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Abstract

Background: Galectin-3 (gal-3) is a β-galactoside-binding lectin associated tissue fibrosis and 

inflammation. There is limited understanding of the relationship between gal-3 and vascular 

health. Our aim was to assess the association between gal-3 and arterial stiffness in older adults.

Methods: We conducted a cross-sectional study of 4275 participants (mean age of 75 years) from 

the Atherosclerosis Risk in Communities (ARIC) Study. Central arterial stiffness was measured by 

carotid-femoral pulse wave velocity (cfPWV). We evaluated the association of gal-3 with cfPWV 

using multivariable linear regression.

Results: The median (interquartile range) gal-3 concentration was 16.5 (13.8, 19.8) ng/mL and 

mean cfPWV was 1163±303 cm/s. Higher gal-3 concentration was associated with greater central 

arterial stiffness after adjustment for age, sex, race-center, heart rate, systolic blood pressure, 

anti-hypertensive medication use, and current smoking status (β 36.4 cm/s change in cfPWV 

per log unit change in gal-3; 95% CI: 7.2, 65.5, p=0.015). The association was attenuated after 

adjusting for additional cardiovascular risk factors (β 17.3, 95% CI −14.4, 49.0).
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Conclusion: In community-dwelling older adults, gal-3 concentration was associated with 

central arterial stiffness, likely sharing common pathways with traditional cardiovascular risk 

factors.
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Introduction

Galectin-3 (gal-3) is a β-galactoside-binding lectin that is associated with pathophysiologic 

processes including inflammation, fibrosis and metabolic disorders. Recently, there has 

been an increased interest in gal-3 as a biomarker for cardiovascular disease as mounting 

evidence suggests that increased concentrations are associated with heart failure (HF), atrial 

fibrillation, atherosclerosis, pulmonary hypertension, and adverse cardiovascular outcomes 

(1–7). The role of gal-3 in modulating pathways of inflammation and fibrosis makes it 

an interesting candidate in the study of myocardial and vascular remodeling, especially 

pertaining to patients with HF and hypertension (8, 9). While elevated biomarker levels are 

known to be associated with these conditions, the relationship between gal-3 and arterial 

stiffness is less well understood (10).

Progression of arterial stiffness reflects the complex interplay of age-related vessel 

remodeling and oxidative stress, inflammation and vascular strain from hypertension or 

metabolic derangement (11, 12). Central arterial stiffness as measured by aortic pulse wave 

velocity has been associated with an increased risk for cardiovascular events and all-cause 

mortality (13–15). There have been a few studies assessing the association between gal-3 

and arterial stiffness; Libhaber et. al. showed that gal-3 was independently associated with 

aortic stiffness as measured by carotid-femoral pulse wave velocity (cfPWV) in 966 black 

community participants from South Africa with a mean age of 43.4 years (16). Smaller 

studies have also shown significant associations between gal-3 and arterial stiffness in 

patients with prevalent HF and those on hemodialysis (17, 18). Data is limited on the 

relationship between gal-3 and arterial stiffness in older age, when vascular pathologies most 

often manifests. In this analysis of participants in the Atherosclerosis Risk in Communities 

(ARIC) study, we aim to evaluate the cross-sectional relationship between gal-3 and arterial 

stiffness in a community-dwelling older white and black adults without prevalent HF in 

order to better understand the role of gal-3 in vascular aging as well as to assess gal-3 

as a surrogate biomarker for arterial stiffness independent of traditional cardiovascular risk 

factors.

Methods

Patients

The ARIC study is a prospective, population cohort of adults who were middle-aged (aged 

45–64 years at visit 1) when recruited from 4 U.S. communities between 1987–1989. 

Patients were followed during multiple subsequent study visits. The study protocol was 

approved by the institutional review boards of all participating centers, and all participants 

Jia et al. Page 2

Vasa. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



provided written informed consent. For the present analysis, of the 6,538 individuals 

who participated in ARIC visit 5 (2011–2013), we excluded those with missing gal-3 

measurements (N=130); those missing cfPWV or with evidence of biased PWV waveforms 

(N=1033), those of race other than white or black (N=18); black race at the Minneapolis 

and Washington County centers due to small numbers (N=24); history of aortic aneurysms 

(N=99); history of aortic or peripheral revascularization or graft (N=46); moderate or greater 

aortic stenosis (peak velocity across the aortic valve of >3m/s) (N=27); moderate or greater 

aortic insufficiency (determined by visual estimation on echocardiography) (N=25); body 

mass index (BMI) ≥40 (N=233); prevalent HF at visit 5 (N=376); and missing co-variates 

(N=222) (19). After exclusions (Figure 1), there were 4275 participants included for 

analyses. Prevalent HF was defined as signs and symptoms of HF by the Gothenberg criteria 

at visit 1 or adjudicated HF hospitalization between ARIC visit 1 and visit 5 as determined 

by ICD-9 code 428 (20). Medical history, demographic data, anthropometric data, blood 

pressure measurements, and lipid measurements were obtained at visit 5. Hypertension was 

defined by systolic blood pressure (SBP) ≥140 mm Hg, diastolic blood pressure (DBP) 

≥90 mm Hg, or reported use of antihypertensive medications. Mean arterial pressure was 

calculated as 1/3 SBP + 2/3 DBP. Diabetes mellitus was defined as either self-reported 

diabetes diagnosed by a physician, use of hypoglycemic medications, non-fasting serum 

glucose levels ≥200 mg/dL, or fasting serum glucose level ≥126 mg/dL (21). Estimated 

glomerular filtration rate (eGFR) was based on the creatinine-based Chronic Kidney Disease 

Epidemiology Collaboration Equation. Prevalent peripheral artery disease (PAD) at visit 5 

was defined as having prevalent PAD at visit 4, incident PAD between visit 4 and visit 5, 

or ankle-brachial index (ABI) <0.9 at visit 5, where ABI was determined as the ratio of the 

ankle SBP to brachial SBP using the higher value of the right or left brachial SBP as the 

denominator (22).

Galectin-3 and Other Biomarker Measurements

Gal-3 was measured using a chemiluminescent immunoassay on an Architect i 2000sr 

platform (Abbott, Abbott Park, IL) from EDTA-plasma samples. Samples were collected 

at ARIC visit 5 and were stored at −70°C before measurement (March 2017 – December 

2017). The limit of detection for the assay was 1.1 ng/mL and limit of quantitation was 4.0 

ng/mL. Interassay coefficients of variation were 5.2%, 3.3%, and 2.3% at mean galectin-3 

levels of 8.8 ng/mL, 19.2 ng/mL, and 72.0 ng/ml, respectively. The reliability coefficient was 

r=0.92. The coefficient of variation was 7.5% based on 402 blinded quality-control samples.

High-sensitivity C-reactive protein (hsCRP) was measured by using an 

immunonephelometric assay on a BNII autoanalyzer (Siemens Healthcare Diagnostics, 

Deerfield, Illinois) with a reliability coefficient of 0.99 (23).

Pulse Wave Velocity Measurements

Detailed descriptions of measurement and quality assurance of cfPWV in ARIC has 

been described previously (24). Briefly, carotid-femoral PWV was measured following 

a standardized protocol with the automated waveform analyzer VP-1000 Plus (Omron, 

Kyoto, Japan). A minimum of 2 measurements were taken per participant and the last 2 

measurements were averaged.
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Statistical Analysis

Baseline characteristics for the study population at visit 5 were tabulated by quartiles of 

gal-3 concentration. P-values for linear trend across gal-3 quartiles were calculated using 

test of trend. Gal-3 was evaluated as a continuous variable (natural log transformed due to 

non-normality) and as a categorical variable grouped by quartiles (quartile 1 as the reference 

group). Linear regression analyses were performed to assess the cross-sectional association 

between visit 5 gal-3 and cfPWV treated as a continuous variable. The beta-coefficient 

from the linear coefficient is expressed as cm/s change in cfPWV per log unit change in 

gal-3. Logistic regression analyses were also performed to assess the association between 

gal-3 and cfPWV treated as a categorical variable (≥75 percentile vs <75 percentile as the 

reference). Step-wise adjustment models were constructed with co-variates selected a-priori, 

first accounting for likely confounders (models 1 and 2) and then including covariates that 

may be potential modifiers (model 3). Model 1 adjusted for age, sex, race-center while 

model 2 adjusted for model 1 plus heart rate, SBP, anti-hypertensive medication use, current 

smoking status and finally model 3 adjusted for model 2 plus diabetes status, low-density 

lipoprotein cholesterol (LDL-C), eGFR, hsCRP, and body mass index (BMI). We then 

performed stratified analyses with respect to sex, race, diabetes status, hypertension status, 

inflammation status (based on hsCRP < 2mg/L vs ≥ 2mg/L), and prevalent PAD to evaluate 

whether these factors may be effect modifiers of the association between gal-3 and cfPWV.

Results

Baseline characteristics of participants at visit 5 gal-3 quartiles are shown in Table 1. The 

mean age at visit 5 was 75.2±5.0 years and 59.5% were women. The median (interquartile 

range) gal-3 level at visits 5 was 16.5 (13.8, 19.8) ng/mL respectively while the mean 

cfPWV at visit 5 was 1163±303 cm/s. Overall, individuals with higher gal-3 at visit 5 

were more likely to be older, female, black, have higher pulse pressure, heart rate, BMI; 

were more likely to be users of anti-hypertensive and cholesterol lowering medication, 

and were more likely to have hypertension, diabetes and prevalent coronary heart disease. 

Higher gal-3 was also associated with lower DBP, mean arterial pressure, LDL-C and eGFR. 

Finally, higher gal-3 categories were associated with higher frequencies of prevalent PAD.

When analyzed as a continuous variable, higher gal-3 was significantly associated with 

greater central arterial stiffness as measured by cfPWV after adjustments for model 1 (β 
53.9 cm/s change in cfPWV per log unit change in gal-3, 95% CI 22.8, 85.0, p=0.001) 

and model 2 covariates (β 36.4, 95% CI 7.2, 65.5, p=0.015). However, the association was 

attenuated and became statistically non-significant after additional adjustments with model 3 

covariates (β 17.3, 95% CI −14.4, 49.0).

In an analysis stratified by diabetes status, there was a significant association between 

gal-3 and arterial stiffness observed in adults without diabetes (β 35.1 95% CI 0.8, 69.3, 

p=0.045) and without hypertension (β 73.9, 95% CI 19.5, 128.2, p=0.008) subgroups up to 

model 2 adjustment but not in their respective subgroups with disease. The association 

was attenuated after model 3 adjustment (β 24.9, 95% CI −12.1, 61.9, p=0.186 for 

individuals without diabetes; β 52.2, 95% CI −3.72, 108.1, p=0.067 for individuals without 

hypertension). In the subgroup of participants without both diabetes and hypertension, there 
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was a significant association between gal-3 and arterial stiffness even after adjustment 

for model 3 (β 67.2 95% CI 9.2, 125.3, p=0.023). However, the p-interaction was not 

significant. There were no significant differences in association noted between white and 

black race or for any other subgroups (all p-interaction >0.05). Furthermore, there were no 

significant associations in other subgroups when adjusting for model 2 or model 3 covariates 

(Table 2).

When treating gal-3 as a categorical variable, there was not a consistent association between 

higher categories of gal-3 with cfPVW. For instance, there was a statistically significant 

association between higher levels of gal-3 with cfPWV after model 1 adjustment when 

comparing Quartile 3 vs Quartile1 (β 30.9, 95% CI 6.0, 55.7), but Quartile 4 vs Quartile 1 

was not significant (β 23.9, 95% CI −1.6, 49.4). There was also no significant association 

between quartiles of gal-3 with cfPWV after adjustments with model 2 and model 3 

covariates (data not shown).

In logistic regression analysis, there was a significant association between higher gal-3 

with increased odds of ≥75 percentile vs <75 percentile cfPWV after model 2 adjustment 

(OR 1.42, 95% CI 1.07, 1.88, p=0.014). The association was attenuated after additional 

adjustments with model 3 covariates (OR 1.21, 95% CI 0.89, 1.65) (Table 3). There was a 

significant odds for elevated cfPWV when comparing quartile 4 with quartile 1 gal-3 after 

model 1 adjustment (OR 1.25, 95% CI 1.01, 1.55). But the association between quartiles of 

gal-3 with cfPWV was attenuated after adjustments with model 2 and model 3 covariates 

(data not shown).

Discussion

In this analysis of the association between circulating gal-3 levels with central arterial 

stiffness in older adults, we found that gal-3 was significantly associated with cfPWV after 

adjustment for age, sex, race-center, heart rate, SBP, anti-hypertensive medication use, and 

current smoking status. However, the association was attenuated and became non-significant 

after further adjustment for additional cardiovascular risk factors including diabetes, LDL-C, 

eGFR, hsCRP, and BMI. The association of gal-3 with arterial stiffness appeared to be 

stronger in subgroups of participants without hypertension and diabetes. The results suggest 

that gal-3 demonstrate significant association with arterial stiffness in older adults but 

this relationship likely shares common pathways, and thus are not independent of other 

cardiovascular risk factors such as diabetes and hypertension.

Our results differ from data from previous studies that showed significant association 

between circulating gal-3 levels and arterial stiffness even after adjustment of multiple 

cardiovascular risk factors (16–18). The differences may be due to a difference in the study 

population. Notably, individuals included in our study were older, of white and black race 

who did not have prevalent HF, which differs from those that were examined in prior studies: 

younger patients of black race, patients with HF and end-stage renal disease on dialysis. 

Our results therefore build upon findings of previous studies and suggest that while gal-3 

demonstrate significant association with arterial stiffness in selected patient populations, 

Jia et al. Page 5

Vasa. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



this relationship is likely not independent of traditional cardiovascular risk factors in older 

adults.

Gal-3 levels were (positively) correlated with risk factors such as hypertension and diabetes, 

suggesting that gal-3 may be a potential marker, or mediator between these risk factors and 

arterial stiffness. Though higher gal-3 levels were correlated with decreased DBP, this is 

likely reflective of the widening pulse pressure observed, another marker of arterial stiffness. 

A correlation with lower MAP is likely related to lower DBP as well as the increased use 

of anti-hypertensive medication in these patients. Likewise, the lower LDL-C noted in the 

higher gal-3 categories likely reflect an increase in cholesterol lowering medication use 

among these patients who have higher risk for CVD. Risk factors such as hypertension 

and diabetes contribute to endothelial dysfunction, inflammation and vascular fibrosis (25, 

26). These risk factors may induce increased expression of gal-3, a known modulator 

of inflammation and fibrosis, in activated macrophages, endothelial and vascular smooth 

muscle cells ultimately leading to pathological vascular remodeling (27). Meanwhile, in 

the absence of hypertension and diabetes, gal-3 may represent a marker for unexplained 

vascular stiffness. More detailed mechanism by which these co-morbidities relate to gal-3 

and vascular health deserves further investigation.

Age may also be an important modifier in the relationship between gal-3 and arterial 

stiffness. Both gal-3 levels and arterial stiffness measures are lower at younger age. For 

instance, in the study by Libhaber et al (mean age ~43 years), the mean gal-3 level was 8.88 

(SD 4.02) and the mean cfPWV was 6.43 (SD 2.69), thus much lower than those observed in 

our study (16). Elevated gal-3 may reflect ongoing vascular remodeling. In younger age, the 

ability of gal-3 to identify increased arterial stiffness may be relatively larger as risk factors 

for vascular health such as hypertension and diabetes are less prevalent and exposure time 

to these risk factors are shorter. For instance, we found that gal-3 was more significantly 

associated with arterial stiffness in individuals without hypertension and diabetes (but less 

so among those with these conditions). As gal-3 appears to be significantly correlated 

with traditional cardiovascular risk factors, prolonged exposure to these risk factors with 

aging likely attenuates the effects of gal-3 as an independent biomarker of arterial stiffness. 

Furthermore, gal-3 may reflect vascular pathogenesis, a process that may not be as robust 

in older age when subclinical or clinical vascular disease is more likely to have already 

established.

A study of gal-3 from an earlier visit from the ARIC study found that gal-3 was significantly 

associated with incident PAD independent of traditional cardiovascular risk factors (28). In 

our current analysis, gal-3 was also associated with an increased frequency of prevalent 

PAD. Interestingly, the median levels of gal-3 of included patients in our analysis (median 

gal-3 of 16.5 ng/mL) was numerically similar to those individuals with incident PAD 

(median gal-3 16.9 ng/mL) in the previous ARIC analysis. However, the participants were 

more than a decade older in our current analysis. Taken together, gal-3 appears to contribute 

to development of arterial pathology as reflected by increased risk of PAD at earlier age as 

well as central arterial stiffening in older adults.
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There are some limitations to our study. While we measured galectin-3 in blood, it remains 

unclear how circulating biomarkers reflect tissue specific expression and future studies 

to clarify this relationship are needed. Also, as this was an observational study, there is 

possibility of residual confounding and selection bias.

Conclusion

In this study, circulating blood levels of gal-3 was significantly associated with central 

arterial stiffness in older adults. However, our results suggest that this association is not 

independent of traditional cardiovascular risk factors and that gal-3 likely shares common 

pathways with risk factors such as hypertension and diabetes in the development of arterial 

stiffness in older age.
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Figure 1. 
Inclusion and exclusion criteria.
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Table 1.

Baseline characteristics across galectin-3 quartiles at visit 5 of the ARIC Study.

Visit 5 galectin-3 quartiles (ng/mL) P trend

Q1 (4.2–13.8) Q2 (13.9–16.5) Q3 (16.6–19.8) Q4 (19.9–94.3)

cfPWV (cm/s) 1128±293.2 1155±294.8 1177±301.0 1188±319.3 <0.001

Age (year) 74.3±4.9 74.6±4.6 75.5±5.0 76.5±5.3 <0.001

Female % 46.8 57.2 63.5 70.7 <0.001

Black % 16.0 19.9 23.6 27.9 <0.001

SBP (mmHg) 129.5±17.1 130.2±16.9 130.5±17.3 130.0±18.3 0.297

DBP (mmHg) 67.1±10.3 66.8±10.1 66.6±10.5 64.6±10.4 <0.001

Pulse pressure (mmHg) 62.4±13.7 63.4±13.7 63.9±14.1 65.4±15.1 <0.001

Mean arterial pressure (mmHg) 87.9±11.3 87.9±11.1 87.9±11.4 86.4±11.5 0.003

Heart beat (beat/min) 64.1±10.8 65.1±10.7 65.6±10.9 65.6±11.1 0.001

Hypertensive medication % 59.7 69.7 72.9 86.4 <0.001

Hypertension % 62.6 70.4 72.8 83.7 <0.001

BMI (kg/m2) 27.2±4.3 27.6±4.4 27.8±4.5 28.6±4.6 <0.001

Diabetes (%) 26.1 23.1 30.5 36.3 <0.001

LDL-C (mg/dL) 108.3±32.9 107.1±33.9 106.8±35.7 102.0±34.8 <0.001

Cholesterol lower medication (%) 48.4 53.8 54.9 62.6 <0.001

Current smoking (%) 6.0 5.0 6.1 5.6 0.982

eGFR (mL/min/1.73m2) 77.7±13.1 73.9±14.2 70.9±15.0 61.2±18.3 <0.001

Hs-CRP (mg/L) 1.5 (0.8, 3.1) 1.8 (0.9, 3.6) 1.9 (0.9, 3.9) 2.3 (1.1, 4.7) <0.001

Prevalent CHD (%) 9.7 12.0 11.6 14.6 0.001

Prevalent PAD (%) 4.3 6.8 8.8 14.1 <0.001

*
Data presented as mean±sd, median (25th, 75th percentile), or percentage; P trend were calculated by test of trend across ordered groups. 

Abbreviations: cfPWV = carotid-femoral pulse wave velocity, SBP = systolic blood pressure, DBP = diastolic blood pressure, BMI = body 
mass index, LDL-C = low-density lipoprotein cholesterol, eGFR = estimated glomerular filtration rate, CHD = coronary heart disease, hs-CRP = 
high-sensitivity C-reactive protein, PAD = peripheral artery disease
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Table 2.

Linear regression showing the association of visit 5 galectin-3 as a continuous variable (natural log 

transformed) and arterial stiffness as measured by visit 5 carotid-femoral pulse wave velocity in the overall 

included participants as well as by subgroups.

Β coefficient 95% CI P value

Overall (N=4275) Model 1 53.9 22.8, 85.0 0.001

Model 2 36.4 7.2, 65.5 0.015

Model 3 17.3 −14.4, 49.0 0.285

Men (N=1731) Model 1 81.6 31.8, 131.5 0.001

Model 2 46.1 −1.1, 93.3 0.055

Model 3 26.5 −25.1, 78.1 0.314

Women (N=2544) Model 1 34.4 −5.3, 74.2 0.090

Model 2 28.5 −8.6, 65.7 0.132

Model 3 11.9 −28.4, 52.2 0.563

Whites (N=3342) Model 1 51.8 17.9, 85.8 0.003

Model 2 27.4 −4.5, 59.4 0.093

Model 3 5.6 −28.7, 39.8 0.751

Blacks (N=933) Model 1 60.8 −13.3, 134.9 0.108

Model 2 68.9 −0.2, 138.1 0.051

Model 3 62.0 −16.8, 140.9 0.123

Non-diabetics (N=3037) Model 1 52.0 15.4, 88.5 0.005

Model 2 35.1 0.8, 69.3 0.045

Model 3 24.9 −12.1, 61.9 0.186

Diabetes (N=1238) Model 1 14.9 −43.2, 72.9 0.615

Model 2 24.2 −30.7, 79.2 0.387

Model 3 3.2 −58.2, 64.6 0.918

Non-hypertension (N=1176) Model 1 109.2 51.7, 166.8 <0.001

Model 2 73.9 19.5, 128.2 0.008

Model 3 52.2 −3.7, 108.1 0.067

Hypertension (N=3073) Model 1 12.5 −24.5, 49.6 0.507

Model 2 25.0 −9.7, 59.6 0.158

Model 3 7.9 −30.4, 46.2 0.685

Non-hypertension & non-diabetes (N=975) Model 1 103.4 44.2, 162.6 0.001

Model 2 72.8 16.7, 128.9 0.011

Model 3 67.2 9.2, 125.3 0.023

Hypertension or diabetes (N=3281) Model 1 18.0 −18.0, 54.0 0.327

Model 2 26.9 −7.0, 60.9 0.120

Model 3 4.6 −32.7, 42.0 0.808

hs-CRP<2 mg/L (N=2289) Model 1 59.9 18.4, 101.4 0.005

Model 2 32.0 −7.0, 71.0 0.108
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Β coefficient 95% CI P value

Model 3 22.0 −19.9, 63.9 0.304

hs-CRP≥2 mg/L (N=1986) Model 1 29.7 −17.2, 76.6 0.214

Model 2 16.2 −8.0, 80.4 0.108

Model 3 9.8 −38.6, 58.3 0.691

Non-prevalent PAD (N=3905) Model 1 45.3 13.0, 77.6 0.006

Model 2 32.2 1.9, 62.5 0.037

Model 3 11.7 −20.9, 44.3 0.483

Prevalent PAD (N=363) Model 1 71.7 −46.0, 189.3 0.232

Model 2 29.7 −82.4, 141.8 0.603

Model 3 53.3 −79.2, 185.8 0.429

Model 1: Adjusted by v5 age, gender, and race-center; model 2: model 1 plus v5 heart rate, anti-hypertensive medication user, current smoking, and 
SBP; model 3: model 2 plus LDL-C, eGFR, BMI, diabetes status and hs-CRP
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Table 3.

Logistic regression with visit 5 gal-3 as a continuous as the independent variable and visit 5 cfPWV as 

dependent variable treated as dichotomous variable (≥75 percentile of cfPWV vs <75 percentile as reference).

Odds ratio 95% CI P value

Model 1 1.52 1.17–1.96 0.001

Model 2 1.42 1.07–1.88 0.014

Model 3 1.21 0.89–1.65 0.218

Model 1: Adjusted by v5 age, gender, and race-center; model 2: model 1 plus v5 heart rate, anti-hypertensive medication user, current smoking, and 
SBP; model 3: model 2 plus LDL-C, eGFR, BMI, diabetes status and hs-CRP
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