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Abstract
Background  The effects of diabetes on the cardiac and aortic structure and function remain unclear. Detecting and 
intervening these variations early is crucial for the prevention and management of complications. Cardiovascular 
magnetic resonance imaging-derived traits are established endophenotypes and serve as precise, early-detection, 
noninvasive clinical risk biomarkers. We conducted a Mendelian randomization (MR) study to examine the association 
between two types of diabetes, four glycemic traits, and preclinical endophenotypes of cardiac and aortic structure 
and function.

Methods  Independent genetic variants significantly associated with type 1 diabetes, type 2 diabetes, fasting insulin 
(FIns), fasting glucose (FGlu), 2 h-glucose post-challenge (2hGlu), and glycated hemoglobin (HbA1c) were selected 
as instrumental variables. The 96 cardiovascular magnetic resonance imaging traits came from six independent 
genome-wide association studies. These traits serve as preclinical endophenotypes and offer an early indication of 
the structure and function of the four cardiac chambers and two aortic sections. The primary analysis was performed 
using MR with the inverse-variance weighted method. Confirmation was achieved through Steiger filtering and 
testing to determine the causal direction. Sensitivity analyses were conducted using the weighted median, MR-Egger, 
and MR-PRESSO methods. Additionally, multivariable MR was used to adjust for potential effects associated with body 
mass index.

Results  Genetic susceptibility to type 1 diabetes was associated with increased ascending aortic distensibility. 
Conversely, type 2 diabetes showed a correlation with a reduced diameter and areas of the ascending aorta, as 
well as decreased distensibility of the descending aorta. Genetically predicted higher levels of FGlu and HbA1c 
were correlated with a decrease in diameter and areas of the ascending aorta. Furthermore, higher 2hGlu levels 
predominantly showed association with a reduced diameter of both the ascending and descending aorta. Higher 
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Background
Diabetes, a widespread metabolic disease, significantly 
contributes to cardiovascular-related disability and death, 
leading to an estimated annual cost of $37.3  billion [1]. 
Diabetes clearly damages microvessels and macroves-
sels, but the pathophysiological changes in the heart 
and aorta, responsible for circulatory pumping, remain 
unclear. Detecting and intervening these variations early 
is crucial for prevention and treatment of cardiovascu-
lar disease. Several observational studies have tried to 
associate diabetes and specific glycemic traits with traits 
like ventricular strain, ejection fraction, and aortic diam-
eter [2–4]. However, these findings are inconsistent and 
incomplete. Furthermore, these observational studies 
often face biases due to residual confounding, misclassifi-
cation, and reverse causation, which challenge the deter-
mination of causality.

Cardiac and aortic structures, which underpin physi-
ological functions, can exhibit abnormalities even before 
overt disease symptoms manifest. Cardiovascular mag-
netic resonance imaging (CMR) is considered the gold 
standard for non-invasive evaluation of cardiovascular 
structure and function [5]. Its derived traits are well-
established endophenotypes, serving as risk biomarkers 
and imaging surrogate endpoints in clinical trials [6, 7]. 
With the growth of artificial intelligence and the emer-
gence of biobanks, large-scale genome-wide association 
studies (GWAS) on CMR traits have become possible. 
These studies have greatly deepened our genetic under-
standing of the structural and functional remodeling 
of cardiac and aortic during disease development and 
progression.

Mendelian randomization (MR), leveraging genetic 
variations from GWAS analyses as instrumental vari-
ables, helps overcome these biases inherent to obser-
vational research, thus reinforcing causal connections 
between exposures and outcomes [8]. Here, we analyzed 
96 CMR traits from six GWAS studies, covering four 
left atrial, four right atrial, 66 left ventricular, four right 
ventricular, 11 ascending aortic and seven descending 
aortic traits. Our two-sample MR study aimed to reveal 
causal relationships between two diabetes types: type 1 
and 2 diabetes, and four glycemic traits: fasting insulin 
(FIns), fasting glucose (FGlu), 2 h-glucose post-challenge 

(2hGlu) and glycated hemoglobin (HbA1c) with these 
CMR features. Clarifying these causal relationships is 
crucial for the evaluation and management of cardio-
vascular risks in individuals with diabetes and impaired 
glycemic homeostasis, and it can enhance our deeper 
understanding of how these factors contribute to cardio-
vascular disease onset and progression, paving the way 
for early detection, risk stratification, non-pharmacologi-
cal and pharmacological treatments, and overall advance-
ment in intervention strategies.

Methods
Study design
This study operated under the three major assumptions 
of MR analyses: (1) the association assumption, (2) the 
independence assumption, and (3) the exclusion-restric-
tion assumption. It aimed to explore the individual causal 
relationships between two types of diabetes and four gly-
cemic traits with 96 CMR traits as endophenotypes, as 
illustrated in Fig. 1. The summary-level data from GWAS 
studies used in this research are publicly available, and 
ethical approvals were obtained in all original papers, as 
detailed in Additional file 1: Table S1.

Genetic instrument selection
The genetic instruments associated with type 1 diabetes 
and type 2 diabetes were derived from studies by Forgetta 
et al. and the DIAbetes Genetics Replication And Meta-
analysis Consortium, respectively [9, 10]. Instruments 
for the four glycemic traits were sourced from the Meta-
Analyses of Glucose and Insulin-related traits Consor-
tium with up to 196,991 individuals of European ancestry 
without diabetes [11]. To avoid bias from population 
structure, only European population data were selected 
from the trans-ancestral datasets related to type 2 diabe-
tes and glycemic traits for exposure data. The criteria for 
instrumental variable selection were: first, single nucleo-
tide polymorphisms (SNPs) that associated with expo-
sures at the genome-wide significance level (P < 5 × 10− 8) 
were selected. Second, LD clumping was performed with 
a threshold of r2 > 0.001 and clump distance < 10,000  kb 
(1000 genome reference panel). SNPs that displayed link-
age disequilibrium were excluded. Subsequently, F-sta-
tistic were used to estimate the strength of the genetic 

FIns levels corresponded to increased regional myocardial-wall thicknesses at end-diastole, global myocardial-wall 
thickness at end-diastole, and regional peak circumferential strain of the left ventricle.

Conclusions  This study provides evidence that diabetes and glycemic traits have a causal relationship with cardiac 
and aortic structural and functional remodeling, highlighting the importance of intensive glucose-lowering for 
primary prevention of cardiovascular diseases.

Keywords  Diabetes Mellitus, Glycemic traits, Cardiovascular magnetic resonance imaging, Cardiovascular structure 
and function, Mendelian randomization
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instruments. Only genetic instruments with an F-statistic 
greater than 10 were kept for further analysis to avoid the 
inclusion of weak instruments. Additional file 1: Tables 
S2 and S3 contain detailed SNPs information from this 
study.

Outcome data sources
This study included 96 CMR features, comprising four 
left atrial traits, 66 left ventricular traits, four right atrial 
traits, four right ventricular traits, 11 ascending aortic 
traits, and seven descending aortic traits. The GWAS 
summary-level data for these CMR features were primar-
ily derived from six studies based on the UK Biobank, 
with participant numbers ranging from 29,684 to 43,230 
[6, 12–16]. No overlap existed between the glycemic trait 
data and the UK Biobank sample. For further details on 
outcome data, such as CMR traits names, categories, 
participant numbers, and covariates adjusted for in the 
GWAS analysis model, please refer to Additional file 1: 
Table S1 and S4.

Statistical analysis
Before conducting the MR analysis, the exposure 
and outcome data were harmonized to remove palin-
dromic SNPs. To avoid potential horizontal pleiotropy, 
SNPs directly related to the outcome data were further 
removed, and the directionality of the SNPs was tested. 
Specifically, SNPs that reached the genome-wide signifi-
cance (P < 5 × 10− 8) for the outcome were first removed, 
followed by the use of Steiger filtering to test the direc-
tionality of the association of the remaining instrumental 

variables with the outcome. Any instrumental variable 
labeled as FALSE by Steiger filtering, indicating that the 
SNP explained more variance in the outcome than in the 
exposure, was excluded from the MR analysis. For the 
MR analysis, IVW was chosen as the primary statisti-
cal method. This method assumes that all SNPs are valid 
instrumental variables, offering the most precise esti-
mates. Notably, considering heterogeneity, its presence 
was first assessed through Cochran Q analysis. If the P 
value was above 0.05, we used the fixed-effects IVW 
method, assuming no heterogeneity. Otherwise, the ran-
dom-effects IVW method was applied. Owing to the sus-
ceptibility of the IVW method to horizontal pleiotropy, 
further sensitivity analyses were conducted using the 
weighted median method, MR-Egger, and MR-PRESSO. 
Specifically, the weighted median method assumes that 
if 50% of the weight from the instrumental variables is 
valid, a valid causal relationship assessment can still be 
provided [17]. The MR-Egger regression intercept can 
be used to evaluate the potential existence of horizontal 
pleiotropy. This method can still provide causal estimates 
even if all instrumental variables are invalid, albeit with 
reduced precision [18]. Although the weighted median 
and MR-Egger methods have lower statistical power than 
the IVW method, if all three methods yield consistent 
results in the same direction, the causal estimates of the 
primary analysis method are more reliable. Additionally, 
the MR-PRESSO method was used to identify and cor-
rect horizontal pleiotropy introduced by outlier SNPs 
[19]. For each obtained exposure-outcome pair, the study 
further tested the direction of the causal relationship 

Fig. 1  Overview of the study design and analyses. CMR, cardiovascular magnetic resonance; IVW, inverse-variance weighted; LD, linkage disequilibrium; 
MVMR, multivariable mendelian randomization
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through Steiger directionality test to avoid reverse causa-
tion. Importantly, to minimize the effects of obesity, mul-
tivariable MR (MVMR) analysis was further conducted 
using body mass index (BMI)-related instrumental vari-
ables provided by Pulit et al. [20]. In this analysis, the 
extended IVW method was the primary analysis method, 
and potential horizontal pleiotropy was assessed using 
the MR-Egger intercept. Additional sensitivity analyses 
were also conducted to reduce the impact of blood pres-
sure on aortic mechanics. Specifically, SNPs associated 
with hypertension and blood pressure itself that show 
genome-wide significance (P < 5 × 10− 8) were identified 
using the PhenoScanner tool (http://www.phenoscanner.
medschl.cam.ac.uk/) among the genetic instruments for 
diabetes and glycemic traits [21]. After these SNPs were 
excluded, MR analysis was performed again on the sig-
nificant findings of the primary analysis, to confirm the 
initial results.

All analyses were performed using the TwoSampleMR 
(version 0.5.7) and MendelianRandomization (version 
0.9.0) packages in R (version 4.2.2) [17, 22]. The MR 
estimates were represented by effect value (β) with 95% 
confidence interval (CI). For the univariate MR analysis, 
the Bonferroni-corrected P value was set at 8.68 × 10− 5 
(0.05/576). Associations with an original P value < 0.05 
but not reaching this threshold were considered sugges-
tive. For the MVMR analysis, the P value < 0.05 was con-
sidered statistically significant.

Results
Identifying genetic instruments for Diabetes and glycemic 
traits
Figure 1 presents a clear schematic representation of the 
research methodology, while Additional file 1: Table S1 
outlines the summary-level data that form the basis for 
all subsequent analyses. For the genetic prediction of type 
1 diabetes, we curated a set of 45 index SNPs. In contrast, 
185 index SNPs were carefully chosen for type 2 diabe-
tes (Additional file 1: Table S2). The genetic instruments 
for FIns, FGlu, 2hGlu, and HbA1c included 38, 68, 14 and 
75 index SNPs, respectively (Additional file 1: Table S2). 
F-statistics ranged from 22.44 to 3136, confirming the 
robustness of the instrumental variables and reducing the 
risk of weak-instrument bias, as supported by Additional 
file 1: Table S3.

Diabetes and cardiovascular magnetic resonance traits
In the thorough analysis of all outcome data, a genetic 
liability for type 1 diabetes showed correlation (P < 0.05) 
with 23 CMR traits (Additional file 1: Table S5). Nota-
bly, only the association between type 1 diabetes and 
increased ascending aortic distensibility (β = 0.013; 95% 
CI 0.007 to 0.020; P = 3.308 × 10− 5; Benjamins et al. 2022) 
passed the stringent criteria of multiple hypothesis test-
ing (Fig.  2). As for type 2 diabetes, its genetic predis-
position was associated (P < 0.05) with 36 CMR traits 
(Additional file 1: Table S5). Of these, six CMR traits 
withstood multiple hypothesis testing (Fig.  2). Specifi-
cally, type 2 diabetes was associated with lower ascend-
ing aortic diameter (β = -0.049; 95% CI -0.069 to -0.028; 
P = 4.328 × 10− 6; Pirruccello et al. 2023 and β = -0.050; 
95% CI -0.070 to -0.030; P = 8.083 × 10− 7; Pirruccello et 

Fig. 2  Significant associations of genetic liability to diabetes with cardiovascular magnetic resonance traits. AAo, ascending aorta; DAo, descending aorta; 
MVMR, multivariable mendelian randomization; BMI, body mass index
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al. 2022), maximum area (β = -0.046; 95% CI -0.068 to 
-0.024; P = 3.152 × 10− 5; Benjamins et al. 2022 and β = 
-0.045; 95% CI -0.067 to -0.023; P = 5.548 × 10− 5; Zhao et 
al. 2023) and minimum area (β = -0.047; 95% CI -0.070 
to -0.024; P = 4.871 × 10− 5; Benjamins et al. 2022). Addi-
tionally, type 2 diabetes was also correlated to decreased 
descending aortic distensibility (β = -0.038; 95% CI -0.054 
to -0.022; P = 2.765 × 10− 6; Pirruccello et al. 2023). To 
avoid the confounding effects of obesity on type 2 diabe-
tes, a MVMR was used to adjust for BMI. The findings 
suggested that the relationship between type 2 diabetes 
and above six CMR traits remains strong following this 
adjustment (Fig. 2 and Additional file 1: Table S6).

Subsequent sensitivity analyses confirmed the con-
sistent direction of outcomes relative to the genetic 
susceptibility to both type 1 and type 2 diabetes and 
their associations with CMR traits (Additional file 1: 
Tables S7 and S8). Furthermore, no heterogeneity was 
observed among these statistically significant CMR traits 
(P < 8.68 × 10− 5). Additionally, aside from the diameter 
of the ascending aorta in the context of type 2 diabetes 
across both studies, no evidence of horizontal pleiot-
ropy was found in the MR-Egger intercept evaluations. 
The MR-PRESSO assessment identified some outlier 
SNPs, but their exclusion did not affect the stability of the 
main findings, thus reinforcing the analytical robustness. 

Steiger directionality testing was also used to confirm the 
directional accuracy of the associations between diabetes 
and CMR traits. All results were considered statistically 
significant at a P value threshold of less than 0.05 (Addi-
tional file 1: Table S9). In the sensitivity analysis con-
ducted after removing SNPs related to hypertension and 
blood pressure, the significant results from the primary 
analysis remained robust (Additional file 1: Table S10).

Glycemic traits and cardiovascular magnetic resonance 
traits
Genetically predicted FIns levels were associated with 37 
CMR traits, but only nine passed the multiple hypothesis 
testing (Additional file 1: Table S5 and Fig.  3). Among 
these, higher FIns levels were associated with greater 
regional peak circumferential strain (β = 0.366; 95% CI 
0.214 to 0.519; P = 2.427 × 10− 6; Zhao et al. 2023) (Fig. 3). 
Furthermore, they were positively correlated with seven 
regional myocardial-wall thicknesses at end-diastole from 
the 16 pre-defined American heart association (AHA) 
segments, as well as with the global myocardial-wall 
thickness at end-diastole (Fig. 3). The specific values for 
each are as follows: WT_AHA_6 (β = 0.328; 95% CI 0.175 
to 0.482; P = 2.792 × 10− 5; Zhao et al. 2023), WT_AHA_9 
(β = 0.474; 95% CI 0.341 to 0.606; P = 2.532 × 10− 12; Zhao 
et al. 2023), WT_AHA_10 (β = 0.384; 95% CI 0.213 to 

Fig. 3  Significant associations of genetically predicted glycemic traits levels with cardiovascular magnetic resonance traits. Ecc AHA, regional peak cir-
cumferential strain, segment 2 of the 16 predefined segments by the American Heart Association (AHA); WT AHA, regional myocardial-wall thicknesses at 
end-diastole, segments 6, 9, 10, 11, 12, 14, and 15 of the 16 predefined segments by the American Heart Association (AHA); WT global, global myocardial-
wall thickness at end-diastole; AAo, ascending aorta; DAo, descending aorta; FIns, fasting insulin; FGlu, fasting glucose; 2hGlu, 2 h-glucose post-challenge; 
HbA1c, glycated hemoglobin
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0.555; P = 1.103 × 10− 5; Zhao et al. 2023), WT_AHA_11 
(β = 0.352; 95% CI 0.188 to 0.517; P = 2.744 × 10− 5; Zhao 
et al. 2023), WT_AHA_12 (β = 0.318; 95% CI 0.182 to 
0.455; P = 4.824 × 10− 6; Zhao et al. 2023), WT_AHA_14 
(β = 0.354; 95% CI 0.218 to 0.491; P = 3.756 × 10− 7; Zhao 
et al. 2023), WT_AHA_15 (β = 0.314; 95% CI 0.174 to 
0.454; P = 1.128 × 10− 5; Zhao et al. 2023) and WT_global 
(β = 0.392; 95% CI 0.221 to 0.563; P = 6.887 × 10− 6; Zhao et 
al. 2023).

FGlu correlated with 25 CMR traits, and 2hGlu with 20 
CMR traits (Additional file 1: Table S5). However, after 
adjusting for multiple hypothesis testing, only four and 
three traits remained significant, respectively (Fig.  3). 
Specifically, higher FGlu levels showed a negative associ-
ation with ascending aortic diameter (β = -0.234; 95% CI 
-0.336 to -0.132; P = 6.833 × 10− 6; Pirruccello et al. 2023 
and β = -0.230; 95% CI -0.334 to -0.126; P = 1.437 × 10− 5; 
Pirruccello et al. 2022), maximum area (β = -0.215; 95% 
CI -0.307 to -0.123; P = 4.465 × 10− 6; Benjamins et al. 
2022), and minimum area (β = -0.221; 95% CI -0.326 to 
-0.116; P = 3.584 × 10− 5; Benjamins et al. 2022). In con-
trast, higher 2hGlu levels were negatively associated with 
both the ascending aortic diameter (β = -0.176; 95% CI 
-0.231 to -0.120; P = 5.427 × 10− 10; Pirruccello et al. 2023 
and β = -0.180; 95% CI -0.236 to -0.123; P = 4.540 × 10− 10; 
Pirruccello et al. 2022) and descending aortic diameter (β 
= -0.109; 95% CI -0.158 to -0.060; P = 1.235 × 10− 5; Pirruc-
cello et al. 2022).

Genetically predicted HbA1c levels were associated 
with 24 CMR traits (Additional file 1: Table S5), but 
after adjusting for multiple hypothesis testing, only five 
showed a significant negative correlation with HbA1c 
levels (Fig.  3). These traits included the diameter of the 
ascending aorta (β = -0.297; 95% CI -0.433 to -0.161; 
P = 1.905 × 10− 5; Pirruccello et al. 2022 and β = -0.315; 
95% CI -0.453 to -0.176; P = 8.749 × 10− 6; Tcheandjieu et 
al. 2022), the maximum area of the ascending aorta (β 
= -0.312; 95% CI -0.467 to -0.157; P = 7.943 × 10− 5; Ben-
jamins et al. 2022 and β = -0.333; 95% CI -0.471 to -0.196; 
P = 2.009 × 10− 6; Zhao et al. 2023), and the minimum 
area of the ascending aorta (β = -0.334; 95% CI -0.471 to 
-0.196; P = 1.996 × 10− 6; Zhao et al. 2023).

In sensitivity analyses, the associations between glyce-
mic traits and CMR traits remained consistent and were 
similar to the relationship observed between diabetes and 
CMR traits. Most results showed no evidence of hetero-
geneity or horizontal pleiotropy (Additional file 1: Tables 
S9, S10, S11, S12, S13 and S14).

Discussion
The results of this study, which are both suggestive and 
significant, are summarized in Fig.  4. In this study, we 
used the latest large-scale GWAS summary-level data 
to evaluate the relationship of genetically predicted two 

types of diabetes and four glycemic traits to 96 CMR 
traits. These CMR features, derived from six GWAS 
studies, can be divided into six categories, including four 
left atrial traits, 66 left ventricular traits, four right atrial 
traits, four right ventricular traits, 11 ascending aortic 
traits, and seven descending aortic traits [6, 12–16]. To 
our knowledge, this is the most comprehensive MR study 
exploring the causal relationship between glucose metab-
olism and cardiac and aortic structure and function.

The primary finding of our study was that diabetes and 
glycemic traits significantly influence the structural and 
functional phenotypes of the aorta and the left ventricle 
(Fig. 5). The results were as follows: (1) Type 1 diabetes 
was positively correlated with the distensibility of the 
ascending aorta. (2) Type 2 diabetes was negatively cor-
related with the diameter, minimum area, and maximum 
area of the ascending aorta, as well as the distensibility 
of the descending aorta. (3) FGlu negatively correlated 
with the diameter, minimum area, and maximum area 
of the ascending aorta. (4) 2hGlu negatively correlated 
with the diameters of both the ascending and descending 
aortas. (5) HbA1c was negative correlated with the diam-
eter, minimum area, and maximum area of the ascend-
ing aorta. (6) FIns was positively associated with regional 
myocardial-wall thicknesses at end-diastole, global 
myocardial-wall thickness at end-diastole, and regional 
peak circumferential strain. Examining the relation-
ship between quantitative imaging endophenotypes and 
modifiable risk factors revealed results with key clinical 
implications. Diabetes and impaired glucose homeosta-
sis are chronic processes [23]. As a result, harmful car-
diac and aortic changes continue and intensify over time. 
These changes can reach a critical point, leading to a shift 
from a pre-clinical to a symptomatic cardiovascular dis-
ease stage. In addition, these structural and functional 
changes are also significant from a public health perspec-
tive, even on a broader population scale. The reliability 
and consistency of CMR would make it ideal for moni-
toring the effects of strong glucose-lowering treatments, 
helping to assess the effectiveness of primary prevention 
for cardiovascular disease.

The aorta, the largest elastic artery in the human body, 
channels blood from the left ventricle [12]. It is associ-
ated with several cardiovascular diseases, especially 
aortic aneurysms, which are significantly influenced by 
the aortic diameter [24]. Past studies indicated a nega-
tive correlation between type 2 diabetes patients and 
the prevalence and incidence of thoracic and abdominal 
aortic aneurysms [4, 25, 26]. The aortic root diameter of 
non-diabetic individuals was typically larger than that of 
diabetic patients, making them more prone to aortic root 
expansion [27]. Another observational study revealed a 
negative association between FGlu levels and the infra-
renal aortic diameter [28]. Our current study found that 
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the ascending aortic diameter reduced due to genetically 
predicted type 2 diabetes and elevated FGlu levels. Vari-
ous other independent datasets in our research had been 
also corroborated this conclusion, reinforcing its validity 
and thus lending genetic support to prior observational 
claims.

Interestingly, we also newly found that both 2hGlu and 
HbA1c had the similar effect—reducing the ascending 
aortic diameter. Moreover, 2hGlu even led to a reduction 
in the descending aortic diameter based on this obser-
vation. FGlu and 2hGlu levels offer insights into short-
term glucose regulation, whereas HbA1c reflects the 

three-month glucose history [29]. Evidently, fluctuations 
in blood glucose, whether short-term or long-term, can 
alter the aortic diameter, thereby influencing hemody-
namics, an observation that could contribute to further 
understanding of the negative association between diabe-
tes and aortic aneurysms.

The uncovered relationship between impaired glyce-
mic homeostasis and aortic diameter carries significant 
clinical implications. The aortic diameter is a predictor of 
both all-cause mortality and cardiovascular events [30]. 
Its U-shaped relationship with the risk of cardiovascu-
lar death indicates that an overly narrow diameter could 

Fig. 4  Summary of suggestive and significant associations of genetically predicted diabetes and glycemic traits with cardiovascular magnetic resonance 
traits. All associations with P < 0.05 were clustered based on CMR trait categories and were color-coded according to the effect direction multiplied by the 
− log10(P value). AAo, ascending aorta; DAo, Descending aorta; Ell, longitudinal strain; WT, myocardial-wall thickness at end-diastole; Ecc, circumferential 
strain; Err, radial strain; LAEF, left atrium ejection fraction; LAV, left atrium volume; LASV, left atrium stroke volume; LVCO, left ventricular cardiac output; 
LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVM, left ventricular mass; 
LVMI, left ventricular mass indexed by body surface area; LVSV, left ventricular stroke volume; RAEF, right atrium ejection fraction; RAV, right atrium volume; 
RASV, right atrium stroke volume; RVEF, right ventricular ejection fraction; RVEDV, right ventricular end-diastolic volume; RVESV, right ventricular end-
systolic volume; RVSV, right ventricular stroke volume
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have been harmful [31]. This insight underscores the 
importance of intensive glucose-lowering strategies to 
manage both short and long-term glycemic levels, aiming 
to protect against cardiovascular threats.

Besides 2hGlu, we also discovered that type 2 diabetes, 
FGlu, and HbA1c negatively correlated with the maxi-
mum and minimum areas of the ascending aorta. Aortic 
areas, crucial for the hemodynamics of the circulatory 
system, are strongly associated with the risk of hyperten-
sion [32]. An earlier study showed that genetic increases 
in these aortic areas heighten aneurysm risk [12]. Our 
findings suggested that type 2 diabetes and glycemic 
homeostasis parameters affect not just the aortic diame-
ter but also its area. This might elucidate the unique asso-
ciation of diabetes with aortic disease, distinct from that 
of hypertension.

The aorta, the largest conduit vessel, can store energy 
during systole and use it during diastole to ensure blood 
reaches peripheral vessels. This “windkessel” ability is 

reflected by the aortic distensibility [14]. Reduced dis-
tensibility can hinder blood delivery, strain the heart 
by increasing ventricular afterload, and predict cardio-
vascular events and mortality [33]. In our study, type 1 
and type 2 diabetes showed distinctly different effects 
on aortic distensibility. Type 1 diabetes was associated 
with greater distensibility in the ascending aorta, while 
type 2 diabetes was linked with decreased distensibility 
in the descending aorta. Sensitivity analyses suggested 
that these results are unlikely to be influenced by blood 
pressure as a confounding factor. Previous research has 
shown that variants associated with increased expression 
of TGF-β pathway inhibitors are related to increased aor-
tic distensibility, while variants associated with increased 
TGF-β signaling are related to decreased aortic disten-
sibility [34]. Upregulation of TGF-β signaling has been 
found in several diseases with reduced aortic distensibil-
ity [35, 36]. Interestingly, serum TGF-β levels are reduced 
in T1DM patients with autoimmune dysregulation, 

Fig. 5  Diagram of the causal association between diabetes, glycemic traits, and the phenotypes of cardiac and aortic structure and function. AAo, as-
cending aorta; DAo, Descending aorta; Ecc, circumferential strain; WT, myocardial-wall thickness at end-diastole
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whereas they are increased in T2DM patients [37–39]. 
Considering diabetes’ complexity and the different patho-
physiological mechanisms between its types, these varia-
tions might explain the discrepancies observed. It could 
suggest that future studies should differentiate between 
type 1 and type 2 diabetes patients to better understand 
their relationship with cardiovascular structure and func-
tion, and disease onset and progression.

Our study examined both ascending and descend-
ing aortic CMR traits. Interestingly, the ascending aorta 
seems more influenced by diabetes and glycemic traits 
than the descending aorta. Previous research indicated 
that the vascular smooth muscle cells of the thoracic 
ascending aorta have a distinct embryonic origin from 
the rest of the arterial tree, arising from neural crest cells 
[40]. Given that, we theorize that the ascending thoracic 
aorta may be more susceptible to diabetes and disrup-
tions in glycemic balance. While the exact mechanisms 
connecting impaired glycemic homeostasis to aortic 
structure and function remain unclear, recent findings 
pointed to factors such as inflammation, glycation, the 
TGF-β signaling pathway, extracellular matrix remod-
elling, and vascular smooth muscle stability [41–45]. 
However, many insights come from animal studies focus-
ing on the abdominal aorta and may overlook variations 
between aortic segments. Future research should delve 
into specific aortic sections, such as the ascending tho-
racic aorta, aortic arch, and descending thoracic and 
abdominal aortas, to deepen our understanding of how 
glycemic homeostasis relates to aortic structure and 
related diseases.

Diabetic patients have a high prevalence of heart fail-
ure, termed diabetic cardiomyopathy, with rates between 
19% and 26% [46]. This disease is often asymptomatic in 
early stages, first showing as a thickening of the left ven-
tricular wall, causing isolated diastolic dysfunction [47, 
48]. Our study revealed that higher FIns levels, when 
genetically predicted, could notably increase the thick-
ness of myocardial-wall thickness at end-diastole and 
regional peak circumferential strain, leading to changes 
in left ventricular characteristics, echoing prior stud-
ies [49–51]. Interestingly, we found that FIns primarily 
affected the middle and apex of left ventricle in 16 pre-
defined AHA segments [52], including basal anterolat-
eral, mid inferoseptal, mid inferior, mid inferolateral, mid 
anterolateral, apical septal, and apical inferior. Expanding 
on prior studies that have already elucidated how fasting 
insulin affects the geometric shape of the left ventricle 
(Additional file 1: Tables S15), particularly in terms of 
increasing its mass and thickness, our research further 
deepens understanding by uncovering the heteroge-
neous effects of fasting insulin on different spatial loca-
tions within the left ventricle. Early research indicates 
that cardiomyocytes, primary targets of insulin, suffer 

impaired glucose utilization in hyperinsulinemic condi-
tions, resulting in an energy-starved state and toxicity 
[53]. Recent advancements in cardiac single-cell atlas 
studies have also uncovered significant internal hetero-
geneity within cardiomyocytes, challenging the prior 
notion of their homogenesis. These diverse subgroups 
exhibit distinct transcriptional activities and spatial pat-
terns [54, 55]. Hence, we hypothesize that this heteroge-
neity might influence their insulin sensitivity, potentially 
accounting for the uneven impact of insulin on ven-
tricular structure. Further validation of this hypothesis 
in future research is warranted. In addition, we did not 
find a significant causal relationship with FGlu, 2hGlu, 
or HbA1c. This aligns with two recent meta-analyses 
from randomized controlled trials. They suggested that 
stricter glucose control does not necessarily lower heart 
failure risk in type 2 diabetes patients or those at risk [56, 
57]. Yet, observational studies showed that with each 1% 
rise in HbA1c, there is a 30% and 8% increase in heart 
failure risk for type 1 and type 2 diabetes, respectively 
[58, 59]. These conflicting findings could be attributed 
to the unavoidable confounding factors in observational 
studies. Considering MR analysis can substantially over-
come such confounding bias and strengthen causal infer-
ence, our findings also suggested that FIns, independent 
of hyperglycemia, promoted left ventricular remodel-
ing, hastening diabetic cardiomyopathy. It’s worth high-
lighting that FIns represents both insulin secretion and 
resistance, and frequently serves as a surrogate marker 
for insulin resistance in extensive studies [11]. In con-
clusion, this further provides two main insights: Firstly, 
hyperglycemia might contribute to cardiovascular dis-
ease through other mechanisms, like influencing the 
structure and function of the aforementioned ascending 
aorta, which warrants further investigation in both basic 
and clinical research. Secondly, drugs that can lower FIns 
and enhance insulin sensitivity, such as sodium-glucose 
cotransporter 2 inhibitors and glucagon-like peptide-1 
receptor agonists, should be prioritized in intensive glu-
cose-lowering therapy to mitigate adverse ventricular 
remodeling and its associated risk of heart failure [60, 
61].

In summary, our study offers several strengths: (1) 
Through MR analysis, we have shed new light on the 
causal links between two diabetes types, four glucose 
traits, and 96 CMR traits spanning six anatomical areas, 
including the left atrium, right atrium, left ventricle, right 
ventricle, ascending aorta, and descending aorta. (2) 
MR study design reduced residual confounding, yield-
ing more robust causal evidence. (3) While reverse cau-
sation might skew MR findings, we addressed this by 
filtering SNPs closely tied to outcomes with the Steiger 
method. The Steiger directionality test further confirmed 
our causal assumptions. (4) We compiled GWAS data 
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on multiple CMR traits and validated the relationships 
between exposures and outcomes in diverse independent 
datasets. This approach not only highlighted neglected 
associations but also lend more weight to our causal con-
clusions given consistent results. (5) Since our findings 
mainly draw from summary-level data of European indi-
viduals, the potential for bias due to population structure 
is minimal.

This study has several limitations. Firstly, while MR 
studies ideally should fully avoid horizontal pleiotropy, 
SNPs related to type 2 diabetes and glycemic traits might 
also be linked to metabolic factors like obesity. Given that 
the GWAS data for glycemic traits was adjusted for BMI, 
making the instrumental variables used likely indepen-
dent of this factor, thus the impact of obesity-induced 
pleiotropy was expected to be minimal [11]. For type 2 
diabetes, results adjusted for BMI in MVMR analysis 
aligned with the univariable analysis. In the sensitivity 
analysis, some associations lost statistical significance. 
However, even with varying assumptions, the direc-
tion of these results aligned with the IVW method. This 
consistency further underscores the reliability of our 
findings and indicates that the effects of horizontal plei-
otropy on our results are minimal. Second, focusing on 
glycemic traits from non-diabetic individuals could intro-
duce collider bias. It is unclear whether these traits truly 
represent glucose metabolic levels in diabetic patients. 
However, our study found similar associations for both 
diabetic and non-diabetic patients, warranting further 
examination in future research. Fourth, using public 
summary-level data poses challenges in ensuring non-
overlapping samples. Yet, all F-statistics in our analyses 
exceed 10, indicating robust genetic instruments [62]. 
This suggested that the potential for bias influencing the 
outcomes is minimal [62]. Fifth, limited by the nature of 
MR studies focusing on the lifetime exposure effects of 
traits of interest, they are unable to consider the time-
varying effects associated with exposure phenotypes. 
Novel methods in addressing the time-varying effects of 
these phenotypes on CMR traits should be examined in 
the future using datasets with available data. Sixth, since 
we used summary-level data, the study could not delve 
into potential non-linear associations, which should be 
explored in future research. Finally, our primary data 
sources involved European ancestry individuals, so the 
findings might not generalize to other ethnicities.

Conclusions
In summary, we delved into the impact of two diabe-
tes types and four glucose traits on heart and aortic 
remodeling. Our research shows that both diabetes and 
hyperglycemia are risk factors for aortic remodeling, 
whereas insulin resistance affects the left ventricle. These 
insights, by providing causal evidence of direct effects on 

cardiac and aortic morphology and function, advance our 
understanding of how diabetes and impaired glycemic 
homeostasis contribute to the onset and progression of 
cardiovascular diseases. It offers new insights for early 
detection, risk stratification, non-pharmacological and 
pharmacological treatments, and overall advancement in 
intervention strategies.
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