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Objective: To investigate the expression of aquaporin 3 (AQP3) and transforming 
growth factor-β1 (TGF-β1) in the decidual tissue and serum of patients with 
missed abortion (MA) and explore their clinical significance, evaluating their 
potential as diagnostic biomarkers for MA.

Methods: A total of 40 MA patients (case group) and 40 induced abortion (IA) 
patients (control group) were included. Immunohistochemistry (IHC), Western blot 
(WB), and reverse transcription quantitative PCR (RT-qPCR) were used to detect 
the protein and mRNA expression of AQP3 and TGF-β1 in decidual tissue. Serum 
levels of AQP3 and TGF-β1 were measured by ELISA. The diagnostic efficacy was 
assessed using receiver operating characteristic (ROC) curve analysis.

Results: The protein expression of AQP3 and TGF-β1 in the decidual tissue of the 
MA group was significantly higher than that of the IA group, with a 2.3-fold and 
2.5-fold increase, respectively (p < 0.01), and their mRNA expression was also 
significantly upregulated (p < 0.01). Serum levels of AQP3 and TGF-β1 increased 
by 2.3-fold and 3.3-fold, respectively (p < 0.01). ROC analysis demonstrated that 
serum AQP3 (AUC = 0.887) and TGF-β1 (AUC = 0.949) exhibited high diagnostic 
accuracy for MA, with the combined detection achieving an AUC of 0.976, 
sensitivity of 92.5%, and specificity of 97.5%.

Conclusion: AQP3 and TGF-β1 are significantly overexpressed in the decidual 
tissue and serum of MA patients and may play a role in the pathogenesis of 
MA by regulating trophoblast function. The combined detection of these two 
biomarkers holds promise as potential diagnostic tools for MA, offering new 
directions for early clinical management.
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1 Introduction

Missed abortion (MA) is a type of spontaneous abortion 
characterized by the intrauterine death of an embryo or fetus before 
20 weeks of gestation, without external intervention or the expulsion 
of the products of conception (1, 2). MA accounts for up to 15% of 
spontaneous miscarriages in clinically recognized pregnancies, and its 
incidence is rising (3, 4). Several epidemiological factors contribute to 
MA, including chromosomal abnormalities, immune disorders, 
hereditary thrombophilia, uterine abnormalities, infections, endocrine 
disorders, and environmental influences (5, 6). Of these, chromosomal 
abnormalities—such as numerical errors, copy number variations, and 
structural defects—are the most significant, accounting for 60–80% of 
cases (7, 8). The pathogenesis of MA remains complex, with placental 
dysfunction being a key contributor. Insufficient angiogenesis and 
excessive trophoblast apoptosis are central to the placental etiology of 
MA (9, 10). However, in 20–40% of cases, the underlying causes remain 
unknown, indicating that further research is needed to fully understand 
the mechanisms involved (5).

Placental development begins with the trophectoderm cells, 
which differentiate into cytotrophoblasts, syncytiotrophoblasts, and 
extravillous trophoblasts (EVTs) (11, 12). In early pregnancy, the 
proper invasion of EVTs into the uterine decidua, myometrium, and 
spiral arteries is essential for endovascular remodeling, ensuring 
adequate maternal-fetal blood circulation (13, 14). Abnormal EVT 
invasion has been linked to various pregnancy complications, such 
as fetal growth restriction, preeclampsia, recurrent early miscarriage, 
and MA (15–17). Despite these associations, the precise mechanisms 
by which EVT dysfunction leads to MA are not yet fully understood.

Aquaporin 3 (AQP3), a transmembrane channel protein in the 
aquaporin family, plays a critical role in water transport and cellular 
proliferation (18, 19). AQP3 is expressed in a variety of tissues, including 
the placenta and fetal membranes, and is involved in follicular 
development, blastocyst formation, embryo implantation, and fluid 
balance between the mother and fetus (20, 21). Abnormal AQP3 
expression has been associated with pregnancy disorders such as 
gestational diabetes mellitus and preeclampsia (22, 23). Additionally, 
reduced AQP3 expression has been shown to impair EVT migration, 
suggesting that AQP3 is essential for normal trophoblast function (24). 
Given this, abnormal AQP3 expression may contribute to placental 
dysfunction and MA, though this relationship has not been 
thoroughly investigated.

Transforming growth factor-beta (TGF-β), a cytokine that 
regulates cellular homeostasis, growth, differentiation, and apoptosis, 
is also implicated in pregnancy outcomes (25, 26). TGF-β1, the first 
identified member of the TGF-β family, regulates trophoblast 
invasion and endometrial function (27, 28). In vitro studies have 
demonstrated that TGF-β1 induces apoptosis in decidual cells, 
affecting embryo implantation and leading to adverse pregnancy 
outcomes (29). Additionally, TGF-β1 has been shown to upregulate 
AQP3 expression via the EGF/EGFR pathway, which is associated 
with tissue hydration and wound healing (30, 31). Given these roles, 
it is possible that dysregulation of both AQP3 and TGF-β1 contributes 
to the pathogenesis of MA, although this has not yet been reported.

In this study, we  investigated the expression of AQP3 
and TGF-β1 in decidual tissue from cases of MA and induced abortion 
(IA) using immunohistochemistry (IHS), western blotting (WB), and 
reverse transcription-quantitative PCR (RT-qPCR). Serum levels of 
AQP3 and TGF-β1 were also measured using ELISA. By examining the 

association between these factors and MA, we  aim to deepen our 
understanding of the pathophysiology of MA and identify potential 
biomarkers for early clinical diagnosis.

2 Materials and methods

2.1 Patients

This case–control study enrolled 40 women with missed abortion 
(MA, cases) and 40 women undergoing induced abortion (IA, controls), 
matched for age (±2 years) and gestational age (±1 week). The study was 
approved by the Ethics Committee of North China University of Science 
and Technology Affiliated Hospital (Ethics Certificate No. 20240313050). 
All participants were treated at the Department of Obstetrics and 
Gynecology of the hospital between October 2017 and May 2018. 
Written informed consent was obtained from all participants for the use 
of decidual tissue, serum samples, and clinical data.

2.1.1 Group definitions and diagnostic criteria

 1. MA Group Diagnostic Criteria (Missed Abortion, n = 40):

Intrauterine embryonic demise confirmed by transvaginal ultrasound 
at 6–12 weeks of gestation, meeting at least one of the following:

 a. Gestational sac mean diameter (MSD) ≥ 25 mm with no yolk 
sac or embryonic structures.

 b. Absence of fetal cardiac activity with crown-rump length 
(CRL) ≥ 7 mm.

 c. No growth of the gestational sac or appearance of fetal cardiac 
activity after ≥7 days of serial monitoring.

Exclusion of Other Etiologies: Cases were excluded if caused by 
ectopic pregnancy, infection, trauma, or coagulopathy (confirmed by 
medical history and laboratory tests).

 2. IA Group Inclusion Criteria (Induced Abortion Control, n = 40):

 a. Voluntary termination of pregnancy without medical 
indications (e.g., fetal abnormalities or maternal health risks).

 b. Ultrasound-confirmed intrauterine viable pregnancy (normal 
fetal cardiac activity and regular gestational sac morphology).

2.1.2 Common inclusion criteria (applied to both 
MA and IA groups)

 1. Baseline Demographic Characteristics:
 a. Age 18–40 years, with MA and IA groups matched for age 

(±2 years), gestational age (±1 week), and BMI (±10%).
 b. Singleton pregnancy at 6–12 weeks of gestation (calculated by 

last menstrual period or ultrasound CRL).

 2. Exclusion Criteria:
 a. Pregnancy Complications: Placental abnormalities (placenta 

previa, placenta accreta) or threatened abortion symptoms 
(vaginal bleeding ≥ menstrual flow).

 b. Infections and Chronic Diseases: Active genital tract infections 
(vaginitis, cervicitis), systemic infections (HIV, HBV, 
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tuberculosis), endocrine disorders (diabetes, thyroid 
dysfunction), or autoimmune diseases (antiphospholipid 
syndrome, systemic lupus erythematosus).

 c. Medication and Behavioral Factors: Use of hormonal medications 
(contraceptives, glucocorticoids) within the past 3 months, 
smoking (≥5 cigarettes/day), or alcohol abuse (≥14 units/week).

 d. Recurrent Miscarriage History: ≥2 spontaneous abortions 
(exclusion applied only to the IA group; MA group was exempt).

2.2 Decidua tissue collection

Decidual tissues were obtained through artificial abortion using 
negative pressure suction and subsequently washed with normal 
saline. A portion of the samples was stored at −80°C for future 
Western blotting and RT-qPCR analyses, while the remaining samples 
were fixed in 10% formalin for immunohistochemistry analysis.

2.3 Serum collection

Within 1 h prior to the artificial abortion, 5 mL of peripheral 
venous blood was drawn from the cubital vein using a syringe and 
placed into a coagulation-promoting tube. The serum was then 
separated by centrifugation at 3,000 rpm for 10 min at 4°C, sealed, and 
stored at −80°C for subsequent analysis of AQP3 and TGF-β1 levels.

2.4 Biochemical analyses

Clinical examination data were collected from the Department of 
Obstetrics and Gynecology at North China University of Science and 
Technology Affiliated Hospital. Routine blood tests, including 
hemoglobin and white blood cell counts, were conducted by the 
hospital’s Laboratory Department. Serum levels of AQP3 and TGF-β1 
were measured using commercial ELISA kits (catalog no. SP11203 for 
AQP3 and SP10208 for TGF-β1; Wuhan Saipei Biotech Co., Ltd.), 
following the manufacturer’s instructions.

2.5 Immunohistochemistry analysis

Decidual tissue samples fixed in 10% formalin were successively 
dehydrated, embedded in paraffin, and sectioned into 4 μm slices. After 
routine dewaxing and rehydration, antigen retrieval was performed in 
sodium citrate buffer (Solarbio, Beijing Solarbio Science & Technology 
Co., Ltd.). Sections were incubated overnight at 4°C with primary 
antibodies against AQP3 (catalog no. YLA1093HU, Shanghai YL Biotech 
Co., Ltd.; dilution 1:200) or TGF-β1 (catalog no. YLA0886HU, Shanghai 
YL Biotech Co., Ltd.; dilution 1:30). The following day, sections were 
incubated with goat anti-rabbit IgG horseradish peroxidase (HRP)-
conjugated secondary antibody (catalog no. ZB-2301; ZSGB-BIO) at 
37°C for 30 min. Staining was developed using a DAB kit (ZSGB-BIO), 
according to the manufacturer’s instructions. Negative controls were 
prepared by omitting the primary antibody.

Immunoreactive signals for both AQP3 and TGF-β1 were mainly 
located in the cytoplasm of decidual cells. Images of stained sections 
were captured at 400 × magnification using a Micro Publisher 5.0 
microscope (Roper Industries). For quantitative image analysis, 

we imported the images into Image-Pro Plus 6.0 software (Media 
Cybernetics, Inc.). In three randomly chosen high-power fields per 
section, integrated optical density (IOD) of the positively stained area 
was measured after uniform background subtraction. The mean IOD 
from these fields was used as the final value for each sample. These 
quantitative data were then subjected to statistical analysis.

2.6 Western blotting

Total cytoplasmic protein was extracted from decidual tissue and 
quantified using a BCA Protein Assay Kit (Beyotime, Beyotime 
Biotechnology) according to the manufacturer’s instructions. Protein 
samples (20 μL per lane) were denatured and separated using SDS-PAGE 
(Zomanbio, Beijing Zoman Biotechnology Co., Ltd.), followed by 
transfer to a PVDF membrane at 30 mA for 12 h. To block non-specific 
binding sites, the PVDF membranes were incubated with 5% skimmed 
milk at 4°C overnight. The membranes were then probed with primary 
antibodies: rabbit anti-human AQP3 (dilution 1:10; catalog no. 
YLA1093HU; Shanghai YL Biotech Co., Ltd.), rabbit anti-human 
TGF-β1 (dilution 1:30; catalog no. YLA0886HU; Shanghai YL Biotech 
Co., Ltd.), and rabbit anti-human β-actin (dilution 1:10; catalog no. 
AF7018; Affinity BioReagents, Inc.) for 2 h at 37°C. Afterward, the 
membranes were incubated with goat anti-rabbit IgG HRP-conjugated 
secondary antibodies (dilution 1:2000; catalog no. ZB-2301; ZSGB-BIO, 
Beijing Zhongshan Goldenbridge Biotechnology Co., Ltd.) for an 
additional 2 h at 37°C. Protein signals were detected using an ECL 
Chemiluminescence Kit (Beyotime, Beyotime Biotechnology) and 
analyzed with Image Lab software (Bio-Rad Laboratories, Inc.). The 
AQP3 and TGF-β1 signals were normalized to the β-actin signal to 
obtain their relative expression levels.

2.7 RT-qPCR

Total RNA from decidual tissue was extracted using TRIzol reagent 
(Mei5bio; Beijing Jumei Biotechnology Co., Ltd.) and subsequently 
reverse transcribed into cDNA using the RevertAid First Strand cDNA 
Synthesis Kit (Mei5bio) following the manufacturer’s instructions. 
Quantitative PCR (qPCR) was performed using the SYBR Green 
Realtime PCR Mix kit (Mei5bio), with β-actin serving as the internal 
reference. The primers used for amplification were as follows: AQP3 
forward: 5′-GAA GTC AGG TCA TAA GTT 3′ and reverse: 5′-CAT 
TGT TGA GTA GAG GAT-3′; TGF-β1 forward: 5′-CGT GCT AAT 
GGT GGA AAC-3′ and reverse: 5’-GCT CTG ATG TGT TGA AGA 
AC-3′; β-actin forward: 5′-ACT CTT CCA GCC TTC CTT-3′ and 
reverse: 5′-ATG TCC ACG TCA CAC TTC-3′. The PCR reactions were 
conducted in a total volume of 20 μL, with the following cycling 
conditions: 95°C for 15 s, 65°C for 15 s, and 72°C for 60 s, for a total of 
40 cycles. The relative expression levels of AQP3 and TGF-β1 mRNA 
were calculated using the 2−ΔΔCt method, where ΔCt is defined as the 
Ct value of AQP3 or TGF-β1 minus the Ct value of β-actin, and ΔΔCt 
is the difference between the Ct values of MA and IA.

2.8 Statistical analysis

All statistical analyses were performed using SPSS 22.0 software, and 
graphical representations were created with GraphPad Prism 9 software. 
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Normally distributed data were analyzed using independent samples 
t-test, while non-normally distributed data were analyzed using the 
Mann–Whitney U test (or Kruskal-Wallis test, depending on the 
situation). Diagnostic performance was assessed using receiver operating 
characteristic (ROC) curves to evaluate sensitivity, specificity, and their 
corresponding optimal cutoff values. Data are presented as mean ± 
standard deviation (mean ± SD), and differences between groups were 
considered statistically significant when the p value was less than 0.05.

3 Results

3.1 Clinical data analysis

Between MA and IA groups, there were no significant differences 
in age, BMI, hemoglobin, A history of upper respiratory tract infection 
past medical history, and spontaneous abortion (p > 0.05, Table 1).

3.2 Expression of AQP3 and TGF-β1 in 
decidual tissue and serum, and their 
potential as biomarkers for MA

We first assessed the expression levels of AQP3 and TGF-β1 in 
decidual tissue through immunohistochemistry (IHC) (Figures 1, 2). 
AQP3 was predominantly localized in the cytoplasm of decidual 
stromal cells, showing widespread positivity across most cells in the 
tissue. In contrast, TGF-β1 was primarily observed in endothelial 
cells. The overall protein levels of both AQP3 and TGF-β1 were 
significantly higher in the MA group than in the IA group (p < 0.01). 
Western blot results were consistent with the IHC findings, 
demonstrating 2.3-fold and 2.5-fold increases in AQP3 and TGF-β1 
expression, respectively, in the MA group compared to the IA group 
(p < 0.01, Figure 3).

To further validate the role of AQP3 and TGF-β1  in MA, 
we performed RT-qPCR to measure the mRNA expression levels of 
AQP3 and TGF-β1 in decidual tissue from both groups (Figure 4). The 
results demonstrated that the relative mRNA expression levels of 
AQP3 and TGF-β1 were significantly higher in the MA group 
compared to the IA group (p < 0.01), further supporting the potential 
involvement of AQP3 and TGF-β1 in the pathogenesis of MA.

To explore whether AQP3 and TGF-β1 could serve as serum 
biomarkers for MA, we measured their serum levels using ELISA 
(Figure 5). The results indicated that the serum levels of AQP3 and 
TGF-β1 were significantly higher in the MA group, with increases of 
2.3-fold and 3.3-fold, respectively, compared to the IA group 
(p < 0.01). These findings suggest that serum AQP3 and TGF-β1 may 
serve as potential biomarkers for the diagnosis of MA.

To further test this hypothesis, we  conducted ROC analysis to 
evaluate the diagnostic accuracy of serum AQP3 and TGF-β1 levels as 
risk predictors for MA (Figure 6; Table 2). The results showed that both 
AQP3 (AUC = 0.8869) and TGF-β1 (AUC = 0.9494) exhibited high 
diagnostic accuracy, indicating the potential of these biomarkers in 
predicting MA. However, the ROC analysis of AQP3 revealed multiple 
thresholds with the same maximal Youden index, making it difficult to 
select a single optimal threshold. Therefore, we opted to combine AQP3 
and TGF-β1 as diagnostic markers to improve prediction accuracy.

The final model combining AQP3 and TGF-β1 showed an AUC 
of 0.9763, indicating enhanced diagnostic accuracy. The optimal 
diagnostic cutoff value for this combined model was 0.44 ng/L 
(Figure 7; Table 2). The logistic regression model is as follows:

 ( ) ( ) ( )= − + × + × −βlogit 9.497 1.825 AQP3 value 3.469 TGF 1 valueP

The p value represents the predicted probability of MA. This 
model can be used to assess the risk of MA in patients and provide 
valuable information for clinical decision-making.

4 Discussion

The causes of MA are complex and multifactorial, encompassing 
environmental influences and individual physiological conditions 
(32). These factors are interrelated, with each potentially affecting the 
others. During the first trimester of pregnancy, differentiated 
extravillous trophoblasts (EVTs) invade maternal blood vessels, 
facilitating placental anchorage and remodeling spiral arteries to 
enhance blood flow in the chorionic space, thereby supporting 
successful embryo implantation (11, 12). Effective EVT invasion into 
the endometrium is crucial for maintaining pregnancy and shares 
mechanistic similarities with tumor cell invasion (13).

Throughout the processes of placental implantation and formation, 
the endometrial matrix and trophoblast basement membrane undergo 
selective degradation (33). The depth of trophoblast invasion is not 
only critical for the implantation of early embryos but also influences 
the decidualization of the endometrium (34). Consequently, the ability 
of trophoblasts to invade the endometrium effectively is vital for the 
normal progression of human pregnancy. Abnormal trophoblast 
invasion and impaired angiogenesis at the maternal-fetal interface can 
lead to implantation failure and subsequent embryo development 
issues, resulting in pregnancy loss (35).

Endometrial decidualization is a critical process for the 
establishment and maintenance of pregnancy. It involves several key 
changes, including increased secretion from endometrial glandular 
cells, the activation of local immune cells, remodeling of spiral arteries, 

TABLE 1 The clinical data analysis results of MA and IA groups (mean ± SD).

Characteristics MA (n = 40) IA (n = 40) P

Age (years) 28.95 ± 4.48 30.00 ± 0.45 0.144

BMI 23.11 ± 3.26 22.20 ± 2.74 0.180

Hemoglobin (g/L) 135.40 ± 20.40 137. 40 ± 12.07 0.595

A history of upper respiratory tract infection 2 1 0.556

Past medical history 3 1 0.305

Spontaneous abortion 16 15 0.818

https://doi.org/10.3389/fmed.2025.1540257
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Yuan et al. 10.3389/fmed.2025.1540257

Frontiers in Medicine 05 frontiersin.org

and alterations in extracellular matrix components (36). This process 
serves two primary functions: first, it provides essential nutrients for 
embryonic development prior to the formation of the placenta; 
second, it prevents the maternal immune system from rejecting the 
embryo, which is recognized as a semi-allograft (37). Disruptions in 
the decidualization process can result in the implantation of poor-
quality embryos within the uterine cavity, leading to implantation 
failure, embryonic dysplasia, and early abortion (38). Thus, proper 
decidualization is crucial for ensuring a successful pregnancy.

AQP3 plays a vital role in mammalian pregnancy, contributing to 
gamete formation, embryo implantation, placental development, and 
the maintenance of normal pregnancy (39). Inhibiting AQP3 function 
significantly impairs the migration of extravillous trophoblasts 
(EVTs), underscoring its necessity for this process (24). During early 
pregnancy, AQP3 is crucial for trophoblast invasion and embryo 
implantation. Notably, increased AQP3 expression may induce 
programmed cell death, while decreased AQP3 levels could represent 
an adaptive response by the placenta to mitigate trophoblast apoptosis 
(23, 40). In our study, we  observed a marked increase in AQP3 
expression in the decidua tissue of patients with MA compared to 
those undergoing IA, as evidenced by both protein and mRNA 
analyses. We hypothesize that the overexpression of AQP3 may elevate 

FIGURE 1

Immunohistochemical detection of AQP3 protein expression in decidual tissue. **p < 0.01 vs. IA. n = 40.

FIGURE 2

Immunohistochemical detection of TGF-β1 protein expression in decidual tissue. **p < 0.01 vs. IA. n = 40.

FIGURE 3

Western blot analysis of AQP3 and TGF-β1 protein expression in 
decidual tissue. Each lane corresponds to one randomly selected 
patient sample (3 patients from the IA group and 3 from the MA 
group). **p < 0.01 vs. IA. n = 40.

FIGURE 4

RT-qPCR analysis of AQP3 and TGF-β1 mRNA expression in decidual 
tissue. **p < 0.01 vs. IA. n = 40.
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TABLE 2 Diagnostic value of serum AQP3, TGF-β1, and the combined detection of AQP3 + TGF-β1 for MA.

Index Cutoff value AUC P value Sensitivity % Specificity %

AQP3 1.75 ng/L 0.887 <0.01 90 70

2.32 ng/L 77.5 82.5

2.41 ng/L 75 85

3.05 ng/L 60 100

TGF-β1 1.94 ng/L 0.949 <0.01 80 95

AQP3 + TGF-β1 0.44 0.976 <0.01 92.5 97.5

EVT apoptosis, leading to impaired embryo implantation and 
development, ultimately contributing to the occurrence of MA.

TGF-β1 is a multifunctional cytokine primarily secreted by 
CD4+ T cells, exerting effects on surrounding tissues through both 
autocrine and paracrine mechanisms (25). It plays a critical role in 
cell proliferation and differentiation, extracellular matrix production, 
and the regulation of trophoblast proliferation, differentiation, and 
immune function (26, 31). In our study, we observed that TGF-β1 
expression in the decidua tissue of patients with MA was significantly 
higher than that in patients undergoing IA. This increased expression 
may lead to impaired trophoblast invasion, hindering normal embryo 
survival. Several potential mechanisms may contribute to this 
phenomenon: (1) regulation of trophoblast invasion: TGF-β1 may 
modulate trophoblast invasion into the endometrium; (2) induction 
of TIMP-1 production: TGF-β1 can induce the production of tissue 

inhibitor of metalloproteinase-1 (TIMP-1), which inhibits trophoblast 
invasion (41); (3) suppression of MMP-9 secretion: TGF-β1 may 
reduce the secretion of matrix metalloproteinase-9 (MMP-9), 
consequently diminishing the invasive capacity of villous trophoblasts 
(41). We hypothesize that the elevated levels of TGF-β1 may exert a 
stronger inhibitory effect on MMP-9, resulting in shallow trophoblast 
invasion, subsequent necrosis and detachment of decidual tissue, and 
ultimately, failure of embryo implantation. Thus, TGF-β1 appears to 
play a crucial role in the processes surrounding embryo implantation.

Based on the results of this study, we found that the expression of 
AQP3 and TGF-β1  in the decidual tissue of MA patients was 
significantly higher than that in IA patients. This finding suggests that 
AQP3 and TGF-β1 may play an important role in the pathogenesis of 
MA. Immunohistochemistry (IHC) and Western blot (WB) analyses 
further confirmed these results, with good consistency between the 
two methods. This indicates that the elevated protein expression of 
AQP3 and TGF-β1  in MA patients may reflect their 
pathophysiological roles in the disease.

To further explore the mechanisms of AQP3 and TGF-β1, 
we assessed the mRNA expression levels of AQP3 and TGF-β1 in 
decidual tissue using RT-qPCR. The results supported the conclusions 
from IHC and WB analyses. The mRNA levels of AQP3 and TGF-β1 in 
the MA group were significantly higher than those in the IA group, 
suggesting that AQP3 and TGF-β1 are not only elevated at the protein 
level but also upregulated at the gene transcription level, potentially 
contributing to the onset and progression of MA.

Given the high expression of AQP3 and TGF-β1  in decidual 
tissue, we further investigated the expression of these biomarkers in 
serum. Using ELISA, we measured the serum levels of AQP3 and 
TGF-β1. The results revealed that serum levels of AQP3 and TGF-β1 
were significantly higher in the MA group, with increases of 2.3-fold 
and 3.3-fold, respectively, compared to the IA group. This finding 
suggests that serum AQP3 and TGF-β1 may serve as potential 
biomarkers for the diagnosis of MA.

We then evaluated the diagnostic accuracy of AQP3 and TGF-β1 
as biomarkers for MA using ROC curve analysis. When analyzed 
individually, both AQP3 (AUC = 0.8869) and TGF-β1 (AUC = 0.9494) 
demonstrated high diagnostic accuracy, indicating their promising 
clinical application in predicting MA risk. However, ROC analysis of 
AQP3 revealed multiple thresholds with the same maximal Youden 
index, making it challenging to select a single optimal diagnostic 
threshold. To improve prediction accuracy, we combined AQP3 and 
TGF-β1 into a predictive model, which resulted in an AUC of 0.9763, 
demonstrating a significant improvement in diagnostic accuracy.

Using logistic regression analysis, we developed a predictive model 
based on the serum levels of AQP3 and TGF-β1, with an optimal 
diagnostic threshold of 0.44 ng/L. This model not only improved the 

FIGURE 6

ROC curve of serum AQP3 and TGF-β1 for the diagnosis of MA.

FIGURE 5

ELISA detection of AQP3 and TGF-β1 expression in patient serum. 
**p < 0.01 vs. IA. n = 40.
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accuracy of MA prediction but also provides clinicians with a practical 
tool for assessing the risk of MA. The combined prediction of AQP3 
and TGF-β1 may offer new biomarkers and diagnostic criteria for the 
early diagnosis and clinical management of MA.

In conclusion, this study provides strong evidence supporting 
AQP3 and TGF-β1 as potential biomarkers for MA. The established 
combined diagnostic model has high clinical application value. Future 
research should further validate the applicability of this model in 
different populations and explore the specific roles of AQP3 and 
TGF-β1 in the pathogenesis of MA.

5 Limitations of the study

Although this study provides preliminary evidence supporting 
AQP3 and TGF-β1 as potential biomarkers for MA, several limitations 
need to be addressed in future research.

Firstly, the sample size in this study was relatively small, which 
may affect the generalizability and statistical robustness of the results. 
While we  obtained consistent conclusions across multiple 
experimental methods (immunohistochemistry, RT-qPCR, ELISA, 
etc.), the small sample size may introduce random variation or bias in 
the findings. Therefore, future studies should expand the sample size, 
particularly by validating the results in diverse populations, to enhance 
the representativeness and credibility of the findings.

Secondly, the data in this study were collected from a single 
hospital and a single region, which could be influenced by regional 
or population-specific differences. Patients from different regions, 
ethnicities, or age groups may exhibit variations in the expression 
levels of AQP3 and TGF-β1, potentially affecting the external validity 
of the results. To address this, future research should involve samples 
from multiple regions and hospitals, helping to eliminate potential 
regional and demographic confounding factors and improving the 
broader applicability of the results.

Additionally, although this study has validated the diagnostic 
potential of AQP3 and TGF-β1 through ROC curve analysis, it is limited 
to serum level measurements. The expression of AQP3 and TGF-β1 is 
regulated by various factors, such as immune responses and 
inflammatory processes. Therefore, relying solely on these two 
biomarkers may not fully capture the complex pathological mechanisms 
of MA. Future studies could consider integrating other clinical indicators 

or molecular biomarkers to construct a more comprehensive diagnostic 
model, enhancing both the accuracy and sensitivity of diagnosis.

Finally, while the logistic regression model used in this study 
showed a high AUC, its clinical applicability still needs further 
validation. Larger-scale prospective studies are necessary to assess the 
long-term stability and predictive power of the model to ensure its 
effectiveness in real-world diagnostic settings. Additionally, practical 
considerations, such as detection methods, cost, and the availability 
of detection equipment, should also be taken into account.

In conclusion, while this study provides preliminary evidence for 
the use of AQP3 and TGF-β1 as biomarkers for MA diagnosis, further 
large-scale, multi-center studies are needed to validate their 
generalizability and clinical value. Incorporating other relevant factors 
will also be essential to further improve diagnostic accuracy.
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