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ABSTRACT 

 

Background: This study aimed to investigate the potential causal relationship between diabetic nephropathy (DN) 

and atherosclerosis using Mendelian randomization (MR) analysis and to further evaluate the associations be-

tween DN and lipid-related traits. In addition, mediation MR analysis was performed to determine whether high-

density lipoprotein cholesterol (HDL-C) mediates the association between DN and atherosclerosis. 

Methods: Genome-Wide Association Study (GWAS) summary statistics for DN, atherosclerosis, and lipid-related 

traits were obtained from the IEU Open GWAS Project. Two-sample MR analyses were conducted using DN as 

the exposure and atherosclerosis, HDL-C, low-density lipoprotein cholesterol (LDL-C), apolipoprotein A (ApoA), 

and apolipoprotein B (ApoB) as outcomes. Causal effects were evaluated using five complementary MR methods, 

including inverse variance weighted (IVW), MR-Egger, weighted median, MR-robust adjusted profile score 

(RAPS), and MR-PRESSO. Sensitivity analyses were performed using Cochran’s Q test and the MR-Egger inter-

cept test. Mediation MR analysis was subsequently conducted using HDL-C as the mediator, with indirect effects 

estimated using the product-of-coefficients method. 

Results: A total of 28 DN-associated single-nucleotide polymorphisms (SNPs) were selected as instrumental vari-

ables. MR analyses demonstrated that genetically predicted DN was causally associated with an increased risk of 

atherosclerosis. The IVW, weighted median, MR-RAPS, and MR-PRESSO methods yielded p-values of 0.0185, 

0.0306, 0.0175, and 0.0185, respectively, with corresponding odds ratios (ORs) [95% confidence intervals (CIs)] of 

1.0447 (1.0116 - 1.0788), 1.0500 (CI: 1.0063 - 1.0955), 1.0494 (1.0159 - 1.0839), and 1.0449 (1.0138 - 1.077). Further 

analyses revealed a significant association between DN and reduced HDL-C levels. The IVW, MR-RAPS, and 

MR-PRESSO methods produced p-values of 0.0020, 0.0046, and 0.0046, respectively, with betas of -0.0065 (-

0.0106, -0.0024), -0.0061 (-0.0104, -0.0019), and -0.0054 (-0.0088, -0.0021). Mediation MR analysis suggests HDL-C 

may partially account for the association between DN and atherosclerosis. The estimated indirect effect was β = 

0.0018 (95% CI: 0.0004 - 0.0039), corresponding to a mediated proportion of 4.22% (95% CI: 0.92% - 8.94%), 

with an overall mediation p-value of 0.0058. 

Conclusions: This MR study provides evidence supporting a potential causal association between DN and an in-

creased risk of atherosclerosis. Mediation MR analysis further suggests HDL-C may partially mediate this associ-

ation, although this finding requires cautious interpretation and further validation. These findings indicate that 

dysregulated lipid metabolism, particularly reduced HDL-C levels, may be involved in the development of vascu-

lar complications in patients with DN. 

(Clin. Lab. 2027;73:xx-xx. DOI: 10.7754/Clin.Lab.2026.260610) 
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INTRODUCTION 

 

The global prevalence of diabetes mellitus has increased 

substantially over recent decades, making it one of the 

leading chronic metabolic disorders and a major public 

health challenge worldwide [1-3]. Beyond persistent hy-

perglycemia and metabolic dysregulation, diabetes is 

frequently accompanied by a range of chronic compli-

cations, including diabetic nephropathy (DN), diabetic 

peripheral neuropathy, and diabetic foot disease. 

Among these, DN is one of the most common and se-

vere microvascular complications and remains a leading 

cause of end-stage kidney disease worldwide [4-6]. As 

the disease progresses, DN not only accelerates renal 

function decline but also markedly increases the risks of 

cardiovascular events and all-cause mortality. 

Accumulating evidence indicates that patients with DN 

experience a substantially greater burden of cardiovas-

cular disease than both the general population and indi-

viduals with diabetes without nephropathy. The risks of 

heart failure, hypertension, and atherosclerosis are con-

sistently elevated in this population [7-10]. Clinical 

studies have further demonstrated that DN is associated 

with endothelial dysfunction, increased arterial stiff-

ness, and greater carotid intima–media thickness, all of 

which are established markers of atherosclerotic vascu-

lar injury [11,12]. These observations suggest that renal 

impairment and vascular disease may share common 

pathophysiological mechanisms. Nevertheless, the boil-

ogical pathways through which DN contributes to the 

development of atherosclerosis remain incompletely un-

derstood. 

Several mechanisms have been proposed to explain the 

increased vascular risk associated with DN, including 

chronic inflammation, oxidative stress, endothelial dys-

function, and abnormalities in lipid metabolism. For ex-

ample, Dimas et al. reported that matrix metalloprotein-

ases are involved not only in the progression of renal fi-

brosis but also in vascular remodeling and plaque insta-

bility [12]. El-Asrar and colleagues observed that ele-

vated levels of fatty acid-binding proteins were associ-

ated with increased carotid intima–media thickness, 

suggesting a potential role in the development of athero-

sclerosis among patients with DN [13]. In addition, 

clinical studies have shown that improving lipid meta-

bolic profiles may reduce the risk of atherosclerotic 

complications in individuals with DN [14]. Collective-

ly, these findings support the hypothesis that dysregula-

ted lipid metabolism may represent a key biological link 

between DN and atherosclerosis. 

Among lipid-related biomarkers, high-density lipopro-

tein cholesterol (HDL-C) has attracted particular atten-

tion because of its anti-inflammatory, antioxidant, and 

vasculoprotective properties. HDL-C plays a central 

role in reverse cholesterol transport and contributes to 

the maintenance of endothelial homeostasis. Previous 

studies have shown that patients with DN frequently ex-

hibit reduced HDL-C levels and impaired HDL func-

tionality, both of which have been implicated in endo-

thelial injury, foam cell formation, and the progression 

of atherosclerosis [13,14]. These observations raise the 

possibility that HDL-C may act as an intermediate fac-

tor linking DN to atherosclerotic disease. 

Despite growing evidence supporting an association be-

tween DN and atherosclerosis, most existing studies are 

observational in nature or focused on mechanistic ex-

ploration, making them susceptible to residual con-

founding and reverse causation. Consequently, whether 

DN exerts a causal effect on atherosclerosis and wheth-

er lipid abnormalities, particularly reduced HDL-C lev-

els, mediate this relationship remain uncertain. Genetic 

studies have demonstrated that susceptibility to DN is 

influenced by inherited factors [15-17]. Mendelian ran-

domization (MR), which uses genetic variants as instru-

mental variables, provides a powerful approach for 

causal inference by minimizing confounding and re-

verse causation bias [18-20]. This methodology has 

been increasingly applied in studies of metabolic and 

cardiovascular diseases. 

In the present study, we performed a two-sample MR 

analysis to investigate the potential causal associations 

between DN, atherosclerosis, and four lipid-related 

traits. We further conducted mediation MR analyses to 

evaluate whether HDL-C mediates the relationship be-

tween DN and atherosclerosis. By leveraging large-

scale Genome-Wide Association Study (GWAS) data, 

this study aimed to provide genetic evidence for the role 

of lipid metabolism in DN-related vascular disease and 

to offer insights into cardiovascular risk management in 

patients with DN. 
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MATERIALS AND METHODS 

 

Study design 

A two-sample Mendelian randomization (MR) frame-

work was employed to investigate the potential causal 

relationship between diabetic nephropathy (DN) and 

atherosclerosis and to further evaluate whether lipid-re-

lated traits mediate this association. MR analysis relies 

on three fundamental assumptions: 1) instrumental vari-

ables (IVs) are robustly associated with exposure; 2) 

IVs are independent of potential confounding factors; 

and 3) IVs influence the outcome exclusively through 

exposure rather than through alternative biological path-

ways (Figure 1). Based on these assumptions, the study 

was conducted in three sequential stages. First, the caus-

al effect of DN on atherosclerosis was evaluated. Sec-

ond, the associations between DN and lipid-related 

traits were assessed. Finally, mediation MR analyses 

were performed to determine whether high-density lipo-

protein cholesterol (HDL-C) mediates the relationship 

between DN and atherosclerosis. 

 

Data sources 

All Genome-Wide Association Study (GWAS) sum-

mary statistics used in this study were obtained from the 

IEU Open GWAS Project database (https://gwas. 

mrcieu.ac.uk/) [21,22]. To minimize potential bias 

arising from population stratification, all datasets were 

restricted to individuals of European ancestry. GWAS 

summary statistics for DN were identified using the 

keyword “diabetic nephropathy.” The dataset with 

GWAS ID ebi-a-GCST90018832 was selected for anal-

ysis [23]. This dataset included 452,280 European par-

ticipants, comprising 1,032 DN cases and 451,248 con-

trols, and contained information on 24,190,738 single-

nucleotide polymorphisms (SNPs). GWAS summary 

statistics for atherosclerosis were retrieved using the 

keyword “atherosclerosis.” The dataset with GWAS ID 

finn-b-I9_CORATHER was included as the outcome 

dataset [24,25]. This dataset comprised 211,203 Euro-

pean individuals, including 23,363 cases and 187,840 

controls, with genotype information for 16,380,426 

SNPs. 

To further investigate the relationship between DN and 

lipid metabolism, four lipid-related traits were included: 

high-density lipoprotein cholesterol (HDL-C), low-den-

sity lipoprotein cholesterol (LDL-C), apolipoprotein A 

(ApoA), and apolipoprotein B (ApoB). The HDL-C da-

taset (GWAS ID: ebi-a-GCST90014007) included 

357,810 European participants and 10,783,660 SNPs 

[26]. The LDL-C dataset (GWAS ID: ebi-a-GCST9000 

2412) comprised 431,167 participants and 16,293,344 

SNPs [27]. GWAS summary statistics for ApoA 

(GWAS ID: ukb-d-30630_irnt) and ApoB (GWAS ID: 

ukb-d-30640_irnt) were derived from the UK Biobank 

[28-30] and contained 13,585,234 and 13,585,958 

SNPs, respectively. 

 

 

Selection of instrumental variables 

Instrumental variables (IVs) were selected according to 

established MR principles. Single-nucleotide polymor-

phisms (SNPs) significantly associated with diabetic 

nephropathy (DN) were initially identified as candidate 

IVs. Because the conventional genome-wide signifi-

cance threshold (p < 5 × 10-8) yielded a limited number 

of eligible SNPs, a less stringent threshold (p < 1 × 10-5) 

was adopted based on previous MR studies [31] to in-

crease the number of available instruments and improve 

the stability of subsequent analyses. To evaluate the ro-

bustness of this instrument-selection strategy, we addi-

tionally assessed the number and characteristics of eligi-

ble SNPs across a series of significance thresholds. The 

results are summarized in Supplementary Table 1. Be-

cause only one SNP met the conventional genome-wide 

significance threshold (p < 5 × 10-8), a standard multi-

instrument MR analysis could not be performed under 

this criterion. To ensure the independence of selected 

genetic instruments, linkage disequilibrium (LD) 

clumping was performed using PLINK with an LD 

threshold of r2 < 0.001 and a clumping window of 

10,000 kb. This procedure minimized potential bias 

arising from correlated variants. In addition, F-statistics 

were calculated for all selected SNPs to evaluate instru-

ment strength. SNPs with F-statistics < 10 were ex-

cluded to reduce the risk of weak instrument bias and 

ensure adequate explanatory power of the retained in-

struments. In addition, when evidence of horizontal 

pleiotropy was detected, outlier SNPs identified by the 

MR-PRESSO outlier test were excluded, and the corres-

ponding MR analyses were repeated using the refined 

instrumental variable set. 

 

Mendelian randomization analysis 

Two-sample MR analyses were conducted to evaluate 

the causal effects of DN on atherosclerosis and lipid-re-

lated traits. Five complementary MR methods were ap-

plied, including inverse variance weighted (IVW), MR-

Egger, MR-robust adjusted profile score (RAPS), 

weighted median, and MR-PRESSO. The IVW method 

was considered the primary analytical approach for esti-

mating overall causal effects. The weighted median 

method was used to assess the robustness of causal esti-

mates, whereas MR-Egger regression was employed to 

detect and account for potential horizontal pleiotropy. 

MR-RAPS was additionally applied to provide robust 

causal estimates in the presence of weak instruments 

and potential participant overlap between the exposure 

and outcome GWAS datasets. MR-PRESSO was ap-

plied to identify and correct for the influence of outlier 

variants that might distort causal estimates. To further 

evaluate the validity of the MR findings, heterogeneity 

among instrumental variables was assessed using Coch-

ran’s Q statistic. For analyses showing significant het-

erogeneity, the multiplicative random-effects inverse 

variance weighted model (IVW-mre) was used instead 

of the fixed-effects IVW model to obtain more robust 

causal estimates. Horizontal pleiotropy was examined 
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using the MR-Egger intercept test. Steiger directionality 

tests were performed to evaluate the inferred causal di-

rection between exposure and outcome. In addition, bi-

directional MR analyses were conducted for DN and 

atherosclerosis as well as DN and HDL-C to further as-

sess potential reverse causality. To account for multiple 

comparisons, p-values were adjusted using the Benja-

mini-Hochberg (BH) procedure. All statistical analyses 

were performed using R software (version 4.5.3), pri-

marily through the TwoSampleMR package (version 

0.7.9) and the MRPRESSO package (version 1.0). No 

prospective analysis protocol was preregistered, because 

this study was based on a secondary analysis of publicly 

available GWAS summary statistics. 

 

Mediation Mendelian randomization analysis 

Based on the primary MR findings, significant associa-

tions were observed between DN and HDL-C as well as 

between DN and atherosclerosis. Therefore, HDL-C 

was further evaluated as a potential mediator of the rela-

tionship between DN and atherosclerosis. Mediation 

MR analyses were conducted using DN as the exposure, 

HDL-C as the mediator, and atherosclerosis as the out-

come. Following previously established approaches 

[32], the indirect effect was estimated using the pro-

duct-of-coefficients method, while standard errors (SEs) 

and 95% confidence intervals (CIs) were calculated 

using the Delta method. The mediation effect was quan-

tified by the indirect-effect β estimate, the proportion 

mediated, and the corresponding p-value. Given that 

mediation MR analyses may still be influenced by re-

sidual pleiotropy and instrument-selection characteris-

tics, the mediation results should be interpreted primari-

ly as statistical evidence supporting a potential mediat-

ing pathway. Further experimental and clinical studies 

are required to validate the underlying biological mech-

anisms. 

 

Ethics statement 

All GWAS summary statistics used in this study were 

obtained from publicly available databases. Ethical ap-

proval and informed consent had been obtained in the 

original studies by their respective investigators. As the 

present study was based exclusively on de-identified, 

publicly accessible summary-level data and did not in-

volve individual participant data, no additional ethical 

approval or informed consent was required. 

 

 

RESULTS 

 

Mendelian Randomization analysis of diabetic ne-

phropathy and atherosclerosis risk 

Using the predefined instrumental variable selection cri-

teria, 28 SNPs significantly associated with diabetic ne-

phropathy (DN) were identified from the GWAS dataset 

ebi-a-GCST90018832.  

After linkage disequilibrium clumping (r2 < 0.001, win-

dow size = 10,000 kb), all retained SNPs exhibited F-

statistics greater than 10, indicating sufficient instru-

ment strength and minimizing the likelihood of weak 

instrument bias. Because evidence of horizontal pleio-

tropy was detected during subsequent analyses, the MR-

PRESSO outlier test was performed. Five outlier SNPs 

(rs12661002, rs2237897, rs28564801, rs35978445, and 

rs76441909) were identified and excluded, leaving 23 

SNPs for the final analyses. All subsequent MR analy-

ses were repeated using the refined instrumental vari-

able set. Following harmonization with the atheroscle-

rosis GWAS dataset (finn-b-I9_CORATHER), 18 DN-

associated SNPs were initially matched. After excluding 

one palindromic SNP with ambiguous allele frequency 

(rs11629844) during harmonization, 17 SNPs were re-

tained for subsequent MR analyses (Table 1, Figure 2). 

The causal association between DN and atherosclerosis 

was evaluated using five MR methods (Table 1). Signi-

ficant associations were observed using the inverse vari-

ance weighted (IVW), weighted median, MR-RAPS, 

and MR-PRESSO approaches. The corresponding p-

values were 0.0185, 0.0306, 0.0175, and 0.0185, respec-

tively, with odds ratios (ORs) of 1.0447 (95% CI: 

1.0116 - 1.0788), 1.0500 (95% CI: 1.0063 - 1.0955), 

1.0494 (95% CI: 1.0159 - 1.0839), and 1.0449 (95% CI: 

1.0138 - 1.077). Sensitivity analyses revealed evidence 

of heterogeneity among instrumental variables, with 

Cochran’s Q test p-values of 0.3443 and 0.2844 for the 

MR-Egger and IVW methods, respectively. However, 

the MR-Egger intercept test did not indicate significant 

horizontal pleiotropy (p = 0.1866) (Table 2, Figure 2). 

Steiger directionality analysis further supported the in-

ferred causal direction from DN to atherosclerosis (p < 

0.05). Reverse MR analysis did not identify a signifi-

cant causal effect of atherosclerosis on DN (all p > 0.05; 

Supplementary Table 2). Collectively, these findings 

support a potential causal association between genetic-

ally predicted DN and an increased risk of atherosclero-

sis. 

 

Mendelian randomization analysis of diabetic ne-

phropathy and lipid-related traits 

To further investigate the relationship between DN and 

lipid metabolism, MR analyses were performed for four 

lipid-related traits, including HDL-C, LDL-C, ApoA, 

and ApoB. 

For HDL-C, 22 DN-associated SNPs were initially har-

monized with the outcome dataset. After quality-control 

procedures, including harmonization, six SNPs (rs1162 

9844, rs116739291, rs12187498, rs55853916, rs9111 

56, and rs9623240) were excluded because they were 

palindromic SNPs with ambiguous allele frequencies or 

failed harmonization, leaving 16 SNPs for analysis 

(Table 3, Figure 3). The IVW, MR-RAPS, and MR-

PRESSO methods consistently demonstrated significant 

associations between genetically predicted DN and 

lower HDL-C levels. The corresponding p-values were 

0.0020, 0.0046, and 0.0046, respectively, with betas of -

0.0065 (95% CI: -0.0106, -0.0024), -0.0061 (95% CI: -

0.0104, -0.0019), and -0.0054 (95% CI: -0.0088, -
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Table 1. Mendelian randomization analysis of the development of atherosclerosis in diabetic nephropathy. 

 

MR info 

Outcomes SNP (n) Method Beta SE OR [95% CI] p-value p-adjusted 

Coronary 

atherosclerosis 
17 

MR Egger 0.0024 0.0338 
1.0024  

[0.9382 - 1.0711] 
0.9438 0.9438 

IVW 0.0437 0.0164 
1.0447  

[1.0116 - 1.0788] 
0.0077 0.0185 

Weighted 

median 
0.0487 0.0217 

1.0500  

[1.0063 - 1.0955] 
0.0245 0.0306 

MR-RAPS 0.0482 0.0165 
1.0494  

[1.0159 - 1.0839] 
0.0035 0.0175 

MR-PRESSO 0.0439 0.0154 
1.0449  

[1.0138 - 1.077] 
0.0111 0.0185 

 

 

 

 
Table 2. The Cochran's Q and horizontal pleiotropy result of the occurrence of four cholesterol indicators in diabetic nephro-

pathy. 

 

Exposure Method 
Cochran's Q Horizontal pleiotropy 

Q Q _df Q_pval Intercept SE p 

Coronary atherosclerosis 
MR Egger 16.5845 15 0.3443 0.0150 0.0109 0.1866 

IVW 18.7027 16 0.2844 - - - 

HDL-C 
MR Egger 18.7106 14 0.1763 -0.0026 0.0016 0.1164 

IVW 22.4546 15 0.0964 - - - 

LDL-C 
MR Egger 31.9155 20 0.0442 0.0003 0.0012 0.8309 

IVW-mre 31.9902 21 0.0587 - - - 

Apoliprotein A 
MR Egger 26.43480 19 0.1185 -0.0011 0.0014 0.4625 

IVW 27.2173 20 0.1292 - - - 

Apoliprotein B 
MR Egger 36.3933 19 0.0094 0.0011 0.0017 0.5051 

IVW-mre 37.2772 20 0.0108 - - - 

 

 

 

 

0.0021) (Table 3, Figure 4A). Cochran’s Q tests indi-

cated no heterogeneity (MR-Egger: p = 0.1763; IVW:   

p = 0.0964). In addition, the MR-Egger intercept test 

suggested the presence of horizontal pleiotropy (p = 

0.1164) (Table 2). Steiger directionality analysis sup-

ported the inferred causal direction from DN to HDL-C 

(p < 0.05). Reverse MR analysis showed no significant 

causal association between HDL-C and DN, although 

heterogeneity and horizontal pleiotropy were observed 

among the selected instrumental variables (Supplemen-

tary Table 2). 

For ApoA, 21 DN-associated SNPs were successfully 

harmonized and retained after quality control (Table 3, 

Figure 3). Because Cochran's Q tests indicated hetero-

geneity, the IVW-mre model was applied instead of the 

fixed-effect IVW model (Table 2). A nominal associa-

tion between DN and reduced ApoA levels was ob-

served using the IVW method (p = 0.0219; beta =          

-0.0045, 95% CI: -0.0084, -0.0007), whereas no signifi-

cant associations were detected using the remaining MR 

approaches (Table 2, Figure 4C). Cochran’s Q tests in-

dicated heterogeneity, while the MR-Egger intercept 

test showed no evidence of horizontal pleiotropy (p = 

0.4625). 

For LDL-C and ApoB, 22 and 21 DN-associated SNPs 

were harmonized with the corresponding outcome data-

sets, respectively. No SNPs were excluded during quali-

ty control (Table 3, Figure 3). Because heterogeneity 

was detected by Cochran's Q tests, the IVW-mre model 

was used for causal estimation (Table 2). Across all five 

MR methods, no significant associations were identified 

between DN and either LDL-C or ApoB (all p > 0.05) 

(Table 3, Figure 4B and 4D). The horizontal pleiotropy 

tests showed no evidence of horizontal pleiotropy for 

LDL-C (p = 0.8309) or ApoB (p = 0.5051, Table 2). 

Overall, the most consistent evidence was observed for 

an association between genetically predicted DN and re-

duced HDL-C levels, whereas associations with the oth-
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Table 3. Mendelian randomization analysis of the occurrence of four cholesterol indicators in diabetic nephropathy. 

 

MR info 

Outcomes SNP (n) Method Beta SE Beta [95% CI] p-value p-adjusted 

HDL-C 16 

MR Egger -0.0023 0.0032 
-0.0023  

[-0.0085, 0.004] 
0.4908 0.9816 

IVW -0.0065 0.0021 
-0.0065  

[-0.0106, -0.0024] 
0.0020 0.0306 

Weighted median -0.0036 0.0027 
-0.0036  

[-0.0089, 0.0018] 
0.1959 0.4897 

MR-RAPS -0.0061 0.0022 
-0.0061  

[-0.0104, -0.0019] 
0.0046 0.0306 

MR-PRESSO -0.0054 0.0017 
-0.0054  

[-0.0088, -0.0021] 
0.0046 0.0306 

LDL-C 22 

MR Egger -0.0004 0.0027 
-4e-04  

[-0.0056, 0.0048] 
0.8807 0.9864 

IVW-mre 2.97e-05 0.0017 
2.97e-05  

[-0.0033, 0.0034] 
0.9862 0.9864 

Weighted median 9.93e-05 0.0021 
9.93e-05  

[-0.004, 0.0042] 
0.9624 0.9864 

MR-RAPS -0.0004 0.0017 
-0.0004  

[-0.0038, 0.003] 
0.8114 0.9864 

MR-PRESSO 2.97e-05 0.0017 
2.97e-05  

[-0.0033, 0.0034] 
0.9864 0.9864 

Apoliprotein A 21 

MR Egger -0.0029 0.0030 
-0.0029  

[-0.0088, 0.0031] 
0.3558 0.7906 

IVW -0.0045 0.0020 
-0.0045  

[-0.0084, -0.0007] 
0.0219 0.1095 

Weighted median -0.0046 0.0026 
-0.0046  

[-0.0097, 0.0004] 
0.0759 0.2530 

MR-RAPS -0.0048 0.0020 
-0.0048  

[-0.0087, -0.001] 
0.1373 0.3923 

MR-PRESSO -0.0045 0.0020 
-0.0045  

[-0.0084, -0.0007] 
0.0616 0.2464 

Apoliprotein B 21 

MR Egger -0.0004 0.0027 
-0.0004  

[-0.0056, 0.0048] 
0.8807 0.9864 

IVW-mre 2.90e-05 0.0017 
2.90e-05  

[-0.0033, 0.0034] 
0.9862 0.9864 

Weighted median 0.0001 0.0021 
0.0001  

[-0.0040, 0.0042] 
0.9624 0.9864 

MR-RAPS -0.0004 0.0017 
-0.0004  

[-0.0038, 0.003] 
0.8114 0.9864 

MR-PRESSO 2.97e-05 0.0017 
2.97e-05  

[-0.0033, 0.0034] 
0.9864 0.9864 

 

 

 

 

er lipid-related traits were limited. 

 

Mediation Mendelian randomization analysis of 

HDL-C in the association between diabetic nephro-

pathy and atherosclerosis 

Given the observed associations of DN with both re-

duced HDL-C levels and increased atherosclerosis risk, 

mediation MR analyses were subsequently performed to 

evaluate whether HDL-C may mediate the relationship 

between DN and atherosclerosis. MR analysis demon-

strated a significant inverse association between HDL-C 

and atherosclerosis risk. Using the IVW method, beta 

was -0.2845 and the estimated OR was 0.7523 (95% CI: 

0.6869 - 0.8241; p = 8.99e-10), indicating that higher 

HDL-C levels were associated with a lower risk of ath-

erosclerosis. Subsequent mediation MR analysis 

showed that HDL-C accounted for part of the associa-

tion between DN and atherosclerosis. The estimated in-

direct effect (β) [95% CI] was 0.0018 [0.0004, 0.0039], 

corresponding to a proportion mediated of 4.22 [0.92, 

8.94] %, with an overall mediation p-value of 0.0058 

(Table 4, Figure 5). These findings suggest the possibil-
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Table 4. Mediated Mendelian randomization analysis of the impact of diabetic nephropathy on HDL-mediated atherosclerosis. 

 

Mediator Exposure Outcome SNPs Beta SE p-value 

Beta of 

mediation 

effect 

[95% CI] 

Proportion of 

mediation 

effect  

[95% CI] 

p-value 

HDL 

diabetic 

nephropathy 
HDL 16 -0.0065 0.0021 0.0020 

0.0018  

[0.0004, 0.0039] 

4.22 

[0.92, 8.94] 

% 

0.0058 HDL 
coronary 

atherosclerosis 
294 -0.2845 0.0464 8.99e-10 

diabetic 

nephropathy 

coronary 

atherosclerosis 
23 0.0437 0.0164 0.0077 

 

 

 

 

 

 

 
 

 
 

Figure 1. Three main assumptions regarding Mendelian randomization analysis of diabetic nephropathy and atherosclerosis. 

 

 

 

 

ity that HDL-C may partially mediate the association 

between DN and atherosclerosis. However, given the 

evidence of heterogeneity and potential horizontal plei-

otropy observed in the HDL-C analyses, this potential 

mediation effect should be interpreted with caution and 

requires further validation. 

 

 

DISCUSSION 

 

By using large-scale GWAS datasets and a two-sample 

Mendelian randomization (MR) framework, this study 

systematically evaluated the potential causal relation-

ship between diabetic nephropathy (DN) and atheroscle-

rosis. The results indicate that genetically predicted DN 

is associated with an increased risk of atherosclerosis. 

Among the lipid-related traits examined, DN showed 

the most consistent association with reduced high-den-

sity lipoprotein cholesterol (HDL-C) levels. Further-

more, mediation MR analysis suggests that HDL-C may 

partially account for the association between DN and 

atherosclerosis. Collectively, these findings provide 

genetic evidence supporting a link between DN and car-

diovascular injury and raise the possibility that lipid 

metabolic dysregulation, particularly reduced HDL-C 

levels, may be involved in the development of DN-re-

lated vascular disease. 

Previous clinical and epidemiological studies have con-

sistently reported an increased burden of cardiovascular 

disease among patients with DN. Feingold et al. [33] 

highlighted that dyslipidemia remains highly prevalent 

in patients with type 2 diabetes mellitus, even in the set-

ting of adequate glycemic control, and is commonly 

characterized by elevated triglycerides, increased non-

HDL cholesterol, reduced HDL-C levels, and a predom-

inance of small dense LDL particles. In addition, DN 

has been associated with increased arterial stiffness, 

greater carotid intima-media thickness, and a higher 

prevalence of atherosclerotic cardiovascular disease 

[34-36]. However, most of the available evidence origi-

nates from observational studies and may be influenced 

by residual confounding factors, including age, obesity, 

blood pressure, medication use, and lifestyle character-

istics. Consequently, whether DN directly contributes to 

atherosclerotic disease progression has remained uncer-

tain. 
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Figure 2. Mendelian randomization analysis results of diabetic nephropathy on the development of atherosclerosis. 

 

 

 
 

 

 
 

 

 

Figure 3. Three main assumptions regarding Mendelian randomization analysis of diabetic nephropathy and four cholesterol 

indicators. 
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Figure 4. Results of Mendelian randomization analysis of four cholesterol indicators in diabetic nephropathy. 

 

 

 

 

 

 

 
 

 
 

Figure 5. Mediating Mendelian randomization analysis hypothesis that diabetic nephropathy affects HDL-mediated athero-

sclerosis. 

 

 

 

 

In the present study, MR analysis revealed a significant 

association between genetically predicted DN and an in-

creased risk of atherosclerosis. This finding suggests 

that DN may represent more than a manifestation of re-

nal microvascular injury and may also participate in 

systemic vascular pathology. The inferred causal direc-

tion is further supported by directionality testing, and 

reverse MR analyses did not provide evidence for re-

verse causation. The observed association is broadly 

consistent with previous clinical observations demon-
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strating a high cardiovascular risk profile among pa-

tients with DN and further supports the hypothesis that 

renal dysfunction and vascular disease share common 

pathophysiological pathways. 

A notable finding of this study was the relatively con-

sistent association between DN and reduced HDL-C 

levels. In contrast, no robust associations were observed 

for LDL-C or apolipoprotein B. This pattern suggests 

that alterations in HDL-C may play a more prominent 

role in DN-related vascular complications than tradi-

tional atherogenic lipoprotein markers. HDL exerts 

multiple vasculoprotective effects beyond reverse cho-

lesterol transport, including anti-inflammatory, antioxi-

dant, endothelial-protective, and anti-atherogenic func-

tions [37]. Therefore, reductions in HDL-C levels or im-

pairments in HDL functionality may exacerbate endo-

thelial injury and chronic inflammation, thereby facili-

tating atherosclerotic progression in patients with DN. 

Several previous studies support the potential involve-

ment of HDL-C in DN-associated vascular disease. Gao 

et al. [38] reported significantly higher lipoprotein(a) 

concentrations and lower HDL-C levels in patients with 

type 2 diabetes and DN compared with diabetic patients 

without nephropathy. Similarly, a randomized control-

led trial conducted by Elbarbary and colleagues demon-

strated that six months of omega-3 fatty acid supple-

mentation in children with type 1 diabetes and DN sig-

nificantly improved HDL-C levels while simultaneously 

reducing multiple metabolic and vascular risk markers, 

including triglycerides, LDL cholesterol, urinary albu-

min-to-creatinine ratio, kidney injury molecule-1, and 

carotid intima-media thickness [14]. Although these 

studies were observational or interventional in nature 

and cannot directly establish causality, their findings are 

broadly consistent with the genetic associations observ-

ed in the present study. 

An additional contribution of this work is the mediation 

MR analysis, which suggests that HDL-C may partially 

account for the association between DN and atheroscle-

rosis. The estimated mediated proportion was approxi-

mately 4.22%, indicating that disturbances in lipid me-

tabolism may represent one biological pathway through 

which DN contributes to vascular injury. At the same 

time, the relatively limited mediation proportion sug-

gests that additional mechanisms are likely involved. 

Chronic inflammation, oxidative stress, endothelial dys-

function, advanced glycation end-product accumulation, 

and activation of the renin-angiotensin-aldosterone sys-

tem have all been implicated in the pathogenesis of both 

DN and atherosclerosis and may jointly contribute to 

disease progression. Further mechanistic studies are 

therefore warranted to clarify the relative contributions 

of these pathways. 

This study possesses several strengths. By leveraging 

large-scale GWAS datasets and genetically determined 

instrumental variables, MR analysis can reduce bias 

arising from residual confounding and reverse causa-

tion, limitations that commonly affect conventional ob-

servational studies. Moreover, the incorporation of me-

diation MR analysis together with directionality and re-

verse MR analyses enabled a more comprehensive eval-

uation of the potential relationship linking DN, HDL-C, 

and atherosclerosis. 

Several limitations should also be acknowledged. First, 

although a range of sensitivity analyses was performed 

to improve the robustness of the findings, the use of a 

relaxed instrumental variable selection threshold (p < 1 

× 10-5) may have increased the possibility of invalid in-

struments being included. Second, although horizontal 

pleiotropy in the HDL-C analysis was substantially re-

duced after outlier removal, residual pleiotropic effects 

cannot be completely excluded.  

Therefore, the observed mediation effect of HDL-C 

should be interpreted with caution. Third, all GWAS 

datasets were derived from individuals of European an-

cestry, which may limit the generalizability of the find-

ings to other populations. Finally, this study provides 

genetic epidemiological evidence based on publicly 

available GWAS summary statistics, and the findings 

require further validation in independent prospective co-

horts and experimental studies. 

 

 

CONCLUSION 

 

In conclusion, this study provides genetic evidence sup-

porting a potential association between DN and an in-

creased risk of atherosclerosis. Mediation MR analysis 

suggests that HDL-C may partially mediate this associa-

tion, although this finding requires further validation. 

These results indicate that, in addition to monitoring re-

nal function decline, greater attention should be paid to 

lipid metabolic abnormalities, particularly reductions in 

HDL-C levels, during the long-term management of pa-

tients with DN. Future studies integrating mechanistic 

experiments and prospective clinical investigations are 

needed to elucidate how DN influences vascular patho-

logy through HDL-related pathways and to determine 

whether targeting these pathways may contribute to the 

prevention of cardiovascular complications in patients 

with DN. 
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The R scripts used for all statistical analyses are 
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reported in the Methods section. 
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