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Introduction: Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) have been linked to clinical outcomes in patients with coronary artery disease (CAD). However, the prognostic value of TIMP-1 in patients with CAD who underwent coronary artery bypass grafting (CABG) has not been elucidated. We aimed to investigate the correlations of TIMP-1 with high-sensitivity C-reactive protein (hs-CRP) and N-terminal pro-brain natriuretic peptide (NT-proBNP) in the long-term prognosis of consecutive patients who underwent CABG.



Methods: A total of 234 patients (age: 70.4 ± 10.5 years, 84.6% men) with CAD who underwent CABG were prospectively enrolled. Preoperative levels of MMPs, TIMP-1, hs-CRP, and NT-proBNP were recorded. Major adverse cardiovascular events (MACE) were defined as non-fatal myocardial infarction, non-fatal stroke, and cardiovascular death.



Results: During a median follow-up of 12.1 years, 120 deaths were recorded. The deceased were older, had more manifest acute coronary syndrome (ACS), a lower left ventricular ejection fraction (LVEF), and an estimated glomerular filtration rate (eGFR), but significantly higher MMP13, TIMP-1, hs-CRP, and NT-proBNP compared with the survivors. After adjusting for age, sex, manifest ACS, eGFR, LVEF, total cholesterol, and triglycerides, TIMP-1 (hazard ratio and 95% confidence intervals per SD: 1.506, 1.183–1.917), hs-CRP (1.349, 1.183–1.561), and NT-ProBNP (1.707, 1.326–2.199) were all independently associated with all-cause mortality. The mediation analysis revealed that the mortality risks of TIMP-1 were partially mediated by NT-proBNP (62.2%) and hs-CRP (25.3%). The associations of TIMP-1 with MACE were partially mediated by NT-proBNP (54.4%) but not hs-CRP.



Conclusions: TIMP-1 was an independent predictor of long-term outcomes after CABG, with possible roles in subclinical inflammation and postoperative cardiac remodeling.
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1. Introduction

Matrix metalloproteinases (MMPs) are involved in the degradation of the extracellular matrix (ECM), which participates in various biological processes such as angiogenesis, inflammation, and tissue remodeling (1, 2). The tissue inhibitors of metalloproteinases (TIMPs) can modulate the local activities of MMPs. An imbalance in the expression of MMPs and TIMPs is associated with atherosclerotic cardiovascular disease (1–3). Epidemiological studies have demonstrated that the serum levels of MMPs and TIMPs, along with their ratio, are associated with cardiovascular events and long-term survival in individuals with or without coronary artery disease (CAD) (4–6). In addition, both MMPs and TIMPs have been correlated with longitudinal left ventricular remodeling in patients with hypertension (7) and in the general population (8), which is linked to incident heart failure (HF) (9). Although Morishita et al. presented the prognostic value of circulating MMPs and TIMPs in patients with HF (10), it is hypothesized that the clinical benefits observed with sacubitril/valsartan in the PARADIGM-HF trial were due to its regulation of the extracellular matrix (11). Cardiac remodeling has been associated with long-term survival in patients with severe CAD who have undergone coronary artery bypass surgery (CABG) (12, 13). However, the clinical value of circulating MMPs and TIMPs in predicting adverse outcomes remains unclear. Subclinical inflammation, which affects endothelial function and microvascular blood flow, may increase the risk of cardiovascular complications and mortality after CABG (14, 15). Therefore, the present study aimed to investigate the prognostic value of MMPs and TIMP and their association with inflammation and HF in patients who underwent CABG. We investigated the correlation of TIMP-1 with high-sensitivity C-reactive protein (hs-CRP) and N-terminal pro-brain natriuretic peptide (NT-proBNP) levels to predict long-term outcomes in consecutive patients who underwent CABG.



2. Materials and methods


2.1. Study population

A total of 346 patients referred for CABG by the same experienced surgeon between January 2001 and December 2007 were eligible for this study. Medical history, anthropometric measurements, coronary artery angiography findings, and fasting blood samples were obtained preoperatively. Patients who experienced acute myocardial infarction or unstable angina within 30 days prior to CABG were defined as having acute coronary syndrome (ACS). Moreover, 87 patients with ongoing infectious diseases, concomitant surgical procedures other than CABG, or active malignancy were excluded from the study. Furthermore, 25 patients were lost to follow-up. Finally, 234 patients were included in this analysis. This was performed following the relevant guidelines and regulations. The study conformed to the principles outlined in the Declaration of Helsinki, and the study protocol was approved by the Institutional Review Board of the Taipei Veterans General Hospital. Informed consent was obtained from all participants.



2.2. Assessments of biochemistry and biomarkers

Overnight fasting serum and plasma samples were obtained on the day of surgery for measurement of lipid profiles, renal function, and biomarkers. The estimated glomerular filtration rate (eGFR) was calculated by a modified Modification of Diet in Renal Disease equation based on a Chinese population using plasma creatinine (PCr, mg/dl) as eGFR (ml/min/1.73 m2) = 175 × PCr −1.234 × age −0.179 × (0.79 if the subject was a woman) (16). NT-proBNP (Biomedica, Vienna, Austria), hs-CRP (Dade Behring, Marburg, Germany), MMPs, and TIMP-1 (R&D Systems, Abingdon, United Kingdom) levels were determined using commercially available enzyme-linked immunosorbent assays.



2.3. Clinical outcomes

The study population was followed up through outpatient clinics, telephone contacts, reviews of medical records, and the National Death Registry to identify clinical events. Patients who died within 30 days of surgery were defined as having surgery-related mortality and were categorized as having cardiovascular death. Major adverse cardiovascular events (MACEs) were defined as non-fatal myocardial infarction, non-fatal stroke, and cardiovascular death.



2.4. Statistical analysis

Data from this study were expressed as mean ± standard deviation for continuous variables and as percentages for categorical variables. Comparisons between groups were performed using the Student's t-test for continuous variables and the chi-square test for categorical variables. Associations between different biomarkers were evaluated by calculating Pearson correlation coefficients. The determinants of TIMP-1 were evaluated using the forward stepwise selection of multiple linear regression. Additionally, the relative contribution of different markers was calculated as the percentage of the individual partial R2 divided by the model R2. Survival curves were plotted using the Kaplan–Meier method and assessed using overall and pairwise log-rank tests. Predictors of all-cause mortality were determined using Cox proportional hazards regression analysis, and a multivariable stepwise model was constructed with entry criteria of P < 0.5 and P < 0.15 to stay in the model. Hazard ratios (HR) and 95% confidence intervals (CI) per standard deviation were presented for each biomarker. The biomarker cutoff points for the prediction of mortality were defined using receiver operating characteristic (ROC) curve analyses. NT-proBNP was logarithmically transformed before linear regression analysis due to the skewed distribution. Mediation analysis was used to assess the importance of pathways and direct and indirect causal effects between different biomarkers and outcomes using the R package (17–21). All analyses were conducted by SAS 9.4 (IBM, Cary, NA, USA) and RStudio Team (2021) (PBC, Boston, MA, USA). The figures were plotted using MedCalc for Windows, version 19.4 (MedCalc Software, Oostende, Belgium). Differences were considered statistically significant at a two-tailed P < 0.05.




3. Results

The baseline characteristics of the study population are presented in Table 1. Of 234 study participants (70.4 ± 10.5 years, 84.62% men, and 42.74% with diabetes), 108 experienced a MACE during a median follow-up duration of 12.1 years. In addition, a total of 120 deaths occurred, 92 of which were from cardiovascular causes. The deceased patients were characterized by older age, more ACS, a lower body mass index, left ventricular ejection fraction (LVEF), and eGFR compared to survivors. The distributions of male subjects, hypertension, diabetes, and active smokers, along with lipid profiles, were similar between the two groups. Patients with more A-grafts and complete revascularization during surgery had better survival rates. Moreover, the deceased group had significantly higher levels of hs-CRP, NT-proBNP, MMP-13, and TIMP-1 than the survivors. The serum levels of MMP-2 and MMP-9 were comparable.


TABLE 1 Baseline characteristics of the study population.
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3.1. Determinants of TIMP-1

With fixed adjustments for age, sex, LVEF, eGFR, ACS, total cholesterol, and triglycerides, using forward stepwise linear regression analysis, hs-CRP, NT-proBNP, and MMP-9 were all significant determinants of TIMP-1. Additionally, NT-proBNP had the largest partial R2, contributing 70.9% of the total variance in TIMP-1 (P < 0.0001), MMP-9 (18.9%, P < 0.0001), and hs-CRP (10.2%, P = 0.0012) levels (Figure 1).
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FIGURE 1
Determinants of tissue inhibitor of metalloproteinases (TIMP)-1. The attributed proportion of N-terminal pro-brain natriuretic pepetide (NT-proBNP), high-sensitivity C-reactive protein (hs-CRP) and matrix metalloproteinase (MMP)-9 to TIMP-1 was calculated by R2 of each biomarker over R2 of the forward selection regression model with fixed adjustments for age, sex, left ventricular ejection fraction, estimated glomerular filtration rate, acute coronary syndrome, total cholesterol and triglycerides.




3.2. Prognostic value of biomarkers

Although age, ACS, body mass index, LVEF, and complete revascularization were associated with mortality, hs-CRP, and NT-proBNP levels were also crudely correlated with long-term survival (HR and 95% CI per-1SD: 1.409, 1.241–1.599 and 2.173, 1.787–2.642, respectively). TIMP-1 (1.525, 1.325–1.756) was also associated with all-cause mortality in the study population. (Supplementary Table S1). After adjusting for age and sex, hs-CRP, NT-proBNP, and TIMP-1 were independently associated with all-cause mortality and MACE (Tables 2, 3, Model 1). None of the MMP-2, MMP-9, or MMP-13 levels were independently linked to all-cause mortality or MACE during the follow-up period. After further adjustment for ACS, eGFR, LVEF, lipid profile, or complete revascularization, hs-CRP, NT-proBNP, and TIMP-1 remained significantly correlated with mortality and MACE. (Tables 2, 3, Model 2 and Model 3) By ROC curve analysis, the cut-off values of hs-CRP, NT-proBNP, and TIMP-1 for the prediction of mortality were 0.57 mg/dl, 1,548.8 fmol/ml, and 128.4 ng/ml, respectively. Patients with high TIMP-1 levels had significantly higher mortality rates after CABG than compared with the others (Supplementary Figure 1). Both high NT-proBNP and high hs-CRP would further deteriorate the long-term survival of patients with high TIMP-1 (Figure 2).


TABLE 2 Predictors of all-cause mortality in multivariable Cox regression analyses.
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TABLE 3 Predictors of major adverse cardiovascular events in multivariable Cox regression analyses.

[image: Table 3]


[image: Figure 2]
FIGURE 2
Kaplan-Meier survival curve analyses, stratified by high and low TIMP-1 (cut-off value: 128.4 ng/ml), in cooperation with NT-proBNP (cut-off value: 1548.8 fmol/ml) or hs-CRP (cut-off value: 0.57 mg/dl). * indicated a P value of <0.05 by pairwise log-rank test, compared with group 1, † for group 2, and ‡ for group 3.




3.3. Mediation analysis between biomarkers

Single-moderator mediation analysis using linear and Cox regression methods is presented in Figure 3, which shows a significant total effect of serum TIMP-1 level on all-cause mortality and MACE. The association between mortality and TIMP-1 level was mediated by NT-proBNP (62.2%) and hs-CRP (25.3%). In contrast, both NT-proBNP and hs-CRP levels were directly associated with an increased mortality risk. In addition, the association between TIMP-1 and MACE was mediated by NT-proBNP (54.4%) but not by hs-CRP. However, both NT-proBNP and hs-CRP levels were still directly associated with MACE.
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FIGURE 3
Causal-mediation analysis of tissue inhibitor of metalloproteinases (TIMP)-1, N-terminal pro-brain natriuretic pepetide (NT-proBNP) and high-sensitivity C-reactive protein (hs-CRP) in the prediction of mortality and major adverse cardiovascular events (MACE) after CABG. Effect estimates, 95% confidence intervals and P values were reported for all paths. (A: natural direct effect, B*C natural indirect effect, A*B*C total effect). (A) Mediator as NT-proBNP and outcome as all-cause mortality, proportion mediated = 62.2%. (B) Mediator as hs-CRP and outcome as all-cause mortality, proportion mediated = 25.3%. (C) Mediator as NT-proBNP and outcome as major adverse cardiovascular events , proportion mediated = 54.4%. (D) Mediator as hs-CRP and outcome as major adverse cardiovascular events , proportion mediated = 25.6%





4. Discussion

The present study demonstrated that TIMP-1, but not MMPs, is associated with MACE and long-term survival in patients with CAD who underwent CABG. In addition, both NT-proBNP and hs-CRP levels were correlated with clinical outcomes after CABG. Although both NT-proBNP and hs-CRP were related to serum levels of TIMP-1, causal mediation analysis demonstrated that NT-proBNP and hs-CRP may mediate the mortality risk of TIMP-1 on long-term outcomes in the study population.


4.1 Prognostic value of TIMP-1 after CABG

Although MMPs have been implicated in atherosclerotic plaque rupture, numerous studies have demonstrated that serum levels of MMPs correlate with clinical outcomes in patients with CAD (22–24). Furthermore, TIMPs, which counteract MMP activity, have also been associated with adverse cardiovascular events and the long-term survival of patients with CAD (4–6). In addition to plaque stability, both MMPs and TIMPs are expressed in cardiomyocytes and fibroblasts and are involved in cardiac remodeling (25–27). Patients with hypertension, left ventricular hypertrophy, or impaired left ventricular systolic function had higher serum TIMP-1 levels compared to their healthy counterparts (8, 28, 29). Lieb et al. further demonstrated that TIMP-1 was associated with incident HF in 922 Framingham participants during a 20-year follow-up period (9). Among patients with CAD who underwent CABG, the recurrence of atherosclerotic events and the development of HF may jeopardize long-term outcomes (30). Although subclinical inflammation may worsen microvascular function and contribute to graft failure and recurrent coronary events (15), remodeling of the left ventricle and/or concomitant HF exacerbate adverse events after CABG (31). The present study demonstrated that both hs-CRP and NT-proBNP are independent predictors of MACE and all-cause mortality in the study population. In addition, this study may be the first to demonstrate that TIMP-1 correlates with long-term clinical outcomes in patients who underwent CABG for more than 10 years. Although the prognostic value of MMPs has been validated in numerous populations with CAD (22–24), clinical outcomes related to MMPs after CABG have rarely been discussed. In a retrospective study of 200 patients who underwent CABG, Perek et al. demonstrated that tissue expression of MMP-2 in the saphenous veins was related to venous graft failure (32). No association between MMPs and long-term clinical outcomes has been previously reported. In the present study, no significant association between serum MMP levels and clinical outcomes after CABG was found. The reasons for this may include different MMP molecular constituents in the internal mammary artery and saphenous vein (33), and cardiopulmonary bypass may cause a transient increase in the concentration and activity of plasma MMPs (34).



4.2. TIMP-1, subclinical inflammation, cardiac remodeling, and outcomes

Hoseini et al. demonstrated a significant correlation between hs-CRP and TIMPs in patients with metabolic syndrome and atherosclerotic and cardiovascular diseases. Therefore, supporting the involvement of TIMPs in subclinical inflammation is an established risk factor for plaque instability and future coronary events (35). Opstad et al. demonstrated that the quartiles of serum TIMP-1 levels after myocardial infarction in 243 patients contributed to cardiac remodeling, including a large infarct size, high NT-proBNP levels, and poor LVEF obtained at 3 months (36) Nordeng et al. reported that TIMP-1 was highly expressed in intracoronary thrombi from 33 patients with ST-segment elevation myocardial infarction, mainly connected to monocytes and macrophages. Furthermore, both TIMP-1 in thrombi and leukocytes significantly correlated with peak troponin T levels, indicating its important role in early myocardial damage, remodeling, and inflammatory processes (37). Although the present study also showed that both hs-CRP and NT-proBNP were independently associated with TIMP-1, we further propose that NT-proBNP outweighs hs-CRP as a major determinant of TIMP-1. In addition, the prognostic value of serum TIMP-1 levels for long-term survival and MACE could be attributed to NT-proBNP and hs-CRP levels. The clinical associations of TIMP-1 were largely mediated by NT-proBNP. However, the study results suggest that TIMP-1 modulates ventricular remodeling and/or HF to impact long-term outcomes.



4.3. Potential limitations of the present study

This study had several limitations. First, the study population comprised Taiwanese people of Chinese descent, and the generalizability of the study results to non-Asians warrants further validation. Moreover, repeated measurements of biomarkers and myocardial function are lacking. Further studies are needed to determine how TIMP-1, in cooperation with subclinical inflammation or ventricular remodeling, exacerbates the clinical outcomes in patients with CAD who underwent CABG. Lastly, tissue expression of MMPs and TIMP-1 was not available in this study, and whether serum levels could reflect true biological activity is unknown.




Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by Institutional Review Board of Taipei Veterans General Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

All of the authors contributed to the manuscript. JH. performed all data analysis and drafted the manuscript under the supervision of SS. and CH. All authors were involved in the conception and design of the analyses, interpretation of the data, and drafting, revising, and final approval of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

The study was supported by Taipei Veterans General Hospital (V104C-172, and V104E12-003-MY3, V108E-004-5, V109E-008-, V109C-134, V110C-131), Ministry of science and technology (MOST 104-2314-B-075-037, MOST 106-2314-B-075-047-MY2), and Ministry of Health and Welfare, Taiwan grant (MOHW109-TDU-B-211-114001, MOHW110-TDU-B-211-124001, MOHW111-TDU-B-211-134001), Ministry of Science and Technology, (MOST 111-2314-B-A49-010), National Science and Technology Council(NSTC 112-2314-B-A49-042, NSTC 112-2314-B-A49-074) and the National Death Registry.



Acknowledgments

The contents of this manuscript were presented as ACC International Conferences Best Posters at the ACC.23 Together With the World Congress of Cardiology, Citation: Huang, J., Chiang, C., Yu, W., Cheng, H., & Sung, S. (2023). SIGNIFICANCE OF TIMP-1 IN THE PROGNOSIS AND LEFT VENTRICULAR REMODELING OF PATIENTS WHO UNDERWENT CORONARY ARTERY BYPASS SURGERY, A 12-YEAR FOLLOW-UP STUDY. Journal of the American College of Cardiology, 81(8), 4005. https://doi.org/10.1016/S0735-1097(23)04449-2.



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.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.1226449/full#supplementary-material



References

1. Visse R, Nagase H. Matrix metalloproteinases and tissue inhibitors of metalloproteinases: structure, function, and biochemistry. Circ Res. (2003) 92(8):827–39. doi: 10.1161/01.RES.0000070112.80711.3D

2. Robert S, Gicquel T, Victoni T, Valença S, Barreto E, Bailly-Maître B, et al. Involvement of matrix metalloproteinases (MMPs) and inflammasome pathway in molecular mechanisms of fibrosis. Biosci Rep. (2016) 36(4):e00360. doi: 10.1042/BSR20160107

3. Grünwald B, Schoeps B, Krüger A. Recognizing the molecular multifunctionality and interactome of TIMP-1. Trends Cell Biol. (2019) 29(1):6–19. doi: 10.1016/j.tcb.2018.08.006

4. Wang W, Song X, Chen Y, Yuan F, Xu F, Zhang M, et al. The long-term influence of tissue inhibitor of matrix metalloproteinase-1 in patients with mild to moderate coronary artery lesions in a Chinese population: a 7-year follow-up study. Cardiology. (2015) 132(3):151–8. doi: 10.1159/000430885

5. Kormi I, Nieminen MT, Havulinna AS, Zeller T, Blankenberg S, Tervahartiala T, et al. Matrix metalloproteinase-8 and tissue inhibitor of matrix metalloproteinase-1 predict incident cardiovascular disease events and all-cause mortality in a population-based cohort. Eur J Prev Cardiol. (2017) 24(11):1136–44. doi: 10.1177/2047487317706585

6. Velagaleti RS, Gona P, Sundström J, Larson MG, Siwik D, Colucci WS, et al. Relations of biomarkers of extracellular matrix remodeling to incident cardiovascular events and mortality. Arterioscler, Thromb, Vasc Biol. (2010) 30(11):2283–8. doi: 10.1161/ATVBAHA.110.208462

7. Marchesi C, Dentali F, Nicolini E, Maresca AM, Tayebjee MH, Franz M, et al. Plasma levels of matrix metalloproteinases and their inhibitors in hypertension: a systematic review and meta-analysis. J Hypertens. (2012) 30(1):3–16. doi: 10.1097/HJH.0b013e32834d249a

8. Cauwenberghs N, Ravassa S, Thijs L, Haddad F, Yang WY, Wei FF, et al. Circulating biomarkers predicting longitudinal changes in left ventricular structure and function in a general population. J Am Heart Assoc. (2019) 8(2):e010430. doi: 10.1161/JAHA.118.010430

9. Lieb W, Song RJ, Xanthakis V, Vasan RS. Association of circulating tissue inhibitor of metalloproteinases-1 and procollagen type III aminoterminal peptide levels with incident heart failure and chronic kidney disease. J Am Heart Assoc. (2019) 8(7):e011426. doi: 10.1161/JAHA.118.011426

10. Morishita T, Uzui H, Mitsuke Y, Amaya N, Kaseno K, Ishida K, et al. Association between matrix metalloproteinase-9 and worsening heart failure events in patients with chronic heart failure. ESC Heart Fail. (2017) 4(3):321–30. doi: 10.1002/ehf2.12137

11. Zile MR, O'Meara E, Claggett B, Prescott MF, Solomon SD, Swedberg K, et al. Effects of sacubitril/valsartan on biomarkers of extracellular matrix regulation in patients with HFrEF. J Am Coll Cardiol. (2019) 73(7):795–806. doi: 10.1016/j.jacc.2018.11.042

12. Montrief T, Koyfman A, Long B. Coronary artery bypass graft surgery complications: a review for emergency clinicians. Am J Emerg Med. (2018) 36(12):2289–97. doi: 10.1016/j.ajem.2018.09.014

13. Chow SCY, Wong RHL, Yu PSY, Ho JYK, Chan JWY, Kwok MWT, et al. 10-year Outcomes post coronary artery bypass grafting in Asian patients with ischemic cardiomyopathy: a comprehensive analysis of survival and cardiac performance. J Thorac Dis. (2020) 12(3):803–12. doi: 10.21037/jtd.2019.12.72

14. Perek B, Kowalska K, Nowicki M, Kempisty B, Puślecki M, Jankowski M, et al. Variability in gelatinase expression in the walls of vessels used as aortocoronary conduits may impact long-term graft patency. Kardiol Pol. (2019) 77(2):217–24. doi: 10.5603/KP.a2019.0015

15. Aizenshtein A, Kachel E, Liza GR, Hijazi B, Blum A. Effects of preoperative WBC count on post-CABG surgery clinical outcome. South Med J. (2020) 113(6):305–10. doi: 10.14423/SMJ.0000000000001100

16. Ma YC, Zuo L, Chen JH, Luo Q, Yu XQ, Li Y, et al. Modified glomerular filtration rate estimating equation for Chinese patients with chronic kidney disease. J Am Soc Nephrol. (2006) 17(10):2937–44. doi: 10.1681/ASN.2006040368

17. Imai K, Keele L, Tingley D. A general approach to causal mediation analysis. Psychol Methods. (2010) 15(4):309–34. doi: 10.1037/a0020761

18. Imai K, Keele L, Identification YT. Inference and sensitivity analysis for causal mediation effects. Statist Sci. (2010) 25(1):51–71. doi: 10.1214/10-STS321

19. Imai K, Keele L, Tingley D, Yamamoto T. Unpacking the black box of causality: learning about causal mechanisms from experimental and observational studies. Am Polit Sci Rev. (2011) 105(4):765–89. doi: 10.1017/S0003055411000414

20. Imai K, Yamamoto T. Identification and sensitivity analysis for multiple causal mechanisms: revisiting evidence from framing experiments. Polit Anal. (2017) 21(2):141–71. doi: 10.1093/pan/mps040

21. Yoshida K, Mathur M, Glynn RJ. Conducting Regression-based Causal Mediation Analysis Using the R Package” regmedint”. (2020).

22. Niu W, Qi Y. Matrix metalloproteinase family gene polymorphisms and risk for coronary artery disease: systematic review and meta-analysis. Heart. (2012) 98(20):1483–91. doi: 10.1136/heartjnl-2012-302085

23. Guizani I, Zidi W, Zayani Y, Boudiche S, Hadj-Taieb S, Sanhaji H, et al. Matrix metalloproteinase-3 predicts clinical cardiovascular outcomes in patients with coronary artery disease: a 5 years cohort study. Mol Biol Rep. (2019) 46(5):4699–707. doi: 10.1007/s11033-019-04914-4

24. Ben Braiek A, Chahed H, Dumont F, Abdelhak F, Hichem D, Gamra H, et al. Identification of biomarker panels as predictors of severity in coronary artery disease. J Cell Mol Med. (2021) 25(3):1518–30. doi: 10.1111/jcmm.16244

25. Vanhoutte D, Heymans S. TIMPs and cardiac remodeling: “Embracing the MMP-independent-side of the family”. J Mol Cell Cardiol. (2010) 48(3):445–53. doi: 10.1016/j.yjmcc.2009.09.013

26. Lindsey ML, Zamilpa R. Temporal and spatial expression of matrix metalloproteinases and tissue inhibitors of metalloproteinases following myocardial infarction. Cardiovasc Ther. (2012) 30(1):31–41. doi: 10.1111/j.1755-5922.2010.00207.x

27. Bisogni V, Cerasari A, Pucci G, Vaudo G. Matrix metalloproteinases and hypertension-mediated organ damage: current insights. Integr Blood Press Control. (2020) 13:157–69. doi: 10.2147/IBPC.S223341

28. Maharaj N, Khandheria BK, Libhaber E, Govender S, Duarte R, Peters F, et al. Relationship between left ventricular twist and circulating biomarkers of collagen turnover in hypertensive patients with heart failure. J Am Soc Echocardiogr. (2014) 27(10):1064–71. doi: 10.1016/j.echo.2014.05.005

29. Zayani Y, Allal-Elasmi M, Zidi W, Guizani I, Jacob MP, Feki M, et al. Abnormal circulating levels of metalloproteinase and their inhibitor in hypertensive patients. Clin Lab. (2016) 62(4):527–33. doi: 10.7754/clin.lab.2015.150633

30. Kusu-Orkar TE, Kermali M, Oguamanam N, Bithas C, Harky A. Coronary artery bypass grafting: factors affecting outcomes. J Card Surg. (2020) 35(12):3503–11. doi: 10.1111/jocs.15013

31. Nakae M, Kainuma S, Toda K, Miyagawa S, Yoshikawa Y, Hata H, et al. Incidence, determinants and clinical impact of left ventricular function recovery after surgical treatments for ischaemic cardiomyopathy. Eur J Cardio-Thorac Surg. (2021) 60(3):689–96. doi: 10.1093/ejcts/ezab122

32. Perek B, Malinska A, Misterski M, Ostalska-Nowicka D, Zabel M, Perek A, et al. Preexisting high expression of matrix metalloproteinase-2 in tunica media of saphenous vein conduits is associated with unfavorable long-term outcomes after coronary artery bypass grafting. Biomed Res Int. (2013) 2013:730721. doi: 10.1155/2013/730721

33. Anstadt MP, Franga DL, Portik-Dobos V, Pennathur A, Bannan M, Mawulawde K, et al. Native matrix metalloproteinase characteristics may influence early stenosis of venous versus arterial coronary artery bypass grafting conduits. Chest. (2004) 125(5):1853–8. doi: 10.1378/chest.125.5.1853

34. Lin TC, Li CY, Tsai CS, Ku CH, Wu CT, Wong CS, et al. Neutrophil-mediated secretion and activation of matrix metalloproteinase-9 during cardiac surgery with cardiopulmonary bypass. Anesth Analg. (2005) 100(6):1554–60. doi: 10.1213/01.ANE.0000154307.92060.84

35. Hoseini SM, Kalantari A, Afarideh M, Noshad S, Behdadnia A, Nakhjavani M, et al. Evaluation of plasma MMP-8, MMP-9 and TIMP-1 identifies candidate cardiometabolic risk marker in metabolic syndrome: results from double-blinded nested case-control study. Metab Clin Exp. (2015) 64(4):527–38. doi: 10.1016/j.metabol.2014.12.009

36. Opstad TB, Seljeflot I, Bøhmer E, Arnesen H, Halvorsen S. MMP-9 and its regulators TIMP-1 and EMMPRIN in patients with acute ST-elevation myocardial infarction: a NORDISTEMI substudy. Cardiology. (2018) 139(1):17–24. doi: 10.1159/000481684

37. Nordeng J, Schandiz H, Solheim S, Åkra S, Hoffman P, Roald B, et al. TIMP-1 expression in coronary thrombi associate with myocardial injury in ST-elevation myocardial infarction patients. Coron Artery Dis. (2022) 33(6):446–55. doi: 10.1097/MCA.0000000000001128



OPS/xhtml/Nav.xhtml




Contents





		Cover



		TIMP-1 in the prognosis of patients who underwent coronary artery bypass surgery: a 12-year follow-up study

		1. Introduction



		2. Materials and methods



		2.1. Study population



		2.2. Assessments of biochemistry and biomarkers



		2.3. Clinical outcomes



		2.4. Statistical analysis











		3. Results



		3.1. Determinants of TIMP-1



		3.2. Prognostic value of biomarkers



		3.3. Mediation analysis between biomarkers











		4. Discussion



		4.1 Prognostic value of TIMP-1 after CABG



		4.2. TIMP-1, subclinical inflammation, cardiac remodeling, and outcomes



		4.3. Potential limitations of the present study











		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

TIMP-1 in the prognosis of
patients who underwent
coronary artery bypass surgery:
a 12-year follow-up study





OPS/images/fcvm-10-1226449-g001.jpg
Partial R? / Model R?

P <0.0001
70.9%

NT-proBNP

hs-CRP

P <0.0001
18.9%





OPS/images/fcvm-10-1226449-g002.jpg
Log-rank test P <0.0001 Log-rank test P < 0.0001
i

ubgr
¢ T —— 19 2\ High THP-1 + igh h P
T + o NTaroBp. 20 s : louhe Ry
= S TIP-1+ High NI roBMP 3LmvT|MP1 |hhsCRF’
2 80 4 LowTIVP-1 + low NT-proBNP s 8
z z 70
3 60 * 3 N
g 2 w0 i
] H
s S 50
T 40 3
: v .
3 * @
20 30
20
10
o 5 10
Survival time (year) Survival time (year)
Number of subjects atrisk Number of subjects at risk
Group 1 & 0 0 Group1 25 8 4 0
Gowp2 12 10 8 1 0 Gowp2 17 9 7 0 0
Group3 56 20 18 3 0 Group3 79 48 36 14 0
roup4 138 109 97 35 O Group4 113 88 78 28 0





OPS/images/fcvm-10-1226449-g003.jpg
NT-proBNP
B c
A
TIMP-1 4 AII-caU§e
Mortality
Path Estimate 95% CI
NDE (A) 0.057-0.437  0.011
NIE (8°C)  0.308  0.175-0.440  <0.001
TE (AB*C)  0.555 0.369-0.741  <0.001
hs-CRP
B c
A
TIMP| —— =~ 5 AII-caU§e
Mortality
Path Estimate 95% CI P
NDE (A) 0.355 0.161-0.548  <0.001
NIE (B°C)  0.096 0.010-0.183  0.029
TE (AB'C)  0.451 0.377-0.768  <0.001

NT-proBNP
/ \

A
TIMP-{ ——> MACE
Path Estimate 95% ClI P
DE (A) 0.251 0.056-0.446  0.012
NE (8°C)  0.235 0.106-0.364  <0.001
TE (A"B*C)  0.486 0.303-0.669  <0.001
hs-CRP
TIMP-1 — % MACE
Path Estimate 95% Cl
E (A) 0.315 0.106-0.524  0.003
NE (8°C)  0.089  -0.006-0.184

TE (A*B*C)

0.066
<0.001

0.404 0.239-0.569





OPS/images/fcvm-10-1226449-t001.jpg
Variable All Alive

(N=234) (N=114) | value
Age, years 70.36 £ 1047 | 7326 +9.85 | 67.29+10.26 | <0.001
Men, % 198 (8462) | 99 (8250) | 99 (8684) | 0.357
Manifest ACS, % 82 (35.04) 55 (45.83) 27 (23.68) | <0.001
Hypertension, % 181(77.35) | 97 (80.83) | 84 (73.68) | 0.192
Diabetes mellitus, % 100 (42.74) | 57 (47.50) 43 (37.72) 0.131
Smoker, % 82 (35.04) | 40 (33.33) 42 (36.84) 0.574
Body mass index, kg/m2 2468+327 | 2417315 | 2521333 | 0015
LVEF 047 £0.13 045+ 0.14 0.51+0.11 0.001

Characteristics of CABG

Left main coronary artery | 66 (2821) | 39 (3233) | 27 (23.89) | 0.157
disease %

Stenotic vessels 2744052 | 2743053 | 273052 | 0988
Number of A-grafts 108034 | 1024027 | 1132039 | 0016
Complete revascularization, % | 189 (80.77) | 84 (69.42) | 105 (92.92) | <0.001

Preoperative biomarkers

hs-CRP, mg/d] 090180 | 136+233 | 0422076 | <0.001
NT-proBNP, fmol/ml 110351222 | 1559 % 1518 | 63054739 | <0.001
Preoperative biochemistry

GFR, ml/min/1.73 m* 6270£27.00 | 56.56+ 28.16 | 69.16% 24.20 | <0.001
Total cholesterol, mg/dl 178154197 | 1760+4682 | 1802+36.25 | 0.444
HDL-cholesterol, mg/dl 471208 | 495+266 | 446123 | 0.08
LDL-cholesterol, mg/dI 1774180 | 189253 | 1.64%033 | 0299
Triglycerides, mg/dl 14669607 | 147341038 | 1459+ 8762 | 0.909
MMPs and TIMPs

MMP-2, ng/ml 1105228 | 1354308 | 0842076 | 0.11
MMP-9, ng/ml 62.99£78.86 | 57.09+7372 | 69.14 8384 | 0294
MMP-13, ng/ml 2094124 | 226+136 | 191109 | 0036
TIMP-1, ng/ml 127.9+63.67 | 141047884 | 11433853 | 0.002

ACS, acute coronary syndrome; eGFR, estimated glomerular filtration rate; HDL,
high-density lipoprotein; hs-CRP, high-sensitivity C-reactive protein; LDL, low-
density lipoprotein; LVEF, left ventricular ejection fraction; MMP, matrix
metalloproteinases; NT-proBNP, N-terminal pro-brain natriuretic peptide; TIMP,
tissue inhibitor of metalloproteinases.









OPS/images/fcvm-10-1226449-t002.jpg
Variable

MMP-2, 18D = 2.3 ng/ml

Univariate Model

HR (95% Cl)
1.158 (1.009-1.329)

Model 1

HR (95% CI)
1.103 (0.947-1.285)

Model 2

HR (95% CI)
1073 (0915-1.259)

Model 3

HR (95% Cl)
108 (0.925-1.26)

MMP-9, 1SD = 78.9 ng/ml

0905 (0.726-1.126)

1,015 (0.81-1.273)

1.048 (0.84-1.309)

1.087 (0.872-1.355)
1.136 (0.943-1.369)

MMP-13, 18D = 1.2 ng/ml
TIMP-1, 1SD = 63.7 ng/ml

1166 (0.973-1.396)
1.527 (1.326-1.757)

1117 (0.935-1336)
1.605 (1.386-1.858)

1.139 (094-1381)
1,506 (1.183-1.917)

1.546 (1.222-1.957)

hs-CRP, 15D = 1.8 mg/ml

1.409 (1.242-1.600)

1.405 (1.238-1.595)

1707 (1.326-2.199)

1.364 (1.182-1.574)
1,681 (1.305-2.167)

*NT-proBNP, 15D = 037 fmol/ml

The bold values in the tables were emphasized to be statistically significant.

*NT-proBNP was log transformed
Model 1: adjusted for age and sex

2.174 (1.788-2.644)

2,093 (1.706-2.568)

Model 2 adjusted for age, sex, manifest acute coronary syndrome, estimated glomerularfilration at, ftventicula ejection racton, total cholesterol, and tigycerides

Model 3: adjusted for age, sex, manifest

syndrorme,

lar filtration rate, left ventricular ejection fraction, completed revascularization or not

hs-CRP, high-sensitivity C-reactive protein; MMP, matrix metalloproteinases; NT-proBNP, N-terminal pro-brain natriuretic peptide: TIMP, tissue inhibitor of
metalloproteinases. Cl, confidence intervals: HR, hazard ratio: SD, standard deviation.





OPS/images/fcvm-10-1226449-t003.jpg
Variable

MMP-2, 18D = 2.3 ng/ml

Univariate Model

HR (95% CI)
1.099 (0.912-1325)

Model 1

HR (95% CI)
0993 (0.812-1.215)

Model 2

HR (95% Cl)
0959 (0.776-1.186)

Model 3

HR (95% Cl)
0.992 (0.806-122)

MMP-9, 1SD = 78.9 ng/ml

0946 (0.753-1.188)

0999 (0.79-1.264)

1.024 (0.807-1.299)

1.127 (0.889-1.427)

MMP-13, 15D = 1.2 ng/ml
TIMP-1, 15D = 63.7 ng/ml

1.057 (0.865-1292)
1.552 (1.347-1.788)

1.027 (0.844-125)
1.546 (1.322-1.809)

1.008 (0.816-1246)
141 (1.093-1.819)

1.019 (0.826-1.258)
1.666 (1.296-2.142)

hs-CRP, 15D = 1.8 mg/ml

1.402 (1.223-1.608)

1.387 (1.212-1.587)

1.34 (1.147-1.565)

1.398 (1.194-1.638)

“NT-proBNP, 15D = 0.37 fmol/ml

2.162 (1.754-2.665)

1.792 (1.449-2.215)

1.505 (1.161-1.95)

1.699 (1.296-2.227)

The bold values in the tables were emphasized to be statistically significant.

*NT-proBNP was log transformed.
Model 1: adjusted for age and sex

Model 2: adjusted for age, sex, manifest acute coronary syndrome, estimated glomerular filtration rate, left ventricular ejection fraction, total cholesterol, and triglycerides,

Model 3: adjusted for age, sex, manifest

syndrome,

lar filtration rate, left ventricular ejection fraction, completed revascularization or not

hs-CRP, high-sensitivity C-reactive protein; MMP, matrix metalloproteinases; NT-proBNP, N-terminal pro-brain natriuretic peptide: TIMP, tissue inhibitor of
metalloproteinases. Cl, confidence intervals: HR, hazard ratio: SD, standard deviation.





OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





