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Abstract
Objective Placental accreta spectrum (PAS) is a collective term for a range of pregnancy complications caused by 
abnormal placental implantation, posing a threat to the lives of both the mother and the fetus. This study aimed to 
screen for placental marker metabolites of PAS and assess the effect of L-Arginine on trophoblast invasion.

Methods Placental tissues were collected from a total of 15 pregnant women, including 10 women diagnosed with 
PAS and 5 women with normal pregnancies. Histological staining was used to characterize pathological changes 
in the placenta. The changes in endogenous placental metabolites by LC-MS/MS. Subsequently, the role of marker 
metabolite L-Arginine on HTR-8/Svneo invasion was explored, and protein transcription and expression levels of 
GPRC6A/PI3K/AKT/MMP2/MMP9 were determined by RT-qPCR and western blot.

Results The placentas of PAS patients were mostly infiltrative invasion, with active proliferation and inhibited 
apoptosis of trophoblast cells. By LC-MS/MS, we identified 13 significantly different metabolites between healthy and 
PAS pregnant women’s placenta tissue. Among them, placental concentrations of L-Arginine were significantly higher 
in PAS pregnant women than in controls. In vitro, L-Arginine promoted the proliferation and migration of HTR8/SVneo 
cells and upregulated the transcription and expression of proteins related to the GPRC6A/PI3K/AKT pathway.

Conclusions Our study demonstrates that L-Arginine may promote trophoblast invasion and migration in placental 
implantation by upregulating the GPRC6A/PI3K/AKT pathway. This provides a new basis for screening appropriate 
metabolic markers for PAS, thus contributing to the prevention and treatment of PAS.
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Introduction
Placenta accreta spectrum (PAS) is a condition where 
the placenta invades the uterus abnormally. It is clinically 
graded from low to high, including adhesion, implanta-
tion, and penetration. Penetrating placental implanta-
tion can be further subdivided into disease grades based 
on the site of involvement [1–3]. PAS occurs most often 
in early pregnancy and is a common complication in 
obstetrics. Severe PAS can lead to maternal bleeding, 
shock, uterus perforation, secondary infections, and even 
death [1, 4]. The incidence of PAS is increasing, and it 
is currently about 3/1000 [5]. Multiple births, advanced 
maternal age, a history of uterine surgery or curettage, 
Asherman’s syndrome, and placenta praevia are all risk 
factors for PAS, but in developed nations, a history of 
cesarean delivery is the primary risk factor. After the first 
cesarean birth, the prevalence of PAS in women with six 
or more cesarean deliveries rises from 0.24 to 6.74% [6, 
7]. The placenta of pregnant women with PAS is more 
frequently affected by poor maternal vascular perfusion, 
chronic basal inflammation, and retroperitoneal and 
subchorionic/interchorionic hemorrhage [8]. Therefore, 
finding early diagnostic methods and effective therapeu-
tic options is crucial for preventing and managing PAS.

Currently, a diagnosis of PAS is made based on histo-
pathological examination, which is characterized by the 
presence of meconium and chorionic villi directly adja-
cent to the myenteric fibers, and basal plate myenteric 
fibers are correlated with a higher risk of subsequent 
morbidly adherent placenta in pregnancy [9]. The use of 
ultrasound and MRI in diagnosing PAS has been exten-
sively evaluated elsewhere [10]. In addition, research-
ers have been attempting to identify maternal serum 
biomarkers that can be used to improve the accuracy of 
prenatal diagnosis of PAS. Gas chromatography analysis 
has shown that pregnant women with PAS have greater 
plasma OMCTS concentrations than normal pregnant 
women, and a model combining clinical factors and 
OMCTS performs well in predicting PAS [11]. Currently, 
sensitive biomarkers for invasive placenta formation 
remain elusive.

It is now widely accepted that the pathogenesis of 
PAS is due to secondary defects at the endometrium-
basement interface with the loss of the physiologic gap 
between the placenta and the myometrium in the basal 
layer of the meconium, which leads to infiltration of pla-
cental villi into the myometrium [12, 13]. However, it 
has been suggested that excessive trophoblast invasion 
is also a major factor in the development of the disease 
[14, 15]. Trophoblast cells are considered “pseudotu-
mor cells” because they share many molecular mecha-
nisms of tumor cell migration and invasion [16]. Unlike 
unconstrained tumor invasion, trophoblast invasion is 
regulated both temporally and locally [17]. Nevertheless, 

the precise involvement of compounds that regulate tro-
phoblast invasion in the pathophysiology of PAS remains 
unknown. As a result, identifying the key compounds 
and mechanisms controlling PAS trophoblast invasion is 
critical for future prediction and intervention.

In this study, we attempted to analyze the metabolic 
profiles of placental tissues from patients with PAS 
by Liquid Chromatography-Tandem Mass Spectrom-
etry (LC-MS/MS) technique based on imaging and his-
topathological diagnosis and as well as the effects of 
endogenous differential metabolites on trophoblast cell 
proliferation and invasion to provide new insights into 
the prevention and treatment of PAS.

Materials and methods
Clinical grouping and sample collection
Pregnant women with PAS between January 2014 and 
December 2017 (n = 10) and those with normal pregnan-
cies (n = 5, control group) were included in this study. 
After permission was granted, information was collected 
through medical records, questionnaires, and routine 
prenatal laboratory testing. The diagnosis of PAS was 
obtained from the medical records. It was categorized 
as follows: implantation placenta (defined as invasion 
of the superficial myometrium), endometrium (defined 
as invasion of the deeper myometrium), or percreta 
(defined as invasion of the uterine wall into the uterine 
plasma membrane or adjacent organs). Women in their 
first pregnancy without fetal malformations or complica-
tions served as controls. Pregnant women with a history 
of renal disease, chronic hypertension, cardiovascular or 
renal disease, or diabetes were excluded [18]. The base-
line information of the subjects is shown in Table 1.

The study was approved by the Medical Ethics Com-
mittee of College of Biomedical Engineering, Chongq-
ing Medical University. The research was conducted 
according to the World Medical Association Declaration 
of Helsinki. All the information about the study will be 
fully explained to the subjects by the researchers. All the 
participants provided informed consent before sampling.

Hematoxylin-eosin (HE) staining
Placental tissues were in paraformaldehyde-fixed, paraf-
fin-embedded, and sliced into 4-µm-thick slices before 
being baked for 12 h (60℃). The slices were dewaxed and 
rehydrated. The slides were then stained with hematoxy-
lin (AWI0009a, Abiowell) and eosin (AWI0029b, Abiow-
ell) for 5 min, dehydrated with graded ethanol (95–100%), 
and visualized by a microscope (BA210T, Motic).

Terminal Deoxynucleotidyl transferase-mediated dUTP-
biotin nick-end labeling (TUNEL) staining
A TUNEL apoptosis detection kit (40306ES50, YEASEN, 
China) was used to analyze apoptotic cells in placental 
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tissues. Briefly, paraffin-embedded slices (4  μm) were 
submerged for 20 min in xylene. Then, they were sequen-
tially dehydrated in ethanol concentrations of 100%, 
95%, 85%, and 75%, each for 5 min. Each sample received 
a dropwise addition of 100 µL of Proteinase K working 
solution for 20 min and 100 µL of 1 × Equilibration Buf-
fer for 10  min at 37℃. 50 µL of TdT incubation buffer 
was added to the tissues and was carried out for 60 min, 
protected from light. Working solution of 4’,6-diamid-
ino-2-phenylindole (DAPI) was employed to stain nuclei 
for 10  min, protected from light. After the slices were 
enclosed by buffered glycerol, TUNEL-positive results 
were detected via fluorescence microscope (BA410T, 
Motic).

Immunohistochemical (IHC) staining
Paraffin-embedded slices (4  μm) were immersed in 
xylene for 20  min before being immersed in 100%-75% 
ethanol for 5 min. The slices were boiled continuously for 
20 min in 0.01 M citrate buffer (pH 6.0), and then allowed 
to cool to room temperature. To inactivate the endog-
enous enzyme, the slices were exposed to 1% periodate 
for 10 min. After that, the slices received dropwise addi-
tions of the appropriately diluted primary antibody (Ki67, 
ab16667, 1:400, Abcam), which underwent incubation 
at 4 °C overnight. Slices were treated for 30 min at 37℃ 
with 100 µL of anti-rabbit-IgG antibody-HRP multimer. 
Slices were incubated with 100 µL of pre-made colorant 
DAB working solution for 5  min. Then, the slices were 
incubated with hematoxylin, PBS, and graded ethanol 

(60%–100%). Finally, the slices were submerged in xylol 
for 10 min, coated with neutral gum, and examined by a 
microscope.

Metabolomics analysis of placental tissues by LC-MS/MS
Fresh placental tissue from the villous side (100 mg) was 
taken, and 1000 µL of methanol: acetonitrile: water = 2:2:1 
(v/v) solution was added. After 30 s of shaking, the tissue 
was ultrasonicated in an ice water bath for 10 min, then 
snap-frozen in liquid nitrogen for 1 min, and the process 
was repeated 3 times. After centrifugation (13,000  rpm, 
15 min, 4℃), the supernatant was blown dry with a nitro-
gen blower. The supernatant was dried by nitrogen blow-
ing. 100 µL of acetonitrile: water = 1:1 (v/v) was added 
to redissolve the supernatant. Following 30 s of shaking, 
the sample was sonicated in an ice water bath for 10 min 
before being centrifuged (13,000 rpm, 15 min, 4℃). The 
supernatant was extracted for measurement.

A mass spectrometer (5600 Q-TOF/6500 Q-TRAP, 
AB Sciex) and an ultra-performance liquid chroma-
tography (UPLC) system (Nexera 30  A, Shimadzu) 
were used to conduct the LC-MS/MS analysis. A UPLC 
BEH Amide column chromatography column (Waters, 
2.1 × 100  mm, 1.7  μm) was loaded with 5 µL of sample 
and heated to 55℃. Mobile phases A-100% H2O, 25 mM 
CH3COONH4 + 25 mM NH4OH, and B-100% ACN. 
The gradient elution conditions were as follows: flow rate 
of 0.3 mL/minute; 0–1  min, 85% B; 1–12  min, 65% B; 
12–12.1 min, 40% B; 12.1–15 min, 40% B; 15–15.1 min, 
85% B; 15.1–20 min, 85% B. Electrospray ionization (ESI) 

Table 1 Demographic characteristics of subject pregnant women
Control
(n = 5)

PAS
(n = 10)

p-value

Characteristics, means (SD)
BMI (kg/m2) 29.2 (6.16) 28.2 (3.82) 0.2930
Maternal age (year) 31.2 (4.15) 33.7 (4.19) 0.2944
Clinical factors, n (%) or means (SD)
Primiparity (yes) 2 (40) 6 (60) 0.6084
Scarred uterus (yes) 3 (60) 4 (40) 0.6084
 History of cesarean section
0 2 (40) 6 (60)
1–3 3 (60) 4 (40)
 History of abortion (yes) 3 (30) 9 (90) 0.2418
History of diseases in ovarian and uterine(yes) 4 (80) 9 (90) > 0.9999
 Drug use during pregnancy 1 (20) 5 (50) 0.5804
Adverse Pregnancy Outcomes (yes) 3 (60) 7 (70) > 0.9999
 Placenta previa 0 (0) 4 (60) 0.2308
 Anemia(g/L) 132.0 (10.83) 120.8 (11.08) 0.2413
 Cesarean section 5 (100) 10 (100) > 0.9999
 Premature birth 0 (0) 6 (60) 0.0440
Gestational age (days) 270.2 (6) 244.2 (21) 0.0249
 Bleeding (cc) 360 (120.00) 980 (719.44) 0.0982
 Premature rupture of fetal membranes 0 (0) 1 (10) > 0.9999
Data were expressed as n (%) or means (SD). SD, standard deviations. PAS, placenta accreta spectrum. BMI, body mass index
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source was the mass spectrometry setup. 600 °C was the 
temperature of the ion source. There was a 4500–5500 V 
ion source voltage. The air curtain gas had a pressure of 
20 psi, while the atomization and auxiliary gases had a 
pressure of 60 psi. Scanners employed multiple reaction 
monitoring (MRM).

Cell culture
HTR-8/Svneo cells (Human chorionic trophoblast cells) 
were obtained from Abiowell and cultivated in 1640 
medium containing 15% FBS + 1% double-antibiotics at 
37℃ and 5% CO2. To examine the impact of L-Arginine 
on HTR-8/Svneo, we treated HTR-8/Svneo with 0.1, 0.2, 
and 0.4 mM L-Arginine for 24 h. The HTR-8/Svneo cells 
had the most pronounced alterations at a dose of 0.4 mM 
L-Arginine. Thus, 0.4 mM of L-Arginine concentration 
was chosen for the subsequent studies.

To investigate whether L-Arginine affects the inva-
sive ability of trophoblast cells through activating the 
GPRC6A/PI3K/AKT pathway, we divided the cells into 
L-Arginine, L-Arginine + si-NC, L-Arginine + si-GPRC6A 
and L-Arginine + LY294002 groups. Among them, 
cells in the L-Arginine group were administered with 
0.4 mM L-Arginine for 0, 24, 48, and 72  h. Cells in the 
L-Arginine + si-NC group were transfected with si-NC 
plasmid (HonorGene, China) and then treated with 
0.4 mM L-Arginine for 0, 24, 48, and 72  h. Cells in the 
L-Arginine + si-GPRC6A group were transfected with si-
GPRC6A plasmid (HonorGene, China) and then treated 
with 0.4 mM L-Arginine for 0, 24, 48, and 72 h. Cells in 
the L-Arginine + LY294002 group were pre-treated with 
25 µM LY294002 (154447-36-6, Sigma) [19] for 2 h and 
then treated with 0.4 mM L-Arginine for 0, 24, 48, and 
72  h. HTR-8/Svneo cells were transfected with Lipo-
fectamine 3000 transfection reagent (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions [20].

Cell viability assay
A Cell Counting Kit-8 (CCK-8, NU679, DOJINDO) was 
used to measure the cell viability of HTR-8/Svneo. 5 × 103 
HTR-8/Svneo cells were inoculated into 96-well plates. 
Following incubation, each well received 100 µL of 1640 
medium containing 10% CCK-8 solution. After incu-
bation for 4 h, the optical density (OD) was analyzed at 
450  nm using a Bio-Tek microplate analyzer (MB-530, 
HEALES).

Cell migration assay
HTR-8/Svneo cells were inoculated in 6-well plates at a 
density of 5 × 105 wells/cell. After the cells were spread 
in a monolayer, a small gun tip was scratched vertically 
in the middle of the wells. Cells were washed 3 times 
with sterile PBS to remove the scratched cells and 
treated with L-Arginin at concentrations of 0 and 0.4 

mM for 24 and 48 h. The migration of the cells to the 
cell-free zone was observed under an inverted micro-
scope (DSZ2000X, Beijing Zhongxian Hengye Instru-
ment), and images were acquired. ImageJ (National 
Institutes of Health) was utilized to assess the cells’ 
ability for migration.

Transwell assay
We used the Transwell method to assess the invasion 
ability of HTR-8/Svneo cells. 2 × 106 HTR-8/Svneo 
cells were introduced to the top layer of the Transwell 
chamber after being suspended in serum-free 1640 
medium. The basement membrane of the Transwell 
chamber was precoated with Matrigel. 500 µL of full 
medium was poured into the lower chamber. For 48 h, 
the cells were incubated at 37℃. After that, we took 
the upper chamber out, cleaned it with PBS, and used a 
cotton ball to wipe the cells in the upper chamber. The 
cells were removed from the film after being treated 
with 4% paraformaldehyde. A five-minute dyeing pro-
cedure using 0.1% crystal violet (G1062, Solarbio) was 
followed by five water washes. A glass slide was used 
to hold the membrane, and an inverted microscope 
(DSZ2000X, Beijing Zhongxiang Hengye Instrument) 
was used to see and photograph the cells on the top 
exterior surface of the slide.

Quantitative reverse transcription PCR (RT-qPCR)
Trizol reagent (Invitrogen, USA) was used to extract 
total RNA from HTR-8/Svneo cells. A reverse tran-
scription kit (CW2569. Cwbio) was used to convert 
the RNA into cDNA. RT-qPCR experiments were per-
formed using cDNA and SYBR dye method (CW2601, 
Cwbio, China). Amplification and standard curves 
were determined using a quantitative fluorescence 
RCP instrument (PIKOREAL96, Thermo). There were 
40 cycles of 95℃ for 10  min, 95℃ for 15  s, and 60℃ 
for 30 s. GAPDH served as a gene’s internal regulator. 
2−ΔΔCt was the calculating formula. For Table 2, prim-
ers were utilized in this investigation.

Western blot
Total proteins from cells and tissues were extracted 
using RIPA cell lysate (AWB0136, Abiowell) con-
taining protease inhibitors. Using 10% SDS-PAGE 
to separate the total proteins, the proteins were then 
transferred to nitrocellulose membranes. The mem-
branes were blocked by 5% bovine serum albumin 
for 1  h. The membranes were incubated with pri-
mary antibodies against GPRC6A (1:1000, ab96504, 
Abcam), p-PI3K (0.5 μg/mL, ab278545, Abcam), PI3K 
(1:1000, ab191606, Abcam), p-AKT (1:3000, 28731-1-
AP, Proteintech), AKT (1:6000, 10176-2-AP, Protein-
tech), MMP2 (1:500, 10373-2-AP, Proteintech), MMP9 
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(1:5000, ab76003, Abcam), and β-actin (1:5000, 66009-
1-Ig, Proteintech) were incubated at 4  °C for 12  h. 
After that, the membranes were treated for an hour 
with matching secondary antibodies that were HRP-
labeled. The membranes were photographed using a 
gel imaging system (Chemiscope 6100, Clinx, China) 
after being treated with SuperECL Plus (AWB0005, 
Abiowell). Using β-actin as an internal reference, 
bands were examined using the Quantity One Analysis 
System (Bio-Rad, Hercules, USA). The relative ratio of 
the indicator signal to the β-actin signal was used to 
express protein levels.

Statistical analyses
ProteoWizard was used to convert the raw LC-MS/
MS data into the mzXML format, and the XCMS pro-
gram was used to conduct peak alignment, retention 
time correction, and peak area extraction. Metabolite 
structures were accurately matched (< 25 ppm) using 
primary and secondary spectra, and self-constructed 
databases (VGDB) and public databases were searched. 
Data were normalized and then statistically analyzed 
and plotted using R software.

Statistical analysis of cellular experiments was per-
formed by t-test or ANOVA using GraphPad Prism9 
software (GraphPad Software Inc., USA), and data 
were expressed as means ± standard deviations. 
p-values less than 0.05 were considered statistically 
significant.

Results
Demographic characteristics of subject pregnant women
The basic information of the 15 pregnant women who 
participated in the survey is shown in Table 1. In this 
study, fifteen participants were involved: five in the 
Control group and ten in the PAS group. There was no 
significant difference (p > 0.05) in maternal age, BMI, 
primiparity, scarred uterus, history of cesarean sec-
tion, history of abortion, history of diseases in ovar-
ian and uterine, drug use during pregnancy, adverse 
pregnancy outcomes, placenta praevia, anemia, cesar-
ean section, bleeding, and premature rupture of fetal 
membranes between the two groups of subjects. Com-
pared with the normal group, the gestational age of the 
PAS group was significantly decreased (p < 0.05). In 

addition, pregnant women with PAS showed a signifi-
cant risk of preterm labor (p < 0.05).

Histopathologic changes in the placenta of PAS subjects
Pathologic diagnosis is the gold standard for diagnosing 
placental implantation, classified as adhesion, implanta-
tion, and penetration [21]. The histopathological mor-
phology of the placenta in healthy pregnant women and 
pregnant women with PAS was shown in Fig.  1A. HE 
staining showed infiltrative invasion of placental tissues, 
increased chronic inflammation, and direct chorionic 
villi contacting the uterine decidua layer in the subjects 
with PAS. TUNEL staining demonstrated that the posi-
tive rate of TUNEL cells was decreased in the PAS group 
relative to the Control group, suggesting that the pla-
cental tissue apoptotic cells were reduced (Fig. 1B). IHC 
results showed an increase in Ki67 positivity cells in the 
PAS group relative to the Control group (Fig.  1C). In 
addition, the expression detection of GPRC6A, p-PI3K/
PI3K, p-AKT/AKT, MMP2, and MMP9 in PAS tissues 
was detected. The results show that compared to the 
Control group, the expression of p-PI3K/PI3K, p-AKT/
AKT, GPRC6A, MMP2, and MMP9 were all upregulated 
in the PAS group (Fig. 1D).

Analysis of differential metabolites in placental tissue from 
PAS subjects
Five placental samples from the Control group and ten 
placental samples from the PAS group were used for 
untargeted metabolomics analysis. Unsupervised prin-
cipal component analysis (PCA) showed that all samples 
clustered within a narrow range, indicating good stabil-
ity and reproducibility (Fig.  2A). Supervised orthogonal 
projections to latent structures discriminant analysis 
(OPLS-DA) score scatter plots showed that women in the 
PAS and control groups were divided into two separate 
regions based on their metabolic profiles, suggesting sig-
nificant differences between the metabolic profiles of the 
PAS and normal groups (Fig. 2B).

For the two groups of samples, the difference multiplic-
ity value (fold change, FC) was calculated, the p-value 
was derived by t-test, and the metabolites with log2 
FC ≥ 1 and p-value ≤ 0.1 were selected as the final differ-
ence metabolites. The volcano plot showed the differen-
tial metabolites screened by univariate statistical analysis 

Table 2 Primer sequences
Gene name Forward Primer sequence (5’-3’) Reverse Primer sequence (5’-3’) Length (bp)
H-GAPDH ACAGCCTCAAGATCATCAGC GGTCATGAGTCCTTCCACGAT 104
H-PI3K TGCGTCTACTAAAATGCATGG AACTGAAGGTTAATGGGTCA 122
H-GPRC6A TGGTTGGAACTGGATTGGCA ACACCAAGTAACTGGGCTTCT 204
H-AKT AGCCCTGGACTACCTGCACTCG CTGTGATCTTAATGTGCCCGTCCT 98
H-MMP2 GCACCACTGAGGACTACGAC TGCAGCTCTCATATTTGTTGCC 138
H-MMP9 CTGAAGGCCATGCGAACCCCA GCAAAGGCGTCGTCAATCACC 155
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(log2 FC > 2.0 and p-value < 0.1, Fig.  2C). Four metabo-
lites were significantly upregulated in the PAS group 
compared to the Control group, while nine metabolites 
were down-regulated. Among the up-regulated metabo-
lites were N-formylanthranilic_acid, L-(+)-Arginine, 
Glu-Gln, Adenosine_5’- triphosphate_(ATP), while the 
down-regulated metabolites were D-Gluconic_acid, 
Pterostilbene_Phosphate, Malic_acid, 4’,5,7-Trihy-
droxy_3,3’,6,8 -tetramethoxyflavone, Lecanoric_acid, 
Dulcitol, Celastramycin_A, Citric_acid, and Hainanmur-
panin. To more comprehensively visualize differences in 
metabolite expression patterns across samples, we per-
formed hierarchical clustering (Hierarchical Clustering) 
on each group of samples using qualitatively significant 
differential metabolite expression. Also, we visualized the 
content of differential metabolite molecules in different 
samples by heatmap (Fig. 2D).

Functional changes in placental tissue metabolites in PAS 
subjects
We performed pathway enrichment analysis of the 
metabolites to understand the metabolic pathways 

regulated by these differential metabolites. Using the 
KEGG pathway database, we identified eight pathways, 
including Galactose metabolism, Alanine, aspartate and 
glutamate metabolism, Aminoacyl-tRNA biosynthe-
sis, Glyoxylate and dicarboxylate metabolism, Pentose 
phosphate pathway, Arginine and proline metabolism, 
Arginine biosynthesis, and Citrate cycle (TCA cycle) 
(Fig. 3A). These metabolic pathways are mainly intercon-
nected through amino acids, with both arginine synthesis 
and metabolism being the main pathways enriched, and 
the arginine metabolic pathway (p = 0.044) was signifi-
cant. In addition, L-(+)-Arginine levels were significantly 
increased in the PAS group (Fig.  3B). We analyzed the 
correlation between gestational age and levels of L-Argi-
nine in the placenta. The results revealed a negative asso-
ciation between gestational age and L-Arginine levels, 
although the difference was not significant (Figure S1). 
These results suggest that arginine has an important role 
in PAS placenta.

Fig. 1 Histopathologic changes in the placenta of PAS subjects. A. HE-stained placental tissue. The arrows indicate the villous layer. The black pentagrams 
represent the uterine decidua layer. The green pentagrams represent the uterine muscular layer. B. TUNEL staining to observe cell apoptosis of placental 
tissue. C. Immunohistochemistry to detect the expression of Ki67 in placental tissue. D. Western blot to detect p-PI3K, PI3K, p-AKT, AKT, GPRC6A, MMP2, 
and MMP9 expression. *p < 0.05 vs. Control
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L-Arginine promotes HTR-8/Svneo cell invasion
To further understand the relationship between the argi-
nine metabolic pathway and PAS, we evaluated the effects 
of L-Arginine on the proliferation, migration, and inva-
sion of HTR8/SVneo cells. After treatment with L-Argi-
nine for 24 h, cell viability increased in a dose-dependent 

manner, and 0.4 mM L-Arginine was not cytotoxic 
(Fig.  4A). After treatment with 0.4 mM L-Arginine, cell 
viability increased in a time-dependent manner (Fig. 4B). 
Compared with the control group, 0.4 mM L-Arginine 
treatment of HTR-8/Svneo cells significantly accelerated 
the closure of the scratches and increased the number of 

Fig. 2 Differential metabolite changes in placental tissues of PAS subjects. A. Unsupervised PCA analysis. B. Supervised OPLS-DA score scatter plots. C. 
Volcano map showing the number of differential metabolites. D. Heat map showing the abundance of differential metabolites
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Fig. 3 Functional changes in placental tissue metabolites in PAS subjects. A. KEGG pathway database was used to predict differential metabolite path-
ways. B. The levels of L-(+)-Arginine in placental tissue. *p < 0.05 vs. Con
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Fig. 4 L-Arginine promotes HTR-8/Svneo invasion. A. Cytotoxicity of L-Arginine. B. Pro-proliferative effect of L-Arginine. C. Promotion of cell migration by 
L-Arginine. D. Promotion of cell invasion by L-Arginine. E. RT-qPCR detection of GPRC6A, PI3K, AKT, MMP2, and MMP9 expression. F. Western blot detec-
tion of p-PI3K, PI3K, p-AKT, AKT, GPRC6A, MMP2, and MMP9 expression. *p < 0.05 vs. Control
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invaded cells (Fig.  4C and D). Compared with the con-
trol group, the proportion of mRNA levels of PI3K and 
AKT and the expression of phosphorylated proteins were 
significantly increased in the L-Arginine group, suggest-
ing that L-Arginine could activate the phosphorylation 
of PI3K and AKT (Fig. 4E and F). MMP2 and MMP9 are 
different forms of gelatinases, which play important roles 
in immune regulation, including extracellular matrix 
remodeling, signaling pathway transduction, cytokine 
shedding and release, and promotion of angiogenesis, 
which can be regulated through the PI3K/AKT signaling 
pathway [22, 23]. GPRC6A, MMP2, and MMP9 mRNA 
levels and protein expression increased after L-Arginine 
treatment compared to the Control group (Fig.  4E and 
F). The above data suggest that L-Arginine promotes the 
proliferation, migration, and invasion of HTR-8/Svneo 
and activates the GPRC6A/PI3K/AKT signaling axis.

L-Arginine promotes trophoblast invasion in placental 
implantation by activating the GPRC6A/PI3K/AKT axis
To verify whether L-Arginine affects trophoblast cells 
through the GPRC6A/PI3K/AKT signaling axis, we used 
the inhibitor LY294002 to block the PI3K pathway or 
transfected si-GPRC6A to inhibit GPRC6A expression 
in cells. Inhibition of either GPRC6A or blockade of the 
PI3K pathway significantly inhibited L-Arginine treat-
ment-induced cell proliferation, migration, and invasion 
(Fig. 5B, C and D).

RT-qPCR and western blot results showed that 
GPRC6A transcript levels and protein levels were not 
statistically different between L-Arginine, L-Argi-
nine + si-NC group, and L-Arginine + LY294002, while 
they were significantly reduced in L-Arginine + si-
GPRC6A group (Fig. 5A and E). The data indicated that 
si-GPRC6A transfection was successful and that the 
administration of PI3K inhibitors did not affect GPRC6A 
transcription and expression. Inhibition of GPRC6A or 
blockade of PI3K activation resulted in significant down-
regulation of p-PI3K, p-AKT, MMP2, and MMP9 lev-
els in L-Arginine-induced cells (Fig.  5E). These results 
suggest that L-Arginine promotes trophoblast invasion 
through GPRC6A regulation or activation of the PI3K 
pathway.

Discussion
Evaluation guidelines for evaluating pregnancy compli-
cations through the placenta date as far back as 1997, 
with the most recent standards issued in 2016 [24–26]. 
The main hypothesis regarding the etiology of PAS is 
that uterine scarring leads to defects in the endometrial-
myometrial interface, which causes a failure of normal 
decidualization, which in turn leads to abnormal anchor-
ing of placental villi at depth [27]. Extravillous tropho-
blast (EVT) infiltration occurs in blood vessels, leading 

to placental adhesions and damaged smooth muscle, 
leading to placental accreta [28]. Based on the risk fac-
tor profile of PAS, the subjects in this study have included 
peak childbearing and advanced maternal age with vary-
ing degrees of abortion, cesarean section, and disease his-
tory, thus reducing the influence of the risk factors on the 
subsequent experiments. Pregnant women with PAS in 
this study were more likely to deliver preterm, which is 
multifactorial, and the exact etiology is difficult to quan-
tify [29, 30].

Our study showed that the placenta of pregnant women 
with PAS is mostly infiltrative invasion with chronic 
inflammation and direct contact of villi with the myome-
trium. In addition, there was increased proliferation and 
inhibition of apoptosis in PAS placentas. This is consis-
tent with previous results showing a sustained prolifera-
tive signal and resistance to cell death in PAS placentas 
[1].

We used a metabolomics approach and demonstrated 
a significant separation of metabolic profiles between 
the PAS and control groups. Thirteen metabolites were 
significantly altered in the PAS group compared to nor-
mal controls. N-formylanthranilic_acid, L-(+)-Arginine, 
Glu-Gln, and Adenosine_5’- triphosphate (ATP) were 
enriched in the PAS group. These metabolites are asso-
ciated with various metabolic pathways and physiologi-
cal processes in vivo, including amino acid metabolism, 
energy production, and molecular synthesis. N-for-
mylanthranilic_acid is associated with the metabolism of 
the essential amino acid tryptophan. It is an intermediate 
in the kynurenine pathway, the main pathway for trypto-
phan degradation [31]. L-(+)-Arginine is an amino acid 
that plays an important role in protein synthesis and the 
urea cycle. It is involved in synthesizing and metaboliz-
ing nitric oxide, polyamines, creatine, and other impor-
tant molecules in the body [32]. KEGG pathway analysis 
showed that both synthesis and metabolism of arginine 
were enriched for the major pathway. Research has shown 
that in resource-rich areas, L-arginine supplementation 
during pregnancy improves maternal and fetal hemo-
dynamics, prevents preeclampsia, and improves birth 
outcomes, including higher birth weight and longer ges-
tational period [33]. Many studies have shown that oral 
arginine has a positive effect on the placenta, but preg-
nant women should preferably take arginine under the 
supervision of a physician [34–36]. Our results showed 
that L-Arginine promotes HTR-8/Svneo invasion in pla-
cental implantation in cellular experiments. This may be 
related to the concentration of L-Arginine. For example, 
a certain concentration of L-Arginine induced abnormal 
proliferation of placental villi. However, due to the lack 
of samples, funding, and time constraints, we are cur-
rently unable to confirm the optimal arginine concentra-
tion for promoting normal placental development. This is 
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Fig. 5 L-Arginine promotes trophoblast invasion in placental implantation by activating the GPRC6A/PI3K/AKT axis. A. RT-qPCR detection to detect 
GPRC6A expression. B. CCK8 to detect cell proliferation. C. Cell scratch assay to detect cell migration. D. Transwell assay to detect cell invasion. E. Western 
blot to detect p-PI3K, PI3K, p-AKT, AKT, GPRC6A, MMP2, and MMP9 expression. *p < 0.05 vs. L-Arginine. #p < 0.05 vs. L-Arginine + si-NC
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an important direction for our future research. In addi-
tion, whether L-Arginine can still be used as a placental 
marker metabolite in pregnant women with a history of 
arginine administration should be further investigated. 
We found gestational age was negatively associated with 
L-Arginine levels, although the difference was not signifi-
cant. These results suggest that high levels of L-Arginine 
may be a contributing factor to preterm birth in PAS. 
Due to time and budget constraints, we are currently 
unable to collect more PAS and normal placental sam-
ples to measure the levels of L-Arginine and conduct a 
more in-depth analysis of the relationship between gesta-
tional age and corresponding L-Arginine levels. In future 
research, we will investigate the impact of this factor to 
better understand the role of L-Arginine in PAS. In addi-
tion, due to a lack of samples, we are unable to detect the 
levels of L-Arginine-related factors in maternal blood or 
umbilical cord blood. We will collect maternal blood and 
umbilical cord blood samples in future studies to investi-
gate whether L-Arginine can be used as a biomarker for 
predicting and diagnosing PAS in early pregnancy.

The PI3K/AKT/MMP2/9 pathway is a key regulator of 
tumor and trophoblast cell proliferation, migration, inva-
sion, and apoptosis [37]. In addition, it has been shown 
that the PI3K/AKT pathway and MMP-2/9 are involved 
in the onset and development of PAS [38]. L-Arginine 
stimulates the proliferation and mammary gland devel-
opment of mouse mammary epithelial cells by activating 
the GPRC6A/PI3K/AKT/mTOR signaling pathway [39]. 
L-Arginine stimulates fibroblast proliferation through 
the PI3K/AKT pathway [40]. L-Arginine has anti-aging 
effects in HUVECs exposed to high glucose through 
the PI3K/AKT pathway [41]. Our results suggest that 
L-Arginine promotes placental implantation-associated 
trophoblast invasion by activating the PI3K/AKT/mTOR 
signaling pathway through increased GPRC6A expres-
sion. Whereas silencing GPRC6A or inhibiting the PI3K 
signaling axis reversed the effects of L-Arginine on tro-
phoblast cells. In conclusion, we explored the roles of 
L-Arginine and GPRC6A/PI3K/AKT/mTOR signaling 
pathways in placental implantation-associated tropho-
blast cell invasion to provide a theoretical basis for treat-
ing placental implantation.

The limited number of subjects involved in this study 
and the lack of additional samples for a larger-scale vali-
dation experiment are limitations of our study. We aim 
to collect more samples in future studies to validate our 
current findings. Another limitation of this study is that 
only a single cell line, HTR-8/Svneo cells, was used for 
in vitro experimental validation. We will further validate 
and improve the results of this study in future research 
using multiple cell lines. Additionally, we will explore 
methods to monitor L-Arginine levels in clinical settings, 
potentially developing a detection method for routine 

examinations. We also plan to investigate the correla-
tion of L-Arginine levels with other biomarkers or clini-
cal characteristics to determine its accuracy and clinical 
relevance in PAS analysis.

Conclusion
In this study, we analyzed the histopathological charac-
teristics of the placenta in PAS subjects and the changes 
of endogenous metabolites by LC-MS/MS. The endog-
enous differential metabolite L-Arginine can promote 
HTR-8/Svneo invasion in placental implantation through 
upregulation of the GPRC6A-PI3K/AKT pathway and 
may be a potential marker for diagnosing and treating 
PAS.
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