Association of Circulating Monocyte Chemoattractant Protein—1 Levels...  https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8111478/?report=printable

JAMA Cardiology

View Article»

JAMA Cardiol. 2021 May; 6(5): 587-592. PMCID: PMC8111478
Published online 2020 Nov 4. doi: 10.1001/jamacardio.2020.5392: 10.1001/ PMID: 33146689
jamacardio.2020.5392

Association of Circulating Monocyte Chemoattractant Protein-1 Levels With

Cardiovascular Mortality

A Meta-analysis of Population-Based Studies

Marios K. Georgakis, MD, PhD,'2 James A. de Lemos, MD,2 Colby Ayers, MS,3 Bigi Wang, PhD,*

Harry Bjorkbacka, PhD,® Tiberiu A. Pana, MRes,® Barbara Thorand, PhD,”8 Caroline Sun, MPH, MS,® Lana Fani,
MD, "0 Rainer Malik, PhD," Josée Dupuis, PhD,* Gunnar Engstrém, MD, PhD,% Marju Orho-Melander, PhD,5

Olle Melander, MD, PhD,% S. Matthijs Boekholdt, MD, PhD,"! Astrid Zierer, PhD,'? Mohamed A. Elhadad, MSc,”1%13
Wolfgang Koenig, MD, 131415 Christian Herder, PhD,%16:17 Ron C. Hoogeveen, PhD,® Maryam Kavousi, MD, PhD, 0
Christie M. Ballantyne, MD,® Annette Peters, PhD,812.13.18 phyo K. Myint, MD,® Jan Nilsson, MD, PhD,?

Emelia J. Benjamin, MD, ScM,1920.21 and Martin Dichgans, MD1:22.23

"Institute for Stroke and Dementia Research, University Hospital, Ludwig-Maximilians-University, Munich, Germany
2Graduate School for Systemic Neurosciences, Ludwig-Maximilians-University, Munich, Germany

3Division of Cardiology, University of Texas Southwestern Medical Center, Dallas

4Department of Biostatistics, Boston University School of Public Health, Boston, Massachusetts

SDepartment of Clinical Sciences Malmé, Lund University, Malmd, Sweden

8Institute of Applied Health Sciences, School of Medicine, Medical Sciences & Nutrition, University of Aberdeen,
Aberdeen, United Kingdom

"Research Unit of Molecular Epidemiology, Helmholtz Zentrum Miinchen, German Research Center for
Environmental Health, Neuherberg, Germany

8German Center for Diabetes Research, Miinchen-Neuherberg, Germany

®Department of Medicine, Baylor College of Medicine, Houston, Texas

0Department of Epidemiology, Erasmus MC University Medical Center, Rotterdam, the Netherlands
""Amsterdam UMC, University of Amsterdam, Department of Cardiology, Amsterdam, the Netherlands

2|nstitute of Epidemiology, Helmholtz Zentrum Miinchen, German Research Center for Environmental Health,
Neuherberg, Germany

3German Research Center for Cardiovascular Disease, Partner Site of Munich Heart Alliance, Munich, Germany
“Deutsches Herzzentrum Miinchen, Technische Universitit Miinchen, Munich, Germany

5nstitute of Epidemiology and Medical Biometry, University of Uim, Ulm, Germany

"8|nstitute for Clinical Diabetology, German Diabetes Center, Leibniz Center for Diabetes Research at Heinrich
Heine University Dusseldorf, Dusseldorf, Germany

"Department of Endocrinology and Diabetology, Medical Faculty, Heinrich Heine University Diisseldorf, Diisseldorf,
Germany

B|nstitute of Medical Information Sciences, Biometry and Epidemiology, Ludwig-Maximilians-University, Munich,

1 von 16 11.06.2024, 15:51


https://pubmed.ncbi.nlm.nih.gov/33146689
https://pubmed.ncbi.nlm.nih.gov/33146689
https://pubmed.ncbi.nlm.nih.gov/?term=Georgakis%20MK%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Georgakis%20MK%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=de%20Lemos%20JA%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=de%20Lemos%20JA%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Ayers%20C%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Ayers%20C%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Wang%20B%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Wang%20B%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Bj%C3%B6rkbacka%20H%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Bj%C3%B6rkbacka%20H%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Pana%20TA%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Pana%20TA%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Thorand%20B%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Thorand%20B%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Sun%20C%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Sun%20C%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Fani%20L%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Fani%20L%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Malik%20R%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Malik%20R%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Dupuis%20J%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Dupuis%20J%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Engstr%C3%B6m%20G%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Engstr%C3%B6m%20G%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Orho-Melander%20M%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Orho-Melander%20M%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Melander%20O%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Melander%20O%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Boekholdt%20SM%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Boekholdt%20SM%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Zierer%20A%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Zierer%20A%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Elhadad%20MA%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Elhadad%20MA%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Koenig%20W%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Koenig%20W%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Herder%20C%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Herder%20C%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Hoogeveen%20RC%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Hoogeveen%20RC%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Kavousi%20M%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Kavousi%20M%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Ballantyne%20CM%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Ballantyne%20CM%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Peters%20A%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Peters%20A%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Myint%20PK%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Myint%20PK%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Nilsson%20J%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Nilsson%20J%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Benjamin%20EJ%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Benjamin%20EJ%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Dichgans%20M%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Dichgans%20M%5BAuthor%5D

Association of Circulating Monocyte Chemoattractant Protein—1 Levels...  https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8111478/?report=printable

Germany

19Section of Cardiovascular Medicine and Preventive Medicine, Department of Medicine, Boston University School
of Medicine, Boston, Massachusetts

20Department of Epidemiology, Boston University School of Public Health, Boston, Massachusetts

21Framingham Heart Study, National Heart, Lung, and Blood Institute and Boston University, Framingham,
Massachusetts

22Munich Cluster for Systems Neurology (SyNergy), Munich, Germany

23German Centre for Neurodegenerative Diseases, Munich, Germany

mCorresponding author.

Article Information

Accepted for Publication: August 14, 2020.

Published Online: November 4, 2020. doi:10.1001/jamacardio.2020.5392

Corresponding Author: Martin Dichgans, MD, Institute for Stroke and Dementia Research, University Hospital of

Ludwig-Maximilians-University (LMU), Feodor-Lynen-Str. 17, 81377 Munich, Germany

(martin.dichgans@med.uni-muenchen.de).

Author Contributions: Drs Georgakis and Dichgans had full access to all of the data in the study and take respon-
sibility for the integrity of the data and the accuracy of the data analysis.

Concept and design: Georgakis, de Lemos, Myint, Dichgans.

Acaquisition, analysis, or interpretation of data: All authors.

Drafting of the manuscript: Georgakis, Sun, Dichgans.

Critical revision of the manuscript for important intellectual content: Georgakis, de Lemos, Ayers, Wang, Bjorkbacka,
Pana, Thorand, Fani, Malik, Dupuis, Engstrom, Orho-Melander, Melander, Boekholdt, Zierer, Elhadad, Koenig,
Herder, Hoogeveen, Kavousi, Ballantyne, Peters, Myint, Nilsson, Benjamin, Dichgans.

Statistical analysis: Georgakis, Ayers, Wang, Bjérkbacka, Pana, Sun, Fani, Malik, Dupuis, Zierer, Hoogeveen.
Obtained funding: Georgakis, Thorand, Engstrom, Orho-Melander, Melander, Herder, Nilsson, Benjamin.
Administrative, technical, or material support: Georgakis, Melander, Elhadad, Koenig, Hoogeveen, Myint, Nilsson.
Supervision: Thorand, Koenig, Kavousi, Peters, Myint.

Conflict of Interest Disclosures: Dr de Lemos reports research grants from Abbott Diagnostics and Roche
Diagnostics, consulting fees from Ortho Clinical Diagnostics and Janssen, honoraria for steering committee mem-
bership from Amgen, data safety monitoring board membership from Novo Nordisk and Regeneron, and personal

fees from Eli Lilly outside the submitted work. Dr Koenig reports personal fees from AstraZeneca, Novartis, DalCor,
Kowa, Amgen, Corvidia, Daiichi-Sankyo, Sanofi, Pfizer, the Medicines Company, Berlin-Chemie, and Bristol Myers

2 von 16 11.06.2024, 15:51


mailto:dev@null
mailto:dev@null

Association of Circulating Monocyte Chemoattractant Protein—1 Levels...  https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8111478/?report=printable

Squibb and grants and nonfinancial support from Roche Diagnostics, Beckmann, Singulex, and Abbott outside the
submitted work. Dr Herder reports a research grant from Sanofi outside the submitted work. Dr Ayers reports statis-
tical consulting fees from the National Institutes of Health outside the submitted work. Dr Hoogeveen reports re-
search grants and personal fees for consulting from Denka Seiken. Dr Dupuis reported grants from National Institute
of Health during the conduct of the study. Dr Zierer reported grants from Else Kroner—Fresenius Stiftung during the
conduct of the study. Dr Hoogeveen reported grants and personal fees from Denka Seiken outside the submitted
work. Dr Ballantyne reported grants from the National Institutes of Health during the conduct of the study. Dr
Benjamin reported grants from the National Institutes of Health during the conduct of the study. No other disclosures
were reported.

Funding/Support: Dr Georgakis has received funding from the Onassis Foundation and the German Academic
Exchange Service. The Atherosclerosis Risk in Communities study has been funded in whole or in part with federal
funds from the National Heart, Lung, and Blood Institute, National Institutes of Health, Department of Health and
Human Services, (contracts HHSN2682017000011, HHSN268201700002I, HHSN268201700003lI,
HHSN2682017000051, and HHSN2682017000041). The Dallas Heart Study was funded by a grant from the Donald
W. Reynolds Foundation. The European Prospective Investigation Into Cancer in Norfolk Prospective Population
study has received funding from the Medical Research Council (grants MR/N003284/1 and MC-UU_12015/1) and
Cancer Research UK (grant C864/A14136). The Framingham Heart Study is conducted and supported by the
National Heart, Lung, and Blood Institute in collaboration with Boston University (contracts NO1-HC-25195,
HHSN2682015000011, and 75N92019D00031) and is additionally supported by grants from the National Institute of
Aging and the National Institute of Neurological Disorders and Stroke (grants RO1 HL 064753, RO1 HL076784, and
RO1 AG028321). The Monitoring of Trends and Determinants in Cardiovascular Disease—Kooperative
Gesundheitsforschung in der Region Augsburg study was initiated and financed by the Helmholtz Zentrum
Minchen-German Research Center for Environmental Health, which is funded by the German Federal Ministry of
Education and Research and the state of Bavaria. Support for the establishment of the case-cohort study and
MCP-1 measurements was obtained through a grant from the German Research Foundation (grants TH-784/2-1
and TH-784/2-2) and additional funds provided by the University of UIm, the Federal Ministry of Health, the Ministry
of Innovation, Science, Research and Technology of the state North Rhine—Westphalia. Data analysis was sup-
ported by funding from the Helmholtz Alliance “Aging and Metabolic Programming.” The German Diabetes Center is
funded by the German Federal Ministry of Health, the Ministry of Culture and Science of the state of North Rhine—
Westphalia, and grants from the Federal Ministry of Education and Research. The Malmé Diet and Cancer Study—
Cardiovascular Subcohort study has been supported with funding from the Swedish Research Council, Swedish
Heart and Lung Foundations, and the Swedish Foundation for Strategic Research. This project has received funding
from the European Union’s Horizon 2020 research and innovation programme (grant 666881), SVDs@target (to Dr
Dichgans; grant 667375), COSTREAM (to Dr Dichgans); the German Research Foundation as part of the Munich
Cluster for Systems Neurology (grant EXC 2145 SyNergy, ID 390857198) and the Collaborative Research Center
1123 (B3; to Dr Dichgans); the Corona Foundation (to Dr Dichgans); the Fondation Leducq (Transatlantic Network of
Excellence on the Pathogenesis of Small Vessel Disease of the Brain; to Dr Dichgans); the e:Med program
(e:AtheroSysMed; to Dr Dichgans) and the European Union project CVgenes@target (project FP7/2007-2103; grant
agreement number Health-F2-2013-601456; to Dr Dichgans).

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection, manage-

ment, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to

submit the manuscript for publication.

3von 16 11.06.2024, 15:51



Association of Circulating Monocyte Chemoattractant Protein—1 Levels...  https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8111478/?report=printable

Additional Contributions: The authors thank the staff and participants of all the included studies for their important

contributions.

Received 2020 Apr 24; Accepted 2020 Aug 14.

Copyright 2020 American Medical Association. All Rights Reserved.

Key Points

Question

Are circulating monocyte-chemoattractant protein-1 (MCP-1) levels associated with the risk of
cardiovascular disease in the general population?

Findings

In this meta-analysis of 7 population-based studies involving 21 401 individuals who were free
of overt cardiovascular disease, higher baseline circulating MCP-1 levels were associated with
higher risk of cardiovascular mortality over a follow-up extending beyond 20 years.

Meaning

By complementing evidence from previous genetic and experimental studies, these results pro-
vide additional support for a key role of MCP-1 in cardiovascular disease development.

This meta-analysis of 7 population-based cohort studies assesses the association between circu-
lating monocyte-chemoattractant protein-1 levels and risk of cardiovascular disease and death.

Abstract

Importance

Human genetics and studies in experimental models support a key role of monocyte-
chemoattractant protein-1 (MCP-1) in atherosclerosis. Yet, the associations of circulating MCP-1
levels with risk of coronary heart disease and cardiovascular death in the general population re-
main largely unexplored.

Objective

To explore whether circulating levels of MCP-1 are associated with risk of incident coronary
heart disease, myocardial infarction, and cardiovascular mortality in the general population.
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Data Sources and Selection

Population-based cohort studies, identified through a systematic review, that have examined as-
sociations of circulating MCP-1 levels with cardiovascular end points.

Data Extraction and Synthesis

Using a prespecified harmonized analysis plan, study-specific summary data were obtained from
Cox regression models after excluding individuals with overt cardiovascular disease at baseline.
Derived hazard ratios (HRs) were synthesized using random-effects meta-analyses.

Main Outcomes and Measures

Incident coronary heart disease (myocardial infarction, coronary revascularization, and unstable
angina), nonfatal myocardial infarction, and cardiovascular death (from cardiac or cerebrovascu-
lar causes).

Results

The meta-analysis included 7 cohort studies involving 21 401 individuals (mean [SD] age, 53.7
[10.2] years; 10 012 men [46.8%]). Mean (SD) follow-up was 15.3 (4.5) years (326 392 person-
years at risk). In models adjusting for age, sex, and race/ethnicity, higher MCP-1 levels at base-
line were associated with increased risk of coronary heart disease (HR per 1-SD increment in
MCP-1 levels: 1.06 [95% CI, 1.01-1.11]; P=.01), nonfatal myocardial infarction (HR, 1.07 [95%
CI, 1.01-1.13]; P=.02), and cardiovascular death (HR, 1.12 [95% CI, 1.05-1.20]; P<.001). In
analyses comparing MCP-1 quartiles, these associations followed dose-response patterns. After
additionally adjusting for vascular risk factors, the risk estimates were attenuated, but the asso-
ciations of MCP-1 levels with cardiovascular death remained statistically significant, as did the
association of MCP-1 levels in the upper quartile with coronary heart disease. There was no sig-
nificant heterogeneity; the results did not change in sensitivity analyses excluding events occur-
ring in the first 5 years after MCP-1 measurement, and the risk estimates were stable after addi-
tional adjustments for circulating levels of interleukin-6 and high-sensitivity C-reactive protein.

Conclusions and Relevance

Higher circulating MCP-1 levels are associated with higher long-term cardiovascular mortality in
community-dwelling individuals free of overt cardiovascular disease. These findings provide fur-
ther support for a key role of MCP-1-signaling in cardiovascular disease.

Introduction

The results of the recent Canakinumab Antiinflammatory Thrombosis Outcome Study (CANTOS)
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trial, Cardiovascular Inflammation Reduction Trial (CIRT), and Colchicine Cardiovascular
Outcomes Trial (COLCOT)"%2 emphasize the promise of targeting specific inflammatory path-
ways for lowering cardiovascular risk. While recent studies have focused on the interleukin-1f3
(IL-1B)-interleukin-6 (IL-6)-C-reactive protein (CRP) axis,* a range of proinflammatory cy-
tokines have been implicated in atherosclerosis.” In a recent mendelian randomization study ex-
amining multiple cytokines, we found genetically predicted levels of monocyte-chemoattractant-
protein-1 (MCP-1) to be associated with higher risk of coronary heart disease (CHD) and is-
chemic stroke.® The presence of MCP-1 recruits monocytes to the arterial wall, and experimental
studies of atherosclerosis suggest that targeting MCP-1 signaling attenuates atherosclerosis pro-
gression and plaque destabilization.”? Circulating MCP-1 levels have been associated with in-
creased long-term risk of incident stroke,? but associations with other cardiovascular end points
in the general population remain largely unexplored. We leveraged data from 7 population-
based cohorts encompassing 21 401 individuals without overt cardiovascular disease and inves-
tigated associations of baseline circulating MCP-1 with incident CHD, nonfatal myocardial infarc-
tion, and cardiovascular death over a follow-up period extending beyond 20 years.

Methods

Studies included in this meta-analysis were identified through systematic review, as previously
described (eMethods in the Supplement).? Specifically, PubMed was searched for population-
based cohort studies examining associations between MCP-1 levels and incident vascular out-
comes up to July 2019. The corresponding authors of identified studies were contacted and
agreed on a harmonized analysis plan. Contributing studies are described in eTable 1 in the
Supplement. Baseline data were collected from 1984 to 2002, with the range of data collection
dates varying between studies. Outcomes of interest included incident CHD (a composite of fatal
and nonfatal myocardial infarction, unstable angina, and coronary revascularization), nonfatal
myocardial infarction (no death within 28 days after an event), and cardiovascular mortality
(death from any cardiac or cerebrovascular cause). Individuals with a baseline history of CHD,
heart failure, stroke, or peripheral artery disease were excluded from the analyses. Study quality
was assessed with the Newcastle-Ottawa scale.l? Studies fulfilled all quality criteria (eTable 2 in
the Supplement).

Cox regression models were fitted in each study. Natural log-transformed MCP-1 levels were in-
corporated in the models as continuous (in 1-SD increments) and also categorized in quartiles.
Because of the different MCP-1 quantification assays, absolute MCP-1 values were not consid-
ered. Two main models were applied: model 1 was adjusted for age, sex, and race/ethnicity;
model 2 was additionally adjusted for baseline vascular risk factors, including hypertension
(documented diagnosis; systolic blood pressure, 2140 mm Hg; diastolic blood pressure, 290 mm
Hg; or antihypertensive medication use), low-density lipoprotein cholesterol levels, use of
statins, diabetes (documented diagnosis; hemoglobin A, 26.5% [to convert to proportion of to-
tal hemoglobin, multiply by 0.01]; fasting glucose, 2126 mg/dL [to convert to millimoles per liter,
multiply by 0.0555]; random glucose, 2200 mg/dL; or glucose-lowering medication use), body
mass index (calculated as weight in kilograms divided by height in meters squared), smoking
(current vs noncurrent), estimated glomerular filtration rate, physical activity, and alcohol con-
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sumption. In subsequent models, additional adjustments for circulating IL-6 and high-sensitivity
CRP levels were applied. The hazard ratios (HRs) derived from each study were pooled with
random-effects meta-analyses (preselected because of differences in MCP-1 assays).
Heterogeneity was assessed with the I? and Cochran Q statistics (I >50% and P <.10 were con-
sidered significant). We further performed subgroup analyses by age (<50, 50-64, and 265
years), sex, hypertension status, diabetes status, and body mass index (<30 and =30). To mini-
mize reverse-causation risk, sensitivity analyses were restricted to incident events occurring 5
or more years after MCP-1 measurements by censoring individuals with events at earlier points.
Statistical significance was set at 2-sided P <.05. Meta-analyses were conducted with Stata ver-
sion 13.0 (StataCorp). Statistical analysis was carried out from August 2019 to February 2020.

Results

Seven population-based cohort studies contributed data for this meta-analysis. A total of 21 401
individuals (mean [SD] age, 53.7 [10.2] years; 10 012 men [46.8%]; Table) without overt cardio-
vascular disease at baseline were followed for a mean (SD) interval of 15.3 (4.5) years (326 392
person-years at risk). A total of 3283 incident cases of CHD, 1221 cases of nonfatal myocardial
infarction, and 1568 cardiovascular deaths were recorded during follow-up.

Higher baseline MCP-1 levels were associated with increased risk of CHD (HR per 1-SD incre-
ment, 1.06 [95% CI, 1.01-1.11]; P=.01), nonfatal myocardial infarction (HR, 1.07 [95% CI,
1.01-1.13]; P=.02), and cardiovascular death (HR, 1.12 [95% CI, 1.05-1.20]; P<.001) in models
adjusted for age, sex, and race/ethnicity (Figure, A; eTable 3 in the Supplement). These associa-
tions showed stepwise increases across MCP-1 quartiles. After additionally adjusting for vascu-
lar risk factors, the association between MCP-1 levels and cardiovascular death remained signifi-
cant (HR per 1-SD increment, 1.09 [95% CI, 1.03-1.16]; P=.004), as did the association between
MCP-1 levels in the upper quartile with CHD (Figure, B). There was no evidence of significant
heterogeneity (I? < 50%, P>.10; eFigures 1-6 in the Supplement). The MCP-1 levels were also as-
sociated with noncardiovascular death, but the association was nonsignificant after additional
adjustments for vascular risk factors (eFigures 7 and 8 in the Supplement).

In sensitivity analyses excluding events occurring in the first 5 years of follow-up, there were sig-
nificant associations of MCP-1 levels with incident nonfatal myocardial infarction (HR per 1-SD
increment, 1.08 [95% CI, 1.001-1.16]; P=.048) and cardiovascular death (HR per 1-SD incre-
ment, 1.10 [95% CI, 1.02-1.18]; P=.02) after adjusting for demographics and vascular risk fac-
tors (eTable 4 in the Supplement). In subgroup analyses stratifying for age, sex, hypertension, di-
abetes mellitus, and body mass index, there was no indication for between-subgroup hetero-
geneity, except for a stronger association with cardiovascular death in individuals without hy-
pertension (HR, 1.17 [95% CI, 1.08-1.27]; P=.045; eFigures 9-11 in the Supplement). Additional
adjustments for IL-6 and high-sensitivity CRP levels (subset of 5 studies; 16 621 individuals) did
not substantially attenuate the risk estimates (eFigure 12 in the Supplement). When exploring
the additive predictive value of MCP-1, we found no significant increment on top of vascular risk
factors (C statistic for cardiovascular death with MCP-1, 0.779 vs without MCP-1, 0.774; eTable 5
in the Supplement).
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Discussion

Among 21401 community-based individuals without overt cardiovascular disease at baseline,
higher MCP-1 levels were associated with increased long-term cardiovascular mortality. The re-
sults were present after adjusting for known vascular risk factors, followed a dose-response pat-
tern, and remained stable after additional adjustments for serum IL-6 and high-sensitivity CRP
levels.

Our results add to previous data showing significant associations of MCP-1 levels with cardio-
vascular mortality after acute coronary syndromes,""}2 by also demonstrating an association

with cardiovascular mortality in the general population. While attenuated in the multivariable
model, we also found significant associations with risk of CHD and nonfatal myocardial infarc-
tion in models adjusted for age, sex, and race/ethnicity.

The magnitude of the examined associations was modest, and there was no increment in C-
statistics for MCP-1 on top of other vascular risk factors for prognosticating cardiovascular dis-
ease. Thus, MCP-1 measurement is unlikely to be a valuable risk marker for cardiovascular end
points. However, the aim of this study was to provide additional support for MCP-1 as a promis-
ing therapeutic target in atherosclerosis. In fact, the point estimates of the associations with CHD
and nonfatal myocardial infarction matched those previously obtained for genetically predicted
MCP-1 levels.® Together, the genetic and biomarker findings support a key role of MCP-1 signal-
ing in cardiovascular disease.

Most studies in this analysis used a broader definition of cardiovascular death that included
death from ischemic heart disease, stroke, and other vascular conditions. The more prominent
associations compared with CHD and nonfatal myocardial infarction might be explained by dif-
ferences in the effects of MCP-1 across different vascular beds, in line with our previous findings
for stronger associations with stroke.®? The observed outcomes of MCP-1 on cardiovascular
mortality might be further associated with additive outcomes of MCP-1 on atherosclerosis

riskZ-8131% and inflammatory responses critical to healing from myocardial infarction.>

Limitations

As a limitation, the lack of a standardized assay to quantify MCP-1 and the differences in assays
between studies precluded analyses using absolute MCP-1 values. While previous studies have
shown available anti-inflammatory medications to differentially influence MCP-1 levels,° this
could not be examined in this meta-analysis.

Conclusions

In conclusion, higher circulating levels of MCP-1 are associated with higher long-term cardiovas-
cular mortality in community-based individuals free of overt cardiovascular disease. Our find-
ings triangulate previous genetic and experimental evidence supporting a key role of MCP-1-
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signaling in cardiovascular disease.

Notes
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Supplement.

eMethods. Literature Search.

eTable 1. Summary of the study design, population characteristics, methods used for quantifying circulating MCP-1 lev-

els, outcome definitions, and assessments in the cohorts included in the meta-analysis.
eTable 2. Quality characteristics of the included studies according to the Newcastle-Ottawa Scale.

eTable 3. Associations between baseline circulating MCP-1 levels and risk of incident coronary heart disease, incident
non-fatal myocardial infarction, and cardiovascular death. Shown are the results from random-effects meta-analyses of

the pooled sample consisting of six population-based studies.

eTable 4. Associations between baseline circulating MCP-1 levels and risk of incident coronary heart disease, incident
non-fatal myocardial infarction, and cardiovascular death in sensitivity analyses excluding events that occurred in the
first 5 years after follow-up. Shown are the results from random-effects meta-analyses of the pooled sample consisting of

six population-based studies.

eTable 5. C-statistics of a model adjusted for age, sex, and ethnicity (Model 1), as well as of a model additionally adjusted
for vascular risk factors (Model 2) for predicting incident coronary heart disease, incident non-fatal myocardial infarc-
tion, and cardiovascular death before and after inclusion of MCP-1 levels. Shown are the results from the pooled meta-

analyses across six population-based studies.

eFigure 1. Study-specific and pooled hazard ratios for incident coronary heart disease per standard deviation increase
in In-transformed circulating MCP-1 levels and across MCP-1 level quartiles after adjusting for age, sex, and race (Model

1).

eFigure 2. Study-specific and pooled hazard ratios for incident non-fatal myocardial infarction per standard deviation
increase in In-transformed circulating MCP-1 levels and across MCP-1 level quartiles after adjusting for age, sex, and race
(Model 1).

eFigure 3. Study-specific and pooled hazard ratios for cardiovascular death per standard deviation increase in In-

transformed circulating MCP-1 levels and across MCP-1 level quartiles after adjusting for age, sex, and race (Model 1).

eFigure 4. Study-specific and pooled hazard ratios for incident coronary heart disease per standard deviation increase
in In-transformed circulating MCP-1 levels and across MCP-1 level quartiles after adjusting for age, sex, race, and vascular
risk factors (Model 2).

eFigure 5. Study-specific and pooled hazard ratios for incident non-fatal myocardial infarction per standard deviation
increase in In-transformed circulating MCP-1 levels and across MCP-1 level quartiles after adjusting for age, sex, race, and
vascular risk factors (Model 2).

eFigure 6. Study-specific and pooled hazard ratios for cardiovascular death per standard deviation increase in In-

transformed circulating MCP-1 levels and across MCP-1 level quartiles after adjusting for age, sex, race, and vascular risk
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factors (Model 2).

eFigure 7. Study-specific and pooled hazard ratios for non-cardiovascular death per standard deviation increase in In-

transformed circulating MCP-1 levels and across MCP-1 level quartiles after adjusting for age, sex, and race (Model 1).

eFigure 8. Study-specific and pooled hazard ratios for non-cardiovascular death per standard deviation increase in In-
transformed circulating MCP-1 levels and across MCP-1 level quartiles after adjusting for age, sex, race, and vascular risk

factors (Model 2).

eFigure 9. Pooled hazard ratios for incident coronary heart disease per standard deviation increase in In-transformed

circulating MCP-1 levels, as derived from random-effects meta-analyses stratified by pre-defined study variables.

eFigure 10. Pooled hazard ratios for incident non-fatal myocardial infarction per standard deviation increase in In-
transformed circulating MCP-1 levels, as derived from random-effects meta-analyses stratified by pre-defined study vari-

ables.

eFigure 11. Pooled hazard ratios for cardiovascular death per standard deviation increase in In-transformed circulating

MCP-1 levels, as derived from random-effects meta-analyses stratified by pre-defined study variables.

eFigure 12. Pooled hazard ratios for (A) incident coronary heart disease CAD), (B) non-fatal myocardial infarction
(NFMI), and (C) cardiovascular death (CVD) per standard deviation increase in In-transformed circulating MCP-1 levels
and across MCP-1 level quartiles in consecutive models adjusting for age, sex, race, vascular risk factors, high-sensitivity

C-reactive protein (CRP), as well as interleukin-6 (IL6) circulating levels.

eReferences.
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Table.

Descriptive Baseline Characteristics of the 7 Included Population-Based Cohort Studies

Abbreviations: ARIC, Atherosclerosis Risk in Communities Study; BMI, body mass index (calculated as weight in kilo-
grams divided by height in meters squared); DHS, Dallas Heart Study; eGFR, estimated glomerular filtration rate; EPIC-
Norfolk, European Prospective Investigation of Cancer-Norfolk; FHS Offspring, Framingham Heart Study-Offspring
Cohort; hsCRP, high-sensitivity C-reactive protein; IQR, interquartile range; MDCS-CV, Malmo Diet and Cancer Study-
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Cardiovascular subcohort; MONICA/KORA, Monitoring of Trends and Determinants in Cardiovascular Disease-

Kooperative Gesundheitsforschung in der Region Augsburg; NA, not applicable.

SI conversion factors: To convert C-reactive protein to mg/L, multiply by 10; high-density lipoprotein cholesterol to

mmol/L, multiply by 0.0259; low-density lipoprotein cholesterol to mmol/L, multiply by 0.0259.

3EPIC-Norfolk data were obtained using a nested case-control design.

PMONICA/KORA data were obtained using a case-cohort design and not included in analyses for the outcomes of
nonfatal myocardial infarction and cardiovascular death.

“The used assay in MDCS-CV did not provide monocyte chemoattractant protein-1 measurements as absolute values, but

as relative expression levels obtained by proximity extension assay.
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Associations Between Baseline Circulating Monocyte-Chemoattractant Protein-1 Levels and Risk of Coronary

Heart Disease, Nonfatal Myocardial Infarction, and Cardiovascular Death

Shown are the results from random-effects meta-analyses of the pooled sample consisting of 7 population-based studies,
as derived from model 1 (adjusted for age, sex, and race/ethnicity) (A) and model 2 (adjusted for age, sex, race/ethnicity,
and vascular risk factors) (B). The vascular risk factors adjusted for in model 2 include hypertension, low-density
lipoprotein cholesterol levels, use of statins, diabetes mellitus, body mass index (per 1-kg/m? increment), smoking (cur-
rent vs noncurrent), estimated glomerular filtration rate (per 1-mL/min/1.73 m? increment), physical activity, and alco-
hol consumption at baseline. Analyses for 1-SD increment correspond to natural log-transformed MCP-1 levels. The
Monitoring of Trends and Determinants in Cardiovascular Disease-Kooperative Gesundheitsforschung in der Region
Augsburg (MONICA/KORA) study is not included in any of the analyses for nonfatal myocardial infarction and cardiovas-

cular death.
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