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Breast cancer (BC) is one of the most common malignancies among women globally, characterized 
by complex pathogenesis involving various biomarkers present in blood and urine. To enhance 
understanding of the genetic associations between biomarkers and BC via multidimensional, 
cross ethnic investigations. Based on GWAS data of 35 blood and urine biomarkers from European 
populations, we adopted multiple analysis strategies including univariable Mendelian randomization 
(MR) analysis, reverse MR analysis, sensitivity analysis and multivariate MR to identify potential 
biomarkers associated with BC risk and survival. Our initial analysis included 122,977 BC and 105,974 
controls of European ancestry. Building upon these findings, we conducted cross ethnic validation 
by applying the same analyses to East Asian populations using data from the IEU GWAS database, 
which included 5,552 BC and 89,731 controls. This step allowed us to investigate the universality and 
heterogeneity of our identified biomarkers across different ancestries. Subsequently, utilizing clinical 
laboratory detection data from multiple regions in China, we performed differential analyses and 
survival assessments on these potential biomarkers to evaluate their clinical relevance and utility. 
Notably, we leveraged Luzhou’s clinical data to integrate HDL-C with conventional tumor markers 
(CEA, CA125, CA153) into a machine learning model, comparing its diagnostic efficacy against tumor 
marker combination. Our study validated associations of ALP, HDL-C, TG, SHBG, and IGF-1 with BC 
risk, reinforcing the reliability of these findings. Moreover, notable interethnic disparities emerged in 
the association between HDL-C and BC risk, where in HDL-C demonstrates a contrasting role: acting as 
a genetic protective agent against BC and suggesting promise as an auxiliary diagnostic marker in East 
Asian populations, yet inversely, it serves as a genetic dangerous predictor in European populations. 
Analyzing BC subtypes, we identified associations of HDL-C, TG, SHBG, and CRP with ER+BC, while 
ER−BC showed associations with GLU, urinary creatinine and microalbuminuria, underscoring subtype-
specific genetic characteristics critical for personalized prevention and treatment strategies. Overall, 
this comprehensive study, by traversing the intricate landscape of genetic associations across ethnic 
boundaries and employing advanced analytical methodologies, not only uncovers the complex 
interplay between key biomarkers and BC susceptibility but also highlights the significance of ethnic-
specific differences in the role of HDL-C. By enhancing the diagnostic power of a tailored biomarker 
panel through machine learning, this study contributes to the advancement of precision medicine in 
BC, offering strategies tailored to the unique genetic profiles and biomarker patterns across diverse 
populations.
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Breast Cancer (BC), the most prevalent malignancy among women globally, is characterized by a complex 
etiology involving genetic, environmental, and lifestyle factors1. Recent advances in genetics and molecular 
biology have shed light on numerous genetic biomarkers closely associated with the onset, progression, and 
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prognosis of BC2,3. Blood and urinary biomarkers, particularly notable for their roles as indicators of metabolic, 
inflammatory, and endocrine states, are increasingly pivotal in assessing BC risk and determining prognosis4. 
Nonetheless, current research faces challenges in marker selection, analyzing ethnic disparities, and conducting 
subtype-specific investigations, highlighting the need for a more systematic and comprehensive exploration 
framework.

BC exhibits notable heterogeneity in incidence, prognosis, and genetic susceptibility across diverse 
ethnicities and geographical regions, highlighting the complex interplay of genetic backgrounds, environmental 
factors, and lifestyle habits in disease progression5. Disparities in genetic profiles between European and Asian 
populations can lead to variations in the association of specific biomarkers with BC, influencing the accuracy of 
risk assessment and treatment strategies. Although mammography followed by histopathological biopsy remains 
standard, its utility is constrained by inherent limitations6,7. In contrast, liquid biopsy techniques, particularly 
those utilizing blood and urine samples, are emerging as promising alternatives due to their non-invasive nature 
and high reproducibility8,9.

Mendelian randomization (MR) analysis, a robust method for causal inference, employs genetic variants as 
proxies for exposures, circumventing confounding factors inherent in observational studies, thus elucidating 
causal relationships between exposures (such as blood and urinary biomarkers) and BC risk10. The validity of MR 
analysis rests on three core assumptions: genetic variants are linked to the exposure, independent of confounders, 
and do not directly influence the outcome10. By meeting these criteria, MR analysis mirrors conditions akin to 
randomized controlled trials, offering compelling evidence for causality11. Through MR analyses, select blood 
and urinary biomarkers, including high-density lipoprotein cholesterol (HDL-C), triglycerides (TG), alkaline 
phosphatase (ALP), and sex hormone-binding globulin (SHBG), among others, have been implicated in BC 
risk12–17. These biomarkers, however, often exhibit dual roles and high heterogeneity across BC subtypes. 
Inconsistencies in study findings can partly be attributed to small sample sizes, confounding interference, and 
methodological constraints. Research predominantly focuses on individual markers, lacking multi-dimensional, 
cross-ethnic integration, and in-depth examination of inter-marker interactions, subtype specificity, and their 
implications for survival outcomes. Notably, prospective studies targeting specific ethnic groups, such as East 
Asians, are relatively scarce, hindering comprehensive understanding of BC’s genetic determinants.

Through an in-depth analysis of trans-ethnic genomic data, this study innovatively integrates genetic data of 
35 blood and urine biomarkers, employing advanced Mendelian randomization (MR) methodologies including 
reverse MR (R-MR), sensitivity analyses, and multivariate MR (MVMR). The research reinforces scientific 
foundations linking biomarkers such as ALP, HDL-C, TG, and SHBG to BC. Comparative genetic effect analyses 
between European and East Asian populations reveal ethnic-specific risk patterns. Notably, substantial ethnic 
disparities in the interplay between HDL-C and BC risk are highlighted, emphasizing the need for diverse ethnic 
investigations. Machine learning (ML) algorithms assess the clinical utility of HDL-C in East Asian populations. 
Moreover, the study identifies differential genetic determinants among BC subtypes, such as SHBG’s protective 
role in ER+BC and revealing a novel association of glucose (GLU) with ER−BC. These findings underscore the 
importance of tailored therapeutic and preventive strategies based on BC subtypes. Despite challenges such as 
limited sample sizes and multiple comparisons, preliminary findings suggest UREA and calcium (Ca) as potential 
prognostic markers for survival rates in specific BC subtypes, offering new avenues for survival prediction and 
monitoring strategies. This study has made significant progress in assessing BC risk and survival, providing a 
comprehensive insight into the complex association between biomarkers and BC.

Research design and methods
Study population and data
The genetic association datasets employed in this study were sourced from the IEU GWAS database, accessible 
at (https://gwas.mrcieu.ac.uk/), featuring a GWAS investigation by the BC Association Consortium (BCAC) 
aimed at elucidating genetic susceptibilities underlying BC risk. This GWAS encompassed 122,977 cases and 
105,974 European ancestry controls, leveraging over 106 million SNP data points. Integrating findings from 68 
distinct studies within BCAC, the iCOGS collaboration, and an additional 11 BC-focused GWASs, the research 
further conducted stratified analyses by ER status, separately examining ER+ (comprising 69,501 cases and 
105,974 controls) and ER− (involving 21,468 cases and 105,974 controls) subsets18. Survival analyses specific 
to BC patients entailed 2,900 cases and 35,054 controls, with additional stratification by ER status into ER+ 
(1,333 cases, 21,726 controls) and ER− (920 cases, 5,961 controls) groups19. The GWAS summary-level data for 
BC patients based on East Asian populations was released in the published study, including 5,552 BC cases and 
89,731 controls20. All research endeavors were conducted under the aegis of the initial ethical approvals obtained 
for the GWAS, thereby obviating the need for supplementary informed consent procedures or additional ethical 
reviews.

Exposure data
The phenotypic and genotypic data of 35 blood and urine biomarkers used in this study were obtained from the 
UK Biobank (n = 363,228 individuals), which conducted a large prospective cohort study21,22. Exposure data for 
the East Asian population, specifically including HDL-C, TG, ALP, CRP, GLU, Apolipoprotein A (APOA) and 
SHBG, were primarily downloaded from the IEU GWAS database23.

Selection criteria for the instrumental variables
In the univariate MR analyses, conditionally uncorrelated variants that were strongly associated with the exposure 
(P < 5 × 10− 8) and independently so according to linkage disequilibrium (LD) (r2 < 0.001, with a window size 
of 10,000 kb) were selected as instrumental variables (IVs) for the European population. For the East Asian 
population, adhering to the research criteria put forth by Weng et al.24, we adjusted the LD filtering criteria to 
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r2 < 0.1 and a window size of 500 kb. The LD proxies were delineated utilizing 1000 Genomes data encompassing 
both European and East Asian samples. Palindromic IVs exhibiting intermediate minor allele frequencies were 
omitted. Following the exclusion of weak IVs based on an F-statistic threshold of less than 10 and the Steiger 
test25, exposures with a minimum of three remaining valid IVs proceeded to subsequent analyses. Moreover, 
we employed the Mendelian Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO) method to 
identify and correct for instances of horizontal pleiotropy and outlier data points26.

MR analysis
Two-ample MR analysis was performed to verify the potential causal link of 35 blood and urine markers to BC 
risk and survival27. The inverse-variance weighted (IVW) method was used as our main MR method to detect 
the causal effects of 35 markers on the risk of BC and BC survival28. To account for type I error, FDR correction 
was applied to analysis results for each cancer type to identify significant associations at PFDR < 0.05. To assess 
the robustness of causal associations identified via the IVW method, we subsequently conducted a series of 
complementary analyses, including the weighted median29, the maximum likelihood, the weighted mode, the 
sample median, the sample mode, the penalised weighted median, the MR-Robust Adjusted Profile Scoring 
(MR-RAPS), MR-Egger regression30, the constrained maximum likelihood and model averaging (cML-MA)31, 
the MR-PRESSO, the Bayesian weighted mendelian randomization (BWMR) approachs32. Cochran’s Q statistic 
was applied to estimate the heterogeneity among genetic instruments used in the main analysis29. We adopted 
random-effects IVW model if heterogeneity existed, otherwise fix-effects IVW model was used.

Sensitivity, reverse MR and MVMR analyses
To assess the robustness of significant association identified by IVW, We further conducted sensitivity analyses, 
including Egger intercept test and MR-PRESSO global test to evaluate horizontal pleiotropy, and LOO analyses to 
examine the presence of dominant IVs33,34. To examine the possible reverse causality of the identified significant 
associations, we performed R-MR analyses in which cancer was treated as the exposure and metabolites as the 
exposure. Because many genetic variants are pleiotropic, we performed MVMR analysis to explore potential 
independent associations of HDL and TG, APOA, and BC risk as proxies for genetic variants.

Clinical laboratory data validation from east Asian populations
We compiled a comprehensive dataset comprising clinical biochemical test results from patients diagnosed with 
benign breast diseases and BC across multiple medical centers in Sichuan Province, China, spanning from June 
2018 to December 2023. Specifically, we documented 9,748 cases of benign breast disease and 9,271 cases of BC 
at the Affiliated Hospital of Southwest Medical University in Luzhou, with detailed survival outcomes available 
for 1,290 BC patients. Additionally, data from the First People’s Hospital of Zigong (April 2020 to December 
2023) included 449 benign cases and 443 BC cases, along with survival status information for an additional 130 
patients. Furthermore, biochemical indicators and survival data from 120 BC cases were obtained from Ziyang 
People’s Hospital within the same timeframe. Lastly, the Second People’s Hospital of Yibin provided matched 
biochemical test results for 210 BC patients at initial diagnosis and recurrence, all prior to pharmacological or 
surgical interventions.

Focusing on survival data from Luzhou, we assessed the clinical diagnostic value of HDL-C. Initially, missing 
data points were omitted, and the dataset was partitioned into training (70%) and testing sets (30%) following 
a 7:3 ratio. Model development and feature selection were performed on the training set. Subsequently, model 
performance was validated on both the testing set and the entire dataset. Ten machine learning algorithms, 
including Random Forest (RF), Support Vector Machines (SVM), Neural Networks (NNet), K-Nearest 
Neighbors (KNN), and others, were employed to construct classification models for BC diagnosis, incorporating 
HDL-C alongside common female tumor markers (CA125, CA153, and CEA). Model optimization utilized 
5-fold cross-validation and benchmark validation. Model evaluations were conducted using Receiver Operating 
Characteristic (ROC) curves, Area Under the Curve (AUC), sensitivity, and specificity. Ultimately, for enhanced 
interpretability, the developed models were explained using the “iml” and “DALEX” R packages.

The collection of retrospective clinical data for this study was approved and consented by the Ethics Review 
Committees of the following institutions: Ethics Committee of the Affiliated Hospital of Southwest Medical 
University (NO.KY2025001), Ethics Committee of the First People’s Hospital of Zigong (NO.2023-016), Ethics 
Committee of Ziyang People’s Hospital (NO.2021-052), and Ethics Committee of the Second People’s Hospital of 
Yibin (NO.2023-126-01). Informed consent forms were obtained from all patients prior to admission.

Statistical analysis
In IVW analysis, a P value less than 0.05 is considered suggestive of significance, while a PFDR < 0.05 is deemed 
statistically significant. All MR estimates were presented as odds ratios (OR) with 95% confidence intervals (CI) 
for outcomes. For MR-Egger intercept method, a two-sided P < 0.05 indicated potential directional pleiotropy. 
An unmatched T-test was used to analyze differences between groups, with bilateral P < 0.05 considered 
statistically significant. Survival curves were generated using the Kaplan-Meier (K-M) method, and log-rank 
tests were used to compare survival probabilities between UREA and Ca subgroups stratified by ER status. All 
statistical analyses were conducted using R version 4.3.2, with packages including gtx, MendelianRandomization, 
TwoSampleMR, ggplot2, ggrepel, grid, gridExtra, gtable, qqman, RColorBrewer, mlr3, mlr3verse, mlr3viz, 
tidyverse, mlr3measures and RGraphics.
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 Results
Identification of potential blood and urine biomarkers for BC and Its subtypes in the 
European population.
In this study, we aimed to investigate the causal relationship between blood and urine biomarkers and BC, 
initially focusing on the European population, with subsequent validation of findings in East Asian populations, 
supported by clinical laboratory biochemical data collected. The overall study flowchart is illustrated in Fig. 1.

Employing rigorous statistical methodologies, encompassing 12 MR analysis strategies, sensitivity analyses 
and R-MR analyses, we meticulously selected exposure factors meeting the following criteria: IVW P < 0.05, MR-
Egger intercept test P < 0.05, and R-MR P < 0.05, ensuring the robustness and reliability of our results (Fig. 2). For 
the European population, our findings revealed suggestive statistical associations between overall BC risk and 
the following biomarkers: ALP, APOA, HDL-C, insulin-like growth factor 1 (IGF-1), and TG. After correction 
for multiple comparisons (Type I error adjustment), the associations of all markers with BC remained significant 
except for APOA. Notably, ALP [OR = 0.947; 95% CI: 0.914–0.982; PFDR = 0.027] and TG [OR = 0.927; 95% CI: 
0.890–0.965; pFDR = 0.004] demonstrated significant genetic protective effects, whereas HDL-C [OR = 1.075; 
95% CI: 1.033–1.118; PFDR = 0.004] and IGF-1 [OR = 1.081; 95% CI: 1.037–1.128; PFDR = 0.004] indicated genetic 
risk predispositions, with these observations further strengthened through graphical representation (Fig. 3A; 
Supplementary Table S1-2). Moreover, Fig.  3B illustrates the consistent protective or risky trends of the key 
biomarkers identified in overall BC across all MR analyses.

Delving into subtype analyses, we observed suggestive causal relationships between CRP and SHBG with 
ER + BC, yet after adjustment, only HDL-C [OR = 1.091; 95% CI: 1.042–1.142; PFDR = 0.007] and TG [OR = 0.922; 
95% CI: 0.880–0.966; PFDR = 0.011] retained significant associations (Fig.  4A; Supplementary Table S3-4). 
Surprisingly, in ER−BC, besides ALP, creatinine_in_urine, microalbuminuria_in_urine, and glucose emerged 
as new exposures, with glucose [OR = 1.217; 95% CI: 1.115–1.328; PFDR < 0.001] remaining a genetic risk factor 
post-correction (Supplementary Table S5-6; Fig. 4A). The scatter plots in Fig. 4B confirm the consistent effect 
directions of the key biomarkers identified across MR analyses within BC subtypes. Collectively, while the 
ER−BC sample size was relatively small, it displayed starkly different genetic correlation patterns compared to 
ER+BC, highlighting the complex differences in genetic determinants between BC subtypes.

Fig. 1.  Flowchart of the analysis process in this study.
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Of note, we observed a striking phenomenon where TG and HDL-C, typically regarded as risk and protective 
factors for BC respectively, exhibited counterintuitive results in the European population analysis. Considering 
the genetic covariance between TG, HDL-C, and APOA, we devised a MVMR strategy to meticulously 
disentangle their individual and combined causal relationship with BC. Owing to the significant reverse 
causality observed between APOA and HDL-C with BC in ER-BC, and the lack of a pronounced direct causal 
relationship for TG with BC, we refrained from implementing multi-variable analysis in the ER-BC subgroup to 
avoid potential confounding and interpretational intricacies. Instead, we focused on the total BC and ER + BC 
subgroups, executing MVMR analysis to precisely delineate the independent and interactive roles of these 
biomarkers. Through this multi-variable MR analysis, we found that the causal connection between HDL-C and 
BC became insignificant in the total BC population upon adjusting for the potential impacts of APOA and TG, 
underlining the importance of biomarker interactions. However, in ER + BC, even after adjusting for APOA and 
TG effects, HDL-C [OR = 2.363; 95% CI: 1.007–5.543; P = 0.048] maintained a significant positive correlation 
with BC risk, revealing the persistence of its genetic risk role in specific subtypes. Additionally, while the direct 
causal relationship of TG with BC did not reach statistical significance after correcting for HDL-C and APOA, 
the observed genetic risk trend suggests a more nuanced role for TG in BC etiology, necessitating larger-scale 
studies and more refined multi-variable analyses to accurately define its function (Fig. 5; Supplementary Table 
S7).

Exploring the performance of potential biomarkers in east Asian populations
To further investigate the genetic causal relationships of the aforementioned suggestive and significant exposure 
factors in East Asian populations, we obtained GWAS data for ALP, TG, APOA, CRP, SHBG, GLU, and HDL-C 
from the IEU GWAS platform, designating them as exposure variables with BC in East Asians as the ultimate 
outcome. Applying a comprehensive suite of 12 MR analysis strategies, we sought to uncover potential causal 
pathways linking these markers to BC risk. Our analysis revealed that only HDL-C demonstrated a significant 
genetic protective effect [OR: 0.924, 96% CI: 0.855–0.999, P = 0.046], contrasting the observations in European 
populations and suggesting differing genetic regulatory mechanisms for HDL-C in BC etiology between East 
Asian and European populations (Fig. 6A; Supplementary Table S8-9). Moreover, a scatter plot analysis (Fig. 6B) 
showed that all 11 statistical methods, excluding the weighted mode algorithm, consistently supported HDL-C’s 
genetic protective role against BC.

To validate the actual impact of these markers in BC onset, we contrasted serum marker levels between BC 
patients and those with benign breast diseases utilizing extensive clinical laboratory data. We found elevated 
concentrations of ALP, GLU, high-sensitivity CRP (hs-CRP), and TG in BC patients compared to controls in 
the Luzhou dataset, accompanied by a decline in HDL-C levels. These results were replicated in an independent 
sample set from Zigong, reinforcing the data’s reliability and generalizability (Fig.  6C, D). Furthermore, we 
analyzed differential expression of these markers in BC patients with varying ER statuses within the Luzhou 
dataset. APOA1 showed a trend towards higher expression in both ER subtypes, while GLU was significantly 
increased only in ER+BC. Other exposure variables showed insignificant differences between subtypes, potentially 
due to small sample sizes insufficient to reveal subtle variations (Supplementary Fig.S1). These findings not only 
highlight HDL-C’s unique role in BC genetic risk but also underscore the importance of trans-ethnic genetic 
heterogeneity in BC research, offering valuable insights for exploring molecular pathogenesis and formulating 
population-specific prevention and treatment strategies.

Fig. 2.  Mendelian randomization results using the inverse variance weighted method for blood and urine 
biomarkers in relation to breast cancer.
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HDL-C may be serve as a potential auxiliary diagnostic biomarker for BC
Given HDL-C’s significant causal relationship with BC in East Asians and notable serum level discrepancies 
between benign breast diseases and BC patients, we probed HDL-C’s potential as an auxiliary diagnostic marker 
for BC differentiation. Leveraging the Luzhou dataset, we integrated conventional tumor markers (CEA, CA125, 
and CA153) with HDL-C to formulate a multi-marker diagnostic model, assessing its clinical utility via machine 
learning techniques. Implementing 10 advanced machine learning algorithms with 5-fold cross-validation 
strategies involving constant proportion sampling and oversampling, we comprehensively compared each model’s 
performance under different preprocessing conditions (standardized and non-standardized). Based on multi-
criterion assessment (Fig.  7A), the NNet model demonstrated the highest AUC and lowest misclassification 
rate, exhibiting excellent overall performance despite room for improvement in specificity. Confusion matrices 
detailed the model’s classification efficacy across training, validation, and combined datasets (Fig. 7B). ROC 
curve analysis further revealed that a composite blood biomarker model comprised of CA125, CA153, CEA, 
and HDL-C (overall AUC = 0.728; training AUC = 0.727; testing AUC = 0.731) significantly outperformed 
the traditional tumor marker model lacking HDL-C (overall AUC = 0.695; training AUC = 0.696 ; testing 
AUC = 0.694) in distinguishing BC from non-malignant breast lesions (Fig. 7C). Additionally, the composite 
model displayed good consistency and clinical practicality across all dataset subsets through calibration and 

Fig. 3.  Results from 12 Mendelian randomization (MR) analyses for blood and urine biomarkers in relation to 
overall breast cancer. (A). The forest plot displays the results of the 12 MR analyses, showing odds ratios (OR), 
SNPs, and p-values; (B). Scatter plots illustrate the genetically predicted causal effects of key biomarkers on 
overall breast cancer risk.
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decision curves (Fig. 7D, E). Collectively, our study indicates that incorporating HDL-C into existing tumor 
marker panels significantly enhances BC diagnostic accuracy, providing a promising auxiliary diagnostic tool for 
early BC recognition, particularly in East Asian health management and cancer screening.

To deepen our understanding of model features’ contributions to BC diagnostic prediction, we employed 
the IML and DALEX R packages for feature importance interpretation. Analyses showed that HDL-C 
significantly positively influenced model predictive performance across all three datasets, underscoring its 
value in the diagnostic model (Fig.  7F, G). This finding further supports HDL-C’s potential role in BC risk 
assessment. Accumulated Local Effects (ALE) analysis revealed that CA153, CA125, and CEA’s mean predicted 
values correlated positively with BC prediction probabilities, while HDL-C had a negative correlation, aligning 
with previous causal analysis results and robustly supporting HDL-C’s genetic protective role in East Asians 
(Supplementary Fig.S2). To gain individual-level insights, we randomly selected one case from the training, 
validation, and full datasets for single-sample explanation. HDL-C displayed a near-normal distribution pattern 
across datasets, with generally lower measurements in BC patients. SHapley Additive Explanations (SHAP) 
and Break Down Plot analyses of these random cases showed that HDL-C exerted varying degrees of negative 
contribution to each patient’s diagnosis, indicating that low HDL-C levels tend to decrease BC prediction 
probabilities (Supplementary Fig.S3-S5). These results consistently demonstrate HDL-C’s practical auxiliary 
value in BC diagnosis at both population and individual levels, emphasizing its possible protective role in BC 
development. In conclusion, our study confirms the clinical significance of HDL-C in diagnosing BC in East 
Asian populations and provides insights into its potential mechanism as a BC genetic protective factor.

Causal effects of BC survival
In the in-depth analysis of BC survival rates, we unveiled a suggestive risk impact of blood UREA on overall 
BC survival, with a hazard ratio (HR) of 1.230 and a 95% CI ranging from 1.000 to 1.513, reaching marginal 
significance (P = 0.049). More notably, in ER−BC patients, this risk effect was even more pronounced, exhibiting 
an HR of 1.749, 95% CI of 1.180 to 2.592, with P = 0.005 (Fig.  8; Supplementary Table S10). Concurrently, 
elevated serum Ca levels hinted at a protective effect on the survival of ER−BC patients, with an HR of 0.833, 
95% CI of 0.702 to 0.989, and P = 0.037. However, similar correlations were not evident in ER+BC. Although 
these suggestive findings lost statistical significance after multiple comparison adjustments, we proceeded to 

Fig. 4.  Results from 12 Mendelian randomization (MR) analyses for blood and urine biomarkers in relation 
to breast cancer subtypes. (A). The forest plot displays the results of the 12 MR analyses, showing odds ratios 
(OR), SNPs, and p-values; (B). Scatter plots illustrate the genetically predicted causal effects of key biomarkers 
on breast cancer subtypes risk.
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examine the clinical relevance of these markers in East Asian populations. Comparisons of UREA and Ca clinical 
laboratory test results between surviving and deceased BC patients across multiple datasets were conducted. 
Analysis of the Luzhou dataset revealed significantly lower UREA levels in surviving BC patients compared 
to those who succumbed to the disease, with no significant difference noted in subtype analyses. Regarding 
calcium, a significantly higher level was observed only in surviving ER−BC patients. While the Zigong and 
Ziyang datasets, due to their smaller sample sizes, failed to reveal statistically significant differences, their data 
trends aligned with the Luzhou dataset, suggesting a potential association between changes in UREA and Ca 
levels and survival status (Supplementary Fig.S6). Subsequently, K-M survival analysis on the Luzhou dataset 
further confirmed UREA as a risk factor for overall BC and Ca as a protective factor for ER−BC, aligning with 
our previous Mendelian randomization findings in European populations (Fig. 9).

 Preliminary investigation of potential biomarker serological alterations in BC recurrence
Following a series of in-depth analyses, we have uncovered a thought-provoking insight: numerous conventionally 
recognized non-specific indicators, typically deemed to possess singular diagnostic implications in clinical 
settings, may in fact play more intricate and multidimensional roles throughout the development, progression, 
and survival outcomes of cancer, transcending our conventional understanding. Although current research falls 
short of fully elucidating the complex mechanisms and precise functions of these markers, it has sufficiently 
ignited a reassessment of the functional capacities of these traditional indicators.

In pursuit of a deeper understanding of the potential significance of these markers, we systematically tracked 
and examined the laboratory records of 210 patients experiencing tumor recurrence. The results revealed 
notably elevated levels of GLU and TG in the blood tests of recurrent cases, while other conventional indicators 
did not exhibit significant variations (Fig. 10). This observation intimates a potential correlation between GLU 
and TG levels and the recurrence dynamics of the tumor. Nonetheless, the limitations of this finding must 
be acknowledged, chiefly the modest sample size, which constrains the generalizability and robustness of our 
conclusions.

Discussion
This study, through multidimensional and cross-ethnic explorations, has enriched our understanding of the 
complex genetic associations between biomarkers in blood and urine and BC. While causal analyses between 
plasma metabolites and BC have been extensively pursued, the uniqueness of our research lies in the utilization 
of genetic data of 35 recently blood and urine biomarkers, and the application of multiple advanced MR 
methodologies, including R-MR, sensitivity analyses, and MVMR approaches, to comprehensively and rigorously 
assess the causal relations between these markers and BC risk as well as survival outcomes. Not only were these 
findings validated in European populations, but through comparative analyses, we also evaluated the similarities 

Fig. 5.  The forest plot displays the results of the multivariate mendelian randomization analysis between TG, 
APOA, HDL-C and breast cancer.
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and discrepancies of these genetic effects in East Asian populations, further harnessing ML algorithms alongside 
conventional statistical models to gauge the clinical translational value of potential biomarkers, striving to 
convert fundamental genetic insights into practical clinical applications.

Reinforcing and expanding the scientific basis of known biomarkers
Our study confirms the associations of biomarkers such as ALP, HDL-C, TG, SHBG, IGF2 with BC risk, aligning 
with a substantial body of previous research and thereby reinforcing the reliability and stability of our findings. 
ALP, commonly used in clinical monitoring and associated with various diseases, is linked to metastasis and 
poor prognosis in BC contexts35. Our clinical data difference analysis also showed higher levels of ALP detection 
in BC. Intriguingly, our MR analysis in European populations observed a genetically protective effect of ALP 

Fig. 6.  Exploring the performance of potential biomarkers in East Asian Populations. (A). The forest plot 
displays the results of the 12 MR analyses between HDL-C and overall breast cancer in East Asian Populations; 
(B). Scatter plots illustrate genetically predicted causal effects of HDL-C on breast cancer risk; (C). Analysis 
of differential detection levels of potential biomarkers in the clinical dataset from Luzhou (Breast cancer vs. 
Benign breast diseases); (D). Analysis of differential detection levels of potential biomarkers in the clinical 
dataset from Zigong (Breast cancer vs. Benign breast diseases). Note: “***”: P < 0.001; “*”: P < 0.05; “NS”: No 
statistical significance.
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against BC, contrasting with its traditional clinical interpretation. This discovery underscores a unique role for 
ALP within the genetic landscape of BC, warranting further mechanistic investigations.

Regarding TG, typically viewed as a risk factor for conditions like cardiovascular disease, our univariate MR 
analysis intriguingly suggests a genetic protective trend vis-à-vis BC, particularly in ER+BC. The protective effect 
could be due to the complex interplay between lipids and other metabolic pathways. Although epidemiological 
studies present conflicting evidence regarding the relationship between TG and BC risk14–16,36, our multifactorial 
analysis discounts significant interactive effects, highlighting the need for cautious interpretation of the TG-BC 
risk link and advocating for more extensive studies in the future. Clinically, elevated TG levels in BC patients 
further complicate this area.

The correlation between IGF-1 and BC risk is corroborated in our study, consistent with prior research. 
For instance, Murphy et al. reported that each 5nmol/L increment in IGF-1 concentration was associated with 
increased BC risk (OR = 1.11, 95%CI: 1.11–1.16) after adjustment37, suggesting potential benefits of IGF-1 
pathway interventions for breast tumorigenesis prevention. Early and subsequent prospective studies consistently 
demonstrate a positive correlation between IGF-1 levels and BC risk, particularly for ER+BC38–40. These findings 
highlight IGF-1’s role in BC susceptibility and emphasize its importance as both a risk predictive biomarker and 
a potential therapeutic target, especially in specific subtypes.

Fig. 7.  Machine learning to assess the auxiliary diagnostic value of HDL-C in breast cancer. (A). Heatmap 
displaying performance evaluation of ten machine learning algorithms; (B). Confusion matrix evaluation; 
(C). ROC curve evaluation; (D). Calibration curve evaluation; (E). Decision curve analysis; (F). Model feature 
importance interpretation using IML R package; (G). Model feature importance interpretation using DALEX R 
package.
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Unveiling the dual nature of HDL-C and the complexity of its diagnostic implications
The relationship between HDL-C and BC has been variably depicted in observational epidemiological studies, 
ranging from positive, negative, to no significant associations12,13,41–43. Our study reinforces in European 
populations the connection between genetically predicted high HDL-C and increased BC risk, particularly in 
ER+BC, a finding consistent across multiple analytical methods, demonstrating high robustness and consistency. 
These results align with the findings of Johnson et al.44. In MVMR analyses, when APOA, HDL-C, and TG were 
concurrently considered, their associations with BC risk generally attenuated, failing to show significant causal 
effects. However, it is noteworthy that in ER+BC specifically, the significant correlation between HDL-C and risk 
persisted, implying HDL-C could be a pivotal driver of the genetic associations between APOA, TG, and ER+BC 
risk in a univariate context. After adjusting for APOA and TG, our data strongly support a causal relationship 
between HDL-C and ER+BC risk, aligning with a recent study that found a per-standard deviation increase 
in genetically determined HDL-C associated with increased risk of ER+BC (OR: 1.13, 95% CI: 1.01–1.26)41. 
Conversely, Zhou et al.‘s study observed causal effects of HDL-C only in ER-BC after multivariate analysis45. In 
contrast, our study identified a significant reverse causal relationship between HDL-C and ER-BC, highlighting 
the intricate nature of inferring causality for HDL-C and ER-BC risk, which challenges straightforward 
conclusions.

Biologically, the dual nature of HDL-C in BC risk may reflect its functional heterogeneity. As a crucial 
component in lipid transportation, HDL-C is typically associated with cardiovascular health and lower 
cardiovascular disease risk46. However, recent MR analyses have questioned whether elevating HDL-C levels 
directly reduces coronary heart disease risk47,48. Furthermore, pharmaceutical interventions aimed at increasing 
HDL-C to improve health outcomes have yielded inconsistent results49,50, leading the National Lipid Association 
to explicitly state that HDL-C should not currently be a treatment target46. This suggests that the functional 
evaluation of HDL-C may be more important than its absolute level, given that HDL-C from different sources 
varies in biological function46. For example, oxidized HDL-C and HDL-C in type 2 diabetes patients enhance 
proliferation, migration, and metastatic abilities of BC cells51,52. These findings suggest that the functional 
quality of HDL-C, rather than its absolute level, may be a more relevant determinant of BC risk. Furthermore, 

Fig. 8.  Results from 12 Mendelian randomization (MR) analyses for blood and urine biomarkers in relation 
to breast cancer survival. (A). The forest plot displays the results of the 12 MR analyses, showing odds ratios 
(OR), SNPs, and p-values; (B). Scatter plots illustrate the genetically predicted causal effects of key biomarkers 
on breast cancer survival.
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the interplay between HDL-C and other lipid components, such as TG and APOA, may further complicate its 
role. In our study, the protective effect of TG against BC risk contrasts with the risk-increasing effect of HDL-C, 
suggesting that the balance between different lipid fractions may be critical in BC etiology.

Interestingly, our study reveals new evidence in East Asian populations, indicating that higher genetically 
predicted HDL-C is associated with reduced BC risk, which is entirely opposite to the findings in European 
populations. Our research is the first to suggest that the impact of HDL-C on BC risk may be profoundly 
influenced by population-specific factors, such as genetic background, dietary patterns, and metabolic profiles, 
may modulate the relationship between lipids and BC risk. This finding emphasizes the necessity of evaluating 
HDL-C and BC subtype associations in different population contexts, particularly in ER+ and ER-BC subtypes, 
with a call for more East Asian data to elucidate the precise role of HDL-C in BC etiology in this region. Our study 
further validates the potential of HDL-C as an auxiliary diagnostic tool through machine learning techniques, 
paving the way for advancements in precision medicine.

Fig. 9.  Analysis of survival disparities and Kaplan-Meier prognostic assessment for UREA and Ca in breast 
cancer. (A). Evaluation of survival differences for UREA and Ca in the total breast cancer population and 
stratified by ER status within the Luzhou dataset; (B). Kaplan-Meier prognostic analysis for UREA and Ca in 
the overall breast cancer cohort and according to ER status subsets, using data from Luzhou. Note: “*”: P < 0.05; 
“NS”: No statistical significance.
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Elucidating subtype-specific genetic markers in BC
In the analysis of BC subtypes, we uncovered distinct genetic determinants varying across subtypes. ER+BC 
exhibited significant or suggestive associations with HDL-C, TG, SHBG, and CRP, whereas ER−BC revealed 
novel links with GLU urinary creatinine and microalbuminuria. These findings highlight the importance of 
subtype-specific genetic characteristics and personalized prevention and treatment strategies for BC.

Of particular note in ER+BC, SHBG exerts its protective role by regulating the effective concentration of 
estrogens. By binding to sex hormones, SHBG reduces free hormone levels, which is associated with a decreased 
risk of estrogen-mediated BC53–55. While some argue that the association between SHBG levels and BC risk 
may not be causal17, a wealth of literature supports the significance of SHBG in the course of BC54,56–63. Studies 
indicate that the association between SHBG levels and BC risk is influenced by menopausal status and tumor 
molecular subtypes, commonly manifesting a protective effect in postmenopausal women56–58,62,63. Moreover, 
SHBG inhibits BC cell proliferation and promotes apoptosis through multiple pathways, including direct 
estrogenic action inhibition, modulation of intracellular signaling (such as cAMP increase and anti-apoptotic 
gene suppression), and impacting estrogen-dependent gene expression61. Consequently, SHBG exerts a complex 
and profound impact on the initiation and progression of BC through these mechanisms.

Previous studies on circulating GLU have shown inconsistent associations with BC development and 
progression64,65. Recently, an MR study by Jung et al. reported no significant association between genetically 
determined blood glucose levels and BC risk in European women66. In contrast, our analysis uncovers an 
intriguing discrepancy: while no causal relationship between GLU and BC was detected in the overall BC 
population, a clear causal association emerged in the ER−BC subtype. This finding not only supplements existing 
knowledge gaps but also underscores the complexity and specificity of metabolic markers’ actions across different 
BC subtypes, suggesting a potentially more specific role for GLU in the etiology of ER−BC. Therefore, our results 
imply that considering subtype specificity and variations in metabolic markers is crucial when assessing risk 
factors for BC.

Fig. 10.  Comparative analysis of potential biomarker levels in paired recurrent samples from the Yibin dataset.
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Exploring new directions in prognostic biomarkers
While our study’s findings on UREA and Ca in BC survival analyses are constrained by limited sample sizes and 
issues of multiple comparisons, their potential roles in different BC subtypes open up new avenues for research 
in survival prediction and monitoring treatment responses. BUN levels are closely tied to the development and 
progression of various diseases, long-term mortality, and survival rates67,68, with high BUN levels having been 
implicated in increased cancer risk, particularly in BC69. Our study is the first to reveal an association between 
UREA levels and BC survival, notably in ER−BC, filling a gap in the field’s understanding.

Ca, as the most abundant divalent cation in the human body, plays a central regulatory role in cellular 
proliferation, differentiation, and apoptosis, among other vital processes69. Prior research has associated BC 
onset and more aggressive tumor characteristics with elevated pre-diagnostic serum calcium levels70–72. 
Although studies examining the relationship between calcium intake and BC survival outcomes are scarce and 
yield mixed results73–76, randomized controlled trials have not provided conclusive evidence for a protective 
effect of Ca and vitamin D supplementation on BC risk or overall cancer mortality77,78. An exploratory analysis 
by Huss et al. suggested a correlation between higher prediagnostic serum calcium levels and lower BC-specific 
mortality79. In our investigation, although no significant association between calcium and survival was observed 
in the overall BC cohort, a suggestive correlation was found in the ER−BC subtype, implying heterogeneous 
effects of calcium across different BC subtypes.

Despite the use of advanced analytical methods and multiple calibration strategies, potential confounding 
factors and other biases that were not fully controlled for in the study could impact the interpretation and 
generalizability of the results. Specifically, due to limited sample sizes, particularly in East Asian populations, 
the representativeness and generalizability of the study findings may be constrained. Therefore, future research 
should aim to increase sample sizes, further validate and replicate these findings to confirm the exact associations 
between biomarkers and breast cancer, and promote the application and implementation of precision medicine 
across diverse populations.

Conclusion
Our study provides crucial scientific underpinnings and directional guidance for the development of precision 
diagnostics and treatment strategies in BC, optimization of prognostic assessment systems, and exploration of 
novel therapeutic targets. By integrating cutting-edge genetic research with clinical practice, our study not only 
enhances understanding of the complex genetic factors underlying BC but also lays a robust foundation for 
advancing personalized management and therapeutic strategies for BC.
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