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Background: Systemic inflammatory regulators have been associated with preeclampsia (PE) during pregnancy; however, there is inconsistent evidence from animal models and observational results.Methods: Using summary data from genome-wide association studies (GWASs), we performed a bidirectional Mendelian randomization (MR) analysis of two samples of systemic inflammatory regulators (n = 8,186) and PE (n = 267,242) individuals of European ancestry. As our primary analysis, we used the random-effects inverse-variance weighted (IVW) approach. Sensitivity and pleiotropy analyses were conducted using the MR–Egger method, weighted median, MR Pleiotropy RESidual Sum and Outlier (MR-PRESSO), and Cochran’s Q test.Results: The results indicate that there is a correlation between a higher circulating level of tumor necrosis factor alpha (TNF-α) and interleukin-9 (IL-9) and an increased risk of PE (odds ratio [OR] = 1.32, 95% confidence interval [CI] = 1.09–1.60, p = 0.004 and OR = 1.28, 95% CI: 1.02–1.62, p = 0.033, respectively). Conversely, lower levels of stem cell growth factor beta (SCGF-β) (OR = 0.89, 95% CI: 0.80–0.99, p = 0.027) and interleukin-5 (IL-5) (OR = 0.80, 95% CI: 0.65–0.98, p = 0.030) are linked to an increased risk of PE. The macrophage migration inhibitory factor (MIF) is the downstream inflammatory regulator of PE, according to reverse magnetic resonance imaging studies.Conclusion: Our study suggests that SCGF-β, IL-5, IL-9, and TNF-α causally affect the PE risk, while PE is causally associated with MIF. Further studies are needed to validate these biomarkers in managing PE.Keywords: cytokines, inflammation, preeclampsia, pregnancy, Mendelian randomization study
INTRODUCTION
Background
Preeclampsia (PE) is a common and severe pregnancy complication, which is one of the leading causes of maternal mortality worldwide (Ives et al., 2020). It is characterized by new-onset hypertension after 20 weeks of gestation and multiple organ dysfunction (Brown et al., 2018). Women who survive PE may have a shorter life expectancy and an increased risk of stroke, cardiovascular disease, and diabetes (Poon et al., 2019; Kvalvik et al., 2020; Pittara et al., 2021). However, the mechanism of this hypertensive disorder in pregnancy remains elusive. Increasing evidence shows that the balance between pro- and anti-inflammatory factors is an intrinsic mechanism of occurrence and development of PE.
Several studies have indicated the potential involvement of systemic inflammatory regulators in the development of PE. Various investigations have delved into the pathophysiological roles of cytokines, including tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-17 (IL-17), interleukin-18 (IL-18), interferon gamma (IFN-γ), interleukin-4 (IL-4), and interleukin-10 (IL-10) in the progression of PE (Lau et al., 2013; Yang et al., 2014; Guan et al., 2023). However, due to the presence of residual confounders, the conclusive establishment of a causal relationship between cytokines and PE remains elusive.
Mendelian randomization (MR) studies stand out as a distinctive and potent statistical approach to investigate causality between exposures (e.g., circulating cytokines) and outcomes (e.g., preeclampsia) of interest (Smith and Ebrahim, 2003; Hemani et al., 2018). This method uses genetic instruments as unconfounded proxies for exposures, which can avoid residual confounding and reverse causality that is commonly present in conventional observational studies (Burgess et al., 2013). In the absence of randomized clinical trials (RCTs), MR design is an important strategy for causal inference as genetic variants are randomly assorted at meiosis, in which the procedure mimics an RCT (Lawlor et al., 2008). Furthermore, a two-sample MR design using summary statistics from a genome-wide association study (GWAS) greatly increases the statistical power of causality inference (Pierce and Burgess, 2013). Two-sample MR analysis allows researchers to evaluate the relationship between instrument exposure and instrument results in two separate population samples, thereby enhancing the applicability and effectiveness (Hartwig et al., 2016).
Prior MR studies have investigated the causal influence of systemic inflammatory regulators on various diseases. Yeung et al. discovered that the considered systemic inflammatory regulators did not impact the risk of Alzheimer’s disease (AD). In contrast, specific cytokines such as interleukin-2 (IL-2), IFN-γ, TNF-α, and IL-18 might be downstream effects of AD (Yeung and Schooling, 2021). Song et al. (2022) demonstrated that elevated levels of IL-18 were correlated with a reduced risk of acute myeloid leukemia, while IL-17 was associated with the risk of stomach cancer. Wang et al. proposed that heightened levels of monocyte-specific chemokine-3 (MCP3), vascular endothelial growth factor (VEGF), IL-10, and IL-7 were linked to an increased risk of multiple myeloma (MM), whereas lower levels of tumor necrosis factor beta (TNF-β) were strongly associated with an elevated risk of MM (Wang et al., 2022).
Nevertheless, the bidirectional association between systemic inflammatory regulators and PE has not been explored to date. In this study, we employed a two-sample MR analysis to investigate the potential causal relationship between systemic inflammatory regulators and PE and vice versa.
MATERIALS AND METHODS
Study design
The summary data for the GWAS on systemic inflammatory regulators and PE were obtained from previously published studies (refer to Supplementary Table S1), obviating the need for additional ethical clearance. This study adheres to the STROBE-MR guidelines, as outlined by Skrivankova et al. (2021). The fulfillment of the three principal criteria is imperative, as delineated by VanderWeele et al. (2014) (Ives et al., 2020): instrumental variables (IVs) exhibit a robust association with the exposure (Brown et al., 2018); IVs are independent of any unidentified confounders existing between the exposure and outcome (Poon et al., 2019); and IVs exclusively influence the outcome through their impact on the exposure.
Data sources and genetic associations.
Summary-level data for 41 systemic inflammatory regulators were acquired in this study from a GWAS, encompassing 8,293 individuals of Finnish descent from 3 distinct cohort studies: the Cardiovascular Risk in Young Finns Study, the FINRISK 1997 study, and the FINRISK 2002 study (Ahola-Olli et al., 2017). To ensure robust genetic associations, adjustments were made for age, sex, body mass index, and the top 10 genetic principal components.
The genetic association data pertaining to PE were sourced from a meta-analysis that included data from the UK Biobank, FinnGen, and BioBank. This meta-analysis involved 2,355 cases and 264,887 controls of European ancestry, as reported by Sakaue et al. (2021). Notably, this study represents a multi-country GWAS meta-analysis with minimal overlap with the GWAS on inflammatory regulators. Additionally, all single-nucleotide polymorphisms (SNPs) were derived from the analysis of European populations, thereby mitigating potential biases associated with population differences.
Selection of genetic instrumental variables
To mitigate the risk of false-positive IVs, we opted for statistically significant criteria (p < 5 × 10−6, linkage disequilibrium (LD) r2 < 0.001, and window size = 10,000 kb) in the summary data for systemic inflammatory regulators, as recommended by Rayes et al. (2023). Following the harmonization of the selected SNPs with those associated with PE, we identified a total of 41 circulating cytokines. To ensure the robustness of the instrumental variable, we verified that the F-statistics exceeded 10, adhering to the stringent mathematical formula: F = β2_exposure/SE2_exposure. The details of the 41 systemic inflammatory regulators chosen are provided in Supplementary Table S2.
For selecting IVs of PE, LD (r2 < 0.001) and proxies were tested for the 14 SNPs estimated to be correlated to PE at the genome-wide significance level (p < 5 × 10−6). Eventually, after harmonizing the exposure–outcome datasets, nine SNPs in total were included to construct the genetic IVs for PE (Supplementary Table S3).
Statistics
We systematically validated potential causal relationships between systemic inflammatory regulators and PE through a robust methodology. Primary MR analyses were conducted using the inverse-variance weighted (IVW) approach with random effects, utilizing genetic data to estimate causal effects between exposures and outcomes. Odds ratios (ORs) and 95% confidence intervals (CIs) were reported, with statistical significance set at p < 0.05.
To enhance the reliability of our MR results, we implemented various heterogeneity and sensitivity assessments. Sensitivity analysis involved the utilization of the MR–Egger, weighted median, weighted mode, and simple mode techniques, as detailed by Xu et al. (2017). The MR–Egger method, employed to assess bias due to gene pleiotropic effects, demonstrated potential susceptibility and lower precision to a weak instrumental variable bias than other methods such as IVW and weighted median. The MR–Egger intercept was employed to identify horizontal pleiotropy, with statistical significance set at p < 0.05.
To further scrutinize pleiotropy and correct horizontal pleiotropy through outlier removal with potential pleiotropy, we employed MR Pleiotropy RESidual Sum and Outlier (MR-PRESSO) as proposed by Ong and MacGregor (2019) and Verbanck et al. (2018). Cochran’s Q test was utilized to evaluate heterogeneity and horizontal pleiotropy. The analysis of Cochran’s Q test results and funnel plots served as indices to estimate individual SNP heterogeneity, in accordance with the approach outlined by Bowden et al. (2018).
Additionally, we visually presented the results through scatter plots, forest plots, and leave-one-out plots, following the methodology described by Hemani et al. (2018). This comprehensive validation process strengthens the robustness and credibility of our findings regarding the causal relationships between systemic inflammatory regulators and PE. To account for multiple testing, we applied the Bonferroni method, which requires us to calculate associations with p-values below 0.0012 (0.05/41) as strong evidence of associations. The results with p-values ranging from 0.0012 to 0.05 were regarded as suggestive associations (Shi et al., 2023). Statistical analyses were performed and visualized using the R program (version 4.3.0) with the two-sample MR package (version 0.5.6) and MR-PRESSO (version 1.0) (Hemani et al., 2018).
RESULTS
The causal effects of systemic inflammatory regulators on preeclampsia
The MR analysis uncovered a significant association between specific systemic inflammatory regulators—TNF-α, stem cell growth factor beta (SCGF-β), IL-9, and IL-5—and the risk of PE. All SNPs exhibited F-statistics greater than 10 (range 20.35–99.619; see Supplementary Table S2). Fourteen IVs were identified for SCGF-β, while IL-9, IL-5, and TNF-α had six, five, and five IVs, respectively. The IVW method demonstrated a significant difference (p < 0.05), and consistent directional effects were observed across five methods, namely, IVW, MR–Egger, weighted median, weighted mode, and simple mode (refer to Supplementary Table S4).
The IVW analysis revealed a negative association between SCGF-β (OR = 0.89, 95% CI: 0.80–0.99, p = 0.027) and IL-5 (OR = 0.80, 95% CI: 0.65–0.98, p = 0.030), indicating a decreased risk of PE. Although increased levels of interferon gamma-induced protein 10 (IP10) were associated with a reduced risk of PE, the IVW test results were inconclusive (p > 0.05), prompting the use of the MR–Egger method (OR = 0.66, 95% CI = 0.49–0.89, p = 0.026). The MR-Egger intercept did not indicate potential horizontal pleiotropy for SCGF-β and IL-5 (p = 0.968; p = 0.732, respectively), while IP10 exhibited pleiotropy (p = 0.033) (refer to Supplementary Tables S5, S6). Given that horizontal pleiotropy violates MR assumptions, the analysis involving IP10 was considered unreliable. Additionally, Cochran’s Q values based on the IVW tests showed no significant heterogeneity for SCGF-β and IL-5 (all p > 0.05; Supplementary Table S7).
Similarly, the IVW method revealed that elevated circulating levels of TNF-α and IL-9 were causally related to an increased risk of PE (OR = 1.32, 95% CI = 1.09–1.60, p = 0.004 and OR = 1.28, 95% CI: 1.02–1.62, p = 0.033, respectively). The MR–Egger intercept did not detect potential horizontal pleiotropy for TNF-α and IL-9 (p = 0.620 and p = 0.588, respectively). Cochran’s Q values based on the IVW tests indicated no significant heterogeneity for SCGF-β and IL-5 (all p > 0.05).
The MR results, along with heterogeneity analysis, pleiotropy analysis, and sensitivity analysis results, are summarized in Supplementary Tables S5–S7. No SNP significantly influenced the overall effect of cytokines on PE in the IVW leave-one-out sensitivity analysis. Supplementary Figures S1–S5 display scatter plots, funnel plots, forest plots, and leave-one-out plots, while Figure 1 presents the forest plots of the obtained results.
[image: Figure 1]FIGURE 1 | Association of systemic inflammatory regulators with preeclampsia using Mendelian randomization (MR) (with SNPs) reaching p < 5 × 10−6).The inverse-variance weighted (IVW) method was used as the primary method for MR analysis. OR, odds ratio; CI, confidence interval; CTACK, cutaneous T-cell-attracting chemokine; GCSF, granulocyte colony-stimulating factor; GROα, growth-regulated oncogene-α; HGF, hepatocyte growth factor; βNGF, beta nerve growth factor; bFGF, basic fibroblast growth factor; IFN-γ, interferon gamma; IL, interleukin; IP10, interferon-gamma-induced protein 10; MCP1, monocyte chemotactic protein-1; MCP3, monocyte chemotactic protein-3; MCSF, macrophage colony-stimulating factor; MIF, macrophage migration inhibitory factor; MIG, monokine induced by interferon gamma; MIP-1α, macrophage inflammatory protein-1α; MIP-1β, macrophage inflammatory protein-1β; PDGF-BB, platelet-derived growth factor-BB; SCGF-β, stem cell growth factor beta; SDF-1α, stromal cell-derived factor-1α; SNPs, single-nucleotide polymorphisms; TNF, tumor necrosis factor; RANTES, regulated on activation, normal T cell expressed and secreted; SCF, stem cell factor; TRAIL, TNF-related apoptosis-inducing ligand; VEGF, vascular endothelial growth factor.
Furthermore, other systemic inflammatory regulators, including cutaneous T-cell-attracting chemokine, beta nerve growth factor, VEGF, macrophage migration inhibitory factor (MIF), TNF-related apoptosis-inducing ligand, TNF-β, MCP3, stromal cell-derived factor-1 alpha, stem cell factor, interleukin-12p70, interleukin-16, platelet-derived growth factor-BB, growth-regulated protein alpha, hepatocyte growth factor, interleukin-1 receptor antagonist, monocyte chemoattractant protein-1, macrophage inflammatory protein 1b, and IL-18, did not exhibit significant associations with PE in any of the analyses.
The causal effects of preeclampsia on systemic inflammatory regulators
Using nine SNPs as IVs for PE, we demonstrated that genetically predicted PE is negatively associated with MIF levels through the IVW method (OR = 0.87, 95% CI = 0.79–0.96, p = 0.007) (Supplementary Tables S8). All SNPs we selected had F-statistics greater than 10 (mean, 22.83; range, 20.97–27.69). The MR–Egger intercept did not detect potential horizontal pleiotropy (p = 0.705; Supplementary Tables S9). Cochran’s Q values based on the IVW tests showed that there was no obvious heterogeneity (p = 0.434). Detailed data are given in Supplementary Tables S10, S11. Figure 2 shows the forest plots of the above results. Scatter plots, funnel plots, forest plots, and leave-one-out plots are listed in Supplementary Tables S5.
[image: Figure 2]FIGURE 2 | Association of preeclampsia with systemic inflammatory regulators using Mendelian randomization (with SNPs reaching p < 5 × 10−6). The IVW method was used as the primary method for MR analysis. OR, odds ratio; CI, confidence interval; CTACK, cutaneous T-cell-attracting chemokine; GCSF, granulocyte colony-stimulating factor; GROα, growth-regulated oncogene-a; HGF, hepatocyte growth factor; βNGF, beta nerve growth factor; bFGF, basic fibroblast growth factor; IFN-γ, interferon gamma; IL, interleukin; IP10, interferon-gamma-induced protein 10; MCP1, monocyte chemotactic protein-1; MCP3, monocyte chemotactic protein-3; MCSF, macrophage colony-stimulating factor; MIF, macrophage migration inhibitory factor; MIG, monokine induced by interferon gamma; MIP-1α, macrophage inflammatory protein-1α; MIP-1β, macrophage inflammatory protein-1β; PDGF-BB, platelet-derived growth factor BB; SCGF-β, stem cell growth factor beta; SDF-1α, stromal cell-derived factor-1α; SNPs, single-nucleotide polymorphisms; TNF, tumor necrosis factor; RANTES, regulated on activation, normal T cell expressed and secreted; SCF, stem cell factor; TRAIL, TNF-related apoptosis-inducing ligand; VEGF, vascular endothelial growth factor.
DISCUSSION
The goal of this extensive two-sample bidirectional MR investigation was to examine the causal relationship between systemic inflammatory regulators and PE by analyzing the large-scale summary GWAS data that are now available. It was discovered that none of these passed statistical significance after correction for multiple testing, although several suggestive results demonstrated biological plausibility. A higher risk of PE is linked to higher levels of TNF-α and IL-9 and lower levels of SCGF-β and IL-5. Genetically determined PE may also be a factor in a lower MIF level. This effect was further corroborated in a sensitivity analysis and was directionally consistent across various MR analyses.
There have been contradictory findings from earlier systematic reviews and meta-analyses of observational cohorts. They agreed with our results of TNF-α, IL-9, and IL-5 (6, 28, 29). Nonetheless, the contradictory findings were taken from observational research and combined. Reverse caution and confounding variables may skew the true causal links. Using a two-sample bidirectional MR analysis, we identified the inflammatory regulators of PE that are downstream (MIF) and upstream (TNF-α, IL-9, IL-5, and SCGF-β).
TNF-α is a multifunctional T-helper type 1 (Th1) cytokine and one of the most important inflammatory cytokines. TNF-α can induce structural and functional alterations in endothelial cells, enhancing the formation and release of endothelin and decreasing acetylcholine-induced vasodilating factors, such as nitric oxide (LaMarca et al., 2005). A meta-analysis revealed that the maternal level of TNF-α was significantly higher in PE than that in the control group (mean difference = 8.11 pg/mL, 95% CI = 5.87–10.34 pg/mL) (Lau et al., 2013; Spence et al., 2021). A report, therefore, proposed the use of etanercept for gestational hypertension (Fu et al., 2019). Progesterone directly suppressed TNF-α-stimulated endothelin (ET)-1 and attenuated TNF-α-induced hypertension, possibly via the suppression of the renal ET-1 system (Keiser et al., 2009). Furthermore, dydrogesterone can cause a significantly reduced secretion of the Th1 cytokine TNF-α (Raghupathy, 2013). Anti-TNF-α appears to be a potential therapeutic approach for PE. The most common adverse pregnancy outcomes following the use of TNF-α inhibitors (e.g., etanercept) are intrauterine growth restriction, spontaneous abortion, and preterm birth (Dai et al., 2022). So, how to balance the advantages and disadvantages of the drugs and which medications should be chosen at different trimesters of pregnancy have no consensus in clinical studies. SCGF-β is a hematopoietic growth factor that exerts its cellular activity at the early stage of hematopoiesis (Sukowati et al., 2018). No research focusing on the link between SCGF-β and PE has been identified thus far. Further investigation may be necessary to explore the potential use of SCGF-β as a biomarker for PE.
Additionally, IL-9, characterized as a T-cell growth factor and a member of the common γ-chain receptor cytokine family, originates from Th2 cells, Th9 cells, Th17 cells, Treg cells, mast cells, and natural killer cells (Noelle and Nowak, 2010). IL-9 is implicated in maintaining pregnancy and laboring activity (Habbeddine et al., 2014; Sun et al., 2021). It has the potential to enhance the suppressive functions of Treg cells and the production of TGF-β by antigen-presenting cells, thereby preventing maternal immune activation against the fetus (Noelle and Nowak, 2010). IL-9 accelerates the in vitro formation of trophoblastic capillary tubes, and first-trimester serum IL-9 levels differ significantly between preeclamptic and normotensive pregnant women (Liu et al., 2023). In contrast to our findings, Sun et al. suggested that reduced IL-9 activity might lead to poorer angiogenesis and inadequate remodeling of the maternal uterine spiral arteries, potentially contributing to PE (Sun et al., 2020).
Regarding IL-5, previous studies have reported that IL-5, a Th2 cytokine, stimulates the proliferation, migration, and tube formation of human umbilical vein endothelial cells by activating the endothelial nitric oxide synthase pathway. Lower levels of IL-5 were observed across preeclamptic women in early pregnancy than that in normotensive women (Tangeras et al., 2015; Park et al., 2017). This observational result aligns with our genetically based assumption. However, more clinical and animal studies are needed to elucidate the correlation between IL-5 and PE.
MIF promotes trophoblast migration, invasion, and remodeling spiral artery processes (Jovanovic Krivokuca et al., 2015; Vilotic et al., 2019). Abundant studies have described that placental soluble fms-like tyrosine kinase 1 (sFlt1) levels increase significantly in PE compared to normotensive pregnancy, while placental MIF positively correlates with sFlt1 expression (Yong et al., 2023). Reports on the comparison of serum MIF content between preeclamptic and normotensive pregnancies are controversial (Todros et al., 2005; Hristoskova et al., 2006; Cardaropoli et al., 2014). No evidence shows that MIF is a downstream inflammatory regulator of PE so far. MIF measurement in PE might be of value, but additional research is needed to establish the reference range of serum MIF.
This study has several strengths. To the best of our knowledge, this is the first and most comprehensive MR study exploring the bidirectional relationship between 41 systemic inflammatory regulators and PE. Most studies investigating the link between systemic inflammatory regulators and PE relied on animal experiments and cross-sectional studies, precluding the ability to identify causality. We took the advantage of MR analysis to avoid reverse causal relations and minimize residual confounders. Furthermore, we used the latest version of systemic inflammatory regulators to conduct this MR study, making it the most up-to-date and comprehensive summary data in evaluating the causal relationship between systemic inflammatory regulators and PE. We restricted our study to women of European ancestry to avoid racial heterogeneity. Our study mainly focuses on both upstream and downstream circulating biomarkers that could depict the whole clinical picture in managing PE.
Nevertheless, there were some limitations. First, the large-scale GWAS data were summative, precluding further analysis at the individual-level data. The summary data for systemic inflammatory regulators encompassed both females and males, with gender differences excluding genetic variants on sex chromosomes (Pierce and Burgess, 2013). It is important to note that this two-sample Mendelian randomization analysis was confined to the European population, and caution should be exercised in generalizing the conclusions to other ethnic groups due to genetic variations among different races (Tan et al., 2021). To comprehensively explore potential causality across races, efforts should be made to uncover more genetic information from diverse ethnic backgrounds.
Furthermore, it is worth acknowledging that MR may not be the optimal approach, considering that the exposure of interest can vary throughout life. However, the genetic instruments used in the analysis provide independent evidence from environmental or lifestyle factors, adding relevance to the study of PE.
In conclusion, we applied the bidirectional two-sample MR study to evaluate the causal effects of systemic inflammatory regulators on PE or vice versa. We then identified and validate the causal effect of IL-5, IL-9, TNF-α, and SCGF-β on PE. Conversely, MIF is a downstream inflammatory regulator of PE. Further efforts should be made to explore the precise contribution of systemic inflammatory regulators to the pathophysiology of PE. This will improve the management of PE in terms of early prediction, prevention, and treatment.
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