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ABSTRACT

This meta-analysis investigates the association between four gene
polymorphisms - ILIA rs17561, IFN-y rs2430561, STOXI
rs1341667, and PPAR-y rs1801282 and the risk of preeclampsia
(PE). Case-control studies published between 2005 and 2025
were retrieved from Scopus, PubMed, Web of Science and Google
Scholar. The inclusion of newly available data enhances statisti-
cal power and offers an updated, reliable synthesis of evidence.
Odds ratios (ORs) with 95% confidence intervals (Cls) were cal-
culated using MetaGenyo software across various genetic mod-
els. Power analysis validated statistical strength, and protein-pro-
tein interaction (PPI) networks were constructed using the data-
base, STRING. A total of 14 research articles, including 3,151 PE
cases and 6,101 controls data were analysed. The IL1A rs17561
polymorphism was significantly linked to preeclampsia (PE) sus-
ceptibility, demonstrating a protective effect under the recessive
model (OR = 0.67) and an elevated risk for heterozygous carriers
in the over-dominant model (OR = 1.49). Subgroup analyses were
feasible for IFN-y, STOXI, and PPAR-y, but no significant asso-
ciations were identified. Power analysis confirmed an adequate
sample size, and PPI network analysis revealed interactions in-
volving 8 nodes and 7 edges. The findings suggest that IL1A
rs17561 has a variant-specific influence on preeclampsia risk,
supporting the role of IL-1-mediated inflammation in its patho-
genesis, while IFN-y, STOXI, and PPAR-y polymorphisms
showed no significant associations.

Keywords: Pre-eclampsia, Gene Polymorphism, ILIA, IFN-y,
STOXI, PPAR-y.
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INTRODUCTION

Preeclampsia (PE) is a hypertension-related condition
that occurs during pregnancy and continues to be a major
contributor to maternal and fatal complications and deaths
worldwide. Contributing to over 50,000 maternal deaths an-
nually, recent estimates indicate that PE complicates approx-
imately 4.6% of pregnancies globally [1,2]. PE occurs after
20 weeks of pregnancy with symptoms of proteinuria and el-
evated blood pressure, presenting a major risk to the mother
as well as the fetus, such as preterm birth, intrauterine growth
retardation, and long-term cardiovascular complications [3].
Although preeclampsia's exact cause is unknown, an intricate
interplay of environmental variables, immunological, and ge-
netic factors is thought to be a reason. [4]. Furthermore, there
is growing evidence that the pathophysiology of PE is pro-
foundly influenced by both poor placental development and
dysregulation of the maternal immune response. Gene poly-
morphisms about trophoblast function and immune response
are now being studied as possible factors contributing to PE
risk. Among the genetic factors under investigation, key pol-
ymorphisms in cytokines and transcription factors, including
Interleukin-1 Alpha (IL1A rs17561), Interferon-gamma
(IFN-y 1s2430561), Storkhead Box 1 [STOX1 rs1341667
(Y513H)], and Peroxisome Proliferator-Activated Receptor
Gamma [PPAR-y rs1801282 (Prol12Ala)], have been identi-
fied as potential contributors to PE risk. IL1A rs17561 is a
strong pro-inflammatory cytokine that modulates placental
growth and trophoblast invasion during pregnancy. However,
high IL1A rs17561 activity causes endothelial damage and
persistent inflammation, both essential for developing PE [5].
The IL1A rs17561 polymorphism, a missense variant result-
ing in an amino acid change, has been linked to increased PE
risk and altered cytokine production. The protein's stability
and function may be affected by this polymorphism, which
could worsen the inflammatory response at the maternal-fetal
interface and impair placentation. Like IL1A rs17561, IFN-y
152430561 is a pro-inflammatory cytokine that shows a dual
role in pregnancy by regulating immune responses and pla-
cental development. However, dysregulated IFN-y
1s2430561 has been associated with impaired trophoblast
function and increased inflammation, which are hallmarks of
PE [6]. The IFN-y rs2430561 polymorphism, which com-
prises a T to A substitution, is located in the gene's first in-
tron. It is speculated that this alteration affects IFN-y
152430561 transcriptional activity, which could result in an
imbalance between pro- and anti-inflammatory responses
that aid in the pathophysiology of PE. STOX1 rs1341667
(Y513H), which is a transcription factor expressed in the pla-
centa, has also been identified as a candidate gene for PE. It
is involved in the regulation of trophoblast proliferation, in-
vasion, and differentiation, which are essential for successful
placentation. Dysregulation of STOX1 rs1341667 expression
has been associated with defective spiral artery remodelling,
which is a characteristic feature of PE [7]. The STOXI1
rs1341667 polymorphism has been linked to altered tropho-
blast function and increased susceptibility to PE [8]. This pol-
ymorphism may disrupt the normal development of the pla-
centa, leading to inadequate blood supply to the foetus and

the subsequent development of PE. Similarly, PPAR-y
rs1801282 (Pro12Ala) is a nuclear receptor involved in lipid
metabolism and inflammation and plays a key role in angio-
genesis and immune tolerance. The PPAR-y rs1801282 pol-
ymorphism, a missense variant, has been associated with al-
tered receptor activity and increased PE risk [9]. This poly-
morphism can affect the transcriptional activity of PPAR-y
rs1801282, altering its ability to regulate genes involved in
lipid metabolism and inflammation, which are critical for
maintaining a healthy pregnancy. While individual studies
have explored the associations between polymorphisms in
these genes and the risk of preeclampsia, findings have often
been inconsistent, likely due to variations in study design,
population demographics, and sample sizes. A comprehen-
sive meta-analysis is therefore essential to synthesize the
available evidence and clarify the strength and consistency of
these associations. Therefore, the current meta-analysis aims
to assess the association between IL1A 1517561, IFN-y
152430561, STOX1 151341667, and PPAR-y 1s1801282 gene
polymorphisms and PE in pregnant women.

RATIONALE OF THE STUDY

This meta-analysis aims to explore the genetic factors
contributing to PE, focusing on IL1A, IFN-y, STOXI1, and
PPAR-y as key candidate genes. The year 2005 was chosen
as the starting point for our search because large-scale, peer-
reviewed genetic association studies on preeclampsia became
available only after this time. Earlier publications often
lacked standardized genotyping methods or uniform diagnos-
tic criteria for preeclampsia, which could introduce method-
ological heterogeneity. Restricting inclusion from 2005 on-
ward ensured the consistency and reliability of the data ana-
lysed. The development of PE is influenced by the roles of
these genes in inflammation, placental function, and meta-
bolic control. IFN-y affects trophoblast activity and immune
tolerance, while IL1A encodes IL-1a, a cytokine associated
with the elevated inflammatory response in PE. Trophoblast
development and spiral artery remodelling depend on
STOX1, while PPAR-y controls lipid metabolism and vascu-
lar health. This meta-analysis aims to expand the available
data, evaluate ethnic differences, and eclucidate the link
among these polymorphisms and PE risk by combining data
from several studies. The findings could advance our
knowledge of the genetic foundation of PE, encourage tai-
lored preventative strategies, and advance the integration of
genetic screening into prenatal care, which can help to im-
prove the health outcomes of both the mother and the fetus
by identifying potential genetic risks early and enabling per-
sonalized interventions.

MATERIALS AND METHODOLOGY

The protocol for this review was registered with
PROSPERO (ID NO: CRD420251130314). The review pro-
cess was conducted in accordance with the PRISMA 2020
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guidelines, and the search policy and study selection proce-
dure are detailed in Figure 1.

Literature search

Related articles were obtained by widespread electronic
searches conducted by using Web of Science, Scopus, Pub-
Med, and Google Scholar from 22" April 2005 till 15" Feb-
ruary 2025. From the Scopus database, we have searched the
articles using the keywords “IL1A and Pre-eclampsia”,
“IFN-y and Pre-eclampsia”, “STOX1 and Pre-eclampsia”,
“PPAR-y and Pre-eclampsia, were identified; IL1A
(rs17561) — 84 articles; IFN-y (rs2430561) — 114 articles;
STOXI1 (rs1341667) — 43 articles; PPAR-y (rs1801282) —
114 articles.

From the PubMed database, we have searched the articles
using the keywords “IL1A and Pre-eclampsia”, “IFN-y and
Pre-eclampsia”, “STOX1 and Pre-eclampsia”, “PPAR-y and
Pre-eclampsia, were identified IL1A (rs17561) — 7 articles;
IFN-y (rs2430561) — 112 articles; STOX1 (rs1341667) — 42
articles; PPAR-y (rs1801282) — 53 articles.

From the Web of Science database, we have searched the
articles using the keywords “IL1A and Pre-eclampsia”,
“IFN-y and Pre-eclampsia”, “STOX1 and Pre-eclampsia”,
“PPAR-y and Pre-eclampsia, were identified; IL1A
(rs17561) — 102 articles; IFN-y (rs2430561) — 144 articles;
STOXI1 (rs1341667) — 77 articles; PPAR-y (rs1801282) —
117 articles.

From the Google Scholar, we have searched the articles
using the keywords “IL1A and Pre-eclampsia”, “IFN-y and
Pre-eclampsia”, “STOX1 and Pre-eclampsia”, “PPAR-y and
Pre-eclampsia, were identified IL1A (rs17561) — 1370 arti-
cles; IFN-y (rs2430561) — 5520 articles; STOX1 (rs1341667)
— 685 articles; PPAR-y (rs1801282) — 848 articles.

The examination policy employed the Boolean operator
"AND" to achieve precise results. English-language articles
were used exclusively throughout the search. In addition to
the above, all databases, Google Scholar was also used to
identify the relevant case vs. control studies using the follow-
ing keywords (“IL1A”, “IFN-y”, “STOX1”, “PPAR-y, Pre-
eclampsia) and the filters (22" April 2005 till 15" February
2025). Rayyan software was employed as an automation tool
to facilitate duplicate removal and initial screening of articles
during the literature search. Additionally, we ensured data re-
liability by removing duplicates within the updated database,
including reviews, and existing meta-analyses as well. The
year 2005 was chosen as the starting point for our literature
search because large-scale, peer-reviewed genetic associa-
tion studies on preeclampsia became increasingly available
only after this time. Earlier publications often lacked stand-
ardized genotyping methods, consistent diagnostic criteria
for preeclampsia, or adequate sample sizes, which could in-
troduce methodological heterogeneity and reduce compara-
bility across studies. Restricting inclusion from 2005 onward,
therefore, ensured that the studies analyzed were conducted
with improved methodological rigor, enhancing the
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reliability and reproducibility of the meta-analysis findings.
We have analysed and extracted data from the two authors
(Sharon Benita Stephen and Rozario Cyril), independently
selected the titles, abstracts, and full texts of all selected stud-
ies. Discrepancies regarding eligibility were resolved
through discussion, and when consensus could not be
reached, a third author (Gowtham Kumar Subbaraj) adjudi-
cated.

Inclusion criteria

Articles are cautiously selected for the meta-analysis
based on selection criteria. To fulfil the inclusion criteria, the
article needed to examine the ILIA rs17561, IFN-y
rs2430561, STOX1 rs1341667, and PPAR-y rs1801282 gene
polymorphisms association with PE. The criteria were con-
sidered for the inclusion of the data: Full text in the English
language is available; Case-control studies using gene poly-
morphism association studies on PE and variations in IL1A
rs17561, IFN-y 152430561, STOX1 rs1341667, and PPAR-y
rs1801282. Study examines how allele and genotype data are
distributed among cases and controls.

Exclusion criteria

The following articles were excluded: Reviews or prior
meta-analyses about ILIA rs17561, IFN-y rs2430561,
STOX1 rs1341667, and PPAR-y rs1801282 with PE; Inves-
tigations not associated between the genes IL1A rs17561,
IFN-y 152430561, STOXI1 151341667, and PPAR-y
rs1801282 and pre-eclampsia risk; Articles with duplicated
data; Case studies and research on animals that over-
lapped with different areas of study. Studies in which ethnic
subgroups were reported but genotype frequencies were not
separable according to our predefined classification criteria
were excluded from subgroup analyses to avoid misclassifi-
cation bias.

Data extraction and Quality assessment

Extracting key data from each study, including name of
the author, publication year, ethnicity of the study popula-
tion, country, allele frequencies, and genotype of IL1A
rs17561, IFN-y 152430561, STOX1 rs1341667, and PPAR-y
rs1801282. The individual characteristics like gender, age,
and sample size were taken into consideration. The HWE p-
value has also been determined. To assess the risk of studies,
we assessed their methodological quality using the Newcas-
tle—Ottawa Scale. Because all eligible studies were observa-
tional case-control genetic association studies, we assessed
study quality using the Newcastle-Ottawa Scale (NOS; case-
control version). Two authors independently evaluated each
study across the NOS domains (Selection, Comparability,
Exposure). Disagreements were resolved by consensus with
a third reviewer. We categorized the overall risk as low (NOS
7-9), some concerns/moderate (NOS 5-6), or high (NOS
<4).
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Power analysis

The acquired metadata was subjected to power analysis
with a 95% CI (0.05 a error). By using the GPower 3.1 soft-
ware, the sample size power of each study (case and control)
was aggregated and analysed individually for each selected
gene.

Protein-to-protein interactions

To understand the gene variations linked to PE and the
protein function of three genes, such as IL1A rs17561,
STOX1 rs1341667, and PPAR-y rs1801282, was analyzed.
The IFN-y rs2430561 gene couldn’t be identified in the data-
base. The STRING database (version 11.0) was utilized to
predict functional changes and protein-protein interactions
(PPIs) with a confidence score of > 0.4.

Statistical analysis

Statistical analysis was done in analyzing the importance
of IL1A 1517561, IFN-y 152430561, STOX1 rs1341667, and
PPAR-y rs1801282 gene polymorphism with PE susceptibil-
ity. The association between IL1A 1s17561, IFN-y
152430561, STOX1 rs1341667, and PPAR-y rs1801282 pol-
ymorphism and PE susceptibility was estimated, along with
the 95% confidence interval (CI) range of values lying within
the degree of confidence. A p-value of <0.05 was considered
statistically significant. The Index of Inconsistency (I?) was
utilized to assess the consistency of findings across all stud-
ies. I? quantifies the percentage of the total variability in ob-
served effect estimates that is attributable to true between-
study heterogeneity rather than sampling error. I? value of 0%
indicates no observed heterogeneity, and larger values indi-
cate increasing heterogeneity. A heterogeneity value less
than 50% led the study group for a fixed effect model, and a
heterogeneity value above 50% led the study group to use a
random effect model. A Chi-square test was conducted to de-
termine the heterogeneity, using the Q statistic. A Z-test was
used to calculate the odds ratios (ORs) for multiple compari-
sons. A combined Odds Ratio (OR) was calculated across all
studies to evaluate the overall impact of genetic factors.
When the Z-test p-value was less than 0.05, the combined ef-
fect was deemed statistically significant. MetaGenyo, a ro-
bust programme used to conduct statistical analysis.

RESULTS
Search results

The present research observed 14 studies [5, 9-21], out of
which studies comprising four genes, namely IL1A rs17561,
IFN-y 152430561, STOX1 1s1341667, and PPAR-y
rs1801282, with a sum of 3151 PE cases and 6101 normal
controls, were selected for this meta-analysis. Figure 1 repre-
sented the data of the selected case vs. control studies.

Risk bias

Based on the NOS assessment, studies were assigned
overall risk classifications (low, moderate, or high) according

to the total NOS score. In line with our prespecified rule, the
pooled evidence was considered to present a low overall risk
of bias.

Quantitative data analysis of IL1A rs17561, IFN-y
rs2430561, STOX1 rs1341667, and PPAR-y rs1801282
and PE

Across four candidate gene polymorphisms, significant
associations with preeclampsia (PE) risk were only identified
for the IL1A (rs17561) gene polymorphism, while IFN-
gamma (rs2430561), STOX1 (rs1341667), and PPAR-
gamma (rs1801282) showed no significant link in any tested
genetic model. Exposure to IL1A rs17561 was significantly
associated with preeclampsia risk across multiple genetic
models. Specifically, the recessive model (AA vs. AC+CC,
OR =0.67, 95% CI 0.52-0.87, p = 0.002) indicated a signifi-
cant protective effect, whereas the dominant model (AA+AC
vs. CC, OR = 1.03, 95% CI 0.56-1.88, p = 0.92) suggested
there is no significant association with PE. In contrast, the
allelic model (A vs. C, OR =0.88, 95% CI1 0.76-1.0, p=0.07)
suggested that there is no significance with PE and the over-
dominant model (AC vs. AA+CC, OR = 1.49, 95% CI 1.16-
1.91, p = 0.001) indicated that heterozygous carriers (AC)
may have an increased risk. These findings highlight a com-
plex genetic influence of IL1A rs17561, consistent with the
variable roles of IL-1 signalling in inflammatory responses
during pregnancy, as shown in Figure 2. The results of IFN-
v 152430561 for the all the four models had no significant link
with PE [the allelic model (T vs. A OR 1.05, 95% CI 0.59-
1.86, p=0.8); the recessive model (TT vs. TA+AA OR 0.86,
95% CI1 0.32-2.32, p=0.7); the dominant models (TT+TA vs.
AA OR 1.18, 95% CI 0.66-2.11, p=0.5); and the over-domi-
nant models (TA vs. TT+AA OR 1.26, 95% CI 0.98-1.61,
p=0.06)] as shown in Figure 3.

The results of STOX1 rs1341667 for the all the four mod-
els had no significant link with PE [the allelic model (T vs. C
OR 0.96, 95% CI10.87-1.05, p=0.3); the recessive model (OR
0.86, 95% CI 0.62-1.20, p=0.3); the dominant model
(TT+TC vs. CC OR 0.98, 0.86-1.12, p=0.7); the overdomi-
nant model (OR 1.08, 95% CI 0.83-1.39, p=0.5)] as shown in
Figure 4.

The results of PPAR-y rs1801282 for all the four models
had no significant link with PE [the allelic model (C vs. G
OR 1.03,95% CI 0.74, 1.42, p=0.8); the recessive model (CC
vs. CG+GG OR 1.00, 95% CI 0.69-1.44, p=0.9); the domi-
nant model (CC+CG vs. GG OR 1.06, 95% CI 0.12-9.41,
p=0.9); and the over-dominant model (CG vs. CC+GG OR
1.04, 95% CI 0.71-1.50, p=0.8) as shown in Figure 5.

Sensitivity analysis

To evaluate the robustness of our pooled estimates, the
sensitivity analysis was done by sequentially omitting indi-
vidual studies. The pooled ORs for several gene polymor-
phisms proved sensitive to the removal of single studies, sug-
gesting a lack of complete robustness in these specific mod-
els (Figures 6-9). The combined effect size for the IL1A
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(rs17561) gene polymorphism was found to be dependent on
the inclusion of the study by Li et al. (2014). Omitting this
study resulted in a loss of statistical significance for both the
recessive model (OR = 0.75; 95% CI 0.52—1.07, becoming
non-significant) and the over-dominant model (OR = 1.36;
95% CI 0.95-1.96, becoming non-significant). This sensitiv-
ity indicates that the statistical significance observed in the
main analysis for these two models is not robust (Figure 6).
Similarly, the results for the IFN-y (rs2430561) polymor-
phism showed instability. The combined effect size for the
recessive model was significantly altered by the removal of
Pinheiro et al. (2015), which resulted in the combined effect
size shifting from non-significant to significant (OR = 0.57;
95% CI 0.35-0.85). The dominant model was also sensitive:
omitting Daher et al. (2006) resulted in a significant com-
bined effect size (OR = 1.36; 95% CI 1.03—-1.80) (Figure 7).
For the STOX1 (rs1341667) gene polymorphism, the pooled
estimate for the recessive model was likewise sensitive. Re-
moval of the study by Fenstad et al. (2010) changed the result
from non-significant to significant (OR = 0.77; 95% CI 0.61—
0.98) (Figure 8). This sensitivity analysis suggests that the
observed associations, including the significant IL1A find-
ings and the non-significant findings for IFN-gamma and
STOX1, are not entirely robust and must be interpreted with
extreme caution. Therefore, we must downgrade the confi-
dence in the significant associations found for the IL1A re-
cessive and over-dominant models, as their significance was
lost upon the removal of one study.
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Similarly, the non-significant findings for IFN-gamma and
STOX1 cannot be definitively concluded, as removing other
studies caused them to become significant. Future signifi-
cant, well-designed studies are critically needed to inde-
pendently validate the associations for the recessive and
over-dominant models of IL1A (rs17561), and to confirm the
true lack of association for IFN-gamma (rs2430561) and
STOX1 (rs1341667). Until such replication occurs, these
particular pooled findings should be considered preliminary
and highly conditional.

Construction of PPI network and Power analysis

The STRING database was used to build and examine the
Protein-Protein Interaction (PPI) network for polymorphic
proteins, namely for PPAR-y rs1801282, STOX1 rs1341667,
and IL1A rs17561. The network consists of 8 nodes and 7
edges, where IL1A rs17561 and PPAR-y rs1801282 exhibit
a direct interaction, while STOX1 rs1341667 does not di-
rectly interact with any of the genes, as shown in Figure 10.
Power analysis was used to further assess each study's signif-
icance level and validate the sample sizes within the neces-
sary threshold (a error prob < 0.05). Table 5 provides specif-
ics on the power analysis findings. Furthermore, the Circos
plot, as shown in Figures 11(a), (b), (c) & (d), visually depicts
the chromosomal locations of the genes under study, tran-
scriptional regulators, and histone modifications, providing
information about possible gene interactions and risk allele

grouping.

Table 1. Characteristics of the studies for the association of IL1A rs17561,
IFN-y 52430561, STOX1 rs1341667, and PPAR-y rs1801282 gene
polymorphism with PE
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Table 2. Subgroup analysis for the association of IFN-y rs2430561 gene polymorphism with PE

Table 3. Subgroup analysis for the association of STOX1 rs1341667 gene polymorphism with PE.
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Table 4. Subgroup analysis for association of PPAR-y rs1801282 gene polymorphism with PE.

Table 5. Emphasizing the importance of determining an appropriate sample size is crucial for accurately evaluating statisti-
cal significance and ensuring the reliability of findings in genetic association studies, especially when investigating specific
polymorphisms. The estimation of sample size plays a pivotal role in determining the statistical power of these studies

Gene SNP Sl\tl::;l?efs Cases Control 0. err prob Powcle)rrﬁ)-)ﬁ err
ILIA rs17561 3 665 954 0.02303 0.9
IFN-y 52430561 5 480 549 0.05343 0.9
STOX1 rs1341667 4 1738 2770 0.000495 0.9
PPAR-y rs1801282 3 268 1828 0.06146 0.9
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Figure 1. PRISMA
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Figure 2. Forest plot for the association of IL1A (rs17561) gene polymorphism
with PE risk (a) allelic, (b) recessive, (c) dominant, and (d) over-dominant model.

Figure 3. Forest plot for the association of IFN-y (rs2430561) gene polymorphism
with PE risk (a) allelic, (b) recessive, (¢) dominant, and (d) over-dominant model.
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Figure 4. Forest plot for the association of STOX1 (rs1341667) gene polymorphism
with PE risk (a) allelic, (b) recessive, (c) dominant, and (d) over-dominant model.

Figure 5. Forest plot for the association of PPAR-y (rs1801282) gene polymorphism
with PE risk (a) allelic, (b) recessive, (c) dominant, and (d) over-dominant model.
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Figure 6. Sensitivity analysis for IL1A (rs17561) among PE cases
and controls in all genetic models.

Figure 7. Sensitivity analysis for [FN-y (rs2430561) among PE cases
and controls in all genetic models.
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Figure 8. Sensitivity analysis for STOX1 (rs1341667) among PE cases
and controls in all genetic models.

Figure 9. Sensitivity analysis for PPAR-y (rs1801282) among PE cases
and controls in all genetic models.
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Figure 10. The Protein-Protein Interaction (PPI) network of differentially expressed genes (DEGs)
among the selected genes associated with PE. We present the total clusters of the PPI network, f
eaturing 8 nodes and 7 edges.

Figure 11. Circos plot visually represents the chromosomal relationships
among the selected SNPs, focusing on IL1A (rs17561).
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DISCUSSION

Pre-eclampsia (PE) remains a major obstetric complica-
tion with a multifactorial etiology involving complex inter-
actions among genetic, environmental, and behavioural de-
terminants [22]. Despite decades of research, the precise
mechanisms underlying susceptibility remain elusive. While
numerous studies have evaluated individual gene variants,
the strength and direction of their associations with PE risk
have varied considerably, underscoring the challenges of dis-
entangling the genetic contribution to this condition [23]. The
current meta-analysis explored the association of four gene
polymorphisms-IL1A rs17561, IFN-y rs2430561, STOX1
rs1341667, and PPAR-y rs1801282-with the risk of PE by
integrating evidence from 14 independent studies encom-
passing 3151 PE cases and 6101 healthy controls.

In this meta-analysis, a significant association was ob-
served for the IL1A rs17561 polymorphism, which showed
divergent effects across genetic models. The recessive model
suggested a protective effect, while the over-dominant model
indicated an increased risk of PE. In contrast, the dominant
and allelic models showed no significant associations. This
pattern suggests a context-dependent role of IL1A in inflam-
matory regulation during pregnancy, where different geno-
typic backgrounds may yield contrasting outcomes.IL1A en-
codes interleukin-la, a key proinflammatory cytokine that
contributes to trophoblast invasion, vascular remodeling, and
immune modulation at the maternal—fetal interface [24,25].
The absence of a strong association may reflect the multifac-
torial contribution of IL-1 signaling, influenced by gene—en-
vironment interactions and compensatory mechanisms
within the IL-1 family, including IL1B and IL1RN polymor-
phisms [26,27]. Moreover, population heterogeneity and dif-
ferences in gestational age at disease onset may obscure gen-
otype—phenotype correlations.

Similarly, no significant correlation was observed for
IFN-y 1s2430561 polymorphism with PE risk in any genetic
model. IFN-y is a Th1 cytokine pivotal in immune activation,
and elevated IFN-y levels have been linked to defective plac-
entation and exaggerated inflammation in PE [28,29]. The
rs2430561 variant, located in the first intron, influences IFN-
v expression levels by modulating transcriptional activity
[30]. However, our findings suggest that the variant alone
may not confer a measurable risk, supporting the hypothesis
that immune dysregulation in PE arises from polygenic ef-
fects and epigenetic regulation rather than single-locus poly-
morphisms [31].

The results of STOX1 rs1341667 for the all the four mod-
els had no significant link with PE. STOX1, a transcription
factor expressed in trophoblasts, regulates placental growth
and differentiation, and its dysregulation has been reported in
familial and sporadic cases of PE [32,33]. Functional studies
have shown that STOX1 interacts with the ENG and FLT1
gene pathways involved in endothelial dysfunction and anti-
angiogenic signaling, key mechanisms underlying PE [34].
The genetic association observed in our analysis does not

support these mechanistic insights and does not confirm
STOX1 as a plausible genetic determinant of PE. Further
functional validation is warranted to elucidate the biological
significance of STOX1 gene polymorphism.

For the PPAR-y rs1801282 polymorphism, no significant
relationship was detected with PE across all genetic models,
consistent with several prior meta-analyses [35,36]. PPAR-y,
a nuclear receptor involved in lipid metabolism and placental
trophoblast differentiation, modulates vascular tone and anti-
inflammatory responses. The rs1801282 (Prol2Ala) variant
has been associated with improved insulin sensitivity and
metabolic outcomes, which could theoretically influence PE
pathogenesis [37]. However, the lack of association in this
study may be attributed to ethnic variability in allele fre-
quency, differences in diagnostic criteria, or gene—nutrient
interactions affecting PPAR-y activity during pregnancy.

The protein-protein interaction (PPI) network analysis
further revealed that IL1A and PPAR-y exhibit direct inter-
actions, suggesting potential crosstalk between inflammatory
and metabolic pathways in PE pathogenesis. The lack of a
direct connection for STOX1 within this network supports
the notion that STOX1-related effects might occur through
transcriptional regulation rather than direct protein interac-
tions. These findings emphasize the multifactorial and poly-
genic architecture of PE, wherein cumulative minor genetic
effects and pathway-level interactions contribute more sig-
nificantly to disease susceptibility than single variants
[38,39].

The pooled ORs for several gene polymorphisms were
sensitive to the removal of individual studies, indicating that
some results lack complete robustness. Moreover, the power
analysis verified that the included sample sizes were suffi-
cient to detect moderate genetic effects, ensuring the reliabil-
ity of the conclusions. The Circos plot provided additional
insight into the genomic organization and potential epige-
netic regulation of the studied genes, suggesting that histone
modifications and transcriptional co-regulators might modu-
late their expression in placental tissue.

Moreover, population-specific allele frequency differ-
ences, as observed in prior studies [40,41], further complicate
interpretation and suggest that the effect of IL1A variants
may vary across ethnic backgrounds. The apparently oppo-
site effects of IL1A rs17561 under different genetic models
may also reflect epigenetic and environmental modulation.
Dietary influences, obesity, and maternal metabolic status
can shape the inflammatory and vascular responses in preg-
nancy, potentially amplifying or attenuating the genetic ef-
fects [42]. Likewise, epigenetic regulation of cytokine genes
has been shown to impact PE risk, indicating that IL1A-
related genetic susceptibility likely operates within a broader
regulatory framework. Our findings reinforce the importance
of IL1A as a candidate gene in PE but also underscore the
multifactorial nature of disease susceptibility, where
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protective and risk effects may co-exist depending on genetic
model, ethnicity, and environmental context. This complex-
ity highlights the need for integrative approaches that com-
bine genetic, epigenetic, and clinical risk factors. Future re-
search incorporating systems biology and multi-omics anal-
yses may provide deeper insights into how IL1A polymor-
phisms interact with other determinants to influence PE out-
comes. Ultimately, these advances could contribute to indi-
vidualized risk prediction, early screening, and targeted in-
terventions for women at risk of developing PE.

LIMITATIONS OF THE STUDY

First, although this meta-analysis focused on four key
polymorphisms, numerous other candidate genes, as well as
non-genetic environmental factors, may also contribute to PE
susceptibility but were not considered here. Second, varia-
tions in study design, population characteristics, and sample
size likely contributed to heterogeneity across the included
studies. While this was partly mitigated using a random-ef-
fects model, residual heterogeneity may still have influenced
the results. Third, reliance on published studies and the ex-
clusion of non-English articles may have introduced selec-
tion bias. Fourth, publication bias could not be formally as-
sessed, as fewer than 10 studies were available for each pol-
ymorphism. According to the Cochrane Handbook, statistical
tests for funnel plot asymmetry (e.g., Egger's test) are under-
powered with small sample sets; therefore, the potential in-
fluence of publication bias cannot be entirely ruled out. Fi-
nally, the statistical power of some findings may have been
limited by the relatively small number of eligible studies in-
cluded for each gene.

CONCLUSION

The present meta-analysis significantly identifies the
IL1A rs17561 polymorphism as a crucial genetic susceptibil-
ity factor for preeclampsia, however its impact is highly de-
pending upon the underlying genetic model. Collectively,
these findings demonstrate a complex, model-dependent as-
sociation between the IL1A rs17561 polymorphism and the
risk of preeclampsia (PE) except dominant model. In con-
trast, the IFN-y, STOXI, and PPAR-y polymorphisms
showed no significant link with preeclampsia across any of
the four tested genetic models (allelic, recessive, dominant,
or over-dominant), suggesting that its influence on PE risk
may be negligible in this cohort.

Abbreviation

PE Pre-eclampsia

IL1A Interleukin-1 Alpha

INF-y Interferon-gamma

STOX1 Storkhead Box 1

PPAR-y Peroxisome Proliferator-Activated
Receptor Gamma

PRISMA Preferred Reporting Items for Sys-

tematic Reviews and Meta-Analyses
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PROSPERO International Prospective Register of
Systematic Reviews

HWE Hardy-Weinberg equilibrium

CI Confidential interval

OR Odds Ratio

NOS Newcastle-Ottawa scale

ROB Risk of Bias

PPI Protein-protein interaction

RPL Recurrent Pregnancy Loss
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