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Summary

Background—The inflammatory biomarker galectin-3 contributes to pathologic conditions such
as heart failure and stimulates murine thrombogenesis. Its association with venous
thromboembolism (VTE) has been sparsely studied.

Objectives—To assess the prospective association of plasma galectin-3 and the L GALS3rs4644
SNP with VTE incidence.
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Methods—We measured plasma galectin-3 in 9,916 participants in the Atherosclerosis Risk in
Communities (ARIC) study cohort in 1996 — 1998 and identified VTESs through 2013. Using Cox
regression, we estimated the hazard ratio associating galectin-3 with incident VTE over a median
of 13.9 years. Replication was sought in the Cardiovascular Health Study (CHS).

Results—ARIC included 21.8% blacks and 56.2% females with mean baseline age of 62.7 years.
The incidence rate of VTE (n=389 events) increased across quintiles of galectin-3, with hazard
ratios (95% CI) of 1 (reference), 1.13 (0.80 — 1.61), 1.00 (0.70 — 1.43), 1.36 (0.96 — 1.91), and
1.55 (1.09 - 2.19) (p-trend = 0.005), adjusted for age, sex, race, body mass index, diabetes status,
and renal function. Results did not replicate in the CHS (124 VTE), but meta-analysis of both
studies yielded a pooled hazard ratio (95% CI) for 1 SD increment in log galectin-3 of 1.10 (1.00 -
1.22). In ARIC, the C allele of rs4644 in the LGALS3 gene was associated with higher galectin-3
level, and in whites, with an increased rate of VTE.

Conclusion—Galectin-3 levels were associated positively with VTE incidence.
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INTRODUCTION

Venous thromboembolism (VTE), presenting as deep venous thrombosis (DVT) and/or
pulmonary embolism (PE), is a major public health problem [1-4] with a multifactorial
etiology [1, 2]. Risk of VTE is increased in patients with inflammatory diseases or with
elevated levels of inflammation markers, such as C-reactive protein and interleukin-6 [5-8].
Among inflammatory pathways, galectin-3-binding protein (gal3bp) and its receptor/ligand,
galectin-3, are secreted proteins that can interact with each other to promote cell-to-cell
adhesion and initiate pathologic, proinflammatory signaling cascades [9]. Gal3bp and
galectin-3 play important roles in a number of pathological conditions, such as cancer,
diabetes, atherosclerosis, and heart failure, and some evidence suggests a role in VTE [9-
15]. Specifically, a recent study showed that galectin-3 and gal3bp are involved in murine
thrombogenesis, that galectin-3 and gal3bp interact at the thrombus—vein wall interface, and
that galectin-3 may contribute to thrombosis through proinflammatory, interleukin-6—
dependent mechanisms [9].Gal3bp is up-regulated in microparticles from DVT patients
compared to control patients [10, 16]. Yet, to our knowledge, there has been no prospective
epidemiological study of the association between galectin-3 and VTE. We, therefore,
hypothesized that plasma galectin-3 concentration would be positively associated with
incident VTE in a biracial cohort.

A genome wide association study identified a non-synonymous single-nucleotide
polymorphism (SNP) (rs4644) in the galectin-3 encoding gene, LGALS3, to be strongly
associated with plasma galectin-3 concentrations [17]. We, therefore, also explored whether
the rs4644 in the LGALS3 gene is associated with incident VTE.
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METHODS
Study Population

The Atherosclerosis Risk in Communities (ARIC) study is a prospective epidemiological
study aimed at identifying the risk factors for atherosclerosis and cardiovascular diseases.
Participants were recruited between 1987 and 1989 from four communities in the United
States (Washington County, MD; the north-west suburbs of Minneapolis, MN; Jackson, MS;
and Forsyth County, NC) [18]. The ARIC cohort comprised 15,792 men and women initially
aged 45 to 64 years who were mostly white or black. Participants were examined at baseline
and at 5 additional times: visit 2 (1990 — 1992), visit 3 (1993 — 1995), visit 4 (1996 — 1998),
visit 5 (2011 — 2013) and visit 6 (2016 — 2017). Participants are also being followed by
annual or semi-annual telephone interviews and surveillance of ARIC community hospitals.
For replication we used the Cardiovascular Health Study (CHS). Briefly, CHS is prospective
study of 5,888 participants aged 65 years and older enrolled from four US communities
(Forsyth County, NC; Sacramento County, CA; Washington County, MD; and Pittsburgh,
PA) from 1989 — 1990 and 1992 — 1993 (African Americans only). CHS contacted
participants every six months for follow-up, alternating between a telephone interview and
clinic visit for the first 10 years and by telephone interview only after that [19]. Both studies
were approved by the institutional review board of each participating center, and all
participants provided written informed consent.

In ARIC, galectin-3 was measured at visit 4, which serves as the baseline for our analysis.
Among 11,656 visit 4 participants, we excluded those with a history of VTE or using
anticoagulants (n = 523), those without galectin-3 measurements (n = 899), those who were
not white or black (n = 30), those with no further follow-up (n = 2), and those with missing
covariates (n = 286). This left a total of 9,916 ARIC participants for our analysis. Similar
exclusions were used for the replication analysis using the baseline CHS study visit (1989 —
1990 and 1992 — 1993) as our study baseline. We excluded 419 CHS participants with a
history of VTE or who were taking anticoagulants at baseline, 1,692 with missing galectin-3
measurements, 29 who self-identified as neither white nor black, and 39 with missing
covariates. This left a total of 3,709 CHS participants at risk of VTE.

VTE Ascertainment

We ascertained incident hospitalized DVT and PE occurring from visit 4 (1996 — 1998)
through December 31, 2013. Hospitalizations were identified by participant report and
surveillance of local hospitals [20]. Medical records with possible International
Classification of Diseases (ICD) discharge codes for VTE were abstracted. Two physicians
reviewed the records using a standardized protocol and identified incident VTESs. Cases were
confirmed in the presence of a positive imaging test [20, 21]. CHS ascertained VTE events
from baseline CHS visit (1989 — 1993) through December 31, 2001 using similar methods
[20].

Galectin-3 and Risk Factor Ascertainment

Plasma samples collected from ARIC participants at visit 4 (1996 — 98) were stored at
-70°C. Galectin-3 was measured using a chemiluminescent microparticle immunoassay on
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an Architect 72000sr instrument (Abbott, Abbott Park, IL). The measurements were
performed July 2015 — February 2016. The Architect galectin-3 assay has a limit of
detection of 1.1 ng/mL and a limit of quantitation of 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. At the time of blood processing, 402 participants’ plasma
specimens were split, masked, and sent to the laboratory to assess galectin-3 laboratory
reliability. The reliability coefficient was r=0.92 and coefficient of variation (CV), using the
split specimens, was 7.5%. After removing 7 potentially mislabeled “outlier” samples these
respective values were r=0.95 and CV=5.7%. CHS measured galectin-3 at baseline from
stored serum frozen at —70°C using an enzyme-linked immunosorbent assay (BG Medicine,
Waltham, MA) [22].

In both studies, participants reported their age, sex, and race. Diabetes mellitus was defined
as fasting glucose =126 mg/dL (7.0 mmol/L), nonfasting glucose =200 mg/dL (11.1
mmol/L), treatment for diabetes mellitus, or self-reported physician diagnosis of diabetes
mellitus. Body mass index (BMI) was calculated as weight (kg) divided by height (m?).
Estimated glomerular filtration rate (eGFR), C-reactive protein (CRP), troponin T (TnT),
and N-terminal pro-B-type natriuretic peptide (NT-proBNP) were measured from baseline
blood samples as described previously in ARIC [5, 23-26] and CHS [27-30]. The rs4644
SNP genotying was performed using the HumanExome BeadChip Array in ARIC
participants only [31].

Statistical Analysis

Statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC) and
STATA, version 12 (Stata, College Station, TX). Baseline characteristics of participants were
described within galectin-3 quintiles. We summarized normally distributed variables by
means and standard deviations, and skewed variables by medians with 25t to 75t
percentiles. Categorical variables were presented as percentages. Multivariable Cox
proportional hazards models were used to estimate the hazard ratios for the association
between incident VTE and galectin-3. Galectin-3 was analyzed both as quintiles and as a
natural log transformed continuous variable due to non-normality of galectin-3. We verified
that the proportional hazards assumption was not violated by testing the unadjusted
interactions of follow-up time with galectin-3 quintiles. In the proportional hazards model,
we also tested for interactions of age, sex, and race with galectin-3 on VTE risk. Model 1
was unadjusted, while model 2 was minimally adjusted for participant age (years), sex
(female, male), race (white, black) and in CHS, field center. Model 3 was additionally
adjusted for several VTE risk factors identified in the ARIC cohort — diabetes status (yes,
no), BMI (kg/m?), and eGFR (ml/min per 1.73 m2) [32]. Model 4 further adjusted for
several plasma inflammatory and cardiac biomarkers previously associated with VTE - log
CRP (log mg/L), log troponin T (log ng/L), and log NT-proBNP (log pg/mL) — which might
be mediators of the galectin-3 association with VTE. Using the Cox regression, the test for
linear trend of VTE risk across galectin-3 categories modeled the median value of each
category of galectin-3 as a continuous variable.
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In ARIC, restricted cubic splines adjusted for age, sex, and race with 7 knots at the 5th, 25th,
50th, 75th, 90th, 95th, and 99th percentiles, were used to further characterize the association
between galectin-3 and incident VTE. We also repeated the main analysis excluding those
with baseline cancer and cancer related VTE. In another sensitivity analysis, we split the
follow-up time into three categories (0 — 6 years, >6 — 10.5 years, and >10.5 years). We
examined the race-specific associations of the L GALS3rs4644 genotype (AA, AC, and CC)
with VTE using Cox models. Of the 9,916 included ARIC participants, we had genetic data
on 9,509 participants. For each participant, we coded the SNP as having 0 (AA), 1 (AC), or
2 (CC) alleles and used an additive genetic model. For the analysis in blacks, we also
adjusted for 10 principal components of ancestry.

Baseline characteristics

In ARIC, the study sample (n=9,916) was 21.8% black and 56.2% were females; the mean
(SD) age was 62.7 (5.7) years. Plasma galectin-3 concentration had a median (25th — 75th
percentile) of 14.2 (12.0 — 16.8) ng/mL. As shown in Table 1, the proportion of females,
blacks, and diabetics increased across galectin-3 quintiles (p-trend <0.001). BMI, CRP, TnT,
and NT-proBNP were all positively associated with galectin-3 concentration, while eGFR
showed a negative association.

In CHS (n = 3,709), 17.2% were black and 58.5% were female. The mean (SD) age was
72.8 (5.6) years and the median (25th — 75th percentile) galectin-3 concentration was 15.6
(12.7 = 19.1) ng/mL. Except for race and diabetic status, baseline characteristics showed
trends with galectin-3 similar to ARIC (supplemental table 1).

Association of Galectin-3 with VTE incidence

We identified 389 incident cases of VTE over a median of 13.9 years in ARIC (1996 —
2013), and 124 incident VTEs over a median of 11.5 years of follow-up in CHS (1989 —
2001).

In ARIC, the incidence rates of VTE per 1000 person-years increased across galectin-3
quintiles (2.2, 2.6, 2.5, 3.6, and 4.6 respectively), and this positive association between
galectin-3 quintiles and VTE incidence did not differ by age, sex, or race. Figure 1 depicts
the positive association of galectin-3 with VTE, adjusted for these three demographic
variables. In the unadjusted model of our Cox regression (Model 1), the hazard ratios (95%
Cl) for VTE across the quintiles were 1 (reference), 1.19 (0.84 — 1.69), 1.11 (0.78 — 1.58),
1.62 (1.17 — 2.26), and 2.11 (1.54 — 2.91) (p-trend < 0.001). After adjusting for demographic
variables, BMI, diabetes status, and renal function (Model 3), the hazard ratios (95% CI) for
VTE across the quintiles were 1 (reference), 1.13 (0.80 — 1.61), 1.00 (0.70 — 1.43), 1.36
(0.96 — 1.91), and 1.55 (1.09 — 2.19) (p-trend = 0.005). The hazard ratio for VTE for the
highest quintile compared to the lowest quintile was partly attenuated after further
adjustment for log CRP, log NT-proBNP, and log TnT in model 4 [HR (95% CI) = 1.37
(0.96 — 1.94)], but the trend remained significant (p-trend = 0.04). The hazard ratio for VTE
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for 1-SD increment in log galectin-3 was 1.31 (p <0.001) in model 1 and 1.17 (p = 0.007) in
model 3 (Table 2).

As shown in Table 3, the unadjusted hazard ratios for VTE across galectin-3 quintiles in
CHS were 1 (reference), 1.49 (0.86 — 2.57), 1.13 (0.64 — 2.02), 1.02 (0.56 — 1.86), and 1.39
(0.78 — 2.48) (p-trend = 0.60). There was no obvious association between galectin-3 and
VTE in CHS. When the Model 3 results from the two studies were meta-analyzed (fixed
effects model), the pooled hazard ratio (95% CI) of VTE for 1 SD increment in log
galectin-3 was 1.10 (1.00 — 1.22). The test for between study heterogeneity was borderline
significant (p = 0.05, I-squared = 75.1%).

After excluding participants with baseline cancer or cancer related VTE (n = 1147), 8,769
ARIC study participants remained, and 252 of these had incident VTE over follow-up. The
mean (SD) galectin-3 concentration of participants in this group was 14.8 (4.9) ng/mL,
which was significantly lower than the galectin-3 concentration in participants with baseline
cancer or cancer related VTE [mean (SD) = 15.1 (4.1) ng/mL, p = 0.01]. Regression results
were qualitatively similar to the overall ARIC results. In model 3, the hazard ratios for VTE
not due to cancer across quintiles were 1 (referent), 1.00 (0.65 — 1.55), 0.96 (0.62 — 1.49),
1.16 (0.76 — 1.77), and 1.50 (0.98 — 2.28) (p-trend = 0.02), and per 1-SD increment in log
galectin-3 was 1.16 (1.004 — 1.33). These associations were no longer statistically significant
after additional adjustment for covariates in model 4 (supplemental table 2).

In the ARIC cohort, when the follow-up period was split into three intervals, the association
of galectin-3 with VTE remained positive throughout with no significant interaction of
galectin-3 by time, though the association was slightly stronger for > 6 — 10.5 years of
follow-up. The unadjusted hazard ratios (95% CI) per 1-SD increment in log galectin-3 were
1.32 (1.13-1.55), 1.40 (1.20 - 1.65), and 1.19 (0.99 — 1.42) for follow-up of 0 — 6 years, >
6 — 10.5 years, and > 10.5 years, respectively.

Association of LGALS3 rs4644 with VTE incidence

As shown in Table 4, the frequencies of having 0, 1, or 2 copies of the C allele were 17.0%,
48.4%, and 34.6% in whites and 7.7%, 39.8%, and 52.6% in blacks. The mean galectin-3
concentrations increased across those with 0, 1, or 2 copies: 11.2 ng/mL, 14.0 ng/mL, and
16.8 ng/mL (p-trend <0.0001) for whites and 12.2 ng/mL, 14.4 ng/mL, and 17.6 ng/mL (p-
trend <0.0001) for blacks. The risk for VTE in whites was 34% (-9% — 98%) higher for the
AC genotype and 52% (2% — 126%) higher for the CC genotype compared to the AA
genotype. This association was not statistically significant in blacks (Table 4).

DISCUSSION

In the large population-based ARIC study, concentrations of plasma galectin-3 in ARIC
were associated positively with the incidence of VTE after adjusting for several risk factors
for VTE. There was no interaction by race, suggesting this association did not differ between
whites and blacks. We were unable to replicate this association between galectin-3 and VTE
in CHS, possibly due to the small number of VTE events in CHS (n = 124), or due to a
competing risk bias whereby elderly participants were likely to suffer from severe morbid
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conditions or die from other causes, or because risk factors measured many years prior are
not as indicative of future events in the elderly when compared to younger individuals.
Nonetheless, a meta-analysis of ARIC and CHS results still showed a positive association
between plasma galectin-3 and VTE.

In mouse models, elevated galectin-3 is correlated with thrombus size, and in human patients
it correlated with acute VT [9]. The partial attenuation of the association between galectin-3
and VTE by other inflammatory and cardiac biomarkers suggests that galectin-3 level may
also reflect the role of inflammation in VTE pathogenesis [6, 8]. This attenuation may be the
result of the other biomarkers being mediators of the galectin-3 association with VTE or
reflect similar pathways between these biomarkers in VTE pathogenesis. Galectin-3 has
been reported to interact with gal3bp at the thrombus—vein wall interface, and may
contribute to thrombosis through proinflammatory, interleukin-6-dependent mechanisms

[9].

The LGALS3 rs4644 C allele was associated with higher mean galectin-3 levels in both
whites and blacks. The rs4644 C allele was also associated with greater risk of incident VTE
in whites (but not blacks). However, this association was likely due to chance, as the
association of rs4644 with VTE was not detected (p>0.20) in the GWAS study of VTE in the
INVENT consortium (7,507 VTE cases and 52,632 controls) [33]. On the other hand, the
association between LGALS3 rs4644 and galectin-3 levels have been previously
documented, and evidence suggests that this association may be partly artifact, as this SNP
has been shown to lie within or near the epitopes of the binding region for the antibody used
for the ARIC galectin-3 assay [17]. This might affect the affinity of the antibody and account
for racial differences seen in plasma galectin-3 levels.

A limitation of our study is that we had a single measure of galectin-3 in both ARIC and
CHS, and galectin-3 measurements were made on samples stored for years. Although the
ARIC lab quality control and blinded replicate data indicated excellent assay performance,
we cannot rule out that sample degradation may have affected galectin-3 measurements.
However, if sample integrity was a factor this should lead to a significant reduction in the
power of our analyses, and our findings would underestimate the true association. Also,
galectin-3 concentrations have been suggested to remain stable after storage for at least 6
months [34]. In CHS, stability has been demonstrated for at least 2 years when samples were
stored at —7°C [22]. Galectin-3 levels may have changed prior to the VTE occurrence, which
we could not document with a single measure. Yet, our analysis by duration of follow-up in
ARIC did not provide evidence that the association waned greatly over time.

We could not determine whether galectin-3 was associated with VTE in ARIC
independently from other important hemostatic factors, such as D-dimer, since hemostatic
factors were measured at a different study visit from galectin-3. VTE events were identified
only through hospitalizations and we may have missed participants who did not present to
the hospital. Despite this, pilot data suggests the vast majority of patients with first VTE in
ARIC and CHS were hospitalized.
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In conclusion, plasma galectin-3 concentration is associated positively with incidence of
VTE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Brief summary

Galectin-3, an inflammatory biomarker, is involved in murine
thrombogenesis.

Galectin-3-binding protein is up-regulated in microparticles from deep
venous thrombosis patients compared to control patients.

In this prospective epidemiological study, participants with plasma galectin-3
concentrations in the highest quintile had a greater risk of incident venous
thromboembolism than did those in the lowest quintile.

The association of galectin-3 and VTE was not replicated in a second
prospective study, but the meta-analyzed hazard ratio still indicated a positive
association.

Galectin-3 is associated positively with risk of venous thromboembolism.
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Fig 1.

Cubic spline showing association of galectin-3 with venous thromboembolism incidence in
ARIC, 1996 — 2013. High extreme values of galectin-3 (> 40 ng/ml) were excluded (n=26)
from the spline analysis. The 25th percentile (12.2ng/mL) was used as reference in a Cox
proportional hazards model adjusted for age, sex, and race. The knots were placed at the 5th,
25th, 50th, 75th, 90th, 95th, and 99th percentiles.
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