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Preeclampsia (PE) is a pregnancy-specific disorder characterized by multi-system involvement, 
leading to increased perinatal morbidity and mortality as well as long-term cardiovascular damage 
in both mother and fetus. This study aimed to investigate the alterations and potential role of high 
temperature requirement factor A4 (Htra4) in early-onset PE. We conducted a comparative analysis 
of the baseline data between patients with early-onset PE and normal controls, as well as analyzed 
the correlation of Htra4 levels in the peripheral blood with pregnancy outcomes. Additionally, we 
investigated the impact of recombinant protein Htra4 on human umbilical vein endothelial cells 
(HUVECs). Patients with early-onset PE patients exhibited cardiac, hepatic, and renal impairment, as 
well as elevated levels of Htra4 in peripheral blood but not in umbilical cord blood. Further correlation 
analysis reveals a significant association between peripheral blood Htra4 levels and adverse pregnancy 
outcomes in patients with early-onset PE, particularly a strong correlation between maternal blood 
Htra4 levels and systolic and diastolic blood pressure, suggesting that Htra4 may be associated with 
impaired vascular function. Histopathological examination revealed inadequate trophoblast cell 
invasion in the decidua of early-onset PE patients, along with unsuccessful uterine artery remodeling. 
Additionally, the spiral arterial lumen in the decidua exhibited narrower and irregularly shaped 
remodeling. Immunofluorescence localization demonstrated the expression of Htra4 in trophoblasts 
of villous as well as extra-villous lineages. We observed intensified Htra4 staining in the placenta and 
decidua tissues of patients with early-onset PE. In combination with the pathological alterations of 
decidual vessels, it is hypothesized that Htra4 might be related to the dysfunction of endothelial cells. 
Subsequent research indicated that Htra4 induce the onset of oxidative stress, and inflammatory 
response in HUVECs, suggesting a potential association between the elevated Htra4 levels and 
vascular endothelial injury in patients with early-onset PE. This study identified a correlation between 
Htra4 and adverse pregnancy outcomes in patients with early-onset PE, potentially leading to vascular 
endothelial injury through elevated levels of Htra4.
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PE is a pregnancy-specific multisystem disorder, affecting approximately 5–10% of pregnancies globally each 
year. This condition is the major cause of maternal and perinatal morbidity and mortality, and leading long-term 
damage to the cardiovascular system of both mater and fetus1,2. PE is characterized by the onset of hypertension 
and end-organ damage, including proteinuria, occurring after 20 weeks of gestation. During normal implantation, 
trophoblasts invade into the decidualized endometrium, resulting in spiral artery remodeling and obliteration of 
the tunica media of myometrial spiral arteries, and facilitating increased blood flow to the placenta3. However, 
in PE, trophoblasts are unable to acquire the phenotype of endothelial, resulting in compromised trophoblast 
invasion and insufficient remodeling of spiral arteries4. The etiology of PE is still unclear, while inflammation 
and oxidative stress are believed to contribute the development of PE5. Currently, the management strategy for 
PE primarily focuses on screening, prevention, monitoring, and timely intervention. Unfortunately, terminating 
pregnancy is the only treatment for this condition in diagnosed patients with PE. Increasing evidence suggests 
that various biological markers may serve as potential targets for predicting or treating PE6,7.

Department of Obstetrics and Gynecology, The Second Hospital of Hebei Medical University, No. 215 Heping Xi 
Road, Shijiazhuang 050000, Hebei, China. email: 26200614@hebmu.edu.cn

OPEN

Scientific Reports |        (2025) 15:11752 1| https://doi.org/10.1038/s41598-025-96819-5

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-96819-5&domain=pdf&date_stamp=2025-4-6


PE can be classified into early-onset PE (with delivery at < 34 weeks of gestation) and late-onset PE (with 
delivery at ≥ 34 weeks of gestation)8. Although the pathogenesis of early-onset PE and late-onset PE may differ, 
endothelial injury is implicated in both of them. There are various controversies surrounding the mechanism 
and extent of endothelial injury in these two types of PE. However, it is suggested that a higher degree of vascular 
endothelial injury and dysfunction was observed in early-onset PE compared to late-onset PE9. This study seeks 
to investigate the differentiation between early-onset PE and normal control, as well as to identify a potential 
biological marker for predicting or treating early-onset PE.

The high temperature requirement factors (Htras) family consists of four members, namely Htra1, Htra2, 
Htra3, and Htra4, is essential for cell growth, apoptosis, invasion and inflammation10,11. Aberrant expression of 
Htras has been linked to various diseases, such as cancer12, arthritis13, neurodegenerative disorders14, age-related 
macular degeneration15, and PE16. Previous research has shown the involvement of Htra1, Htra3, and Htra4 in 
pregnancy and their alteration during the early stages of PE17–19. Levels of Htra1 and Htra3 were utilized for 
early pregnancy prediction of PE onset, whereas Htra4 levels were employed for late pregnancy prediction18,19. 
Despite the association between elevated levels of Htra4 and early-onset PE, the underlying mechanisms remain 
unclear.

This study is grounded in clinical research, investigating the expression, localization and changes of Htra4 in 
blood, as well as its correlation with the clinical manifestations of early-onset PE. Furthermore, we also meaured 
the function of Htra4 in HUVECs cells to further explore the pathogenesis of early-onset PE and potentially 
provide a basis for prediction or prognosis.

Materials and methods
Baseline data and samples collection
Please refer to the supplementary information for the collection, inclusion and exclusion criteria for early-
onset PE patient and normal control baseline data, as well as the collection of peripheral blood and umbilical 
cord blood, and the tissue of decidua and placenta. This study was conducted in accordance with the Helsinki 
Declaration. This study has been approved by the Ethics Committee of the Second Hospital of Hebei Medical 
University in Shijiazhuang, China (Approval No. 2024-R581), and it has been confirmed that informed consent 
has been obtained from all subjects.

Western blot assay
Placental tissue (Approximately 100 g) or HUVECs was lysed using high-efficiency RIPA lysis buffer (Solarbio, 
Beijing, China) containing 1% PMSF at 4 °C for 30 min to extract total protein. The lysate was then centrifuged 
at 12,000 rpm for 15 min to collect the protein supernatant. Protein content was measured using the Pierce 
BCA protein assay kit (Thermo, Rockford, USA). Following electrophoresis on SDS-PAGE gels, protein samples 
were transferred onto PVDF membranes by electroblotting. Subsequently, the PVDF membranes were blocked 
with nonfat milk and then incubated with primary antibody at 4 oC overnight, followed by incubation with 
HRP-conjugated secondary antibodies at room temperature for 1 h. Finally, blots were developed using supper 
ECL. (CWBIO, Beijing, China). Primary antibodies used include ERK/p-ERK, JNK/p-JNK, P38/p-P38, NF-
κB p65 (Santa Cruz), NRF2, HO-1, NQO-1, Htra4 (Bioss, Beijing, China), GAPDH, β-actin. HRP-conjugated 
secondary antibody (ABclonal, Wuhan, China).

qRT-PCR assay
Total RNA was isolated from placental tissue and HUVECs using RNAiso Plus (Takara, Beijing, China) and 
reverse transcribed into cDNA with PrimeScript™ IV 1st strand cDNA Synthesis Mix (Takara, Beijing, China). 
Gene expression was quantified using TB Green® Premix Ex Taq™ II FAST qPCR (CN830A) (Takara, Beijing, 
China). The primer sequences as follows: Htra4, F: 5’- T G A A G A G T G G A A G C G A G G A A G G-3’, R: 5’-  A G A G 
G A C G G G C A C C A G G A G-3’, IL-6, F: 5’-  G C G C T T G T G G A G A A G G A G T-3’, R: 5’- T G G A G A T G T C T G A G G C 
T C A T T-3’; IL-1β, F: 5’- T G G A G A T G T C T G A G G C T C A T T-3’, R: 5’-  G A C A A G C T G A G G A A G A T G C T GG-3’; 
GAPDH, F: 5’- C T A A A C A G A T G A A G T G C T C C-3’, R: 5’- A C G A C C A A A T C C G T T G ACTC-3’.

Immunofluorescence staining
Tissue immunofluorescence staining: Paraffin sections were deparaffinized in xylene, followed by hydration in 
varying concentrations of ethanol. Permeabilization was achieved using a 0.1% Triton x-100 PBS solution at 
4 °C for 1 h. Antigen retrieval was performed using a citrate buffer mixture. Subsequently, the sections were 
blocked in a 1% Tween-20 PBS solution at 4 °C for 10 min, followed by incubation with a 5% BSA PBS solution 
at room temperature for 1 h. The primary antibody was then diluted in the 5% BSA PBS solution and incubated 
the sections at 4 °C overnight. Next, the sections were then incubated with a fluorescein-conjugated secondary 
antibody, which was diluted in a 5% BSA PBS solution at room temperature for 1 h. Finally, DAPI was utilized to 
stain the nuclei at room temperature for 5 min prior to observation under a fluorescence microscope.

Cellular immunofluorescence staining: Following treatment with recombinant Htra4 protein, HUVECs were 
washed with cold PBS, and then fixed with 4% paraformaldehyde at room temperature for 15 min. Subsequently, 
the cells were permeabilized using a 0.1% Triton x-100 PBS solution at room temperature for 15 min, followed 
by blocking with a 5% BSA PBS solution at room temperature for 1 h. The cells were incubated overnight at 
4 °C with the primary antibody, which was diluted in a 5% BSA PBS solution. Next, the cells were incubated 
with a fluorescein-conjugated secondary antibody, also diluted in the same solution, at room temperature for 
1 h. Finally, DAPI was utilized to stain the nuclei at room temperature for 5 min prior to observation under a 
fluorescence microscope.
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Hematoxylin and Eosin staining
Paraffin sections were deparaffinized in xylene and subsequently hydrated in ethanol of diverse concentrations, 
followed by washing with tap water for 5 min. Hematoxylin staining was conducted for 5 min, followed by a 
5 min wash with tap water. The sections were treated with hydrochloric acid alcohol for 5 S and washed with 
tap water for 3 min. Subsequently, sections were treated with 1% ammonia water for 30 S and washed with tap 
water for 5 min. After that, the sections were incubated with 80% and 90% ethanol for 5 min respectively. Eosin 
staining was performed for 2 min. Next, 95%, 100% I, and 100% II alcohol were used to treat the paraffin sections 
for 5 min. Finally, after a 10 min treatment with xylene, the sections were mounted with neutral resin.

ROS detection
The levels of reactive oxygen species (ROS) in HUVECs were measured using the Reactive Oxygen Species Assay 
Kit (Yeasen, Shanghai, China). HUVEC cells with robust growth were seeded in a 96-well plate. After treatment 
with recombinant Htra4 protein for 12 h, the cells were incubated in serum-free DMEM medium containing 10 
µM DCFH-DA for 30 min. Subsequently, the medium was removed, and the cells were washed three times with 
cold PBS before being observed and photographed under a fluorescence microscope.

MDA and GSH detection
The Malondialdehyde (MDA) Content Assay Kit (Solarbio, BC0025, Beijing, China) was utilized to measure 
MDA levels in HUVECs. HUVECs cells were seeded in a 6-well plate. Following treatment with recombinant 
Htra4 protein for 12 h, the cells were washed with cold PBS and harvested using 1 ml of extraction solution. 
Cell lysis was achieved using an ultrasonic processor, followed by centrifugation at 8,000 g for 10 min to collect 
the supernatant. Subsequently, reagents were added according to the manufacturer’s instructions and heated at 
100 °C for 1 h. Absorbance was then measured at wavelengths of 532 nm and 600 nm using a microplate reader.

The GSH levels in HUVECs were measured using the Reduced Glutathione (GSH) Content Assay Kit 
(Solarbio, BC0025, Beijing, China). Following treatment with recombinant Htra4 protein for 12 h, cells were 
washed with cold PBS and collected using 1 ml of extraction solution. Cell lysis was achieved using an ultrasonic 
processor, followed by centrifugation at 12,000 g for 10 min to collect the supernatant. Subsequently, reagents 
were added according to the manufacturer’s instructions and incubated at room temperature for 2 min before 
measuring the absorbance at a wavelength of 412 nm.

Statistical analysis
SPSS 26 and GraphPad Prism 10 were utilized for data analysis. The data were presented as mean ± SEM. Pairwise 
comparisons were conducted using the SNK (Student-Newman-Keuls) test. The interdependent relationship 
between two variables was examined through Pearson/Spearman linear correlation analysis, with a significance 
level of α = 0.05 employed for the test. Levels of *p < 0.05, **p < 0.01, ***p < 0.001 indicate statistically significant 
differences.

Results
Characteristics of baseline data in patients with early-onset PE
Table  1 results revealed that, in comparison to the normal control group, early-onset PE patients had no 
significant differences in baseline data such as gestational age, pre-pregnancy BMI, gestational weight gain, 
and parity (P > 0.05). However, early-onset PE patients demonstrated significantly higher levels of gestational 
weight gain (p < 0.05), systolic BP (p < 0.001), and diastolic BP (p < 0.001) compared to the normal control group, 
suggesting an increase in body weight and elevation of blood pressure in early-onset PE patients.

Characteristics of serum biomarkers in patients with early-onset PE
Compared to the normal control of pregnant women (Table 2), there were no statistically significant variances 
in creatine kinase (CK), glutamic pyruvic transaminase (ALT), and platelet (PLT) levels among early-onset PE 
patients (p > 0.05). However, levels of creatine kinase MB (CK-MB) isoenzyme (p < 0.001), aspartate transaminase 
(AST) (p = 0.002), and β2-microglobulin/creatinine/ uric acid (p < 0.001) in early-onset PE are significantly 
higher than those in normal control, indicating potential cardiac, hepatic, and renal damage in early-onset PE 
patients.

Variable Control (n = 20) Early-onset PE (n = 20) p-value

Maternal age (years) 29.45 ± 7.09 31.95 ± 5.20 0.212

Gestational age (weeks) 31.69 ± 1.82 31.49 ± 1.51 0.708

Prior pregnancy BMI (Kg/m2) 23.03 ± 3.06 24.93 ± 3.72 0.085

Pregnancy weight gain (Kg) 9.02 ± 4.52 12.40 ± 4.32 0.021

Gravida 2.25 ± 1.41 2.10 ± 1.16 0.716

Para 0.65 ± 0.99 0.55 ± 0.76 0.722

Systolic BP (mmHg) 120.05 ± 14.23 157.80 ± 6.94 < 0.001

Diastolic BP (mmHg) 77.05 ± 9.85 105.95 ± 8.53 < 0.001

Table 1. Comparison of baseline data between early-onset PE and normal control pregnant women. BMI body 
mass index, BMI weight (kg) / height2 (m2); BP blood pressure.
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A comparative analysis of pregnancy outcomes between women with early-onset PE and 
normal control
The comparison of pregnancy outcomes (Table  3) revealed that early-onset PE patients had a significantly 
prolonged hospital stay (p = 0.029). Additionally, newborns of early-onset PE patients exhibited significantly lower 
birth weight (p = 0.005) and length (p = 0.004). Furthermore, placental weight (p = 0.012) and area (p < 0.001) 
were both reduced in early-onset PE patients, while no difference was observed in the ratio of newborn weight 
to placental weight (p = 0.098), possibly due to decreases in both newborn and placental weights. The Apgar 
scores at 1 min, 5 min, and 10 min (p > 0.05) showed no significant differences between the two groups. Overall, 
these findings suggest that early-onset PE is associated with adverse pregnancy outcomes, such as prolonged 
hospitalization for expectant mothers and impact on fetal development.

The alteration of Htra4 levels in maternal and umbilical cord blood
Peripheral blood samples were obtained from pregnant women prior to delivery, and umbilical cord blood 
samples were collected post-delivery for the assessment of Htra4 concentration (Table 4). The results revealed 
a significantly higher level of Htra4 in the peripheral blood of early-onset PE patients (p < 0.001). While the 
concentration of Htra4 in umbilical cord blood was also elevated in early-onset PE patients, the difference 
did not reach statistical significance (p = 0.10). Overall, these results suggest a potential correlation between 
alterations in Htra4 concentration and early-onset PE pathology.

Correlational analysis of Htra4 levels in the blood with clinical indicators of patients with 
early-onset PE
Our research findings demonstrate a correlation between early-onset PE with the concentration of Htra4 in 
blood. We will now proceed to investigate the correlation between the concentration of Htra4 in peripheral 
blood (Table 4) and significant variances in baseline data (Table 1), peripheral blood serum biomarkers (Table 2), 
and pregnancy outcomes (Table 3) among early-onset PE patients. The results indicated a significant positive 
correlation between the concentration of Htra4 in peripheral blood prior to delivery and systolic BP (p < 0.001), 

Viscera Control (n = 20) Early-onset PE (n = 20) p-value

Maternal blood Htra4 content (pg/ml) 93.21 ± 30.44 210.71 ± 87.07 < 0.001

Umbilical cord blood Htra4 content (pg/ml) 71.08 ± 27.76 86.57 ± 30.20 0.10

Table 4. Comparison of the concentration of Htra4 in maternal and umbilical cord blood.

 

Viscera Control (n = 20) Early-onset PE (n = 20) p-value

Duration of hospitalization for pregnant women (d) 6.40 ± 1.35 7.50 ± 1.70 0.029

Neonatal length (cm) 41.00 ± 3.42 38.20 ± 2.33 0.004

Neonatal weight (g) 1766.50 ± 414.61 1389.00 ± 394.79 0.005

Placental area (cm2) 320.00 ± 74.88 224.55 ± 55.48 < 0.001

Placental weight (g) 434.00 ± 87.32 365.00 ± 77.56 0.012

Newborn body weigh/ Placental weight 4.22 ± 0.81 3.76 ± 0.90 0.098

Apgar score-1 min 7.35 ± 0.99 7.05 ± 1.36 0.429

Apgar score-5 min 8.50 ± 0.89 8.35 ± 0.88 0.594

Apgar score-10 min 8.80 ± 0.62 8.45 ± 0.76 0.118

Table 3. Comparative analysis of pregnancy outcomes between early-onset PE and normal control.

 

Viscera Variable Control (n = 20) Early-onset PE (n = 20) p-value

Heart
CK-MB (U/L) 13.23 ± 4.80 24.40 ± 6.64 < 0.001

CK (U/L) 37.71 ± 17.32 397.50 ± 758.88 0.06

Liver
AST (U/L) 15.29 ± 5.30 25.87 ± 12.79 0.002

ALT (U/L) 13.43 ± 12.77 25.17 ± 37.94 0.199

Kidney

β2-microglobulin (mg/L) 1.76 ± 0.27 2.71 ± 0.69 < 0.001

Cr (umol/L) 45.51 ± 9.40 61.78 ± 14.36 < 0.001

UA (umol/L) 278.12 ± 97.63 442.39 ± 108.79 < 0.001

Peripheral Blood PLT (×109/L) 209.40 ± 66.43 193.68 ± 89.24 0.535

Table 2. Early-onset PE patients were compared with normal control in terms of prenatal organ damage. 
CK-MB creatine kinase MB, CK creatine kinase, AST aspartate transaminase, ALT pyruvic transaminase, Cr 
creatinine, UA uric acid, PLT platelet.
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diastolic BP (p < 0.001), CK-MB (p = 0.002), AST (p = 0.001), Cr (p < 0.001), UA (p < 0.001), β2 microglobulin 
(p < 0.001), and urea (p < 0.001) (Table  5). Notably, the most significant correlation was found in relation to 
systolic and diastolic BP. Additionally, it was noted that the pre-delivery concentration of Htra4 in peripheral 
blood exhibited a significant negative correlation with neonatal weight (p = 0.002), neonatal length (p = 0.016) as 
well as placental weight (p = 0.012) and placental area (p < 0.001), neonatal length, placental weight, and placental 
area (Table 5). Conversely, there was no apparent correlation between umbilical cord blood Htra4 concentration 
and the aforementioned indicators (Table 5). These findings indicate a strong correlation between the level of 
Htra4 in the peripheral blood of early-onset PE patients and adverse pregnancy outcomes, as well as indicators of 
neonatal development. This suggests that elevated levels of Htra4 in peripheral blood may contribute to negative 
pregnancy outcomes for early-onset PE patients.

Expression and localization of Htra4 in placenta and decidua tissue
We have confirmed the elevated concentration of Htra4 in the peripheral blood of patients with early-onset PE. 
Subsequently, we will verify the expression and localization of Htra4 in the placenta and decidua. Western blot 
analysis demonstrated increased levels of Htra4 in the placenta (Fig. 1A), as well as higher Htra4 mRNA levels 
in early-onset PE patients (Fig. 1B). H&E staining results indicated that the placenta tissue of normal control 
pregnant women had mature intermediate villi, with two layers of cells covering the surface. The inner layer 
consisted of cytotrophoblasts and the outer layer was composed of syncytiotrophoblasts, with syncytial knots 
rarely occurring. However, in patients with early-onset PE, the villi were slender and displayed signs of excessive 
maturity, along with an increase in syncytial knots (Fig. 1C). Tissue immunofluorescence further validated these 
findings that early-onset PE have a highly content of Htra4, and revealing predominant expression of Htra4 in 
syncytiotrophoblast cells of the placenta (Fig. 1D, E). Fluorescence staining intensity for Htra4 was significantly 
higher in trophoblast cells from early-onset PE patients, indicating an upregulation of Htra4 expression in 
placental tissues (Fig. 1F, G). Additionally, a higher expression of Htra4 was observed in decidual tissue from 
patients with early-onset PE, along with abundant staining within interstitial spaces (Fig. 1F, G). In decidual 
tissues of early-onset PE, features such as narrow spiral artery lumens and irregularly remodeled vessel walls 
were observed. Additionally, non-reshaped or incompletely reshaped vessels were also noted (Fig. 1F, H). CK7 
staining indicated that there were fewer trophoblast cells, suggesting a decreased invasion of trophoblast cells in 
the decidua of early-onset PE (Fig. 1F, I).

Htra4 facilitates the initiation of oxidative stress in HUVECs
Strong Htra4 immunostaining was observed in both the placenta and decidua tissues of early-onset PE patients, 
suggesting a potential correlation between Htra4 and impaired remodeling of the spiral arteries in the decidua. 
Subsequently, we supplemented recombinant Htra4 protein to stimulate HUVEC cells in order to investigate 
the adverse effects of elevated levels of Htra4 on blood vessels, mimicking the impact of increased Htra4 in 
peripheral blood of early-onset PE patients on vascular endothelium. We found that Htra4 significantly elevated 
the levels of MDA (Fig. 2A) while significantly decreasing the levels of GSH in HUVECs (Fig. 2B). Furthermore, 
our findings indicated that supplementation with Htra4 in the cell culture medium of HUVECs significantly 
increased the production of ROS (Fig. 2C), suggesting that Htra4 may induce oxidative stress in umbilical vein 
endothelial cells. Oxidative stress is the result of an imbalance between oxidation and antioxidant processes at 
the cellular level, caused by free radicals in the body. When cells are exposed to external stimuli that generate 
ROS and experience oxidative stress, they have the ability to restore internal equilibrium through activation 
of the antioxidant system, which includes the crucial intracellular antioxidant protein NRF2. The results of 
cellular immunofluorescence demonstrated that supplementation with Htra4 significantly enhanced the nuclear 
translocation of NRF2, and the fluorescence intensity of NRF2 in the nucleus was higher than that in the 
cytoplasm (Fig. 2D). Furthermore, Htra4 increased the expression of NRF2/HO-1/NQO-1 (Fig. 2E, F). These 
findings indicate that the supplementation of Htra4 does in fact result in oxidative stress in HUVECs.

Maternal blood Htra4 Peason correlation coefficient p-value Umbilical cord blood Htra4 Peason correlation coefficient p-value

Systolic BP (mmHg) 0.709 < 0.001 Systolic BP (mmHg) 0.300 0.060

Diastolic BP (mmHg) 0.631 < 0.001 Diastolic BP (mmHg) 0.069 0.674

CK-MB (U/L) 0.535 0.002 CKMB (U/L) 0.163 0.373

AST (U/L) 0.494 0.001 AST (U/L) 0.222 0.174

Cr (µmol/L) 0.597 < 0.001 Cr (µmol/L) 0.182 0.267

UA (µmol/L) 0.530 < 0.001 UA (µmol/L) 0.153 0.351

β2 microglobulin 0.594 < 0.001 β2 microglobulin 0.271 0.095

Urea (mg/L) 0.541 < 0.001 Urea (mg/L) 0.189 0.298

Neonatal length (cm) -0.380 0.016 Neonatal length (cm) 0.169 0.298

Neonatal weight (g) -0.484 0.002 Neonatal weight (g) 0.205 0.205

Placental weight (g) -0.393 0.012 Placental weight (g) 0.026 0.871

Placental area (cm2) -0.504 < 0.001 Placental area (cm2) -0.027 0.869

Table 5. Correlational analysis of Htra4 levels in the blood with clinical indicators of early-onset PE patients. 
BP blood pressure, CK-MB creatine kinase MB, AST aspartate transaminase, Cr creatinine, UA uric acid.
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Fig. 1. Expression and localization of Htra4 in placenta and decidua tissue. (A) Western blot was used to 
analyze the expression of Htra4 in placental tissue; (B) qRT-PCR was employed to analyze the levels of Htra4 
RNA in placental tissue; (C) H&E staining of placenta tissue, the red arrow points to the mature villi, and 
the black arrow indicates the syncytial knots, image amplification 5× (scale bar 100 μm) and 10× (scale bar 
100 μm) (n = 4); (D) Tissue immunofluorescence was used to analyze the expression and localization of Htra4 
in the placenta, image amplification 20× (scale bar 100 μm) and 40× (scale bar 50 μm) (n = 4); (E) The scanning 
statistics regarding Htra4 level in placental tissues (n = 4); (F) Tissue immunofluorescence was used to analyze 
the expression and localization of Htra4 in the decidua, image amplification 10× (scale bar 200 μm) and 20× 
(scale bar 100 μm) (n = 4). (G-I) The scanning statistics regarding Htra4/CD31/CK7 levels in decidua (n = 4). 
Means ± SEM, * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Fig. 2. Htra4 facilitates the initiation of oxidative stress in HUVECs. (A, B) The impact of recombinant Htra4 
protein on MDA and GSH production in HUVECs (n = 6); (C) The impact of recombinant Htra4 protein on 
ROS production in HUVECs (n = 6), and the scanning statistics regarding the fluorescence intensity of ROS; 
(D) Cellular immunofluorescence analysis of NRF2 nuclear translocation in recombinant Htra4 protein-
induced HUVECs (n = 6), and the ratio of the fluorescence intensity of the nucleus to that of the cytoplasm; 
(E,F) Western blot analysis of NRF2/HO-1/NQO-1 expression in recombinant Htra4 protein induced-
HUVECs (n = 3). Means ± SEM, ** p < 0.01, and *** p < 0.001.
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Htra4 facilitates the inflammatory response in HUVECs
This systemic inflammatory response is considered a crucial determinant of the vascular endothelial damage 
observed in early-onset PE patients, and supplementation with recombinant Htra4 protein enhances the 
expression of pro-inflammatory cytokines IL-6 and IL-1β. Therefore, we proceeded to investigate the impact 
of recombinant Htra4 protein on the inflammatory response of HUVECs cells. Our findings indicated that 
recombinant Htra4 protein upregulates the expression of pro-inflammatory cytokines IL-6 and IL-1β (Fig. 3A, 
B). Htra4 facilitated the phosphorylation of ERK/JNK/P38 signal pathway. Moreover, Htra4 enhanced the 
nuclear translocation of NF-κB p65 (Fig. 3C), and the fluorescence intensity of NF-κB p65 in the nucleus was 
higher than that in the cytoplasm (Fig. 3D). ERK/JNK/P38 and NF-κB p65 are key components of the classical 
inflammatory signaling pathway, suggesting that recombinant Htra4 protein may contribute to the inflammatory 
response in HUVECs.

Discussion
The placenta serves as a crucial connection between the mother and the fetus, facilitating normal fetal 
development by means of hormone production, nutrient absorption, and regulation of gas exchange20. Early-
onset PE is a severe pregnancy-related hypertensive disorder, which can exert significant influences on both 
maternal and fetal health due to its early occurrence and severity. Hence, identifying early predictive indicators 
for early-onset PE is of the greatest importance. Research has demonstrated that Htra4 is primarily produced by 
the placenta, and its secretion rises with gestational age until 24–25 weeks of pregnancy, remaining stable in the 
middle to late stages of pregnancy21. Htra4 is essential for placental implantation and embryonic development 
processes and may exert an influence on trophoblast fusion and differentiation22. The elevation of Htra4 in the 
blood of PE patients during the mid-to-late stages of pregnancy, suggesting its association with the onset of PE, 
especially for early-onset cases23,24. However, the influence of Htra4 on PE remains unclear, and whether Htra4 
can potentially act as an early predictive indicator for adverse pregnancy outcomes in early-onset PE has not 
been recorded.

In this study, it was observed that the early-onset PE patients gained significantly more weight during 
pregnancy. Moreover, more pronounced organ damage was evident in these patients, as indicated by elevated 
indicators of the liver, kidney, heart, and blood, including significant increases in CKMB, AST, Cr, UA, and 
β2 microglobulin compared to normal pregnant women. The findings suggest that patients with early-onset 
PE suffer from serious maternal injuries which is consistent with previous research25. Furthermore, the levels 
of Htra4 were significantly increased in patients with early-onset PE compared to control pregnant women; 
however, no significant difference was observed in the levels of Htra4 in umbilical cord blood, suggesting 
that Htra4 may be more relevant to adverse maternal pregnancy outcomes. Additionally, there exists a strong 
correlation between the levels of maternal blood Htra4 and vascular-related indicators, such as systolic pressure 
and diastolic pressure as well as a significant association with neonatal weight, placental area, and the outcome 
of maternal organ damage. Therefore, it can be deduced that the levels of maternal blood Htra4 might serve as 
an early predictive marker for the outcome of pregnancies complicated by early-onset PE patients and could be 
related to vascular dysfunction that affects maternal organ damage.

During the formation of the decidua, invasive trophoblast cells erode the walls of the spiral arteries in the 
middle layer, forming trophoblastic plugs and remodeling the smooth muscle of the blood vessels. The endothelial 
cells are replaced by extravillous trophoblasts, resulting in an open lumen that is unaffected by changes in 
maternal blood pressure and ensuring adequate perfusion of maternal blood to the placenta. This physiological 
transformation of uteroplacental spiral arteries is of crucial significance for successful implantation and normal 
placental function. In a normal pregnancy, there is a remarkable increase in the diameter of spiral artery lumens, 
with trophoblast cells replacing vascular endothelial cells, which is known as arterial remodeling26. Conversely, 
the persistence of smooth muscle in vessel walls can lead to insufficient perfusion from maternal blood vessels 
to the placenta. Studies have shown that the placentas of patients with PE might present severe defects in arterial 
remodeling due to impaired endothelial function, causing inadequate vascular remodeling and abnormal 
placental development27,28. Our findings revealed an accelerated villous maturation of placental tissue in the 
early-onset PE patients, which was characterized by an increased syncytiotrophoblast knots, a reduction in the 
invasion of trophoblast cells into decidua, and unsuccessful remodeling of the maternal uterine artery, and there 
was a narrowing and irregular shaping of the decidua spiral arterial lumen in PE patients. Additionally, Htra4 
was found to be localized in villous cytotrophoblasts and syncytiotrophoblasts, decidual stroma and extravillous 
trophoblasts, which is consistent with previous research findings22. Strong Htra4 immunostaining was observed 
in both placental and decidual tissues of early-onset PE patients, suggesting a potential association between 
Htra4 levels and the impaired remodeling of spiral arteries in decidua.

Next, in vitro experiments were employed to investigate the influence of the increased levels of Htra4 in 
peripheral blood on vascular endothelial cells. Our results indicated that recombinant Htra4 protein promotes 
the generation of ROS and MDA, as well as a reduction in GSH levels. When cells are exposed to external stimuli 
that generate ROS and undergo oxidative stress, they can restore the internal balance through the antioxidant 
system, including the key intracellular antioxidant protein NRF2. In this study, we found that recombinant Htra4 
protein promotes the nuclear translocation of NRF2, and the expression of NRF2/HO-1/NQO-1, suggesting 
that high levels of Htra4 in peripheral blood might induce the onset of oxidative stress in vascular endothelial 
tissue. Furthermore, the recombinant Htra4 protein promotes the expression of IL-6 and IL-1β mRNA, as well 
as the nuclear translocation of NF-κB p65, and the phosphorylation of ERK/JNK/p38, suggesting that high levels 
of Htra4 in peripheral blood trigger the inflammatory response in vascular endothelial tissue. The receptor of 
Htra4 remains unclear. Nevertheless, Htra4 is capable of cleaving the main receptor of VEGFA, namely the 
kinase domain receptor (KDR), thereby inhibiting VEGFA signaling. Subsequently, it disrupts endothelial cell 
function by inhibiting the phosphorylation of the Akt signaling pathway29. Moreover, supplementation with 
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Fig. 3. Htra4 facilitates the inflammatory response in HUVECs. (A, B) qRT-PCR was used to identify the 
impacts of recombinant Htra4 protein on pro-inflammatory cytokines IL-6 and IL-1β in HUVECs (n = 3); 
(C Western blot analysis of ERK/JNK/P38 phosphorylation in recombinant Htra4 protein induced-HUVECs 
(n = 3). (D) Cellular immunofluorescence analysis of NF-κB p65 nuclear translocation in recombinant Htra4 
protein-induced HUVECs (n = 3), and the ratio of the fluorescence intensity of the nucleus to that of the 
cytoplasm. Means ± SEM, * p < 0.05, and *** p < 0.001.
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htra4 disturbs endothelial cell tube formation and permeability in a dose-dependent manner30, alters the 
expression of senescence genes in endothelial cells31, induces inflammation32. All the evidence suggests that 
Htra4 truly cause vascular endothelial dysfunction, which precisely coincides with the result of our experiment.

Conclusion
In this study, we observed significant organ damage in patients with early-onset PE, and there is a remarkable 
association between high levels of Htra4 and adverse pregnancy outcomes, especially regarding systolic and 
diastolic blood pressure. The vascular lumen remodeling of the placenta in early-onset PE patients was narrower 
and more irregular than that in normal control pregnant women, and intense Htra4 immunostaining was 
detected in both placental and decidual tissues in early-onset PE patients. The results demonstrating that the 
alterations of vascular function in the maternal body might be associated with oxidative stress and inflammatory 
responses of endothelial cells. In conclusion, our findings provide a new insight for early diagnosis of patients 
with early-onset PE and potential targets for treatment.

Data availability
Data are contained within the manuscript, that available from the corresponding author upon reasonable re-
quest.
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