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ABSTRACT

Epithelial ovarian cancer (EOC) remains one of the most common causes of death in gynecological malignancy.  
Inherent or acquired drug resistance complicates treatment options for EOC. Galectin-3 (Gal-3), the only 
vertebrate chimera-type galectin, is highly expressed in EOC and is unfavorably related to the sensitivity of cancer 
cells to chemotherapy. Gal-3 may affect the migratory and invasive capabilities of cancer cells as well as the 
chemosensitivity to carboplatin in EOC by acting through the nuclear factor kappa-light-chain-enhancer of activated 
B cells pathway. Meanwhile, Gal-3 might worsen chemosensitivity to paclitaxel (PTX) through toll-like receptor 4 
(TLR4) signaling activation by inhibiting TLR4-caveolin-1 interaction. Pectasol Modified Citrus Pectin (P-MCP), an 
inhibitor of Gal-3, sensitizes ovarian cancer cells to PTX.

INTRODUCTION
Ovarian cancer (OC) is the gynecologic malignancy 
with the highest mortality rate. There are approximately 
226,000 new cases of OC each year, accounting 
for 3.7% of all new cancer cases in women.1 Due 
to the lack of specific symptoms in the early stages 
and the absence of effective screening methods, 
approximately two-thirds of women with epithelial OC 
(EOC) are diagnosed at advanced stages. Currently, 
satisfactory cytoreductive surgery and paclitaxel (PTX)/
carboplatin-based chemotherapy remain the first-line 
chemotherapeutic regimens for patients with OC. 
However, due to the full range of tissues affected by 
advanced OC, the results of cytoreductive surgery are 
often unsatisfactory. Also, OC may exhibit inherent or 
acquired drug resistance. Therefore, the treatments 
for EOC often yield poor outcomes. The reported 
5-year survival rate is only approximately 30%.2 In 
recent years, National Comprehensive Cancer Network 
(NCCN) guidelines have introduced bevacizumab, 
a drug targeting vascular endothelial growth factor 
(VEGF), into the therapeutic regimens for EOC. 
However, bevacizumab merely prolongs progression-
free survival (PFS) by 2.4-3.8 months for patients and 
fails to improve overall survival.3, 4 Therefore, novel 
targeted therapies must be developed.

Galectin-3 (Gal-3) is the only vertebrate chimera-type 
galectin and contains both a carbohydrate recognition 
domain (CRD) and an N-terminal domain rich in 
glycine and proline. Gal-3 is involved in apoptosis and 

the regulation of cell adhesion. It is overexpressed 
in breast cancer5 and Burkitt lymphoma,6 in which it 
plays an antiapoptotic role. In gastrointestinal cancer7 
and prostate cancer,8 high Gal-3 expression is related 
to metastasis and can be an independent predictor 
of tumor recurrence. Gal-3 is highly expressed in 
EOC and is associated with the sensitivity of cancer 
cells to chemotherapy.9-11 However, the mechanisms 
by which Gal-3 affects metastasis and sensitivity to 
chemotherapy in OC remain unknown.

P-MCP is a pH-/temperature-modified form of 
citrus pectin (CP). It is a highly complex, branched 
polysaccharide rich in galactoside residues.12 CP is 
water-insoluble and is unable to interact with Gal-3, 
but MCP is water-soluble and acts as a ligand for Gal-
3, competing with its association with natural ligands.13 
The P-MCP could induce apoptosis and sensitize 
prostate cancer cells to chemotherapeutic drugs.14, 15

This white paper highlights research surrounding the 
effect of Gal-3 on sensitivity to chemotherapy in OC, 
as well as modulation by MCP. 
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SELECTED RESEARCH REVIEW
Galectin-3 regulates metastatic capabilities and chemotherapy sensitivity in ovarian epithelial carcinoma via  
NF-κB pathway16

Real-time PCR and Western blot were used to detect the messenger RNA (mRNA) and protein level of Gal-3 in four 
OC cell lines. The results found that both the mRNA and protein expressions of Gal-3 were the highest in the SKOV3 
cells, but the lowest in the OVCAR3 cells (data not shown). Therefore, SKOV3 cells were used for the downregulated 
experiment, while OVCAR3 cells were used for the upregulated experiment.

The cell growth inhibitory rate was determined using a Cell Counting Kit (CCK)-8. The half-maximal inhibitory 
concentration (IC50) of carboplatin for the transfected group and the control group was calculated. Among the SKOV3 
cells, the IC50 of carboplatin was considerably lower after the downregulation of Gal-3, compared to the control group 
(Fig. 1A). Among OVCAR3 cells, the IC50 of carboplatin was higher with the upregulated Gal-3 expression compared to 
the control group (Fig. 1B). These results indicated that the downregulation of Gal-3 enhanced the sensitivity of OC 
cells to carboplatin, whereas the upregulation of Gal-3 reduced the sensitivity of OC cells to carboplatin.

Treatment of OC cells in the transfection groups and the control group was with carboplatin for 48 h. Subsequently, 
the rates of apoptosis were determined by flow cytometry (FCM). Downregulation of Gal-3 increased carboplatin-
induced apoptosis (Fig. 1C), whereas the upregulation of Gal-3 enhanced the ability of OC cells to resist carboplatin-
induced apoptosis (Fig. 1D).

Western blot analysis conducted after the downregulation of Gal-3 in SKOV3 cells showed various degrees of 
reduction in the components of phosphorylated nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 
pathway: inhibitor of kappa B (IκB), IκB kinase (IKK), and P65 (Fig. 2A, C). To explore whether components of the NF-
κB pathway affect the expression of Gal-3, inhibitors of IκBα (BAY 11-7082) and P65 (JSH-23) were added respectively 
to the OC cells. No significant change in expression levels of Gal-3 in OC cells were found after the addition of these 
inhibitors. An explanation of this result can be the fact that Gal-3 is an upstream molecule of NF-κB pathway in OC 
cancer cells. The downstream molecules cannot affect the upstream regulator.

Phosphorylated P65 (p-P65) would be translocated into the cell nucleus while P65 would not. Immunofluorescence 
techniques were used to detect the p-P65 expression at 48 h after the upregulation of Gal-3. The group of OVCAR3 
cells with upregulated Gal-3 expression displayed increased nuclear translocation of P65 in comparison to the NC 
group (Fig. 2D), demonstrating that the phosphorylation of P65 increased with the upregulation of Gal-3. However, as 
for SKOV3 cells, inhibitors of the NF-κB pathway did not affect the Gal-3 expression level in OVCAR3 cells.
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Figures 1A-D.  Results of 
carboplatin resistance assay. a, b 
Cell survival rates under different 
concentrations of carboplatin. Half, 
maximal inhibitory concentration 
(IC50) of SKOV3 and OVCAR3 cells, 
was respectively 189.8 and 110.7 
μmol/L. After decreasing Gal-3 
in SKOV3, IC50 was decreased to 
79.3 μmol/L while the IC50 of Gal-3 
upregulated OVCAR3 cells was 
177.5 μmol/L. c, d Cell apoptosis 
rates under 100-μM carboplatin 
medium using Annexin V FITC-A 
kit. c SKOV and d OVCAR. The 
right upper and lower quadrants 
stand for apoptosis cells, the left 
upper one for dead cells, and the 
left lower one for live cells.

Figures 2A-D.  Results of protein 
expressions and phosphorylated 
levels of NF-κB pathway molecules. 
a Protein expressions and 
phosphorylated levels of NF-κB 
pathway molecules in SKOV3-Gal-
3-siRNA cell vs. scrambled ones. b 
No statistical differences of Gal-3 
protein expression in SKOV3 and 
OVCAR3 cells incubated with JSH-
23 or BAY. p-P65 expression was 
reduced after the incubation with 
JSH-23 and BAY while p-IKK was 
only decreased after incubation 
with BAY. c Results of quantitative 
ratio of phosphorylation/total 
protein levels of NF-κB molecules. 
d NF-κB-P65 expression level and 
location in OVCAR3-Gal-3-vector 
and scramble cells by using confocal 
immunofluorescent microscopy 
(×800). Red dye reflects the total 
P65 protein expression in cells when 
P65 is phosphorylated to p-P65. 
It entered into cell nucleus and 
regulated target gene expressions. 
After the upregulation of Gal-3 in 
OVCAR3 cell, the p-P65 expression 
was increased as reflected by the 
fluorescence in cell nucleus.
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Galectin-3 induces ovarian cancer cell survival and chemoresistance via TLR4 signaling activation17

To investigate the effect of Gal-3 on OC cells, SKOV3 and ES-2 cells, two EOC cell lines with toll-like receptor 4 (TLR4) 
expression, were transfected with scrambled or Gal-3 siRNA prior to PTX exposure for 24 h, and the viability of these 
cells was determined by (4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay 48 h after 
transfection. Compared with the control, knockdown of Gal-3 remarkably reduced Gal-3 expression (Fig. 3A, B) and 
cell viability of SKOV3 and ES-2 cells (Fig. 3C, D). Subsequently, SKOV3 and ES-2 cells were exposed to exogenous 
Gal-3, which restored cell viability of SKOV3 and ES-2 diminished by Gal-3 silencing in a dose-dependent manner 
(Fig. 3E, F). Moreover, the migration of SKOV3 and ES-2 cells decreased by Gal-3 knockdown but was increased by 
exogenous Gal-3 treatment (Fig. 3G). These results indicate the role of Gal-3 in promoting cell viability and migration of 
OC cells after PTX exposure.

TLR4 pathway activation is involved in tumor chemoresistance of OC.18 Hence, the evaluation of the influence 
of Gal-3 on TLR4 signaling. The SKOV3 and ES-2 cells were exposed to Gal-3 for 30 min and then PTX for 24 
h. Treatment of control cells was with phosphate-buffered saline (PBS). After that, the immunoblot analysis of 
expressions of TLR4, myeloid differentiation primary response 88 (MyD88), and p-P65. Compared with the control, 
PTX significantly enhanced the expression of TLR4, MyD88, and p-P65 (Fig. 4A, B). Compared with treatment 
with PTX alone, the addition of Gal-3 further boosted the expression of TLR4, MyD88, and p-P65 (Fig. 4A, B). 
Additionally, the release of cytokines interleukin (IL)-6 and IL-8, as well as VEGF from these cancer cells, was 
determined by ELISA (Fig. 4A-C). Results showed that PTX upregulated IL-6, IL-8, and VEGF expression, which was 
further promoted by Gal-3 in SKOV3 and ES-2 cells. The results revealed a promotion effect of exogenous Gal-3 on 
TLR4 signaling activation induced by PTX.

Caveolin-1 (Cav-1) has been reported to act as a tumor suppressor in OC, and Cav-1 may interact with TLR4 and stunt 
signal transduction mediated by TLR4.19, 20 To assess the interaction between Cav-1 and TLR4 and whether Gal-3 
might influence this interaction, SKOV3 cells were exposed to 0 or 15 µg/mL Gal-3 for 30 min and then PTX for 24 h. 
At the end of treatment, lysates of these cancer cells were prepared and presented for the detection of Cav-1-TLR4 
interaction by co-immunoprecipitation. TLR4 was detected by anti-CAV-1 antibody in the co-immunoprecipitation. 
Compared with the control, the amount of TLR4 promoted by PTX was significantly and significantly reduced by Gal-3 
(Fig. 4F). Meanwhile, Cav-1 was also detected by anti-TLR4 antibody, and promoted by PTX, then diminished by Gal-3 
exposure (Fig. 4F). These data suggest the inhibition of the association between Cav-1 and TLR4 by Gal-3.

As the association between CAV-1 and TLR4 in SKOV3 cells was modulated by Gal-3, it was next examined whether 
Cav-1 might influence the effect brought about by Gal-3. Transfection of SKOV3 and ES-2 cells with blank vector or 
pcDNA3.1-Cav-1 before Gal-3 and PTX exposure. Compared with the control, overexpression of Cav-1 markedly 
downregulated the expression of MyD88 and p-P65 in SKOV3 and ES-2 cells (Fig. 5A, B). Furthermore, the expression 
of cleavage caspase 3 and Bax prompted by pcDNA3.1-Cav-1 transfection (Fig. 5A, B). In parallel, overexpression of 
Cav-1 also promoted apoptosis of cancer cells after Gal-3 and PTX treatment as detected by flow cytometry (Fig. 5C).
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Figures 3A-G.  Effect of Gal-3 on OC proliferation and migration. a, b SKOV3 and ES-2 cell lines were transfected with 
scramble or Gal-3 siRNA. After the transfection, Gal-3 protein expression was analyzed and quantified by Western blot. 
c, d At 1, 2, 3, and 4 days after Gal-3 knockdown and paclitaxel (10 μM) treatment, the viability of SKOV3 and ES-2 cells 
was determined by MTT assay. e, f After Gal-3 knockdown and paclitaxel (10 μM) treatment, SKOV3 and ES-2 cells were 
exposed to 0–15 μg/mL exogenous Gal-3 and then the viability (48 h) was analyzed. g After Gal-3 knockdown and paclitaxel 
(10 μM) treatment, SKOV3 and ES-2 cells were exposed to 0–15 μg/mL exogenous Gal-3 before the migration of cancer 
cells detected by Transwell assay. a p < 0.05 vs control, b p < 0.05 vs 0 μg/mL group.
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Figures 4A-F.  Effect of Gal-3 on TLR4 signaling activation. a, b SKOV3 and ES-2 cells were exposed to 0–15 μg/mL Gal-3 for 30 min 
and then 10 μM paclitaxel for 24 h. Control cells were treated with 0.01 M PBS. After that, the expressions of TLR4, MyD88, and p-P65 
were analyzed by immunoblot. c–e The release of cytokines IL-6 and IL-8 as well as VEGF from SKOV3 and ES-2 cells was determined 
by ELISA. f SKOV3 cells were exposed to 0 or 15 μg/mL Gal-3 for 30 min and then 10 μM paclitaxel for 24 h. After that, the interaction 
between TLR4 and Cav-1 was analyzed by co-immunoprecipitation. a p < 0.05 vs control, b p < 0.05 vs 0 μg/mL group.

Figures 5A-D.  Effect of Cav-1 overexpression on TLR4 signaling activation. a, b SKOV3 and ES-2 cells were transfected with blank 
vector or pcDNA3.1-Cav-1 before Gal-3 (15 μg/mL) and paclitaxel (10 μM) exposure. After that, the expression of MyD88, p-P65, 
cleavage caspase 3, Bax, and Cav-1 was determined by Western blot. c, d Apoptosis of SKOV3 and ES-2 cells was detected by flow 
cytometry. a p < 0.05 vs control.
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Synergistic effects of PectaSol-C modified citrus pectin an inhibitor of Galectin-3 and paclitaxel on apoptosis of 
human SKOV-3 ovarian cancer cells21

This study sought to determine the effect of recombinant human Gal-3 (rhGal-3) and MCP on proliferation, 
apoptosis, adhesion, and chemoresistance of the human ovarian cancer cell line, SKOV3.

MCP reduced cell viability in a dose- and time-dependent manner, which was abolished in the presence of rhGal-3 
(Fig. 6), indicating a specific interaction between MCP and Gal-3. Cell cycle analysis in the presence of MCP showed 
significant G1 arrest and decreased the percent of cells in G2/M phase (Fig. 6B).

Among different combinations of PTX and MCP, the most effective combination obtained was with PTX (100 nM) 
and MCP (0.1%) (data not shown). Figure 7A showed that treatment of cells for 24 h with PTX or MCP led to 28% 
and 37% decreased cell viability, respectively, versus 62% reduced cell survival in the presence of combined PTX 
and MCP. The cytotoxic effect of PTX alone or in combination with MCP, was more effective after 48 h treatment. 
There was 47%, and 37% decreased cell survival with PTX or MCP, respectively, versus 72% reduced cell viability 
with combined PTX and MCP (Fig. 7A). Interestingly, the cytotoxic effect of PTX was decreased in the presence of 
rhGal-3 after 48 h (Fig. 7A).

Correspondingly, the treatment of cells with PTX and MCP showed 40% of cells in subG1 versus 2.5% in control 
(Fig. 7B). There were 11% of cells in subG1 with PTX (Fig. 7B). This finding agrees with a 3.9-fold increased 
caspase-3 activity in the presence of MCP + PTX compared to 1.6-fold with MCP alone (Fig. 8). However, there was 
no change of caspase-3 activity in PTX treatment (Fig. 8). Following a rhGal-3 proliferative effect (data not shown), 
there was also 36% decreased caspase-3 activity, suggesting an anti-apoptotic role of Gal-3 in SKOV3 cells (Fig. 8).

In adherent cells, the transition from G to S phase needs increased adherence to the extracellular matrix.22 As 
rhGal-3 led to an increased percentage of cells in S phase, this prompted an investigation of the role of Gal-3 on 
SKOV3 cell adherence to collagen. In the presence of rhGal-3, there was 34% increased cell adhesion compared to 
control (Fig. 9). Correspondingly, there was a 20% decreased cell adhesion compared to control in the presence of 
MCP (Fig. 9). PTX also had no significant effect on cell adhesion, but there was 39% decreased cell adhesion when 
PTX was combined with MCP (Fig. 9).
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Figures 7A-C.  Effect of PTX and MCP in combination on 
SKOV3 cell viability. A) Cells were treated with MCP (0.1%) and 
100 nM PTX for 24 h (whites bars) and 48 h (black bars). MCP 
sensitized cells to PTX by a synergistic effect on reducing cell 
viability. Treatment of cells with combined PTX and rhGal-3 
for 48 h increased cell viability; B) Cells were incubated for 
48 h with MCP (0.1%) and PTX (100 nM) followed by flow-
cytometry cell cycle analysis using propidium iodide (PI) staining. 
I) control, II) PTX alone, III) MCP alone, IV) MCP + PTX. Note 
increased subG1 (M4) peak in combination compared to control 
and each drug alone. The percentage of cells in G0/G1 (M1), S 
(M2), G2/M (M3) and subG1 (M4) phases of the cell cycle was 
determined. Data are presented as percent (means ± SD of n = 
3) cell viability compared to control. *p < 0.05; ***p < 0.001

Figures 6A-C.  Effect of MCP on SKOV3 cell viability and progression of cell cycle in the absence or presence of rhGal-3. A) Cells 
were treated with various concentrations of MCP for 24 h and 48 h. Similar dose-response was observed in increasing dose 
concentration of the MCP added to the cells in culture; B) Cells were incubated for 48 h I) in the absence or II) presence of MCP 
(0.1%) and cell-cycle analysis was performed by flow cytometry using propidium iodide (PI) staining.The percentage of cells in 
subG1 (M4), G0/G1 (M1), S (M2), and G2/M (M3) phases of the cell cycle was determined from FL2-A histograms using win MDI2.9 
software; C) Cells were incubated for 48 h with MCP (0.1%) in the absence or presence of rhGal-3. No significant change in cell 
viability was detected indicating MCP specific interaction with rhGal-3. Data are presented as percent (means ± SD of n = 3) cell 
viability compared to control; ***p < 0.001
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Figure 8.  Evaluation of caspase-3 cleavage in the presence of MCP, 
PTX, or rhGal-3. Cells were incubated for 48 h with rhGal-3 (500 
ng/ml) and MCP (0.1%) or PTX (100 nM) alone or in combination. 
Caspase-3 activity was measured using colorimetric protease assay 
based on the spectrophotometric detection of the chromophore, 
p-nitroaniline (p-Na), after its cleavage from the labelled caspase 
substrates. Note increased caspase-3 activity in combination 
treatment compared to control and each drug alone. The presence of 
rhGal-3 decreased caspase-3 activity compared to control. Data are 
expressed as percent (means ± SD of n = 2 performed in triplicate) 
caspase-3 activity compared to control. ***p < 0.001

Figure 9.  Effect of rhGal-3, MCP, or PTX Alone or in combination on 
SKOV3 cell-substrate adhesion. Wells were coated with Wharton jelly 
extract. After 15 minutes incubation, non-adherent cells were washed 
away and the ratio of adhering cells was quantified by assessing the 
background-corrected absorbance at 600 nm. Presence of Gal-3 
increased cell attachment compared to control, and combination 
of PTX + MCP reduced significantly substrate-dependent cell 
attachment. Data are expressed as percent (means ± SD of n = 3) 
remained attached cells compared to control. *p < 0.05; **p < 0.01; 
***p < 0.001
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SUMMARY 
Gal-3 may affect the migratory and invasive capabilities of cancer cells as well as the chemosensitivity to 
carboplatin in EOC by acting through the NF-κB pathway. Also, exogenous Gal-3 might induce PTX resistance 
through TLR4 signaling activation by inhibiting TLR4-Cav-1 interaction. Finally, inhibition of Gal-3 with MCP 
could be a useful therapeutic tool for combination therapy of OC.
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