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Background: Preeclampsia is a complex hypertensive disorder of pregnancy, significantly impacting maternal and fetal health 
worldwide. Despite extensive research, its pathogenesis, involving inflammatory, immune, microbiological, and metabolic factors, 
requires comprehensive elucidation.
Methods: This study applied Mendelian randomization (MR) to investigate causal relationships between multi-omics traits and the 
risk of preeclampsia. The genome-wide association studies (GWAS) datasets used consisted of immune cells (N = 3757), inflammatory 
factors (N = 14,824), gut microbiota (N = 7738), circulating metabolites (N1 = 7824, N2 = 8299), plasma proteins (N = 3301), and 
preeclampsia (7212 cases, 194,266 controls). The inverse variance-weighted method was used in the main analysis, and the weighted 
median, weighted mode, and MR Egger regression were used in sensitivity analyses.
Results: Our analysis identified 81 potential causal factors for preeclampsia. Among the most novel and clinically significant findings 
were several druggable plasma proteins, including Astacin-like metalloendopeptidase (ASTL) and Baculoviral IAP repeat-containing 
protein 3 (BIRC3), which exhibited strong causal evidence. Furthermore, we identified specific gut microbiota genera, notably 
Bifidobacterium, as potential protective factors. We also validated the causal roles of key metabolic disturbances, like cysteine and 
guanidinoacetate, and dysfunctions in specific immune cell populations, particularly regulatory T and B cells.
Conclusion: These findings highlight the intricate interplay of immune, inflammatory, microbiological, metabolic, and protein factors 
in preeclampsia, suggesting novel diagnostic and therapeutic targets. Further research is warranted to explore these associations in 
detail.
Keywords: causality, gut microbiome, inflammatory factor, Mendelian randomization, metabolome, multi-omics, preeclampsia

Introduction
Preeclampsia, a hypertensive complication of pregnancy affecting 2–8% of pregnancies,1 remains the leading cause of 
maternal and fetal morbidity and mortality worldwide, with substantial influence on the risk of long-term cardiovascular 
disease and cerebrovascular disease.2 In accordance with the definition of the American College of Obstetrics and 
Gynecology (ACOG), preeclampsia is characterized by the onset of hypertension and albuminuria or other end-organ 
damage emerging subsequent to the 20th week of gestation in individuals previously normotensive.3 The pathogenesis of 
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preeclampsia involves various angiogenic, inflammatory, immune and metabolic pathways, encompassing spiral artery 
remodeling, oxidative stress, immune abnormality at the maternal-fetal interface, as well as the balance of angiogenic and 
antiangiogenic factors.4–6 Despite considerable research endeavors and substantial progress, the precise mechanisms 
underlying the pathogenesis of preeclampsia continue to be intricate and multifaceted and need further investigation.7

Impaired trophoblast invasion and incomplete spiral artery remodeling raise angiogenic marker levels, such as soluble 
fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin (sEng),8,9 which lower vascular endothelial growth factor 
(VEGF) and others, leading to endothelial dysfunction and complications like oxidative stress.10 Immune cell balance 
disruptions, especially with T helper cells and natural killer cells,11,12 and the imbalance between pro- and anti- 
inflammatory factors,13,14 can contribute to preeclampsia’s development. Moreover, proinflammatory cytokines11 and 
chemokines15,16 disrupt vascular stability, affecting pregnancies. Additionally, gut dysbiosis impacts metabolic syndrome 
and complicated pregnancies,17 with conditions like diabetes and obesity increasing preeclampsia risks.12,18 However, the 
majority of available findings are observational and incomplete, emphasizing the necessity for comprehensive and 
systematic studies to elucidate the multi-faceted factors contributing to the pathogenesis of preeclampsia.

The selection of specific exposures in this study, including immune cells, inflammatory factors, gut microbiome, 
metabolome, and proteome, was based on their established links to the pathophysiological pathways of preeclampsia 
outlined above. However, while observational evidence is abundant, and previous Mendelian randomization (MR) studies 
have investigated discrete risk factors for preeclampsia, these studies are often focused on a single domain or a limited 
set of traits.19–23 This fragmented approach makes it difficult to compare the relative importance of different pathways 
and to obtain a unified understanding of the disease’s causal architecture. Therefore, a comprehensive, multi-omics MR 
study that simultaneously interrogates these interconnected biological layers is needed to address this gap and system
atically identify the most pivotal causal factors.

MR analysis is an epidemiologic method that utilizes genetic variations of risk factors as instrumental variables (IVs) 
to assess the causal relationship between exposures and outcomes.24,25 The principle underlying MR relies on the random 
assortment of genetic alleles during gamete formation, thereby minimizing biases from confounding factors and reverse 
causation.26 In the current study, we employed MR analysis as a tool to investigate the causal associations between 
preeclampsia and various risk factors, including immune cells, inflammatory factors, gut microbiome, metabolome, and 
proteome. By integrating evidence across these domains, this study aims to provide a comprehensive causal atlas of 
preeclampsia, which holds promise for advancing diagnostic precision and developing targeted therapeutic strategies, 
aiming to alleviate the impact of preeclampsia on maternal and fetal health.

Methods
Data Sources
The genetic instruments of 731 immune cells traits were procured from a prior genome-wide association study (GWAS) 
dataset derived from a cohort of 3757 individuals in Sardinia, Italy. This extensive dataset encompassed 539 immune 
traits (118 absolute cell counts, 389 median fluorescence intensities of surface antigens, and 32 morphological para
meters) and 192 relative counts (ratios between cell levels).27,28 The donor’s peripheral blood was collected in heparin 
tubes and analyzed with standardized BD FACSCanto II flow cytometers and BD FACSDiva software (BD 
Biosciences).27 Single-nucleotide polymorphisms (SNPs) associated with inflammatory factors were extracted from 
GWAS statistics covering 91 plasma inflammatory proteins measured across 11 cohorts totaling 14,824 participants of 
European ancestry and meta-analyzed by Zhao et al.29 In the case of gut microbiota, IVs were derived from GWAS 
dataset generated in a previous study exploring 412 microbial compositions and functions (207 taxa and 205 pathways) 
from 7738 European participants in the Dutch Microbiome Project (DMP).30 Genetic instruments related to circulating 
metabolites were sourced from two distinct studies: one involving 486 circulating metabolites in 7824 European cases 
from the Cooperative Health Research in the Region of Augsburg (KORA) and TwinsUK in which the concentrations of 
metabolites were detected using ultrahigh performance liquid-phase chromatography and gas chromatography separation 
coupled with tandem mass spectrometry in either plasma or serum,31 and the other comprising 1091 plasma metabolites 
and 309 metabolite ratios in 8299 European subjects from the Canadian Longitudinal Study of Aging (CLSA) in which 
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the levels of metabolites were quantified using Metabolon HD4 platform.32 SNPs for human plasma proteome were 
derived from GWAS data of previous research encompassing 3622 plasma proteins or protein complexes in 3301 British 
participants from the INTERVAL study.33 The GWAS summary-level data concerning preeclampsia (GWAS ID: 
O15_PRE_OR_ECLAMPSIA, N = 7212 cases, N = 194,266 controls) were obtained from the FinnGen consortium R9 
release dataset (https://r9.risteys.finngen.fi/).

Genetic Instruments Selection
The conventional genome-wide significance threshold (P < 5 × 10−8) yielded an insufficient number of independent IVs 
for several exposure datasets with relatively limited GWAS sample sizes (notably, plasma proteins, immune cells, and 
inflammatory factors), often resulting in fewer than 10 usable SNPs per exposure. To ensure adequate statistical power 
for a robust MR analysis, we adopted slightly relaxed, exposure-specific P-value thresholds, a well-established practice 
in previous MR studies.34–36 Specifically, the threshold criteria at P < 1×10−5 for gut microbiota and metabolites from 
CLSA. Concurrently, the thresholds for immune cells, inflammatory factors, 486 metabolites, and proteins were set as 
P < 5×10−6. The removal of linkage disequilibrium (LD) among SNPs was conducted with a stringent clump threshold 
(r2 = 0.001, kb = 10 Mb). To rigorously mitigate potential bias introduced by the use of relaxed thresholds, the F-statistic 
for the chosen SNPs was calculated to ascertain the robustness of the genetic variants selected. All F-statistics above 10 
indicated the absence of weak instrument bias. SNPs strongly associated with preeclampsia (P < 5×10−5) would be 
discarded to avoid reverse causalities preliminarily. In the process of harmonizing the effect allele of the exposures and 
outcome, SNPs exhibiting inconsistency or palindromic traits were excluded from the analysis.

Statistical Analysis and Sensitivity Analysis
The flowchart of this MR analysis was shown in Figure 1. In this investigation, the inverse variance weighted (IVW) statistical 
model served as the primary methodology for Mendelian randomization (MR) analysis, which estimates the summary-level 
effect by meta-analyzing the individual SNP Wald ratios.37 Besides, we employed the MR-Egger, weighted median estimator 
(WME), and weighted mode as supplementary techniques to address issues of heterogeneity and pleiotropy within genetic 
variants. Our investigation assessed horizontal pleiotropy utilizing the MR-Egger intercept, considering P > 0.05 as indicative 
of the absence of horizontal pleiotropy. The evaluation of heterogeneity among genetic variants was conducted utilizing 
Cochran’s Q-statistic test (MR-IVW). Depending on the significance level derived from the Cochran’s Q-statistic test, we 
employed either a multiplicative random-effects model (P < 0.05) or a fixed-effects model (P ≥ 0.05) of IVW. The causal 

Figure 1 Study design and workflow of Mendelian randomization for exposures on preeclampsia. Created with Figdraw.com. 
Abbreviation: IVs, instrumental variables.
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estimations of immune cells, inflammatory factors, gut microbiota, metabolites, and proteins on preeclampsia were presented 
as odds ratios (ORs) with 95% confidence intervals (CIs) per one unit increase in the levels of exposure. We implemented 
a threshold of P < 0.0125 (0.05/4) to indicate statistical significance after correction. Meanwhile, a cutoff of P < 0.05, falling 
above the Bonferroni correction threshold, was designated as indicating a suggestive significant association. The statistical 
analysis was conducted utilizing R (4.3.0) (https://www.r-project.org/) and the TwoSampleMR package.

Results
Causal Relationship Between Immune Cells and Preeclampsia
To search for possible associations between multiple types of immune cell indexes and the risk of preeclampsia, we performed 
MR analyses of 731 immune cells traits on the risk of preeclampsia (Supplementary Table 1). We identified 17 immune cell traits 
causally associated with the onset of preeclampsia by IVW method (Figure 2). To prioritize the most reliable findings, we focused 
on associations that were nominally significant (P < 0.05) and exhibited consistent direction of effect across all sensitivity 
analyses (MR-Egger, weighted median, and weighted mode). The results revealed that a one-standard deviation (SD) increase in 
CD62L− monocyte %monocyte was associated with the most substantial reduction in preeclampsia risk [OR = 0.90, 95% CI: 
0.83–0.97, P = 0.004] among the protective factors. Conversely, a one-SD increase in BAFF-R on IgD− CD38+ B cell represented 
the strongest risk factor, associated with a 15% increase in risk [OR = 1.15, 95% CI: 1.05–1.25, P = 0.002].

Notably, the association for CD62L− monocyte %monocyte showed significant heterogeneity (Cochran’s Q P < 0.05). 
While this heterogeneity prompted the use of a multiplicative random-effects model, which provides a more conservative 
effect estimate, it may also suggest that the causal effect varies across different populations or genetic backgrounds, 
a point that warrants further investigation. No significant horizontal pleiotropy was detected for this or any other immune 
cell trait (MR-Egger intercept P > 0.05), strengthening the credibility of a direct causal relationship.

Causal Relationship Between Inflammatory Factors and Preeclampsia
To search for possible associations between multiple types of inflammatory factors and the risk of preeclampsia, we 
performed MR analyses of 91 circulating inflammatory proteins on the risk of preeclampsia (Supplementary Table 2). In 
the result of IVW method, a one-SD increase in C-C motif chemokine 19 (CCL19) levels could reduce the risk of 
preeclampsia [OR = 0.89, 95% CI: 0.82–0.96, P = 0.003] (Figure 2). Cochran’s Q statistics (P > 0.05) and MR-Egger 
intercept (P > 0.05) demonstrated the nonexistence of heterogeneity and horizontal pleiotropy.

Exposure

Immune Cells

No.of SNP

   CD27 on CD24+ CD27+ B cell

Method

   BAFF−R on IgD− CD38+ B cell

OR(95% CI)

   CD3 on CD28− CD8+ T cell

   CD25 on CD4+ T cell

P−value

   CD127 on CD28− CD8+ T cell

Q

   CD62L− monocyte %monocyte

Q_P

   CD33 on Granulocytic Myeloid−Derived Suppressor Cells

Egger

   CD33+ HLA DR+ Absolute Count

Egger_P

   CD33+ HLA DR+ CD14− Absolute Count

   CD33+ HLA DR+ CD14dim Absolute Count

   CD66b on CD66b++ myeloid cell

   Myeloid Dendritic Cell Absolute Count

   CD80 on plasmacytoid Dendritic Cell

   CD80 on CD62L+ plasmacytoid Dendritic Cell

   HLA DR on myeloid Dendritic Cell

   HLA DR on Dendritic Cell

   HLA DR on HLA DR+ Natural Killer

Inflammatory Factors

   C−C motif chemokine 19 levels
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9
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9

11
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9
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14
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11

11

11

14

17
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IVW

IVW

IVW

IVW

IVW

IVW

IVW

IVW

IVW

IVW

IVW

IVW

IVW

IVW

IVW

IVW

IVW

IVW

0.92 (0.89 to 0.96)

1.15 (1.05 to 1.25)

0.92 (0.86 to 0.98)

0.97 (0.94 to 0.99)

1.07 (1.02 to 1.13)

0.90 (0.83 to 0.97)

0.96 (0.92 to 0.99)

0.97 (0.95 to 0.99)

0.96 (0.94 to 0.98)

0.96 (0.93 to 0.98)

1.05 (1.01 to 1.08)

0.92 (0.88 to 0.97)

0.92 (0.89 to 0.96)

0.92 (0.89 to 0.96)

1.05 (1.01 to 1.09)

1.06 (1.02 to 1.10)

1.07 (1.02 to 1.12)

0.89 (0.82 to 0.96)

0.000

0.002

0.008

0.009

0.010

0.004

0.008

0.003

0.000

0.002

0.009

0.003

0.000

0.000

0.012

0.002

0.003

0.003

19.446

10.205

8.328

6.678

4.660

21.382

2.867

14.569

8.261

11.297

11.762

9.815

7.918

7.954

13.783

17.810

18.496

17.755

0.429

0.251

0.597

0.572

0.913

0.045

0.942

0.691

0.961

0.586

0.697

0.547

0.637

0.633

0.183

0.165

0.296

0.539

−0.010

0.001

−0.008

0.010

−0.005

0.009

−0.012

0.005

−0.007

0.005

0.018

0.012

−0.012

−0.012

0.008

0.010

0.005

−0.002

0.462

0.954

0.629

0.476

0.667

0.684

0.379

0.508

0.315

0.587

0.088

0.330

0.386

0.378

0.653

0.527

0.673

0.845

0.8 0.9 1 1.1 1.2 1.3

Figure 2 Mendelian randomization and sensitivity results for immune cell traits and inflammatory factors on preeclampsia in the form of forest plot. 
Abbreviations: SNP, single-nucleotide polymorphism; Beta, the effect size of the exposure on outcome; CI, confidence interval; IVW, inverse variance weighted.
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Causal Relationship Between Gut Microbiome and Preeclampsia
To search for possible associations between multiple types of gut microbiota and the risk of preeclampsia, we performed 
MR analyses of 412 microbial compositions and functions on the risk of preeclampsia (Supplementary Table 3). We 
identified 9 microbiological traits causally associated with the onset of preeclampsia by IVW method (Figure 3). A one- 
SD increase in the relative abundance of 7 microbial taxa was associated with a reduced risk of preeclampsia. Among 
these protective factors, the association with Coprococcus_catus demonstrated the strongest effect [OR = 0.80, 95% CI: 
0.69–0.94, P = 0.006]. Notably, 3 taxa from the Bifidobacterium genus and its higher taxonomic orders (family 
Bifidobacteriaceae, order Bifidobacteriales) consistently showed protective effects with similar effect sizes [ORs 
approximately 0.82–0.83]. Conversely, 2 taxa were associated with an increased risk of preeclampsia. The largest effect 
observed across all findings was for Ruminococcaceae, which was associated with a 28% increase in risk [OR = 1.28, 
95% CI: 1.07–1.53, P = 0.006]. Cochran’s Q statistics (P > 0.05) and MR-Egger intercept (P > 0.05) demonstrated no 
heterogeneity and horizontal pleiotropy.

Causal Relationship Between Circulating Metabolites and Preeclampsia
To search for possible associations between multiple types of metabolites and the risk of preeclampsia, we performed MR 
analyses of 486 circulating metabolites as well as 1440 metabolites and ratios on the risk of preeclampsia, respectively.

The first analysis of 486 metabolites identified 6 significant associations (Figure 4, Supplementary Table 4). The most 
pronounced association was a 79% reduction in preeclampsia risk per log10 unit increase in the unidentified metabolite 
X-05907 [OR = 0.21, 95% CI: 0.09–0.49, P < 0.001], representing the strongest protective effect across all metabolite 
analyses. Conversely, 2-linoleoylglycerophosphocholine* was the strongest risk factor [OR = 2.25, 95% CI: 1.25–4.04, 
P = 0.007]. No significant heterogeneity (P > 0.05) or pleiotropy (P > 0.05) was detected for these associations.

The second analysis of 1400 metabolic traits revealed 16 significant associations (11 metabolites and 5 ratios; 
Figure 5 and Supplementary Table 5). Among these, guanidinoacetate levels showed the strongest risk-increasing effect 

Exposure

Coprococcus_catus

No.of SNP

Bilophila_wadsworthia

Method

Bifidobacterium

OR(95% CI)

Bifidobacteriaceae

Bifidobacteriales

P−value

Alistipes_shahii

Q

Palmitate biosynthesis (Type II)

Q_P

Eubacterium_biforme

Egger

Ruminococcaceae

Egger_P

 6

 7

11

13

13

11

11

 8

 7

IVW

IVW

IVW

IVW

IVW

IVW

IVW

IVW

IVW

0.80 (0.69 to 0.94)

0.82 (0.71 to 0.95)

0.82 (0.72 to 0.95)

0.83 (0.73 to 0.94)

0.83 (0.73 to 0.94)

0.83 (0.73 to 0.96)

0.85 (0.75 to 0.96)

1.12 (1.03 to 1.21)

1.28 (1.07 to 1.53)

0.006

0.008

0.006

0.003

0.003

0.010

0.008

0.005

0.006

5.684

6.178

13.500

15.272

15.274

10.055

7.697

3.422

7.031

0.338

0.404

0.197

0.227

0.227

0.436

0.658

0.843

0.318

−0.049

−0.017

0.022

0.022

0.022

−0.018

0.001

−0.002

−0.011

0.268

0.563

0.408

0.366

0.366

0.668

0.958

0.940

0.787

0.6 0.8 1 1.2 1.4 1.6

Figure 3 Mendelian randomization and sensitivity results for gut microbiome on preeclampsia in the form of forest plot. 
Abbreviations: SNP, single-nucleotide polymorphism; Beta, the effect size of the exposure on outcome; CI, confidence interval; IVW, inverse variance weighted.

Exposure

X−05907

No.of SNP

Adrenate (22:4n6)

Method

X−12056

OR(95% CI)

Phenol sulfate

Cysteine

P−value

2−linoleoylglycerophosphocholine*

Q

 9

Q_P

 5

Egger

10

Egger_P

 9

11

13

IVW

IVW

IVW

IVW

IVW

IVW

0.21 (0.09 to 0.49)

0.37 (0.19 to 0.71)

0.69 (0.53 to 0.90)

1.83 (1.16 to 2.89)

2.00 (1.20 to 3.33)

2.25 (1.25 to 4.04)

0.000

0.003

0.005

0.009

0.007

0.007

6.942

1.581

8.546

2.874

4.116

7.522

0.543

0.812

0.480

0.942

0.942

0.821

0.013

0.011

−0.005

0.028

0.010

0.021

0.493

0.750

0.715

0.392

0.453

0.266

0 1 2 3 4.5

Figure 4 Mendelian randomization and sensitivity results for 486 metabolites on preeclampsia in the form of forest plot. * indicates metabolites for which reference spectra 
of the pure substances were not directly measured on the Metabolon platform. 
Abbreviations: SNP, single-nucleotide polymorphism; Beta, the effect size of the exposure on outcome; CI, confidence interval; IVW, inverse variance weighted.
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[OR = 1.15, 95% CI: 1.06–1.25, P = 0.001], while the serine to alpha-ketobutyrate ratio was the most robust protective 
factor [OR = 0.87, 95% CI: 0.78–0.96, P = 0.009]. A finding was the significant heterogeneity for hydroxypalmitoyl 
sphingomyelin (d18:1/16:0(OH)) levels (Cochran’s Q P < 0.05), which was appropriately analyzed using a multiplicative 
random-effects model. This heterogeneity suggests the causal effect of this metabolite may vary across populations. No 
horizontal pleiotropy (P > 0.05) was observed for any trait.

Causal Relationship Between Circulating Proteins and Preeclampsia
To search for possible associations between multiple types of proteins and the risk of preeclampsia, we performed MR 
analyses of 3622 plasma proteins or protein complexes on the risk of preeclampsia. We identified 32 proteins causally 
associated with the risk of preeclampsia by IVW method (Figure 6 and Supplementary Table 6). A one natural log- 
transformed unit increase in genetically predicted levels of 17 proteins was associated with an elevated risk, while 15 
proteins were associated with a reduced risk. Notably, the most substantial effect was observed for Astacin-like 
metalloendopeptidase (ASTL), which demonstrated the strongest protective association [OR = 0.84, 95% CI: 
0.74–0.96, P = 0.009]. Among the risk factors, Baculoviral IAP repeat-containing protein 3 (BIRC3) showed the 
strongest effect [OR = 1.19, 95% CI: 1.08–1.31, P < 0.001]. Cochran’s Q statistics (P > 0.05) and MR-Egger intercept 
(P > 0.05) demonstrated no heterogeneity and horizontal pleiotropy.

Discussion
In our two-sample MR study, we conducted a thorough examination of the causal relationships between a diverse array of 
exposures (immune cells, inflammatory factors, gut microbiome, metabolome, and proteome) and the risk of preeclamp
sia. We identified 17 immune, 1 inflammatory, 9 gut microbiotic, 22 metabolic, and 32 proteinic traits that are potentially 
causally implicated in the disease. This multi-omics perspective allows for a more integrated understanding of pre
eclampsia’s pathophysiology. It is important to note, however, that while these findings provide robust evidence for 
a potential causal role, they do not constitute definitive proof.

Abnormal immune responses and pro-inflammatory cytokines are pivotal in the pathogenesis of preeclampsia. 
Regulatory B (Breg) cells, particularly CD24hi CD27+ cells,38 and CD4+ CD25+ regulatory T (Treg) cells,39 are vital 
in maintaining immune balance, with their dysregulation contributing to disease development. The protective effect 
associated with reduced CD62L expression likely stems from its function in impairing immune cell homing,40 which 
could attenuate pathogenic inflammation at the placenta. Observational studies have identified elevated serum B-cell- 
activating factor of the tumor necrosis factor family (BAFF) levels in preeclampsia patients during pregnancy, indicating 
its potential role as a risk factor for preeclampsia.41 CD3+ CD8+ CD28− inhibitory Treg cells exert inhibitory effects on 
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Figure 5 Mendelian randomization and sensitivity results for 1400 metabolic traits on preeclampsia in the form of forest plot. 
Abbreviations: SNP, single-nucleotide polymorphism; Beta, the effect size of the exposure on outcome; CI, confidence interval; IVW, inverse variance weighted.
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T cell proliferation and cytotoxicity, contributing to immune tolerance.42 Human myeloid-derived suppressor cells 
(MDSCs), expressing CD33, possess the capability to induce Tregs, thereby indirectly suppressing immune responses. 
CD66b monocytes demonstrate a pro-inflammatory profile characterized by their ability to promote T cell proliferation 
and induce interferon-gamma (IFN-γ) secretion.43 Circulating natural killer (NK) cells and dendritic cells (DCs) may 
play a substantive role in the immune responses associated with preeclampsia. Plasmacytoid DCs (pDCs) are particularly 
noteworthy for their potential importance in maintaining immune tolerance and the induction of Treg cells.44 CCL19 
plays a pivotal role in intensifying the immunosuppressive capacities of Treg, contributing to the potential amelioration 
of the atypical immune milieu associated with preeclampsia.45

The gut microbiota is intricately linked to host immune regulation, inflammatory state, metabolic syndrome, and 
pregnancy.46,47 Short-chain fatty acids (SCFAs) produced by specific gut bacteria, such as Coprococcus_catus48 and 
Bifidobacteriales,49 are linked to cardiovascular health benefits and potentially lower preeclampsia risk. SCFAs, parti
cularly butyrate, are pivotal for maintaining immune homeostasis. They exert their protective effects by (1) promoting the 
differentiation and function of Tregs, which suppresses excessive inflammation, and (2) strengthening the intestinal 
epithelial barrier, thereby reducing the translocation of pro-inflammatory molecules into the systemic circulation. Since 
systemic maternal inflammation and immune dysregulation are hallmarks of preeclampsia, this SCFA-driven immuno
modulatory effect represents a primary mechanism for risk reduction. Notably, despite being an opportunistic bacterium, 
some species in the genus Bilophila have been identified as symbiotic bacteria, potentially mitigating the risk of 
cardiovascular disease by averting trimethylamine-N-oxide (TMAO) production induced by animal diets.50 Besides, 
previous research has documented a noteworthy augmentation in the abundance of Alistipes_shahii in mice afflicted with 
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Figure 6 Mendelian randomization and sensitivity results for 3622 proteins on preeclampsia in the form of forest plot. 
Abbreviations: SNP, single-nucleotide polymorphism; Beta, the effect size of the exposure on outcome; CI, confidence interval; IVW, inverse variance weighted.
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hepatocellular carcinoma, subjected to probiotic treatment. Alistipes_shahii is posited to harbor potential immunosup
pressive and anti-inflammatory properties. Ruminococcus2 shows a robust correlation with human leptin levels, a factor 
directly implicated in the pathogenesis of preeclampsia. Studies have ascertained a positive correlation between 
Ruminococcus2 and blood pressure levels in preeclampsia patients,49 suggesting a potential contributory role of 
Ruminococcaceae as a risk factor for preeclampsia.

Metabolic dysfunctions, including irregular glucose and lipid metabolism, increase preeclampsia risk, with diabetes 
mellitus as a known contributor.5 Serine is a key source of one-carbon units essential for nucleotide synthesis and 
methylation reactions, and its metabolic disruption is implicated in various vascular pathologies.51 Maintaining a specific 
balance in this amino acid metabolic pathway may be crucial for gestational vascular homeostasis. Phenyl sulfate, 
a uremic toxin originated from gut microbiota, exerts an inhibition effect on endothelial repair mechanisms subsequent to 
injury, and directly precipitates vascular damage. This process can escalate the risk of cardiovascular complications.52 

Observational research has demonstrated that plasma levels of cysteine in pregnant women and fetuses diagnosed with 
preeclampsia are significantly elevated when compared to those in normal control groups. Cysteine is posited to be linked 
with the onset of cardiovascular disease and endothelial dysfunction.53 Moreover, research has substantiated that the 
accumulation of guanidinoacetate in substantial quantities functions as a potent pro-oxidant, thereby inducing oxidative 
stress.54

ASTL, a zinc-dependent metalloproteinase, is critically involved in embryo development through its proteolytic 
activity on the zona pellucida.55 The protective association of higher ASTL levels with preeclampsia risk found in our 
study implies its potential role in influencing key substrates related to placental development or vascular remodeling. 
BIRC3 is a key negative regulator of NF-κB signaling, a pathway critically linked to inflammation and preeclampsia risk. 
Dysregulation of BIRC3 may therefore lead to uncontrolled inflammation, directly contributing to the pathogenesis of 
preeclampsia.56 The enzyme fructose-1,6-bisphosphatase 1 (FBP1) is vital for glucose regulation,57 and the cAMP 
pathway is essential for cardiovascular health, affecting hypertension risk.58 The role of GPC3 in Wnt pathway activation 
is crucial for trophoblast invasions and a healthy pregnancy.5 Research highlights the significance of RNA polymerase II 
elongation factor (ELL) in blood supply59 and HS6ST-1 in endothelial function via VEGFA.60 Apolipoprotein 
A-V (APOA5) levels are associated with hypertriglyceridemia and atherosclerosis, indicating a preeclampsia risk.61 

Neudesin (NENF) disrupts glucose metabolism in GDM,62 and Gremlin-1 (GREM1) overexpression in type II diabetes 
affects fat function and insulin resistance.63 Multimerin-2 (MMRN2) hinders angiogenesis and cell migration, potentially 
impairing placental blood flow.64 Tumor necrosis factor ligand superfamily member 15 (TNFSF15)65 and E3 ubiquitin- 
protein ligase pellino homolog 2 (PELI2)66 influence endothelial proliferation and inflammation, respectively, affecting 
preeclampsia development.

To present a balanced view, it is important to acknowledge that the literature contains contrasting findings. For 
example, while our analysis suggests a risk-increasing effect of Heparin-binding EGF-like growth factor (HB-EGF), this 
protein is generally considered vital for placental development.67 This apparent contradiction could be explained by its 
context-dependent dual roles, where excessive signaling in later gestation becomes pathological. This discrepancy may 
arise from differences in study design, cell-type specificity, or the limitations of MR in capturing complex cellular 
interactions present in observational data.

Different from conventional observational studies, our research exploits the GWAS datasets of large sample sizes, 
enhancing the reliability of our conclusions. Moreover, the use of MR analysis aids in minimizing confounding variables 
and the potential for reverse causality, thereby improving result accuracy. Nevertheless, several limitations must be 
acknowledged. First, the use of relaxed P-value thresholds, while necessary to secure sufficient IVs for exposures with 
limited GWAS sample sizes, increases the risk of false-positive findings. We mitigated this by employing a multi-tiered 
strategy: calculating F-statistics to ensure robust instruments (F > 10), requiring consistent effect directions across 
multiple MR methods, and applying stringent LD clumping. Second, a potential limitation is the multiple testing issue 
inherent in our multi-omics exploratory analysis. While a standard Bonferroni correction for all exposures would be 
overly conservative due to the high correlation among them, we adopted a significance threshold of P < 0.0125 (0.05/4) 
based on the number of MR methods used. Although we supplemented this with consistency and sensitivity analyses to 
enhance robustness, we acknowledge that this approach does not constitute a formal multiple testing correction and that 
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the risk of false positives may be higher than if a more stringent, trait-wide correction had been applied. Third, despite 
sensitivity analyses showing no significant horizontal pleiotropy, we cannot completely rule out this potential bias, as 
MR-Egger regression can lack power. Fourth, the potential for population stratification exists, as our analysis primarily 
relied on GWAS data from European-ancestry populations, limiting the generalizability of our findings. Finally, the 
GWAS sample sizes for some exposures, particularly immune cells and plasma proteins, were relatively limited, which 
may affect the precision of our causal estimates.

The identification of putative causal factors across immunologic, microbial, metabolic, and proteomic domains 
highlights the potential of integrating these diverse layers of biology for superior risk prediction. A model combining 
indicators of immunological predisposition, metabolic status, and proteomic pathway activity would provide a more 
robust risk assessment than a single-modality approach. For example, it could more accurately stratify risk in an 
individual with only a subclinical immunological aberration by concurrently capturing their metabolic and proteomic 
profile. This multi-parametric strategy is promising for enabling earlier and more precise identification of high-risk 
pregnancies.

In conclusion, our integrated MR analysis uncovers a network of putative causal factors across multiple biological 
layers, offering novel insights into the complex etiology of preeclampsia. These findings not only reinforce the roles of 
immune and vascular pathways but also highlight the emerging significance of gut microbiota and specific metabolic 
disturbances. The putative causal proteins and metabolites identified serve as valuable candidates for future research into 
diagnostic biomarkers and therapeutic targets. Future studies should focus on validating these potential associations in 
diverse populations and elucidating the precise molecular mechanisms underlying these genetic associations.
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