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Identification of noninvasive 
diagnostic biomarkers for ectopic 
pregnancy using data‑independent 
acquisition (DIA)proteomics: a pilot 
study
Dan Ma 1,2,3,8, Ruiqing Yang 2,8, Yunlong Chen 2, Zhengyi Huang 2, Yuxin Shen 2, 
Chengqi He 4,5* & Lixing Zhao 6,7*

At present, the diagnosis of ectopic pregnancy mainly depends on transvaginal ultrasound and β‑hCG. 
However, these methods may delay diagnosis and treatment time. Therefore, we aimed to screen 
for serological molecular markers for the early diagnosis of ectopic pregnancy (EP).Using data‑
independent acquisition (DIA)proteomics, the differential proteins in serum were selected between 
the intrauterine pregnancy (IP) and EP groups. Then, the expression levels of these differential 
proteins were measured by enzyme‑linked immunosorbent assay. The diagnostic value of the serum 
biomarkers was evaluated by receiver operating characteristic curve analysis.GSTO1, ECM‑1 and 
β‑hCG showed significant differences between the EP and IP groups (P < 0.05). The combination of 
GSTO1/ECM‑1/β‑hCG had an area under the curve of 0.93 (95% CI 0.88–0.99), a sensitivity of 88.89% 
(95% CI 73.94–96.89) and a specificity of 86.11% (95% CI 70.50–95.33) with a likelihood ratio of 6.40.
The combination of GSTO1/ECM‑1/β‑hCG may be developed into a possible approach for the early 
diagnosis of EP.

Ectopic pregnancy(EP) is defined as a pregnancy that occurs outside the uterus, most commonly in a fallopian 
tube,it can also occur in an ovary, the abdominal cavity, and a uterine  horn1. The prevalence of ectopic pregnancy 
is estimated at 2% of all pregnancies, is a significant cause of mortality in pregnant  women2. At present, it still 
accounts for 6% of pregnancy-associated  morbidities3. Typical symptoms of ectopic pregnancy are cessation of 
menstruation, sudden abdominal pain, and vaginal  bleeding4.In severe cases, syncope, shock and even death may 
 occur4. Therefore, the diagnosis and early treatment of ectopic pregnancy are especially important. At present, the 
diagnosis of ectopic pregnancy mainly depends on transvaginal ultrasound and the quantitative measurement 
of the β subunit of human chorionic gonadotropin (β-hCG)5. However, in practice, a patient only visits the doc-
tor after abdominal pain and vaginal bleeding, which easily delays the diagnosis and treatment time. Moreover, 
current diagnostic methods have to be done in the hospital, we want to develop an early screening method for 
ectopic pregnancies that can be used at home,so as to greatly reduce the harm of ectopic pregnancy.Therefore, 
early warning and better diagnosis of ectopic pregnancy are urgent issues.

In the last 20 years, researchers have been searching for serological markers of ectopic pregnancy, but little 
progress has been made thus far due to various difficulties. At present, β-hCG is still the most widely used serum 
marker in clinical practice, but a single serum β-hCG level can only reflect pregnancy but not the pregnancy 
location. Therefore, serum β-hCG is not suitable for the diagnosis of ectopic pregnancy.
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To better diagnose ectopic pregnancy, several studies have been carried out, and several indicators have been 
identified, such as progesterone, VEGF, inhibin A, activin A, or a combination of progesterone, β-hCG, CA125, 
and CD3 + T cell  percentages6. In 2007, Florio et al. first reported that activin A can be used to predict ectopic 
 pregnancy7. When the detection limit was set at 0.37 ng/mL, the sensitivity and specificity were 100% and 99.6%, 
respectively. However, the result was not confirmed in subsequent confirmatory studies. Yan et al. reported that 
the sensitivity and specificity of Adrenomedullin (ADM) in the detection of ectopic pregnancy were only 53.50% 
and 85.00%,respectively8. However, these factors are limited in practicability due to conflicting results or low 
sensitivity and specificity.

Data Independent Acquisition (DIA) is an emerging quantitative proteomics technique enabling fast and 
sensitive protein profiling from complex mixtures. This detection provides an unambiguous identification and 
quantification of all the lipids (both low and high abundant peaks).Utilizing novel scan functions and data pro-
cessing workflows DIA represents a paradigm shift in the expectations associated with quantitative proteomics 
 analysis9. The aim of this study was to screen for serological molecular markers of ectopic pregnancy with the 
application of data-independent acquisition (DIA)-based quantitative proteomics.

Results
Clinical findings. In this study, we recruited 36 women with ectopic pregnancy and 36 women with normal 
early pregnancy as controls after clinical evaluation, β-hCG and vaginal ultrasound examination. Demographic 
information and clinical characteristics are given in Table 1. Pregnancy outcomes included 36 (50.0%) viable IPs 
and 36 (50.0%) EPs. Twenty-seven EPs (75.0%) were placed in fallopian tubes, and nine (25.0%) were placed in 
uterine incisions. Both groups of women were in the early stages of pregnancy, and no significant difference was 
observed in terms of age and gestational age (P > 0.05), which was determined by the first day of the last men-
strual period. In addition, β-hCG levels were measurable in all samples and were significantly (P < 0.001) lower 
in the EP group than in the IP group (Table 1).

Molecular markers screening. Potential biomarkers in the serum samples for evaluating activity were 
screened using data-independent acquisition (DIA)proteomics. As shown in Fig. 1, in the 5 samples evaluated, 
each sample has multiple positive points. The intensities of TSP1, GSTO1, INHBC, CLEC3B and ECM-1 in the 

Table 1.  Baseline of the study population. IP intrauterine pregnancy, EP ectopic pregnancy, SD standard 
deviation, hCG human chorionic gonadotropin.

IP (n = 36) EP (n = 36) P value

Age, year (± SD) 29.50 ± 5.01 30.33 ± 4.77 0.47

Gestational age, day (± SD) 52.19 ± 8.25 51.36 ± 10.94 0.72

β-hCG (mIU/mL) 75,939.89 ± 61,751.00 18,636.28 ± 28,190.06 < 0.001

Site of EP (%)

Tubal Ectopic Pregnancy(TEP) 27 (75.0)

Uterine incision 9 (25.0)

Figure 1.  Volcano plot (A) and Cluster heatmap (B) of the differentially expressed proteins between IP and EP 
group.
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serum samples of the EP group were significantly different from those in the IP group. These results indicate that 
these serological markers may be useful targets for the diagnosis of EP.

Molecular markers confirmation. The expression of TSP1, GSTO1, INHBC, CLEC3B, ECM-1 and β-hCG 
in serum was measured by using ELISA (n = 36). As shown in Fig. 2, the expression levels of GSTO1 were signifi-
cantly higher in patients with EP than in patients with normal pregnancy (P = 0.01). Although CLEC3B showed 
no difference between EP and IP, the expression level of CLEC3B in TEP decreased significantly (P = 0.04).Inter-
estingly, ECM-1 concentrations in EP and TEP were significantly lower than those in IP (P < 0.001). The β-hCG 
levels were significantly lower in EP and TEP pregnancies than in normal pregnancies (P < 0.001). There was no 
statistically significant difference in TSP1, INHBC or CLEC3B between the three groups.

Subgroup analysis according to gestational age (< 50 vs. ≥ 51 days) showed that the GSTO1 levels were signifi-
cantly higher in patients with EP whose gestational age ≥ 51 days compared to patients with IP whose gestational 
age ≥ 51 days (P = 0.01) and patients with EP whose gestational age < 50 days (P = 0.02). ECM-1 concentrations in 
EP patients whose gestational age was < 50 days were significantly lower than those in IP patients (P = 0.01). The 
same lower levels of ECM-1 were also observed in EP patients whose gestational age was ≥ 51 days (P < 0.001). 
Moreover, the β-hCG concentrations of EP patients whose gestational age ≥ 51 days were lower than those of IP 
patients whose gestational age ≥ 51 days (P = 0.001) (Fig. 3).

Diagnostic accuracy of biomarkers for EP. The ROC curve was used to evaluate the sensitivity/specific-
ity, positive/negative predictive value, likelihood ratio (LR) and area under the curve (AUC) of GSTO1, INHBC, 
β-hCG and different combinations as diagnostic tests. Table 2 and Fig. 4 demonstrate the significant discrimina-
tory ability of increased GSTO1, ECM-1, β-hCG and different combination levels for the diagnosis of EP.

In detail, GSTO1 at the cutoff of 4343 pg/mL achieved a sensitivity of 63.89% (95% confidence interval (CI), 
46.22–79.18) and a specificity of 69.44% (95% CI, 51.89–83.65) as a single serum marker for EP prediction (AUC: 
0.70 (95% CI, 0.58–0.82)), with an LR of 2.09. When an ECM-1 concentration of 4732 pg/mL was used as a cutoff 
for the diagnosis of EP in the control group, the sensitivity was 72.22% (95% CI, 54.81–85.80), the specificity was 
75.00% (95% CI, 57.80–87.88) as a single serum marker for EP prediction (AUC: 0.82 (95% CI, 0.72–0.91)), and 
the LR was 2.89. β-hCG at the cutoff of 24,300 mIU/mL achieved a sensitivity of 80.56% (95% CI, 63.98–91.81) 
and a specificity of 77.78% (95% CI, 60.85–89.88). The AUC for β-hCG was 0.83 (95% CI: 0.74–0.93), with 
an LR of 3.63. When combining all the factors together, we constructed the Formula y = (0.0003*GSTO1)-
(0.001*ECM1)-(0.00003*hCG) + 3.518. The combined detection of these three serological markers had an AUC 
of 0.93 (95% CI, 0.88–0.99), a sensitivity of 88.89% (95% CI, 73.94–96.89) and a specificity of 86.11% (95% CI, 
70.50–95.33) with an LR of 6.40.

Discussion
Given that diagnosing ectopic pregnancy is a clinical challenge in the early gestational age, how to explore a bio-
marker to simplify and improve the diagnosis of ectopic pregnancy is a research focus.Some studies demonstrated 
that there is no single diagnostic biomarker for tubal ectopic pregnancy that has been adequately tested and yields 

Figure 2.  Concentrations of TSP1, GSTO1, INHBC, CLEC3B, ECM-1 and β-hCG in serum of IP and EP 
women. Data are presented as the mean ± standard deviation.
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satisfactory  results10. Using multiple serum marker analysis might be a possible solution for the diagnosis of EP. 
In this study, we found that GSTO1, ECM-1 and β-hCG may be serological markers for the early diagnosis of 
EP, especially when combining the three factors together, with the best sensitivity and specificity.

Every marker that we choose is biologically plausible.Glutathione transferase (GST) is a large family of trans-
ferases that is related to the progression of tumors and the metabolism of foreign objects (such as environmental 
pollutants)11. Omega-GST 1 has been confirmed to exist widely in a variety of tissues and has the activity of 
a variety of biological enzymes, especially those involved in the biotransformation of  arsenic12–14. Some stud-
ies have found that there is a statistical relationship between recurrent abortion and GSTO1 mutation during 
pregnancy. They further speculated that this relationship is related to the change in ascorbate reductase activity 
and arsenic metabolism caused by GSTO1  mutation15. In a study of the relationship between pregnancy and 
GSTO1, GSTO1 was also found to be related to fetal intrauterine growth  restriction16,17. In this study, we found 
that for more than 51 days of pregnancy, GSTO1 levels in the IP and EP groups were significantly different, but 
the sensitivity and specificity of the difference were not high.

Extracellular matrix protein 1 (ECM-1) is a glycoprotein that usually acts as a functional binding core protein 
and interacts with a variety of proteins to regulate angiogenesis and tumor  growth18. For example, the interaction 
of ECM-1 with matrix metalloproteinase 9 (MMP9), the epidermal growth factor receptor (EGFR), CX3CL1 
and CCL14 is involved in the occurrence and development of many  diseases19–21. Graubner et al. proposed 
that a large amount of ECM1 can be observed in the endometrial epithelium at the early stage of pregnancy, 
which may be related to decidualization and implantation  preparation22. As pregnancy progresses, the amount 
of ECM-1 changes accordingly, suggesting that ECM-1 plays an important role in maintaining pregnancy and 
fetal  development23,24. Hannan et al. found that CX3CL1 and CCL14 promote trophoblast migration in early 
pregnancy by regulating ECM-120. Therefore, we explored the relationship between ECM-1 and EP and found a 
significant difference between the IP group and EP group, suggesting the possibility of ECM-1 in the diagnosis 
of early EP.

Figure 3.  Subgroup analysis of concentrations of TSP1, GSTO1, INHBC, CLEC3B, ECM-1 and β-hCG 
in serum of IP and EP women according to gestational age (< 50 vs. 51 days). Data are presented as the 
mean ± standard deviation.

Table 2.  Diagnostic value of GSTO1, ECM-1 and β-hCG for EP. GSTO1 glutathione S transferase omega 
1, ECM-1 extracellular matrix protein-1, hCG human chorionic gonadotropin, EP ectopic pregnancy, CI 
confidence interval.

Cut off Sensitivity (95% CI), % Specificity (95% CI), % Likelihood ratio

GSTO1 (pg/mL) 4343 63.89 (46.22–79.18) 69.44 (51.89–83.65) 2.09

ECM-1 (pg/mL) 4732 72.22 (54.81–85.80) 75.00 (57.80–87.88) 2.89

β-hCG (mIU/mL) 24,300 80.56 (63.98–91.81) 77.78 (60.85–89.88) 3.63

GSTO1/ECM-1 0.3296 88.89 (73.94–96.89) 72.22 (54.81–85.80) 3.20

GSTO1/ECM-1/β-hCG − 2.094 88.89 (73.94–96.89) 86.11 (70.50–95.33) 6.40
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Other markers of pregnancy development were less significant.Thrombospondin-1 (TSP-1) is a sensitive 
index for monitoring platelet activation in vitro25. Studies have shown that the expression of TSP-1 has a certain 
relationship with pregnancy and the expression level in different muscle tissues is different at different stages of 
pregnancy, which ensures the normal formation of blood vessels during pregnancy and maintains the stability of 
the blood vessel  bed26,27. Inhibin beta C (INHBC) belongs to the transforming growth factor beta (TGF-β) fam-
ily, widely exists in the placenta and endometrium, and has an anti-cell proliferation  effect28–30. Abdoli et al. and 
Fortes et al. pointed out that the INHBC gene is involved in the inheritance of reproductive traits of sheep and 
 cattle31,32, and some scholars also pointed out that INHBC is involved in the blastocyst implantation  process33. 
C-type lectin domain family 3 member B (CLEC3B) is a binding protein that has a specific binding effect on 
plasminogen kringle-434. Rocha et al. proposed that the fetus can stimulate CLEC3B secretion during preg-
nancy, so CLEC3B has a role in the diagnosis of early  pregnancy35. Unfortunately, in this study, we did not find 
a significant difference in these three markers between the IP group and EP group, but further study is needed.

As the most commonly used serological indicator of EP, β-hCG plays a very important role in the diagnosis of 
early ectopic pregnancy. Often, low levels of β-hCG may suspect the possibility of EP, but β-hCG alone does not 
confirm or rule out EP, which was consistent with our experimental  results36–38. Although there were significant 
differences between the IP group and the EP group, the sensitivity and specificity of β-hCG for the diagnosis of 
EP were poor, and GSTO-1 and ECM-1 showed the same results. However, when β-hCG, GSTO-1 and ECM-1 
were combined, both sensitivity and specificity were significantly increased, suggesting the possibility of early 
diagnosis of EP.

Due to the limited success of single serum biomarker measurements, several researchers have started to inves-
tigate the possibility of using several markers analysis in order to diagnose tubal ectopic pregnancy.O’Leary et 
al. examined progesterone and β-hCG levels and found, in preliminary studies, that a plasma β-hCG < 3000 IU/l 
and a plasma progesterone < 40 nmol/l could predict a tubal ectopic pregnancy with a sensitivity of 88% and 
specificity of 82%39. A retrospective study analyzed 289 women in the emergency department who were diag-
nosed with EP, spontaneous abortion, or viable intrauterine pregnancy,and the researchers collected the serum 
progesterone, hCG and activin A concentrations of these patients and made statistical  analysis40. Their findings 
suggest that progesterone (< 10 ng/ml), hCG (< 6,699 IU/l), and activin A (< 0.26 ng/ml) cutoffs were optimized 
by ROC analysis,and the multi-marker panel utilizing all three biomarkers had a sensitivity of 70% and specific-
ity of 69%40. Our study also confirms these findings that combining several markers into a single test with better 
diagnostics than individual proteins.In addition, the results of our study were similar to those of the above studies 
in terms of sensitivity and specificity.

There are limitations in this experiment. First,these findings are considered preliminary and many of the 
analyses are not routinely used in clinical practice. External validation of future plans will be conducted in a 
separate set of samples. Second, our sample size is relatively small, which may lead to deviation of the results. It 
is suggested that a larger sample size should be used in future research. Moreover, the results of various proteins 
in the IP group and EP group showed little difference, which may not be applied to the clinical rapid examina-
tion index.

In conclusion, the present study reveals that GSTO1/ECM-1/β-hCG in serum may be potentially useful 
biomarkers for the early diagnosis of EP, which should be confirmed in studies with larger sample sizes.We 

Figure 4.  Receiver operating characteristic curves of GSTO1, ECM-1 and β-hCG.
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hope to present this research result to provide inspiration for subsequent researchers in research design and 
research ideas.

Methods
Patients and serum sample collection. In the EP group, the inclusion criteria included 4–12 weeks of 
pregnancy, abdominal pain, bleeding and other clinical symptoms, and diagnosis of EP confirmed by transvagi-
nal ultrasonography(including tubal pregnancy, uterine incision scar pregnancy and uterine horn pregnancy). 
Women with a history of menopause and increased serum β-hCG but without diagnosis confirmed by ultra-
sound or improvement after conservative treatment were excluded. In the intrauterine pregnancy (IP) group, 
the inclusion criteria included 4–12 weeks of pregnancy, no abdominal pain, bleeding or other clinical symp-
toms, and uterine fetal bud confirmed by ultrasound. Clinical data were recorded for all patients, including 
age, gestational age, serum β-hCG concentration, progesterone concentration, and clinical diagnosis.This study 
was approved by the Ethics Committees of West China Second Hospital of Sichuan University(no.124), and all 
patients signed informed consent forms.

2 to 3 ml of a peripheral venous blood sample of EP and IP patients was each collected in third-grade A 
hospitals. Samples were centrifuged at 1000 rpm at 4 °C for 10 min, and the serum was separated, packaged and 
stored at -80 °C until use. All samples were selected from unrelated Han individuals.

Proteomic screening assay. Ten serum samples (from 5 EP patients and 5 IP patients) were used to per-
form proteomic screening by data-independent acquisition (DIA). All of the selected samples were matched for 
age and gestational age(see supplementary Table 1).

The first stage is sample extraction and quality control. First, 10 μl serum from each sample (containing 
trypsin inhibitors) was added to the resin slurry in the column at room temperature (RT). After mixing, the 
column was placed on the rotator and rotated for 1 h. Second, with the bottom and lid removed, the column was 
placed in a 2 ml EP tube and centrifuged at 1,000 g for 2 min at 4 °C. Third, after removal of the top 12 proteins in 
abundance from plasma, the eluted samples were reserved by vacuum freeze drying. The lyophilized sample was 
added to 100 μl SDS for redissolution and subsequently centrifuged at 12,000 g for 10 min at RT. The supernatant 
was the total protein solution, whose concentration was determined by the bicinchoninic acid (BCA) method. 
Finally, each sample (8 µg) was separated by 12% SDS polyacrylamide gel electrophoresis (SDS–PAGE). After 
that, the separated gels were stained by Coomassie brilliant blue staining and subsequently washed with distilled 
water until the background was clear. For quality control, the gels were scanned by using ImageScanner, which 
was used to judge whether follow-up experiments were possible according to the images.

The second stage is DIA experiment. First, after protein quantification, a 30 μg sample was placed in an 
ultrafiltration tube and reacted with 120 μl reductant buffer (10 mM DTT, 8 M urea, 100 mM TEAB; pH 8.0) 
at 60 °C for 1 h. Following the reaction, IAA was added until the final concentration was 50 mM, and the reac-
tion time was 40 min at RT without light. The solution at the bottom of the collecting tube was discarded after 
centrifugation at 12,000 rpm at 4 °C for 20 min. After that, 100 μl buffer (300 mM TEAB) was added to the tube 
and centrifuged twice at 12,000 rpm for 20 min. After replacement of the collection tube, 100 μl buffer (300 mM 
TEAB) and 2 μl sequencing grade trypsin solution (1 μg/μl) were added to the ultrafiltration tube and reacted 
at 37 °C for 12 h. The peptides after enzymolysis were collected after centrifugation at 12,000 rpm for 20 min. 
Subsequently, 50 μl buffer (200 mM TEAB) was added to the tube and centrifuged at 12,000 rpm for 20 min. The 
solution at the bottom of the tube was collected and lyophilized. Second, after enzymolysis and lyophilization, the 
peptides were redissolved with 1 ml 0.1% TFA and desalted with an RP-C18 solid phase extraction (SPE) column. 
Third, for LC–MS/MS analysis, the IRT standard sample and the sample to be tested were mixed according to a 
volume ratio of 1:10, and mass spectrometry analysis was performed.

After high pH liquid phase separation and liquid-mass spectrometry, the enzymolyzed peptides of each 
sample were collected separately on the computer, and a spectral library was established using Spectreonaut 
Pulsar X software for data analysis. The t-test was performed on the repeated values of each group to calculate 
the fold change and P value of each comparison group, and then two-standard screening was performed (fold 
change = 1.2, P value < 0.05). Proteins (fold change > 1.2 or < 5/6, P value < 0.05) were considered to be significantly 
differentially expressed proteins, which are listed and marked with colors.

Enzyme‑linked immunosorbent assay. Large sample verification of the proteins (fold change > 1.2, P 
value < 0.01) was performed by enzyme-linked immunosorbent assay (ELISA) using commercial kits purchased 
from RayBiotec, Inc. (Norcross, GA), R&D Systems (Minneapolis, MN), and Abbexa, Inc. (Beijing, China). The 
experiments were conducted by following the manufacturer’s suggested procedures.

Statistical analysis. Concentrations of thrombospondin-1 (TSP1), glutathione S-transferase omega-1 
(GSTO1), inhibin beta C chain (INHBC), tetranectin (CLEC3B), extracellular matrix protein 1 (ECM-1) and 
β-hCG in the serum of IP and EP women are presented as the mean ± standard deviation. The t-test was con-
ducted for independent samples of the two groups according to ELISA verification results, and a P value < 0.05 
was considered statistically significant. The Hosmer–Lemeshow test was performed to assess the calibration 
degree of the prediction model. The ROC curve was made by GraphPad Software (San Diego, CA), and the 
area under the curve (AUC), sensitivity, specificity, positive predictive value and negative predictive value were 
calculated to evaluate the diagnostic value of EP.
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Institutional Review Board Statement. All subjects gave their informed consent for inclusion before 
they participated in the study. The study was conducted in accordance with the Declaration of Helsinki, and the 
protocol was approved by the Ethics Committee of West China Second Hospital of Sichuan University(no.124).

Data availability
All datasets generated for this study are available within the article.

Received: 23 April 2022; Accepted: 31 October 2022

References
 1. Hendriks, E., Rosenberg, R. & Prine, L. Ectopic pregnancy: Diagnosis and management. Am. Fam. Phys. 101, 599–606 (2020).
 2. Petrini, A. & Spandorfer, S. Recurrent ectopic pregnancy: Current perspectives. Int. J. Womens Health 12, 597–600 (2020).
 3. B.-G. Committee on Practice. ACOG practice bulletin No. 191: Tubal ectopic pregnancy. Obstet. Gynecol. 131, e65–e77 (2018).
 4. Chouinard, M., Mayrand, M. H., Ayoub, A., Healy-Profitós, J. & Auger, N. Ectopic pregnancy and outcomes of future intrauterine 

pregnancy. Fert. Ster. 112, 112–119 (2019).
 5. Scibetta, E. W. & Han, C. S. Ultrasound in early pregnancy: Viability, unknown locations, and ectopic pregnancies. Obstet. Gynecol. 

Clin. North Am. 46, 783–795 (2019).
 6. Li, H., Liu, Y., Wen, S., Jia, H. & Du, Y. Evaluation of serum biomarkers and efficacy of MTX in women with ectopic pregnancy. 

Mol. Med. Rep. 20, 2902–2908 (2019).
 7. Florio, P. et al. Single serum activin a testing to predict ectopic pregnancy. J. Clin. Endocrinol. Metab. 92, 1748–1753 (2007).
 8. Yan, Q., Lu, Q., Tao, Y., Wang, Y. D. & Zhao, W. X. Diagnostic value of the plasmatic ADM level for early ectopic pregnancy. Int. J. 

Clin. Exp. Pathol. 8, 14812–14817 (2015).
 9. Li, J., Smith, L. S. & Zhu, H. J. Data-independent acquisition (DIA): An emerging proteomic technology for analysis of drug-

metabolizing enzymes and transporters. Drug Discov. Today Technol. 39, 49–56 (2021).
 10. Rausch, M. E. et al. Development of a multiple marker test for ectopic pregnancy. Obstet. Gynecol. 3, 573–582 (2011).
 11. Pljesa-Ercegovac, M. et al. Glutathione transferases: Potential targets to overcome chemoresistance in solid tumors. Int. J. Mol. Sci. 

19, 3785–3790 (2018).
 12. Chatterjee, A. & Gupta, S. The multifaceted role of glutathione S-transferases in cancer. Cancer Lett. 433, 33–42 (2018).
 13. Prysyazhnyuk, V. et al. Glutathione-S-transferases genes-promising predictors of hepatic dysfunction. World J. Hepatol. 13, 620–633 

(2021).
 14. Barbier, M. et al. Glutathione transferases: Surrogate targets for discovering biologically active compounds. J. Nat. Prod. 83, 

2960–2966 (2020).
 15. Polimanti, R. et al. GSTO1 uncommon genetic variants are associated with recurrent miscarriage risk. Fert. Ster. 101, 735–739 

(2014).
 16. Roifman, M. et al. Genome-wide placental DNA methylation analysis of severely growth-discordant monochorionic twins reveals 

novel epigenetic targets for intrauterine growth restriction. Clin. Epigenetics 8, 70 (2016).
 17. Thomas, S. et al. Metals exposure and risk of small-for-gestational age birth in a Canadian birth cohort: The MIREC study. Environ. 

Res. 140, 430–439 (2015).
 18. Sercu, S. et al. ECM1 interacts with fibulin-3 and the beta 3 chain of laminin 332 through its serum albumin subdomain-like 2 

domain. Matrix Biol. 28, 160–169 (2009).
 19. Fujimoto, N. et al. Extracellular matrix protein 1 inhibits the activity of matrix metalloproteinase 9 through high-affinity protein/

protein interactions. Exp. Dermatol. 15, 300–307 (2006).
 20. Hannan, N. J. & Salamonsen, L. A. CX3CL1 and CCL14 regulate extracellular matrix and adhesion molecules in the trophoblast: 

potential roles in human embryo implantation. Biol. Reprod. 79, 58–65 (2008).
 21. Lee, K. M. et al. Extracellular matrix protein 1 regulates cell proliferation and trastuzumab resistance through activation of epi-

dermal growth factor signaling. Breast Cancer Res. 16, 479 (2014).
 22. Graubner, F. R., Boos, A., Aslan, S., Kucukaslan, I. & Kowalewski, M. P. Uterine and placental distribution of selected extracellular 

matrix (ECM) components in the dog. Reproduction (Cambridge, England) 155, 403–421 (2018).
 23. Graubner, F. R. et al. Uterine responses to early pre-attachment embryos in the domestic dog and comparisons with other domestic 

animal species. Biol. Reprod. 97, 197–216 (2017).
 24. Graubner, F. R., Pereira, M. T., Boos, A. & Kowalewski, M. P. Canine decidualization in vitro: Extracellular matrix modification, 

progesterone mediated effects and selective blocking of prostaglandin E2 receptors. J. Reprod. Dev. 66, 319–329 (2020).
 25. Starlinger, P. et al. Thrombospondin-1: A unique marker to identify in vitro platelet activation when monitoring in vivo processes. 

J. Thromb Haemost 8, 1809–1819 (2010).
 26. Morimoto, T., Head, J. R., MacDonald, P. C. & Casey, M. L. Thrombospondin-1 expression in human myometrium before and 

during pregnancy, before and during labor, and in human myometrial cells in culture. Biol. Reprod. 59, 862–870 (1998).
 27. Viklund, F. et al. Protein concentrations of thrombospondin-1, MIP-1beta, and S100A8 suggest the reflection of a pregnancy clock 

in mid-trimester amniotic fluid. Reprod. Sci. 27, 2146–2157 (2020).
 28. Kaufl, S. D. et al. Inhibin/activin-betaC subunit does not represent a prognostic parameter in human endometrial cancer. Arch. 

Gynecol. Obstet. 284, 199–207 (2011).
 29. Kaufl, S. D. et al. Inhibin/activin-betaC subunit in human endometrial adenocarcinomas and HEC-1a adenocarcinoma cell line. 

In Vivo 24, 695–698 (2010).
 30. Kimmich, T. et al. Inhibin/activin-betaC and -betaE subunits in the Ishikawa human endometrial adenocarcinoma cell line. Arch. 

Gynecol. Obstet. 282, 185–191 (2010).
 31. Abdoli, R. et al. Genome-wide association study of four composite reproductive traits in Iranian fat-tailed sheep. Reprod. Fert. 

Dev. 31, 1127–1133 (2019).
 32. Fortes, M. R., Reverter, A., Kelly, M., McCulloch, R. & Lehnert, S. A. Genome-wide association study for inhibin, luteinizing 

hormone, insulin-like growth factor 1, testicular size and semen traits in bovine species. Andrology 1, 644–650 (2013).
 33. Mylonas, I., Bruning, A., Shabani, N., Kunze, S. & Kupka, M. S. Evidence of inhibin/activin subunit betaC and betaE synthesis in 

normal human endometrial tissue. Reprod. Biol. Endocrinol. 8, 143 (2010).
 34. Zhu, H. F. et al. Cancer-associated fibroblasts promote colorectal cancer progression by secreting CLEC3B. Cancer Biol. Ther. 20, 

967–978 (2019).
 35. Rocha, C. C. et al. Early pregnancy-induced transcripts in peripheral blood immune cells in Bos indicus heifers. Sci. Rep. 10, 13733 

(2020).
 36. Horne, A. W., Duncan, W. C. & Critchley, H. O. The need for serum biomarker development for diagnosing and excluding tubal 

ectopic pregnancy. Acta Obstet. Gynecol. Scand. 89, 299–301 (2010).



8

Vol:.(1234567890)

Scientific Reports |        (2022) 12:19992  | https://doi.org/10.1038/s41598-022-23374-8

www.nature.com/scientificreports/

 37. Marion, L. L. & Meeks, G. R. Ectopic pregnancy: History, incidence, epidemiology, and risk factors. Clin. Obstet. Gynecol. 55, 
376–386 (2012).

 38. Wedderburn, C. J. et al. Economic evaluation of diagnosing and excluding ectopic pregnancy. Hum. Reprod. (Oxford, England) 25, 
328–333 (2010).

 39. O’Leary, P., Nichols, C., Feddema, P., Lam, T. & Aitken, M. Serum progesterone and human chorionic gonadotrophin measure-
ments in the evaluation of ectopic pregnancy. Aust. N. Z. J. Obstet. Gynaecol. 36, 319–323 (1996).

 40. Warrick, J. et al. Serum activin A does not predict ectopic pregnancy as a single measurement test, alone or as part of a multi-
marker panel including progesterone and hCG. Clin. Chim. Acta 413, 707–711 (2012).

Acknowledgements
We would like to thank all those who helped us in this research project.

Author contributions
D.M. and R.Y. drafted the manuscript. R.Y. and Y.C. performed the laboratory procedures. Z.H. performed the 
statistical analysis. Y.S. collected and analyzed data. C.H. and L.Z. designed the revised the experiment and criti-
cally revised the manuscript. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 23374-8.

Correspondence and requests for materials should be addressed to C.H. or L.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, 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 changes were made. 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:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-23374-8
https://doi.org/10.1038/s41598-022-23374-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Identification of noninvasive diagnostic biomarkers for ectopic pregnancy using data-independent acquisition (DIA)proteomics: a pilot study
	Results
	Clinical findings. 
	Molecular markers screening. 
	Molecular markers confirmation. 
	Diagnostic accuracy of biomarkers for EP. 

	Discussion
	Methods
	Patients and serum sample collection. 
	Proteomic screening assay. 
	Enzyme-linked immunosorbent assay. 
	Statistical analysis. 
	Institutional Review Board Statement. 

	References
	Acknowledgements


