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Abstract
Background: Cooperation among hypoxia signalling, immune modulation and angiogenesis plays an important part in determining the receptivity of the endometrium, the lining of the uterus, to implantation. How Hypoxia-Inducible Factor-2 alpha (HIF-2α), IL-13 and Vascular Endothelial Growth Factor A (VEGF-A) contribute to female infertility in Middle Eastern populations is not well understood. 
Objectives: Quantifying HIF-2α and IL-13 gene expression and VEGF-A serum levels in women with primary infertility, along with evaluating their diagnostic value and how they relate to each other. 
Methods: Case-control study of 70 women with primary infertility and 30 age-matched fertile controls (age range 18–35 years). Gene expression in peripheral blood was measured by RT-qPCR (SYBR Green) using GAPDH normalization (2−ΔΔCt). Serum VEGF-A was measured by ELISA. Statistical analyses included independent t-tests, Pearson correlation and ROC curve analysis. P≤0.05 was considered significant. 
Results: Infertile women were found to have a significantly lower level of HIF-2α (mean fold change of 0.189; p=0.038*). A non-significant decrease in IL-13 levels (mean fold change of 0.69; p=0.458) was also observed. A statistically significantly lower level of the serum level of VEGF-A was noted (310 ± 60 pg/ml; p=0.006*) in patients compared to controls (480 ± 44 pg/ml; p=0.006*). ROC analysis of the use of HIF-2α and IL-13 for the diagnosis of infertility showed high sensitivity but low specificity (r=0.468; p≤0.001). 
Conclusion: The association of HIF-2α expression and change in VEGF-A serum levels indicate the potential diagnostic utility of a multi-marker test for the diagnosis of infertility in this population.
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Introduction
Infertility is a major global reproductive health concern affecting nearly 15% of couples worldwide, with primary infertility representing the most challenging and heterogeneous form of the condition (1). The regulation of ovarian function, endometrial receptivity, implantation success, and early embryo development is a result of a diverse array of endocrine, immunological, inflammatory, and angiogenic factors that are 


combined to influence female infertility (2). Although several molecular pathways have been investigated, the precise mechanisms underlying primary infertility remain insufficiently understood, particularly in Middle Eastern populations where related epidemiological and molecular data are limited (3, 4).
Hypoxia-inducible factors (HIFs) are transcription factors that control cellular reactions to oxygen levels and have a significant impact on ovarian function, folliculogenesis, and endometrial implantation preparation (5). Among them, HIF-2α (encoded by EPAS1) participates in angiogenesis, trophoblast invasion and uterine vascular remodeling (6). HIF-2 deregulation could hinder the coordinated vascular and metabolic adaptations necessary for successful conception. However, there is a shortage of studies that examine HIF-2 expression in infertile women (5).
Another key element in reproductive immunology is interleukin-13 (IL-13), an anti-inflammatory cytokine involved in immune tolerance, tissue repair and the modulation of Th2-dominant environments during early pregnancy (7). Th2 cytokines are crucial for fostering fetal–maternal immune acceptance, and an IL-13 imbalance can affect immune balance, causing implantation failure or impaired endometrial receptivity (8). However, the available evidence on IL-13 levels in infertility is inconsistent, and further research is needed to clarify its diagnostic or mechanistic relevance (9).
Vascular endothelial growth factor A (VEGF-A) is a crucial component of angiogenesis, a pathway that links hypoxia and immune modulation to female fertility. It is responsible for vascular permeability, corpus luteum formation, endometrial thickening, and early placental development (10). Reduced VEGF-A expression can lead to inadequate endometrial blood flow and deficient implantation (9). Several studies have reported alterations in VEGF-A concentrations among infertile women; however, findings vary depending on the underlying etiology, patient characteristics, or laboratory methods employed (11).
In the context of reproduction, hypoxia, immune regulation, and angiogenesis are important, and examining the combined profile of HIF-2, IL-13, and VEGF-A could help us understand the molecular alterations associated with primary infertility in a more integrated manner (12). Nonetheless, there is limited research exploring these markers simultaneously, and their potential diagnostic value has not been fully elucidated.
This study aimed to examine HIF-2 and IL-13 gene expression levels in the peripheral blood of women with primary infertility, measure serum VEGF-A levels, analyze the correlation between these markers, and determine their diagnostic performance through ROC curve analysis.

Materials and Methods 
Study Subjects 
The Kamal Al-Samarrai Hospital Fertility Center in Baghdad conducted a case-control study that included 100 women who were recruited from the age range of 18–35 years. WHO criteria defined infertility as not being able to conceive after 12 months of regular unprotected intercourse. The diagnosis of infertility was confirmed by at least two specialist physicians, one from reproductive endocrinology and the other from infertility specialist. The cause of infertility was recorded, including tubal factor, ovarian disorders, endometriosis, and unexplained infertility, and male-factor infertility was excluded via normal semen analysis according to WHO guidelines.
Inclusion criteria: women with primary infertility aged 18–35, no hormonal therapy for at least three months before sampling. 
Exclusion criteria: secondary infertility, active pelvic infection, systemic chronic disease (e.g., diabetes, autoimmune disease), recent use of immunomodulatory drugs, pregnancy, or malignancy.

RNA extraction and cDNA synthesis 
EasyScript® One-Step gDNA Removal and cDNA Synthesis Super Mix (TransGen Biotech, Beijing, China) was utilized to reverse transcribe all blood samples and extract RNA. The purity of the extracted RNA was assessed using a Nanodrop (Thermo Fisher Scientific, USA). The manufacturer's instructions were followed for the procedure, which involved using oligo (dT)18 as the primer in a reaction volume of 24 µl. The total RNA volume for reverse transcription was 6 µl, and the primer used was oligo (dT)18. The thermal cycler was employed to extract and synthesize cDNA, with each sample incubated for 10 minutes at 25°C. To inactivate the enzymes, the samples were incubated at 43°C for 15 minutes (for qPCR) and then at 85°C for a further 5 seconds.

DNA extraction and genotyping 
The EasyPure® Blood Genomic DNA Kit (Catalog No. EE121, TransGen Biotech, China) was used to extract genomic DNA from whole blood samples of all study participants, as specified by the manufacturer. Polymerase chain reaction (PCR) was used to genotype the HIF-2 (EPAS1) gene, and DNA sequencing was performed afterwards. The reaction volume was 20 µl, and 10 µl of 2 EasyTaq® PCR SuperMix was used. To perform the analysis, we must first obtain 1 µl of each forward and reverse primer (10 µM), 6 µl of nuclease-free water, and 2 µl of the genomic DNA template. 
The thermal cycling conditions were established as follows: denaturation at 94°C for 5 minutes, followed by 40 amplification cycles at 94°C for 30 seconds, annealing at 60°C for 15 seconds, and extension at 72°C for 20 seconds, with a final extension step at 72°C for 5 minutes. PCR products were analyzed by electrophoresis on a 1% agarose gel and visualized under ultraviolet illumination.
Specific primers for the amplification and sequencing of HIF-2α (EPAS1), IL-13 and the housekeeping gene GAPDH were designed and synthesized by Integrated DNA Technologies (IDT, USA). The primer sequences and amplification particulars are summarized in Table 1.


Table 1. The study designed primers.
	Primer
	Sequence 
(5ʹ→3ʹ direction)
	Annealing temperature (ºC)
	Product size (bp)

	HIF2a(EPAS1) gene in exon7 

	Forward
	GAGCAAATTGTCTGCCCGTC
	60
	833

	Reverse
	ACAGTGCTGTTCCACAAGGT
	
	

	HIF2a(EPAS1) for Rt-qPCR

	Forward
	TGGTTACCACCCTGAGGAGC
	60
	70

	Reverse
	GTTCTCGGAGTCTAGCGCAT
	
	

	IL-13 gene for Rt-qPCR

	Forward
	TGCATGTCCGAGACACCAAA
	60
	185

	Reverse
	CCCGCCTACCCAAGACATTT
	
	

	GAPDH- Glyceraldehyde 3-phosphate dehydrogenase

	Forward
	GGCCTCCAAGGAGTAAGACC
	60
	165

	Revers
	AGGGGTCTACATGGCAACTG
	
	




Quantitative Real-Time PCR (qRT–PCR)
To determine the mRNA levels of HIF-2α (EPAS1), IL-13, and the housekeeping gene GAPDH, quantitative real-time PCR (qRT-PCR) was performed. The gene identifiers used were: EPAS1 (Gene ID: 2034), IL-13 (Gene ID: 3596), and VEGFA (Gene ID: 7422). Gene information was confirmed using the NCBI Gene database. All reactions were set up to a final volume of 20 µl composed of 10 µl of 2× PCR SuperMix: EasyTaq® PCR SuperMix (TransGen Biotech, China), 1 µl each of forward and reverse primers (10 µM), 4 µl of cDNA and 4 µl of nuclease-free water. Amplification and fluorescence detection were performed on a real-time PCR thermocycler according to the manufacturer's instructions. The SYBR Green detection method, a sensitive and reliable technique for quantifying steady-state mRNA expression levels, was used to determine relative gene expression. The change in gene is significant, based on Ct values from duplicate reactions using the 2× qPCR Master Mix Kit, to ensure the CR Master Mix Kit for reliability and consistency of the results. For relative expression measurements, the 2-ΔΔCt method was used. The ΔCt was determined by subtracting the housekeeping gene (GAPDH) Ct value from the target gene Ct value. ΔΔCt was calculated relative to comparative ΔCt values of experimental samples compared to the control group. The relative fold change in gene expression is presented as 2^-ΔΔCt, which is used to compare normalized mRNA levels.

Measurement of Serum VEGFA Level by Enzyme-Linked Immunosorbent Assay (ELISA)
VEGF-A serum level was assayed with VEGF-A ELISA kit (Sunlong Biotech Co., Cat. No. SL2247H4; Shanghai, China). Antibodies were coated on the inner bottom of each well of a 96-well ELISA plate. An appropriate amount of serum was added, and the mixture was incubated. Tetramethylbenzidine (TMB) substrate was used to detect the amount of enzyme activity, which equals the enzyme-linked VEGF-A captured in the well. Optical density (OD) values were measured with a microplate reader at 450 nm wavelength and used to determine the sample concentration.

Statistical Analysis 
Data were analyzed using SPSS software (version XX, IBM Corp., Armonk, NY, USA). Gene expression fold changes were calculated using the 2−ΔΔCt method after normalization with reference genes (13). Descriptive statistics were 
expressed as mean ± standard deviation (SD). Between-group differences were evaluated using the independent samples t-test, while categorical 
data were compared using the Chi-square test. The Receiver Operating Characteristic (ROC) curve analysis was applied to assess the diagnostic performance of HIF-2α, IL-13, and VEGF-A, with sensitivity, specificity, and cut-off values reported. Correlation analyses were performed using Pearson’s correlation coefficient (r). A p-value≤0.05 was considered statistically significant.

Results 
Table 2 provides information about the clinical and demographic characteristics of all subjects included in the research, with women with primary infertility having similar mean ages to those in the fertile control group. The number of years women have been without conception (duration of infertility) ranged between 1 year and 8 years (mean: 3.6 ± 1.9). The most frequently reported reason for the infertility diagnosis was Ovulatory disorder (34.3%), followed closely by a tubal factor (25.7%), unexplained infertility (25.7%), and endometriosis (14.3%). In terms of previous fertility treatments received, 17.1% of women diagnosed with infertility had attempted at least one IVF cycle, 28.6% of women diagnosed with infertility had attempted IUI (intrauterine insemination), whereas over half (54.3%) of women diagnosed with infertility had never received assistance with either form of reproductive technology prior to beginning their participation in this study.

Table 2. Demographic and Clinical Characteristics of the Participants.
	[bookmark: OLE_LINK1]Variable (mean ± SD)
	Primary Infertility
(n = 70)
	Fertile Controls
(n = 30)

	Age (years)
	28.4 ± 4.2
	27.9 ± 3.8

	BMI (kg/m²)
	26.1 ± 3.7
	25.8 ± 3.4

	Duration of infertility (years)
	3.6 ± 1.9
	—

	Cause of infertility
	
	—

	Ovulatory disorders
	24 (34.3%)
	—

	Tubal factor
	18 (25.7%)
	—

	Endometriosis
	10 (14.3%)
	—

	Unexplained infertility
	18 (25.7%)
	—

	Previous fertility treatment
	
	—

	Prior IVF attempts
	12 (17.1%)
	—

	Prior IUI attempts
	20 (28.6%)
	—

	No prior ART treatment
	38 (54.3%)
	—


Note: ART = Assisted Reproductive Technologies; BMI = Body Mass Index; SD = Standard Deviation.


Quantitative real-time PCR (qRT-PCR) analysis confirmed successful and specific amplification of HIF-2α (EPAS1), with consistent amplification plots and single, sharp dissociation peaks, indicating high assay 
reliability (Fig. 1). Gene expression analysis revealed a significant downregulation of HIF-2α in infertile women associated with fertile controls (fold change = 0.189, p = 0.038*) (Table 3). 
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A 						B
Fig. 1. A: Melting curves, B: Cycling or temperature curve of qPCR amplification for HIF-2α gene.
Table 3. Fold change of HIF-2α gene expression depending on the 2-ΔΔCt method (mean ± SD).
	Group
	HIF2a Ct
	GAPDH Ct
	ΔCt
	ΔCt Calibrator
	ΔΔCt
	2-ΔΔCT
	Fold of gene expression

	Patient
	21.84±0.93
	27.82±2.15
	-5.98±2.11
	-7.39±0.00
	1.41±2.12
	0.97±1.54
	0.189

	Control
	20.95±1.23
	[bookmark: _Hlk205240686]28.34±2.63
	-7.39±2.78
	-7.39±0.00
	0.00±2.78
	5.12±13.10
	1

	T-test
	2.110

	P-value
	0.038*


*Significant at p ≤ 0.05.


In our evaluation of female infertility using the ROC (Receiver Operating Characteristic) curve analysis of HIF-2α gene expression results, we observed high sensitivity (100%) but low specificity (6.1%). As a result, HIF-2α identified 100% of all women who were infertile but misclassified a large number of 
fertile women. Therefore, this may imply that the HIF-2α gene alone may have limited diagnostic utility as a stand-alone biomarker for infertility. The AUC of the ROC analysis was 0.336 (95% CI: 0.211- 0.460) with a cut-off of 0.0269, a sensitivity of 100%, and a specificity of 6.1% (p = 0.011).



[bookmark: _Hlk234711197]In our evaluation of female infertility using the ROC (Receiver Operating Characteristic) curve analysis of HIF-2α gene expression results, we observed high sensitivity (100%) but low specificity (6.1%) (Fig. 2). As a result, HIF-2α identified 100% of all women who were infertile but misclassified a large 
number of fertile women. Therefore, this may imply that the HIF-2α gene alone may have limited diagnostic utility as a stand-alone biomarker for infertility. The AUC of the ROC analysis was 0.336 (95% CI: 0.211- 0.460) with a cut-off of 0.0269, a sensitivity of 100%, and a specificity of 6.1% (p = 0.011).
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[bookmark: _Hlk205565493]Fig. 2. ROC curve. AUC = 0.336, 95% CI: 0.211–0.460, Cut-off = 0.0269, Sensitivity = 100%, Specificity = 6.1% (p = 0.011*) for HIF-2α gene expression in infertile women.


Quantitative real-time PCR (qRT-PCR) analysis confirmed specific and efficient amplification of IL-13, as evidenced by clear amplification plots and single, sharp melt curve peaks, thereby validating the reliability of the assay (Fig. 3). The gene expression analysis showed a non- significant downregulation of IL-13 in infertile women compared to fertile controls (fold change = 0.69, p = 0.458No) (Table 4). Although the difference was not statistically significant, a downward trend in IL-13 expression was observed in the infertile group.
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Fig. 3. A: Melting curves, B: Cycling or temperature curve of qPCR amplification for IL-13 gene.
Table 4. Fold change of IL-13 gene expression depending on the 2-ΔΔCt method.
	Group
	IL-13 Ct
	GAPDH Ct
	ΔCt
	ΔCt Calibrator
	ΔΔCt
	2-ΔΔCT
	Fold of gene expression

	[bookmark: _Hlk205452053]Patient
	[bookmark: _Hlk205451921]30.03±1.19
	27.82±2.15
	2.21±2.48
	1.79±0.00
	0.41±2.48
	2.87±7.82
	0.69

	Control
	[bookmark: _Hlk205451949]30.13±1.31
	28.33±2.63
	1.80±2.99
	1.79±0.00
	0.00±2.99
	4.16±7.58
	1

	T-test
	0.745

	P-value
	0.458NS


NS(P>0.05), non-significant.


The ROC curve analysis of IL-13 gene expression in infertile women indicated a sensitivity of 9.2% (Fig. 4). The cut-off point for determining whether a woman is infertile based on IL-13 gene expression is 0.0291. Thus, the majority of women who are classified as being infertile based on IL-13 downregulation are actually correctly identified as having infertility. However, this may also include many women 
with normal fertility. Additionally, the ROC data demonstrate limited diagnostic utility when relying solely on IL-13 downregulation to predict infertility. The AUC is 0.434, with a 95% confidence interval (CI) of 0.307 to 0.560 and a cut-off point of 0.0291, yielding a sensitivity of 94.4% and a specificity of 9.2% (p = 0.304 NS) for predicting infertility using IL-13 expression in women.


[image: ]
Fig. 4. IL-13 gene expression in blood samples, AUC = 0.434, 95% CI: 0.307–0.560, Cut-off = 0.0291, Sensitivity = 94.2%, Specificity = 9.1% (p = 0.304).


ELISA analysis revealed significantly lower mean serum VEGF-A levels in infertile women (310 ± 60 pg/ml) compared to fertile controls (480 ± 44 pg/ml; p≤0.01**) (Table 5). These results indicate a statistically significant reduction in VEGF-A concentration among infertile women, suggesting a possible association between VEGF-A expression and female infertility.

Table 5. Serum VEGF-A levels in infertile.
	Group
	Mean (pg)±SD

	Patient
	310±60.00

	Control
	480±44.00

	T-test
	2.79

	P-value
	0.006**


**Significant at p ≤ 0.01.
VEGF-A level ROC curve analysis identified a cut-off of 0.2285. The sensitivity was very high (98.2%), but the specificity was low (5.7%) (Fig. 5). Consequently, while VEGF-A can identify most of the infertile women, it does not do so well when trying 
to differentiate between fertile men and men who are infertile. AUC = 0.354; 95% Confidence Interval: 0.234 to 0.473; Cut-off: 0.2285; Sensitivity = 98.2%; Specificity = 5.7%; p Value = 0.020*.
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[bookmark: _Hlk205455768]Fig. 5. ROC for VEGF-A, AUC = 0.354, 95% CI: 0.234–0.473, Cut-off = 0.2285, Sensitivity = 98.2%, Specificity = 5.7% (p = 0.020*).


The correlation analysis revealed a significant positive association between HIF-2α and IL-13 expression (r = 0.468, p≤0.001**), indicating a moderate direct relationship between these two markers in infertile women (Table 6). 
Conversely, VEGF showed no significant correlation with either HIF-2α or IL-13, suggesting an independent pattern of regulation among these factors within the infertile group.


Table 6. Correlation among HIF-2α and IL-13, and expression with VEGF in infertile women.
	
	HIF2a
	IL-13
	VEGF

	HIF2a
	Pearson Correlation
	1
	0.468**
	0.003

	
	Sig. (2-tailed)
	
	0.000
	0.984

	IL-13
	Pearson Correlation
	0.468**
	1
	-0.004

	
	Sig. (2-tailed)
	0.000
	
	0.978

	VEGF
	Pearson Correlation
	0.003
	-0.004
	1

	
	Sig. (2-tailed)
	0.984
	0.978
	


*Significant at p ≤ 0.05; **Significant at p ≤ 0.01.


The study showed a significant positive correlation between HIF-2α and IL-13 expression in infertile women, indicating co-activation of hypoxia-responsive transcriptional programming and Th2-mediated immune regulation in the endometrium. Although IL-13 expression showed a modest but statistically nonsignificant reduction compared to fertile controls, ROC analysis demonstrated very high sensitivity (94.2%) but extremely low specificity (9.1%), suggesting limited diagnostic accuracy as an individual biomarker. Moreover, VEGF levels were significantly lower in infertile women, and correlation analysis showed no significant relationship between VEGF and either HIF-2α or IL-13, implying that angiogenic regulation may occur independently of hypoxia and immune signaling pathways.

Discussion
The primary finding of this investigation was that among Iraqi women with primary infertility, there is significant down-regulation of HIF-2 and marked reduced levels of serum VEGFA compared with fertile controls matched by age (14). In contrast, the level of IL-13, while declining, did not reach statistical significance (15, 16). The findings suggest that pathways involving disrupted hypoxia, angiogenesis and immune modulation may be possible explanations for the reproductive issues reported by women suffering from primary infertility (17).
Several studies reported increased HIF-2α expression in pathological endometrial conditions, such as adenomyosis (18). In contrast to these findings, this current study shows a decrease in the expression of HIF-2α in primary infertility patients, supporting the concept that changes in HIF signaling pathways may have different effects based on the cause of infertility (19). It has been shown through genetic analyses that several EPAS1 polymorphisms will decrease transcriptional activity of HIF-2α; this can result in an ovarian dysfunction in PCOS patients and women with unexplained infertility (20) and thus supports the findings of this study. Decreased expression of HIF-2α leads to reduced VEGF production, which could result in inadequate blood vessel development and decreased ability of embryos to implant. The molecular changes associated with HIF-2α are similar to those of HIF-1α, which has been linked to disruption of the glycolytic metabolic pathway resulting in failure to implant (17). The possible interaction between HIF-2α and HIF-1α suggests that both play an essential role in regulating the ability of the endometrium to receive an embryo.
This study is the first study of HIF-2α expression in a cohort of infertile Iraqi women, and it provides new information about how infertility develops in this cohort. Previous studies conducted in Iraq have established the usefulness of gene expression biomarkers, such as DRD2 and HLA-G, as predictors of both fertility and IVF success (21). The current results add to existing knowledge by demonstrating that decreased levels of HIF-2α may impair endometrial function, reducing the likelihood of a successful pregnancy.
Although the high level of sensitivity and low specificity of HIF-2α indicate that it may be part of a multi-component screening panel (along with other clinical and/ or molecular assays) to help improve diagnostic accuracy and decrease rates of false-positive results, these results are consistent with previous findings that demonstrate a decreased expression of HIF-2α in women experiencing infertility. Hypoxia-dependent regulation of gene expression plays an important role in the proper function of female reproductive physiology (22, 23).
While there wasn't a statistically significant reduction in IL-13 levels, the findings support prior studies on IL-13’s influence on the immune system during pregnancy. The production of IL-13 creates an immunosuppressive environment in the uterus that prepares for successful implantation; this occurs through regulation of uNK (uterine Natural Killer) cells, increased trophoblast invasion, and changes in cell adhesion molecules during the critical period of endometrial receptivity (24, 25). Reduced IL-13 production may disrupt the reproductive immune system and hinder successful implantation and/or early pregnancy outcomes.
IL-13 functions within a large interaction of immune cytokines (e.g., IL-10, IL-15, and IFN-gamma) (26, 27). Lower levels of IL-13 have been associated with infertility and recurrent pregnancy loss associated with endometriosis (26, 27). The high sensitivity and low specificity of IL-13 may make it inappropriate as a standalone diagnostic test; rather, it is better suited as an adjunct marker in a multi-marker diagnostic panel alongside other immune markers (such as HIF-2α and VEGF).
The decrease in VEGF-A (vascular endothelial growth factor A) may reduce the ability to form new blood vessels (angiogenesis), affecting follicle growth (folliculogenesis), implantation of the fertilized egg, and endometrial preparedness for implantation or receptor status (endometrial receptiveness) (28). The findings here are consistent with reviews linking lower VEGF-A production to other pregnancy-related problems, including luteal phase deficiencies and ovulatory disorders, as well as lower quality oocytes. Conversely, the presence of increased VEGF-A was reported for certain infertility disorders resulting from structurally abnormal angiogenic processes (e.g., recurrent pregnancy loss). In this study, the degree of change in VEGF-A levels may provide evidence, though not definitive evidence, of suboptimal endometrial vascularization and receptivity (29).
As VEGF-A demonstrates sensitivity but low specificity, it may be useful as a screening marker to assess the likelihood of reproductive success (30). However, due to the potential to create false positives, caution must be applied with this usage due to the impact that abnormal results may have on the physician, patient or family member experiencing stress associated with fertility issues. Studies have demonstrated variability in the amount of VEGF-A detected; possible causes of this variability include differences in sample types, assay methods, menstrual cycle phases, and demographic characteristics of study populations (31). Combining VEGF-A, hypoxia-inducible factor 2α (HIF-2α), and interleukin-13 (IL-13) may significantly improve the accuracy of diagnosing female infertility and deepen understanding of the biological causes of infertility.
ROC curve analyses assessed the diagnostic performance (sensitivity, specificity, and AUC) of HIF-2α, IL-13, and VEGF-A and demonstrated the potential of combining these markers to improve infertility screening in routine clinical practice.
There is a positive correlation between HIF-2α and IL-13, which could indicate a connection between "hypoxia-induced signalling" and IL-13-mediated regulation of the immune response through the Th2 pathway, both of which are needed to build a receptive endometrial environment. Hypoxia-induced IL-13 expression could create an environment in which the immune system is tolerant of an implanted embryo (32). In contrast, the data suggest that VEGF acts independently of these pathways, indicating that angiogenesis dysregulation occurs independently of hypoxia or Th2 immune responses. In summary, the findings illustrate that infertility is a complex disorder caused by multiple defects within the interrelated hypoxic, immune, and angiogenic pathways.
These results demonstrate that the coordination of HIF-2α (hypoxia sensing), IL-13 (immune tolerance), and VEGF (angiogenesis) creates a highly complex environment that can lead to implantation failure. While IL-13 is known to be included among several biomarkers in a multiplex diagnostic panel, it appears that the mechanisms underlying IL-13 and VEGF dysregulation differ, and, as such, these pathways may contribute to different causes of infertility. This suggests that integrating multiple markers from each of these pathways (hypoxic, immune, and angiogenic) will provide a more accurate means of predicting reproductive outcomes and developing a personalized plan for treating infertility (33-35).
The findings indicate that infertility is a multifactorial condition influenced by hypoxia signaling, immune regulation, and angiogenesis, all of which affect endometrial receptivity and implantation success. A significant downregulation of HIF-2α was observed in infertile women, while IL-13 expression was slightly reduced but not significant, and serum VEGF-A levels were markedly lower. Correlation analysis revealed a positive association between HIF-2α and IL-13, with no association with VEGF-A. Diagnostic evaluation showed high sensitivity but limited specificity for each marker alone. These results underscore the need for multi-marker panels to improve predictive accuracy and guide targeted therapeutic strategies to enhance implantation outcomes.

Funding
No external funding was received.

Ethics approval 
The study was approved by the Local Research Ethics Committee in the Iraqi Ministry of Health, No. 119551, on 25/11/2024. All procedures complied with the Declaration of Helsinki.

Conflict of interest 
The authors declare no competing interests.

Acknowledgments
The authors thank the staff of Kamal Al-Samarrai Fertility Center for sample collection.

Authors’ contributions
Hiba Hussein Resen conceived the study, performed experiments and wrote the manuscript. Wafaa Sabri Mahood supervised the clinical aspects and patient recruitment. Asmaa M. Salih Almohaidi designed primers, performed molecular analyses and revised the manuscript. All authors read and approved the final manuscript.


References 
1. Mirza SF, Saeed RH, Almohaidi AMS, Al-Janab IJH. Evaluation mucin 1 polymorphism and expression with infertility in Iraqi females. Res Militaris. 2022:12(2); 6916–6927. 
2. Al Fleafil SJ, Al Faisal AHM, Mahood, RA. Association between GSTM1, GSTT1 genes variants and some physiological parameters in infertility patients. Iraqi J Biotechnol. 2021;1(20): 38-45. 
3. Ghudhaib KK, Khaleel FM, Ali FE. Evaluation of DPP4, TNF, and lipid profile levels as early indicators in infertility among Iraqi women. Baghdad Sci J. 2025;22(5):1501-1510. 
4. Saeed RH, Al-Mohaidi AMS, Ismail NK. Association between some risk factors with hormonal state in a sample of infertile Iraqi women. Int J Drug Delivery Technol. 2021;11(3):685-689. 
5. Wang YX, Arvizu M, Rich-Edwards JW, Stuart JJ, Manson JE, Missmer SA, et al. Menstrual cycle regularity and length across the reproductive lifespan and risk of premature mortality: prospective cohort study. BMJ. 2020;371:m3464. 
6. Mahmoud FA, Abdulhassan IA. Leptin gene polymorphism (rs7799039), some serum hormones and lipid profile parameters in Iraqi women with PCOS. Iraqi J Biotechnol.2024;23(3):83-89
7. Majeed AY, Zulkafli NES, Ad'hiah AH. Serum profiles of pro-inflammatory and anti-inflammatory cytokines in non-hospitalized patients with mild/moderate COVID-19 infection. Immunol Lett. 2023;260:24-34. 
8. Khashei Varnamkhasti K, Khashei Varnamkhasti S, Bahraini N, Davoodi M, Sadeghian M, Khavanin M. Multi-locus high-risk alleles association from interleukin's genes with female infertility and certain comorbidities. BMC Res Notes. 2024;17(1):344.
9. Mahmoud, EA. Expression of vascular endothelial growth factor in the placenta of Iraqi women complicated with hypertensive disorder. 2022. Int J Drug Delivery Technol. 2022.12(3):977-980.
10. Hlail ZA, Mohammed KIA, Abd-ulamir AS, Salman MO. Immunological detection of platelet-derived growth factor and vascular endothelial growth factor in Iraqi women with PCOS. Res J Pharmacy Techno. 2022;15(10):45264528. 
11. Mohammed LS, Haddad NI. FMS-like tyrosine kinase 1 and associated factors to predict IVF outcomes in infertility. Iraqi J Sci. 2024;65(8):4179-4188. 
12. Sambyal V, Mahajan D, Guleria K. VEGF and HIF1A polymorphisms and infertility risk in North-West Indians: A case-control study. Egyptian J Medi Hum Genetics. 2025;26(151):1-13. 
13. Song R, He S, Wu Y, Chen W, Song J, Zhu Y, et al. Validation of reference genes for the normalization of the RT-qPCR in peripheral blood mononuclear cells of septic patients. Heliyon. 2023;9(4):e15269. 
14. Martínez-Aguilar R, Rowley BM, Walker C, Critchley HOD, Carmeliet P, Maybin JA. Limiting Premenstrual Endometrial Hypoxia Inducible Factor 2 Alpha May Fine-Tune Endometrial Function at Menstruation. J Clin Endocrinol Metab. 2025;110(4):1135-1147. 
15. Al-Shammaa, NFK. Enhancing women's fertility: Insights and strategies based on scientific evidence. Genetics Mol Res. 2025;24(1):1–11. 
16. Hussein, ZF, Al-Mussavi BJ, Aziz IH, Al-Dujaily SS. Role of LIF gene variation on implantation after IVF in PCOS and non-PCOS women. Iraqi J Biotechnol. 2018;17(2):57-67. 
17. Gholipour H, Amjadi FS, Zandieh Z, Mehdizadeh M, Ajdary M, Delbandi AA, et al Investigation of the Effect of Seminal Plasma Exosomes from the Normal and Oligoasthenoteratospermic Males in the Implantation Process. Rep Biochem Mol Biol. 2023;12(2):294-305. 
18. Wu J, Li X, Huang H, Xia X, Zhang M, Fang X. TET1 in hypoxia-induced EMT of endometrial epithelial cells in endometriosis. PeerJ. 2020;8, e9950.
19. Uimari O, Subramaniam KS, Vollenhoven B, Tapmeier TT. Uterine Fibroids (Leiomyomata) and Heavy Menstrual Bleeding. Front Reprod Health. 2022;4:818243. 
20. Zhang Y, Liu J, Basang Z, Yang Q, Chen H, Chen S, et al. Shared genetic features inference among hypoxia-ischemia diseases in the presence of heterogenous omics data based on a novel risk assessment method. Front Genet. 2025;16:1587854. 
21. Abdulkhadim AM, Ajina M. HLA-G rs1632947 AA Genotype as a Predictive Biomarker for IVF Failure: A Case-Control Study in Iraqi Women. J Neonatal Surg. 2025;14(21S):269-75.
22. Sahraei SS, Kowsari A, Asl FD, Sheykhhasan M, Naserpoor L, Sheikholeslami A. Evaluating the effect of conditioned medium from endometrial stem cells on endometriosis-derived endometrial stem cells. Anat Cell Biol. 2022;55(1):100-108. 
23. Bakleh MZ, Al Haj Zen A. The Distinct Role of HIF-1α and HIF-2α in Hypoxia and Angiogenesis. Cells. 2025;14(9):673.
24. Ghasemi Tehrani H, Aasasi K, Mardanian F, Mehrabian F, Movahedi M, Naghshineh E. Evaluation of The Effect of Letrozole in the Ovarian Hyperstimulation Syndrome Prevention in Participants at Risk of Treatment with Ovulation-Stimulating Drugs:A Randomized Controlled Trial. Rep Biochem Mol Biol. 2022;11(3):386-393. 
25. Kargar R, Yahoo Z, Rafiemanesh H, Aslani S, Shamosi A, Mohammadi H. Evaluation of Th1-Th2 Balance in Patients With Unexplained Recurrent Spontaneous Abortion: A Systematic Review and Meta-Analysis. Am J Reprod Immunol. 2025;94(1):e70125. 
26. Piccinni MP, Raghupathy R, Saito S, Szekeres-Bartho J. Cytokines, Hormones and Cellular Regulatory Mechanisms Favoring Successful Reproduction. Front Immunol. 2021;12:717808. 
27. Asif R, Khalid A, Mercantepe T, Klisic A, Rafaqat S, Rafaqat S, Mercantepe F. Role of Interleukins in Type 1 and Type 2 Diabetes. Diagnostics (Basel). 2025;15(15):1906. 
28. Guzmán A, Hernández-Coronado CG, Gutiérrez CG, Rosales-Torres AM. The vascular endothelial growth factor (VEGF) system as a key regulator of ovarian follicle angiogenesis and growth. Mol Reprod Dev. 2023;90(4):201-217. 
29. Nejabati HR, Mota A, Farzadi L, Ghojazadeh M, Fattahi A, Hamdi K, Nouri M. Follicular fluid PlGF/sFlt-1 ratio and soluble receptor for advanced glycation end-products correlate with ovarian sensitivity index in women undergoing A.R.T. J Endocrinol Invest. 2017;40(2):207-215. 
30. Bansal R, Ford B, Bhaskaran S, Thum M, Bansal A. Elevated Levels of Serum Vascular Endothelial Growth Factor-A Are Not Related to NK Cell Parameters in Recurrent IVF Failure. J Reprod Infertil. 2017;18(3):280-287. 
31. Al-Taie A, Elseidy AS, Victoria AO, Hafeez A, Ahmad S. Diabetic microvascular complications: interventions and management. Biomedical Biotechnol Res J. 2021;5(4), 380-388. 
32. Dai M, Hong L, Yin T, Liu S. Disturbed Follicular Microenvironment in Polycystic Ovary Syndrome: Relationship to Oocyte Quality and Infertility. Endocrinology. 2024;165(4):bqae023. 
33. 
Bahmyari S, Jamali Z, Khatami SH, Vakili O, Roozitalab M, Savardashtaki A, et al. microRNAs in female infertility: An overview. Cell Biochem Funct. 2021;39(8):955-969.
34. Mukherjee N, Sharma R, Modi D. Immune alterations in recurrent implantation failure. Am J Reprod Immunol. 2023;89(2):e13563.
35. Guo X, Yi H, Li TC, Wang Y, Wang H, Chen X. Role of Vascular Endothelial Growth Factor (VEGF) in Human Embryo Implantation: Clinical Implications. Biomolecules. 2021;11(2):253.


image2.png
I I
E ¥ 5 B EEHEEEEHSY

sorneatsa

So% % B B8 6 B W om oW OB OB @R M BB D2 N %
Temperature





image3.png
- B B ¥ & B B B 8B B





image4.png
Sensitivity

10

ROC Curve

08

08

04

02

l_Jf

09

00

02

04 08

1 - Specificity

08

10




image5.png
Oerivatives
g

$% % 8 R B & DR WK BB R MEED QN
Temperature




image6.png
8 B 5 8 8B 8 8 B 8

[ R T I

B» 2 ¥ % 2 N R M KB
(e

[}




image7.png
Sensitivity

10

ROC Curve

08

08

04

i~

02

]

09

00

02 o4 05
1 - Specificity

Diagonal segments are produced by ties,

08

10




image8.png
10

ROC Curve

08

02

09

00

02 o4 05
1 - Specificity

Diagonal segments are produced by ties,

08

10




image1.png




