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ARTICLE INFO ABSTRACT

Keywords: Background: Multiple empirical investigations have indicated a connection between asthma and
Mendelian randomization adverse pregnancy outcomes (APOs). Nevertheless, the effects of asthma on APOs remain
Asthma uncertain.
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Methods: We performed bi-directional Univariable Mendelian randomization (UVMR) analyses
using combined information obtained from genome-wide association studies (GWAS) data that is
publicly accessible. The principal approach used to analyze the causal association between
asthma or age when diagnosed and APOs was the inverse variance weighted (IVW) method. The
two types of data regarding exposure originate from the IEU Open GWAS project, which includes
56,167 and 47,222 European asthma patients, respectively. The data of four APOs were acquired
via the GWAS dataset of the FinnGen collaboration. In addition, we implemented multivariable
Mendelian randomization (MVMR), controlling for confounding factors such as smoking status,
frequent drinking, body mass index (BMI), and live birth quantity. Furthermore, we executed
several meticulous sensitivity studies to ascertain the reliability of our MR results.

Results: Following the implementation of the Bonferroni adjustment, the UVMR assessment
revealed that in the IVW model, asthma was significantly linked to an elevated risk of sponta-
neous abortion (SA) (odds ratio [OR]: 1.115; 95 % confidence interval [CI]: 1.031-1.206; P =
0.006) and gestational diabetes mellitus (GDM) (OR: 1.125; 95 % CI: 1.037-1.220; P = 0.005).
However, there was no causal correlation between asthma and preterm birth (PTB) (OR: 0.979;
95 % CI: 0.897-1.068; P = 0.629) or preeclampsia (PE) (OR: 1.059; 95 % CI: 0.951-1.179; P =
0.297). After adjusting for confounding factors, including smoking status, frequent drinking, BMI,
and live birth quantity, the MVMR analysis shows a statistically significant causal relationship
between asthma and SA or GDM. Furthermore, our investigation’s findings did not reveal a
substantial correlation between the age of asthma onset based on genetics and the likelihood of
SA or GDM. The inverse MR outcomes indicate a lack of causal connection linking APOs to the
incidence of asthma. The validity of these findings were verified by sensitivity analyses.
Conclusions: The evidence provided by this study proves that genetically determined asthma is
linked to a higher likelihood of SA and GDM. Further research is required to examine potential
pathways. However, no conclusive evidence has been found to support the increased risk of SA
and GDM in early asthma diagnosis or the interaction between asthma and PTB or PE, indicating
that confounding factors may affect the results of previous observational studies.
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1. Introduction

Asthma is a heterogeneous disease characterized by chronic inflammation and hyperresponsiveness of the respiratory tract, with
reversible expiratory airflow restriction as the primary manifestation. Frequently, it is accompanied by symptoms including recurring
wheezing, shortness of breath, chest tightness, and coughing [1]. Adverse pregnancy outcomes (APOs) encompass a range of condi-
tions detrimental to the well-being of mothers, fetuses, or infants throughout pregnancy, childbirth, or the postpartum period. These
complications include spontaneous abortion (SA), preterm birth (PTB), preeclampsia (PE), and gestational diabetes mellitus (GDM),
among others. Due to their immediate and enduring adverse consequences, it is imperative to promptly identify and proactively
prevent them [2].

Asthma affects 8 %-13 % of pregnant women globally [3]. Pregnancy-induced physiological changes may exacerbate asthma in
pregnant women. These changes primarily encompass an increased metabolic rate, elevated oxygen consumption, reduced functional
residual capacity, mechanical compression due to uterine enlargement, fluctuations in hormone secretion levels, and modifications in
immune system function [4-6]. Previous studies have demonstrated that asthma can increase the risk of APOs in pregnant women [7,
8]. A retrospective cohort study conducted at 12 clinical centers in the United States found that women suffering asthma had a greater
chance of experiencing APOs, including PE (OR: 1.14; 95 % CI: 1.06-1.22), GDM (OR: 1.11; 95 % CI: 1.03-1.19), and PTB (OR: 1.17;
95 % CI: 1.12-1.23), compared to women without asthma [7]. Additionally, research findings indicate that women diagnosed with
asthma are prone to experience spontaneous abortion(adjusted relative risk [aRR]:1.21; 95 % CI:1.15-1.28) [8]. Nevertheless, a
prospective study has shown no substantial link between a diagnosis of asthma before pregnancy and the occurrence of SA (hazard
ratio [HR]:0.98; 95 % CI: 0.84, 1.14). Notably, only severe asthma grades 2-3 are connected to a greater chance of SA (HR:1.39; 95 %
CI: 1.02, 1.89) [9]. Since the evidence for the correlation between asthma and APOs comes from observational studies, there are
limitations in elucidating confounding factors and reverse causal bias. Hence, the causalities of these links remain uncertain, and
further compelling evidence is needed to validate them.

Conceptually similar to randomized controlled trials, Mendelian randomization (MR) is a reliable analytical method for evaluating
causal associations, utilizing genetic variations closely related to exposure as instrumental variables (IVs) to assess the impact of
exposure on outcomes [10]. Given the random allocation of genetic variation during meiosis, MR results are more resistant to
interference from confounding variables and reverse causality [11,12]. Multivariate Mendelian randomization (MVMR) represents an
innovative technology that integrates genetic variations of multiple risk factors into a unified model. This approach enables the
simultaneous assessment of relevant exposures, effectively mitigating the impact of confounding factors [13]. Consequently, we
performed univariate Mendelian randomization (UVMR) and MVMR studies to identify the causal association between asthma and
APOs.

2. Materials and methods
2.1. Study design

In MR studies, depicted in Fig. 1, the validity of causal estimates hinges on fulfilling three critical assumptions: first, the genetic
variants must have a robust association with the exposure; second, they should not be associated with any potential confounders of the
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Fig. 1. Assumptions behind the MR study about asthma and the potential danger of APOs.
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exposure-outcome relationship; and third, the variants should not have a separate impact on the outcome, apart from their correlation
with the exposure. Previous studies have provided proof suggesting that smoking status, frequent drinking, body mass index (BMI), and
live birth quantity are risk determinants associated with the onset of APOs [14-22]. Thus, we further estimated the direct influence of
asthma on APOs utilizing MVMR analysis.

2.2. Data sources

The summary statistics for asthma were obtained from the UK Biobank, which included 56,167 asthma cases and 352,255 controls
[23]. Asthma cases were identified by self-reported questionnaires, hospital records coded according to the International Classification
of Diseases (ICD-9 and ICD-10), and primary care records. IVs of age at which asthma was diagnosed were sourced from the UK
Biobank and included 47,222 European participants. To prevent inflated type 1 error caused by sample overlap, the summary-level
data for specific APOs, including SA, PTB, PE and GDM were acquired from the FinnGen consortium [24]. In addition, data on
smoking status, frequent drinking, BMI, and live birth quantity were collected from the MRC-IEU or Neale Lab consortium. Table 1
presents a concise overview of all the datasets incorporated.

2.3. Selection and validation of SNPs

To meet the first assumption, genetic variants must exhibit a robust association with the exposure. We identified single nucleotide
polymorphisms (SNPs) that had a significant relationship with asthma and the age asthma diagnosed, with a threshold of significance
of P < 5 x 10 ~8. Due to the low amount of accessible SNPs, an acceptable threshold (P < 5 x 10 _6) was selected in the reverse MR
analysis. To achieve the criteria of hypothesis 2 in the MR framework, we implemented a strict standard (r? < 0.001 and a clumping
distance of 10,000 kb) to minimize the influence of linkage disequilibrium (LD) within the SNPs [25]. Furthermore, to control potential
pleiotropic effects, we obtained the secondary phenotype of every SNP through PhenoScanner V2 (http://www.phenoscanner.
medschl.cam.ac.uk/) [26]. As it is widely recognized, factors such as BMI, low-density lipoprotein (LDL) cholesterol, smoking, and
alcohol consumption are risk factors for APOs [14-17,20,22]. Consequently, we removed any IVs related to these factors or directly
connected to the APOs. This methodology helps guarantee that the IVs utilized in our study are directly related to the specific exposure
we are interested in and are not affected by other factors that could distort the results. This step was crucial to ensure that the in-
dependence and exclusiveness hypotheses—hypotheses 2 and 3 of our MR framework—are rigorously met.

To evaluate the robustness of the IVs, we assessed the variance explained (RZ) and the F-statistic, both crucial for minimizing the
effects of weak instrument bias. The F-statistic is calculated using the equation: F:RZ/(l—RZ) * [(N-K-1)/K], where N is the total
sample size, K represents the quantity of SNPs chosen, and R? indicates the percentage of variance accounted for by the SNPs. This
approach ensures the validity of the IVs, strengthening the reliability of our causal inferences [27]. To quantify the explained variance
for each SNP, we employed the formula: R? = 2*EAF*(1-EAF)*p?, where p denotes the effect size coefficient and EAF indicates the
frequency of the effect allele [28]. This method facilitates a precise assessment of each SNP’s contribution to the phenotypic variance
within our MR framework, aligning with analytical standards in genomic research. An F-statistic exceeding ten indicates a lower
probability of potential weak instrument bias [29]. The statistical power was calculated using the web resource available at

Table 1
Specifics of the research incorporated in the MR analyses.
Traits Author GWAS ID Sample size Number of Sex Ancestry Year PMID
(cases/controls) SNPs
Exposure
Asthma Valette K ebi-a-GCST90014325 56,167/352,255 34,551,291 Males and European 2021 34103634
Females
Age asthma Ben ukb-b-4575 47,222 9,851,867 Males and European 2018 NA
diagnosed Elsworth Females
BMI Neale ukb-a-248 336,107 10,894,596 Males and European 2017 NA
Females
Smoking status: Neale ukb-a-225 33,928/302,096 10,894,596 Males and European 2017 NA
Current Females
Alcohol intake Neale ukb-a-25 336,965 10,894,596 Males and European 2017 NA
frequency Females
Number of live Ben ukb-b-1209 250,782 9,851,867 Males and European 2018 NA
births Elsworth Females
Outcomes
SA NA finn-b- 9113/89,340 16,379,138 Males and European 2021 NA
015_ABORT_SPONTAN Females
PTB NA finn-b-O15_PRETERM 5480/98,626 16,379,340 Males and European 2021 NA
Females
PE NA finn-b- 3903/114,735 16,379,723 Males and European 2021 NA
015_PRE_OR_ECLAMPSIA Females
GDM NA finn-b-GEST_DIABETES 5687/123,579 16,379,784 Males and European 2021 NA
Females

Body mass index (BMI); SA, spontaneous abortion; PTB, preterm birth; PE, preeclampsia; GDM, gestational diabetes mellitus.
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https://shiny.cnsgenomics.com/mRnd/ [30]. We recommended achieving a sufficient power exceeding 80 % for robust results.

2.4. Statistical analyses

Various methodologies, including inverse variance weighted (IVW), MR-Egger, weighted median, weighted mode, simple mode,
and Robust Adjusted Profile Score (RAPS), were implemented to assess the genetic causal effects. These approaches provided robust
evidence across various conditions, with the IVW method as the principal technique for obtaining results [31]. The IVW method builds
upon the Wald ratio estimations by applying the principles of meta-analysis. This technique aims to provide an unbiased estimate
under optimal conditions, assuming that all included SNPs are valid IVs [32].

MR-Egger permits individual SNPs to influence outcomes through pathways that are not related to the exposure. Additionally, the
MR-Egger intercept is capable of detecting and adjusting for pleiotropy [31,33]. The weighted median remains capable of dependable
estimations of causality even though up to half of the data utilized by the analysis contains invalid IVs [34]. The weighted mode
approach groups SNPs and computes estimations according to the group with the highest quantity of SNPs [33]. The

simple mode is not equally successful as IVW, it offers strength against pleiotropy [34]. The RAPS method is resistant to weak
instruments. It maintains robustness even when systematic pleiotropy is present [35].

Building on the findings of previous studies [15-18], we incorporated BMI, smoking status, frequent drinking, and live birth
quantity into our MVMR analysis. We employed methods such as IVW and MR-Lasso to conduct the MVMR analysis [36]. We con-
ducted extensive sensitivity analyses in three key areas: heterogeneity, pleiotropy, and leave-one-out testing. Firstly, we calculated
Cochran’s Q statistic to assess the heterogeneity among individual SNPs. Subsequently, we evaluated pleiotropy in our effect estimates
using the MR-Egger intercept method. Additionally, we employed MR-PRESSO analysis to uncover pleiotropic SNPs. Finally, we
conducted a leave-one-out sensitivity analysis by sequentially removing different SNPs in each iteration to determine whether the
excluded SNPs influenced the overall MR estimation.

A correlation between asthma and four APOs was considered of statistical significance if the dual-sided p-value was below 0.0125,
calculated by dividing the alpha level of 0.05 by four outcomes to accommodate multiple assessments. A p-value less than 0.05 was
regarded as indicative of a possible correlation.

The TwoSampleMR (version 0.5.6), MRPRESSO (version 1.0) and MVMR (version 0.3) packages in R (version 4.3.1) were used to
conduct all MR analyses.

3. Result
3.1. SNPs selection and validation

In this study, we identified 42, 43, 41, and 45 SNPs as IVs for asthma to evaluate its associations with SA, PTB, PE, and GDM,
respectively, as detailed in Supplementary Tables S1-4. Additionally, 17 and 19 SNPs were determined as IVs for the age of asthma
diagnosis to assess its connections with SA and GDM, as presented in Supplementary Tables S5-6. The F-statistics for each SNP sur-
passed the critical threshold of ten, indicating a minimal risk of moderate instrumental bias. The statistical strength for SA and GDM
exceeded 80 %, affirming the dependability of these findings, but it was below 80 % for other phenotypes, raising the possibility of
false negatives. Table 2 comprehensively presents the strength and statistical power of the selected IVs. Furthermore, in the MR
analysis of APOs on asthma, we chose 14, 8, 17, and 22 SNPs associated with SA, PTB, PE, and GDM, in that order (Supplementary
Tables S7-10). The F-statistic provides adequate evidence to demonstrate that the probability of weak instrumental bias is extremely
unlikely.

3.2. Causal associations of asthma on APOs

Upon applying the Bonferroni adjustment, we discovered a significant association between genetically predicted asthma and a
greater likelihood of SA (OR: 1.115; 95 % CI: 1.031-1.206; P = 0.006) and GDM (OR: 1.125; 95 % CI: 1.037-1.220; P = 0.005) in the
IVW model. These results aligned with those from the RAPS model. Conversely, the IVW model did not indicate a causal relationship of
asthma on PE (OR: 1.059; 95 % CI: 0.951-1.179; P = 0.297) or PTB (OR: 0.979; 95 % CI: 0.897-1.068; P = 0.629). Consistent findings
were reached using five other statistical models. Fig. 2 illustrates the causative relationship between asthma and the likelihood of

Table 2
The chosen IVs’ potency and statistical efficacy.
Exposures Outcomes R? for TL(Total) F for TL(Total) Power
Asthma SA 0.055 568.896 0.84
PTB 0.069 701.513 0.08
PE 0.062 662.727 0.19
GDM 0.070 685.360 0.87
Age asthma diagnosed SA 0.026 67.085 0.13
GDM 0.019 55.110 0.06

SA, spontaneous abortion; PTB, preterm birth; PE, preeclampsia; GDM, gestational diabetes mellitus.
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APOs. Cochran’s Q test failed to detect heterogeneity, and the Egger intercept test and MR-PRESSO analysis detected no horizontal
pleiotropy. Table 3 displays the results of the sensitivity analyses. The leave-one-out graphs in our study confirm the robustness of our
findings, suggesting a negligible impact of any individual SNP on the causal estimates. Fig. 3 (A-D) and Fig. 4 (A-D) include scatter,
funnel, forest, and leave-one-out images, demonstrating the relationships of asthma on SA and GDM, respectively. Supplementary
Figs. S1-2 depict corresponding images for PTB and PE. According to the MVMR analysis, a robust causal association persisted of
asthma on SA (OR: 1.120; 95 % CI: 1.044-1.202; P = 0.002) as well as GDM (OR: 1.115; 95 % CI: 1.012-1.229; P = 0.028) after
adjusting for confounding variables such as smoking status, alcohol consumption, BMI, and the live birth number. The MR Lasso
analysis outcomes remained consistent following the exclusion of heterogeneous SNPs. Fig. 5 provides a detailed summary of the
MVMR results.

3.3. Causal associations of age asthma diagnosed on SA and GDM

The genetic predisposition to age asthma diagnosed was not found to have a causal relationship with SA (OR: 0.974; 95 % CI:
0.849-1.117, P = 0.703) and GDM (OR: 0.944; 95 % CI: 0.823-1.083; P = 0.413) in all six statistical models (Fig. 6).

Cochran’s Q test failed to reveal heterogeneity, and the Egger intercept test and MR-PRESSO analysis detected no horizontal
pleiotropy. Comprehensive findings from the sensitivity analyses are detailed in Table 4. The leave-one-out graphs in our investigation
indicated that the specific SNPs were not likely to change the causality. Supplementary Figs. S3-4 illustrate the relationships between
the age of asthma diagnosis and both SA and GDM via scatter, funnel, forest, and leave-one-out plots.

3.4. Causal associations of APOs on asthma

There was no link between genetic risk for SA (OR: 0.970; 95 % CI: 0.926-1.016, P = 0.203), PE (OR: 1.024; 95 % CI: 0.990-1.058,
P =0.167), PTB (OR: 0.957; 95 % CI: 0.896-1.023, P = 0.196), or GDM (OR: 0.979; 95 % CI: 0.945-1.014; P = 0.238) and asthma in
any of the six statistical models (Fig. 7).

MR-Egger regression, MR-PRESSO analysis and Cochran’s Q test indicated no directional pleiotropy and heterogeneity. The spe-
cifics of the sensitivity analysis can be found in Table 5. The leave-one-out analyses suggest that particular SNPs are improbable to have
a substantial impact on the causal estimations. Scatter, funnel, forest, and leave-one-out charts illustrate these associations in Sup-
plementary Figs. S5-8.

4. Discussion

In the present research, we investigated the underlying causality between asthma and four APOs employing MR techniques. We

Exposure NSNP Method OR OR(95%Cl) Pval signif
SA 42 MR Egger —O— 1.181(0.950 - 1.468) 0.141 ns
42 Weighted median o— 1.085 (0.969 - 1.214) 0.156 ns
42 Inverse variance weighted E!—I—' 1.115 (1.031 - 1.206) 0.006 P<0.01
42 Simple mode —A— 1.055 (0.854 - 1.302) 0.624 ns
42 Weighted mode == 1.087 (0.925 - 1.278) 0.317 ns
42 RAPS e 1.116 (1.031 - 1.209) 0.007 P<0.01
PTB 43 MR Egger — O 0.874 (0.696 - 1.096) 0.249 ns
43 Weighted median —5— 0.970 (0.854 - 1.101) 0.636 ns
43 Inverse variance weighted . 0.979 (0.897 - 1.068) 0.629 ns
43 Simple mode % 0.913 (0.717 - 1.162) 0.464 ns
43 Weighted mode —B— 0.961 (0.809 - 1.141) 0.652 ns
43 RAPS 4 0.978 (0.895-1.069) 0.63 ns
PE 41 MR Egger — 0.900 (0.673 - 1.205) 0.484 ns
41 Weighted median —p— 1.002 (0.858 - 1.170) 0.98 ns
41 Inverse variance weighted il 1.059 (0.951 - 1.179) 0.297 ns
41 Simple mode >—+—' 1.011 (0.773 - 1.323) 0.937 ns
41 Weighted mode =g 0.996 (0.801 - 1.239) 0.974 ns
41 RAPS Ho— 1.060 (0.950 - 1.182) 0.301 ns
GDM 45 MR Egger —— 1.070 (0.867 - 1.322) 0.531 ns
45 Weighted median —— 1.140 (1.021 - 1.272) 0.019 P<0.05
45 Inverse variance weighted | 1.125 (1.037 - 1.220) 0.005 P<0.01
45 Simple mode —h— 0.993 (0.810-1.216) 0.943 ns
45 Weighted mode *;—E—i 1.108 (0.959 - 1.279) 0.171 ns
45 RAPS Ha o 1.125 (1.036 - 1.223) 0.005 P<0.01
W P>0.05 M P<0.05 M P<0.01 ! : ' . .
M MR Egger wvw O WMo 0.0 0.5 1.0 1.5 2.0
[ J WMe SMo [] RAPS protect sk

Fig. 2. Causal relationships of asthma on the danger of APOs.
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Table 3
Heterogeneity, horizontal pleiotropy, and MR-PRESSO examinations of the relationships between Asthma and APOs.
Outcomes Pleiotropy test Heterogeneity test MR-PRESSO
MR-Egger MR-Egger Inverse-variance weighted Global Test
Intercept SE 14 Q-value Q-df Q-pval Q-value Q-df Q-pval Pvalue
SA —0.004 0.007 0.582 26.959 40 0.943 27.267 41 0.951 0.428
PTB 0.008 0.008 0.293 34.988 41 0.734 36.122 42 0.726 0.221
PE 0.011 0.009 0.247 27.812 39 0.909 29.194 40 0.896 0.122
GDM 0.003 0.007 0.623 19.906 43 0.999 20.151 44 0.999 0.978

SA, spontaneous abortion; PTB, preterm birth; PE, preeclampsia; GDM, gestational diabetes mellitus; MR-PRESSO, Mendelian randomization plei-
otropy residual sum and outlier; Q-value, the statistics of Cochran’s Q test; SE, standard error.

concluded that genetically predicted asthma is correlated with a higher likelihood of experiencing APOs, such as SA and GDM. The
causal association was still of statistical significance after controlling for smoking status, frequent drinking, BMI, and live birth
quantity in the MVMR designs. However, our findings did not reveal a substantial correlation between the age of asthma diagnosed
based on genetics and the likelihood of SA or GDM. The results from inverse MR analyses also indicate no causality of APOs on asthma.

Our analysis revealed a positive relationship between asthma and an elevated risk of both SA and GDM, aligning with previous
studies [37-40]. For example, a 2019 study investigated reproductive decline in a cohort of 10,847 American women aged 15 to 44
with a medical history of asthma or hay fever. After controlling for confounding variables such as smoking, age, diabetes history, BMI,
and other factors, the study showed that women with a medical history of asthma or hay fever had a higher rate of SA compared to
those without asthma (P = 0.001) [37]. Another investigation demonstrated a notable rise in the occurrence of perinatal problems,
such as SA and GDM, due to pre-existing moderate to severe asthma before pregnancy and the worsening of asthma symptoms during
pregnancy (P < 0.001) [38]. Areview of cohort data comprising 580 pregnant women discovered that the presence of maternal asthma
(n = 274) considerably raised the likelihood of developing GDM in comparison to the group without asthma (n = 306) (OR = 2.64, P <
0.05) [39]. Another national cohort study undertaken in Denmark reported that asthma is linked with a greater probability of
experiencing pregnancy loss (PL) (OR: 1.05; 95 % CI: 1.03-1.07) and recurrent PL (OR: 1.19; 95 % CI: 1.12-1.27) in women.
Furthermore, the researchers observed that early-onset asthma (ages 6-15) had a stronger correlation with PL compared to asthma
attacks in adulthood (ages 16-39) [40]. Research on the relationship between the age at which asthma begins and GDM is scarce.
Recent data from a national registry study in Denmark indicate that childhood asthma may increase the risk of developing type 1
diabetes (T1DM) later in life [41]. Nevertheless, our investigation failed to establish a causal connection between the age of asthma
diagnosed and the occurrence of SA and GDM. The disparity between the MR analysis and the observational study outcomes could be
attributed to confounding variables such as BMI, waist-to-hip ratio, and cholesterol levels.

Prior research has yielded conflicting findings about the association between asthma and PTB or PE. Retrospective cohort studies
have indicated that the prevalence of PTB is higher in individuals with asthma than in those without asthma (OR: 1.41; 95 % CI:
1.07-1.86; P = 0.01), even after adjusting for maternal smoking using logistic regression analysis. Additionally, asthmatic women were
found to have a significantly increased risk of PE (OR: 1.71; 95 % CI: 1.09-2.67; P = 0.02) [42]. Multiple studies have arrived at
consistent results [38,39,43]. However, meta-analyses have shown no significant statistical link between severe asthma episodes
during pregnancy and the likelihood of PTB (RR: 1.57, 95 % CI: 0.80-3.1) or PE (RR: 1.37, 95 % CI: 0.65-2.92) [44]. Our research
supports this assumption, as our UVMR analyses did not identify any statistically significant causal link between asthma and the
occurrence of PTB and PE. The distinction between MR analysis and observational research conclusions can be attributed to the impact
of confounding variables, including BMI, smoking status, frequent drinking, and reproductive factors like live births.

The precise mechanism behind the causal relationship of asthma on SA or GDM remains uncertain. However, based on current data,
the specific way asthma heightens the risk of these two forms of APOs can be elucidated through the following factors: First and
foremost is an exaggerated immunological inflammatory response. Persistent airway inflammation is a hallmark of asthma, charac-
terized by two distinct pathways: Th2-dependent inflammation, triggered by interleukins such as IL-5 and IL-13, and Th2-low asthma,
which is driven by IL-17 and tumor necrosis factor-a (TNF-a) [45]. However, the inflammatory response in asthma extends beyond the
respiratory tract. Research indicates that individuals with asthma often suffer from chronic, low-grade systemic inflammation, which
intensifies during episodes of uncontrolled asthma exacerbations [46]. This systemic inflammation can also impact reproductive or-
gans [47]. A prospective cohort study discovered that the concentration of pro-inflammatory factors IL-6 and IL-1 in serum samples of
patients with SA was notably higher on days 23 and 30 after embryo transfer compared to the group of patients who had a live birth
[48].

Conversely, the anti-inflammatory factor TGF-p1 level was significantly lower in the miscarriage group than in women with live
births. This suggests that the excessive immune inflammatory response resulting from the imbalance in the expression of pro-
inflammatory and anti-inflammatory cytokines hampers the successful implantation of embryos and is closely related to PL [48].
Furthermore, research indicates a detrimental relationship between high-sensitivity C-reactive protein levels in the blood of women
with asthma and the amount of vascular endothelial growth factor (VEGF) in their endometrial secretions [49]. Asthma-induced
inflammation can decrease the ability of the endometrium to receive embryos by altering the production of VEGF [49].

Similarly, research has determined that, during 24-28 weeks of pregnancy, women experiencing GDM (n = 96 cases) exhibit
considerably more serum amounts of high-sensitivity C-reactive protein (hs-CRP) and IL-6 in comparison with healthy pregnant
controls (n = 95 instances). These levels were positively correlated with HbAlc levels [50]. Disrupted regulation of glucose levels
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Fig. 3. Scatter, funnel, forest, and leave-one-out plots for MR investigations of the link of asthma on SA. (A) scatter plot; (B) funnel plot; (C) forest
plot; (D) leave-one-out plot.

during pregnancy also leads to an imbalance of pro-inflammatory and anti-inflammatory biomarkers [51]. Consequently, it is plausible
to suggest that asthma may influence the balance of maternal-fetal immune tolerance and glucose homeostasis through systemic

inflammatory pathways, thereby elevating the risks of SA and GDM.
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Fig. 4. Scatter, funnel, forest, and leave-one-out plots for MR investigations of the link of asthma on GDM. (A) scatter plot; (B) funnel plot; (C) forest

plot; (D) leave-one-out plot.

A second potential mechanism involves hypoxia and oxidative stress (OS). Asthma can also be characterized by oxidative stress,
which is linked to inflammation both in the lungs and systemically [52]. Hypoxia-inducible factor 1 (HIF-1) comprises « and f het-
erodimeric subunits. It performs a function in the immune system’s response, induces neovascularization, and can contribute to airway
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Outcome  Method MVMR OR OR(95%Cl) Pval signif
SA Adjusted for BMI VW o 1.118 (1.041 - 1.202) 0.002 P<0.01
MR-Lasso , HE— 1.089 (1.050 - 1.173) 0.017 P<0.05
Adjusted for smoking VW | — 1.102 (1.028 - 1.180) 0.006 P<0.01
MR-Lasso |- 1.089 (1.050 - 1.173) 0.017 P<0.05
Adjusted for alcohol VW E —— 1.098 (1.024 - 1.178) 0.008 P<0.01
MR-Lasso | Hil— 1.075 (1.038 - 1.150) 0.042 P<0.05
Adjusted for Number of live births IVW Vi 1.094 (1.020 - 1.174) 0.012 P<0.05
MR-Lasso il 1.078 (1.043 - 1.150) 0.023 P<0.05
Adjusted for all VW | —— 1.120 (1.044 - 1.202) 0.002 P<0.01
MR-Lasso , HE— 1.095 (1.057 - 1.174) 0.011 P<0.05
GDM Adjusted for BMI VW L 1.124 (1.026 - 1.231) 0.012 P<0.05
MR-Lasso :—I—' 1.089 (0.995 - 1.191) 0.067 ns
Adjusted for smoking VW E —— 1.125 (1.027 - 1.233) 0.011 P<0.05
MR-Lasso | 1.099 (1.050 - 1.197) 0.037 P<0.05
Adjusted for alcohol VW —— 1.137 (1.017 - 1.269) 0.023 P<0.05
MR-Lasso , 1.101 (1.051 - 1.209) 0.035 P<0.05
Adjusted for Number of live births IVW | —— 1.130 (1.030 - 1.241) 0.01  P<0.05
MR-Lasso L E— 1.134 (1.084 - 1.234) 0.005 P<0.01
Adjusted for all VW E'—I—4 1.115 (1.012 - 1.229) 0.028 P<0.05
MR-Lasso \ i 1.116 (1.067 - 1.221) 0.014 P<0.05
B P>005 W P<0.05 M P<001 05 038 10 12 15
protect risk
Fig. 5. A causal relationship between Asthma and SA or GDM in MVMR.
Outcome NSNP Method OR OR(95%CI) Pval signif
SA 1 MR Egger - 0.889 (0.645 - 1.224) 0.4818 ns
17 Weighted median — 0.978 (0.818 - 1.168) 0.8028 ns
17/ Inverse variance weighted — 0.974 (0.849 - 1.117) 0.7033 ns
17 Simple mode n 0.994 (0.743 - 1.330) 0.9697 ns
17 Weighted mode % 0.980 (0.770 - 1.247) 0.873 ns
17 RAPS —— 0.973 (0.846 - 1.121) 0.7088 ns
GDM 19 MR Egger ! 0.936 (0.689 - 1.271) 0.6765 ns
19 Weighted median — 0.937 (0.771-1.138) 0.5128 ns
19 Inverse variance weighted — 0.944 (0.823 - 1.083) 0.413 ns
19 Simple mode : 1.047 (0.772 - 1.419) 0.7704 ns
19 Weighted mode '—I-E—' 0.966 (0.772 - 1.207) 0.7614 ns
19 RAPS ——— 0.944 (0.821 - 1.085) 0.4169 ns
 P>005 0 08 5 12 15

protect

risk

Fig. 6. The causal relationship between the genetically predicted age at which asthma was diagnosed and SA or GDM.

Table 4
Heterogeneity, horizontal pleiotropy, and MR-PRESSO tests of the relationships between age asthma diagnosed and APOs.
Outcomes Pleiotropy test Heterogeneity test MR-PRESSO
MR-Egger MR-Egger Inverse-variance weighted Global Test
Intercept SE P Q-value Q-df Q-pval Q-value Q-df Q-pval Pvalue
SA 0.006 0.009 0.546 5.676 15 0.985 6.057 16 0.987 0.261
GDM 0.0006 0.009 0.949 12.259 17 0.784 12.263 18 0.833 0.864

SA, spontaneous abortion; PTB, preterm birth; PE, preeclampsia; GDM, gestational diabetes mellitus; MR-PRESSO, Mendelian randomization plei-

otropy residual sum and outlier; Q-value, the statistics of Cochran’s Q test; SE, standard error.

inflammation in bronchial asthma through various pathways [53]. OS can impact the implantation of the gestational sac, embryo
development, and placental angiogenesis, leading to SA [54]. Several studies have observed increased expression of HIF-1a in the
endometrial cell line, endometrial epithelium, and stroma of women suffering recurrent pregnancy loss (RPL) in contrast to healthy

controls.

Additionally, these studies noted a pathological rise in both the quantity and volume of microvessels [55,56]. These findings imply
that a hypoxic environment during pregnancy may activate HIF-1a expression and subsequently affect endometrial angiogenesis,
leading to the development of PL. Simultaneously, OS can adversely impact pancreatic islet -cell function, resulting in the onset of
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Exposure NSNP Method OR OR(95%Cl) Pval signif
SA 14 MR Egger —Or— 0.977 (0.891-1.072) 0.637 ns
14 Weighted median e 0.970 (0.910 - 1.034) 0.3531 ns
14 Inverse variance weighted Fl+:* 0.970 (0.926 - 1.016) 0.2027 ns
14 Simple mode '—A—:—| 0.946 (0.849 - 1.055) 0.3372 ns
14 Weighted mode =S 0.973 (0.902 - 1.050) 0.4944 ns
14 RAPS o 0.969 (0.924 - 1.017) 0.1999 ns
PTB 8 MR Egger — 1.035 (0.838 - 1.280) 0.7586 ns
8 Weighted median —— 1.004 (0.931 - 1.084) 0.9106 ns
8 Inverse variance weighted —- 0.957 (0.896 - 1.023) 0.1962 ns
8 Simple mode + 1.014 (0.915- 1.123) 0.8005 ns
8 Weighted mode —g— 1.013 (0.918 - 1.118) 0.8068 ns
8 RAPS —o—h 0.955 (0.903 - 1.010) 0.1065 ns
PE 17 MR Egger —o— 1.046 (0.960 - 1.140) 0.3214 ns
17 Weighted median To— 1.033 (0.984 - 1.084) 0.1918 ns
17 Inverse variance weighted nl 1.024 (0.990 - 1.058) 0.167 ns
17 Simple mode *i—A—' 1.069 (0.984 - 1.162) 0.1323 ns
17 Weighted mode =EE— 1.048 (0.970 - 1.132) 0.2521 ns
17 RAPS gl 1.025 (0.990 - 1.061) 0.1689 ns
GDM 22 MR Egger —e— 0.981 (0.884 - 1.090) 0.7304 ns
22 Weighted median o 0.973 (0.924 - 1.025) 0.3037 ns
22 Inverse variance weighted Ao 0.979 (0.945 - 1.014) 0.2379 ns
22 Simple mode —hA— 1.017 (0.937 - 1.103) 0.6971 ns
22 Weighted mode *—EFE—' 0.972 (0.911 - 1.038) 0.4053 ns
22 RAPS g 0.979 (0.943 - 1.015) 0.2516 ns
M P>005 p . ' : .
B MR Egger W O WMo 0.5 0.8 1.0 1.2 15
® WMe SMo [] RAPS protect risk
Fig. 7. The causality of genetically predicted APOs on asthma.
Table 5
Heterogeneity, horizontal pleiotropy, and MR-PRESSO tests of the relationships between APOs and Asthma.
Exposures Pleiotropy test Heterogeneity test MR-PRESSO
MR-Egger MR-Egger Inverse-variance weighted Global Test
Intercept SE P Q-value Q-df Q-pval Q-value Q-df Q-pval Pvalue
SA —0.001 0.007 0.860 13.471 12 0.336 13.507 13 0.409 0.449
PTB —0.011 0.009 0.302 4.855 5 0.434 6.181 6 0.403 0.237
PE —0.003 0.006 0.601 15.903 15 0.389 16.206 16 0.439 0.457
GDM —0.002 0.005 0.960 10.982 20 0.947 10.985 21 0.963 0.883

SA, spontaneous abortion; PTB, preterm birth; PE, preeclampsia; GDM, gestational diabetes mellitus; MR-PRESSO, Mendelian randomization plei-
otropy residual sum and outlier; Q-value, the statistics of Cochran’s Q test; SE, standard error.

GDM [57]. Numerous studies have identified elevated OS markers and HIF-1a levels in the maternal blood and placenta of women with
GDM compared to those with standard glucose tolerance [58-60]. This phenomenon highlights the role of hypoxia and its associated
HIF-1a overactivation in disrupting glucose metabolism in GDM. Hence, we hypothesize that the link between asthma and both SA and
GDM may be attributable to hypoxic and oxidative stress responses.

Numerous studies have established asthma as a polygenic disease influenced by both genetic and environmental factors [61,62].
Recent research indicates that abnormal gene expression of SMAD3 and Interleukin 33 (IL-33) is strongly correlated with the onset of
asthma [63,64]. Research has demonstrated that SNPs at the Smad3 gene locus are associated with RPL. Abnormal expression of the
Smad3 gene can disrupt steroid hormone regulation and embryo implantation processes by impacting the Smad3-dependent signaling
pathway, ultimately resulting in PL [65]. Likewise, bioinformatics investigation reveals that SMAD 3 is one of the central genes
implicated in the onset of GDM [66]. IL-33, is pivotal in regulating angiogenesis and inflammatory immune responses. Recent studies
indicate considerably greater serum concentrations of IL-33 (P < 0.05) and its receptor ST-2 (P < 0.01) in patients with RPL compared
to healthy controls [67].

Moreover, research has found elevated plasma levels of IL-33 and soluble ST2 (sST2) in patients with GDM relative to pregnant
women with normal glucose tolerance (NGT). These levels positively correlate with the Homeostatic Model Assessment (HOMA) index
[68]. The SNPs adopted as IVs include rs56375023 and rs992969 in our research, which correspondingly relate to the SMAD3 and IL33
genes. Hence, we propose that inflammatory and immunological factors play an instrumental part in the link between asthma and SA
or GDM by affecting these shared genetic pathways.

This study represents the first application of an MR framework to estimate the genetic causal relationship of asthma on APOs. Our
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MR study boasts several strengths. First, it excluded genetic variations associated with potential confounding factors observed in
epidemiological studies, focusing instead on SNPs closely related to asthma or the age at which asthma was diagnosed. Second, the
substantial sample size enhances the statistical robustness of our analysis, providing strong evidence for the identified relationships.
Third, we conducted thorough sensitivity examinations to verify the accuracy and reliability of our findings. Sufficient F-statistics and
statistical power ensure the effectiveness of our study. Finally, using MVMR, including IVW and MR-Lasso, we explored the direct
impact of asthma on APOs, accounting for factors such as smoking, drinking frequency, BMI, and the quantity of live births.

Nevertheless, there are restrictions. First, owing to the use of aggregate-level data from the GWAS database, it was not allowed to
evaluate the non-linear connection between asthma and APOs. Second, A portion of the asthma cases in our study were identified
through self-reported questionnaires. While self-reporting is valuable for large-scale and extensive data collection, it is susceptible to
recall and other forms of bias. Participants may not accurately remember or report their medical history, and the precision of self-
reported data can significantly vary based on participants’ understanding, memory, and willingness to disclose personal informa-
tion accurately. These factors can contribute to reporting bias, potentially impacting the reliability of our findings. Additionally, the
predominance of participants of European ancestry minimizes demographic stratification bias but limits the applicability of our
findings to diverse ethnic groups. Lastly, while the F-statistic indicates strong IVs, some phenotypes exhibited lower statistical power
(below 80 %), potentially leading to false negatives.

5. Conclusion

This study presents evidence suggesting that genetically determined asthma is linked to a higher likelihood of SA and GDM.
Additional investigation is needed to explore the underlying pathways. However, we found no definitive evidence that an earlier
diagnosis of asthma elevates the risk of SA and GDM, nor did we see a clear interaction between asthma and either PTB or PE. These
findings imply that the conclusions of prior research using observations might be subject to confounding factors.
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