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Background: The causal relationship of breast cancer (BC) with cardiovascular disease (CVD) and the underlying mediating
pathways remains elusive. Our study endeavors to investigate the causal association between BC and CVD, with a focus on identifying
potential metabolic mediators and elucidating their mediation effects in this causality.

Methods: In this study, we conducted two-sample Mendelian randomization (MR) to estimate the causal effect of BC (overall BC, ER
+ BC, ER- BC) from the Breast Cancer Association Consortium (BCAC) on CVD including coronary heart disease (CHD), hypertensive
heart disease (HHD), ischaemic heart disease (IHD), and heart failure (HF) from the FinnGen consortium. Then, we used two-step MR to
evaluate 18 metabolic mediators of the association and calculate the mediated proportions.

Results: Genetically predicted ER+ BC was causally associated with an increased risk of CVD including CHD (OR = 1.034, 95% CI:
1.004—-1.065, p =0.026), HHD (OR = 1.061, 95% CI: 1.002-1.124, p = 0.041), IHD (OR = 1.034, 95% CI: 1.007-1.062, p=0.013), and
HF (OR = 1.055, 95% CI: 1.013-1.099, p = 0.010), while no causality was observed for overall BC and ER- BC. Furthermore, high-
density lipoprotein cholesterol (HDL-C) was identified as a mediator of the association between ER+BC and CVD, including CHD
(with 15.2% proportion)) and IHD (with 15.5% proportion), respectively.

Conclusion: This study elucidates the potential causal impact of ER+ BC on subsequent risk of CVD, including CHD, HHD, IHD,
and HF. We also outline the metabolic mediator HDL-C as a priority target for preventive measures to reduce excessive risk of CVD
among patients diagnosed with ER+BC.
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Introduction
Breast cancer (BC) is the most frequently diagnosed malignant cancer as well as the leading cause of cancer-related
mortality in women globally.! According to the American Cancer Society, BC stood out as the leading contributor to new
cancer cases among females in the United States, comprising a staggering 32% of the total incidences. Besides, it
occupied the second-most significant position in terms of mortality rates, accounting for 15% of the female deaths
recorded in 2024.% BC can be classified into two main subtypes: ER+ and ER-, differentiated by the presence or absence
of estrogen receptor (ER) expression on cancer cells. Notably, approximately 70% of BC patients exhibit ER expression,
thereby rendering it a pivotal therapeutic target for precision-based treatments.”

Over the last two decades, with advancements in early detection, precision therapy, and supportive care, there has
been a consequent increase in survival following BC diagnosis. However, non-cancer-related mortality, including

cardiovascular disease(CVD), cerebrovascular disease, chronic obstructive pulmonary disease (COPD), and
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Alzheimer’s disease, has been increasing in BC survivors.* Among them, CVD stands as the primary cause of
mortality among women in the United States, posing a significant impediment to achieving optimal outcomes
for BC survivors.>°

Epidemiological evidence concerning the correlation between BC and CVD remains inconclusive. A population-based
cohort of 6641 BC patients who survived at least 10 years demonstrated that an increased risk of newly diagnosed diseases of
the circulatory system was observed compared with the general population.” Several cohort studies have examined the CVD
risks among BC survivors, which showed that women with a history of BC are more predisposed to developing and dying of
CVD compared to women without a history of BC.*'° However, the latest published meta-analysis indicated that BC is
associated with a higher risk of atrial fibrillation, and heart failure when compared to the general population, but not with
myocardial infarction, coronary artery disease, or ischaemic stroke,'' contradicting some of the previous studies.

Considering the diverse CVD risk among various primary cancers, the malignant tumor itself or the cardiotoxic effects of
certain cancer therapies are likely to be pivotal factors contributing to the risk of CVD.'? As mentioned earlier, BC can be
classified into ER+, and ER- cancers based on the presence of estrogen receptors and these subtypes may have different
etiologies. Therefore, without further stratification, some previous measurements of the impact of BC on CVD may have been
mixed and less accurate. Furthermore, due to the presence of pre-existing CVD in some BC patients before diagnosis, many
cohort studies have focused on mortality rather than incidence as the outcome measure. Consequently, it remains blurry to
what extent BC is directly associated with the incidence of CVD, and to what potentially modifiable risk factors mediate this
association. Advancement in early detection and diagnosis of BC has resulted in a growing cohort of survivors, who are
increasingly susceptible to long-term cardiac complications. As the population ages, more women may suffer from BC, CVD,
or both, and thus knowledge of this topic is therefore warranted."*

To fill the knowledge gap, we conducted Mendelian randomization (MR) analyses leveraging genetic variants as
instrumental variables (IVs) to deduce causal associations between pertinent traits. As genetic variation is randomly
allocated at conception, MR analyses are akin to randomized controlled trials. In addition, multivariable Mendelian
randomization (MVMR) is employed as an extended methodology, to disentangle the independent impacts of correlated
exposures on an outcome by incorporating genetic variants specific to each exposure within a consolidated analytical
framework.'* Furthermore, a two-step MR study can be utilized to delineate the pathways through which an exposure
affects an outcome, thereby enhancing causal inference in mediating effects. This methodology addresses several
limitations encountered in traditional methods, including the issue of reverse causation and the potential for unmeasured
confounding."”

In this study, we conducted two-step MR analyses to elucidate the causal association between BC (overall BC, ER+ BC,
ER- BC) and CVD, specifically CHD, HHD, IHD, and HF, with particular focus on identifying metabolic mediators and
quantifying their mediation effects on this association pathway.

Methods

Study Design

This MR study consisted of two stages and an overview of the study design is presented in Figure 1. In stage 1, a two-sample
MR was utilized to evaluate the causal association between BC (overall BC, ER+, and ER— subtypes) and CVD (CHD,
HHD, IHD, and HF) based on data from genome-wide association studies (GWASs) summary statistics. In stage 2, we
initially screened 18 potential candidates as mediators in the pathway between BC and CVD, and then implemented a two-
step MR to calculate the mediation effect of each selected mediator on the causal relationship between BC and CVD.'®!’
The MR analysis was conducted in accordance with the STROBE-MR guidelines.'®

Data Source
GWASs summary level data, primarily originating from individuals of European ancestry, was utilized to obtain data
resources pertaining to exposures, mediators, and outcomes. Ethical approval for the original studies was obtained,

ensuring compliance with ethical standards. Detailed information was summarized in Table 1.
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Breast cancer Cardiovascular disease

e Coronary heart disease (CHD)

BC e Hypertensive heart disease (HHD)
o Ischaemic heart disease (IHD)
o Heart failure (HF)

|
®
ER+ BC
ER-BC
Selected Mediators Excluded Mediators
ool e Fasting insulin e Isoleucine
e Fasting glucose e Leucine
e HbA1c e Valine
Evaluating the causal effects of BC and CVD using two-sample MR © Total cholesterol e Phenylalanine
e LDL-C e Tyrosine
1.Screening candidates for potential mediators in the causality between o Triglycerides e Alanine
BC and CVD ® ApoA-| o Glutamine
2.Calculating the mediator proportions mediator in the causal association ® ApoB ® Glycine
between BC and CVD * Histidine

N J

Figure | Overview of the study design CHD, coronary heart disease; HHD, hypertensive heart disease; IHD, ischaemic heart disease; HF, heart failure; ApoA-|,
Apolipoprotein A-l; ApoB, Apolipoprotein B; HbAlc, glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.

Exposures

Genetic IVs for the exposures in individuals of European descent were retrieved from the GWAS summary data (https://gwas.
mrcieu.ac.uk/) and obtained from the Breast Cancer Association Consortium (BCAC), including overall BC (14,910 cases and
17,588 controls), ER+ BC (4,226 cases and 17,588 controls), and ER- BC (4,480 cases and 17,588 controls).'? Single nucleotide
polymorphisms (SNPs) with genome-wide significance (p < 5 x 10~®) were derived from the corresponding GWASs and then
clumped to a linkage disequilibrium threshold of *<0.001 within a 5000 kb window to select independent genetic variants. We
further eliminated the potential pleiotropic confounders using Phenoscanner (http://www.phenoscanner.medschl.cam.ac.uk/).

Finally, to ensure that genetic variants solely influence the outcome via the risk factors, we excluded those SNPs that are directly
related to CVD (CHD, HHD, IHD, and HF) by applying a threshold at genome-wide significance (p > 5 x 107°).%° After
removing the SNPs that were palindromic with intermediate allele frequencies, weak Vs, and IVs that explained more of the
variance in the outcome than in the exposure, there were 34, 22.17 SNPs with regards to overall BC, ER+ BC, ER— BC,
respectively, which were extracted for further MR. Detailed information about all SNPs is shown in Supplementary Table S1.

Mediators

BC and CVD exhibit a profound correlation with the intricate metabolism of insulin, glucose, lipids, fatty acids, and
amino acids. Therefore, our research focused on candidate mediators that encompass these metabolic characteristics,
subsequently classifying them into three distinct clusters,’ insulin and glycaemic traits including fasting glucose, fasting
insulin, and glycated hemoglobin (HbAlc)*>?' lipid traits including triglycerides, total cholesterol,*> high-density
lipoprotein cholesterol (HDL-C),* low-density lipoprotein cholesterol (LDL-C),>* apolipoprotein A-I (ApoA-I) and

2% amino acids traits including isoleucine, phenylalanine, alanine, glutamine,26 leucine, valine,

apolipoprotein B (ApoB)
tyrosine, glycine, and histidine.”’
Our criteria for identifying the potential mediators between ER+BC and CVD (CHD, HHD, IHD, and HF) included:

(1) ER+BC and the mediator are causally related, and the effect of ER+BC on the mediator should be unidirectional;
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Table | GWAS Data Sources of the MR Study

Trait Consortium | Ancestry | Sample size | GWAS ID
Exposure
BC BCAC European 32498 ieu-a-1131
ER+ BC BCAC European | 21814 ieu-a-1134
ER- BC BCAC European 22068 ieu-a-1137
Mediator
Fasting insulin MAGIC European 108557 ieu-b-116
Fasting glucose MAGIC European 133010 ieu-b-114
HbAlc MAGIC European | 46368 ieu-b-104
Triglycerides EBI European 343992 ebi-a-GCST90018975
Total cholesterol | EBI European 344278 ebi-a-GCST90018974
HDL-C EBI European | 94595 ebi-a-GCST002223
LDL-C EBI European | 9961 ebi-a-GCST005068
ApoA-| EBI European 398508 ebi-a-GCST90025955
ApoB EBI European | 435744 ebi-a-GCST90025952
Isoleucine EBI European 291 ebi-a-GCST90026 189
Phenylalanine EBI European 291 ebi-a-GCST90026249
Alanine EBI European 291 ebi-a-GCST900261 14
Glutamine EBI European 291 ebi-a-GCST90026170
Leucine UK Biobank European 115074 met-d-Leu
Valine UK Biobank European 115048 met-d-Val
Tyrosine UK Biobank European 115075 met-d-Tyr
Glycine UK Biobank European 114972 met-d-Gly
Histidine UK Biobank European 114895 met-d-His
Outcome
CHD FinnGen European 218792 finn-b-19_CHD
HHD FinnGen European 218792 finn-b-19_HYPTENSHD_EXNONE
IHD FinnGen European 218792 finn-b-19_IHD
HF FinnGen European 218792 finn-b-19_HEARTFAIL

Notes: ApoA-l, Apolipoprotein A-I; ApoB, Apolipoprotein B; HbAlc, glycated hemoglobin; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; CHD, coronary heart disease; HHD, hypertensive heart disease; IHD,
ischaemic heart disease; HF, heart failure.

(2) the causality between the mediator and CVD is consistent, regardless of the adjustment for ER+BC; (3) The
association of ER+ BC with the mediator and the association of the mediator with CVD should be in same directions.
The detailed process for selecting mediators is presented in Figure 2.

Following a rigorous selection process, HDL-C emerged as a significant risk factor that met all established criteria
and was consequently included in the mediation analyses, aimed at elucidating its mediating role in the causal relation-
ship between ER+BC and CVD (CHD, IHD).

Outcomes

In this study, we selected four representative subtypes of CVD (CHD, HHD, IHD, and HF) that are widely recognized
due to their high incidence and significant impact on public health. The FinnGen research project represents
a collaborative public—private partnership that seamlessly integrates genotype information derived from Finnish biobanks
with comprehensive digital health records maintained by the Finnish health registry. For the genetic instruments
for CVD, we performed an in-depth analysis utilizing the data on CHD (21,012 cases and 197,780 controls), HHD
(3,938 cases and 214,854 controls), IHD (31,640 cases and 187,152 controls), and HF (13,087 cases and 195,091

controls) from FinnGen consortium.
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Candidate mediators (n=18)

Insulin and glycaemic traits: fasting insulin, fasting glucose, glycated hemoglobin (HbA1c)
Lipid traits: triglycerides, total cholesterol, HDL-C, LDL-C, ApoA-I, ApoB
Amino acids traits: isoleucine, phenylalanine, alanine, glutamine, leucine, valine, tyrosine, glycine, histidine

Step1 (excluded n=15)

ER+ BC should have a significant causal effect on the mediator: Excluded fasting glucose, glycated hemoglobin
(HbA1c), triglycerides, ApoA-I, ApoB, leucine, valine, tyrosine, glycine, histidine

The mediator should have a significant causal effect on the CVD: Excluded fasting insulin, isoleucine, , glutamine
phenylalanine, alanine

Step2 (excluded n=0)

The causal association consistently exists between the mediator and CVD with or without adjustment for ER+
BC: Excluded none

Step3(excluded n=2)

The association of ER+ BC with the mediator and the association of the mediator with CVD should be in same
directions: Excluded total cholesterol, LDL-C

Selected mediators(n=1): HDL-C

N J

Figure 2 Mediator selection process ApoA-l, Apolipoprotein A-l; ApoB, Apolipoprotein B; HbAlc, glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; LDL-

C, low-density lipoprotein cholesterol.

Statistical Analysis
Two-Sample MR and MVMR Analyses

For two-sample MR analyses, the inverse variance weighted (IVW) approach served as the primary analytical strategy,
with the MR-Egger, weighted median, simple mode, and weight mode methodologies acting as supplementary
methods.”® For the implementation of MVMR analysis, a comprehensive GWAS result is imperative to extract IVs
information. As the primary analytical tool, we employed IVW, which leverages a random-effects meta-analysis frame-
work to aggregate Wald Ratio estimates for individual SNPs, thereby generating a single causal estimate for each
exposure variable. All MR analyses fulfilled three critical assumptions: (1) relevance assumption: SNPs chosen as IVs
must exhibit a strong association with the exposure; (2) independence assumption: the genetic variants selected should
not be correlated with potential confounders; (3) exclusion-restriction assumption: IVs influence the outcome solely
through the exposure, not via alternative pathways.’

Mediation MR Analyses

To assess the intermediary impacts of risk factors on the association between ER+BC and CVD (CHD, HHD, IHD, and HF),
we performed a two-step MR Firstly, we leveraged UVMR to quantify the causal effect of genetically predicted ER+BC on
the mediator (B1). Secondly, we utilized MVMR to evaluate the causal impact of the mediator on the incidence of CVD. To
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determine the fraction of the total effect of ER+BC on CVD (CHD, HHD, IHD, and HF) that is mediated through each
intermediary factor, we calculated the proportion by dividing the mediation effect (B1 x 2) by the total effect (B). Standard
errors for the mediation effects were obtained by the delta method.

Sensitivity Analyses
Comprehensive sensitivity analyses were conducted to estimate potential violations of the model assumptions in the MR
analysis. To detect the presence of horizontal pleiotropy, we utilized the intercept test of the MR-Egger regression.”'
Additionally, the MR-PRESSO was employed to identify outliers among SNPs exhibiting pleiotropic effects, enabling
the generation of estimates following the exclusion of such outliers.’> Besides, Cochran’s Q value served as
a quantitative measure of heterogeneity among SNP estimates.”® Moreover, a leave-one-out analysis was conducted to
assess the potential contribution of any individual SNP to a significant effect. Finally, a funnel plot was implemented to
assess the potential directional bias resulting from pleiotropy.*

With the aim of uncovering as many potential positive associations as possible, we did not apply multiple testing
corrections in this exploratory study. All MR analyses were conducted with the R (version 4.2.3) using the package
“TwoSampleMR”, “MR-PRESSO” and “MendelianRandomization”.

Results

Causal Effects of BC on CVD

The potential risk of overall BC on four kinds of cardiovascular diseases, including CHD, HHD, IHD, and HF, were
evaluated as the first step of our study. Consequently, we have not obtained causal relationships with statistical
significance (Figure 3).

To determine whether these negative results were related to the interference with the ER status of BC, we further performed
subtypes analysis based on ER status (ER+ and ER—) and the results are summarized in Figure 4. Our analyses evaluated by the
IVW method uncovered a positive correlation between genetically predicted ER+BC and a slightly elevated risk of CHD (OR
=1.034, 95% CI: 1.004-1.065, p = 0.026), HHD (OR = 1.061, 95% CI: 1.002-1.124, p = 0.041), IHD (OR = 1.034, 95% CI:
1.007-1.062, p=0.013), and HF (OR = 1.055, 95% CI: 1.013-1.099, p = 0.010), although MR-Egger and weighted median did
not attain statistical significance. As for ER-BC, based on the IVW analysis, no remarkable association was observed between
ER-BC and CVD (Supplementary Figure S1). The results of the two-sample MR are detailed in Supplementary Table S2-4.

Exposure Outcome Method OR(95%Cl) p value
BC CHD VW 1.005(0.964-1.047) : 0.813
MR-Egger 1.111(1.006-1.226) E 0.045

Weighted median 1.028(0.973-1.086) i 0.331

BC HHD VW 0.999(0.926-1.079) ; 0.990
MR-Egger 0.970(0.798-1.179) g 0.759

Weighted median 1.020(0.917-1.134) E 0.718

BC IHD VW 1.008(0.965-1.052) E 0.726
MR-Egger 1.061(0.953-1.182) E 0.288

Weighted median 1.029(0.983-1.077) i 0.226

BC HF VW 0.988(0.942-1.037) 0.631
MR-Egger 1.020(0.903-1.153) g 0.749

Weighted median 1.027(0.964-1.095) E 0.403

t

T T T T
08 09 10 11 12

Figure 3 Forrest plot of the causal effects of overall BC on cardiovascular disease CHD, coronary heart disease; HHD, hypertensive heart disease; IHD, ischaemic heart
disease; HF, heart failure; Cl, confidence interval; OR, odds ratio.
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Exposure Outcome Method OR(95%Cl) p value
ER+BC __ CHD VW 1.034(1.004-1.065) : 0.026
MR-Egger 1.028(0.944-1.119) 0.534
Weighted median ~ 1.023(0.980-1.068) , 0.294
ER+BC  HHD VW 1.061(1.002-1.124) . 0.041
.
MR-Egger 0.966(0.823-1.133) | 0.671
Weighted median ~ 1.049(0.968-1.137) 0.243
ER+BC  IHD VW 1.034(1.007-1.062) 0.013
MR-Egger 1.037(0.961-1.120) 0.361
Weighted median ~ 1.032(0.997-1.068) 0.078
ER+BC  HF VW 1.055(1.013-1.099) 0.010
MR-Egger 1.078(0.958-1.213) 0.228
Weighted median  1.036(0.988-1.086) 0.143
.

Figure 4 Forrest plot of the causal effects of ER+ BC on cardiovascular disease CHD, coronary heart disease; HHD, hypertensive heart disease; IHD, ischaemic heart
disease; HF, heart failure; Cl, confidence interval; OR, odds ratio.

Causal Effects of ER+ BC on Mediators

Our analyses revealed a positive association between a genetically predicted 1-SD increase in the risk of ER+ BC and
a subsequent elevation in the risk of isoleucine by 2.6% (OR: 1.026, 95% CI: 1.004—1.050, p = 0.023), phenylalanine by
2.3% (OR: 1.023, 95% CI: 1.006—-1.041, p = 0.009), alanine by 2.2% (OR: 1.022, 95% CI: 1.000-1.043, p = 0.047), and
glutamine by 1.2% (OR: 1.012, 95% CI: 1.001-1.022, p = 0.028). Conversely, a genetically predicted 1-SD increment in
the risk of ER+ BC was found to be associated with a 1.5% decrement in the risk of fasting insulin (OR: 0.985, 95% CI:
0.973-0.996, p = 0.011), a 0.7% decrement in the risk of total cholesterol (OR: 0.993, 95% CI: 0.987-0.999, p = 0.023),
a 2.7% decrement in the risk of HDL-C (OR: 0.973, 95% CI: 0.958-0.988, p = 0.001), a 4.9% decrement in the risk of
LDL-C (OR: 0.951, 95% CI: 0.911-0.993, p = 0.021). Besides, no significant association was found between ER+ BC
and fasting glucose, HbAlc, triglycerides, ApoA-I, ApoB, leucine, valine, tyrosine, glycine, or histidine. The compre-
hensive results, along with their respective details, are visually depicted in Figure 5 and Supplementary Table S5,

offering a concise representation of the significant causal linkages between ER+ BC and the aforementioned mediators.

Causal Effects of Mediators on CVD

Among the eight candidate mediators exhibiting a causal relationship with ER+ BC, a genetically predicted 1-SD
increase in the risk of total cholesterol was significantly associated with a 63.5% increment in the risk of CHD (OR:
1.635, 95% CI: 1.440-1.856, p < 0.001), a 58.3% increment in the risk of IHD (OR: 1.583, 95% CI: 1.417-1.770, p <
0.001). A genetically predicted 1-SD increase in the risk of HDL-C was associated with a 17.1% decrement in the risk of
CHD (OR: 0.829, 95% CI: 0.748-0.920, p < 0.001), a 16.9% decrement in the risk of IHD (OR: 0.831, 95% CI:
0.755-0.915, p < 0.001). A genetically predicted 1-SD increase in the risk of LDL-C was associated with a 47.0%
increment in the risk of CHD (OR: 1.470, 95% CI: 1.223-1.768, p < 0.001), a 41.9% increment in the risk of IHD (OR:
1.419, 95% CI: 1.193-1.687, p < 0.001). However, no significant association between HDL and HHD or HF was
observed. The forest plots in Figure 6 and Supplementary Table S6-13 depict the significant causal relationship between
these mediators and CVD.

Mediation Effects of Mediators Between ER+ BC and CVD

Due to the inconsistency in the MR direction of total cholesterol and LDL-C, the final mediator that meets the screening criteria is
HDL-C. In the MVMR, after accounting for ER+ BC, the causal effect of HDL-C was negatively associated with a 17.0%
reduction in the risk of CHD (OR: 0.830, 95% CI: 0.742—0.929, p = 0.001), a 17.5% reduction in the risk of in IHD (OR: 0.825,
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Exposure Outcome Method OR(95%ClI) p value
ER+ BC Fasting insulin IVW 0.985(0.973-0.996) E 0.011
ER+ BC Fasting glucose VW 0.994(0.984-1.004) E 0.243
ER+ BC HbA1c IVW 0.998(0.988-1.009) . 0.788
ER+ BC Triglycerides IVW 1.000(0.992-1.007) E 0.958
ER+ BC Total cholesterol VW 0.993(0.987-0.999) E 0.023
ER+ BC HDL-C VW 0.973(0.958-0.988) 0.001
ER+ BC LDL-C IVW 0.951(0.911-0.993) 0.021
ER+ BC ApoA-| IVW 1.000(0.988-1.011) E 0.947
ER+ BC ApoB VW 0.990(0.978-1.002) 0.108
ER+ BC Isoleucine Ivw  1.026(1.004-1.050) E 0.023
ER+ BC Phenylalanine VW 1.023(1.006-1.041) E 0.009
ER+ BC Alanine VW 1.022(1.000-1.043) ; 0.047
ER+ BC Glutamine VW 1.012(1.001-1.022) E 0.028
ER+ BC Leucine MW 1.004(0.987-1.022) 0,650
ER+ BC Valine VW 1.004(1.000-1.022) E 0.633
ER+ BC Tyrosine IVW 1.010(0.991-1.028) E 0.312
ER+ BC Glycine IVW 1.006(0.993-1.019) 0.390
ER+ BC Histidine VW 0.996(0.986-1.006) E 0.430
I I I
0.95 1.00 1.05

Figure 5 ApoA-I, Apolipoprotein A-I; ApoB, Apolipoprotein B; HbAc, glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; Cl, confidence interval; OR, odds ratio.

95% CI: 0.746-0.913, p < 0.001). The MVMR results are presented in Supplementary Table S14-16 The process of mediation
MR analyses is exhibited in Figure 7, illustrating the stepwise tests on the direct and indirect effect. The proportion of the effect
mediated by HDL-C was 15.2% (3.4%—27.0%) and 15.5% (3.9%—27.2%) on CHD and IHD, respectively. The relevant details of
the mediation MR are presented in Table 2.

Sensitivity Analyses

Based on the presence of pleiotropy or not, we employed different methods. Specifically, in the absence of pleiotropy, we
used the IVW method as the primary analytical approach. Conversely, when pleiotropy was present, the MR-Egger
method was adopted as the primary analytical approach, with the addition of the MR-PRESSO outlier test to mitigate
potential biases stemming from pleiotropic influences. The sensitivity analyses conducted within this study further
reinforced the robustness and credibility of the causal estimates observed, and the outcomes are detailed in
Supplementary Table S2-13 and Supplementary Figure S2-37.

Discussion
Mendelian randomization (MR) serves as a robust approach leveraging genetic variability to investigate the potential
causal linkages between risk factors and health outcomes. In the current MR study, we found that genetically predicted
ER+ BC was associated with a slightly increased risk of cardiovascular disease in the European population, including
CHD, HHD, IHD, and HF. However, such causal associations have not been replicated in ER— BC. Additionally, our
research has identified one mediator out of 18 metabolic traits, HDL-C, with a mediated proportion of 15.2% (3.4%—
27.0%) and 15.5% (3.9%—-27.2%) in the association between ER+ BC and CHD, IHD, respectively.

Due to the aging population and improved long-term survival rates for BC, an increasing number of older BC
survivors are prone to developing chronic age-related conditions, such as CVD.*® A retrospective cohort analysis
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Exposure OutcomeMethod OR(95%Cl) p value
Fasting insulin CHD Ivw  1.831(0.988-3.393) ' 0.055
HHD VW 1.501(0.687-3.277) i 0.308

IHD VW 1.712(0.995-2.946) E 0.052

HF VW 1.206(0.762-1.910) i 0.424

Total cholesterol CHD IVW  1.635(1.440-1.856) E 0.000
HHD VW 0.962(0.833-1.113) 5 0.605

IHD VW 1.5683(1.417-1.770) i 0.000

HF VW 0.966(0.884-1.056) E 0.450

HDL-C CHD VW  0.830(0.748-0.920) ! 0.000
HHD VW 0.982(0.848-1.138) E 0.811

IHD IVW  0.831(0.755-0.915) i 0.000

HF IVW  0.957(0.878-1.043) E 0.317

LDL-C CHD VW 1.470(1.223-1.768) i 0.000
HHD IVW  0.954(0.853-1.068) E 0.412

IHD VW 1.419(1.193-1.687) E 0.000

HF IVW  0.998(0.913-1.093) E 0.968

Isoleucine CHD VW 1.041(0.856-1.267) E 0.688
HHD IVW  0.934(0.688-1.267) E 0.660

IHD VW  0.991(0.850-1.156) .4 0.912

HF IVW  0.968(0.821-1.142) E 0.701

Phenylalanine CHD IVW  0.998(0.933-1.070) E 0.964
HHD VW 0.923(0.793-1.075) E 0.303

IHD IVW  0.998(0.942-1.058) E 0.957

HE  IVW  0.988(0.913-1.070) | 0.771

Alanine CHD IVW  1.121(0.883-1.424) E 0.346
HHD VW 1.131(0.729-1.755) ! 0.584

IHD VW 1.177(0.960-1.442) E 0.117

HF IVW  0.940(0.721-1.226) E 0.646

Gltamine  CHD VW  1.002(0.927-1.083) 4 0.968
HHD VW 1.095(0.949-1.264) E 0.216

IHD IVW 1.045(0.978-1.117) E 0.196

HF VW 1.011(0.925-1.106) ; 0.809

1.0 1.5 2.0 2.5 3.0

Figure 6 Forrest plot of the mediators on cardiovascular disease CHD, coronary heart disease; HHD, hypertensive heart disease; IHD, ischaemic heart disease; HF, heart
failure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Cl, confidence interval; OR, odds ratio.

utilizing the SEER-Medicare database highlighted CVD as the primary cause of mortality among older (>66 years)
survivors of early-stage or localized BC, particularly those over 75 years old.*® Another research determined that
mortality stemming from CVD is significantly elevated in a population-based cohort of BC survivors compared to
a matched cohort of women without BC (HR = 1.8, 95% CI = 1.5-2.1) and this increase in risk is manifest approximately
7 years post-diagnosis.®’ In a cohort study conducted by Ramin et al, involving 628 BC patients and 3140 age-matched
cancer-free women, it was observed that after a 25-year follow-up period, BC survivors exhibited a greater incidence of
cardiovascular-related deaths compared to their cancer-free counterparts, especially in older survivors and in women with
ER+ BC.*® However, most cohort studies above have focused on changes in CVD mortality after BC diagnosis rather
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Mediator
HDL-C

Exposure Total effect (§) R Outcome

ER+ BC - CcVD

g J

Figure 7 Two-step MR analysis framework The direct effect A (1) signifies the impact of ER+ BC on the mediator, obtained via the IVW method within UVMR. The direct
effect B (B2) signifies the impact of the mediator on CVD with adjustment for ER+ BC, obtained via the IVW method within MVMR. The total effect signifies the impact of
ER+ BC on CVD, obtained via the IVW method within UVMR. Lastly, the indirect effect (81%B2) signifies the impact of ER+ BC on CVD mediated through the mediator,
calculated by delta method. CVD, cardiovascular disease; HDL-C, high-density lipoprotein cholesterol.

than on incidence, as BC and CVD share multiple risk factors. Thus, many women were already at risk of CVD at
their BC diagnosis.*>** Therefore, our understanding of whether BC is associated with an elevated risk of CVD
incidence is limited. Few studies have explored the association between BC and CVD incidence, prompting a shift in
the focus from CVD mortality to incidence. Previous research reported that apart from traditional risk factors, higher BC
stages, and grades at diagnosis are associated with an increased risk of atrial fibrillation (AF), indicating a systemic effect
of advanced BC itself on the heart.*' Another prospective cohort study found that women with BC compared with those
without BC had a higher risk of developing heart failure, cardiomyopathy, arrhythmia, cardiac arrest, and venous
thromboembolism.** Nonetheless, no MR study has verified such an association so far. To fill this gap, our Mendelian
randomization analysis provides an opportunity to investigate the causal relationship between BC and the CVD
incidence. This analysis is valuable in aiding the early detection and diagnosis of CVD risk factors and symptoms
in BC patients.

In the pathway from ER+ BC to CHD and IHD, 15.2% and 15.5% of the mediation effect was explained by HDL-C,
respectively. Based on the findings of two-step MR, genetically predicted ER+ BC is correlated with lower HDL-C levels,
and lower HDL-C levels are associated with higher risk of developing CVD (CHD and IHD), which are both consistent with
contemporary epidemiological insights.**** Previous studies have shown abnormal lipoprotein profiles in breast cancer
patients, with the levels of TG, LDL-C and VLDL-C increased, and the level of HDL-C decreased.***° However, our MR
study did not provide insights into the relationship between BC and other lipid traits such as TG, LDL-C, and VLDL-C.
Consequently, further research is warranted to examine the alterations in other lipid profiles among BC patients. Regarding
the association between HDL and other lipid traits with CVD, numerous conclusions have been drawn from previous
studies.***> In a prospective, observational study, 795 individuals had extensive cardiometabolic profiling, including
emerging biomarkers. The low ApoE-HDL-C group had more severe stenosis (11% vs 2%, p < 0.001), with higher
coronary artery calcium (CAC) as compared with high ApoE-HDL-C, suggesting that low ApoE-HDL-C may be key
markers of CVD severity.’® Similarly, in both the UVMR and MVMR methods we employed, HDL-C demonstrated
a negative association with CVD (CHD and IHD). Subsequent research should further explore the relationship between

Table 2 The Mediation Effect of ER+ BC on CVD via HDL-C

Outcome Total effect Direct effect A Direct effect B Indirect effect Mediated proportion (%)
B(95% CI) B1(95% CI) B2(95% CI) p1*p2 (95% CI) (95% CI)
CHD 0.033(0.004 to 0.062 —0.027(—0.043 to —0.012 —0.186(—0.299 to —0.073 0.005(0.001 to 0.009 15.2(3.4 to 27.0
( ) ( ) ( ) ( ) ( )
IHD 0.034(0.007 to 0.060 —0.027(—0.043 to —0.012 —0.192(-0.293 to —0.091 0.005(0.001 to 0.009 15.5(3.8 to 27.2
( ) ( ) ( ) ( ) ( )
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HDL-C and other CVD. Mechanistically, the abnormalities in blood lipids among BC survivors and their subsequent impact
on CVD remain unclear. One possible explanation involves genes related to lipoprotein metabolism. Specifically, peroxi-
some proliferator-activated receptors (PPARs), as a group of nuclear hormone receptors, regulate the transcription of
adipocyte genes in the body and participate in processes such as adipocyte differentiation, lipid and glucose metabolism. In
breast cancer patients, the expression and activity of PPARs may be influenced by factors such as chemotherapy and
endocrine therapy, thereby further affecting blood lipid levels and the risk of CVD.>!

Over 80% of the observed effects remained unexplained despite the inclusion of mediators in the model. This can be
attributed to several factors: (1) the IVs we chose did not have sufficient explanatory power for the mediator; (2) the
potential existence of other unexamined mediators, given that our selection was confined to metabolic pathways; (3) the
mediator from ER+ BC to CVD was inherently rare or had a weak mediating effect. Consequently, the interpretation of
these findings should be undertaken with prudence, and further exploration of potential mediating factors, along with the
utilization of complementary methodologies, is warranted to validate the conclusions.

Our study provided evidence for a causal link between genetically predicted ER+ BC and CVD (CHD, HHD, IHD,
and HF), while no similar causal relationship was observed in ER— BC. Furthermore, we identified a potential mediator,
HDL-C, and calculated the mediation effect. Initially, we considered BC at the overall level, but did not find statistically
significant associations with CVD. Recognizing the influence of ER status on BC,> we further investigated the impact
of BC on CVD based on estrogen receptor status separately. Consequently, we discovered an association between ER
+ BC and an increased risk of CVD including CHD, HHD, IHD, and HF. Then, we conducted a two-step MR analysis to
explore the mediation effects of 18 metabolic candidates, and ultimately discovered HDL-C. The current findings possess
profound implications for clinical practice and public health strategies. The screening and prevention of CVD among
cancer survivors are frequently neglected due to the scarcity of evidence to guide these practices and the prevailing
misperceptions surrounding the competing risks of cancer mortality. In our study, BC patients, especially those with ER+
status, demonstrated a higher risk of CVD (CHD, HHD, IHD, and HF), which suggested that this population may benefit
from proactive screening and preventive interventions. Considering the mediation effect of HDL-C between ER+ BC and
CVD, HDL-C can be clinically used for early screening and predicting the occurrence of CVD in BC survivors.
Subsequent research should focus on expanding such causal relationship to other BC subtypes, a broader range of
CVD subtypes, as well as more potential mediator pathways, and provide screening and prevention strategies tailored to
this unique patient population.

Nevertheless, our study encountered certain limitations. Firstly, while we employed summary-level data and subgroup
analyses stratified by ER status, we were constrained in stratifying BC analyses based on additional risk variables, such as age,
body mass index (BMI), menopausal status, and tumor stage, which are pivotal factors influencing the incidence of CVD.
Secondly, MR approach is inherently limited to drawing inferences regarding trait associations within the specific populations
from which the genome-wide association studies (GWAS) are derived. Consequently, given the limitations of available online
databases, we did not utilize sex-specific CVD data in our MR analysis, instead relying on mixed-sex cohorts. In the future, an
increasing number of large-scale genomic studies may have the potential to change this situation and bring about new insights.
We recognize the importance of sex-specific analysis and plan to conduct more tailored MR studies in our future work.
Thirdly, our findings did not provide evidence of the specific mechanisms underlying the causal relationship between BC and
CVD. Instead, we put forward a potential mediator that partially explains the underlying reasons for the causal effect and
discussed the feasibility and plausibility. Finally, considering multiple factors such as evolutionary history, genetic diversity,
environment, and natural selection, it is evident that there are differences in genetic variations among different racial
populations. For instance, genetic variations related to thrombosis differ between European and East Asian populations.®
Therefore, to ensure consistency in genetic background, this MR study was almost exclusively restricted to individuals of
European ancestry, thus the generalization of our findings to other ethnic groups should be approached with caution.

Conclusion
In conclusion, this two-step MR study elaborates on the potential causal impact of ER+ BC on the risk of CVD and
proposes one potential mediator, HDL-C. Our finding enhances our understanding of the possible mechanism for the
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occurrence of CVD after BC diagnosis and informs early screening and intervention strategies to curb the BC-related
CVD and corresponding disease burden.

Abbreviation

BCAC, Breast Cancer Association Consortium; CHD, coronary heart disease; CI, confidence interval; CVD, cardiovas-
cular disease; ER, estrogen-receptor; GWAS, genome-wide association study; HF, heart failure; HHD, hypertensive heart
disease; IHD, ischaemic heart disease; IVW, inverse variance weighted; MR, Mendelian randomization; MR-PRESSO,
MR-pleiotropy residual sum and outlier; SNPs, single-nucleotide polymorphisms.
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