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Background-—Aortic stenosis (AS) is a chronic inflammatory disease, and calcification plays an important role in the progression of
the disease. Galectin-3 (Gal-3) is a proinflammatory molecule involved in vascular osteogenesis in atherosclerosis. Therefore, we
hypothesized that Gal-3 could mediate valve calcification in AS.

Methods and Results-—Blood samples and aortic valves (AVs) from 77 patients undergoing AV replacement were analyzed. As
controls, noncalcified human AVs were obtained at autopsy (n=11). Gal-3 was spontaneously expressed in valvular interstitial cells
(VICs) from AVs and increased in AS as compared to control AVs. Positive correlations were found between circulating and valvular
Gal-3 levels. Valvular Gal-3 colocalized with the VICs markers, alpha-smooth muscle actin and vimentin, and with the osteogenic
markers, osteopontin, bone morphogenetic protein 2, runt-related transcription factor 2, and SRY (sex-determining region Y)-box 9.
Gal-3 also colocalized with the inflammatory markers cd68, cd80 and tumor necrosis factor alpha. In vitro, in VICs isolated from
AVs, Gal-3 induced expression of inflammatory, fibrotic, and osteogenic markers through the extracellular signal-regulated kinase 1
and 2 pathway. Gal-3 expression was blocked in VICs undergoing osteoblastic differentiation using its pharmacological inhibitor,
modified citrus pectin, or the clustered regularly interspaced short palindromic repeats/Cas9 knockout system. Gal-3 blockade
and knockdown decreased the expression of inflammatory, fibrotic, and osteogenic markers in differentiated VICs.

Conclusions-—Gal-3, which is overexpressed in AVs from AS patients, appears to play a central role in calcification in AS. Gal-3
could be a new therapeutic approach to delay the progression of AV calcification in AS. ( J Am Heart Assoc. 2016;5:e004360 doi:
10.1161/JAHA.116.004360)

Key Words: aortic stenosis • calcification • galectin-3 • inflammation • valve • valvular interstitial cells

A ortic stenosis (AS) is the most common heart valve
disease (43.1%) and represents a major health care

burden.1 With the increase in the aging population, there is
a surge in prevalence of calcific aortic valve (AV) disease.

A prediction on the number of elderly (≥70) years for the
coming decades demonstrated that patients with severe AS
will have increased 2.4-fold by the year 2040 and will be more
than triple by the year 2060.2 Patients with AS have an 80%
risk of valve replacement, progression to heart failure (HF), or
death in the next 5 years after diagnosis.3

The pathophysiology underlying calcific aortic valve dis-
ease (CAVD) remains incompletely defined, and there are
currently no effective medical treatments capable of altering
its course.4 Chronic inflammation, fibrosis, and calcification
play an important role in progression of the disease.5

Therefore, it has been shown that CAVD shares features with
vascular calcification and atherosclerosis, such as chronic
inflammation, increased extracellular matrix (ECM) remodel-
ing, proliferation and differentiation of valvular interstitial cells
(VICs), and development of calcific lesions.6,7 Of note,
although retrospective studies had suggested that statins
could delay the hemodynamic progression rate of AS,8,9

randomized controlled studies reported, in contrast, that a
lipid-lowering strategy resulted neither in lower AV-related
events nor in a slower progression of stenosis.10,11

Galectin-3 (Gal-3) is a 29- to 35-kDa protein and member
of a b-galactoside binding lectin family, which interacts with
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cell-surface receptors and ECM proteins.12 Gal-3 levels are
increased in patients with HF13,14 and in myocardial biopsies
from AS patients with depressed ejection fraction.15 In
addition, it has been demonstrated that patients with high
Gal-3 plasma levels are associated with adverse outcome
after transcatheter aortic valve implantation, suggesting that
Gal-3 could play an important role in patients with AS.16 Gal-3
plays an important role in cardiac and vascular remodeling
through its ability to stimulate ECM deposition as well as by
the amplification of key proinflammatory molecules.17,18

Moreover, Gal-3 modulated vascular smooth muscle cell
(VSMC) osteogenic differentiation, playing an important role in
the development of atherosclerosis.19

Therefore, our hypothesis is that Gal-3 could promote AV
calcification, modulating VICs osteogenic differentiation.
Furthermore, Gal-3 could be a new biotarget in CAVD, and
its blockade could prevent AV calcification. We tested this
hypothesis using human AVs samples and human VICs.

Methods

Patient Population
This prospective, observational study included a total of 77
consecutive patients with severe AS (AV area ≤1 cm2 [and/
or] transaortic mean pressure gradient >40 mm Hg), referred
to our center for AV replacement from June 2013 to February
2015. Exclusion criteria were moderate or severe concomi-
tant valvular disease, malignant tumor, and chronic inflam-
matory diseases. All patients were evaluated by
echocardiography. Venous blood was drawn for measurement
of brain natriuretic peptide (BNP) and other routine laboratory
parameters on admission for surgery.

Human AVs were obtained after surgery (AS, n=77). As
controls, noncalcified human AVs were obtained at autopsy
(control, n=11) and were rapidly cut in 2 pieces. One piece
was fixed in formol and embedded in paraffin and the other
was frozen in liquid nitrogen.

Informed consent was obtained from each patient and
control, and the study protocol conforms to the ethical
guidelines of the 1975 Declaration of Helsinki as reflected in a
previous approval by the institution’s human research com-
mittee.

Aortic Human VIC Experiments
For the in vitro approach, we obtained aortic VICs from 7
patients operated on for severe AS. For the experiments, we
used at least VICs from 5 different patients. Aortic VICs were
isolated using sequential collagenase digestion to eliminate
endothelial cells, and then interstitial cells were collected by
centrifugation. Inmunocytochemistry was routinely performed

on Lab-Tek II Chamber Slides (Nalge Nunc International,
Penfield, NY). Cells were positive for expression of alpha-
smooth muscle actin (a-SMA) and vimentin and negative for
CD31. VICs were cultured in DMEM F-12 medium supple-
mented with 10% FBS. All assays were done at 37°C, 95%
sterile air, and 5% CO2 in a saturation humidified incubator.

Cells were treated with Gal-3 (10�8 mol/L; R&D Systems,
Minneapolis, MN) for 1 to 6 days to assess the effect of Gal-3
on inflammatory, fibrotic, and calcification markers. For the
intracellular pathways study, cells were treated with Gal-3 for
15, 30, and 60 minutes. The following chemical inhibitors
were added at 10�5 mol/L 1 hour preceding Gal-3 stimula-
tion: Wortmannin (Sigma-Aldrich, St. Louis, MO), PD98059
(Sigma Aldrich), SB203580 (Sigma Aldrich), and BAY 11-7082
(Sigma Aldrich).

To induce calcification, VICs were cultured in conditioning
medium DMEM F-12 supplemented with 10 mmol/L of b-
glycerophospate, 50 lg/mL of ascorbic acid, 10 nmol/L of
dexamethasone, 10% FBS, and treated in the presence or
absence of the pharmacological Gal-3 activity inhibitor,
modified citrus pectin (MCP; 10�6 mol/L; ecoNugenics,
Santa Rosa, CA) every 3 days. At 7, 14, and 21 days of
treatment, cell extracts and supernatants were collected to
evaluate inflammatory, fibrotic, and calcification markers.

Clustered Regularly Interspaced Short
Palindrome Repeats/Cas9 Genome Editing-
Mediated Deletion of Gal-3
The knockdown of Gal-3 in VICs was performed by clustered
regularly interspaced short palindrome repeats (CRISPR)/
Cas9-guided genome editing. Cells were seeded into 6-well
plates at 70% confluence and transfected with a pool of three
plasmids, each encoding the Cas9 nuclease and a target-
specific 20-nucleotide guide RNA designed for maximum
knockout efficiency according to the manufacturer’s instruc-
tions (Santa Cruz Biotechnology, Santa Cruz, CA). Scramble
gRNA CRISPR/Cas9 plasmid was used as a control.

Once Gal-3 knockdown was generated, VICs were cultured
in osteogenic medium as described above. At 7, 14, and
21 days, cell extracts and supernatants were collected to
evaluate inflammatory, fibrotic, and calcification markers.

Histological Analysis
Tissue staining was performed on transversal sections of
human and rat AV leaflets. All grossly calcified valves were
decalcified in 10% formic acid solution for 24 hours. Samples
were dehydrated, embedded in paraffin, and cut in 5-lm-thick
sections.

Slides were treated with H2O2 for 10 minutes to block
peroxidase activity. All sections were blocked with 5%

DOI: 10.1161/JAHA.116.004360 Journal of the American Heart Association 2

Galectin-3 in Aortic Stenosis S�adaba et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



normal goat serum in PBS for 1 hour and incubated
overnight with Gal-3, a-SMA, vimentin, osteopontin, bone
morphogenetic protein (BMP) 2, BMP-4, runt-related tran-
scription factor 2 (Runx2), SRY (sex-determining region Y)-
box 9 (Sox-9), cd68, cd80, and tumor necrosis factor alpha
(TNF-a), washed 3 times, and then incubated for 30 minutes
with the HRP-labeled polymer conjugated to secondary
antibodies (Dako Cytomation, Carpentaria, CA). The signal
was revealed by using a DAB Substrate Kit (BD Pharmingen,
San. Diego, CA). Reference samples of all stains before and
after decalcification were compared, thereby ensuring that
the process of decalcification did not interfere with
the staining and hence the result/interpretation of the
staining.

ELISA
Gal-3 was measured in serum samples by ELISA according to
the manufacturer’s instructions (BG Medicine, Inc., Waltham,
MA).

Interleukin (IL) 6 and IL-1b concentrations were measured
in valve extracts and cells supernatants by ELISA according to
the manufacturer’s instructions (R&D Systems).

Real-Time Reverse-Transcription Polymerase
Chain Reaction
Total RNA from AVs and VICs was extracted with TRIzol Reagent
(Euromedex, Strasbourg, France) and purified using the RNeasy
kit, according to the manufacturer’s instructions (Qiagen,
Hilden, Germany). First-strand cDNA was synthesized accord-
ing to the manufacturer’s instructions (Roche, Indianapolis, IN).

Table. Baseline Characteristics of Patients

Controls AS Patients

Age, y 76�10 73�8

Male (%) 6 (55) 44 (58)

Hypertension (%) 1 (9) 57 (75)

Hyperlipidemia (%) 2 (18) 49 (67)

Diabetes mellitus (%) 1 (9) 23 (30)

Coronary artery disease (%) 1 (9) 33 (43)

Lung disease (%) 4 (36)

Cause of death (%)

Bronchopneumonia 3 (27)

Sepsis 1 (9)

Cancer 5 (45)

Trauma 1 (9)

Old age 1 (9)

Bicuspid aortic valves (%) 33 (43)

Treatment (%)

ACEi 42 (55)

MR antagonists 1 (1)

b-blockers 21 (28)

Statins 47 (62)

Diuretics 50 (66)

NYHA (%)

I 8 (10)

II 41 (54)

III 24 (31)

IV 3 (4)

LVMI, g/m2 90�25

LVEDD (LVEDD/BSA) 49�6 mm (27�4 mm/m2)

LVESD (LVESD/BSA) 32�7 mm (18�4 mm/m2)

LVEDV (LVEDV/BSA) 132�49 mL (72�24 mL/m2)

LVESV (LVESV/BSA) 51�39 mL (28�20 mL/m2)

LV mass (LV mass/BSA) 167�58 g (90�25 g/m2)

LVEF, % 64�14

Transaortic maximum gradient 78�21 mm Hg

Transaortic mean gradient 51�15 mm Hg

Aortic valve area (AVA/BSA) 0.39�0.19 cm2/m2

BNP, pg/mL 130 (60–263)

Gal-3, ng/mL 17.08�5.2

Inflammatory markers

CRP, mg/L 2.22�2.04

IL-6, pg/mL 9.6�5.6

TNF-a, pg/mL 31.48�8.86

Continued

Table. Continued

Controls AS Patients

Leukocyte activation markers

Leukocyte number (109/L) 7.2�2.3

Myeloperoxidase, pg/mL 265.49�127.4

IL-8, pg/mL 9.51 (5.12–15.25)

L-selectin, pg/mL 1130.75�309.7

Renal parameters

Creatinine, mg/dL 0.93�0.25

GFR, mL/min per m2 76.8�27

Values are mean�SD or median (interquartile range). ACEi indicates angiotensin-
converting enzyme inhibitors; AS, aortic stenosis; BNP, brain natriuretic peptide; BSA,
body surface area; CRP, C-reactive protein; Gal-3, galectin-3; GFR, glomerular filtration
rate; IL, interleukin; LV, left ventricular; LVEDD, left ventricular end-diastolic diameter;
LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction;
LVESD, left ventricular end-systolic diameter; LVESV, left ventricular end-systolic volume;
LVMI, left ventricular mass index; MR, mineralocorticoid receptor; NYHA, New York Heart
Association classification of heart failure; TNF-a, tumor necrosis factor alpha.
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Quantitative polymerase chain reaction (PCR) analysis was then
performed with SYBR green PCR technology (ABgene, Ports-
mouth, NH) (Table S1). Relative quantification was achieved

with MyiQ (Bio-Rad, Hercules, CA) software according to the
manufacturer’s instructions. Data were normalized by hypox-
anthine-guanine phosphoribosyltransferase (HPRT) and b-actin
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Figure 1. Fibrosis, inflammation, and calcification in AS valves compared to controls. ECM components in AVs at mRNA (A) and protein (B)
levels. mRNA levels of MMPs and its inhibitors (TIMPs) in AVs (C). MMPs activities in controls and AS valves (D). Inflammatory markers were
measured in stenotic and control AVs at mRNA (E) and protein (F) levels. mRNA levels of calcification markers in AVs (G) and protein
expressions of calcification markers in AVs (H). All conditions were performed at least in triplicate. Histogram bars represent the mean�SEM
of each group of subjects (control n=11 and patients with severe calcific AS n=77) in arbitrary units (AU) normalized to HPRT and stain-free gel
for cDNA and protein, respectively. *P<0.05 versus control group. AS indicates aortic stenosis; AVs, aortic valves; BMP, bone morphogenetic
protein; CCL2, C-C motif chemokine ligand 2; Col1a1, collagen type I alpha 1 chain; Col3a1, collagen type III alpha 1 chain; CTGF, connective
tissue growth factor; ECM, extracellular matrix; HPRT, hypoxanthine-guanine phosphoribosyltransferase; IL, interleukin; MMPs, matrix
metalloproteinases; Runx2, runt-related transcription factor 2; Sox-9, SRY (sex-determining region Y)-box 9; a-SMA, alpha-smooth muscle
actin; TGF-b, transforming growth factor beta; TIMPs, tissue inhibitors of matrix metalloproteinases; TNF-a, tumor necrosis factor alpha.
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levels and expressed as percentage relative to controls. All
PCRswere performed at least in triplicate for each experimental
condition.

Western Blot
Total proteins were prepared from either human valve
homogenates or VIC extracts. Proteins were separated by
SDS-PAGED on 10% polyacrylamide gels and transferred to
Hybond-c Extra nitrocellulose membranes (Amersham Bio-
sciences, Piscataway, NJ). Membranes were probed with
primary antibodies for Gal-3 (dilution, 1:1000; Thermo Fisher
Scientific, Waltham, MA), collagen I (dilution, 1:500; Sigma-
Aldrich), collagen III (dilution 1:500; Santa Cruz Biotechnol-
ogy), a-SMA (dilution, 1:2000; Sigma-Aldrich), fibronectin
(dilution, 1:1000; Millipore, Billerica, MA), transforming
growth factor b (TGF-b; dilution, 1:500; Sigma-Aldrich),
BMP-2 (dilution, 1:500; Thermo Fisher Scientific), BMP-4
(dilution, 1:500; Thermo Fisher Scientific), osteopontin (dilu-
tion, 1:500; Abcam, Cambridge, MA), Runx2 (dilution, 1:500;
Sigma-Aldrich), Sox-9 (dilution, 1:500; Sigma-Aldrich), TNF-a
(dilution, 1:500; R&D Systems), cd68 (dilution, 1:500; R&D
Systems), cd45 (dilution, 1:500; R&D Systems), cd80 (dilu-
tion, 1:500; R&D Systems), extracellular signal-regulated
kinase 1 and 2 (ERK1/2) and ERK1/2-P (Thr202/Tyr204) at
1:1000 (Cell Signaling Technology, Danvers, MA), p38MAPK
(mitogen-activated protein kinase) and p38MAPK-P (Thr180/
Tyr182) at 1:1000 (Cell Signaling Technology), protein kinase
B (Akt) and Akt-P (Ser473) at 1:1500 (Cell Signaling
Technology), nuclear factor kappa B (NFjB) and NFjB-P

(Ser536) at 1:1000 (Cell Signaling Technology), and b-actin
(dilution, 1:5000; Sigma-Aldrich). Western blots were per-
formed with stain-free gels for loading control. Signals were
detected using the ECL system (Amersham Pharmacia
Biotech, Piscataway, NJ). Results are expressed as an n-fold
increase over the values of the control group in densitometric
arbitrary units.

Gelatin Zymography
Aliquots of protein tissue samples or culture media containing
25-lg human valve homogenates or 30 lL of supernatant,
respectively, were resolved on a 10% SDS polyacrylamide gel
containing 0.3% gelatin. The gel was rinsed 3 times for
15 minutes with a solution of 2.5% Triton X-100 to remove
SDS and renature the proteins, followed by incubation for
48 hours at 37°C in 1000 mmol/L of Tris-HCl (pH 7.5) with
1000 mmol/L of CaCl2 and 5000 mmol/L of NaCl to promote
degradation of gelatin. Gels were fixed in 40% methanol and
10% acetic acid and then stained for 30 minutes in 0.25%
Coomassie blue R-250 to identify proteolytic activity of matrix
metalloproteinase (MMP) 1, MMP-2, and MMP-9.

Statistical Analysis
Continuous variables were expressed as mean�SD or median
(25th–75th percentile) and compared using an unpaired
Student t test. Pearson correlation coefficients were calcu-
lated to determine correlations. Categorical variables were
expressed as percentages and compared using the chi-square
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test. In the human study, we had more than 80% power with
less than 5% error risk to find the significant differences
observed (>0.95 SD).

In vitro data are expressed as mean�SEM. Normality of
distributions was verified by means of the Kolmogorov–
Smirnov test. Data were analyzed using a 1-way ANOVA,
followed by a Newman–Keuls test to assess specific differ-
ences among groups or conditions.

All analysis was done with SPSS software (version 20.0;
IBM SPSS Statistics, Armonk, NY), and 2-tailed P-value of
<0.05 was considered statistically significant.

Results

Baseline Characteristics
Concomitant diseases and causes of death from controls are
summarized in Table, as well as the baseline characteristics of
the entire cohort. In keeping with the typical characteristics of

patients presenting with CAVD, mean age was 73�8 years
and 58% were male. A significant proportion suffered from
concomitant coronary artery disease, hypertension, diabetes
mellitus, and hyperlipidemia. Echocardiographic variables
were those expected in patients with severe AS. BNP levels
indicated compensated disease. Gal-3 levels, inflammatory
markers (C-reactive protein [CRP], IL-6, and TNF-a), leukocyte
activation markers (leukocyte number, myeloperoxidase, IL-8,
and L-selectin) and renal parameters (glomerular filtration
rate; GFR) are shown. Interestingly, serum Gal-3 levels
positively correlated with serum TNF-a (r=0.621; P<0.001)
and IL-6 (r=0.521; P<0.001) levels.

Stenotic Valves Exhibit Higher Inflammation, ECM
Remodeling, and Calcification
As shown in Figure 1, an increase in ECM components was
observed in AV from AS patients as compared to controls.
Collagen type I alpha 1 chain (Col1a1), collagen type III alpha
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Figure 2. Gal-3 is associated with osteogenic markers in AS patients. Hematoxilin/eosin staining in AVs from controls and
AS patients (A). Representative picture of an AV section from controls and AS patients stained with Gal-3 at low (910) and
high (940) magnification (B). Gal-3 mRNA and protein expressions in AVs from patients (C) and correlation between valvular
Gal-3 protein levels and serum Gal-3 levels (D). Representative pictures of AV sections stained with Gal-3 (red) and a-SMA,
vimentin, osteopontin, BMP-2, Runx2, Sox-9, cd68, cd80, and TNF-a (brown). Magnification, 940 (E). All conditions were
performed at least in triplicate. Histogram bars represent the mean�SEM of each group of patients (control n=11 and
patients with severe calcific AS n=77) in arbitrary units (AU) normalized to HPRT and b-actin for cDNA and protein
respectively. *P<0.05 versus control group. AS indicates aortic stenosis; AVs, aortic valves; BMP, bone morphogenetic
protein; Gal-3, galectin-3; HPRT, hypoxanthine-guanine phosphoribosyltransferase; Runx2, runt-related transcription factor 2;
Sox-9, SRY (sex-determining region Y)-box 9; a-SMA, alpha-smooth muscle actin; TGF-b, transforming growth factor beta;
TNF-a, tumor necrosis factor alpha.
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1 chain (Col3a1), a-SMA, TGF-b, and connective tissue growth
factor (CTGF) mRNA levels were increased in AVs from AS
patients (Figure 1A). AV protein expressions of collagens
(types I and III), a-SMA, fibronectin, and TGF-b were higher in
AS patients than in controls (Figure 1B). Furthermore, AS
samples presented an increased in MMP-1, MMP-2, and MMP-
9 mRNA levels accompanied by decreased tissue inhibitor of
metalloproteinase (TIMP) 1 mRNA levels without modifica-
tions in TIMP-2 levels (Figure 1C). These results were
confirmed by zymography showing an increase in MMP-1,
MMP-2, and MMP-9 activities in AVs from AS patients
(Figure 1D).

Stenotic AVs exhibited higher expression of inflammatory
markers at mRNA levels in IL-6, C-C motif chemokine ligand 2
(CCL2), and TNF-a (Figure 1E) and an increase at protein
levels of IL-6, IL-1b, TNF-a, cd68, and cd45 as compared to
controls without modifications in cd80 levels (Figure 1F).

AVs from AS patients exhibited an increase in calcification
markers, such as BMP-2, BMP-4, and osteopontin mRNA
levels as compared to controls (Figure 1G). At the protein
level, BMP-2, BMP-4, osteopontin, Runx2, and Sox-9 were

upregulated in AVs from AS patients as compared to controls
(Figure 1H).

AVs From AS Patients Presented Higher Gal-3
Levels Associated With Calcification
Hematoxilin/eosin staining was used to analyze the
microstructure of human AVs from controls (left panel) and
AS patients (right panel, Figure 2A). As shown in Figure 2B,
Gal-3 was spontaneously expressed in the AVs with a higher
expression in AS patients (right panel) as compare to controls
(left panel).

There was a 2.5-fold significant increase in Gal-3 mRNA
and protein levels in AVs from AS patients as compared to
controls (Figure 2C). Strong and positive correlations were
found between AV Gal-3 protein levels and serum Gal-3 levels
(Figure 2D).

Gal-3 in AVs was colocalized with the VICs markers, a-SMA
and vimentin, with calcification markers osteopontin, BMP-2,
Runx2, and Sox-9 and with inflammatory markers cd68, cd80,
and TNF-a (Figure 2E).
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Figure 2. Continued
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Gal-3 Induced Proinflammatory, Profibrotic and
Pro-osteogenic Response in Human VICs

Inflammation, ECM components, and calcification markers
were studied in VICs treated with Gal-3 (10�8 mol/L) for 1,
2, 3, and 6 days. Treatment with Gal-3 augmented IL-6 and
IL-1b secretion in VICs (Figure 3A). Moreover, Gal-3
increased collagen type I, TGF-b, and fibronectin protein
expressions in a time-dependent manner (Figure 3A). As
shown in Figure 3B, Gal-3 enhanced the expression of the
calcification markers, BMP-2, BMP-4, and SOX-9, in a time-
dependent manner, reaching the peak for the factors at

6 days of treatment without modification of Runx2 levels
(Figure 3B).

The possible intracellular mechanism by which Gal-3 exerts
the proinflammatory, profibrotic, and pro-osteogenic effects in
VICs was analyzed. Gal-3 induced phosphorylation of Akt (at
15 and 30 minutes of stimulation), ERK1/2 (at 30 minutes of
stimulation), and NFjB (at 15 minutes of stimulation; Fig-
ure 3C). Phosphorylation of p38 MAPK did not change after
Gal-3 incubation (Figure 3C). Presence of the specific inhibitor
of ERK1/2, PD98059, blocked the increases induced by Gal-3
in the inflammatory molecules, TNF-a and CCL2, as well as in
the fibrotic molecule, collagen type 1 (Figure 3D). However,
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Figure 3. Gal-3 induces inflammation, ECM components, and calcification markers in VICs. Effects of Gal-3 on inflammatory
markers, ECM components (A), and calcification markers (B) in VICs. Effects of Gal-3 on phosphorylation of intracellular pathways in
VICs (C). Effects of cell signaling chemical inhibitors on the proinflammatory and profibrotic effect of Gal-3 in VICs (D). Effects of cell
signaling chemical inhibitors on the pro-osteogenic effect of Gal-3 in VICs (E). All conditions were performed at least in triplicate.
Histogram bars represent the mean�SEM of 6 assays in arbitrary units (AU) normalized to stain free for protein and to b-actin and
HPRT for cDNA. *P<0.05 versus control; $P<0.05 vs Gal-3. Akt indicates protein kinase B; BMP, bone morphogenetic protein; CCL2,
C-C motif chemokine ligand 2; Col1a1, collagen type I alpha 1 chain; ECM, extracellular matrix; ERK1/2, extracellular signal-
regulated kinase 1 and 2; Gal-3, galectin-3; HPRT, hypoxanthine-guanine phosphoribosyltransferase; IL, interleukin; MAPK, mitogen-
activated protein kinase; NFjB, nuclear factor kappa B; Runx2, runt-related transcription factor 2; Sox-9, SRY (sex-determining region
Y)-box 9; a-SMA, alpha-smooth muscle actin; TNF-a, tumor necrosis factor alpha; VICs, valvular interstitial cells.
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none of the inhibitors tested decreased TGF-b or a-SMA
expressions (Figure 3D). Gal-3 enhancement of the osteo-
genic markers, BMP-2, BMP-4, osteopontin, Sox-9, and Runx2
was abolished by PD98059 (Figure 3E).

Gal-3 Inhibition Reduces Inflammation, Fibrosis,
and Osteogenesis in Human VICs
We studied the effects of the Gal-3 inhibitor, MCP, in VICs
cultured in an osteogenic medium at different days (7, 14,
and 21 days). Presence of MCP in the medium was able to
diminish IL-6 and IL-1b secretion as well as Gal-3 protein
levels at all of days studied (Figure 4A). This decrease in
Gal-3 was accompanied by a decrease in fibronectin protein
levels at 21 days of treatment with MCP (Figure 4A). In
addition, VICs treated with MCP presented a decrease in
calcification markers in a time-dependent manner. MCP
decreased BMP-2 protein levels at 14 and 21 days of
treatment and BMP-4, SOX-9, and Runx2 protein levels at
21 days (Figure 4B).

In another set of experiments, to confirm the consequences
of Gal-3 inhibition on VIC osteogenic differentiation, Gal-3
knockout VICs were generated using CRISPR/Cas9 technol-
ogy. As compared to scramble, Gal-3 knockout VICs presented
lower levels of IL-6 and IL-1b secretion as well as diminished
expression of Gal-3 and fibronectin protein levels at all of days
studied (Figure 4C). Moreover, BMP-2, BMP-4, SOX-9, and
Runx2 expressions were lower in Gal-3 knockout VICs at 7, 14,
and 21 days of osteogenic differentiation (Figure 4D).

Discussion
The aim of this study was to evaluate the role of Gal-3 in AV
calcification in patients with severe CAVD. Our results
demonstrate that Gal-3 is increased in stenotic AV tissue
and correlates with its serum levels. Moreover, Gal-3 is
colocalized with markers of VICs, as well as calcification and
inflammation in stenotic AVs, suggesting that it plays a role in
these processes. In aortic VICs in vitro, Gal-3 increases
inflammatory, fibrotic, and calcification markers through the
ERK1/2 pathway. The Gal-3 inhibitor, MCP, as well as Gal-3
silencing delays AV calcification in aortic VICs. Taken
together, these findings reveal a role for Gal-3 in AV
calcification associated with progression of AS.

The AV leaflets are a highly specialized structure consisting
mostly of VICs and complex ECM structures.6,20 An inflam-
matory and fibrotic process in AV in humans and animal
models has been previously reported on.21–23 Aberrant
remodeling of the ECM is also brought about by deregulated
expression of MMPs, facilitating inflammation.24 These events
are associated with activation of VICs toward an osteogenic-
like phenotype associated with upregulation of the BMP
pathway.25 In agreement with these data, AS patients
presented an increase in inflammation, ECM remodeling,
MMP activities, and calcification markers. All these processes
are accompanied by enhanced Gal-3 levels in serum and AVs
from AS patients. In addition, AV Gal-3 protein levels and
serum Gal-3 levels were correlated, suggesting that circulat-
ing Gal-3 levels could indicate AV calcification in AS.
Moreover, Gal-3 colocalized with expression of VICs markers,
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as well as with osteogenic and inflammatory markers,
proposing a role for this lectin in the calcification and
inflammatory processes associated with AS progression.

Accordingly, Gal-3 enhanced inflammatory, fibrotic, and
osteogenic markers in VICs by activating the ERK1/2
pathway. The ERK1/2 pathway plays an important role in
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Figure 4. Gal-3 inhibition reduces inflammation, ECM components, and calcification markers in VICs. Effects of the pharmacological inhibitor of
Gal-3, MCP, on inflammation, Gal-3, fibronectin protein levels (A), and calcification markers (B) in VICs cultured in osteogenic medium. Effects of
the Gal-3 knockout (KO) on inflammation, Gal-3, fibronectin protein levels (C), and calcification markers (D) in VICs cultured in osteogenic medium.
All conditions were performed at least in triplicate. Histogram bars represent the mean�SEM of 4 assays in arbitrary units (AU) normalized to stain
free for protein. *P<0.05 versus control. BMP, bone morphogenetic protein; ECM, extracellular matrix; Gal-3, galectin-3; IL, interleukin; MCP,
modified citrus pectin; Runx2, runt-related transcription factor 2; Sox-9, SRY (sex-determining region Y)-box 9; VICs, valvular interstitial cells.

DOI: 10.1161/JAHA.116.004360 Journal of the American Heart Association 10

Galectin-3 in Aortic Stenosis S�adaba et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



regulating the calcification of VICs.26 Similarly, in human
cardiac fibroblasts, Gal-3 showed proinflammatory and profi-
brotic properties increasing inflammatory markers, MMP
activity, and ECM components.27 Importantly, and in line
with our findings, Gal-3 has been shown to promote vascular
calcification associated with atherosclerosis.19 When cultured
in an osteogenic medium, Gal-3-deficient VSMCs exhibited
defective osteogenic differentiation,19 suggesting that Gal-3
was essential for a complete transdifferentiation of VSMCs
into osteoblast-like cells. In fact, Gal-3 has also been related
with Runx2,28 and it has been suggested to participate in the
process of endochondral bone formation.29

CAVD shares features with vascular calcification and
atherosclerosis.6 However, lipid-lowering therapy with statins
did not reduce the progression of AS.10,11 In addition, AS
patients present left ventricle (LV) remodeling in response to
chronically increased afterload. Because of this fact, angio-
tensin-converting enzyme inhibitors (ACEis) could promote
beneficial effects in AS patients.30 In the RIAS study, ACE
inhibition leads to a modest reduction in LV mass in
asymptomatic patients with AS, with trends toward slower
progression of valvular stenosis.31 Although the data of the
RIAS study are promising, routine use of ACEis in patients
with asymptomatic AS cannot be systematically recom-
mended at this time. Importantly, circulating Gal-3 levels
positively correlated with cardiac fibrosis in AS patients.32

Moreover, Gal-3 may serve as a prognostic biomarker after
transcatheter AV implantation by reflecting the degree of
myocardial fibrosis.16 Additionally, cardiac Gal-3 expression
is associated with inflammatory markers in myocardial
biopsies from AS patients.7 However, a recent study con-
cludes that Gal-3 did not provide prognostic information on
the occurrence of AS-related events.33

Previous studies in our group have demonstrated that
pharmacological Gal-3 inhibition using MCP prevented car-
diovascular remodeling in several hypertensive models17,18,27

as well as in a normotensive model of obesity.34 Similar
beneficial effects of Gal-3 inhibition have been reported on
cardiac fibrosis, remodeling, and dysfunction in angiotensin
II–treated animals.35 Our results have shown that Gal-3 not
only acts on ECM components and inflammation, but also in
the calcification process. In vitro, in human VICs, Gal-3
inhibition with MCP attenuated the proinflammatory, profi-
brotic, and pro-osteogenic response. Complementary, Gal-3-
deficient VICs presented lower inflammation and osteogenic
differentiation, indicating that Gal-3 may play a role as a
downstream mediator in the regulation of calcification.

Perspectives
The present study demonstrates that Gal-3 is elevated in
aortic VICs of stenotic valves. Enhanced Gal-3 activation plays

an important role in the augmentation of the proinflammatory,
profibrotic, and pro-osteogenic response. Furthermore, Gal-3
blockade delays AV calcification. These novel findings
obtained in diseased AVs and in human aortic VICs indicate
that Gal-3 may be a new potential biotarget for delaying AV
calcification and for prevention of CAVD.

Limitations
Several limitations of our study must be acknowledged. First,
this study involves relatively small amounts of tissue obtained
from patients, making it difficult to undertake an extensive
range of analyses. Second, at the time of valve replacement,
patients were under treatment, which may influence the
results, although Gal-3 levels did not seem to be influenced by
therapy. Finally, the very small number of controls with either
hyperlipidemia, hypertension, or diabetes mellitus in the
control precluded us for any adjustment.
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