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ABSTRACT

Atherosclerosis is a multifactorial chronic inflammatory arterial disease forming the pathological basis of many 
cardiovascular diseases such as coronary heart disease, heart failure, and stroke. Numerous studies have implicated 
inflammation as a key player in the initiation and progression of atherosclerosis. Galectin-3 (Gal-3) is a 30 kDa 
β-galactose, highly conserved and widely distributed intracellularly and extracellularly. Gal-3 has been demonstrated 
in recent years to be a novel inflammatory factor participating in the process of intravascular inflammation, lipid 
endocytosis, macrophage activation, cellular proliferation, monocyte chemotaxis, and cell adhesion. Modified 
citrus pectin (MCP), a natural polysaccharide that classically inhibits Gal-3, has demonstrated efficacy against 
atherosclerosis in preclinical models.

INTRODUCTION
Atherosclerosis has become the prelude, and the 
principal manifestation of ischemic coronary-
cerebrovascular diseases such as ischemic heart 
disease and stroke.1 Atherosclerosis is a chronic 
inflammatory disease characterized by excessive 
accumulation of lipoprotein in macrophage, monocyte 
chemoattraction in a vascular lesion, and infiltration 
of vascular smooth muscle cells (VSMC) into the 
subendothelial space. Accumulating studies also 
indicate that inflammation plays an essential role in the 
initiation and progression of atherosclerosis.2, 3

Galectin-3 (Gal-3) is currently regarded as a potential 
cardiovascular, inflammatory biomarker.4 It is a 29-35 
kDa highly conserved β-galactoside-binding lectin. 
There is strong evidence that Gal-3 participates in 
the initiation and progression of atherosclerosis.5 
Numerous studies have shown that Gal-3 contributes 
to macrophage differentiation, foam cell formation, 

endothelial dysfunction, and VSMC proliferation and 
migration in atherosclerosis (Fig. 1; 1 in reference5).5

Gal-3 inhibition might be beneficial for atherosclerosis 
treatment due to the vital role of Gal-3 in atherosclerosis 
and atherosclerosis-associated heart failure. As Gal-3 
recognizes and binds to glycoprotein oligosaccharides via its 
carbohydrate recognition region, pharmacological inhibition 
of Gal-3 has almost exclusively targeted the carbohydrate 
recognition domain (CRD) for inhibiting activities of 
this protein. Modified citrus pectin (MCP, PectaSol-C, 
ecoNugenics, Santa Rosa, CA), a natural polysaccharide 
extracted from citrus plants, has been applied in 
experimental studies as a classical Gal-3 inhibitor.6

This white paper summarizes major studies—
epidemiological as well as preclinical—that outline the 
role of Gal-3 in mediating atherosclerosis development, 
as well as the anti-atherosclerotic activities of MCP.

Figure 1. Gal-3 and its effect on different 
types of cells related to atherosclerosis. 
Gal-3: galectin-3; ox-LDL: oxidized low-
density lipoprotein; VSMC: vascular smooth 
muscle cells; CRD: C-terminal carbohydrate 
recognition domain.
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SELECTED RESEARCH REVIEW
Galectin‐3, a biomarker linking oxidative stress and inflammation with the clinical outcomes of patients  
with atherothrombosis7

Gal-3 plasma levels were analyzed in a group of 158 patients with carotid atherosclerosis and 115 controls. Gal-3 
levels in carotid atherosclerotic patients were higher than in control subjects (Fig. 2A; 7A in reference7). Receiver 
operating characteristic (ROC) curve analyses showed that Gal-3 levels were predictors of carotid atherosclerosis 
presence (Fig. 2B; 7B in reference7). Furthermore, Gal-3 concentration in exosomes isolated from plasma from 10 
patients with carotid atherosclerosis was higher than in exosomes isolated from 10 controls (Fig. 2C; 7C in reference7). 

Gal-3 concentrations were also evaluated in peripheral arterial disease (PAD) patients (n = 309) with a 5-year follow-
up. Gal-3 levels above the median were significantly associated with a 75% increase in cardiovascular (CV) mortality 
risk, compared to Gal-3 levels below the median (Fig. 3; 8 in reference7).

Figure 2. Gal-3 plasma levels in patients with carotid atherosclerosis. A, Gal-3 
concentrations in plasma of patients with carotid atherosclerosis (n = 158) or controls 
(n = 115) (P < 0.001, respectively). B, ROC curve to discriminate carotid sclerosis 
patients (n = 158) from control subjects (n = 115). C, Gal-3 levels in exosomes isolated 
from plasma of patients with carotid atherosclerosis and controls (n = 10; P < 0.05). 
Gal-3 indicates galectin-3; ROC, receiver operating characteristic.

Figure 3. Gal-3 serum levels predict CV mortality in 
PAD patients. Kaplan-Meier's curves for CV mortality 
according to levels above or below the median of serum 
Gal-3 in patients with symptomatic PAD. CV indicates 
cardiovascular; Gal-3, galectin-3; PAD, peripheral 
arterial disease.
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Figure 4. Gal-3 expression in ApoE−/− mice aortic tissue. Aortic tissue from 19-week-old ApoE−/− mice contained 16.3-fold 
higher mRNA levels of Gal-3 compared with WT and 5.3-fold higher levels compared with 11-week-old ApoE−/− mice (A). 
Gal-3 mRNA levels correlated significantly with CD68 mRNA levels (B). Nineteen-week ApoE−/− aortic tissue also contained 
12.2-fold higher protein levels of Gal-3 compared with WT (C and D).

Galectin‐3, a biomarker linking oxidative stress and inflammation with the clinical outcomes of patients 
 with atherothrombosis8

Gal-3 is elevated in some animal models of atherosclerosis, especially apolipoprotein-E knockout (ApoE−/−) mice with 
vascular stenosis. A study compared the Gal-3 level of aortic tissue between ApoE−/− mice on a high-fat diet and wild-
type (WT) control and found that Gal-3 mRNA and protein levels in ApoE−/− mice were elevated 16.3 and 12.2 times, 
respectively, compared to those of WT (Fig. 4; 2 in reference8). Moreover, the expression of Gal-3 increased in unstable 
plaque compared with stable regions from the same patient at both mRNA and protein levels (Fig. 5; 1 in reference8), 
and Gal-3-treated human macrophages induced an 11-fold increase in monocyte chemotaxis (Fig. 6; 4 in reference8).
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Figure 5. Gal-3 expression in carotid 
endarterectomy (CEA) specimens. Unstable 
segments of CEA specimens contained 3.17-fold 
higher Gal-3 mRNA levels, as determined by 
qPCR, compared with their paired stable segments 
(A). Gal-3 mRNA levels correlated significantly 
with CD68 mRNA levels (B). Unstable segments 
also contained 2.3-fold higher protein levels as 
determined by Western blotting (C and D).

Figure 6. Human monocyte chemotaxis in 
response to Gal-3 and Gal-3 conditioned media. 
A, Gal-3 induced an up to 6.14-fold increase in 
human monocyte chemotaxis at 160 nmol/l, 
an effect abolished by 30 nmol/l lactose at all 
concentrations. B, Conditioned media from 
Gal-3–treated human macrophages induced an 
up to 10.9-fold increase of human chemotaxis 
and this effect was partially blocked by lactose 
(49.5% reduction). Chemotaxis induced by 
Gal-3 conditioned media in 30 nmol/l lactose 
was reduced by a further 66.1% in the presence 
of 200 ng/mL Pertussis Toxin (PTX) (C) and by 
60.2% in the presence of the vaccinia virus 
protein Ad35K (D).
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Galectin‐3 exacerbates ox‐LDL‐mediated endothelial injury by inducing inflammation via integrin β1‐RhoA‐JNK 
signaling activation9

Several studies have shown that oxidized low-density lipoprotein (ox-LDL) induces endothelial cell injury by changing 
proinflammatory gene expression.10, 11 Accumulating evidence demonstrates that Gal-3 aggravates ox-LDL-mediated 
endothelial injury by inducing inflammation (Figs. 7-9; 2).

Figure 7. The effects of Gal-3 on cell viability and apoptosis in ox-LDL-treated human umbilical vascular endothelial cells 
(HUVECs). Cells were treated with 250 ng/ml Gal-3 for 48 h, followed by treatment with ox-LDL for 6 h. (a) Cell viability 
was measured by the 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. (b) Apoptosis was 
assessed by flow cytometry. (c) The rate of apoptosis was indicated using histograms. Each experiment was performed in 
triplicate. **p < 0.01, ##p < 0.01 
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Figure 8. Gal-3 promotes ox-LDL-induced 
inflammatory responses via nuclear factor 
kappa B (NF-κB) activation and enhances 
the expression of related inflammatory 
factors, chemokines, and adhesion molecules.  
After exposure to Gal-3, ox-LDL, or their 
combination, the total and phosphorylated 
expressions of p65, IκB kinase (IKK)α, and 
IKKβ were examined by Western blot and 
demonstrated by histogram (a and b); the 
levels of interleukin (IL)-6, IL-8, and IL-1β 
and chemokines (CXCL-1 and CCL-2) were 
measured by ELISA. (c and d) The expressions 
of vascular cell adhesion molecule-1 (VCAM-1) 
and intercellular cell adhesion molecule-1 
(ICAM-1) were detected by Western blot, and 
the relative protein expressions were given by 
histogram. (c) Each experiment was performed 
in triplicate. *p < 0.05, **p < 0.01, ##p < 0.01

Figure 9. Gal-3 increases the expression of 
integrin β1, GTP-RhoA, and p-c-Jun N-terminal 
kinase (p-JNK) in ox-LDL induced HUVECs.  
After exposure to Gal-3, ox-LDL, or their 
combination, the expression of integrin β1 was 
detected by immunofluorescence, (a) Western 
blot was used to measure the protein levels of 
integrin β1, RhoA, JNK, GTP-RhoA, and p-JNK 
(b). The relative protein expression was further 
indicated using histograms (c). **p < 0.01, 
##p < 0.01 
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Figure 11. Immunoblot analysis of Gal-3 in 
human monocytes treated with inflammatory 
stimuli. A: Human monocytes (1 x 107) cultured 
for 1 day were either not treated (lane 2) or 
treated with LPS (50 ng/ml) for 2 hours (lane 
3), Toxoplasma gondii (5 x 107) for 4 hours (lane 
4), or T. gondii (5 x 107) for 4 hours and then 
LPS (50 ng/ml) for 2 hours (lane 5). The cells 
were then lysed and the lysates were analyzed 
for Gal-3 by immunoblotting. Lane 1 represents 
the detection of Gal-3 in HeLa cells. The 
positions of the molecular weight markers (x 
10-3) are denoted on the left margin. B: Human 
monocytes (1 x 107 cells per condition) were 
cultured in the absence (lane 1) or presence 
of 100 U/ml IFN-γ (lane 2) for 5 days. The 
cells were lysed, and Gal-3 in the lysates was 
detected by immunoblotting. The positions 
of the molecular weight markers (x 10-3) are 
denoted on the left margin.

Expression and function of galectin‐3, a beta‐galactoside‐binding lectin, in human monocytes and macrophages12 

Ox-LDL induces endothelial dysfunction with focal inflammation, which in turn causes increased expression of 
atherogenic signaling molecules that promote the adhesion of monocytes to the arterial endothelium and their 
penetration into the intima. Some studies have indicated that the synthesis and expression of Gal-3 are associated with 
differentiation and activation of macrophages. For instance, an early investigation found that Gal-3 can be expressed on 
the surface of normal human peripheral blood monocytes. This study found that Gal-3 levels increased significantly as 
monocytes differentiated into macrophages in vitro (Fig. 10; 1 in reference12), and the secretion of Gal-3 by monocytes 
was regulated by lipopolysaccharide (LPS) or interferon-gamma (IFN-γ) (Fig. 11; 5 in reference12).

Figure 10. Immunoblotting analysis of Gal-3 in 
cultures of human monocytes/macrophages. A: 
Freshly isolated human monocytes (1 x 107 cells 
per condition) were either analyzed directly 
2 hours after adherence (lane 2) or cultured 
for 1 day (lane 3) or 5 days (lane 4). The cells 
were then lysed, and Gal-3 in the lysates was 
analyzed by immunoblotting. Lane 1 represents 
the detection of Gal-3 in HeLa cells. B: Human 
monocytes (1 x 107 cells per condition) were 
lysed 2 hours after adherence (lane 1) or after 2 
days (lane 2) or 5 days (lane 3) of culture in  
Teflon beakers. The positions of the mw markers 
(x 10-3) are denoted on the left margin.
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Galectin‐3 induces the phenotype transformation of human vascular smooth muscle cells via the canonical  
Wnt signaling13

Proliferation and migration of VSMC are important processes of atherosclerosis. Although VSMC are not the major 
origin of Gal-3 in circulating blood, the influence of Gal-3 on VSMC stimulates atherosclerosis. The present study 
found that exogenous Gal-3 promoted human VSMC proliferation and migration (Fig. 12; 1 in reference13) through the 
activation of the canonical Wnt/β-catenin signaling pathway (Fig. 13; 4 in reference13).

Figure 13. Canonical Wnt/β-catenin signaling mediates 
the effects of Gal-3 in HUSMCs. After transfection with 
either control or β-catenin siRNA for 24 h, HUSMCs 
were incubated for 48 h in the absence or presence of 
Gal-3 (25 µg/ml) or XAV939 (10 µM); the expression of 
β-catenin, osteopontin (OPN), smooth muscle antibody 
(SMA), and calponin were measured by realtime-
PCR and Western blot. Realtime-PCR and Western 
blot results of β-catenin, OPN, SMA, and calponin 
are shown (A and B). Respectively, densitometric 
measurement results are given (C). The glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) expression was 
used for protein level normalization. Band density of 
HUSMCs, which was transfected with scramble siRNA 
was defined as control and set to 1. *P < 0.05 compared 
with control. #P < 0.05 compared with Gal-3. *P < 0.05 
compared with Gal-3 and control. Data (means ± SD) 
were obtained from three independent experiments.

Figure 12. Exogenous Gal-3 promotes human umbilical 
vascular smooth muscle cells (HUSMC) proliferation 
and migration. Proliferation assays. Cells were treated 
with Gal-3 over a range of concentrations (0–25 µg/ml), 
and Cell Counting Kit-8 (CCK-8) was added at different 
time-points to detect cell proliferation (A). Native 
HUSMCs were defined as control. *P < 0.05 vs. control. 
After transfection with either control- or β-catenin-
siRNA for 24 h, HUSMCs were incubated for 48 h in the 
absence or presence of Gal-3 (25 µg/ml). CCK-8 were 
used to detect cell proliferation (C). Cells transfected 
with scramble siRNA were defined as control. *P < 
0.05 vs. control. Migration assays. Cells migrated to 
the lower surface of each chamber are shown. After 
transfection with either control or β-catenin siRNA 
for 24 h, migration was tested by a Transwell method. 
Migrated cells that migrated from the upper chamber to 
the lower chamber were counted in five nonoverlapping 
fields under a microscope (x 10) (B and D). Bars are 
represented as the mean ± SD (n = 5). *P < 0.05 vs. 
control; #P < 0.05 vs. Gal-3. Data (mean ± SD) were 
obtained from three independent experiments.
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Inhibition of galectin‐3 reduces atherosclerosis in apolipoprotein E‐deficient mice14

To test whether inhibition of Gal-3 in vivo could reduce plaque volume, ApoE−/− mice received a western diet for 10 
weeks with MCP (1%) in their drinking water for the last 4 weeks. The descending aorta was examined for disease 
by oil red-O staining. Administration of MCP produced a 30% reduction in plaque volume in ApoE−/− mice (Fig. 14; 8 
in reference14).

Figure 14. MCP reduces plaque volume in ApoE−/− mice.  ApoE−/− mice 
were given a high-cholesterol diet for 10 weeks and either plain water 
(control, n = 5) or 1% MCP (n = 5) in the drinking water for the last 
4 weeks of high-cholesterol feeding. MCP was freshly prepared and 
replaced every 2 days. Bodyweight was recorded during the duration 
of the study. Plaque volume was determined from oil red-O-staining of 
the descending aorta and is expressed as a percentage of lumen area
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Modified citrus pectin inhibits galectin‐3 function to reduce atherosclerotic lesions in apoE‐deficient mice15

The present study was conducted to elucidate the mechanism by which MCP may reduce the atherosclerotic area in 
ApoE−/− mice. Mice were fed an atherogenic diet (1.25% cholesterol) for 4 weeks and displayed early or initial lesions; 
1% MCP was then supplemented into the drinking water for 4 weeks to evaluate the effects of MCP in early plaque 
formation. There were reduced aortic lesion areas in the MCP group compared with the model group, as in the previous 
study (data not shown).14 Analysis of the composition of the MCP-treated group lesions indicated fewer macrophages 
and SMCs, and reduced amounts of collagen, compared with the model group, possibly indicating how MCP can 
protect against atherosclerotic development (Fig. 15; 2 in reference15). Additionally, in an in vitro model, HUVECs were 
pretreated with ox-LDL and subsequently co-cultured with U937 cells. Treatment of HUVECs with ox-LDL increased the 
number of adherent monocytes (Fig. 16; 3 in reference15). However, subsequent incubation with various concentrations 
of MCP (0.025, 0.05, 0.1, and 0.25%) reduced the number of adherent U937 monocytes (Fig. 16; 3 in reference15).

Figure 16. MCP reduces the adhesion of U937 monocytes to 
HUVECs in vitro. HUVECs pretreated with ox-LDL were co-
cultured with U937 cells. Treatment of HUVECs with ox-LDL 
increased the number of adherent monocytes. Incubation 
with various concentrations of MCP (0.025, 0.05, 0.1, and 
0.25%) reduced the number of adherent monocytes (A) Cell 
images and (B) histogram analysis of adherent monocytes. 
Data are presented as the mean ± standard error of the mean. 
**P < 0.01 vs. control group; ##P < 0.01 vs. ox-LDL group. 
Magnification, × 100. MCP, modified citrus pectin; ox-LDL, 
oxidized-low density lipoprotein; HUVECs, human umbilical 
vein endothelial cells.

Figure 15. MCP alters plaque structure and composition 
in apolipoprotein E-deficient mice. Atherosclerotic lesions 
are mainly composed of macrophages, SMCs, and collagen. 
Immunohistochemical analysis of aortic root plaques revealed 
decreased (A) MAC-3, a marker of macrophages (n = 8), (B) 
SMC α-actin (n = 8) and (C) collagen (n = 8), in apoE−/− mice 
administered with (A-b, B-b, and C-b) MCP, compared with 
the (A-a, B-a, and C-a) model group. Data are presented as the 
mean ± standard error of the mean. *P < 0.05 vs. model group. 
MCP, modified citrus pectin; SMCs, smooth muscle cells.
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SUMMARY 
There is strong evidence that Gal-3 participates in the initiation and progression of atherosclerosis. Numerous 
studies have shown that Gal-3 contributes to macrophage differentiation, foam cell formation, endothelial 
dysfunction, and VSMC proliferation and migration in atherosclerosis. This white paper summarized several 
mechanisms pivotal to the development of atherosclerosis that are stimulated by local or circulating Gal-3. 
Amplification of cardiovascular inflammation and lipid accumulation in macrophage by Gal-3 are the most 
important mechanisms. Epidemiological studies suggest that Gal-3 is positively related to the occurrence of 
atherosclerosis. Thus, Gal-3 can be regarded as a new biomarker for the risk evaluation of atherosclerosis and 
a new treatment target for atherosclerosis therapy. MCP is an excellent therapeutic in this regard6 and has 
demonstrated efficacy in atherosclerosis.14, 15
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