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Abstract 

Background: The cellular adhesion pathway has been suggested as playing an important role in the pathogenesis 
of atrial fibrillation (AF). However, prior studies that have investigated the role of adhesion pathway proteins in risk of 
AF have been limited in the number of proteins that were studied and in the ethnic and racial diversity of the study 
population. Therefore we aimed to study the associations of fifteen adhesion pathway proteins with incident AF in a 
large, diverse population.

Methods: Multi-Ethnic Study of Atherosclerosis participants from four races/ethnicities (n = 2504) with protein 
levels measured were followed for incident AF (n = 253). HGF protein was measured on Exam 1 samples (N = 6669; 
AF n = 851). Cox proportional hazards regression was used to assess the association of AF with 15 adhesion pathway 
proteins. Bonferroni correction was applied to account for multiple comparisons.

Results: After adjusting for potential confounding variables (age, sex, race/ethnicity, height, body mass index, systolic 
blood pressure, antihypertension therapy, diabetes status, current smoker, current alcohol use, and total and HDL cho-
lesterol), and accounting for multiple testing (P < 0.05/15 = 0.0033), circulating levels of the following proteins were 
positively associated with a higher risk of AF: MMP-2 (HR per standard deviation increment, 1.27; 95% CI 1.11‒1.45), 
TIMP-2 (HR 1.28; 95% CI 1.12‒1.46), VCAM-1 (HR 1.32; 95% CI 1.16‒1.50), and SLPI (HR 1.22; 95% CI 1.07‒1.38). The asso-
ciation between proteins and AF did not differ by race/ethnicity.

Conclusions: Circulating levels of MMP-2, TIMP-2, VCAM-1, and SLPI were positively associated with an increased risk 
of incident AF in a diverse population. Our findings suggest that adhesion pathway proteins may be important risk 
predictors of AF.
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Background
Atrial fibrillation (AF) is the most common chronic car-
diac arrhythmia, with an estimated prevalence in 2010 of 
between 3 and 6 million individuals in the United States 
[1, 2]. Although widely studied, the pathophysiology of 
AF is not completely understood. Inflammation has been 
suggested as an underlying mechanism and a risk factor 
for AF [3–5].
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The Framingham Offspring Study assessed the associa-
tion of 12 circulating inflammatory markers and found 
that circulating osteoprotegerin was associated with inci-
dent AF [6].Furthermore, there is growing evidence that 
the cellular adhesion pathway, a biological pathway of 
inflammation, may play a role in AF. For example, in the 
Women’s Health Study, markers of systemic inflamma-
tion, including high sensitivity C-reactive protein (CRP), 
soluble intercellular adhesion molecule-1 (ICAM-1), and 
fibrinogen, were significantly associated with AF [7]. A 
prospective, population-based cohort study that studied 
thirteen inflammation markers found that the vascular 
cell adhesion molecule 1 (VCAM-1) was significantly 
associated with new-onset AF in the general community 
[8].

However, there are important gaps in our knowledge of 
the relationship between adhesion pathway proteins and 
risk of AF. Prior studies included only a limited number 
of adhesion pathway proteins and have been limited in 
their ethnic/racial diversity [6–10]. Thus, the aim of this 
study was to determine the association of fifteen adhe-
sion pathway proteins with risk of AF in the diverse 
Multi-Ethnic Study of Atherosclerosis (MESA).

Methods
Study population
The MESA study, as previously described, recruited 6,814 
African, Chinese, Hispanic, and non-Hispanic white 
Americans aged 45 to 84 years (47% male) with no history 
of cardiovascular disease (CVD) [11]. Hepatocyte growth 
factor (HGF) was measured at Exam 1 in 6669 partici-
pants. A stratified random sample including 720 indi-
viduals for each of the 4 races/ethnicities (n = 2880) was 
used to measure the circulating levels of adhesion path-
way proteins at Exam 2. There were 2550 subjects with 
plasma and/or serum and AF data available. Of these, 
30 had a CVD event prior to Exam 2 and were excluded. 
An additional 16 had an AF event prior to Exam 2 and 
were excluded, thus resulting in 2504 subjects for analy-
sis (see Additional file 1: Figure S1). All the participants 
gave written informed consent, and the MESA study pro-
tocol and its ancillary studies received approval by the 
appropriate ethics committees: the University of Minne-
sota Institutional Review Board (IRB) and the IRBs at all 
of the other participating centers. The study was done in 
accordance with the Declaration of Helsinki.

Protein measurements
Blood was obtained from fasting participants at Exam 
1 (2000–2002) and Exam 2 (2002–2004) and stored at 
− 70 °C. Quantitative sandwich enzyme-linked immuno-
sorbent assays were used to measure the adhesion path-
way proteins (in years 2010–2012). The 15 circulating 

proteins were chosen based on biological plausibility of 
associating with heart disease as determined by pub-
lished literature or network interaction and had a high-
quality commercial assay available. P-selectin, Regulated 
on Activation, Normal T cell Expressed and Secreted 
(RANTES), stromal-derived factor 1α (SDF-1α) and 
transforming growth factor β1 (TGF-β1) were meas-
ured in EDTA plasma, while matrix metalloproteinase 
1 (MMP-1), matrix metalloproteinase 2 (MMP-2), tis-
sue inhibitor of metalloproteinase 2 (TIMP-2), ICAM-1, 
VCAM-1, L-selectin, HGF, chemokine ligand 21 (CCL-
21), secretory leukocyte protease inhibitor (SLPI), E-cad-
herin, and interleukin 2 soluble receptor (IL-2 sR) were 
measured in serum. Details of the assay type and perfor-
mance are specified in Additional file 1: Table S1.

Covariates
All covariates were measured at Exam 1, which will serve 
as baseline for the HGF analyses, and Exam 2, which 
will serve as baseline for all other analyses. Demograph-
ics, education, smoking history, current alcohol use, and 
medication use were collected using self-administered 
and interviewer-administered questionnaires. In addition 
to the questionnaire, participants were asked to bring 
all medications to exams. Body mass index (BMI) was 
calculated as weight divided by height squared (kg/m2). 
Resting blood pressure was measured three times in the 
seated position using an automated oscillometric sphyg-
momanometer (Dinamap). The average of the last 2 read-
ings was used in the analyses. Hypertension was defined 
as systolic blood pressure ≥ 140  mmHg, diastolic blood 
pressure (DBP) ≥ 90  mmHg, or taking antihypertensive 
medication. Serum glucose was assayed by a glucose oxi-
dase method on the Vitros analyzer (Johnson & Johnson 
Clinical Diagnostic, Rochester, NY). Diabetes mellitus 
was defined as use of insulin or other diabetes mellitus 
medication, self-reported physician diagnosis, or fasting 
glucose ≥ 126  mg/dL. Glomerular filtration rate (GFR) 
was estimated using the Chronic Kidney Disease Epide-
miology Collaboration formula [12]. Total cholesterol 
was measured in EDTA plasma using a cholesterol oxi-
dase method (Roche Diagnostics, Indianapolis, IN) on a 
Roche COBAS FARA centrifugal analyzer. High-density 
lipoprotein (HDL) cholesterol was measured in EDTA 
plasma by the cholesterol oxidase method after precipi-
tation of non-high-density lipoprotein cholesterol with 
magnesium/dextran (Roche Diagnostics, Indianapolis, 
IN). Heart failure (HF) was classified as definite or prob-
able. Definite or probable HF both required HF symp-
toms such as shortness of breath or edema. Definite HF 
required one or more other criteria, such as pulmonary 
edema/congestion by chest X-ray; dilated ventricle or 
poor LV function; or evidence of left ventricular diastolic 



Page 3 of 8Mendez et al. BMC Cardiovasc Disord          (2021) 21:436  

dysfunction. If definite HF criteria were not available, 
probable HF was defined as HF diagnosed by a physician 
and medical treatment for HF. Participants not meeting 
any criteria, including only a physician diagnosis of HF 
without any other evidence, were considered as having 
no HF.

Atrial fibrillation ascertainment
Each participant was contacted at intervals of 9 to 
12  months during follow-up to gather information on 
recent lifestyle changes and new CVD conditions, treat-
ments, hospitalizations and procedures [11]. AF was 
identified using hospital discharge diagnoses, MESA 
study electrocardiograms, death certificates, or for those 
enrolled in fee-for-service Medicare, from inpatient and 
outpatient Medicare claims data. AF was defined by 
International Classification of Disease-9 (ICD-9) codes 
for AF or atrial flutter (ICD-9 codes 427.31 and 427.32, 
respectively). Incident AF was defined as the first occur-
rence of an AF diagnosis from baseline through the end 
of follow-up on December 31, 2014. A first diagnosis of 
AF made during the same hospitalization as cardiac sur-
gery was not counted as incident AF, but a subsequent AF 
diagnosis in the same person, not associated with cardiac 
surgery, was considered their first AF episode. Follow-up 
for all analyses was calculated as the time elapsed from 
the baseline examination to whichever came first: first AF 
event, loss to follow-up, death, or December 31, 2014.

Statistical methods
Bonferroni correction was used to account for multiple 
comparisons and a P value of < 0.0033 was considered 
statistically significant (0.05/15 proteins = 0.0033) for 
all analyses. Baseline characteristics of participants are 
presented by race/ethnicity and compared using the chi-
squared test for categorical variables and the Kruskal–
Wallis test for continuous variables. The association of 
protein levels with incident AF was assessed using Cox 
proportional hazards regression. For analyses of proteins 
measured at Exam 2, subjects with incident AF between 
Exams 1 and 2 were excluded and time was indexed to 
the Exam 2 visit date. We adjusted for known risk fac-
tors for CVD, and for atrial fibrillation specifically. Model 
1 was adjusted for age, sex, and race/ethnicity. Model 2 
was comprised of Model 1 covariates and height, BMI, 
systolic blood pressure, antihypertensive use, diabe-
tes mellitus, smoking status, alcohol use, and total and 
HDL cholesterol. As a sensitivity analysis, heart failure 
was additionally added to Model 2 as a time-dependent 
variable as events occurred during follow-up to assess 
whether it was a plausible mediator in the association 
between proteins and incident AF. For all analyses, race/
ethnicity-specific models were fit in addition to models 

pooling race/ethnicity that included race/ethnicity as a 
covariate. Additionally, we tested for multiplicative inter-
actions of proteins with race/ethnicity and age by includ-
ing cross-product terms in the pooled statistical model. 
Race/ethnicity was defined as White, Chinese, Black, and 
Hispanic. Due to the limited missing data at baseline and 
Exam 2 for the covariates of interest, imputation was not 
performed.

Results
Table 1 summarizes the characteristics of MESA partici-
pants at Exam 2 that had plasma protein measurements 
(n = 2504; mean age 63; 47% male). The characteristics 
of the Exam 1 participants are summarized in Addi-
tional file  1: Table  S2. The distributions of the proteins 
are summarized in Additional file 1: Figure S2. All of the 
protein levels varied by race/ethnicity, except for MMP-1 
(Table 2).

During the 25,413 person-years of follow up from Exam 
2 (average: 10.2  years), 253 incident cases of AF were 
identified (44 African Americans, 74 Chinese Ameri-
cans, 57 Hispanic Americans, and 78 non-Hispanic white 
Americans). After adjustment for age, sex, and race/eth-
nicity, MMP-2, TIMP-2, VCAM-1, HGF, SLPI, and IL-2 
sR were associated with a higher risk of AF with each 
standard deviation increase in protein level (P < 0.0033; 
Table 3).

Further adjustment for height, body mass index, sys-
tolic blood pressure, antihypertension therapy, diabetes 
status, current smoker, current alcohol use, and total and 
HDL cholesterol did not appreciably change point esti-
mates for MMP-2, TIMP-2, VCAM-1, or SLPI. In con-
trast, full adjustment attenuated the association of HGF 
with AF (HR 1.10; 95% CI 1.02‒1.18) and IL-2 sR (HR 
1.20; 95% CI 1.06‒1.36). Further adjustment for heart 
failure did not materially change any of the results. The 
association between proteins and AF did not differ by 
race/ethnicity (Additional file 1: Table S3) nor age (data 
not shown).

Discussion
In a large, diverse population of over 2500 individuals 
(approximately 50% male), higher levels of circulating 
MMP-2, TIMP-2, VCAM-1, and SLPI were associated 
with a higher risk of AF, independent of traditional CVD 
risk factors. While there is growing evidence that adhe-
sion pathway proteins may be associated with AF, prior 
studies have primarily focused on a limited number of 
proteins with small sample sizes and limited ethnic and 
racial diversity [6–10]. Thus, by studying a large number 
of proteins in a large, ethnic and racially diverse popula-
tion, we were able to comprehensively evaluate the asso-
ciation between proteins in the cellular adhesion pathway 
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and risk of AF. Our findings have important implications 
for preventing and improving care of patients at risk for 
AF.

We found a significant association between MMP-2 
and risk of AF. MMP-2 is a gelatinase and in addition to 
breaking down extracellular matrix, MMP-2 is thought 
to play a role in proliferation, vascular remodeling, and 
oxidized LDL induced smooth muscle migration [13–15]. 
Xu et al. found that upregulated MMP-2 expression and 
downregulated TIMP-2 expression in the atrial tissue of 
AF patients was associated with the development of sus-
tained AF [16]. Diao and colleagues also demonstrated 
that persistent AF patients had notably increased MMP-2 
expression in left atrial tissue [10]. One prospective study 
found that increased circulating levels of MMP-2 were 
independent predictors of myocardial infarction, stroke, 
peripheral embolization, and death among patients with 
AF [17]. These associations give further insight on the 
role of MMP-2 in the mechanism of atrial remodeling 
and the development and perpetuation of AF.

There was an association between higher levels of 
TIMP-2 and increased risk of AF. TIMP-2 is a metallo-
peptidase inhibitor and directly suppresses the prolif-
eration of endothelial cells through MMP-dependent 
mechanisms. In contrast to our findings, results from 

a meta-analysis found that lower circulating levels of 
TIMP-2 were associated with an increased risk of AF, 
albeit inclusion of different subtypes of AF was pos-
tulated as an explanation for the inconsistent findings 
with prior literature [18]. The higher circulating levels 
of TIMP-2 found in our study might be explained by its 
activation upon elevated levels of MMP-2, or by abnor-
mal myocyte response in the remodeled atria [19].

Similar to previous studies, we found a positive associa-
tion between VCAM-1 and risk of AF [8, 9, 20]. VCAM-1 
is a member of the immunoglobulin family of adhesion 
proteins and in tandem with its receptor, VLA-4, medi-
ates leukocyte-endothelial cell adhesion and signal 
transduction [21]. Of the two prospective cohort studies 
assessing the association of VCAM-1 with incident AF, 
one reported that baseline levels of VCAM-1 predicted 
post-operative AF after coronary artery bypass surgery 
and the other found that soluble levels of VCAM-1 had a 
positive, dose–response relationship with long-term risk 
of AF [8, 9]. Our study corroborates these findings and 
expands on the prior work by using a racially/ethnically 
diverse population.

SLPI was associated with AF risk. SLPI has anti-inflam-
matory actions regulating TGF-βand IL10 production 
and suppressing MMP production and activity [22–25]. 

Table 1 Exam 2 characteristics by race/ethnicity

HDL High density lipoprotein, SD standard deviation

Characteristics Pooled sample
n = 2504

African-American
n = 607

Chinese-American
n = 631

Hispanic-American
n = 624

Non-Hispanic 
White-
American
n = 642

Age, years ± SD 63 ± 10 63 ± 10 63 ± 10 63 ± 10 63 ± 10

Male, % 47 46 49 46 48

Body mass index,
kg/m2 ± SD

28 ± 6 30 ± 6 24 ± 3 30 ± 5 28 ± 5

Height, cm ± SD 165 ± 10 168 ± 10 162 ± 8 162 ± 9 169 ± 10

Systolic blood pressure,
mmHg ± SD

124 ± 21 130 ± 22 121 ± 20 125 ± 21 122 ± 19

Antihypertensive
medication use

39 52 33 36 37

Diabetes, % yes 16 20 14 20 9

Smoking status, % yes

Never 51 42 73 50 38

Former 38 42 22 39 48

Current 12 17 5 11 14

Current use of alcohol,
% yes

48 46 31 44 69

Total Cholesterol,
mg/dL ± SD

193 ± 35 190 ± 37 190 ± 32 195 ± 35 194 ± 37

HDL cholesterol,
mg/dL ± SD

51 ± 15 54 ± 16 50 ± 13 48 ± 13 54 ± 17

Heart Failure, % 3.7 3.6 2.9 4.5 3.7
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Normally found in mucosal tissue, monocytes, and neu-
trophils, SLPI is expressed in epithelial cells during injury 
and is thought to prevent the excessive tissue destruction 
associated with delayed wound healing [26, 27]. To the 
best of our knowledge, no other studies have assessed the 
relationship between SLPI and AF.

After full adjustment for confounders, HGF and IL-2 
sR were modestly associated with AF. IL-2 sR is the solu-
ble form of the receptor for IL-2, a cytokine well-known 
for its role in T-lymphocyte function [28, 29]. The soluble 
receptor of IL-2 is secreted in response to inflammation 
[28, 29]. Evidence suggests that inflammation seems to 
trigger AF, although AF might help maintain an inflam-
matory environment as well [4]. HGF is produced in vas-
cular cells, functions as a potent inducer of LFA-1, and 
reduces surface expression of L-selectin [30]. Higher 
circulating levels of HGF have been reported in patients 
with CVD [31–33]. Li et al. found that local HGF levels 

in samples from the right atrium of AF patients were 
reduced, confirming dysfunction in the local production 
of HGF. Systemic HGF levels have been found to increase 
via the endocrine pathway from sources like the lungs 
and liver as a result of vascular endothelial injury [34]. 
Katoh et al. reported higher circulating levels of HGF in 
patients with non-valvular AF [31]. The association we 
found between HGF and AF is consistent with this result.

Clinical implications
In this study we found that several proteins in the cellular 
adhesion pathway, specifically MMP-2, TIMP-2, VCAM-
1, and SLPI, are associated with increased risk of AF. 
These findings have important clinical implications. Our 
results indicate that strategies aimed at reducing cellular 
adhesion during the inflammatory response may prevent 
risk of AF. However, further investigation is needed to 
determine whether interventions targeting components 

Table 3 Adjusted hazard ratios for incident atrial fibrillation per one standard deviation increase in adhesion pathway protein

CCL-21 Chemokine ligand 21, HGF hepatocyte growth factor, ICAM-1 intercellular adhesion molecule 1, IL-2 sR interleukin 2 soluble receptor, MMP-1 matrix 
metalloproteinase 1, MMP-2 matrix metalloproteinase 2, RANTES regulated onactivation normal T cell expressed and secreted, SDF-1α stromal-derived factor 1α, SLPI 
secretory leukocyte protease inhibitor, TGF-β1 transforming growth factor β1, TIMP-2 tissue inhibitor of metalloproteinase 2, VCAM-1 vascular cell adhesion molecule 1
a Adjusted for age, sex, and race/ethnicity. Proteins were not transformed for the analyses. Hazard ratios presented are for a 1 standard deviation unit change for each 
protein
b Adjusted for model 1 + height, body mass index, systolic blood pressure, antihypertension therapy, diabetes status, current smoker, current alcohol use, and total 
and HDL cholesterol
c Threshold for statistical significance P < 0.0033 (0.05/15)
d The race/ethnicity interaction term is not included in the final model. Stratified results are presented in Additional file 1: Table S3
e There were 74,960 person-years of follow up for the Exam 1 HGF analysis (average: 11.2 years), 851 incident cases of AF were identified (186 African Americans, 105 
Chinese Americans, 151 Hispanic Americans, and 409 non-Hispanic white Americans)

Pooled sample

Model  1a Model  2b

Hazard ratio
(95% CI)

P  valuec Hazard ratio
(95% CI)

P  valuec Race/Ethnicity 
interaction P 
 valuec,d

Exam 1

HGFe 1.18 (1.10 -1.26)  < 0.0001 1.10 (1.02–1.18) 0.009 0.28

Exam 2

MMP-1 1.02 (0.91–1.15) 0.72 1.02 (0.90–1.15) 0.76 0.36

MMP-2 1.25 (1.10–1.42)  < 0.001 1.27 (1.11–1.45)  < 0.001 0.14

TIMP-2 1.27 (1.11–1.44)  < 0.001 1.28 (1.12–1.46)  < 0.001 0.89

ICAM-1 1.11 (0.97–1.28) 0.13 1.09 (0.95–1.26) 0.23 0.51

VCAM-1 1.32 (1.17–1.50)  < 0.001 1.32 (1.16–1.5)  < 0.001 0.69

P-selectin 1.09 (0.86–1.40) 0.48 1.06 (0.83–1.37) 0.63 0.18

L-selectin 1.01 (0.88–1.15) 0.93 1.04 (0.90–1.20) 0.61 0.92

RANTES 1.02 (0.90–1.14) 0.8 1.03 (0.91–1.16) 0.68 0.80

E-cadherin 1.01 (0.88–1.15) 0.94 0.99 (0.85–1.14) 0.86 0.59

TGF-β1 1.00 (0.89–1.13) 0.97 0.99 (0.88–1.13) 0.97 0.79

CCL-21 1.20 (1.05–1.37) 0.008 1.17 (1.02–1.35) 0.025 0.76

SDF-1α 1.14 (1.00–1.30) 0.046 1.11 (0.97–1.27) 0.12 0.83

SLPI 1.22 (1.08–1.38) 0.001 1.22 (1.07–1.38) 0.003 0.02

IL-2 sR 1.22 (1.08–1.37) 0.001 1.20 (1.06–1.36) 0.004 0.22
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of the adhesion pathway could eventually lead to new 
tools for defining AF risk or prevention of AF.

Limitations
The present study had some limitations. First, incident 
AF is likely underestimated given that asymptotic AF 
may go undetected. As a result, we could be underesti-
mating the association of proteins and AF due to misclas-
sification or our results could be specific to symptomatic 
cases. We were underpowered to detect association dif-
ferences across races/ethnicities. Thus, assessing the het-
erogeneity by race/ethnicity in larger populations is an 
area of future research. Finally, proteins were measured 
in the cohort at a single point in time and AF events could 
have occurred more than a decade after their measure-
ment. However, circulating levels of these proteins have 
been shown to be relatively stable over time, indicating 
that a single measurement is a reasonable biomarker for 
an individual’s exposure to the proteins [35, 36].

Conclusions
In conclusion, soluble levels of MMP-2, TIMP-2, VCAM-
1, and SLPI were associated with an increased risk of 
AF in a diverse population from the United States. Our 
findings suggest that adhesion pathway proteins may be 
important risk predictors of AF.
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