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Background: Observational studies have reported an association between the gut microbiota (GM) and hyperemesis gravidarum (HG). However, the causal relationship is unclear. In this study, Mendelian randomization (MR) was used to infer causal relationships between GM and HG.

Methods: Inverse-variance weighted MR was performed using summary statistics for genetic variants from genome-wide association studies (GWAS). Sensitivity analyses were performed to validate the MR results and assess the robustness of the causal inference. Reverse MR analysis was performed for bacterial taxa that were causally linked to the HG risk in the forward MR analysis to evaluate reverse causality.

Results: MR analysis revealed that the genera Defluviitaleaceae UCG011, Ruminococcus1, Ruminococcus2, Turicibacter, and unknowngenus and phylum Verrucomicrobiota are positively associated with the risk of HG. Additionally, the genus Coprococcus2 was related to a decreased risk of HG. Sensitivity studies validated the strength and reliability of the link between the composition of the GM and HG. No evidence for reverse causality from HG to identified bacterial taxa was found.

Conclusion: Our MR analysis provided novel insight into the association between GM and HG. In particular, our results indicated that targeting the GM could serve as an effective therapeutic strategy for HG.
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Introduction

Hyperemesis gravidarum (HG) is characterized by severe nausea, involving more than three episodes of vomiting per day, sufficient to produce >5% weight loss, dehydration, ketosis, alkalosis, hypokalemia, and nutritional disturbances as well as ketones in the urine (Solomon et al., 2023). The primary etiology of HG is an abrupt elevation in serum concentrations of hormones, such as human chorionic gonadotropin (HCG) and estrogen (Jones, 1982). The precise etiology of HG remains uncertain; nevertheless, certain risk factors have been identified, including multiple pregnancies, primigravida, prior history of HG, molar pregnancy, unexpected pregnancy, and family history of HG (Mekonnen et al., 2018). Protective factors include the utilization of multivitamins before 6 weeks of gestational age and maternal cigarette smoking (Czeizel et al., 1992). HG can lead to various clinical symptoms, such as an electrolyte imbalance, malnutrition, muscle weakness, depression, and anxiety in pregnant women and even trigger the development of serious diseases, such as gestational hypertension, Wernicke encephalopathy, and hyperthyroidism syndrome in pregnancy (Jennings and Mahdy, 2023).

There is growing evidence to support an association between the gut microbiota (GM) and HG. The gut microbiota of pregnant women with HG includes a decreased number of beneficial anti-inflammatory species and an increase in pathogenic and opportunistic pathogens, suggesting that the GM plays a role in inflammation in HG (Min, 2020). A study has shown that probiotics reduce Modified Pregnancy-Unique Quantification of Emesis and Nausea (MPUQE) scores without significant adverse effects and can be used as an adjunctive treatment for HG (Xin and Zhenhua, 2021). Changes in the composition of the gut microbiota during pregnancy may be related to the development of nausea and vomiting during pregnancy (Koren et al., 2012).

MR represents an innovative methodology for examining causality (e.g., between GM and HG). In MR, genetic variants are used as instrumental variables (IVs) to establish a causal relationship between exposure and illness outcomes (Greenland, 2000). The random allocation of genotypes from parents to offspring ensures that the correlations between genetic variants and outcomes remain unaffected by common confounding factors, thereby establishing a plausible causal relationship (Burgess and Thompson, 2021). MR has been utilized to investigate the causal relationships between the gut microbiota and many diseases, including metabolic (Sanna et al., 2019), autoimmune (Li C. et al., 2022), and psychiatric disorders (Chen et al., 2022) as well as pregnancy complications (Li C. et al., 2022). In this study, genome-wide association study (GWAS) summary statistics obtained from MiBioGen and the IEU Open GWAS project were used for a two-sample MR analysis to assess the causal relationship between GM and HG.



Materials and methods


Data sources

Gut microbiota data were derived from the largest genome-wide meta-analysis available to date published by the MiBioGen consortium (Kurilshikov et al., 2021). The large-scale, multi-ancestry, genome-wide meta-analysis involved 16S ribosomal RNA (rRNA) gene sequencing profiles and genotyping data for 18,340 participants from 24 population cohorts of European, Middle Eastern, East Asian, American Hispanic/Latin, and African American origin to examine associations between autosomal human genetic variants and the gut microbiome. The microbial composition was analyzed by targeting three variable regions of the 16 S rRNA gene: V4, V3–V4, and V1–V2. Genetic loci that influence the relative abundance (microbiome quantitative trait loci) or presence (microbiome binary trait loci) of microbial taxa were identified by using microbiome trait loci mapping. The results included 211 taxa (131 genera, 35 families, 20 orders, 16 classes, and 9 phyla). The genus was the lowest taxonomic rank evaluated. HG data were obtained from a GWAS dataset from 2021 in FinnGen Biobank, which included 1,148 cases and 110,330 controls of European ancestry. In total, 16,379,549 single nucleotide polymorphisms (SNPs) were analyzed. The data can be downloaded from the IEU OpenGWAS project.1



Two-sample MR design

The MR framework requires three assumptions (Figure 1) (1) genetic variants as IVs are robustly associated with exposure factors (the relevance assumption); (2) IVs are not associated with any potential confounders (the independence assumption); (3) the genetic variant only affects outcomes through the exposure (the exclusion restriction assumption). Figure 1 depicts a concise description of the directional MR design.
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FIGURE 1
 The study design of the present MR study.




Selection of IVs

The following quality control measures were used to choose the most suitable IVs to ensure the reliability and precision of the results regarding the link between GM and HG. (1) Two thresholds were employed in the selection of IVs. The initial IVs were SNPs with a significance of lower than the genome-wide threshold of 5 × 10−8. However, only a small number of IVs were obtained. For a broader investigation of the connections between severe vomiting in pregnancy and GM, a significance level of 1 × 10−5 was also used to identify SNPs. (2) SNPs in linkage disequilibrium (LD) were removed (R2 < 0.001 and clumping window size = 10,000 kb). (3) Palindromic SNPs (e.g., with A/T or G/C alleles) were removed. (4) The strength of IVs was evaluated by calculating F-statistics, where an F-statistic exceeding 10 indicated that a weak IV bias is highly unlikely. F-statistics were calculated as follows:
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R2 and N refer to the cumulative variance explained by the selected SNPs and sample size, respectively, and K is the number of SNPs. The formula for R2 was as follows:
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where EAF is the effect allele frequency, β is the allele effect value, and SE is the standard error.



MR analysis

To investigate whether there is a causal relationship between the GM and excessive vomiting in pregnancy, five widely utilized Mendelian randomization (MR) techniques were used: inverse-variance weighted (IVW) (Burgess et al., 2013), weighted (Hartwig et al., 2017), MR-Egger regression (Bowden et al., 2015), weighted median estimator (WME) (Bowden et al., 2016), and simple. The IVW technique has slightly higher statistical power than those of alternative methods under specific circumstances (Bowden et al., 2016). Consequently, when multiple IVs were utilized, the primary analysis predominantly relied on the IVW method, while the remaining four methods were employed as supplementary approaches. Bidirectional MR was used to rule out causal effects of HG on GM. A reverse MR analysis was performed only for bacterial genera with a significant causal relationship with HG in forward analyses.



Sensitivity analysis

To assess the robustness of the results, sensitivity analyses were performed, including heterogeneity and pleiotropy tests. Cochran’s Q test was used to assess the heterogeneity in the effects of each SNP. In addition, to identify potentially heterogeneous SNPs, a leave-one-out sensitivity test was conducted by systematically eliminating each SNP individually. The intercept from the MR-Egger tests was used to detect horizontal pleiotropy in multiple IVs (Burgess and Thompson, 2017). A p-value of less than 0.05 indicated heterogeneity.




Results


Selection of IVs related to GM

Initially, 211 taxa and 2,246 SNPs were extracted under a locus-wide significance threshold of p < 1 × 10−5. These taxa included 9 phyla (102 SNPs), 16 classes (178 SNPs), 20 orders (215 SNPs), 35 families (382 SNPs), and 131 genera (1,372 SNPs) after quality control processes, including the removal of LD effects and palindromic SNPs. The F-statistics for the IVs were all over 10, indicating a lack of weak instrument bias.



Two-sample MR analysis


MR results at five levels

As illustrated in Figure 2, seven bacterial taxa were linked to the risk of HG, as determined using the IVW method. In particular, the IVW analysis showed that the genus DefluviitaleaceaeUCG011 (OR, 1.53; 95% CI, 1.03–2.28; p = 0.037), genus Ruminococcus1 (OR, 1.71; 95% CI, 1.01–2.89; p = 0.045), genus Ruminococcus2 (OR, 1.46; 95% CI, 1.02–2.09; p = 0.040), genus Turicibacter (OR, 1.64; 95% CI, 1.09–2.45; p = 0.016), genus unknowngenus (OR, 1.53; 95% CI, 1.03–2.26; p = 0.034), and phylum Verrucomicrobiota (OR, 1.48; 95% CI, 1.01–2.16; p = 0.042) were positively associated with the risk of HG. The relative abundance of the genus Coprococcus2 (OR: 0.59, 95%CI: 0.37–0.95, p = 0.030) was negatively related to the risk of HG. The results for the five methods are presented in Figures 3,4 and Supplementary Table S1.
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FIGURE 2
 MR estimates according to the IVW method for the association between GM and HG Note: Abbreviations: MR Mendelian randomization, SNP single nucleotide polymorphism, SE Standard error, OR odds ratio, CI confidence interval, IVW inverse variance weighted.
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FIGURE 3
 Causal effects of GM on HG. From the inner circle to the outer circle, different statistical methods are represented: Weighted mode, Simple mode, Inverse variance weighted, Weighted median, and MR Egger.




Assessment of assumptions

Cochran’s Q test for IVW results indicated that there was no statistically significant heterogeneity among the IVs (Supplementary Table S2). Furthermore, the MR-Egger regression intercepts (Supplementary Table S3) indicated the absence of any substantial directional horizontal pleiotropy. A leave-one-out sensitivity analysis showed that the risk estimations associated with specific bacterial taxa and the risk of HG could not be attributed to a single SNP (Supplementary Figure S1).
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FIGURE 4
 Scatter plots for the causal association between GM and HG. (A) Genus Coprococcus2, (B) Genus DefluviitaleaceaeUCG011, (C) Genus Ruminococcus1, (D) genus Ruminococcus2, (E) Genus Turicibacter, (F) Genus unknowngenus, (G) Phylum Verrucomicrobia.





Reverse MR analysis

We performed a reverse MR analysis to infer whether there was a causal link between HG and the relative abundance of seven bacterial taxa. We selected SNPs (p < 1 × 10−5) that were significantly associated with the risk of HG as IVs. We excluded SNPs in LD (R2 < 0.1 and clumping window size = 10,000 kb). The other methods and settings were consistent with those used in the forward MR analysis. We did not detect reverse causal relationships between HG and identified bacterial features (Supplementary Table S4). According to Cochran’s Q test based on IVW, there was no significant heterogeneity across the included IVs (Supplementary Table S5). The MR-PRESSO global test and the MR-Egger intercept analysis did not reveal discernible horizontal pleiotropy (Supplementary Table S6). A leave-one-out sensitivity analysis showed that the risk estimations associated with the risk of HG and specific bacterial taxa could not be attributed to a single SNP (Supplementary Figure S2).




Discussion

To investigate the causal relationship between GM and HG, we used a two-sample MR analysis. To the best of our knowledge, this is the first study of the association between GM and HG at the genetic level. Our analysis utilized the most extensive and up-to-date GWAS data available. The results provide valuable insights for the prevention, treatment, and overall management of HG, supporting the targeted modulation of certain GM. In particular, the genus Coprococcus2 confers protective effects, whereas the genera DefluviitaleaceaeUCG011, Ruminococcus1, Ruminococcus2, Turicibacter, and unknowngenus and phylum Verrucomicrobiota have detrimental effects on HG. Reverse MR analyses did not reveal any evidence of reverse causality from HG to the identified bacterial genera.

MR is not sensitive to confounding effects due to the random allocation of germline genetic variation during meiosis, reflecting exposure without being influenced by reverse causation. The results of our monodirectional, two-sample MR study suggested that genetic predispositions to the genera DefluviitaleaceaeUCG011 (OR=1.53), Ruminococcus1 (OR = 1.71), Ruminococcus2 (OR = 1.46), Turicibacter (OR = 1.64), and unknowngenus (OR = 1.53) and phylum Verrucomicrobiota (OR = 1.48) are associated with 53%, 71%, 46%, 64%, 53%, and 48% elevated risks of HG, respectively. Genetically predicted Coprococcus2 (OR = 0.59) was associated with a 41% decreased risk of HG.

Dysbiosis of the gut microbiota contributes to various disorders during pregnancy, such as gestational diabetes (Liu et al., 2022), preeclampsia-eclampsia (Li P. et al., 2022), and severe intrahepatic cholestasis of pregnancy (Zhan et al., 2021), and is considered a contributing factor to severe vomiting in pregnancy. HG is characterized by severe nausea and vomiting beginning before the 22nd week of pregnancy (Balci et al., 2022). The association between GM and HG can be attributed to the impact of specific microbial taxa on inflammation and the regulation of sex hormones, either via direct or indirect effects (Jeong et al., 2017). Determining the roles of GH in the regulation of sex hormones, inflammation, immune-related cytokine production, and the modulation of metabolic pathways, thereby impacting HG, is an important research topic (Adlercreutz et al., 1984). Previous research has focused on individuals diagnosed with HG based on data from fecal samples. However, it is important to note that a cross-sectional study design makes it impossible to establish a causal link between the gut microbiota and HG (Min, 2020). We utilized MR to examine the association between GM and HG in human subjects, enabling us to control for confounding factors and establish a reliable causal link.

Among taxa associated with HG in this study, Ruminococcus is a gram-positive, anaerobic, spherical bacterium that does not produce spores. It is associated with autism spectrum disorder, along with Streptococcus and Ruminiclostridium (Wang et al., 2023). There is evidence that Ruminococcus can partially inhibit inflammation and protect the intestinal mucosa after cisplatin treatment in diverse cancer models (Perales-Puchalt et al., 2018; Hsiao et al., 2021). Numerous studies have demonstrated a potential correlation between a reduction in Turicibacter and the occurrence of colitis. This reduction has been linked to elevated levels of tumor necrosis factor and NF-κB1 as well as lower levels of butyric acid in the intestines (Jones-Hall et al., 2015; Zhong et al., 2015; Liu et al., 2016). The prevalence of the relatively unexplored bacterium Turicibacter was notably reduced in the gastrointestinal microbiota of C57BL/6 mice and APC+/1,638 N mice with high-fat diet-induced obesity; this reduction in the abundance of Turicibacter was associated with heightened levels of inflammation and activation of the Wnt-signaling pathway (Liu et al., 2016; Guo et al., 2017). These findings were contrary to those of our study, in which Turicibacter was associated with an elevated risk of HG. Additionally, a link between Verrucomicrobiota and HG has not been reported. Hence, our research suggests a novel avenue for investigating the role of the gut microflora and the mechanisms by which these bacteria contribute to HG. We detected a significant negative association between Coprococcus2 and HG. Several studies have shown a decrease in the prevalence of Coprococcus in individuals suffering from sepsis (Yu et al., 2022). It is possible that Coprococcus modulates inflammatory dynamics in the host (Lin et al., 2023). A reduced prevalence of this bacterial lineage may lead to an increased responsiveness to inflammatory stimuli in the host, thereby exacerbating the severity of sepsis. In pregnant women with HG, Coprococcus2 was a protective factor, possibly via reducing inflammatory responses, providing a bases for the development of therapeutic strategies.

Our study had several strengths. To the best of our knowledge, this is the first application of MR to assess the causal relationship between GM and HG based on extensive GWAS data. Unlike prior observational studies, the MR approach mitigates potential biases, such as confounding variables and reverse causation, thereby improving the accuracy of causal inferences. Furthermore, various sensitivity analyses and Cochran’s Q statistics revealed a lack of heterogeneity or pleiotropy among the IVs, supporting the precision and reliability of the findings.

However, this study had some limitations. First, GWAS are unlikely to reveal all genetic traits associated with complex phenotypes (Altshuler et al., 2008). Understanding the hereditary basis of a disease can provide a basis for preventive strategies; however, environmental variables often contribute to disease development (Meisel et al., 2015). MR reduces interference from confounding factors to a limited extent. Second, because the GWAS data were only based on people of European ancestry, considering the problem of population stratification, the results may not be generalizable to non-European populations, and more studies of GM and HG are needed verify the results. Third, owing to the small number of IVs meeting the strict criteria (p < 5 × 10−8), IVs were screened using a flexible threshold (p < 1 × 10−5), and there may be some unavoidable confounding factors.



Conclusion

The genus Coprococcus2 had protective effects against HG, whereas various genera (i.e., DefluviitaleaceaeUCG011, Ruminococcus1, Ruminococcus2, Turicibacter, and unknowngenus) and the phylum Verrucomicrobiota had detrimental effects. Experimental studies are necessary to explore the mechanisms by which specific gut microbial taxa influence HG. The observed relationships between GM and HG suggest that alterations in the diversity and composition of the intestinal flora can be used in clinical diagnosis, prevention, and treatment, providing a basis for further research on gynecological diseases. In the future, we can also explore the mechanisms by which specific gut microbiota influence HG to further provide a basis for the treatment of HG. Despite a lack of support for reverse causality, the potential impact of HG on the composition of the gut microbiota cannot be ruled out. Additional studies are needed to confirm the relationships.
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