
 International Journal of 

Molecular Sciences

Review

Role of Galectin-3 in Bone Cell Differentiation,
Bone Pathophysiology and Vascular Osteogenesis

Carla Iacobini ID , Claudia Blasetti Fantauzzi, Giuseppe Pugliese * ID and Stefano Menini ID

Department of Clinical and Molecular Medicine, La Sapienza University, 00185 Rome, Italy;
carla.iacobini@uniroma1.it (C.I.); claudia.blasettifantauzzi@uniroma1.it (C.B.F.);
stefano.menini@uniroma1.it (S.M.)
* Correspondence: giuseppe.pugliese@uniroma1.it; Tel.: +39-063-377-5440; Fax: +39-063-377-6327

Received: 31 October 2017; Accepted: 19 November 2017; Published: 21 November 2017

Abstract: Galectin-3 is expressed in various tissues, including the bone, where it is considered
a marker of chondrogenic and osteogenic cell lineages. Galectin-3 protein was found to be
increased in the differentiated chondrocytes of the metaphyseal plate cartilage, where it favors
chondrocyte survival and cartilage matrix mineralization. It was also shown to be highly expressed
in differentiating osteoblasts and osteoclasts, in concomitance with expression of osteogenic markers
and Runt-related transcription factor 2 and with the appearance of a mature phenotype. Galectin-3
is expressed also by osteocytes, though its function in these cells has not been fully elucidated.
The effects of galectin-3 on bone cells were also investigated in galectin-3 null mice, further supporting
its role in all stages of bone biology, from development to remodeling. Galectin-3 was also shown to
act as a receptor for advanced glycation endproducts, which have been implicated in age-dependent
and diabetes-associated bone fragility. Moreover, its regulatory role in inflammatory bone and joint
disorders entitles galectin-3 as a possible therapeutic target. Finally, galectin-3 capacity to commit
mesenchymal stem cells to the osteoblastic lineage and to favor transdifferentiation of vascular
smooth muscle cells into an osteoblast-like phenotype open a new area of interest in bone and
vascular pathologies.
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1. Introduction

Galectin-3 is a 29- to 35-kDa protein belonging to the family of the β-galactoside binding
animal lectins and is constitutively expressed in various tissues, including the bone [1]. It is the
only chimera-type galectin in vertebrates and comprises one conserved carbohydrate recognition
domain linked to a non-lectin domain through a collagen-like linker region [2]. This lectin has been
recognized over the past two decades as being involved in many physiological and pathological
processes [2,3]. In quiescent cells, galectin-3 shows prominent cytoplasmic localization, whereas it
is found predominantly in the nucleus of replicating cells [3]. Galectin-3 is also secreted into
the extracellular space through a non-classical secretory pathway [4]. Here, it interacts with the
β-galactoside residues of several glycoproteins, thus forming higher order supramolecular structures
resulting in galectin-ligand lattices on the cell surface [5]. These lattices have been shown to play a major
role in the regulation of receptor clustering, endocytosis and signaling, thereby controlling important
cell functions such as cell transdifferentiation, migration, and fibrogenesis [5,6]. As a component of the
cell surface lattice, galectin-3 also regulates the biogenesis of a subpopulation of clathrin-independent
carriers involved in the endocytosis of specific cargo proteins, which could represent one of the main
mechanisms behind its functions [7].

Intracellular galectin-3 has been implicated in several basic cellular processes related to control of
cell differentiation, growth, and apoptosis, as well as in specific cell biosynthetic activities. Galectin-3
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has been found in the spliceosome, where it is a required factor in the splicing of nuclear pre-mRNA [8].
This lectin also regulates cell cycle by modulating the activity of cyclins and their inhibitors, as well as
the phosphorylation status of retinoblastoma protein [9]. Of great interest for bone biology, intracellular
galectin-3 is a key regulator of the Wnt/β-catenin signaling pathway, both through its interaction with
β-catenin and because of its structural similarities with it [10]. Intracellular galectin-3 has also been
shown to promote cell proliferation [11,12] and favor survival by its anti-apoptotic activity, which is
related to its sequence homology and association with bcl-2 [11,13]. However, depending on the
cell type, galectin-3 can also promote apoptosis, as demonstrated by its involvement in T-cell and
neutrophil death [14].

Extracellular galectin-3 also participates in the control of cell cycle and division. Growth factors
immobilization into the galectin-3 lattice is, in fact, an additional mechanism for the regulation of cell
growth and differentiation [15]. In addition, cell surface galectin-3 has been shown to regulate cell
adhesion in opposite fashions, by both promoting homo- and heterotypic cell-to-cell interactions [16,17]
and down-regulating cell adhesion to the extracellular matrix component laminin, thus producing
an anti-adhesive effect [18,19].

Another important function of galectin-3 is the uptake and removal of advanced glycation
endproducts (AGEs) [20]. AGEs are a heterogeneous class of nonenzymatically glycated proteins,
lipids and nucleic acids, which accumulate in tissues during aging and, at a faster rate, in metabolic
disorders such as diabetes and obesity [20]. AGEs are toxic molecules inducing tissue injury by
direct and indirect mechanisms. In fact, they can exert detrimental direct physicochemical effects
by interacting with several molecules, thus inducing changes in enzymatic activity, ligand half-life,
binding, and immunogenicity [21]. Moreover, AGEs display indirect deleterious effects by binding to
several cell surface receptors, of which the most studied is the receptor for AGEs (RAGE), a 35-kDa
member of the immunoglobulin superfamily of receptors [22]. RAGE ligation is associated with cellular
oxidative stress [23] and activation of proinflammatory signaling pathways, eventually culminating in
tissue inflammation and fibrosis as well as in cell damage and death [20,24]. Noteworthy, galectin-3
and RAGE appear to exert opposite actions as AGE-receptors, with RAGE mediating the injurious
effects of AGEs and galectin-3 playing a protective role by favoring removal and degradation of these
toxic by-products [2,25].

Finally, galectin-3 plays an important role in the modulation of the immune/inflammatory
response, as evidenced by the numerous scientific reports showing a regulatory activity on both innate
and adaptive immunity [26]. Galectin-3 has been shown to exert both pro-inflammatory actions,
prevailing in an acute setting, and anti-inflammatory effects, particularly in chronic inflammatory
conditions, as recently reviewed [20]. In detail, well-established effects of galectin-3 on immune
cells include the stimulation of T-cell apoptosis [27], inhibition of T-cell growth and T-helper 1
differentiation [28], down-regulation of T-cell receptor-mediated T-cell activation [29], and induction
of alternative (M2) macrophage activation [30].

As much as concerning the bone, galectin-3 has been shown to be a marker of both chondrogenic
and osteogenic cell lineages. Aubin et al. were the first to report that chondroblasts and osteoblasts share
the expression of several molecules, including markers such as galectin-3 [31]. Later on, other groups
confirmed and extended this initial observation showing that galectin-3 is also found in osteoblasts and
osteocytes of the woven trabecular and cortical bone as well as in osteoclasts at the front of ossification and
mononuclear cells within bone marrow cavities [1]. In developing and mature bone, galectin-3 expression
seems to be restricted to the cytoplasm of chondrocytes and bone cells, although it is occasionally
detected in the nuclei of dense non-hypertrophic chondrocytes in the zone of calcification and of young
osteoblasts; conversely, no extracellular galectin-3 is detected in developing or mature bone tissue [1].
Noteworthy, Stock et al. demonstrated that the skeletal expression pattern of galectin-3 overlaps at many
sites with that of Runt-related transcription factor 2 (RUNX2), which is a key regulator of osteoblast
differentiation and chondrocyte maturation [32]. In summary, these early studies showed that galectin-3 is
widely distributed both in the developing and mature bone and that its expression is under control of the
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master regulator of bone growth RUNX2. These findings suggest that galectin-3 may be a key player in all
stages of bone biology, thus deserving to be thoroughly investigated as a potential target in bone disorders.
In this extensive review, we will present the results of studies that investigated the role of galectin-3 in
bone cell differentiation and function, in bone development and remodeling, and in the pathogenesis of
inflammatory bone diseases. We will also outline problems and aspects that have not been addressed yet,
or addressed only partially, which may represent relevant future research directions. Finally, the role of
galectin-3 in vascular osteogenesis, which was recently reported by us and other investigators [33–35],
will also be discussed. Figure 1 and Table 1 recapitulate the main findings discussed in this review, as well
as topics deserving further investigation in the future.

Figure 1. Galectin-3 osteogenic activities in bone and vascular tissue. Galectin-3 is considered
a marker of chondrogenic and osteogenic cell lineages and is up-regulated in conjunction with
other osteogenic markers during differentiation of bone cells. Consistent with a role in bone
physiology, galectin-3 deficiency affects endochondral ossification and bone remodeling. Galectin-3 is
also critical for maintaining proper extracellular matrix (ECM) structure and, possibly, bone competence.
Being also expressed by osteocytes, it is possible to hypothesize its participation in the regulation
of mechanosensory function of these cells and promotion of bone modeling and remodeling also
through this mechanism. Finally, galectin-3 activity is central for vascular smooth muscle cells (VSMCs)
transdifferentiation into an osteoblast-like phenotype and vascular osteogenesis. EVs = extracellular
vesicles; MSCs = mesenchymal stem cells.
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Table 1. Proven roles of galectin-3 in bone biology and supposed functions, to be investigated, in the
pathophysiology of bone metabolism.

Cell Proven To Be Investigated

Chondrocyte
cell marker and pro-survival factor [1,36]
regulator of cell-to-cell interaction with chondroclasts [37]
target and regulator of MMPs activity [38–40]

mechanisms underlying the regulation of
chondrocyte activity and survival

Osteoblast

RUNX2 target gene [32]
differentiation marker [41]
proper bone ECM structure by regulating collagen fibers synthesis [42]
protection against AGE mediated toxic effects by its AGE-receptor
scavenger activity [43–45]

mechanisms underlying the regulation of
osteoblast differentiationprotection from
age- and diabetes-related bone fragility

Osteocyte cell marker [1,41] mechanosensory function and promotion of
bone modelling and remodeling

MSC
increased osteoblastogenic differentiation capacity [46]
positive regulation of the master transcription factor RUNX2 [46]
stabilization and increase of β-catenin levels [46]

promotion of bone repair and homeostasis
through modulation of β-catenin

Osteoclast

differentiation marker [47]
mediator of cell matrix adhesion [48]
regulation of differentiation from progenitors and pro-survival factor [40]
downstream regulator of MMP-9 activity [40] and ECM degradation [37]
negative regulation of osteoclastogenesis [49,50]

opposite effects depending on intra- and
extracellular localization

MMPs = matrix metalloproteinases; RUNX2 = Runt-related transcription factor 2; ECM = extracellular matrix;
AGEs = advanced glycation endproducts.

2. Galectin-3 in Chondrocyte Differentiation and Endochondral Bone Formation

Endochondral ossification is an essential process by which most of the bones, particularly long
bones, of the mammalian skeletal system are formed during embryonic development. At variance
with intramembranous ossification, endochondral ossification involves formation of cartilage
elements (chondrocytes) from mesenchymal condensation, secretion of extracellular matrix by mature
chondrocytes and blood vessels invasion. During bone growth, cartilage anlage is progressively
replaced by bone tissue in a highly coordinate process, which is achieved also through a tight
balance between the rates of chondrocyte proliferation and apoptosis at the growth plate cartilage.
This is a specialized developmental tissue located at the metaphyseal level of long bones in which
chondrocytes are organized in three characteristic zones: proliferative, mature, and hypertrophic.
Chondrocytes are responsible for the synthesis of the major constituents of the matrix and the
enzymes that degrade cartilage matrix. Hence, their function is essential to regulate cartilage
synthesis and degradation, thereby coordinating the timing of vascular invasion and subsequent bone
deposition [51]. The elongation process takes place through a series of coordinated and complex events,
which include apoptosis of the chondrocytes in the terminal hypertrophic zone, partial degradation of
the calcified cartilage matrix, and bone matrix deposition by osteoblasts on the remaining cartilage
septa, which serve as a scaffold [52]. Failure in any of these events, including perturbations in
chondrocyte hypertrophy, would severely affect endochondral ossification and, consequently, normal
bone development [53].

Galectin-3 has been initially involved in the process of endochondral bone formation as
a regulator of chondrocyte survival. In fact, high levels of galectin-3 protein were demonstrated
in the differentiated chondrocytes of the metaphyseal plate cartilage of long bones of both fetal and
neonatal mice. The highest concentrations of galectin-3 were found in the cytoplasm of mature
and early hypertrophic chondrocytes [1]. At variance, very little expression was detected in the
late hypertrophic chondrocytes undergoing terminal maturation and cell death in the zone of
calcification, both at protein and mRNA levels. These findings are consistent with the anti-apoptotic
function of galectin-3 [11,13,54] and with the observation that galectin-3 null (Lgals3−/−) mice show
accelerated terminal differentiation and death of chondrocytes [1,36]. In addition to chondrocytes,
Colnot et al. reported high concentrations of galectin-3 also in the cytoplasm of osteoblasts, osteocytes,
and osteoclasts of trabecular and cortical bone, and in monocytes in the bone marrow cavity,
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thus suggesting a role for this lectin in the differentiation and/or activity of all the cell types present in
mature bone [1].

Subsequent comprehensive histological and ultrastructural analyses performed by the same group
identified a number of abnormalities in epiphyseal femurs and tibias of fetal Lgals3−/− mice, affecting
both chondrocytes of the proliferative, mature, and hypertrophic zones and the extracellular matrix
of the hypertrophic zone. The greatest abnormalities were detected at the chondrovascular junction,
where premature and increased cell death was associated with, and might account for, the increased
empty lacunae observed in mutant mice. Consistently, more numerous condensed chondrocytes
exhibiting characteristic signs of apoptosis were found in the late hypertrophic zone, indicating
that the rate of chondrocyte death was increased in Lgals3−/− mice. Taken together, these findings
suggest a role for galectin 3 as a regulator of chondrocyte survival and indicate that galectin 3 may
also participate in the coordination between chondrocyte death and metaphyseal vascularization.
At histological examination, the process of cartilage matrix mineralization appeared to be disturbed in
Lgals3−/− mice, both in terms of quantity and quality. However, despite these numerous abnormalities
of the metaphyseal growth plate cartilage, X-ray analysis conducted in adult Lgals3−/− mice did not
reveal significant macroscopic anatomical differences (i.e., final size) of long bones, indicating that the
initial defects are transient or, alternatively, have no impact on the process of bone elongation [42].

Another mechanism by which galectin-3 may regulate the process of endochondral ossification
emerged from studies investigating the cartilaginous bar of the mandibular arch (Meckel’s cartilage),
the middle portion of which is known to degrade via hypertrophy and death of chondrocytes and
cartilage resorption by chondroclasts/osteoclasts [37]. Sakakura et al. showed that galectin-3 levels
were especially higher in hypertrophic chondrocytes adjacent to chondroclasts. This observation
suggests that galectin-3 may also coordinate the resorption of calcified cartilage through cell-to-cell
interaction with chondroclasts, which are responsible for the synthesis and secretion of matrix
metalloproteinases (MMPs) involved in extracellular matrix degradation and in growth plate
angiogenesis [37]. Therefore, in addition to controlling chondrocyte cell cycling and survival,
evidence suggested that galectin-3 might participate in endochondral bone formation also through
regulation of MMPs activity, or vice versa [38,39]. According to this interpretation, deficiency of MMP-9
was shown to induce accumulation of galectin-3 in the expanded hypertrophic cartilage of developing
bone, which was associated with a decreased rate of chondrocyte apoptosis and accumulation of late
hypertrophic chondrocytes in the same zone [40]. This finding is consistent with the observation that
galectin-3 is an endogenous substrate of MMP-9, as indicated by in vitro experiments showing that
treatment of wild-type embryonic metatarsals with full-length galectin-3, but not MMP-9-cleaved
galectin-3, was able to reproduce the embryonic phenotype of Mmp-9−/− mice, characterized by
an expanded hypertrophic zone [40]. Altogether, these early studies indicated that galectin-3 and
MMP-9 represent two members of the same pathway implicated in the regulation of hypertrophic
chondrocyte clearance, degradation of extracellular matrix, and vascular invasion.

3. Galectin-3 in Bone Cell Differentiation and Function and Bone Homeostasis

3.1. Galectin-3 in Osteoblast Biology and Pathology

Osteoblasts are specialized, not terminally differentiated, mononuclear cells involved in secretion
and mineralization of the bone matrix, thus being responsible for new bone formation [55]. Osteoblasts
also control bone resorption through regulation of osteoclast activity, thus having a primary role in
modeling and preserving skeletal architecture [56]. Osteoblasts derive from the same mesenchymal
stem cell (MSC) precursors from which originate chondrocytes, adipocytes, and myoblasts [57],
depending on which transcription factor is expressed [55,57,58]. Among the most important
transcription factors recognized as specific and necessary to commit MSCs to the osteoblastic lineage
are RUNX2, also called core-binding factor subunit alpha-1, and osterix. Both these factors are essential
for osteoblastogenesis and, in their absence, no osteoblasts can be formed. Other important factors are
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activating transcription factor 4 and bone morphogenic proteins (BMPs), which provide important
signals that are essential for complete osteoblastogenic differentiation [57,58].

In culture, osteoblasts resemble the features of fibroblasts, except for the expression of RUNX2
and the bone-building protein osteocalcin (OCN). At the morphological level, osteoblasts differ from
fibroblasts for the unique, osteoblast-specific feature represented by the production of a mineralized
extracellular matrix [59]. In the bone microenvironment, as osteoblasts differentiate, they start to
secrete the organic portion of the bone matrix (osteoid) and to produce hydroxyapatite crystals that are
deposited into the organic matrix to form the bone’s mineralized structure. Ultimately, the osteoblast
becomes enclosed in the mineralized matrix and differentiate into mature osteocyte, a star-shaped
cell representing the most abundant cell type of mature bone [59]. This terminally differentiated bone
cell is involved in many aspects of bone biology, from the regulation of bone metabolism through
the expression of the negative regulator of bone mass sclerostin, to detection and transduction of
mechanical load into biological responses, thus adapting bone shape to daily mechanical forces [60].
However, the exact role of osteocytes in bone homeostasis is not completely defined, as reviewed
by Prideaux et al. [61].

The first report of a possible role for galectin-3 in osteoblast differentiation came from Aubin’s laboratory
in 1995. Using immunohistochemical and molecular approaches, this research group demonstrated
that osteoblasts and hypertrophic chondrocytes share the expression of galectin-3, in addition to
other markers such as alkaline phosphatase (ALP), OCN, bone sialoprotein (BSP), osteopontin (OPN),
and collagen type I. In addition, they observed that, in cultures of fetal rat calvaria, differentiation of
osteoprogenitor cells into mature osteoblasts forming bone nodules is preceded by a phase of intense
cell division, followed by loss of proliferative capacity and progressively increased expression of the
osteoblast markers mentioned above, including galectin-3 [31].

Subsequently, the same group confirmed and extended the initial observations by investigating
galectin-3 (both protein and mRNA) expression and regulation in several osteoblastic model systems,
including an in vitro model of osteogenesis and bone tissue in vivo [41]. The most striking evidence
in favor of a key role of galectin-3 in osteogenic differentiation was the observation that while
galectin-3 mRNA levels increased during long-term culture in rat calvaria cells, the mRNA expression
of the lectin fell down with time in culture of rat skin fibroblasts. Moreover, the amount of
galectin-3 mRNA and protein increased with time concomitant with the increase of osteoblast
differentiation markers and bone nodules formation. Finally, a role for galectin-3 in osteoblast
differentiation was also supported by the observations that (a) galectin-3 expression in differentiating
osteoblasts was modulated by two hormones known to affect osteogenesis, such as glucocorticoids
and 1,25-dihydroxyvitamin D; and (b) mature osteoblasts and osteocytes of calvaria bone showed
strong galectin-3 positivity, while faint staining was detected in immature osteogenic cells residing
in periosteum [41]. Although these early studies clearly demonstrated that galectin-3 is expressed by
osteoblast and that its levels increase during osteogenesis in parallel with the increased expression of
established osteogenic markers, the mechanisms by which galectin-3 may regulate differentiation and
activity of osteoblast or bone metabolism remains to be determined. Surprisingly, no further studies
have been conducted to pursue this aim. The only additional information on the role of galectin-3 in
osteoblast biology has come from a study investigating the molecular mechanisms through which the
mechanical load is converted into molecular signals in bone. Briefly, galectin-3 expression was found
to be up-regulated in the human osteoblastic HOBIT cell line exposed to extracellular nucleotides
concomitant to RUNX2 DNA-binding activity, thus suggesting that ATP and/or UTP released by
osteocytes in response to mechanical stimuli may account for the mechanosensory function of these
cells [62]. These data also confirmed indirectly the finding by Stock et al. that galectin-3 is a RUNX2
target gene in bone [32].

Though these studies suggest that galectin-3 is critical for osteoblast differentiation and function,
a recent report showed that exogenous recombinant galectin-3 inhibited terminal differentiation of
a human pre-osteoblast cell line [63]. This finding may suggest different, or even opposite effects of
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galectin-3 on osteoblastogenesis, depending on its intracellular or extracellular localization, as already
reported for other important regulatory functions in different cell types [20].

Regarding the possible involvement of galectin-3 in osteoblast and bone pathology, a couple
of studies investigated the AGE-receptor role of this lectin in the deleterious effects exerted by
AGEs on osteoblasts, as the possible molecular mechanism implicated in the pathogenesis of bone
remodeling disorders associated with aging and diabetes. These in vitro studies confirmed that
galectin-3, also known as AGE-receptor 3, and the best-characterized AGE receptor RAGE, are both
expressed in osteoblastic cell lines, including the MC3T3E1 mouse calvaria-derived osteoblasts,
and showed that AGEs are able to induce mRNA and protein levels of both AGE receptors [43,44].
In a previous study, the same investigators showed that exposure to AGEs elicits a biphasic response
in osteoblasts, with an early increase in cellular proliferation and expression of differentiation
markers, followed by induction of apoptosis and reduced differentiation in longer exposure to
AGEs [45]. Interestingly, the effect of AGE exposure on galectin-3 and RAGE up-regulation was also
time-dependent, with a prompt induction of galectin-3 expression and a delayed increase of RAGE
levels, which coincided with the opposite biological effects exerted by AGEs in osteoblasts [44].
Therefore, galectin-3 could be involved in the early effects of AGEs on osteoblasts, i.e., proliferation
and differentiation, while RAGE could be responsible for the long-term harmful effects of these
by-products, such as radical oxygen species (ROS)-induced apoptosis, activation of the Extracellular
Signal-regulated Kinase signal transduction pathway and inhibition of differentiation. These results
are also consistent with the opposite effects exerted by galectin-3 and RAGE in AGE-mediated disease
conditions, with the former playing a protective role through clearance of these toxic by-products
via endocytosis, and the second implicated in tissue injury [20,64]. Altogether, these findings point to
a possible role of the AGE/RAGE axis in the disorders of bone remodeling associated with aging and
diabetes, with galectin-3 as a putative protecting factor through scavenging of AGEs and promotion of
osteoblast differentiation and function.

3.2. Galectin-3 in Osteogenic Differentiation Capacity of Mesenchymal Stem Cells

MSCs are important for tissue and organ regeneration, including the bone. Consistently, it has
been reported that MSC commitment towards the osteogenic phenotype decreases with age,
an observation that might partly explain the impaired osteoblastogenesis observed in age-associated
osteoporosis [65,66]. However, though the number of mature osteoblasts is progressively decreasing with
advancing age, it was reported that the number of MSCs in mature bone remains constant throughout
life [67]. This suggests that the age-dependent gradual reduction of ostoblastogenesis might be the
consequence of a loss of function of MSCs or, alternatively, a perturbation of the environmental signals
involved in the osteogenic commitment of MSCs [46], such as growth hormone [68] and estrogens [69].

Interestingly, it has been recently demonstrated that exposure to the systemic environment of
young, but not elderly individuals favors MSC functionality and bone repair through modulation
of β-catenin [70]. Therefore, attention has recently focused on the search for secreted circulating
factors favoring stem and progenitor cell function. In this endeavor, special consideration has been
paid to extracellular vesicles (EVs), which are small vesicles carrying proteins, mRNAs, and other
molecules through the circulation [71]. EVs are released by most of the body’s cells [72] and their cargo
is delivered to specific recipient cells [73]. Recently, Weilner et al. demonstrated that EVs isolated from
young donors were more effective in inducing osteoblastogenesis in vitro compared to vesicles derived
from elderly individuals. Interestingly, this osteoblastogenic donor age-dependent effect mediated
by EVs was directly associated with galectin-3 content, which was higher in the EVs from young
individuals [46]. These data indicated that galectin-3 not only plays an important role in the late stage of
osteoblast differentiation and maturation, as previously shown [32,41], but also enhances the osteogenic
differentiation capacity of MSCs favoring β-catenin activity. Mechanistically, galectin-3’s serine-96
phosphorylation site was found to compete for the glycogen synthase kinase-3β phosphorylation site
on β-catenin, which represents a crucial step in the degradation of this transcriptional coactivator [46].
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Finally, Weilner et al. also showed that even a moderate increase of galectin-3 expression induced ALP
and RUNX2 expression in MSCs, thus suggesting that galectin-3 is not only a target gene, but it is also
a positive regulator of the master osteogenic regulator RUNX2 [46].

In conclusion, these data confirm and expand previous reports on the importance of galectin-3
in osteoblast differentiation and propose an additional role for this lectin in bone remodeling,
demonstrating that MSCs osteogenic differentiation is dependent on galectin-3 levels in circulating
EVs. Therefore, it is tempting to speculate that the age-dependent reduction of galectin-3 EVs content
might contribute to the reduction of bone formation, development of osteoporosis, and increased
facture risk in the elderly [46].

3.3. Galectin-3 in Osteoclast Biology

Osteoclasts are large multinucleated cells responsible for bone resorption by degrading
mineralized matrix. This cell type is critical for normal bone remodeling and is responsible for bone loss
in pathologic conditions by increasing resorptive activity. Osteoclasts are terminally differentiated cells
from immature hematopoietic monocyte/macrophage progenitors, a process regulated by multiple
factors, including receptor activator of NF-κB ligand (RANKL), its decoy receptor osteoprotogerin
(OPG), and macrophage colony-stimulating factor released by osteoblasts [74]. Once recruited to
the bone, osteoclast precursors crawl to the resorption site, fuse with other precursors, and attach to
the bone surface. Attachment to the bone matrix is a critical event in osteoclast activation, leading
to osteoclast actin cytoskeletal reorganization and formation of sealing zones, which are composed
of specialized integrin-mediated adhesive structures called podosomes [75]. It is well-known that
protein-bound carbohydrates on the outer cell surface contribute to specific cell-cell and cell-matrix
recognition [47]. Therefore, receptors for carbohydrates on osteoclasts and their precursors likely
have a pivotal role in mediating cell-matrix interactions and, possibly, in regulating other related
activities, such as migration, differentiation, and bone resorption. Since galectin-3 has been recognized
as an abundant laminin-binding protein of macrophages [76], which share with osteoclasts a common
lineage, its possible function in osteoclast activity has attracted some attention.

Galectin-3 expression by osteoclasts was originally described by Niida et al. in 1994. They reported
that mouse tartrate-resistant acid phosphatase (TRAP)-positive mononuclear precursors (pre-osteoclasts)
and mature osteoclasts are positive for galectin-3, but negative for the specific murine macrophage marker
F4/80. In more detail, galectin-3 was detected in the cytoplasm and nucleus of pre-osteoclasts, as well
as on their plasma membrane, suggesting a potential role of this lectin in cell-matrix adhesion during
differentiation [48]. These initial findings were confirmed by Colnot et al. who reported that mature
resorbing cells present an immunostaining for galectin-3 in their cytoplasm, including the multinucleated
osteoclasts actively involved in resorbing the calcified cartilage core in the metaphysis and those present in
the trabecular bone of neonatal mice [1]. They also noted positive staining for galectin-3 in mononuclear
cells inside the bone marrow cavity [1]. Therefore, from these initial reports, it appeared that galectin-3
is expressed by bone osteoclasts and by their monocyte progenitors. Since galectin-3 is a well-known
macrophage marker and is essential for phagocytosis [77], this lectin can be considered as a marker of
the entire monocyte-macrophage-osteoclast cell lineage and it can be assumed that it is critical for some
important osteoclast function. A few years later, Gorski et al. found two new alternatively spliced sequences
of galectin-3 expressed by chicken osteoclasts [47]. Interestingly, galectin-3 expression was found to rise
dramatically in bone marrow cells after 5 days of in vitro culture in an osteoclast differentiation media,
suggesting a role for this lectin in the acquisition of the main phenotypic characteristics of osteoclasts,
such as displaying TRAP activity, multinuclearity, and owning the capacity to resorb bone [47].

The role of galectin-3 in regulating osteoclast differentiation and activity was also investigated
by Ortega et al. These Authors found that, besides playing a role in hypertrophic chondrocyte
differentiation, galectin-3 also regulates osteoclast recruitment to the primary ossification center during
endochondral bone formation, as well as differentiation of mononuclear osteoclast progenitors and
osteoclasts survival at the chondro-osseous junction [40]. Consistent with a key role for endogenous
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galectin-3 in the biology of cells of the osteoclast lineage, Ortega et al. reported that mice null
for MMP-9, the prominent MMP for cleavage of the N-terminal domain of galectin-3, displayed
an increased number of galectin-3 positive cells, in parallel with an increase of TRAP immunostaining
at the front of ossification. They also confirmed these data in an embryonic metatarsal culture system,
observing that an excess of exogenous recombinant galectin-3, besides from increasing the number of
TRAP-positive cells at the front of ossification, also interfered with recruitment of osteoclast precursors.
Altogether, these findings suggest that aberrant persistence of higher levels of extracellular galectin-3,
both exogenous or as a consequence of reduced cleavage by MMP-9, may induce abnormal osteoclast
survival and, eventually, excessive bone remodeling [40].

3.4. Galectin-3 in Bone Remodeling

Bone remodeling is a lifelong process by which bone is renewed to maintain bone mass.
Bone remodeling involves finely orchestrated cellular and molecular events and is commonly viewed as
a two-step process carried on by bone cells: it involves old bone resorption by osteoclasts followed by
new bone formation by osteoblasts [78]. These two arms of bone remodeling must occur in a balanced
and coordinated manner in order to maintain bone mass and shape largely unchanged throughout
adult life. Therefore, both increased bone resorption by osteoclasts or reduced bone formation by
osteoblasts can lead to bone loss [79,80]. Indeed, bone metabolism is more complex than a two-step
process, and there is still a lot to be learned about cellular and molecular mechanisms involved in
remodeling. Particularly, unbalance between bone resorption and bone formation leading to reduced
bone mass might be the result of multifaceted events affecting simultaneously osteoblasts and osteoclasts.
Unfortunately, our knowledge of the molecular regulators that modulate differentiation and activity of
osteoclasts and osteoblasts is still insufficient [81], thus hampering the identification of new therapeutic
strategies to reduce the health burden and costs related to osteoporotic fractures, which are expected to
increase in the future [82].

Although galectin-3 has been found to play a critical role in the differentiation and/or function
of chondrocytes, osteoblasts osteocytes and osteoclasts [1,31,32,36–42,44,45,47,48,62,63], and even
in favoring MSC osteogenic differentiation [46], so far, only one study has addressed the role of
this lectin in bone homeostasis [49]. Simon et al. demonstrated that Lgals3−/− mice exhibited
altered bone homeostasis, as attested by histomorphometric analysis and micro-computer tomography
measurements revealing a decreased trabecular bone volume in 12-week-old male Lgals3−/− mice
compared to wild-type littermates. Surprisingly, however, the role of galectin-3 in osteoblast
differentiation was not investigated in this study, nor it was evaluated the effect of galectin-3 deficiency
on the ability of osteoblast to form calcified nodules in vitro and new bone (bone formation rate)
in vivo. However, at this age, the number of osteoblasts in bones of Lgals3−/− mice was not different
compared with wild-type mice [49]. At variance, bones of Lgals3−/− mice exhibited an increased
number of osteoclasts in the absence of changed RANKL/OPG ratio, a finding suggesting a direct
inhibitory effect of galectin-3 on osteoclastogenesis. Consistent with this hypothesis, but at variance
with previous studies indicating a positive effect of galectin-3 on osteoclast differentiation and
maturation [40,47,48], bone marrow cells from Lgals3−/− mice displayed an increased osteoclastogenic
ability in ex vivo differentiation assays combined with a higher resorption activity. From a mechanistic
perspective, molecular analysis revealed higher mRNA levels of the tumor necrosis factor receptor
associated factor 6, a critical factor in RANKL signaling and terminal differentiation of osteoclast
progenitors. Also in contrast to previous studies [40,47,48], exogenous galectin-3 added to wild-type
murine or human osteoclasts was able to inhibit osteoclast differentiation. Moreover, co-culture
assays of wild-type osteoclasts with galectin-3 deficient osteoblasts favored osteoclast maturation
(size) and number [49]. Based on these findings, Simon et al. concluded that galectin-3 may be
part of a molecular mechanisms through which osteoblasts control osteoclastogenesis at sites of
mineralization. However, further research is needed to characterize the bone phenotype of Lgals3−/−

mice during growth and aging, to clarify the role of endogenous galectin-3 in osteoclast differentiation
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and function and, importantly, to elucidate the role of this lectin in regulating osteoblast activity in vivo.
Regarding this last topic, previous reports described irregular structure of the extracellular matrix in
bones from Lgals3−/− mice, which displayed loss and reduced length of collagen fibers compared with
wild-type animals [42]. Interestingly, these structural abnormalities of the bone matrix may account for
the empirical observation of bone femur fragility of these mice [83]. Altogether, these findings suggest
a critical role for galectin-3 also in the molecular architecture of the mineralized matrix, in maintaining
bone quality, and in the optimization of bone strength. However, these assumptions were not confirmed
by Simon et al. who reported unchanged mechanical stiffness of femurs in Lgals3−/− mice compared
with wild-type mice, as assessed by four-point bending test [49].

4. Galectin-3 in Inflammatory Bone and Joint Disorders

Arthritis is an inflammatory disorder of the joints. The two most common form of arthritis
are rheumatoid arthritis (RA) and osteoarthritis (OA). They share common symptoms, such as pain,
swelling, and stiffness of the joints, leading to disability. However, these two inflammatory joint
disorders differ in etiological factors and pathogenesis [84]. In fact, while RA is an autoimmune
disease characterized by autoantibody production, no specific causes have been identified for OA,
which is generally considered a degenerative disease, being the result of “wear and tear” of the joints.
Moreover, though chronic inflammation is a feature of both joint diseases, synovitis is a primary event in
RA [85], whereas inflammation of the synovial membrane is a late event in OA, secondary to cartilage
destruction and erosion [86]. In the clinical setting, synovial levels of galectin-3 are elevated in both RA
and OA [87–89], though to a greater extent in the former [87,88]. However, it is unclear how galectin-3
is involved in the pathogenesis and progression of RA and OA, also because of the contradictory results
obtained so far from diverse studies on different experimental models of these disorders. For the purpose of
the review, we will only discuss in detail the most important experimental studies on the role of galectin-3
in OA and RA and the reader is referred to a recent review on the subject [84].

The role of galectin-3 in articular tissues and OA has been recently investigated using human OA
chondrocytes and mice with OA induced by injection of mono-iodoacetate (MIA). Besides confirming
the critical role of galectin-3 in chondrocyte survival [1,32,36,37,40,42], this study demonstrated that
intracellular galectin-3 preserves cartilage structures, as evidenced by the finding of an accelerated
age-dependent cartilage erosion in Lgals3−/− mice. In fact, cartilage score of 4-month-old Lgals3−/−

mice was the same as in coeval wild-type mice injected with MIA, which also displayed cartilage lesions
similar to those found in Lgals3−/− mice. Moreover, the decrease of subchondral bone surface induced
by MIA in wild-type mice was further accentuated in Lgals3−/− mice, suggesting that galectin-3
may be essential for remodeling of the subchondral bone. Thus, this study showed a protective role
of intracellular galectin-3 in OA and suggested that it is essential for cartilage homeostasis during
ageing as its absence induced OA-like lesions. In addition, lack of galectin-3 during the OA process
accelerated tissue injury in the joint [90].

In RA, the chronic inflammation of the synovial lining is accompanied by severe destruction
of articular cartilage and bone erosion [85], which is mainly mediated by osteoclasts [50,91].
The prominent role of osteoclasts was also demonstrated using mice deficient in RANKL, an essential
factor for osteoclast differentiation, showing that they were protected from articular bone loss in
a serum transfer model of arthritis [92]. However, to make things more complicated, osteoblast
function and new bone formation may also be negatively affected at sites of inflammation and
erosion, thereby contributing to the net loss of bone [93]. Li et al. investigated the involvement
of galectin-3 in bone destruction around the ankle joints in rats with adjuvant-induced arthritis
(AA), which is considered an experimental model of human RA [94]. In this study, galectin-3 was
shown to be abundantly expressed by macrophages and granulocytes accumulated in the areas of
severe bone destruction in rats with AA, but only weakly by osteoclasts. This observation indicated
an association between galectin-3 expression and incidence of arthritis. Moreover, galectin-3 injection
in the affected joints was able to suppress bone destruction and reduce osteoclast recruitment,
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suggesting a protective role of the lectin. In vitro experiments confirmed the in vivo findings,
demonstrating that exogenous recombinant galectin-3 was able to inhibit both formation of osteoclasts
and dentine resorption by mature osteoclasts. Therefore, this study demonstrated a protective role
of galectin-3 in AA-induced bone destruction and suggested that the protective effect of galectin-3
may be mediated by its negative regulation of osteoclastogenesis [94]. However, this conclusion is in
contrast with previous data suggesting a critical role for this lectin in osteoclast differentiation and
function [40,47]. Moreover, from these data, it cannot be ruled-out a protective role mediated by the
anti-inflammatory, pro-resolution effect of galectin-3 [20,27–30,95]. Likewise, it cannot be excluded the
possibility that the pro-osteogenic properties of galectin-3 may have contributed to protection from
net bone loss. It must also be noticed that a recent work has put into question the results obtained by
Li et al., proving that Lgals3−/− mice are protected from joint injury associated with AA [96].

To our knowledge, the only study on the role of galectin-3 in a specific, non-tumoral, bone pathology
was performed by Wehrhan et al. who investigated the molecular mechanisms involved in the
pathogenesis of bisphosphonate-associated osteonecrosis of the jaw (BRONJ). BRONJ is an oral disorder
characterized by an impairment in hard- and soft tissue repair. It is characterized by bisphosphonate-related
impairment of oral tissues remodeling, involving bone cells, fibroblasts, and keratinocytes [97]. In addition,
Reid et al. reported that BRONJ was associated to increased osteogenic differentiation of mucoperiosteal
progenitors, anergy of the affected tissues, and increased galectin-3 expression in the periosteum and
fibrous tissue stroma cells [97], thereby differing from osteoradionecrosis-related mucoperiosteal tissue,
which was characterized by local inflammation and significantly less galectin-3 staining [98]. On the
basis of the evidences indicating that galectin-3 is involved in the differentiation of osteoblasts and
chondroblasts [1,31,32,36,37,40–42,44,45] and mediates inhibition of intraoral inflammation [97,99],
the Authors concluded that the higher levels of galectin-3 might be involved in both the increased
osteogenic differentiation of the mucoperiosteal precursors and the inflammatory anergy observed in
BRONJ-affected soft tissues.

5. Galectin-3 in Vascular Osteogenesis

A large body of evidence indicates that vascular calcification is an unfavorable event in the
natural history of the atherosclerotic disease. Consistently, coronary calcium score independently
predicts cardiovascular morbidity and mortality, thus directly linking the amount of calcium in the
vessel wall with unfavorable outcomes [100,101]. However, recent findings suggest that vascular
calcification may either promote plaque progression and vulnerability or favor plaque stability,
depending on the elemental composition [102] and pattern [33] of calcium deposition within the
vessel wall. For instance, intravascular ultrasound studies indicate that spotty, granular and less dense
calcification (commonly referred to as “microcalcification”) within a fibro-atheromatous plaque is the
main pattern of calcium deposition in patients with acute myocardial infarction, whereas extensive
dense calcification (commonly referred to as “macrocalcification”) prevails in subjects with stable
angina pectoris [103–105]. However, despite the increasing body of evidence supporting the dual role
of calcification in plaque stability and its clinical implications, little is known about the biological
mechanisms that favor one type of vascular calcification over the other.

Though previously considered as a passive degenerative phenomenon [106], vascular calcification
is now proven to be an active, tightly regulated process, similar to bone mineralization, activating
an osteogenic gene regulatory program and involving various bone-related proteins. Many mechanisms
have been proposed to explain the phenomenon of ectopic calcification within the vessel wall, including
the osteogenic transdifferentiation of vascular smooth muscle cells (VSMCs) [107]. These specialized
contracting cells are an important structural component of the artery wall, playing a key role in
maintaining vascular tone and participating to various important functions, such as the regulation of
blood pressure. VSMCs also play a key role in different pathological processes affecting the vasculature,
including the pathobiology of vascular calcification. The process of VSMCs transdifferentiation towards
osteochondrogenic precursors is a process characterized by progressive expression of the osteochondrogenic
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markers OCN, ALP, and OPN, associated with the expression of the osteochondrogenic transcription factor
RUNX2. This process is also accompanied by phenotypic transition of VSMCs, attested by progressive
reduction of expression of α smooth muscle actin, the main smooth muscle lineage marker, and loss of the
contractile phenotype [108,109]. Several pro-inflammatory and pro-osteogenic stimuli have been shown to
promote vascular calcification in the setting of atherosclerosis, including ROS [110], AGEs [111], advanced
lipoxidation end-products [112], calgranulins [113], BMPs [114], and OPG [115]. However, most of the
in vitro and in vivo studies performed to investigate the role of these stimuli in atherosclerotic vascular
calcification have only assessed the quantitative aspect of the phenomenon, irrespective of the type of
calcification process in which they are involved.

Some insight into the mechanism regulating the pattern of calcification in the process of atherogenesis
has been recently provided [33]. Interestingly, this mechanism involves galectin-3 and RAGE, which were
previously shown to modulate in opposite ways osteoblast differentiation and function in the presence
of AGEs. In fact, while galectin-3 was shown to favor osteoblast differentiation, RAGE was found
to be responsible for the detrimental effects of AGEs on osteoblasts, such as apoptosis and reduced
differentiation [44]. Consistent with a pro-osteogenic effect of galectin-3 also in VSMC transdifferentiation,
the increased expression of osteogenic markers induced by incubation in osteogenic medium was
accompanied by a parallel increase in galectin-3 expression, in accordance with what was observed in
differentiating osteoblasts [31]. In addition, galectin-3 deficiency was associated with defective osteogenic
transdifferentiation of VSMCs, as attested by reduced expression of the osteogenic transcription factor
RUNX2 and the bone cell marker ALP, enhanced apoptosis, reduced proliferation, and disorganized
mineralization [33]. Lgals3−/− VSMCs cells also showed decreased activation of Wnt/β-catenin signaling,
which is in agreement with galectin-3’s ability to stabilize and increase β-catenin levels in MSCs
differentiating towards the osteogenic lineage [46]. Noteworthy, the reduced ability of Lgals3−/− VSMCs
to acquire an osteogenic phenotype was also associated with RAGE up-regulation, and was exacerbated
by treatment with AGEs, once again in keeping with previous data on osteoblast differentiation [44].
In vivo analysis of carotid plaques from patients undergoing carotid endarterectomy supported the
hypothesis that galectin-3 and RAGE regulate in opposite ways the pattern of calcification, with RAGE
expression observed in plaque regions with diffuse microcalcification and galectin-3 being mainly expressed
by VSMCs in regions adjacent to extended and dense macrocalcification, where it colocalized with the
osteogenic marker ALP [33].

Altogether, these data demonstrated that galectin-3 is essential for full transdifferentiation of
VSMCs into an osteoblast-like phenotype via modulation of the Wnt/β-catenin pathway. They also
provided evidence for a role of galectin-3 and RAGE in determining the pattern of calcification in
atherosclerotic lesions. Noteworthy, the roles played by galectin-3 and RAGE in regulating VSMC
transdifferentiation and vascular calcification recapitulate the effects they have at the skeletal level.
In fact, galectin-3 was shown to regulate chondroblast/osteoblast differentiation/function and bone
development [1,31,41]. Conversely, RAGE was shown to be essential for osteoclast maturation and
function in skeletal tissue both in vivo and in vitro [116].

Finally, an ancillary observation is that a large body of literature indicates a role of galectin-3
as a prognostic marker in cardiovascular disease. In particular, elevated levels of circulating
galectin-3 have been found to be associated with higher risk of death in heart failure patients [117].
Moreover, some experimental evidence suggests an active role of this lectin in cardiac remodeling
and atherosclerosis, mainly through its recognized fibrogenic properties [20,117]. However, given the
important role played by vascular calcification in atherosclerosis and cardiovascular disease, and that of
galectin-3 in VSMCs osteogenic transdifferentiation, it cannot be rule out the possibility that circulating
galectin-3 might affect cardiovascular disease also through its osteogenic properties.

6. Conclusions

Most of the study conducted to investigate the role of galectin-3 in the biology of bone and its
cells date back to the late 90s of last century and the beginning of 2000s. Although they produced
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convincing evidence about the involvement of this lectin in multiple biologic processes of the bone,
such as differentiation and activity of all major bone cells, they were not followed by an in-depth
analysis of the role of galectin-3 in the bone physiology and pathology. Only recently, the skeleton of
Lgals3−/− mice has been analyzed and results demonstrated that, in fact, adult (3-month-old) mice
have a bone phenotype, characterized by reduced trabecular bone compared with wild-type mice [49].
However, the analysis of the mechanisms underlying the structural abnormalities only investigated the
resorption arm of the bone remodeling process, leaving completely unexplored the bone deposition arm
and the cells responsible for bone formation. Since, galectin-3 has been shown to have a critical role for
chondroblast and osteoblast differentiation and activity [1,31,32,36,37,40–42,44,45], an in-depth analysis
of these cells and their function in Lgals3−/− mice is necessary to understand the net effect of this lectin
on bone homeostasis. It would also be desirable to extend the analysis to the skeleton of younger and
older Lgals3−/− to get information on the role of this lectin in growth and age-dependent changes of
the bony structure. These analyses could provide valuable information possibly helping in identifying
galectin-3 as potential therapeutic target in some bone pathologies, primarily senile osteoporosis.
This concept is strengthened by the evidence that, in addition to its role in osteogenesis, (a) galectin-3
is able to stimulate osteogenic differentiation of MSCs [46]; (b) in osteoblast lineage cells [43–45], it acts
as a receptor capable of degrading AGEs, which have been implicated in age-dependent [118] and
diabetes-associated [119] bone fragility; and (c) it may favor resolution of chronic inflammation [20],
also in the bone tissue [20,97–99].

Finally, the osteogenic properties of galectin-3 deserve to also be investigated in the process
of ectopic calcification, primarily vascular osteogenesis. The possibility of modifying the amount
and especially the type of calcification in the atherosclerotic plaque by modulating the expression
of galectin-3 could be very useful in stabilizing the atherosclerotic lesions, thus reducing the risk of
fatal events.
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Abbreviations

AGEs Advanced Glycation
RAGE Receptor for AGEs
RUNX2 Runt-Related Transcription Factor 2
Lgals3−/− Galectin-3 Null
MMPs Metalloproteinases
MSC Mesenchymal Stem Cell
BMPs Bone Morphogenic Proteins
OCN Osteocalcin
ALP Alkaline Phosphatase
BSP Bone Sialoprotein
OPN Osteopontin
EVs Extracellular Vesicles
RANKL Receptor Activator of NF-κB Ligand
OPG Osteoprotogerin
TRAP Tartrate-Resistant Acid Phosphatase
RA Rheumatoid Arthritis
OA Osteoarthritis
MIA Mono-Iodoacetate
AA Adjuvant-Induced Arthritis
BRONJ Bisphosphonate-Associated Osteonecrosis of the Jaw

References

1. Colnot, C.; Sidhu, S.S.; Poirier, F.; Balmain, N. Cellular and subcellular distribution of galectin-3 in the
epiphyseal cartilage and bone of fetal and neonatal mice. Cell. Mol. Biol. 1999, 45, 1191–1202. [PubMed]

2. Iacobini, C.; Amadio, L.; Oddi, G.; Ricci, C.; Barsotti, P.; Missori, S.; Sorcini, M.; Di Mario, U.; Pricci, F.;
Pugliese, G. Role of galectin-3 in diabetic nephropathy. J. Am. Soc. Nephrol. 2003, 14, S264–S270. [CrossRef]
[PubMed]

3. Liu, F.T.; Patterson, R.J.; Wang, J.L. Intracellular functions of galectins. BBA Gen. Subj. 2002, 1572, 263–273.
[CrossRef]

4. Menon, R.P.; Hughes, R.C. Determinants in the N-terminal domains of galectin-3 for secretion by a novel
pathway circumventing the endoplasmic reticulum-Golgi complex. Eur. J. Biochem. 1999, 264, 569–576.
[CrossRef] [PubMed]

5. Dennis, J.W.; Nabi, I.R.; Demetriou, M. Metabolism, cell surface organization, and disease. Cell 2009, 139,
1229–1241. [CrossRef] [PubMed]

6. Partridge, E.A.; Le Roy, C.; Di Guglielmo, G.M.; Pawling, J.; Cheung, P.; Granovsky, M.; Nabi, I.R.; Wrana, J.L.;
Dennis, J.W. Regulation of cytokine receptors by golgi N-glycan processing and endocytosis. Science 2004,
306, 120–124. [CrossRef] [PubMed]

7. 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 clathrinin-dependent carriers. Nat. Cell Biol. 2014, 16, 595–606. [CrossRef] [PubMed]

8. Haudek, K.C.; Patterson, R.J.; Wang, J.L. SR proteins and galectins: What’s in a name? Glycobiology 2010, 20,
1199–1207. [CrossRef] [PubMed]

9. Kim, H.R.; Lin, H.M.; Biliran, H.; Raz, A. Cell cycle arrest and inhibition of anoikis by galectin-3 in human
breast epithelial cells. Cancer Res. 1999, 59, 4148–4154. [PubMed]

10. Shimura, T.; Takenaka, Y.; Tsutsumi, S.; Hogan, V.; Kikuchi, A.; Raz, A. Galectin-3, a novel binding partner of
beta-catenin. Cancer Res. 2004, 64, 6363–6367. [CrossRef] [PubMed]

11. Yang, R.Y.; Hsu, D.K.; Liu, F.-T. Expression of galectin-3 modulates T-cell growth and apoptosis.
Proc. Natl. Acad. Sci. USA 1996, 93, 6737–6742. [CrossRef] [PubMed]

12. Inohara, H.; Akahani, S.; Raz, A. Galectin-3 stimulates cell proliferation. Exp. Cell Res. 1998, 245, 294–302.
[CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/10643968
http://dx.doi.org/10.1097/01.ASN.0000077402.95720.B4
http://www.ncbi.nlm.nih.gov/pubmed/12874444
http://dx.doi.org/10.1016/S0304-4165(02)00313-6
http://dx.doi.org/10.1046/j.1432-1327.1999.00671.x
http://www.ncbi.nlm.nih.gov/pubmed/10491105
http://dx.doi.org/10.1016/j.cell.2009.12.008
http://www.ncbi.nlm.nih.gov/pubmed/20064370
http://dx.doi.org/10.1126/science.1102109
http://www.ncbi.nlm.nih.gov/pubmed/15459394
http://dx.doi.org/10.1038/ncb2970
http://www.ncbi.nlm.nih.gov/pubmed/24837829
http://dx.doi.org/10.1093/glycob/cwq097
http://www.ncbi.nlm.nih.gov/pubmed/20574110
http://www.ncbi.nlm.nih.gov/pubmed/10463621
http://dx.doi.org/10.1158/0008-5472.CAN-04-1816
http://www.ncbi.nlm.nih.gov/pubmed/15374939
http://dx.doi.org/10.1073/pnas.93.13.6737
http://www.ncbi.nlm.nih.gov/pubmed/8692888
http://dx.doi.org/10.1006/excr.1998.4253
http://www.ncbi.nlm.nih.gov/pubmed/9851870


Int. J. Mol. Sci. 2017, 18, 2481 15 of 20

13. Akahani, S.; Nangia-Makker, P.; Inohara, H.; Kim, H.R.; Raz, A. Galectin-3: A novel antiapoptotic molecule
with a functional BH1 [NWGR] domain of Bcl-2 family. Cancer Res. 1997, 57, 5272–5276. [PubMed]

14. Yang, R.; Rabinovich, G.; Liu, F. Galectins: Structure, function and therapeutic potential. Expert Rev. Mol. Med.
2008, 10, 1–24. [CrossRef] [PubMed]

15. Lau, K.S.; Partridge, E.A.; Grigorian, A.; Silvescu, C.I.; Reinhold, V.N.; Demetriou, M.; Dennis, J.W. Complex
N-glycan number and degree of branching cooperate to regulate cell proliferation and differentiation. Cell
2007, 129, 123–134. [CrossRef] [PubMed]

16. Inohara, H.; Raz, A. Functional evidence that cell surface galectin-3 mediates homotypic cell adhesion.
Cancer Res. 1995, 55, 3267–3271. [PubMed]

17. Friedrichs, J.; Torkko, J.M.; Helenius, J.; Teräväinen, T.P.; Füllekrug, J.; Muller, D.J.; Simons, K.; Manninen, A.
Contributions of galectin-3 and -9 to epithelial cell adhesion analyzed by single cell force spectroscopy.
J. Biol. Chem. 2007, 282, 29375–29383. [CrossRef] [PubMed]

18. Ochieng, J.; Leite-Browning, M.L.; Warfield, P. Regulation of cellular adhesion to extracellular matrix proteins
by galectin-3. Biochem. Biophys. Res. Commun. 1998, 246, 788–791. [CrossRef] [PubMed]

19. Friedrichs, J.; Manninen, A.; Muller, D.J.; Helenius, J. Galectin-3 regulates integrin alpha2beta1-mediated
adhesion to collagen-I and -IV. J. Biol. Chem. 2008, 283, 32264–32272. [CrossRef] [PubMed]

20. Pugliese, G.; Iacobini, C.; Pesce, C.M.; Menini, S. Galectin-3: An emerging all-out player in metabolic
disorders and their complications. Glycobiology 2015, 25, 136–150. [CrossRef] [PubMed]

21. Brownlee, M. Advanced protein glycosylation in diabetes and aging. Annu. Rev. Med. 1995, 46, 223–234.
[CrossRef] [PubMed]

22. Schmidt, A.M.; Yan, S.D.; Yan, S.F.; Stern, D.M. The multiligand receptor RAGE as a progression factor
amplifying immune and inflammatory responses. J. Clin. Investig. 2001, 108, 949–955. [CrossRef] [PubMed]

23. Basta, G.; Lazzerini, G.; Del Turco, S.; Ratto, G.M.; Schmidt, A.M.; De Caterina, R. At least 2 distinct pathways
generating reactive oxygen species mediate vascular cell adhesion molecule-1 induction by advanced
glycation end products. Arterioscler. Thromb. Vasc. Biol. 2005, 25, 1401–1407. [CrossRef] [PubMed]

24. Bierhaus, A.; Humpert, P.M.; Morcos, M.; Wendt, T.; Chavakis, T.; Arnold, B.; Stern, D.M.; Nawroth, P.P.
Understanding RAGE, the receptor for advanced glycation end products. J. Mol. Med. 2005, 83, 876–886.
[CrossRef] [PubMed]

25. Pricci, F.; Leto, G.; Amadio, L.; Iacobini, C.; Romeo, G.; Cordone, S.; Gradini, R.; Barsotti, P.; Liu, F.T.;
Di Mario, U.; et al. Role of galectin-3 as a receptor for advanced glycosylation end products. Kidney Int. 2000,
77, S31–S39. [CrossRef]

26. Norling, L.V.; Perretti, M.; Cooper, D. Endogenous galectins and the control of the host inflammatory
response. J. Endocrinol. 2009, 201, 169–184. [CrossRef] [PubMed]

27. Fukumori, T.; Takenaka, Y.; Yoshii, T.; Kim, H.R.; Hogan, V.; Inohara, H.; Kagawa, S.; Raz, A. CD29 and CD7
mediate galectin-3-induced type II T-cell apoptosis. Cancer Res. 2003, 63, 8302–8311. [PubMed]

28. Morgan, R.; Gao, G.; Pawling, J.; Dennis, J.W.; Demetriou, M.; Li, B. N-acetylglucosaminyltransferase V
[Mgat5]-mediated N-glycosylation negatively regulates Th1 cytokine production by T cells. J. Immunol. 2004,
173, 7200–7208. [CrossRef] [PubMed]

29. Demetriou, M.; Granovsky, M.; Quaggin, S.; Dennis, J.W. Negative regulation of T-cell activation and
autoimmunity by Mgat5 N-glycosylation. Nature 2001, 409, 733–739. [CrossRef] [PubMed]

30. MacKinnon, A.C.; Farnworth, S.L.; Hodkinson, P.S.; Henderson, N.C.; Atkinson, K.M.; Leffler, H.;
Nilsson, U.J.; Haslett, C.; Forbes, S.J.; Sethi, T. Regulation of alternative macrophage activation by galectin-3.
J. Immunol. 2008, 180, 2650–2658. [CrossRef] [PubMed]

31. Aubin, J.E.; Liu, F.; Malaval, L.; Gupta, A.K. Osteoblast and chondroblast differentiation. Bone 1995, 17,
77S–83S. [CrossRef]

32. Stock, M.; Schäfer, 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. [CrossRef] [PubMed]

33. Menini, S.; Iacobini, C.; Ricci, C.; Blasetti Fantauzzi, C.; Salvi, L.; Pesce, C.M.; Relucenti, M.; Familiari, G.;
Taurino, M.; Pugliese, G. The galectin-3/RAGE dyad modulates vascular osteogenesis in atherosclerosis.
Cardiovasc. Res. 2013, 100, 472–480. [CrossRef] [PubMed]

34. Pugliese, G.; Iacobini, C.; Blasetti Fantauzzi, C.; Menini, S. The dark and bright side of atherosclerotic
calcification. Atherosclerosis 2015, 238, 220–230. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/9393748
http://dx.doi.org/10.1017/S1462399408000719
http://www.ncbi.nlm.nih.gov/pubmed/18549522
http://dx.doi.org/10.1016/j.cell.2007.01.049
http://www.ncbi.nlm.nih.gov/pubmed/17418791
http://www.ncbi.nlm.nih.gov/pubmed/7542167
http://dx.doi.org/10.1074/jbc.M701867200
http://www.ncbi.nlm.nih.gov/pubmed/17675292
http://dx.doi.org/10.1006/bbrc.1998.8708
http://www.ncbi.nlm.nih.gov/pubmed/9618290
http://dx.doi.org/10.1074/jbc.M803634200
http://www.ncbi.nlm.nih.gov/pubmed/18806266
http://dx.doi.org/10.1093/glycob/cwu111
http://www.ncbi.nlm.nih.gov/pubmed/25303959
http://dx.doi.org/10.1146/annurev.med.46.1.223
http://www.ncbi.nlm.nih.gov/pubmed/7598459
http://dx.doi.org/10.1172/JCI200114002
http://www.ncbi.nlm.nih.gov/pubmed/11581294
http://dx.doi.org/10.1161/01.ATV.0000167522.48370.5e
http://www.ncbi.nlm.nih.gov/pubmed/15845907
http://dx.doi.org/10.1007/s00109-005-0688-7
http://www.ncbi.nlm.nih.gov/pubmed/16133426
http://dx.doi.org/10.1046/j.1523-1755.2000.07706.x
http://dx.doi.org/10.1677/JOE-08-0512
http://www.ncbi.nlm.nih.gov/pubmed/19155286
http://www.ncbi.nlm.nih.gov/pubmed/14678989
http://dx.doi.org/10.4049/jimmunol.173.12.7200
http://www.ncbi.nlm.nih.gov/pubmed/15585841
http://dx.doi.org/10.1038/35055582
http://www.ncbi.nlm.nih.gov/pubmed/11217864
http://dx.doi.org/10.4049/jimmunol.180.4.2650
http://www.ncbi.nlm.nih.gov/pubmed/18250477
http://dx.doi.org/10.1016/8756-3282(95)00183-E
http://dx.doi.org/10.1074/jbc.M207631200
http://www.ncbi.nlm.nih.gov/pubmed/12604608
http://dx.doi.org/10.1093/cvr/cvt206
http://www.ncbi.nlm.nih.gov/pubmed/23975852
http://dx.doi.org/10.1016/j.atherosclerosis.2014.12.011
http://www.ncbi.nlm.nih.gov/pubmed/25528431


Int. J. Mol. Sci. 2017, 18, 2481 16 of 20

35. Sádaba, J.R.; Martínez-Martínez, E.; Arrieta, V.; Álvarez, V.; Fernández-Celis, A.; Ibarrola, J.; Melero, A.;
Rossignol, P.; Cachofeiro, V.; López-Andrés, N. Role for galectin-3 in calcific aortic valve stenosis.
J. Am. Heart Assoc. 2016, 5, e004360. [CrossRef] [PubMed]

36. Roach, H.I. New aspects of endochondral ossification in the chick: Chondrocyte apoptosis, bone formation
by former chondrocytes, and acid phosphatase activity in the endochondral bone matrix. J. Bone Miner. Res.
1997, 12, 795–805. [CrossRef] [PubMed]

37. Sakakura, Y.; Hosokawa, Y.; Tsuruga, E.; Irie, K.; Nakamura, M.; Yajima, T. Contributions of matrix
metalloproteinases toward Meckel’s cartilage resorption in mice: Immunohistochemical studies, including
comparisons with developing endochondral bones. Cell Tissue Res. 2007, 328, 137–151. [CrossRef] [PubMed]

38. Dange, M.C.; Agarwal, A.K.; Kalraiya, R.D. Extracellular galectin-3 induces MMP9 expression by activating
p38 MAPK pathway via lysosome-associated membrane protein-1 [LAMP1]. Mol. Cell. Biochem. 2015, 404,
79–86. [CrossRef] [PubMed]

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

40. Ortega, N.; Behonick, D.J.; Colnot, C.; Cooper, D.N.; Werb, Z. Galectin-3 is a downstream regulator of matrix
metalloproteinase-9 function during endochondral bone formation. Mol. Biol. Cell 2005, 16, 3028–3039.
[CrossRef] [PubMed]

41. Aubin, J.E.; Gupta, A.K.; Bhargava, U.; Turksen, K. Expression and regulation of galectin-3 in rat osteoblastic
cells. J. Cell Physiol. 1996, 169, 468–480. [CrossRef]

42. Colnot, C.; Sidhu, S.S.; Balmain, N.; Poirier, F. Uncoupling of chondrocyte death and vascular invasion in
mouse galectin 3 null mutant bones. Dev. Biol. 2001, 229, 203–214. [CrossRef] [PubMed]

43. Mercer, N.; Ahmed, H.; McCarthy, A.D.; Etcheverry, S.B.; Vasta, G.R.; Cortizo, A.M. AGE-R3/galectin-3
expression in osteoblast-like cells: Regulation by AGEs. Mol. Cell. Biochem. 2004, 266, 17–24. [CrossRef]
[PubMed]

44. Mercer, N.; Ahmed, H.; Etcheverry, S.B.; Vasta, G.R.; Cortizo, A.M. Regulation of advanced glycation end
product [AGE] receptors and apoptosis by AGEs in osteoblast-like cells. Mol. Cell. Biochem. 2007, 306, 87–94.
[CrossRef] [PubMed]

45. McCarthy, A.D.; Etcheverry, S.B.; Bruzzone, L.; Cortizo, A.M. Effects of advanced glycation end-products on
the proliferation and differentiation of osteoblast-like cells. Mol. Cell. Biochem. 1997, 170, 43–51. [CrossRef]

46. Weilner, S.; Keider, V.; Winter, M.; Harreither, E.; Salzer, B.; Weiss, F.; Schraml, E.; Messner, P.; Pietschmann, P.;
Hildner, F.; et al. Vesicular Galectin-3 levels decrease with donor age and contribute to the reduced
osteo-inductive potential of human plasma derived extracellular vesicles. Aging 2016, 8, 16–33. [CrossRef]
[PubMed]

47. Gorski, J.P.; Liu, F.T.; Artigues, A.; Castagna, L.F.; Osdoby, P. New alternatively spliced form of galectin-3,
a member of the beta-galactoside-binding animal lectin family, contains a predicted transmembrane-spanning
domain and a leucine zipper motif. J. Biol. Chem. 2002, 277, 18840–18848. [CrossRef] [PubMed]

48. Niida, S.; Amizuka, N.; Hara, F.; Ozawa, H.; Kodama, H. Expression of Mac-2 antigen in the preosteoclast
and osteoclast identified in the op/op mouse injected with macrophage colony-stimulating factor.
J. Bone Miner. Res. 1994, 9, 873–881. [CrossRef] [PubMed]

49. Simon, D.; Derer, A.; Andes, F.T.; Lezuo, P.; Bozec, A.; Schett, G.; Herrmann, M.; Harre, U. Galectin-3 as
a novel regulator of osteoblast-osteoclast interaction and bone homeostasis. Bone 2017, 105, 35–41. [CrossRef]
[PubMed]

50. Gough, A.; Sambrook, P.; Devlin, J.; Huissoon, A.; Njeh, C.; Robbins, S.; Nguyen, T.; Emery, P. Osteoclastic
activation is the principal mechanism leading to secondary osteoporosis in rheumatoid arthritis. J. Rheumatol.
1998, 25, 1282–1289. [PubMed]

51. Caplan, A.I.; Pechak, D.G. The cellular and molecular embryology of bone formation. In Bone and Mineral
Research; Peck, W.A., Ed.; Elsevier: New York, NY, USA, 1997; Volume 5, pp. 117–183.

52. Poole, A.R. The Growth Plate: Cellular Physiology, Cartilage Assembly and Mineralization; CRC Press: Boca Raton,
FL, USA, 1991.

53. Volk, S.W.; Leboy, P.S. Regulating the regulators of chondrocyte hypertrophy. J. Bone Miner. Res. 1999, 14,
483–486. [CrossRef] [PubMed]

http://dx.doi.org/10.1161/JAHA.116.004360
http://www.ncbi.nlm.nih.gov/pubmed/27815266
http://dx.doi.org/10.1359/jbmr.1997.12.5.795
http://www.ncbi.nlm.nih.gov/pubmed/9144346
http://dx.doi.org/10.1007/s00441-006-0329-7
http://www.ncbi.nlm.nih.gov/pubmed/17136358
http://dx.doi.org/10.1007/s11010-015-2367-5
http://www.ncbi.nlm.nih.gov/pubmed/25739356
http://dx.doi.org/10.1242/jcs.148510
http://www.ncbi.nlm.nih.gov/pubmed/24829150
http://dx.doi.org/10.1091/mbc.E04-12-1119
http://www.ncbi.nlm.nih.gov/pubmed/15800063
http://dx.doi.org/10.1002/(SICI)1097-4652(199612)169:3&lt;468::AID-JCP7&gt;3.0.CO;2-M
http://dx.doi.org/10.1006/dbio.2000.9933
http://www.ncbi.nlm.nih.gov/pubmed/11133164
http://dx.doi.org/10.1023/B:MCBI.0000049128.71095.ac
http://www.ncbi.nlm.nih.gov/pubmed/15646023
http://dx.doi.org/10.1007/s11010-007-9557-8
http://www.ncbi.nlm.nih.gov/pubmed/17660952
http://dx.doi.org/10.1023/A:1006816223292
http://dx.doi.org/10.18632/aging.100865
http://www.ncbi.nlm.nih.gov/pubmed/26752347
http://dx.doi.org/10.1074/jbc.M109578200
http://www.ncbi.nlm.nih.gov/pubmed/11886849
http://dx.doi.org/10.1002/jbmr.5650090613
http://www.ncbi.nlm.nih.gov/pubmed/8079662
http://dx.doi.org/10.1016/j.bone.2017.08.013
http://www.ncbi.nlm.nih.gov/pubmed/28822790
http://www.ncbi.nlm.nih.gov/pubmed/9676757
http://dx.doi.org/10.1359/jbmr.1999.14.4.483
http://www.ncbi.nlm.nih.gov/pubmed/10234568


Int. J. Mol. Sci. 2017, 18, 2481 17 of 20

54. Yu, F.; Finley, R.L., Jr.; Raz, A.; Kim, H.R. Galectin-3 translocates to the perinuclear membranes and inhibits
cytochrome c release from the mitochondria. A role for synexin in galectin-3 translocation. J. Biol. Chem.
2002, 277, 15819–15827. [CrossRef] [PubMed]

55. Harada, S.; Rodan, G.A. Control of osteoblast function and regulation of bone mass. Nature 2003, 423, 349–355.
[CrossRef] [PubMed]

56. Mackie, E.J. Osteoblasts: Novel roles in orchestration of skeletal architecture. Int. J. Biochem. Cell Biol. 2003,
35, 1301–1305. [CrossRef]

57. Karsenty, G. The complexities of skeletal biology. Nature 2003, 423, 316–318. [CrossRef] [PubMed]
58. Krane, S.M. Identifying genes that regulate bone remodeling as potential therapeutic targets. J. Exp. Med.

2005, 201, 841–843. [CrossRef] [PubMed]
59. Ducy, P.; Schinke, T.; Karsenty, G. The osteoblast: A sophisticated fibroblast under central surveillance.

Science 2000, 289, 1501–1504. [CrossRef] [PubMed]
60. Rochefort, G.Y.; Pallu, S.; Benhamou, C.L. Osteocyte: The unrecognized side of bone tissue. Osteoporos. Int.

2010, 21, 1457–1469. [CrossRef] [PubMed]
61. Prideaux, M.; Findlay, D.M.; Atkins, G.J. Osteocytes: The master cells in bone remodelling. Curr. Opin. Pharmacol.

2016, 28, 24–30. [CrossRef] [PubMed]
62. Costessi, A.; Pines, A.; D’Andrea, P.; Romanello, M.; Damante, G.; Cesaratto, L.; Quadrifoglio, F.; Moro, L.;

Tell, G. Extracellular nucleotides activate Runx2 in the osteoblast-like HOBIT cell line: A possible molecular
link between mechanical stress and osteoblasts’ response. Bone 2005, 36, 418–432. [CrossRef] [PubMed]

63. Nakajima, K.; Kho, D.H.; Yanagawa, T.; Harazono, Y.; Gao, X.; Hogan, V.; Raz, A. Galectin-3 inhibits
osteoblast differentiation through notch signaling. Neoplasia 2014, 16, 939–949. [CrossRef] [PubMed]

64. Menini, S.; Iacobini, C.; Blasetti Fantauzzi, C.; Pesce, C.M.; Pugliese, G. Role of galectin-3 in obesity and
impaired glucose homeostasis. Oxid. Med. Cell. Longev. 2016, 2016, 9618092. [CrossRef] [PubMed]

65. Roholl, P.J.; Blauw, E.; Zurcher, C.; Dormans, J.A.; Theuns, H.M. Evidence for a diminished maturation of
preosteoblasts into osteoblasts during aging in rats: An ultrastructural analysis. J. Bone Miner. Res. 1994, 9,
355–366. [CrossRef] [PubMed]

66. Föger-Samwald, U.; Patsch, J.M.; Schamall, D.; Alaghebandan, A.; Deutschmann, J.; Salem, S.; Mousavi, M.;
Pietschmann, P. Molecular evidence of osteoblast dysfunction in elderly men with osteoporotic hip fractures.
Exp. Gentol. 2014, 57C, 114–121. [CrossRef] [PubMed]

67. Almeida, M.; Han, L.; Martin-Millan, M.; Plotkin, L.I.; Stewart, S.A.; Roberson, P.K.; Kousteni, S.;
O’Brien, C.A.; Bellido, T.; Parfitt, A.M.; et al. Skeletal involution by age associated oxidative stress and its
acceleration by loss of sex steroids. J. Biol. Chem. 2007, 282, 27285–27297. [CrossRef] [PubMed]

68. Corpas, E.; Harman, S.M.; Blackman, M.R. Human growth hormone and human aging. Endocr. Rev. 1993, 14,
20–39. [CrossRef] [PubMed]

69. Wilson, S.; Thorp, B.H. Estrogen and cancellous bone loss in the fowl. Calcif. Tissue Int. 1998, 62, 506–511.
[CrossRef] [PubMed]

70. Baht, G.S.; Silkstone, D.; Vi, L.; Nadesan, P.; Amani, Y.; Whetstone, H.; Wei, Q.; Alman, B.A. Exposure to
a youthful circulation rejuvenates bone repair through modulation of β-catenin. Nat. Commun. 2015, 6, 7131.
[CrossRef] [PubMed]

71. Nolte-‘t Hoen, E.N.; Buermans, H.P.; Waasdorp, M.; Stoorvogel, W.; Wauben, M.H.M.; ‘T Hoen, P.A. Deep
sequencing of RNA from immune cell-derived vesicles uncovers the selective incorporation of small
non-coding RNA biotypes with potential regulatory functions. Nucleic Acids Res. 2012, 40, 9272–9285.
[CrossRef] [PubMed]

72. Fais, S.; Logozzi, M.; Lugini, L.; Federici, C.; Azzarito, T.; Zarovni, N.; Chiesi, A. Exosomes: The ideal
nanovectors for biodelivery. Biol. Chem. 2013, 394, 1–15. [CrossRef] [PubMed]

73. Fevrier, B.; Raposo, G. Exosomes: Endosomal-derived vesicles shipping extracellular messages. Curr. Opin.
Cell Biol. 2004, 16, 415–421. [CrossRef] [PubMed]

74. Boyle, W.J.; Simonet, W.S.; Lacey, D.L. Osteoclast differentiation and activation. Nature 2003, 423, 337–342.
[CrossRef] [PubMed]

75. Teitelbaum, S.L. Osteoclasts, integrins, and osteoporosis. J. Bone Miner. Metab. 2000, 18, 344–349. [CrossRef]
[PubMed]

http://dx.doi.org/10.1074/jbc.M200154200
http://www.ncbi.nlm.nih.gov/pubmed/11839755
http://dx.doi.org/10.1038/nature01660
http://www.ncbi.nlm.nih.gov/pubmed/12748654
http://dx.doi.org/10.1016/S1357-2725(03)00107-9
http://dx.doi.org/10.1038/nature01654
http://www.ncbi.nlm.nih.gov/pubmed/12748648
http://dx.doi.org/10.1084/jem.20050354
http://www.ncbi.nlm.nih.gov/pubmed/15781576
http://dx.doi.org/10.1126/science.289.5484.1501
http://www.ncbi.nlm.nih.gov/pubmed/10968779
http://dx.doi.org/10.1007/s00198-010-1194-5
http://www.ncbi.nlm.nih.gov/pubmed/20204595
http://dx.doi.org/10.1016/j.coph.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26927500
http://dx.doi.org/10.1016/j.bone.2004.10.016
http://www.ncbi.nlm.nih.gov/pubmed/15777650
http://dx.doi.org/10.1016/j.neo.2014.09.005
http://www.ncbi.nlm.nih.gov/pubmed/25425968
http://dx.doi.org/10.1155/2016/9618092
http://www.ncbi.nlm.nih.gov/pubmed/26770660
http://dx.doi.org/10.1002/jbmr.5650090310
http://www.ncbi.nlm.nih.gov/pubmed/8191929
http://dx.doi.org/10.1016/j.exger.2014.05.014
http://www.ncbi.nlm.nih.gov/pubmed/24862290
http://dx.doi.org/10.1074/jbc.M702810200
http://www.ncbi.nlm.nih.gov/pubmed/17623659
http://dx.doi.org/10.1210/edrv-14-1-20
http://www.ncbi.nlm.nih.gov/pubmed/8491152
http://dx.doi.org/10.1007/s002239900470
http://www.ncbi.nlm.nih.gov/pubmed/9576978
http://dx.doi.org/10.1038/ncomms8131
http://www.ncbi.nlm.nih.gov/pubmed/25988592
http://dx.doi.org/10.1093/nar/gks658
http://www.ncbi.nlm.nih.gov/pubmed/22821563
http://dx.doi.org/10.1515/hsz-2012-0236
http://www.ncbi.nlm.nih.gov/pubmed/23241589
http://dx.doi.org/10.1016/j.ceb.2004.06.003
http://www.ncbi.nlm.nih.gov/pubmed/15261674
http://dx.doi.org/10.1038/nature01658
http://www.ncbi.nlm.nih.gov/pubmed/12748652
http://dx.doi.org/10.1007/s007740070007
http://www.ncbi.nlm.nih.gov/pubmed/11052468


Int. J. Mol. Sci. 2017, 18, 2481 18 of 20

76. Woo, H.J.; Shaw, L.M.; Messier, J.M.; Mercurio, A.M. The major non-integrin laminin binding protein of
macrophages is identical to carbohydrate binding protein 35 [Mac-2]. J. Biol. Chem. 1990, 265, 7097–7099.
[PubMed]

77. 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. [CrossRef] [PubMed]

78. Rachner, T.D.; Khosla, S.; Hofbauer, L.C. Osteoporosis: Now and the future. Lancet 2011, 377, 1276–1287.
[CrossRef]

79. Ducy, P.; Amling, M.; Takeda, S.; Priemel, M.; Schilling, A.F.; Beil, F.T.; Shen, J.; Vinson, C.; Rueger, J.M.;
Karsenty, G.; et al. Leptin inhibits bone formation through a hypothalamic relay: A central control of bone
mass. Cell 2000, 100, 197–207. [CrossRef]

80. Delaisse, J.M. The reversal phase of the bone-remodeling cycle: Cellular prerequisites for coupling resorption
and formation. BoneKEY Rep. 2014, 3, 561. [CrossRef] [PubMed]

81. Lewiecki, E.M.; Binkley, N. What we do not know about osteoporosis. J. Endocrinol. Investig. 2016, 39,
491–493. [CrossRef] [PubMed]

82. Blume, S.W.; Curtis, J.R. Medical costs of osteoporosis in the elderly Medicare population. Osteoporos. Int.
2011, 22, 1835–1844. [CrossRef] [PubMed]

83. Brand, C.; Oliveira, F.L.; Ricon, L.; Fermino, M.L.; Boldrini, L.C.; Hsu, D.K.; Liu, F.T.; Chammas, R.;
Borojevic, R.; Farina, M.; et al. The bone marrow compartment is modified in the absence of galectin-3.
Cell Tissue Res. 2011, 346, 427–437. [CrossRef] [PubMed]

84. Hu, Y.; Yéléhé-Okouma, M.; Ea, H.K.; Jouzeau, J.Y.; Reboul, P. Galectin-3: A key player in arthritis. Jt. Bone Spine
2017, 84, 15–20. [CrossRef] [PubMed]

85. Feldmann, M.; Brennan, F.M.; Maini, R.N. Rheumatoid arthritis. Cell 1996, 85, 307–310. [CrossRef]
86. Sellam, J.; Berenbaum, F. The role of synovitis in pathophysiology and clinical symptoms of osteoarthritis.

Nat. Rev. Rheumatol. 2010, 6, 625–635. [CrossRef] [PubMed]
87. Ohshima, S.; Kuchen, S.; Seemayer, C.A.; Kyburz, D.; Hirt, A.; Klinzing, S.; Michel, B.A.; Gay, R.E.; Liu, F.T.;

Gay, S.; et al. Galectin-3 and its binding protein in rheumatoid arthritis. Arthritis Rheum. 2003, 48, 2788–2795.
[CrossRef] [PubMed]

88. Alturfan, A.A.; Eralp, L.; Emekli, N. Investigation of inflammatory and hemostatic parameters in female
patients undergoing total knee arthroplasty surgery. Inflammation 2008, 31, 414–421. [CrossRef] [PubMed]

89. Neidhart, M.; Zaucke, F.; von Knoch, R.; Jüngel, A.; Michel, B.A.; Gay, R.E.; Gay, S. Galectin-3 is
induced in rheumatoid arthritis synovial fibroblasts after adhesion to cartilage oligomeric matrix protein.
Ann. Rheum. Dis. 2005, 64, 419–424. [CrossRef] [PubMed]

90. Boileau, C.; Poirier, F.; Pelletier, J.P.; Guévremont, M.; Duval, N.; Martel-Pelletier, J.; Reboul, P. Intracellular
localisation of galectin-3 has a protective role in chondrocyte survival. Ann. Rheum. Dis. 2008, 67, 175–181.
[CrossRef] [PubMed]

91. Gravallese, E.M.; Harada, Y.; Wang, J.T.; Gorn, A.H.; Thornhill, T.S.; Goldring, S.R. Identification of cell types
responsible for bone resorption in rheumatoid arthritis and juvenile rheumatoid arthritis. Am. J. Pathol. 1998,
152, 943–951. [PubMed]

92. Pettit, A.R.; Ji, H.; von Stechow, D.; Müller, R.; Goldring, S.R.; Choi, Y.; Benoist, C.; Gravallese, E.M.
TRANCE/RANKL knockout mice are protected from bone erosion in a serum transfer model of arthritis.
Am. J. Pathol. 2001, 159, 1689–1699. [CrossRef]

93. Karmakar, S.; Kay, J.; Gravallese, E.M. Bone damage in rheumatoid arthritis: Mechanistic insights and
approaches to prevention. Rheum. Dis. Clin. N. Am. 2010, 36, 385–404. [CrossRef] [PubMed]

94. Li, Y.J.; Kukita, A.; Teramachi, J.; Nagata, K.; Wu, Z.; Akamine, A.; Kukita, T. A possible suppressive role of
galectin-3 in upregulated osteoclastogenesis accompanying adjuvant-induced arthritis in rats. Lab Investig.
2009, 89, 26–37. [CrossRef] [PubMed]

95. Wright, R.D.; Souza, P.R.; Flak, M.B.; Thedchanamoorthy, P.; Norling, L.V.; Cooper, D. Galectin-3-null
mice display defective neutrophil clearance during acute inflammation. J. Leukoc. Biol. 2017, 101, 717–726.
[CrossRef] [PubMed]

96. Forsman, H.; Islander, U.; Andréasson, E.; Andersson, A.; Onnheim, K.; Karlström, A.; Sävman, K.;
Magnusson, M.; Brown, K.L.; Karlsson, A. Galectin 3 aggravates joint inflammation and destruction in
antigen-induced arthritis. Arthritis Rheum. 2011, 63, 445–454. [CrossRef] [PubMed]

97. Reid, I.R. Osteonecrosis of the jaw: Who gets it, and why? Bone 2009, 44, 4–10. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/2332426
http://dx.doi.org/10.1172/JCI200317592
http://www.ncbi.nlm.nih.gov/pubmed/12897206
http://dx.doi.org/10.1016/S0140-6736(10)62349-5
http://dx.doi.org/10.1016/S0092-8674(00)81558-5
http://dx.doi.org/10.1038/bonekey.2014.56
http://www.ncbi.nlm.nih.gov/pubmed/25120911
http://dx.doi.org/10.1007/s40618-016-0442-8
http://www.ncbi.nlm.nih.gov/pubmed/26902997
http://dx.doi.org/10.1007/s00198-010-1419-7
http://www.ncbi.nlm.nih.gov/pubmed/21165602
http://dx.doi.org/10.1007/s00441-011-1276-5
http://www.ncbi.nlm.nih.gov/pubmed/22120666
http://dx.doi.org/10.1016/j.jbspin.2016.02.029
http://www.ncbi.nlm.nih.gov/pubmed/27238188
http://dx.doi.org/10.1016/S0092-8674(00)81109-5
http://dx.doi.org/10.1038/nrrheum.2010.159
http://www.ncbi.nlm.nih.gov/pubmed/20924410
http://dx.doi.org/10.1002/art.11287
http://www.ncbi.nlm.nih.gov/pubmed/14558084
http://dx.doi.org/10.1007/s10753-008-9093-z
http://www.ncbi.nlm.nih.gov/pubmed/19009338
http://dx.doi.org/10.1136/ard.2004.023135
http://www.ncbi.nlm.nih.gov/pubmed/15345499
http://dx.doi.org/10.1136/ard.2006.066514
http://www.ncbi.nlm.nih.gov/pubmed/17545192
http://www.ncbi.nlm.nih.gov/pubmed/9546355
http://dx.doi.org/10.1016/S0002-9440(10)63016-7
http://dx.doi.org/10.1016/j.rdc.2010.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20510240
http://dx.doi.org/10.1038/labinvest.2008.111
http://www.ncbi.nlm.nih.gov/pubmed/19015643
http://dx.doi.org/10.1189/jlb.3A0116-026RR
http://www.ncbi.nlm.nih.gov/pubmed/27733579
http://dx.doi.org/10.1002/art.30118
http://www.ncbi.nlm.nih.gov/pubmed/21280000
http://dx.doi.org/10.1016/j.bone.2008.09.012
http://www.ncbi.nlm.nih.gov/pubmed/18948230


Int. J. Mol. Sci. 2017, 18, 2481 19 of 20

98. Wehrhan, F.; Hyckel, P.; Guentsch, A.; Nkenke, E.; Stockmann, P.; Schlegel, K.A.; Neukam, F.W.; Amann, K.
Bisphosphonate-associated osteonecrosis of the jaw is linked to suppressed TGFβ1-signaling and increased
Galectin-3 expression: A histological study on biopsies. J. Transl. Med. 2011, 9, 102. [CrossRef] [PubMed]

99. Kato, T.; Uzawa, A.; Ishihara, K. Inhibitory effect of galectin-3 on the cytokine-inducing activity of
periodontopathic Aggregatibacter actinomycetemcomitans endotoxin in splenocytes derived from mice.
FEMS Immunol. Med. Microbiol. 2009, 57, 40–45. [CrossRef] [PubMed]

100. Detrano, R.; Guerci, A.D.; Carr, J.J.; Bild, D.E.; Burke, G.; Folsom, A.R.; Liu, K.; Shea, S.; Szklo, M.;
Bluemke, D.A.; et al. Coronary calcium as a predictor of coronary events in four racial or ethnic groups.
N. Engl. J. Med. 2008, 358, 1336–1345. [CrossRef] [PubMed]

101. Taylor, A.J.; Bindeman, J.; Feuerstein, I.; Cao, F.; Brazaitis, M.; O’Malley, P.G. Coronary calcium independently
predicts incident premature coronary heart disease over measured cardiovascular risk factors: Mean three-year
outcomes in the Prospective Army Coronary Calcium [PACC] project. J. Am. Coll. Cardiol. 2005, 46, 807–814.
[CrossRef] [PubMed]

102. Bischetti, S.; Scimeca, M.; Bonanno, E.; Federici, M.; Anemona, L.; Menghini, R.; Casella, S.; Cardellini, M.;
Ippoliti, A.; Mauriello, A. Carotid plaque instability is not related to quantity but to elemental composition
of calcification. Nutr. Metab. Cardiovasc. Dis. 2017, 27, 768–774. [CrossRef] [PubMed]

103. Ehara, S.; Kobayashi, Y.; Yoshiyama, M.; Shimada, K.; Shimada, Y.; Fukuda, D.; Nakamura, Y.; Yamashita, H.;
Yamagishi, H.; Takeuchi, K.; et al. Spotty calcification typifies the culprit plaque in patients with acute
myocardial infarction: An intravascular ultrasound study. Circulation 2004, 110, 3424–3429. [CrossRef]
[PubMed]

104. Kataoka, Y.; Wolski, K.; Uno, K.; Puri, R.; Tuzcu, E.M.; Nissen, S.E.; Nicholls, S.J. Spotty calcification as
a marker of accelerated progression of coronary atherosclerosis: Insights from serial intravascular ultrasound.
J. Am. Coll. Cardiol. 2012, 59, 1592–1597. [CrossRef] [PubMed]

105. Vazquez-Figueroa, J.G.; Rinehart, S.; Qian, Z.; Joshi, P.H.; Sharma, A.; Lee, J.; Anderson, H.; Murrieta, L.;
Wilmer, C.; Carlson, H.; et al. Prospective validation that vulnerable plaque associated with major adverse
outcomes have larger plaque volume, less dense calcium, and more non-calcified plaque by quantitative,
three-dimensional measurements using intravascular ultrasound with radiofrequency backscatter analysis:
Results from the ATLANTA I Study. J. Cardiovasc. Transl. Res. 2013, 6, 762–771. [PubMed]

106. Virchow, R. Cellular pathology. As based upon physiological and pathological histology. Lecture XV
Id—Atheromatous affection of arteries. 1858. Nutr. Rev. 1989, 47, 23–25. [CrossRef] [PubMed]

107. Giachelli, C.M. Vascular calcification mechanisms. J. Am. Soc. Nephrol. 2004, 15, 2959–2964. [CrossRef]
[PubMed]

108. Speer, M.Y.; Yang, H.Y.; Brabb, T.; Leaf, E.; Look, A.; Lin, W.L.; Frutkin, A.; Dichek, D.; Giachelli, C.M. Smooth
muscle cells give rise to osteochondrogenic precursors and chondrocytes in calcifying arteries. Circ. Res.
2009, 104, 733–741. [CrossRef] [PubMed]

109. Steitz, S.A.; Speer, M.Y.; Curinga, G.; Yang, H.Y.; Haynes, P.; Aebersold, R.; Schinke, T.; Karsenty, G.;
Giachelli, C.M. Smooth muscle cell phenotypic transition associated with calcification: Upregulation of
Cbfa1 and downregulation of smooth muscle lineage markers. Circ. Res. 2001, 89, 1147–1154. [CrossRef]
[PubMed]

110. Liberman, M.; Bassi, E.; Martinatti, M.K.; Lario, F.C.; Wosniak, J., Jr.; Pomerantzeff, P.M.; Laurindo, F.R.
Oxidant generation predominates around calcifying foci and enhances progression of aortic valve
calcification. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 463–470. [CrossRef] [PubMed]

111. Wang, Z.; Jiang, Y.; Liu, N.; Ren, L.; Zhu, Y.; An, Y.; Chen, D. Advanced glycation end-product
Nε-carboxymethyl-Lysine accelerates progression of atherosclerotic calcification in diabetes. Atherosclerosis
2012, 221, 387–396. [CrossRef] [PubMed]

112. Demer, L.; Tintut, Y. The roles of lipid oxidation products and receptor activator of nuclear factor-κB signaling
in atherosclerotic calcification. Circ. Res. 2011, 108, 1482–1493. [CrossRef] [PubMed]

113. Hofmann Bowman, M.A.; Gawdzik, J.; Bukhari, U.; Husain, A.N.; Toth, P.T.; Kim, G.; Earley, J.; McNally, E.M.
S100A12 in vascular smooth muscle accelerates vascular calcification in apolipoprotein E-null mice by
activating an osteogenic gene regulatory program. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 337–344.
[CrossRef] [PubMed]

http://dx.doi.org/10.1186/1479-5876-9-102
http://www.ncbi.nlm.nih.gov/pubmed/21726429
http://dx.doi.org/10.1111/j.1574-695X.2009.00577.x
http://www.ncbi.nlm.nih.gov/pubmed/19619243
http://dx.doi.org/10.1056/NEJMoa072100
http://www.ncbi.nlm.nih.gov/pubmed/18367736
http://dx.doi.org/10.1016/j.jacc.2005.05.049
http://www.ncbi.nlm.nih.gov/pubmed/16139129
http://dx.doi.org/10.1016/j.numecd.2017.05.006
http://www.ncbi.nlm.nih.gov/pubmed/28739184
http://dx.doi.org/10.1161/01.CIR.0000148131.41425.E9
http://www.ncbi.nlm.nih.gov/pubmed/15557374
http://dx.doi.org/10.1016/j.jacc.2012.03.012
http://www.ncbi.nlm.nih.gov/pubmed/22538329
http://www.ncbi.nlm.nih.gov/pubmed/23695823
http://dx.doi.org/10.1111/j.1753-4887.1989.tb02747.x
http://www.ncbi.nlm.nih.gov/pubmed/2649802
http://dx.doi.org/10.1097/01.ASN.0000145894.57533.C4
http://www.ncbi.nlm.nih.gov/pubmed/15579497
http://dx.doi.org/10.1161/CIRCRESAHA.108.183053
http://www.ncbi.nlm.nih.gov/pubmed/19197075
http://dx.doi.org/10.1161/hh2401.101070
http://www.ncbi.nlm.nih.gov/pubmed/11739279
http://dx.doi.org/10.1161/ATVBAHA.107.156745
http://www.ncbi.nlm.nih.gov/pubmed/18162610
http://dx.doi.org/10.1016/j.atherosclerosis.2012.01.019
http://www.ncbi.nlm.nih.gov/pubmed/22305260
http://dx.doi.org/10.1161/CIRCRESAHA.110.234245
http://www.ncbi.nlm.nih.gov/pubmed/21659652
http://dx.doi.org/10.1161/ATVBAHA.110.217745
http://www.ncbi.nlm.nih.gov/pubmed/20966394


Int. J. Mol. Sci. 2017, 18, 2481 20 of 20

114. Derwall, M.; Malhotra, R.; Lai, C.S.; Beppu, Y.; Aikawa, E.; Seehra, J.S.; Zapol, W.M.; Bloch, K.D.; Yu, P.B.
Inhibition of bone morphogenetic protein signaling reduces vascular calcification and atherosclerosis.
Arterioscler. Thromb. Vasc. Biol. 2012, 32, 613–622. [CrossRef] [PubMed]

115. Bennett, B.J.; Scatena, M.; Kirk, E.A.; Rattazzi, M.; Varon, R.M.; Averill, M.; Schwartz, S.M.; Giachelli, C.M.;
Rosenfeld, M.E. Osteoprotegerin inactivation accelerates advanced atherosclerotic lesion progression and
calcification in older ApoE−/− mice. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 2117–2124. [CrossRef]
[PubMed]

116. Zhou, Z.; Immel, D.; Xi, C.X.; Bierhaus, A.; Feng, X.; Mei, L.; Nawroth, P.; Stern, D.M.; Xiong, W.C. Regulation
of osteoclast function and bone mass by RAGE. J. Exp. Med. 2006, 203, 1067–1080. [CrossRef] [PubMed]

117. Suarez, G.; Meyerrose, G. Heart failure and galectin 3. Ann. Transl. Med. 2014, 2, 86. [PubMed]
118. Ural, A.; Janeiro, C.; Karim, L.; Diab, T.; Vashishth, D. Association between non-enzymatic glycation, resorption,

and microdamage in human tibial cortices. Osteoporos. Int. 2015, 26, 865–873. [CrossRef] [PubMed]
119. Napoli, N.; Chandran, M.; Pierroz, D.D.; Abrahamsen, B.; Schwartz, A.V.; Ferrari, S.L. IOF Bone and Diabetes

Working Group. Mechanisms of diabetes mellitus-induced bone fragility. Nat. Rev. Endocrinol. 2017, 13,
208–219. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1161/ATVBAHA.111.242594
http://www.ncbi.nlm.nih.gov/pubmed/22223731
http://dx.doi.org/10.1161/01.ATV.0000236428.91125.e6
http://www.ncbi.nlm.nih.gov/pubmed/16840715
http://dx.doi.org/10.1084/jem.20051947
http://www.ncbi.nlm.nih.gov/pubmed/16606672
http://www.ncbi.nlm.nih.gov/pubmed/25405161
http://dx.doi.org/10.1007/s00198-014-2938-4
http://www.ncbi.nlm.nih.gov/pubmed/25326375
http://dx.doi.org/10.1038/nrendo.2016.153
http://www.ncbi.nlm.nih.gov/pubmed/27658727
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Galectin-3 in Chondrocyte Differentiation and Endochondral Bone Formation 
	Galectin-3 in Bone Cell Differentiation and Function and Bone Homeostasis 
	Galectin-3 in Osteoblast Biology and Pathology 
	Galectin-3 in Osteogenic Differentiation Capacity of Mesenchymal Stem Cells 
	Galectin-3 in Osteoclast Biology 
	Galectin-3 in Bone Remodeling 

	Galectin-3 in Inflammatory Bone and Joint Disorders 
	Galectin-3 in Vascular Osteogenesis 
	Conclusions 

