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the progression of preeclampsia

Zhengrui Huang'", Ping Zhang®', Ruiping Chen'", Lu Sun', Jingyun Wang?, Ruiling Yan?, Mengyuan Liu?,
Yuzhen Ding’, Jian Wang', Jiachun Wei', Wanchang Yin', Xinyao Lu', Guang Wang®’, Xuesong Yang®*" and
Ruiman Li”

Abstract

Background Patients with early-onset preeclampsia (EOPE) have a most severe disease state. a2-macroglobulin
(A2M) play a crucial role in the pathogenesis of EOPE, but its molecular basis and therapeutic potential remain
unclear. This study aimed to elucidate the mechanisms of A2M in EOPE progression and explore the potential of A2M
in the treatment of EOPE.

Methods A2M-Low Density Lipoprotein Receptor-Related Protein 1 (LRP1) blocker Receptor-associated protein
(RAP) were utilized to alleviate the disease symptom of lipopolysaccharide (LPS) induced preeclampsia rat model.
RNA-seq data sourced from public databases and morphological experiments were utilized to examine the relation-
ship between the main fate of smooth muscle cell (SMC) during uterine spiral artery remodeling (SPA-REM) and A2M.
Proteomic sequencing analysis of A2M overexpression rat placenta was used to identify the underlying mechanism.
Further, LC-MS/MS analysis combined with Co-immunoprecipitation (Co-IP) was used to examine the interacting
between A2M and underlying mechanism.

Results Single-cell analysis and morphological experimental results suggest that SMC phenotype switching disorder
is the main fate of SMC in the pathological of SPA-REM disorder, and A2M has a causal relationship with this process.
Proteomic sequencing data suggest that A2M participates in this process through the RhoA-GTPase pathway, further
experimental data provide evidences that A2M can directly upregulate RhoA-GTPase. Cytological and explant experi-
ments suggest that RAP has better efficacy than A2M knockdown AAV vector, finally the efficacy of RAP was verified
in the rat model of preeclampsia.

Conclusion SMC A2M promotes the progression of preeclampsia by directly upregulating RhoA-GTPase. Our find-
ings also reveal that A2M serve as a potential target for EOPE and provide a preliminary therapy for inhibit the combi-
nation of A2M-LRP1.

Zhengrui Huang, Ping Zhang and Ruiping Chen contributed equally to this
work.

*Correspondence:

Guang Wang

t_wangguang@jnu.edu.cn

Xuesong Yang

yangxuesong@jnu.edu.cn

Ruiman Li

ruimanli@jnu.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-025-02060-y&domain=pdf

Huang et al. Cell Communication and Signaling (2025) 23:107

Page 2 of 19

Keywords Preeclampsia, A2-macroglobulin, Smooth muscle cells, Uterine spiral artery, Phenotype switching
Graphical Abstract
_____ oo ;
. A @ Phenotype 0o A2M (main)
Smooth muscle Switching oo
29 AZM cell / O
2 7 =) & LRP-1
é ' \ OOOOOOOOOO OOOOOOOOOOOOOOO
= i JPEEEE
g : =)
oy V Phenotype switching OOOOOOOOOO OO0
g disorder @@ - RhoA-GDP
= @ activated
o) A2M
© i overexpression o ° RhoA-GTP
(ololo[oJofoMoJolo]o] o O I
A2M (minor)
Maternal-fetal
.o A2M interface Smooth muscle mDia
S2000 ol cell nucleus

o oo
) + 0o
£ .
© i o Promote
: b
& Y .

Globular Filamentous

actin Actin
o ©  Polymerization O%Q%%
%o
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Preeclampsia (PE), one severe manifestation of hyper-
tensive disorders of pregnancy, are endangering 2—4% of
pregnant women during the perinatal period, PE mani-
fests through distinct pathological mechanisms depend-
ing on the timing of its onset. Early-onset preeclampsia
(EOPE), occurring before 34 weeks of gestation, is pri-
marily associated with placental abnormalities arising
from various causes. In contrast, late-onset preeclamp-
sia (LOPE), which occurs after 34 weeks of gestation, is
predominantly linked to maternal metabolic disorders or
cardiovascular system abnormalities, with placental func-
tion typically remaining relatively normal [1, 2]. Recent
advancements have identified various therapeutic targets,
and the most promising is targeted delivery therapy of
Fms Related Receptor Tyrosine Kinase 1 (FLT-1) knock-
down using nanoparticles combined with small Interfer-
ing RNA (siRNA) technology [3]. Additionally, targets,
such as programmed Death-1 (PD-1) / Programmed
Death-Ligand 1 (PD-L1) [4, 5] and T-cell Immunoglobu-
lin and Mucin Domain-Containing Protein 3 (Tim-3) [6],

therapeutic targets will provide novel insights into PE
treatment.

As a secreted protein primarily produced by the liver,
macrophages, and NK cells [7, 8], A2M, has received
interest for its potential therapeutic applications in dis-
eases, including Alzheimer’s disease, cardiovascular dis-
eases [9], and cancer treatment [10]. Previous studies
have shown that plasma A2M levels in pregnant women
with preeclampsia (PE) increased during mid- and late-
pregnancy, and overexpression of A2M triggers PE-like
symptoms in rats [11]. However, the precise mechanism
remains unclear, and the therapeutic possibilities of tar-
geting A2M/LRP1 in PE have not been fully explored.
Although previous studies have shown that maternal
inflammatory responses contribute to increased A2M
levels, the exact tissue sources of A2M remain unclear. It
is essential to identifying the tissue sources of A2M for
developing targeted therapies.

LRP1, also known as a2-macroglobulin receptor, it
mediates cytosolic action by regulates the concentrations
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of extracellular ligands by transporting ligands into intra-
cellular vesicles, additionally, it also involved in endo-
cytosis, homeostasis, and signal transduction [12]. Up
to date, the study between A2M and LRP1 are mainly
focused on Alzheimer’s disease, immune regulation and
cancer treatment [13, 14]. Research evidence shows that
when A2M and RAP are infused into the body at the
same time, the binding of A2M to LRP1 in the mouse
liver is significantly reduced [15], M Z Kounnas. et al’s
study revealed the role of LRP1 in Alzheimer’s disease,
indicating that A2M binds to B-amyloid protein (Ap) and
is cleared by LRP1, while RAP inhibits this process [16].
However, the therapeutic potential of A2M and LRP1 in
preeclampsia remains unclear.

The spatiotemporal removal of vascular smooth muscle
cells (VSMC) plays a crucial role in the development of
defects in uterine spiral artery remodeling in PE. Apop-
tosis, proliferation, phenotypic switching, and abnormal
migration of smooth muscle cells are pivotal processes
in the replacement of uterine spiral artery smooth mus-
cle cells. However, there remains a lack of consensus
regarding the predominant phenotype involved in this
process [17—19]. Emerging evidence suggests that VSMC
undergo reversible changes in their biological properties,
with the potential for multidirectional transformation.
Specifically, VSMC transition from a contractile pheno-
type, which maintains vascular structure, to a synthetic
phenotype characterized by undifferentiated proper-
ties. This transformation enables VSMC to migrate and
secrete, ultimately leading to their gradual departure
from the vessel wall during spiral artery remodeling [20].
There is no doubt that the regulation of VSMC differen-
tiation during spiral artery remodeling has significant
clinical significance. However, there is still a lack of con-
sistent understanding of the regulatory mechanisms of
VSMC disappearance disorders.

The polymerization and depolymerization of the
smooth muscle cell cytoskeleton are critical mecha-
nisms in the regulation of VSMC phenotypic switching.
The polymerization of globular actin (G-actin) into fila-
mentous actin (F-actin) activates key signaling pathways,
including RhoA GTPase and MAPK. This regulatory
cascade subsequently enhances the activity of nuclear
transcription factors, such as serum response factor
(SRE), leading to the upregulation of contractile pheno-
type genes, including a-SMA, while concurrently sup-
pressing the expression of synthetic phenotype genes
like osteopontin (OPN) [21, 22]. RhoA GTPase, a small
GTP-binding protein belonging to the Rho family, plays a
crucial role in regulating cytoskeletal dynamics, endothe-
lial barrier function, and vascular tone. These processes
are essential for maintaining normal placental devel-
opment and function. Dysregulation of RhoA GTPase
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signaling has been implicated in various pathological
conditions. Emerging evidence indicates that abnormal
RhoA GTPase activity may contribute to the pathogen-
esis of PE by impairing trophoblast invasion, disrupting
endothelial function, and inducing placental hypoxia [23,
24]. Some studies have delved deeper into the potential
therapeutic applications of RhoA GTPase in PE through
in vitro experimental investigations [25-27], suggesting
that RhoA GTPase is a biologically validated and clini-
cally promising therapeutic target for PE.

Thus, the present study sought to (I) elucidate the role
of A2M within the progression of PE as well as to (I)
explore the potential therapeutic strategies targeting
A2M. A combination of bioinformatic analyses and mor-
phological experiments, such as immunofluorescence
and tunnel staining, was used to assess the relation-
ship between A2M overexpression and SMC phenotype
switching disorder during the PE progression. Addition-
ally, proteomic analysis, LC-MS/MS analysis and Co-IP
were performed to investigate the interactions involving
A2M and underlying mechanisms of PE. Finally, we eval-
uated the therapeutic potential of blocking A2M-LRP1
by administering RAP in a preeclampsia rat model.

Materials and methods

Staging and classification of preeclampsia

Preeclampsia (PE) is a hypertensive disorder that occurs
during pregnancy, characterized by new-onset hyperten-
sion and proteinuria after 20 weeks of gestation. PE is
classified into two distinct subtypes based on the timing
of onset: early-onset preeclampsia (EOPE) and late-onset
preeclampsia (LOPE).

EOPE is defined as preeclampsia that occurs before 34
weeks of gestation, and it is typically associated with fetal
growth restriction and preterm delivery, primarily linked
to placental dysfunction. In contrast, LOPE occurs after
34 weeks of gestation and is generally associated with
maternal factors such as metabolic abnormalities, hyper-
tension, or obesity, exhibiting a relatively less severe clini-
cal course and normal placental function.

Patient cohort and sample collection

Human tissue samples consisted of human blood and
decidua tissue samples. This study was approved by the
Ethics Committee of the First Affiliated Hospital of Jinan
University (Grant number: KY-2021-092 for blood collec-
tion and KY-2021-054 for decidua collection) and were
conducted in strict accordance with the Declaration of
Helsinki. All study participants were duly informed, and
human tissue samples were collected with their con-
sent through signed informed consent forms. Inclusion
and exclusion criteria for tissue collection were strictly
adhered to as per the latest International Federation of
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Obstetricians guidelines. Detailed information on the
inclusion criteria of the experimental participants, as well
as sample collection and storage provided in the Supple-
mentary Material 1.

Decidual tissues from the placental junction during
the third trimester, collected post-delivery, were washed
three times with saline and immediately frozen at —80
°C for quantitative Western blot analysis. The samples
included 30 from pre-eclampsia patients and 29 from
normal subjects, with baseline data provided in Supple-
mentary Table 2. For morphological analysis, 10 samples
from pre-eclampsia patients and 10 from normal preg-
nant women were fixed in 4% paraformaldehyde follow-
ing PBS washing, paraffin-embedded, and sectioned at 4
°C.

Decidual tissues from early pregnancy (6-8 weeks of
gestation) were obtained from 15 women undergoing
induced abortion. These tissues were washed and subse-
quently cultured for further analysis. Ten samples from
each group were selected to conduct morphological
experiments, following the experimental protocol out-
lined above.

Peripheral venous blood samples were collected dur-
ing two specific gestational periods: First trimester
(1146 to 13 weeks of gestation): 100 samples from both
pre-eclampsia and normal groups, with baseline data in
Supplementary Table 3. Third trimester (47 days before
labor onset): Samples were collected from both groups
and processed as follows: they were centrifuged at 3000
g for 15 min after collection in EDTA vacuum tubes to
separate plasma, which was then stored at —80 °C (base-
line data in Supplementary Table 4).

Model and sample preparation of rats

SPF grade Sprague-Dawley rats (6 to 9 weeks old, weigh-
ing 180 to 200 were obtained from Vital River Labora-
tory Animal Technology Co., Ltd. (RRID: RGD_734476)
and utilized for all animal experiments. The procedures
for generating A2M overexpression rats and inducing
LPS preeclampsia in pregnant rat models are detailed
in the Supplementary Material 1. Animal experi-
ments were approved by the Jinan University Animal
Experimentation Ethics Committee (Grant number:
IACUC-20210302-46, IACUC-20230821-04), and the
experiments were conducted following the guidelines
of the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals. Rats were catego-
rized into respective groups and provided with nesting
materials and sufficient food. At the end of the experi-
ment, pregnant rats were anesthetized using isoflurane
and euthanized by intraperitoneal injection of an over-
dose of pentobarbital at a dose of 150 mg/kg of body
weight.
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Cell culture and transfection

All details regarding cell manipulations, including cell
culture conditions, consumables, and subsequent opera-
tional procedures for co-immunoprecipitation, scratch
experiments, F-actin staining, Propidium Iodide (PI)
staining, and flow cytometry can be found in the Supple-
mentary Material 1. Transfection efficiency was assessed
using Western blotting and is shown in Fig. S1.

Culture of decidual tissue explants in early pregnancy

The collected decidual tissues were cultured in F12
medium with 1% penicillin/streptomycin and 10% fetal
bovine serum (FBS). Decidual secretions were extracted
following established methods [28, 29]. Briefly, finely
minced and trimmed decidua was evenly distributed in
the upper part of a 12-well plate transwell chamber with
a mixture of 10% FBS, F12, 20ng/ml progesterone, and
300pg/mL 17p-estradiol in a 1:1 matrix gel and serum-
free F12 medium. The lower chamber contained DMEM.
Multi-tissue coculture was maintained for one week
before proceeding with further experiments.

Vascular explant model

Intact chorionic plate arteries were isolated from term
placentas and cultured in a cell incubator. After 24 h of
serum deprivation, the arteries were exposed to various
conditioned media. Subsequently, after 120 h, the arteries
were harvested and embedded in paraffin for morpholog-
ical analysis [28, 29].

Histological analysis

Histological analysis included immunohistochemistry,
immunofluorescence and TUNEL staining. Specific sta-
tistical methods and operational details are described in
Supplementary Material 1.

Quantitative analysis

Western blotting (WB), Polymerase chain reaction
(PCR), and ELISA were employed for quantitative analy-
sis of protein levels of specific genes, mRNA quantifica-
tion, and measuring the concentration of A2M in plasma,
respectively. For detailed operating procedures and infor-
mation on consumables, please refer to the Supplemen-
tary Material 1.

Bioinformatics analysis

Various bioinformatics analysis techniques were utilized
in this study, including LC-MS/MS analysis, single-cell
data set analysis (Dataset number: GSE214607) [30],
Protein-Protein Docking, Protein-protein Interaction
Network (PPI) construction, proteomic sequencing of
rat decidua tissue. The performance of the diagnostic
model was assessed using Kaplan-Meier (K-M) Analysis
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and time-dependent ROC curves. All analyses were
conducted using R software (version 4.3.3) and specific
details are provided in the Supplementary Material 1.

Statistical analysis

Statistical analyses were performed using SPSS 26 soft-
ware and are expressed as mean+SEM. Data were first
normalized, and tested for homogeneity of variance and
normality. Wilcoxon rank-sum test was utilized for non-
normally distributed data with non-homogeneous vari-
ance, while the t-test was applied for normally distributed
data with homogeneous variance. Significance levels
were indicated as * for p<0.05, ** for p<0.01, and *** for
£<0.001.

Results

Phenotypic switching-driven emigration predominates
vascular smooth muscle cell loss in spiral artery
remodeling

Spiral arterial remodeling (SPA-REM) is a common phe-
nomenon in patients with PE and is characterized by a
lower proportion of appropriately remodeled spiral arter-
ies. This dysregulation is associated with impaired SMC
loss within the arterial wall. In this study, we systemati-
cally reviewed articles published over the past five years
regarding the mechanisms underlying smooth muscle cell
regression disorders in the wall of the uterine spiral artery
(refer to Fig. S2-S3 for a detailed analysis process). Our
findings indicate that phenotype switching and apoptosis
are the most recognized mechanisms of smooth muscle
cell regression in this context, with a notable increase in
the number of studies focusing on phenotype switching
each year. By utilizing immunofluorescence and Tunnel
staining, SMC apoptosis and migration induced by phe-
notypic conversion during spiral artery remodeling were
further evaluated (Fig. 1B). According to the quantitative
analysis, during the remodeling process of SPA vascu-
lar wall, the proportion of SMC undergoing phenotypic
switching was higher than the proportion of SMC under-
going apoptosis (Fig. 1C).

In order to investigate the impact of SMC pheno-
type switching on spiral artery remodeling, a single-cell
RNA-seq data analysis was performed on decidual tis-
sue samples from early pregnancy (Fig. 1D). Then the
analysis focused on cells identified as smooth muscle
cells for cluster analysis was performed, the identifica-
tion of single-cell transcriptome data clusters is detailed
in Fig. S4 A-G. Pseudo-chronological clustering analysis
indicated that SMC phenotype switching occurs along-
side the primary direction of SMC differentiation, gradu-
ally replacing contractile phenotype smooth muscle cells
over time (Fig. 1E). Together, these results revealed that
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SMC phenotype switching is the main fate of SMC dur-
ing uterine SPA-REM (Fig. 1F).

A2M is upregulated in smooth muscle cells of uterine

spiral artery walls in patients with PE and its association
with smooth muscle phenotype switching disorder
Increased A2M expression in decidual tissue and uterine
spiral artery smooth muscles in patients with PE is posi-
tively correlated with the severity of spiral artery remod-
eling (Fig. 2A-D). Temporal analysis indicates a strong
correlation between A2M expression and markers of
smooth muscle contractile phenotype (Fig. 2E). Immu-
nofluorescence staining of A2M and a-SMA confirms
increased expression in vascular smooth muscle cells
without phenotypic switching, additionally, fluorescence
intensity analysis is consistent across different centrifu-
gal distances (Fig. 2F-H), a significant positive correlation
between fluorescence intensity of A2M and a-SMA was
observed (R=0.51, P<0.05) (Fig. 2I).

A2M overexpression suppresses uterine spiral artery
remodeling by hindering phenotypic switching of vascular
smooth muscle cells

To study the role of A2M in SPA-REM, A2M overexpres-
sion rats were studied, resulted in a phenotype similar
to that of PE, which is characterized by impaired SPA-
REM in both early and late pregnancy rats’ mesometrial
triangle and superficial muscle layers (Fig. 3A-F). This
indicates that A2M overexpression may play a role in
inhibiting SPA-REM and contributing to the pathogen-
esis of PE.

Based on the observations in rat model decidual tissue,
late-pregnancy rats with A2M overexpression exhibited
more severe phenotypic switching disorders in spiral
artery smooth muscle cells (Fig. 3G). Specifically, there
was a higher a-SMA fluorescence intensity in the decidua
and superficial muscle layer (Fig. 3H), as well as a greater
proportion of impaired phenotype switching in the arte-
rial wall helices. These cells displayed elongated spin-
dle-shaped morphologies and a decrease in rounded or
displaced cells when A2M was overexpressed (Fig. 3L, J).

Proteomic sequencing analysis was performed on rat
mesometrial triangle and superficial uterine myome-
trium tissues. Gene Ontology (GO) analysis (Fig. 3K)
identified ten significantly altered biological processes
in the decidual tissues of rats with A2M overexpression,
with a significant mechanism linked to smooth muscle
cell phenotypic switching. Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis indicated that A2M over-
expression may impact the cellular cytoskeleton through
the ‘Regulation of cytoskeleton’ pathway (Fig. 3L). MCC
analysis highlighted RhoA, Racl, and CDC42 as the top
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Fig. 1 Smooth muscle cell phenotype switching: key mechanism in uterine spiral artery remodeling. A Systematic reviews indicate that SMC
apoptosis and phenotypic transformation have garnered significant attention in the context of uterine spiral artery remodeling. Furthermore,

the number of studies focusing on smooth muscle cell phenotypic transformation has shown a consistent annual increase. B, C In first trimester,
the proportion of SPAs-SMC undergoing phenotype switching is higher than that of apoptotic SPAs-SMC (Each group included 15 participants,
and two sections from different parts were randomly selected for each participant. In Fig. 1B1 and B2, green arrows point to SMC that have
undergone phenotypic switching, yellow arrows point to SMC that have undergone apoptosis). D UMAP visualization of the human decidual

cell atlas single-cell transcriptomics data colored by cell type, SMC were identified and categorized into contractile and synthetic phenotypes
based on the expression of distinct marker genes. E Pseudo-time analysis for the transition of SMC from a contractile phenotype to a synthetic
phenotype in the early pregnancy (The timeline progresses from left to right, with state 1 in the leftmost chart representing the earliest stage
along the developmental axis, while state 3 represents a later stage in the progression). F Dynamic changes of SPAs-SMC during SPA-REM process.
The statistical methods used in the figures are all adjusted p-values obtained by the nonparametric Wilcoxon rank-sum test and Bonferroni
correction, data represent the mean +SD, ns P >0.05, * P<0.05, ** P<0.01, *** P<0.001. SPAs (Spiral artery), SPA-REM (Spiral artery remodeling), SMC
(Smooth muscle cells), UMAP (Uniform Manifold Approximation and Projection), a-SMA (a-smooth muscle actin), CK7 (Cytokeratin 7)

three hub genes within the enriched pathways (Fig. 3M,
N), with gene expression shown in Fig. 30.

A2M overexpression suppresses smooth muscle cell
phenotypic switching by upregulating the RhoA GTPase
pathway
Upregulating A2M expression inhibited rat aortic smooth
muscle cells (RASMC) phenotypic switching, resulting
in reduced cell migration ability, increased contractile
phenotype markers, and decreased synthetic phenotype
markers (Fig. 4A-F). Conversely, A2M knockdown led
to a higher degree of synthetic phenotype transition in
RASMC.

F-actin and G-actin staining demonstrated that G-actin
aggregation induced RASMC to contract and adopt a

contractile phenotype. A2M overexpression promoted
F-actin formation but inhibited G-actin depolymeriza-
tion, resulting in increased F-actin fluorescence intensity
and decreased G-actin fluorescence intensity. Conversely,
downregulating A2M significantly increased G-actin flu-
orescence intensity while decreased F-actin fluorescence
intensity. This reveals the role of A2M in maintaining the
contractile phenotype by enhancing cytoskeletal aggrega-
tion (Fig. 4G-I).

In addition, we also explored the effect of A2M
on RASMC apoptosis. In the rat decidual tissue, we
observed that A2M overexpression reduced Caspase 3
expression surrounding spiral artery walls (Fig. S5A-B).
Western blotting on rat decidual tissue indicated that
A2M downregulated Caspase 3 while upregulated Bcl-2
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Fig.2 A2M is upregulated in smooth muscle cells of uterine spiral artery walls in patients with PE and Its association with smooth muscle
phenotype switching disorder. A Representative images of A2M (red), a-SMA (green) and DAPI (blue) staining of uterine SPAs for normal
pregnancy and (B) PE (The scale bar measures 175 um, while the scale bar in the enlarged image on the right measures 75 um. Each group
consisted of 30 participants in the third trimester. For each participant, two morphologically intact decidual tissue sections from different regions
were selected, and two random fields of view were chosen for quantitative analysis from each section). C Higher fluorescence intensity of A2M
in the SMC of the decidual SPAs wall in pregnant women with PE. D Higher A2M fluorescence intensity in the smooth muscle of the SPAs
wall with less remodeling. E Pseudo-time analysis showing consistent expression trends of A2M, a-SMA, and CNN1 in SMC. F Representative
images of a-SMA (green), A2M (red) and DAPI (blue) staining of SMC at different levels of phenotype switching (The scale bar measures 90
pm, while the scale bar in the enlarged image below measures 40 um. Each group consisted of 15 participants in the first trimester, and two
sections from distinct regions were randomly selected for each participant. In the diagram, “1"indicates SMC that have undergone phenotype
switching, while 2" denotes SMC that have retained their original phenotype without undergoing phenotype switching). G Unchanged of a-SMA
and A2M fluorescence intensities with the cell centrifugal distance. H Higher fluorescence intensity of A2M in the SMC of the uterine SPAs
with less phenotype switching (no displacement, spindle shape); I Pearson’s r correlations for fluorescence intensity of A2M and a-SMA in human
decidual uterine SPAs. Data represent the mean+SD, ns P >0.05, * P<0.05, ** P<0.01, *** P<0.001. PE (PE), A2M (a2-macroglobulin), a-SMA
(a-smooth muscle actin), CNN1 (Calponin 1), SMC (Smooth muscle cells), SPAs (Spiral artery)

(See figure on next page.)

Fig. 3 A2M overexpression suppresses rat spiral artery remodeling and smooth muscle cell phenotype switching. A-C Representative

images of immunostained for a-SMA of placenta-decidua tissues of Ad-ctrl and Ad-A2M rats in early pregnancy. D-F Representative images

of immunohistochemistry of placenta-decidua tissues of Ad-ctrl and Ad-A2M rats in early pregnancy (A, B, D, E) The scale bar is 300 um,

with the scale bar after enlargement being 50 um, n=6. C, F Each group contained 6 rats, with 5 placenta-myometrium complexes randomly
selected from each rat for morphological observation. Five fields of view were analyzed per complex, and results were presented as percentage
stacked graphs). G Immunofluorescence staining of rat decidual and myometrium SPAs for a-SMA (red), CK7 (green) and DAPI (blue). H-J The
fluorescence intensity of a-SMA in the decidua and superficial myometrium increased in the Ad-A2M group. I The decrease of the number

of round smooth muscle cells in the decidua and superficial myometrium Ad-A2M group; J The increase of the number of spindle smooth muscle
cells in the decidua and superficial myometrium in Ad-A2M group. Each group contained 6 rats, with 5 placenta-myometrium complexes randomly
selected from each rat for morphological observation. Five fields of view were analyzed per complex. Each point in the statistical graph represents
the average observation of a placenta-myometrium complex (The scale bar is 90 um). K GO analysis of proteomic sequencing indicated that A2M
overexpression may influence the phenotypic switching of smooth muscle cells by regulating processes such as cell morphology and actin filament
organization. L Further KEGG analysis suggesting that A2M may affect actin filament organization through the actin cytoskeleton pathway. M
Analysis of protein-protein interaction networks, N the MCC algorithm demonstrates the top 20 hub genes, with RhoA, CDC42, and Rac1 ranking
highest. O Heatmap shows expression levels of genes in the networks. Significance levels indicated as *P < 0.05, ** P < 0.01, *** P < 0.001. Error bars
represent the mean + SD. A2M (a2-macroglobulin), a-SMA (a-smooth muscle actin), CK7 (Cytokeratin 7), GD (Gestational Day), MCC (Maximum
Clique Centrality), GO (Gene Ontology), KEGG (Kyoto Encyclopedia of Genes and Genomes), RhoA (Ras Homolog Family Member A), mDia
(Diaphanous-related formin 1), CDC42 (Cell Division Cycle 42)
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expression (Fig. S5C-D). A2M overexpression inhibited
RASMC apoptosis, while A2M knockdown increased
apoptosis. PI assay demonstrated lower PI-positive cells

with A2M overexpression and higher with A2M knock-

down (Fig. S5E and F). Similar protein-level results can
be found (Fig. S5G-H), with A2M overexpression increas-
ing Bcl-2 expression and decreasing CASP3 expression.
Flow cytometry showed more cells in the Q2 region with

A2M overexpression and fewer with shA2M (Fig. S5I).
On the other hand, these results were supported by the
PCR (Fig. S5)).

A2M interacts directly with RhoA GTPase and promotes
RhoA GTPase activation
According to current knowledge, Racl and CDC42 are
primarily involved in pseudopodia formation at the cell
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images of scratch assays to evaluate the effects of A2M on RASMC migration (Scale bar=100um, repeat the experiment n=6); B A2M inhibited
the migration ability of RASMC, and knockdown of A2M enhanced the migration ability of RASMC. C, D Western blot analysis demonstrating
that A2M promoted the expression of contractile phenotype markers (a-SMA) and reduced synthetic marker expression (OPN). E Representative
F-actin staining illustrated the effects of A2M on RASMC stress fibers (Scale bar=25um). F Morphological observations indicating an increase

in spindle cells and F-actin intensity with A2M overexpression. G-l Assessment of A2M effect on G- and F-actin fluorescence in RASMC (Scale
bar=25um, repeat the experiment n=6). A2M (a2-macroglobulin), RASMC (Rat thoracic aortic smooth muscle cell), OPN (Osteopontin), a-SMA
(a-smooth muscle actin), RhoA (Ras Homolog Family Member A), mDia (Diaphanous-related formin 1)

periphery, while RhoA mainly contributes to stress fiber
formation in the cell center (Fig. 5A). F-actin fluores-
cence results suggested that A2M overexpression did not
significantly increase pseudopodia formation (Fig. 5B and
C), indicating that A2M may primarily regulate RhoA
GTPase activity.

Western blotting on human decidual tissue showed
that A2M, RhoA, and mDia were upregulated and posi-
tively correlated in patients with PE (Fig. 5D-G). A2M
overexpression increased RhoA and mDia protein lev-
els, while A2M knockdown decreased their expression in
smooth muscle cells (Fig. 5H, I). Further cell fluorescence
experimental results suggest that A2M and RhoA are
concentrated in the cytoplasm of RASMC (Fig. 5]).

To gain insight into the molecular mechanism between
A2M and RhoA, protein-protein docking was performed
(All LC-MS/MS analysis results are provided in Supple-
mentary Material 2), and results suggest that A2M can
stably bind to RhoA (Fig. 5K). To identify potential sub-
strate proteins regulated by A2M, we used A2M immu-
noprecipitation coupled with mass spectrometry. Of
the potential A2M binding proteins, RhoA piqued our
interest as it has the highest sequest HT score (Fig. 5L).
Further, the immunoprecipitation experiments result
demonstrated binding between A2M and RhoA in
RASMC, and direct binding could be observed between
RhoA and A2M (Fig. 5M, N).

The decidual tissue secretions fail to rescue A2M
overexpression-induced inhibition of smooth muscle cell
phenotypic switching

To investigate whether the effect of A2M on RASMC can
be changed by the physiological environment of decidua,
a Placenta Decidual Co-culture (PDC) model was estab-
lished (Fig. 6A). Cytological experiments showed that
decidual tissue secretions promoted smooth muscle cell
migration and synthetic phenotypic marker expression,
but did not reverse the effects of A2M on smooth mus-
cle cells, resulting in inhibited migration and increased
expression of smooth muscle contraction phenotype
markers (Fig. 6B-E). Additionally, in a chorionic villus
artery transplantation model, the PDC serum increased
the proportion of synthetic phenotype smooth muscle
cells while decreased spindle-shaped smooth muscle
cells. However, this failed to rescue A2M overexpression-
induced phenotypic switching (Fig. 6F, I).

In addition to focusing on the phenotype switch-
ing of RASMC, we also paid attention to the effect of
apoptosis of RASMC. PDC serum could not counter-
act the inhibitory effect of A2M on apoptosis. Despite
a significant increase in the proportion of PI-positive
cells, decidual tissue failed to rescue the inhibitory
effect of A2M on smooth muscle cell apoptosis in the
PI assay (Fig. 6]J-K). Western blotting confirmed that
A2M promoted CASP 3 expression while inhibiting
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Fig.5 A2M interacts directly with RhoA GTPase and promotes RhoA GTPase activation. A RhoA GTPase primarily regulates the formation of stress
fibers and the lamellar cytoskeleton in SMC, whereas Rac1 and CDC42 are predominantly involved in promoting the formation of lamellipodia

and filopodia cytoskeletal structures. B Representative immunofluorescence images of F-actin (red, the scale bars in the bove and below images
are both 25um, n=6). C Ad-A2M or Ad-shA2M did not affect the formation of pseudopodia in the edge of RASMC. D-E Representative immunoblots
of A2M, RhoA, and mDia from human decidual and the quantified ratio of A2M/GAPDH, RhoA/GAPDH and mDia/GAPDH (n=30 for each group).
H-1 Representative immunoblots of RhoA, and mDia from RASMC, the quantified ratio of RhoA/GAPDH and mDia/GAPDH. J Representative
images of A2M (red, the upper line), RhoA (red, the downlink), and DAPI (blue), (the scale bars are 25pm, with the scale bar after enlargement
being 50um, repeat the experiment n=6). K Molecular docking of A2M and RhoA. L Selected peptide hits of Rho GTPase family proteins associated
with A2M were identified through mass spectrometry analysis. M-N Immunoprecipitation results showing that A2M and RhoA can bind to each
other directly (repeat the experiment n=6). Error bars, mean + SD, with significance levels indicated as * P < 0.05, ** P < 0.01, *** P < 0.001. A2M
(a2-macroglobulin), RhoA (Ras Homolog Family Member A), mDia (Diaphanous-related formin 1), CDC42 (Cell Division Cycle 42), SMC (Smooth
muscle cells), RASMC (Rat thoracic aortic smooth muscle cell)

Bcl-2 expression at the protein level (Fig. 6L, M). Flow
cytometry results showed an increase in cells in the
Q2 zone with decidual tissue secretions, but this did
not reverse the decrease observed in the A2M over-
expression group. Overall, there was limited rescu-
ing effect of decidual tissue secretions on endogenous

A2M overexpression (Fig. 6N). Nevertheless, our data
indicates that PDC serum do not exist an influence on
smooth muscle’s A2M expression (Fig. 60). In conclu-
sion, these results indicate that, in a physiological envi-
ronment, decidual tissue secretions cannot alter the
inhibitory effects of A2M on the phenotypic transition
and apoptosis of RASMC.
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Blocking A2M/LRP1 interaction effectively alleviate

smooth muscle cell phenotype switching disorder

Single-cell transcriptome analysis revealed co-locali-
zation of A2M and its receptor LRP-1 in macrophages
and smooth muscle cells within decidual tissue
(Fig. 7A-D). Current understanding suggests that the
RAP primarily inhibits the A2M/LRP-1 interaction
by competitively binding to LRP-1 (Fig. 7E). Further
immunofluorescence experiments confirmed A2M and

LRP-1 expression in smooth muscle cells of the uterine
spiral artery wall. Comparison of LRP-1 fluorescence
intensity in decidual tissue of preeclamptic and nor-
mal pregnant women showed no significant difference
(Fig. 7E-I). Morphological observations of villous artery
transplantation model demonstrated that RAP protein
more effectively inhibited the contractile phenotype of
SMC in the vessel wall compared to A2M gene knock-
down (Fig. 7], K). At the same time, the experimen-
tal results of qPCR (Fig. S6A), Western blotting (Fig.
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DAPI (blue) and A2M (red), with higher fluorescence intensity observed in PE. H, | Representative immunofluorescence staining of a-SMA (green),
DAPI (blue) and LRP-1 (red) (F-I: Scale bar=100um, the scale bar in the enlarged image is 35um, Decidual tissues from 30 participants were selected,
including 15 patients with PE and 15 normal pregnant women. Two complete tissue sections were randomly chosen from each participant,

and two fields of view were randomly selected from each section for observation). J, K Representative images of villous vascular explants (Scale
bar=100um, the scale bar in the enlarged image is 90um) showing that RAP promoted the presence of round smooth muscle cells and reduced
spindle cells in the vascular wall. Six explant models were selected for each group, with three fields of view randomly selected from each model

for statistical analysis, each point in the statistical graphs represented the average observation value of one explant model. Error bars, mean + SD,
with significance levels of * P < 0.05, ** P < 0.01, *** P < 0.001. LRP-1 (Low Density Lipoprotein Receptor-Related Protein 1), A2M (a2-macroglobulin),
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S6B-C) and flow cytometry (Fig. S6D) showed that RAP
promoted the apoptosis of RASMC.

Receptor-associated proteins exacerbated SMC phenotype
switching with reduce RhoA GTPase pathway activity

Since knockdown A2M can reduce RhoA GTPase path-
way activation, we sought to investigate the effect of
RAP on it. Firstly, the results at the cytological level by
PCR and Western blot experiments, revealing the inhi-
bition of RAP on contractile phenotype markers and
increased expression of the synthetic phenotype marker

osteopontin (Fig. 8A-C). Then, the migration ability of
RASMC in scratch experiments provide evidence to sup-
port the above conclusion (Fig. 8D, E).

Cell fluorescence experiment results indicate that
RAP can significantly reduce the fluorescence inten-
sity of F-actin (Fig. 8F, G). In addition, we observed that
the proportion of RASMC with round shape and fewer
stress fibers increased in the RAP intervention group
(Fig. 8H). In addition, RAP intervention did not increase
the proportion of RASMC with pseudopodia (Fig. 8I).
Furthermore, the experimental results suggest that RAP
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intervention significantly reduces the expression of mDia
and RhoA at the protein level in RASMC (Fig. 8], K). The
above experimental results indicate that blocking A2M-
LRP binding can significantly reduce the activity of the
RhoA-GTPase pathway (Fig. 8L).

Receptor-associated proteins can rescue related disease
phenotypes in pre-eclampsia rats

To study the therapeutic potential of RAP for preeclamp-
sia, we constructed LPS preeclampsia rat model, then
injection of RAP via tail vein (Fig. 9A). According to the
protein-protein interaction analysis, it is clear that RAP
effectively binds to both A2M and LRP-1 (Fig. 9B). In
the PE rat model induced by LPS, maternal blood pres-
sure levels were reduced after tail vein injection of RAP,
validating the initial hypothesis (Fig. 9C, D). Ultrasound
evaluation of rat uterine artery pulsatility index and
resistance index showed significant decreases with RAP
treatment in LPS-induced preeclampsia (Fig. 9E-G). In
statistical analysis, fetal and placental size/mass in the

RAP-administered group is smaller compared to con-
trols, along with reductions in fetal crown-rump length
and placental diameter. Moreover, fewer offspring per
litter were observed in the LPS group compared to con-
trols. Although RAP administration increased placental
size and weight of LPS-treated rats towards control lev-
els, full restoration was not achieved (Fig. 9H, I). This
suggests that RAP partially rescues the LPS-induced PE
phenotype. Furthermore, RAP increased the number and
proportion of remodeled spiral arteries in the superficial
uterine myometrium, although slightly lower than con-
trols (Fig. 9J-L).

As shown in morphological analysis images, RAP
administration enhanced the inhibition of round cell
proportion caused by LPS, although not fully restored
to control levels. The proportion of displaced and spin-
dle smooth muscle cells in spiral arteries of the super-
ficial uterine myometrium in the RAP+LPS group is
similar to that of controls (Fig. 9M, N). In conclusion,
RAP administration partially mitigates the preeclampsia
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Fig. 9 Receptor-associated Protein (RAP) Ameliorates the pre-eclampsia phenotype in LPS-induced pre-eclampsia model rat. A Schematic
diagram of the experimental. B Molecular docking of RAP, A2M, and LRP1. C Systolic and (D) diastolic blood pressure of pregnant rat.E

Ultrasound evaluation showing that the uterine artery pulsatility index (F) and resistance index (G) were increased in the LPS group, while there
was no significant difference between the RAP+LPS group and the control group. H, | Representative images of fetal rat and uterus (The scale
baris 1 cm, points in the graph representing the average of all fetal and appendage measurements delivered by each rat). J Representative
images of immunohistochemistry of uterine spiral artery remodeling (Scale bar=300um, the scale bar in the enlarged image is 150um, three
placenta-myometrium complexes randomly selected from each rat in each group, and 3 fields of view randomly selected for each complex

for statistical analysis. Each point represents the observation of one placenta-myometrium complex, and the average of the results was calculated).
K, L In the LPS group, the number and remodeling rate of blood vessels in the decidua and superficial muscle layer were reduced, whereas

in the RAP+LPS group, these values were similar to those in the control group. M, N Representative immunofluorescence staining of rat decidual
spiral artery a-SMA (red) and CK7 (green) showing that the roundness and displacement SMC rate in the LPS group were reduced, and the spindle
SMC rate were increased (Scale bar=100um, the scale bar in the enlarged image is 40um, three random fields of view of 5 placenta-myometrium
complexes selected from 6 rats in each group for observation, with each point in the statistical graph representing a placenta-myometrium
complex and reflecting the average of the observations). Error bars, mean + SD, with significance levels of * P < 0.05, ** P < 0.01, *** P < 0.001. A2M
(a2-macroglobulin), LRP-1 (Low Density Lipoprotein Receptor-Related Protein 1), RAP (Receptor-associated protein), CK7 (Cytokeratin 7), a-SMA
(a-smooth muscle actin), SMC (Smooth muscle cells), LPS (Lipopolysaccharide)
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phenotype induced by LPS by influencing smooth mus-
cle cell phenotypic switching and enhancing spiral artery
remodeling.

Potential diagnostic and therapeutic implications of A2M
for PE

Plasma A2M levels were significantly higher in early-
onset pre-eclampsia and preterm pre-eclampsia during
the third trimester (Fig. S7A-D). These levels were found
to be a reliable predictor of delivery timing in pregnant
women (Fig. S7E).

A2M displayed potential to identify preterm birth
across different gestational age categories, with increased
expression correlating with longer gestational ages (Fig.
S7F). Time-dependent ROC analysis highlighted the
potential of A2M to differentiate between extremely
preterm, very preterm, moderately preterm, and late
preterm infants, with AUC values ranging from 0.692
to 0.799 (Fig. S7G). Finally, a diagnostic model com-
bining pre-eclampsia with preterm birth was devel-
oped by incorporating A2M characteristics into a
generalized linear model. The specific fitting formula
was y=—42.864 +0.134x, and the Akaike information cri-
terion (AIC) was 72.416 to evaluate the model’s perfor-
mance (Fig. S7H).

Discussion

Preeclampsia (PE) presents a persistent challenge in
clinical management due to its complex and poorly
understood pathophysiology. A hallmark of PE is the
inadequate remodeling of spiral arteries (SPA-REM), a
process that is critically dependent on the phenotypic
switching of smooth muscle cells (SMC). This study
identifies A2M as a key regulator that impairs SMC phe-
notypic switching by upregulating the RhoA GTPase
pathway, which leads to cytoskeletal aggregation, reduced
apoptosis, and insufficient vascular remodeling. Interest-
ingly, receptor-associated protein (RAP) effectively coun-
teracts the pathological effects of A2M by disrupting
A2M-LRP1 interactions, thereby restoring SMC plastic-
ity and promoting proper SPA-REM in a preeclampsia rat
model. Moreover, elevated levels of A2M in PE patients
were strongly correlated with disease severity, highlight-
ing its potential as a biomarker for early diagnosis and as
a tool for guiding personalized management strategies in
high-risk pregnancies. These findings establish A2M as
a central player in the pathogenesis of PE, offering valu-
able insights into its role as both a therapeutic target and
a diagnostic marker. This dual utility could pave the way
for innovative strategies aimed at mitigating the compli-
cations associated with PE, thereby enhancing our ability
to address this complex pregnancy disorder.
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To assess the role SMC phenotypic switching in uterine
artery remodeling, morphological experimental results
provide robust support for this hypothesis. Recent stud-
ies suggest that SMC loss during pregnancy is not perma-
nent but represents a reversible process, facilitating vessel
diameter expansion and the restoration of pre-pregnancy
cellular characteristics postpartum [20, 31]. This dynamic
reversibility underscores the importance of SMC pheno-
typic switching in vascular adaptation and offers prom-
ising avenues for therapeutic intervention in PE [32].
Using pseudo-time analysis, we further confirmed the
synchronicity between A2M expression and SMC phe-
notypic switching, highlighting A2M as a potential thera-
peutic target for PE. However, our experiments revealed
that decidual tissue secretions failed to counteract the
inhibitory effects of A2M on SMC phenotypic switching.
This limitation may be attributed to insufficient signaling
molecules in the co-culture medium. Moreover, critical
autocrine and paracrine regulatory mechanisms may be
absent, further diminishing the restorative capacity of the
medium. These findings suggest that the local microen-
vironment lacks sufficient compensatory signals to miti-
gate A2M’s pathological effects, emphasizing the need for
targeted therapeutic strategies.

Significant advances in SMC-based therapeutics, spe-
cifically in the area of cardiovascular disease [33]. Tar-
geted regulation of SMC phenotype switching is one of
the conceptual breakthroughs [34]. In addition to iden-
tifying molecular targets, selecting an efficient delivery
method is crucial for optimizing smooth muscle cell
therapy. Among the various delivery systems, adenovi-
ral vectors present several advantages over nanoparticle
and liposome-based systems. Their broad tropism, large
gene capacity, and high transduction efficiency render
them particularly valuable for gene therapy applications,
including the development of oncolytic vectors and vac-
cine manufacturing [35-37]. Leveraging these prop-
erties, our study compared the therapeutic efficacy of
two approaches targeting A2M in smooth muscle cells:
knockdown tools delivered via adenoviral vectors and
A2M-LRP1 receptor blockers. Our experimental results
revealed that receptor blockers demonstrated superior
efficiency compared to adenovirus-mediated knockdown
tools. This disparity likely arises from the fundamen-
tal differences in their mechanisms of action. Recep-
tor blockers exert their effects extracellularly, thereby
bypassing the intracellular delivery, transcription, and
translation processes required by adenoviral vectors. This
direct action facilitates faster and more consistent results.
Furthermore, receptor blockers possess chemically sta-
ble structures that are less susceptible to degradation or
modification, thereby ensuring their functional integrity
under experimental conditions [38]. In contrast, while
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adenoviral vectors exhibit high transduction efficiency,
their dependence on cellular uptake and subsequent
intracellular mechanisms introduces potential vari-
ability. Factors such as varying rates of cellular uptake,
immune responses, and the heterogeneity of target cells
can diminish their effectiveness. Additionally, adenovi-
ral vectors are vulnerable to host immune recognition,
which may restrict their sustained action and complicate
repeated administrations [39]. Our findings highlight the
necessity of customizing therapeutic strategies to meet
the specific needs of smooth muscle cell therapy. Recep-
tor blockers present a robust option for acute interven-
tions, providing rapid and stable modulation of signaling
pathways.

LRP1, also known as the a2-macroglobulin receptor, is
an endocytic receptor that mediates various physiological
processes through ligand internalization [40]. Its interac-
tion with A2M has been extensively studied in the context
of conditions such as Alzheimer’s disease and myocardial
hypertrophy, highlighting its therapeutic potential [9, 10,
41, 42]. Recently, LRP1 has emerged as a target for cardi-
ovascular diseases, with strategies including RAP antago-
nists or antibodies designed to inhibit A2M binding [9].
However, the specific role of A2M-LRP1 interactions in
PE remains largely unexplored. Our findings revealed no
significant differences in LRP1 expression in spiral artery
SMC between PE patients and healthy controls. This
observation aligns with the understanding that uterine
spiral artery remodeling is a reversible and dynamic pro-
cess. The absence of differential expression suggests that
LRP1’s role in PE may involve dynamic regulation of its
activity or competitive ligand interactions to accommo-
date the transient nature of spiral artery remodeling. In
a rat model, RAP administration significantly improved
aberrant spiral artery remodeling and SMC phenotypic
switching induced by LPS treatment, underscoring the
critical role of A2M-LRP1 interactions in the pathogen-
esis of PE. Importantly, RAP treatment did not affect pla-
cental or fetal size, indicating a favorable safety profile.
This safety may be attributed to RAP’s biochemical prop-
erties as a 40-50 kDa protein, which likely prevents its
crossing of the placental barrier, thereby minimizing fetal
exposure [43, 44]. In conclusion, this study emphasizes
the pivotal role of A2M-LRP1 interactions in spiral artery
remodeling and the development of PE. These findings
establish A2M-LRP1 as a promising therapeutic target
and provide a foundation for future investigations into
targeted therapies for PE and related placental disorders.
Further mechanistic studies are necessary to validate
these findings and explore their translational potential.

This study investigated the mechanisms through which
A2M influences the phenotypic switching of SMC in
PE, with a particular focus on its interaction with the
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RhoA-mDia signaling pathway. The RhoA family of
GTPases is recognized for its role in the pathogenesis
of PE by inhibiting trophoblast invasion and disrupting
SMC regression, both of which are critical for the remod-
eling of uterine spiral arteries [23, 45, 46]. Dysregulation
of these mechanisms is a hallmark of PE. Our findings
demonstrated a consistent upregulation of A2M and
key proteins associated with the RhoA-mDia pathway
in decidual tissues, suggesting a synergistic regulatory
interaction that aligns with existing evidence regarding
their individual contributions to the progression of PE.
A review of the literature yielded no studies specifically
investigating the relationship between RhoA and A2M.
To further investigate this relationship, we employed
proteomics, molecular docking, LC-MS/MS analysis and
immunoprecipitation analyses. These methods revealed a
direct binding interaction between A2M and RhoA-asso-
ciated proteins, providing novel insights into their regula-
tory roles. Mechanistically, A2M appears to modulate the
phenotypic switching of SMC via the RhoA-mDia path-
way, influencing cytoskeletal dynamics and the transi-
tion from a contractile to a synthetic phenotype, which is
necessary for proper vascular remodeling. These findings
enhance our understanding of the molecular underpin-
nings of PE and highlight the A2M-RhoA interactions as
potential therapeutic targets. Future studies should fur-
ther elucidate the downstream effects of this pathway and
evaluate pharmacological strategies to modulate these
interactions, thereby offering new avenues for improving
maternal and fetal outcomes in PE.

Interestingly, the downregulation of RhoA GTPase
observed in SMC following RAP treatment parallels the
effects seen with A2M knockdown. This phenomenon
likely relates to the role of LRP1 as an endocytic recep-
tor that mediates ligand internalization and subsequent
downstream signaling. By disrupting the A2M-LRP1
interaction, RAP may hinder the receptor’s capacity to
activate intracellular pathways, including RhoA GTPase
signaling, which is crucial for cytoskeletal organization
and SMC behavior. The endocytic nature of LRP1 may
elucidate this effect, as receptor internalization typi-
cally regulates signal transduction by modulating the
availability and activity of key ligands and their down-
stream effectors [47-49]. The observed decrease in
RhoA GTPase activity indicates that RAP effectively
obstructs the receptor-ligand interaction, thereby
diminishing the signaling cascade necessary for main-
taining the contractile phenotype of SMC. RAP’s abil-
ity to modulate this interaction highlights its potential
as a therapeutic agent for addressing SMC dysfunction,
particularly in conditions such as preeclampsia, where
abnormal phenotypic switching is a critical factor.
Future studies should explore the broader implications
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of RAP-mediated inhibition on LRP1-associated signal-
ing networks to fully elucidate its therapeutic potential.

The timing of pregnancy termination is crucial in the
management of late-gestation PE, particularly within
the preterm window (34-37 weeks) and for full-term
pregnancies. Delivery is the recommended interven-
tion for severe cases of PE, as fetuses at these stages
generally attain sufficient maturity to reduce risks for
both mother and child [2]. Our findings indicate that
elevated levels of A2M during hospitalization may
serve as a potential biomarker for the risk of early pre-
term birth, offering a novel tool for optimizing delivery
timing in the management of severe PE. Furthermore,
the high expression of A2M in the decidual tissues of
PE patients, particularly around inadequately remod-
eled spiral arteries, emphasizes its significance in the
pathological diagnosis of PE. This localization suggests
A2M'’s involvement in abnormal vascular remodeling,
a hallmark of PE. Additionally, given that most women
undergo multiple pregnancies and often exhibit consist-
ent physiological patterns across them [1, 50], identify-
ing A2M as a diagnostic marker presents opportunities
for non-invasive strategies and pre-pregnancy preven-
tive interventions. By harnessing A2M’s diagnostic and
prognostic potential, clinicians could develop person-
alized management plans for high-risk pregnancies.
However, further research is necessary to validate the
utility of A2M as a predictive biomarker.

This study highlights the role of A2M in the pathogen-
esis of PE, linking its elevated expression to abnormal
SMC phenotypic switching and impaired remodeling
of spiral arteries. Mechanistically, A2M regulates SMC
behavior through the RhoA-mDia pathway, while RAP
effectively mitigates these effects by blocking A2M-LRP1
interactions. This finding underscores the therapeutic
potential of RAP in addressing SMC dysfunction. Fur-
thermore, the expression level of A2M in the mater-
nal circulation and its localization around inadequately
remodeled spiral arteries suggest its potential as a bio-
marker for optimizing delivery timing and pre-pregnancy
interventions. Future research should aim to validate the
clinical applications of A2M and explore strategies tar-
geting A2M-RhoA interactions to enhance outcomes in
PE.

This study has several limitations. First, proteome
sequencing was conducted on rat tissues instead of
directly isolating smooth muscle cells. Subsequent
cellular and mechanistic experiments confirmed the
regulatory effects of A2M on the cytoskeleton and
the RhoA-GTPase pathway, although species differ-
ences may exist. Second, this study primarily focused
on the interaction between A2M and LRP1, without
investigating the underlying reasons for the increase
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in endogenous A2M in cells or the alterations in LRP1
during the pathogenesis of PE. Finally, additional clini-
cal trials are warranted.
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