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ABSTRACT

Here, we propose a novel insight on Galectin-3 (Gal-3), which controls the differentiation of osteoblasts and 
osteoclasts, resulting in age-related bone destruction and therapeutic failure. The notion of “Gal-3-associated 
bone remodeling” could be the first step toward a specific personalized therapy in osteolytic and osteosclerotic 
conditions. This is highly relevant to treatment with modified citrus pectin (MCP), a low molecular mass dietary fiber 
shown to abrogate the harmful effects of Gal-3 on bone health.

INTRODUCTION
Osteoporosis is a growing health concern in the 
United States due to an aging population.1 During 
normal bone remodeling, osteoclast precursors from 
the myeloid lineage are recruited to areas of old or 
damaged bone primarily by signals from fully mature 
osteoblasts, known as osteocytes, which sense 
changes in bone matrix quality or mechanical stress.2, 3  
Osteoclast precursors fuse and form a mature 
osteoclast that is capable of removing damaged tissue 
via acidic and proteolytic digestion, a process known 
as bone resorption. This process not only clears out 
the old bone but also liberates various growth factors 
from the bone matrix (e.g., transforming growth factor-
beta [TGF-β], insulin-like growth factor [IGF]-1). These 
growth factors then recruit osteoprogenitors that 
proliferate and differentiate into osteoblasts that refill 
the resorption pit with new bone. This cycle of bone 
resorption and bone formation allows osteoblasts and 
osteoclasts to regulate each other’s activities, and 
while these processes are usually balanced,4 aging 
typically leads to a disproportionate increase in bone 
resorption and subsequently to osteoporosis.5

Galectin-3 (Gal-3) is a chaperone protein that 
functions in numerous cell processes intracellularly 
via protein-protein interactions and extracellularly by 
binding to specific glycans on glycoproteins.6 These 
interactions are essential for polarized glycoprotein 
secretion7 and subcellular localization of Gal-3 
binding partners.8 Gal-3 serum levels increase during 
aging in both mice9 and humans.10 Gal-3 regulates 

inflammation,11 and Gal-3 genetically-deficient mice 
show protection against fibrosis,12-14 suggesting a 
potential role for Gal-3 in aging-related pathologies. 
Gal-3 is expressed in bone, but no one has thoroughly 
addressed whether increased Gal-3 levels during aging 
play a role in age-related bone loss. Additionally, the 
effects of Gal-3 on the differentiation of osteoblasts 
and osteoclasts are not thoroughly understood.

Citrus pectin is a soluble dietary fiber derived from 
the white pith of citrus fruit peels. It can be modified 
(MCP) with a specific pH and heat controlled 
enzymatic treatment to yield a product with a low 
molecular weight of <15 kilodaltons (kDa) and a degree 
of esterification under 5% allowing absorption from 
the small intestinal epithelium into the circulation.15 
Research on MCP has reported wide-ranging benefits, 
much of which relates to its antagonism of Gal-3.16 
Thus, it is reasonable to assume that Gal-3 inhibition 
with MCP would be a rational adjuvant therapeutic 
strategy in the setting of osteoporosis.

This white paper highlights critical research 
surrounding the effect of Gal-3 on bone health, as well 
as modulation by MCP.
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SELECTED RESEARCH REVIEW
Galectin-3 inhibits osteoblast differentiation through notch signaling17

This study investigated the role of Gal-3 on osteoblast differentiation and found that it downregulates the 
expression of osteoblast differentiation markers, e.g., RUNX2, SP7, ALPL, COL1A1, IBSP, and BGLAP, of treated 
human fetal osteoblast (hFOB) cells (Figs. 1A-C). Secreted endogenous Gal-3 inhibited osteoblast differentiation 
(as indicated by the expression of ALP), and this was recovered with MCP (Figs. 2A-E). The inhibitory effect of 
Gal-3 was found to be through its binding to Notch1 in a sugar-dependent manner that led to accelerated Notch1 
cleavage and activation of Notch signaling (Figs. 3A-D). These findings show that soluble Gal-3 in the bone 
microenvironment niche regulates bone remodeling through Notch signaling.
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Figures 1A-C.  Cancer-secreted galectin-3 
inhibits the gene expression for osteoblast 
differentiation. (I) Established clones for co-
culture experiment. (A) Comparison of Gal-3 
expression in cell lysate and secreted Gal-3 
between metastatic bone cancer and non-bone 
metastatic cancer cell line. (B) LNCaP transfected 
p3xflag-myc-cmv-25. LNCaP clone 14-3 had 
potential to secrete Gal-3 by transfection of 
p3xflag-myc-cmv-25 inserted full-length Gal-3 
sequence (1-250). (C) BT-549 transfected 
p3xflag-myc-cmv-25. BT-549 clone 6-1 had 
potential to secrete Gal-3 by transfection of 
p3xflag-myc-cmv-25 inserted full-length Gal-3 
sequence (1-250). (II) Cancer-secreted Gal-3 
inhibits osteoblast differentiation in a co-culture 
experiment. (A) Schematic representation of 
indirect co-culture using cell culture inserts. 
Osteoblast cells were cultured in a six-well 
plate until confluence, and after that, cancer 
cells were seeded on the inserts. On 6 days 
after co-culture with cancer cells, RNA samples 
of hFOB cells were extracted and expression 
levels were determined by quantitative real-
time PCR. Results are presented as fold change 
compared to empty vector cells. (B) Results 
of co-culture with LNCaP. mRNA levels of 
osteoblast differentiation marker were compared 
between co-culture with empty vector cells and 
Gal-3 secretable cells, clone 14-3. White bars, 
co-culture with empty vector cells. Black bars, 
co-culture with Gal-3 transfected stable clone 
14-3. (C) Results of co-culture with BT-549. 
mRNA levels of osteoblast differentiation marker 
were compared between co-culture with empty 
vector cells and Gal-3 secretable cells, clone 6-1. 
White bars, co-culture with empty vector clone. 
Black bars, co-culture with Gal-3 transfected 
stable clone 6-1. Data represent means ± SD. *P 
< .05 versus empty vector cells.
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Figures 2A-E.  Endogenous galectin-3 inhibits 
ALP expression. (A) Cancer-secreted Gal-3 
accumulated in condition medium in a time-
dependent manner. PC-3 cells were cultured 
with condition medium for 0 to 2 days, and 
then it was subjected to immunoblot and ELISA 
without concentration. (B and C) Secretory 
factor by PC-3 cells inhibits ALP expression 
and its enzymatic activity in a sugar-dependent 
manner. Condition medium from PC-3 cell 
culture was concentrated to 20-fold, and 5 
μl of concentrated medium was added into 
osteoblast cell culture in a 96-well plate. 
Culture medium was changed every 3 days. 
After 1 week, it was subjected to ALP stain and 
pNPP assay. The suppressive effect of cancer-
secretory factor on osteoblast differentiation 
was recovered by the treatment of lactose 
(75 mM). (D and E) Inhibitory effect of 
secretory factors from PC-3 cells on osteoblast 
differentiation is mediated by Gal-3. Osteoblast 
cells were subjected to ALP stain and pNPP 
assay after co-culture with PC-3 cells for 
1 week. MCP, a specific inhibitor of Gal-3, 
recovered the downregulated ALP expression 
and its activity. Data represent means ± SD. *P 
< .05 versus vehicle control.

Figures 3A-D.  Full-length galectin-3 induces 
Notch signaling in HEK293 cells. (A) Schematic 
representation of deletion mutants of Gal-3 
and its illustration. (B) Gal-3 induced NICD in 
HEK293 cells in a time-dependent manner. 
Recombinant Gal-3 was added to culture 
medium in 1.6 μM as final concentration. (C) 
Result of pull-down assay. Full-length Gal-3 (1-
250) and the carbohydrate recognition-binding 
domain (CRD) of Gal-3 (108-250) bound 
Notch1, whereas other portion of Gal-3 (1-
107) did not bind. Total cell lysate of HEK293 
was used as input sample. Coomassie stain 
was used to show the presence of recombinant 
Gal-3 in each sample. (D) Results of luciferase 
assay. HEK293 cells were transfected with the 
luciferase reporter construct containing RBP-Jk 
transcriptional response element to monitor 
the Notch signaling activation. Then, HEK293 
cells were treated with recombinant full-length 
Gal-3 (1-250). Data represent means ± SD.
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Galectin-3 Cleavage Alters Bone Remodeling: Different Outcomes in Breast and Prostate Cancer  
Skeletal Metastasis18

This study reports that Gal-3 modulates the osteolytic bone tumor microenvironment in the presence of 
receptor activator of nuclear factor kappa-B ligand (RANKL). Gal-3 localized on the osteoclast cell surface, and 
its suppression by RNAi or MCP markedly inhibited osteoclast differentiation markers, including tartrate-resistant 
acid phosphatase, and reduced the number of mature osteoclasts (Figs. 4A-E). During osteoclast maturation, Gal-3 
interacted and colocalized with myosin-2A along the surface of cell-cell fusion (Figs. 5A-E). Pathologically, metastatic 
bone cancers expressed and released an intact form of Gal-3, mainly detected in breast cancer bone metastases, as 
well as a cleaved form, more abundant in prostate cancer bone metastases (Figs. 6A-D). Secreted intact Gal-3  
interacted with myosin-2A, leading to osteoclastogenesis, whereas a shift to cleaved Gal-3 attenuated the 
enhancement in osteoclast differentiation. The findings show that Gal-3 enhances osteoclast fusion.

Figures 4A-E.  Gal-3 is essential for cell fusion during osteoclast 
differentiation. A, Gal-3 expresses mouse osteoclast cells on the cell 
surface. Raw 264.7 cells were stained with or without RANKL exposure. 
Cells were fixed at 3 days after treatment. Images are shown Gal-3 
(Alexa Fluor 680, red), phalloidin (FITC-conjugated, green), and 4′, 
6-diamidino-2-phenylindole (DAPI; nuclear stain, blue). Arrowhead, 
expression of Gal-3 on the cell surface. White scale bar, 20 μm. B, raw 
264.7 cells were cultured at 10,000 cells/well on 96-well plate and 
transfected with 10 nmol/L of si-Control or si-Gal-3 continuously until 
the following measurement. On the next day of transfection, RANKL 
was added. TRAP stain/assay was performed at 3 days after RANKL 
exposure. One-way ANOVA and Tukey HSD posthoc test were used 
for statistical analysis. Black bar, treated by si-Gal-3 (No. 1). White 
bar, treated by si-Gal-3 (No. 2). C, raw 264.7 cells were cultured at 
10,000 cells/well on 96-well plate. After 8 hours, RANKL was added 
with lactose (25 mmol/L) or sucrose (25 mmol/L). TRAP stain and its 
enzymatic activity were examined at 4 days after RANKL exposure. Red 
color, expression of TRAP. One-way ANOVA and Tukey HSD posthoc 
test were used for statistical analysis. D, raw 264.7 cells were cultured 
at 10,000 cells/well on 96-well plate. After 8 hours, RANKL was added 
with MCP in a dose-dependent manner. TRAP stain and its enzymatic 
activity were examined at 4 days after RANKL exposure. Red color, 
expression of TRAP. Two sided t-test was used for statistical analysis 
compared with positive control (without MCP). E, raw 264.7 cells 
were transfected with sh-control vector or sh-Gal-3, and transfected 
clone was selected using 600 μg/mL of G418. Gal-3 knockdown was 
confirmed by RT-PCR and immunoblot (data not shown). After selection, 
RANKL was added, and then morphology of the cells was observed by 
inverted phase contrast microscope. Scale bar, 100 μm. Data represent 
mean ± SD. *, P < 0.05; **, P < 0.001.
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Figures 5A-E.  Myosin-2A is a binding partner of Gal-3 for osteoclast differentiation. A, at 2 days after the addition of RANKL, 
purified recombinant Gal-3-V5 (1 μmol/L) was added and incubated for 1 hour, then cross-linked by 3,3′-dithiobis sulfosuccinimidyl 
propionate (DTSSP). Cells were lysed with Mem-PER. And then, cell lysates were immunoprecipitated with anti-V5 antibody or 
control IgG. Immunoprecipitates were analyzed by immunoblotting with anti–myosin-2A antibody or TIB166. B, at 2 days after the 
addition of RANKL, total cell lysate was extracted by 1% NP40 lysis buffer. And then, cell lysates were immunoprecipitated with 
TIB166, anti–Gal-3 antibody, or anti–myosin-2A antibody with control IgG. Immunoprecipitates were analyzed by immunoblotting 
with anti–myosin-2A antibody or TIB166. C, raw 264.7 cells were stained with or without RANKL exposure. Cells were fixed at 3 
days after treatment. Images of Gal-3 (Alexa Fluor 680, red), myosin-2A (FITC, green), and 4′, 6-diamidino-2-phenylindole (DAPI; 
nuclear stain, blue) are shown. Scale bar, 20 μm. D, raw 264.7 cells were stained at 2 days after RANKL exposure. Cells were fixed 
after the incubation of recombinant Gal-3-V5 (1 μmol/L) for 1 hour. Images are shown, recombinant Gal-3-V5 (Texas-Red, red), 
myosin-2A (FITC, green), and 4′, 6-diamidino-2-phenylindole (DAPI; nuclear stain, blue). Scale bar, 20 μm. E, raw 264.7 cells were 
cultured at 10,000 cells/well on 96-well plate, then after 8 hours, transfected with 10 nmol/L of si-Control or si-myosin-2A (No. 1). 
On following day, RANKL was added with anti-CRD antibody or isotype IgG. TRAP (+) multinucleated cell and its enzymatic activity 
were examined at 3 days after RANKL exposure. Red color, expression of TRAP. One-way ANOVA and Tukey HSD posthoc test 
were used for statistical analysis. Data represent mean ± SD. *, P < 0.05; **, P < 0.001.
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Figures 6A-D.  Cancer-secreted Gal-3 enhances 
osteoclastogenesis. A, secreted/cleaved Gal-3 in human 
metastatic cancers. Each cancer cell was cultured with 
conditioned medium for 24 hours; next, the medium 
was concentrated to 20-fold, and then it was subjected 
to immunoblot. B, HeLa cell lysate (200 μg; containing 
myosin-2A) was incubated with 1 μg of anti–myosin-2A 
antibody, and then protein G Sepharose beads was added. 
After extensively washing the beads, it was added into 5 
mL of conditioned medium, which cultured with cancer 
cells for 24 hours. After reaction overnight, the beads 
were washed and suspended in SDS sample buffer with 
heat. Supernatants were subjected to SDS-PAGE and 
immunoblot. C, raw 264.7 osteoclast precursors were 
cultured in the 24-well plate at 15,000 cells/well. After 8 
hours, each cancer transfectant was seeded at 5,000 cells 
on the inserts. On following day, RANKL was added to 
each well. One-way ANOVA and Tukey HSD posthoc test 
were used for statistical analysis. D, raw 264.7 osteoclast 
precursors were cultured in the 24-well plate at 15,000 
cells/well, and after 8 hours, cancer cells were seeded at 
5,000 cells on the inserts. On following day, RANKL was 
added to each well with anti-CRD antibody or isotype 
IgG at 3 μg/mL. Two sided t-test was used for statistical 
analysis compared with isotype IgG. Black bar, treated 
by isotype IgG. White bar, treated by anti-CRD antibody. 
Data represent mean ± SD. *, P < 0.05.

Enhanced cortical bone expansion in Lgals3-deficient mice during aging19

This study compared bone parameters of mice having null alleles of the Gal-3 gene (Lgals3-KO) with those of their 
wild-type littermates at 12, 24, 36, and 48 wk by microcomputed tomography (µCT). While bones from Lgals3-KO 
mice were grossly healthy, Lgals3-KO femurs underwent a period of cortical bone expansion between 24 and 36 wk 
due to enhanced periosteal bone formation (Figs. 7A-H). The cortical bone expansion was stronger in Lgals3-KO 
females, and those mice also showed protection against age-related trabecular bone loss.
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Figures 7A-H.  Lgals3-deficient females showed protection against age-related trabecular bone loss. a Femoral volume of 
interest is indicated. Representative femoral trabecular bone volumes of 36 wk old female and male mice, as observed by µCT. 
Average ± S.E.M at indicated time points for bone volume fraction (BV/TV) for female c and male d mice. Scatterplots from 
histomorphometry analyses of L3 vertebrae including number of osteoblast per bone surface (N.Ob/BS; e), number of osteoclasts 
per bone surface (N.Oc/BS; f), osteoid surface per bone surface (OS/BS; g), and mineralized surface per bone surface (MS/BS; h). 
F, Female; M, Male. Asterisks indicate a significant difference, *P < 0.05.
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SUMMARY 
Gal-3 exhibits dual properties in bone remodeling: (i) secreted Gal-3 enhances osteoclast fusion and (ii) 
suppresses osteoblast differentiation, leading effectively to osteolysis. With aging, Gal-3 serum levels increase,9, 

10 resulting in osteolytic and osteosclerotic bone remodeling that is not observed in youth.20 The use of a Gal-3 
inhibitor such as MCP16 may prove to be of benefit for skeletal health and longevity.
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