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Abstract 

Research in the last two decades has well established galectin-3 (Gal3), a member of the 
lectin family, as a clinical biomarker and mediator of cardiovascular as well as other dis-
eases. Gal3 contributes to progression of diseases by promoting pathological components, 
including inflammation, fibrosis, cell death or proliferation, and metabolic remodeling, 
and hence forms an ideal therapeutic target. Notably, nearly all Gal3 inhibitors that are 
currently under intensive pre-clinical and clinical testing target carbohydrate recogni-
tion/binding domain (CRD) of Gal3 molecules. Whereas the role of Gal3 in cardiovascular 
disease (CVD) has been well established, research on Gal3 in cancer or immunology has 
been leading the frontiers in this discipline. Therefore, it is important to have an integrated 
understanding on the biology and pathophysiology of Gal3 in a spectrum of pathological 
conditions. This review describes current findings from studies on diverse disease condi-
tions and examines the role of Gal3 in the pathogenesis of diseases focusing on its tran-
scription, post-translational modifications, intracellular dynamics, extracellular export-
ing, and interactions with a variety of signaling molecules. By bridging findings from dif-
ferent disciplines on the role of Gal3 in diseased settings, we explore the diverse anti-Gal3 
strategies in addition to inhibition of CRD binding and highlight the significance of inter-
ventions targeting the transcription and post-translational modifications of Gal3, as well 
as intracellular actions of Gal3. At the end of this review, we provide perspectives for 
future research and therapeutic implications in CVD. 
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1. Role of Gal3 in Cardiovascular Disease and Knowledge Gap 
Galectin-3 (Gal3) belongs to the lectin family of β-galactoside-binding proteins. In 

the last two decades, accumulating studies have provided evidence for Gal3 as a disease 
mediator as well as a useful clinical biomarker for cardiovascular diseases (CVDs), includ-
ing acute or chronic heart failure [1–6], arrhythmias [7] and systemic or pulmonary hy-
pertension [8,9] and fundamental pathological processes like inflammation, fibrosis, ath-
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erosclerosis and thrombosis [10–14]. Therefore, Gal3 is now widely regarded as a thera-
peutic target [5,9,12,15]. Significant research effort has been devoted to the development 
of Gal3 inhibitors, mostly targeting carbohydrate recognition/binding domain (CRD) for 
blockade of Gal3 binding to its endogenous ligand glycoconjugates including glycopro-
teins and glycolipids [6,10,12,16,17] that account for approximately 50–70% of total pro-
teins or lipids. In the last decade, the roles of Gal3 in CVD have been the subject of nu-
merous review articles. However, few review articles on Gal3 have incorporated, in a sig-
nificant proportion, findings from research on non-cardiovascular diseases, especially 
cancer. This could be a limitation given that research on the roles of Gal3 in cancer [18–20] 
or immunity [10,13] has pioneered research in this discipline and contributed significantly 
to our understanding of Gal3 molecular biology (Figure 1). In fact, investigators in the 
field of protein biochemistry or cancer pioneered research on Gal3 since the 1980s, being 
well ahead of research on the role of Gal3 in CVD, inflammation and fibrosis (Figure 1). 
Accordingly, in this review we also refer to publications of non-cardiovascular research 
in order to provide an updated and integrated summary of research findings on Gal3 and 
diseases. 

 

Figure 1. Number of publications per year in different research fields on galectin-3 (Gal3). The 
graphs show annual publications up to end of 2025 through PubMed search of Gal3 and diseased 
conditions of cancer, inflammation and fibrosis as well as the heart. Note that, judged by publication 
numbers, research on Gal3–cancer preceded other areas by approximately 20 years. 

1.1. Adverse Cardiovascular Actions of Gal3 

Numerous studies have shown that Gal3 is able to bind to glycoconjugates localized 
in cytoplasm, cellular membrane or extracellular matrix (ECM). Gal3 influences multiple 
biological processes including cell–cell adhesion, cell–matrix interactions, activation of 
macrophages or fibroblasts, angiogenesis, cancer metastasis, apoptosis through its regu-
lation of a diverse cellular signaling pathways, plasma membrane receptors or gene tran-
scription [6,10,13,21–23]. Gal3 is currently regarded as a prognostic biomarker as well as 
a contributor to pathological conditions including heart disease, arteriosclerosis, neuro-
logical and inflammatory diseases and cancer [2,6,10,13,24–28]. Circulating Gal3 level acts 
as a prognostic biomarker but its value is significantly influenced by the capacity of renal 
clearance [4,29], given that Gal3 in blood circulation undergoes a rapid renal clearance 
[30]. Hence, circulating Gal3 might have a brief half-life and exert short-lasting biological 



Int. J. Mol. Sci. 2026, 27, 5782 3 of 51 
 

https://doi.org/10.3390/ijms27135782 

actions mainly on circulating immune cells or vascular endothelial cells [13]. Numerous 
pre-clinical studies have shown that Gal3 is also a pivotal mediator promoting key patho-
logical processes of inflammation, fibrosis and cell behavior [2,14]. There is strong evi-
dence that inhibition of Gal3 by either Gal3 inhibitors or Gal3 gene knockout (Lgals3-KO) 
is beneficial [6,12,24]. In a mouse model of dilated cardiomyopathy (DCM), significant 
upregulation of cardiac Gal3 is associated with augmented pro-fibrotic and pro-apoptotic 
signaling [31], and deletion of the Lgals3 gene in this model suppressed the expression 
levels of fibrotic and apoptotic genes [32]. Under conditions of ischemia–reperfusion, 
Lgals3-KO is protective against myocardial injury and mitochondria-mediated cardiomy-
ocyte apoptosis [33]. Upon diabetic metabolic challenge, Gal3 is found to mediate cardio-
myocyte death, fibrosis and cardiac remodeling by interfering with the activity of Akt [34]. 
Elevated circulating levels of Gal3 also mediate augmented platelet aggregation and 
thrombosis [35]. 

Numerous studies also provided strong evidence for a pivotal role of Gal3 in vascular 
diseases. Dysfunction of vascular endothelial cells plays a central role in the development 
of systemic hypertension or pulmonary arterial hypertension. In the mouse model of hy-
pertension induced by angiotensin II infusion, we found that Lgals3 deletion abolished the 
upregulated levels of CD68, intracellular adhesion molecule (ICAM), vascular cell adhe-
sion molecule (VCAM), interleukins (ILs) and monocyte chemoattractant protein-1 (MCP-
1), together with normalization of blood pressure and endothelium-mediated vasodila-
tion [36]. In patients with pulmonary artery hypertension, elevated blood levels of Gal3 
predict poor prognosis [8,37–39], and Gal3 is shown to mediate pulmonary vascular re-
modeling that involves endothelial-to-mesenchymal transition (EMT), proliferation of 
vascular smooth muscle cells (VSMCs) and vascular fibrosis [8,37–39]. In atherosclerotic 
arteries, Gal3 facilitates formation of foam cells through VSMCs, thereby increasing re-
gional plaque lipid accumulation [40]. In high-cholesterol-feeding animals, increased lipid 
loading in blood vessels can be effectively prevented by treatment with Gal3 inhibitor 
GB1107. Increased aortic levels of Gal3, largely derived from M1 macrophages, promotes 
expression of a panel of inflammatory cytokines (IL-1β, IL-8, tumor necrosis factor-α, 
TNF-α), matrix metalloproteinase-9 (MMP-9) and Fas, by which Gal3 induces VSMC 
apoptosis and destruction of extracellular matrix (ECM), and eventually formation of aor-
tic aneurysm [41]. Therapeutically, Gal3 inhibitors, mostly targeting CRD, have been de-
veloped and tested in a number of animal models of CVD (Table 1), albeit pre-clinical and 
clinical studies yielded inconsistent findings [12,16,17,32]. 

Table 1. List of current Gal3 inhibitors with their Kd value and nature of chemicals. 

Name Kd or IC50  Nature of Chemical 
CB1107 IC50 = 37 nM (hGal3) Small molecule glucopyranoside 
C3-C12 Kd = 70–88 nM Synthetic peptide targeting CRD 
Compound 5 (Gal3-IN-4) 
 
Compound 9 (Gal3-IN-2) 
Compound 29 (Gal3-EGFR-IN-1) 
Compound 53 (Gal3-IN-1) 

IC50 = 21 nM (hGal3), 
167 nM (mGal3) 
IC50 = 8.3 μM  
Kd = 52.3 μM 
Kd = 4.1 μM 

Synthetic carboxamide analogs, CRD ligands 

Davanat Kd = 68 nM Polysaccharide-derived CRD ligand 
FJMU1887 Kd = 1.55 μM Synthetic small molecule against CRD 
GB0139 
GB1100 
GB1107 (selvigatin) 
GB1211 (modified galactose) 
GB1497 

Kd = 14 nM 
Kd = 37 nM 
Kd = 37 nM 
Kd = 25 nM 
Kd = 2.7 μM 

Synthetic monosaccharide, CRD ligands 
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GCS-100 not specified Natural plant-derived polysaccharides, CRD ligand 
GM-CT-01 (davanat) Kd = 200 μM Natural plant-derived CRD ligand 
GR-MD-02 (belapectin) Kd = 2.9 μM Natural plant-derived CRD ligand 
HH1 Kd = 38 μM Safflower-derived arabinogalactan, CRD ligand 
Lactose  Kd = 1000 μM Natural plant-derived CRD ligand 
LacNAx Kd = 200 μM Natural plant-derived CRD ligand 
MG-257 Kd = 0.15 μM Small molecule, non-CRD targeted  
Modified thiodigalactoside Kd = 1.6 nM Synthetic disaccharide, CRD ligand 
Modified citrus pectin not specified Natural polysaccharides, CRD ligand 
Modified LacNAc Kd = 0.88 μM Synthetic disaccharide, CRD ligand 
N-Acetyllactosamine (LacNAc) Kd = 67 μM Natural plant-derived oligosaccharides, CRD ligand 
Pectasol Kd = 37 nM Natural plant-derived CRD ligand  
PTX-013 Kd = 5.3 μM Small molecule targeting CRD binding 
TB006  Not specified Monoclonal antibody against CRD 
TD39 
TD139  

Kd = 36 nM  
Kd = 68 nM 

Small molecule obtained by MedChemExpress and 
AOBIOUS 

Thiodigalactoside (TDG) Kd = 49 μM Natural plant-derived disaccharide, CRD ligand 
TDG-BSA conjugate 11 
TDG-BSA conjugate 12 

IC50 = 19 nM 
IC50 = 1.9 nM 

Thiodigalactoside conjugated to bovine serum albu-
min, CRD ligand 

Chemicals are listed in alphabetic order and also grouped based on developers. Abbreviations: Kd: 
dissociation constant, IC50: effective concentration for 50% response. mGal3 and hGal3: mouse or 
human Gal3. 

1.2. Knowledge Gap and Aims of This Review 

Despite the significant progress over the last two decades in research on Gal3 and 
CVD, significant knowledge gaps exist regarding biological actions of Gal3 and therapeu-
tic approaches to inhibit Gal3 activity. First, our understanding about the actions of Gal3 
is largely limited to extracellular- or membrane-localized Gal3 for cell–cell, cell–matrix or 
cell–pathogen interactions, whilst the intracellular localization and actions of Gal3 are 
only partially understood. Relevant to this is the intracellular transportation and extracel-
lular exporting in cardiovascular tissues/cells, processes that have been much less studied. 
Second, whereas CRD binding of Gal3 to glycoconjugates has been well known, the CRD-
independent actions of Gal3 have been superficially investigated. Similarly, the transcrip-
tional regulation of Gal3 is only partially defined. Theoretically, all these aspects hold the 
promise to form therapeutic targets against Gal3. In this review, we will discuss current 
research findings on the transcription, translation, post-translational modifications 
(PTMs) and intracellular biological actions of Gal3 including mitochondrial metabolism. 
Third, numerous studies on CVD in clinical and experimental settings have shown signif-
icant increases in the tissue and/or circulating levels of Gal3 and the correlation between 
Gal3 levels and disease markers or the severity including pathological cardiovascular re-
modeling and risk of adverse cardiac events [6,12,17,28,42], albeit the signaling mecha-
nism is only partially defined. These findings suggest the potential of targeting signaling 
pathway(s) that mediate Gal3 upregulation for the treatment of CVD. To achieve this goal, 
good understanding of transcriptional regulation of Gal3 expression is essential. In this 
review, the mechanisms(s) that govern the transcriptional expression of Gal3, PTM, and 
the nuclear localization and actions are particularly discussed. Based on these research 
findings, we propose at the end the therapeutic approaches independent of CRD-binding 
inhibition to halt the adverse actions of Gal3 in CVD. Fourth, research has been relatively 
limited on Gal3 molecular biology in cardiovascular tissues/cells. As displayed in Figure 
1, studies conducted in cancer pioneered Gal3 research relative to other disciplines and 
have contributed significantly to our understanding of Gal3. Research in a range of cancer 



Int. J. Mol. Sci. 2026, 27, 5782 5 of 51 
 

https://doi.org/10.3390/ijms27135782 

cells has well established Gal3 as an important oncogenic regulator of cancer cell behavior 
impacting cancer cell growth, transformation, apoptosis, angiogenesis, invasion and me-
tastasis [43–47]. Such a divergent influence of Gal3 on cancer cells derives from its intra- 
or extracellular localization where it interacts with different binding partners [18,19,44]. 
Thus, in the current review, we include studies on different diseased models to provide a 
pan-disciplinary coverage of Gal3 biology and pathobiology with the view of combating 
the adverse actions of Gal3 in CVD. Finally, our understanding is limited with regard to 
the efficacy of CRD-targeted Gal3 inhibitors as well as CRD-independent actions of Gal3. 
The pleotropic functions of Gal3 are well known to be dependent, in a large part, on its 
CRD–glycoconjugate-binding capacity. Pre-clinical research has employed interventions 
such as Lgals3-KO, chemicals that compete with glycoconjugates for CRD-binding sites of 
Gal3, i.e., modified citrus pectins (MCPs) and derivatives, or small molecular chemicals 
with higher selectivity and affinity for Gal3 (Table 1) [17]. There are reports showing that 
CRD-based Gal3 inhibitors, when tested in a virtual intracellular environment, differ sig-
nificantly in their capability of accumulation within intracellular organelles, which is in-
dependent of their CRD-binding affinity [20,48]. Whereas numerous studies have re-
ported similar effectiveness of Gal3 inhibitors versus Lgals3-KO in diverse diseased set-
tings [6,12,15,17,49–51], there is a study showing in a mouse DCM model that Lgals3-KO, 
by crossbreeding DCM with Lgals3-KO strains, significantly ameliorated cardiac fibrosis, 
ventricular remodeling and dysfunction, whereas chronic treatment with MCPs failed in 
achieving health benefits [32]. Thus, the inconsistency in the efficacy of CRD-based inhib-
itors versus Lgals3-KO might be explained by the fact that the intracellular actions of Gal3 
are simultaneously suppressed by Lgals3 gene deletion. 

2. Transcriptional Regulation of Expression of Lgals3 
2.1. Structure of Galectin-3 Gene and Transcriptional Regulation 

The Gal3 gene, lgals3, is situated on chromosome 14 locus q21-22 and composed of 
six exons and five introns spanning about 12 kb in the mouse and 17kb in humans (31 
kDa) (Figure 2A). In human and murine Lgals3, the sequence encoding the N-terminal 
domain is similarly localized in exon III, whilst the sequence encoding CRD is located in 
exon V in humans but in exons IV, V and VI in the mouse (Figure 2A). Lgals3 is ubiqui-
tously expressed in multiple human tissues and cells. Lgals3 is constitutively expressed in 
fibroblasts, endothelial cells, neutrophils, monocytes and macrophages and, in certain cell 
types like lymphocytes or cardiomyocytes that normally do not express Gal3, the expres-
sion can be induced upon pathological stimuli. 

Studies have revealed the presence of an internal gene, Galig, that is embedded 
within the Lgals3 gene and encodes distinct proteins. Guittaut et al. identified two tran-
scripts arising from the Galig gene in human [52] and found that two overlapping alter-
native open reading frames (ORF1 and ORF2) of the Galig gene are translated, leading to 
two proteins independent of Gal3 (Figure 2A). One protein is termed mitogaligin that 
mainly localizes to mitochondria and also the nucleus. Another protein encoded by Galig 
is cytogaligin that localizes to the cytosol. Mitogaligin is a 96-amino-acid peptide and its 
mitochondrial localization is due to its internal sequence of residue 31–47 [53,54]. Studies 
in cultured cells found that mitogaligin destabilizes mitochondrial membranes via inter-
action with cardiolipin, a class of mitochondria-rich phospholipid [55], leading to the re-
lease of mitochondrial cytochrome c, mitochondrial aggregation, nuclear condensation 
and apoptotic cell death [53,54,56]. Indeed, overexpression of GALIG proteins induces cell 
apoptosis. Little is known about the cardiovascular actions of both proteins. α-Synuclein 
is a neuronal protein highly expressed in the brain and accumulation of α-synuclein can 
form protein deposits as Lewy bodies in neurons in patients with dementia or Parkinson’s 
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disease. Haddad et al. found that overexpression of cytogaligin lowers the level of α-synu-
clein aggregation, suggesting an interaction of cytogaligin with α-synuclein in neurons 
[56]. 

 

Figure 2. Structure of Lgals3 gene or Gal3 protein and its oligomerization and formation of Gal3–
glycoconjugate lattices. (A) Located in chromosome 14 locus q21-22, Lgals3 gene is composed of six 
exons and five introns. The sequence encoding N-terminal domain is localized in exon III, and the 
sequence encoding CRD is in exon V (human) or exons IV, V and VI (mouse). Depicted also is the 
internal gene Galig that encodes mitogaligin and cytogaligin, proteins independent of Gal3. (B) Gal3 
protein structure containing three domains. Also indicated are serine/tyrosine sites for phosphory-
lation, the site for cleavage by matrix metalloproteinases (MMPs) and several motifs critical in pro-
tein–protein interactions. (C) Gal3 oligomerization into dimers, trimers, tetramers or pentamers and 
formation of Gal3–glycoconjugate lattice on cellular membrane. The plot represents the view of lat-
tices from the surface of plasma membrane. This structure has been implicated in regulating numer-
ous biological functions such as cell signaling, cell migration and cell adherence. Formation of 
Gal3/glycoconjugate lattices on the plasma membrane could influence the stability, localization, traf-
ficking, clustering and activity of cell surface receptors and other proteins. 

2.2. Transcription Factors and Epigenetic Factors Regulating Lgals3 Transcription 

The promoter region of the human LGALS3 gene contains several regulatory binding 
motifs: five sites for putative SP-1 binding (GC boxes), five sites for cAMP-responsive el-
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ement-binding protein (CREB), four for AP-1-like and one for AP-4-like sites, two for nu-
clear factor-κB (NF-κB)-like sites, one for the sis-inducible element (SIE) and one basic 
helix–loop–helix (bHLH) consensus sequence [57]. The sequence CTCTTTC (or its variant 
GTCTTTC) in the human LGALS3 promoter represents the transcription-factor-binding 
motif leading to significant activation of Lgals3 expression [58]. Studies have identified a 
number of transcription factors that are able to bind to the Lgals3 promoter, thereby regu-
lating transcription in a variety of cell types (Figure 3). In cancer cells, enhanced Lgals3 
expression is tightly related to the activity of AP-1, Wnt/catenin signaling [59], RUNX1/2 
[60,61], NF-κB [62–64], hypoxia-inducible factor-1α (HIF-1α) [65], myocardin-related tran-
scription factor (MRTF) [40], Smad [66] and β1-integrins [67]. Runx2 is able to bind to the 
Lgals3 promoter either upstream (motif TCTGGT) or downstream (CACCGCC) [61]. 
There are reports showing that HIF-1α mediates upregulation of Gal3 in non-cardiovas-
cular tissues [68–70]. There might be complex crosstalk among transcription factors, acting 
either as activator or repressor, in the regulation of Lgals3 expression such as Krüppel-like 
factor 3 (KLF-3) [71], p53 [47,72] and CREB of AMP-activated protein kinase (AMPK) sig-
naling (Figure 3A). Lgals3 expression was enhanced by MMP-12 or by other pro-inflam-
matory cytokines and chemokines [73] albeit the regulatory mechanism remains unde-
fined. 

 

Figure 3. Transcriptional regulation of the expression of Lgals3. (A) Listed are known transcription 
factors that either activate or suppress the expression of Lgals3. X represents epigenetic factors. (B) 
Activation of Hippo pathway in cardiomyocytes leads to enhanced expression of Lgals3 through 
different mechanisms including inhibitory phosphorylation of YAP (Ser-127) that impedes its nu-
clear entry. Data is based on the findings from transgenic mice with cardiomyocyte-restricted ex-
pression of Mst1 leading to activated Hippo pathway signaling. Abbreviations: YAP: Yes-associated 
protein; Mst1: mammalian sterile 20-like serine/threonine kinase 1; Runx: Runt-related transcription 
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factor; HIF-1α: hypoxia-inducible factor-1α; AP-1: activator protein-1; NF-κB: nuclear factor kappa 
B; BRG1: Brahma related gene1, a SWI/SNF family member; TEAD, TEA-domain family member; 
KLF3: Krüppel-like factor3; EGF: epidermal growth factor; bHLH: basic helix–loop–helix transcrip-
tion factor; CREB: cAMP-responsive element-binding protein, TF: transcription factor. 

Epigenetic regulation of Lgals3 expression has also been described. Brahma related 
gene 1 (BRG1) is a subunit of the mammalian SWI/SNF complex that regulates chromatin 
accessibility and gene transcription by remodeling histone DNA via interacting with other 
epigenetic machinery or non-coding RNAs. Li et al. showed, in cultured hepatocytes, that 
treatment with fatty acid palmitate or lipopolysaccharides (LPSs) stimulated expression 
of Lgals3, which was abolished by depletion of BRG1 [74]. They also observed in several 
models of hepatic injury that BRG1 deletion in vivo effectively suppressed Gal3 expres-
sion [74]. Further analysis revealed that BRG1 interacted with AP-1 to bind to the proximal 
Lgals3 promoter and activate transcription. Mechanistically, the methylation/demethyla-
tion status of Lgals3 DNA surrounding the Lgals3 promoter appeared to be a rate-limiting 
step in BRG1-mediated activation of Lgals3 transcription. BRG1 recruits the DNA 5-
methylcytosine dioxygenase TET1 to the Lgals3 gene, thereby promoting active DNA de-
methylation and Lgals3 transcription, and TET1 silencing in cultured hepatocytes abro-
gated induction of Lgals3 expression stimulated by LPS and palmitate. Whereas DNA 
methylation of the Lgals3 promoter silences Lgals3 transcription in epithelial cells, expres-
sion of β1-integrin causes its demethylation, revivifying its transcriptional activity [67]. 
Similarly, in pituitary cancer cells Lgals3 transcription is repressed by DNA methylation 
of the promoter region [75]. In a model of myocardial fibrosis induced by radiation injury, 
upregulation of Lgals3 is induced by H3K27 acetylation in the promoter region, which is 
associated with reduced expression of Sirtuin2 (protein deacetylase, Sirt2) and upregula-
tion of fibrotic genes [76]. Conversely, overexpression of Sirt2 suppressed expression of 
Lgals3 and fibrotic genes and reduced organ fibrosis, effects that were reversed by admin-
istration of Gal3 [76]. In a recent study Song et al. revealed a role of deacetylase Sirt6 in 
regulating Lgals3 expression in mast cells prepared from a murine model of diet-induced 
obesity, where Sirt6 acts as a Lgals3 suppressor through mediating histone deacetylation 
at the promoter region, and the loss of this inhibitory regulator results in enhanced Lgals3 
expression and activation of M1-type macrophages with exacerbated obesity and inflam-
mofibrosis [77]. In a model of allergic airway inflammation, use of inhibitor of histone 
deacetylase8 (HDAC8) suppressed expression of Gal3 together with inhibition of macro-
phage infiltration [78]. 

2.3. Regulation of Lgals3 Transcription by TGF-β/Smad or NF-κB Signaling Pathway 

Research has well established the role of Gal3 in promoting inflammation and fibro-
sis, in which the transforming growth factor-β (TGF-β) or NF-κB signaling pathways play 
major roles (see Sections 6.1 and 6.2). There exist reciprocal interactions between Gal3 and 
both TGF-β and NF-κB signaling pathways. Through simultaneous CRD binding of Gal3 
to integrins and TGFβRII localized on the surface of cells, Gal3 is able to facilitate the ac-
tivation of the TGF-β1/TGF-receptor (TGFβR)/Smad signaling that is known to be critical 
for fibroblast activation [66]. Importantly, Lgals3 expression per se is upregulated by 
Smad, forming a pro-fibrotic feedback loop (Figure 4A). Besides promoting the fibrotic 
profile, this signaling loop stabilizes atherosclerotic plaques by attenuating the inflamma-
tory phenotypes of macrophages [73]. Such action of Gal3 is enhanced under diseased 
conditions with increased TGF-β1 level and can be attenuated by Lgals3 gene deletion [32]. 
A similar positive feedback signaling loop also exists between upregulated Lgals3 and pro-
inflammatory NF-κB signaling that augments expression of Lgals3/Gal3 as well as mem-
brane receptors or cofactors of the NF-κB signaling pathway (Figure 4B). Studies have 
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shown that this mechanism contributes to the activation of the Gal3/Toll-like receptor 
(TLR)/MyD88/NF-κB signaling axis and facilitation of inflammatory responses in a range 
of diseased settings or immune cells [64,73,79–86]. There is also report of regulation of 
Gal3 expression by minerocorticoid receptors. Lin et al. observed in patients with primary 
aldosteronism that, in addition to hypertension, the blood level of Gal3 is markedly ele-
vated, which was corrected by adrenalectomy [87]. Further experiments in vitro found 
that treatment of macrophage cell lines with aldosterone enhanced expression of 
Lgals3/Gal3, action dependent on the minerocorticoid receptor, PI3K/Akt and NF-κB sig-
naling [87]. 

 

Figure 4. Amplification of TGF-β or NF-κB signaling pathway by Gal3 leading to enhanced inflam-
mation and fibrosis. (A) Extracellular Gal3 acts as a scaffold protein facilitating the complex for-
mation of integrin/TGF-β/TGFβR, that facilitates TGF-β downstream signaling. The TGF-β/Smad 
pathway mediates upregulation of Lgals3 and Gal3, forming the TGF-β/Gal3 positive feedback loop 
(curved arrows). (B) The Gal3/TLR/MyD88/NF-κB pathway forms a feedback signaling loop be-
tween Gal3 expression and NF-κB pathway leading to upregulation of various inflammatory cyto-
kines, chemokines and adhesion and stimulatory molecules including Lgals3. Gal3 acts as a ligand 
for TLR or a facilitator for the interaction of TLR and its canonical ligands (cytokines) leading to 
activation of the TLR/MyD88 cascade. Abbreviations: IKK: inhibitor of kappa B kinase; NF-κB: nu-
clear factor kappa-light-chain-enhancer of activated B cells; TLR: Toll-like receptor, LPS: lipopoly-
saccharide; DAMP: danger-associated molecular pattern; NLR; Node-like receptor; MyD88: mye-
loid differentiation primary response 88. 

2.4. Regulation by the Hippo-YAP Signaling Pathway 

The Hippo signaling pathway plays a key role in the regulation of cell differentiation 
and organ development [88]. The core components of the Hippo pathway include two 
upstream kinases, mammalian sterile 20-like kinase1 (Mst1) and large tumor suppressor 
homolog (Lats), and downstream transcriptional co-regulator yes-associated protein 
(YAP). Nuclear YAP regulates expression of numerous genes by interacting with various 
transcription factors like the TEA-domain family member (TEAD). Phosphorylation of 
YAP at different sites regulates its intracellular localization. Mst1/Lats induce YAP Ser-
127 site phosphorylation (Ser-127-pYAP) that inhibits YAP nuclear translocation together 
with cytoplasmic retention and subsequent degradation. The significance of the Hippo 
pathway in the development of cardiomyopathy and heart failure is indicated by two lines 
of research findings. Experimentally, cardiomyocyte-restricted genetic modifications in 
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mice with either Hippo pathway activation (e.g., Mst1-cTG) or YAP/TEAD1 inactivation 
(e.g., YPA-cKO, TEAD1-cKO) result in a rapid onset and progression of a DCM phenotype 
[89–92]. Clinically, several studies using human cardiac tissues from patients with DCM, 
ischemic or arrhythmic cardiomyopathy or heart failure provided evidence for Hippo 
pathway activation measured by upregulation and activation of Mst1 and Lats, YAP in-
activation (increased Ser-127-pYAP), or TEAD1 downregulation [93–96]. Thus, cardiac 
Hippo pathway activation is closely associated with the onset and development of cardi-
omyopathy and heart failure. 

Several pieces of evidence indicate that Hippo pathway signaling regulates the ex-
pression of Gal3 in cardiomyocytes (Figure 3B). First, activation in cardiomyocytes of the 
Hippo pathway leads to remarkable upregulation of Lgals3 and Gal3 at mRNA and pro-
tein levels, as shown in the Mst1-cTG strain of mice [31,32]. The signaling mechanism re-
mains unclear but very likely multifactorial. In Mst1-cTG mouse hearts, there is a 2.5-fold 
increase in protein abundance of HIF-1α [91]. In fact, HIF-1α is known to upregulate Gal3 
expression in cardiac or non-cardiac tissues or cells (Figure 3) [65,68–70,97]. In the Mst1-
cTG mouse heart, certain galectin members (Gal1, 8 and 9) were also upregulated by 1.3- 
to 2-fold, the scale being far less relative to that of Lgals3/Gal3 (by 60–80-fold) [32]. Im-
portantly, upregulation of Gal3 occurs in the very early phase of DCM in this Mst1-cTG 
model, highlighting its causal role in the onset of the cardiomyopathy phenotype [91]. 
Second, drugs like verteporfin that inhibits nuclear YAP-TEAD1 interaction similarly in-
creased Gal3 expression in the heart [96]. Third, in cultured cell models, YAP gene knock-
down using siRNA resulted in upregulation of Lgals3 and Gal3. Collectively, these find-
ings suggest a working mode in which cardiomyocyte YAP exerts inhibitory regulation 
of Gal3 expression, and inactivation of YAP, either due to Hippo pathway activation (e.g., 
Mst1-cTG) or by verteporfin or YAP knockdown, invalidates this inhibitory action leading 
to Gal3 upregulation (Figure 3B). In addition to TEAD family members, YAP also interacts 
with many transcription factors including p73, ErbB4, T-box transcription factor 5 (TBX5), 
Smads, HIF-1α, Runx (at different levels) and AP-1 [98]. Research on different tissues or 
cancer cells has shown that Runx-2 facilitates Lgals3 expression [60,74,99]. Phosphoryla-
tion by Lats not only leads to suppressed YAP-TEAD interaction but is also associated 
with an enhanced complex formation of Ser-127-pYAP-Runx, which potentially facilitates 
Gal3 expression (Figure 3B). 

However, unlike the regulation by Hippo-YAP signaling of Gal3 expression in the 
myocardium, in the setting of angiotensin-II-induced hypertension, activation of YAP in 
vascular endothelial cells is able to enhance Gal3 expression [36]. This process is initiated 
by AT1R/Gq stimulation and subsequent activation of tyrosine kinase Src, which mediates 
YAP phosphorylation at Tyr-357 together with dephosphorylation at Ser-127, leading to 
enhanced YAP nuclear localization. In fibroblasts, YAP is known to promote Gal3 expres-
sion and cell activation contributing to organ fibrosis [100,101]. 

2.5. Regulation by β-Adrenergic Signaling 

Zhao et al. first reported that activation of cardiac β-adrenergic receptors (βARs), ei-
ther by pharmacological or genetic means, is potent in upregulating the expression of 
Lgals3/Gal3 at mRNA and protein levels [31]. They showed that administration of βAR 
agonist isoproterenol to mice led to a rapid and dose-dependent upregulation of Gal3 in 
the heart, an effect that can be abolished with selective or non-selective β-blockers 
(atenolol, ICI-118551, carvedilol and propranolol). In keeping with these findings by the 
use of β-agonists, transgenic mice with cardiomyocyte-specific overexpression of β1AR or 
β2AR exhibited 10–20-fold upregulation of the Hippo kinase Mst1 as well as Gal3 [31,102–
104]. βAR signaling in mediating such coupling is dependent on Gs-protein, adenylyl 
cyclase and cAMP-protein kinase-A. Further studies have revealed the coupling of βAR 
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and Hippo pathway signaling [12,31]. This finding in the heart in vivo is in keeping with 
a previous report demonstrating that the Hippo pathway is under regulation by G-protein 
coupled receptor (GPCR) signaling [105]. Interestingly, there is in vivo evidence for Hippo 
pathway dependency of isoproterenol-induced Gal3 upregulation in the heart. Whilst the 
Mst1-cTG mice responded to isopretorenol with a 10-fold higher increase in Gal3 expres-
sion relative to that of wild-type control mice, this response was largely prevented in mice 
with cardiomyocyte-restricted expression of a dominant-negative mutant Mst1 gene 
(dnMst1-cTG) [31]. Other signaling mechanisms are also potentially involved in the βAR-
Hippo pathway signal coupling leading to Gal3 upregulation, including activation of mi-
togen-activated protein kinase (MAPK), Src, Ca2+-RhoA, as well as remodeling of the cy-
toskeleton where YAP acts as a mechanical sensor [106]. 

2.6. Regulation by Other Factors or Autoregulation 

There have been an increasing number of reports on the regulation of Lgals3 tran-
scription by metabolites or inflammatory molecules in different tissues or cell types. There 
are studies showing that fatty acid (palmitate) induced Gal3 expression in hepatocytes 
[74] and phorbol myristate acetate (PMA) stimulates Gal3 expression in monocytes/mac-
rophages [27]. In adipocytes, expression of Gal3 is regulated by fatty acids as well as cy-
tokines [107]. In reparative M2 macrophages isolated from the infarcted mouse heart, IL-
10 promoted Lgals3/Gal3 expression and tissue repair, which was dependent on STAT3 
tyrosine phosphorylation [108]. In white and brown adipocytes, TNF-α reduces but IL-6 
and fatty acids (almitate, oleate and linoleate) elevate Gal3 levels in supernatants and cells 
in a concentration-dependent manner [107]. Thus, upregulation of Lgals3/Gal3 in adipo-
cytes by free fatty acids and IL-6 may contribute to higher Gal3 levels in patients with 
obesity. In blood vessels, exposure to high cholesterol increased de novo expression of 
Gal3, which is mediated by myocardin-related transcription factor A (MRTF) [40]. In can-
cer cells, Lgals3 expression was upregulated by enhanced protein glycosylation (O-Glc-
NAcylation) albeit the precise mechanisms remain unclear [109]. Lgals3/Gal3 expression 
is also found to be regulated by Src, a non-receptor tyrosine kinase. In the mouse model 
of angiotensin-II-induced hypertrophy and fibrosis, upregulated expression of Gal3 was 
abolished by conditional Src-KO in vivo and in vitro [110]. In cultured monocytes, expo-
sure to IL-4 alone strongly induced Lgals3 at mRNA levels, while concomitant treatment 
with IL-4 and granulocyte–macrophage-colony-stimulating factor (GM-CSF) induced re-
lease of Gal3 [111]. 

There is evidence for nuclear Gal3 in mediating autoregulation of Lgals3 transcrip-
tion. Fei et al. reported that Gal3 released by bone marrow stromal cells enters lympho-
blastic leukemia cells and is then transported into the nucleus, where Gal3 stimulates de 
novo transcription of Lgals3 mRNA [112]. Such autoinduction of Lgals3/Gal3 expression 
contributes to chemotherapy resistance of leukemia cells. In models of multiple sclerosis, 
co-expression modular analysis revealed that Gal3 is co-expressed together with genes 
involved in the regulation of microglial cells, the main immune cells in the central nervous 
system, contributing to neuronal inflammation and damage [113]. Whether similar auto-
regulation exists in cardiovascular tissues/cells remains to be examined. 

3. Post-Transcriptional Regulation of Lgals3 and Post-Translational 
Modifications of Gal3 

Like any mRNA or pre-protein, the transcription of Lgals3 and translation of Gal3 are 
subjected to complex regulation at different levels. Lgals3 mRNA is known to be regulated 
by non-coding RNAs (ncRNA), mRNA modification and transportation from the nucleus 
into cytoplasm. The process of transcriptional regulation, maturation and localization of 
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Gal3 is complex and also influenced by Gal3 chemical modulations, especially phosphor-
ylation. 

3.1. Regulation by Non-Coding RNAs 

Numerous studies in CVD, cancer or other tissue/cells have provided direct and in-
direct evidence for the regulation by ncRNA of transcription or stability of Lgals3 and Gal3 
translation. In settings of CVD and cancer, a number of mRNAs are found to regulate 
levels of Lgals3 or Gal3, either by upregulation (e.g., miR-9, miR-21, SNHG20, miR-199a-
3p, miR-204-5p, miR-210-3p, miR-214, miR-335) [114–118] or downregulation (e.g., miR-
1, miR-27, miR-27-3p, miR-185, miR-204-5p, miR-128, miR-128-3p, miR-204-5p, miR-299-
5p, miR-322, miR-424-3p, miR-let-7d) [119–125]. In cardiac tissues from patients or ani-
mals subjected to ischemia–reperfusion, Rong et al. demonstrated that the expression of 
Lgals3 was upregulated when miR-204-5p level was low and that the expression levels of 
miR-204-5p and Lgals3 were negatively correlated [117]. Bioinformatics predicting inter-
actions between mRNA and miRNA identified a few miRs (like miR-204-5p) and ncRNA 
(e.g., KCNQ10T1) regulating Lgals3 expression. Notably, inhibition by miR204-5p was 
counter-regulated by KCNQ10T1, indicated by the finding that lowering KCNQ10T1 re-
stores miR-204-5p level and simultaneously reduces Lgals3 mRNA level. A recent study 
showed that lcRNA XRA8008038 upregulates expression of Gal3 under conditions of is-
chemia–reperfusion, thereby exacerbating cardiac injury [126]. In patients with acute 
heart failure complicated by diabetes, a clinical study revealed a significant and positive 
correlation between elevated circulating levels of miR-214 and Lgals3 mRNA [115]. In pa-
tients with impaired heart function and poor prognosis, Vegter et al. observed a negative 
correlation between miR-199a-3p expression and Gal3 serum concentration at the 48th 
hour after hospitalization (r = −0.73; p < 0.001) [127], implying that expression and/or se-
cretion of Gal3 are counter-regulated by miR-199-3p. Zhang et al. reported that Lgals3 is a 
target of miR-27b through which miR-27b mediates cardioprotection against myocardial 
hypertrophy [33]. Other studies reported that levels of ncRNAs correlated positively 
(SNHG20, miR-21, miR-214) or negatively (miR-335, miR-1) with the level of Lgals3 in a 
variety of heart diseases [128]. The regulation by ncRNAs of Lgals3 expression holds the 
promise to be developed further as therapeutic targets to suppress elevated expression of 
Gal3 under diseased conditions. 

3.2. Lgals3 mRNA Nuclear Exporting, Stability and Modification 

Transportation of Lgals3 mRNA from the nucleus to cytoplasm requires a specific 
export receptor and protein complex forming an export machinery and interaction with 
the nuclear pore complex (NPC). The export process is also coupled to pre-mRNA modi-
fication (e.g., splicing) and maturation prior to cytoplasmic translation [129]. Emerging 
studies revealed that modification and stability of Lgals3 mRNA influence its transcrip-
tion. Zhang et al. found in mice and H9c2 cells that, upon pro-hypertrophic stimuli by 
either pressure overload or angiotensin II infusion, expression level of Gal3 increased by 
3–4-fold, meanwhile in angiotensin-II-treated cells there was 70% reduction in the content 
of Lgals3 with N6-methylaadenosine (m6A), a RNA modification that reduces the stability 
of Lgals3 mRNA [130]. Intervention using tanshinone IIA, a drug known to be vasopro-
tective against reactive oxygen species (ROS), inflammation or atherosclerosis, sup-
pressed hypertrophy and Gal3 expression, together with increased content of m6A-Lgals3. 
These findings suggest that modification of m6A content of Lgals3 mRNA holds the po-
tential of targeting Gal3 expression. Whilst Gal3 protein level is very low in normal heart 
tissues, we found in Mst1-cTG mouse hearts a 60–80-fold increase in Gal3 protein level by 
ELISA, mainly in cardiomyocytes (Figure 5) [32,91]. At the mRNA level, there is approxi-
mately a 70-fold increase in Lgals3 mRNA by RNA sequencing or RT-PCR. Our recent 
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single-cell nuclear RNA-seq (snRNA-seq) showed a 15-fold increase in Lgals3 mRNA level 
in cardiomyocytes (our unpublished observation). This difference in the expression level 
of Lgals3 mRNA in whole tissue RNA-seq versus snRNA-seq of cardiomyocytes is likely 
explained by an active Lgals3 nucleus-to-cytoplasm transporting machinery in cardiomy-
ocytes of Mst1-cTG heart, which is critical for efficient Gal3 protein translation. This find-
ing, if confirmed by further investigation, would implicate a therapeutic intervention to 
suppress Lgals3 mRNA exporting and hence Gal3 protein biosynthesis. 

 

Figure 5. Nuclear localization of Gal3 in cardiomyocytes of transgenic Mst1-cTG mice with dilated 
cardiomyopathy (DCM). (A) Immunohistochemical images of the left ventricular myocardium of 
non-transgenic control (nTG) and transgenic DCM mice. Extracellular matrix (by wheat germ ag-
flutinin, WGA), nuclei (by DAPI) and Gal3 were stained. Arrows indicate nucleus-localized Gal3 in 
cardiomyocytes. (B) Representative immunoblotting image of cytosolic or nuclear protein fraction 
from DCM mouse hearts. Dots represent individual cardiac samples. * p < 0.05, *** p < 0.001 vs. nTG. 
(C) Immunofluorescence confocal images of isolated adult cardiomyocytes of nTG and DCM mice. 
Arrows indicate nuclear Gal3 and asterisks indicate mitochondrial Gal3. Images are from authors’ 
previous publications with permission [32,131]. 

3.3. Gal3 Structure, Oligomerization and Formation of Gal3 Lattices 

Encoded by Lgals3, Gal3 contains about 130 amino acids and has a full molecular size 
of 25–35 kDa. Structurally, Gal3 is composed of three distinct domains: N-terminal do-
main, collagen-like domain containing proline–glycine-rich sequences, and a globular C-
terminal domain containing the CRD site (Figure 2B). Gal3 protein is highly conserved 
among mammals with a homology over 95%. Gal3 is able to interact with numerous lig-
ands either by CRD binding to glycoconjugates or through direct protein–protein interac-
tions. A study on single-point mutations of amino acids within CRD revealed that the 
affinity and specificity of CRD–ligand binding depend on several amino acids, including 
R186, K176 and G182 [132]. Of them, R186S mutation abolishes ligand binding. While 
sharing a similar structure in the C-terminal CRD, Gal3 is unique relative to other galectin 
family members in its structure containing a collagen-like domain and N-terminal domain 
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(Figure 2B). Gal3 oligomerization occurs in solution or on the plasma membrane. Using 
techniques of site-directed fluorescence labeling of Gal3 and fluorescence resonance en-
ergy transfer detection, Nieminen et al. found that Gal3 at physiological concentrations 
undergoes oligomerization on the surface of neutrophils following CRD binding to gly-
coconjugates [133]. Brewer et al. showed that, upon ligand binding in solution, high con-
centrations of Gal3 precipitate as oligomers, which is attributable to the self-association 
property of its N-terminal domain [134]. Specifically, Gal3 monomers, after binding to a 
ligand, can recruit additional Gal3 molecules to undergo self-association via N-terminal 
domains forming ligand-attached hetero-oligomers, permitting multivalent interactions. 
This dynamic process of oligomerization is influenced by types of CRD ligand and Gal3 
concentration [133,135,136] and dependent on the presence of multiple proline residues 
(P50/51/55/60/64/67) at the N-terminal domain [137]. Cleavage of the N-terminal domain 
that contains repeats of collagen-like motifs largely prevents its function despite the CRD 
ligand binding remaining intact [133,138]. Thus, the N-terminal domain and oligomeriza-
tion are essential for the full function of Gal3. Earlier studies indicated formation of het-
erogeneous crosslinked oligomers, mostly Gal3 pentamers and dimers [134]. However, a 
recent study on the involvement of Gal3-α5β1 integrin in endocytosis revealed the for-
mation of stable tetramers, dimers and trimers, rather than pentamers [139]. Whether this 
occurs under different experimental conditions, e.g., nature of ligand and cell types, re-
mains to be studied. Such structural oligomerization enables higher Gal3 capacity and 
stability of ligand binding (Figure 2B) critical for its pleiotropic actions in modifying ac-
tivities of a wide range of proteins or membrane lipids. Both C-terminal and N-terminal 
domains are essential for its role in signal transduction, cellular adhesion, and lattice for-
mation. Under diseased conditions, other molecules exert regulatory roles in Gal3 oli-
gomerization. For instance, endotoxin LPS was found to interact directly with Gal3 at N- 
and/or C-terminals with subsequent enhancement of Gal3 oligomerization and activation 
of neutrophils [140]. 

There has been increasing interest in liquid phase biomolecular condensation as a 
newly recognized mechanism by which a cell can self-assemble and compartmentalize 
subcellular structures as liquid droplets without lipid membrane binding. This dynamic 
process is referred as liquid–liquid phase separation (LLPS) [141]. These intracellular liq-
uid droplets can merge into larger condensates upon contact with each other. Gal3 protein 
is found to localize in macromolecular assemblies through LLPS [137,142–145]. Research 
on proteins involved in LLPS suggests that Gal3 possesses all required structural proper-
ties for its presence in biomolecular condensates, i.e., containing an intrinsically disor-
dered N-terminal domain, undergoing oligomerization via multivalent binding, and ex-
tensive association with glycoconjugates [141–144]. Studies have shown that Gal3 partici-
pates in LLPS occurring in the cytosol, nucleus or plasma membrane [141,142,146], in 
which a proline-rich N-terminal tail plays a critical role [137,144]. The recognition of the 
role of Gal3 in LLPS represents an important evolution in research on Gal3, which opens 
an avenue for exploring novel Gal3 biology under physiological and pathological condi-
tions. Zhang et al. recently reported that LLPS triggered by Gal3-α5β1 integrin crosslink-
ing is critical for skin wound healing and that interruption of this mechanism by diabetes-
induced accumulation of AGEs impairs wound healing [146]. 

The Gal3–glycoconjugate lattice is a multivalent crosslinkage on the cell surface 
membrane or membrane of intracellular organelles such as mitochondria, lipid droplets, 
endoplasmic reticulum (ER), Golgi bodies, and even nucleus (Figure 2C) [6,147]. Lattices 
incorporate Gal3–glycoconjugates into membrane proximal networks forming stable 
membrane domains or distinct transport complexes. Gal3–glycoconjugate lattices provide 
a good example of the ability of functional multivalency to strengthen weak interactions, 
such as protein–carbohydrate binding, through a wide assortment of scaffolds of Gal3 and 
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carbohydrates (Figure 2C). This structural feature of Gal3 in oligomers is critical for its 
extracellular functions such as signal transduction, cell–cell interaction, cell–matrix inter-
action, cellular migration, receptor turnover, protein clustering or formation of caveolae, 
in which the presence of Gal3–glycoconjugate lattices is important [145,148]. The lattice 
structure also plays a key regulatory role in transmembrane transportation of proteins 
[145]. Studies have shown that the binding of Gal3 to glycoligands and formation of lat-
tices are weakened by a low pH [149]. While the Gal3–glycoconjugate lattice is regarded 
as critical for cellular functionality, our current understanding of Gal3 lattices remains 
very limited. It is anticipated that the rapid progress in proteasome and glycoproteomics 
would reveal new information on the biological, pathological and therapeutic significance 
of Gal3 lattices. 

3.4. Post-Translational Modifications of Gal3 

The function of Gal3 is dependent on its CRD binding to glycoconjutates, oligomeri-
zation via the N-terminal domain and protein–protein interactions. Hence, PTMs of the 
Gal3 molecule such as proteolytic cleavage, multivalency or phosphorylation are expected 
to influence its function. 

Post-translational glycosylation (O-GlcNAcylation). O-linked β-N-acetylglucosa-
mine (O-GlcNAcylation) is a ubiquitous type of PTM that involves the addition of a single 
N-acetylglucosamine sugar onto a serine or threonine residue of a protein. In cancer cells 
or cells subjected to stress stimuli, intracellular proteins with O-GlcNAc represent a pow-
erful signaling pathway that functions as an adaptive mechanism for cytoprotection. La-
riwala et al. compared the levels of galectin O-GlcNAcylation and the abundance of ga-
lectins in liver tissue in squirrels in the winter and the summer and found that the levels 
of galectin O-GlcNAcylation and galectin protein expression were markedly lower in hy-
per-metabolic (summer) relative to hypo-metabolic (winter) status [150]. These changes 
were not accompanied by any differences in the expression of genes encoding enzymes of 
the O-GlcNAc cycle or galectins (including Lgals3). Thus, the stability of intracellular ga-
lectins may be regulated by galectin O-GlcNAcylation, which is important considering 
the distinct functions of Gal3 outside and within cells. Indeed, expression of Lgals3 in can-
cer cells is enhanced following Gal3 O-GlcNacylation [109]. Moreover, secretion of Gal3 
is regulated by its O-GlcNacylation, by which Gal3 senses nutrient information, repre-
sented by cell surface glycosylation, and intracellular O-GlcNAcylation with correspond-
ing alteration of its biological function [151]. 

Ubiquitination. Studies have revealed Gal3 ubiquitination degradation in cancer 
cells, where upregulated Gal3 is observed in many cell types and associated with poor 
prognosis [18,152,153]. In cancer or non-cancer cells, several studies have observed Gal3 
ubiquitination by a class of ubiquitin E3 ligase tripartite motif-containing proteins 
(TRIM16/21/29/49) [154–157]. Another E3 ligase, RNF8, was found to mediate Gal3 degra-
dation via the ubiquitin–proteasome machinery [158]. Fang et al. reported in human hepa-
tocellular carcinoma that LGALS3 stability is increased owing to the upregulated ubiqui-
tination-specific protease15 (USP15) that mediates Gal3 deubiquitination modification, 
with resultant enhancement of hepatocellular carcinoma stemness, proliferation and 
chemotherapy resistance [159]. In CD8+ T-lymphocytes, ubiquitination-mediated degra-
dation of Gal3 is enhanced following inactivation of ERK1/2, which is accompanied by 
reduced release of Gal3 [160]. Further study is required to test Gal3 ubiquitination and its 
biological consequences in cardiovascular tissues. 

Phosphorylation. Gal3 phosphorylation has been shown to influence its secretion, 
distribution, degradation and oligomerization. There are multiple sites within Gal3 mol-
ecules where phosphorylation takes place on serine or tyrosine residues (Figure 2B), in-
cluding Ser-6 and Ser-12 within the N-terminal peptide and several tandem collagen-like 
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repeats containing Tyr residues (Tyr-79, -107 and -118) in the internal repeating domain. 
Gal3 is phosphorylated in Tyr residues by kinases including c-Abl (a kinase localized in 
the cytoplasm and nucleus) and casein kinase 1 (CK1). Phosphorylation at Ser residues is 
mediated by CK1 or glycogen synthase kinase-3β (GSK-3β) (Figure 2B) [161–164]. Serine 
and tyrosine phosphorylation of the Gal3 molecule by CK1 or c-AbI facilities its entering 
into lysosomes and subsequent cleavage/degradation [163–166], which promote cancer 
cell death [166,167], reduce its capacity for ligand binding via CRD, and limit its nuclear 
exporting [164,168,169]. Serine phosphorylation by GSK-3β could regulate its localization 
and its participating in signal transduction like the Wnt-β-catenin pathway [161]. In can-
cer cells, the well-documented action of Gal3 in preventing programmed cell death (apop-
tosis, anoikis) is lost following N-terminal Ser-6 phosphorylation together with the atten-
uated ligand binding [166]. Ser-6 phosphorylation of Gal3 is also critical for its nuclear 
entry and accumulation (see below) and influences cellular translocation. Studies have 
shown that the ligand-binding capacity of Gal3 is markedly reduced following phosphor-
ylation at various sites (Ser-6, Tyr-107, Tyr-118) [162,166,168], while Gal3 Tyr-107 phos-
phorylation blocks Gal3 cleavage [170]. Gal3 phosphorylation can be reversed by protein 
dephosphotase type-1 [164]. While the nuclear fraction of Gal3 contains both phosphory-
lated and non-phosphorylated isoforms of Gal3, the nuclear export fraction of Gal3 con-
tains exclusively the phosphorylated isoform [169,171]. Accordingly, cleavage or phos-
phorylation plays an important role in regulating Gal3 function via altering its functional 
multivalence, localization and interaction with glycoconjugates [162–164,166,172]. Thus, 
distribution, stability and multiple biological activities of Gal3 are regulated by its phos-
phorylation. Future investigation on Gal3 phosphorylation under diseased settings would 
enrich our understanding of Gal3 biology and potential therapeutic implication. 

Cleavage with altered functional multivalency. Following the first study by Ochieng 
et al. on MMP-mediated cleavage of Gal3 by in breast cancer [173], it has been well docu-
mented that MMPs (MMP-2, -9, -12) and membrane type-1 MMP (MT1-MMP) are able to 
cleave Gal3 at its extracellular collagen-like domain, generating intact CRD and N-termi-
nal peptides of varying lengths that retain lectin-binding activity but lose capability of 
multivalence (Figure 2B) [163,174,175]. MMP-mediated cleavage of Gal3 is enhanced by 
overexpression of MMPs but inhibited by TIMP-2 [163,173]. By using specific antibodies 
recognizing the cleaved and non-cleaved forms, in situ zymography and point mutation, 
MMP-2, MMP-9 and MT1-MMP are found to cleave Gal3 at amino residuals of collagen-
like domain of Ala-32−Try-63 peptide (Figure 2B) [174–176]. Whereas Gal3 is commonly 
regarded as a cellular marker and a chemotactic molecule for macrophages, atheroscle-
rotic plaques contain Gal3-positive macrophages (M1) as well as a subtype of Gal3-nega-
tive macrophages, and both cell types determine plaque composition and stability [73]. 
When Gal3 is cleaved by MMP-12 into 22 kDa fragments containing the entire CRD and a 
9 kDa N-terminal peptide, there is worsening of advanced plaque phenotype. Indeed, 
there are clinical reports showing that patients with premature myocardial infarction had 
a high circulating level of soluble Gal3, likely contributing to the instability of coronary 
atherosclerotic plaques with increased risk of ischemic events [177]. Relevant to Gal3 
cleavage by MMPs are findings on cancer cells showing that Gal3 is able to upregulate 
expression of MMP-1, MMP-2 or TM1-MMP [174,178]. Gal3 can also be cleaved by pros-
tate-specific antigen (PSA, a chymotyrosin-like serine protease) at the site after Tyr-107, 
resulting in Gal3 being largely a monomer, owing to the loss of its multivalency [170]. 

4. Intracellular Trafficking, Secretion and Quaternary or Gal3 Lattices 
After being synthesized in the cytoplasm, Gal3 undergoes dynamic processes of in-

tracellular trafficking, sorting, extracellular secretion or re-entering into cells. Through its 
multivalent property, Gal3 can also form complex quaternary structures intracellularly by 



Int. J. Mol. Sci. 2026, 27, 5782 17 of 51 
 

https://doi.org/10.3390/ijms27135782 

interacting with its glycoconjugates or even form complex quaternary structures or lattice 
meshwork over the surface of organelles or cellular membrane. Given the efficient renal 
clearance of circulating Gal3, the extracellular secretion of Gal3 is a major determinant for 
the circulating level of Gal3. 

4.1. Intracellular Trafficking and Extracellular Exporting of Gal3 

Studies have shown that intracellular Gal3 mainly distributes in endosomes or vesi-
cles [179] and that Gal3 content in exosomes increases upon pathological stimuli such as 
inflammation or oxidative stress [27]. Proteomic analysis identified the presence of Gal3 
in vesicles or exosomes prepared from a range of tissues, blood, body fluids or cell culture 
supernatant [180,181]. Emerging studies have shown elevated exosome Gal3 levels as a 
biomarker for cardiovascular or other diseases [27,182]. Further study on the mechanisms 
controlling the secretion of Gal3 would improve our understanding of Gal3 as a biomarker 
and a therapeutic target. 

Protein secretion occurs through conventional and unconventional pathways [183]. 
The conventional secretory pathway is through the ER/Golgi apparatus for cytoplasmic 
proteins that contain a signal peptide or signal sequence that is usually composed at the 
N-terminus of 16–30 amino acids and guides the protein localization. During the trans-
portation through the conventional ER/Golgi secretory pathway, the signal sequence is 
cleaved by ER membrane proteins of the signal peptidase complex (SPC) prior to secre-
tion. Gal3 does not contain a signal sequence and therefore cannot traverse the ER/Golgi 
apparatus for secretion after being synthetized in cytoplasmic ribosomes. However, Gal3 
can be secreted through non-conventional mechanisms to the surface plasma membrane 
and extracellular environment. There is also evidence that Gal3 penetrates the lipid bilayer 
bidirectionally through interacting with membrane glycolipids (sphingolipids and phos-
pholipids as structural lipids) via its CRD binding [184]. Gal3 secretion starts from recruit-
ment of cytoplasmic Gal3 into intraluminal vesicles as transporting vehicles and then pro-
ceeds to release in the form of exosomes. This process of sorting, intracellular transporting 
and exosomal secretion of Gal3 depends on the system of endosomal sorting complexes 
required for transport (ESCRTs), in which several components of the system (e.g., Tsg101 
and Vps4a) interact with certain motifs of Gal3 molecules [181]. Amino acid mutations in 
either of these components in ESCRTs or Gal3 abolished the intracellular Gal3 accumula-
tion in intraluminal vesicles and exosomal secretion. The presence of Gal3 in vesicles in-
volves Gal3 binding via CRD to glycoproteins. Vesicular Gal3 may then regulate intra- or 
extracellular locations of vesicles as well as vesicle lysis with the release of vesicular con-
tents including Gal3 per se [180]. Enhanced synthesis and secretion of Gal3 occur in tumor 
cells, promoting tumor growth and metastasis [185], or in residential macrophages, facil-
itating inflammatory and fibrotic signaling [186]. 

The membrane-covered transport cargos, including vesicles and endosomes, can 
shuttle between intracellular compartments and between cells or tissues if released into 
the extracellular milieu. These vesicles are composed of various lipids, nucleic acids and 
proteins. After being secreted, Gal3 may enter back into cells by endocytosis. This process 
is dependent on multiple mechanisms, including the clathrin-mediated endocytosis or al-
ternative pathways involving caveolin, flotillin, phagocytosis or micropinocytosis. Gal3 
re-entry is critical for the turnover of extracellular Gal3 and for its regulation of various 
cellular functions. Interestingly, Lepur et al. found distinct mechanisms in Gal3 endocy-
tosis between M1 and M2 macrophages. In THP-1-derived M1 cells, Gal3 endocytosis can 
be blocked by chlorpromazine, a blocker of clathrin-mediated endocytosis, or by muta-
tions of the Gal3 N-terminal domain. In M2 macrophages, however, Gal3 endocytosis is 
CRD-dependent albeit the presence of other domains is also required [187]. The demon-
stration of the distinct mechanism in Gal3 endocytosis in different cell types implicates 
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distinct cellular functions that require involvement of Gal3. Importantly, endocytosis of 
membrane receptors (e.g., GPCRs, VEGFR), carrier proteins, signaling molecules or even 
metabolites (e.g., hexosamine) occurs together with Gal3 [25,188–190] or is regulated by 
membrane Gal3 lattices [145]. Thus, the presence of Gal3 (and other lectins) and Gal3–
glycoconjugate interaction are critical for biological processes that involve turnover of 
membrane vesicles for exocytosis and endocytosis, as well as intracellular events, includ-
ing formation of autophagosomes and phagocytosis. 

4.2. Factors Regulating Gal3 Secretion 

The processes of intracellular transportation and extracellular secretion of Gal3 are 
influenced by its phosphorylation. In mouse embryonic fibroblasts, the secretory process 
of Gal3 is dependent on its tyrosine phosphorylation that requires calpain small subunit 
4 (Calpain 4, a Ca2+-dependent protease) [165]. Both Gal3 secretion and Calpain 4 jointly 
regulate cell migration [191]. Gal3 entering vesicles or endosomes is pH-dependent, re-
quires cargo proteins (e.g., β-integrin or CD44) and glycophospholipids, and is regulated 
by galectin lattice formation [180]. An early study showed that, in activated macrophages, 
about one third of Gal3 appears on the cell surface, and that secretion of Gal3 is stimulated 
by increased intracellular Ca2+ level [192]. 

Studies have discovered that Gal3 secretion might be disproportional to its expres-
sion level. Cells differ widely in their capacity of Gal3 secretion ranging from 1% to 45% 
of the cellular Gal3 pool [165,185,192]. In reparative macrophages prepared from the in-
farct heart, treatment with IL-10 induced pronounced intracellular Gal3 expression with-
out simultaneous augment of extracellular secretion [108]. There have been contradictory 
reports whether it is the intracellular expression or extracellular secretion of Gal3 that is 
involved in the phagocytic clearance of apoptotic cells by macrophages [193,194]. In the 
Mst1-cTG mouse model of DCM, high intracellular Gal3 content in cardiomyocytes (Fig-
ure 5) is not accompanied by detectable increments in blood levels of Gal3 [32,91,104], 
suggesting that Gal3 release by cardiomyocytes of Mst1-cTG mice is negligible. Thus, 
these findings cast doubts on the role of extracellular Gal3, either secreted or exogenously 
administered, in mediating Gal3 actions, including immune cell activation, transdifferen-
tiation and activation of fibroblasts. We observed that myocardial βAR signaling pro-
motes Gal3 secretion by cardiac cells into peripheral circulation. Transcardiac gradients 
of Gal3, analyzed by simultaneous blood sampling from peripheral veins and the coro-
nary sinus, were clearly present in mice with ischemia–reperfusion or with enhanced car-
diac βAR activity [104]. In mice administered with β-agonist isoproterenol, both cardiac 
and blood levels of Gal3 increased and this increment is more pronounced in Mst1-cTG 
compared with wild-type controls, suggesting mobilization of Gal3 from the large intra-
cellular pool of cardiomyocytes in Mst1-cTG mice [104]. This effect of isoproterenol can 
be partially inhibited by β1- and β2-blockers, confirming the involvement of both β1AR 
and β2AR subtypes in mediating cardiac secretion of Gal3 [31,104]. It is likely that the 
sudden increase in myocardial mechanotransduction, evoked by the inotropic and chro-
notropic actions following βAR activation, is responsible for a rapid Gal3 release in the 
Mst1-cTG model. Indeed, Kwon et al. reported that stimulation of mice with α- and β-
adrenergic agonists differentially altered the contents of circulating extravesicular vesicles 
[195]. In cultured cancer cells that were in a near-confluent and spreading state, Baptiste 
et al. found that, whereas Gal3 release into culture medium was extremely low, the release 
process could be promptly activated and sustained by stimuli like cell detachment that 
involves a mechano-sensing mechanism [196]. In monocytes, stimulation with GM-CSF 
promotes secretion of Gal3 into the medium in a significant amount, which is repressed 
by IL-4 [111]. 
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4.3. Signaling Regulation of Membrane Receptors or Integrins by Gal3 

Membrane receptor signaling. The extracellular and membrane Gal3 plays a key role 
in mediating its pleiotropic actions through membrane receptors and intracellular signal-
ing pathways [10,13,14]. Current research findings indicate several working modes by 
which Gal3 acts as a central signal integrator regulating the activity of numerous mem-
brane receptors and their downstream signaling cascades. As illustrated in Figure 6, act-
ing as a non-canonical ligand, Gal3 binds to receptors, mediating activation or suppres-
sion of downstream signaling (Figure 6A). There are reports on activation of receptor ty-
rosine kinase (RTK) [197], VEGFR, activation via platelet glycoprotein-VI (GPVI) [198], 
CD45 and CD98 of T-cells [199,200], as well as inactivation of inulin receptor by Gal3 
through this mechanism [201]. Gal3 can also bind to a receptor or its canonical ligands to 
assemble the receptor–ligand complex with facilitated signaling (Figure 6B), as observed 
for TGFβ/TGFβR, LPS/TLR, danger-associated molecular patterns (DAMPs)/TLRs, ad-
vanced glycation end-products (AGEs)/RAGEs/AGERs, cytokines or chemokines and 
their receptors [66,202,203]. There is evidence that Gal3 and chemokines form heterodi-
mers, thereby altering inflammatory signaling via specific receptors [202,204]. For recep-
tors like VEGFR and TLR4, their activation requiring receptor dimerization or assembly 
with other partner proteins or co-receptors like integrin, binding by Gal3 oligomers facil-
itates the assembly of the receptor signaling complex (Figure 6C) [64,80,83,86,146,205–
207]. Gal3 plays a pivotal role in facilitating cell–cell or cell–matrix interactions through 
its joint binding to receptors, integrin or ECM proteins involved (Figure 6D) [208,209]. 
Alternatively, Gal3 participates in the assembly of receptor and partner proteins leading 
to transactivation of other membrane receptors (e.g., VEGFR-integrin) [210,211]. Through 
formation of lattices, Gal3 involves clustering of signaling complexes composed of lig-
ands, receptors and signaling molecules (Figure 6E) [148,206,212,213]. Furthermore, Gal3 
regulates the processes of membrane receptor internalization and recycling, thereby in-
fluencing receptor localization and activity (Figure 6F) [145,187,188]. Collectively, Gal3-
mediated regulation of signaling through membrane receptors constitutes a pivotal mech-
anism of its biological actions. 

 

Figure 6. Modes of regulation by Gal3 of membrane receptor signaling. (A) For receptors with acti-
vation requiring receptor dimerization or assembly with other partner proteins or co-receptors like 
integrin, oligomerized Gal3 binding facilitates assembly of the receptor signaling complex; (B) Act-
ing as a non-canonical ligand, Gal3 binds to and regulates receptor downstream signaling. Gal3 can 
also simultaneously bind to receptor and its canonical ligands to assemble receptor–ligand complex 
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with facilitated signaling. (C) Gal3 participates in assembly of receptor and partner proteins with 
transregulation of other membrane receptors. (D) Gal3 plays a pivotal role in facilitating receptor–
receptor- or receptor–ligand-mediated cell–cell or cell–matrix interaction through binding to these 
receptors, integrin or extracellular matrix; (E) Through lattice structure to hold signaling proteins in 
close proximity, Gal3 facilitates formation of clusters of membrane receptors, ligands, co-signaling 
protein and kinases; (F) Gal3 regulates membrane receptor turnover, thereby influencing receptor 
localization and activity. 

Integrin signaling. Integrins are a large family of heterodimer transmembrane adhe-
sion and signaling proteins that regulate a range of biological processes involving cell–
cell and cell–ECM attachment and bidirectional signal transmission [214,215]. Being gly-
coproteins, integrins, particularly β1-integrin, have been found to extensively interact 
with Gal3 in different modes. First, integrins exhibit high affinity to Gal3 and can form 
integrin–Gal3 clusters [216], and together with glycolipids, oligomeric Gal3–integrins fur-
ther form lattices at the cell surface membrane [217]. The direct Gal3–integrin interaction 
is important for wound healing and angiogenesis, and such actions can be attenuated un-
der conditions of diabetes where regional accumulation of AGEs competes for Gal3 bind-
ing, thereby weakening Gal3–integrin interaction [146]. Gal3–integrin accumulation also 
restricts mobilization of membrane receptors like EGFR, and formation of the Gal3/integ-
rin-linked kinase (ILK)/Src complex mediates activation of caveolin-1 and RhoA by phos-
phorylation [67,148,205,211,218]. This pathway is critical in controlling actin organization 
and cell migration. Second, there exist mutual interactions of Gal3 and integrins. With the 
aid of caveolin-1, Gal3 binds to integrins and kinases (e.g., focal adhesion kinase, FAK, 
and phosphatidylinositol 3-kinase, PI3K) to induce integrin activation. β1-integrin signal-
ing promotes the expression of Gal3 likely via NF-κB, Stat3, YAP or HIF-1α signaling 
pathways [67]. However, Gal3 is also involved in internalization of β1-integrin, thereby 
inhibiting the formation of adhesions. In cancer cells, Gal3 deletion reduced content of 
integrins at the plasma membrane by accelerating integrin internalization [216]. In cancer 
or brain tissues, Gal3 inhibits the expression of β3-integrin and facilitates integrin inter-
nalization, thereby diminishing membrane signaling and formation of integrin–actin cy-
toskeleton organization [152,172,216]. Third, Gal3–integrin interaction regulates mem-
brane receptor signaling of adjacent cells. Gal3 recruits active integrins and enhances the 
formation of cell–cell or cell–ECM adhesions by altering receptor clustering 
[23,205,209,212]. On the other hand, Gal3 regulates endothelial cell motility and angiogen-
esis by binding to α1β1-integrin or forming a complex with α2β1-integrin and neu-
ron/glial antigen 2 (NG2, a membrane protein critical for cell adhesion, migration and 
signaling) [219]. McDonald et al. found that EGFR triggers internalization of integrins and 
other glycoproteins through endocytosis that is driven by Gal3–glycoprotein binding 
[220]. Integrins closely participate in EGFR signaling, which is facilitated by the formation 
of the Gal3/EGFR/Akt/FOXO3 signaling complex [221–223]. Likewise, in cancer tissues, 
coupling of FAK and integrins by Gal3 oligomers is critical in mediating transactivation 
of the VEGF-VERFR/kinase insert domain receptor (KDR)/fetal liver kinase (FLK) and 
FGF-FGFR signaling pathways, ultimately enhancing angiogenesis [25,210,224,225]. 

5. Intracellular Localization, Transportation and Actions of Gal3 
The biological functions of Gal3 are tightly dependent on its extracellular or intracel-

lular localization and can be CRD-dependent or -independent (Figure 7). Several exten-
sive review articles have addressed Gal3–glycoconjugate interaction via CRD, through 
which membrane or cytoplasm Gal3 regulates numerous signaling pathways, gene ex-
pression and biological actions in various cell types [6,13,197,226,227]. Therefore, our dis-
cussion here will concentrate on transcriptional regulation of its target genes mediated via 
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nuclear Gal3 to explore its CRD-independent actions more. This issue is important since 
it may explain some controversial findings like differential efficacy of CRD-based Gal3 
inhibitors versus Lgals3 gene deletion or intracellular versus extracellular Gal3. 

 

Figure 7. Localization-dependent binding partners and biological actions of Gal3. Apart from extra-
cellular activities of Gal3 that are mediated through CRD binding to glycoconjugates, through pro-
tein–protein interactions, Gal3 also plays important roles in the intracellular compartments, where 
Gal3 influences cell signaling by interacting with signaling proteins in the cytoplasm, and RNA 
splicing through binding to components of spliceosome complex, mitochondrial function, or gene 
expression by interacting with nuclear transcription factors. 

5.1. Nuclear Localization and Mechanism of Cytoplasmic–Nuclear Gal3 Trafficking 

After being synthetized in the cytoplasm, Gal3 undergoes dynamical transportation, 
either being externalized into the extracellular space, penetrating the plasma membrane, 
or translocating into the nucleus and other organelles. There is evidence that Gal3 distri-
bution is cell-type-dependent [176]. High levels of nuclear Gal3 have been reported in 
various cancer cell types [68,228–230]. In CVD, robust upregulation of Gal3 occurs in in-
filtrated macrophages whereas, in fibroblasts or cardiomyocytes in heart disease like my-
ocardial infarction or cardiomyopathy [31,51], nuclear localization of Gal3 in relevant cell 
types, in particular cardiomyocytes, remains inconclusive. In a DCM model (Mst1-cTG) 
with pronounced upregulation of Gal3 in cardiomyocytes, we recently found by immuno-
histochemistry or immunoblotting analyses a high content of nuclear Gal3 in the myocar-
dium of DCM versus non-TG mice (Figure 5A–C) [131]. 

Nuclear importing and exporting of Gal3 require a complex transportation machin-
ery through a membrane gateway called the nuclear pore complex (NPC), which is a large 
macromolecular structure composed of about 30 different proteins termed nucleoporins 
(Figure 8). The NPC spans phospholipid bilayers of the nuclear membrane with a pore 
size of about 120 nm. This complex forms the only gateway for selective and bidirectional 
transportation of nucleocytoplasmic proteins. Small molecules may pass through NPC 
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pores by diffusion, while transportation of large proteins is achieved by selective binding 
to nuclear transport receptors, termed karyopherins, for import (importins) or export (ex-
portins). Usually, the transport process requires karyopherin binding to target proteins in 
the cytoplasm at the site of the nuclear localization signal (NLS). The nuclear importing 
of Gal3 in the form of a monomer (26–30 kDa) can be mediated by passive diffusion 
through the NPC, but active transport is essential for Gal3 in the form of oligomers (Figure 
8) [176]. Whereas nuclear importing may also occur independent of CRD [19], Gal3 nu-
clear transportation via the NPC requires the presence of the C-terminal domain sequence 
acting as a NLS, and deletion of the C-terminal domain of the Gal3 molecule prevents its 
nuclear localization [231,232]. Specifically, the last 28 amino acids of the C-terminal region 
of Gal3 play an indispensable role in determining its intracellular localization. The im-
portin-α/β complex is involved in Gal3 binding and nuclear import, while Nup98 medi-
ates Gal3 export into the cytoplasm through binding to CRD. Gal3 is known to be phos-
phorylated at the residue of N-terminal Ser-6 by CK1 [233], which impacts its localization. 
Whereas the phosphorylated form of Gal3 exists in both cytosolic and nuclear fractions, 
the non-phosphorylated Gal3 presents exclusively in the nucleus, indicating that phos-
phorylation is required for Gal3 nuclear-to-cytoplasm transportation [171]. In cancer cells, 
hypoxia exposure induced a marked upregulation of Lgals3/Gal3 at mRNA and protein 
levels, which was accompanied by redistribution of Gal3 from the nucleus to cytoplasm 
and membrane [68]. Such hypoxia-stress-evoked Gal3 translocation may imply cellular 
self-protection through enhanced anti-apoptotic action of cytoplasmic Gal3. It should be 
noted that the research on Gal3 shuttling has largely been conducted in cancer cells, and 
the application of this body of knowledge on cardiovascular cells, particularly non-prolif-
erative cardiomyocytes, requires further investigation. 

 

Figure 8. The machinery that mediates nuclear importing and exporting of Gal3. Abbreviations: 
NPC: nuclear pore complex; Imp: importin; Cram1: arginine methyltransferase; CK1: casein kinase 
1; Nup: nucleoporin. ONM and INM indicate outer- or inner-nuclear membrane. ⓟ: phosphate 
group. 

5.2. Nuclear Actions of Gal3 in Regulating Expression of Genes 

Nuclear Gal3 has two primary functions, pre-RNA splicing and transportation and 
transcriptional regulation of target genes. 

Pre-mRNA splicing via Gal3–spliceosome interaction. Classical RNA-binding pro-
teins influence the fate of mRNA molecules at multiple levels, including splicing, nuclear 
export, storage, stability and protein translation. Acting as a non-classic RNA-binding 
protein owing to the absence of a RNA-recognition motif, Gal3 is crucial for pre-mRNA 
splicing. Through its CRD and also N-terminal domain (via PYG-rich repeats) (Figure 3A), 
Gal3 incorporates into a multiprotein complex, termed a spliceosome, that forms a com-
plex with the U1 small nuclear ribonucleroprotein-snRNA [141], although the binding of 
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Gal3 with the U1 small nuclear RNA (snRNP) is weak relative to that with more mature 
spliceosomal pre-mRNA. Nuclear Gal3 functions as a splicing factor of unprocessed het-
erogeneous nuclear RNAs (hnRNA), or pre-RNA. Coppin et al. showed that, despite the 
absence of an RNA-recognition motif, Gal3 is able to interact with heterogeneous nuclear 
ribonucleoprotein and indirectly with pre-mRNAs in the nucleus, regulating the splicing 
process and stability of mRNAs [234,235]. Research has implicated direct or indirect in-
teractions of Gal3 with pre-RNAs in the nucleus or mature spliced mRNA in the peri-
nuclear region or the cytoplasm, by which Gal3 post-transcriptionally regulates mRNA 
through simultaneous interaction with the spliceosome. Apart from the pre-mRNA-splic-
ing function of Gal3, there is no report to indicate that Gal3 plays a role in other steps of 
mRNA metabolism/maturation. Gal3 also interacts with ncRNA in the nucleus [116]. Re-
cent studies have demonstrated glycosylation modification of RNA (glycoRNA) [236,237], 
and it remains to be studied whether Gal3 directly interacts with glycoRNAs. 

Transcriptional regulation of target genes by intracellular Gal3. Largely based on 
cancer research, it has become clear that Gal3 achieves its transcriptional regulation 
through several mechanisms. Studies in cancer or immune cells have found that Gal3 di-
rectly binds to numerous transcription factors, including AP-1, HIF-1α, heat shock factor-
1 (HSF-1), early growth response1 (EGR1), WT-1, CREB, β-catenin, transcription factor 4 
(TCF4), lymphoid enhancer-binding factor 1 (LEF1), cyclins, MRTF-A and NF-κB 
[40,57,238–241]. As a transcription co-regulator, such interaction between Gal3 and tran-
scription factors influences the stability and also transcriptional activity of transcription 
factors, either activation or repression. Song et al. found that Gal3 is able to increase nu-
clear β-catenin content by preventing its degradation [46]. EGR1 plays a key role in cancer 
growth and metastasis and its stability is governed by the activity of the E3 ligase TRIM49. 
The EGR1–Gal3 complex leads to detachment of EGR1 from TRIM49 and hence an in-
creased EGR1 stability. Such action can be reversed by restoration of TRIM49 expression 
or use of anti-Gal3 therapy [157]. In human breast epithelial cells, Lin et al. showed that 
nuclear Gal3 facilitates and stabilizes the formation of nuclear protein–DNA complexes, 
including transcription factors CREB and Sp1 at the cyclin D1 promoter with enhanced 
expression of cyclin D1 as well as activated cancer cell proliferation and metastasis [239]. 

Transcriptional regulation by intracellular Gal3 has been reported in cancer and non-
cancer disorders [10,242]. A study on colon cancer cells revealed that intracellular Gal3 
binds to and stabilizes heterogeneous nuclear ribonucleoprotein Q, thereby promoting 
cell proliferation [243]. Nucleolin is a major nuclear protein with multiple functions pri-
marily in ribosome biogenesis, stabilization and transportation of RNA, and chromatin 
remodeling via its interaction with histones. In melanoma cells, Gal3 interacts with nucle-
olin in the nucleus and cytoplasm with enhanced ribosome biosynthesis and chromatin 
reorganization [244]. The Gal3 lattices play a key role in the regulation of multiple pro-
cesses, including inflammatory activation, transmembrane signaling and protein secre-
tion [25]. In an animal model of acute renal injury with markedly increased expression of 
Gal3, Chen et al. reported that Gal3 directly binds to the 3’UTR region of the nuclear re-
ceptor-4a1 (Nr4a1) promoter, leading to upregulation of Nr4a1. Being a transcription fac-
tor, Nr4a1 mediates upregulation of BRCA1-associated protein 1 (Bap1) and facilitates 
ferroptosis with worsening of renal injury [245]. In another study on an animal model of 
acute renal injury, overexpressed Gal3 promotes histone lactylation at H3K18 with en-
hanced expression of fibroblast growth factor receptor 4 (FGFR4) via interaction with gly-
colytic pyruvate kinase M2 (PKM2), thereby facilitating renal fibrosis and the develop-
ment of calcium oxalate stones [246]. As discussed in Section 4.3 (Figure 6), transcriptional 
regulation by Gal3 is also achieved by its regulation of numerous signaling pathways ei-
ther through direct interaction with membrane receptors or signaling molecules and ki-
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nases. Lastly, nuclear Gal3 participates in nucleus–cytoplasm mRNA shuttling. Collec-
tively, multiple nuclear and extranuclear actions of Gal3 converge on its transcriptional 
regulation. 

5.3. Regulation of Cell Fate by Gal3 

Cell proliferation. The proliferative property of Gal3 in cancer cells or other cell types, 
such as endothelial cells and fibroblasts, has been well documented. Research in cancer 
tissues or cells highlights a central role of nuclear Gal3 in regulating cell proliferation 
through interactions with numerous transcriptional factors that activate expression of cy-
clin A/D, p21, p27, c-Myc, CREB/SP1 (a cyclin expression promotor), Axin/β-
catenin/GSK3β/transcription factor-4 (Tcf-4), or thyroid-specific transcription factor (TTF-
1) (Figure 8) [19]. Interestingly, the proliferative action of Gal3 is in part attributable to its 
interference in the stability of p21, a tumor suppressor and key cell-cycle negative regula-
tor [47]. Conversely, the expression of Lgals3 is inhibited by p53 (Figure 3A) [47,72], the 
action contributing in part to the action of p53 as a tumor suppressor. Numerous studies 
either in cancer cells or proliferative cardiovascular cells have showed that Gal3 regulates 
signaling networks that govern cell fate, including stemness, proliferation and transdif-
ferentiation. The signaling pathways involved include Jagged-1/Notch [210], β-
catenin/Wnt/GSK2β [240,241,247,248], mTOR [249,250], integrin-RhoA-JNK signaling 
[251], CT-1 or LIF/JAK-STAT3-Gal3 axis [252], intermediate-conductance Ca2+-activated 
K+ channel (KCa3.1) [51,253], cyclin-D1/cAMP response element [239] or the 
YAP/FOXM/cyclin D1 axis [254]. The KCa3.1 channel promotes activation and prolifera-
tion of cancer cells, immune cells and fibroblasts likely through augmenting intracellular 
Ca2+ entry [253,255], and Gal3 promotes expression of KCa3.1 under diseased settings [51]. 
In cancer cells, AKT activity inhibits the oncogenic GSK-3β/β-catenin signaling and sub-
sequent oncogene expression, and Gal3 enhances the GSK/β-catenin signaling by inhibit-
ing AKT activity [240]. In the setting of organ fibrosis, Gal3 stimulates fibroblast-to-myo-
fibroblast transition and myofibroblast proliferation [50,51,256–259]. Gal3 has been shown 
to promote the β-catenin/GSK3β signaling that drives endothelial-to-mesenchymal tran-
sition and pulmonary fibrosis [260]. 

Cell apoptosis. Gal3 plays key roles in cancer cell survival and the development of 
insensitivity to anti-cancer therapies through its direct interaction with well-known onco-
genes like Bcl-2, Ras and Myc. In both in vitro and in vivo models of myocardial ischemia, 
the protection by Lgals3-KO against apoptosis was accompanied by reciprocal changes in 
Bax/Bcl2 expression at mRNA and protein levels [33]. Gal3 possesses the anti-apoptotic 
NWGR motif within the CRD, by which it binds directly to BH-1 Bcl-family proteins and 
regulates cell apoptosis (Figure 2B) [25,57,261]. Gal3–Bcl-2 binding stabilizes the mito-
chondrial membrane potential, thereby inhibiting release of cytochrome-c and subsequent 
cell apoptosis, which mediates tumor immune escape under conditions of anti-cancer 
chemotherapy or immunotherapy [20,22,43–45]. Other actions of Gal3, such as activation 
of oncogenes (Ras, c-Myc, Erk, p21), also contribute to its anti-apoptotic property. The 
Gal3–p21 interaction provides an explanation for the dual actions on cancer growth by 
p21, which acts primarily as a tumor cell repressor through cell-cycle arrest but can also 
exhibit anti-apoptotic action. Conversely, there also exists reciprocal inhibitory regula-
tions between the tumor suppressor p53 and Gal3, hence the pro-apoptotic action of p53 
is achieved in a large part through downregulation and inactivation of Gal3 [72,262]. Un-
like the pro-survival action of Gal3 in cancer cells, numerous studies on heart disease have 
provided strong evidence for the pro-apoptotic action of Gal3 expressed in cardiomyo-
cytes under conditions like myocardial ischemia [33,122,263,264] and various types of car-
diomyopathy or cardiac senescence [265–269]. In cultured adult cardiomyocytes, overex-
pression of Gal3 induces a 5-fold increase in cell apoptosis [261]. Some studies in cardiac 
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ischemia or infarct models demonstrated anti-apoptotic effect by Lgals3-KO [265], albeit 
loss of Gal3 interfered with the post-infarct fibrotic healing [97,259]. In Dahl salt-sensitive 
hypertensive rats, knockdown of Gal3 by the lentivirus shRNA technique reduced cardi-
omyocyte apoptosis and improved survival [252]. In the model of aortic aneurysm, inhi-
bition of Gal3 reduced VSMC apoptotic death in addition to suppression of inflammatory 
responses [41]. 

5.4. Regulation of Mitochondrial Metabolism 

For several decades, it has been well known that cancer cells commonly exhibit both 
Gal3 upregulation and metabolic reprogramming. Studies have implicated a causal role 
of Gal3 in mediating metabolic reprogramming in cancer cells, involving alterations of 
glycolysis and mitochondrial metabolism [270,271]. In cancer cells, Gal3 overexpression is 
associated with upregulation of genes critical in anaerobic glycolysis (e.g., glucose uptake-
1, GLUT1, hexokinase, phosphofructokinase and LDHA) and activation of HIF-1α, PI3K, 
RAS and ERK1/2 signaling, collectively promoting glucose uptake and aerobic glycolysis, 
i.e. the Warburg effect [270–272]. Mitochondrial homeostasis is critical for cancer growth 
albeit the oxidative phosphorylation is reduced. Upregulated Gal3 in cancer cells main-
tains mitochondrial homeostasis likely through interaction with key regulators such as 
AMPK and peroxisome proliferator-activated receptors (PPARs), as well as suppression 
of the mitochondrial apoptosis pathway [273]. Despite this recognition in cancer cells, lim-
ited studies have explored the contribution of Gal3 in cardiac metabolic remodeling [274]. 
Emerging studies have indicated regulation of metabolism by Gal3 in CVD. In a murine 
model of high-fat diet feeding, Lgals3-KO mice exhibited less elevation in fasting levels of 
glucose and insulin [275], PPARγ-mediated accumulation of white adipose tissue or he-
patic steatosis [276,277], and cardiac lipotoxicity and mitochondria damage versus control 
mice [278]. A number of regulators for mitochondrial and lipid metabolism have been 
implicated to play key roles in regulating cardiac metabolism, including PPAR family 
members, insulin signaling, CD36 (a membrane DAMP receptor and fatty acid trans-
porter), HIF-1α, βAR signaling and Hippo-YAP pathway [106,274,276]. Diabetic research 
has revealed that Gal3 contributes to the onset of cellular and systemic insulin resistance 
[201]. Gal3, especially derived from macrophages, interacts directly with insulin receptors 
and interferes with the insulin signaling pathway [201,276]. mTOR and STAT3 signaling 
cascades are implicated in regulating metabolism of glucose, amino acids and fatty acids 
[279,280]. In studies on obese mice, Gal3 administration induced insulin resistance and 
glucose intolerance, whereas loss of Gal3 by genetic or pharmacologic means improved 
insulin sensitivity [201]. In patients with type-2 diabetes, higher circulating levels of Gal3 
are associated with the degree of insulin resistance [275,281]. Gal3 also contributes to met-
abolic reprogramming induced by inflammatory signaling. In an LPS-induced sepsis 
model, Gal3 binds to LPS and, acting as an LPS censor, interacts with lysosome-anchored 
Rag GTPase-regulator-mTORC1 signaling, thereby promoting expression of glycolysis-
associated genes [249]. Although this finding was made in the setting of LPS stimulation, 
such enhanced inflammatory signaling would pertain to CVD and metabolic disorders 
where inflammation plays a critical role in disease progression. Indeed, in high-fat-diet-
induced cardiomyopathy with fibrosis, hypertrophy and elevated ROS, treatment with a 
Gal3 inhibitor (N-acetyllactosamine, LacNAc) ameliorated these phenotypes [250]. 

As discussed in Section 2.4, the Mst1-cTG DCM mice exhibited increased expression 
of Gal3 that accumulates in mitochondria (Figure 5C) [32], together with overt mitochon-
drial structural damage and metabolic abnormalities [91]. This model also exhibited a sig-
nificant disturbance of metabolic regulatory signaling, indicated by downregulation of 
mitochondrial genes and PPAR family members (PPARδ, PPARα and PGC-1α), together 
with elevation of HIF-1α and glycolytic genes [91,282]. Using this model, we studied the 
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effect of Lgals3 gene deletion on myocardial metabolism by combination of the transcrip-
tome and lipidome (Figure 9A,B) [283]. Whilst there are diverse and minor changes in 
myocardial lipid components and gene pathways in Lgals3-KO versus non-TG control 
mice, against the DCM background, Lgals3-KO (DCM/KO) is associated with a partial but 
significant reversal of DCM-induced changes in lipid classes and species, most notably an 
increase in sphingolipids, reduction in phospholipids or ether lipids, and reduction in tri-
glycerides. In the  

DCM background, 9.2% of genes were differentially expressed (DEGs) by Lgals3-KO, 
whereas only 0.6% genes were DEGs for Lgals3-KO versus the non-TG group (Figure 9C). 
The transcriptome showed unchanged expression of gene sets of sphingolipid biosynthe-
sis or the PPAR/PGC-1α family but revealed restoration of the downregulated pathways 
of mitochondrial metabolism in DCM/KO hearts (Figure 9A,B) [131]. Interestingly, Lgals3 
deletion in Mst1-cTG mice is associated with approximately 50% restoration of expression 
of about 1500 PPARα/PGC-1α target genes by the transcriptome, together with improved 
fatty acid metabolism by the lipidome, in addition to suppression of fibrotic genes (Figure 
9C,D). Furthermore, upregulated expression of HIF-1α at both mRNA and protein levels, 
seen in this DCM model, was also reversed by Lgals3-KO [131]. These in vivo findings 
highlight, for the first time, the regulation of lipid and mitochondrial metabolism by up-
regulated Gal3 in cardiomyocytes, at least in part, through repression of mitochondrial 
metabolic genes. Regulation by Gal3 of lipid metabolism is also indicated by previous 
studies on cancer cells, immune cells and adipocytes [276,284], and Gal3 is found to aug-
ment inflammometabolic response under diseased conditions and promote lipid accumu-
lation in human arteries [40]. Furthermore, Gal3 is able to bind to membrane structure and 
glycan-containing lipids such as sphingolipids [21,284–287], usually with adverse conse-
quences under diseased conditions. 
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Figure 9. Transcriptional regulation of gene sets by Gal3 in a mouse model of dilated cardiomyopa-
thy (DCM) due to cardiomyocyte-restricted Hippo pathway activation. The top-40 most signifi-
cantly altered reactome gene sets in DCM relative to non-transgenic control mice (nTG) (A), or be-
tween Lgans3-deleted DCM mice relative to DCM mice (B). Note that the majority of downregulated 
gene sets are involved in mitochondrial metabolism ((A), blue rectangle), which were partially and 
significantly reversed in DCM/KO. Similarly, several profibrotic gene sets were upregulated in 
DCM mice (red rectangle in (A)) and were reversed in DCM/KO mice (blue rectangles in (B)). (C) 
Number of differentially expressed genes (DEG) by Lgals3-KO in wild-type (i.e., KO vs. nTG) and 
against DCM background (DCM/KO vs. DCM). MET: mesenchymal–epithelial transition; NCAM: 
neural cell adhesion molecule or CD56. (D) Rank–rank plot of expression of selected gene sets in 
these comparisons and the effect of Lgals3 deletion against DCM background. The diagrams are 
replotted based on our original data published previously [32,91,131].  

In addition to inducing metabolic dysregulation, mitochondrial Gal3 is implicated in 
suppressing mitochondria-mediated cell apoptosis through interaction with Bcl-2 pro-
teins, regulation of cytochrome-c release or generation of mitochondrial ROS [43,273,288]. 
It remains unclear whether mitochondrial Gal3 might regulate mitochondrial turnover, 
energy metabolism and signaling function as well. Gal3 is known to prevent the process 
of mitochondria fission by limiting the recruitment of the regulator of fission protein DRP-
1 [273]. Accordingly, loss of Gal3 in cancer or epithelial cells alters mitochondrial turnover 
reflected by accumulation of fragmented and round-shaped mitochondria. Gal3 localizes 
at the ER–mitochondrial interface, i.e., mitochondria-associated membranes (MAMs), and 
contributes to the integrative coupling of both organelles. The coupling of mitochondria 
with the ER is critical for cellular homeostasis and metabolism in settings of physiology 
and pathological stress, which may lead to accumulation of unfolded proteins [273]. In 
cancer cells or epithelial cells, Gal3 at MAMs preserves the integrity of mitochondrial net-
work and MAMs, coordinates ER–mitochondria function, and modulates ER stress re-
sponses. Emerging evidence suggests the involvement of Gal3 in the functionality of 
MAMs and unfolded protein responses (UPRs) through interacting with MAM-localized 
proteins [273]. Whereas Gal3 does not alter the activity of the three UPR branches under 
basal conditions, following ER stress induced by thapsigargin Gal3 favors an adaptive 
UPR [273]. The effect of Gal3 in disease heart might be different, however. Under condi-
tions of myocardial infarction, treatment with inhibitors against Gal3 (MCPs) or ER stress 
(4-phenylbutyric acid, 4-PBA) effectively reduced oxidative stress and fibrosis, suggesting 
that Gal3 in tandem with ER stress mediates post-infarct damage and healing [289]. 

6. Pro-Inflammatory and Pro-Fibrosis Properties and Gal3/Gal3-Binding 
Protein Interaction 

Extracellular Gal3 plays a key role in the development of inflammation and fibrosis 
of CVD, which has been discussed in detail by several excellent reviews [6,10,13,14]. There 
is emerging evidence for extracellular Gal3 interacting with Gal3-binding protein 
(Gal3BP), contributing to inflammation and fibrosis. As discussed in the previous sections, 
intracellular Gal3 contributes significantly to these events through its regulation of rele-
vant signaling pathways and transcription of numerous genes. 

6.1. Pro-Inflammatory Action 

NF-κB signaling plays a central role in inflammatory response by promoting expres-
sion of numerous inflammatory genes. There is strong evidence for Gal3 in facilitating 
NF-κB signaling by binding to either TLR4 or TLR4 ligands (Figure 4A) [64,80,86]. The 
INF-γ/JAK-STAT signaling pathway is also under regulation by Gal3. There are several 
mechanisms by which Gal3 promotes inflammatory signaling pathways and upregulates 
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expression of inflammatory cytokines and chemokines (IL-1β, IL-6, IL-10/STAT3, TNF-α, 
iNOS, NOX4), or key signaling molecules (NF-κB, TLR4/MyD88/NF-κB, JAK/STAT3) 
[10,290]. In brain glial cells, exposure to exogenously added Gal3 induced rapid and sus-
tained activation of the JAK-STAT-IFN-γ signaling cascade. This is achieved by tyrosine 
phosphorylation of key enzymes of this signaling pathway, such as STATs and JAK2, and 
also by upregulation of targeted inflammatory molecules [291]. There is also evidence for 
Gal3 in augmenting ROS generation or activation of NLRP3–inflammasome response 
[207,292–295]. Gal3 is able to activate subtypes of immune cells and regional build-up of 
Gal3 derived from inflammatory cells, in particular macrophages, forms a feedback loop 
promoting the inflammatory–fibrotic cascade in diseased settings such as myocardial in-
farction [296], viral myocarditis [297], hypertrophic cardiomyopathy [298], brain ischemia 
[299], renal failure [186], arteriosclerosis [73,300] and pulmonary hypertension [301]. Gal3 
per se is able to directly bind to chemokine CXC receptors like a ligand, forming a heter-
odimer, an action that is CRD-independent [204]. In an acute renal injury model, release 
of Gal3 by injured cells exacerbates renal inflammation and damage through platelet ac-
tivation via GPVI and subsequent formation of monocyte–platelet aggregates and activa-
tion of M1 macrophages [198]. Inflammation mediated by brain microglial cells is critical 
in the onset of Alzheimer’s disease. Liu et al. developed a Gal3 inhibitor, FJMU1887, by 
using AI-added structure design [302]. When tested in murine models of Alzheimer’s dis-
ease, FJMU1887 showed potent inhibition of brain inflammation and Aβ-plaque deposi-
tion. This drug was found to bind to and promote degradation of Gal3 protein, thereby 
disrupting the interaction between Gal3 and the triggering receptor expressed on myeloid 
cells 2 (TREM2), leading to diminished inflammatory signaling in microglial cells [302]. 

Notably, Gal3 also possesses immune suppressive action. For example, its pro-cancer 
action is, in a significant part, attributable to its suppression of anti-cancer immunity. A 
recent study reported that Gal3 derived from a subtype of breast cancer cells induces ex-
pansion of T regulatory cells and elevated levels of IL-10 and IL-35 with subsequent im-
munosuppression [200]. Furthermore, in CD8+ T-cells, Gal3 induces mitochondrial dys-
function through downregulating expression of mitochondrial oxidative genes with a re-
sultant increase in ROS and exhaustion of T-killer cells [200]. The inflammasome pathway 
is crucial in innate immunity. Composed of multiple proteins like NLRP3, caspases and 
pro-cytokines, the inflammasome is formed and activated within the cytosol of immune 
or epithelial cells upon pathological stimuli. Gal3 plays a pivotal role in the priming and 
activation of NLRP3–inflammasome through direct binding to DAMPs and TLRs 
[207,293,294,303,304]. In several diseased models, including high-fat-diet-induced fatty 
liver disease [207], diabetes-associated atrial remodeling [304], doxorubicin-induced car-
diotoxicity [303], acute colitis [294] or host response to bacterial infection [293], such action 
is attenuated by Lgals3-KO or Gal3 inhibitors, leading to amelioration of inflammatory 
responses. 

Numerous studies have emphasized a pivotal role of macrophage-derived Gal3 in 
pathological conditions. Following myocardial infarction, Gal3-high macrophages play a 
key role in the clearance of dead cells by phagocytosis. In patients or mice with aortic 
aneurysm, there was a remarkable upregulation of Gal3 by M1 macrophages in aortic tis-
sues contributing to VSMC apoptosis [41], and inhibition of Gal3 in mice reduced the risk 
of aneurysm, efficacy associated with downregulation of inflammatory factors and MMP-
9. In type-1 diabetes, macrophage-secreted Gal3 suppresses differentiation and function 
of regulatory T-cells, which exacerbates pancreatic autoimmunity and diabetes [305]. Shi-
rakawa et al. showed that activation of macrophages and expression of osteopotin are 
dependent on upregulation of Gal3 in M2 macrophages, which acts intracellularly to pro-
mote expression of genes like EGFR and reparative fibrotic response [108]. 
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6.2. Pro-Fibrotic Action 

The pro-fibrotic feature of Gal3 has been well documented by numerous studies in a 
variety of diseased conditions involving the heart [32,50,250,257,259,266,267], lungs 
[37,66,306], the kidney [307] and the liver [256,308]. Two mechanisms are responsible for 
the pro-fibrotic action of Gal3, i.e., promoting the expression of fibrotic genes and inter-
acting with key fibrotic factors including osteopontin, TGF-β, platelet-derived growth fac-
tor (PDGF) and connective tissue growth factor (CTGF) [32,50,256,259,292,309]. Notably, 
the pro-inflammatory property of Gal3 also contributes to its pro-fibrotic action. Follow-
ing myocardial infarction, a subclass of macrophages (CD206+) with high Lgals3 expres-
sion showed exclusive upregulation of Spp1 (gene encoding osteopontin), which is en-
hanced by IL-10. The synergistic signaling of IL-10/Gal3/osteopontin contributes to phag-
ocytotic clearance of dead cells, an event preceding the subsequent fibrotic healing [108]. 

The pro-fibrotic action of Gal3 is attributable in a major part to its transcriptional reg-
ulation of fibrotic genes. In models of organ fibrosis, interventions including Lgals3-KO 
significantly repressed the fibrotic gene profile with downregulation of the expression of 
key fibrotic genes including TGF-1β and CTGF [14,32,103,259,309]. In Mst1-cTG mice with 
DCM and severe myocardial fibrosis, Lgals3 gene deletion either partially (heterozygous) 
or completely (homozygous) mediated “dose-dependent” downregulation of numerous 
genes related to fibroblast activation, biosynthesis of ECM proteins and collagen modifi-
cations. These changes in gene expression are accompanied by approximately 40% reduc-
tion in tissue content of collagen, amelioration of ventricular dysfunction and improve-
ment of the intracardiac conduction delay [32]. In rats subjected to MI, treatment with 
CRD-targeted Gal3 inhibitors inhibited excessive fibrotic healing in the border regions 
and improved ventricular performance [259]. Recent studies have revealed a pivotal role 
of KCa3.1 channels in fibrogenesis [253]. KCa3.1 is constitutively expressed in non-excitable 
fibroblasts, inflammatory cells and VSMCs and mediates cell activation through regulat-
ing membrane potential with enhanced Ca2+ influx. Upon pathological stimuli, KCa3.1 
channels are upregulated and activated in fibroblasts or macrophages, leading to cell ac-
tivation following membrane hyperpolarization and elevated intracellular Ca2+. In vivo 
studies that employed in vivo treatment with the KCa3.1 channel blocker TRAM-34 and 
KCa3.1 gene deletion or KCa3.1 gene knockdown in cultured fibroblasts effectively reversed 
upregulated expression of fibrotic genes and reduced organ fibrosis [51,310]. Using mouse 
models of cardiomyopathy with severe fibrosis due to enhanced βAR stimulation by phar-
macological or transgenic means, She et al. showed upregulation of Gal3 in inflammatory 
cells, fibroblasts and cardiomyocytes and that Gal3 promotes expression of KCa3.1 as well 
as other inflammatory (TNF-α, MCP1, CD45, CD68, IL-6) and fibrotic genes (TGF-β1, 
CTGF, collagen) [51]. Recent studies have revealed that metabolic remodeling in heart 
disease is associated with upregulation and activation of both Gal3 and KCa3.1 by metab-
olites such as α-ketoglutarate [310]. 

6.3. Interactions of Extracellular Gal3 and Galectin-3-Binding Protein 

Gal3BP, also termed Lgals3BP or Mac-2-binding glycoprotein, is encoded by the 
LGAL3SBP gene [311]. Gal3BP is a highly glycosylated and secreted protein, detectable in 
most tissues and body fluids, and may be essential for biological actions of Gal3 [209,312]. 
The full-length Gal3BP protein consists of 585 amino acids, but its molecular weight is 90 
to 100 kDa following extensive glycosylation at multiple potential N- or O-glycosylation 
sites. The Gal3BP structure consists of three functional domains: BACK domain, BTB/POZ 
domain, and SRCR domain [311]. Gal3BP is released through the canonical secretory path-
way and co-release of Gal3BP with Gal3 was observed in extracellular vesicles [313]. Apart 
from Gal3 as its major receptor or ligand,, Gal3BP also interacts with galectin-1, β1-integ-
rins and ECM proteins like collagen, fibronectin and laminin [314,315]. 



Int. J. Mol. Sci. 2026, 27, 5782 30 of 51 
 

https://doi.org/10.3390/ijms27135782 

The majority of studies indicate disease-mediating roles of secreted Gal3BP in cancer 
[311,314,316] or inflammatory and fibrotic conditions [192,315,317–320]. Knockdown of 
either Gal3 or Gal3BP attenuates tumor growth and metastasis [311,321]. Thus, there is 
strong evidence for a synergistic role of Gal3–Gal3BP in tumorigenesis and metastasis 
[322–324], in which Gal3BP may enhance Gal3–EGFR signaling, leading to increased cMyc 
and epithelial–mesenchymal transition [321], and stimulate tubulogenesis, a cancer-pro-
moting process that is VEGF-independent but Gal3-dependent [325]. Expression of 
Gal3BP is also induced by inflammatory molecules such as interferons, TNF-α or double-
stranded RNA or DNA (poly I:C, dsRNA, dsDNA). Conversely, Gal3BP is able to interact 
with diverse extracellular and intracellular proteins, resulting in induction of interferons 
and pro-inflammatory cytokines. Such interaction has also been shown to enhance cell–
cell adhesion and activation of inflammatory–signaling cascades. Gal3BP depletion atten-
uates hepatic fibrosis by reducing TGF-β1 availability and inhibiting genesis of hepato-
carcinoma [318]. Through interacting with Gal3, circulating Gal3BP promotes the devel-
opment atherosclerosis and induces plaque instability [312]. Gal3BP–Gal3 interaction has 
been shown to promote macrophage M1 polarization, causing endothelial dysfunction 
and pulmonary artery hypertension in an animal model of systemic lupus erythematosus 
[326]. Gal3BP is found to induce insulin resistance either directly by inhibiting insulin re-
ceptor phosphorylation and activity or indirectly via promoting the inflammatory TNF-
α/TLR/NF-κB signaling pathway [327]. 

Both Gal3 and Gal3BP are simultaneously upregulated in settings of cancer or inflam-
mation and co-exist extracellularly in exosomes or vesicles of human blood or body fluids 
[314,321,328–330] and are involved in inflammatory signaling and activation of fibroblasts 
through direct interaction [331,332]. In cancer patients, circulating Gal3BP presents either 
in the form of free protein or association with extracellular vesicles [311,333]. Elevated 
circulating levels of Gal3BP are also found in patients with carotid or coronary artery ath-
erosclerosis [334,335], myocardial infarction [336], pulmonary hypertension [337], vascu-
lar diseases (e.g., systemic lupus erythematosus) [338,339], metabolic syndrome [320], or 
hepatic fibrosis of different etiologies [318,340–342]. Gal3BP levels predict severity of cor-
onary atherosclerosis, risk of myocardial infarction and cardiovascular mortality [334–
336,343], and such predictive power of Gal3BP is enhanced by the inclusion of Gal3 [336].  

Given considerable similarities in biological actions between Gal3BP and Gal3, future 
study needs to explore the Gal3 dependency of currently known actions of Gal3BP in 
CVD. The mode of Gal3–Gal3BP molecular interaction also requires definition. 

7. Summary and Future Research 
7.1. Summary 

In the last two decades, research on Gal3 has progressed significantly in the areas of 
transcriptional regulation, localization, protein modifications and intracellular actions, to-
gether with translational findings on Gal3 as a clinical biomarker and a disease mediator. 
Regulators or signaling pathways have been identified that play key roles in the regula-
tion of Gal3 from transcription to localization-dependent biological actions. As discussed 
in this review, the functionality of Gal3 varies according to its intracellular or extracellular 
localization, quaternary structures with Gal3 oligomers or formation of Gal3 lattices with 
enhanced biological actions. Importantly, related to its localization, pleiotropic actions of 
Gal3 could be dependent on its CRD-binding capacity but also achieved by protein–pro-
tein interactions, particularly in controlling expression of genes, thereby regulating mul-
tiple signaling pathways critical for pathological events including cell proliferation, pro-
grammed death, inflammation, fibrosis and energy metabolism (Figure 7). Given the re-
cent improvement in our understanding on the role of Gal3 in the development of CVD, 
Gal3 forms a critical therapeutic target. Whereas current development of Gal3 inhibitors 
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focuses on CRD blockade (Table 1), other stages of Gal3 biosynthesis, modification and 
distribution also hold promise for effective interventions. 

7.2. Broadening Anti-Gal3 Therapeutic Potentials 

Limitations of CRD-targeted inhibitors. There is evidence that the function of extra-
cellular Gal3 depends almost entirely on its CRD–glycoconjugate interaction, and thus 
carbohydrate ligand mimics would be suitable and effective inhibitors of Gal3 (Table 1). 
Whereas intracellular function of Gal3 could be independent of its interaction with gly-
coconjugates, the CRD may still be involved in intracellular protein–protein interactions 
without involving glycoconjugate binding. Given the recognition of the significant intra-
cellular function of Gal3 (Figure 7), the development of novel classes of Gal3 inhibitors is 
desirable. Ideal criteria of Gal3 inhibitors would be exhibiting high affinity relative to en-
dogenous glycoconjugates, selective to Gal3 relative to other galectins, biochemically sta-
ble in vivo, and distributing not only in the extracellular space or cell surface membrane 
but also entering into intracellular or nuclear compartments and inhibiting protein–pro-
tein interactions. In fact, among current inhibitors, very few are non-CRD-targeted (e.g., 
MG-257, Table 1). Regarding current inhibitors, their capability of intracellular entry by 
passing cellular membrane remains unclear, the process requiring low-polar surface area, 
as shown by Stegmary et al. [48]. Indeed, Liu et al. tested BBB permeability of two inhibi-
tors, FJMU1887 and TD139, which is a well-studied Gal3 inhibitor (Table 1), and found 
satisfactory permeability for FJMU1887 but very poor permeability for TD139 [302]. A po-
tential solution for improving drug delivery intracellularly is the use of drug carriers or 
polymeric assembled micelles, the subject of future investigation. Relevant to this is the 
evaluation of the efficacy of existing and newly developed Gal3 inhibitors with special 
assays of cellular uptake and their intracellular bioactivities. Therapy with a combination 
of inhibitors against both C- and N-domains of Gal3 would be expected to achieve better 
efficacy. 

Extracellular secretion and circulating level of Gal3. Activation of monocytes/macro-
phages by circulating Gal3 promotes expression and secretion of Gal3, forming a vicious 
cycle. Accordingly, under conditions of significant inflammation like myocardial infarc-
tion, myocarditis, sepsis or atherosclerosis, a circulating pool of Gal3 may reflect Gal3 se-
cretion into the circulation. We showed that, in mice subjected to ischemia–reperfusion, 
there is increased expression of Gal3 as well as other inflammatory markers in circulating 
immune cells [104]. In human patients with atherothrombosis, plasma levels of Gal3 are 
positively correlated with markers that reflect activation of circulating monocytes, such as 
oxidative stress [27]. Studies have also revealed that enhanced sympatho-βAR signaling 
augments cardiac expression and secretion of Gal3, evidenced by the transcardiac Gal3 
gradient, together with enhanced Gal3 expression by circulating inflammatory cells, both 
contributing to the overall Gal3 plasma pool [31,104]. In cultured breast cancer cells, a 
mechano-sensing mechanism triggers rapid secretion of Gal3 into the medium [196], albeit 
it remains undetermined whether expression of Gal3 is simultaneously enhanced by 
mechano-sensing stimuli. Furthermore, released Gal3 can be rapidly taken up by cancer 
cells, a process associated with facilitation of cell spreading and adhesion [196]. Given that 
mechanotransduction is a fundamental signaling mechanism for cell activation, migra-
tion, proliferation and metastasis, as well as for activation of fibroblasts and myocardial 
hypertrophy [344], further research is warranted to address the role Gal3 in the relevant 
biological and pathological events. This is even more likely considering that Gal3 is an 
integrin-associated protein that acts as a mechano-sensing molecule (Figure 6B). Collec-
tively, several interventions that attenuate inflammation, mechano-sensing stimuli or βAR 
activity are expected to suppress extracellular release of Gal3. 
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Suppression of Gal3 expression or its intracellular activity. As reviewed in Section 2, 
other CRD-independent interventions would be expected to effectively inhibit Gal3 ex-
pression and activity under diseased conditions. Specifically, we highlight the transcrip-
tional regulation of Gal3 expression as a promising therapeutic target to repress Gal3 up-
regulation commonly seen under pathological conditions (Figure 10). We speculate that 
suppression of Gal3 expression, with reduced intracellular and extracellular Gal3 levels, 
holds the potential to be developed for therapeutic use. Regulation of post-transcriptional 
modification of Lgals3 (e.g., m6A) or PTM of Gal3 (e.g., phosphorylation) could form drug-
gable strategies. Likewise, identification of nuclear localization and actions of Gal3 also 
suggests a further avenue for tuning the transcriptional regulation by Gal3, which con-
tributes to the onset and progression of diseases. 

 

Figure 10. Targeted potential therapies that are independent of CRD blockade in the setting of car-
diovascular disease. Along with CRD-targeted inhibitors to block Gal3 interactions with glycolig-
ands, future research may focus on inhibition of Lgals3 transcription, protein expression, post-trans-
lational modifications (PTMs) and intracellular or extracellular transport. Importantly, suppression 
of intracellular Gal3 actions would be expected to reverse dysregulated gene profiles, dysfunction 
of organelles, Gal3 intracellular signaling and extracellular export. ━┫ denotes inhibitory inter-
vention. 

7.3. Future Research Directions 

First, Gal3 has long been the research focus in cancer and well identified as an onco-
genic molecule (Figure 1). Higher levels of Gal3 expression were identified in numerous 
cancer types and associated with aggressive behavior and metastasis. By referring to stud-
ies on cancer tissues and cells, this review includes a significant body of advanced research 
findings on Gal3 biology, which is expected to inspire new research on Gal3–CVD. Nota-
bly, significant diversity exists among different cell types in Gal3 biology, such as expres-
sion level, intracellular distribution, shuttling and secretion. CVD involves distinct cell 
types contributing at different stages of pathologies. Hence, research is required to delin-
eate the features of Gal3 in key cell types of cardiovascular tissues for better understand-
ing of the role of Gal3 in promoting CVD. One example is the current appreciation of a 
pivotal role of macrophage-derived Gal3 under a variety of diseased settings. Aortic dis-
section is a critical clinical condition where cell types like macrophages, endothelial cells 
and VSMCs are sequentially activated, achieving persistent expression of Gal3 during the 
course of the disease. Lin et al. generated nanoparticles with triple elements of a Gal3-
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binding polysaccharide, a nitric-oxide-generating peptide and a hydrophobic drug car-
rier. When tested in vitro and in vivo, this nanomedicine enhanced uptake by lesion-con-
tributing cells with regional accumulation and lowered the degree of aortic dissection, 
vascular inflammatory and degenerative phenotypes and reduced mortality [345]. 

Second, there is accumulating evidence for the dependency of Gal3 biological actions 
on its intracellular or extracellular localization (Figure 7) [108,193,194]. This issue is critical 
to our understanding of biological actions of Gal3 such as activation of fibroblasts, VSMCs 
or macrophages. Shirakawa et al. found that intracellular Gal3 effectively activates M2 
macrophages whilst exogenously added Gal3 had no such activity [108]. This finding 
might explain in part the controversy on whether intracellular and extracellular Gal3 act 
similarly in activating macrophages or fibroblasts. Likewise, extracellular Gal3 promotes 
but intracellular Gal3 inhibits apoptotic cell death. Future research is needed to delineate 
biological actions of Gal3 in relation to its localization. Diverse findings exist on the effi-
cacy of MCPs in a range of CVDs, including a clinical trial on hypertensive patients [49], 
showing either a significant inhibitory effect (e.g., against inflammation, fibrosis, hyper-
trophy and cardiac dysfunction) or lack of efficacy [32,49]. In the Mst1-cTG DCM mouse 
model, the ineffectiveness of treatment with MCPs was contrary to the significant benefits 
by a partial or complete deletion of the Lgals3 gene [32], indicating a pivotal role of intra-
cellular Gal3 in disease progression. Relevant to this is our limited understanding of the 
dissociation between the expression and secretion of Gal3 [49,104]. It has been shown that 
the anti-cancer efficacy of MCPs is more potent in small versus large products, likely due 
to different capacities for intracellular entry [346]. Another relevant research area is the 
regulatory mechanism by which Gal3 shuttles between the cytoplasm and nucleus or se-
cretes extracellularly, processes likely forming therapeutic targets (Figure 10). 

Third, the onset and progression of CVD involve phenotypic alterations and accom-
panied metabolic switching of diverse cardiovascular cell types. Future investigation is 
needed on the regulation by Gal3 of metabolism and the mechanisms involved. Intracel-
lular Gal3, particularly mitochondria and the nucleus in localization, is of special signifi-
cance given their direct and indirect (i.e., transcriptional regulation) influence on cellular 
metabolism (Figure 9). Actions of mitochondrial Gal3 affect not only cellular apoptosis 
and autophagy but also other functions, including energy metabolism, ROS generation, 
intracellular Ca2+ handling and coordination among organelles that participate in cellular 
metabolism (Figure 7). Influence by Gal3 on interactions among diverse organelles, par-
ticularly mitochondria and the endoplasmic reticulum, needs to be explored. In addition, 
the possible contribution of Galig-encoded mitogaligin in CVD remains to be tested. 

Fourth, the formation of the Gal3–glycoconjugate lattices is dependent not only on 
the expression and secretion of Gal3 but also on the density of glycosylated ligands at the 
membrane that form branches with Gal3 oligomers (Figure 2C). Heart disease is associ-
ated with metabolic remodeling manifested by enhanced aerobic glycolysis and glutami-
nolysis, which would be expected to inhibit the glucose or glutamine-driven biosynthesis 
of N-acetylglucosamine (GlcNAc), thereby weakening the strength of Gal3–glycoconju-
gate lattices. In other words, aerobic glycolysis and glutaminolysis serve as critical nega-
tive regulators of Gal3 lattice strength. Further research is warranted to explore the turn-
over of glycoconjugates and the role GlcNAc salvage in relation to Gal3 lattice formation. 
There is emerging evidence that metabolic alterations regulate membrane glycan ligands 
and hence the formation of Gal3 lattices [151]. Another key component of cardiac meta-
bolic remodeling involves abnormalities in membrane lipid composition, including gly-
cophospholipids, glycosphingolipids and glycoceramides [283], which would be expected 
to alter lattice formation via Gal3–glycolipid interactions. It is also likely that Gal3–lipid 
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interactions at the cellular membrane may alter the turnover rate of certain classes of struc-
tural lipids [131,184,284]. It is noteworthy to point out that the direct viewing of such 
highly dynamic Gal3 lattice structures remains to be achieved. 

Finally, augmented expression of Gal3 occurs in settings of cancer and CVD, where 
Gal3 acts as a key player as a biomarker and disease mediator. Hence, Gal3 might contrib-
ute significantly to mutual comorbidity or cardio-oncology, which deserve further inves-
tigation. There is also evidence that the expression and function of Gal3 are influenced by 
commonly used medications for either CVD or cancer [347–349]. Research may focus on 
well-studied molecules known to be critical in both diseased settings. One example is YAP 
which is well known as a cancer promoter whilst its activity in cardiomyocytes is benefi-
cial. Many anti-cancer drugs would suppress the transcriptional activity of YAP, leading 
to anti-cancer efficacy, whilst this effect, when occurring in the myocardium, would result 
in cardiotoxicity and cardiomyopathy due in large part to mitochondrial damage and cell 
death [96,350]. Another case is the potential interplay between p53 and Gal3 in CVD. p53 
is a well-known tumor suppressor that induces cell apoptosis and senescence and also 
regulates metabolism [351]. In cancer tissues, there exists reciprocal inhibition of p53 and 
Gal3 by which p53 suppresses cancer growth in part through antagonizing the pro-onco-
genic action of Gal3. Interestingly, p53 has recently been shown to contribute to organ 
fibrosis [352], but the influence by Gal3 in this setting is not studied. 
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ocyte chemoattractant protein 1; MMP, matrix metalloproteinase; MRTFA, myocardin-related tran-
scription factor A; Mst1, mammalian sterile 20-like kinase1; NF-κB, nuclear factor kappa-light-
chain-enhancer of activated B cells; NLR, Nod-like receptor; NLRP3, NLR family pyrin domain con-
taining 3; NOX, nicotinamide adenine dinucleotide phosphate oxidase; NPC, nuclear pore complex; 
PKM, pyruvate kinase M; PPAR, peroxisome proliferator-activated receptor; PTM, post-transla-
tional modification; ROS, reactive oxygen species; Runx, Runt-related transcription factor; TEAD, 
TEA-domain family member; TG, transgenic; TGF-β, transforming growth factor-β; TLR, Toll-like 
receptor; TRIM, tripartite motif family protein; UPR, unfolded protein response; VCAM, vascular 
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cell adhesion molecule, VEGF, vascular endothelial growth factor; VSMC, vascular smooth muscle 
cell; YAP, yes-associated protein. 

References 
1. Baccouche, B.M.; Rhodenhiser, E. Galectin-3 and HFpEF: Clarifying an Emerging Relationship. Curr. Cardiol. Rev. 2023, 19, 19–

26. 
2. Besler, C.; Lang, D.; Urban, D.; Rommel, K.P.; von Roeder, M.; Fengler, K.; Blazek, S.; Kandolf, R.; Klingel, K.; Thiele, H.; et al. 

Plasma and Cardiac Galectin-3 in Patients with Heart Failure Reflects Both Inflammation and Fibrosis: Implications for Its Use 
as a Biomarker. Circ. Heart Fail. 2017, 10, e003804. 

3. Chen, H.; Chen, C.; Fang, J.; Wang, R.; Nie, W. Circulating galectin-3 on admission and prognosis in acute heart failure patients: 
A meta-analysis. Heart Fail. Rev. 2020, 25, 331–341. 

4. Gopal, D.M.; Kommineni, M.; Ayalon, N.; Koelbl, C.; Ayalon, R.; Biolo, A.; Dember, L.M.; Downing, J.; Siwik, D.A.; Liang, C.; 
et al. Relationship of plasma galectin-3 to renal function in patients with heart failure: Effects of clinical status, pathophysiology 
of heart failure, and presence or absence of heart failure. J. Am. Heart Assoc. 2012, 1, e000760. 

5. Nangia-Makker, P.; Hogan, V.; Balan, V.; Raz, A. Chimeric galectin-3 and collagens: Biomarkers and potential therapeutic tar-
gets in fibroproliferative diseases. J. Biol. Chem. 2022, 298, 102622. 

6. Suthahar, N.; Meijers, W.C.; Silljé, H.H.; Ho, J.E.; Liu, R.A. Galectin-3 Activation and Inhibition in Heart Failure and Cardiovas-
cular Disease: An Update. Theranostics 2018, 8, 593–609. 

7. Procyk, G.; Czapla, A.; Jałocha, K.; Tymińska, A.; Grabowski, M.; Gąsecka, A. The role of galectin-3 in atrial fibrillation. J. Mol. 
Med. 2023, 101, 1481–1492. 

8. Mazurek, J.A.; Horne, B.D.; Saeed, W.; Sardar, M.R.; Zolty, R. Galectin-3 Levels Are Elevated and Predictive of Mortality in 
Pulmonary Hypertension. Heart Lung Circ. 2017, 26, 1208–1215. 

9. Sedlář, A.; Bojarová, P.; Kolář, F.; KřEn, V.; Bačáková, L. Galectin-3 as a therapeutic target in pulmonary hypertension: Molec-
ular mechanisms, drug development directions, and emerging clinical applications. Biomed. Pharmacother. 2025, 193, 118756. 

10. Bouffette, S.; Botez, F. Targeting galectin-3 in inflammatory and fibrotic diseases. Trends Pharmacol. Sci. 2023, 44, 519–531. 
11. de Boer, R.A.; De Keulenaer, G.; Bauersachs, J.; Brutsaert, D.; Cleland, J.G.; Diez, J.; Du, X.-J.; Ford, P.; Heinzel, F.R.; Lipson, 

K.E.; et al. Towards better definition, quantification and treatment of fibrosis in heart failure. A scientific roadmap by the Com-
mittee of Translational Research of the Heart Failure Association (HFA) of the European Society of Cardiology. Eur. J. Heart 
Fail. 2019, 21, 272–285. 

12. Du, X.J.; Zhao, W.B.; Nguyen, M.N.; Lu, Q.; Kiriazis, H. β-Adrenoceptor activation affects galectin-3 as a biomarker and thera-
peutic target in heart disease. Br. J. Pharmacol. 2019, 176, 2449–2464. 

13. Liu, F.T.; Stowell, S.R. The role of galectins in immunity and infection. Nat. Rev. Immunol. 2023, 23, 479–494. 
14. Seropian, I.M.; El-Diasty, M.; El-Sherbini, A.H.; Gonzalez, G.E.; Rabinovich, G.A. Central role of Galectin-3 at the cross-roads of 

cardiac inflammation and fibrosis: Implications for heart failure and transplantation. Cytokine Growth Factor. Rev. 2024, 80, 47–
58. 

15. Mackinnon, A.C.; Tonev, D.; Jacoby, B.; Pinzani, M.; Slack, R.J. Galectin-3: Therapeutic targeting in liver disease. Expert. Opin. 
Ther. Targets 2023, 27, 779–791. 

16. Sethi, A.; Sanam, S.; Alvala, R.; Alvala, M. An updated patent review of galectin-1 and galectin-3 inhibitors and their potential 
therapeutic applications (2016-present). Expert. Opin. Ther. Pat. 2021, 31, 709–721. 

17. Slack, R.J.; Mills, R.; Mackinnon, A.C. The therapeutic potential of galectin-3 inhibition in fibrotic disease. Int. J. Biochem. Cell 
Biol. 2021, 130, 105881. 

18. Califice, S.; Castronovo, V.; Van Den Brule, F. Galectin-3 and cancer (Review). Int. J. Oncol. 2004, 25, 983–992. 
19. Kim, S.J.; Chun, K.H. Non-classical role of Galectin-3 in cancer progression: Translocation to nucleus by carbohydrate-recogni-

tion independent manner. BMB Rep. 2020, 53, 173–180. 
20. Laderach, D.J.; Compagno, D. Inhibition of galectins in cancer: Biological challenges for their clinical application. Front. Immunol. 

2022, 13, 1104625. 
21. Gilson, R.C.; Gunasinghe, S.D.; Johannes, L.; Gaus, K. Galectin-3 modulation of T-cell activation: Mechanisms of membrane 

remodelling. Prog. Lipid Res. 2019, 76, 101010. 
22. C.H.; Chang, Y.C.; Chan, M.H.; Yang, Y.F.; Liang, S.M.; Hsiao, M. Galectins in Cancer and the Microenvironment: Functional 

Roles, Therapeutic Developments, and Perspectives. Biomedicines 2021, 9, 1159. 



Int. J. Mol. Sci. 2026, 27, 5782 36 of 51 
 

https://doi.org/10.3390/ijms27135782 

23. Souchak, J.; Mohammed, N.B.B.; Lau, L.S.; Dimitroff, C.J. The role of galectins in mediating the adhesion of circulating cells to 
vascular endothelium. Front. Immunol. 2024, 15, 1395714. 

24. de Boer, R.A.; van der Velde, A.R.; Mueller, C.; van Veldhuisen, D.J.; Anker, S.D.; Peacock, W.F.; Adams, K.F.; Maisel, A. Ga-
lectin-3: A modifiable risk factor in heart failure. Cardiovasc. Drugs Ther. 2014, 28, 237–246. 

25. Funasaka, T.; Raz, A.; Nangia-Makker, P. Galectin-3 in angiogenesis and metastasis. Glycobiology 2014, 24, 886–891. 
26. He, Y.S.; Hu, Y.Q.; Xiang, K.; Chen, Y.; Feng, Y.T.; Yin, K.J.; Huang, J.X.; Wang, J.; Wu, Z.D.; Wang, G.H.; et al. Therapeutic 

Potential of Galectin-1 and Galectin-3 in Autoimmune Diseases. Curr. Pharm. Des. 2022, 28, 36–45. 
27. Madrigal-Matute, J.; Lindholt, J.S.; Fernandez-Garcia, C.E.; Benito-Martin, A.; Burillo, E.; Zalba, G.; Beloqui, O.; Llamas-Granda, 

P.; Ortiz, A.; Egido, J.; et al. Galectin-3, a biomarker linking oxidative stress and inflammation with the clinical outcomes of 
patients with atherothrombosis. J. Am. Heart Assoc. 2014, 3, e000785. 

28. Zaborska, B.; Sikora-Frac, M.; Smarz, K.; Pilichowska-Paszkiet, E.; Budaj, A.; Sitkiewicz, D.; Sygitowicz, G. The Role of Galectin-
3 in Heart Failure-The Diagnostic. Prognostic and Therapeutic Potential-Where Do We Stand? Int. J. Mol. Sci. 2023, 24, 13111. 

29. Zamora, E.; Lupon, J.; de Antonio, M.; Galan, A.; Domingo, M.; Urrutia, A.; Troya, M.; Bayes-Genis, A. Renal function largely 
influences Galectin-3 prognostic value in heart failure. Int. J. Cardiol. 2014, 177, 171–177. 

30. Meijers, W.C.; van der Velde, A.R.; Ruifrok, W.P.; Schroten, N.F.; Dokter, M.M.; Damman, K.; Assa, S.; Franssen, C.F.; Gan-
sevoort, R.T.; van Gilst, W.H.; et al. Renal handling of galectin-3 in the general population, chronic heart failure, and hemodial-
ysis. J. Am. Heart Assoc. 2014, 3, e000962. 

31. Zhao, W.B.; Lu, Q.; Nguyen, M.N.; Su, Y.; Ziemann, M.; Wang, L.N.; Kiriazis, H.; Puthalakath, H.; Sadoshima, J.; Hu, H.Y.; et 
al. Stimulation of β-adrenoceptors up-regulates cardiac expression of galectin-3 and BIM through the Hippo signalling path-
way. Br. J. Pharmacol. 2019, 176, 2465–2481. 

32. Nguyen, M.N.; Ziemann, M.; Kiriazis, H.; Su, Y.; Thomas, Z.; Lu, Q.; Donner, D.G.; Zhao, W.B.; Rafehi, H.; Sadoshima, J.; et al. 
Galectin-3 deficiency ameliorates fibrosis and remodeling in dilated cardiomyopathy mice with enhanced Mst1 signaling. Am. 
J. Physiol. Heart Circ. Physiol. 2019, 316, H45–H60. 

33. Zhang, M.; Cheng, K.; Chen, H.; Tu, J.; Shen, Y.; Pang, L.; Wu, W. Galectin-3 knock down inhibits cardiac ischemia-reperfusion 
injury through interacting with bcl-2 and modulating cell apoptosis. Arch. Biochem. Biophys. 2020, 694, 108602. 

34. Sun, Z.; Zhang, L.; Li, L.; Shao, C.; Liu, J.; Zhou, M.; Wang, Z. Galectin-3 mediates cardiac remodeling caused by impaired 
glucose and lipid metabolism through inhibiting two pathways of activating Akt. Am. J. Physiol. Heart Circ. Physiol. 2021, 320, 
H364–H380. 

35. Chen, Y.; Fu, W.; Zheng, Y.; Yang, J.; Liu, Y.; Qi, Z.; Wu, M.; Fan, Z.; Yin, K.; Chen, Y.; et al. Galectin 3 enhances platelet aggre-
gation and thrombosis via Dectin-1 activation: A translational study. Eur. Heart J. 2022, 43, 3556–3574. 

36. Pang, Z.D.; Sun, X.; Bai, R.Y.; Han, M.Z.; Zhang, Y.J.; Wu, W.; Zhang, Y.; Lai, B.C.; Zhang, Y.; Wang, Y.; et al. YAP-galectin-3 
signaling mediates endothelial dysfunction in angiotensin II-induced hypertension in mice. Cell Mol. Life Sci. 2023, 80, 38. 

37. Emre, S.; Fazlioglu, N.; Emre, E.; Mutlu, L.C.; Yilmaz, A. Galectin-3 level in idiopathic pulmonary fibrosis patients and its rela-
tionship with response to antifibrotic treatment. Respir. Med. 2025, 240, 108028. 

38. He, J.; Li, X.; Luo, H.; Li, T.; Zhao, L.; Qi, Q.; Liu, Y.; Yu, Z. Galectin-3 mediates the pulmonary arterial hypertension-induced 
right ventricular remodeling through interacting with NADPH oxidase 4. J. Am. Soc. Hypertens. 2017, 11, 275–289 e2. 

39. Koga, Y.; Motegi, M.; Ono, A.; Hachisu, Y.; Utsugi, M.; Sunaga, N.; Takise, A.; Sato, M.; Kuwako, T.; Osaki, T.; et al. Serum 
galectin-3 as a biomarker of progression of idiopathic pulmonary fibrosis treated with nintedanib. Respir. Investig. 2025, 63, 394–
398. 

40. Arevalo-Martinez, M.; Ede, J.; van der Have, O.; Ritsvall, O.; Zetterberg, F.R.; Nilsson, U.J.; Leffler, H.; Holmberg, J.; Albinsson, 
S. Myocardin related transcription factor and galectin-3 drive lipid accumulation in human blood vessels. Vasc. Pharmacol. 2024, 
156, 107383. 

41. Lu, H.Y.; Shih, C.M.; Huang, C.Y.; Wu, A.T.H.; Cheng, T.M.; Mi, F.L.; Shih, C.C. Galectin-3 Modulates Macrophage Activation 
and Contributes Smooth Muscle Cells Apoptosis in Abdominal Aortic Aneurysm Pathogenesis. Int. J. Mol. Sci. 2020, 21, 8257. 

42. Frangogiannis, N.G. Galectin-3 in the fibrotic response: Cellular targets and molecular mechanisms. Int. J. Cardiol. 2018, 258, 
226–227. 

43. Fukumori, T.; Oka, N.; Takenaka, Y.; Nangia-Makker, P.; Elsamman, E.; Kasai, T.; Shono, M.; Kanayama, H.O.; Ellerhorst, J.; 
Lotan, R.; et al. Galectin-3 regulates mitochondrial stability and antiapoptotic function in response to anticancer drug in prostate 
cancer. Cancer Res. 2006, 66, 3114–3119. 

44. Nangia-Makker, P.; Hogan, V.; Raz, A. Galectin-3 and cancer stemness. Glycobiology 2018, 28, 172–181. 



Int. J. Mol. Sci. 2026, 27, 5782 37 of 51 
 

https://doi.org/10.3390/ijms27135782 

45. Scafetta, G.; D’alessandria, C.; Bartolazzi, A. Galectin-3 and cancer immunotherapy: A glycobiological rationale to overcome 
tumor immune escape. J. Exp. Clin. Cancer Res. 2024, 43, 41. 

46. Song, S.; Mazurek, N.; Liu, C.; Sun, Y.; Ding, Q.Q.; Liu, K.; Hung, M.C.; Bresalier, R.S. Galectin-3 mediates nuclear β-catenin 
accumulation and Wnt signaling in human colon cancer cells by regulation of glycogen synthase kinase-3β activity. Cancer Res. 
2009, 69, 1343–1349. 

47. Wang, Y.; Balan, V.; Kho, D.; Hogan, V.; Nangia-Makker, P.; Raz, A. Galectin-3 regulates p21 stability in human prostate cancer 
cells. Oncogene 2013, 32, 5058–5065. 

48. Stegmayr, J.; Zetterberg, F.; Carlsson, M.C.; Huang, X.; Sharma, G.; Kahl-Knutson, B.; Schambye, H.; Nilsson, U.J.; Oredsson, S.; 
Leffler, H. Extracellular and intracellular small-molecule galectin-3 inhibitors. Sci. Rep. 2019, 9, 2186. 

49. Lau, E.S.; Liu, E.; Paniagua, S.M.; Sarma, A.A.; Zampierollo, G.; Lopez, B.; Diez, J.; Wang, T.J.; Ho, J.E. Galectin-3 Inhibition with 
Modified Citrus Pectin in Hypertension. JACC Basic Transl. Sci. 2021, 6, 12–21. 

50. Martinez-Martinez, E.; Calvier, L.; Fernandez-Celis, A.; Rousseau, E.; Jurado-Lopez, R.; Rossoni, L.V.; Jaisser, F.; Zannad, F.; 
Rossignol, P.; Cachofeiro, V.; et al. Galectin-3 blockade inhibits cardiac inflammation and fibrosis in experimental hyperaldos-
teronism and hypertension. Hypertension 2015, 66, 767–775. 

51. She, G.; Hou, M.C.; Zhang, Y.; Zhang, Y.; Wang, Y.; Wang, H.F.; Lai, B.C.; Zhao, W.B.; Du, X.J.; Deng, X.L. Gal-3 (Galectin-3) 
and KCa3.1 Mediate Heterogeneous Cell Coupling and Myocardial Fibrogenesis Driven by βAR (β-Adrenoceptor) Activation. 
Hypertension 2020, 75, 393–404. 

52. Guittaut, M.; Charpentier, S.; Normand, T.; Dubois, M.; Raimond, J.; Legrand, A. Identification of an internal gene to the human 
Galectin-3 gene with two different overlapping reading frames that do not encode Galectin-3. J. Biol. Chem. 2001, 276, 2652–2657. 

53. Duneau, M.; Boyer-Guittaut, M.; Gonzalez, P.; Charpentier, S.; Normand, T.; Dubois, M.; Raimond, J.; Legrand, A. Galig, a novel 
cell death gene that encodes a mitochondrial protein promoting cytochrome c release. Exp. Cell Res. 2005, 302, 194–205. 

54. Gonzalez, P.; Robinet, P.; Charpentier, S.; Mollet, L.; Normand, T.; Dubois, M.; Legrand, A. Apoptotic activity of a nuclear form 
of mitogaligin, a cell death protein. Biochem. Biophys. Res. Commun. 2009, 378, 816–820. 

55. Robinet, P.; Mollet, L.; Gonzalez, P.; Normand, T.; Charpentier, S.; Brule, F.; Dubois, M.; Legrand, A. The mitogaligin protein is 
addressed to the nucleus via a non-classical localization signal. Biochem. Biophys. Res. Commun. 2010, 392, 53–57. 

56. El Haddad, S.; Serrano, A.; Normand, T.; Robin, C.; Dubois, M.; Brule-Morabito, F.; Mollet, L.; Charpentier, S.; Legrand, A. 
Interaction of Alpha-synuclein with Cytogaligin, a protein encoded by the proapoptotic gene GALIG. Biochem. Biophys. Res. 
Commun. 2018, 495, 787–792. 

57. Dumic, J.; Dabelic, S.; Flogel, M. Galectin-3: An open-ended story. Biochim. Biophys. Acta 2006, 1760, 616–635. 
58. Choi, J.; Lee, S.M.; Norwitz, E.R.; Kim, J.H.; Jung, Y.M.; Park, C.W.; Jun, J.K.; Lee, D.; Jin, Y.; Kim, S.; et al. Placental expression 

quantitative trait loci in an East Asian population. HGG Adv. 2024, 5, 100276. 
59. Cason, M.; Celeghin, R.; Marinas, M.B.; Beffagna, G.; Della Barbera, M.; Rizzo, S.; Remme, C.A.; Bezzina, C.R.; Tiso, N.; Bauce, 

B.; et al. Novel pathogenic role for galectin-3 in early disease stages of arrhythmogenic cardiomyopathy. Heart Rhythm. 2021, 
18, 1394–1403. 

60. Stock, M.; Schafer, H.; Stricker, S.; Gross, G.; Mundlos, S.; Otto, F. Expression of galectin-3 in skeletal tissues is controlled by 
Runx2. J. Biol. Chem. 2003, 278, 17360–17367. 

61. Zhang, H.Y.; Jin, L.; Stilling, G.A.; Ruebel, K.H.; Coonse, K.; Tanizaki, Y.; Raz, A.; Lloyd, R.V. RUNX1 and RUNX2 upregulate 
Galectin-3 expression in human pituitary tumors. Endocrine 2009, 35, 101–111. 

62. Qiu, X.N.; Hong, D.; Shi, Z.R.; Lu, S.Y.; Lai, Y.X.; Ren, Y.L.; Liu, X.T.; Guo, C.P.; Tan, G.Z.; Wang, L.C. TNF-α promotes CXCL-
1/8 production in keratinocytes by downregulating galectin-3 through NF-κB and hsa-miR-27a-3p pathway to contribute pso-
riasis development. Immunopharmacol. Immunotoxicol. 2023, 45, 692–700. 

63. Tian, L.; Coletti, D.; Li, Z.L. Angiotensin II induces the exocytosis of galectin-3 via integrin αv/AKT/NF-κB signaling pathway. 
Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 7183. 

64. Wang, G.; Li, R.; Feng, C.; Li, K.; Liu, S.; Fu, Q. Galectin-3 is involved in inflammation and fibrosis in arteriogenic erectile 
dysfunction via the TLR4/MyD88/NF-κB pathway. Cell Death Discov. 2024, 10, 92. 

65. Greijer, A.E.; van der Groep, P.; Kemming, D.; Shvarts, A.; Semenza, G.L.; Meijer, G.A.; van de Wiel, M.A.; Belien, J.A.; van 
Diest, P.J.; van der Wall, E. Up-regulation of gene expression by hypoxia is mediated predominantly by hypoxia-inducible 
factor 1 (HIF-1). J. Pathol. 2005, 206, 291–304. 

66. Calver, J.F.; Parmar, N.R.; Harris, G.; Lithgo, R.M.; Stylianou, P.; Zetterberg, F.R.; Gooptu, B.; Mackinnon, A.C.; Carr, S.B.; Borth-
wick, L.A.; et al. Defining the mechanism of galectin-3-mediated TGF-β1 activation and its role in lung fibrosis. J. Biol. Chem. 
2024, 300, 107300. 



Int. J. Mol. Sci. 2026, 27, 5782 38 of 51 
 

https://doi.org/10.3390/ijms27135782 

67. Margadant, C.; van den Bout, I.; van Boxtel, A.L.; Thijssen, V.L.; Sonnenberg, A. Epigenetic regulation of galectin-3 expression 
by β1 integrins promotes cell adhesion and migration. J. Biol. Chem. 2012, 287, 44684–44693. 

68. de Oliveira, J.T.; Ribeiro, C.; Barros, R.; Gomes, C.; de Matos, A.J.; Reis, C.A.; Rutteman, G.R.; Gartner, F. Hypoxia Up-Regulates 
Galectin-3 in Mammary Tumor Progression and Metastasis. PLoS ONE 2015, 10, e0134458. 

69. Ikemori, R.Y.; Machado, C.M.; Furuzawa, K.M.; Nonogaki, S.; Osinaga, E.; Umezawa, K.; de Carvalho, M.A.; Verinaud, L.; 
Chammas, R. Galectin-3 up-regulation in hypoxic and nutrient deprived microenvironments promotes cell survival. PLoS ONE 
2014, 9, e111592. 

70. Zeng, Y.; Danielson, K.G.; Albert, T.J.; Shapiro, I.M.; Risbud, M.V. HIF-1 α is a regulator of galectin-3 expression in the interver-
tebral disc. J. Bone Miner. Res. 2007, 22, 1851–1861. 

71. Knights, A.J.; Yik, J.J.; Jusoh, H.M.; Norton, L.J.; Funnell, A.P.; Pearson, R.C.; Bell-Anderson, K.S.; Crossley, M.; Quinlan, K.G. 
Kruppel-like Factor 3 (KLF3/BKLF) Is Required for Widespread Repression of the Inflammatory Modulator Galectin-3 (Lgals3). 
J. Biol. Chem. 2016, 291, 16048–16058. 

72. Ruvolo, P.P.; Ruvolo, V.R.; Benton, C.B.; AlRawi, A.; Burks, J.K.; Schober, W.; Rolke, J.; Tidmarsh, G.; Hail, N., Jr.; Davis, R.E.; 
Andreeff, M. Combination of galectin inhibitor GCS-100 and BH3 mimetics eliminates both p53 wild type and p53 null AML 
cells. Biochim. Biophys. Acta 2016, 1863, 562–571. 

73. Di Gregoli, K.; Somerville, M.; Bianco, R.; Thomas, A.C.; Frankow, A.; Newby, A.C.; George, S.J.; Jackson, C.L.; Johnson, J.L. 
Galectin-3 Identifies a Subset of Macrophages with a Potential Beneficial Role in Atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 
2020, 40, 1491–1509. 

74. Li, Z.; Lv, F.; Dai, C.; Wang, Q.; Jiang, C.; Fang, M.; Xu, Y. Activation of Galectin-3 (LGALS3) Transcription by Injurious Stimuli 
in the Liver Is Commonly Mediated by BRG1. Front. Cell Dev. Biol. 2019, 7, 310. 

75. Ruebel, K.H.; Jin, L.; Qian, X.; Scheithauer, B.W.; Kovacs, K.; Nakamura, N.; Zhang, H.; Raz, A.; Lloyd, R.V. Effects of DNA 
methylation on galectin-3 expression in pituitary tumors. Cancer Res. 2005, 65, 1136–1140. 

76. Chen, L.; Cai, X.; Shao, L.; Wang, Y.; Hong, L.; Zhan, Y. Sirtuin 2 Exerts Regulatory Functions on Radiation-Induced Myocardial 
Fibrosis in Mice by Mediating H3K27 Acetylation of Galectin-3 Promoter. Acta Cardiol. Sin. 2024, 40, 214–224. 

77. Song, M.Y.; Jeon, Y.G.; Yang, J.D.; Moon, Y.J.; Kim, J.B.; Bae, E.J.; Park, B.H. Sirt6 deficiency in mast cells promotes adipose 
fibroinflammation in obesity through galectin-3 signaling. Nat. Commun. 2026, 17, 57. 

78. Li, M.L.; Su, X.M.; Ren, Y.; Zhao, X.; Kong, L.F.; Kang, J. HDAC8 inhibitor attenuates airway responses to antigen stimulus 
through synchronously suppressing galectin-3 expression and reducing macrophage-2 polarization. Respir. Res. 2020, 21, 62. 

79. Li, R.; Wang, G.; Feng, C.; Diao, T.; Liu, S.; Fu, Q. Inhibition of Galectin-3 by ADSC-derived exosomes after cavernous nerve 
injury ameliorates erectile dysfunction by modulating oxidative stress and inflammatory profibrotic cascades. Stem Cell Res. 
Ther. 2025, 16, 627. 

80. Liu, Y.; Zhao, C.; Meng, J.; Li, N.; Xu, Z.; Liu, X.; Hou, S. Galectin-3 regulates microglial activation and promotes inflammation 
through TLR4/MyD88/NF-kB in experimental autoimmune uveitis. Clin. Immunol. 2022, 236, 108939. 

81. Shao, X.X.; Xu, Y.; Xiao, H.Y.; Hu, Y.; Jiang, Y. Higenamine improves DSS-induced ulcerative colitis in mice through the Galec-
tin-3/TLR4/NF-κB pathway. Tissue Cell 2023, 82, 102111. 

82. Sun, Y.; Gao, S.Q.; Wang, X.; Li, T.; Han, Y.L.; Miao, S.H.; Zhao, R.; Zheng, X.B.; Qiu, J.Y.; Jin, W.X.; et al. Galectin-3 activates 
microglia and promotes neurological impairment via NLRP3/pyroptosis pathway following traumatic brain injury. Brain Res. 
2025, 1855, 149560. 

83. Wang, J.S.; Xiao, W.W.; Zhong, Y.S.; Li, X.D.; Du, S.X.; Xie, P.; Zheng, G.Z.; Han, J.M. Galectin-3 deficiency protects lipopoly-
saccharide-induced chondrocytes injury via regulation of TLR4 and PPAR-γ-mediated NF-κB signaling pathway. J. Cell Bio-
chem. 2019, 120, 10195–10204. 

84. Xu, G.R.; Zhang, C.; Yang, H.X.; Sun, J.H.; Zhang, Y.; Yao, T.T.; Li, Y.; Ruan, L.; An, R.; Li, A.Y. Modified citrus pectin ameliorates 
myocardial fibrosis and inflammation via suppressing galectin-3 and TLR4/MyD88/NF-κB signaling pathway. Biomed. Pharma-
cother. 2020, 126, 110071. 

85. Yuan, C.J.; Wang, M.Y.; Xu, J.B.; Zhan, C.P.; Li, Y.B.; Yu, G.F.; Dai, W.M.; Yan, X.J. Elevated expression of galectin-3 in microglia 
exacerbated neuron apoptosis via promoting TNF-α release through the TLR4/NF-κB signaling pathway. Neurol. Res. 2025, 19, 
1–13. 

86. Zhou, W.; Chen, X.; Hu, Q.; Chen, X.; Chen, Y.; Huang, L. Galectin-3 activates TLR4/NF-κB signaling to promote lung adeno-
carcinoma cell proliferation through activating lncRNA-NEAT1 expression. BMC Cancer 2018, 18, 580. 

87. Lin, Y.H.; Chou, C.H.; Wu, X.M.; Chang, Y.Y.; Hung, C.S.; Chen, Y.H.; Tzeng, Y.L.; Wu, V.C.; Ho, Y.L.; Hsieh, F.J.; et al. Aldos-
terone induced galectin-3 secretion in vitro and in vivo: From cells to humans. PLoS ONE 2014, 9, e95254. 



Int. J. Mol. Sci. 2026, 27, 5782 39 of 51 
 

https://doi.org/10.3390/ijms27135782 

88. Yu, F.X.; Zhao, B.; Guan, K.L. Hippo Pathway in Organ Size Control , Tissue Homeostasis, and Cancer. Cell 2015, 163, 811–828. 
89. Liu, J.; Wen, T.; Dong, K.; He, X.; Zhou, H.; Shen, J.; Fu, Z.; Hu, G.; Ma, W.; Li, J.; et al. TEAD1 protects against necroptosis in 

postmitotic cardiomyocytes through regulation of nuclear DNA-encoded mitochondrial genes. Cell Death Differ. 2021, 28, 2045–
2059. 

90. Liu, R.; Jagannathan, R.; Sun, L.; Li, F.; Yang, P.; Lee, J.; Negi, V.; Perez-Garcia, E.M.; Shiva, S.; Yechoor, V.K.; et al. Tead1 is 
essential for mitochondrial function in cardiomyocytes. Am. J. Physiol. Heart Circ. Physiol. 2020, 319, H89–H99. 

91. Wu, W.; Ziemann, M.; Huynh, K.; She, G.; Pang, Z.D.; Zhang, Y.; Duong, T.; Kiriazis, H.; Pu, T.T.; Bai, R.Y.; et al. Activation of 
Hippo signaling pathway mediates mitochondria dysfunction and dilated cardiomyopathy in mice. Theranostics 2021, 11, 8993–
9008. 

92. Yamamoto, S.; Yang, G.; Zablocki, D.; Liu, J.; Hong, C.; Kim, S.J.; Soler, S.; Odashima, M.; Thaisz, J.; Yehia, G.; et al. Activation 
of Mst1 causes dilated cardiomyopathy by stimulating apoptosis without compensatory ventricular myocyte hypertrophy. J. 
Clin. Invest. 2003, 111, 1463–1474. 

93. Chen, S.N.; Gurha, P.; Lombardi, R.; Ruggiero, A.; Willerson, J.T.; Marian, A.J. The hippo pathway is activated and is a causal 
mechanism for adipogenesis in arrhythmogenic cardiomyopathy. Circ. Res. 2014, 114, 454–468. 

94. Leach, J.P.; Heallen, T.; Zhang, M.; Rahmani, M.; Morikawa, Y.; Hill, M.C.; Segura, A.; Willerson, J.T.; Martin, J.F. Hippo path-
way deficiency reverses systolic heart failure after infarction. Nature 2017, 550, 260–264. 

95. Liu, R.; Lee, J.; Kim, B.S.; Wang, Q.; Buxton, S.K.; Balasubramanyam, N.; Kim, J.J.; Dong, J.; Zhang, A.; Li, S.; et al. Tead1 is 
required for maintaining adult cardiomyocyte function, and its loss results in lethal dilated cardiomyopathy. JCI Insight 2017, 
2, e93343. 

96. She, G.; Du, J.C.; Wu, W.; Pu, T.T.; Zhang, Y.; Bai, R.Y.; Zhang, Y.; Pang, Z.D.; Wang, H.F.; Ren, Y.J.; et al. Hippo pathway 
activation mediates chemotherapy-induced anti-cancer effect and cardiomyopathy through causing mitochondrial damage and 
dysfunction. Theranostics 2023, 13, 560–577. 

97. Hashmi, S.; Al-Salam, S. Galectin-3 is expressed in the myocardium very early post-myocardial infarction. Cardiovasc. Pathol. 
2015, 24, 213–223. 

98. Kim, M.K.; Jang, J.W.; Bae, S.C. DNA binding partners of YAP/TAZ. BMB Rep. 2018, 51, 126–133. 
99. Sharma, J.R.; Agraval, H.; Yadav, U.C.S. Cigarette smoke induces epithelial-to-mesenchymal transition, stemness, and metasta-

sis in lung adenocarcinoma cells via upregulated RUNX-2/galectin-3 pathway. Life Sci. 2023, 318, 121480. 
100. Francisco, J.; Zhang, Y.; Jeong, J.I.; Mizushima, W.; Ikeda, S.; Ivessa, A.; Oka, S.; Zhai, P.; Tallquist, M.D.; Del Re, D.P. Blockade 

of Fibroblast YAP Attenuates Cardiac Fibrosis and Dysfunction Through MRTF-A Inhibition. JACC Basic. Transl. Sci. 2020, 5, 
931–945. Erratum in JACC Basic Transl Sci. 2021, 6, 629. 

101. Garoffolo, G.; Casaburo, M.; Amadeo, F.; Salvi, M.; Bernava, G.; Piacentini, L.; Chimenti, I.; Zaccagnini, G.; Milcovich, G.; Zuc-
colo, E.; et al. Reduction of Cardiac Fibrosis by Interference with YAP-Dependent Transactivation. Circ. Res. 2022, 131, 239–257. 

102. Lee, G.J.; Yan, L.; Vatner, D.E.; Vatner, S.F. Mst1 inhibition rescues β1-adrenergic cardiomyopathy by reducing myocyte necrosis 
and non-myocyte apoptosis rather than myocyte apoptosis. Basic. Res. Cardiol. 2015, 110, 7. 

103. Nguyen, M.N.; Su, Y.; Kiriazis, H.; Yang, Y.; Gao, X.M.; McMullen, J.R.; Dart, A.M.; Du, X.J. Upregulated galectin-3 is not a 
critical disease mediator of cardiomyopathy induced by β2-adrenoceptor overexpression. Am. J. Physiol. Heart Circ. Physiol. 2018, 
314, H1169–H1178. 

104. Nguyen, M.N.; Su, Y.; Vizi, D.; Fang, L.; Ellims, A.H.; Zhao, W.B.; Kiriazis, H.; Gao, X.M.; Sadoshima, J.; Taylor, A.J.; et al. 
Mechanisms responsible for increased circulating levels of galectin-3 in cardiomyopathy and heart failure. Sci. Rep. 2018, 8, 
8213. 

105. Yu, F.X.; Zhao, B.; Panupinthu, N.; Jewell, J.L.; Lian, I.; Wang, L.H.; Zhao, J.; Yuan, H.; Tumaneng, K.; Li, H.; et al. Regulation 
of the Hippo-YAP pathway by G-protein-coupled receptor signaling. Cell 2012, 150, 780–791. 

106. Du, X.J.; She, G.; Wu, W.; Deng, X.L. Coupling of β-adrenergic and Hippo pathway signaling: Implications for heart failure 
pathophysiology and metabolic therapy. Mitochondrion 2024, 78, 101941. 

107. Krautbauer, S.; Eisinger, K.; Hader, Y.; Buechler, C. Free fatty acids and IL-6 induce adipocyte galectin-3 which is increased in 
white and brown adipose tissues of obese mice. Cytokine 2014, 69, 263–271. 

108. Shirakawa, K.; Endo, J.; Kataoka, M.; Katsumata, Y.; Yoshida, N.; Yamamoto, T.; Isobe, S.; Moriyama, H.; Goto, S.; Kitakata, H.; 
et al. IL (Interleukin)-10-STAT3-Galectin-3 Axis Is Essential for Osteopontin-Producing Reparative Macrophage Polarization 
After Myocardial Infarction. Circulation 2018, 138, 2021–2035. 

109. Sherazi, A.A.; Jariwala, K.A.; Cybulski, A.N.; Lewis, J.W.; Karagiannis, J.; Cumming, R.C.; Timoshenko, A.V. Effects of Global 
O-GlcNAcylation on Galectin Gene-expression Profiles in Human Cancer Cell Lines. Anticancer. Res. 2018, 38, 6691–6697. 



Int. J. Mol. Sci. 2026, 27, 5782 40 of 51 
 

https://doi.org/10.3390/ijms27135782 

110. Zhong, X.; Song, Z.; Ning, Z.; Wu, J.; Song, X. Inhibition of Src improves cardiac fibrosis in AngII-induced hypertrophy by 
regulating the expression of galectin-3. Microvasc. Res. 2022, 142, 104347. 

111. van Stijn, C.M.; van den Broek, M.; van de Weerd, R.; Visser, M.; Tasdelen, I.; Tefsen, B.; van Die, I. Regulation of expression 
and secretion of galectin-3 in human monocyte-derived dendritic cells. Mol. Immunol. 2009, 46, 3292–3299. 

112. Fei, F.; Joo, E.J.; Tarighat, S.S.; Schiffer, I.; Paz, H.; Fabbri, M.; Abdel-Azim, H.; Groffen, J.; Heisterkamp, N. B-cell precursor 
acute lymphoblastic leukemia and stromal cells communicate through Galectin-3. Oncotarget 2015, 6, 11378–11394. 

113. Mangano, K.; Petralia, M.C.; Bella, R.; Pennisi, M.; Munoz-Valle, J.F.; Hernandez-Bello, J.; Nicoletti, F.; Fagone, P. Transcriptional 
upregulation of galectin-3 in multiple sclerosis. Immunol. Res. 2023, 71, 950–958. 

114. Arul, J.C.; Beem, S.S.R.; Parthasarathy, M.; Kuppusamy, M.K.; Rajamani, K.; Silambanan, S.; Association of microRNA-210-3p 
with NT-proBNP; sST2, and Galectin-3 in heart failure patients with preserved and reduced ejection fraction: A cross-sectional 
study, PLoS ONE 2025, 20, e0320365. 

115. Han, R.; Li, K.; Li, L.; Zhang, L.; Zheng, H. Expression of microRNA-214 and galectin-3 in peripheral blood of patients with 
chronic heart failure and its clinical significance. Exp. Ther. Med. 2020, 19, 1322–1328. 

116. Li, M.; Qi, C.; Song, R.; Xiong, C.; Zhong, X.; Song, Z.; Ning, Z.; Song, X. Inhibition of Long Noncoding RNA SNHG20 Improves 
Angiotensin II-Induced Cardiac Fibrosis and Hypertrophy by Regulating the MicroRNA 335/Galectin-3 Axis. Mol. Cell Biol. 
2021, 41, e0058020. 

117. Rong, J.; Pan, H.; He, J.; Zhang, Y.; Hu, Y.; Wang, C.; Fu, Q.; Fan, W.; Zou, Q.; Zhang, L.; et al. Long non-coding RNA 
KCNQ1OT1/microRNA-204-5p/LGALS3 axis regulates myocardial ischemia/reperfusion injury in mice. Cell Signal 2020, 66, 
109441. 

118. Wan, Y.; Zhang, X.; Tang, K.D.; Blick, T.; Kenny, L.; Thompson, E.W.; Punyadeera, C. Overexpression of miRNA-9 enhances 
galectin-3 levels in oral cavity cancers. Mol. Biol. Rep. 2021, 48, 3979–3989. 

119. Bieg, D.; Sypniewski, D.; Nowak, E.; Bednarek, I. MiR-424-3p suppresses galectin-3 expression and sensitizes ovarian cancer 
cells to cisplatin. Arch. Gynecol. Obstet. 2019, 299, 1077–1087. 

120. El-Kott, A.F.; Shati, A.A.; Al-Kahtani, M.A.; Alharbi, S.A. The apoptotic effect of resveratrol in ovarian cancer cells is associated 
with downregulation of galectin-3 and stimulating miR-424-3p transcription. J. Food Biochem. 2019, 43, e13072. 

121. Lu, W.; Wang, J.; Yang, G.; Yu, N.; Huang, Z.; Xu, H.; Li, J.; Qiu, J.; Zeng, X.; Chen, S.; et al. Posttranscriptional regulation of 
Galectin-3 by miR-128 contributes to colorectal cancer progression. Oncotarget 2017, 8, 15242–15251. Correction in Oncotarget. 
2018, 9, 12535. 

122. Song, Z.; Zhong, X.; Ning, Z.; Song, X. The Protective Effect of miR-27-3p on Ischemia-Reperfusion-Induced Myocardial Injury 
Depends on HIF-1α and Galectin-3. J. Cardiovasc. Transl. Res. 2022, 15, 772–785. 

123. Wu, L.; Zhao, Q.; Zhu, X.; Peng, M.; Jia, C.; Wu, W.; Zheng, J.; Wu, X.Z. A novel function of microRNA let-7d in regulation of 
galectin-3 expression in attention deficit hyperactivity disorder rat brain. Brain Pathol. 2010, 20, 1042–1054. 

124. Xie, X.; Ji, J.; Chen, X.; Xu, W.; Chen, H.; Zhu, S.; Wu, J.; Wu, Y.; Sun, Y.; Sai, W.; et al. Human umbilical cord mesenchymal stem 
cell-derived exosomes carrying hsa-miRNA-128-3p suppress pancreatic ductal cell carcinoma by inhibiting Galectin-3. Clin. 
Transl. Oncol. 2022, 24, 517–531. 

125. Zhang, M.; Cheng, K.; Chen, H.; Tu, J.; Shen, Y.; Pang, L.; Wu, W. MicroRNA-27 attenuates pressure overload-Induced cardiac 
hypertrophy and dysfunction by targeting galectin-3. Arch. Biochem. Biophys. 2020, 689, 108405. 

126. Zhang, M.; Chen, Q.; Cheng, K.; Zhang, W.; Chen, Y. Long non-coding RNA XR008038 promotes the myocardial ischemia/reper-
fusion injury development through increasing the expressions of galectin-3. Int. J. Cardiol. 2025, 422, 132955. 

127. Vegter, E.L.; Schmitter, D.; Hagemeijer, Y.; Ovchinnikova, E.S.; van der Harst, P.; Teerlink, J.R.; O’Connor, C.M.; Metra, M.; 
Davison, B.A.; Bloomfield, D.; et al. Use of biomarkers to establish potential role and function of circulating microRNAs in acute 
heart failure. Int. J. Cardiol. 2016, 224, 231–239. 

128. Sygitowicz, G.; Maciejak-Jastrzebska, A.; Sitkiewicz, D. The Diagnostic and Therapeutic Potential of Galectin-3 in Cardiovascu-
lar Diseases. Biomolecules 2021, 12, 46. 

129. Kohler, A.; Hurt, E. Exporting RNA from the nucleus to the cytoplasm. Nat. Rev. Mol. Cell Biol. 2007, 8, 761–773. 
130. Zhang, M.; Chen, Y.; Chen, H.; Shen, Y.; Pang, L.; Wu, W.; Yu, Z. Tanshinone IIA alleviates cardiac hypertrophy through m6A 

modification of galectin-3. Bioengineered 2022, 13, 4260–4270. 
131. Du, X.J.; Huynh, K.; Ziemann, M.; She, G.; Wu, W.; Duong, T.; Hai, X.X.; Yang, Y.Y.; Zhao, W.B.; Lu, Q.; et al. Galectin-3 gene 

deletion alters lipid profile in healthy and cardiomyopathy mouse hearts. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2025, 1870, 
159676. 



Int. J. Mol. Sci. 2026, 27, 5782 41 of 51 
 

https://doi.org/10.3390/ijms27135782 

132. Salomonsson, E.; Carlsson, M.C.; Osla, V.; Hendus-Altenburger, R.; Kahl-Knutson, B.; Oberg, C.T.; Sundin, A.; Nilsson, R.; 
Nordberg-Karlsson, E.; Nilsson, U.J.; et al. Mutational tuning of galectin-3 specificity and biological function. J. Biol. Chem. 2010, 
285, 35079–35091. 

133. Nieminen, J.; Kuno, A.; Hirabayashi, J.; Sato, S. Visualization of Galectin-3 Oligomerization on the Surface of Neutrophils and 
Endothelial Cells Using Fluorescence Resonance Energy Transfer. J. Biol. Chem. 2007, 282, 1374–1383. 

134. Ahmad, N.; Gabius, H.J.; Andre, S.; Kaltner, H.; Sabesan, S.; Roy, R.; Liu, B.; Macaluso, F.; Brewer, C.F. Galectin-3 precipitates 
as a pentamer with synthetic multivalent carbohydrates and forms heterogeneous cross-linked complexes. J. Biol. Chem. 2004, 
279, 10841–10847. 

135. Halimi, H.; Rigato, A.; Byrne, D.; Ferracci, G.; Sebban-Kreuzer, C.; ElAntak, L.; Guerlesquin, F. Glycan dependence of Galectin-
3 self-association properties. PLoS ONE 2014, 9, e111836. 

136. Lin, Y.H.; Qiu, D.C.; Chang, W.H.; Yeh, Y.Q.; Jeng, U.S.; Liu, F.T.; Huang, J.R. The intrinsically disordered N-terminal domain 
of galectin-3 dynamically mediates multisite self-association of the protein through fuzzy interactions. J. Biol. Chem. 2017, 292, 
17845–17856. 

137. Zhao, Z.; Xu, X.; Cheng, H.; Miller, M.C.; He, Z.; Gu, H.; Zhang, Z.; Raz, A.; Mayo, K.H.; Tai, G.; et al. Galectin-3 N-terminal tail 
prolines modulate cell activity and glycan-mediated oligomerization/phase separation. Proc. Natl. Acad. Sci. USA 2021, 118, 
17845–17856. 

138. Birdsall, B.; Feeney, J.; Burdett, I.D.J.; Bawumia, S.; Barboni, E.A.M.; Hughes, R.C. NMR Solution Studies of Hamster Galectin-
3 and Electron Microscopic Visualization of Surface-Adsorbed Complexes: Evidence for Interactions between the N- and C-
Terminal Domains. Biochemistry 2001, 40, 4859–4866. 

139. Shafaq-Zadah, M.; Dransart, E.; Hamitouche, I.; Wunder, C.; Chambon, V.; Valades-Cruz, C.A.; Leconte, L.; Sarangi, N.K.; Rob-
inson, J.; Bai, S.K.; Regmi, R.; et al. Spatial N-glycan rearrangement on α5β1 integrin nucleates galectin-3 oligomers to determine 
endocytic fate. Nat. Commun. 2025, 16, 9461. 

140. Fermino, M.L.; Polli, C.D.; Toledo, K.A.; Liu, F.T.; Hsu, D.K.; Roque-Barreira, M.C.; Pereira-da-Silva, G.; Bernardes, E.S.; 
Halbwachs-Mecarelli, L. LPS-induced galectin-3 oligomerization results in enhancement of neutrophil activation. PLoS ONE 
2011, 6, e26004. 

141. Voss, P.G.; Wang, J.L. Liquid-liquid phase separation: Galectin-3 in nuclear speckles and ribonucleoprotein complexes. Exp. Cell 
Res. 2023, 427, 113571. 

142. Anila, M.M.; Ghosh, R.; Rozycki, B. Membrane curvature sensing by model biomolecular condensates. Soft Matter 2023, 19, 
3723–3732. 

143. Carrick, B.R.; Stingaciu, L.R.; Olsen, B.D. Structural Heterogeneity and Hydrodynamics of an Intrinsically Disordered Protein 
Condensate. J. Am. Chem. Soc. 2026, 148, 8487–8496. 

144. Chiu, Y.P.; Sun, Y.C.; Qiu, D.C.; Lin, Y.H.; Chen, Y.Q.; Kuo, J.C.; Huang, J.R. Liquid-liquid phase separation and extracellular 
multivalent interactions in the tale of galectin-3. Nat. Commun. 2020, 11, 1229. 

145. Shafaq-Zadah, M.; Dransart, E.; Mani, S.K.; Sampaio, J.L.; Bouidghaghen, L.; Nilsson, U.J.; Leffler, H.; Johannes, L. Exploration 
into Galectin-3 Driven Endocytosis and Lattices. Biomolecules 2024, 14, 1169. 

146. Zhang, Z.; Zhao, Z.; Huang, X.; Zhou, L.; Jiang, X.; Wu, H.; Liu, C.; Huang, K.; Wen, J.; Liu, Y.; et al. Galectin-3-integrin α5β1 
phase separation disrupted by advanced glycation end-products impairs diabetic wound healing in rodents. Nat. Commun. 
2025, 16, 7287. 

147. Rabinovich, G.A.; Toscano, M.A. Turning ‘sweet’ on immunity: Galectin-glycan interactions in immune tolerance and inflam-
mation. Nat. Rev. Immunol. 2009, 9, 338–352. 

148. Nabi, I.R.; Shankar, J.; Dennis, J.W. The galectin lattice at a glance. J. Cell Sci. 2015, 128, 2213–2219. 
149. von Mach, T.; Carlsson, M.C.; Straube, T.; Nilsson, U.; Leffler, H.; Jacob, R. Ligand binding and complex formation of galectin-

3 is modulated by pH variations. Biochem. J. 2014, 457, 107–115. 
150. Jariwala, K.A.; Sherazi, A.A.; Tazhitdinova, R.; Shum, K.; Guevorguian, P.; Karagiannis, J.; Staples, J.F.; Timoshenko, A.V. The 

association between increasing levels of O-GlcNAc and galectins in the liver tissue of hibernating thirteen-lined ground squir-
rels (Ictidomys tridecemlineatus). Cell Tissue Res. 2020, 381, 115–123. 

151. Mathew, M.P.; Abramowitz, L.K.; Donaldson, J.G.; Hanover, J.A. Nutrient-responsive O-GlcNAcylation dynamically modulates 
the secretion of glycan-binding protein galectin 3. J. Biol. Chem. 2022, 298, 101743. 

152. Hayashi, Y.; Jia, W.; Kidoya, H.; Muramatsu, F.; Tsukada, Y.; Takakura, N. Galectin-3 Inhibits Cancer Metastasis by Negatively 
Regulating Integrin β3 Expression. Am. J. Pathol. 2019, 189, 900–910. 



Int. J. Mol. Sci. 2026, 27, 5782 42 of 51 
 

https://doi.org/10.3390/ijms27135782 

153. Wang, L.; Guo, X.L. Molecular regulation of galectin-3 expression and therapeutic implication in cancer progression. Biomed. 
Pharmacother. 2016, 78, 165–171. 

154. Chauhan, S.; Kumar, S.; Jain, A.; Ponpuak, M.; Mudd, M.H.; Kimura, T.; Choi, S.W.; Peters, R.; Mandell, M.; Bruun, J.A.; et al. 
TRIMs and Galectins Globally Cooperate and TRIM16 and Galectin-3 Co-direct Autophagy in Endomembrane Damage Home-
ostasis. Dev. Cell 2016, 39, 13–27. 

155. Gallardo-Vara, E.; Ruiz-Llorente, L.; Casado-Vela, J.; Ruiz-Rodriguez, M.J.; Lopez-Andres, N.; Pattnaik, A.K.; Quintanilla, M.; 
Bernabeu, C. Endoglin Protein Interactome Profiling Identifies TRIM21 and Galectin-3 as New Binding Partners. Cells 2019, 8, 
1082. 

156. Kumar, S.; Chauhan, S.; Jain, A.; Ponpuak, M.; Choi, S.W.; Mudd, M.; Peters, R.; Mandell, M.A.; Johansen, T.; Deretic, V. Galec-
tins and TRIMs directly interact and orchestrate autophagic response to endomembrane damage. Autophagy 2017, 13, 1086–
1087. 

157. Qin, Z.Y.; Che, L.R.; Tian, S.; Li, X.; Du, X.Y.; Li, J.; Liu, Q.; Liu, K.W.; Chu, Z.; Han, M.; et al. TRIM49 Deficiency Stabilizes a 
Galectin-3/EGR1 Transcriptional Complex That Drives Invasiveness of Gastric Adenocarcinoma. Cancer Res. 2026, 86, 402–420. 

158. Guo, Y.; Shen, R.; Yang, K.; Wang, Y.; Song, H.; Liu, X.; Cheng, X.; Wu, R.; Song, Y.; Wang, D. RNF8 enhances the sensitivity of 
PD-L1 inhibitor against melanoma through ubiquitination of galectin-3 in stroma. Cell Death Discov. 2023, 9, 205. 

159. Fang, R.; Jia, Z.; Xin, Y.; Zhao, K.; Qin, W.; Lu, H.; Zhou, Y.; Yang, Y.; Fang, H. N6-methyladenosine-modification of USP15 
regulates chemotherapy resistance by inhibiting LGALS3 ubiquitin-mediated degradation via AKT/mTOR signaling activation 
pathway in hepatocellular carcinoma. Cell Death Discov. 2025, 11, 3. 

160. Wang, F.; Yue, J.; Zhang, M.; Sun, M.; Luo, X.; Zhang, H.; Wu, Y.; Cheng, Y.; Chen, J.; Huang, N. NPRL2 promotes TRIM16-
mediated ubiquitination degradation of Galectin-3 to prevent CD8+T lymphocyte cuproptosis in glioma. Cell Mol. Life Sci. 2024, 
81, 424. 

161. Balan, V.; Nangia-Makker, P.; Jung, Y.S.; Wang, Y.; Raz, A. Galectin-3: A novel substrate for c-Abl kinase. Biochim. Biophys. Acta 
2010, 1803, 1198–1205. 

162. Berbis, M.A.; Andre, S.; Canada, F.J.; Pipkorn, R.; Ippel, H.; Mayo, K.H.; Kubler, D.; Gabius, H.J.; Jimenez-Barbero, J. Peptides 
derived from human galectin-3 N-terminal tail interact with its carbohydrate recognition domain in a phosphorylation-depend-
ent manner. Biochem. Biophys. Res. Commun. 2014, 443, 126–131. 

163. Gao, X.; Liu, J.; Liu, X.; Li, L.; Zheng, J. Cleavage and phosphorylation: Important post-translational modifications of galectin-
3. Cancer Metastasis Rev. 2017, 36, 367–374. 

164. Mazurek, N.; Conklin, J.; Byrd, J.C.; Raz, A.; Bresalier, R.S. Phosphorylation of the β-galactoside-binding protein galectin-3 
modulates binding to its ligands. J. Biol. Chem. 2000, 275, 36311–36315. 

165. Menon, S.; Kang, C.M.; Beningo, K.A. Galectin-3 secretion and tyrosine phosphorylation is dependent on the calpain small 
subunit. Calpain 4. Biochem. Biophys. Res. Commun. 2011, 410, 91–96. 

166. Yoshii, T.; Fukumori, T.; Honjo, Y.; Inohara, H.; Kim, H.R.; Raz, A. Galectin-3 phosphorylation is required for its anti-apoptotic 
function and cell cycle arrest. J. Biol. Chem. 2002, 277, 6852–6857. 

167. Li, X.; Ma, Q.; Wang, J.; Liu, X.; Yang, Y.; Zhao, H.; Wang, Y.; Jin, Y.; Zeng, J.; Li, J.; et al. c-Abl and Arg tyrosine kinases regulate 
lysosomal degradation of the oncoprotein Galectin-3. Cell Death Differ. 2010, 17, 1277–1287. 

168. Mazurek, N.; Sun, Y.J.; Price, J.E.; Ramdas, L.; Schober, W.; Nangia-Makker, P.; Byrd, J.C.; Raz, A.; Bresalier, R.S. Phosphoryla-
tion of galectin-3 contributes to malignant transformation of human epithelial cells via modulation of unique sets of genes. 
Cancer Res. 2005, 65, 10767–10775. 

169. Takenaka, Y.; Fukumori, T.; Yoshii, T.; Oka, N.; Inohara, H.; Kim, H.R.; Bresalier, R.S.; Raz, A. Nuclear export of phosphorylated 
galectin-3 regulates its antiapoptotic activity in response to chemotherapeutic drugs. Mol. Cell Biol. 2004, 24, 4395–4406. 

170. Balan, V.; Nangia-Makker, P.; Kho, D.H.; Wang, Y.; Raz, A. Tyrosine-phosphorylated galectin-3 protein is resistant to prostate-
specific antigen (PSA) cleavage. J. Biol. Chem. 2012, 287, 5192–5198. 

171. Tsay, Y.G.; Lin, N.Y.; Voss, P.G.; Patterson, R.J.; Wang, J.L. Export of galectin-3 from nuclei of digitonin-permeabilized mouse 
3T3 fibroblasts. Exp. Cell Res. 1999, 252, 250–261. 

172. Chen, Y.C.; Ma, Y.L.; Lin, C.H.; Cheng, S.J.; Hsu, W.L.; Lee, E.H. Galectin-3 Negatively Regulates Hippocampus-Dependent 
Memory Formation through Inhibition of Integrin Signaling and Galectin-3 Phosphorylation. Front. Mol. Neurosci. 2017, 10, 217. 

173. Ochieng, J.; Fridman, R.; Nangia-Makker, P.; Kleiner, D.E.; Liotta, L.A.; Stetler-Stevenson, W.G.; Raz, A. Galectin-3 is a novel 
substrate for human matrix metalloproteinases-2 and -9. Biochemistry 1994, 33, 14109–14114. 



Int. J. Mol. Sci. 2026, 27, 5782 43 of 51 
 

https://doi.org/10.3390/ijms27135782 

174. McClung, H.M.; Thomas, S.L.; Osenkowski, P.; Toth, M.; Menon, P.; Raz, A.; Fridman, R.; Rempel, S.A. SPARC upregulates 
MT1-MMP expression, MMP-2 activation, and the secretion and cleavage of galectin-3 in U87MG glioma cells. Neurosci. Lett. 
2007, 419, 172–177. 

175. Nangia-Makker, P.; Raz, T.; Tait, L.; Hogan, V.; Fridman, R.; Raz, A. Galectin-3 cleavage: A novel surrogate marker for matrix 
metalloproteinase activity in growing breast cancers. Cancer Res. 2007, 67, 11760–11768. 

176. Funasaka, T.; Raz, A.; Nangia-Makker, P. Nuclear transport of galectin-3 and its therapeutic implications. Semin. Cancer Biol. 
2014, 27, 30–38. 

177. Winter, M.P.; Wiesbauer, F.; Alimohammadi, A.; Blessberger, H.; Pavo, N.; Schillinger, M.; Huber, K.; Wojta, J.; Lang, I.M.; 
Maurer, G.; et al. Soluble galectin-3 is associated with premature myocardial infarction. Eur. J. Clin. Investig. 2016, 46, 386–391. 

178. Kim, S.J.; Shin, J.Y.; Cheong, T.C.; Choi, I.J.; Lee, Y.S.; Park, S.H.; Chun, K.H. Galectin-3 germline variant at position 191 enhances 
nuclear accumulation and activation of β-catenin in gastric cancer. Clin. Exp. Metastasis 2011, 28, 743–750. 

179. Hong, M.H.; Lin, W.H.; Weng, I.C.; Hung, Y.H.; Chen, H.L.; Chen, H.Y.; Chen, P.; Lin, C.H.; Yang, W.Y.; Liu, F.T. Intracellular 
galectins control cellular responses commensurate with cell surface carbohydrate composition. Glycobiology 2019, 30, 49–57. 

180. Banfer, S.; Jacob, R. Galectins in Intra- and Extracellular Vesicles. Biomolecules 2020, 10, 1232. 
181. Banfer, S.; Schneider, D.; Dewes, J.; Strauss, M.T.; Freibert, S.A.; Heimerl, T.; Maier, U.G.; Elsasser, H.P.; Jungmann, R.; Jacob, R. 

Molecular mechanism to recruit galectin-3 into multivesicular bodies for polarized exosomal secretion. Proc. Natl. Acad. Sci. 
USA 2018, 115, E4396–E4405. 

182. Huang, T.Y.; Wang, C.Y.; Chen, K.Y.; Huang, L.T. Urinary Exosomal Thyroglobulin in Thyroid Cancer Patients with Post-abla-
tive Therapy: A New Biomarker in Thyroid Cancer. Front. Endocrinol. 2020, 11, 382. 

183. Neel, E.; Chiritoiu-Butnaru, M.; Fargues, W.; Denus, M.; Colladant, M.; Filaquier, A.; Stewart, S.E.; Lehmann, S.; Zurzolo, C.; 
Rubinsztein, D.C.; et al. The endolysosomal system in conventional and unconventional protein secretion. J. Cell Biol. 2024, 223, 
e202404152. 

184. Lukyanov, P.; Furtak, V.; Ochieng, J. Galectin-3 interacts with membrane lipids and penetrates the lipid bilayer. Biochem. Bio-
phys. Res. Commun. 2005, 338, 1031–1036. 

185. Wang, L.; Li, Y.S.; Yu, L.G.; Zhang, X.K.; Zhao, L.; Gong, F.L.; Yang, X.X.; Guo, X.L. Galectin-3 expression and secretion by 
tumor-associated macrophages in hypoxia promotes breast cancer progression. Biochem. Pharmacol. 2020, 178, 114113. 

186. Henderson, N.C.; Mackinnon, A.C.; Farnworth, S.L.; Kipari, T.; Haslett, C.; Iredale, J.P.; Liu, F.T.; Hughes, J.; Sethi, T. Galectin-
3 expression and secretion links macrophages to the promotion of renal fibrosis. Am. J. Pathol. 2008, 172, 288–298. 

187. Lepur, A.; Carlsson, M.C.; Novak, R.; Dumic, J.; Nilsson, U.J.; Leffler, H. Galectin-3 endocytosis by carbohydrate independent 
and dependent pathways in different macrophage like cell types. Biochim. Biophys. Acta 2012, 1820, 804–818. 

188. Boucheham, A.; Franco, J.M.; Bar, S.; MacDonald, E.; Zuttion, S.; Blagec, L.; Rinaldi, B.; Chicher, J.; Kuhn, L.; Hammann, P.; et 
al. Galectin-3 Mediated Endocytosis of the Orphan G-Protein-Coupled Receptor GPRC5A. Cells 2025, 14, 1571. 

189. Lakshminarayan, R.; Wunder, C.; Becken, U.; Howes, M.T.; Benzing, C.; Arumugam, S.; Sales, S.; Ariotti, N.; Chambon, V.; 
Lamaze, C.; et al. Galectin-3 drives glycosphingolipid-dependent biogenesis of clathrin-independent carriers. Nat. Cell Biol. 
2014, 16, 595–606. 

190. Mukherjee, M.M.; Biesbrock, D.; Hanover, J.A. Galectin-3: Integrator of Signaling via Hexosamine Flux. Biomolecules 2025, 15, 
1028. 

191. Jang, I.; Menon, S.; Indra, I.; Basith, R.; Beningo, K.A. Calpain Small Subunit Mediated Secretion of Galectin-3 Regulates Traction 
Stress. Biomedicines 2024, 12, 1247. 

192. Sato, S.; Hughes, R.C. Regulation of secretion and surface expression of Mac-2, a galactoside-binding protein of macrophages. 
J. Biol. Chem. 1994, 269, 4424–4430. 

193. Caberoy, N.B.; Alvarado, G.; Bigcas, J.L.; Li, W. Galectin-3 is a new MerTK-specific eat-me signal. J. Cell Physiol. 2012, 227, 401–
407. 

194. Sano, H.; Hsu, D.K.; Apgar, J.R.; Yu, L.; Sharma, B.B.; Kuwabara, I.; Izui, S.; Liu, F.T. Critical role of galectin-3 in phagocytosis 
by macrophages. J. Clin. Investig. 2003, 112, 389–397. 

195. Kwon, J.S.; Barr, E.W.; Chuprun, J.K.; Koch, W.J. In Vivo Stimulation of α- and β-Adrenoceptors in Mice Differentially Alters 
Small RNA Content of Circulating Extracellular Vesicles. Cells 2021, 10, 1211. 

196. Baptiste, T.A.; James, A.; Saria, M.; Ochieng, J. Mechano-transduction mediated secretion and uptake of galectin-3 in breast 
carcinoma cells: Implications in the extracellular functions of the lectin. Exp. Cell Res. 2007, 313, 652–664. 

197. Porebska, N.; Pozniak, M.; Matynia, A.; Zukowska, D.; Zakrzewska, M.; Otlewski, J.; Opalinski, L. Galectins as modulators of 
receptor tyrosine kinases signaling in health and disease. Cytokine Growth Factor. Rev. 2021, 60, 89–106. 



Int. J. Mol. Sci. 2026, 27, 5782 44 of 51 
 

https://doi.org/10.3390/ijms27135782 

198. Guo, Y.W.; Luo, Q.; Lu, M.; Zeng, X.B.; Zhang, Y.M.; Lin, Y.L.; Guo, X.R.; Ma, R.; Ming, Z.Y. Platelet glycoprotein VI promotes 
folic acid-induced acute kidney injury through interaction with tubular epithelial cell-derived galectin-3. Cell Commun. Signal 
2025, 23, 148. 

199. Cheng, W.L.; Chen, Y.C.; Li, S.J.; Lee, T.I.; Lee, T.W.; Higa, S.; Chung, C.C.; Kao, Y.H.; Chen, S.A.; Chen, Y.J. Galectin-3 enhances 
atrial remodelling and arrhythmogenesis through CD98 signalling. Acta Physiol. 2022, 234, e13784. 

200. Raiter, A.; Barhum, Y.; Lipovetsky, J.; Menachem, C.; Elgavish, S.; Ruppo, S.; Birger, Y.; Izraeli, S.; Steinberg-Shemer, O.; 
Yerushalmi, R. Galectin-3 secreted by triple-negative breast cancer cells regulates T cell function. Neoplasia 2025, 60, 101117. 

201. Li, P.; Liu, S.; Lu, M.; Bandyopadhyay, G.; Oh, D.; Imamura, T.; Johnson, A.M.F.; Sears, D.; Shen, Z.; Cui, B.; et al. Hematopoietic-
Derived Galectin-3 Causes Cellular and Systemic Insulin Resistance. Cell 2016, 167, 973–984 e12. 

202. von Hundelshausen, P.; Wichapong, K.; Gabius, H.J.; Mayo, K.H. The marriage of chemokines and galectins as functional het-
erodimers. Cell Mol. Life Sci. 2021, 78, 8073–8095. 

203. Wang, D.; You, D.; Li, L. Galectin-3 regulates chemotherapy sensitivity in epithelial ovarian carcinoma via regulating mitochon-
drial function. J. Toxicol. Sci. 2019, 44, 47–56. 

204. Eckardt, V.; Miller, M.C.; Blanchet, X.; Duan, R.; Leberzammer, J.; Duchene, J.; Soehnlein, O.; Megens, R.T.; Ludwig, A.K.; 
Dregni, A.; et al. Chemokines and galectins form heterodimers to modulate inflammation. EMBO Rep. 2020, 21, e47852. 

205. Friedrichs, J.; Manninen, A.; Muller, D.J.; Helenius, J. Galectin-3 regulates integrin α2β1-mediated adhesion to collagen-I and -
IV. J. Biol. Chem. 2008, 283, 32264–32272. 

206. Yang, E.H.; Rode, J.; Howlader, M.A.; Eckermann, M.; Santos, J.T.; Armada, D.H.; Zheng, R.; Zou, C.; Cairo, C.W. Galectin-3 
alters the lateral mobility and clustering of β1-integrin receptors. PLoS ONE 2017, 12, e0184378. 

207. Li, H.; Cao, Z.; Wang, L.; Li, J.; Cheng, X.; Tang, Y.; Xing, M.; Yao, P. Chronic high-fat diet induces galectin-3 and TLR4 to 
activate NLRP3 inflammasome in NASH. J. Nutr. Biochem. 2023, 112, 109217. 

208. Mauris, J.; Woodward, A.M.; Cao, Z.; Panjwani, N.; Argueso, P. Molecular basis for MMP9 induction and disruption of epithelial 
cell-cell contacts by galectin-3. J. Cell Sci. 2014, 127, 3141–3148. 

209. Sedlar, A.; Travnickova, M.; Bojarova, P.; Vlachova, M.; Slamova, K.; Kren, V.; Bacakova, L. Interaction between Galectin-3 and 
Integrins Mediates Cell-Matrix Adhesion in Endothelial Cells and Mesenchymal Stem Cells. Int. J. Mol. Sci. 2021, 22, 5144. 

210. Santos, S.N.D.; Sheldon, H.; Pereira, J.X.; Paluch, C.; Bridges, E.M.; El-Cheikh, M.C.; Harris, A.L.; Bernardes, E.S. Galectin-3 acts 
as an angiogenic switch to induce tumor angiogenesis via Jagged-1/Notch activation. Oncotarget 2017, 8, 49484–49501. 

211. Wesley, U.V.; Vemuganti, R.; Ayvaci, E.R.; Dempsey, R.J. Galectin-3 enhances angiogenic and migratory potential of microglial 
cells via modulation of integrin linked kinase signaling. Brain Res. 2013, 1496, 1–9. 

212. Goetz, J.G.; Joshi, B.; Lajoie, P.; Strugnell, S.S.; Scudamore, T.; Kojic, L.D.; Nabi, I.R. Concerted regulation of focal adhesion 
dynamics by galectin-3 and tyrosine-phosphorylated caveolin-1. J. Cell Biol. 2008, 180, 1261–1275. 

213. Gordon-Alonso, M.; Hirsch, T.; Wildmann, C.; van der Bruggen, P. Galectin-3 captures interferon-γ in the tumor matrix reduc-
ing chemokine gradient production and T-cell tumor infiltration. Nat. Commun. 2017, 8, 793. 

214. Kechagia, J.Z.; Ivaska, J.; Roca-Cusachs, P. Integrins as biomechanical sensors of the microenvironment. Nat. Rev. Mol. Cell Biol. 
2019, 20, 457–473. 

215. Liu, F.; Wu, Q.; Dong, Z.; Liu, K. Integrins in cancer: Emerging mechanisms and therapeutic opportunities. Pharmacol. Ther. 
2023, 247, 108458. 

216. Macke, A.J.; Pachikov, A.N.; Divita, T.E.; Morris, M.E.; LaGrange, C.A.; Holzapfel, M.S.; Kubyshkin, A.V.; Zyablitskaya, E.Y.; 
Makalish, T.P.; Eremenko, S.N.; et al. Targeting the ATF6-Mediated ER Stress Response and Autophagy Blocks Integrin-Driven 
Prostate Cancer Progression. Mol. Cancer Res. 2023, 21, 958–974. 

217. Fortuna-Costa, A.; Gomes, A.M.; Kozlowski, E.O.; Stelling, M.P.; Pavao, M.S. Extracellular galectin-3 in tumor progression and 
metastasis. Front. Oncol. 2014, 4, 138. 

218. Boscher, C.; Nabi, I.R. Galectin-3- and phospho-caveolin-1-dependent outside-in integrin signaling mediates the EGF motogenic 
response in mammary cancer cells. Mol. Biol. Cell 2013, 24, 2134–2145. 

219. Fukushi, J.; Makagiansar, I.T.; Stallcup, W.B. NG2 proteoglycan promotes endothelial cell motility and angiogenesis via engage-
ment of galectin-3 and α3β1 integrin. Mol. Biol. Cell 2004, 15, 3580–3590. 

220. MacDonald, E.; Forrester, A.; Valades-Cruz, C.A.; Madsen, T.D.; Hetmanski, J.H.R.; Dransart, E.; Ng, Y.; Godbole, R.; Shp, A.A.; 
Leconte, L.; et al. Growth factor-triggered de-sialylation controls glycolipid-lectin-driven endocytosis. Nat. Cell Biol. 2025, 27, 
449–463. Correction in Nat. Cell Biol. 2025, 27, 545. 

221. Kuo, H.Y.; Hsu, H.T.; Chen, Y.C.; Chang, Y.W.; Liu, F.T.; Wu, C.W. Galectin-3 modulates the EGFR signalling-mediated regu-
lation of Sox2 expression via c-Myc in lung cancer. Glycobiology 2016, 26, 155–165. 



Int. J. Mol. Sci. 2026, 27, 5782 45 of 51 
 

https://doi.org/10.3390/ijms27135782 

222. Piyush, T.; Chacko, A.R.; Sindrewicz, P.; Hilkens, J.; Rhodes, J.M.; Yu, L.G. Interaction of galectin-3 with MUC1 on cell surface 
promotes EGFR dimerization and activation in human epithelial cancer cells. Cell Death Differ. 2017, 24, 1937–1947. 

223. Yao, Y.; Zhou, L.; Liao, W.; Chen, H.; Du, Z.; Shao, C.; Wang, P.; Ding, K.; HH1-1; a novel Galectin-3 inhibitor, exerts anti-
pancreatic cancer activity by blocking Galectin-3/EGFR/AKT/FOXO3 signaling pathway. Carbohydr. Polym. 2019, 204, 111–123. 

224. Machado, C.M.; Andrade, L.N.; Teixeira, V.R.; Costa, F.F.; Melo, C.M.; Santos, S.N.D.; Nonogaki, S.; Liu, F.T.; Bernardes, E.S.; 
Camargo, A.A.; et al. Galectin-3 disruption impaired tumoral angiogenesis by reducing VEGF secretion from TGFβ1-induced 
macrophages. Cancer Med. 2014, 3, 201–214. 

225. Wan, S.Y.; Zhang, T.F.; Ding, Y. Galectin-3 enhances proliferation and angiogenesis of endothelial cells differentiated from bone 
marrow mesenchymal stem cells. Transplant. Proc. 2011, 43, 3933–3938. 

226. Jiang, Q.; Zhao, Q.; Li, P. Galectin-3 in metabolic disorders: Mechanisms and therapeutic potential. Trends Mol. Med. 2025, 31, 
424–437. 

227. Seropian, I.M.; Cassaglia, P.; Miksztowicz, V.; Gonzalez, G.E. Unraveling the role of galectin-3 in cardiac pathology and physi-
ology. Front. Physiol. 2023, 14, 1304735. 

228. Paron, I.; Scaloni, A.; Pines, A.; Bachi, A.; Liu, F.T.; Puppin, C.; Pandolfi, M.; Ledda, L.; Di Loreto, C.; Damante, G.; et al. Nuclear 
localization of Galectin-3 in transformed thyroid cells: A role in transcriptional regulation. Biochem. Biophys. Res. Commun. 2003, 
302, 545–553. 

229. Shibata, T.; Noguchi, T.; Takeno, S.; Takahashi, Y.; Fumoto, S.; Kawahara, K. Impact of nuclear galectin-3 expression on histo-
logical differentiation and vascular invasion in patients with esophageal squamous cell carcinoma. Oncol. Rep. 2005, 13, 235–
239. 

230. Wang, L.; Inohara, H.; Pienta, K.J.; Raz, A. Galectin-3 is a nuclear matrix protein which binds RNA. Biochem. Biophys. Res. Com-
mun. 1995, 217, 292–303. 

231. Gong, H.C.; Honjo, Y.; Nangia-Makker, P.; Hogan, V.; Mazurak, N.; Bresalier, R.S.; Raz, A. The NH2 terminus of galectin-3 
governs cellular compartmentalization and functions in cancer cells. Cancer Res. 1999, 59, 6239–6245. 

232. Gaudin, J.C.; Mehul, B.; Hughes, R.C. Nuclear localisation of wild type and mutant galectin-3 in transfected cells. Biol. Cell 2000, 
92, 49–58. 

233. Huflejt, M.E.; Turck, C.W.; Lindstedt, R.; Barondes, S.H.; Leffler, H. L-29, a soluble lactose-binding lectin, is phosphorylated on 
serine 6 and serine 12 in vivo and by casein kinase I. J. Biol. Chem. 1993, 268, 26712–26718. 

234. Coppin, L.; Vincent, A.; Frenois, F.; Duchene, B.; Lahdaoui, F.; Stechly, L.; Renaud, F.; Villenet, C.; Van Seuningen, I.; Leteurtre, 
E.; et al. Galectin-3 is a non-classic RNA binding protein that stabilizes the mucin MUC4 mRNA in the cytoplasm of cancer cells. 
Sci. Rep. 2017, 7, 43927. 

235. Fritsch, K.; Mernberger, M.; Nist, A.; Stiewe, T.; Brehm, A.; Jacob, R. Galectin-3 interacts with components of the nuclear ribo-
nucleoprotein complex. BMC Cancer 2016, 16, 502. 

236. Hu, B.; Ma, T.; Zhou, D.; Jiao, J.; Xia, X. GlycoRNA, a novel RNA modification. Discov. Oncol. 2025, 16, 1809. 
237. Xie, Y.; Chai, P.; Till, N.A.; Hemberger, H.; Lebedenko, C.G.; Porat, J.; Watkins, C.P.; Caldwell, R.M.; George, B.M.; Perr, J.; et 

al. The modified RNA base acp(3)U is an attachment site for N-glycans in glycoRNA. Cell 2024, 187, 5228–5237 e12. 
238. Al-Salam, S.; Al-Salam, M.; Al Ashari, M. Galectin-3: A novel protein in cerebellar hemangioblastoma. Int. J. Clin. Exp. Pathol. 

2013, 6, 853–861. 
239. Lin, H.M.; Pestell, R.G.; Raz, A.; Kim, H.R. Galectin-3 enhances cyclin D1 promoter activity through SP1 and a cAMP-responsive 

element in human breast epithelial cells. Oncogene 2002, 21, 8001–8010. 
240. Liu, J.; Zhang, Q.; Wang, J.; Wang, C.; Lan, T.; Wang, T.; Wang, B. Knockdown of BAP31 Downregulates Galectin-3 to Inhibit 

the Wnt/β-Catenin Signaling Pathway to Modulate 5-FU Chemosensitivity and Cancer Stemness in Colorectal Cancer. Int. J. 
Mol. Sci. 2023, 24, 14402. 

241. Weinberger, P.M.; Adam, B.L.; Gourin, C.G.; Moretz, W.H., 3rd; Bollag, R.J.; Wang, B.Y.; Liu, Z.; Lee, J.R.; Terris, D.J.; Association 
of nuclear, cytoplasmic expression of galectin-3 with β-catenin/Wnt-pathway activation in thyroid carcinoma. Arch. Otolaryngol. 
Head Neck Surg. 2007, 133, 503–510. 

242. Mansour, A.A.; Krautter, F.; Zhi, Z.; Iqbal, A.J.; Recio, C. The interplay of galectins-1, -3, and -9 in the immune-inflammatory 
response underlying cardiovascular and metabolic disease. Cardiovasc. Diabetol. 2022, 21, 253. 

243. Yoo, B.C.; Hong, S.H.; Ku, J.L.; Kim, Y.H.; Shin, Y.K.; Jang, S.G.; Kim, I.J.; Jeong, S.Y.; Park, J.G. Galectin-3 stabilizes heteroge-
neous nuclear ribonucleoprotein Q to maintain proliferation of human colon cancer cells. Cell Mol. Life Sci. 2009, 66, 350–364. 

244. Hoja-Lukowicz, D.; Kedracka-Krok, S.; Duda, W.; Litynska, A. The lectin-binding pattern of nucleolin and its interaction with 
endogenous galectin-3. Cell Mol. Biol. Lett. 2014, 19, 461–482. 



Int. J. Mol. Sci. 2026, 27, 5782 46 of 51 
 

https://doi.org/10.3390/ijms27135782 

245. Chen, L.; Ye, Z.; Yang, S.; Xie, J.; Li, H.; Zhou, X.; Cheng, F. RNA-Binding Protein Lgals3, Ferroptosis, and Acute Kidney Injury. 
J. Am. Soc. Nephrol. 2025, 36, 1249–1263. 

246. Ye, Z.; Sun, Y.; Yang, S.; Li, L.; Li, B.; Xia, Y.; Yuan, T.; Yu, W.; Chen, L.; Zhou, X.; et al. Lgals3 Promotes Calcium Oxalate Crystal 
Formation and Kidney Injury Through Histone Lactylation-Mediated FGFR4 Activation. Adv. Sci. 2025, 12, e2413937. 

247. Souza, D.S.; Vicente, C.M.; Macheroni, C.; Campo, V.L.; Porto, C.S. Signaling crosstalk of Galectin-3, β-catenin, and estrogen 
receptor in androgen-independent prostate cancer DU-145 cells. J. Steroid Biochem. Mol. Biol. 2025, 247, 106679. 

248. Tian, L.; Chen, K.; Cao, J.; Han, Z.; Wang, Y.; Gao, L.; Fan, Y.; Wang, C. Galectin--3 induces the phenotype transformation of 
human vascular smooth muscle cells via the canonical Wnt signaling. Mol. Med. Rep. 2017, 15, 3840–3846. 

249. Chen, X.; Yu, C.; Liu, X.; Liu, B.; Wu, X.; Wu, J.; Yan, D.; Han, L.; Tang, Z.; Yuan, X.; et al. Intracellular galectin-3 is a lipopoly-
saccharide sensor that promotes glycolysis through mTORC1 activation. Nat. Commun. 2022, 13, 7578. 

250. Martinez-Martinez, E.; Jurado-Lopez, R.; Valero-Munoz, M.; Bartolome, M.V.; Ballesteros, S.; Luaces, M.; Briones, A.M.; Lopez-
Andres, N.; Miana, M.; Cachofeiro, V. Leptin induces cardiac fibrosis through galectin-3, mTOR and oxidative stress: Potential 
role in obesity. J. Hypertens. 2014, 32, 1104–1114; discussion 1114. 

251. Chen, X.; Lin, J.; Hu, T.; Ren, Z.; Li, L.; Hameed, I.; Zhang, X.; Men, C.; Guo, Y.; Xu, D.; et al. Galectin-3 exacerbates ox-LDL-
mediated endothelial injury by inducing inflammation via integrin β1-RhoA-JNK signaling activation. J. Cell Physiol. 2019, 234, 
10990–11000. 

252. Martinez-Martinez, E.; Brugnolaro, C.; Ibarrola, J.; Ravassa, S.; Buonafine, M.; Lopez, B.; Fernandez-Celis, A.; Querejeta, R.; 
Santamaria, E.; Fernandez-Irigoyen, J.; et al. CT-1 (Cardiotrophin-1)-Gal-3 (Galectin-3) Axis in Cardiac Fibrosis and Inflamma-
tion. Hypertension 2019, 73, 602–611. 

253. She, G.; Ren, Y.J.; Wang, Y.; Hou, M.C.; Wang, H.F.; Gou, W.; Lai, B.C.; Lei, T.; Du, X.J.; Deng, X.L. KCa3.1 Channels Promote 
Cardiac Fibrosis Through Mediating Inflammation and Differentiation of Monocytes into Myofibroblasts in Angiotensin II—
Treated Rats. J. Am. Heart Assoc. 2019, 8, e010418. 

254. Zhang, Q.; Li, W.; Zhu, Y.; Wang, Q.; Zhai, C.; Shi, W.; Feng, W.; Wang, J.; Yan, X.; Chai, L.; et al. Activation of AMPK inhibits 
Galectin-3-induced pulmonary artery smooth muscle cells proliferation by upregulating hippo signaling effector YAP. Mol. Cell 
Biochem. 2021, 476, 3037–3049. 

255. Mohr, C.J.; Steudel, F.A.; Gross, D.; Ruth, P.; Lo, W.Y.; Hoppe, R.; Schroth, W.; Brauch, H.; Huber, S.M.; Lukowski, R. Cancer-
Associated Intermediate Conductance Ca2+-Activated K+ Channel KCa3.1. Cancers 2019, 11, 109. 

256. Henderson, N.C.; Mackinnon, A.C.; Farnworth, S.L.; Poirier, F.; Russo, F.P.; Iredale, J.P.; Haslett, C.; Simpson, K.J.; Sethi, T. 
Galectin-3 regulates myofibroblast activation and hepatic fibrosis. Proc. Natl. Acad. Sci. USA 2006, 103, 5060–5065. 

257. Hu, G.; Wu, J.; Gu, H.; Deng, X.; Xu, W.; Feng, S.; Wang, S.; Song, Y.; Pang, Z.; Deng, X.; et al. Galectin-3-centered paracrine 
network mediates cardiac inflammation and fibrosis upon β-adrenergic insult. Sci. China Life Sci. 2023, 66, 1067–1078. 

258. Souza, B.S.F.; Silva, D.N.; Carvalho, R.H.; Sampaio, G.L.A.; Paredes, B.D.; Franca, L.A.; Azevedo, C.M.; Vasconcelos, J.F.; Meira, 
C.S.; Neto, P.C.; et al. Association of Cardiac Galectin-3 Expression. Myocarditis, and Fibrosis in Chronic Chagas Disease Car-
diomyopathy. Am. J. Pathol. 2017, 187, 1134–1146. 

259. Wang, X.; Gaur, M.; Mounzih, K.; Rodriguez, H.J.; Qiu, H.; Chen, M.; Yan, L.; Cooper, B.A.; Narayan, S.; Derakhshandeh, R.; et 
al. Inhibition of galectin-3 post-infarction impedes progressive fibrosis by regulating inflammatory profibrotic cascades. Cardi-
ovasc. Res. 2023, 119, 2536–2549. 

260. Jia, W.; Wang, Z.; Gao, C.; Wu, J.; Wu, Q. Trajectory modeling of endothelial-to-mesenchymal transition reveals galectin-3 as a 
mediator in pulmonary fibrosis. Cell Death Dis. 2021, 12, 327. 

261. Li, X.; Tang, X.; Lu, J.; Yuan, S. Therapeutic inhibition of galectin--3 improves cardiomyocyte apoptosis and survival during 
heart failure. Mol. Med. Rep. 2018, 17, 4106–4112. 

262. Cecchinelli, B.; Lavra, L.; Rinaldo, C.; Iacovelli, S.; Gurtner, A.; Gasbarri, A.; Ulivieri, A.; Del Prete, F.; Trovato, M.; Piaggio, G.; 
et al. Repression of the antiapoptotic molecule galectin-3 by homeodomain-interacting protein kinase 2-activated p53 is required 
for p53-induced apoptosis. Mol. Cell Biol. 2006, 26, 4746–4757. 

263. Ibarrola, J.; Matilla, L.; Martinez-Martinez, E.; Gueret, A.; Fernandez-Celis, A.; Henry, J.P.; Nicol, L.; Jaisser, F.; Mulder, P.; 
Ouvrard-Pascaud, A.; et al. Myocardial Injury After Ischemia/Reperfusion Is Attenuated by Pharmacological Galectin-3 Inhibi-
tion. Sci. Rep. 2019, 9, 9607. 

264. Zhou, T.; Wu, H.; Zhang, D.; Zhou, G.; Li, Y.; Liu, Y.; Yang, X.; Xiong, Y. Targeting XR008038-galectin-3 axis: A promising 
therapeutic strategy for myocardial ischemia/reperfusion injury. Int. J. Cardiol. 2025, 427, 133098. 

265. Al-Salam, S.; Hashmi, S.; Jagadeesh, G. Galectin-3 Mitigates Cardiomyocytes Injury through Modulation of Left Ventricular 
Cathepsins B, D, L and S at 24-Hour Post Myocardial Infarction. Cell Physiol. Biochem. 2022, 56, 150–165. 



Int. J. Mol. Sci. 2026, 27, 5782 47 of 51 
 

https://doi.org/10.3390/ijms27135782 

266. Estevez, F.S.F.; Betazza, M.C.; Miksztowicz, V.; Seropian, I.M.; Silva, M.G.; Penas, F.; Touceda, V.; Selser, C.; Villaverde, A.; 
Goren, N.; et al. Genetic Deletion of Galectin-3 Exacerbates Age-Related Myocardial Hypertrophy and Fibrosis in Mice. Cell 
Physiol. Biochem. 2022, 56, 353–366. 

267. Seropian, I.M.; Estevez, F.S.F.; Villaverde, A.; Cacciagiu, L.; Bustos, R.; Touceda, V.; Penas, F.; Selser, C.; Morales, C.; 
Miksztowicz, V.; et al. Galectin-3 contributes to acute cardiac dysfunction and toxicity by increasing oxidative stress and fibrosis 
in doxorubicin-treated mice. Int. J. Cardiol. 2023, 393, 131386. 

268. Yin, J.; Yu, C.; Zhang, Z.; Cong, J. Timosaponin AIII alleviates type 2 diabetes-induced cardiomyopathy by targeting galectin-3 
(LGALS3). Exp. Cell Res. 2025, 450, 114665. 

269. Zhu, N.; Zhu, L.; Huang, B.; Xiang, W.; Zhao, X. Galectin-3 Inhibition Ameliorates Streptozotocin-Induced Diabetic Cardiomy-
opathy in Mice. Front. Cardiovasc. Med. 2022, 9, 868372. 

270. Guo, Y.; Shen, R.; Yu, L.; Zheng, X.; Cui, R.; Song, Y.; Wang, D. Roles of galectin--3 in the tumor microenvironment and tumor 
metabolism (Review). Oncol. Rep. 2020, 44, 1799–1809. 

271. Li, Y.S.; Li, X.T.; Yu, L.G.; Wang, L.; Shi, Z.Y.; Guo, X.L. Roles of galectin-3 in metabolic disorders and tumor cell metabolism. 
Int. J. Biol. Macromol. 2020, 142, 463–473. 

272. Cairns, R.A.; Harris, I.S.; Mak, T.W. Regulation of cancer cell metabolism. Nat. Rev. Cancer 2011, 11, 85–95. 
273. Coppin, L.; Jannin, A.; Yahya, E.A.; Thuillier, C.; Villenet, C.; Tardivel, M.; Bongiovanni, A.; Gaston, C.; de Beco, S.; Barois, N.; 

et al. Galectin-3 modulates epithelial cell adaptation to stress at the ER-mitochondria interface. Cell Death Dis. 2020, 11, 360. 
274. Hinton, A., Jr.; Claypool, S.M.; Neikirk, K.; Senoo, N.; Wanjalla, C.N.; Kirabo, A.; Williams, C.R. Mitochondrial Structure and 

Function in Human Heart Failure. Circ. Res. 2024, 135, 372–396. 
275. Pejnovic, N.N.; Pantic, J.M.; Jovanovic, I.P.; Radosavljevic, G.D.; Milovanovic, M.Z.; Nikolic, I.G.; Zdravkovic, N.S.; Djukic, A.L.; 

Arsenijevic, N.N.; Lukic, M.L. Galectin-3 deficiency accelerates high-fat diet-induced obesity and amplifies inflammation in 
adipose tissue and pancreatic islets. Diabetes 2013, 62, 1932–1944. 

276. Baek, J.H.; Kim, S.J.; Kang, H.G.; Lee, H.W.; Kim, J.H.; Hwang, K.A.; Song, J.; Chun, K.H. Galectin-3 activates PPARγ and sup-
ports white adipose tissue formation and high-fat diet-induced obesity. Endocrinology 2015, 156, 147–156. 

277. Yu, H.; Yang, F.; Zhong, W.; Jiang, X.; Zhang, F.; Ji, X.; Xue, M.; Qiu, Y.; Yu, J.; Hu, X.; et al. Secretory Galectin-3 promotes 
hepatic steatosis via regulation of the PPARγ/CD36 signaling pathway. Cell Signal 2021, 84, 110043. 

278. Marin-Royo, G.; Gallardo, I.; Martinez-Martinez, E.; Gutierrez, B.; Jurado-Lopez, R.; Lopez-Andres, N.; Gutierrez-Tenorio, J.; 
Rial, E.; Bartolome, M.A.V.; Nieto, M.L.; et al. Inhibition of galectin-3 ameliorates the consequences of cardiac lipotoxicity in a 
rat model of diet-induced obesity. Dis. Model. Mech. 2018, 11, dmm032086. 

279. Li, Y.J.; Zhang, C.; Martincuks, A.; Herrmann, A.; Yu, H. STAT proteins in cancer: Orchestration of metabolism. Nat. Rev. Cancer 
2023, 23, 115–134. 

280. Mossmann, D.; Park, S.; Hall, M.N. mTOR signalling and cellular metabolism are mutual determinants in cancer. Nat. Rev. 
Cancer 2018, 18, 744–757. 

281. Yilmaz, H.; Cakmak, M.; Inan, O.; Darcin, T.; Akcay, A. Increased levels of galectin-3 were associated with prediabetes and 
diabetes: New risk factor? J. Endocrinol. Investig. 2015, 38, 527–533. 

282. Ziemann, M.; Wu, W.; Deng, X.L.; Du, X.J. Transcriptomic Analysis of Dysregulated Genes of the nDNA-mtDNA Axis in a 
Mouse Model of Dilated Cardiomyopathy. Front. Genet. 2022, 13, 921610. 

283. Wu, W.; Huynh, K.; Du, J.C.; She, G.; Duong, T.; Ziemann, M.; Zhao, W.B.; Deng, X.L.; Meikle, P.J.; Du, X.J. Hippo pathway 
activation causes multiple lipid derangements in a murine model of cardiomyopathy. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 
2025, 1870, 159590. 

284. Collins, P.M.; Bum-Erdene, K.; Yu, X.; Blanchard, H. Galectin-3 interactions with glycosphingolipids. J. Mol. Biol. 2014, 426, 
1439–1451. 

285. Fryk, E.; Silva, V.R.R.; Strindberg, L.; Strand, R.; Ahlstrom, H.; Michaelsson, K.; Kullberg, J.; Lind, L.; Jansson, P.A. Metabolic 
profiling of galectin-1 and galectin-3: A cross-sectional, multi-omics, association study. Int. J. Obes. 2024, 48, 1180–1189. 

286. Zanden, C.M.V.; Majewski, J.; Weissbarth, Y.; Browne, D.F.; Watkins, E.B.; Gabius, H.J. Structure of Galectin-3 bound to a model 
membrane containing ganglioside GM1. Biophys. J. 2023, 122, 1926–1937. 

287. Xue, S.; Lozinski, B.M.; Ghorbani, S.; Ta, K.; D’Mello, C.; Yong, V.W.; Dong, Y. Elevated Galectin-3 Is Associated with Aging. 
Multiple Sclerosis, and Oxidized Phosphatidylcholine-Induced Neurodegeneration. J. Neurosci. 2023, 43, 4725–4737. 

288. Matarrese, P.; Tinari, N.; Semeraro, M.L.; Natoli, C.; Iacobelli, S.; Malorni, W. Galectin-3 overexpression protects from cell dam-
age and death by influencing mitochondrial homeostasis. FEBS Lett. 2000, 473, 311–315. 



Int. J. Mol. Sci. 2026, 27, 5782 48 of 51 
 

https://doi.org/10.3390/ijms27135782 

289. Jimenez-Gonzalez, S.; Delgado-Valero, B.; Islas, F.; Romero-Miranda, A.; Luaces, M.; Ramchandani, B.; Cuesta-Corral, M.; Mon-
toro-Garrido, A.; Martinez-Martinez, E.; Cachofeiro, V. The detrimental role of galectin-3 and endoplasmic reticulum stress in 
the cardiac consequences of myocardial ischemia in the context of obesity. FASEB J. 2024, 38, e23818. 

290. Filer, A.; Bik, M.; Parsonage, G.N.; Fitton, J.; Trebilcock, E.; Howlett, K.; Cook, M.; Raza, K.; Simmons, D.L.; Thomas, A.M.; et al. 
Galectin 3 induces a distinctive pattern of cytokine and chemokine production in rheumatoid synovial fibroblasts via selective 
signaling pathways. Arthritis Rheum. 2009, 60, 1604–1614. 

291. Jeon, S.B.; Yoon, H.J.; Chang, C.Y.; Koh, H.S.; Jeon, S.H.; Park, E.J. Galectin-3 exerts cytokine-like regulatory actions through the 
JAK-STAT pathway. J. Immunol. 2010, 185, 7037–7046. 

292. Barman, S.A.; Bordan, Z.; Batori, R.; Haigh, S.; Fulton, D.J.R. Galectin-3 Promotes ROS, Inflammation, and Vascular Fibrosis in 
Pulmonary Arterial Hypertension. Adv. Exp. Med. Biol. 2021, 1303, 13–32. 

293. Lo, T.H.; Chen, H.L.; Yao, C.I.; Weng, I.C.; Li, C.S.; Huang, C.C.; Chen, N.J.; Lin, C.H.; Liu, F.T. Galectin-3 promotes noncanon-
ical inflammasome activation through intracellular binding to lipopolysaccharide glycans. Proc. Natl. Acad. Sci. USA 2021, 118, 
e2026246118. 

294. Markovic, B.S.; Nikolic, A.; Gazdic, M.; Bojic, S.; Vucicevic, L.; Kosic, M.; Mitrovic, S.; Milosavljevic, M.; Besra, G.; Trajkovic, V.; 
et al. Galectin-3 Plays an Important Pro-inflammatory Role in the Induction Phase of Acute Colitis by Promoting Activation of 
NLRP3 Inflammasome and Production of IL-1β in Macrophages. J. Crohns Colitis 2016, 10, 593–606. 

295. Sun, J.; Zhang, L.; Fang, J.; Yang, S.; Chen, L. Galectin-3 mediates high-glucose-induced cardiomyocyte injury by the NADPH 
oxidase/reactive oxygen species pathway. Can. J. Physiol. Pharmacol. 2020, 98, 826–833. 

296. Cassaglia, P.; Penas, F.; Betazza, C.; Estevez, F.F.; Miksztowicz, V.; Naya, N.M.; Llamosas, M.C.; Truant, S.N.; Wilensky, L.; 
Volberg, V.; et al. Genetic Deletion of Galectin-3 Alters the Temporal Evolution of Macrophage Infiltration and Healing Affect-
ing the Cardiac Remodeling and Function after Myocardial Infarction in Mice. Am. J. Pathol. 2020, 190, 1789–1800. Correction in 
Am. J. Pathol. 2021, 191, 415. 

297. De Giusti, C.J.; Ure, A.E.; Rivadeneyra, L.; Schattner, M.; Gomez, R.M. Macrophages and galectin 3 play critical roles in CVB3-
induced murine acute myocarditis and chronic fibrosis. J. Mol. Cell Cardiol. 2015, 85, 58–70. 

298. Sharma, U.C.; Pokharel, S.; van Brakel, T.J.; van Berlo, J.H.; Cleutjens, J.P.; Schroen, B.; Andre, S.; Crijns, H.J.; Gabius, H.J.; 
Maessen, J.; et al. Galectin-3 marks activated macrophages in failure-prone hypertrophied hearts and contributes to cardiac 
dysfunction. Circulation 2004, 110, 3121–3128. 

299. Wang, M.; Huang, Z.; Du, Z.; Shan, J.; Ye, Q.; Lu, L.; Jiang, M.; Xu, F.; Liu, Z.; Fulton, D.J.; et al. Galectin-3 mediates lysosome-
related inflammation within monocyte-derived macrophages in a mouse model of ischemic brain injury. J. Clin. Investig. 2026, 
17, e194139. 

300. Varasteh, Z.; De Rose, F.; Mohanta, S.; Li, Y.; Zhang, X.; Miritsch, B.; Scafetta, G.; Yin, C.; Sager, H.B.; Glasl, S.; et al. Imaging 
atherosclerotic plaques by targeting Galectin-3 and activated macrophages using (89Zr)-DFO-Galectin3-F(ab’)2 mAb. 
Theranostics 2021, 11, 1864–1876. 

301. Bacakova, L.; Sedlar, A.; Musilkova, J.; Eckhardt, A.; Zaloudikova, M.; Kolar, F.; Maxova, H. Mechanisms Controlling the Be-
havior of Vascular Smooth Muscle Cells in Hypoxic Pulmonary Hypertension. Physiol. Res. 2024, 73, S569. 

302. Liu, X.; Xu, J.; Zheng, S.; Yang, Y.; Xie, Y.; Liu, J.; Zhong, J.; Zhang, H.; Chen, J.; Dai, C.; et al. AI-driven discovery of brain-
penetrant Galectin-3 inhibitors for Alzheimer’s disease therapy. Pharmacol. Res. 2025, 218, 107834. 

303. Sonkawade, S.D.; Chavez, L.D.; Xu, S.; Ma, X.; Nepali, S.; Lipshultz, S.E.; Pokharel, S.; Sharma, U.C. Macrophage surface protein 
Mac-2 mediates inflammatory and stromal stress pathways in doxorubicin-induced cardiac injury. Cardiooncology 2026, 12, 29. 

304. Wu, X.; Liu, Y.; Tu, D.; Liu, X.; Niu, S.; Suo, Y.; Liu, T.; Li, G.; Liu, C. Role of NLRP3-Inflammasome/Caspase-1/Galectin-3 Path-
way on Atrial Remodeling in Diabetic Rabbits. J. Cardiovasc. Transl. Res. 2020, 13, 731–740. 

305. Xie, L.; Zhang, R.; Zou, H.; Hu, J.; Deng, J.; Ding, J.; Liu, L.; Lin, Q.; Zhao, B.; Xu, A.; et al. Galectin-3 exacerbates autoimmune 
diabetes by limiting regulatory T cell differentiation and function. Sci. Adv. 2026, 12, eadz7916. 

306. Mackinnon, A.C.; Gibbons, M.A.; Farnworth, S.L.; Leffler, H.; Nilsson, U.J.; Delaine, T.; Simpson, A.J.; Forbes, S.J.; Hirani, N.; 
Gauldie, J.; et al. Regulation of transforming growth factor-β1-driven lung fibrosis by galectin-3. Am. J. Respir. Crit. Care Med. 
2012, 185, 537–546. 

307. Chen, Y.; Jiang, Q.; Xing, X.; Xu, L.; Zhao, Q.; Zhang, Q.; Chen, J.; Ma, C.; Liu, X.; Lu, Y.; et al. Macrophage Derived Galectin-3 
Promotes Renal Fibrosis and Diabetic Kidney Disease by Enhancing TGFβ1 Signaling. Adv. Sci. 2025, 12, e04032. 

308. Huang, Z.; Liu, X.; Huang, S.; Lu, F. Galectin-receptor interaction: A key player in liver fibrosis induced by Schistosoma japon-
icum infection. Parasit. Vectors 2024, 17, 232. 



Int. J. Mol. Sci. 2026, 27, 5782 49 of 51 
 

https://doi.org/10.3390/ijms27135782 

309. Vergaro, G.; Del Franco, A.; Giannoni, A.; Prontera, C.; Ripoli, A.; Barison, A.; Masci, P.G.; Aquaro, G.D.; Solal, A.C.; Padeletti, 
L.; et al. Galectin-3 and myocardial fibrosis in nonischemic dilated cardiomyopathy. Int. J. Cardiol. 2015, 184, 96–100. 

310. Bai, R.Y.; Wu, L.H.; Wang, Y.; Guo, C.; She, G.; Pang, Z.D.; Li, J.J.; Zhao, X.Y.; Han, M.Z.; Hai, X.X.; et al. Glutaminolysis and α-
ketoglutarate-stimulated KCa3.1 expression contribute to β-adrenoceptor activation-induced myocardial fibrosis in mice. Sci. 
China Life Sci. 2025, 68, 2043–2057. 

311. Capone, E.; Iacobelli, S.; Sala, G. Role of galectin 3 binding protein in cancer progression: A potential novel therapeutic target. 
J. Transl. Med. 2021, 19, 405. 

312. Lima, T.; Perpetuo, L.; Henrique, R.; Fardilha, M.; Leite-Moreira, A.; Bastos, J.; Vitorino, R. Galectin-3 in prostate cancer and 
heart diseases: A biomarker for these two frightening pathologies? Mol. Biol. Rep. 2023, 50, 2763–2778. 

313. Raiter, A.; Lipovetsky, J.; Stenbac, A.; Lubin, I.; Yerushalmi, R. TNBC-derived Gal3BP/Gal3 complex induces immunosuppres-
sion through CD45 receptor. Oncoimmunology 2023, 12, 2246322. 

314. Stampolidis, P.; Ullrich, A.; Iacobelli, S. LGALS3BP, lectin galactoside-binding soluble 3 binding protein, promotes oncogenic 
cellular events impeded by antibody intervention. Oncogene 2015, 34, 39–52. 

315. Loimaranta, V.; Hepojoki, J.; Laaksoaho, O.; Pulliainen, A.T. Galectin-3-binding protein: A multitask glycoprotein with innate 
immunity functions in viral and bacterial infections. J. Leukoc. Biol. 2018, 104, 777–786. 

316. White, M.J.; Roife, D.; Gomer, R.H. Galectin-3 Binding Protein Secreted by Breast Cancer Cells Inhibits Monocyte-Derived Fi-
brocyte Differentiation. J. Immunol. 2015, 195, 1858–1867. 

317. Keinanen, O.; Sarrett, S.M.; Delaney, S.; Rodriguez, C.; Dayts, E.J.; Capone, E.; Sauniere, F.; Ippoliti, R.; Sala, G.; Iacobelli, S.; et 
al. Visualizing Galectin-3 Binding Protein Expression with ImmunoPET. Mol. Pharm. 2023, 20, 3241–3248. 

318. Kim, D.H.; Sung, M.; Park, M.S.; Sun, E.G.; Yoon, S.; Yoo, K.H.; Radhakrishnan, K.; Jung, S.Y.; Bae, W.K.; Cho, S.H.; et al. Galectin 
3-binding protein (LGALS3BP) depletion attenuates hepatic fibrosis by reducing transforming growth factor-β1 (TGF-β1) avail-
ability and inhibits hepatocarcinogenesis. Cancer Commun. 2024, 44, 1106–1129. 

319. Mendes-Frias, A.; Gallo, V.; Iacobelli, V.; Gentile, R.; Antonini, G.; Silvestre, R.; Iacobelli, S. Galectin-3 binding protein stimu-
lated IL-6 expression is impeded by antibody intervention in SARS-CoV-2 susceptible cell lines. Sci. Rep. 2022, 12, 17047. 

320. Pellegrino, R.; Perpetuini, D.; Paganelli, R.; Di Iorio, A.; Filoni, S.; Tinari, N.; Grassadonia, A.; Sala, G.; Candeloro, M.; Bandinelli, 
S.; et al. Galectin-3-binding protein is a risk factor for diabetes, metabolic syndrome, and inflammation. Cross-sectional and 
longitudinal results from the InCHIANTI study. Mech. Ageing Dev. 2025, 226, 112086. 

321. Choi, Y.S.; Kim, M.J.; Choi, E.A.; Kim, S.; Lee, E.J.; Park, M.J.; Kim, M.J.; Kim, Y.W.; Ahn, H.S.; Jung, J.Y.; et al. Antibody-medi-
ated blockade for galectin-3 binding protein in tumor secretome abrogates PDAC metastasis. Proc. Natl. Acad. Sci. USA 2022, 
119, e2119048119. Correction in Proc. Natl. Acad. Sci. USA 2026, 123, e2600063123. 

322. Grassadonia, A.; Tinari, N.; Iurisci, I.; Piccolo, E.; Cumashi, A.; Innominato, P.; Dʹegidio, M.; Natoli, C.; Piantelli, M.; Iacobelli, 
S. 90K (Mac-2 BP) and galectins in tumor progression and metastasis. Glycoconj. J. 2002, 19, 551–556. 

323. Inohara, H.; Akahani, S.; Raz, A. Galectin-3 stimulates cell proliferation. Exp. Cell Res. 1998, 245, 294–302. 
324. Natarajamurthy, S.H.; Sistla, S.; Dharmesh, S.M. Disruption of galectin-3 and galectin-3 binding protein (G3BP) interaction by 

dietary pectic polysaccharides (DPP)—Arrest of metastasis, inhibition of proliferation and induction of apoptosis. Int. J. Biol. 
Macromol. 2019, 139, 486–499. 

325. Piccolo, E.; Tinari, N.; Semeraro, D.; Traini, S.; Fichera, I.; Cumashi, A.; La Sorda, R.; Spinella, F.; Bagnato, A.; Lattanzio, R.; et 
al. LGALS3BP, lectin galactoside-binding soluble 3 binding protein, induces vascular endothelial growth factor in human breast 
cancer cells and promotes angiogenesis. J. Mol. Med. 2013, 91, 83–94. 

326. Guo, Q.; Shao, Y.; Zhou, W.; Duan, X. LGALS3BP promotes M1 polarization of macrophages and interacts with LGALS3, dam-
aging endothelial function and exacerbating pulmonary arterial hypertension in systemic lupus erythematosus. Pathol. Res. 
Pract. 2026, 282, 156424. 

327. Sung, M.; Kim, D.H.; Sun, E.G.; Hwang, J.E.; Cho, S.H.; Chung, I.J.; Shim, H.J.; Bae, W.K. LGALS3BP Induces Insulin Resistance 
via TLR2-IKKα/β Pathway-Mediated IRS1 Serine Phosphorylation. Endocrinol. Metab. 2026, 41, 121–137. 

328. Block, A.S.; Saraswati, S.; Lichti, C.F.; Mahadevan, M.; Diekman, A.B. Co-purification of Mac-2 binding protein with galectin-3 
and association with prostasomes in human semen. Prostate 2011, 71, 711–721. 

329. Ding, H.; Shen, Y.; Lin, C.; Qin, L.; He, S.; Dai, M.; Okitsu, S.L.; DeMartino, J.A.; Guo, Q.; Shen, N. Urinary galectin-3 binding 
protein (G3BP) as a biomarker for disease activity and renal pathology characteristics in lupus nephritis. Arthritis Res. Ther. 
2022, 24, 77. 

330. Gallo, V.; Team, I.; Gentile, R.; Antonini, G.; Iacobelli, S. Increased Gal-3BP plasma levels in hospitalized patients infected with 
SARS-CoV-2. Clin. Exp. Med. 2023, 23, 151–155. 



Int. J. Mol. Sci. 2026, 27, 5782 50 of 51 
 

https://doi.org/10.3390/ijms27135782 

331. Koths, K.; Taylor, E.; Halenbeck, R.; Casipit, C.; Wang, A. Cloning and characterization of a human Mac-2-binding protein, a 
new member of the superfamily defined by the macrophage scavenger receptor cysteine-rich domain. J. Biol. Chem. 1993, 268, 
14245–14249. 

332. Rosenberg, I.; Cherayil, B.J.; Isselbacher, K.J.; Pillai, S. Mac-2-binding glycoproteins. Putative ligands for a cytosolic β-galacto-
side lectin. J. Biol. Chem. 1991, 266, 18731–18736. 

333. Ghanta, P.; Hessel, E.; Arias-Alvarado, A.; Aghayev, M.; Ilchenko, S.; Kasumov, T.; Oyewumi, M.O. Lung cancer exosomal 
Gal3BP promotes osteoclastogenesis with potential connotation in osteolytic metastasis. Sci. Rep. 2024, 14, 27201. 

334. Gleissner, C.A.; Erbel, C.; Linden, F.; Domschke, G.; Akhavanpoor, M.; Helmes, C.M.; Doesch, A.O.; Kleber, M.E.; Katus, H.A.; 
Maerz, W.; Galectin-3 binding protein, coronary artery disease and cardiovascular mortality: Insights from the LURIC study. 
Atherosclerosis 2017, 260, 121–129. 

335. Zhao, S.; Zhao, C.; Wang, L.; Cheng, B.; Zheng, M.; Wang, X. Elucidating the role of LGALS3BP in coronary atherosclerosis: 
Integrating bioinformatics and machine learning for advanced insights. J. Cardiothorac. Surg. 2025, 20, 338. 

336. Gagno, G.; Padoan, L.; Stenner, E.; Beleu, A.; Ziberna, F.; Hiche, C.; Paldino, A.; Barbati, G.; Biolo, G.; Fiotti, N.; et al. Galectin 3 
and Galectin 3 Binding Protein Improve the Risk Stratification after Myocardial Infarction. J. Clin. Med. 2019, 8, 570. 

337. Li, M.; Pan, W.; Tian, D.; Chen, D.; Zhang, X.; Zhang, Y.; Chen, S.; Zhou, D.; Ge, J. Diagnostic Value of Serum Galectin-3 Binding 
Protein Level in Patients with Pulmonary Arterial Hypertension. Curr. Vasc. Pharmacol. 2024, 22, 67–77. 

338. El Bannoudi, H.; Cornwell, M.; Luttrell-Williams, E.; Engel, A.; Rolling, C.; Barrett, T.J.; Izmirly, P.; Belmont, H.M.; Ruggles, K.; 
Clancy, R.; et al. Platelet LGALS3BP as a Mediator of Myeloid Inflammation in Systemic Lupus Erythematosus. Arthritis Rheu-
matol. 2023, 75, 711–722. 

339. Nielsen, C.T.; Ostergaard, O.; Rasmussen, N.S.; Jacobsen, S.; Heegaard, N.H.H. A review of studies of the proteomes of circu-
lating microparticles: Key roles for galectin-3-binding protein-expressing microparticles in vascular diseases and systemic lupus 
erythematosus. Clin. Proteomics 2017, 14, 11. 

340. Nagata, H.; Nakagawa, M.; Nishimura-Sakurai, Y.; Asano, Y.; Tsunoda, T.; Miyoshi, M.; Kaneko, S.; Goto, F.; Otani, S.; Kawai-
Kitahata, F.; et al. Serial measurement of Wisteria floribunda agglutinin positive Mac-2-binding protein is useful for predicting 
liver fibrosis and the development of hepatocellular carcinoma in chronic hepatitis C patients treated with IFN-based and IFN-
free therapy. Hepatol. Int. 2016, 10, 956–964. 

341. Shirabe, K.; Bekki, Y.; Gantumur, D.; Araki, K.; Ishii, N.; Kuno, A.; Narimatsu, H.; Mizokami, M. Mac-2 binding protein glycan 
isomer (M2BPGi) is a new serum biomarker for assessing liver fibrosis: More than a biomarker of liver fibrosis. J. Gastroenterol. 
2018, 53, 819–826. 

342. Zhang, J.; Wang, W.; Wang, X.Q.; Hao, H.R.; Hu, W.; Ding, Z.L.; Dong, L.; Liang, H.; Zhang, Y.Y.; Kong, L.H.; et al. A robust 
diagnostic model for high-risk MASH: Integrating clinical parameters and circulating biomarkers through a multi-omics ap-
proach. Hepatol. Int. 2025, 19, 820–835. 

343. Shaked, I.; Hanna, D.B.; Gleissner, C.; Marsh, B.; Plants, J.; Tracy, D.; Anastos, K.; Cohen, M.; Golub, E.T.; Karim, R.; et al. 
Macrophage inflammatory markers are associated with subclinical carotid artery disease in women with human immunodefi-
ciency virus or hepatitis C virus infection. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 1085–1092. 

344. Ezzo, M.; Hinz, B. Novel approaches to target fibroblast mechanotransduction in fibroproliferative diseases. Pharmacol. Ther. 
2023, 250, 108528. 

345. Lin, C.; Tsai, M.L.; Chao, H.Y.; Cheng, T.M.; Shih, C.M.; Wu, A.T.H.; Cheng, C.H.; Hsiao, C.Y.; Lu, H.Y.; Shih, C.C.; et al. Pa-
thology-tailored nanotherapy via Galectin-3-targeted and triple-responsive nanoparticles enables multimodal therapy against 
aortic dissection. J. Nanobiotechnology 2026, 24, 41. 

346. Prado, S.B.R.D.; Shiga, T.M.; Harazono, Y.; Hogan, V.A.; Raz, A.; Carpita, N.C.; Fabi, J.P. Migration and proliferation of cancer 
cells in culture are differentially affected by molecular size of modified citrus pectin. Carbohydr. Polym. 2019, 211, 141–151. 

347. Dean, M.; Kim, M.J.; Dimauro, S.; Tannenbaum, S.; Graham, G.; Liang, B.T.; Kim, A.S. Cardiac and noncardiac biomarkers in 
patients undergoing anthracycline chemotherapy—a prospective analysis. Cardiooncology 2023, 9, 23. 

348. Patel, S.R.; Herrmann, J.; Vierkant, R.A.; Olson, J.E.; Couch, F.J.; Hazim, A.; Sloan, J.A.; Loprinzi, C.L.; Ruddy, K.J. N-Terminal 
Pro Brain Natriuretic Peptide, sST2, and Galectin-3 Levels in Breast Cancer Survivors. J. Clin. Med. 2021, 10, 3313. 

349. van den Berg, P.F.; Aboumsallem, J.P.; Screever, E.M.; Shi, C.; de Wit, S.; Bracun, V.; Yousif, L.I.; Geerlings, L.; Wang, D.; Ho, 
J.E.; et al. Fibrotic Marker Galectin-3 Identifies Males at Risk of Developing Cancer and Heart Failure. JACC CardioOncol. 2023, 
5, 445–453. 



Int. J. Mol. Sci. 2026, 27, 5782 51 of 51 
 

https://doi.org/10.3390/ijms27135782 

350. She, G.; Hai, X.X.; Jia, L.Y.; Zhang, Y.J.; Ren, Y.J.; Pang, Z.D.; Wu, L.H.; Han, M.Z.; Zhang, Y.; Li, J.J.; et al. Hippo pathway 
activation mediates cardiomyocyte ferroptosis to promote dilated cardiomyopathy through downregulating NFS1. Redox Biol. 
2025, 82, 103597. 

351. Labuschagne, C.F.; Zani, F.; Vousden, K.H. Control of metabolism by p53—Cancer and beyond. Biochim. Biophys. Acta Rev. 
Cancer 2018, 1870, 32–42. 

352. Bao, Y.N.; Yang, Q.; Shen, X.L.; Yu, W.K.; Zhou, L.; Zhu, Q.R.; Shan, Q.Y.; Wang, Z.C.; Cao, G. Targeting tumor suppressor p53 
for organ fibrosis therapy. Cell Death Dis. 2024, 15, 336. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


