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Aim: Since tissue inhibitors of matrix metalloproteinase 3 (TIMP-3) was reported to be a potential risk factor of atherosclerosis, aneurysm, hypertension, and post-ischaemic neuronal injury, it may also be a candidate risk factor of stress. Therefore, this study was designed to explore the causal role of TIMP-3 in the risk of ischaemic stroke (IS) and intracerebral haemorrhage (ICH), which are the two main causes of stress via this Mendelian Randomisation (MR) study.
Methods: The summarised data of TIMP-3 level in circulation was acquired from the Cooperative Health Research in the Region of Augsburg public database and the outcome of IS and ICH was obtained from genome-wide association studies conducted by MEGASTROKE and the International Stroke Genetics Consortium, respectively. Five statistical methods including inverse-variance weighting, weighted-median analysis, MR-Egger regression, MR Pleiotropy RESidual Sum and Outlier test, and MR-Robust Adjusted Profile Score were applied to evaluate the causal role of TIMP-3 in the occurrence of IS and ICH. Inverse-variance weighting was applied for assessing causality. Furthermore, heterogeneity and pleiotropic tests were utilised to confirm the reliability of this study.
Results: We found that TIMP-3 could be a positively causal relationship with the incidence of IS (OR = 1.026, 95% CI: 1.007–1.046, p = 0.0067), especially for the occurrence of small vessel stroke (SVS; OR = 1.045, 95% CI: 1.016–1.076, p = 0.0024). However, the causal effects of TIMP-3 on another IS subtype cardioembolic stroke (CES; OR = 1.049, 95% CI: 1.006–1.094, p = 0.024), large artery stroke (LAS; OR = 1.0027, 95% CI: 0.9755–1.0306, p = 0.849) and ICH (OR = 0.9900, 95% CI: 0.9403–1.0423, p = 0.701), as well as ICH subtypes were not observed after Bonferroni corrections (p = 0.00714).
Conclusion: Our results revealed that high levels of circulating TIMP-3 causally increased the risk of developing IS and SVS, but not CES, LAS, ICH, and all ICH subtypes. Further investigation is required to elucidate the underlying mechanism.
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INTRODUCTION
Although the incidence of stroke has declined in high-income countries in the 21st century, the number of patients with stroke has not decreased to a discernible degree (Li et al., 2020). More importantly, the prevalence of ischaemic stroke (IS), the most common type of stroke, is estimated to rise by 27% over the next 40 years (Wafa et al., 2020). In addition to IS, intracerebral haemorrhage (ICH), another life-threatening type of stroke, has attracted attention due to its high mortality and disability rates (Lioutas et al., 2020; GBD, 2021). The 30-days case fatality rate of ICH is as high as 40% and the annual fatality rate is 54%. Furthermore, only 12–39% of survivors achieve long-term functional independence (An et al., 2017). The high prevalence of stroke increases the disease burden on the population (GBD, 2019; GBD, 2021). Altogether, early prevention and treatment of these two types of strokes is required to improve clinical outcomes and decrease the healthcare burden.
The first pathological changes of IS and ICH appear as cerebrovascular disease evidenced by damaged blood vessels and the destruction of the blood-brain barrier due to degradation of the extracellular matrix (ECM) and disintegration of intercellular connections by matrix metalloproteinases (MMPs) (Castro and Tanus-Santos, 2013; Kurzepa et al., 2014; Ungvari et al., 2017; Li et al., 2019a; Li et al., 2019a). The release of MMPs and their pathogenic effects on stroke are regulated by tissue inhibitors of matrix metalloproteinases (TIMPs) (Pushpakumar et al., 2013; Li et al., 2019a). Among TIMPs, TIMP-3 is closely associated with atherosclerosis (Di Gregoli et al., 2017), aneurysm (Di Gregoli et al., 2017), hypertension (Higuchi et al., 2007), and post-ischaemic neuronal injury (Wallace et al., 2002), but its relationship with IS and ICH has not been confirmed.
Mendelian randomisation (MR) is a novel epidemiological analysis method utilising genetic variation to determine the causal associations between risk factors and outcomes (Emdin et al., 2017). Compared to traditional observational studies, MR has the advantages of controlling the influence confounding factors have on the assessment of causality and reducing the influence of reverse causality (Zheng et al., 2017; Lee and Lim, 2019). This investigation aimed to reveal the causal role of TIMP-3 in the risk of developing IS and ICH by performing a two-sample MR study. In addition, we also analysed the causal relationship between TIMP-3 and the main subtypes of IS (large artery stroke [LAS], small vessel stroke [SVS], cardioembolic stroke [CES]), and ICH (lobar intracerebral haemorrhage [LICH] and non-lobar intracerebral haemorrhage [NLICH]).
MATERIALS AND METHODS
Data Sources and Genetic Instruments
In this MR study, the summary-level data of TIMP-3 was obtained from a cohort study including approximately 1,000 participants available in the KORA (Cooperative Health Research in the Region of Augsburg) public database (Suhre et al., 2017). All participants of this GWAS were of European descent. The IS data were extracted from a genome-wide association meta-analysis of 29 studies, comprising approximately 440,328 participants (34,217 cases and 406,111 non-cases) of European descent (Malik et al., 2018). This meta-analysis identified 32 loci related to the risk of stroke and detected a total of 7,537,579 single nucleotide polymorphisms (SNPs). The subtypes of IS were derived from this meta-analysis. The SVS cohort had 198,048 individuals and 6,150,261 related SNPs. The CES cohort had 211,763 individuals and 7,954,834 related SNPs. The LAS cohort had 150,765 individuals and 7,992,739 related SNPs. The statistical information of ICH was acquired from a genome-wide association meta-analysis performed by the International Stroke Genetics Consortium and included 3,026 Europeans (Woo et al., 2014). The ICH cohort was further divided into LICH and NLICH cohorts.
SNPs were selected as instrumental variables from the GWAS database of TIMP-3 variants and used to investigate the causal relationship. Based on published research (Sun et al., 2020), we defined the inclusion criteria of SNPs as those with p values less than 1 × 10–5. In addition, we clumped SNPs by setting r2 > 0.1 to exclude the influence of linkage disequilibrium on the results (Sun et al., 2020).
Mendelian Randomisation Analysis
We conducted two-sample MR analyses to explore the potential causal role of serum TIMP-3 in stroke outcomes (IS, ICH, and their subtypes). The traditional evaluation method of inverse-variance weighting (IVW) was used as the primary method to evaluate causality in this study (Jia et al., 2021). Accurate causality can be obtained in the presence of directional pleiotropy using the IVW approach (Burgess et al., 2015). Depending on the heterogeneity, we decided whether the random-effect IVW method or fixed-effect IVW method should be used (Jia et al., 2021). The heterogeneity of instrumental variables was assessed using Cochran’s Q statistic (Greco et al., 2015). Weighted median estimation (WME) can provide a consistent assessment if more than 50% of the weights for the SNPs come from valid SNPs (Bowden et al., 2016a). The MR-Egger regression method is another method that can assist in estimating the causal relationship, although some included SNPs were atypical (Bowden et al., 2015; Bowden et al., 2016b); however, its statistical power is relatively weak (Bowden et al., 2015). In addition to assessing the causal relationship, MR-Pleiotropy RESidual Sum and Outlier (MR-PRESSO) has the advantage of detecting outliers of instrumental variables and providing evidence of directional pleiotropy (Verbanck et al., 2018). MR-Robust Adjusted Profile Score (MR. RAPS) can overcome the bias of weak instrumental variables and the effects of systematic and idiosyncratic pleiotropy to obtain a robust causal assessment (Zhao et al., 2018).
In the sensitivity analysis, the Egger regression method provided a way to detect pleiotropy, which is expressed by the value of the MR-Egger intercept. If the intercept is equal to 0 (p ≥ 0.05), it suggests that there is no pleiotropy (Hemani et al., 2018). Furthermore, the MR-PRESSO global test can also examine directional pleiotropy (Verbanck et al., 2018). If pleiotropy exists in instrumental variables, it implies that some other potential pathways may affect the pathway from instrumental variables and exposure factors to the outcome, which does not conform to the third core hypothesis of MR analysis [see Section 2.3]. The MR-PRESSO outlier test is a detection method similar to leave-one-out. It can eliminate all included SNPs one by one, correct the bias caused by outliers, and show robust causal estimation (Emdin et al., 2017; Ong and MacGregor, 2019).
Three Core Assumptions
To make rational use of MR analysis and improve the efficiency and accuracy of the study, all Mendelian randomisation studies must meet three core assumptions before they are conducted (Figure 1) (Emdin et al., 2017). First, instrumental variables (SNPs) should be closely related to exposure factors (TIMP-3). As shown in Supplementary Table S1, all included SNPs were statistically significantly related to TIMP-3. Second, instrumental variables (SNPs) should not be associated with any confounder which correlates with exposure (TIMP-3) or outcomes (IS, ICH). We defined confounders as carotid plaque formation, neuroinflammation, atrial fibrillation, coronary artery disease, blood pressure, type II diabetes, hypertension, systolic and diastolic blood pressure, high density lipoprotein levels, low density lipoprotein levels, and triglyceride levels (Chauhan and Debette, 2016; Cai et al., 2019). We used the PhenoScanner website (Staley et al., 2016) to query all related phenotypes of the included SNPs and found no phenotypes related to the confounding factors (p < 1 × 10–5) (Cai et al., 2019). Finally, instrumental variables should not be other methods related to an outcome other than the pathway of exposure (Supplementary Table S2). We conducted strict tests for heterogeneity and pluripotency and found no other pathways that were statistically significant; that is, there were no other pathways from SNPs to the outcome (IS and ICH) other than the exposure (TIMP-3) (Emdin et al., 2017).
[image: Figure 1]FIGURE 1 | The principal diagram for the Mendelian randomization study. IVW = inverse-variance-weighted, SNP = single nucleotide polymorphism, IS = ischemic stroke, LAS = large vessel ischemic stroke, CES = cardioembolic ischemic stroke, SVS = small vessel ischemic stroke, ICH = intracerebral hemorrhage. TIMP-3 = Tissue inhibitors of matrix metalloproteinases 3.
Statistical Analysis
The R studio software with two packages, “Mendelian Randomisation” and “TwoSampleMR”, was used to conduct the MR analysis. The principal analyses for TIMP-3, IS, and ICH were performed using the random-effects model IVW approach. The statistical tests to estimate causal relationships were regarded as statistically significant at a Bonferroni corrected p < 0.007 (0.05/7; p = 0.05 adjusted for seven tests). p-value was set at 0.05 for statistical significance for both pleiotropy and heterogeneity tests.
RESULTS
Selection of Instrumental Variables
As shown in Supplementary Table S1, from the GWAS data of TIMP-3, we identified 10 statistically significant instrumental variables, namely rs135150, rs137487, rs17303757, rs2097326, rs241890, rs34843069, rs3788495, rs5754249, rs5754266, and rs9422881. However, we could not find rs17303757 in the IS GWAS data. rs17303757 or rs34843069 in SVS data or rs17303757 or rs5754266 in ICH subtypes data. Therefore, IS had only nine valid instrumental variables while SVS, ICH, and the ICH subtypes had only eight instrumental variables. Although a more relaxed p-value threshold (p < 1 × 10–5) for the inclusion of instrumental variables was adapted, as the F statistic was >10 (Supplementary Table S1), the potential of weak instrumental variable bias was ruled out.
The Causal Role of TIMP-3 Was Significantly Positively Associated With Ischaemic Stroke
Genetically proxied serum TIMP-3 level was positively associated with IS, especially SVS. The odds ratio (OR) of the genetically evaluated causal role of TIMP-3 in the risk of IS was 1.0262 (95% CI: 1.0072–1.0455, p = 0.0067) in the random-effect IVW model (Figure 2; Figure 3). There was also robust evidence of a positive correlation in MR. RAPS (OR = 1.0240, 95% CI: 1.0050–1.0430, p = 0.011) and MR-PRESSO (OR = 1.0260, 95% CI: 1.0070–1.0450, p = 0.0266). However, lower precision was found in WME (OR = 1.0164, 95% CI: 0.9980–1.0351, p = 0.0801) and MR-Egger regression (OR = 1.0117, 95% CI: 0.9718–1.0531, p = 0.589).
[image: Figure 2]FIGURE 2 | Five methods to assess the causal role of TIMP-3 in the risk of IS and its subtype. CI = confidence interval, IVW = inverse-variance-weighted, MR = Mendelian randomization, OR = odds ratio, SNP = single nucleotide polymorphism, IS = ischemic stroke, LAS = large vessel ischemic stroke, CES = cardioembolic ischemic stroke, SVS = small vessel ischemic stroke, MR. RAPS = MR-Robust Adjusted Profile Score, MR-PRESSO = MR pleiotropy residual sum and outlier.
[image: Figure 3]FIGURE 3 | Five methods to assess the causal role of TIMP-3 in the risk of ICH and its subtype. CI = confidence interval, IVW = inverse-variance-weighted, OR = odds ratio, SNP = single nucleotide polymorphism, ICH = intracerebral hemorrhage, NLICH = non-lobar intracerebral hemorrhage, LICH = lobar intracerebral hemorrhage. MR. RAPS = MR-Robust Adjusted Profile Score, MR-PRESSO = MR pleiotropy residual sum and outlier.
Likewise, in the SVS subtype, the random-effect IVW model suggested that increased serum TIMP-3 increases the risk of SVS (OR = 1.0454, 95% CI: 1.0157–1.0758, p = 0.0025). The MR. RAPS (OR = 1.0398, 95% CI: 1.0101–1.0703, p = 0.0082) and MR-PRESSO (OR = 1.0450, 95% CI: 1.0150–1.0703, p = 0.0192) approaches also supported the causal relationship between serum TIMP-3 and SVS. We found weak evidence for the relationship between TIMP-3 and the risk of CES (OR = 1.0495, 95% CI: 1.0063–1.0945, p = 0.024; Figure 2 and Supplementary Figure S1). However, after Bonferroni correction for multiple comparisons, the relationship was not significant. The causal role of serum TIMP-3 in LAS (OR = 1.0027, 95% CI: 0.9755–1.0306, p = 0.849) could not be confirmed by MR analysis.
The Genetic Loci With Strongest Magnitude of Association With Ischaemic Stroke, Small Vessel Stroke, and Cardioembolic Stroke
In addition to finding a causal relationship between TIMP-3 and IS and its subtypes, we also identified genetic loci closely associated with TIMP-3, which may help with the prevention of IS in the future. Among them, two genetic loci, rs135150 and rs3788495 were positively related to IS. Moreover, rs135150 was also associated with SVS. Four genetic loci, rs135150, rs34843069, rs3788495, and rs241890 were positively associated with CES (Supplementary Figure S2).
TIMP-3 Does not Play a Causal Role in Intracerebral Haemorrhage Subtypes
In contrast to IS, the causal correlation between serum TIMP-3 and ICH was not found by IVW (OR = 0.9900, 95% CI: 0.9403–1.0423, p = 0.701), MR. RAPS (OR = 0.9925, 95% CI: 0.9051–1.0881, p = 0.8729), MR-PRESSO (OR = 0.9890, 95% CI: 0.9400–1.0420, p = 0.7131), WME (OR = 1.0054, 95% CI: 0.9063–1.1154, p = 0.918), or MR-Egger regression (OR = 0.9855, 95% CI: 0.8224–1.1809, p = 0.8791). The genetically predicted causal role of TIMP-3 in ICH subtypes was similar to that in ICH, and no causal relationship was observed in any one of the five models (Figure 3).
Heterogeneity Test and Pleiotropy Test
As shown in Table 1, heterogeneity was not found in ICH (p = 0.936) or in either of its subtypes, LICH (p = 0.954) and NLICH (p = 0.263). In ischaemic stroke and its subtypes, we could not identify heterogeneity in IS (p = 0.069), LAS (p = 0.709), or SVS (p = 0.385), but heterogeneity was revealed in the CES subtype (p = 0.022). Therefore, the random effects model, IVW, was implemented in this study to analyse causality.
TABLE 1 | Heterogeneity tests in the causality of TIMP-3 and IS, ICH. Q = Cochran’s Q statistic; df = degrees of freedom. IVW = inverse-variance-weighted, WME = Weighted median estimation, IS = ischemic stroke, LAS = large vessel ischemic stroke, CES = cardioembolic ischemic stroke, SVS = small vessel ischemic stroke, ICH = intracerebral hemorrhage, NLICH = non-lobar intracerebral hemorrhage, LICH = lobar intracerebral hemorrhage.
[image: Table 1]The pleiotropy of causality in TIMP-3 with IS (intercept = 0.0077, p = 0.454) and ICH (intercept = 0.0026, p = 0.956) were not detected in the MR-Egger regression (Table 2). Moreover, in the MR-PRESSO global test, the pleiotropy of the causal relationship between TIMP-3 and IS (p = 0.134) and ICH (p = 0.945) was also not evidenced.
TABLE 2 | Pleiotropy Test in the causality of TIMP-3 and IS, ICH., IS = ischemic stroke, LAS = large vessel ischemic stroke, CES = cardioembolic ischemic stroke, SVS = small vessel ischemic stroke, ICH = intracerebral hemorrhage, NLICH = non-lobar intracerebral hemorrhage, LICH = lobar intracerebral hemorrhage.
[image: Table 2]DISCUSSION
We performed a comprehensive MR analysis to investigate the causal role of serum TIMP-3 levels in the occurrence of IS, ICH, and their various subtypes. We found that TIMP-3 played a causal role in the incidence of IS, especially in SVS; however, no significant evidence was found to support a causal relationship between TIMP-3 and any ICH subtype. Moreover, there was no significant heterogeneity or pleiotropy, which confirmed the validity of our conclusions.
To the best of our knowledge, there are no published observational or MR studies on the relationship between TIMP-3 and IS and ICH in the literature. However, it is widely known that TIMP-3, a member of the regulatory matrix metalloenzyme family, plays a crucial role in regulating the restructuring of vascular ECM. To provide evidence of a causal relationship between TIMP-3 and IS, ICH, and their subtypes; control potential confounding factors; and reduce the occurrence of reverse causation, we performed a two-sample MR analysis. In the present study, we demonstrated that TIMP-3 played a causal role in the development of IS and its subtype, SVS and CES. This outcome may be a vital entry point for investigating the impact of MMPs on IS, especially SVS.
The ECM structure is regulated by the dynamic balance of TIMPs and MMPs, which restructure the ECM by regulating transcription mediated by cytokines and growth factors or by interfering with RNA at the transcriptional level (Brew and Nagase, 2010; Carreca et al., 2020). Interestingly, the dynamic balance between secreted MMPs and TIMPs is closely regulated by the molecules’ affinities for the low-density lipoprotein receptor-related protein-1 (LRP-1) (Hahn-Dantona et al., 2001; Thevenard et al., 2014; Gilardoni et al., 2017; Carreca et al., 2020). Therefore, the affinity of LRP-1 for MMPs and TIMPs is a substantial regulator of the dynamic structure of the ECM (Carreca et al., 2020). Furthermore, previous studies have confirmed that TIMP-3 has the strongest affinity for LRP-1 among all TIMPs (Carreca et al., 2020). TIMP-3 also promotes LRP-1-mediated-endocytosis by enhancing the binding of target metalloproteinases to LRP-1, which may aggravate cerebral vascular injury. Altogether, the LRP-1–TIMPs/MMPs pathway may contribute to the mechanisms of IS and SVS injury triggered by TIMP-3.
Incidence of SVS is closely related to hypertension. A previous study found that among all TIMP knockout mice, only TIMP-3 knockout mice inhibited angiotensin II-induced blood pressure elevation. This supports a significant role for TIMP-3 in regulating hypertension (Basu et al., 2013). TIMP-3 can inhibit MMP-2, MMP-3, and MMP-9 which regulate ECM structure and vascular remodelling and consequently affect hypertension-induced stroke (Jin et al., 2017; Li et al., 2019b). Therefore, the increased risk of IS, especially SVS, due to TIMP-3 may be highly correlated to the regulation of MMPs by TIMP-3.
In addition, previous research suggests that TIMP-3 is a potent angiogenesis inhibitor that suppresses vascular endothelial growth factor (VEGF)-mediated angiogenesis which affects vascular repair and leads to cumulative blood vessel damage. This effect is more pronounced in small blood vessels (Qi et al., 2003; Janssen et al., 2008). Moreover, it has been suggested that TIMP-3 also plays an important role in the myogenic autoregulation of arterioles. TIMP-3 overexpression blocks the ADAM17 (a disintegrin and metalloprotease 17)/HB-EGF (heparin-binding EGF-like growth factor)/(ErbB1/ErbB4) pathway, which weakens the myogenic regulation of small vessels and makes it difficult for vessels to recover quickly (Chalaris et al., 2010; Xu et al., 2012; Capone et al., 2016). The combination of these effects can exacerbate the occurrence of small vascular stroke. Previous studies have shown that LAS is more susceptible to atherosclerosis, and CES is most closely related to cardiogenic emboli and atrial fibrillation. The effect of TIMP-3 on the atherosclerosis, cardiogenic emboli and atrial fibrillation was weak. This may be one reason that TIMP-3 is more related to SVS than other IS subtypes.
This study mainly focused on European populations with the advantage of ruling out the impact of population differences on the study findings. It is based on published large sample genetics data and takes multiple approaches to explore causality without significant sensitivity and heterogeneity concerns which produced robust and reliable results.
Some limitations of the study are open to discussion here. First, it is difficult to exclude the effects of directional pleiotropy, which makes exploring causality prone to bias. However, in our study neither MR-Egger regression nor MR-PRESSO Global test showed statistically significant directional pleiotropy, ruling out the influence of directional pleiotropy. Moreover, because of the small number of instrumental variables identified, we adopted a more relaxed threshold (p < 1 × 10–5) to explore the causal relationship between TIMP-3 and IS/ICH; however, the reliability of this relaxation has been confirmed by other studies (Sun et al., 2020). Thirdly, the Mendelian randomisation approach offers a relatively weak genetic interpretation, which resulted in the low OR value for causality; however, experimentally confirmed values have been obtained in previous studies (Georgakis et al., 2019). Finally, our approach to screening for instrumental variables used the screening criteria of GWAS studies without incorporating cis expression quantitative trait loci (pQTL). We performed rigorous testing for pleiotropy of exposure and outcome using MR-Egger regression and MR-PRESSO methods, but no pleiotropy was found, which suggests that our results are robust. In future MR studies, combining cis pQTL and traditional methods to screening instrumental variables may find more precise biomarkers.
CONCLUSION
In summary, our MR study provides positive evidence for the causal role of TIMP-3 in the risk of developing IS, especially SVS. We found two SNP loci, rs135150 and rs3788495, which may be important biomarkers for predicting the occurrence of IS. The underlying mechanism in the causal relationship between TIMP-3 and the risk of IS and SVS warrants further research and may have vital clinical implications in the prevention of IS.
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 author.
AUTHOR CONTRIBUTIONS
JW and LX designed the research and determined the structure and the layout of the paper. LX, XZ, YL, and LZ selected the references and contributed to the writing. LX, XZ, and JW collected the GWAS database. XZ and LX helped to analyze the results of this Mendelian randomization study. LX, XZ, and JW contributed to the revision and finalization of the article. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by the National Key R and D Program of China (No. 2019YFA0112100), the National Natural Science Foundation of China (No. 81472073), and the Natural Science Foundation of Hunan Province (2019JJ40518).
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.
ACKNOWLEDGMENTS
We would like to thank Editage (www.editage.cn) for English language editing.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2022.838809/full#supplementary-material
REFERENCES
 An, S. J., Kim, T. J., and Yoon, B.-W. (2017). Epidemiology, Risk Factors, and Clinical Features of Intracerebral Hemorrhage: An Update. J. Stroke 19 (1), 3–10. Epub 2017 Jan 31. PMID: 28178408; PMCID: PMC5307940. doi:10.5853/jos.2016.00864
 Basu, R., Lee, J., Morton, J. S., Takawale, A., Fan, D., Kandalam, V., et al. (2013). TIMP3 Is the Primary TIMP to Regulate Agonist-Induced Vascular Remodelling and Hypertension. Cardiovasc. Res. 98 (3), 360–371. Epub 2013 Mar 21. PMID: 23524300. doi:10.1093/cvr/cvt067
 Bowden, J., Davey Smith, G., and Burgess, S. (2015). Mendelian Randomization with Invalid Instruments: Effect Estimation and Bias Detection through Egger Regression. Int. J. Epidemiol. 44 (2), 512–525. Epub 2015 Jun 6. PMID: 26050253; PMCID: PMC4469799. doi:10.1093/ije/dyv080
 Bowden, J., Davey Smith, G., Haycock, P. C., and Burgess, S. (2016). Consistent Estimation in Mendelian Randomization with Some Invalid Instruments Using a Weighted Median Estimator. Genet. Epidemiol. 40 (4), 304–314. Epub2016 Apr 7. PMID: 27061298; PMCID: PMC4849733. doi:10.1002/gepi.21965
 Bowden, J., Del Greco M., F., Minelli, C., Davey Smith, G., Sheehan, N. A., and Thompson, J. R. (2016). 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. 45 (6), dyw220–1974. PMID: 27616674; PMCID: PMC5446088. doi:10.1093/ije/dyw220
 Brew, K., and Nagase, H. (2010). The Tissue Inhibitors of Metalloproteinases (TIMPs): an Ancient Family with Structural and Functional Diversity. Biochim. Biophys. Acta (Bba) - Mol. Cel Res. 1803 (1), 55–71. Epub 2010 Jan 15. PMID: 20080133; PMCID: PMC2853873. doi:10.1016/j.bbamcr.2010.01.003
 Burgess, S., Scott, R. A., Scott, R. A., Timpson, N. J., Davey Smith, G., Thompson, S. G., et al. (2015). Using Published Data in Mendelian Randomization: a Blueprint for Efficient Identification of Causal Risk Factors. Eur. J. Epidemiol. 30 (7), 543–552. Epub 2015 Mar 15. PMID: 25773750; PMCID: PMC4516908. doi:10.1007/s10654-015-0011-z
 Cai, H., Cai, B., Zhang, H., Sun, W., Wang, Y., Zhou, S., et al. (2019). Major Depression and Small Vessel Stroke: a Mendelian Randomization Analysis. J. Neurol. 266 (11), 2859–2866. Epub 2019 Aug 21. PMID: 31435769. doi:10.1007/s00415-019-09511-w
 Capone, C., Dabertrand, F., Baron-Menguy, C., Chalaris, A., Ghezali, L., Domenga-Denier, V., et al. (2016). Mechanistic Insights into a TIMP3-Sensitive Pathway Constitutively Engaged in the Regulation of Cerebral Hemodynamics. Elife 5, e17536. PMID: 27476853; PMCID: PMC4993587. doi:10.7554/eLife.17536
 Carreca, A. P., Pravatà, V. M., Markham, M., Bonelli, S., Murphy, G., Nagase, H., et al. (2020). TIMP-3 Facilitates Binding of Target Metalloproteinases to the Endocytic Receptor LRP-1 and Promotes Scavenging of MMP-1. Sci. Rep. 10 (1), 12067. PMID: 32694578; PMCID: PMC7374751. doi:10.1038/s41598-020-69008-9
 Castro, M. M., and Tanus-Santos, J. E. (2013). Inhibition of Matrix Metalloproteinases (MMPs) as a Potential Strategy to Ameliorate Hypertension-Induced Cardiovascular Alterations. Curr. Drug Targets 14 (3), 335–343. PMID: 23316965. doi:10.2174/138945013804998990
 Chalaris, A., Adam, N., Sina, C., Rosenstiel, P., Lehmann-Koch, J., Schirmacher, P., et al. (2010). Critical Role of the Disintegrin Metalloprotease ADAM17 for Intestinal Inflammation and Regeneration in Mice. J. Exp. Med. 207 (8), 1617–1624. Epub 2010 Jul 5. PMID: 20603312; PMCID: PMC2916135. doi:10.1084/jem.20092366
 Chauhan, G., and Debette, S. (2016). Genetic Risk Factors for Ischemic and Hemorrhagic Stroke. Curr. Cardiol. Rep. 18 (12), 124. PMID: 27796860; PMCID: PMC5086478. doi:10.1007/s11886-016-0804-z
 Di Gregoli, K., Mohamad Anuar, N. N., Bianco, R., White, S. J., Newby, A. C., George, S. J., et al. (2017). MicroRNA-181b Controls Atherosclerosis and Aneurysms through Regulation of TIMP-3 and Elastin. Circ. Res. 120 (1), 49–65. Epub 2016 Oct 18. PMID: 27756793; PMCID: PMC5214094. doi:10.1161/CIRCRESAHA.116.309321
 Emdin, C. A., Khera, A. V., and Kathiresan, S. (2017). Mendelian Randomization. JAMA 318 (19), 1925–1926. doi:10.1001/jama.2017.17219
 GBD (2019). Global, Regional, and National burden of Stroke, 1990-2016: a Systematic Analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 18 (5), 439–458. Epub 2019 Mar 11. PMID: 30871944; PMCID: PMC6494974. doi:10.1016/S1474-4422(19)30034-1
 GBD (2021). 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. 20 (10), 795–820. Epub 2021 Sep 3. PMID: 34487721; PMCID: PMC8443449. doi:10.1016/S1474-4422(21)00252-0
 Georgakis, M. K., Malik, R., Björkbacka, H., Pana, T. A., Demissie, S., Ayers, C., et al. (2019). Circulating Monocyte Chemoattractant Protein-1 and Risk of Stroke. Circ. Res. 125 (8), 773–782. Epub 2019 Sep 3. Erratum in: Circ Res. 2020 Jan 3;126(1):e9. PMID: 31476962; PMCID: PMC6763364. doi:10.1161/CIRCRESAHA.119.315380
 Gilardoni, M. B., Remedi, M. M., Oviedo, M., Dellavedova, T., Sarría, J. P., Racca, L., et al. (2017). Differential Expression of Low Density Lipoprotein Receptor-Related Protein 1 (LRP-1) and Matrix Metalloproteinase-9 (MMP-9) in Prostate Gland: From normal to Malignant Lesions. Pathol. - Res. Pract. 213 (1), 66–71. Epub 2016 Nov 24. PMID: 27931798. doi:10.1016/j.prp.2016.11.008
 Greco, F. D. M., Minelli, C., Sheehan, N. A., and Thompson, J. R. (2015). Detecting Pleiotropy in Mendelian Randomisation Studies with Summary Data and a Continuous Outcome. Statist. Med. 34 (21), 2926–2940. Epub 2015 May 7. PMID: 25950993. doi:10.1002/sim.6522
 Hahn-Dantona, E., Ruiz, J. F., Bornstein, P., and Strickland, D. K. (2001). The Low Density Lipoprotein Receptor-Related Protein Modulates Levels of Matrix Metalloproteinase 9 (MMP-9) by Mediating its Cellular Catabolism. J. Biol. Chem. 276 (18), 15498–15503. Epub 2001 Feb 2. PMID: 11279011. doi:10.1074/jbc.M100121200
 Hemani, G., Bowden, J., and Davey Smith, G. (2018). Evaluating the Potential Role of Pleiotropy in Mendelian Randomization Studies. Hum. Mol. Genet. 27 (R2), R195–R208. PMID: 29771313; PMCID: PMC6061876. doi:10.1093/hmg/ddy163
 Higuchi, M., Yasuda, O., Kawamoto, H., Yotsui, T., Baba, Y., Ozaki, T., et al. (2007). Tissue Inhibitor of Metalloproteinase-3 Deficiency Inhibits Blood Pressure Elevation and Myocardial Microvascular Remodeling Induced by Chronic Administration of N.OMEGA.-Nitro-L-Arginine Methyl Ester in Mice. Hypertens. Res. 30 (6), 563–571. doi:10.1291/hypres.30.563
 Janssen, A., Hoellenriegel, J., Fogarasi, M., Schrewe, H., Seeliger, M., Tamm, E., et al. (2008). Abnormal Vessel Formation in the Choroid of Mice Lacking Tissue Inhibitor of Metalloprotease-3. Invest. Ophthalmol. Vis. Sci. 49 (7), 2812–2822. Epub 2008 Apr 11. PMID: 18408187. doi:10.1167/iovs.07-1444
 Jia, Y., Guo, D., Zhang, K., Yang, P., Zang, Y., Sun, L., et al. (2021). Causal Associations of Serum Matrix Metalloproteinase‐8 Level with Ischaemic Stroke and Ischaemic Stroke Subtypes: a Mendelian Randomization Study. Eur. J. Neurol. 28 (8), 2543–2551. Epub 2021 May 14. PMID: 33894037. doi:10.1111/ene.14878
 Jin, R., Xu, S., Lin, X., and Shen, M. (2017). MiR-136 Controls Neurocytes Apoptosis by Regulating Tissue Inhibitor of Metalloproteinases-3 in Spinal Cord Ischemic Injury. Biomed. Pharmacother. 94, 47–54. Epub 2017 Jul 26. PMID: 28753453. doi:10.1016/j.biopha.2017.07.053
 Kurzepa, J., Kurzepa, J., Golab, P., Czerska, S., and Bielewicz, J. (2014). The Significance of Matrix Metalloproteinase (MMP)-2 and MMP-9 in the Ischemic Stroke. Int. J. Neurosci. 124 (10), 707–716. PMID: 24304146. doi:10.3109/00207454.2013.872102
 Lee, K., and Lim, C.-Y. (2019). Mendelian Randomization Analysis in Observational Epidemiology. J. Lipid Atheroscler. 8 (2), 67–77. Epub 2019 Sep 17. PMID: 32821701; PMCID: PMC7379124. doi:10.12997/jla.2019.8.2.67
 Li, Y., Zhong, W., Jiang, Z., and Tang, X. (2019). New Progress in the Approaches for Blood-Brain Barrier protection in Acute Ischemic Stroke. Brain Res. Bull. 144, 46–57. Epub 2018 Nov 15. PMID: 30448453. doi:10.1016/j.brainresbull.2018.11.006
 Li, H., Yue, P., Su, Y., and Li, C. (2019). Plasma Levels of Matrix Metalloproteinase-9: A Possible Marker for Cold-Induced Stroke Risk in Hypertensive Rats. Neurosci. Lett. 709, 134399. Epub 2019 Jul 23. PMID: 31349015. doi:10.1016/j.neulet.2019.134399
 Li, L., Scott, C. A., and Rothwell, P. M.Oxford Vascular Study (2020). Trends in Stroke Incidence in High-Income Countries in the 21st Century. Stroke 51 (5), 1372–1380. Epub 2020 Mar 25. PMID: 32208842; PMCID: PMC7185053. doi:10.1161/STROKEAHA.119.028484
 Lioutas, V.-A., Beiser, A. S., Aparicio, H. J., Himali, J. J., Selim, M. H., Romero, J. R., et al. (2020). Assessment of Incidence and Risk Factors of Intracerebral Hemorrhage Among Participants in the Framingham Heart Study between 1948 and 2016. JAMA Neurol. 77 (10), 1252–1260. PMCID: PMC7281354. doi:10.1001/jamaneurol.2020.1512
 Malik, R., Chauhan, G., Traylor, M., Sargurupremraj, M., Okada, Y., Mishra, A., et al. (2018). Multiancestry Genome-wide Association Study of 520,000 Subjects Identifies 32 Loci Associated with Stroke and Stroke Subtypes. Nat. Genet. 50 (4), 524–537. doi:10.1038/s41588-018-0058-3
 Ong, J. S., and MacGregor, S. (2019). Implementing MR‐PRESSO and GCTA‐GSMR for Pleiotropy Assessment in Mendelian Randomization Studies from a Practitioner's Perspective. Genet. Epidemiol. 43 (6), 609–616. Epub 2019 May 2. PMID: 31045282; PMCID: PMC6767464. doi:10.1002/gepi.22207
 Pushpakumar, S., Kundu, S., Pryor, T., Givvimani, S., Lederer, E., Tyagi, S. C., et al. (2013). Angiotensin-II Induced Hypertension and Renovascular Remodelling in Tissue Inhibitor of Metalloproteinase 2 Knockout Mice. J. Hypertens. 31 (11), 2270–2281. PMID: 24077247; PMCID: PMC4000563. doi:10.1097/HJH.0b013e3283649b33
 Qi, J. H., Ebrahem, Q., Moore, N., Murphy, G., Claesson-Welsh, L., Bond, M., et al. (2003). A Novel Function for Tissue Inhibitor of Metalloproteinases-3 (TIMP3): Inhibition of Angiogenesis by Blockage of VEGF Binding to VEGF Receptor-2. Nat. Med. 9 (4), 407–415. PMID: 12652295. doi:10.1038/nm846
 Staley, J. R., Blackshaw, J., Kamat, M. A., Ellis, S., Surendran, P., Sun, B. B., et al. (2016). PhenoScanner: a Database of Human Genotype-Phenotype Associations. Bioinformatics 32 (20), 3207–3209. Epub 2016 Jun 17. PMID: 27318201; PMCID: PMC5048068. doi:10.1093/bioinformatics/btw373
 Suhre, K., Arnold, M., Bhagwat, A. M., Cotton, R. J., Engelke, R., Raffler, J., et al. (2017). Connecting Genetic Risk to Disease End Points through the Human Blood Plasma Proteome. Nat. Commun. 8, 14357. 2017 Apr 11;8:15345. PMID: 28240269; PMCID: PMC5333359. doi:10.1038/ncomms14357
 Sun, S., Jiao, M., Han, C., Zhang, Q., Shi, W., Shi, J., et al. (2020). Causal Effects of Genetically Determined Metabolites on Risk of Polycystic Ovary Syndrome: A Mendelian Randomization Study. Front. Endocrinol. 11, 621. PMID: 33013699; PMCID: PMC7505923. doi:10.3389/fendo.2020.00621
 Thevenard, J., Verzeaux, L., Devy, J., Etique, N., Jeanne, A., Schneider, C., et al. (2014). Low-density Lipoprotein Receptor-Related Protein-1 Mediates Endocytic Clearance of Tissue Inhibitor of Metalloproteinases-1 and Promotes its Cytokine-like Activities. PLoS One 9 (7), e103839. PMID: 25075518; PMCID: PMC4116228. doi:10.1371/journal.pone.0103839
 Ungvari, Z., Tarantini, S., Kirkpatrick, A. C., Csiszar, A., and Prodan, C. I. (2017). Cerebral Microhemorrhages: Mechanisms, Consequences, and Prevention. Am. J. Physiology-Heart Circulatory Physiol. 312 (6), H1128–H1143. Epub 2017 Mar 17. PMID: 28314762; PMCID: PMC5495931. doi:10.1152/ajpheart.00780.2016
 Verbanck, M., Chen, C.-Y., Neale, B., and Do, R. (2018). Detection of Widespread Horizontal Pleiotropy in Causal Relationships Inferred from Mendelian Randomization between Complex Traits and Diseases. Nat. Genet. 50 (5), 693–698. doi:10.1038/s41588-018-0099-7
 Wafa, H. A., Wolfe, C. D. A., Emmett, E., Roth, G. A., Johnson, C. O., and Wang, Y. (2020). Burden of Stroke in Europe. Stroke 51 (8), 2418–2427. Epub 2020 Jul 10. PMID: 32646325; PMCID: PMC7382540. doi:10.1161/STROKEAHA.120.029606
 Wallace, J. A., Alexander, S., Estrada, E. Y., Hines, C., Cunningham, L. A., and Rosenberg, G. A. (2002). Tissue Inhibitor of Metalloproteinase-3 Is Associated with Neuronal Death in Reperfusion Injury. J. Cereb. Blood Flow Metab. 22 (11), 1303–1310. PMID: 12439287. doi:10.1097/01.WCB.0000040943.89393.c1
 Woo, D., Falcone, G. J., Devan, W. J., Brown, W. M., Biffi, A., Howard, T. D., et al. (2014). Meta-analysis of Genome-wide Association Studies Identifies 1q22 as a Susceptibility Locus for Intracerebral Hemorrhage. Am. J. Hum. Genet. 94 (4), 511–521. Epub 2014 Mar 20. PMID: 24656865; PMCID: PMC3980413. doi:10.1016/j.ajhg.2014.02.012
 Xu, P., Liu, J., Sakaki-Yumoto, M., and Derynck, R. (2012). TACE Activation by MAPK-Mediated Regulation of Cell Surface Dimerization and TIMP3 Association. Sci. Signal. 5 (222), ra34. PMID: 22550340; PMCID: PMC4254802. doi:10.1126/scisignal.2002689
 Zhao, Q., Wang, J., Bowden, J., and Small, D. S. (2018). Statistical Inference in Two-Sample Summary-Data Mendelian Randomization Using Robust Adjusted Profile Score. Score. Ann. Statist. 48 (3), 1742–1769. doi:10.1214/19-aos1866
 Zheng, J., Baird, D., Borges, M.-C., Bowden, J., Hemani, G., Haycock, P., et al. (2017). Recent Developments in Mendelian Randomization Studies. Curr. Epidemiol. Rep. 4 (4), 330–345. Epub 2017 Nov 22. PMID: 29226067; PMCID: PMC5711966. doi:10.1007/s40471-017-0128-6
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.
Copyright © 2022 Xiao, Zou, Liang, Wang, Zeng and Wu. 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.
OPS/images/fgene-13-838809-t002.jpg
Outcome

svs
CES

ICH
NLICH
LICH

Pleiotropy Test

MR-Egger MR-PRESSO

Egger Intercept ~ SE  p-Value Global test p-Value
00077 00097 0454 2175 0.134
00055 00158 0737 1025 0428
0.0089 00224 0702 27.70 0082
-0.0258 00169 0.167 7.69 0721
00026 00459 0956 299 0945
-0.0461 00632 0493 12.02 0301
00598 00604 0360 275 0.963





OPS/images/fgene-13-838809-g003.gif
e

ot

Eantadernd

s
ey
ey
sty

s






OPS/images/fgene-13-838809-t001.jpg
Outcome Heterogeneity Test

Method Q Q_df p-Value
IS

w 145 8 0.069

WME 133 7 0.065
SVS

v 7.43 4 0.385

WME 7.28 6 0.295
CES

w 19.4 9 0.022

WME 19.1 8 0.015
LAS

v 6.31 9 0.709

WME 3.99 8 0.857
ICH

v 237 T 0.936

WME 237 6 0.882
NLICH

W 8.86 7 0.263

WME 8.14 6 0.228
LICH

v 2.10 7 0.964

WME 1.12 6 0.980





OPS/xhtml/nav.xhtml
Contents

		Cover

		Evaluating the Causal Effects of TIMP-3 on Ischaemic Stroke and Intracerebral Haemorrhage: A Mendelian Randomization Study		Introduction

		Materials and Methods		Data Sources and Genetic Instruments

		Mendelian Randomisation Analysis

		Three Core Assumptions

		Statistical Analysis





		Results		Selection of Instrumental Variables

		The Causal Role of TIMP-3 Was Significantly Positively Associated With Ischaemic Stroke

		The Genetic Loci With Strongest Magnitude of Association With Ischaemic Stroke, Small Vessel Stroke, and Cardioembolic Stroke

		TIMP-3 Does not Play a Causal Role in Intracerebral Haemorrhage Subtypes

		Heterogeneity Test and Pleiotropy Test





		Discussion

		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Genetics

Evaluating the Causal Effects of
TIMP-3 on Ischaemic Stroke and
Intracerebral Haemorrhage: A

Mendelian Randomization Study





OPS/images/fgene-13-838809-g001.gif
J N —

[e—— B Omane:
Snpebie Seun TSt [






OPS/images/fgene-13-838809-g002.gif
im0

0o

|

I

e

f

55355 sssss

|









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Genetics





