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Purpose

Small dense low-density lipoprotein cholesterol (S-LDL-C) has been suggested as a particularly atherogenic factor for ischemic stroke (IS) in observational studies, but the causality regarding the etiological subtype remains unclear. This study aims to explore the causal effects of small dense low-density lipoprotein cholesterol (S-LDL-C), medium (M-LDL-C) and large (L-LDL-C) subfractions on the lifetime risk of ischemic stroke (IS) and main subtypes using two-sample Mendelian randomization (TSMR) design.





Methods

We identified genetic instruments for S-LDL-C, M-LDL-C and L-LDL-C from a genome-wide association study of 115 082 UK Biobank participants. Summary-level data for genetic association of any ischemic stroke (AIS), large artery stroke (LAS), small vessel stroke (SVS) and cardioembolic stroke (CES) were obtained from MEGASTROKE consortium. Accounting for the pleiotropic effects of triglycerides (TG) and high-density lipoprotein cholesterol (HDL-C), we conducted multivariable TSMR analysis.





Results

In univariable TSMR, we found a causal association between genetically predicted S-LDL-C and LAS (IVW-FE: odds ratio (OR) = 1.481, 95% confidence interval (CI): 1.117–1.963, P = 0.006, q = 0.076) but not AIS, SVS or CES. No causal effects were observed for M-LDL-C or L-LDL-C in terms of AIS and IS subtype. In multivariable analysis, the causal association between S-LDL-C and LAS remained significant (IVE-MRE: OR = 1.329, 95% CI: 1.106–1.597, P = 0.002).





Conclusions

Findings supported a causal association between S-LDL-C and LAS. Further studies are warranted to elucidate the underlying mechanism and clinical benefit of targeting S-LDL-C.
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Introduction

Stroke is a major global health burden, causing 6.55 million deaths and 143 million disability-adjusted life years worldwide in 2019 (1–3). Ischemic stroke (IS), accounting for more than three-quarters of all stroke cases, is the most common type of stroke, with a global prevalence of 77.19 million and a mortality of 3.29 million in 2019 (1, 3). IS can be further divided into five subtypes according to the Trial of ORG 10172 in Acute Stroke Treatment (TOAST) classification system (4). The main subtypes of IS are large artery stroke (LAS), small vessel stroke (SVS) and cardioembolic stroke (CES), which comprise nearly 95% of IS cases (5). On the other hand, low-density lipoprotein cholesterol (LDL-C) is a well-established risk factor for IS (6–8). It is noteworthy that high LDL-C levels are associated with an increased risk of LAS but not related to CES according to previous studies (9, 10). The evidence between LDL-C level and risk of SVS is inconsistent, suggesting a heterogeneity in terms of LDL-C and IS subtype (9, 10).

LDL-C is generally classified into three subfractions: small (S-LDL-C), medium (M-LDL-C) and large (L-LDL-C) LDL-C measured by nuclear magnetic resonance (NMR) spectroscopy. Small LDL particles could be more atherogenic than larger LDL particles because they are more susceptible to oxidation and have greater affinity for proteoglycans in the arterial wall (11). However, evidence of LDL-C subfractions and IS is scarce and inconsistent. Previous studies have reported a positive association between S-LDL-C level and the risk of IS (12–14). On the contrary, another study showed no association between S-LDL-C level and IS after adjusting for traditional risk factors (15), which is possibly attributed to the confounding bias existing in observational designs. Moreover, there are few studies about LDL-C subfractions and the risks of IS subtypes thus far.

Mendelian randomization (MR) provides an effective approach to quantify the causal relationship between lipids and stroke (16). In MR, genetic variants that are strongly associated with the exposure are used as instrumental variables to infer the causal association between the exposure and the outcome. Compared with observational studies, MR studies can effectively eliminate the bias of unmeasured confounders and reverse causation. Previous MR studies have investigated the effect of LDL-C on IS and IS subtypes (8, 9). Univariable analysis of a two-sample MR (TSMR) study indicated a positive causation between LDL-C and any ischemic stroke (AIS) (8). Another MR analysis with European participants also found that LDL-C is causally associated with AIS, LAS and SVS but not with CES (9). However, the causation of LDL-C subfractions with the risk of IS and its main subtypes remains unclear. Therefore, we performed univariate and multivariate TSMR analyses to evaluate the causal relationship between LDL-C subfractions and the risk of IS and its main subtypes in the context of precision medicine.





Methods




Study design

We used publicly available summary-level data from genome-wide association studies (GWAS) to perform MR analysis. MR analysis relies on three key assumptions of instrumental variables (IVs). The first assumption is that IVs should be strongly associated with the exposure; the second assumption is that IVs should be independent of any confounders; and the third assumption is that IVs should only affect the outcome through the exposure and not through other pathways (17). The horizontal pleiotropy of IVs means that IVs are associated with exposure as well as other phenotypes. The horizontal pleiotropy of IVs violates the second or the third assumption of IVs and biases the MR results. Only IVs that meet all three assumptions can be considered valid. The validity of IVs has a major impact on the reliability of MR results.





Data sources

We obtained summary-level instrumental data of LDL-C subfractions, high-density lipoprotein cholesterol (HDL-C) and triglycerides (TG) from a GWAS study based on plasma measurements from 115 082 UK Biobank participants of European ancestry (18). The measurements quantified 249 metabolic biomarkers, including LDL-C subfractions, HDL-C, TG and other small molecules using the Nightingale Health NMR biomarker platform (19).

We obtained summary-level GWAS data of any ischemic stroke (AIS) and IS subtypes, including LAS, SVS and CES, from a meta-analysis of 17 GWAS studies conducted by the MEGASTROKE consortium (20). This meta-analysis included 446 696 individuals of European ancestry, comprising 40 585 cases of any stroke (AS) and 406 111 controls. All cases of AS were diagnosed according to the World Health Organization definition of stroke, and AS cases were classified into AIS and intracerebral hemorrhage based on clinical and imaging criteria. AIS cases were further divided into subtypes according to the TOAST classification system. The sources and details of the data used in this current study are shown in Additional File 1: Supplementary Table S1.





Instrumental variable selection

We used the following selection criteria to select IVs in the univariable MR analysis: (1) We extracted single-nucleotide polymorphisms (SNPs) significantly associated with total LDL-C, S-LDL-C, M-LDL-C or L-LDL-C (P < 5×10-8) as potential IVs for each exposure. (2) To avoid linkage disequilibrium (LD) among IVs, we calculated the LD parameter (r2) between SNPs based on the reference panel consisting of 1000 Genomes Project European sample data. We assessed the independence of SNPs using stringent criteria (r2<0.001; clumping window, 10000 kb). We excluded SNPs that were not available in the reference panel data. (3) To restrict the potential horizontal pleiotropy of IVs, we excluded SNPs that were present in two or more IV groups of exposures. (4) We extracted information of each SNP corresponding with the AIS, LAS, SVS and CES GWAS data. We excluded SNPs that were unavailable in the outcome data and did not have any proxy SNP with r2>0.8. We also removed SNPs with a minor allele frequency (MAF) less than 0.3. (5) For palindromic SNPs, we used allele frequency information to infer the correct forward strand allele. We removed palindromic SNPs with MAF above 0.42 that could not be inferred as the forward strand allele and SNPs with inconsistent alleles in outcome data and exposure data. (6) We conducted a Steiger filtering test on each remaining SNP. The test calculated the variance of the exposure and the outcome explained by the SNP. We removed SNPs that explained less variance of the exposure than the variance of the outcome. The numbers of IVs in each group of exposures and outcomes in univariable MR analysis are shown in Additional File 1: Supplementary Table S2.

We selected independent SNPs (r2<0.001, kb=10000) that were significantly associated with at least one exposure and available or had proxy SNPs (r2>0.8) available in all exposure data and the outcome data as IVs in the multivariable MR analysis.





Statistical analysis

We used the inverse variance weighted fixed effects (IVW-FE) method as the main analysis of univariable MR. IVW-FE combines causal estimates of each SNP with the weight of reciprocal of outcome variance. The causal estimate of a single SNP is calculated by using the Wald ratio method, and the standard error of the causal estimate is calculated by the delta method (21). The IVW-FE method requires each IV to be valid, which means that all IVs in MR analyses do not have horizontal pleiotropy. The IVW-FE method also requires the NO Measurement Error (NOME) assumption, which means variances of association estimates between SNPs and exposures are negligible (22). When these conditions are satisfied, the IVW-FE method can provide an unbiased result with the highest power (23, 24).

To examine the robustness of the IVW-FE result, we also used five methods including inverse variance weighted multiplicative random effects (IVW-MRE), weighted median, MR−Egger, MR-robust adjusted profile score (MR-RAPS) and MR-constrained maximum likelihood and model averaging and Bayesian information criterion (MR-cML-MA-BIC) method as complementary analyses of univariable MR. IVW-MRE method assumes that SNPs only have balanced uncorrelated horizontal pleiotropy, which means the total effect of uncorrelated horizontal pleiotropy of all SNPs is zero (25). The weighted median method allows a fraction of SNPs to violate the second or the third IV assumption but requires more than half of the SNPs to be valid (26). The MR−Egger method can generate reliable estimates even if all SNPs violate the third IV assumption but requires the NOME assumption and Instrument Strength Independent of Direct Effect (InSIDE) assumption to be satisfied (27). The relaxation of SNP restrictions lowers the statistical power of the MR−Egger method at the same time. The MR-RAPS approach can provide consistent estimates even if all SNPs violated the third IV assumption (26). The MR-RAPS approach also allows many weak IVs to exist in analyses (23, 28). The MR-cML-MA-BIC method allows some SNPs to violate the second and third IV assumptions and requires only a plurality of SNPs to be valid (26). Moreover, compared with the weighted median approach, the MR-cML-MA-BIC method has higher power and a lower false positive error rate (26). To address multiple hypothesis testing, we conducted false discovery rate (FDR) correction by calculating the q value (29). We considered univariable MR results with P values below 0.05 and q values below 0.1 to have strong evidence of causal association; results with P values below 0.05 but q values above 0.1 to have suggestive causations between exposures and outcomes; and results with P values above 0.05 to have no correlation between the exposure and the outcome.

To test the robustness of univariable MR results, we performed several sensitivity analyses as follows: (1) We assessed the strength of the IV using the F-statistic, calculated as F = (N-2) × R2/(1-R2), where N is the sample size of the exposure GWAS data and R2 is the proportion of variance explained by the SNP (30, 31). R2 was derived from R2 = [2×(1-EAF)×EAF×β2]/SD2, where EAF is the effect allele frequency, β is the estimate of the association between the SNP and the exposure, SD is the standard deviation of the exposure sample and was obtained from SD = SE×N1/2, where SE is the standard error of β. An F-statistic ≤ 10 indicated a possibility of weak instrument that could bias the MR result (32). (2) We quantified the degree of violation of the NOME assumption in the MR−Egger approach using IGX2 statistics. A severe violation of NOME could bias the MR-Egger estimate toward zero and underestimate the causal effect (22). IGX2<0.9 suggested a high degree of violation that could influence the MR−Egger result (33). (3) We measured the heterogeneity of IVs in the IVW-FE method using Cochran’s Q and I2 statistics. A P value below 0.05 in Cochran’s Q test indicated significant heterogeneity among SNPs. I2 represented the proportion of variance in the causal estimate due to heterogeneity. I2≥40% suggested substantial heterogeneity. (4) We detected horizontal pleiotropy in IVs using the MR−Egger intercept test and MR-Pleiotropy RESidual Sum and Outlier (MR-PRESSO) test. A significant deviation of the MR−Egger intercept from zero (P<0.05) implied unbalanced uncorrelated horizontal pleiotropy in IVs. The MR-PRESSO global test evaluated the overall uncorrelated horizontal pleiotropy in IVs. A P value below 0.05 in the MR-PRESSO global test indicated horizontal pleiotropy in IVs. The MR-PRESSO outlier test identified potential outliers from the MR analysis. A P value below 0.05 in the MR−PRESSO outlier test suggested that the SNP was an outlier.

We examined whether the SNPs used in univariable MR analysis were also associated with TG or HDL-C, which were reported to be risk or protective factors of AIS, LAS and SVS (9) and correlated with S-LDL-C level (34, 35). We retrieved previously published GWAS data of each SNP from the PhenoScanner V2 database (36). Among the 26 SNPs of S-LDL-C, 2 SNPs (rs4846914 and rs4810479) were associated with HDL-C, and 4 SNPs (rs4846914, rs687420, rs6167975 and rs4810479) were associated with TG. Among the 27 SNPs of M-LDL-C, 1 SNP (rs2144300) was associated with HDL-C, and 2 SNPs (rs2144300 and rs6073958) were associated with TG. Among the 58 SNPs of L-LDL-C, 7 SNPs (rs1461729, rs11789603, rs2792735, rs261290, rs633695, rs72836561 and rs1800961) were associated with HDL-C, and 7 SNPs (rs2642438, rs59950280, rs4722551, rs17411113, rs525028, rs633695 and rs7254892) were associated with TG. To further control for potential horizontal pleiotropy, we performed multivariable MR analysis for the pairs of exposures and outcome that showed strong or suggestive evidence of causality in univariable MR analysis, including both TG and HDL-C as exposures. A P value below 0.05 in multivariable MR analysis indicated a strong causal association.

The effect estimates of exposures on outcomes were presented as odds ratios (ORs) with their 95% confidence intervals (CIs) per 1-standard-deviation-higher of exposures.

All statistical analyses were conducted using R (version 4.2.3) packages, including TwoSampleMR, MRPRESSO, mr.raps, MRcML, metafor and qvalue.






Results




Univariable MR

We used univariable MR to estimate the causal effects of S-LDL-C, M-LDL-C and L-LDL-C on AIS and three IS subtypes (LAS, SVS and CES). Figure 1 shows the MR results for S-LDL-C. The IVW-FE method indicated a positive causal association between S-LDL-C and LAS (OR = 1.481, 95% CI: 1.117–1.963, P = 0.006, q = 0.076). Three of the five complementary methods (IVW-MRE, MR-RAPS and MR-cML-MA-BIC) also supported the finding. No evidence of causal effects of S-LDL-C on AIS, SVS and CES was detected by any method. Figures 2, 3 show the MR results for M-LDL-C and L-LDL-C, respectively. None of the methods found a causal effect of M-LDL-C on AIS or any AIS subtype. The IVW-MRE method indicated a suggestively positive causal effect of L-LDL-C on SVS (OR = 1.211, 95% CI: 1.004–1.462, P = 0.046, q = 0.275), which was not confirmed by other methods. In addition, we validated that total LDL-C was causally associated with AIS and LAS consistent with prior literatures (Additional File 1: Supplementary Figure S1).




Figure 1 | Univariable MR estimates for the causal effect of S-LDL-C on AIS, LAS, SVS and CES. SNP, single-nucleotide polymorphism; OR, odds ratio; CI, confidence interval; AIS, any ischemic stroke; IVW-FE, inverse variance weighted fixed effects; IVE-MRE, inverse variance weighted multiplicative random effects; MR-RAPS, MR-robust adjusted profile score; MR-cML-MA-BIC, MR-constrained maximum likelihood and model averaging and Bayesian information criterion; LAS, large artery stroke; SVS, small vessel stroke; CES, cardioembolic stroke. *Indicating P value<0.05 or q value<0.1.






Figure 2 | Univariable MR estimates for the causal effect of M-LDL-C on AIS, LAS, SVS and CES. SNP, single-nucleotide polymorphism; OR, odds ratio; CI, confidence interval; AIS, any ischemic stroke; IVW-FE, inverse variance weighted fixed effects; IVE-MRE, inverse variance weighted multiplicative random effects; MR-RAPS, MR-robust adjusted profile score; MR-cML-MA-BIC, MR-constrained maximum likelihood and model averaging and Bayesian information criterion; LAS, large artery stroke; SVS, small vessel stroke; CES, cardioembolic stroke.






Figure 3 | Univariable MR estimates for the causal effect of L-LDL-C on AIS, LAS, SVS and CES. SNP, single-nucleotide polymorphism; OR, odds ratio; CI, confidence interval; AIS, any ischemic stroke; IVW-FE, inverse variance weighted fixed effects; IVE-MRE, inverse variance weighted multiplicative random effects; MR-RAPS, MR-robust adjusted profile score; MR-cML-MA-BIC, MR-constrained maximum likelihood and model averaging and Bayesian information criterion; LAS, large artery stroke; SVS, small vessel stroke; CES, cardioembolic stroke. *sIndicating P value<0.05.







Sensitivity analysis

We assessed the heterogeneity and pleiotropy of the IVs used in univariable MR analysis. Table 1 shows the results of Cochran’s Q test and I2 statistics for heterogeneity. The only significant heterogeneity was found for S-LDL-C and AIS (P = 0.013, I2 = 42.63%). Table 2 shows the results of the MR−Egger intercept test and MR-PRESSO global test for pleiotropy. The results of the two tests were inconsistent for L-LDL-C and CES (MR−Egger, P = 0.012; MR-PRESSO, P = 0.479), and L-LDL-C and AIS (MR−Egger, P = 0.575; MR-PRESSO, P = 0.027). There was insufficient evidence for horizontal pleiotropy in these pairs. No evidence of horizontal pleiotropy was found for the other pairs by either test.


Table 1 | Results of heterogeneity test between LDL-C subfractions and AIS and main subtypes.




Table 2 | Results of pleiotropy test between LDL-C subfractions and AIS and IS main subtypes.



We also calculated the F-statistics of each IV to check for weak instruments (Additional File 1: Supplementary Tables S3–S5). The number of IVs with F-statistics below 10 is shown in Additional File 1: Supplementary Table S6. Although some potential weak instruments were detected, the estimates of ORs in MR-RAPS were consistent with those in IVW-FE for all pairs of exposures and outcomes, supporting the robustness of our univariable MR results. The IGX2 statistics for all pairs were above 0.9 (Additional File 1: Supplementary Table S7), suggesting that the violation of the NOME assumption was mild when using the MR−Egger method. No evidence suggested that the NOME violation had a substantial impact on the MR−Egger results. The leave-one-out analysis suggested that the observed findings between S-LDL-C and LAS were robust S-LDL-C (Additional File 1: Supplementary Figure S3).





Multivariable MR

To account for possible confounding effects, we included TG and HDL-C in the multivariable TSMR analysis of S-LDL-C and LAS plus L-LDL-C and SVS based on significant findings in univariable analyses. The multivariable MR analysis (Figure 4) confirmed a positive causal link between S-LDL-C and LAS (OR = 1.329, 95% CI: 1.106–1.597, P = 0.002). However, the association between L-LDL-C and SVS was not statistically significant in multivariable MR analysis (OR = 1.037, 95% CI: 0.883–1.219, P = 0.656). Considering the effects of BMI and glucose on IS, we additionally adjusted BMI and fasting glucose in the multivariable MR analysis, and the effect size between S-LDL-C and LAS was moderately attenuated (OR = 1.217, 95% CI: 1.086–1.403, P = 0.013).




Figure 4 | Multivariable MR estimates for the causal effect of S-LDL-C on LAS and L-LDL-C on SVS. SNP, single-nucleotide polymorphism; OR, odds ratio; CI, confidence interval; S-LDL-C, small low-density lipoprotein cholesterol; LAS, large artery stroke; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; L-LDL-C, large low-density lipoprotein cholesterol; SVS, small vessel stroke. *Indicating P value<0.05.








Discussion

Our study revealed a positive causal association between S-LDL-C and LAS but no other IS subtype. We could not claim any causal association of M-LDL-C or L-LDL-C with AIS or IS subtypes. These findings were robust to multiple sensitivity analyses, providing a potential target for the precise risk prevention of IS in the context of lipid management.

Previous observational studies have examined the links between LDL-C subfractions and AIS with inconsistent results (12, 13). The Copenhagen General Population Study found that higher S-LDL-C levels were robustly associated with an increased risk of ischemic stroke (14). A cohort study in Japanese participants also indicated that the risk of AIS increased with higher serum S-LDL-C levels (37). However, another prospective study showed no significant difference in the risk of AIS between participants with the highest and the lowest quartiles of baseline S-LDL-C levels (15). Our study used TSMR analysis to investigate the causal association between S-LDL-C and IS. Contrary to most previous studies, our study did not find any evidence of an overall association between S-LDL-C and AIS, suggesting the heterogeneity in terms of the associations between S-LDL-C and IS subtypes. Findings showed that S-LDL-C was a robust and causal risk factor for LAS. S-LDL-C may affect LAS risk through its atherogenic effect (38). S-LDL-C can influence atherosclerosis development directly and indirectly. The direct mechanism involves the physical and chemical properties of small low-density lipoprotein (S-LDL) particles. S-LDL particles have smaller diameters that allow them to penetrate the tunica intima, and S-LDL particles can persist longer in the bloodstream and enhance the atherogenic effect of cholesterol (38). The indirect mechanism involves the mediation of metabolic diseases. S-LDL-C may increase atherosclerosis risk by promoting these metabolic diseases such as diabetes (38).

In the univariable MR analysis of S-LDL-C and LAS, two complementary methods did not reach statistical significance, but both indicating a risk trend, consistent with other MR methods. The null results may be due to the low statistical power of these methods. The heterogeneity tests, pleiotropy tests and three complementary MR analyses all supported the validity of the IVW-FE result for S-LDL-C and LAS. Integrating the results of multivariable MR analysis, there is strong evidence to claim that S-LDL-C is a risk factor for LAS, independent of HDL-C and TG levels. The causal association between L-LDL-C and SVS was not confirmed in multivariable MR analysis, although IVW-MRE indicated a suggestive association between L-LDL-C and SVS.

Some of the IVs in the univariable MR analyses had low F-statistics, indicating potential weak instruments. In two-sample MR, weak instruments can only bias the odds ratio estimates toward 1, which does not affect the I error rate substantially, so the positive MR results are still reliable. Moreover, the extent of the weak instrument bias depends on the degree of overlap between the two samples (39). In this study, we used UK Biobank data for LDL-C subfractions and MEGASTROKE data for IS, which had no population overlap between exposure and outcome samples. Furthermore, we performed MR-RAPS analysis, which can provide robust causal estimates in the presence of many weak instruments, and the MR-RAPS results were consistent with the IVW-FE estimates. Therefore, we have insufficient evidence that the weak instrument bias had a noticeable impact on univariable MR results.

Several limitations should be acknowledged. First, our study was based on GWAS data from European populations, and the finding may not be generalizable to other ethnic groups. Second, some of the IVs were weak instruments, which may increase the false negative rate of univariable MR analyses, so the negative results should be interpreted cautiously. Third, the MR estimates may differ from the real-world effects due to the fact that MR reflects the effect of lifetime exposure. Future studies are needed to explore the causal association between the time-varying LDL-C subfractions and the risk of IS under a context of key time-point exposure (40) and clarify the interaction between LDL-C and other causal lipid markers (16).

In summary, the univariable and multivariable TSMR analyses indicated a positive causal association between S-LDL-C and LAS. Future studies should elucidate the underlying mechanism and the clinical benefit of treating S-LDL-C as a risk management target for the early prevention of IS and LAS.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

Ethical approval was not required for the study involving humans in accordance with the local legislation and institutional requirements. Written informed consent to participate in this study was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and the institutional requirements.





Author contributions

XY: Writing – original draft. GS: Writing – original draft. YZ: Writing – original draft. CC: Writing – review & editing. YNZ: Writing – review & editing. PL: Writing – original draft. LL: Writing – review & editing. XW: Writing – review & editing. GN: Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer Y-XC declared a shared affiliation with the author PL to the handling editor at the time of the review.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2024.1404234/full#supplementary-material




References

1. Su, Z, Ye, Y, Shen, C, Qiu, S, Sun, Y, Hu, S, et al. Pathophysiology of ischemic stroke: Noncoding RNA role in oxidative stress. Oxid Med Cell Longev. (2022) 2022:5815843. doi: 10.1155/2022/5815843

2. Qin, C, Yang, S, Chu, YH, Zhang, H, Pang, XW, Chen, L, et al. Signaling pathways involved in ischemic stroke: molecular mechanisms and therapeutic interventions. Signal Transduct Target Ther. (2022) 7:215. doi: 10.1038/s41392-022-01064-1

3. GBD 2019 Stroke Collaborators. Global, regional, and national burden of stroke and its risk factors, 1990-2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet Neurol. (2021) 20(10):795–820. doi: 10.1016/S1474-4422(21)00252-0

4. Chen, PH, Gao, S, Wang, YJ, Xu, AD, Li, YS, and Wang, D. Classifying ischemic stroke, from TOAST to CISS. CNS Neurosci Ther. (2012) 18:452–6. doi: 10.1111/j.1755-5949.2011.00292.x

5. Zhao, Y, Zhang, X, Chen, X, and Wei, Y. Neuronal injuries in cerebral infarction and ischemic stroke: From mechanisms to treatment (Review). Int J Mol Med. (2022) 49(2):15. doi: 10.3892/ijmm.2021.5070

6. Cholesterol Treatment Trialists’ (CTT) Collaboration, Baigent, C, Blackwell, L, Emberson, J, Holland, LE, Reith, C, et al. Efficacy and safety of more intensive lowering of LDL cholesterol: a meta-analysis of data from 170,000 participants in 26 randomised trials. Lancet. (2010) 376(9753):1670–81. doi: 10.1016/S0140-6736(10)61350-5

7. Cholesterol Treatment Trialists' (CTT) Collaboration, Fulcher, J, O'Connell, R, Voysey, M, Emberson, J, Blackwell, L, et al. Efficacy and safety of LDL-lowering therapy among men and women: meta-analysis of individual data from 174,000 participants in 27 randomised trials. Lancet. (2015) 385(9976):1397–405. doi: 10.1016/S0140-6736(14)61368-4

8. Sun, L, Clarke, R, Bennett, D, Guo, Y, Walters, RG, Hill, M, et al. Causal associations of blood lipids with risk of ischemic stroke and intracerebral hemorrhage in Chinese adults. Nat Med. (2019) 25:569–74. doi: 10.1038/s41591-019-0366-x

9. Yuan, S, Tang, B, Zheng, J, and Larsson, SC. Circulating lipoprotein lipids, apolipoproteins and ischemic stroke. Ann Neurol. (2020) 88:1229–36. doi: 10.1002/ana.25916

10. Hindy, G, Engstrom, G, Larsson, SC, Traylor, M, Markus, HS, Melander, O, et al. Role of blood lipids in the development of ischemic stroke and its subtypes: A mendelian randomization study. Stroke. (2018) 49:820–7. doi: 10.1161/STROKEAHA.117.019653

11. Diffenderfer, MR, and Schaefer, EJ. The composition and metabolism of large and small LDL. Curr Opin Lipidol. (2014) 25:221–6. doi: 10.1097/MOL.0000000000000067

12. Zhou, P, Liu, J, Wang, L, Feng, W, Cao, Z, Wang, P, et al. Association of small dense low-density lipoprotein cholesterol with stroke risk, severity and prognosis. J Atheroscler Thromb. (2020) 27:1310–24. doi: 10.5551/jat.53132

13. Zhou, P, Shen, Y, Wang, L, Cao, Z, Feng, W, Liu, J, et al. Association between carotid intima media thickness and small dense low-density lipoprotein cholesterol in acute ischaemic stroke. Lipids Health Dis. (2020) 19:177. doi: 10.1186/s12944-020-01353-0

14. Balling, M, Nordestgaard, BG, Varbo, A, Langsted, A, Kamstrup, PR, and Afzal, S. Small dense low-density lipoprotein cholesterol and ischemic stroke. Ann Neurol. (2023) 93:952–64. doi: 10.1002/ana.26598

15. Duran, EK, Aday, AW, Cook, NR, Buring, JE, Ridker, PM, and Pradhan, AD. Triglyceride-rich lipoprotein cholesterol, small dense LDL cholesterol, and incident cardiovascular disease. J Am Coll Cardiol. (2020) 75:2122–35. doi: 10.1016/j.jacc.2020.02.059

16. Wu, Z, Jiang, Y, Guo, Z, Li, P, Zheng, Y, Wang, Y, et al. Remnant cholesterol traits and risk of stroke: A multivariable Mendelian randomization study. PNAS Nexus. (2024) 3:pgae033. doi: 10.1093/pnasnexus/pgae033

17. Yuan, S, and Larsson, SC. Coffee and caffeine consumption and risk of kidney stones: A mendelian randomization study. Am J Kidney Dis. (2022) 79:9–14.e1. doi: 10.1053/j.ajkd.2021.04.018

18. Richardson, TG, Leyden, GM, Wang, Q, Bell, JA, Elsworth, B, Davey Smith, G, et al. Characterising metabolomic signatures of lipid-modifying therapies through drug target mendelian randomisation. PLoS Biol. (2022) 20:e3001547. doi: 10.1371/journal.pbio.3001547

19. Julkunen, H, Cichonska, A, Tiainen, M, Koskela, H, Nybo, K, Makela, V, et al. Atlas of plasma NMR biomarkers for health and disease in 118,461 individuals from the UK Biobank. Nat Commun. (2023) 14:604. doi: 10.1038/s41467-023-36231-7

20. Malik, R, Chauhan, G, Traylor, M, Sargurupremraj, M, Okada, Y, Mishra, A, et al. Multiancestry genome-wide association study of 520,000 subjects identifies 32 loci associated with stroke and stroke subtypes. Nat Genet. (2018) 50:524–37. doi: 10.1038/s41588-018-0058-3

21. Burgess, S, Butterworth, A, and Thompson, SG. Mendelian randomization analysis with multiple genetic variants using summarized data. Genet Epidemiol. (2013) 37:658–65. doi: 10.1002/gepi.21758

22. Bowden, J, Del Greco, MF, Minelli, C, Davey Smith, G, Sheehan, NA, and Thompson, JR. Assessing the suitability of summary data for two-sample Mendelian randomization analyses using MR-Egger regression: the role of the I2 statistic. Int J Epidemiol. (2016) 45:1961–74. doi: 10.1093/ije/dyw220

23. Wu, F, Huang, Y, Hu, J, and Shao, Z. Mendelian randomization study of inflammatory bowel disease and bone mineral density. BMC Med. (2020) 18:312. doi: 10.1186/s12916-020-01778-5

24. Ma, M, Zhi, H, Yang, S, Yu, EY, and Wang, L. Body mass index and the risk of atrial fibrillation: A mendelian randomization study. Nutrients. (2022) 14(9):1878. doi: 10.3390/nu14091878

25. Hemani, G, Zheng, J, Elsworth, B, Wade, KH, Haberland, V, Baird, D, et al. The MR-Base platform supports systematic causal inference across the human phenome. Elife. (2018) 7:e34408. doi: 10.7554/eLife.34408

26. Xue, H, Shen, X, and Pan, W. Constrained maximum likelihood-based Mendelian randomization robust to both correlated and uncorrelated pleiotropic effects. Am J Hum Genet. (2021) 108:1251–69. doi: 10.1016/j.ajhg.2021.05.014

27. Bowden, J, Del Greco, MF, Minelli, C, Davey Smith, G, Sheehan, N, and Thompson, J. A framework for the investigation of pleiotropy in two-sample summary data Mendelian randomization. Stat Med. (2017) 36:1783–802. doi: 10.1002/sim.7221

28. Huang, SJ, Li, R, Xu, S, Liu, Y, Li, SH, and Duan, SZ. Assessment of bidirectional relationships between circulating cytokines and periodontitis: Insights from a mendelian randomization analysis. Front Genet. (2023) 14:1124638. doi: 10.3389/fgene.2023.1124638

29. Li, P, Wang, H, Guo, L, Gou, X, Chen, G, Lin, D, et al. Association between gut microbiota and preeclampsia-eclampsia: a two-sample Mendelian randomization study. BMC Med. (2022) 20:443. doi: 10.1186/s12916-022-02657-x

30. Papadimitriou, N, Dimou, N, Tsilidis, KK, Banbury, B, Martin, RM, Lewis, SJ, et al. Physical activity and risks of breast and colorectal cancer: a Mendelian randomisation analysis. Nat Commun. (2020) 11:597. doi: 10.1038/s41467-020-14389-8

31. Pang, L, Ding, Z, Chai, H, Li, F, Wu, M, and Shuang, W. Causal relationship between smoking status, smoking frequency and bladder cancer: a Mendelian randomization study. Genes Genomics. (2023) 45:203–13. doi: 10.1007/s13258-022-01346-6

32. Huang, D, Lin, S, He, J, Wang, Q, and Zhan, Y. Association between COVID-19 and telomere length: A bidirectional Mendelian randomization study. J Med Virol. (2022) 94:5345–53. doi: 10.1002/jmv.28008

33. Chen, W, Cai, X, Yan, H, and Pan, Y. Causal effect of obstructive sleep apnea on atrial fibrillation: A mendelian randomization study. J Am Heart Assoc. (2021) 10:e022560. doi: 10.1161/JAHA.121.022560

34. Chen, Y, Fu, Y, Wang, S, Chen, P, Pei, Y, Zhang, J, et al. Clinical significance of neutrophil gelatinase-associated lipocalin and sdLDL-C for coronary artery disease in patients with type 2 diabetes mellitus aged >/= 65 years. Cardiovasc Diabetol. (2022) 21:252. doi: 10.1186/s12933-022-01668-5

35. Ikezaki, H, Lim, E, Cupples, LA, Liu, CT, Asztalos, BF, and Schaefer, EJ. Small dense low-density lipoprotein cholesterol is the most atherogenic lipoprotein parameter in the prospective framingham offspring study. J Am Heart Assoc. (2021) 10:e019140. doi: 10.1161/JAHA.120.019140

36.PhenoScanner V2: A database of human genotype-phenotype associations. Available online at: http://www.phenoscanner.medschl.cam.ac.uk/ (Accessed 21 March 2023).

37. Arai, H, Kokubo, Y, Watanabe, M, Sawamura, T, Ito, Y, Minagawa, A, et al. Small dense low-density lipoproteins cholesterol can predict incident cardiovascular disease in an urban Japanese cohort: the Suita study. J Atheroscler Thromb. (2013) 20:195–203. doi: 10.5551/jat.14936

38. Izumida, T, Nakamura, Y, Hino, Y, and Ishikawa, S. Combined effect of small dense low-density lipoprotein cholesterol (sdLDL-C) and remnant-like particle cholesterol (RLP-C) on low-grade inflammation. J Atheroscler Thromb. (2020) 27:319–30. doi: 10.5551/jat.49528

39. Burgess, S, Davies, NM, and Thompson, SG. Bias due to participant overlap in two-sample Mendelian randomization. Genet Epidemiol. (2016) 40:597–608. doi: 10.1002/gepi.21998

40. Shi, J, Swanson, SA, Kraft, P, Rosner, B, De Vivo, I, and Hernan, MA. Mendelian randomization with repeated measures of a time-varying exposure: An application of structural mean models. Epidemiology. (2022) 33:84–94. doi: 10.1097/EDE.0000000000001417





Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Yu, Shen, Zhang, Cui, Zha, Li, Li, Wang and Nan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




Glossary


 




OEBPS/Images/fendo-15-1404234-g001.jpg
Outcomes & Methods

AIS

IVW-FE
IVW-MRE
Weighted median
MR-Egger
MR-RAPS
MR-cML-MA-BIC
LAS

IVW-FE
IVW-MRE
Weighted median
MR-Egger
MR-RAPS
MR-cML-MA-BIC
SVS

IVW-FE
IVW-MRE
Weighted median
MR-Egger
MR-RAPS
MR-cML-MA-BIC
CES

IVW-FE
IVW-MRE
Weighted median
MR-Egger
MR-RAPS
MR-cML-MA-BIC

nSNP

25
25
25
25
25
25

23
23
23
23
23
23

21
21
21

21
21

25 H@—

25 —&—
25 &
25 —&—
25 H—@—

25 Ho—

0.50 0.75 1.00 1.25 1.50 1.75 2.00

‘HINE B

H

—o—
—0o—
—eo—

21 —e&—
—Oo—
—O—

OR (95%CI)

1.085 (0.977-1.206)
1.085 (0.980-1.202)
1.105 (0.975-1.252)
1.127 (0.985-1.290)
1.086 (0.976-1.208)
1.086 (0.977-1.207)

1481 (1.117-1.963)
1481 (1.141-1.923)
1359 (0.965-1.913)
1326 (0.918-1.914)
1487 (1.117-1.979)
1488 (1.120-1.978)

1018 (0.788-1.314)
1.018 (0.806-1.286)
1052 (0.769-1.441)
1.054 (0.759-1.464)
1018 (0.786-1.318)
1.018 (0.788-1.316)

0.858 (0.695-1.059)
0.858 (0.669—1.100)
0.849 (0.649-1.111)
0.870 (0.625-1.212)
0.855 (0.691-1.058)
0.855 (0.691-1.058)

P value

0.127
0.117
0.117
0.095
0.128
0.127

0.006*
0.003*
0.079
0.147
0.007*
0.006*

0.892
0.882
0.750
0.756
0.893
0.890

0.153
0.226
0.234
0.418
0.151
0.149

q value

0434
0470
0.379
0432
0.506
0.501

0.076*
0.039*
0.379
0432
0.088*
0.082*

0974
0.963
0.786
0.807
1.000
1.000

0434
0.502
0450
0.614
0.506
0.501





OEBPS/Images/fendo-15-1404234-g003.jpg
Outcomes & Methods
AIS

IVW-FE
IVW-MRE
Weighted median
MR-Egger
MR-RAPS
MR-cML-MA-BIC
LAS

IVW-FE
IVW-MRE
Weighted median
MR-Egger
MR-RAPS
MR-cML-MA-BIC
SVS

IVW-FE
IVW-MRE
Weighted median
MR-Egger
MR-RAPS
MR-cML-MA-BIC
CES

IVW-FE
IVW-MRE
Weighted median
MR-Egger
MR-RAPS
MR-cML-MA-BIC

nSNP

55
55
55
35
535
=)

51
51
51
Sl
51
51

50
50
50
50
50
50

55
35
55
55
55
33

0.50 0.75 1.00 1.25 1.50 1.75 2.00

OR (95%CI)

1.051 (0.969-1.140)
1.051 (0.958-1.152)
1071 (0.946-1.213)
1.080 (0.946-1.233)
1.042 (0.960-1.131)
1.040 (0.959-1.129)

1.088 (0.880-1.345)
1.088 (0.903-1.312)
1.140 (0.825-1.577)
1.089 (0.799-1.484)
1.084 (0.875-1.344)
1.084 (0.876-1.341)

1211 (0.999-1.468)
1211 (1.004-1.462)
1.111 (0.827-1.493)
1.186 (0.899-1.564)
1.205 (0.992-1.463)
1.203 (0.991-1.460)

0.999 (0.851-1.172)
0.999 (0.854—1.168)
0.847 (0.671-1.070)
0.800 (0.634—1.008)
0.988 (0.840-1.161)
0.987 (0.841-1.159)

P value q value

0.228
0.290
0.278
0.260
0.323
0.343

0.434
0.375
0.426
0.593
0.460
0.457

0.051
0.046*
0.484
0.234
0.060
0.061

0.986
0.986
0.164
0.064
0.881
0.877

0434
0.502
0457
0456
0.620
0.636

0.579
0.502
0.546
0.728
0.687
0.685

0.304
0.275
0.558
0456
0.406
0413

0.986
0.986
0.379
0432
1.000
1.000





OEBPS/Images/fendo-15-1404234-g004.jpg
OR (95%CI) P value
F———@— 1.329 (1.106-1.597) 0.002%*

Exposures Outcome nSNP

S-LDL-C LAS 74

HDL-C LAS 146 —e— 0.860 (0.727-1.018) 0.079

TG LAS 123 |—o—j 0.837 (0.698—1.004) 0.055
m

Exposures Outcome nSNP i OR (95%CI) P value

L-LDL-C SVS 69 —o—] 1.037 (0.883-1.219) 0.656

HDL-C  SVS 148 I—Q—‘—| 0.920 (0.784—1.079) 0.305

TG SVS 126 |~—o—| 1.158 (0.991-1.355) 0.065





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Genetically predicted small dense low-density lipoprotein cholesterol and ischemic stroke subtype: multivariable Mendelian randomization study

      

        		

          Purpose

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Methods

        

          		

            Study design

          



          		

            Data sources

          



          		

            Instrumental variable selection

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Univariable MR

          



          		

            Sensitivity analysis

          



          		

            Multivariable MR

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



        		

          Glossary

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Exposures Qutcomes Intercept Standard error P value P value

(MR-Egger) (MR-Egger) (MR-Egger) (MR-PRESSO
global test)

S-LDL-C AIS -0.003 0.003 0385 0.594
S-LDL-C LAS 0.008 0.009 0367 0.671
S-LDL-C SVS -0.003 0.008 0742 0752
S-LDL-C CES -0.001 0.008 | 0.897 0.167
M-LDL-C AIS -0.002 0.005 0.715 0.057
M-LDL-C LAS -0.004 0.009 0.689 0.860
M-LDL-C SVS -0.007 0.008 0.366 0.679
M-LDL-C CES 0.010 0.007 0.200 0.207
L-LDL-C AIS -0.002 0.003 0575 0.027
L-LDL-C LAS 0.000 0.007 0.997 0.871
L-LDL-C NS 0.001 0.007 0.835 0.572
L-LDL-C CES 0.014 0.005 0.012 0.479

MR-PRESSO, MR-Pleiotropy RESidual Sum and Outlier; S-LDL-C, small low-density lipoprotein cholesterol; M-LDL-C, medium low-density lipoprotein cholesterol; L-LDL-C, large low-
density lipoprotein cholesterol; AIS, any ischemic stroke; LAS, large artery stroke; SVS, small vessel stroke; CES, cardioembolic stroke.





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo.2024.1404234_cover.jpg
& frontiers | Frontiers in Endocrinology

Genetically predicted small dense low-
density lipoprotein cholesterol and ischemic
stroke subtype: multivariable Mendelian
randomization study





OEBPS/Images/fendo-15-1404234-g002.jpg
Outcomes & Methods

AIS

IVW-FE
IVW-MRE
Weighted median
MR-Egger
MR-RAPS
MR-cML-MA-BIC
LAS

IVW-FE
IVW-MRE
Weighted median
MR-Egger
MR-RAPS
MR-cML-MA-BIC
SVS

IVW-FE
IVW-MRE
Weighted median
MR-Egger
MR-RAPS
MR-cML-MA-BIC
CES

IVW-FE
IVW-MRE
Weighted median
MR-Egger
MR-RAPS
MR-cML-MA-BIC

nSNP

25
25
25
25
25
25

23
23
23
23
23
23

24
24
24
24
24
24

25
25
25
25
25
25

]HHHHH

0.50 0.75 1.00 1.25 1.50 1.75 2.00

OR (95%CI)

1.029 (0.913-1.160)
1.029 (0.878-1.205)
1.072 (0.920-1.249)
1.056 (0.854-1.307)
1.025 (0.909-1.156)
1.042 (0.919-1.181)

1.197 (0.879-1.631)
1.197 (0.930-1.543)
1.389 (0.935-2.064)
1.266 (0.840-1.907)
1.188 (0.869-1.624)
1.187 (0.872-1.617)

0.893 (0.679—1.175)
0.893 (0.696-1.147)
1.003 (0.721-1.397)
0.995 (0.696-1.421)
0.883 (0.669—1.164)
0.884 (0.672-1.163)

0.870 (0.692-1.095)
0.870 (0.666-1.137)
0.812 (0.611-1.079)
0.746 (0.527-1.057)
0.867 (0.688-1.093)
0.866 (0.688-1.092)

P value

0.642
0.725
0.373
0.620
0.685
0.521

0.253
0.163
0.104
0.272
0.281
0.276

0.420
0.376
0.984
0977
0.377
0.377

0.236
0.308
0.151
0.113
0.228
0.224

q value

0.771
0.870
0.537
0.728
0921
0.703

0434
0489
0.379
0456
0.620
0.620

0.579
0.502
0.946
0.956
0.634
0.636

0434
0.502
0.379
0432
0.613
0.604





OEBPS/Images/utable1.jpg
LDL-C

S-LDL-C

M-LDL-C

L-LDL-C

TSMR

AIS

LAS

SVs

CES

IVW-FE

TG

HDL-C

OR

(e

TOAST

NMR

MR

GWAS

Vs

AS

SNPs

LD

MAF

NOME

IVW-MRE

MR-RAPS

MR-cML-
MA-BIC

InSIDE

FDR

MR-
PRESSO

HR

Low-density lipoprotein cholesterol
ischemic stroke

small low-density lipoprotein cholesterol
medium low-density lipoprotein cholesterol
large low-density lipoprotein cholesterol
two-sample Mendelian randomization

any ischemic stroke

large artery stroke

small vessel stroke

cardioembolic stroke

inverse variance weighted fixed effects
triglycerides

high-density lipoprotein cholesterol

odds ratio

confidence interval

Trial of ORG 10172 in Acute Stroke Treatment
nuclear magnetic resonance

Mendelian randomization

genome-wide association studies

instrumental variables

any stroke

single-nucleotide polymorphisms

linkage disequilibrium

minor allele frequency

NO Measurement Error

inverse variance weighted multiplicative random effects
MR-robust adjusted profile score

MR-constrained maximum likelihood and model averaging and
Bayesian information criterion

Instrument Strength Independent of Direct Effect
false discovery rate

MR-Pleiotropy RESidual Sum and Outlier

hazard ratio





OEBPS/Images/table1.jpg
Exposures Outcomes Q Q-P value

S-LDL-C AIS 22.751 0.535 0.00%
S-LDL-C LAS 18.909 0651 0.00%
S-LDL-C NS 16.743 0670 0.00%
S-LDL-C CES 33.420 0.096 28.19%
M-LDL-C AIS 41.836 0013 42.63%
M-LDL-C LAS 14.778 0.872 0.00%
M-LDL-C NS 19.149 0693 0.00%
M-LDL-C CES 32.424 0.117 25.98%
L-LDL-C AIS 70.007 0.070 22.86%
L-LDL-C LAS 38.867 0873 0.00%
L-LDL-C NS 46.906 0558 0.00%
L-LDL-C CES 51.685 0564 0.00%

$-LDL-C, small low-density lipoprotein cholesterol; M-LDL-C, medium low-density lipoprotein cholesterol; L-LDL-C, large low-density lipoprotein cholesterol; AIS, any ischemic stroke; LAS,
large artery stroke; SVS, small vessel stroke; CES, cardioembolic stroke.





