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Background: Observational epidemiologic investigations into the link between diabetes mellitus and preeclampsia (PE) have been
conducted, but genetic evidence is still lacking. We utilized a two-sample Mendelian randomization (MR) analysis to shed light on the
potential influence of type 2 diabetes mellitus (T2DM) on PE at the genetic prediction level.

Methods: We carried out a two-sample bidirectional MR analysis, utilizing genetic variants associated with T2DM (N=461,920) and
PE (N=219,817) from the largest available genome-wide association studies. Using inverse variance weighting (IVW) and five
validated approaches—MR-Egger, MR-RAPS, ConMix, weighted median, and weighted mode—we derived a potential causal
association between T2DM and PE. The relationship between PE and T2DM was explored using reverse MR analysis.

Results: The two-sample MR analysis indicated a causal link between T2DM and PE, with an odds ratio of 1.10 (95% CI, 1.02—-1.18;
P=0.01). The weighted mode method yielded an odds ratio of 1.22 (95% CI, 1.06-1.40; P=0.019), and the weighted median method
produced an odds ratio of 1.19 (95% CI, 1.04-1.36; P=0.022). However, no significant association was detected in the MR-Egger
analysis. Heterogeneity was noted in the analysis of T2DM and PE, but no significant horizontal pleiotropy was observed. The results
of the reverse MR analysis indicated no significant causal association between PE and T2DM.

Conclusion: For the first time, MR analysis showed a positive causal link from T2DM to PE, but not vice versa. The limited number
of SNPs in reverse analysis may affect reliability. Future studies should use more instrumental variables to strengthen findings. Further
experiments are also needed to explore underlying mechanisms.
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Introduction

Hypertensive disorders of pregnancy (HDP), including PE, rank as the second leading cause of maternal deaths
worldwide and are among the most serious complications of pregnancy, impacting 3—8% of pregnancies.' Each year,
an estimated 4 million women globally are diagnosed with PE, which leads to the deaths of over 70,000 women and
500,000 babies.” Infants conceived in PE are more likely to experience preterm birth, perinatal death, neurodevelop-
mental disorders, and cardiovascular and metabolic diseases.® PE arises from a complex interplay of factors such as
placental dysfunction, immune system anomalies, disrupted maternal metabolic and cardiovascular function, aberrant
placental gene expression, and irregular release of placental factors.* Conditions like chronic hypertension, chronic
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kidney disease, systemic lupus erythematosus, antiphospholipid syndrome, and diabetes mellitus are potential risk factors
for PE.>°

Diabetes mellitus is a chronic disorder distinguished by hyperglycemia, originating from a relative or absolute
shortage of insulin.” T2DM accounts for over 90% of all diabetes cases.® Pre-existing diabetes mellitus has been
confirmed as a significant risk factor for HDP, especially PE, and is crucial for early pregnancy prevention, according
to clinical studies.” Women with diabetes have a 2—6 times greater risk of developing PE compared to women without
diabetes.' Globally, the prevalence of T2DM among women of childbearing age is on the rise.'' Despite recent advances
in treatment options for pre-existing diabetes mellitus, women are at significantly increased risk of adverse obstetric
outcomes compared with the nondiabetic population.'?

Individuals experiencing PE or gestational hypertension (GH) exhibit a twofold elevation in the likelihood of diabetes
onset, as observed in long-term follow-up studies extending up to 16.5 years postpartum.'® A study examining an
intergenerational cohort revealed that PE is linked to a heightened risk of T2DM development among mothers.'
A comprehensive systematic review and meta-analysis, which assessed diabetes prevalence among women both with
and without a history of PE, demonstrated that PE is independently correlated with a significant twofold elevation in the
risk of developing diabetes in the future.'> A comprehensive research effort, spanning 21 studies and covering more than
2.8 million participants, explored the link between PE and the risk of diabetes onset in subsequent years. The results
indicated that PE is significantly correlated with a higher likelihood of developing diabetes in the future. Notably, this
elevated risk remains consistent not only in the immediate postpartum period within the first year but also extends up to
ten years after childbirth.'® Nevertheless, the presence of residual confounding variables and biases originating from
reverse causality in observational studies limits the establishment of robust causal inferences. Consequently, additional
evidence is required to confirm the correlation between T2DM and PE.

In the realm of epidemiological research, the MR approach emerges as a robust technique, primarily leveraging single
nucleotide polymorphisms (SNPs) as instrumental variables. This methodological framework is designed to elucidate
causal associations between risk factors and particular diseases.'” By employing MR, researchers can adeptly navigate
and mitigate common pitfalls associated with observational studies, including confounding variables and reverse
causality. Additionally, it addresses certain limitations inherent in randomized controlled trials, such as difficulties in
ensuring representativeness and feasibility.'® Despite an extensive review of the literature, no studies have been identified
that employ MR to examine the causal link between T2DM and PE. Given this gap in the research, our objective is to
utilize the MR approach to further explore the potential causal relationship between T2DM and PE. This method aims to
precisely evaluate the effect of T2DM as an exposure on the incidence of PE, thereby mitigating the influence of
confounding variables and reverse causation often encountered in traditional observational studies. Our study not only
provides novel and robust evidence supporting the causal relationship between T2DM and PE, effectively supplementing
and reinforcing the existing evidence base, but also enhances our understanding of the complex interplay between T2DM
and PE risk. It offers new perspectives and insights for the formulation of PE prevention strategies.

Method

Study Design

In this investigation, we utilized a two-sample MR approach to evaluate the causal link between T2DM and PE,
employing SNPs as instrumental variables (IVs).'” To ensure the highest accuracy of the findings, three key assumptions
must be acknowledged throughout the process.?’ Initially, the selected IVs need to be directly linked to T2DM.
Subsequently, IVs must be independent of any potential confounders affecting the exposures and outcomes. Thirdly,
IVs affect PE only through T2DM (Figure 1). Data were collected from publicly available databases, thus avoiding the
need for additional informed consent from participants.

Data Source
Genome-wide association study (GWAS) datasets provide a reliable tool for MR analysis. For our study, the summary
statistics for T2DM were sourced from a comprehensive meta-analysis of GWAS, which included 48,286 cases and
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Figure | Overview of the design of the MR study on T2DM and PE.
Abbreviations: MR, Mendelian randomization; T2DM, Type 2 diabetes mellitus; PE, Preeclampsia.

250,671 controls.”! The Finnish Human Biobank provided summary statistics for PE, comprising 7,965 cases and
211,852 controls. For each independent SNP, we applied a genome-wide significance threshold P value (P < 5 x 10°%)
for those not in linkage disequilibrium, and all participants were of European heritage. Table 1 presents detailed
information regarding the data sources. In the reverse MR analysis, the number of SNPs reaching the conventional
genome-wide significance threshold (P< 5 x 107®) was insufficient to facilitate downstream sensitivity analyses. To
overcome this limitation, we adopted a suggestive significance threshold (P < 5 x 10~®) to include additional genetic
instruments associated with the exposure of interest, thereby improving the robustness and statistical power of the

analysis.

IVs Selection

Linkage Disequilibrium (LD) Testing and Data Validation

To ensure the validity of the data, we assessed the LD in the selected SNPs. We applied the clumping procedure to
identify independent SNPs within a window size of 10,000 kb, using an r? threshold of less than 0.001.

Table | Study Data Sources

Category | Consortium | Ancestry PMID Sample Size | R? (%) | F-statistic

T2DM GWAS Catalog | European | 29632382 461,920 0.23 69.06
PE FinnGen European | 36653562 219,817 — —

Abbreviations: T2DM, Type 2 diabetes mellitus; PE, Preeclampsia.
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F-Statistics Calculation and Instrument Strength Assessment

We then calculated the F-statistics to gauge the strength of each instrumental variable (IV) and to exclude weak
instruments. The formula used was: F = R2 x (N - K - 1) / [K x (1 - R?)], where R? represents the proportion of
exposure variance explained by the IVs, N is the sample size of the GWAS, and K is the number of SNPs used for MR
analysis. An F-value greater than 10 indicated sufficient instrument strength, ensuring that the IVs had a robust estimated

effect for the subsequent MR analysis, thereby mitigating weak-tool bias.****

SNP Harmonization
Finally, we harmonized the SNPs of exposure and outcome based on alleles and allele frequencies. This involved
removing or adjusting SNPs with inconsistent alleles to ensure that they corresponded correctly.

Statistical Analyses

We utilized the IVW method as the main technique to assess the potential causal link between T2DM and PE in this
study. The Cochran’s Q statistic was utilized to determine the heterogeneity produced by different genetic variants in the
fixed-effect variance weighted analysis, with P < 0.05 suggesting significant heterogeneity.”* In the event of hetero-
geneity in the results, a random-effects IVW MR analysis should be applied. We then evaluated the potential presence of
horizontal pleiotropy using MR-Egger regression, considering an intercept term deviation from zero (P < 0.05) as
evidence for directional pleiotropic bias.'” If horizontal pleiotropy is observed, the slope coefficient from MR-Egger
regression provides a reliable estimate of the causal effect. Sensitivity analyses were also carried out using the weighted-
median,> weighted-mode,26 MR-RAPS?” and ConMix*® methods, each based on unique assumptions. The MR-RAPS
method posits that a linear association exists between IVs and exposure factors, while also assuming that these
instrumental variables are independent of confounders. By adjusting the distribution of the instrumental variables, it
yields more reliable estimates of causal effects.’’ ConMix operates under the premise that IVs might be subject to
a certain degree of contamination, implying that not all IVs may entirely meet the assumptions of MR. This method
evaluates the influence of such contamination via a mixture model, thereby yielding more precise estimates of causal
effects.”® If all included SNPs adhere to the assumption of being valid IVs, IVW can provide accurate estimations.*’
Consequently, in scenarios without weak IVs, we used IVs as the primary outcome. To delve deeper, we executed the MR
Steiger test to estimate the potential reverse causal influence of PE on T2DM.?' To evaluate how individual variants
affect the observed associations, a leave-one-out analysis was conducted. Scatter and forest plots were used to visually
summarize the MR analysis results. The analyses were completed using MR in R version 4.1.2, utilizing the Two-Sample
MR package (version 0.10.0).

Results

Two-Sample Mendelian Randomization Analysis

In this MR analysis, 50 SNPs closely associated with T2DM were chosen and are presented in Table 2, with F statistics
of IVs related to exposure greater than 10, thereby minimizing the risk of weak instrumental bias. In the reverse MR
analysis, after harmonization of the SNPs, only four were obtained. However, due to the application of Steiger filtering,
which identified one SNP with directional inconsistency, only three SNPs were ultimately included in the reverse analysis
as detailed in Table 3. The F-statistic of this genetic variable exceeds the threshold of 10.

A causal relationship between T2DM and PE was supported by the MR results (IVW: OR=1.10, 95% CI,
1.008-1.998, P=0.031) (Figure 2 and Table 4). The estimates were similar in size in weighted median (OR=1.19; 95%
CI, 1.044-1.357; P=0.009), weighted mode (OR=1.22; 95% CI, 1.057-1.404; P=0.008), MR-RAPS (OR=1.10; 95% CI,
1.022-1.187; P=0.012) and Conmix (OR=1.19; 95% CI, 1.073—1.336; P=0.003) (Figure 2 and Table 4). The MR results
supported a causal association between genetic susceptibility to T2DM and an increased risk of PE. Despite the MR-
Egger method failing to achieve statistical significance (P=0.405), the significant findings from the IVW method and the
alignment of the beta coefficients from both analyses support the existence of a causal relationship between T2DM and
PE (Table 4). The MR Steiger test revealed no indication of reverse causality throughout the analyses (Table 5). Scatter
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Table 2 Comprehensive Details of SNPs Associated with T2DM

SNP EA | OA | Beta EAF | Chr | POS P value SE R? F
rs10146997 | A G —0.052 [ 0.778 | 14 79,478,819 5.33E-10 0.009 | I.10E-04 | 32.87
rs10758593 | A G 0.041 0412 | 9 4,292,083 6.46E-09 | 0.008 | 9.95E-05 | 29.74
rsl077394 | T C 0.052 0.657 | 6 31,642,607 1.0IE-11 0.008 | 1.45E-04 | 43.33
rs10842994 | T C —0.063 | 0.194 | 12 27,812,217 39I1E-12 | 0.010 | 1.45E-04 | 43.4
rs10965250 | A G —0.117 | 0.164 | 9 22,133,285 4.87E-30 | 0.011 | 3.87E-04 | 1158l
rs1 1063069 | A G —0.047 | 0.786 | 12 4,265,207 9.34E-09 0.009 | 8.85E-05 | 26.45
rs|1 1603334 | A G —0.065 | 0.171 | 11 72,721,940 | 4.09E-12 0.010 | I1.39E-04 | 41.60
rs| 1708067 | A G 0.078 0.783 | 3 123,346,931 | 1.03E-20 0.009 | 2.44E-04 | 72.90
rs12571751 | A G 0.062 0534 | 10 79,182,874 1.75E-20 0.007 | 2.35E-04 | 70.20
rs12602912 | T C 0.049 0.207 | 17 67,873,957 I.12E-08 0.009 | 9.25E-05 | 27.65
rs1260326 | T C —0.057 | 0.384 | 2 27,508,073 1.04E-15 0.008 | 1.83E-04 | 54.61
rs13266634 | T C —0.083 | 0.320 | 8 117,172,544 | 5.55E-30 0.008 | 3.61E-04 | 107.30
rs13389219 | T C —0.066 | 0.394 | 2 164,672,366 | 6.11E-21 0.008 | 2.43E-04 | 72.58
rs1359790 | A G —0.054 | 0.276 | 13 80,143,021 2.76E-11 0.008 | 1.39E-04 | 41.63
rs16826069 | A G —0.055 | 0.779 | | 39,331,383 8.86E-11 0.009 | 1.25E-04 | 37.35
rs17782313 | T C —0.050 | 0.769 | 18 60,183,864 1.64E-08 | 0.009 | 1.08E-04 | 32.15
rsl801212 | A G 0.069 0.710 | 4 6,300,792 6.68E-20 | 0.008 | 2.35E-04 | 70.19
rs2112347 | T G 0.056 0629 | 5 75,719,417 1.79E-14 | 0.008 | 1.79E-04 | 53.46
rs2191349 T G 0.053 0525 | 7 15,024,684 6.29E-16 0.007 | 1.69E-04 | 50.52
rs2237895 | A C —0.074 | 0.565 | 11 2,835,964 4.81E-25 0.008 | 3.01E-04 | 90.01
rs243021 A G 0.048 0.467 | 2 60,357,684 6.33E-12 0.008 | I.39E-04 | 41.47
rs2943641 T C —0.059 | 0.360 | 2 226,229,029 | 1.60E-15 0.008 | 1.96E-04 | 58.51
rs340874 T C —0.050 | 0.466 | | 213,985913 | 1.09E-12 | 0.008 | |.49E-04 | 44.44
rs35658696 | A G —0.119 | 0949 | 5 103,003,107 | 5.88E-12 0.019 | 1.37E-04 | 40.86
rs35720761 | T C —0.073 [ O.111 | 2 43,292,838 I.14E-12 | 0.012 | 1.26E-04 | 37.53
rs41278853 | A G 0.085 0917 | 22 30,020,538 | 4.00E-11 0.014 | 1.22E-04 | 36.60
rs4430796 | A G —0.061 | 0.539 | 17 37,738,049 1.32E-18 | 0.008 | 2.23E-04 | 66.59
rs4457053 A G —0.045 | 0.708 | 5 77,129,124 2.93E-11 0.009 | 9.54E-05 | 28.53
rs459193 A G —0.053 | 0.266 | 5 56,510,924 3.73E-10 | 0.009 | I.I13E-04 | 33.79
rs4607517 | A G 0.058 0.159 | 7 44,196,069 1.88E-10 | 0.010 | I.12E-04 | 33.41
rs4805885 T C 0.038 0385 | 19 33,415,217 | 4.52E-08 0.008 | 8.32E-05 | 24.87
rs5015480 | T C —0.080 | 0418 | 10 92,705,802 2.10E-26 0.008 | 3.48E-04 | 104.14
rs516946 T C —0.071 | 0.228 | 8 41,661,730 2.60E-17 | 0.009 | [.99E-04 | 59.39
rs5215 T C —0.062 | 0.611 | 11 17,387,083 3.76E-17 0.008 | 2.20E-04 | 65.69
rs55834942 | A G —0.057 | 0.203 | 12 120,999,311 | I.I7E-10 | 0.009 | |.26E-04 | 37.70
rs58542926 | T C 0.082 0.079 | 19 19,268,740 1.67E-10 0.014 | I.17E-04 | 34.97
rs60980157 | T C —0.067 | 0253 | 9 136,340,958 | 4.79E-15 0.009 | 1.87E-04 | 56.00
rs6795735 T C —0.042 | 0.399 | 3 64,719,689 7.95E-09 | 0.008 | 1.02E-04 | 30.39
rs6813195 T C —0.043 | 0.287 | 4 152,599,323 | 1.28E-08 | 0.008 | 8.85E-05 | 26.45
rs7177055 A G 0.061 0.714 | I5 77,540,420 2.42E-13 0.009 | 1.67E-04 | 49.98
rs7202877 | T G 0.084 0895 | 16 75,213,347 | 8.18E-13 0.012 | 1.57E-04 | 46.97
rs7651090 | A G —0.091 | 0.685 | 3 185,795,604 | 3.94E-33 0.008 | 4.43E-04 | 132.39
rs769449 A G —0.057 | 0.127 | 19 44,906,745 3.21E-09 0.012 | 8.30E-05 | 24.83
rs7756992 | A G —0.104 | 0.711 | 6 20,679,478 1.22E-41 0.008 | 5.51E-04 | 164.85
rs781852 A G —0.049 | 0613 | 17 4,049,808 9.12E-11 0.008 | 1.35E-04 | 40.50
rs7903146 | T Cc 0.237 0.277 | 10 112,998,590 | 1.00E-200 | 0.008 | 2.78E-03 | 833.23
rs8042680 | A C 0.046 0315 | 15 90,978,107 5.71E-09 0.008 | I.13E-04 | 33.64
rs8108269 | T G —0.052 | 0.702 | 19 45,655,255 7.21E-11 0.009 | 1.25E-04 | 37.43
rs864745 T C 0.063 0505 | 7 28,140,937 | 2.23E-19 0.007 | 2.44E-04 | 72.94
rs9379084 | A G —0.094 | 0.113 | 6 7,231,610 1.60E-12 0.015 | I.35E-04 | 40.46

Abbreviations: SNP, Single-nucleotide polymorphism; EA, Effect allele; OA, Other allele; Beta, Regression coefficient; EAF, Effect

allele frequency; Chr, Chromosome; POS, Position; SE, Standard error.
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Table 3 Comprehensive Details of SNPs Associated with PE

SNP EA | OA | Beta EAF Chr | POS P value | SE R? F

rs167479 G T 0.108313 | rs167479 19 11,526,765 | 3.97E-13 | 0.015 | 2.40E-04 | 52.66
rs6026742 | A G 0.120464 | rs6026742 20 57,758,720 | 2.73E-10 | 0.019 | 1.81E-04 | 39.86
rs62621992 | T C 0.137762 | rs62621992 | 6 30,459,165 | 1.06E-09 | 0.023 | 1.69E-04 | 37.21

Abbreviations: SNP, Single-nucleotide polymorphism; EA, Effect allele; OA, Other allele; Beta, Regression coefficient; EAF, Effect allele
frequency; Chr, Chromosome; POS, Position; SE, Standard error.

plots depicting the association between T2DM and PE risk for the instruments are illustrated (Figure 3), where the

coloured lines signify the slopes derived from various regression analyses.

Sensitivity Analysis and Heterogeneity Test

The analysis did not identify any significant MR-PRESSO intercept values (intercept = 2.09E-05; P = 0.997), addition-
ally, the MR-PRESSO global test results (P = 0.052) failed to indicate directional pleiotropy (Table 6). Heterogeneity was
quantified using Cochran’s Q test, P < 0.05 indicated significant heterogeneity. MR-Egger regression (Cochran’s Q =
66.49, P = 0.040) and IVW (Cochran’s Q = 66.49, P = 0.049) indicated that there was heterogeneity between the SNPs
(Table 7). Despite the presence of heterogeneity in the majority of results from Cochran’s Q test, it did not compromise
the MR estimates within this study. This stability is attributed to the utilization of the random-effects IVW method, which
adeptly mitigates the aggregated heterogeneity. We used the leave-one-out method to remove SNPs to analyze the
sensitivity, no distortion in the leave-one-out plot (Figure 4), and the funnel plot showing the symmetrical distribution of
the causal relationship between T2DM and PE (Figure 5), suggesting that the estimates remained unaffected.

Casual Effect of PE on T2DM

A reverse causality analysis was undertaken to explore the potential impact of PE on T2DM. In total, 3 SNP was
screened and identified as IV in reverse MR analysis, with F values greater than 10. According to the results of reverse
MR analysis, the causal effect of PE on T2DM was found to be non-significant (Supplemental Table 1). In the

heterogeneity test for the association between PE and T2DM, the IVW method was employed. The Q statistic was
0.077, resulting in a P-value of 0.962 (Supplemental Table 2). This suggests that there is no significant heterogeneity in

the causal effect estimates for the relationship between PE and T2DM when using the IVW method. In the horizontal
pleiotropy test for the association between PE and T2DM, the Egger regression intercept was used to assess potential

Method nSNP OR (95% CI) Pval

Inverse variance weighted (multiplicative random effects) 50 ——i 1.10 (1.01 -1.20) 0.031
Inverse variance weighted (fixed effects) 50 Ei—*—i 1.10 (1.02 -1.18) 0.012
MR Egger 50 b——e——  1.10(0.88-1.37)  0.405
Weighted median 50 E —— 1.19 (1.04 -1.36) 0.009
Weighted mode 50 | F—a—i  122(1.06-1.40) 0.009
MR-RAPS 50 i 1.10(1.02-1.19) 0.012
MR-Conmix 50 —— 1.19 (1.07 -1.34) 0.003

,_.____
—
W

0.5

Lowr Hight

Figure 2 MR analysis of the causal relationship between T2DM and PE.
Abbreviations: MR, Mendelian randomization; T2DM, Type 2 diabetes; PE, Preeclampsia; SNP, single nucleotide polymorphism; OR, odds ratio; Cl, confidence interval;
IVVWV, inverse variance weighted; RAPS, robust adjusted profile score; Conmix, contamination mixture.
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Table 4 Mendelian Randomization Analysis of the Causal Relationship Between T2DM and PE

Method nSNP | Beta | SE OR | 95% CI P value
IVW (multiplicative random effects) | 50 0.094 | 0.044 | 1.10 | 1.008-1.198 | 0.031
IVW (fixed effects) 50 0.094 | 0.038 | I.10 | 1.021-1.183 | 0.012
MR Egger 50 0.093 | 0.112 | 1.10 | 0.882—1.368 | 0.405
Weighted median 50 0.174 | 0.067 | 1.19 | 1.044-1.357 | 0.009
Weighted mode 50 0.197 | 0.072 | 1.22 | 1.057-1.404 | 0.008
MR-RAPS 50 0.096 | 0.038 | I.10 | 1.022—1.187 | 0.012
Conmix 50 0.17 | 0.056 | I.19 | 1.073—-1.336 | 0.003

Abbreviations: MR, Mendelian randomization; SNP, Single nucleotide polymorphism; OR, Odds ratio; Cl, Confidence
interval; IVW, Inverse variance weighted; RAPS, Robust adjusted profile score; Conmix, Contamination mixture; T2DM,
Type 2 diabetes mellitus; PE, Preeclampsia.

Table 5 MR Steiger Test for T2DM and PE

Exposure | Outcome | Snp_r? exposure Snp_r? outcome Correct_causal_direction | Steiger_pval

T2DM PE 0.0115402833980845 | 0.000331082399206495 | TRUE 2.24E-223

Abbreviations: MR, Mendelian randomization; T2DM, Type 2 diabetes mellitus; PE, Preeclampsia.

pleiotropy. The Egger regression intercept was —0.00344, with a P-value of 0.98 (Supplemental Table 3). This result

suggests that there is no significant evidence of horizontal pleiotropy in the relationship between PE and T2DM.

Discussion

This study used genetic data from an open database to conduct a two-sample MR analysis to explore the association
between T2DM and the risk of PE. Our findings supported the association between T2DM and PE. The MR results were
robust and reliable, as confirmed by sensitivity analysis.

The results we obtained are in agreement with earlier observational studies that found pregnant women with
pregestational diabetes to be at an elevated risk of PE. A meta-analysis with a sample size of 253,566,68 pregnancies
among 92 studies showed pregestational diabetes was one of the prominent risk factors of PE.>* Compared to the
relatively low incidence of PE in non-diabetic women, PE is diagnosed in 10-14% of pregnant women with type 2
diabetes.®> A retrospective population-based study in Washington state revealed that women with T2DM faced an
increased risk of PE.** A cohort study in Brazil highlighted the risk of PE in pregnant women with T2DM and suggested
that these women should be closely monitored for systolic blood pressure and gestational weight gain to prevent adverse
outcomes.”> The prevalence of PE was found to be lower in women with diabetes receiving tight glycemic and diastolic
control compared to previously published data.” Pregnant women with T2DM were more likely to experience not only
PE but also other complications, including preterm delivery, cesarean sections, stillbirth, perinatal mortality, and
macrosomia.”® Pregnant women with pre-existing T2DM should be evaluated and monitored for complications during
pregnancy. It is well established that PE is a risk factor for long-term adverse cardiovascular events.’” PE is recognized as
a significant risk for end-stage renal disease, according to observational studies.*® In conclusion, T2DM heightens the
risk of PE during pregnancy. More research is necessary to delve into the pathophysiology, treatment, and long-term
health ramifications of PE in women with pre-existing diabetes.”

The association between PE and the subsequent development of T2DM does not align with previous research. Women
with HDP have an increased risk of developing T2DM after delivery, as found in observational epidemiological studies.*”
Information on prior HDP is not only crucial for assessing the risk of cardiometabolic disease in the post-pregnancy
years, but may also be clinically helpful for predicting the development of T2DM in middle age.*® This susceptibility
may be mediated through more adverse vascular, inflammatory, and/or insulin-resistant pathways.*' Women with HDP,
including PE and GH, experience greater weight gain and are twice as likely to develop T2DM in the years following
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Figure 3 Scatter plots for the causal association between T2DM and PE.
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pregnancy compared to those without a history of HDP,'® this suggests that HDP may further heighten the risk of
developing T2DM in the postpartum period, in synergy with body mass index (BMI). It is hypothesized that insulin
resistance may be involved in the pathogenesis of new-onset hypertension in pregnancy,” potentially explaining the

Table 6 MR-PRESSO Analysis and MR-Egger Intercept of T2DM Causally Linked to PE

Exposure

Outcome

MR-PRESSO Global Test-p value

Main MR Results P value

MR-Egger-Intercept

MR-Egger-Intercept P value

T2DM

PE

0.052

0.00106

2.09E-05

0.997

Abbreviations: MR, Mendelian randomization; T2DM, Type 2 diabetes mellitus; PE, Preeclampsia.
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Table 7 Heterogeneity and Horizontal Pleiotropy Test of T2DM and PE
Exposure | Outcome | Heterogeneity Test Heterogeneity Test Horizontal Pleiotropy test
(MR-Egger) (vw) (MR-Egger)
Cochran’s Q | Q_df | P Cochran’s Q | Q_df | P Intercept P
T2DM PE 66.49 48 0.040 | 66.49 49 0.049 | 2.09E-05 0.997
randomization; IVW, Inverse variance weighted; T2DM, Type 2 diabetes mellitus; PE, Preeclampsia.

Abbreviations: MR, Mendelian

persistence of metabolic abnormalities after delivery and the development of subsequent diabetes. In the reverse causality
analysis, we found no significant causal effect of PE on T2DM. This result contradicts the findings of several
observational studies, which typically report a positive association between PE and the risk of developing T2DM in
the postpartum period. This discrepancy may be attributable to a variety of factors, including sample size, choice of
instrumental variables, methodological differences, and potential confounders in observational studies. Our study utilized
large-scale GWAS data and multiple MR methods to ensure the robustness and reliability of our results. In addition, our
selection of instrumental variables was based on rigorous statistical criteria, ensuring their significant association with

T2DM and reducing the effects of confounders and reverse causality bias.
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Figure 5 Funnel plots of the casual relationship of T2DM and PE.
Abbreviations: T2DM, Type 2 diabetes mellitus; PE, Preeclampsia.

The possible reasons for explaining the association between T2DM and PE had been presumed in present studies.
Initially, a greater number of M1 macrophages and a diminished number of M2 macrophages in the placenta may be
associated with PE.** The modified levels and polarization states of macrophages could underlie the defective trophoblast
invasion and spiral artery remodeling observed in PE. Macrophages that are aberrantly activated are capable of secreting
TNF-a and IFN-y, potentially influencing trophoblast invasion through ECM reorganization.** Tt is well known that
abnormal macrophage polarization is confirmed to mediate the development of T2DM.* The elevated concentrations of
TNF-a and IFN-y are important in the development of T2DM.***” Consequently, it seems plausible that the abnormal
polarization of macrophages and the presence of pro-inflammatory cytokines in individuals with T2DM could be
associated with an increased risk of PE. Secondly, endoplasmic reticulum (ER) stress has been identified as
a causative factor with a role in the development of the T2DM.*® ER stress has been found to play a crucial in the
pathophysiology of PE.*’ These recent studies provided evidence for the connection between T2DM and PE, and further
animal and cell experiments are required to confirm this inference. Thirdly, the role of NLRP3 inflammasome has been
focused a hypothesis. Lee et al found that monocytes from T2DM patients have elevated expression of the inflammasome
component NLRP3 and increased caspase-1 activation.’® Patients with PE have higher levels of the NLRP3 inflamma-
some expressed in peripheral blood mononuclear cells and placental tissue compared to healthy pregnant women.’ 1,52
Activation of the NLRP3 inflammasome by various damage-associated molecular patterns (DAMPs), such as cholesterol
and uric acid crystals, leads to the recruitment of immune cells and the production of inflammatory cytokines and
vascular damage, which are implicated in the development of PE.>® Therefore, we presumed that triggered NLPR3
inflammasome in type 2 diabetic patients might induce PE during pregnancy.
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Although there are no treatment strategies that directly address the relationship between PE and T2DM, lifestyle
changes and treatment of MS may help to avoid some future pregnancy complications. Several research projects are
looking into the potential of medications like metformin for the prevention and treatment of PE, especially in diseases
where insulin resistance is present, such as T2DM.

Our research has the following strengths. T2DM has been demonstrated to increase the incidence of PE. IVs were
chosen from SNPs with genome-wide associations and independent inheritance, which helps to exclude potential
confounders and address reverse causation in this study design. To detect and exclude horizontal pleiotropy, we applied
the MR-PRESSO and MR-Egger regression intercept term tests. Despite finding heterogeneity in the analysis of T2DM
and PE, the test results showed that our results were adapted to the IVW randomized model. Moreover, the results of the
horizontal multivariate test showed no evidence of horizontal pleiotropy for the genetic variables in this study.

Our study faced several limitations. Firstly, in the reverse MR analysis, we relaxed the threshold for SNP selection, three
SNPs was used in the reverse analysis, which may potentially introduce bias. However, no significant heterogeneity or
pleiotropy was detected in the current data analysis. Future studies should consider using more instrumental variables to
enhance the reliability of the reverse analysis. Secondly, the MR data were obtained from populations of European ancestry,
which restricts the generalizability of our findings to other ethnic groups. The presence of a causal relationship in other
populations remains to be confirmed. The analysis did not identify any SNPs that would affect the stability of the results,
ensuring the accuracy of our conclusions. However, further investigations involving other ethnic groups should be
conducted to confirm the causality of the relationship. Lastly, additional research is needed to explore the relationship
between T2DM and the subtypes of PE, as the data on PE lack specific information to categorize the severity of the disease.

Conclusions

For the first time, MR has been employed to clarify the causal relationship between T2DM and PE from a genetic aspect.
Our analysis reveals that T2DM is positively associated with a higher risk of PE, nevertheless, no significant causal effect
of PE was found on T2DM. The use of three single SNPs in the reverse analysis might have constrained the method’s
reliability. Multiple instrumental variables should be employed in future studies to bolster the dependability of the reverse
analysis. Of course, further basic experiments are needed to investigate the mechanisms of action behind T2DM and PE.
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