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Abstract
Background
The presence of type 1 diabetes mellitus (T1DM) has been demonstrated to pose an increased risk for developing cardiovascular diseases (CVDs). However, the causal relationships between T1DM and CVDs remain unclear due to the uncontrolled confounding factors and reverse causation bias of the observational studies.

Methods
Summary statistics of T1DM and seven CVDs from the largest available genome-wide association studies (GWAS) of European ancestry and FinnGen biobank were extracted for the primary MR analysis, and the analysis was replicated using UK biobank (UKBB) for validation. Three complementary methods: inverse variance weighted (IVW), weighted median, and MR-Egger were used for the MR estimates. The potential pleiotropic effects were assessed by MR-Egger intercept and MR-PRESSO global test. Additionally, multivariable MR (MVMR) analysis was performed to examine whether T1DM has independent effects on CVDs with adjustment of potential confounding factors. Moreover, a two-step MR approach was used to assess the potential mediating effects of these factors on the causal effects between T1DM and CVDs.

Results
Causal effects of T1DM on peripheral atherosclerosis (odds ratio [OR] = 1.06, 95% confidence interval [CI]: 1.02–1.10; p = 0.002)] and coronary atherosclerosis (OR = 1.03, 95% CI: 1.01–1.05; p = 0.001) were found. The results were less likely to be biased by the horizontal pleiotropic effects (both p values of MR-Egger intercept and MR-PRESSO Global test > 0.05). In the following MVMR analysis, we found the causal effects of T1DM on peripheral atherosclerosis and coronary atherosclerosis remain significant after adjusting for a series of potential confounding factors. Moreover, we found that hypertension partly mediated the causal effects of T1DM on peripheral atherosclerosis (proportion of mediation effect in total effect: 11.47%, 95% CI: 3.23–19.71%) and coronary atherosclerosis (16.84%, 95% CI: 5.35–28.33%). We didn’t find significant causal relationships between T1DM and other CVDs, including heart failure (HF), coronary artery disease (CAD), atrial fibrillation (AF), myocardial infarction (MI) and stroke. For the reverse MR from CVD to T1DM, no significant causal relationships were identified.

Conclusion
This MR study provided evidence supporting the causal effect of T1DM on peripheral atherosclerosis and coronary atherosclerosis, with hypertension partly mediating this effect.
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The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12933-023-01974-6.
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	MI
	Myocardial infarction
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	Sodium-glucose cotransporter 2 inhibitors
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	Single nucleotide polymorphisms

	T1DM
	Type 1 diabetes mellitus

	T2DM
	Type 2 diabetes mellitus

	TGF-β1
	Transforming growth factor β1
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Introduction
Type 1 diabetes mellitus (T1DM) is a prevalent chronic autoimmune disease that affects approximately 30 million individuals, accounting for 10% of all diabetes cases [1–3]. It often occurs during childhood and adolescence, with a global prevalence of around 500,000 individuals [2]. Over the years, the incidence rate of T1DM has been increasing [4], leading to a heavy burden on families and economies.
The pathogenesis of T1DM involves the autoimmune destruction of pancreatic β-cells, resulting in an absolute insulin deficiency and resultant hyperglycemia [5]. Persistent hyperglycemia can cause damage to both the microvascular and macrovascular systems, thereby contributing to a modest decline in overall life expectancy and a significant reduction in disability-free life expectancy. [6].
Recent observational studies have indicated that patients with T1DM are at substantially higher risk of developing cardiovascular diseases (CVD) including heart failure (HF), coronary artery disease (CAD), atrial fibrillation (AF), myocardial infarction (MI), atherosclerosis (AS), and stroke [7–12]. However, the causal relationships between T1DM and CVDs remain unclear due to uncontrolled confounding factors and reverse causation bias of the observational studies. Understanding the causal relationships between these two diseases is critical for the disease prevention and management, and thus reducing the substantial disease burden.
Mendelian randomization (MR) has been proven to be a powerful approach for clarifying causal relationships using genetic variants as instrumental variables [13]. As the genetic variants were randomly segregated during meiosis and fixed during lifetime, MR minimizes the bias due to unmeasured confounding factors and reverse causation [14]. Therefore, the MR approach is conceptually similar to a randomized controlled trial (RCT) but being more widely used and cost-effective. Previous MR studies have indicated robust causal relationships between type 2 diabetes mellitus (T2DM) and CVD [15–17]. However, whether T1DM plays a causal role for the development of CVD is still unclear given the differences of risk factors, etiology, and underlying genetic factors between T1DM and T2DM [4, 6]. In the present study, we performed the first bidirectional two-sample MR analysis to investigate the causal relationship between T1DM and CVDs. Moreover, we assessed the causal effects while adjusting for potential confounding factors such as hypertension, T2DM, smoking, C-reaction protein (CRP), interleukin-6 (IL6), high-density lipoprotein (HDL), low-density lipoprotein (LDL), triglyceride, and apolipoproteins through multivariable MR analysis (MVMR). Finally, we carried out a mediation analysis to explore whether these traits mediated the causal effects of T1D on CVDs.

Materials and methods
Study design
The bidirectional two-sample MR analysis was conducted to identify any potential causal association between T1DM and 7 CVDs, including MI, CAD, HF, AF, peripheral atherosclerosis, coronary atherosclerosis, and stroke (Fig. 1). And the approach we adopted for this MR analysis was grounded on 3 fundamental assumptions (Additional file 1: Fig. S1).
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Fig. 1Study overview. Notes: Data in the primary analysis were extracted from T1DM [18], MI [20], HF [21], AF [23], CAD [22], stroke [24], PAS and CAS [25] respectively. GWAS, genome-wide association studies; T1DM, type 1 diabetes mellitus; MI, myocardial infraction; HF, heart failure; AF; atrial fibrillation; CAD, coronary artery disease; PAS, peripheral atherosclerosis; CAS, coronary atherosclerosis; SNPs, single nucleotide polymorphisms; MR, mendelian randomization; IVW, Inverse variance weighted



Genetic association datasets
Genetic association datasets for T1DM
Summary statistical data for T1DM with European ancestry, comprising 9,266 cases and 15,574 controls, were extracted from the European Bioinformatics Institute (EBI) database [18], which represents an expansive, intercontinental, and interdisciplinary data resource that remains accessible to the public within the field of life sciences [19]. To our knowledge, it is the largest scale and latest GWAS study for T1DM.

Genetic association datasets for seven major CVDs
Our study focused primarily on investigating the causal relationship between T1DM and different types of CVDs, including MI, HF, CAD, AF, AS, and stroke. To gather the most extensive and up-to-date information on these outcomes within the European population, we selected the largest available GWAS studies for the primary MR analysis (study information outlined in Table 1). The summary statistics for T1DM (case/control: 9266/15,574) [18], MI (case/control:14,825/44,000) [20], HF (case/control:47,309/930,014) [21], CAD (case/control: 122,733/424,528) [22], AF (case/control: 60,620/970,216) [23], and stroke (case/control: 40,585/406,111) [24] were extracted from large scale GWAS studies respectively, whereas the data pertaining to atherosclerosis, including peripheral atherosclerosis (case/control: 6631/162,201) and coronary atherosclerosis (case/control: 23,363/195,429) [25] were extracted from the FinnGen Biobank, which contains genotype and phenotype data from nearly 20,000 Finnish individuals [26]. For the validation analysis, we extracted summary statistics of the seven CVDs from UK biobank (http://​www.​nealelab.​is/​uk-biobank) to check the consistence of the findings across different datasets.
Table 1Detailed information for the GWAS data


	Outcomes
	GWAS ID
	Data Source
	Sample Size
	Cases/Controls
	PMID
	Year
	Population

	MI
	ebi-a-GCST011365
	Hartiala JA et al.
	395,795
	14,825/44,000
	33532862
	2021
	European

	HF
	ebi-a-GCST009541
	Shah S et al.
	977,323
	47,309/930,014
	31919418
	2020

	AF
	ebi-a-GCST006414
	Nielsen JB et al.
	1,030,836
	60,620/970,216
	30061737
	2018

	CAD
	ebi-a-GCST005195
	van der Harst P et al.
	547,261
	122,733/424,528
	29212778
	2017

	Stroke
	ebi-a-GCST006906
	Malik R et al.
	446,696
	40,585/406,111
	29531354
	2018

	PAS
	finn-b-DM_PERIPHATHERO
	FinnGen
	168,832
	6631/162,201
	36653562
	2021

	CAS
	finn-b-I9_CORATHER
	211,203
	23,363/187,840
	36653562
	2021

	Exposure
	GWAS ID
	Data Source
	Sample Size
	Cases/Controls
	PMID
	Year

	T1DM
	ebi-a-GCST010681
	Forgetta V et al.
	24,840
	9266/15,574
	32005708
	2020


Notes: Data source of this MR study in primary analysis were from T1DM [18], MI [20], HF [21], AF [23], CAD [22], stroke [24], PAS and CAS [25] respectively. MR, mendelian randomization; T1DM, type 1 diabetes mellitus; MI, myocardial infraction; HF, heart failure; AF; atrial fibrillation; CAD, coronary artery disease; PAS, peripheral atherosclerosis and CAS, coronary atherosclerosis




Informed consent statement and ethics approval statement
As the necessary consent and ethics approvals were obtained for individual studies that contributed to this MR study, no additional consent or ethics approval was required specifically for the present study.


IV selection
To identify the instrumental variables (IVs), we followed a two-step process. Firstly, we extracted single nucleotide polymorphisms(SNPs) robustly associated with the exposures (p < 5e-8). Secondly, we retained only the independent SNPs (kb = 10,000, r2 < 0.001) based on the linkage disequilibrium (LD) structure of European populations. To assess the strength of the instrumental variables, we employed the F-statistics, which is calculated as [image: $$\left(\frac{\text{n}-\text{k}-1}{\text{k}}\right)\left(\frac{{\text{R}}^{2}}{1-{\text{R}}^{2}}\right)$$], where R2 is the proportion of inter-individual variance explained by the instrument, n represents the sample size, and k is the number of SNPs. All the instruments used in the MR analyses were greater than the empirical threshold of 10 to minimize the potential weak instrument bias [27].

Statistical analysis
We utilized the “TwoSampleMR” [28]package for the causal estimates, and outliers were detected using the “MR-PRESSO” package. The MVMR analysis was performed using the “MVMR” and “Mendelian Randomization” [29] packages. The MR estimates were represented by odds ratios (OR) with 95% confidence intervals (CIs). All statistics were calculated using R software 4.2.2 (The R Foundation for Statistical Computing).
Univariable MR analysis
The causal effects were estimated using the random effect inverse variance weighted (IVW) method [30]. Since the IVW method requires all the IVs to be valid in order to obtain an unbiased estimate, we also performed the MR analyses using two alternative MR methods (weighted median and MR-Egger) to assess the robustness of the results. Moreover, the potential horizontal pleiotropy was evaluated by the MR-Egger intercept and the MR-PRESSO global test. MR-PRESSO outlier test was used to identify potential outliers. If an outlier SNP was found (p < 0.05), the causal effects were re-estimated using the remaining SNPs after removing the outliers. The causal effect was considered significant if the IVW p value was less than the Bonferroni-corrected threshold (p < 0.05/7 = 0.007) and the results from the weighted median and MR-Egger were consistent in direction.

Multivariable MR (MVMR)
For the significant causal associations in the univariable MR analysis, the MVMR analysis was performed using the MVMR-IVW method, aiming to adjust for potential confounding factors including T2DM, BMI, smoking, hypertension, apolipoprotein, LDL, HDL, and inflammation factors.

Mediation analysis
Given that T1DM is an autoimmune disease and previous studies have revealed that inflammatory factors and hypertension caused by T1DM might mediate the development of cardiovascular disease [5, 7, 12, 31–34], we performed a mediation MR analysis using the two-step MR method [35]. In the first step, we calculated the causal effect of T1DM on mediators (β1), and in the second step, we estimated the causal effect of mediators on CVDs (β2). The significance of the mediating effects (β1*β2) and the proportion of the mediation effect in the total effect were estimated using delta method.



Results
Univariable analysis
The MR estimated based on IVW method indicated a strong association between genetically determined T1DM and peripheral atherosclerosis (OR = 1.06, 95% CI: 1.02–1.10, p = 0.002) as well as coronary atherosclerosis (OR = 1.03, 95% CI: 1.01–1.05, p = 0.001) (Fig. 2). However, no significant associations were found between T1DM and CAD (OR = 1.00, 95% CI: 0.99–1.02, p = 0.65), AF (OR = 1.01, 95%CI: 1.00-1.02, p = 0.20), HF (OR = 1.01, 95% CI: 0.99–1.03, p = 0.25), MI (OR = 1.01, 95%CI: 0.99–1.02, p = 0.40), and stroke (OR = 1.00, 95% CI: 0.98–1.01, p = 0.75). Two alternative MR methods: weighted median and MR-Egger show similar results (Fig. 3). The causal relationship between T1DM and peripheral/coronary atherosclerosis were less likely to be biased by the horizontal pleiotropic effects (both p values of MR-Egger intercept and MR-PRESSO Global test > 0.05) (Fig. 3). The “Leave-one-out plot” identified that none of the SNPs dominate the estimated causal association between T1DM and CVDs (Fig. 2c-d).
[image: ]
Fig. 2Causal relationship between T1DM and peripheral/coronary atherosclerosis. Notes: Fig. 2a-b showed the scatter plots and causal estimates from three different methods. Figure 2c-d showed the leave-one-out plots of the sensitivity analysis


[image: ]
Fig. 3MR results between T1DM and the seven CVDs


The reverse MR analyses revealed no significant causal effect of genetic predisposition to any CVDs on the risk of T1DM, including CAD (OR = 1.04, 95% CI: 0.92–1.17, p = 0.53), AF (OR = 0.98, 95% CI: 0.91–1.05, p = 0.59), HF (OR = 0.79, 95% CI: 0.55–1.14, p = 0.21), MI (OR = 1.07, 95% CI: 0.93–1.24, p = 0.35), stroke (OR = 1.65, 95%CI: 0.55–4.93 p = 0.37), peripheral atherosclerosis (OR = 2.66, 95% CI: 0.49–14.40, p = 0.26), and coronary atherosclerosis (OR = 1.21, 95% CI: 0.81–1.80, p = 0.35) (Additional file 1: Table S1).
To check whether the findings were consistent across different datasets, we replicated the MR analysis using UK biobank data. We found similar significant causal relationship between T1DM and peripheral atherosclerosis (OR = 1.0002, 95%CI: 1.0001–1.0003; p = 0.005). The causal effect of T1DM on coronary atherosclerosis was not significant in the UK biobank cohort, although we observed a similar trend (OR = 1.0002, 95%CI: 0.9995–1.0009; p = 0.65) as the FinnGen cohort. In consistent with the primary analysis, T1DM was not found to be causally associated with other CVDs including MI, AF, CAD, and stroke (Additional file 1: Table S2).

MVMR analysis
The MVMR analysis was conducted to assess the direct effect of TIDM on CVD with adjustment of multiple other risk factors for CVD. The results obtained from the univariable MR analysis were consistent with the findings from the MVMR (Table 2).
Table 2Multivariable MR analysis outcomes


	Potential confounding factors
	Outcome
	nsnp
	Pval
	OR
	95%CI

	HDL
	PAS
	21
	8.40E-07
	1.1
	1.06–1.15

	CAS
	21
	0.011
	1.04
	1.01–1.08

	LDL
	PAS
	19
	8.50E-08
	1.13
	1.08–1.18

	CAS
	19
	0.002
	1.06
	1.02–1.09

	Total cholesterol
	PAS
	19
	1.70E-07
	1.12
	1.07–1.16

	CAS
	19
	0.001
	1.06
	1.02–1.09

	Triglycerides
	PAS
	21
	8.30E-08
	1.12
	1.07–1.17

	CAS
	21
	0.001
	1.05
	1.02–1.08

	apo A
	PAS
	19
	1.60E-07
	1.08
	1.05–1.11

	CAS
	19
	0.005
	1.03
	1.01–1.06

	apo B
	PAS
	25
	3.40E-06
	1.09
	1.05–1.13

	CAS
	25
	0.018
	1.04
	1.01–1.07

	Lipoprotein A
	PAS
	35
	6.60E-06
	1.08
	1.05–1.12

	CAS
	35
	0.007
	1.04
	1.01–1.06

	T2DM
	PAS
	32
	1.70E-08
	1.08
	1.05–1.11

	CAS
	32
	0.002
	1.03
	1.01–1.06

	Hypertension
	PAS
	31
	3.00E-06
	1.08
	1.04–1.11

	CAS
	31
	0.029
	1.03
	1.00–1.05

	Smoking previous
	PAS
	33
	3.00E-06
	1.08
	1.05–1.12

	CAS
	33
	0.003
	1.04
	1.01–1.06

	Smoking current
	PAS
	33
	2.60E-05
	1.08
	1.04–1.12

	CAS
	33
	0.003
	1.04
	1.01–1.06

	BMI
	PAS
	20
	5.00E-08
	1.1
	1.06–1.14

	CAS
	20
	0.001
	1.04
	1.02–1.07

	IL-6
	PAS
	35
	7.60E-07
	1.09
	1.05–1.12

	CAS
	35
	0.001
	1.04
	1.02–1.06

	CRP
	PAS
	21
	8.20E-09
	1.11
	1.07–1.15

	CAS
	21
	0.005
	1.05
	1.01–1.08


Notes: HDL, high density lipoprotein; LDL, low density lipoprotein; apo A, apoprotein A; apo B, apoprotein B; T2DM, type 2 diabetes mellitus; BMI, body mass index; IL-6, interleukin-6; CRP, C-reactive protein, PAS, peripheral atherosclerosis and CAS, coronary atherosclerosis




Mediation MR analysis
The two-step MR was employed to perform mediation MR analysis. We aimed to investigate whether the causal relationship between T1DM and CVDs could be mediated by hypertension, inflammation factors (CRP and IL-6), LDL, HDL, or apolipoprotein. Interestingly, our findings indicated that hypertension played a role in the causal effect of T1DM on both peripheral atherosclerosis and coronary atherosclerosis (Table 3). The proportions of mediation were 11.47% (95%CI: 3.23–19.71%) and 16.84% (95%CI: 5.35–28.33%), respectively.
Table 3Mediation MR analysis outcomes


	Mediators
	Outcomes
	Mediation effect in total effect
	95%CI

	Hypertension
	PAS
	11.47%
	3.23–19.71%

	CAS
	16.84%
	5.35–28.33%

	BMI
	PAS
	-1.71%
	-6.78–3.37%

	CAS
	-3.33%
	-8.20–1.53%

	Smoking current
	PAS
	1.67%
	-4.77–8.10%

	CAS
	0.38%
	-3.51–4.27%

	Smoking previous
	PAS
	-0.10%
	-4.50–4.30%

	CAS
	0.02%
	-2.62–2.66%

	IL-6
	PAS
	-2.76%
	-17.56–12.03%

	CAS
	-2.47%
	-15.02–10.09%

	CRP
	PAS
	1.22%
	-1.28–3.72%

	CAS
	1.32%
	-2.41–5.05%

	apo A
	PAS
	0.58%
	-0.94–2.10%

	CAS
	0.75%
	-1.22–2.71%

	apo B
	PAS
	0.85%
	-3.10–4.81%

	CAS
	1.82%
	-6.57–10.21%

	Lipoprotein A
	PAS
	0.27%
	-0.94–1.47%

	CAS
	0.36%
	-1.17–1.88%

	Total cholesterol
	PAS
	-2.68%
	-8.02–2.66%

	CAS
	-7.33%
	-20.91–6.24%

	Triglycerides
	PAS
	-5.11%
	-12.17–1.95%

	CAS
	-10.02%
	-23.05–3.02%

	HDL
	PAS
	-3.69%
	-7.97–0.58%

	CAS
	-4.06%
	-8.94–0.81%

	LDL
	PAS
	-7.90%
	-15.99–0.19%

	CAS
	-20.33
	-39.56%– -1.09%


Notes: BMI, body mass index; IL-6, interleukin-6; CRP, C-reactive protein, apo A, apoprotein A; apo B, apoprotein B; HDL, high density lipoprotein; LDL, low density lipoprotein; PAS, peripheral atherosclerosis and CAS, coronary atherosclerosis





Discussion
To investigate the causal relationship between T1DM in a wide range of high-frequency CVD outcomes, we conducted this MR study using large-scale GWAS summary statistics. Our analysis yielded four key findings: (1) genetic predisposition of T1DM was associated with a high risk of both peripheral atherosclerosis and coronary atherosclerosis; (2) the causal effect of T1DM on atherosclerosis is independent of T2DM; (3) hypertension plays an important mediating role in the causal pathway from T1DM to AS; (4) No causal association was observed between T1DM and other CVDs, including HF, AF, CAD, MI, and stroke. Additionally, all the positive outcomes were validated through sensitive analysis (IVW, MR-Egger, MR-PRESSO, leave-one-out analysis, and MVMR).
The process of atherosclerosis always begins at an early stage of life among T1DM patients [8], with endothelial dysfunction being identified as a significant pathophysiological mechanism. Early atherosclerotic changes can be measured by both flow-mediated dilatation (FMD) and carotid intimal medial thickness(cIMT) [36, 37]. A recent meta-analysis focusing on arterial damage in T1DM demonstrated a correlation between high cIMT levels and subclinical arterial injury (mean difference [d] = 0.03, 95% CI = 0.02–0.04) [38]. Mikko J. Järvisalo et al. found impaired FMD was a common manifestation in adolescents with T1DM (4.4 ± 3.4% versus 8.7 ± 3.6%, P < 0.001) [36]. Furthermore, inflammation factors like CRP and IL-6, as well as endothelial markers including sICAM and sVCAM, along with longitudinal lipids, may be associated with higher cIMT and lower FMD, exacerbating endothelial dysfunction and ultimately leading to atherosclerosis [36, 37, 39]. Recent research has identified IL-6 antagonists, such as tocilizumab and ziltivekimab, as potential therapeutic options to improve endothelial function, which can be used as preventive medication for atherosclerosis [40, 41]. Therefore, antagonistic drugs targeting these molecules may potentially attenuate the progression of atherosclerosis in individuals with T1DM. However, further research is needed to explore the efficacy of antagonistic drugs targeting these molecules.
Our findings also highlighted hypertension as a major risk factor for cardiovascular complications among patients with T1DM and its role in promoting the development of atherosclerosis. The potential mechanism underlying hypertension in patients with T1DM may be attributed to diabetic nephropathy [42]. Chronic and persistent hyperglycemia, hyperlipidemia, and glomerular hypertension contribute to the deterioration of renal function [43]. Consequently, there is an accumulation of salts in the body, triggering an excessive activation of the sympathetic nervous system and renin-angiotensin-aldosterone system (RAAS), ultimately leading to hypertension [44]. This process involves various intricate molecules such as transforming growth factor (TGF β1), angiotensin 2(ANG2), vascular endothelial growth factor (VEGF), as well as signal pathways (e.g., TGFβ1-RhoA/Rho signaling) [43]. In clinical practice, inhibition of the RAAS and the use of sodium-glucose cotransporter 2 inhibitors (SGLT2i) have been validated as effective measures to protect kidney from metabolic and hemodynamic damage, which in turn helps to control blood pressure. However, further research focusing on specific cellular pathways from T1DM to diabetic kidney disease is needed and is an area of considerable interest.
In this two-sample bidirectional MR analyses, we did not find any casual relationships between T1DM and HF, MI, CAD, AF, or stroke, which is different from some previous observational studies [9–11, 45, 46]. A nationwide, register-based cohort study [45] reported that T1DM patients were more susceptible to suffering from acute myocardial infarction [HR = 5.77, 95% CI (4.08–8.16)], stroke[HR = 3.22, 95%CI (2.35–4.42)], as well as heart failure[HR = 5.07, 95% CI (3.55–7.22)]. Maryam Saeed et al. found a nine-fold excess risk of AMI in people with T1DM, [HR = 9.05, 95% CI (7.18–11.41)] [9]. Other cohort studies have reported similar outcomes. This discrepancy can be explained as follows: (1) The outcomes drawn from observational studies are inherently affected by confounding factors. Hence, the impact of T1DM on CVDs may not be as remarkable as previously suggested. (2) Different observational studies have yielded inconsistent conclusions. For example, a population-based prospective cohort study in Sweden did not reveal a significant correlation between T1DM and AF, [HR = 0.99, 95% CI (0.65–1.50)] [10], while another study by Bin Lee Y et al. reported an opposite conclusion[HR = 1.75, 95% CI (1.53 − 1.99)] [11]. To sum up, the results of this MR study suggest that associations between T1DM and CVDs including HF, MI, CAD, AF, and stroke, previously reported in observational studies, may be influenced by biases such as reverse causality or confounding factors.
Extensive research has recently focused on the causal relationship between T2DM and CVD, consistently demonstrating that T2DM is a significant contributor to the development of CVD [15–17]. In our MR study, we aimed to investigate the causal relationship between T1DM and 7 high frequency CVDs, thereby expanding the knowledge in the field of diabetes and cardiovascular disease research. We specifically emphasized the causal effect of T1DM on atherosclerosis is independent of T2DM. However, our study findings did not identify any significant casual association between T1DM and HF, AF, CAD, MI, or stroke. Some potential mechanisms may partly explain the differences between T1DM and T2DM in the development of CVDs. Although chronic hyperglycemia is a common clinical manifestation and the failure of β cells is a primary event in the development of diabetes mellitus, the nature history, pathophysiologic and genetics mechanisms are all different [47]. Firstly, T1DM typically occurs in adolescence and persists throughout the lifespan, with approximately 80% of pancreatic beta cell function lost by the time of diagnosis. Conversely, T2DM is often diagnosed in middle age when patients still have more than 50% of pancreatic beta cell function [48]. Secondly, autoimmune-mediated β-cell failure leads to absolute deficiency of insulin in T1DM individuals. T cells play a critical role in inducing senescence and apoptosis of pancreatic islet β-cells [5]. On the other hand, there is no convincing evidence supporting autoimmune response in T2DM [49]. T2DM is predominantly mediated by metabolic factors, leading to a sustained decline in β-cell function and insulin resistance in the end [15]. Thirdly, recent research has focused on genetic variants associated with both T1DM and T2DM impacting β-cell [50]. The GWAS have identified more than 400 distinct genetic signals that are evidently associated with T2DM and over 50 signals influencing T1DM [51, 52], highlighting genetic differences between the two types of diabetes. In conclusion, different types of diabetes play distinct roles in cardiovascular complications in spite of the common feature of β-cells failure. More research remains to be done to develop individualized prevention strategies.
The implications of our study for clinical practice are suggested below. Firstly, as T1DM is a lifelong disease, it is significant for physicians to early and regularly evaluate atherosclerotic changes in the arterial wall, especially among adolescents. Secondly, more reasonable strategies for managing hypertension and hyperglycemia need to be developed, as they might slow down the progression of MI, CAD, AF, HF, as well as stroke. Thirdly, in order to ascertain their effectiveness, it is necessary to conduct large-scale randomized controlled trials to validate the potential of novel therapies that aim to protect β-cells in T1DM, including Imatinib [53] and TUDCA [54].
To the best of our knowledge, this is the first MR analysis which aims to find a causal relationship of T1DM on CVDs using the latest and largest GWAS data. We utilized the MR technique to mitigate any potential confounding bias and obtain reliable causal inference. We also employed various crucial methods to systematically investigate the presence of pleiotropy in IVs, which allowed us to address the issue of pleiotropy and enhance the reliability of the MR analysis. Moreover, we observed consistent results across different datasets, which ensures the robustness of the findings.
However, there are still some limitations that need to be emphasized. Firstly, the majority of statistics in the GWAS were derived from individuals of European ancestry, raising concerns about the generalizability of our findings to other populations. Secondly, despite our efforts to minimize pleiotropy, it is unlikely to completely eliminate all instances of pleiotropy in Mendelian randomization studies. There may still be unrecognized pathways and confounding factors between the exposure and outcome variables, potentially introducing biases into our results. Thirdly, a potential limitation of this research is the inability to stratify the analysis based on the severity of T1DM and other important variables such as gender and age.

Conclusion
In conclusion, our MR analysis provides evidence of a causal effect of T1DM on AS, which can be mediated by hypertension. However, no convincing evidence of a causal link was found in this study between T1DM and other CVDs, including MI, CAD, HF, AF, or stroke.
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