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Abstract: Objective: Impaired trophoblast-vascular coordination at the maternal-fetal interface is closely associ-
ated with early pregnancy loss. This study investigated whether Notch-1/Dll4 and phosphoinositide 3-kinase/pro-
tein kinase B (PISK/AKT) signaling are associated with angiogenesis-related abnormalities and trophoblast pro-
angiogenic behavior in spontaneous abortion (SA). Study design: First-trimester chorionic villous tissues and serum
samples from normal early-pregnancy controls (NC) and SA cases were analyzed by immunohistochemistry, RT-
gPCR, Western blotting, and ELISA. HTR-8/SVneo cells were treated with Notch inhibitor DAPT or the PI3K inhibitor
LY294002. Cell viability, migration, Matrigel invasion, capillary-like network formation, immunofluorescence signals,
and angiogenesis-related protein expression were assessed. Results: SA villous tissues showed reduced VEGFA,
VEGFR1, VEGFR2, and CD34 expression, together with lower serum VEGF levels. These changes were accompanied
by decreased Notch-1/DIl4 expression and reduced p-PI3K/PI3K, p-AKT/AKT, and p-S6/S6 ratios. In HTR-8/SVneo
cells, DAPT and LY294002 did not markedly reduce cell viability at the working concentration but suppressed mi-
gration, Matrigel invasion, and capillary-like network formation. DAPT decreased Notch-1, DII4, NICD, p-PI3K/PI3K,
p-AKT/AKT, p-S6/S6, VEGFA, VEGFR1, and VEGFR2. LY294002 reduced p-AKT/AKT and p-S6/S6 ratios, decreased
Notch-1/DI14/NICD and VEGF-related protein expression, whereas p-PI3K/PI3K showed no significant change. Con-
clusion: SA is associated with attenuated VEGF-related angiogenic support and reduced Notch-1/DIl4 and PI3K/
AKT signaling at the maternal-fetal interface. These findings suggest that Notch-1/DIl4 and PI3K/AKT signaling
contribute to trophoblast pro-angiogenic regulation during early pregnancy loss.
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Introduction SA are heterogeneous and may involve embry-

onic, maternal, placental, immune, endocrine,

Early pregnancy loss is a common reproductive
complication. In this study, spontaneous abor-
tion (SA) was defined as non-induced pregnan-
cy loss before 28 weeks of gestation with a
fetal weight of < 1,000 g. Early pregnancy loss
occurs in approximately 10%-15% of clinically
recognized pregnancies [1]. Recurrent sponta-
neous abortion (RSA) represents a smaller yet
clinically important subgroup, affecting roughly
1%-5% of couples, and the risk of subsequent
pregnancy loss increases with previous miscar-
riage history [2, 3]. The mechanisms underlying

and vascular factors. An improved understand-
ing of the biological processes involved in SA
would enhance the assessment of early preg-
nancy failure and identify potential targets for
intervention.

The maternal-fetal interface is a dynamic site of
communication between maternal endometrial
tissue and extraembryonic trophoblast-derived
structures. During early pregnancy, trophoblast
cells invade the maternal decidua, remodel spi-
ral arteries, and participate in the establish-
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ment of uteroplacental perfusion [4]. These
events promote placental formation and estab-
lish the vascular basis for oxygen and nutrient
exchange during early embryonic development.
Angiogenesis and vascular remodeling within
the decidua and placenta are therefore essen-
tial for a functional maternal-fetal circulation.
Disturbed placental vascular development and
reduced uteroplacental perfusion have been
implicated in spontaneous abortion [5], under-
scoring the central role of trophoblast-vascular
coordination in maintaining early maternal-fetal
interface homeostasis.

Notch signaling is a contact-dependent path-
way involved in cell fate determination, differ-
entiation, and tissue remodeling. Ligand-bound
Notch receptors undergo proteolytic cleavage
mediated by ADAM metalloproteinases and
y-secretase, releasing the Notch intracellular
domain (NICD), which then translocates to
the nucleus and regulates downstream tran-
scriptional programs [6]. During early gesta-
tion, Notch signaling participates in endometri-
al decidualization, trophoblast differentiation,
and placental development [7, 8]. Experiment-
al suppression of Notch signaling has been
reported to affect trophoblast syncytialization-
related processes [9]. Together, these studies
position Notch signaling as a key node in the
regulatory network governing embryo-maternal
interaction, placental development, and vascu-
lar remodeling.

The phosphoinositide 3-kinase/protein kinase
B (PI3K/AKT) pathway is another central signal-
ing axis that regulates cell survival, growth,
adhesion, motility, invasion, angiogenic res-
ponses, and metabolic activity [10, 11]. In tro-
phoblast models, PIBK/AKT signaling has been
functionally linked to vascular endothelial grow-
th factor (VEGF)-related responses. Furmento
et al. showed that granulocyte colony-stimulat-
ing factor promotes VEGF secretion in Swan 71
trophoblast cells through activation of PISK/
AKT and ERK1/2 signaling [12]. The PI3K/AKT
pathway is also closely related to angiogenic
regulation in vascular systems [13]. These
observations support a role for PI3K/AKT sig-
naling in coupling trophoblast functional activi-
ty with angiogenesis-related regulation during
early placental development.

Although Notch-1 and PI3K/AKT signaling have
both been implicated in trophoblast function
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and vascular regulation, their association with
angiogenesis-related abnormalities at the ma-
ternal-fetal interface in SA remains insufficient-
ly defined. In the present study, we examined
angiogenesis-related markers, Notch-1/Dll4
expression, and PISK/AKT pathway phosphory-
lation in first-trimester chorionic villi from SA
cases and normal early-pregnancy controls. We
further used DAPT, a y-secretase inhibitor, to
suppress Notch signaling and LY294002, a
PIBK inhibitor, to inhibit PI3K signaling in
HTR-8/SVneo cells, and then evaluated tropho-
blast migration, Matrigel invasion, capillary-like
network formation, and angiogenesis-related
protein expression. LY294002 has been widely
used to interrogate PI3K-dependent tropho-
blast migration and invasion in HTR-8/SVneo
cells [14]. This study aimed to define the asso-
ciation between Notch-1/PI3K/AKT signaling
and trophoblast pro-angiogenic regulation in
the context of SA.

Materials and methods

Participant enrollment and clinical sample
collection

The study protocol was approved by the Ethics
Committee of the First Affiliated Hospital of
Guangzhou University of Chinese Medicine (No.
K[2019]098). Written informed consent was
obtained from all participants before enroll-
ment. Participants were recruited from the First
Affiliated Hospital of Guangzhou University of
Chinese Medicine between August 2019 and
December 2020. The cohort included 40 cases
of embryonic arrest and 40 normal early-preg-
nancy controls (NC) undergoing elective termi-
nation. Chorionic villous tissue and peripheral
blood samples were collected from each par-
ticipant. An intrauterine singleton pregnancy at
6-9 weeks of gestation was confirmed by ultra-
sonography, and fetal cardiac activity was
assessed in at least two examinations. Only
women with regular menstrual cycles were
enrolled; gestational age was determined
according to the last menstrual period and
verified by ultrasound. After vacuum aspira-
tion, chorionic villiand 4 mL of peripheral blood
were collected under sterile conditions. Women
were excluded if they had received hormone
therapy or had any metabolic disorder within 3
months before enroliment.

Washed chorionic villous tissue was divided
according to downstream analyses. One aliquot
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Table 1. RT-gPCR primer information

Reverse transcription quanti-

tative polymerase chain reac-

Name Primer Gene sequence
VEGFA Forward 5"-ACATCACCATGCAGATTATGCG-3' tion (RT-qPCR)
Reverse 5’-GGGAGGCTCCTTCCTCCTG-3’ RNA extraction from villous
VEGFR1 Forward 5’-CTGGACTGACAGCAAACCCAAG-3’ samples was performed with
Reverse 5’-CCACAGCTGGAATGGCAGAA-3’ the HiPure Universal RNA Mi-
VEGFR2 Forward 5’-TGGTTGTGTATGTCCCACCC-3’ ni Kit (Magenbio, Guangzhou,
Reverse 5-TGTCACTGAGACAGCTTGGC-3’ China), then reverse-transc-
Notch-1 Forward 5’-GACATGCCACGTGGTGGA-3’ ribed with the RevertAid First

Reverse 5'-GGCACGATTTCCCTGACCA-3' Strand cDNA Synthesis Kit
AKT Forward 5'-AGAGAAGCCACGCTGTCCTCT-3' (Thermo  Fisher  Scientific).
Reverse 5'-CCGCAGGATAGTTTTCTTCCC-3 Amplification used PowerUp™
B-Actin Forward 5'-AGAAGAGCTACGAGCTGCCTGACG-3' SYBR™ Green Master Mix on
Reverse 5"-GGACTCCATGCCCAGGAAGGAA-3' a CFX96™ Real-Time System,

was processed for Western blot analysis, a
second was stored in RNAlater at -80°C for
RT-PCR, and the remaining tissue was fixed in
formaldehyde and embedded in paraffin. Peri-
pheral blood was centrifuged at 3,000 rpm for
15 min at 4°C, and the separated serum,
approximately 2 mL, was stored at -80°C.

Immunohistochemical analysis

Chorionic villus sections were dewaxed, rehy-
drated, subjected to EDTA-mediated antigen
retrieval, and processed for immunohistochem-
istry (IHC) after endogenous peroxidase block-
ing with 3% H,0, and blocking with 10% normal
goat serum. Primary antibodies were applied
overnight at 4°C: VEGFA (1:300, ab214424,
Abcam), VEGFR1 (1:250, ab32152, Abcam),
VEGFR2 (1:800, #9698, Cell Signaling Techno-
logy), Notch-1 (1:200, 10062-2-AP, Proteintech
Group), DII4 (1:200, NB600-892, Novus Biolo-
gicals), PI3K (1:300, 67121-1-Ig, Proteintech
Group), or AKT (1:300, #4691, Cell Signaling
Technology). HRP-conjugated secondary anti-
bodies against rabbit or mouse IgG (Zhong-
shan, Beijing, China) were added for 30 min at
37°C. DAB chromogenic development was per-
formed with a substrate kit from Zhongshan
(Beijing, China) following the supplied protocol.
An optical microscope (OLYMPUS IX-7, Tokyo,
Japan) was used to perform photomicrographs
of 5 discrete fields of view on each slice at
high magnification (200x%). Mean optical densi-
ty was obtained from IHC images using Image-
Pro Plus 6.0 (Media Cybernetics, Rockville, MD,
USA), calculated as the ratio of integrated opti-
cal density to area.
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with cycling at 95°C for 30 s
and 40 cycles of 95°C for 15
s and 60°C for 15 s. B-actin was used for nor-
malization, primer details are given in Table 1,
and transcript changes were expressed by the
2-84¢t calculation.

Western blot analysis

Western blotting was performed to assess an-
giogenesis-related proteins and Notch/PI3K/
AKT pathway activation in chorionic villous tis-
sues and HTR-8/SVneo cells. Samples were
lysed in RIPA buffer supplemented with prote-
ase and phosphatase inhibitors, and total pro-
tein concentration was determined using a
bicinchoninic acid (BCA) assay kit (Beyotime,
China). Equal amounts of denatured protein
were separated by 10% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene di-
fluoride (PVDF) membranes (Millipore, Ireland).
After blocking with 5% skim milk in TBST
for 2 h, membranes were incubated overnight
at 4°C with primary antibodies against
VEGFA (1:1,000, ab214424, Abcam), VEGFR1
(1:1,000, ab32152, Abcam), VEGFR2 (1:1,000,
9698, Cell Signaling Technology), Notch-
1 (1:1,000, 10062-2-AP, Proteintech Group),
DlI4 (1:1,000, NB600-892, Novus Biologicals
NICD (1:1,000, 4147, Cell Signaling Technology
PI3K (1:2,000, 67121-1-1g, Proteintech Group
p-PI3K (1:1,000, GB150210-100, Servicebio),
AKT (1:1,000, 4691, Cell Signaling Technology),
p-AKT Serd73 (1:1,000, GB150002-100, Ser-
vicebio), S6 (1:800, GB112610-100, Service-
bio), p-S6 (1:2,000, GB115635-100, Service-
bio), and GAPDH (1:10,000, 10494-1-AP, Pro-
teintech Group). Membranes were washed with

’
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Tris-buffered saline with Tween-20 (TBST) and
incubated for 2 h at room temperature with
horseradish peroxidase (HRP)-conjugated anti-
rabbit or anti-mouse 1gG secondary antibodies
(1:5,000; Proteintech Group, SAO0O001-2 and
SA00001-1). Immunoreactive bands were visu-
alized using enhanced chemiluminescence
(ECL) reagent (Fude Biotech, China) and re-
corded with a Bio-Rad imaging system. Band
intensities were quantified using ImageJ. Total
protein levels were normalized to GAPDH,
whereas phosphorylation-dependent pathway
activation was assessed using the ratios of
p-PI3K/PI3K, p-AKT Serd73/AKT, and p-S6/S6.

Enzyme-linked immunosorbent assay (ELISA)

For each participant, VEGF in serum separated
from peripheral blood was measured with the
CUSABIO human VEGF ELISA system (Wuhan,
China).

Cell culture and treatment

ATCC-derived HTR-8/SVneo cells were cultured
in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-
streptomycin at 37°C in a humidified incubator
containing 5% CO,. For inhibitor-based experi-
ments, log-phase cells were seeded into six-
well plates at 2 x 10° cells/well and treated
with 50 uM DAPT, a y-secretase inhibitor, or
50 uM LY294002, a PI3K inhibitor, for 24 h.
Control cells received the corresponding con-
centration of DMSO, and the final dimethyl sulf-
oxide (DMSO) concentration was kept consis-
tent across groups at < 0.1%.

Cell viability assay

HTR-8/SVneo cell viability after DAPT or
LY294002 treatment was evaluated using a
Cell Counting Kit-8 assay (CCK-8; Servicebio,
G4103). Cells were seeded into 96-well plates
at 5 x 10° cells/well in 100 yL of complete
medium and allowed to adhere overnight. Cells
were then treated with DAPT or LY294002 at
10, 25, or 50 uM for 24 h. Vehicle-treated cells
served as the control, and blank wells contain-
ing medium without cells were included for
background correction. After treatment, 10 uL
of CCK-8 reagent was added to each well,
followed by incubation at 37°C for 2 h.
Absorbance was measured at 450 nm using a
microplate reader (BioTek ELx808). Cell viability
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was calculated relative to the vehicle control
after blank subtraction using the following
formula: cell viability (%) = (A_treatment -
A_blank)/(A_control - A_blank) x 100%.

Cell migration and invasion assay

HTR-8/SVneo cell migration and invasion were
assessed using Corning Transwell inserts with
8-um pore membranes. For migration assays,
untreated membranes were used. For invasion
experiments, the upper surface of membranes
were pre-coated with 80 pL Matrigel diluted
1:3 in RPMI-1640 medium. After the indicated
treatments, 2 x 10* cells suspended in 100 yL
serum-free RPMI-1640 medium were seeded
into the upper chamber, while 700 yL RPMI-
1640 medium containing 10% FBS was added
to the lower chamber as a chemoattractant.
After 24 h of incubation, cells remaining on the
upper membrane surface were gently removed.
Cells that had migrated or invaded to the lower
surface were fixed, crystal violet-stained, and
imaged under a Nikon microscope at x100.

Capillary-like network formation assay

Capillary-like network formation was assessed
using growth factor-reduced Matrigel as an in
vitro readout of trophoblast pro-angiogenic
behavior. Each well of a 96-well plate was coat-
ed with 60 pL Matrigel (BD Biosciences, USA)
and incubated at 37°C for 30 min. After the
indicated treatments, HTR-8/SVneo cells were
seeded onto the Matrigel surface at 1 x 10%
cells/well in 100 pyL medium. Capillary-like net-
work structures were imaged after 6 h of incu-
bation using an inverted Nikon microscope at
x100 maghnification. Network parameters were
quantified using ImageJ based on images from
three independent experiments.

Immunofluorescence staining

HTR-8/SVneo cells grown on coverslips were
fixed with paraformaldehyde, permeabilized
with Triton X-100, and blocked with goat ser-
um. Cells were then incubated overnight at
4°C with primary antibodies against Notch-1
(1:200, 10062-2-AP, Proteintech Group) and
AKT (1:200, 4691, Cell Signaling Technology),
followed by incubation with a goat anti-rab-
bit fluorescent secondary antibody (1:200,
SA00003-2, Proteintech Group). Nuclear coun-
terstaining and mounting were performed using

Am J Transl Res 2026;18(10):9095-9109
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Table 2. Clinical profiles of participants in the NC and SA cohorts

Characteristics NC (n = 40) SA (n = 40) t/Z P
Maternal age (y) 28.75+5.73 31.30+4.16" -2.277 0.026
Body mass index (kg/m?) 21.42+2.13 22.1142.29 -1.403 0.165

Gestational age (wk)

No. of pregnancies (n)

No. of previous live births (n)

No. of previous spontaneous abortions (n)

6.50 (6.00, 7.00) ( )
3.00 (2.00, 3.00) 3.00 (2.00, 4.00) -1.137 0.256
1.00 (0.00, 2.00) ( )
0.00 (0.00, 1.00)

6.00 (6.00, 7.00 -0.170 0.865

1.00 (1.00, 1.00 -0.804 0.422
0.00 (0.00, 1.75) -1.458 0.145

Data are presented as mean + SD or median (P25, P75), as appropriate. NC, normal early-pregnancy control group; SA, sponta-
neous abortion group; BMI, body mass index; P25, 25th percentile; P75, 75th percentile. “P < 0.05 vs. NC.

10 pL DAPI-containing antifade reagent (PO-
131, Beyotime, China). Images were acquired
using an Olympus fluorescence microscope at
x200 magnification under identical exposure
settings within each experiment.

Logistic regression analysis

Logistic regression analysis was performed to
evaluate the associations of maternal age and
previous spontaneous abortion history with SA
status. SA status was used as the outcome
variable, with the NC group as the reference.
Maternal age was entered as a continuous vari-
able, and previous spontaneous abortion his-
tory was entered as a categorical variable, with
0 previous spontaneous abortions as the refer-
ence category. Crude and adjusted odds ratios
(ORs) with 95% confidence intervals (Cls) were
calculated. The adjusted model included mater-
nal age and previous spontaneous abortion
history.

Statistical analysis

Statistical analyses were performed using
SPSS 23.0, and graphs were generated with
GraphPad Prism 8.0. Data distribution was
assessed before statistical testing. Normally
distributed data are presented as mean + SD,
whereas non-normally distributed data are
presented as median (P25, P75). Comparisons
between two groups were performed using
Student’s t-test or the Mann-Whitney U test, as
appropriate. For comparisons among multiple
groups, one-way ANOVA followed by Bonferroni
or Dunnett’s post hoc test was used when data
met parametric assumptions; otherwise, a non-
parametric test was applied. All experiments
were repeated independently at least three
times unless otherwise indicated. The number
of biological replicates, independent experi-
ments, or analyzed fields is specified in the cor-

9099

responding figure legends. All statistical tests
were two-sided, and P < 0.05 was considered
statistically significant.

Results

Attenuated angiogenesis-related factor expres-
sion in chorionic villi from SA cases

Villous tissues from 40 SA cases and 40 NC
cases undergoing elective termination were
first examined for angiogenesis-related mark-
ers. Except for higher maternal age in the SA
group, the two cohorts were comparable in
BMI, gestational age, gravidity, previous live
birth number, and prior spontaneous abortion
history (Table 2). To address this baseline dif-
ference, multivariable logistic regression analy-
sis was performed to evaluate the associations
of maternal age and previous spontaneous
abortion history with SA status. The adjusted
results are presented in Supplementary Table
1.

IHC staining showed that VEGFA, VEGFR1, and
VEGFR2 immunoreactivity were broadly distrib-
uted in villous trophoblast and stromal regions,
whereas CD34 staining mainly marked villous
endothelial cells and microvessels. Compared
with NC villi, SA villous tissues exhibited weaker
immunostaining for VEGFA, VEGFR1, VEGFR2,
and CD34 (Figure 1A). RT-gPCR and Western
blot analyses further showed concordant re-
ductions in angiogenesis-related markers, with
lower VEGFA, VEGFR1, and VEGFR2 mRNA lev-
els and decreased VEGFA, VEGFR1, VEGFR2,
and CD34 protein abundance in SA villous tis-
sues (Figure 1B, 1C). In addition, ELISA showed
lower peripheral serum VEGF concentrations in
the SA group than in the NC group (Figure 1D).
These findings indicate an attenuated angio-
genesis-related profile at the maternal-fetal
interface in SA.
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Figure 1. Reduced angiogenesis-related markers in villous tissues and serum from SA cases. A. Representative IHC
images and quantification of VEGFA, VEGFR1, VEGFR2, and CD34 in first-trimester villous tissues from NC and SA
groups. Scale bar, 100 um. B. RT-gPCR analysis of VEGFA, VEGFR1, and VEGFR2 mRNA expression in villous tissues.
C. Western blot analysis and quantification of VEGFA, VEGFR1, VEGFR2, and CD34 protein expression in villous tis-
sues. D. ELISA analysis of serum VEGF levels. Data are presented as mean + SD or median (P25, P75), as appropri-
ate. n =40 per group for IHC, RT-qPCR, and ELISA; n = 3 per group for Western blotting. *P < 0.05, **P < 0.01, ***P
< 0.001 vs. NC. NC, normal early-pregnancy control; SA, spontaneous abortion; IHC, immunohistochemistry; RT-
gPCR, reverse transcription quantitative polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay;
VEGF, vascular endothelial growth factor; VEGFA, vascular endothelial growth factor A; VEGFR1, vascular endothelial
growth factor receptor 1; VEGFR2, vascular endothelial growth factor receptor 2; CD34, cluster of differentiation 34.

Reduced Notch-1 signaling and PIBK/AKT lated and total AKT, PI3K, and S6 were exam-

phosphorylation in chorionic villi from SA ined. The p-AKT Serd73/AKT, p-PISK/PI3K,

cases and p-S6/S6 ratios were all reduced in SA villi
compared with NC villi (Figure 2D, 2E). These

We next examined Notch-1/Dll4 expression results indicate that SA villous tissues are

and PI3K/AKT pathway activity in villous tis- characterized by reduced Notch-1/Dll4-asso-

sues. IHC analysis showed lower Notch-1, DIi4, ciated signaling and attenuated PI3K/AKT

PI3K, and AKT staining intensities in SA villi pathway phosphorylation.

than in NC villi (Figure 2A). RT-qPCR further

showed reduced Notch-1 and AKT mRNA levels DAPT and LY294002 attenuated HTR-8/SVneo

in the SA group (Figure 2B). Western blot analy- trophoblast pro-angiogenic behavior without

sis confirmed decreased Notch-1 protein abun- marked cytotoxicity

dance in SA villous tissues, while DIl4 protein

showed a downward trend (Figure 2C). To fur- To exclude overt viability-related effects un-

ther evaluate pathway activation, phosphory- der the experimental conditions, HTR-8/SVneo

9100 Am J Transl Res 2026;18(10):9095-9109
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Figure 2. Reduced Notch-1/DIl4 expression and PISK/AKT pathway phosphorylation in SA villous tissues. A. Rep-
resentative IHC images and quantification of Notch-1, DIl4, PI3K, and AKT in first-trimester villous tissues from NC
and SA groups. Scale bar, 100 pym. B. RT-gPCR analysis of Notch-1 and AKT mRNA expression in villous tissues. C.
Western blot analysis and quantification of Notch-1 and DII4 protein expression in villous tissues. D, E. Western blot
analysis of AKT, p-AKT Ser4d73, PI3K, p-PI3K, S6, and p-S6, with quantification of p-AKT Ser473/AKT, p-PI3K/PI3K,
and p-S6/S6 ratios. Data are presented as mean + SD or median (P25, P75), as appropriate. n = 40 per group for
IHC and RT-gPCR; n = 3 per group for Western blotting. *P < 0.05, **P < 0.01, ***P < 0.001 vs. NC. NC, normal
early-pregnancy control; SA, spontaneous abortion; IHC, immunohistochemistry; RT-qPCR, reverse transcription
quantitative polymerase chain reaction; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; p-, phosphorylated;
S6, ribosomal protein S6; DIl4, Delta-like ligand 4.

markedly reduced cell viability within the tested
concentration range (Figure 3A). At the working
concentration used for subsequent assays,

cells were treated with different concentrations
of DAPT or LY294002 for 24 h, and cell viability
was assessed by CCK-8 assay. Neither inhibitor
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Figure 3. DAPT and LY294002 attenuated HTR-8/SVneo trophoblast pro-angiogenic behavior without marked cy-
totoxicity. A. CCK-8 assay of HTR-8/SVneo cell viability after treatment with different concentrations of DAPT or
LY294002 for 24 h. B, C. Representative Transwell images and quantification of HTR-8/SVneo cell migration after
DAPT or LY294002 treatment. D, E. Representative Matrigel-coated Transwell images and quantification of HTR-
8/SVneo cell invasion after DAPT or LY294002 treatment. F, G. Representative images and analyzed images of
capillary-like network formation by HTR-8/SVneo cells on Matrigel. H. Quantitative analysis of network parameters,
including node number, junction number, master junction number, segment number, total segment length, and
total mesh area. Scale bar, 100 um. Data are presented as mean + SD; n = 3 independent experiments. ns, not
significant; *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control. CCK-8, Cell Counting Kit-8; DAPT, y-secretase inhibi-
tor; LY294002, PI3K inhibitor; PI3K, phosphoinositide 3-kinase; HTR-8/SVneo, human first-trimester extravillous

trophoblast cell line.

both DAPT and LY294002 reduced HTR-8/
SVneo cell migration through uncoated Trans-
well membranes and invasion through Matrigel-
coated membranes (Figure 3B-E). In the Mat-
rigel-based network assay, inhibitor-treated
cells formed fewer capillary-like structures than
control cells, characterized by fewer nodes,
junctions, master junction number, segment
number, total segment length, and total mesh
area (Figure 3F-H). These findings indicate that
pharmacological inhibition of Notch or PI3K/
AKT signaling attenuates HTR-8/SVneo tropho-
blast pro-angiogenic behavior in vitro without
marked cytotoxicity.

DAPT and LY294002 attenuated Notch-1/
PIBK/AKT signaling and angiogenesis-related
protein expression in HTR-8/SVneo cells

We next expanded the Western blot analysis to
define the signaling changes associated with
DAPT- or LY294002-induced impairment of
HTR-8/SVneo trophoblast behavior. DAPT treat-
ment reduced Notch-1, DIl4, and NICD protein
abundance, confirming effective Notch path-
way inhibition. This was accompanied by de-
creased p-PIBK/PI3K, p-AKT/AKT, and p-S6/S6
ratios, together with reduced VEGFA, VEGFR1,
and VEGFR2 expression (Figure 4A, 4B).
LY294002 treatment reduced p-AKT/AKT and
p-S6/S6 ratios, whereas p-PI3K/PI3K showed
no significant change. LY294002 also de-
creased Notch-1, DIll4, and NICD protein abun-
dance and reduced VEGFA, VEGFR1, and
VEGFR2 expression (Figure 4C, 4D). These
results indicate that pharmacological inhibition
of Notch or PI3K signaling converges on re-
duced trophoblast pro-angiogenic signaling, as
reflected by attenuated Notch-1/Dll4-asso-
ciated signaling, downstream PI3K/AKT path-
way activity, and angiogenesis-related protein
expression.
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DAPT and LY294002 decreased Notch-1 and
AKT immunofluorescence signals in HTR-8/
SVneo cells

Immunofluorescence staining was performed
to visualize Notch-1 and AKT signals in HTR-8/
SVneo cells after DAPT or LY294002 treat-
ment. Compared with control cells, both DAPT-
and LY294002-treated cells showed reduced
Notch-1 fluorescence intensity, as confirmed by
quantitative analysis (Figure 5A). AKT fluores-
cence intensity was also decreased after DAPT
or LY294002 treatment (Figure 5B). These
results were consistent with the Western blot
data and showed reduced Notch-1 and AKT sig-
nals following pharmacological inhibition of
Notch or PI3K signaling in HTR-8/SVneo cells.

Discussion

In this study, SA villi showed a coordinated
attenuation of angiogenesis-related signaling,
Notch-1/DIl4 expression, and PI3K/AKT path-
way phosphorylation. The decreases in VEGFA,
VEGFR1, VEGFR2, CD34, and serum VEGF sug-
gest compromised villous vascular support at
the maternal-fetal interface, while the parallel
reductions in Notch-1/DIl4 and PI3K/AKT phos-
phorylation suggest that this vascular altera-
tion occurs within a broader change in tropho-
blast-associated signaling. These findings are
consistent with studies linking placental vascu-
lar insufficiency and angiogenic imbalance to
pregnancy complications [15, 16], and align
with the established central role of VEGF-
related signaling in early embryonic and placen-
tal vascular development [17-21]. Together, the
tissue results suggest that early pregnancy
loss is associated with a broader disturbance
of the trophoblast-vascular microenvironment.

Notch signaling is closely integrated into cell-
cell communication within the placental villous
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Figure 4. Effects of DAPT and LY294002 on Notch-1/PI3K/AKT signaling and angiogenesis-related proteins in HTR-
8/SVneo cells. A. Western blot analysis and quantification of Notch pathway components and PISK/AKT pathway
phosphorylation after DAPT treatment. B. Western blot analysis and quantification of VEGFA, VEGFR1, and VEG-
FR2 expression after DAPT treatment. C. Western blot analysis and quantification of Notch pathway components
and PIBK/AKT pathway phosphorylation after LY294002 treatment. D. Western blot analysis and quantification
of VEGFA, VEGFR1, and VEGFR2 expression after LY294002 treatment. Total protein expression was normalized
to GAPDH, and phosphorylation levels were quantified as p-PI3K/PI3K, p-AKT/AKT, and p-S6/S6 ratios. Data are
presented as mean + SD; n = 3 independent experiments. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001
vs. Control. NICD, Notch intracellular domain; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; p-, phosphory-
lated; VEGFA, vascular endothelial growth factor A; VEGFR1, vascular endothelial growth factor receptor 1; VEGFR2,
vascular endothelial growth factor receptor 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 5. DAPT and LY294002 decreased Notch-1 and AKT immunofluorescence signals in HTR-8/SVneo cells.
A. Representative Notch-1 immunofluorescence images and quantitative analysis in HTR-8/SVneo cells following
DAPT or LY294002 treatment. Notch-1 is shown in green, and nuclei counterstained with DAPI are shown in blue.
B. Representative immunofluorescence images and quantitative analysis of AKT under the same treatment condi-
tions. AKT is shown in green, and DAPI-labeled nuclei are shown in blue. Scale bar, 200 um. Data are presented as
mean + SD; n = 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control. DAPT, y-secretase
inhibitor; LY294002, PI3K inhibitor; AKT, protein kinase B; DAPI, 4’,6-diamidino-2-phenylindole.

microenvironment. Notch signaling has been
widely implicated in cell proliferation, differen-
tiation, and vascular remodeling across dis-
ease contexts [22-26]. In the placenta, this
pathway is embedded in villous cell-cell com-
munication, with Notch receptors and ligands
expressed across trophoblast, endothelial,
stromal, and immune-related compartments
[27]. Notch-related signaling has also been
implicated in trophoblast proliferation, migra-
tion, and invasion in models of placental disor-
ders [28]. The Notch-1/Dll4 axis is closely as-
sociated with vascular remodeling and angio-
genic patterning [29-32]. In trophoblast mod-
els, Notch-1 signaling has been linked to migra-
tory and invasive behavior [33], and Notch
activity is also required for trophoblast endo-
vascular invasion and placental vascular adap-
tation [34]. In this cohort, the reduction of
Notch-1 and DIl4 occurred together with
decreased VEGF-related markers, placing
Notch attenuation within the altered angio-
genesis-related profile of SA villi. Fang et al.
reported dysregulated DIlI4/Notch and HIF-1a-
VEGF signaling in missed abortion, character-
ized by reduced VEGF expression but increas-
ed Notchl expression [35]. The different direc-
tion of Notch1 change between Fang et al. and
the present study suggests that Notch signal-
ing in pregnancy loss may depend on disease
stage, villous cellular composition, and com-
pensatory responses within the local hypoxic-
angiogenic environment.

The PIBK/AKT phosphorylation results further
link the villous vascular phenotype with tropho-
blast functional signaling. Previous trophoblast
studies have shown that PI3K/AKT signaling
participates in migration, invasion, autophagy,
hormone secretion, and survival-related res-
ponses [36-38], and PI3K-dependent signaling
has also been linked to VEGF expression and
angiogenic regulation in endothelial systems
[39]. In the present study, SA villi showed
reduced p-PIBK/PI3K, p-AKT Serd73/AKT, and
p-S6/S6 ratios, further extending the findings
from reduced total protein levels to suppressed
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phosphorylation-dependent signaling. The con-
current reduction of PI3K/AKT phosphorylation
and VEGF-related markers indicates that weak-
ened trophoblast signaling and impaired villous
vascular support are closely coupled in SA.

The HTR-8/SVneo experiments further linked
these pathway changes to trophoblast be-
havior. DAPT-mediated Notch inhibition and
LY294002-mediated PI3K inhibition reduced
trophoblast migration, Matrigel invasion, and
capillary-like network formation, while the
CCK-8 assay showed no marked cytotoxicity at
the working concentration. Because HTR-8/
SVneo cells are trophoblast-derived cells, the
Matrigel network assay reflects trophoblast
pro-angiogenic behavior in vitro. At the molecu-
lar level, inhibition of either pathway reduced
angiogenesis-related protein expression and
was accompanied by coordinated changes in
Notch-1/Dll4 abundance and PI3K/AKT phos-
phorylation. These findings position Notch-1/
Dll4 signaling and PI3BK/AKT phosphorylation
as components of a shared trophoblast pro-
angiogenic signaling program that supports
migration, invasion, capillary-like network for-
mation, and angiogenesis-related protein ex-
pression.

Several aspects of this study warrant further
investigation. The clinical tissue analysis was
based on first-trimester villous samples and
revealed a consistent association between SA
and altered angiogenesis-related signaling, but
the observational design precludes definitive
conclusions about causality. HTR-8/SVneo
cells were used to model trophoblast behavior
in vitro; although this model is useful for ass-
essing migration, invasion, and pro-angiogenic
responses, it cannot fully recapitulate the cel-
lular heterogeneity of early villous tissues. In
addition, capillary-like network formation on
Matrigel reflects trophoblast pro-angiogenic
behavior rather than direct in vivo angiogene-
sis. Future studies using primary trophoblasts,
villous explants, genetic gain- and loss-of-func-
tion approaches, and pathway rescue experi-
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ments will help clarify how Notch-1/DIll4 and
PIBK/AKT signaling are functionally organized
during SA-associated villous vascular dysfun-
ction.

In conclusion, this study shows that SA villi are
characterized by reduced VEGF-related angio-
genic support, attenuated Notch-1/Dll4 expres-
sion, and decreased PI3BK/AKT pathway phos-
phorylation. Inhibition of Notch or PI3K signal-
ing impaired HTR-8/SVneo cell migration,
Matrigel invasion, and capillary-like network
formation, together with reduced angiogenesis-
related protein expression. These findings indi-
cate that Notch-1/DIl4 and PI3K/AKT signaling
participate in trophoblast pro-angiogenic regu-
lation at the maternal-fetal interface and pro-
vide a molecular basis for understanding
impaired villous vascular support in early preg-
nancy loss.
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Supplementary Table 1. Logistic regression analysis of the associations of maternal age and previ-
ous spontaneous abortion history with SA status

Variable Category Crude OR (95% CI) ™€ adjusted OR (95% ¢l AdIusted
P value P value
Age Per 1-year increment 1.108 (1.010-1.216) 0.029 1.109 (1.008-1.220) 0.033
Previous spontaneous abortions O times (reference) 1.00 - 1.00 -
1 time 1.312 (0.490-3.517) 0.589 1.062 (0.379-2.977) 0.909
> 2 times 2.625 (0.748-9.210) 0.132 2.480 (0.678-9.074) 0.170

Data are presented as odds ratios (ORs) with 95% confidence intervals (Cls). Logistic regression analysis was performed with SA status as the out-
come variable and the NC group as the reference. The adjusted model included maternal age and previous spontaneous abortion history. Previous
spontaneous abortion history was entered as a categorical variable, with O occurrences as the reference category. SA, spontaneous abortion; NC,
normal early-pregnancy control; OR, odds ratio; Cl, confidence interval.



