexity of the gravid endothelium, 
crucial for successful pregnancy outcomes.
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TTP. Other endothelial-derived factors contribute to the maintenance 
of hemostatic balance during a normal pregnancy. In comparison to 
non-pregnant controls, the ratio of prostacyclin (PGI2) to 
thromboxane A2 (TXA2) metabolites gradually increases from the 
second trimester onwards (182), and NO concentrations exhibit a 
significant elevation throughout pregnancy (183). It is noteworthy that 
these patterns diverge in the context of PE, particularly in severe cases 
(183–185).

Significant changes in blood coagulation factors during a healthy 
pregnancy are also documented and primarily attributed to hormonal 
fluctuations, particularly the increasing levels of estrogen as pregnancy 
progresses (147). Notably, plasmatic levels of factors VII, VIII, X, XII, 
and fibrinogen increase substantially, especially in the third trimester 
(33, 186–188). Furthermore, while endothelial cells typically express 
minimal tissue factor (TF) under physiological conditions (189, 190), 
maternal decidua and the placental syncytiotrophoblasts exhibit 
elevated levels of TF with a strong affinity for factor VII, initiating 
thrombin generation. During extravascular trophoblast invasion of 
the decidua, thrombin produced via TF expressed by decidual cells 
serves to prevent hemorrhage during the initial capillary breach and 
subsequent invasion and remodeling of spiral arteries and arterioles 
(191). While free protein S levels decrease by approximately 55%, 
other anticoagulant factors, such as thrombomodulin and tissue factor 
pathway inhibitor-2, exhibit increased expression in the placental 
vascular endothelium with advancing gestational age (33, 192, 193).

Regarding fibrinolysis, while levels of tissue plasminogen activator 
also rise during a normal pregnancy (194), concomitantly elevated 
levels of plasminogen activator inhibitor-1 (PAI-1) from endothelial 
cells and plasminogen activator inhibitor-2 (PAI-2) from the placenta, 
on the contrary, lead to a decrease in fibrinolytic capacity (188).

All these changes in hemostasis underscore the critical importance 
of achieving a precise balance for normal placental function and 
favorable pregnancy outcomes. While intricacies exist even at the level 
of the maternal-fetal-placental vascular beds (for instance, the TF/
TFPI ratio is markedly elevated in syncytiotrophoblasts, whereas it is 
lower in HUVECs, implying a more procoagulant tendency of 

syncytiotrophoblasts) (193), the progression of human gestation 
involves a transition of endothelial cells toward a procoagulant state. 
This prothrombotic profile may endure until approximately 
8 weeks postpartum.

4.2.3 Others actors
Additional modifications, which have the potential to impact 

susceptibility to TMA, are concomitant with a normal pregnancy. 
Placental microvascular endothelial cells undergo noteworthy 
fluctuations in their angiogenic state throughout pregnancy. The first 
and second trimesters are characterized by a predominance of 
angiogenic activity, facilitating rapid placental expansion. In contrast, 
as pregnancy progresses toward full term, there is a transition to a 
prevailing angiostatic condition, coinciding with placental growth 
arrest. Placental cells inherently possess the capacity for angiogenic 
regulation, engage in intricate interactions with perivascular cells, and 
demonstrate the ability to swiftly adapt and remodel in accordance 
with the specific demands of pregnancy. A longitudinal study reported 
the dynamic patterns of different angiogenesis factors of interest. sFlt1 
levels remained relatively stable until weeks 29–30, after which they 
significantly increased, peaking at week 40 with a notable weekly 
increase of 643 pg./mL. In contrast, PlGF levels increased gradually up 
to weeks 29–30, followed by a steady decline of 14 pg./mL per week 
until week 40. The sFlt1:PlGF ratio decreased from weeks 9–12, 
remained consistently low from weeks 19–20 to 37–38, and then 
increased again toward weeks 39–40. Additionally, VEGF-A was 
detectable in only 8% of the samples during pregnancy but increased 
to 64% in the postpartum period (195). Therefore, the effective 
functioning of placental microvascular endothelial cells holds 
paramount importance for the successful progression of 
pregnancy (196).

Even more limited data exist regarding changes in the 
glycocalyx throughout pregnancy. Changes in glycocalyx thickness, 
along with reported shedding, have been documented and could 
potentially contribute to observed alterations in fluid balance 
during pregnancy (158, 197). Limited data is available regarding 

TABLE 3 Main derived-endothelial factors involved in hemostasis and their dynamics during normal pregnancy.

Prothrombotic 
factors

Function
Dynamic in 

healthy 
pregnancy

Antithrombotic 
factors

Function
Dynamic in 

healthy 
pregnancy

Primary 

hemostasis

vWF Platelets aggregation, FVIII 

transport

↑ ADAMTS-13 Cleavage of vWF multimers ↓

TXA2 Platelets aggregation, 

vasoconstriction

↓ NO Inhibition of platelets activation, 

vasorelaxation, anti-inflammatory 

properties

↑

PAF Platelets aggregation, 

vasoconstriction

No data PGI2 Inhibition of platelets activation, 

vasorelaxation

↑

Coagulation Tissue factor Binding to FVII, initiation of 

blood coagulation (extrinsic 

pathway)

↑ TPFI/TFPI-2 Inhibition of coagulation by binding 

to TF, factors Va, and Xa

→/↑

PARs Thrombin receptors No data TM Formation of a thrombin complex 

enhancing protein C affinity

↑

Heparan-sulfate Binding to antithrombin Few data, 

glycocalyx thinning

Fibrinolysis PAI-1 Fibrinolysis inhibitor ↑ t-PA Fibrinolysis activator ↑

NO, nitric oxide; PAI-1, plasminogen activator inhibitor type 1; PAF, platelet activating factor; PARs, protease activated receptor; PGI2, prostacyclin I2; t-PA, tissue plasminogen activator; 
TFPI, tissue factor pathway inhibitor; TM, thrombomodulin; TXA2, thromboxane A2; vWF, von Willebrand factor.
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changes in glycocalyx composition, especially concerning heparan 
sulfates. This aspect is of particular interest due to their 
anticoagulant action through binding to antithrombin III and their 
role as inhibitors of complement activation via FH binding. 
Interestingly, a recent transcriptomic analysis using microarrays 
revealed that among the 34 expressed proteoglycans in the placenta, 
syndecan-1 (SDC1) production is significantly the highest, and 
SDC1 is the most upregulated gene during the differentiation of 
trophoblast into syncytiotrophoblast (198). This suggests the 
existence of a pregnancy-specific glycocalyx that distinguishes itself 
from the glycocalyx of both adult and fetal endothelium and whose 
balance could contribute to the successful progression of 
pregnancy (199).

4.3 Overcoming endothelial regulation: 
from physiology to pathology in pregnancy

Therefore, the “gravid endothelium” is inherently more prone 
to activation, contributing to the favorable progression of 
pregnancy. The transition to a pathological state with the 
development of TMA lesions requires additional factors, as 
described in the concept of a “multiple-hits disease” (18, 200). 
These additional factors can be either genetic and/or acquired, 
and act to heighten susceptibility and/or induce endothelial 
stress. Their cumulative impact (with varying significance 
depending on the specific factor) will ultimately lead to an 
exceeding of the regulatory capacities involved in endothelial  
homeostasis.

Genome-wide association studies have not been conducted 
in women experiencing pregnancy-related TMAs. Such 
investigations have primarily been carried out in the context of 
PE, often without a clear differentiation of patient phenotypes. 
While more than fifty candidate genes have been associated with 
PE, no universally accepted susceptibility genes have emerged 
(41, 201, 202), possibly due to the polygenic nature of PE. In a 
study of 244,564 related women, Cnattingius et al. determined 
that PE has a heritability of over 50%, with 35% linked to 
maternal genetics, 20% to fetal genetics, and 13% to a ‘couple’ 
effect (203). Mutations and/or variants have been reported in the 
context of PE or HELLP syndrome, related to genes involved in 
angiogenesis, blood pressure regulation, coagulation, or 
complement activation (40, 202, 204, 205), underscoring the 
close pathophysiological connections with TMA. For instance, 
mutations or variations in Factor H, C3, or CD46 have been 
identified in cohorts of women with PE (206, 207). These findings 
indicate that a multifaceted interplay of susceptibility factors is 
likely, potentially resulting in distinct patterns of preeclampsia. 
Supporting this concept, Schuster et al. documented groups of 
patients exhibiting common gene and protein networks linked to 
severe preeclampsia (208).

The extensive range of environmental factors capable of 
increasing endothelial susceptibility cannot all 
be  comprehensively reviewed here. In an illustrative example, 
placental hypoxia is worth mentioning to illustrate the interplay 
of factors involved in TMA. The placenta is a physiological 
immunological niche, especially under the influence of 
physiological hypoxia that contributes to immunological 

regulation (209). However, placental hypoxia has others 
consequences as the generation of oxidative stress and 
trophoblastic secretion of sFLT-1, promoting antiangiogenic 
activities and endothelial injury (210), alteration in placental 
metabolism favoring interruption of the glycocalyx susceptible to 
contribute to localized complement activation (199, 211, 212). 
Thus, a pathological placental hypoxia, as observed in the case of 
PE, represents a risk situation for TMA.

5 Conclusion

The susceptibility of the gravid endothelium to instigate TMA 
represents a pivotal facet within the realm of vascular pathology. 
During pregnancy, intricate physiological adaptations occur within the 
vascular milieu, rendering the endothelial lining more vulnerable to 
disruptions in hemostasis. This heightened susceptibility is attributed 
to a multifaceted interplay of hormonal, immunological, and 
hemodynamic factors, culminating in an environment conducive to 
dysregulated endothelial activation and subsequent TMA development. 
Elucidating the nuanced mechanisms underlying this heightened 
propensity is essential for advancing our comprehension of pregnancy-
associated TMA pathogenesis and, subsequently, devising effective 
preventive and therapeutic strategies to mitigate its impact.

Author contributions

MF: Writing – original draft, Writing – review & editing. VG: 
Writing – original draft, Writing – review & editing. MS: Writing – 
original draft, Writing – review & editing. FP: Writing – review & 
editing. FF: Writing – original draft, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. The research 
on this topic is supported by a grant from the European Joint 
Programme on Rare Diseases and Agence Nationale de la Recherche 
COMPrare ANR-22-RAR4-0007 (to MF).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

https://doi.org/10.3389/fmed.2024.1343060
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Frimat et al. 10.3389/fmed.2024.1343060

Frontiers in Medicine 13 frontiersin.org

References
 1. Fakhouri F, Schwotzer N, Frémeaux-Bacchi V. How I diagnose and treat atypical 

hemolytic uremic syndrome. Blood. (2023) 141:984–95. doi: 10.1182/blood.2022017860

 2. George JN, Nester CM. Syndromes of thrombotic microangiopathy. N Engl J Med. 
(2014) 371:654–66. doi: 10.1056/NEJMra1312353

 3. Habib R, Mathieu H, Royer P. Arteriole-capillary thrombotic disease of the kidney 
in children. Rev Fr Etud Clin Biol. (1958) 3:891–4.

 4. Scully M, Neave L. Etiology and outcomes: thrombotic microangiopathies in 
pregnancy. Res Pract Thromb Haemost. (2023) 7:100084. doi: 10.1016/j.rpth.2023.100084

 5. Fakhouri F, Scully M, Provôt F, Blasco M, Coppo P, Noris M, et al. Management of 
thrombotic microangiopathy in pregnancy and postpartum: report from an international 
working group. Blood. (2020) 136:2103–17. doi: 10.1182/blood.2020005221

 6. Remuzzi G. HUS and TTP: variable expression of a single entity. Kidney Int. (1987) 
32:292–308. doi: 10.1038/ki.1987.206

 7. Shah NT, Rand JH. Controversies in differentiating thrombotic thrombocytopenic 
purpura and hemolytic uremic syndrome. Mt Sinai J Med. (2003) 70:344–51.

 8. Tsai H-M. Untying the knot of thrombotic thrombocytopenic Purpura and atypical 
hemolytic uremic syndrome. Am J Med. (2013) 126:200–9. doi: 10.1016/j.
amjmed.2012.09.006

 9. Genest DS, Patriquin CJ, Licht C, John R, Reich HN. Renal thrombotic 
Microangiopathy: A review. Am J Kidney Dis. (2023) 81:591–605. doi: 10.1053/j.
ajkd.2022.10.014

 10. Tsai H-M, Lian EC-Y. Antibodies to von Willebrand factor–cleaving protease in 
acute thrombotic thrombocytopenic Purpura. N Engl J Med. (1998) 339:1585–94. doi: 
10.1056/NEJM199811263392203

 11. Furlan M, Robles R, Galbusera M, Remuzzi G, Kyrle PA, Brenner B, et al. von 
Willebrand factor-cleaving protease in thrombotic thrombocytopenic purpura and the 
hemolytic-uremic syndrome. N Engl J Med. (1998) 339:1578–84. doi: 10.1056/
NEJM199811263392202

 12. Joly BS, Coppo P, Veyradier A. Thrombotic thrombocytopenic purpura. Blood. 
(2017) 129:2836–46. doi: 10.1182/blood-2016-10-709857

 13. Sadler JE. Von Willebrand factor, ADAMTS13, and thrombotic thrombocytopenic 
purpura. Blood. (2008) 112:11–8. doi: 10.1182/blood-2008-02-078170

 14. Fakhouri F, Zuber J, Frémeaux-Bacchi V, Loirat C. Haemolytic uraemic syndrome. 
Lancet. (2017) 390:681–96. doi: 10.1016/S0140-6736(17)30062-4

 15. Michael M, Bagga A, Sartain SE, Smith RJH. Haemolytic uraemic syndrome. 
Lancet. (2022) 400:1722–40. doi: 10.1016/S0140-6736(22)01202-8

 16. Nester CM, Barbour T, de Cordoba SR, Dragon-Durey MA, Fremeaux-Bacchi V, 
Goodship THJ, et al. Atypical aHUS: state of the art. Mol Immunol. (2015) 67:31–42. doi: 
10.1016/j.molimm.2015.03.246

 17. Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement system 
part I - molecular mechanisms of activation and regulation. Front Immunol. (2015) 
6:262. doi: 10.3389/fimmu.2015.00262

 18. Jourde-Chiche N, Fakhouri F, Dou L, Bellien J, Burtey S, Frimat M, et al. 
Endothelium structure and function in kidney health and disease. Nat Rev Nephrol. 
(2019) 15:87–108. doi: 10.1038/s41581-018-0098-z

 19. Brocklebank V, Wood KM, Kavanagh D. Thrombotic Microangiopathy and the 
kidney. Clin J Am Soc Nephrol. (2018) 13:300–17. doi: 10.2215/CJN.00620117

 20. Goodship THJ, Cook HT, Fakhouri F, Fervenza FC, Frémeaux-Bacchi V, Kavanagh 
D, et al. Atypical hemolytic uremic syndrome and C3 glomerulopathy: conclusions from 
a “kidney disease: improving global outcomes” (KDIGO) controversies conference. 
Kidney Int. (2017) 91:539–51. doi: 10.1016/j.kint.2016.10.005

 21. Lim MY, Abou-Ismail MY, Branch DW. Differentiating and managing rare 
thrombotic Microangiopathies during pregnancy and postpartum. Obstet Gynecol. 
(2023) 141:85–108. doi: 10.1097/AOG.0000000000005024

 22. Lidar M, Langevitz P. Pregnancy issues in scleroderma. Autoimmun Rev. (2012) 
11:A515–9. doi: 10.1016/j.autrev.2011.11.021

 23. Hudson M, Ghossein C, Steen V. Scleroderma renal crisis. Presse Med. (2021) 
50:104063. doi: 10.1016/j.lpm.2021.104063

 24. Lightstone L, Hladunewich MA. Lupus nephritis and pregnancy: concerns and 
management. Semin Nephrol. (2017) 37:347–53. doi: 10.1016/j.semnephrol.2017.05.006

 25. Gaggl M, Aigner C, Csuka D, Szilágyi Á, Prohászka Z, Kain R, et al. Maternal and 
fetal outcomes of pregnancies in women with atypical hemolytic uremic syndrome. J 
Am Soc Nephrol. (2018) 29:1020–9. doi: 10.1681/ASN.2016090995

 26. Servais A, Devillard N, Frémeaux-Bacchi V, Hummel A, Salomon L, Contin-
Bordes C, et al. Atypical haemolytic uraemic syndrome and pregnancy: outcome with 
ongoing eculizumab. Nephrol Dial Transplant. (2016) 31:2122–30. doi: 10.1093/ndt/
gfw314

 27. Scully M, Thomas M, Underwood M, Watson H, Langley K, Camilleri RS, et al. 
Thrombotic thrombocytopenic purpura and pregnancy: presentation, management, and 
subsequent pregnancy outcomes. Blood. (2014) 124:211–9. doi: 10.1182/blood-2014-02-553131

 28. Erez O, Mastrolia SA, Thachil J. Disseminated intravascular coagulation in 
pregnancy: insights in pathophysiology, diagnosis and management. Am J Obstet 
Gynecol. (2015) 213:452–63. doi: 10.1016/j.ajog.2015.03.054

 29. Martí-Carvajal AJ, Comunián-Carrasco G, Peña-Martí GE. Haematological 
interventions for treating disseminated intravascular coagulation during pregnancy and 
postpartum. Cochrane Database Syst Rev. (2011) 2011:CD008577. doi: 10.1002/14651858.
CD008577.pub2

 30. Vincent J-L, Castro P, Hunt BJ, Jörres A, Praga M, Rojas-Suarez J, et al. 
Thrombocytopenia in the ICU: disseminated intravascular coagulation and thrombotic 
microangiopathies-what intensivists need to know. Crit Care. (2018) 22:158. doi: 
10.1186/s13054-018-2073-2

 31. Erez O, Othman M, Rabinovich A, Leron E, Gotsch F, Thachil J. DIC in 
pregnancy - pathophysiology, clinical characteristics, diagnostic scores, and treatments. 
J Blood Med. (2022) 13:21–44. doi: 10.2147/JBM.S273047

 32. Cines DB, Levine LD. Thrombocytopenia in pregnancy. Blood. (2017) 130:2271–7. 
doi: 10.1182/blood-2017-05-781971

 33. Hellgren M. Hemostasis during normal pregnancy and puerperium. Semin 
Thromb Hemost. (2003) 29:125–30. doi: 10.1055/s-2003-38897

 34. Scully M. How to evaluate and treat the spectrum of TMA syndromes in 
pregnancy. Hematology Am  Soc Hematol Educ Program. (2021) 2021:545–51. doi: 
10.1182/hematology.2021000290

 35. Kühne L, Völker LA, Hagmann H, Hägele H, Osterholt T, Eichenauer DA, et al. 
First use of the anti-VWF nanobody caplacizumab to treat iTTP in pregnancy. Br J 
Haematol. (2022) 196:e30–3. doi: 10.1111/bjh.17833

 36. Odetola O, Martin KA, Dreyer M, Rajan P, Zakarija A, Stein BL. A safe and 
effective use of caplacizumab in pregnancy-related acquired thrombotic 
thrombocytopenic purpura. Br J Haematol. (2023) 202:879–82. doi: 10.1111/bjh.18888

 37. Brown MA, Magee LA, Kenny LC, Karumanchi SA, McCarthy FP, Saito S, et al. 
The hypertensive disorders of pregnancy: ISSHP classification, diagnosis & management 
recommendations for international practice. Preg Hypertens. (2018) 13:291–310. doi: 
10.1016/j.preghy.2018.05.004

 38. Gestational Hypertension and Preeclampsia. ACOG practice bulletin summary, 
number 222. Obstet Gynecol. (2020) 135:1492–5. doi: 10.1097/AOG.0000000000003892

 39. Roberts JM, Rich-Edwards JW, McElrath TF, Garmire L, Myatt LGlobal Pregnancy 
Collaboration. Subtypes of preeclampsia: recognition and determining clinical 
usefulness. Hypertension. (2021) 77:1430–41. doi: 10.1161/
HYPERTENSIONAHA.120.14781

 40. Ives CW, Sinkey R, Rajapreyar I, Tita ATN, Oparil S. Preeclampsia-pathophysiology 
and clinical presentations: JACC state-of-the-art review. J Am  Coll Cardiol. (2020) 
76:1690–702. doi: 10.1016/j.jacc.2020.08.014

 41. Moghaddas Sani H, Zununi Vahed S, Ardalan M. Preeclampsia: A close look at 
renal dysfunction. Biomed Pharmacother. (2019) 109:408–16. doi: 10.1016/j.
biopha.2018.10.082

 42. Phipps EA, Thadhani R, Benzing T, Karumanchi SA. Pre-eclampsia: pathogenesis, 
novel diagnostics and therapies. Nat Rev Nephrol. (2019) 15:275–89. doi: 10.1038/
s41581-019-0119-6

 43. Conti-Ramsden FI, Nathan HL, De Greeff A, Hall DR, Seed PT, Chappell LC, et al. 
Pregnancy-related acute kidney injury in preeclampsia: risk factors and renal outcomes. 
Hypertension. (2019) 74:1144–51. doi: 10.1161/HYPERTENSIONAHA.119.13089

 44. Birkness-Gartman JE, Oshima K. Liver pathology in pregnancy. Pathol Int. (2022) 
72:1–13. doi: 10.1111/pin.13186

 45. Joshi D, James A, Quaglia A, Westbrook RH, Heneghan MA. Liver disease in 
pregnancy. Lancet. (2010) 375:594–605. doi: 10.1016/S0140-6736(09)61495-1

 46. Fakhouri F, Vercel C, Frémeaux-Bacchi V. Obstetric nephrology: AKI and 
thrombotic microangiopathies in pregnancy. Clin J Am Soc Nephrol. (2012) 7:2100–6. 
doi: 10.2215/CJN.13121211

 47. Bruel A, Kavanagh D, Noris M, Delmas Y, Wong EKS, Bresin E, et al. Hemolytic 
uremic syndrome in pregnancy and postpartum. Clin J Am  Soc Nephrol. (2017) 
12:1237–47. doi: 10.2215/CJN.00280117

 48. Vaisbich MH, de Andrade LGM, de Menezes Neves PDM, Palma LMP, de Castro 
MCR, Silva CAB, et al. Baseline characteristics and evolution of Brazilian patients with 
atypical hemolytic uremic syndrome: first report of the Brazilian aHUS registry. Clin 
Kidney J. (2022) 15:1601–11. doi: 10.1093/ckj/sfac097

 49. Noris M, Mescia F, Remuzzi G. STEC-HUS, atypical HUS and TTP are all diseases 
of complement activation. Nat Rev Nephrol. (2012) 8:622–33. doi: 10.1038/
nrneph.2012.195

 50. Scully M, Yarranton H, Liesner R, Cavenagh J, Hunt B, Benjamin S, et al. Regional 
UK TTP registry: correlation with laboratory ADAMTS 13 analysis and clinical features. 
Br J Haematol. (2008) 142:819–26. doi: 10.1111/j.1365-2141.2008.07276.x

 51. Coppo P, Veyradier AFrench Reference Center for Thrombotic Microangiopathies 
(CNR‐MAT). TTP in the setting of pregnancy: the story still has to be written. J Thromb 
Haemost. (2020) 18:2775–7. doi: 10.1111/jth.15030

https://doi.org/10.3389/fmed.2024.1343060
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1182/blood.2022017860
https://doi.org/10.1056/NEJMra1312353
https://doi.org/10.1016/j.rpth.2023.100084
https://doi.org/10.1182/blood.2020005221
https://doi.org/10.1038/ki.1987.206
https://doi.org/10.1016/j.amjmed.2012.09.006
https://doi.org/10.1016/j.amjmed.2012.09.006
https://doi.org/10.1053/j.ajkd.2022.10.014
https://doi.org/10.1053/j.ajkd.2022.10.014
https://doi.org/10.1056/NEJM199811263392203
https://doi.org/10.1056/NEJM199811263392202
https://doi.org/10.1056/NEJM199811263392202
https://doi.org/10.1182/blood-2016-10-709857
https://doi.org/10.1182/blood-2008-02-078170
https://doi.org/10.1016/S0140-6736(17)30062-4
https://doi.org/10.1016/S0140-6736(22)01202-8
https://doi.org/10.1016/j.molimm.2015.03.246
https://doi.org/10.3389/fimmu.2015.00262
https://doi.org/10.1038/s41581-018-0098-z
https://doi.org/10.2215/CJN.00620117
https://doi.org/10.1016/j.kint.2016.10.005
https://doi.org/10.1097/AOG.0000000000005024
https://doi.org/10.1016/j.autrev.2011.11.021
https://doi.org/10.1016/j.lpm.2021.104063
https://doi.org/10.1016/j.semnephrol.2017.05.006
https://doi.org/10.1681/ASN.2016090995
https://doi.org/10.1093/ndt/gfw314
https://doi.org/10.1093/ndt/gfw314
https://doi.org/10.1182/blood-2014-02-553131
https://doi.org/10.1016/j.ajog.2015.03.054
https://doi.org/10.1002/14651858.CD008577.pub2
https://doi.org/10.1002/14651858.CD008577.pub2
https://doi.org/10.1186/s13054-018-2073-2
https://doi.org/10.2147/JBM.S273047
https://doi.org/10.1182/blood-2017-05-781971
https://doi.org/10.1055/s-2003-38897
https://doi.org/10.1182/hematology.2021000290
https://doi.org/10.1111/bjh.17833
https://doi.org/10.1111/bjh.18888
https://doi.org/10.1016/j.preghy.2018.05.004
https://doi.org/10.1097/AOG.0000000000003892
https://doi.org/10.1161/HYPERTENSIONAHA.120.14781
https://doi.org/10.1161/HYPERTENSIONAHA.120.14781
https://doi.org/10.1016/j.jacc.2020.08.014
https://doi.org/10.1016/j.biopha.2018.10.082
https://doi.org/10.1016/j.biopha.2018.10.082
https://doi.org/10.1038/s41581-019-0119-6
https://doi.org/10.1038/s41581-019-0119-6
https://doi.org/10.1161/HYPERTENSIONAHA.119.13089
https://doi.org/10.1111/pin.13186
https://doi.org/10.1016/S0140-6736(09)61495-1
https://doi.org/10.2215/CJN.13121211
https://doi.org/10.2215/CJN.00280117
https://doi.org/10.1093/ckj/sfac097
https://doi.org/10.1038/nrneph.2012.195
https://doi.org/10.1038/nrneph.2012.195
https://doi.org/10.1111/j.1365-2141.2008.07276.x
https://doi.org/10.1111/jth.15030


Frimat et al. 10.3389/fmed.2024.1343060

Frontiers in Medicine 14 frontiersin.org

 52. Moatti-Cohen M, Garrec C, Wolf M, Boisseau P, Galicier L, Azoulay E, et al. 
Unexpected frequency of Upshaw-Schulman syndrome in pregnancy-onset thrombotic 
thrombocytopenic purpura. Blood. (2012) 119:5888–97. doi: 10.1182/
blood-2012-02-408914

 53. Joly BS, Boisseau P, Roose E, Stepanian A, Biebuyck N, Hogan J, et al. ADAMTS13 
gene mutations influence ADAMTS13 conformation and disease age-onset in the 
French cohort of Upshaw-Schulman syndrome. Thromb Haemost. (2018) 118:1902–17. 
doi: 10.1055/s-0038-1673686

 54. Huerta A, Arjona E, Portoles J, Lopez-Sanchez P, Rabasco C, Espinosa M, et al. A 
retrospective study of pregnancy-associated atypical hemolytic uremic syndrome. 
Kidney Int. (2018) 93:450–9. doi: 10.1016/j.kint.2017.06.022

 55. Strufaldi FL, Menezes Neves PDM, Dias CB, Yu L, Woronik V, Cavalcante LB, et al. 
Renal thrombotic microangiopathy associated to worse renal prognosis in lupus 
nephritis. J Nephrol. (2021) 34:1147–56. doi: 10.1007/s40620-020-00938-3

 56. Song D, Wu L, Wang F, Yang X, Zhu D, Chen M, et al. The spectrum of renal 
thrombotic microangiopathy in lupus nephritis. Arthritis Res Ther. (2013) 15:R12. doi: 
10.1186/ar4142

 57. Kotzen ES, Roy S, Jain K. Antiphospholipid syndrome nephropathy and other 
thrombotic Microangiopathies among patients with systemic lupus erythematosus. Adv 
Chronic Kidney Dis. (2019) 26:376–86. doi: 10.1053/j.ackd.2019.08.012

 58. Johnsen SJA, Valborgland T, Gudlaugsson E, Bostad L, Omdal R. Thrombotic 
microangiopathy and the antiphospholipid syndrome. Lupus. (2010) 19:1569–72. doi: 
10.1177/0961203310375262

 59. Burwick RM, Moyle K, Java A, Gupta M. Differentiating hemolysis, elevated liver 
enzymes, and low platelet count syndrome and atypical hemolytic uremic syndrome in 
the postpartum period. Hypertension. (2021) 78:760–8. doi: 10.1161/
HYPERTENSIONAHA.121.17311

 60. Keiser SD, Boyd KW, Rehberg JF, Elkins S, Owens MY, Sunesara I, et al. A high 
LDH to AST ratio helps to differentiate pregnancy-associated thrombotic 
thrombocytopenic purpura (TTP) from HELLP syndrome. J Matern Fetal Neonatal 
Med. (2012) 25:1059–63. doi: 10.3109/14767058.2011.619603

 61. Martin JN, Tucker JM. Maternal morbidity and mortality in pregnant/postpartum 
women with suspected HELLP syndrome identifiable as probable thrombotic 
thrombocytopenic purpura or atypical hemolytic uremic syndrome by high LDH to AST 
ratio. Int J Gynaecol Obstet. (2022) 159:870–4. doi: 10.1002/ijgo.14177

 62. Frimat M, Decambron M, Lebas C, Moktefi A, Lemaitre L, Gnemmi V, et al. Renal 
cortical necrosis in postpartum hemorrhage: A case series. Am J Kidney Dis. (2016) 
68:50–7. doi: 10.1053/j.ajkd.2015.11.022

 63. Wang R, Liu X, Li W, Tan Y, Qiu J, Su T. Pregnancy-associated renal cortical 
necrosis and nonenhanced functional magnetic resonance imaging: A case series. 
Kidney Med. (2023) 5:100623. doi: 10.1016/j.xkme.2023.100623

 64. Fage N, Orvain C, Henry N, Mellaza C, Beloncle F, Tuffigo M, et al. Proteinuria 
increases the PLASMIC and French scores performance to predict thrombotic 
thrombocytopenic Purpura in patients with thrombotic Microangiopathy syndrome. 
Kidney Int Rep. (2022) 7:221–31. doi: 10.1016/j.ekir.2021.11.009

 65. Novotny S, Lee-Plenty N, Wallace K, Kassahun-Yimer W, Jayaram A, Bofill JA, 
et al. Acute kidney injury associated with preeclampsia or hemolysis, elevated liver 
enzymes, and low platelets syndrome. Preg Hypertens. (2020) 19:94–9. doi: 10.1016/j.
preghy.2019.11.010

 66. Ye W, Shu H, Wen Y, Ye W, Li H, Qin Y, et al. Renal histopathology of prolonged 
acute kidney injury in HELLP syndrome: a case series and literature review. Int Urol 
Nephrol. (2019) 51:987–94. doi: 10.1007/s11255-019-02135-z

 67. Poon LC, Shennan A, Hyett JA, Kapur A, Hadar E, Divakar H, et al. The 
International Federation of Gynecology and Obstetrics (FIGO) initiative on pre-
eclampsia: A pragmatic guide for first-trimester screening and prevention. Int J Gynaecol 
Obstet. (2019) 145:1–33. doi: 10.1002/ijgo.12802

 68. Haram K, Svendsen E, Abildgaard U. The HELLP syndrome: clinical issues and 
management. A review. BMC Pregnancy Childbirth. (2009) 9:8. doi: 10.1186/1471-2393-9-8

 69. Haddad B, Barton JR, Livingston JC, Chahine R, Sibai BM. HELLP (hemolysis, 
elevated liver enzymes, and low platelet count) syndrome versus severe preeclampsia: 
onset at < or =28.0 weeks’ gestation. Am J Obstet Gynecol. (2000) 183:1475–9. doi: 
10.1067/mob.2000.106975

 70. Smulian J, Shen-Schwarz S, Scorza W, Kinzler W, Vintzileos A. A 
clinicohistopathologic comparison between HELLP syndrome and severe preeclampsia. 
J Matern Fetal Neonatal Med. (2004) 16:287–93. doi: 10.1080/14767050400018015

 71. Meibody F, Jamme M, Tsatsaris V, Provot F, Lambert J, Frémeaux-Bacchi V, et al. 
Post-partum acute kidney injury: sorting placental and non-placental thrombotic 
microangiopathies using the trajectory of biomarkers. Nephrol Dial Transplant. (2020) 
35:1538–46. doi: 10.1093/ndt/gfz025

 72. Noris M, Galbusera M, Gastoldi S, Macor P, Banterla F, Bresin E, et al. Dynamics 
of complement activation in aHUS and how to monitor eculizumab therapy. Blood. 
(2014) 124:1715–26. doi: 10.1182/blood-2014-02-558296

 73. Fremeaux-Bacchi V, Fakhouri F, Garnier A, Bienaime F, Dragon-Durey M-A, Ngo 
S, et al. Genetics and outcome of atypical hemolytic uremic syndrome: A Nationwide 
French series comparing children and adults. Clin J Am Soc Nephrol. (2013) 8:554–62. 
doi: 10.2215/CJN.04760512

 74. Cammett TJ, Garlo K, Millman EE, Rice K, Toste CM, Faas SJ. Exploratory 
prognostic biomarkers of complement-mediated thrombotic Microangiopathy (CM-
TMA) in adults with atypical hemolytic uremic syndrome (aHUS): analysis of a phase 
III study of Ravulizumab. Mol Diagn Ther. (2023) 27:61–74. doi: 10.1007/
s40291-022-00620-3

 75. Kim MY, Guerra MM, Kaplowitz E, Laskin CA, Petri M, Branch DW, et al. 
Complement activation predicts adverse pregnancy outcome in patients with systemic 
lupus erythematosus and/or antiphospholipid antibodies. Ann Rheum Dis. (2018) 
77:549–55. doi: 10.1136/annrheumdis-2017-212224

 76. Derzsy Z, Prohászka Z, Rigó J, Füst G, Molvarec A. Activation of the complement 
system in normal pregnancy and preeclampsia. Mol Immunol. (2010) 47:1500–6. doi: 
10.1016/j.molimm.2010.01.021

 77. Denny KJ, Coulthard LG, Finnell RH, Callaway LK, Taylor SM, Woodruff TM. 
Elevated complement factor C5a in maternal and umbilical cord plasma in preeclampsia. 
J Reprod Immunol. (2013) 97:211–6. doi: 10.1016/j.jri.2012.11.006

 78. He Y, Xu B, Song D, Yu F, Chen Q, Zhao M. Expression of the complement system’s 
activation factors in plasma of patients with early/late-onset severe pre-eclampsia. Am 
J Reprod Immunol. (2016) 76:205–11. doi: 10.1111/aji.12541

 79. He Y-D, Xu B-N, Song D, Wang Y-Q, Yu F, Chen Q, et al. Normal range of 
complement components during pregnancy: A prospective study. Am J Reprod Immunol. 
(2020) 83:e13202. doi: 10.1111/aji.13202

 80. Lynch AM, Murphy JR, Byers T, Gibbs RS, Neville MC, Giclas PC, et al. Alternative 
complement pathway activation fragment bb in early pregnancy as a predictor of 
preeclampsia. Am J Obstet Gynecol. (2008) 198:385.e1–9. doi: 10.1016/j.ajog.2007.10.793

 81. Kolialexi A, Tsangaris GT, Sifakis S, Gourgiotis D, Katsafadou A, Lykoudi A, et al. 
Plasma biomarkers for the identification of women at risk for early-onset preeclampsia. 
Expert Rev Proteomics. (2017) 14:269–76. doi: 10.1080/14789450.2017.1291345

 82. Youssef L, Miranda J, Blasco M, Paules C, Crovetto F, Palomo M, et al. Complement 
and coagulation cascades activation is the main pathophysiological pathway in early-
onset severe preeclampsia revealed by maternal proteomics. Sci Rep. (2021) 11:3048. doi: 
10.1038/s41598-021-82733-z

 83. Guzzo G, Kissling S, Pantaleo G, Pascual M, Sadallah S, Teta D. Complement 
activation and blockade in massive post-partum haemorrhage, thrombotic 
microangiopathy and acute kidney injury: a case report. BMC Nephrol. (2021) 22:252. 
doi: 10.1186/s12882-021-02456-1

 84. Palomo M, Blasco M, Molina P, Lozano M, Praga M, Torramade-Moix S, et al. 
Complement activation and thrombotic microangiopathies. Clin J Am Soc Nephrol. 
(2019) 14:1719–32. doi: 10.2215/CJN.05830519

 85. Vaught AJ, Gavriilaki E, Hueppchen N, Blakemore K, Yuan X, Seifert SM, et al. 
Direct evidence of complement activation in HELLP syndrome: A link to atypical 
hemolytic uremic syndrome. Exp Hematol. (2016) 44:390–8. doi: 10.1016/j.
exphem.2016.01.005

 86. Levine RJ, Maynard SE, Qian C, Lim K-H, England LJ, Yu KF, et al. Circulating 
angiogenic factors and the risk of preeclampsia. N Engl J Med. (2004) 350:672–83. doi: 
10.1056/NEJMoa031884

 87. Maynard SE, Min J-Y, Merchan J, Lim K-H, Li J, Mondal S, et al. Excess placental 
soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction, 
hypertension, and proteinuria in preeclampsia. J Clin Invest. (2003) 111:649–58. doi: 
10.1172/JCI17189

 88. van Lieshout LCEW, Koek GH, Spaanderman MA, van Runnard Heimel PJ. 
Placenta derived factors involved in the pathogenesis of the liver in the syndrome of 
haemolysis, elevated liver enzymes and low platelets (HELLP): A review. Pregnancy 
Hypertens. (2019) 18:42–8. doi: 10.1016/j.preghy.2019.08.004

 89. Zeisler H, Llurba E, Chantraine F, Vatish M, Staff ACSennström M, et al. Predictive 
value of the sFlt-1:PlGF ratio in women with suspected preeclampsia. N Engl J Med. 
(2016) 374:13–22. doi: 10.1056/NEJMoa1414838

 90. Verlohren S, Brennecke SP, Galindo A, Karumanchi SA, Mirkovic LB, Schlembach 
D, et al. Clinical interpretation and implementation of the sFlt-1/PlGF ratio in the 
prediction, diagnosis and management of preeclampsia. Pregnancy Hypertens. (2022) 
27:42–50. doi: 10.1016/j.preghy.2021.12.003

 91. Dröge LA, Perschel FH, Stütz N, Gafron A, Frank L, Busjahn A, et al. Prediction 
of preeclampsia-related adverse outcomes with the sFlt-1 (soluble fms-like tyrosine 
kinase 1)/PlGF (placental growth factor)-ratio in the clinical routine: A real-world study. 
Hypertension. (2021) 77:461–71. doi: 10.1161/HYPERTENSIONAHA.120.15146

 92. Iannaccone A, Reisch B, Mavarani L, Darkwah Oppong M, Kimmig R, Mach P, 
et al. Soluble endoglin versus sFlt-1/PlGF ratio: detection of preeclampsia, HELLP 
syndrome, and FGR in a high-risk cohort. Hypertens Pregnancy. (2022) 41:159–72. doi: 
10.1080/10641955.2022.2066119

 93. Margioula-Siarkou G, Margioula-Siarkou C, Petousis S, Margaritis K, 
Alexandratou M, Dinas K, et al. Soluble endoglin concentration in maternal blood 
as a diagnostic biomarker of preeclampsia: A systematic review and meta-analysis. 
Eur J Obstet Gynecol Reprod Biol. (2021) 258:366–81. doi: 10.1016/j.ejogrb. 
2021.01.039

 94. Hertig A, Fort J, Lefevre G, Chabbert-Buffet N, Uzan M, Rondeau E, et al. Soluble 
endoglin in preeclamptic patients with or without HELLP syndrome. Am J Obstet 
Gynecol. (2010) 202:594.e1–4. doi: 10.1016/j.ajog.2010.03.006

https://doi.org/10.3389/fmed.2024.1343060
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1182/blood-2012-02-408914
https://doi.org/10.1182/blood-2012-02-408914
https://doi.org/10.1055/s-0038-1673686
https://doi.org/10.1016/j.kint.2017.06.022
https://doi.org/10.1007/s40620-020-00938-3
https://doi.org/10.1186/ar4142
https://doi.org/10.1053/j.ackd.2019.08.012
https://doi.org/10.1177/0961203310375262
https://doi.org/10.1161/HYPERTENSIONAHA.121.17311
https://doi.org/10.1161/HYPERTENSIONAHA.121.17311
https://doi.org/10.3109/14767058.2011.619603
https://doi.org/10.1002/ijgo.14177
https://doi.org/10.1053/j.ajkd.2015.11.022
https://doi.org/10.1016/j.xkme.2023.100623
https://doi.org/10.1016/j.ekir.2021.11.009
https://doi.org/10.1016/j.preghy.2019.11.010
https://doi.org/10.1016/j.preghy.2019.11.010
https://doi.org/10.1007/s11255-019-02135-z
https://doi.org/10.1002/ijgo.12802
https://doi.org/10.1186/1471-2393-9-8
https://doi.org/10.1067/mob.2000.106975
https://doi.org/10.1080/14767050400018015
https://doi.org/10.1093/ndt/gfz025
https://doi.org/10.1182/blood-2014-02-558296
https://doi.org/10.2215/CJN.04760512
https://doi.org/10.1007/s40291-022-00620-3
https://doi.org/10.1007/s40291-022-00620-3
https://doi.org/10.1136/annrheumdis-2017-212224
https://doi.org/10.1016/j.molimm.2010.01.021
https://doi.org/10.1016/j.jri.2012.11.006
https://doi.org/10.1111/aji.12541
https://doi.org/10.1111/aji.13202
https://doi.org/10.1016/j.ajog.2007.10.793
https://doi.org/10.1080/14789450.2017.1291345
https://doi.org/10.1038/s41598-021-82733-z
https://doi.org/10.1186/s12882-021-02456-1
https://doi.org/10.2215/CJN.05830519
https://doi.org/10.1016/j.exphem.2016.01.005
https://doi.org/10.1016/j.exphem.2016.01.005
https://doi.org/10.1056/NEJMoa031884
https://doi.org/10.1172/JCI17189
https://doi.org/10.1016/j.preghy.2019.08.004
https://doi.org/10.1056/NEJMoa1414838
https://doi.org/10.1016/j.preghy.2021.12.003
https://doi.org/10.1161/HYPERTENSIONAHA.120.15146
https://doi.org/10.1080/10641955.2022.2066119
https://doi.org/10.1016/j.ejogrb.2021.01.039
https://doi.org/10.1016/j.ejogrb.2021.01.039
https://doi.org/10.1016/j.ajog.2010.03.006


Frimat et al. 10.3389/fmed.2024.1343060

Frontiers in Medicine 15 frontiersin.org

 95. Trottmann F, Baumann M, Amylidi-Mohr S, Surbek D, Risch L, Mosimann B, et al. 
Angiogenic profiling in HELLP syndrome cases with or without hypertension and 
proteinuria. Eur J Obstet Gynecol Reprod Biol. (2019) 243:93–6. doi: 10.1016/j.
ejogrb.2019.10.021

 96. Romanidou G, Konstantinidis TG, Natsi A-M, Kantartzi K, Panopoulou M, 
Kontomanolis E, et al. Decreased levels of soluble developmental endothelial Locus-1 
are associated with thrombotic Microangiopathy in pregnancy. Int J Mol Sci. (2023) 
24:11762. doi: 10.3390/ijms241411762

 97. Rybak-Krzyszkowska M, Staniczek J, Kondracka A, Bogusławska J, Kwiatkowski 
S, Góra T, et al. From biomarkers to the molecular mechanism of preeclampsia-A 
comprehensive literature review. Int J Mol Sci. (2023) 24:13252. doi: 10.3390/
ijms241713252

 98. Béranger N, Tsatsaris V, Coppo P, Veyradier A, Joly BS. High sFlt-1 (soluble fms-
like tyrosine kinase 1)/PlGF (placental growth factor) ratio in pregnancy-onset 
thrombotic thrombocytopenic Purpura. Hypertension. (2023) 80:e140–2. doi: 10.1161/
HYPERTENSIONAHA.123.20987

 99. Garland J, Little D. Maternal death and its investigation. Acad Forensic Pathol. 
(2018) 8:894–911. doi: 10.1177/1925362118821485

 100. Tsokos M, Longauer F, Kardosová V, Gavel A, Anders S, Schulz F. Maternal death 
in pregnancy from HELLP syndrome. A report of three medico-legal autopsy cases with 
special reference to distinctive histopathological alterations. Int J Legal Med. (2002) 
116:50–3. doi: 10.1007/s00414-001-0276-5

 101. Yamamoto T, Fujimura Y, Emoto Y, Kuriu Y, Iino M, Matoba R. Autopsy case of 
sudden maternal death from thrombotic thrombocytopenic purpura. J Obstet Gynaecol 
Res. (2013) 39:351–4. doi: 10.1111/j.1447-0756.2012.01941.x

 102. Kemp WL, Barnard JJ, Prahlow JA. Death due to thrombotic thrombocytopenic 
purpura in pregnancy: case report with review of thrombotic microangiopathies of 
pregnancy. Am J Forensic Med Pathol. (1999) 20:189–98. doi: 10.1097/00000433- 
199906000-00017

 103. Yüksel S, Işık Gönül İ, Canpolat N, Gökçe İ, Özlü SG, Özçakar ZB, et al. Renal 
biopsy prognostic findings in children with atypical hemolytic uremic syndrome. Pediatr 
Dev Pathol. (2020) 23:362–71. doi: 10.1177/1093526620925947

 104. Gaber LW, Spargo BH, Lindheimer MD. Renal pathology in pre-eclampsia. 
Baillieres Clin Obstet Gynaecol. (1994) 8:443–68. doi: 10.1016/s0950-3552(05)80330-x

 105. D’Agati V. Non-neoplastic kidney disease Afip atlas of nontumor pathology, vol. 4 
1st edition.  Amer Registry of Pathology. AFIP (2005) 1.

 106. Afrouzian M, Kozakowski N, Liapis H, Broecker V, Truong L, Avila-Casado C, 
et al. Thrombotic microangiopathy in the renal allograft: results of the TMA Banff 
working group consensus on pathologic diagnostic criteria. Transpl Int. (2023) 36:11590. 
doi: 10.3389/ti.2023.11590

 107. May O, Merle NS, Grunenwald A, Gnemmi V, Leon J, Payet C, et al. Heme drives 
susceptibility of glomerular endothelium to complement Overactivation due to 
inefficient upregulation of Heme Oxygenase-1. Front Immunol. (2018) 9:3008. doi: 
10.3389/fimmu.2018.03008

 108. Petr V, Thurman JM. The role of complement in kidney disease. Nat Rev Nephrol. 
(2023) 19:771–87. doi: 10.1038/s41581-023-00766-1

 109. Larsen CP, Wilson JD, Best-Rocha A, Beggs ML, Hennigar RA. Genetic testing 
of complement and coagulation pathways in patients with severe hypertension and renal 
microangiopathy. Mod Pathol. (2018) 31:488–94. doi: 10.1038/modpathol.2017.154

 110. Timmermans SAMEG, Wérion A, Damoiseaux JGMC, Morelle J, 
Reutelingsperger CP, van Paassen P. Diagnostic and risk factors for complement defects 
in hypertensive emergency and thrombotic Microangiopathy. Hypertension. (2020) 
75:422–30. doi: 10.1161/HYPERTENSIONAHA.119.13714

 111. Sircar M, Thadhani R, Karumanchi SA. Pathogenesis of preeclampsia. Curr Opin 
Nephrol Hypertens. (2015) 24:131–8. doi: 10.1097/MNH.0000000000000105

 112. Strevens H, Wide-Swensson D, Hansen A, Horn T, Ingemarsson I, Larsen S, et al. 
Glomerular endotheliosis in normal pregnancy and pre-eclampsia. BJOG. (2003) 
110:831–6. doi: 10.1111/j.1471-0528.2003.02162.x

 113. Moroni G, Calatroni M, Ponticelli C. The impact of preeclampsia in lupus 
nephritis. Expert Rev Clin Immunol. (2022) 18:625–37. doi: 10.1080/1744666X. 
2022.2074399

 114. Xu X, Liang M-Y, Wang J-L, Chen S. Clinical features and outcome of pregnancy 
with SLE-associated thrombocytopenia. J Matern Fetal Neonatal Med. (2016) 29:789–94. 
doi: 10.3109/14767058.2015.1018169

 115. Rousselin C, Amoura Z, Faguer S, Bataille P, Boffa J-J, Canaud G, et al. Renal and 
vascular outcomes in patients with isolated antiphospholipid syndrome nephropathy. J 
Autoimmun. (2022) 132:102889. doi: 10.1016/j.jaut.2022.102889

 116. Khong TY, Mooney EE, Ariel I, Balmus NCM, Boyd TK, Brundler M-A, et al. 
Sampling and definitions of placental lesions: Amsterdam placental workshop group 
consensus statement. Arch Pathol Lab Med. (2016) 140:698–713. doi: 10.5858/
arpa.2015-0225-CC

 117. Fraser A, Catov JM. Placental syndromes and long-term risk of hypertension. J 
Hum Hypertens. (2023) 37:671–4. doi: 10.1038/s41371-023-00802-4

 118. Labarrere CA, DiCarlo HL, Bammerlin E, Hardin JW, Kim YM, Chaemsaithong 
P, et al. Failure of physiologic transformation of spiral arteries, endothelial and 

trophoblast cell activation, and acute atherosis in the basal plate of the placenta. Am J 
Obstet Gynecol. (2017) 216:287.e1–287.e16. doi: 10.1016/j.ajog.2016.12.029

 119. Nelson DB, Ziadie MS, McIntire DD, Rogers BB, Leveno KJ. Placental pathology 
suggesting that preeclampsia is more than one disease. Am J Obstet Gynecol. (2014) 
210:66.e1–7. doi: 10.1016/j.ajog.2013.09.010

 120. Moldenhauer JS, Stanek J, Warshak C, Khoury J, Sibai B. The frequency and 
severity of placental findings in women with preeclampsia are gestational age dependent. 
Am J Obstet Gynecol. (2003) 189:1173–7. doi: 10.1067/s0002-9378(03)00576-3

 121. Holzman CB, Senagore P, Xu J, Dunietz GL, Strutz KL, Tian Y, et al. Maternal risk 
of hypertension 7-15 years after pregnancy: clues from the placenta. BJOG. (2021) 
128:827–36. doi: 10.1111/1471-0528.16498

 122. Vinnars M-T, Wijnaendts LCD, Westgren M, Bolte AC, Papadogiannakis N, 
Nasiell J. Severe preeclampsia with and without HELLP differ with regard to placental 
pathology. Hypertension. (2008) 51:1295–9. doi: 10.1161/HYPERTENSIONAHA. 
107.104844

 123. Mehrabian F, Mohammadizadeh F, Moghtaderi N, Najafian A. Comparison of 
placental pathology between severe preeclampsia and HELLP syndrome. Arch Gynecol 
Obstet. (2012) 285:175–81. doi: 10.1007/s00404-011-1948-0

 124. Weiner E, Schreiber L, Grinstein E, Feldstein O, Rymer-Haskel N, Bar J, et al. The 
placental component and obstetric outcome in severe preeclampsia with and without 
HELLP syndrome. Placenta. (2016) 47:99–104. doi: 10.1016/j.placenta.2016.09.012

 125. Miodownik S, Pikovsky O, Erez O, Kezerle Y, Lavon O, Rabinovich A. Unfolding 
the pathophysiology of congenital thrombotic thrombocytopenic purpura in pregnancy: 
lessons from a cluster of familial cases. Am J Obstet Gynecol. (2021) 225:177.e1–177.e15. 
doi: 10.1016/j.ajog.2021.02.018

 126. Blakey H, Sun R, Xie L, Russell R, Sarween N, Hodson J, et al. Pre-eclampsia is 
associated with complement pathway activation in the maternal and fetal circulation, 
and placental tissue. Pregnancy Hypertens. (2023) 32:43–9. doi: 10.1016/j.
preghy.2023.04.001

 127. Matrai CE, Rand JH, Baergen RN. Absence of distinct Immunohistochemical 
distribution of Annexin A5, C3b, C4d, and C5b-9  in placentas from patients with 
antiphospholipid antibodies, preeclampsia, and systemic lupus erythematosus. Pediatr 
Dev Pathol. (2019) 22:431–9. doi: 10.1177/1093526619836025

 128. Minamiguchi S, Mikami Y, Nakajima N, Salah A, Kondoh E, Tatsumi K, et al. 
Complement split product C4d deposition in placenta in systemic lupus erythematosus 
and pregnancy-induced hypertension. Pathol Int. (2013) 63:150–7. doi: 10.1111/
pin.12041

 129. Lewis RM. Volume electron microscopy reveals placental ultrastructure in 3D. 
Placenta. (2023) 141:78–83. doi: 10.1016/j.placenta.2023.07.015

 130. Roumenina LT, Rayes J, Frimat M, Fremeaux-Bacchi V. Endothelial cells: source, 
barrier, and target of defensive mediators. Immunol Rev. (2016) 274:307–29. doi: 
10.1111/imr.12479

 131. Krüger-Genge A, Blocki A, Franke R-P, Jung F. Vascular endothelial cell biology: 
an update. Int J Mol Sci. (2019) 20:4411. doi: 10.3390/ijms20184411

 132. Yang Q, Wijerathne H, Langston JC, Kiani MF, Kilpatrick LE. Emerging 
approaches to understanding microvascular endothelial heterogeneity: A roadmap for 
developing anti-inflammatory therapeutics. Int J Mol Sci. (2021) 22:7770. doi: 10.3390/
ijms22157770

 133. Parab S, Setten E, Astanina E, Bussolino F, Doronzo G. The tissue-specific 
transcriptional landscape underlines the involvement of endothelial cells in health and 
disease. Pharmacol Ther. (2023) 246:108418. doi: 10.1016/j.pharmthera.2023.108418

 134. Nico B, Crivellato E, Ribatti D. The importance of electron microscopy in the 
study of capillary endothelial cells: an historical review. Endothelium. (2007) 14:257–64. 
doi: 10.1080/10623320701746289

 135. Chi J-T, Chang HY, Haraldsen G, Jahnsen FL, Troyanskaya OG, Chang DS, et al. 
Endothelial cell diversity revealed by global expression profiling. Proc Natl Acad Sci USA. 
(2003) 100:10623–8. doi: 10.1073/pnas.1434429100

 136. Belloni PN, Nicolson GL. Differential expression of cell surface glycoproteins on 
various organ-derived microvascular endothelia and endothelial cell cultures. J Cell 
Physiol. (1988) 136:398–410. doi: 10.1002/jcp.1041360303

 137. Ribatti D, Tamma R, Ruggieri S, Annese T, Crivellato E. Surface markers: an 
identity card of endothelial cells. Microcirculation. (2020) 27:e12587. doi: 10.1111/
micc.12587

 138. Chavkin NW, Hirschi KK. Single cell analysis in vascular biology. Front 
Cardiovasc Med. (2020) 7:42. doi: 10.3389/fcvm.2020.00042

 139. Dawson A, Wang Y, Li Y, LeMaire SA, Shen YH. New technologies with increased 
precision improve understanding of endothelial cell heterogeneity in cardiovascular 
health and disease. Front Cell Dev Biol. (2021) 9:679995. doi: 10.3389/fcell.2021.679995

 140. Kalucka J, de Rooij LPMH, Goveia J, Rohlenova K, Dumas SJ, Meta E, et al. 
Single-cell transcriptome atlas of murine endothelial cells. Cell. (2020) 180:764–779.e20. 
doi: 10.1016/j.cell.2020.01.015

 141. Aird WC. Phenotypic heterogeneity of the endothelium: I. Structure, function, 
and mechanisms. Circ Res. (2007) 100:158–73. doi: 10.1161/01.RES.0000255691.76142.4a

 142. Aird WC. Endothelial cell heterogeneity. Cold Spring Harb Perspect Med. (2012) 
2:a006429. doi: 10.1101/cshperspect.a006429

https://doi.org/10.3389/fmed.2024.1343060
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.ejogrb.2019.10.021
https://doi.org/10.1016/j.ejogrb.2019.10.021
https://doi.org/10.3390/ijms241411762
https://doi.org/10.3390/ijms241713252
https://doi.org/10.3390/ijms241713252
https://doi.org/10.1161/HYPERTENSIONAHA.123.20987
https://doi.org/10.1161/HYPERTENSIONAHA.123.20987
https://doi.org/10.1177/1925362118821485
https://doi.org/10.1007/s00414-001-0276-5
https://doi.org/10.1111/j.1447-0756.2012.01941.x
https://doi.org/10.1097/00000433-199906000-00017
https://doi.org/10.1097/00000433-199906000-00017
https://doi.org/10.1177/1093526620925947
https://doi.org/10.1016/s0950-3552(05)80330-x
https://doi.org/10.3389/ti.2023.11590
https://doi.org/10.3389/fimmu.2018.03008
https://doi.org/10.1038/s41581-023-00766-1
https://doi.org/10.1038/modpathol.2017.154
https://doi.org/10.1161/HYPERTENSIONAHA.119.13714
https://doi.org/10.1097/MNH.0000000000000105
https://doi.org/10.1111/j.1471-0528.2003.02162.x
https://doi.org/10.1080/1744666X.2022.2074399
https://doi.org/10.1080/1744666X.2022.2074399
https://doi.org/10.3109/14767058.2015.1018169
https://doi.org/10.1016/j.jaut.2022.102889
https://doi.org/10.5858/arpa.2015-0225-CC
https://doi.org/10.5858/arpa.2015-0225-CC
https://doi.org/10.1038/s41371-023-00802-4
https://doi.org/10.1016/j.ajog.2016.12.029
https://doi.org/10.1016/j.ajog.2013.09.010
https://doi.org/10.1067/s0002-9378(03)00576-3
https://doi.org/10.1111/1471-0528.16498
https://doi.org/10.1161/HYPERTENSIONAHA.107.104844
https://doi.org/10.1161/HYPERTENSIONAHA.107.104844
https://doi.org/10.1007/s00404-011-1948-0
https://doi.org/10.1016/j.placenta.2016.09.012
https://doi.org/10.1016/j.ajog.2021.02.018
https://doi.org/10.1016/j.preghy.2023.04.001
https://doi.org/10.1016/j.preghy.2023.04.001
https://doi.org/10.1177/1093526619836025
https://doi.org/10.1111/pin.12041
https://doi.org/10.1111/pin.12041
https://doi.org/10.1016/j.placenta.2023.07.015
https://doi.org/10.1111/imr.12479
https://doi.org/10.3390/ijms20184411
https://doi.org/10.3390/ijms22157770
https://doi.org/10.3390/ijms22157770
https://doi.org/10.1016/j.pharmthera.2023.108418
https://doi.org/10.1080/10623320701746289
https://doi.org/10.1073/pnas.1434429100
https://doi.org/10.1002/jcp.1041360303
https://doi.org/10.1111/micc.12587
https://doi.org/10.1111/micc.12587
https://doi.org/10.3389/fcvm.2020.00042
https://doi.org/10.3389/fcell.2021.679995
https://doi.org/10.1016/j.cell.2020.01.015
https://doi.org/10.1161/01.RES.0000255691.76142.4a
https://doi.org/10.1101/cshperspect.a006429


Frimat et al. 10.3389/fmed.2024.1343060

Frontiers in Medicine 16 frontiersin.org

 143. Ku KH, Subramaniam N, Marsden PA. Epigenetic determinants of flow-mediated 
vascular endothelial gene expression. Hypertension. (2019) 74:467–76. doi: 10.1161/
HYPERTENSIONAHA.119.13342

 144. Bernstein SR, Kelleher C, Khalil RA. Gender-based research underscores sex 
differences in biological processes, clinical disorders and pharmacological interventions. 
Biochem Pharmacol. (2023) 215:115737. doi: 10.1016/j.bcp.2023.115737

 145. Stanhewicz AE, Nuckols VR, Pierce GL. Maternal microvascular dysfunction 
during preeclamptic pregnancy. Clin Sci (Lond). (2021) 135:1083–101. doi: 10.1042/
CS20200894

 146. Kublickiene K, Luksha L. Gender and the endothelium. Pharmacol Rep. (2008) 
60:49–60.

 147. Abou-Ismail MY, Citla Sridhar D, Nayak L. Estrogen and thrombosis: A bench 
to bedside review. Thromb Res. (2020) 192:40–51. doi: 10.1016/j.thromres.2020.05.008

 148. Vitale C, Mendelsohn ME, Rosano GMC. Gender differences in the 
cardiovascular effect of sex hormones. Nat Rev Cardiol. (2009) 6:532–42. doi: 10.1038/
nrcardio.2009.105

 149. Knowlton AA, Lee AR. Estrogen and the cardiovascular system. Pharmacol Ther. 
(2012) 135:54–70. doi: 10.1016/j.pharmthera.2012.03.007

 150. Wang D, Wang C, Wu X, Zheng W, Sandberg K, Ji H, et al. Endothelial 
dysfunction and enhanced contractility in microvessels from ovariectomized rats: roles 
of oxidative stress and perivascular adipose tissue. Hypertension. (2014) 63:1063–9. doi: 
10.1161/HYPERTENSIONAHA.113.02284

 151. Sato A, Miura H, Liu Y, Somberg LB, Otterson MF, Demeure MJ, et al. Effect of gender 
on endothelium-dependent dilation to bradykinin in human adipose microvessels. Am J 
Physiol Heart Circ Physiol. (2002) 283:H845–52. doi: 10.1152/ajpheart.00160.2002

 152. Fadini GP, de Kreutzenberg S, Albiero M, Coracina A, Pagnin E, Baesso I, et al. 
Gender differences in endothelial progenitor cells and cardiovascular risk profile. 
Arterioscler Thromb Vasc Biol. (2008) 28:997–1004. doi: 10.1161/ATVBAHA.107.159558

 153. Miller AA, De Silva TM, Jackman KA, Sobey CG. Effect of gender and sex 
hormones on vascular oxidative stress. Clin Exp Pharmacol Physiol. (2007) 34:1037–43. 
doi: 10.1111/j.1440-1681.2007.04732.x

 154. Powers RW, Majors AK, Lykins DL, Sims CJ, Lain KY, Roberts JM. Plasma 
homocysteine and malondialdehyde are correlated in an age- and gender-specific 
manner. Metabolism. (2002) 51:1433–8. doi: 10.1053/meta.2002.35587

 155. Gohar EY, Pollock DM. Sex-specific contributions of endothelin to hypertension. 
Curr Hypertens Rep. (2018) 20:58. doi: 10.1007/s11906-018-0856-0

 156. Kimura K, Hashiguchi T, Deguchi T, Horinouchi S, Uto T, Oku H, et al. Serum 
VEGF--as a prognostic factor of atherosclerosis. Atherosclerosis. (2007) 194:182–8. doi: 
10.1016/j.atherosclerosis.2006.07.025

 157. Iorga A, Cunningham CM, Moazeni S, Ruffenach G, Umar S, Eghbali M. The 
protective role of estrogen and estrogen receptors in cardiovascular disease and the 
controversial use of estrogen therapy. Biol Sex Differ. (2017) 8:33. doi: 10.1186/
s13293-017-0152-8

 158. Huxley VH, Kemp SS. Sex-specific characteristics of the microcirculation. Adv 
Exp Med Biol. (2018) 1065:307–28. doi: 10.1007/978-3-319-77932-4_20

 159. Diler AS, Uzüm G, Akgün Dar K, Aksu U, Atukeren P, Ziylan YZ. Sex differences 
in modulating blood brain barrier permeability by NO in pentylenetetrazol-induced 
epileptic seizures. Life Sci. (2007) 80:1274–81. doi: 10.1016/j.lfs.2006.12.039

 160. Maggioli E, McArthur S, Mauro C, Kieswich J, Kusters DHM, Reutelingsperger 
CPM, et al. Estrogen protects the blood-brain barrier from inflammation-induced 
disruption and increased lymphocyte trafficking. Brain Behav Immun. (2016) 51:212–22. 
doi: 10.1016/j.bbi.2015.08.020

 161. Huxley VH, Williams DA. Role of a glycocalyx on coronary arteriole permeability 
to proteins: evidence from enzyme treatments. Am J Physiol Heart Circ Physiol. (2000) 
278:H1177–85. doi: 10.1152/ajpheart.2000.278.4.H1177

 162. Hulde N, Rogenhofer N, Brettner F, Eckert NC, Götzfried I, Nguyen T, et al. The 
CYCLOCALYX study: ovulatory cycle affects circulating compartments of the endothelial 
glycocalyx in blood. Am J Reprod Immunol. (2018) 79:1. doi: 10.1111/aji.12767

 163. Paik DT, Tian L, Williams IM, Rhee S, Zhang H, Liu C, et al. Single-cell RNA 
sequencing unveils unique transcriptomic signatures of organ-specific endothelial cells. 
Circulation. (2020) 142:1848–62. doi: 10.1161/CIRCULATIONAHA.119.041433

 164. Regal JF, Gilbert JS, Burwick RM. The complement system and adverse pregnancy 
outcomes. Mol Immunol. (2015) 67:56–70. doi: 10.1016/j.molimm.2015.02.030

 165. Teirilä L, Heikkinen-Eloranta J, Kotimaa J, Meri S, Lokki AI. Regulation of the 
complement system and immunological tolerance in pregnancy. Semin Immunol. (2019) 
45:101337. doi: 10.1016/j.smim.2019.101337

 166. Girardi G, Lingo JJ, Fleming SD, Regal JF. Essential role of complement in 
pregnancy: from implantation to parturition and beyond. Front Immunol. (2020) 
11:1681. doi: 10.3389/fimmu.2020.01681

 167. Wells M, Bennett J, Bulmer JN, Jackson P, Holgate CS. Complement component 
deposition in uteroplacental (spiral) arteries in normal human pregnancy. J Reprod 
Immunol. (1987) 12:125–35. doi: 10.1016/0165-0378(87)90040-4

 168. Lokki AI, Heikkinen-Eloranta J, Jarva H, Saisto T, Lokki M-L, Laivuori H, et al. 
Complement activation and regulation in Preeclamptic placenta. Front Immunol. (2014) 
5:312

 169. Buurma A, Cohen D, Veraar K, Schonkeren D, Claas FH, Bruijn JA, et al. 
Preeclampsia is characterized by placental complement dysregulation. Hypertension. 
(2012) 60:1332–7. doi: 10.1161/HYPERTENSIONAHA.112.194324

 170. Tedesco F, Radillo O, Candussi G, Nazzaro A, Mollnes TE, Pecorari D. 
Immunohistochemical detection of terminal complement complex and S protein in 
normal and pre-eclamptic placentae. Clin Exp Immunol. (1990) 80:236–40. doi: 10.1111/
j.1365-2249.1990.tb05240.x

 171. Bulla R, Bossi F, Agostinis C, Radillo O, Colombo F, De Seta F, et al. Complement 
production by trophoblast cells at the feto-maternal interface. J Reprod Immunol. (2009) 
82:119–25. doi: 10.1016/j.jri.2009.06.124

 172. Goldberg M, Luknar-Gabor N, Keidar R, Katz Y. Synthesis of complement 
proteins in the human chorion is differentially regulated by cytokines. Mol Immunol. 
(2007) 44:1737–42. doi: 10.1016/j.molimm.2006.07.298

 173. Kittner SJ, Stern BJ, Feeser BR, Hebel R, Nagey DA, Buchholz DW, et al. 
Pregnancy and the risk of stroke. N Engl J Med. (1996) 335:768–74. doi: 10.1056/
NEJM199609123351102

 174. James AH, Jamison MG, Biswas MS, Brancazio LR, Swamy GK, Myers ER. Acute 
myocardial infarction in pregnancy: a United States population-based study. Circulation. 
(2006) 113:1564–71. doi: 10.1161/CIRCULATIONAHA.105.576751

 175. James AH, Jamison MG, Brancazio LR, Myers ER. Venous thromboembolism 
during pregnancy and the postpartum period: incidence, risk factors, and mortality. Am 
J Obstet Gynecol. (2006) 194:1311–5. doi: 10.1016/j.ajog.2005.11.008

 176. Louden KA, Broughton Pipkin F, Heptinstall S, Fox SC, Mitchell JR, Symonds 
EM. A longitudinal study of platelet behaviour and thromboxane production in whole 
blood in normal pregnancy and the puerperium. Br J Obstet Gynaecol. (1990) 
97:1108–14. doi: 10.1111/j.1471-0528.1990.tb02498.x

 177. Su X, Zhao W. Platelet aggregation in normal pregnancy. Clin Chim Acta. (2022) 
536:94–7. doi: 10.1016/j.cca.2022.09.016

 178. Blomqvist LRF, Strandell AM, Baghaei F, Hellgren MSE. Platelet aggregation in 
healthy women during normal pregnancy  - a longitudinal study. Platelets. (2019) 
30:438–44. doi: 10.1080/09537104.2018.1492106

 179. Sánchez-Luceros A, Meschengieser SS, Marchese C, Votta R, Casais P, Woods AI, 
et al. Factor VIII and von Willebrand factor changes during normal pregnancy and 
puerperium. Blood Coagul Fibrinolysis. (2003) 14:647–51. doi: 10.1097/00001721- 
200310000-00005

 180. Aref S, Goda H. Increased VWF antigen levels and decreased ADAMTS13 
activity in preeclampsia. Hematology. (2013) 18:237–41. doi: 10.1179/1607845412Y. 
0000000070

 181. Mannucci PM, Canciani MT, Forza I, Lussana F, Lattuada A, Rossi E. Changes in 
health and disease of the metalloprotease that cleaves von Willebrand factor. Blood. 
(2001) 98:2730–5. doi: 10.1182/blood.v98.9.2730

 182. Wang YP, Walsh SW, Guo JD, Zhang JY. Maternal levels of prostacyclin, 
thromboxane, vitamin E, and lipid peroxides throughout normal pregnancy. Am J Obstet 
Gynecol. (1991) 165:1690–4. doi: 10.1016/0002-9378(91)90016-k

 183. Sutton EF, Gemmel M, Powers RW. Nitric oxide signaling in pregnancy  
and preeclampsia. Nitric Oxide. (2020) 95:55–62. doi: 10.1016/j.niox.2019.11. 
006

 184. Lewis DF, Canzoneri BJ, Gu Y, Zhao S, Wang Y. Maternal levels of prostacyclin, 
thromboxane, ICAM, and VCAM in normal and preeclamptic pregnancies. Am J Reprod 
Immunol. (2010) 64:376–83. doi: 10.1111/j.1600-0897.2010.00861.x

 185. Freire VAF, Melo AD d, Santos H d L, Barros-Pinheiro M. Evaluation of oxidative 
stress markers in subtypes of preeclampsia: A systematic review and meta-analysis. 
Placenta. (2023) 132:55–67. doi: 10.1016/j.placenta.2022.12.009

 186. Cerneca F, Ricci G, Simeone R, Malisano M, Alberico S, Guaschino S. 
Coagulation and fibrinolysis changes in normal pregnancy. Increased levels of 
procoagulants and reduced levels of inhibitors during pregnancy induce a 
hypercoagulable state, combined with a reactive fibrinolysis. Eur J Obstet Gynecol Reprod 
Biol. (1997) 73:31–6. doi: 10.1016/s0301-2115(97)02734-6

 187. Katz D, Beilin Y. Disorders of coagulation in pregnancy. Brit J Anaesth. (2015) 
115:ii75–88. doi: 10.1093/bja/aev374

 188. James AH. Pregnancy and thrombotic risk. Crit Care Med. (2010) 38:S57–63. doi: 
10.1097/CCM.0b013e3181c9e2bb

 189. Wang M, Hao H, Leeper NJ, Zhu L, Committee Early Career. Thrombotic 
regulation from the endothelial cell perspectives. Arterioscler Thromb Vasc Biol (2018) 
38e90–e95. doi: 10.1161/ATVBAHA.118.310367, e90

 190. Grover SP, Mackman N. Tissue factor: an essential mediator of hemostasis and 
trigger of thrombosis. Arterioscler Thromb Vasc Biol. (2018) 38:709–25. doi: 10.1161/
ATVBAHA.117.309846

 191. Lockwood CJ, Krikun G, Caze R, Rahman M, Buchwalder LF, Schatz F. Decidual 
cell-expressed tissue factor in human pregnancy and its involvement in hemostasis and 
preeclampsia-related angiogenesis. Ann N Y Acad Sci. (2008) 1127:67–72. doi: 10.1196/
annals.1434.013

 192. Oda H, Nagamatsu T, Osuga Y. Thrombomodulin and pregnancy in the limelight: 
insights into the therapeutic aspect of thrombomodulin in pregnancy complications. J 
Thromb Haemost. (2022) 20:1040–55. doi: 10.1111/jth.15680

https://doi.org/10.3389/fmed.2024.1343060
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1161/HYPERTENSIONAHA.119.13342
https://doi.org/10.1161/HYPERTENSIONAHA.119.13342
https://doi.org/10.1016/j.bcp.2023.115737
https://doi.org/10.1042/CS20200894
https://doi.org/10.1042/CS20200894
https://doi.org/10.1016/j.thromres.2020.05.008
https://doi.org/10.1038/nrcardio.2009.105
https://doi.org/10.1038/nrcardio.2009.105
https://doi.org/10.1016/j.pharmthera.2012.03.007
https://doi.org/10.1161/HYPERTENSIONAHA.113.02284
https://doi.org/10.1152/ajpheart.00160.2002
https://doi.org/10.1161/ATVBAHA.107.159558
https://doi.org/10.1111/j.1440-1681.2007.04732.x
https://doi.org/10.1053/meta.2002.35587
https://doi.org/10.1007/s11906-018-0856-0
https://doi.org/10.1016/j.atherosclerosis.2006.07.025
https://doi.org/10.1186/s13293-017-0152-8
https://doi.org/10.1186/s13293-017-0152-8
https://doi.org/10.1007/978-3-319-77932-4_20
https://doi.org/10.1016/j.lfs.2006.12.039
https://doi.org/10.1016/j.bbi.2015.08.020
https://doi.org/10.1152/ajpheart.2000.278.4.H1177
https://doi.org/10.1111/aji.12767
https://doi.org/10.1161/CIRCULATIONAHA.119.041433
https://doi.org/10.1016/j.molimm.2015.02.030
https://doi.org/10.1016/j.smim.2019.101337
https://doi.org/10.3389/fimmu.2020.01681
https://doi.org/10.1016/0165-0378(87)90040-4
https://doi.org/10.1161/HYPERTENSIONAHA.112.194324
https://doi.org/10.1111/j.1365-2249.1990.tb05240.x
https://doi.org/10.1111/j.1365-2249.1990.tb05240.x
https://doi.org/10.1016/j.jri.2009.06.124
https://doi.org/10.1016/j.molimm.2006.07.298
https://doi.org/10.1056/NEJM199609123351102
https://doi.org/10.1056/NEJM199609123351102
https://doi.org/10.1161/CIRCULATIONAHA.105.576751
https://doi.org/10.1016/j.ajog.2005.11.008
https://doi.org/10.1111/j.1471-0528.1990.tb02498.x
https://doi.org/10.1016/j.cca.2022.09.016
https://doi.org/10.1080/09537104.2018.1492106
https://doi.org/10.1097/00001721-200310000-00005
https://doi.org/10.1097/00001721-200310000-00005
https://doi.org/10.1179/1607845412Y.0000000070
https://doi.org/10.1179/1607845412Y.0000000070
https://doi.org/10.1182/blood.v98.9.2730
https://doi.org/10.1016/0002-9378(91)90016-k
https://doi.org/10.1016/j.niox.2019.11.006
https://doi.org/10.1016/j.niox.2019.11.006
https://doi.org/10.1111/j.1600-0897.2010.00861.x
https://doi.org/10.1016/j.placenta.2022.12.009
https://doi.org/10.1016/s0301-2115(97)02734-6
https://doi.org/10.1093/bja/aev374
https://doi.org/10.1097/CCM.0b013e3181c9e2bb
https://doi.org/10.1161/ATVBAHA.118.310367
https://doi.org/10.1161/ATVBAHA.117.309846
https://doi.org/10.1161/ATVBAHA.117.309846
https://doi.org/10.1196/annals.1434.013
https://doi.org/10.1196/annals.1434.013
https://doi.org/10.1111/jth.15680


Frimat et al. 10.3389/fmed.2024.1343060

Frontiers in Medicine 17 frontiersin.org

 193. Dusse LMS, das Graças Carvalho M, Cooper AJ, Lwaleed BA. Tissue factor and 
tissue factor pathway inhibitor: a potential role in pregnancy and obstetric vascular 
complications? Clin Chim Acta. (2006) 372:43–6. doi: 10.1016/j.cca.2006.03.025

 194. Bellart J, Gilabert R, Fontcuberta J, Carreras E, Miralles RM, Cabero L. 
Coagulation and fibrinolysis parameters in normal pregnancy and in gestational 
diabetes. Am J Perinatol. (1998) 15:479–86. doi: 10.1055/s-2007-994069

 195. Palm M, Basu S, Larsson A, Wernroth L, Åkerud H, Axelsson O. A longitudinal 
study of plasma levels of soluble fms-like tyrosine kinase 1 (sFlt1), placental growth 
factor (PlGF), sFlt1: PlGF ratio and vascular endothelial growth factor (VEGF-A) in 
normal pregnancy. Acta Obstet Gynecol Scand. (2011) 90:1244–51. doi: 
10.1111/j.1600-0412.2011.01186.x

 196. Wang Y, Zhao S. “Cell types of the placenta,” Vascular biology of the placenta. 
(2010). Morgan & Claypool Life Sciences. Available at: https://www.ncbi.nlm.nih.gov/
books/NBK53245/ (Accessed October 5, 2023).

 197. Mugerli S, Zupančič D, Romih R, Lučovnik M. Transmission electron microscopy 
demonstration of reduced endothelial glycocalyx in severe preeclampsia. Placenta. 
(2022) 126:64–9. doi: 10.1016/j.placenta.2022.06.010

 198. Oravecz O, Balogh A, Romero R, Xu Y, Juhasz K, Gelencser Z, et al. Proteoglycans: 
systems-level insight into their expression in healthy and diseased placentas. Int J Mol 
Sci. (2022) 23:5798. doi: 10.3390/ijms23105798

 199. Scioscia M, Siwetz M, Robillard P-Y, Brizzi A, Huppertz B. Placenta and maternal 
endothelium during preeclampsia: disruption of the glycocalyx explains increased 
inositol phosphoglycans and angiogenic factors in maternal blood. J Reprod Immunol. 
(2023) 160:104161. doi: 10.1016/j.jri.2023.104161

 200. Frimat M, Boudhabhay I, Roumenina LT. Hemolysis derived products toxicity 
and endothelium: model of the second hit. Toxins. (2019) 11:660. doi: 10.3390/
toxins11110660

 201. Hansen AT, Jensen JMB, Hvas A-M, Christiansen M. The genetic component of 
preeclampsia: A whole-exome sequencing study. PLoS One. (2018) 13:e0197217. doi: 
10.1371/journal.pone.0197217

 202. Yong HEJ, Murthi P, Brennecke SP, Moses EK. Genetic approaches in 
preeclampsia. Methods Mol Biol. (2018) 1710:53–72. doi: 10.1007/978-1-4939-7498-6_5

 203. Cnattingius S, Reilly M, Pawitan Y, Lichtenstein P. Maternal and fetal genetic 
factors account for most of familial aggregation of preeclampsia: a population-based 
Swedish cohort study. Am J Med Genet A. (2004) 130A:365–71. doi: 10.1002/ajmg.a.30257

 204. Rana S, Lemoine E, Granger JP, Karumanchi SA. Preeclampsia: pathophysiology, 
challenges, and perspectives. Circ Res. (2019) 124:1094–112. doi: 10.1161/
CIRCRESAHA.118.313276

 205. Qu H, Khalil RA. Vascular mechanisms and molecular targets in hypertensive 
pregnancy and preeclampsia. Am J Physiol Heart Circ Physiol. (2020) 319:H661–81. doi: 
10.1152/ajpheart.00202.2020

 206. Lokki AI, Ren Z, Triebwasser M, Daly E, FINNPECPerola M, et al. Identification 
of complement factor H variants that predispose to pre-eclampsia: A genetic and 
functional study. BJOG. (2023) 130:1473–82. doi: 10.1111/1471-0528.17529

 207. Banadakoppa M, Balakrishnan M, Yallampalli C. Common variants of fetal and 
maternal complement genes in preeclampsia: pregnancy specific complotype. Sci Rep. 
(2020) 10:4811. doi: 10.1038/s41598-020-60539-9

 208. Schuster J, Tollefson GA, Zarate V, Agudelo A, Stabila J, Ragavendran A, et al. 
Protein network analysis of whole exome sequencing of severe preeclampsia. Front 
Genet. (2021) 12:765985. doi: 10.3389/fgene.2021.765985

 209. Ct T, Sp C. Regulation of immunity and inflammation by hypoxia in 
immunological niches. Nat Rev Immunol. (2017) 17:774–85. doi: 10.1038/nri.2017.103

 210. Palmer KR, Kaitu’u-Lino TJ, Hastie R, Hannan NJ, Ye L, Binder N, et al. 
Placental-specific sFLT-1 e15a protein is increased in preeclampsia, antagonizes vascular 
endothelial growth factor signaling, and has antiangiogenic activity. Hypertension. 
(2015) 66:1251–9. doi: 10.1161/HYPERTENSIONAHA.115.05883

 211. Laboux T, Maanaoui M, Allain F, Boulanger E, Denys A, Gibier J-B, et al. 
Hemolysis is associated with altered heparan sulfate of the endothelial glycocalyx and 
with local complement activation in thrombotic microangiopathies. Kidney Int. (2023) 
104:353–66. doi: 10.1016/j.kint.2023.03.039

 212. Teoh CW, Riedl Khursigara M, Ortiz-Sandoval CG, Park JW, Li J, Bohorquez-
Hernandez A, et al. The loss of glycocalyx integrity impairs complement factor H 
binding and contributes to cyclosporine-induced endothelial cell injury. Front Med 
(Lausanne). (2023) 10:891513. doi: 10.3389/fmed.2023.891513

https://doi.org/10.3389/fmed.2024.1343060
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.cca.2006.03.025
https://doi.org/10.1055/s-2007-994069
https://doi.org/10.1111/j.1600-0412.2011.01186.x
https://www.ncbi.nlm.nih.gov/books/NBK53245/
https://www.ncbi.nlm.nih.gov/books/NBK53245/
https://doi.org/10.1016/j.placenta.2022.06.010
https://doi.org/10.3390/ijms23105798
https://doi.org/10.1016/j.jri.2023.104161
https://doi.org/10.3390/toxins11110660
https://doi.org/10.3390/toxins11110660
https://doi.org/10.1371/journal.pone.0197217
https://doi.org/10.1007/978-1-4939-7498-6_5
https://doi.org/10.1002/ajmg.a.30257
https://doi.org/10.1161/CIRCRESAHA.118.313276
https://doi.org/10.1161/CIRCRESAHA.118.313276
https://doi.org/10.1152/ajpheart.00202.2020
https://doi.org/10.1111/1471-0528.17529
https://doi.org/10.1038/s41598-020-60539-9
https://doi.org/10.3389/fgene.2021.765985
https://doi.org/10.1038/nri.2017.103
https://doi.org/10.1161/HYPERTENSIONAHA.115.05883
https://doi.org/10.1016/j.kint.2023.03.039
https://doi.org/10.3389/fmed.2023.891513

	Pregnancy as a susceptible state for thrombotic microangiopathies
	1 Introduction
	2 Differentiating and diagnosing pregnancy related-TMAs
	2.1 What TMA syndromes?
	2.2 How do pregnancy-related TMAs differ?
	2.2.1 Context and timing
	2.2.2 Initial presentation
	2.2.3 Outcome
	2.3 Are there any specific biomarkers?
	2.3.1 Complement system
	2.3.2 Angiogenesis factors

	3 Does histopathological analysis offer insights into distinguishing pregnancy-related TMAs?
	3.1 Defining thrombotic microangiopathy: a pathologist’s perspective
	3.2 Contribution of renal pathology in pregnancy related-TMAs
	3.3 Contribution of placenta pathology in pregnancy related-TMAs

	4 Endothelium in pregnancy
	4.1 Microvasculature heterogeneity, specificities of premenopausal women’s endothelium
	4.2 Specificities of the gravid endothelium
	4.2.1 Complement activation
	4.2.2 Prothrombotic profile
	4.2.3 Others actors
	4.3 Overcoming endothelial regulation: from physiology to pathology in pregnancy

	5 Conclusion
	Author contributions

	References

