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Abstract During the past decade, extensive progress has
been made toward understanding the molecular basis for
the regulation of apoptosis. In mammalian cells undergoing
apoptosis, two distinct mechanisms or pathways are oper-
ated and are triggered by cell death stimuli from intra- or
extra-cellular environments, namely the intrinsic or extrinsic
pathways, resulting in mitochondrial membrane depolariza-
tion. Several lines of evidence from our laboratories and
others have indicated that galectin-3 plays an important role
in these pathways by binding to various ligands. Here the
authors provide a brief discussion on the role of endogenous
or extra-cellular galectin-3 in the regulation of apoptosis and
how it could be used as a therapeutic target using natural
plant products as its functional inhibitors.
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Introduction

All multi-cellular organisms have endogenous mechanism
for selectively killing their own cells. The physiological
cell death that occurs in multi-cellular organisms is called
“programmed cell death” or apoptosis and involves a com-
plex network of biochemical pathways that normally en-
sure a homeostatic balance between cellular proliferation
and turnover in nearly all tissues. Apoptosis is essential for
the body, as its disregulation can lead to several diseases
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including cancer. During tumor progression cancer cells can
develop ingenious mechanisms to escape the immune system
most notably an increased resistance to apoptosis.

Two major pathways of apoptosis have been defined. The
intrinsic pathway is mitochondria-mediated signaling path-
way generated by signals arising within the cell, while the
extrinsic or death receptor mediated pathway is triggered
by the binding of death molecules to cell surface recep-
tors. Both apoptotic signaling pathways involve mitochon-
drial membrane permeabilization, during which the mito-
chondrial outer membrane as well as inner membrane are
permeabilized, resulting in the release of soluble proteins
including cytotoxic proteins from the inter-membrane space
(Green and Kroemer, 1998; Ferri and Kroemer, 2001). Such
cytotoxic proteins include caspase independent death effec-
tors (nucleases and proteases) as well as caspase activators
namely cytochrome c (Patterson et al., 2000), which acti-
vates the apoptosome, a caspase activation complex includ-
ing dATP, apoptosis protease activating factor (Apaf-1) and
procaspase-9, which ultimately activates the effector caspase
cascade (caspase 3 and 7), leading to cell death (Danial and
Korsmeyer, 2004). Mitochondrial permeabilization, there-
fore, is recognized as a crucial checkpoint in programmed
cell death of both normal and cancer cells. The death receptor
pathway or the extrinsic pathway is activated upon interac-
tion of death receptors at the cell surface with their cog-
nate ligands on, for example, T cells, whereupon the adaptor
protein FAS-associated death domain (FADD) and initia-
tor caspase-8 or caspase-10 are recruited to the intracellular
death domains of these receptors. Assembly of this death
inducing signaling complex (DISC) leads to sequential acti-
vation of initiator and effector caspases and ultimately result
in apoptotic death. In some cells the death receptor pathway
relies on a mitochondrial amplification loop that is activated
by caspase 8 mediated cleavage of the BH-3 only interacting
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domain death agonist Bid to a truncated form (tBid). Trun-
cated Bid subsequently activates the mitochondrial pathway
(Chowdhury et al., 2006). In addition there are other signal-
ing pathways such as p53 dependent pathways, which get
activated in response to stress. The mitochondrial sensitivity
to apoptosis has been believed to be exquisitely regulated by
the B-cell leukemia/lymphoma 2 (Bcl-2) family of pro- and
anti-apoptotic proteins via their regulation of cytochrome c
release (Breckenridge and Xue, 2004). The balance between
the pro and anti apoptotic proteins determines whether the
cell will enter apoptosis or not. Recently, another protein
namely, galectin-3, which shares some structural properties
with Bcl2 has been reported to play an important role in the
apoptotic pathway.

Galectin-3 is a member of a family of carbohydrate-
binding proteins consisting so far of 14 reported members,
characterized by a conserved amino acid sequence defined by
structural similarities in their carbohydrate-binding domain
and affinity for β-galactoside containing glycoconjugates
(Barondes et al., 1994). Galectin-3 is the unique member
of this family having a chimeric structure consisting of a
amino terminal domain of 12 amino acids containing a ser-
ine phosphorylation site that regulates its cellular targeting,
a α- collagen like sequence of about 110 amino acids that
serves as a substrate for matrix metalloproteases, and a car-
boxy terminal domain of about 130 amino acids that contains
a single carbohydrate recognition domain (Barondes et al.,
1994; Ochieng et al., 1994; Gong et al., 1999). Galectin-3 is
predominantly localized in the cytoplasm; may translocate to
the perinuclear membrane, nucleus and/or get secreted from
the cytoplasm (Moutsatsos et al., 1987; Hughes, 1999). By
its ability to bind to N-lactosamine residues present on the
intracellular, extracellular and cell surface associated glyco-
conjugates, galectin-3 is involved with a number of cellular
functions like cell growth, cell adhesion, cell differentiation,
tumor progression, angiogenesis and metastasis (Liu et al.,
2002; Takenaka et al., 2004; Dumic et al., 2006). Galectin-3
is phosphorylated by casein kinase I in vitro at serine 6 amino
acid (Huflejt et al., 1993) and it exists in this phosphorylated
form inside the cell (Cowles et al., 1990).

There are numerous data on roles of galectin-3 in
regulation of cellular homeostasis. This protein was shown
to modulate cell growth, to control the cell cycle, and to be
involved in the regulation of apoptosis. Galectin-3 has been
shown to translocate either from the cytosol or from the
nucleus to the mitochondria following exposure to apoptotic
stimuli (Yu et al., 2002) and to block changes in the mito-
chondrial membrane potential, thereby preventing apoptosis
(Matarrese et al., 2000). It is indicated that galectin-3 might
exert its anti-apoptotic activity by interacting with other
apoptosis regulators that function in the mitochondria.
When the serine 6 residue is mutated to alanine or glutamic
acid, galectin-3 can not be phosphorylated or transported to

the nuclei and its anti-apoptotic activity is decreased (Yoshii
et al., 2002) indicating that phosphorylation at serine 6 is
important for its anti-apoptotic activity.

Here we provide an overview of the data relating to its
functions in the intrinsic and extrinsic pathways of apop-
tosis (Fig. 1). Some of the data were obtained using ex-
ogenously added galectin-3 stimulating the effects of the
extra-cellular galectin-3, while others were demonstrated by
over-expressing the protein, or inhibiting its expression by
anti-sense transfections or using specific inhibitors.

Discussion

Role of galectin-3 in intrinsic apoptotic pathways

Many drugs, toxins or radiation induce a signal inside the
cell that provokes or initiates the apoptotic response. The
exact pathway of galectin-3 in apoptosis has not been fully
elucidated, but it binds to various ligands in response to
apoptotic insults in different cell lines. One of the master
regulators of apoptosis is p53, which is a product of a tumor
suppressor gene (Vousden, 2000). A stress signal (either ex-
ternal or internal to the cells) is transmitted to the p53 protein
by post-translational modification. This results in activation
of the p53 protein as a transcriptional factor, which is in-
strumental in the activation of the mitochondrial pathway of
apoptosis. Several proteins have been identified that are nec-
essary for p53 to mediate the apoptotic response (Appella
and Anderson, 2000). One such protein is homeodomain-
interacting protein kinase 2 (HIPK2), which is a Ser/Thr
kinase that binds to and activates p53 by phosphorylating it
at Ser46 (D’Orazi et al., 2002; Hofmann et al., 2002), and
is relevant to p53 mediated apoptosis. It was further shown
that cooperation between p53 and HIPK2 leads to repres-
sion of galectin-3, when p53 dependent apoptosis is induced
(Cecchinelli et al., 2006). So galectin-3, like Bcl2, is one of
the target genes for p53 and it is a mediator of p53 dependent
apoptosis.

Ras proteins (H-Ras, K-Ras, N-Ras) are members of large
super family of small GTPases, which function as core sig-
naling molecules and are activated by convergent signal-
ing pathways after extra-cellular stimuli. Activated Ras, in
turn, regulates a diversity of downstream cytoplasmic sig-
naling cascades and can induce different biological conse-
quences such as cell proliferation, senescence, survival, or
death, depending on the cellular context (Mitin et al., 2005).
Galectin-3 acts as a selective binding partner of activated K-
Ras. Co-transfectants of K-Ras/galectin-3 in HEK-293 cells,
but not of H-Ras/galectin-3 exhibited enhanced and pro-
longed EGF-stimulated increases in Ras-GTP, Raf-1 activ-
ity and phosphotidylinositol 3 kinase (PI3K) activity. How-
ever, ERK activity was attenuated and PI3K activity was
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Fig. 1 A model for the regulation of extrinsic and intrinsic apoptotic pathways by galectin-3

augmented in K-Ras/galectin-3 co-transfectants (Elad-
Sfadia et al., 2004).

In a more recent study, it was demonstrated that over-
expression of galectin-3 in BT-549 human breast cancer
cells coincided with a significant increase in K-Ras-GTP
coupled with loss in N-Ras-GTP, whereas the non-oncogenic
galectin-3 mutant proteins (S6E and G182A) failed to induce
the Ras isoform switch. (Shalom-Feuerstein et al., 2005).
These findings suggest that the level of galectin-3 defines
outputs of oncogenic K-Ras protein.

NF-kB (nuclear factor kB) belongs to a family of het-
erodimeric transcription factors that play a role in inflamma-
tory and stress responses as well as in tumor cell resistance to
apoptosis (Delhalle et al., 2004). Expression of galectin-3 in
human T lymphotrophic virus-1 (HTLV-1) infected T-cells
was increased by the galectin-3 promoter through interac-
tion with NF-kB (Hsu et al., 1996). Inhibition of NF-kB
by a specific proteosomal inhibitor attenuated the induc-
tion of galectin-3 in glioblastoma cells (Dumic et al., 2000).
The regulation of galectin-3 expression through the NF-kB
transcription factor was shown to be mediated by nucling,

a novel apoptosis associated protein, which interferes with
NF-kB via the nuclear translocation process of NF-kB/p65,
thus inhibiting galectin-3 expression at both the protein and
mRNA levels (Liu et al., 2004).

ALG-2 linked protein × (Alix) or ALG-2 interacting
protein-1 (AIP-I) is a galectin-3 binding cytoplasmic protein
in Jurkat cells (Liu et al., 2002), which interacts with the cell
death related calcium binding protein ALG-2 (Missotten
et al., 1999; Vito et al., 1999), which has recently been
reported to inhibit paraptosis, a form of programmed cell
death (Sperandio et al., 2004). Alix/AIP-1 contains a proline
glycine alanine and tyrosine-rich sequence in the N terminal
region which is highly homologous to the tandem repeat
sequence in the N-terminal part of galectin-3.

Bcl2 translocation to the mitochondrial membrane leads
to anti apoptotic activity resulting from blocking cytochrome
c release (Burlacu, 2003). It was reported that galectin-3 can
also inhibit cytochrome c release followed by activation of
the caspase cascade when it prevents nitric oxide induced
apoptosis in human breast carcinoma BT-549 cells (Moon
et al., 2001). Moreover, galectin-3 can bind to the Bcl-2
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protein in vitro and might mimic the ability of the Bcl2 fam-
ily members by forming heterodimers (Xu et al., 1995). Thus,
galectin-3 might be a mitochondrial associated apoptotic reg-
ulator through interaction with Bcl-2 in the cytoplasm. It
was also reported that synexin, a Ca+2 and a phospholipid
binding protein, is required for galectin-3 prevention of mi-
tochondrial damage followed by cytochrome c release after
treatment of BT-549 cells with cisplatin (Yu et al., 2002).
Furthermore, galectin-3 failed to translocate to the perin-
uclear membranes and exert antiapoptic effects, when the
expression of synexin was down-regulated (Yu et al., 2002).

Galectin-3 is not a member of the Bcl2 family, but it shares
significant structural properties with Bcl-2. Both proteins are
rich in proline, glycine, and alanine amino acid residues in
their N terminal and contain the Asp-Trp-Gly-Arg (NWGR)
domain in the C terminal domain (Yang et al., 1996; Akahani
et al., 1997). This motif designated as the anti-death motif is
found in the BH-1 domain of Bcl2 and shown to be critical
for the anti-apoptotic function of this protein (Hanada et al.,
1995). This sequence is highly conserved among galectin-3
during evolution and is also essential for the carbohydrate-
binding activity of this lectin (Yang et al., 1998). It was
reported that an amino acid substitution of Gly to Ala in the
NWGR motif of galectin-3 abrogated its apoptosis resistance
properties (Akahani et al., 1997). This suggests that NWGR
motif in galectin-3 is also equally significant for its anti-
apoptotic activity as it is for Bcl2.

Role of galectin-3 in extrinsic apoptotic pathways

The induction of the extrinsic pathway is initiated by the
binding of death receptors (Fas (apo-1 or CD95), tumor
necrosis factor receptor-1 (TNFR-1/p55/CD120) and inter-
feron and TRAIL (TNF related apoptosis inducing ligand or
Apo2-L) receptors to their ligands in the plasma membrane of
the cell (Ashkenazi and Dixit, 1998) (Schulze-Osthoff et al.,
1998). The death receptors are trans-membrane proteins with
cystein rich extra-cellular domains that interact with ligands.
Based on receptor type there are two major signaling sub-
types: the fas mediated signaling path and TRAIL mediated
signaling path. Fas are glycosylated type-1 transmembrane
receptors that either activate mitochondria dependent or mi-
tochondria independent signaling pathway in response to
ligand (Peter and Krammer, 1998; Nagata, 2000; Peter and
Krammer, 2003). The selection of the pathway depends upon
the amount of active caspase 8 produced at the death inducing
signaling complex (DISC) (Scaffidi et al., 1998). The mito-
chondria independent pathway is activated by the DISC prior
to loss of mitochondrial trans-membrane potential, which
is characterized by a very efficient recruitment of both the
Fas-associating protein with the death domain (FADD) and
caspase 8 to CD95, leading to DISC formation. This step
is dependent on the availability of F-actin. The DISC for-

mation in the mitochondria-dependent pathway forms very
inefficiently without the involvement of F-actin (Algeciras-
Schimnich et al., 2002) and is triggered by activated caspase
8 through the cleavage of the c terminal fragment of the
BH3 only member of the Bcl-2 family from protein Bid to
truncated Bid (tBid), which translocates to the outer mem-
brane of the mitochondria, allowing the loss of mitochon-
drial trans-membrane potential and inducing cytochrome c
release. Thus, Bid mediates the cross talk from the extrinsic
to the intrinsic form of cell death (Li et al., 1998; Luo et al.,
1998).

It was shown recently, that a major difference between the
mitochondria independent (type I) and dependent (type II)
pathways is the presence of endogenous galectin-3. Type I
T-cell lymphoma cell lines SKW6.4 or H9 cells express high
endogenous levels of galectin-3, whereas type II cells like
Jurkat or CEM cells do not. In these cells CD95 apoptotic
signaling pathway in both type I and type II cells is deter-
mined partially by endogenous galectin-3. In addition, over-
expression of galectin-3 in type II CEM cells results in bind-
ing to the CD95 receptor and change the pattern of signaling
pathway similar to the type I (Fukumori et al., 2004). Surpris-
ingly, when galectin-3 was added to these cells exogenously,
there was an induction of apoptosis, which varied from type
I to type II cells. The levels of endogenous galectin-3 also af-
fected the way a particular T cell lymphoma cell line reacted
to the extra-cellular galectin-3. It was found that galectin-3
null T cells like Jurkat, CEM and MOLT-4 cells were signif-
icantly more sensitive to exogenous galectin-3 compared to
SKW6.4 and H9 cells, which have very high expression of
endogenous galectin-3. These differences might be caused
from a balance between the anti-apoptotic activity of intra-
cellular galectin-3 and pro-apoptotic activity of extra-cellular
galectin-3. Extra-cellular galectin-3 can bind to the cell sur-
face glycoproteins CD29 and CD7 in a CD29/CD7 com-
plex, which triggers the activation of intracellular apoptotic
signaling toward the mitochondria leading to cytochrome
c release followed by activation of caspase 3 and apopto-
sis. Addition of neutralizing antibody against CD7 and/or
CD29 markedly inhibited apoptosis induced by extra-cellular
galectin-3 (Fukumori et al., 2003).

A similar mitochondrial independent event appears to be
triggered when TRAIL binds to a different family of death
inducing receptors. TRAIL is a trans-membrane protein that
functions by binding to two closely related death receptors,
DR4 and DR5 (Chaudhary et al., 1997; Griffith and Lynch,
1998) which leads to cleavage and activation of caspase-8,
resulting in Bid cleavage, a Bcl-2 inhibitory protein, trig-
gering mitochondrial depolarization (Suliman et al., 2001).
Akt, a serine/threonine kinase was assumed to be involved
in resistance to TRAIL-mediated apoptosis observed in cer-
tain types of tumors. Over-expression of galectin-3 in human
breast carcinoma cell line BT-549 promotes TRAIL-induced
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cytotoxicity in a way to suppress Akt activity by dephospho-
rylation (Lee et al., 2003). On the contrary, over-expression
of galectin-3 in J82 human bladder carcinoma cells rendered
them resistant to TRAIL induced apoptosis, whereas phos-
phatidylinositol3 kinase PI3K inhibitors (wortmannin and
LY 294002) blocked the protecting effect of galectin-3. High
levels of constitutively active Akt were seen in the galectin-3
over-expressing J82 cells suggesting that galectin-3 involves
Akt as a modulator molecule in protecting bladder carcinoma
cells from TRAIL induced apoptosis (Oka et al., 2005). It
is reasonable to assume that observed inconsistencies are
probably due to use of different cell lines. Our recent obser-
vations (unpublished) indicate that galectin-3 regulates Akt
activity via phosphate and tension homologue deleted on
chromosome 10 (PTEN).

Therapeutic implications

Despite the fact that some of the signaling pathways in which
galectin-3 is involved, have been identified, the precise mech-
anism of regulation of apoptosis by galectin-3 remains elu-
sive. However, its interactions with a variety of ligands indi-
cate its importance in various biological functions. Many of
these interactions can be inhibited by specific carbohydrate
inhibitors. In fact, peptides specific to galectin-3 carbohy-
drate recognition domain significantly inhibit the adhesion
of a human breast carcinoma cell line to endothelial cells in
vitro (Zou et al., 2005). In addition, the galectin-3 C-terminal
domain fragment significantly suppresses tumor growth and
inhibits metastasis in a mouse model of human breast cancer
(John et al., 2003). Modified citrus pectin (MCP), which is
modified from a natural plant polysaccharide, citrus pectin
and is a competitive inhibitor of galectin-3, has been re-
ported to inhibit galectin-3 mediated cellular functions (Ino-
hara and Raz, 1994; Nangia-Makker et al., 2002). Injection
of MCP treated mouse melanoma cells B16 F1 into mice
(Platt and Raz, 1992) or the oral administration of MCP to
male Copenhagen rats injected with prostate cancer cell line
MAT-LyLu (Pienta et al., 1995) reduced spontaneous lung
colonization. When MCP was fed to the mice injected with
breast cancer cells MDA-MB-435 or colon carcinoma cells
LSLiM6, there was a reduced tumor growth as well as metas-
tasis (Nangia-Makker et al., 2002). In none of these studies
apoptosis of the tumor cells was analyzed. It is assumed that
MCP inhibits the formation of tumor cell emboli in blood
circulation, as a result the tumor cells die and are not able to
successfully metastasize. Whether this cell death is because
of apoptosis, or immune surveillance, is not easy to detect.
Another possibility for cell death in the blood circulation is
their failure to adhere to the extra cellular matrix, and under
this condition, they may die as a result of anoikis. We have
shown that over-expression of galectin-3 protects cells from
anoikis (Kim et al., 1999). Moreover, it was reported that

rats fed on a 15% citrus pectin enriched diet showed a higher
apoptotic index in their colon (Avivi-Green et al., 2000).
In another study, treatment of human colonic adenocarci-
noma cell line HT29 with dietary pectin and its degradation
products (pectic ologisaccharides) resulted in reduced prolif-
eration and increased caspase 3 activity and DNA laddering
(Olano-Martin et al., 2003).

It was found that galectin-3 expression resulted in en-
hanced adhesion to laminin, fibronectin and vitronectin
(Ochieng et al., 1998; Matarrese et al., 2000). Since in-
creased cell adhesion is known to protect cells from apop-
tosis, the resistance to apoptosis resulting from galectin-3
over-expression could be due to increased cell adhesion.
MCP interferes with the adhesion of galectin-3 or galectin-3
expressing cells to extra-cellular matrix proteins (Inohara
and Raz, 1994; Nangia-Makker et al., 2002), thus leading
the cells to apoptosis. Although these results do not pro-
vide a complete picture, they do emphasize the emergence
of galectin-3 as a promising molecular target for inhibition
of apoptosis. Specific low molecular weight inhibitors of
galectin-3, or a sub-fraction of MCP with low molecular
weight which could easily enter the cell and block its car-
bohydrate binding or other functions, could give a better
understanding of its functions and clinical implications.
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