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Introduction: Intrahepatic cholestasis of pregnancy (ICP), the most prevalent liver disorder specific to pregnancy, affects approximately 1.5%-4% of pregnancies. However, the influence of ICP on cardiovascular disease (CVD), including hypertension (HTN) and coronary artery disease (CAD), has not been thoroughly investigated.



Methods: This study explores the causal relationship between ICP and CVD (HTN, CAD) using Mendelian Randomization (MR). Utilizing summary-level data from Genome-Wide Association Studies (GWAS), we applied the inverse-variance weighted (IVW) method, supplemented by sensitivity and reverse MR analyses, to ascertain robustness.



Results: Our findings reveal significant causal links, indicating ICP notably increases the risk of CVD (P = 0.001), hypertension (HTN, P = 0.024), and coronary artery disease (CAD, P = 0.039). A two-step MR analysis highlighted the mediation role of lipid profiles, with LDL, TC, and Apo-B contributing to increased CVD risk by 25.5%, 12.2%, and 21.3%, respectively. Additionally, HTN was identified as a mediator in the ICP-CAD association, accounting for a 14.5% mediation effect.



Discussion: The results underscore the genetic predisposition of ICP to elevate CVD risk and the critical mediating role of lipid levels, emphasizing the need for vigilant lipid monitoring and early intervention in individuals with ICP.
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1 Introduction

Intrahepatic cholestasis of pregnancy (ICP), the most prevalent liver disorder specific to pregnancy, affects approximately 1.5%–4% of pregnancies (1, 2). The incidence of ICP varies according to geographic location and ethnicity, with a higher incidence in South American populations and a lower incidence in European populations (3). Its clinical manifestations include pruritus and elevated levels of serum bile acids and transaminases (4). Typical symptoms of ICP begin to appear around the third trimester of pregnancy and the condition worsens as the pregnancy progresses. Typically, ICP symptoms subside within 48 h postpartum, and biochemical irregularities normalize within 2–8 weeks (5).

Notably, ICP is linked to several adverse perinatal outcomes, including preterm labor, unexplained stillbirth, and postpartum hemorrhage (6, 7). The pathogenesis of sudden intrauterine death related to ICP remains unclear, but it is hypothesized to involve disruptions in fetal circulation due to abnormal bile acid concentrations. Recent studies of ICP fetal outcomes have shown that the risk of adverse fetal outcomes increases with increasing maternal serum bile acid levels (8). The most effective pharmacologic treatment to improve clinical symptoms and biochemical abnormalities in patients with ICP is Ursodeoxycholic acid (UDCA), and this has also been shown to reduce placental abnormalities and improve placental bile acid transport in in vitro studies (9, 10).

The pathogenesis of ICP is multifactorial, involving environmental factors, hormonal changes, and genetic mutations (11). ICP is more likely to occur in winter and in populations in areas with lower dietary selenium intake, suggesting that environmental factors play a role in the development of ICP (12). Reproductive hormones also play a role in ICP, and women with higher levels of estrogen and progesterone are more likely to experience ICP symptoms (13). In terms of genetic factors, the more widely studied gene is ABCB4, and mutations at loci such as ABCB11 and ABCC2 have also been reported in ICP (14).

Associations between ICP and various conditions, such as hepatitis C, non-alcoholic fatty liver disease, cholecystitis, pancreatitis, and autoimmune diseases, have been documented (15). Several studies have shown that ICP may coexist with other pregnancy-related conditions such as pre-eclampsia, acute fatty liver of pregnancy and gestational diabetes (16). Previous studies have shown that ICP patients have a threefold increased risk of gestational diabetes and pre-eclampsia compared to normal pregnant women (17). Both gestational diabetes and pre-eclampsia are recognized as risk factors for cardiovascular disease (18). However, the impact of ICP on cardiovascular disease (CVD) remains underexplored, with most research focusing on fetal cardiac implications (19). Observational studies have indicated an elevated risk of preeclampsia in women with a history of ICP (20). Yet, the influence of ICP on adult cardiovascular event risk, including hypertension (HTN) and coronary artery disease (CAD), requires further investigation. Currently, only a few observational studies have reported on the relationship between ICP and cardiovascular disease, and they have not obtained uniform results. Traditional observational studies in this context are often subject to limitations like residual confounding and reverse causality bias.

Mendelian randomization (MR) refers to an analytical method for assessing causal relationships between observed modifiable exposures or risk factors and clinically relevant outcomes. It provides a valuable tool, especially when randomized controlled trials examining causality are not feasible and when observational studies provide biased associations due to confounding or reverse causality. These issues are addressed by using genetic variants as instrumental variables (IVs) for testing exposure. Because alleles of exposure-related genetic variants are randomly assigned, the results obtained by MR are not affected by confounders and reverse causation (21). Large-scale genome-wide association studies (GWAS) conducted over the past decade have identified many genetic variants associated with cardiometabolic traits and risk factors. These findings have enabled the design of MR, which has been increasingly applied to predict cardiovascular risk factors in recent years. In this study, we used two-sample and two-step MR to explore the relationship between ICP and cardiovascular disease and to elucidate potential mediators in the pathway linking ICP with cardiovascular disease.



2 Methods


2.1 Study design

In this study, we used two-sample MR analysis (TSMR) and two-step MR to investigate the causal associations between ICP and cardiovascular disease, using summary statistics from genome-wide association studies (GWAS). This study adhered to the key principles outlined in the Strengthening the Reporting of Observational Studies in Epidemiology Mendelian randomization (STROBE-MR) guidelines (22). To ensure the accuracy and reliability of the results, this MR study strictly followed the three basic assumptions of Mendelian randomization. First, IVs must be strongly correlated with exposure factors. Second, IVs cannot be directly correlated with the outcome. Finally, IVs must be excluded from being associated with any confounding factors. Figure 1 illustrates the basic assumptions of MR and our study design.
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FIGURE 1
(A) The basic assumptions of MR and (B) study design. SNP, single nucleotide polymorphisms; ICP, intrahepatic cholestasis of pregnancy; IVW, inverse variance weighted; WM, weighted median; CVD, cardiovascular disease; HTN, hypertension; CAD, coronary artery disease; GWAS, genome-wide association studies; IEU, integrative epidemiology unit open GWAS project.




2.2 Data sources

The exposure in this MR study was ICP, and the outcome factors were CVD, HTN, and CAD. This study categorizes the potential mediator factors into two major groups, as follows: (1) Blood lipids: low-density lipoprotein [LDL], high-density lipoprotein [HDL], total cholesterol [TC], triglycerides [TG], apolipoprotein A [Apo-A], and apolipoprotein B [Apo-B]; (2) Liver function markers: alanine aminotransferase [ALT], aspartate aminotransferase [AST], alkaline phosphatase [ALP], gamma-glutamyl transferase [γ-GGT], and bile acid. The GWAS summary-level data for ICP were derived from a study by Dixon PH et al. through GWAS Catalog (https://www.ebi.ac.uk/gwas/), which conducted GWAS and a meta-analysis across three studies on ICP, encompassing a total of 1,138 cases and 153,642 controls (23). The GWAS summary-level data about CVD, HTN, CAD, blood lipids and liver function markers used in this study was issued by the Integrative Epidemiology Unit (IEU) open GWAS project (https://gwas.mrcieu.ac.uk/). This project, supported by the Medical Research Council Integrative Epidemiology Unit (MRC IEU) at the University of Bristol, collated and analyzed GWAS data from UK Biobank (24), published articles, and FinnGen biobank (25). There is no significant sample overlap between the GWAS data. More information about the GWAS summary-level data used in this study is presented in Table 1.


TABLE 1 GWAS summary-level data used in this study.
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2.3 The selection of IVs

In MR analyses, single nucleotide polymorphisms (SNPs) were used as instrumental variables to represent exposures and outcomes to explore causal relationships between them. We screened for SNPs that were strongly associated with exposure at a genome-wide significance level (P < 5 × 10−8). A total of 11 SNPs were associated with ICP at the genome-wide significant threshold. All of them were not in linkage disequilibrium (LD, R2 ≥ 0.001 and within 10 mb) and not overlapped with the known risk of CVD. Furthermore, to assess the strength of the screened IVs, this study introduced the F statistic to reflect the ability of the IVs to represent the phenotype. The F statistic was calculated from the sample size, the number of IVs, the minor allele frequency (MAF), and the β-value (26). IVs with F-statistics <10 were regarded as weak genetic instruments. In this study, SNPs with F statistic less than 10 should be removed (27). The details of instrumental SNPs in this study are shown in Table 2. All the F-statistics in this study are greater than 10, indicating that the IVs used satisfy the requirement of a strong association with exposures.


TABLE 2 The details of instrumental SNPs in this study.
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2.4 Statistical analysis

In this study, we utilized four MR methods—Inverse Variance Weighted (IVW), Weighted Median (WM), MR-Egger, and Weighted Mode—to assess the causal impact of ICP on CVD. Each method is based on distinct assumptions regarding horizontal pleiotropy. Primarily, the IVW approach synthesizes Wald ratios (the ratio of the SNP-associated outcome effect to the SNP-associated exposure effect) through meta-analysis to deduce the aggregate causal relationship between the exposure and the outcome (28). To mitigate reverse causation, we conducted a reverse MR analysis, which swaps the roles of exposure and outcome. The IVW model's heterogeneity was evaluated using Cochran's Q test, with a p-value less than 0.05 signifying heterogeneity (29). Furthermore, the Mendelian Randomization Pleiotropy Residual Sum and Outlier (MR-PRESSO) test was applied to ascertain the degree of horizontal pleiotropy among the IVs (30). A leave-one-out analysis was also conducted to determine the influence of individual SNPs on the overall results, leading to the immediate exclusion of any identified outliers. Subsequent analyses were carried out post-outlier removal.

A two-step MR analysis was employed to investigate potential mediation effects by lipid profiles (LDL, HDL, TC, TG, Apo-A and Apo-B) and liver function markers (ALT, AST, ALP, γ-GGT, and bile acid) in the relationship between ICP and VCD. The principle of two-step MR analysis was shown in Figure 2. In the two-step MR analysis, βa is the effect of ICP on the mediator and βb is the effect of the mediator on CVD. βc denotes the total effect (TE) of ICP on CVD and βc’ denotes the direct effect (DE) of ICP on CVD (βc’ = βc—βa*βb). We estimated the proportion of individual mediation by dividing the individual mediated effect (IE) (βa*βb) by the total effect (βc) (31). The indirect effects of ICP on VCD through mediators were quantified using the product of coefficients and the multivariate delta methods. All analyses were performed in R software (version 4.2.0) using the Two Sample MR and MVMR package. In this study, P < 0.05 was considered to have a causal relationship. MR estimates were shown as odds ratios (OR) with 95% confidence intervals (CI) or β estimates with 95% CI.


[image: Figure 2]
FIGURE 2
The principle of two-step MR analysis. SNP, single nucleotide polymorphisms; ICP, intrahepatic cholestasis of pregnancy; CVD, cardiovascular disease; HTN, hypertension; CAD, coronary artery disease.





3 Results


3.1 Causal effect between ICP and CVD (CAD, HTN) via TSMR

In this investigation, three causal associations were established using the IVW method (P < 0.05, Figure 3). It was determined that ICP elevates the risk of CVD, as evidenced by an Odds Ratio (OR) of 1.004 and a 95% CI ranging from 1.002 to 1.007 (P = 0.001). Comparable causal relationships were observed in the WM analysis, yielding an OR of 1.005 with a 95% CI from 1.003–1.008 (P = 7.760 × 10−6). Furthermore, a significant correlation between ICP and an augmented risk of HTN was identified through the IVW method, with an OR of 1.002 and a 95% CI between 1.000 and 1.005 (P = 0.024). Consistent risk estimates were also derived from MR-Egger, WM, and Weighted Mode analyses. Additionally, a notable link between ICP and CAD was detected via IVW analysis, indicated by an OR of 1.039 and a 95% CI from 1.002 to 1.079 (P = 0.039). Reverse MR analysis revealed that CVD, CAD, and HTN do not influence the likelihood of developing ICP. Further details of MR analyses and reverse MR analyses are presented in Supplementary Material Table S1 and S2.


[image: Figure 3]
FIGURE 3
Three causal associations between ICP and CVD, HTN and CAD. ICP, intrahepatic cholestasis of pregnancy; CVD, cardiovascular disease; HTN, hypertension; CAD, coronary artery disease.


After removing outlier SNP, the causal relationship between ICP and CVD still remained. The robustness of the results after removing outlier SNP was assessed through Cochran's Q test, the MR-Egger intercept test and MR-PRESSO, as detailed in Supplementary Material Table S3. The MR-Egger intercept tests yielded P-values greater than 0.05, indicating an absence of horizontal pleiotropy. Moreover, the lack of detected pleiotropy by the Egger intercept implies that the MR estimates remained unbiased by pleiotropy, notwithstanding observed heterogeneity. The results of the leave-one-out analyses are depicted in Figure 4.


[image: Figure 4]
FIGURE 4
The results of the leave-one-out analyses about ICP, CVD and HTN. ICP, intrahepatic cholestasis of pregnancy; CVD, cardiovascular disease; HTN, hypertension.




3.2 Causal effects of ICP, lipid traits, liver function, and CVD (CAD, HTN) via two-step MR mediation analysis

To investigate the potential mediation of six lipid profiles (LDL, HDL, TC, TG, Apo-A, Apo-B) and five liver function indices (ALT, AST, ALP, γ-GGT, Bile acid) in the relationship between ICP and CVD, CAD, and HTN, a two-step MR analysis was employed (Figure 2). This analysis identified lipids, notably LDL, TC, and Apo-B, as significant mediators in the impact of ICP on CVD, CAD, and HTN (P < 0.05). Detailed results of the screening of mediators are shown in Supplementary Material Table S4. However, the liver function indices did not exhibit a substantial mediating effect on the association between ICP and CVD (P > 0.05). Specifically, the analysis demonstrated that ICP indirectly increased the risk of CVD by elevating levels of LDL, TC, and Apo-B, with their respective mediation percentages (IE/TE) being 25.5%, 12.2%, and 21.3%. Further exploration into the mediation effect between ICP and CAD indicated that LDL alone contributed a 23.7% mediation effect, while TC and Apo-B showed no significant mediation. Moreover, LDL and Apo-B were found to mediate the relationship between ICP and HTN, with mediation effects of 11.0% and 9.3%, respectively, but no mediating role for TC was observed. Additionally, the analysis extended to the interplay between ICP, CAD, and HTN, revealing that HTN could act as a mediator in the increased risk of CAD attributable to ICP, with a mediation effect of 14.5%. Details of the two-step MR analysis were provided in Table 3.


TABLE 3 The result of two-step MR analysis.
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In conclusion, our findings delineate two primary mediating pathways linking ICP with CVD: Firstly, ICP exerts an indirect causal influence on the risk of CVD, including CAD and HTN, by modulating the concentrations of LDL, TC, and Apo-B. Secondly, ICP indirectly impacts the risk of CAD through its effect on the likelihood of developing HTN.




4 Discussion

While the causal link between ICP and CVD remains ambiguous, our MR analysis supports a causal association of ICP with an enhanced risk of CVD, corroborating the observational findings of Shemer et al. (32) Their study reported a marginally increased risk of CVD in later life stages among women with ICP [Hazard Ratio (HR) 1.12, 95% CI 1.06–1.19]. Conversely, the research conducted by Suvi-Tuulia Hämäläinen et al. indicated a lower incidence of CVD-related mortality in women with ICP compared to a control group, a variance potentially attributed to factors such as age at enrollment and follow-up duration (33). Additionally, this analysis extended to explore the causal connections of ICP with CAD and HTN, suggesting that ICP elevates the risks of both conditions. While studies focusing on the ICP-CAD nexus are scant, limited cohort research has hinted at a divergent risk profile for CAD in women with a history of ICP compared to those without. Furthermore, it is widely acknowledged that ICP predisposes to hypertensive complications during pregnancy, and our findings affirm that this risk persists into later life. This study is the first research to find a causal relationship between ICP and CVD at the genetic level using MR methods, which is important for deepening the understanding of ICP complications and guiding follow-up protocols.

Factors such as lipid dysregulation, insulin resistance, endothelial damage, and an enhanced systemic inflammatory response may contribute to the increased CVD risk associated with ICP (34). This study focused on the role of dyslipidemia in abnormal pathophysiologic processes. Research by Chen Y et al. demonstrated a higher prevalence of hyperlipidemia in individuals with ICP compared to those without (5.96% vs. 3.80%), identifying ICP as an independent risk factor for dyslipidemia (35). Building on this, our study employed mediator MR analysis to substantiate the significant indirect effect of ICP on CVD via lipid levels. This mediational MR analysis revealed that LDL, TC, and Apo-B predominantly mediate the indirect impact of ICP on CVD, aligning with the meta-analysis findings of Zhan Y et al. Zhang's research further indicated that severe maternal dyslipidemia was more common in the severe ICP cohort, hinting at a potential link between the severity of ICP and dyslipidemia (36). LDL plays a key role in the development of atherosclerosis (37). LDL is converted from very low-density lipoprotein (VLDL). LDL particles contain about 50% cholesterol and are the most cholesterol-rich lipoproteins in the blood, so they are called cholesterol-rich lipoproteins (38). 95% or more of the Apo in LDL is Apo-B (39). LDL carries cholesterol to peripheral tissues, and most of it is metabolized through the catabolism of the LDL receptor (LDLR) in the hepatocytes and extrahepatic tissues. The pathways through which ICP disrupts lipid metabolism remain intricate, with some evidence pointing to anomalies in farnesoid X receptor (FXR) activity (40). Activating FXR leads to a suppression of endogenous bile acid synthesis while concurrently decreasing levels of triglycerides, total cholesterol, and glucose in the plasma (41). Increased levels of the 3β-sulfated progesterone metabolite epiallopregnanolone sulfate in ICP pregnancies antagonized the FXR (42, 43). Hence, the diminished activity of FXR could play a role in pregnancies with ICP, potentially affecting maternal metabolic processes (44). Although the mechanism is not yet clear, even the detection and intervention of dyslipidemia has important clinical value for the treatment of the disease itself and related complications in patients with ICP. In addition, it has been shown that gut microbiota may also play a role in lipid metabolism during ICP pregnancies (45). Although high bile acid levels have been implicated in cardiovascular toxicity, our MR analysis did not find substantial evidence to support the mediating role of liver function markers, including bile acids, in the association between ICP and CVD.

Interestingly, this analysis revealed a mediating role of HTN in the relationship between ICP and CAD. The connection between HTN and CAD is well-established and unequivocal. Chronic hypertension induces hemodynamic alterations that activate blood platelets, thereby accelerating the formation of atherosclerotic plaques (46). These plaques can lead to myocardial ischemia, hypoxia, or necrosis, culminating in CAD. Research by P. Oikonomou highlighted that patients with preeclampsia exhibit a pathophysiological profile akin to those observed in cardiovascular conditions, predisposing them to an increased risk of CAD (47). This evidence lends theoretical support to our study's findings.

This study explored the association between ICP and CVD at the genetic level. Because of the strong gene-phenotype association, the results of this study are limited to a causal relationship between a single disease (ICP) and CVD and cannot be extrapolated to other types of cholestasis. However, a review of the relevant literature shows that multiple causes of chronic cholestasis (biliary obstruction, PBC, and other diseases) seem to be associated with an increased risk of CVD and that abnormal lipid levels are involved in an important role (48–50). This suggests that a variety of cholestasis, including ICP, may modify the risk of CVD, but the causal relationship between them requires further subsequent validation.

This study boasts several notable strengths. Primarily, it is the inaugural MR analysis investigating the causal link between ICP and CVD, marking a significant advancement in this research domain. Additionally, we conducted a thorough examination of potential mediators within the causal pathway from ICP to CVD, enhancing the depth and breadth of our analysis. Nonetheless, the study is not without its limitations. A primary constraint is the exclusive manifestation of ICP in one sex, coupled with the absence of large-scale, sex-specific GWAS, necessitating the use of sex-combined population data. However, the selected SNPs for MR analysis exhibited no significant sex-based genetic effect differences, thereby minimally influencing the outcomes. Another concern is the potential for sample overlap between the lipid profiles and liver function markers employed in the mediation analysis. Furthermore, the reliance on data predominantly from European populations constrains the generalizability of our conclusions across diverse ethnic groups. Finally, despite the rigorous quality control adopted in this study to minimize the influence of confounding factors on the results, it is possible that the results may still be affected to some extent due to the extremely strong correlation between lipids and CVD itself.

In conclusion, it is important for individuals diagnosed with ICP to be made aware of their elevated risk for future CVD and the importance of monitoring lipid profiles for early intervention. Furthermore, there is a pressing need for additional research to elucidate the precise mechanisms through which ICP influences CVD risk.



5 Conclusion

In summary, this study is the first comprehensive MR analysis to explore the causal link between ICP and CVD using genome-wide data. Bidirectional MR analyses revealed that genetically predicted ICP is causally linked to an increased risk of CVD, with no evidence supporting a causal effect of genetically predicted CVD on ICP risk. Furthermore, MR-mediated analyses have substantiated both a direct causal impact of ICP on CVD risk and a notable indirect effect mediated through lipid profiles, specifically LDL, TC, and Apo-B. These results underscore the critical mediating role of lipids in the causal pathway from ICP to CVD.
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