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Abstract
The correlation of pre-eclampsia (PE) and intestinal microbiome has been widely demonstrated in existing research, whereas 
their causal relationship has been rarely explored. The causal relationship between intestinal microbiome and PE risk was 
examined using large-scale genome-wide association studies (GWAS) summary statistics. To be specific, the causal microbial 
taxa for PE were identified using the two-sample Mendelian randomization (MR) method. The results were verified to be 
robust through comprehensive sensitive analyses, and the independence of causal relationship was ensured through novel 
multivariable MR analyses. The possibility of reverse relationships was ruled out through reverse-direction MR analyses. 
Lastly, the biofunction was explored through enrichment analysis, and a series of validations of PE results in a second GWAS 
were performed to confirm the results. After correction, four microbial taxa, including Streptococcus genus for PE (FDR 
q = 0.085), Olsenella genus for PE (FDR q = 0.085), Enterobacteriales order for PE (FDR q = 0.0134), and Akkermansia 
genus for PE (FDR q = 0.015), had a causal relationship to diverse joint PE (FDR q < 0.15). Moreover, when three different 
methods were employed on basis of the nominal significance (P < 0.05), five suggestive microbial taxa took on significance. 
The effect of heterogeneity and horizontal pleiotropy was excluded through sensitive analysis, and the possibility of hori-
zontal pleiotropy of BMI was ruled out through multivariable MR analysis. The protective mechanism of the identified taxa 
against PE was illustrated through GO enrichment analysis and KEGG pathways. A number of microbial taxa had a causal 
relationship to PE. The result of this study provides more insights into intestinal microbiome in the pathology of PE.
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Introduction

Pre-eclampsia (PE) occurs during pregnancy, which has 
been confirmed to be associated with multiple system 
diseases. PE is recognized as one of the most common 
pregnancy complications (El-Sayed 2017), and it can com-
plicate 2–8% of global pregnancies (ACOG Practice Bul-
letin No 2019). PE results in several adverse consequences 
(e.g., kidney failure, acute pulmonary edema, fetal growth 
restriction, fetal distress, placental abruption, and stillbirth) 

(Soh et al. 2015; Gottardi et al. 2021). Existing research 
has suggested that the pathogenesis of PE may be corre-
lated with oxidative stress, abnormal lipid metabolism, 
endothelial cell activation damage and so forth, whereas 
the specific pathogenesis has not been clarified (Ding et al. 
2014). Around the world, nearly 50,000 pregnant women 
die every year from PE or eclampsia (Filipek and Jurewicz 
2018). For instance, 15% of maternal deaths in the UK 
are caused by PE and eclampsia, of which 2/3 are associ-
ated with PE, as indicated by existing research (Filipek and 
Jurewicz 2018). In 2014, Abalos et al. (Abalos et al. 2014) 
suggested that the incidence rate of PE, eclampsia, and 
chronic hypertension in pregnancy reached 2.16%, 0.29%, 
and 0.28%, respectively. Accordingly, it is imperative to 
place sufficient attention to PE.

Intestinal microbiome refers to a complex microbial 
community living in the digestive tract, significantly 
affecting metabolism, immunity, and nutrient absorp-
tion of the body (Huber et al. 2007; Zhang et al. 2023). 
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The imbalanced intestinal microbiome composition or 
function has a close correlation with numerous diseases 
(e.g., spirit, immune system, blood system, cardiovascu-
lar system, endocrine system, psychology, and nervous 
system) (Zhou et al. 2020; Chen et al. 2021, 2022). Dur-
ing normal pregnancy, pregnant women undergo several 
physiological changes (e.g., immune, endocrine, and 
metabolic adaptation) to facilitate the growth of the fetal 
placenta. Moreover, the intestinal microbiome and its 
metabolism will undergo changes regarding host physi-
ology and immune adaptation (Zhang et al. 2015). The 
imbalanced intestinal microbiome in pregnant women 
plays a certain role in the occurrence of pregnancy com-
plications (e.g., PE) by affecting the maternal immune 
and metabolic functions (Edwards et al. 2017; Gomez-
Arango et al. 2016). In 2016, the 16rDNA sequencing 
of stool samples from 26 PE patients and healthy preg-
nant women in the third trimester were compared by 
some scholars, and the result indicated that the com-
position and structure of intestinal microorganisms in 
PE patients change significantly, and Clostridium and 
Bulleidia exhibit significantly increased abundance (Liu 
et al. 2017). Subsequently, relevant research (Lv et al. 
2019) has further revealed that the intestinal microbi-
ome of patients with early-onset PE also changes sig-
nificantly, Fusobacterium, Blautia, and other bacteria 
exhibit an enhanced abundance, while Akkermansia 
and Faecalibacterium exhibit a decreased abundance. 
As revealed by the above research, the intestinal micro-
biome of patients with PE is notably imbalanced, which 
is associated with the occurrence and development of 
the disease. However, extensive studies have reported 
different PE characteristic bacterial spectra, there is no 
homogeneity, and most of them are case–control stud-
ies; the number of cases has been limited. Besides it is 
difficult to realize the causal evidence presented by RCT 
or large cohort studies.

Mendelian randomization (MR) is capable of iden-
tifying the causal relationship between risk factors and 
diseases with genetic variation as an instrumental vari-
able (Vandebergh et al. 2022). Since genetic variation 
has been determined at the time of conception, it is not 
susceptible to other factors or confounding. Moreover, 
MR research meets the causal timing, which takes on sig-
nificance to causal inference and lays a basis for causal 
relationship (Vandebergh et al. 2022). Accordingly, based 
on the public data regarding the whole genome, two-way 
MR analysis was performed on two samples to investigate 
the correlations between different intestinal microbiome 
and PE risk, and the robustness of the results was verified 
through comprehensive sensitivity analysis in accordance 
with the specific effect of different intestinal microbi-
omes on PE.

Material and methods

Research design

A two-sample two-way MR design method was employed to 
verify whether there is a causal relationship between intesti-
nal microbiome and PE.

Data source

The datasets applied can be publicly accessible: GWAS sum-
mary statistics in terms of intestinal microbiome were the 
exposure that originated from the MiBioGen consortium 
(http:// www. mibio gen. org/) (Kurilshikov et al. 2021). Gut 
microbiota involved in this study were divided into 211 taxa 
(131 genera, 35 families, 20 orders, 16 classes, and 9 phyla) 
and a total of 5,717,754 SNPs genotyped by 16S fecal micro-
biome were analyzed on 18,340 individuals (24 cohorts). 
The correlation between the gut microbiome and autosomal 
human genetic variants was explored using a multi-ethnic 
large-scale GWAS recruiting 20 population-based cohorts 
from European, African American, American Hispanic/
Latin, East Asian, and Middle Eastern. A large PE GWAS 
provided the effect estimates of the SNPs regarding PE risk, 
comprising 264,887 controls of European ancestry and 2355 
cases (Sakaue et al. 2021).

Selection of instrumental variable

First, important SNPs were selected for the respective intes-
tinal microbiota using a cut-off value of P < 1E-5. Second, 
the clump program in PLINK software (Purcell et al. 2007) 
was adopted to exclude the dependent instrumental variable 
of r2 < 0.001 (clumping window size = 10,000 kb), which 
was obtained using the 1000 Genome Projects reference 
panel in Europe. If instrumental variable (IV) is missing 
from the result dataset, we will add an agent with r2 > 0.8. 
Subsequently, four to 25 separate IVs were retained for fur-
ther analysis for all intestinal microflora. Lastly, to quantify 
the intensity of IV, we calculated the variance interpreta-
tion ratio (PVE) and F statistic of each microbial group IV. 
Table S1 lists SNPs applied in the analysis.

Mendelian randomization

In this study, inverse variance weighted (IVW) method was 
primarily employed, in which the existence of the intercept 
term was not considered in regression, and the reciprocal 
of outcome variance served as the weight for fitting. To be 
specific, the IVW fixed effect model was largely adopted 
when there was no potential level pleiotropic heterogeneity 

http://www.mibiogen.org/
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(Burgess et al. 2013). Heterogeneity was detected using 
Cochran’s Q statistics. If Cochran’s Q statistics test achieved 
statistical significance, the analysis results exhibit significant 
heterogeneity. The random effect model will be employed if 
there is heterogeneity. Second, the above conclusions were 
further supplemented using weighted medium, MR Egger, 
MR PRESSO, and other methods. The weighted median 
method is the median of the weighted empirical density 
function of the ratio estimates. The causality can be evalu-
ated if at least 50% of the information in the analysis origi-
nates from effective instrumental s (Bowden et al. 2016). 
MR Egger intercept detection was conducted to determine 
whether there is level pleiotropy in MR analysis. If there 
is an intercept term in MR Egger intercept analysis (P 
intercept < 0.05), the study will have significant horizontal 
pleiotropy, and the slope of MR Egger slope will be a rela-
tively accurate effect estimate, since this method reduces the 
hypothesis errors due to pleiotropy (Bowden et al. 2015). 
MR-PRESSO first calculates the IVW result after removing 
the SNPs for the respective SNP, and then calculates the 
residual square sum of the SNPs’ effect and the IVW result. 
Lastly, we add the residual square sum (distance) calcu-
lated by using the respective SNP. The larger this value, the 
more significant the horizontal pleiotropy will be (Verbanck 
et al. 2018). Besides, the global test was performed in MR-
PRESSO to detect outliers. If there are outliers, they should 
be eliminated and reanalyzed.

Besides the test of the reliability and stability of the 
results using the above three methods (weighted medium, 
MR Egger, and MR-PRESSO), sensitivity analysis was con-
ducted using the leave one out method. To be specific, for 
the intestinal microbiome whose P value was less than 0.05 
in the IVW method and which has passed the level pleiot-
ropy and heterogeneity tests, the respective related SNP was 
removed, and the combined effect of the remaining SNPs 
was calculated to evaluate the effect of the respective SNP 
on the gut microbiota.

False positive in multiple tests was controlled using the 
FDR method. FDR q < 0.15 was considered significant, 
while P < 0.05 indicated a potential causal association. R 
4.1.0 version was adopted for all statistical analysis, and 
Mendelian randomization, MR-PRESSO, and other R pack-
ages were employed (Vandebergh et al. 2022).

Furthermore, considering the critical impact of BMI on 
the progress from gut microbiota to PE onset, we used a 
multivariable MR analysis to rule out the potential pleiot-
ropy. Notably, SNPs related to both causal gut microbiota 
and BMI were utilized as IVs for multivariable MR analysis. 
Then, the multivariable MR analysis was performed to esti-
mate the causal effect of gut microbes on PE after adjusting 
for BMI (Yengo et al. 2018). Additionally, a two-sample MR 
validation analysis was performed with PE as the outcome 
using GWAS summary data of European individuals from 

the finn-b-O15_PREECLAMPS consortium, including 3556 
cases vs. 114,735 controls.

GO and KEGG enrichment analysis

To further explore the biological role of gut microbial taxa 
on the development of PE, we performed GO and KEGG 
enrichment analyses based on lead SNPs for all identified 
gut microbial taxa. All analyses were conducted using R 
software (version 4.1.1) combined with the “Mendelian 
Randomization” package (version 0.4.3) specifically used in 
the MR and multivariable MR analyses. MR-PRESSO was 
conducted with the help of the “MR-PRESSO” package; GO 
and KEGG enrichment were performed with the “FUMA” 
website tool to map the instrumental variable to the nearby 
gene. After that, the pathway and tissue enrichment analyses 
were carried out also for the nearby gene.

Results

Causal effect of intestinal microbiome on PE

Several significant results regarding the causal relationship 
between PE risk and intestinal microbiome were identified 
through IVW methods. A total of 23 microbial taxa were 
found at the nominal significance level (P < 0.05), which 
involved 3 orders, 12 genera, and 5 families. Figure 1 lists 
causal features that are potentially significant. Twenty-three 
microbial taxa took on significance in terms of PE. However, 
after FDR correction (FDR q < 0.15), there were still four 
microbial taxa in terms of PE (Table 1).

To be specific, Streptococcus genus had a negative rela-
tionship to PE risk (FDR q = 0.085). The same results (P 
IVW = 6.39E-04, P Weighted-Median = 0.028, P Mr-Presso = 1.15E-
04) were achieved with the use of three different methods. 
The increased Olsenella genus led to the increased risk of 
PE (P IVW = 9.48E-04, FDR q = 0.085), the same as MR-
PRESSO (P Mr-Presso = 3.95E-04) and weighted-median (P 
Weighted-Median = 0.005). Besides, Enterobacteriales order’s 
causal effect on PE took on significance on the basis of 
three different methods (P IVW = 0.004, FDR q = 0.013, P 
Weighted-Median = 0.049, P Mr-Presso = 0.010). Moreover, Akker-
mansia genus coded to be ID 4037 took on 0.05 at the nomi-
nal significance level on the basis of three different methods 
(P IVW = 0.007, P Weighted Median = 0.011, P Mr-Presso = 0.003), 
and it led to the increased PE risk (Table 1). The causal 
relationships between intestinal microbiome for PE were 
verified to be robust in accordance with the sensitive results 
(Table S2). Nevertheless, intercept of MR Egger showed no 
potential horizontal pleiotropy in terms of the causal effect 
on PE (P Egger-intercept = 0.920 for Streptococcus genus, P 
Egger-intercept = 0.857 for Olsenella genus, P Egger-intercept = 0.948 
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for Enterobacteriales order, P Egger-intercept = 0.170 for Akker-
mansia genus). Furthermore, the possibility of horizontal 
pleiotropy (P global test = 0.974 in terms of Streptococcus 
genus, P global test = 0.962 in terms of Olsenella genus, P 
global test = 0.680 in terms of Enterobacteriales order, and 
P global test = 0.885 in terms of Akkermansia genus) was 
ruled out through global test of MR-PRESSO. Next, funnel 
and scatter plots were generated for causal and suggestive 
microbial taxa, and the results indicated that our estimation 
was not significantly affected by any potential outlier (Fig. 2 
and S1). No large-effect-size SNP biased the estimation of 
this study (Fig. S2) as indicated by the LOOCV results.

The validation analysis confirmed our findings for the 
association between Olsenella and PE showing similar and 
consistent effect estimates but with a loss of statistical sig-
nificance (quantified by P values in Fig. S3). Thus, geneti-
cally predicted Streptococcus was inversely associated with 
PE (OR IVW = 1.170, 95% CI: 0.911; 1.503, P = 0.219) 
(Fig. S3). The same applies to the relationship between 
Enterobacteriales and PE (OR IVW = 0.640, 95% CI: 0.459; 
0.894, P = 0.009). Again, no associations could be observed 
between Akkermansia and PE (Fig. S3).

Multivariable MR analysis

Multivariable MR analysis was performed to adjust BMI, 
such that if horizontal pleiotropy changed the results of this 
study was examined in depth. After the adjustment in terms 
of BMI, the possibility of a potentially pleiotropic effect was 

ruled out (Table 2). For PE, the independent causal effect 
of Ruminococcaceae genus was observed, with an odds 
ratio of 0.532 (95% CI: 0.352–0.872, P mvmr = 0.012) for 
the Ruminococcaceae genus on PE, where similar results 
were achieved in terms of the Butyricimonas genus on PE 
(OR = 1.674, 95% CI: 1.140–2.458, P mvmr = 0.009) and 
Streptococcaceae family (OR = 0.529, 95% CI: 0.316–0.887, 
P mvmr = 0.016). Nevertheless, after adjustment, the multi-
variable results in terms of suggestive microbial taxa were 
not significant, thus revealing that BMI may exert a pleio-
tropic effect on the development of PE and gut microbial 
taxa (Table 2).

Reverse‑direction MR analyses

Lastly, PE did not have a causal effect on 23 gut microbial 
taxa (Table S3), as indicated by the result of the reverse MR 
analysis. However, a potential significant causal effect was 
identified (P IVW = 0.049) only for the correlation between 
any PE with the Akkermansia genus, and no significant 
causal associations were detected with other methods.

GO and KEGG enrichment analysis

The significant enrichment of several crucial regulation 
pathways was indicated by the result of the GO term enrich-
ment analysis regarding microbial taxa on PE. In terms of 
PE, 19 GO terms (e.g., positive regulation of cell motility, 
tube morphogenesis, and unsaturated fatty acid metabolic 

Fig. 1  Forest plot for causal 
association between 23 unique 
causal/suggestive microbial 
taxa with PE. OR, odds ratio; 
CI, confidence interval; PE, 
pre-eclampsia; IVW, inverse-
variance weighted, MVMR, 
multivariable variable Mende-
lian randomization
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process) were observed to be involved in PE (Fig. 3A). 
Moreover, two KEGG pathways (e.g., nicotine addiction 
and folate biosynthesis) played a certain role in PE (Fig. 3B).

Discussion

To the best of our knowledge, this has been the initial com-
prehensive and in-depth research on the causal relation-
ships between intestinal microbiome and PE risk based on 
publicly available genetic databases. On the basis of 18,340 
individuals (24 cohorts), comprehensive MR analyses were 
conducted in terms of 211 taxa for revealing the potential 
role played by the intestinal microbiome in the development 
of PE. Multiple gut microbial taxa, including four causal 
microbial taxa (i.e., Streptococcus genus, Olsenella genus, 

Enterobacteriales order, and Akkermansia genus) and 19 
suggestive microbial taxa, take on a critical significance to 
the development of PE, as revealed by the findings.

The experimental result indicated a decreased number of 
Streptococcus species in the PE group, thus suggesting that 
Streptococcus bacteria may be correlated with the occur-
rence of PE (Chang et al. 2020). Other research (Mulla et al. 
2013) has suggested that Streptococcus may be associated 
with tumor necrosis factor (TNF)-alpha, interleukin-6 (IL-
6), and other cytokines. Streptococcus induced TNF-α (Zaga 
et al. 2004; Kwak et al. 2000; Rosati et al. 1998; Hunolstein 
et al. 1997) and IL-6 (Zaga et al. 2004; Kwak et al. 2000; 
Rosati et al. 1998). TNF-α is related to PE and may be a 
pathogenic factor in early eclampsia (Schipper et al. 2005; 
Beckmann et al. 2004, 1997; Visser et al. 2002, 1994; Chen 
et al. 1996). IL-6 may play a similar role (Conrad et al. 1998; 
Greer et al. 1994). TNF-α is capable of desensitizing its 

Table 1  Forest plot for causal association between 4 unique causal 
microbial taxa with PE. OR, odds ratio; CI, confidence interval; PE, 
pre-eclampsia; IVW, inverse-variance weighted, MVMR, multivariable 
variable Mendelian randomization. For PE, four taxa are causal (i.e., 

Streptococcus genus, Olsenella genus, Enterobacteriales order, and 
Akkermansia genus). The bold parts of the P-value are significant

Gut name Group Methods OR (95% CI) Pval Heterogeneity test (P) MR-PRESSO
global test (P)

Streptococcus Genus IVW 0.591 (0.437, 0.799) 6.39E-04 5.836 (0.970) 6.648 (0.974)
Weighted mode 0.686 (0.413, 1.139) 0.145
Weighted median 0.64 (0.429, 0.954) 0.028
MR Egger (slope) 0.625 (0.201, 1.945) 0.417
MR Egger (intercept)  − 0.004 (− 0.092, 0.083) 0.920
MR-PRESSO 0.591 (0.486, 0.718) 1.15E-04
MVMR (BMI adjusted) 0.751 (0.323, 1.749) 0.507

Olsenella Genus IVW 1.327 (1.122, 1.57) 9.48E-04 3.285 (0.952) 3.988 (0.962)
Weighted mode 1.404 (1.002, 1.968) 0.049
Weighted median 1.379 (1.102, 1.727) 0.005
MR Egger (slope) 1.401 (0.758, 2.589) 0.282
MR Egger (intercept)  − 0.007 (− 0.086, 0.071) 0.857
MR-PRESSO 1.327 (1.199, 1.469) 3.95E-04
MVMR (BMI adjusted) 1.146 (0.807, 1.629) 0.447

Enterobacteriales Order IVW 0.587 (0.411, 0.84) 0.004 6.056 (0.641) 7.653 (0.680)
Weighted mode 0.678 (0.389, 1.183) 0.171
Weighted median 0.617 (0.381, 0.998) 0.049
MR Egger (slope) 0.555 (0.079, 3.9) 0.507
MR Egger (intercept) 0.005 (− 0.148, 0.158) 0.948
MR-PRESSO 0.587 (0.43, 0.802) 0.010
MVMR (BMI adjusted) 0.262 (0.04, 1.723) 0.164

Akkermansia Genus IVW 1.466 (1.109, 1.936) 0.007 5.016 (0.890) 6.106 (0.885)
Weighted mode 1.823 (0.991, 3.355) 0.054
Weighted median 1.604 (1.112, 2.312) 0.011
MR Egger (slope) 2.777 (1.07, 7.208) 0.036
MR Egger (intercept)  − 0.053 (− 0.129, 0.023) 0.170
MR-PRESSO 1.466 (1.203, 1.786) 0.003
MVMR (BMI adjusted) 0.793 (0.411, 1.532) 0.490
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receptor, thus reducing its receptor signal when repeatedly 
stimulated (Wallach et al. 1988; Gaeta et al. 2000; Karmann 
et al. 1996). In addition, TNF exposure may downregulate 
IL-6 expression (Barnes et al. 1998). A possible reason for 
the lower incidence rate of PE in our population is that the 
TNF-α receptor of Streptococcus-colonized women is rela-
tively desensitized due to long-term exposure to TNF-α. The 
results of this study indicated that Streptococcus protected PE, 
thus suggesting that Streptococcus may play a certain role in 
the possible mechanism of regulating PE progress by affecting 
TNF-α. The comprehensive MR analysis of this study indi-
cated that the Enterobacteriales order had a protective effect 
on PE risk, whereas the effect of Enterobacteriales order in the 
intestinal microbiota on PE development remained unclear. A 
clinical experiment indicated that the increase in the number 

of Enterobacteriales order leads to the imbalance of gut micro-
biota, increases the risk of harmful bacteria infection, and acti-
vates the inflammatory signaling pathways (Huang et al. 2018), 
which is not consistent with the results of this study. Moreover, 
Akkermansia can facilitate PE, whereas this relationship was 
not supported by the MR results. As revealed by this study, the 
above inconsistency arises from inevitable confounding factors 
in population research, which have been frequently identified 
in microbiome research. In addition, Olsenella has been con-
firmed to play a certain role in unsaturated fatty acid biosyn-
thesis (Zhan et al. 2021). The levels of n-6 fatty acids and n-3 
fatty acids in the early pregnancy of PE were decreased, the 
levels of n-3 fatty acids showed a more significant decrease 
than those of n-6 fatty acids, and the ratio of n-6/n-3 was 
increased, as indicated by the experimental result (Wadhwani 
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Fig. 2  Causal association between causal microbial taxa with PE. In 
A–D, red lines represent estimations with IVW method and green 
dotted lines represent estimations with weighted median method. A 
Scatter plot for causal effect of Streptococcus genus on PE. B Scat-

ter plot for causal effect of Olsenella genus on PE. C Scatter plot 
for causal effect of Enterobacteriales order on PE. D Scatter plot for 
causal effect of Akkermansia genus on PE. PE, pre-eclampsia; IVW, 
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et al. 2016). The increase of n-6/n-3 ratio is related to oxidative 
stress reaction, and has the effects of promoting vasoconstric-
tion, oxidative stress, inflammation, and coagulation, which 
are considered the critical reasons for unsaturated fatty acid 
disorder to increase the occurrence of PE.

Some suggestive intestinal microbiotas have also been 
found in MR analysis, and part of these microbiotas have 
been confirmed by existing observational research. Bilophila 
was also the major variance in PE microbiomes. It is capable 
of promoting higher inflammation through the production 
of hydrogen sulfide (Silva et al. 2008), bile acid dysme-
tabolism, and intestinal barrier dysfunction (Devkota et al. 
2012; Natividad et al. 2018). Moreover, Bilophila in higher 
amounts is capable of releasing LPS and IL-6 (Hunter and 
Jones 2015 May), which is consistent with the observation; 
i.e., the abundance of intestinal Bilophila is positively cor-
related with the prenatal plasma IL-6 level. As indicated 
by the major results of existing research, women with PE 
achieved higher plasma levels of the proinflammatory 
cytokine TNF-α, as well as a higher relative abundance of 
Prevotella bivia in the vaginal microbiota (Hung et al. 2004). 
The above research suggests that PE is accompanied by a 
systemic inflammatory response (Ishida et al. 2019), and the 

ischemic placental injury under this condition is related to 
an increased release of TNF-α in the maternal bloodstream 
(Lau et al. 2013). When a multiplex assay was performed 
for eight different cytokines, TNF-α was the only increased 
inflammatory biomarker in the plasma of this study’s PE 
cases. It is noteworthy that the preponderance of Prevotella 
oralis in the oral microbiome is previously related to older 
women’s blood pressure outcomes. On that basis, the Prevo-
tella genus may affect the origination and development of 
hypertension, as well as in pregnancy’s hypertensive dis-
orders. This also supports the validity of the results of this 
study. It is interesting that an unknown genus coded to be 
959 takes on significance in PE at a nominal significance 
level, whereas its specific information and biological func-
tions remain unclear. Thus, in-depth research should be con-
ducted on this unknown genus.

In addition, the result of GO enrichment analysis indi-
cated that numerous GO biological processes are critical 
to the correlation between intestinal microbiome and PE, 
as demonstrated by existing research. For instance, posi-
tive regulation of cell mobility and tube morphogenesis 
are related to the development and progression of PE. In 
mammals, the critical event in the development of normal 

Table 2  The possibility of potentially pleiotropic effect after 
adjusting for BMI. OR, odds ratio; CI, confidence interval; PE, 
pre-eclampsia; MVMR, multivariable variable Mendelian randomi-

zation. For PE, three taxa are causal (i.e., Ruminococcaceae genus, 
Butyricimonas genus, and Streptococcaceae family)

Gut microbiota Variables BETA SE LOW UP OR P

genus.Streptococcus.id.1853 Gut microbiota BMI adjusted  − 0.286 0.431 0.751 0.323 1.749 0.507
genus.Olsenella.id.822 Gut microbiota BMI adjusted 0.136 0.179 1.146 0.807 1.629 0.447
family.Enterobacteriaceae.id.3469 Gut microbiota BMI adjusted  − 1.338 0.960 0.262 0.040 1.723 0.164
order.Enterobacteriales.id.3468 Gut microbiota BMI adjusted  − 1.338 0.960 0.262 0.040 1.723 0.164
class.Verrucomicrobiae.id.4029 Gut microbiota BMI adjusted  − 0.232 0.336 0.793 0.411 1.531 0.490
order.Verrucomicrobiales.id.4030 Gut microbiota BMI adjusted  − 0.232 0.336 0.793 0.411 1.531 0.490
genus.Akkermansia.id.4037 Gut microbiota BMI adjusted  − 0.232 0.336 0.793 0.411 1.532 0.490
family.Verrucomicrobiaceae.id.4036 Gut microbiota BMI adjusted  − 0.232 0.336 0.793 0.411 1.531 0.490
family.Actinomycetaceae.id.421 Gut microbiota BMI adjusted  − 0.720 NaN 0.487 #VALUE! #VALUE! NaN
order.Actinomycetales.id.420 Gut microbiota BMI adjusted  − 0.723 NaN 0.485 #VALUE! #VALUE! NaN
family.Clostridiaceae1.id.1869 Gut microbiota BMI adjusted  − 0.231 0.325 0.793 0.420 1.499 0.476
genus.Bilophila.id.3170 Gut microbiota BMI adjusted  − 0.065 0.287 0.937 0.534 1.644 0.820
genus.Prevotella9.id.11183 Gut microbiota BMI adjusted 0.342 0.203 1.408 0.946 2.096 0.092
genus.Flavonifractor.id.2059 Gut microbiota BMI adjusted  − 0.196 0.290 0.822 0.465 1.452 0.499
genus.unknowngenus.id.959 Gut microbiota BMI adjusted  − 0.045 0.180 0.956 0.671 1.361 0.802
genus.RuminococcaceaeUCG013.id.11370 Gut microbiota BMI adjusted  − 0.631 0.252 0.532 0.325 0.872 0.012
genus..Eubacteriumfissicatenagroup.id.14373 Gut microbiota BMI adjusted  − 0.002 0.192 0.998 0.685 1.453 0.991
genus.Butyricimonas.id.945 Gut microbiota BMI adjusted 0.515 0.196 1.674 1.140 2.458 0.009
family.Streptococcaceae.id.1850 Gut microbiota BMI adjusted  − 0.637 0.264 0.529 0.316 0.887 0.016
genus..Ruminococcustorquesgroup.id.14377 Gut microbiota BMI adjusted 0.458 0.292 1.581 0.893 2.801 0.116
genus.RuminococcaceaeUCG009.id.11366 Gut microbiota BMI adjusted 0.072 0.248 1.074 0.661 1.747 0.772
genus.Eggerthella.id.819 Gut microbiota BMI adjusted  − 0.368 NaN 0.692 #VALUE! #VALUE! NaN
order.Burkholderiales.id.2874 Gut microbiota BMI adjusted  − 2.973 2.679 0.051 0.000 9.760 0.267
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placenta is the establishment of an effective maternal cir-
culation, which is associated with the differentiation of 
trophoblastic cells into invasive extravillous trophoblas-
tic cells and multinuclear trophoblastic cells (Moser et al. 
2018). Any abnormality of trophoblast cell differentiation 
may cause severe pregnancy disorder (e.g., PE) (Xu et al. 
2019). Most research has suggested that PE is caused by 
trophoblast cells invading the surface layer of the uterine 
wall (Su et al. 2021; Zhang et al. 2021; Ridder et al. 2019). 
Accordingly, the failure of incomplete spiral artery remod-
eling will result in the abnormal imbalance of circulating 
angiogenic factors and further trigger maternal endothelial 
dysfunction, thus leading to PE (Stepan et al. 2020). As 
revealed by some evidence, unsaturated fatty acids play mul-
tiple roles in membrane structure, lipid metabolism, blood 
coagulation, and blood pressure, and they show a correla-
tion with cardiovascular diseases. The metabolic process of 
unsaturated fatty acids was associated with PE, as indicated 
by the result of our enrichment analysis. Existing literature 
has suggested that the peroxidation of unsaturated fatty acids 
may jeopardize atherosclerotic arteries by releasing toxic 
endoperoxide and arachidonic acid metabolizing throm-
boxane (i.e., platelet aggregation agent) (Choi et al. 2020). 
Accordingly, some clinical experiments suggested an accu-
mulation of unsaturated fatty acids in the placental tissues of 
PE (Devarshi et al. 2019). Moreover, unsaturated fatty acids 
may significantly regulate fat metabolism of placenta and 
fetus. Existing research has suggested that arachidonic acid 
(AA) can upregulate inflammatory response, while docosap-
entaenoic acid (EPA) and docosahexaenoic acid (DHA) can 
downregulate inflammatory response (Rani et al. 2016). We 
speculate that intestinal microbiome may affect PE by affect-
ing unsaturated fatty acids. Furthermore, the result of KEGG 
pathway analyses indicated the enrichment of the signal-
ing by nicotine addiction and folate biosynthesis. Nicotine 
addiction has a negative impact on maternal health; the risks 
of smoking in pregnancy should include not only fetal risks 
but maternal risks (including pre-eclampsia) as well (Roe-
lands et al. 2009). Interestingly, according to a study, women 
who smoke cigarettes throughout pregnancy are at a 33% 
reduced risk of developing this disorder (Bainbridge et al. 
2005). In addition, folate is an essential micronutrient during 
pregnancy, deficient folate status in association with altera-
tion in expression of enzymes involved in folate metabolism 
might be associated with pregnancy complications such as 
pre-eclampsia and NTDs (Mohanraj et al. 2019). We surmise 

that nicotine addiction and folate biosynthesis can also cause 
changes in gastrointestinal microbiome; the exact mecha-
nisms through gastrointestinal microbiome that influence the 
risk of pre-eclampsia need to be studied ulteriorly.

Notably, changes in intestinal microbiome that are medi-
ated by obesity are capable of causing local and systemic 
inflammation of low grades, thus causing PE attacks. The 
pleiotropic effect of BMI on the development of pathogenic 
intestinal microbiota and PE was excluded through the mul-
tivariate MR analysis. The statistically insignificant results 
of intestinal microbiota may arise from the limited statistical 
capacity or the potential pleiotropic effect of BMI.

In brief, the intestinal microbiota related to PE were 
comprehensively screened in this study. The results of this 
study also indicated the protective role of a wide variety of 
intestinal microbiota in the development of PE, thus guid-
ing PE prevention and treatment in clinical practice. Nev-
ertheless, this study has some limitations. To be specific, 
nearly 100 genetic variations related to intestinal microbi-
ome were identified using GWAS, and the effect of a single 
genetic variation on intestinal microbiome was extremely 
weak (OR values of disease susceptibility loci identified by 
most GWAS are < 2.0), which can only account for a small 
part of the heritability of intestinal microbiome (Roelands 
et al. 2009). Furthermore, BMI was corrected to further 
evaluate the risk of the intestinal microbiome to PE, and 
BMI serves as an indirect indicator. Besides, fat and muscle 
accumulation cannot be distinguished, and fat distribution 
cannot be effectively identified (Indiani et al. 2018). Third, 
although most participants in the GWAS meta-analysis for 
gut microbiota data were European descendants, we still 
consider that our data may have interference from population 
stratification, so it is worth mentioning that the results of this 
study may not be entirely applicable to non-European sub-
jects. Future MR studies on the causal association between 
gut microbiota and PE are recommended to embrace data 
from diverse European and non-European populations and 
ensure the generalizability and applicability of the outcomes. 
Fourth, since there are insufficient personal data, in-depth 
population stratification research (e.g., gender) cannot be 
conducted, and possible differences in different popula-
tions can be investigated. Lastly, we additionally included 
large genetic consortia for PE for validation. Notably, these 
GWAS did not adjust for gender; the cases were females, 
but nevertheless the non-cases included males, which could 
confound the MR estimates likely away from the null.
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Fig. 3  Functional analyses for the nearby genes mapped by gut-
related IVs. A GO enrichment analyses indicated that the nearby 
genes were significantly related to the function of “positive regulation 
of cell motility”, “tube morphogenesis”, and “unsaturated fatty acid 
metabolic process”. B KEGG pathway analyses indicated that nico-
tine addiction and folate biosynthesis were enriched. IVs, instrumen-
tal variables

◂

https://doi.org/10.1007/s10142-023-01054-8


 Functional & Integrative Genomics (2023) 23:127

1 3

127 Page 10 of 12

Funding Funding was provided via the following grants: Basic public 
welfare research program of Zhejiang Province (No: LGF20H040003).

Data availability The raw data supporting the conclusions of this arti-
cle will be made available by the authors, without undue reservation.

Declarations 

Ethical approval No ethics approval was required for this paper.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Abalos E, Cuesta C, Carroli G, Qureshi Z, Widmer M, Vogel JP, Souza 
JP (2014) WHO Multicountry Survey on Maternal and Newborn 
Health Research Network Pre-eclampsia, eclampsia and adverse 
maternal and perinatal outcomes: a secondary analysis of the 
World Health Organization Multicountry Survey on Maternal and 
Newborn Health. BJOG. 121(1):14–24. https:// doi. org/ 10. 1111/ 
1471- 0528. 12629

ACOG Practice Bulletin No (2019) 202 Summary: Gestational hyper-
tension and preeclampsia. Obstet Gynecol 133(1):1. https:// doi. 
org/ 10. 1097/ AOG. 00000 00000 003019

Bainbridge SA, Sidle EH, Smith GN (2005) Direct placental effects 
of cigarette smoke protect women from pre-eclampsia: the spe-
cific roles of carbon monoxide and antioxidant systems in the 
placenta. Med Hypotheses 64(1):17–27. https:// doi. org/ 10. 1016/j. 
mehy. 2004. 06. 019

Barnes DA, Huston M, Perez HD (1998) TNF-alpha and IL-1beta 
cross-desensitization of astrocytes and astrocytoma cell lines. J 
Neuroimmunol 87(1–2):17–26. https:// doi. org/ 10. 1016/ s0165- 
5728(98) 00041-1

Beckmann I, Visser W, Struijk PC, van Dooren M, Glavimans J, Wal-
lenburg HC (1997) Circulating bioactive tumor necrosis factor-
alpha, tumor necrosis factor-alpha receptors, fibronectin, and 
tumor necrosis factor-alpha inducible cell adhesion molecule 
VCAM-1 in uncomplicated pregnancy. Am J Obstet Gynecol 
177(5):1247–1252. https:// doi. org/ 10. 1016/ s0002- 9378(97) 
70046-2

Beckmann I, Efraim SB, Vervoort M, Visser W, Wallenburg HC (2004) 
Tumor necrosis factor-alpha in whole blood cultures of preec-
lamptic patients and healthy pregnant and nonpregnant women. 
Hypertens Pregnancy 23(3):319–329. https:// doi. org/ 10. 1081/ 
PRG- 20003 0334

Bowden J, Davey Smith G, Burgess S (2015) Mendelian randomiza-
tion with invalid instruments: effect estimation and bias detection 
through Egger regression. Int J Epidemiol 44(2):512–525. https:// 
doi. org/ 10. 1093/ ije/ dyv080

Bowden J, Davey Smith G, Haycock PC, Burgess S (2016) Consist-
ent estimation in Mendelian randomization with some invalid 
instruments using a weighted median estimator. Genet Epidemiol 
40(4):304–314. https:// doi. org/ 10. 1002/ gepi. 21965

Burgess S, Butterworth A, Thompson SG (2013) Mendelian randomi-
zation analysis with multiple genetic variants using summarized 
data. Genet Epidemiol 37(7):658–665. https:// doi. org/ 10. 1002/ 
gepi. 21758

Chang Y, Chen Y, Zhou Q, Wang C, Chen L, Di W, Zhang Y (2020) 
Short-chain fatty acids accompanying changes in the gut micro-
biome contribute to the development of hypertension in patients 
with preeclampsia. Clin Sci (lond) 134(2):289–302. https:// doi. 
org/ 10. 1042/ CS201 91253

Chen G, Wilson R, Wang SH, Zheng HZ, Walker JJ, McKillop JH 
(1996) Tumour necrosis factor-alpha (TNF-alpha) gene poly-
morphism and expression in pre-eclampsia. Clin Exp Immu-
nol. 104(1):154–9. https:// doi. org/ 10. 1046/j. 1365- 2249. 1996. 
d01- 647.x

Chen Z, Zheng X, Wu X, Wu J, Li X, Wei Q, Zhang X, Fang L, Jin 
O, Gu J (2021) Adalimumab therapy restores the gut micro-
biota in patients with ankylosing spondylitis. Front Immunol. 
12:700570. https:// doi. org/ 10. 3389/ fimmu. 2021. 700570

Chen SM, Liu SX, Chen F, Wang CY, Mai HR, Yuan XL, Wen FQ. 
Changes of intestinal flora in children with acute lymphoblastic 
leukemia before and after chemotherapy. Zhongguo Dang Dai 
Er Ke Za Zhi. 2022 24(5):550–560. Chinese. https:// doi. org/ 10. 
7499/j. issn. 1008- 8830. 21100 45

Choi JE, Kim EY, Park Y (2020) N-3 PUFA improved pup separa-
tion-induced postpartum depression via serotonergic pathway 
regulated by miRNA. J Nutr Biochem. 84:108417. https:// doi. 
org/ 10. 1016/j. jnutb io. 2020. 108417

Conrad KP, Miles TM, Benyo DF (1998) Circulating levels of immu-
noreactive cytokines in women with preeclampsia. Am J Reprod 
Immunol 40(2):102–111. https:// doi. org/ 10. 1111/j. 1600- 0897. 
1998. tb003 98.x

da Silva SM, Venceslau SS, Fernandes CL, Valente FM, Pereira IA 
(2008) Hydrogen as an energy source for the human pathogen 
Bilophila wadsworthia. Antonie Van Leeuwenhoek 93(4):381–
390. https:// doi. org/ 10. 1007/ s10482- 007- 9215-x

Devarshi PP, Grant RW, Ikonte CJ, Hazels MS (2019) Maternal 
omega-3 nutrition, placental transfer and fetal brain devel-
opment in gestational diabetes and preeclampsia. Nutrients 
11(5):1107. https:// doi. org/ 10. 3390/ nu110 51107

Devkota S, Wang Y, Musch MW, Leone V, Fehlner-Peach H, Nadim-
palli A, Antonopoulos DA, Jabri B, Chang EB (2012) Dietary-
fat-induced taurocholic acid promotes pathobiont expansion and 
colitis in Il10-/- mice. Nature 487(7405):104–108. https:// doi. 
org/ 10. 1038/ natur e11225

Ding X, Yang Z, Han Y, Yu H (2014) Long-chain fatty acid oxidation 
changes in a β2 glycoprotein I-induced preeclampsia-like mouse 
model. Placenta 35(6):392–397. https:// doi. org/ 10. 1016/j. place 
nta. 2014. 03. 013

Edwards SM, Cunningham SA, Dunlop AL, Corwin EJ (2017) The 
maternal gut microbiome during pregnancy. MCN Am J Matern 
Child Nurs 42(6):310–317. https:// doi. org/ 10. 1097/ NMC. 00000 
00000 000372

El-Sayed AAF (2017) Preeclampsia: a review of the pathogenesis 
and possible management strategies based on its pathophysio-
logical derangements. Taiwan J Obstet Gynecol 56(5):593–598. 
https:// doi. org/ 10. 1016/j. tjog. 2017. 08. 004

Filipek A, Jurewicz E. Preeklampsja – choroba kobiet w ciąży 
[Preeclampsia - a disease of pregnant women]. Postepy Bio-
chem. 2018 64(4):232–229. Polish. https:// doi. org/ 10. 18388/ 
pb. 2018_ 146

Gaeta ML, Johnson DR, Kluger MS, Pober JS (2000) The death 
domain of tumor necrosis factor receptor 1 is necessary but not 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/1471-0528.12629
https://doi.org/10.1111/1471-0528.12629
https://doi.org/10.1097/AOG.0000000000003019
https://doi.org/10.1097/AOG.0000000000003019
https://doi.org/10.1016/j.mehy.2004.06.019
https://doi.org/10.1016/j.mehy.2004.06.019
https://doi.org/10.1016/s0165-5728(98)00041-1
https://doi.org/10.1016/s0165-5728(98)00041-1
https://doi.org/10.1016/s0002-9378(97)70046-2
https://doi.org/10.1016/s0002-9378(97)70046-2
https://doi.org/10.1081/PRG-200030334
https://doi.org/10.1081/PRG-200030334
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1042/CS20191253
https://doi.org/10.1042/CS20191253
https://doi.org/10.1046/j.1365-2249.1996.d01-647.x
https://doi.org/10.1046/j.1365-2249.1996.d01-647.x
https://doi.org/10.3389/fimmu.2021.700570
https://doi.org/10.7499/j.issn.1008-8830.2110045
https://doi.org/10.7499/j.issn.1008-8830.2110045
https://doi.org/10.1016/j.jnutbio.2020.108417
https://doi.org/10.1016/j.jnutbio.2020.108417
https://doi.org/10.1111/j.1600-0897.1998.tb00398.x
https://doi.org/10.1111/j.1600-0897.1998.tb00398.x
https://doi.org/10.1007/s10482-007-9215-x
https://doi.org/10.3390/nu11051107
https://doi.org/10.1038/nature11225
https://doi.org/10.1038/nature11225
https://doi.org/10.1016/j.placenta.2014.03.013
https://doi.org/10.1016/j.placenta.2014.03.013
https://doi.org/10.1097/NMC.0000000000000372
https://doi.org/10.1097/NMC.0000000000000372
https://doi.org/10.1016/j.tjog.2017.08.004
https://doi.org/10.18388/pb.2018_146
https://doi.org/10.18388/pb.2018_146


Functional & Integrative Genomics (2023) 23:127 

1 3

Page 11 of 12 127

sufficient for Golgi retention of the receptor and mediates receptor 
desensitization. Lab Invest 80(8):1185–1194. https:// doi. org/ 10. 
1038/ labin vest. 37801 26

Gomez-Arango LF, Barrett HL, McIntyre HD, Callaway LK, Mor-
rison M, Dekker Nitert M, SPRING Trial Group (2016) Con-
nections between the gut microbiome and metabolic hormones 
in early pregnancy in overweight and obese women. Diabetes. 
65(8):2214–23. https:// doi. org/ 10. 2337/ db16- 0278

Gottardi E, Lecarpentier E, Villette C, Berman A, Redel D, Tsatsaris 
V, Goffinet F, Haddad B (2021) Preeclampsia before 26 weeks of 
gestation: obstetrical prognosis for the subsequent pregnancy. J 
Gynecol Obstet Hum Reprod. 50(3):102000. https:// doi. org/ 10. 
1016/j. jogoh. 2020. 102000

Greer IA, Lyall F, Perera T, Boswell F, Macara LM (1994) Increased 
concentrations of cytokines interleukin-6 and interleukin-1 
receptor antagonist in plasma of women with preeclampsia: 
a mechanism for endothelial dysfunction? Obstet Gynecol 
84(6):937–940

Huang G, Xu J, Cai D, Chen SY, Nagy T, Guo TL (2018) Exacerba-
tion of type 1 diabetes in perinatally genistein exposed female 
non-obese diabetic (NOD) mouse is associated with alterations of 
gut microbiota and immune homeostasis. Toxicol Sci 165(2):291–
301. https:// doi. org/ 10. 1093/ toxsci/ kfy162

Huber JA, Mark Welch DB, Morrison HG, Huse SM, Neal PR, But-
terfield DA, Sogin ML (2007) Microbial population structures in 
the deep marine biosphere. Science 318(5847):97–100. https:// 
doi. org/ 10. 1126/ scien ce. 11466 89

Hung TH, Charnock-Jones DS, Skepper JN, Burton GJ (2004) Secre-
tion of tumor necrosis factor-alpha from human placental tissues 
induced by hypoxia-reoxygenation causes endothelial cell activa-
tion in vitro: a potential mediator of the inflammatory response in 
preeclampsia. Am J Pathol 164(3):1049–1061. https:// doi. org/ 10. 
1016/ s0002- 9440(10) 63192-6

Hunter CA, Jones SA (2015) IL-6 as a keystone cytokine in health and 
disease. Nat Immunol 16(5):448–457. https:// doi. org/ 10. 1038/ ni. 
3153. Errat um. In: NatIm munol. 20171 8(11): 1271

Indiani CMDSP, Rizzardi KF, Castelo PM, Ferraz LFC, Darrieux M, 
Parisotto TM (2018) Childhood obesity and Firmicutes/Bacteroi-
detes ratio in the gut microbiota: a systematic review. Child Obes. 
14(8):501–509. https:// doi. org/ 10. 1089/ chi. 2018. 0040

Ishida H, Jiang M, Ebinuma H, Hiruta N, Schneider WJ, Kinoshita T, 
Bujo H (2019) Circulating soluble LR11, a differentiation regula-
tor for vascular cells, is increased during pregnancy and exagger-
ated in patients with pre-eclampsia. Clin Chim Acta 497:172–177. 
https:// doi. org/ 10. 1016/j. cca. 2019. 07. 001

Karmann K, Min W, Fanslow WC, Pober JS (1996) Activation and 
homologous desensitization of human endothelial cells by CD40 
ligand, tumor necrosis factor, and interleukin 1. J Exp Med 
184(1):173–182. https:// doi. org/ 10. 1084/ jem. 184.1. 173

Kurilshikov A, Medina-Gomez C, Bacigalupe R et al (2021) Large-
scale association analyses identify host factors influencing human 
gut microbiome composition. Nat Genet 53(2):156–165. https:// 
doi. org/ 10. 1038/ s41588- 020- 00763-1

Kwak DJ, Augustine NH, Borges WG, Joyner JL, Green WF, Hill HR 
(2000) Intracellular and extracellular cytokine production by 
human mixed mononuclear cells in response to group B strepto-
cocci. Infect Immun 68(1):320–327. https:// doi. org/ 10. 1128/ IAI. 
68.1. 320- 327. 2000

Lau SY, Guild SJ, Barrett CJ, Chen Q, McCowan L, Jordan V, Chamley 
LW (2013) Tumor necrosis factor-alpha, interleukin-6, and inter-
leukin-10 levels are altered in preeclampsia: a systematic review 
and meta-analysis. Am J Reprod Immunol 70(5):412–427. https:// 
doi. org/ 10. 1111/ aji. 12138

Liu J, Yang H, Yin Z, Jiang X, Zhong H, Qiu D, Zhu F, Li R (2017) 
Remodeling of the gut microbiota and structural shifts in 

preeclampsia patients in South China. Eur J Clin Microbiol Infect 
Dis 36(4):713–719. https:// doi. org/ 10. 1007/ s10096- 016- 2853-z

Lv LJ, Li SH, Li SC, Zhong ZC, Duan HL, Tian C, Li H, He W, Chen 
MC, He TW, Wang YN, Zhou X, Yao L, Yin AH (2019) Early-
onset preeclampsia is associated with gut microbial alterations in 
antepartum and postpartum women. Front Cell Infect Microbiol 
9:224. https:// doi. org/ 10. 3389/ fcimb. 2019. 00224

Mohanraj PS, Rahat B, Mahajan A, Bagga R, Kaur J (2019) Temporal 
expression of genes involved in folate metabolism and transport 
during placental development, preeclampsia and neural tube 
defects. Mol Biol Rep 46(3):3193–3201. https:// doi. org/ 10. 1007/ 
s11033- 019- 04776-w

Moser G, Windsperger K, Pollheimer J, de Sousa Lopes SC, Huppertz 
B (2018) Human trophoblast invasion: new and unexpected routes 
and functions. Histochem Cell Biol 150(4):361–370. https:// doi. 
org/ 10. 1007/ s00418- 018- 1699-0

Mulla ZD, Annavajjhala V, Gonzalez-Sanchez JL, Simon MR, Nuway-
hid BS (2013) Group B streptococcal colonization and the risk of 
pre-eclampsia. Epidemiol Infect 141(5):1089–1098. https:// doi. 
org/ 10. 1017/ S0950 26881 20015 98

Natividad JM, Lamas B, Pham HP, Michel ML, Rainteau D, Bridon-
neau C, da Costa G, van Hylckama VJ, Sovran B, Chamignon C, 
Planchais J, Richard ML, Langella P, Veiga P, Sokol H (2018) 
Bilophila wadsworthia aggravates high fat diet induced metabolic 
dysfunctions in mice. Nat Commun 9(1):2802. https:// doi. org/ 10. 
1038/ s41467- 018- 05249-7

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender 
D, Maller J, Sklar P, de Bakker PI, Daly MJ, Sham PC (2007) 
PLINK: a tool set for whole-genome association and population-
based linkage analyses. Am J Hum Genet 81(3):559–575. https:// 
doi. org/ 10. 1086/ 519795

Rani A, Wadhwani N, Chavan-Gautam P, Joshi S (2016) Altered devel-
opment and function of the placental regions in preeclampsia and 
its association with long-chain polyunsaturated fatty acids. Wiley 
Interdiscip Rev Dev Biol 5(5):582–597. https:// doi. org/ 10. 1002/ 
wdev. 238

Ridder A, Giorgione V, Khalil A, Thilaganathan B (2019) Preeclamp-
sia: the relationship between uterine artery blood flow and tropho-
blast function. Int J Mol Sci 20(13):3263. https:// doi. org/ 10. 3390/ 
ijms2 01332 63

Roelands J, Jamison MG, Lyerly AD, James AH (2009) Consequences 
of smoking during pregnancy on maternal health. J Womens 
Health (larchmt) 18(6):867–872. https:// doi. org/ 10. 1089/ jwh. 
2008. 1024

Rosati E, Fettucciari K, Scaringi L, Cornacchione P, Sabatini R, Mez-
zasoma L, Rossi R, Marconi P (1998) Cytokine response to group 
B Streptococcus infection in mice. Scand J Immunol 47(4):314–
323. https:// doi. org/ 10. 1046/j. 1365- 3083. 1998. 00305.x

Sakaue S, Kanai M, Tanigawa Y et al (2021) A cross-population atlas 
of genetic associations for 220 human phenotypes. Nat Genet 
53(10):1415–1424. https:// doi. org/ 10. 1038/ s41588- 021- 00931-x

Schipper EJ, Bolte AC, Schalkwijk CG, Van Geijn HP, Dekker GA 
(2005) TNF-receptor levels in preeclampsia–results of a longi-
tudinal study in high-risk women. J Matern Fetal Neonatal Med 
18(5):283–287. https:// doi. org/ 10. 1080/ 14767 05050 02464 66

Soh MC, Nelson-Piercy C, Dib F, Westgren M, McCowan L, Pasupathy 
D (2015) Brief Report: Association between pregnancy outcomes 
and death from cardiovascular causes in parous women with sys-
temic lupus erythematosus: a study using Swedish population 
registries. Arthritis Rheumatol 67(9):2376–2382. https:// doi. org/ 
10. 1002/ art. 39218

Stepan H, Hund M, Andraczek T (2020) Combining biomarkers to 
predict pregnancy complications and redefine preeclampsia: the 
angiogenic-placental syndrome. Hypertension 75(4):918–926. 
https:// doi. org/ 10. 1161/ HYPER TENSI ONAHA. 119. 13763

https://doi.org/10.1038/labinvest.3780126
https://doi.org/10.1038/labinvest.3780126
https://doi.org/10.2337/db16-0278
https://doi.org/10.1016/j.jogoh.2020.102000
https://doi.org/10.1016/j.jogoh.2020.102000
https://doi.org/10.1093/toxsci/kfy162
https://doi.org/10.1126/science.1146689
https://doi.org/10.1126/science.1146689
https://doi.org/10.1016/s0002-9440(10)63192-6
https://doi.org/10.1016/s0002-9440(10)63192-6
https://doi.org/10.1038/ni.3153.Erratum.In:NatImmunol.201718(11):1271
https://doi.org/10.1038/ni.3153.Erratum.In:NatImmunol.201718(11):1271
https://doi.org/10.1089/chi.2018.0040
https://doi.org/10.1016/j.cca.2019.07.001
https://doi.org/10.1084/jem.184.1.173
https://doi.org/10.1038/s41588-020-00763-1
https://doi.org/10.1038/s41588-020-00763-1
https://doi.org/10.1128/IAI.68.1.320-327.2000
https://doi.org/10.1128/IAI.68.1.320-327.2000
https://doi.org/10.1111/aji.12138
https://doi.org/10.1111/aji.12138
https://doi.org/10.1007/s10096-016-2853-z
https://doi.org/10.3389/fcimb.2019.00224
https://doi.org/10.1007/s11033-019-04776-w
https://doi.org/10.1007/s11033-019-04776-w
https://doi.org/10.1007/s00418-018-1699-0
https://doi.org/10.1007/s00418-018-1699-0
https://doi.org/10.1017/S0950268812001598
https://doi.org/10.1017/S0950268812001598
https://doi.org/10.1038/s41467-018-05249-7
https://doi.org/10.1038/s41467-018-05249-7
https://doi.org/10.1086/519795
https://doi.org/10.1086/519795
https://doi.org/10.1002/wdev.238
https://doi.org/10.1002/wdev.238
https://doi.org/10.3390/ijms20133263
https://doi.org/10.3390/ijms20133263
https://doi.org/10.1089/jwh.2008.1024
https://doi.org/10.1089/jwh.2008.1024
https://doi.org/10.1046/j.1365-3083.1998.00305.x
https://doi.org/10.1038/s41588-021-00931-x
https://doi.org/10.1080/14767050500246466
https://doi.org/10.1002/art.39218
https://doi.org/10.1002/art.39218
https://doi.org/10.1161/HYPERTENSIONAHA.119.13763


 Functional & Integrative Genomics (2023) 23:127

1 3

127 Page 12 of 12

Su MT, Tsai PY, Wang CY, Tsai HL, Kuo PL (2021) Aspirin facili-
tates trophoblast invasion and epithelial-mesenchymal transition 
by regulating the miR-200-ZEB1 axis in preeclampsia. Biomed 
Pharmacother. 139:111591. https:// doi. org/ 10. 1016/j. biopha. 2021. 
111591

Vandebergh M, Dubois B, Goris A (2022) Effects of vitamin D and 
body mass index on disease risk and relapse hazard in multiple 
sclerosis: a Mendelian randomization study. Neurol Neuroim-
munol Neuroinflamm. 9(3):e1165. https:// doi. org/ 10. 1212/ NXI. 
00000 00000 001165

Verbanck M, Chen CY, Neale B, Do R (2018) Detection of widespread 
horizontal pleiotropy in causal relationships inferred from Men-
delian randomization between complex traits and diseases. Nat 
Genet. 50(5):693–698. https:// doi. org/ 10. 1038/ s41588- 018- 0099-
7. Erratum in: Nat Genet. 2018 50(8):1196

Visser W, Beckmann I, Bremer HA, Lim HL, Wallenburg HC (1994) 
Bioactive tumour necrosis factor alpha in pre-eclamptic patients 
with and without the HELLP syndrome. Br J Obstet Gynaecol 
101(12):1081–1082. https:// doi. org/ 10. 1111/j. 1471- 0528. 1994. 
tb135 87.x

Visser W, Beckmann I, Knook MA, Wallenburg HC (2002) Soluble 
tumor necrosis factor receptor II and soluble cell adhesion mol-
ecule 1 as markers of tumor necrosis factor-alpha release in preec-
lampsia. Acta Obstet Gynecol Scand 81(8):713–719

von Hunolstein C, Totolian A, Alfarone G, Mancuso G, Cusumano V, 
Teti G, Orefici G (1997) Soluble antigens from group B strepto-
cocci induce cytokine production in human blood cultures. Infect 
Immun 65(10):4017–4021. https:// doi. org/ 10. 1128/ iai. 65. 10. 
4017- 4021. 1997

Wadhwani NS, Narang AS, Mehendale SS, Wagh GN, Gupte SA, Joshi 
SR (2016) Reduced maternal erythrocyte long chain polyunsatu-
rated fatty acids exist in early pregnancy in preeclampsia. Lipids 
51(1):85–94. https:// doi. org/ 10. 1007/ s11745- 015- 4098-5

Wallach D, Holtmann H, Engelmann H, Nophar Y (1988) Sensitization 
and desensitization to lethal effects of tumor necrosis factor and 
IL-1. J Immunol 140(9):2994–2999

Xu Y, Sui L, Qiu B, Yin X, Liu J, Zhang X (2019) ANXA4 promotes 
trophoblast invasion via the PI3K/Akt/eNOS pathway in preec-
lampsia. Am J Physiol Cell Physiol 316(4):C481–C491. https:// 
doi. org/ 10. 1152/ ajpce ll. 00404. 2018

Yengo L, Sidorenko J, Kemper KE, Zheng Z, Wood AR, Weedon MN, 
Frayling TM, Hirschhorn J, Yang J, Visscher PM, GIANT Consor-
tium (2018) Meta-analysis of genome-wide association studies for 
height and body mass index in ∼700000 individuals of European 
ancestry. Hum Mol Genet. 27(20):3641–3649. https:// doi. org/ 10. 
1093/ hmg/ ddy271

Zaga V, Estrada-Gutierrez G, Beltran-Montoya J, Maida-Claros R, 
Lopez-Vancell R, Vadillo-Ortega F (2004) Secretions of interleu-
kin-1beta and tumor necrosis factor alpha by whole fetal mem-
branes depend on initial interactions of amnion or choriodecidua 
with lipopolysaccharides or group B streptococci. Biol Reprod 
71(4):1296–1302. https:// doi. org/ 10. 1095/ biolr eprod. 104. 028621

Zhan Q, Qi X, Weng R, Xi F, Chen Y, Wang Y, Hu W, Zhao B, Luo 
Q (2021) Alterations of the human gut microbiota in intrahepatic 
cholestasis of pregnancy. Front Cell Infect Microbiol. 11:635680. 
https:// doi. org/ 10. 3389/ fcimb. 2021. 635680

Zhang D, Huang Y, Ye D (2015) Intestinal dysbiosis: an emerging 
cause of pregnancy complications? Med Hypotheses 84(3):223–
226. https:// doi. org/ 10. 1016/j. mehy. 2014. 12. 029

Zhang Q, Wang Z, Cheng X, Wu H (2021) lncRNA DANCR promotes 
the migration an invasion and of trophoblast cells through micro-
RNA-214-5p in preeclampsia. Bioengineered 12(2):9424–9434. 
https:// doi. org/ 10. 1080/ 21655 979. 2021. 19883 73

Zhang Q, Luo T, Yuan D, Liu J, Fu Y, Yuan J (2023) Qi-Long-Tian 
capsule alleviates pulmonary fibrosis development by modulating 
inflammatory response and gut microbiota. Funct Integr Genom-
ics 23(1):64. https:// doi. org/ 10. 1007/ s10142- 023- 00988-3

Zhou C, Rao X, Wang H, Zeng B, Yu Y, Chen J, Zhong J, Qi X, Zeng 
L, Zheng P, Hong W, Xie P (2020) Hippocampus-specific regula-
tion of long non-coding RNA and mRNA expression in germ-free 
mice. Funct Integr Genomics 20(3):355–365. https:// doi. org/ 10. 
1007/ s10142- 019- 00716-w

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

https://doi.org/10.1016/j.biopha.2021.111591
https://doi.org/10.1016/j.biopha.2021.111591
https://doi.org/10.1212/NXI.0000000000001165
https://doi.org/10.1212/NXI.0000000000001165
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1111/j.1471-0528.1994.tb13587.x
https://doi.org/10.1111/j.1471-0528.1994.tb13587.x
https://doi.org/10.1128/iai.65.10.4017-4021.1997
https://doi.org/10.1128/iai.65.10.4017-4021.1997
https://doi.org/10.1007/s11745-015-4098-5
https://doi.org/10.1152/ajpcell.00404.2018
https://doi.org/10.1152/ajpcell.00404.2018
https://doi.org/10.1093/hmg/ddy271
https://doi.org/10.1093/hmg/ddy271
https://doi.org/10.1095/biolreprod.104.028621
https://doi.org/10.3389/fcimb.2021.635680
https://doi.org/10.1016/j.mehy.2014.12.029
https://doi.org/10.1080/21655979.2021.1988373
https://doi.org/10.1007/s10142-023-00988-3
https://doi.org/10.1007/s10142-019-00716-w
https://doi.org/10.1007/s10142-019-00716-w

	The causal role of intestinal microbiome in development of pre-eclampsia
	Abstract
	Introduction
	Material and methods
	Research design
	Data source
	Selection of instrumental variable
	Mendelian randomization
	GO and KEGG enrichment analysis

	Results
	Causal effect of intestinal microbiome on PE
	Multivariable MR analysis
	Reverse-direction MR analyses
	GO and KEGG enrichment analysis

	Discussion
	Anchor 16
	References


