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Abstract

Inflammation plays a pivotal role in peripheral artery disease (PAD). Cellular adhesion proteins 

mediate the interaction of leukocytes with endothelial cells during inflammation. To determine the 
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association of cellular adhesion molecules with ankle-brachial index (ABI) and ABI category 

(≤1.0 vs. >1.0) in a diverse population, fifteen adhesion proteins were measured in the Multi-

Ethnic Study of Atherosclerosis (MESA). To assess multivariable associations of each protein with 

ABI and ABI category, linear and logistic regression was used, respectively. Among 2364 

participants, 23 presented with poorly compressible arteries (ABI>1.4) and were excluded and 261 

had ABI ≤1.0. Adjusting for traditional risk factors, elevated levels of soluble P-selectin, 

Hepatocyte Growth Factor and Secretory Leukocyte Protease Inhibitor were associated with lower 

ABI (P = .0004, .001 and .002, respectively). Per each standard deviation of protein, we found 

26%, 20%, and 19% greater odds of lower ABI category (P = .001, .01 and .02, respectively).. 

Further investigation into the adhesion pathway may shed new light on biological mechanisms 

implicated in PAD.

Keywords

ankle-brachial index; hepatocyte growth factor; P-selectin; peripheral artery disease; secretory 
leukocyte protease inhibitor

Introduction

Peripheral artery disease (PAD) affects approximately 8.5 million Americans over the age of 

40.1 The vast majority of PAD patients are asymptomatic and the most commonly used 

diagnostic tool is the ankle-brachial index (ABI), a ratio comparing ankle with arm systolic 

blood pressures. Although PAD is traditionally defined by an ABI of less than 0.90, a large 

meta-analysis indicated that ABI values between 0.91 and 1.0 were associated with 

increased cardiovascular disease (CVD) mortality compared to ABI > 1.0.2 Within the 

Multi-Ethnic Study of Atherosclerosis (MESA), ABI <1.0 was significantly associated with 

incident CVD and with prevalence of subclinical atherosclerosis.3, 4 An ABI ≤ 1.0 reflects a 

reduced blood pressure in the legs, primarily due to atherosclerotic plaques partially 

obstructing the arterial lumen. As atherosclerosis is a systemic disease, individuals with 

PAD are more likely to present with concomitant coronary and carotid atherosclerosis.4-6 

Consequently, low ABI can be considered a marker of overall atherosclerotic burden and is a 

strong predictor of cardiovascular and all-cause mortality.7

Inflammation plays a pivotal role in the initiation and progression of PAD.8, 9 Elevated levels 

of inflammatory markers are associated with increased incidence, severity, and prognosis of 

PAD, independent of traditional risk factors.10-13 In contrast, a previous study conducted in 

MESA found a limited association between inflammation and PAD.14 However, the cellular 

adhesion pathway has been associated with PAD in multiple reports10, 13, 15, 16 and includes 

molecules such as intercellular and vascular adhesion molecules (ICAM-1 and VCAM-1); 

proteins of the Selectin family, as well as a variety of secretory proteins with regulatory 

functions.

While previous cohort studies have explored the association of inflammatory biomarkers 

belonging to different biological pathways with various cardiovascular endpoints,17-19 only a 

limited number of proteins in the adhesion pathway, namely ICAM-1 and VCAM-1, have 

been studied in the context of longitudinal studies investigating PAD risk.10, 15, 20 
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Furthermore, studied populations were predominantly white. Based on prior evidence 

provided by in vitro and in vivo studies, we selected a panel of soluble cellular adhesion 

pathway proteins that have been shown to have a role in atherosclerosis, and we tested their 

association with ABI and ABI category in a large, multi-ethnic population. A comprehensive 

assessment of the relationship between novel and known components of the cellular 

adhesion pathway and PAD in a multi-ethnic population may shed new light on the 

importance of this particular phase of inflammation in cardiovascular disease.

Methods

Study Population

MESA enrolled African, Chinese, Hispanic, and non-Hispanic white Americans, with no 

history of CVD in order to investigate subclinical and clinical CVD in a large and diverse 

population. MESA has been described in detail elsewhere21 and information regarding data 

access is available on the MESA website (www.mesa-nhlbi.org). In order to measure a large 

number of circulating adhesion proteins in a representative sample of the MESA population, 

a stratified random sample including 720 individuals for each of the four races/ethnicities 

was used (n = 2880). This subgroup was randomly generated from Exam 1 participants who 

gave consent for DNA sample use (as shown in Figure S1).

Fifteen adhesion proteins were measured in samples obtained at Exam 2 (2002-2004). 

Plasma was available for 2574 participants and, of those; serum was available for 2441 

participants. Among these, 34 individuals were excluded due to CVD events prior to Exam 

2, 1 due to cognitive impairment, and 3 individuals were excluded due to inconsistencies 

between the field center where they were enrolled and their self-reported race/ethnicity. 

Thus, the final sample size was 2536 for plasma and 2403 for serum proteins. MESA and its 

ancillary studies were approved by the Institutional Review Board at participating centers 

and all participants gave written informed consent.

Soluble Protein Measurements

Quantitative sandwich enzyme-linked immunosorbent assays (ELISA) were used to measure 

soluble proteins. Chemokine ligand 21 (CCL21), hepatocyte growth factor (HGF), 

interleukine-2 soluble receptor (IL-2sr), matrix metalloproteinase 1 (MMP-1), matrix 

metalloproteinase 2 (MMP-2), secretory leukocyte protease inhibitor (SLPI), E-Cadherin, 

intercellular adhesion molecules 1 (ICAM-1), L-selectin, vascular cell adhesion molecule 1 

(VCAM-1), and tissue inhibitor of metalloproteinases 2 (TIMP-2) were measured in serum, 

while P-selectin, regulated on activation normal T cell expressed and secreted (RANTES), 

stromal derived factor 1α (SDF-1α) and transforming growth factor β1 (TGFβ1) were 

measured in plasma. The inter-assay coefficient of variation and the minimum detectable 

level for each of the ELISA assays, as well as the specific type of assay used, are 

summarized in Table S1.

Outcomes and Covariates

The ABI was measured at Exam 3 (2004- 2005), using a standardized protocol.22 Briefly, 

systolic blood pressure was measured in both the left and right brachial, dorsalis pedis, and 
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posterior tibial arteries using a hand-held Doppler instrument with a 5-mHz probe. The ABI 

was calculated for both the left and right sides as maximum systolic blood pressure in the 

posterior tibial artery and dorsalis pedis, divided by the average of the left and right brachial 

pressures. In the event that left and right brachial pressures differed by 10 mmHg or more, 

the higher of the brachial pressures was used. If a pulse was detected when the cuff was 

inflated to 300 mmHg, the ABI was classified as “incompressible.” For these analyses, 

minimum of the left and right leg ABI was used. However, we also examined associations 

with the ABI defined by first excluding those with ABI > 1.4 in either leg, then using the 

minimum of the left and right leg ABI. ABI (continuous) and ABI category (defined as ABI 

≤ 1.0 vs ABI > 1.0 according to previous findings that ABI values between 0.91 and 1.0 

were associated with increased cardiovascular mortality compared to ABI > 1.0 2) were used 

as outcome variables.2

Concurrently, detailed information on demographics, past medical history, medications and 

risk factors was collected through a combination of self-administered and interview-

administered questionnaires. Body mass index (BMI) was calculated as weight (kg)/height2 

(m2). Resting seated blood pressure was measured three times and the average of the second 

and third readings was used in the analyses. Hypertension was as systolic blood pressure ≥ 

140 mmHg, diastolic blood pressure ≥ 90 mmHg, or use of anti-hypertensive medications.23 

Diabetes was defined as any participant who self-reported a physician diagnosis, used 

diabetic medication, or had a fasting glucose ≥ 126 mg/dL. Triglycerides were measured in 

plasma by a glycerol blanked enzymatic method and cholesterol was measured in plasma 

using a cholesterol oxidase method. HDL cholesterol was measured by the cholesterol 

oxidase method after precipitation of non-HDL-cholesterol with magnesium/dextran. LDL-

cholesterol was calculated in specimens having a triglyceride < 400 mg/dL via the 

Freidewald equation. Glomerular Filtration Rate (GFR) was estimated using the Chronic 

Kidney Disease (CKD) Epidemiology Collaboration formula.24

Statistical Analysis

Univariate associations of population characteristics and of each protein with ABI category 

were assessed by t-test, Wilcoxon-Mann-Whitney, or chi-square test as appropriate, and with 

ABI using linear regression. ABI was approximately normally distributed, so no 

transformations were used in analysis. All adhesion proteins were modeled per standard 

deviation (SD) after verifying there were no departures from linearity using generalized 

additive models (GAMs) with a smoother that fits cubic B-splines. To assess multivariable 

associations of each protein with the ABI, linear regression was used; for ABI category 

(ABI ≤ 1.0, ABI > 1.0), logistic regression was used. In both analyses, participants with ABI 

> 1.4 were excluded. Staged models were used to assess potential covariates and 

confounders. The first model consisted of age, sex, field site, and race/ethnicity as adjusting 

covariates; in the fully adjusted model BMI, ever smoking, diabetes and hypertension status, 

eGFR, HDL and LDL cholesterol, and triglycerides were added.
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Results

Population Characteristics

Among 2536 participants, 172 had missing values for ABI at Exam 3 and 23 presented with 

poorly compressible arteries (ABI > 1.4). Of the remaining 2341, 261 had an ABI ≤ 1.0, and 

79 of these had an ABI ≤ 0.90. Table 1 shows population characteristics for ABI category. 

Significant differences were found for age, sex, and race/ethnicity between the two groups; 

participants with ABI ≤ 1.0 were more likely to be females, older, and African American 

compared to participants with ABI > 1.0. Furthermore, those with ABI ≤ 1.0 were more 

likely to have any history of smoking, diabetes, and/or hypertension, and have CKD, 

although mean eGFR was similar in the two groups suggesting that the majority of patients 

had mild CKD. As shown in Table 2 and Table S2, mean levels of the majority of adhesion 

proteins were significantly higher in those with ABI ≤ 1.0. Correlation coefficients for 

adhesion proteins are shown in Table S3.

Adhesion Proteins and ABI

Soluble P-selectin, HGF, and SLPI were significantly associated with ABI (Table 3). In the 

fully adjusted model, each SD higher levels of soluble P-selectin, or SLPI was associated 

with a lower value for ABI of 0.008 (P = .0004 and .002, respectively); each SD higher 

levels of soluble HGF with lower ABI level of 0.009 (P = .001). Among matrix 

metalloproteinases, MMP-1 was associated with ABI; specifically, ABI was 0.005 lower per 

each SD higher MMP-1 levels (P = .05). The same reduction in ABI was observed in the 

fully adjusted model for each SD higher levels or RANTES (P = .02). Among other 

circulating factors involved in the adhesion pathway, significant results were obtained for 

TGF-β1, and IL-2sr (Adjusted β = −0.005, P = .02; Adjusted β = −0.005, P = .04, 

respectively). Soluble L-selectin showed an inverse association in the unadjusted model 

only; for each SD higher levels of soluble L-selectin levels, ABI was higher by 0.005 (P = .

03). Similarly, E-cadherin was directly associated with ABI only in the unadjusted model (β 
= −0.006, P = .007). The additional adjustment for the number of pack-years in ever smokers 

did not significantly modify these associations (data not shown).

To assess race/ethnic heterogeneity, a formal interaction model adjusting for age, sex, and 

field site was used. A significant interaction was observed for HGF (P = .004). In minimally 

adjusted models, among African Americans, the association of HGF with the ABI was 

significant (P < .001) but not for non-Hispanic whites (P = .20), Chinese (P = .97), and 

Hispanic (P = .25) Americans. In fully adjusted models however, the association of HGF 

with the ABI was significant for both non-Hispanic whites (P = .04) and African (P < .001), 

but not among Chinese (P = .54) and Hispanic (P = .96) Americans. There were no 

significant interactions for any other adhesion protein by race/ethnicity for the ABI (all P > .

10). Similar results were obtained in the sensitivity analysis utilizing a slightly different 

method to derive the ABI (excluding patients with ABI > 1.4 in either leg then using the 

minimum of the left and right ABI).
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Soluble Adhesion Proteins and Ankle Brachial Index Categories

In the fully adjusted model, including age, sex, race/ethnicity, field center, CKD and 

traditional CVD risk factors, HGF, P-selectin and SLPI were associated with ABI ≤ 1.0. 

Each SD increase in HGF was associated with 20% greater odds of ABI ≤ 1.0 compared to 

ABI > 1.0 (95% confidence interval [CI] 1.04-1.39; P = .01). Similarly, a 26% and a 19% 

greater odds of ABI ≤ 1.0 were found per one SD increase in P-selectin and SLPI, 

respectively (95% CI, 1.10-1.46; P = .001 and 95% CI, 1.03-1.37; P = .02) as shown in Table 

3. In addition, RANTES and IL-2sr were associated with ABI ≤ 1.0. In particular, the 

adjusted OR (95% CI) were 1.14 (1.01-1.28); P = .03 for RANTES; and 1.15 (1.01-1.30), P 
= .04 for IL-2sr. Finally, E-cadherin was only associated with ABI ≤ 1.0 in the minimally 

adjusted model including age, sex, race/ethnicity and field center (OR (95% CI) 1.20 

(1.06-1.37); P = .004). Again, these associations were attenuated but still significant after 

adjustment for number of pack-years. In models adjusted for age, sex, and field site, there 

was no evidence of significant interactions of any adhesion protein by race/ethnicity for ABI 

category (all P > .20).

Discussion

In this study, we found a significant association between proteins involved in the adhesion 

pathway and ABI, independent of traditional cardiovascular risk factors. In particular, we 

found that higher levels of soluble P-selectin, HGF, SLPI, RANTES and IL-2 are associated 

with lower ABI and with lower ABI category, independent from traditional cardiovascular 

risk factors.

P-selectin is expressed on endothelial cells and on platelets during inflammation. Despite the 

higher levels of soluble P-selectin that were found among PAD patients in case-control 

studies,25, 26 previous population studies assessing the association of this protein with PAD 

or ABI found null results. In particular, in the Framingham Offspring Study, a predominantly 

white population, soluble P-selectin was not associated with PAD defined using ABI 

categories or with reported intermittent claudication.27 Similar results were obtained in a 

European study conducted by Bennet et al. among African Caribbeans and South Asians;28 

of note, significant differences in soluble P-selectin levels were found in this study among 

the two races/ethnicities. Both studies defined PAD as ABI < 0.9. In contrast, in our 

population, soluble P-selectin was associated with both lower levels of ABI and lower ABI 

category. These inconsistencies might be due to differences in population characteristics, or 

in the threshold used. Another possible explanation could be that the power to detect an 

association was limited by the sample size in previous studies. In fact, the number of PAD 

cases was 111 in the Framingham Offspring 27 population and only 69 in the study by 

Bennet et al.28

HGF is a pleiotropic factor that promotes angiogenesis, among other functions including cell 

growth regulation, anti-apoptotic effects, and reduction of fibrosis.29, 30 Recently, the 

efficacy and safety of gene therapy with HGF have been studied in the context of therapeutic 

angiogenesis for PAD patients.31 Gene therapy with HGF was shown to improve ABI, 

reduce pain, and ischemic ulcer size in patients with critical limb ischemia.32 In case-control 

studies, high levels of this protein have been found in individuals with PAD compared to 
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controls.33, 34 Similarly, we found that higher levels of HGF are associated with lower ABI 

and with lower ABI category. While a protective association would have been expected 

considering the pro-angiogenic activity of this factor, high levels of circulating HGF have 

been previously associated with diseases of the cardiovascular system, namely stroke,35 

coronary artery disease36, 37 and heart failure.38, 39 It has been hypothesized that high HGF 

levels in patients with chronic CVD represents an adaptive mechanism that is not capable of 

completely restoring blood flow; or that among the pleiotropic functions of this growth 

factor some are beneficial and some detrimental for the cardiovascular system.40 

Interestingly, we found significant differences in the association of HGF with ABI among 

races/ethnicities; in particular, the association between ABI and HGF appeared to be 

stronger among African Americans.

SLPI is a leukocyte protease inhibitor that reduces ischemia/reperfusion damage due to its 

anti-inflammatory action. In fact this protein inhibits neutrophil protease and down-regulates 

other inflammatory proteins.41, 42 At the same time, this protein is implicated in wound 

healing and matrix remodeling, as it is an inhibitor of elastase.43 High levels of SLPI were 

detected in patients with acute ischemic stroke and were inversely associated with ischemic 

damage.44 We report an association of SLPI with lower ABI and with lower ABI category. 

This could be explained by the chronic activation of inflammatory pathways in these 

patients, leading to an increase of this inhibiting protein reflecting a failure of the anti-

inflammatory mechanisms.

RANTES and IL-2sr were associated with ABI and ABI category, albeit less significantly. 

RANTES is a chemokine involved in homing of leukocytes to inflammatory sites, while 

IL-2sr is the soluble form of the receptor for IL-2, a cytokine primarily associated with T-

lymphocyte function. These proteins are secreted in response to inflammation, which in turn 

has a pivotal role in the pathogenesis of PAD.8 Finally, higher levels of MMP-1, a 

metalloproteinase, TGF-β1, a multifunctional growth factor regulating immune cells activity, 

and E-cadherin, an intra-cellular adhesion molecule were associated with lower ABI; the 

association was attenuated but still significant after adjustment for traditional PAD risk 

factors. While some evidence exists on the role of these proteins in atherosclerosis,45-47 they 

haven’t been previously studied in the context of PAD and they have been rarely measured in 

large and diverse populations.

Interestingly, we found no association between soluble ICAM-1 or VCAM-1 and ABI. In 

the Physician Health Study, similar results were observed for VCAM-1, but a positive 

association was found between higher levels of soluble ICAM-1 at baseline and the 

development of symptomatic PAD during the follow-up period.15 Similarly, in the 

Edinburgh Artery Study, higher levels of soluble ICAM-1, but not of VCAM-1, were 

associated with a reduction in ABI over time.10 Our results are concordant with findings of 

the Rotterdam study, where no cross-sectional association was found between the ABI and 

either protein.48 It is possible that the levels of soluble ICAM-1 predict PAD development 

over time and that the cross-sectional nature of this study hindered our ability to detect a 

significant association. Alternatively, inconsistencies with previous studies may be due to 

differences in the study population or in the outcome definitions.
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The present study has some limitations. First, the proteins were measured at a single point in 

time and 19 months prior to the measurement of ABI on average; nevertheless, circulating 

levels of these proteins were shown to be relatively stable over time.49, 50 Second, some of 

the measured markers, namely ICAM-1, VCAM-1, E-cadherin, L- and P-selectin, are cell-

bound proteins shed upon activation. While it is probable that the soluble levels of these 

proteins correlate with their expression on the cell surface, this might be an imperfect 

measure. Third, 15 adhesion proteins were considered in our analysis, posing the problem of 

multiple comparisons; the scope of this project was to explore novel markers implicated in 

the pathogenesis of PAD using a pathway approach and a large multi-ethnic population. 

Further studies are needed to confirm these findings. Finally, given that ABI alone does not 

reliably diagnose PAD in patients with non-compressible arteries (ABI > 1.4), these 

participants were excluded, which may have led to missing some PAD cases. Nonetheless, if 

this misclassification occurred, it biased our estimate towards the null hypothesis making our 

approach conservative. The strengths of our study include the use of large and diverse 

population that is well-designed to assess CVD and the focus on protein belonging to the 

same biological pathway. Due to the adherence to standardized procedures and strict quality 

controls, the collected data have high validity and reliability.

In this study we have showed the association of a number of novel proteins belonging to the 

cellular adhesion pathway with ABI and ABI category; in particular, soluble P-selectin, 

HGF and SLPI are associated with lower ABI and with lower ABI category. This study 

confirms the association between the cellular adhesion pathway and PAD within a large 

multi-ethnic population; while adding information on previously studied adhesion proteins, 

it broadens the current knowledge on this topic to include novel proteins. Further 

investigation on these promising components of the adhesion pathway is needed to shed new 

light on biological mechanisms involved in PAD and eventually lead to new tools for 

defining cardiovascular risk and preventing CVD.
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Acknowledgements

The authors thank the other investigators, the staff, and the participants of the MESA study for their valuable 
contributions. A full list of participating MESA investigators and institutions can be found at http://www.mesa-
nhlbi.org. MESA is conducted and supported by the National Heart, Lung, and Blood Institute (NHLBI) in 
collaboration with MESA investigators.

Funding

This study was supported by the National Institutes of Health (NIH) [grant numbers N01 HC95159, N01 HC95160, 
N01 HC95161, N01 HC95162, N01 HC95163, N01 HC95164, N01 HC95165, N01 HC95166, N01 HC95167, N01 
HC95168]; National Heart, Lung, and Blood Institute (NHLBI) at NIH [grant number N01 HC95169]; and National 
Center for Research Resources at NIH [grant numbers UL1 TR000040, UL1 TR001079]. Funding for adhesion 
protein levels was provided by the NHLBI at NIH [grant number R01 HL98077].

Berardi et al. Page 8

Angiology. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.mesa-nhlbi.org
http://www.mesa-nhlbi.org


References

1. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Borden WB, et al. Heart disease and 
stroke statistics--2013 update: a report from the American Heart Association. Circulation. 2013; 
127(1):e6–e245. [PubMed: 23239837] 

2. Fowkes FG, Murray GD, Butcher I, Heald CL, Lee RJ, Chambless LE, et al. Ankle brachial index 
combined with Framingham Risk Score to predict cardiovascular events and mortality: a meta-
analysis. JAMA. 2008; 300(2):197–208. [PubMed: 18612117] 

3. Criqui MH, McClelland RL, McDermott MM, Allison MA, Blumenthal RS, Aboyans V, et al. The 
ankle-brachial index and incident cardiovascular events in the MESA (Multi-Ethnic Study of 
Atherosclerosis). J Am Coll Cardiol. 2010; 56(18):1506–1512. [PubMed: 20951328] 

4. McDermott MM, Liu K, Criqui MH, Ruth K, Goff D, Saad MF, et al. Ankle-brachial index and 
subclinical cardiac and carotid disease: the Multi-Ethnic Study of Atherosclerosis. Am J Epidemiol. 
2005; 162(1):33–41. [PubMed: 15961584] 

5. Hertzer NR, Beven EG, Young JR, O'Hara PJ, Ruschhaupt WF 3rd, Graor RA, et al. Coronary artery 
disease in peripheral vascular patients. Ann Surg. 1984; 199(2):223–233. [PubMed: 6696538] 

6. Klop RB, Eikelboom BC, Taks AC. Screening of the internal carotid arteries in patients with 
peripheral vascular disease by colour-flow duplex scanning. Eur J Vasc Surg. 1991; 5(1):41–45. 
[PubMed: 2009983] 

7. Heald CL, Fowkes FG, Murray GD, Price JF. Risk of mortality and cardiovascular disease 
associated with the ankle-brachial index: Systematic review. Atherosclerosis. 2006; 189(1):61–69. 
[PubMed: 16620828] 

8. Brevetti G, Giugliano G, Brevetti L, Hiatt WR. Inflammation in peripheral artery disease. 
Circulation. 2010; 122(18):1862–1875. [PubMed: 21041698] 

9. Wildman RP, Muntner P, Chen J, Sutton-Tyrrell K, He J. Relation of inflammation to peripheral 
arterial disease in the national health and nutrition examination survey, 1999-2002. Am J Cardiol. 
2005; 96(11):1579–1583. [PubMed: 16310445] 

10. Tzoulaki I, Murray GD, Lee AJ, Rumley A, Lowe GD, Fowkes FG. C-reactive protein, 
interleukin-6, and soluble adhesion molecules as predictors of progressive peripheral 
atherosclerosis in the general population: Edinburgh Artery Study. Circulation. 2005; 112(7):976–
983. [PubMed: 16087797] 

11. Vidula H, Tian L, Liu K, Criqui MH, Ferrucci L, Pearce WH, et al. Biomarkers of inflammation 
and thrombosis as predictors of near-term mortality in patients with peripheral arterial disease: a 
cohort study. Ann Intern Med. 2008; 148(2):85–93. [PubMed: 18195333] 

12. Bleda S, De Haro J, Acin F, Varela C, Esparza L, Lopez de Maturana I. Inflammatory burden 
predicts long-term outcomes in endovascular therapy in peripheral arterial disease. Ann Vasc Surg. 
2013; 27(4):459–466. [PubMed: 23403331] 

13. Tzoulaki I, Murray GD, Lee AJ, Rumley A, Lowe GD, Fowkes FG. Inflammatory, haemostatic, 
and rheological markers for incident peripheral arterial disease: Edinburgh Artery Study. Eur Heart 
J. 2007; 28(3):354–362. [PubMed: 17213229] 

14. Allison MA, Criqui MH, McClelland RL, Scott JM, McDermott MM, Liu K, et al. The effect of 
novel cardiovascular risk factors on the ethnic-specific odds for peripheral arterial disease in the 
Multi-Ethnic Study of Atherosclerosis (MESA). J Am Coll Cardiol. 2006; 48(6):1190–1197. 
[PubMed: 16979004] 

15. Pradhan AD, Rifai N, Ridker PM. Soluble intercellular adhesion molecule-1, soluble vascular 
adhesion molecule-1, and the development of symptomatic peripheral arterial disease in men. 
Circulation. 2002; 106(7):820–825. [PubMed: 12176954] 

16. Silvestro A, Brevetti G, Schiano V, Scopacasa F, Chiariello M. Adhesion molecules and 
cardiovascular risk in peripheral arterial disease. Soluble vascular cell adhesion molecule-1 
improves risk stratification. Thromb Haemost. 2005; 93(3):559–563. [PubMed: 15735810] 

17. Hwang SJ, Ballantyne CM, Sharrett AR, Smith LC, Davis CE, Gotto AM Jr. et al. Circulating 
adhesion molecules VCAM-1, ICAM-1, and E-selectin in carotid atherosclerosis and incident 
coronary heart disease cases: the Atherosclerosis Risk In Communities (ARIC) study. Circulation. 
1997; 96(12):4219–4225. [PubMed: 9416885] 

Berardi et al. Page 9

Angiology. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18. Ridker PM, Hennekens CH, Buring JE, Rifai N. C-reactive protein and other markers of 
inflammation in the prediction of cardiovascular disease in women. N Engl J Med. 2000; 342(12):
836–843. [PubMed: 10733371] 

19. Ridker PM, Hennekens CH, Roitman-Johnson B, Stampfer MJ, Allen J. Plasma concentration of 
soluble intercellular adhesion molecule 1 and risks of future myocardial infarction in apparently 
healthy men. Lancet. 1998; 351(9096):88–92. [PubMed: 9439492] 

20. Khaleghi M, Ali Z, Mosley TH Jr. Turner ST, Kullo IJ. Association of soluble cell adhesion 
molecules with ankle-brachial index in a biethnic cohort of predominantly hypertensive 
individuals. Clin Chem. 2008; 54(11):1788–1795. [PubMed: 18787016] 

21. Bild DE, Bluemke DA, Burke GL, Detrano R, Diez Roux AV, Folsom AR, et al. Multi-Ethnic 
Study of Atherosclerosis: objectives and design. Am J Epidemiol. 2002; 156(9):871–881. 
[PubMed: 12397006] 

22. Aboyans V, Criqui MH, McClelland RL, Allison MA, McDermott MM, Goff DC Jr. et al. Intrinsic 
contribution of gender and ethnicity to normal ankle-brachial index values: the Multi-Ethnic Study 
of Atherosclerosis (MESA). J Vasc Surg. 2007; 45(2):319–327. [PubMed: 17264011] 

23. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo JL Jr. et al. Seventh report of 
the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood 
Pressure. Hypertension. 2003; 42(6):1206–1252. [PubMed: 14656957] 

24. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman HI, et al. A new equation 
to estimate glomerular filtration rate. Ann Intern Med. 2009; 150(9):604–612. [PubMed: 
19414839] 

25. Blann A, Morris J, McCollum C. Soluble L-selectin in peripheral arterial disease: relationship with 
soluble E-selectin and soluble P-selectin. Atherosclerosis. 1996; 126(2):227–231. [PubMed: 
8902148] 

26. Tan KT, Tayebjee MH, Lynd C, Blann AD, Lip GY. Platelet microparticles and soluble P selectin 
in peripheral artery disease: relationship to extent of disease and platelet activation markers. Ann 
Med. 2005; 37(1):61–66. [PubMed: 15902848] 

27. Murabito JM, Keyes MJ, Guo CY, Keaney JF Jr. Vasan RS, D'Agostino RB Sr. et al. Cross-
sectional relations of multiple inflammatory biomarkers to peripheral arterial disease: the 
Framingham Offspring Study. Atherosclerosis. 2009; 203(2):509–514. [PubMed: 18701106] 

28. Bennett PC, Gill PS, Silverman S, Blann AD, Chackathayil J, Lip GY. Hemostatic cardiovascular 
risk factors, common carotid-intima medial thickness and peripheral arterial disease in South 
Asians and African Caribbeans: a substudy to the Ethnic-Echocardiographic Heart of England 
Screening (E-ECHOES) study. J Thromb Homeost. 2011; 9(4):645–652.

29. Jin H, Wyss JM, Yang R, Schwall R. The therapeutic potential of hepatocyte growth factor for 
myocardial infarction and heart failure. Curr Pharm Des. 2004; 10(20):2525–2533. [PubMed: 
15320761] 

30. Li Y, Takemura G, Kosai K, Yuge K, Nagano S, Esaki M, et al. Postinfarction treatment with an 
adenoviral vector expressing hepatocyte growth factor relieves chronic left ventricular remodeling 
and dysfunction in mice. Circulation. 2003; 107(19):2499–2506. [PubMed: 12695295] 

31. Annex BH. Therapeutic angiogenesis for critical limb ischaemia. Nat Rev Cardiol. 2013; 10(7):
387–396. [PubMed: 23670612] 

32. Makino H, Aoki M, Hashiya N, Yamasaki K, Azuma J, Sawa Y, et al. Long-term follow-up 
evaluation of results from clinical trial using hepatocyte growth factor gene to treat severe 
peripheral arterial disease. Arterioscler Thromb Vasc Biol. 2012; 32(10):2503–2509. [PubMed: 
22904270] 

33. Lin JW, Sheu WH, Lee WJ, Chen YT, Liu TJ, Ting CT, et al. Circulating hepatocyte growth factor 
level but not basic fibroblast growth factor level is elevated in angiography-proven symptomatic 
peripheral artery disease. Angiology. 2007; 58(4):420–428. [PubMed: 17875955] 

34. Yoshitomi Y, Kojima S, Umemoto T, Kubo K, Matsumoto Y, Yano M, et al. Serum hepatocyte 
growth factor in patients with peripheral arterial occlusive disease. J Clin Endocrinol Metab. 1999; 
84(7):2425–2428. [PubMed: 10404815] 

35. Rajpathak SN, Wang T, Wassertheil-Smoller S, Strickler HD, Kaplan RC, McGinn AP, et al. 
Hepatocyte growth factor and the risk of ischemic stroke developing among postmenopausal 

Berardi et al. Page 10

Angiology. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



women: results from the Women's Health Initiative. Stroke. 2010; 41(5):857–862. [PubMed: 
20203323] 

36. Cross DS, McCarty CA, Hytopoulos E, Beggs M, Nolan N, Harrington DS, et al. Coronary risk 
assessment among intermediate risk patients using a clinical and biomarker based algorithm 
developed and validated in two population cohorts. Curr Med Res Opin. 2012; 28(11):1819–1830. 
[PubMed: 23092312] 

37. Susen S, Sautiere K, Mouquet F, Cuilleret F, Chmait A, McFadden EP, et al. Serum hepatocyte 
growth factor levels predict long-term clinical outcome after percutaneous coronary 
revascularization. Eur Heart J. 2005; 26(22):2387–2395. [PubMed: 16105849] 

38. Lamblin N, Susen S, Dagorn J, Mouquet F, Jude B, Van Belle E, et al. Prognostic significance of 
circulating levels of angiogenic cytokines in patients with congestive heart failure. Am Heart J. 
2005; 150(1):137–143. [PubMed: 16084160] 

39. Rychli K, Richter B, Hohensinner PJ, Kariem Mahdy A, Neuhold S, Zorn G, et al. Hepatocyte 
growth factor is a strong predictor of mortality in patients with advanced heart failure. Heart. 2011; 
97(14):1158–1163. [PubMed: 21572126] 

40. Madonna R, Cevik C, Nasser M, De Caterina R. Hepatocyte growth factor: molecular biomarker 
and player in cardioprotection and cardiovascular regeneration. Thromb Haemost. 2012; 107(4):
656–661. [PubMed: 22318499] 

41. Schneeberger S, Hautz T, Wahl SM, Brandacher G, Sucher R, Steinmassl O, et al. The effect of 
secretory leukocyte protease inhibitor (SLPI) on ischemia/reperfusion injury in cardiac 
transplantation. Am J Transplant. 2008; 8(4):773–782. [PubMed: 18294346] 

42. Wang X, Li X, Xu L, Zhan Y, Yaish-Ohad S, Erhardt JA, et al. Up-regulation of secretory 
leukocyte protease inhibitor (SLPI) in the brain after ischemic stroke: adenoviral expression of 
SLPI protects brain from ischemic injury. Mol Pharmacol. 2003; 64(4):833–840. [PubMed: 
14500739] 

43. Barros SC, Martins JA, Marcos JC, Cavaco-Paulo A. Influence of secretory leukocyte protease 
inhibitor-based peptides on elastase activity and their incorporation in hyaluronic acid hydrogels 
for chronic wound therapy. Biopolymers. 2012; 98(6):576–590. [PubMed: 23203763] 

44. Ilzecka J, Stelmasiak Z. Increased serum levels of endogenous protectant secretory leukocyte 
protease inhibitor in acute ischemic stroke patients. Cerebrovasc Dis. 2002; 13(1):38–42. 
[PubMed: 11810009] 

45. Bobryshev YV, Lord RS, Watanabe T, Ikezawa T. The cell adhesion molecule E-cadherin is widely 
expressed in human atherosclerotic lesions. Cardiovasc Res. 1998; 40(1):191–205. [PubMed: 
9876332] 

46. Mallat Z, Gojova A, Marchiol-Fournigault C, Esposito B, Kamate C, Merval R, et al. Inhibition of 
transforming growth factor-beta signaling accelerates atherosclerosis and induces an unstable 
plaque phenotype in mice. Circ Res. 2001; 89(10):930–934. [PubMed: 11701621] 

47. Kuge Y, Takai N, Ishino S, Temma T, Shiomi M, Saji H. Distribution profiles of membrane Type-1 
matrix metalloproteinase (MT1-MMP), matrix metalloproteinase-2 (MMP-2) and 
cyclooxygenase-2 (COX-2) in rabbit atherosclerosis: comparison with plaque instability analysis. 
Biol Pharm Bull. 2007; 30(9):1634–1640. [PubMed: 17827712] 

48. van der Meer IM, de Maat MP, Bots ML, Breteler MM, Meijer J, Kiliaan AJ, et al. Inflammatory 
mediators and cell adhesion molecules as indicators of severity of atherosclerosis: the Rotterdam 
Study. Arterioscler Thromb Vasc Biol. 2002; 22(5):838–842. [PubMed: 12006399] 

49. De Bellis A, Di Martino S, Fiordelisi F, Muccitelli VI, Sinisi AA, Abbate GF, et al. Soluble 
intercellular adhesion molecule-1 (sICAM-1) concentrations in Graves' disease patients followed 
up for development of ophthalmopathy. J Clin Endocrinol Metab. 1998; 83(4):1222–1225. 
[PubMed: 9543145] 

50. Giovannoni G, Lai M, Thorpe J, Kidd D, Chamoun V, Thompson AJ, et al. Longitudinal study of 
soluble adhesion molecules in multiple sclerosis: correlation with gadolinium enhanced magnetic 
resonance imaging. Neurology. 1997; 48(6):1557–1565. [PubMed: 9191766] 

Berardi et al. Page 11

Angiology. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Berardi et al. Page 12

Table 1

Population Characteristics by Ankle-Brachial Index (ABI) Category (Individuals with ABI >1.4 Are Not 

Included).

Characteristics  ABI ≤1.0
n = 261

 ABI >1.0
n = 2080 P Valuea

Age, years 69.0 ± 10.4 63.5 ± 9.7 < .001

Female sex, n (%) 167 (64%) 1084 (52.1) < .001

Race/Ethnicity, n (%)

 Non-Hispanic whites 66 (25.3) 537 (25.8) < .001

 African Americans 91 (34.9) 478 (23.0)

 Hispanics 53 (20.3) 511 (24.6)

 Chinese Americans 51 (19.5) 554 (26.6)

Body mass index, kg/m2 27.1 ± 5.6 28.0 ± 5.5 .02

Ever smokers, n (%) 142 (54.4) 937 (45.1) .004

Number of pack-years, median (IQR) 0.63 (0-25.8) 0 (0-10.5) < .001

HDL cholesterol, mg/dl 52.4 ± 15.5 51.1 ± 14.3 .20

LDL cholesterol, mg/dl 107.2 ± 31.2 112.7 ± 31.2 .008

Triglycerides, mg/dl 74 (111, 156) 77 (113, 162) .52

Lipid lowering medications use, n (%) 79 (30.7) 533 (26.1) .11

Diabetes mellitus, n (%) 61 (23.4) 316 (15.2) < .001

Fasting glucose, mg/dL 101.7 ± 31.2 99.0 ± 27.0 .18

Diabetes medication use, n (%) 50 (19.2) 241 (11.6) < .001

eGFR, ml/min/1.73m2 71.1 ± 20.0 78.6 ± 16.1 < .001

CKD (eGFR<60), n(%) 72 (27.6) 260 (12.5) < .001

Hypertension, n (%) 169 (64.8) 922 (44.3) < .001

Systolic blood pressure, mmHg 127.8 ± 22.5 122.1 ± 19.7 < .001

Diastolic blood pressure, mmHg 68.9 ± 9.8 70.2 ± 9.8 .04

Pulse pressure, mmHg 58.9 ± 19.3 51.8 ± 16.1 < .001

Abbreviations: ABI, ankle-brachial index; IQR, interquartile range; HDL, high density lipoprotein; LDL, low density lipoprotein; eGFR, estimated 
glomerular filtration rate; CKD, chronic kidney disease.

a
P Values by t-test, Wilcoxon or chi-square test as appropriate.
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Table 2

Unadjusted Mean ± SD Protein Levels by Ankle-Brachial Index (ABI) Category.

Characteristics  ABI ≤1.0
n = 261

 ABI > 1.0
n = 2080 P Valuea

CCL-21, pg/mL 902 ± 293 789 ± 271 < .001

E-cadherin, ng/mL 238 ± 80 222 ± 62 .003

HGF, pg/mL 1,054 ± 260 973 ± 250 < .001

ICAM-1, ng/mL 266 ± 108 258 ± 118 .30

IL-2sr, pg/mL 808 ± 453 707 ± 327 < .001

L-selectin, ng/mL 876 ± 208 895 ± 194 .16

MMP-1, ng/mL 6.2 ± 4.6 5.5 ± 4.1 .02

MMP-2, ng/mL 198 ± 31 195 ± 31 .16

P-selectin, ng/mL 31 ± 9.3 29 ± 9.2 .002

RANTES, pg/mL 4,933 ± 5081 4,211 ± 3,892 .03

SDF-1α, pg/mL 1,982 ± 480 1,935 ± 441 .11

SLPI, pg/mL 49,755 ± 12853 45,775 ± 10,457 < .001

TGFβ-1, pg/mL 4,259 ± 2431 3,911 ± 2,284 .02

TIMP-2, ng/mL 82 ± 12 81 ± 12 .05

VCAM-1, ng/mL 768 ± 222 728 ± 222 .008

Abbreviations: ABI, ankle-brachial index; CCL21, chemokine ligand 21; HGF, hepatocyte growth factor; ICAM-1, intercellular adhesions 
molecule 1; IL-2SR, interleukin 2 soluble receptor; MMP-1, matrix metalloproteinase 1; MMP-2, matrix metalloproteinase 2; RANTES, regulated 
on activation normal T cell expressed and secreted; SDF-1α, stromal derived factor 1α; SLPI, secretory leukocyte protease inhibitor; TGFβ-1, 
transforming growth factor; TIMP-2, tissue inhibitor of metalloproteinases 2; VCAM-1, vascular cell adhesion molecule 1.

a
P Values by t-test or Wilcoxon test as appropriate.
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Table 3

Adjusted Association of Adhesion Proteins with ABI and with ABI Category.

Ankle-brachial index (ABI) ABI ≤ 1.00 vs ABI > 1.00

Adhesion
protein

Model 1
a

Beta
c
 (SE)

P Value Model 2
b

Beta
c
 (SE)

P Value
Model 1

a

OR
(95% CI)

P Value
Model 2

b

OR
(95% CI)

P Value

CCL-21 −0.003
(0.003) .30 −0.0004

(0.003) .86 1.10
(0.96-1.26) .19 1.04

(0.89-1.21) .61

E-cadherin −0.006
(0.002) .007 −0.004

(0.003) .12 1.20
(1.06-1.37) .004 1.13

(0.97-1.30) .12

HGF −0.005
(0.002) .05 −0.009

(0.003) .001 1.19
(1.04-1.37) .01 1.20

(1.04-1.39) .01

ICAM-1 −0.003
(0.002) .15 −0.004

(0.002) .13 1.03
(0.93-1.21) .37 1.05

(0.91-1.20) .54

IL-2sr −0.007
(0.002) .005 −0.005

(0.003) .04 1.20
(1.06-1.35) .003 1.15

(1.01-1.30) .04

L-selectin 0.005 (0.002) .03 0.003
(0.002) .19 0.95

(0.82-1.10) .46 0.72
(0.54-0.97) .03

MMP-1 −0.004
(0.002) .05 −0.005

(0.002) .05 1.08
(0.95-1.22) .24 1.08

(0.94-1.23) .28

MMP-2 −0.001
(0.002) .69 0.0001

(0.002) .94 0.94
(0.82-1.09) .43 0.91

(0.79-1.06) .21

P-selectin −0.010
(0.002) < .0001 −0.008

(0.002) .0004 1.28
(1.11-1.46) .0004 1.26

(1.10-1.46) .001

RANTES −0.005
(0.002) .02 −0.005

(0.002) .02 1.13
(1.01-1.27) .04 1.14

(1.01-1.28) .03

SDF-1b 0.0008
(0.002) .74 0.0007

(0.002) .75 0.97
(0.85-1.11) .65 0.95

(0.82-1.09) .46

SLPI −0.011
(0.002) < .0001 −0.008

(0.003) .002 1.26
(1.10-1.43) .0006 1.19

(1.03-1.37) .02

TGF-β1 −0.005
(0.002) .05 −0.005

(0.002) .02 1.10
(0.97-1.25) .12 1.12

(0.98-1.28) .09

TIMP-2 0.003 (0.002) .18 0.003
(0.003) .15 0.93

(0.80-1.07) .30 0.90
(0.77-1.05) .19

VCAM-1 −0.002
(0.002) .31 −0.0005

(0.002) .83 1.07
(0.93-1.24) .32 1.02

(0.88-1.18) .82

Abbreviations as in Table 2.

a
Minimally adjusted model including age, sex, race/ethnicity and field site.

b
Fully adjusted model including Model 1+ BMI, ever smoking, diabetes, hypertension, estimated Glomerular Filtration Rate (eGFR), triglycerides, 

LDL, HDL and total cholesterol.

c
Beta coefficients represent the difference in ABI for each SD increase in adhesion proteins.
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