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Abstract The process of carcinogenesis is complex and not
easy to eliminate. It includes the initial occurrence of genetic
alterations which can lead to the inactivation of tumor-
suppressor genes and further accumulation of genetic alter-
ations during tumor progression. Looking for food and food
components with biological properties, collectively called
nutraceuticals, that can hinder such alterations and prevent the
inactivation of tumor-suppressor genes is a very promising
area for cancer prevention. Proteins and peptides are one
group of nutraceuticals that show potential results in prevent-
ing the different stages of cancer including initiation,
promotion, and progression. In this review, we summarized
current knowledge on the use of nutraceutical proteins and
peptides in cancer prevention and treatment. We focused on
the role of plant protease inhibitors, lactoferrin and lactoferri-
cin, shark cartilage, plant lectins, and lunasin in the apoptosis,
angiogenesis, andmetastasis of cancer cells. Also included are
studies on bioavailability and clinical trials conducted on
these promising proteins and peptides.

Keywords Nutraceuticals . Proteins . Peptides . Apoptosis .

Angiogenesis . Metastasis

1 Overview

The term nutraceutical was coined by Stephen DeFelice
21 years ago combining the words nutrition and pharma-
ceutics [1–3], both of which are important in human health.

It encompasses any food or its components that, in addition
to nutrition, provide health benefits including the preven-
tion and treatment of malignancies. Thus, a nutraceutical is
different from a dietary supplement as it must not only
complement the diet but should aid in the prevention and/or
treatment of a disease or a disorder. In addition, it is
represented as a conventional food in the diet or as the sole
item of a meal [2].

Food proteins are considered not only as nutrients for
the proper maintenance of body functions but also as a
source of important peptides with known biological
activities. Biologically active peptides and proteins are either
naturally occurring or produced by enzymatic digestion or
fermentation. Bowman–Birk-type and Kunitz-type trypsin
inhibitors are examples of naturally occurring proteins with
known nutraceutical functions, while products of protein
enzymatic digestion or hydrolysates are sources of biologi-
cally active peptides. Moreover, certain amino acids like
arginine and glycine have demonstrated nutraceutical activi-
ties. In addition, food proteins, in general, upon gastrointes-
tinal digestion can generate peptides with certain biological
activities. In fact, not all dietary proteins are converted to
individual amino acids and most of the ingested proteins are
absorbed in the form of small peptides primarily in the form of
dipeptides and tripeptides. In addition, small quantities of
large peptides and proteins are absorbed [4]. This then results
in the modulation of cellular activities, as peptides and
proteins play a major role in different systems of the body
such as the immune and endocrine systems. Therefore, food
proteins can be considered as a source of nutraceutical
peptides and amino acids which can exert biological
functions to promote health and prevent disease, including
cancer.

Cancer is considered a major public health problem not
only in the United States (US) but also in many parts of the
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world. In the US, one of four human deaths is associated
with cancer [5]. Moreover, it is also the leading cause of
death in the population <85 years of age [5]. As expected,
the survival rate of patients suffering from cancer is
dependent on the stage on which the cancer is diagnosed.
In general, a 5-year survival rate of at least 90% is
associated with initial stages of cancer where metastasis is
not involved, and the survival rate decreases to approxi-
mately 8% at later stages of the disease where tumor
invasion of other organs and regional lymph nodes and
distant metastases are involved [6–8]. As such, metastasis
of tumors from their primary origin is difficult to manage
and results in a very poor prognosis of the patient. It is,
therefore, important to search for naturally occurring food
components or products of their digestion that can mediate
the process of metastasis and angiogenesis. Several studies
have shown the anticancer potential of dietary proteins,
peptides, and amino acids, either naturally occurring,
product of fermentation, enzymatic hydrolysis, or gastroin-
testinal digestion, by mediating apoptosis and angiogenesis,
important steps to control tumor metastasis.

Apoptosis, also known as programmed cell death, is
characterized by a series of morphological cell changes [9]
which includes loss of specialized surface structure,
reduction in volume, conservation of cytoplasmic organ-
elles, condensation of nuclear chromatin, and phagocytosis
[10, 11]. Apoptosis can occur via two distinct signaling
pathways, the intrinsic and the extrinsic. The intrinsic
pathway targets the mitochondrial membrane in response to
stresses like lack of growth factors and DNA injury [12],
while the extrinsic pathway is associated with binding of
apoptosis-inducing ligands to cell surface receptors such as
Fas-associated death receptor, tumor necrosis factor-α
(TNF-α) receptor, and TNF-related apoptosis-inducing
ligand receptors [13]. The ability to escape apoptosis is
one of the hallmarks of cancer cells [14] and can lead to
tumor progression.

Angiogenesis, the formation of new blood vessels, is one
of the requirements for tumor growth and metastasis [15].
Angiogenesis of cancer cells starts from the tumor itself by
producing molecules that signal normal tissue to produce
proteins necessary for the formation of new blood vessels.
It provides oxygen and necessary nutrients for cancer cells
to grow and eventually spread to other parts of the body.
The members of the vascular endothelial growth factors
(VEGF) and their receptors are currently recognized as
regulators of angiogenesis. VEGF-A and its receptor,
VEGFR-2, are the major players [16]. The attachment of
VEGF-A to its receptors leads to signaling cascades that
eventually favor the process of angiogenesis. As such, this
step in the process of tumor progression is a target for the
development of anticancer drugs to prevent the spread of
tumors [17–19].

Metastasis is defined as the ability of cancer cells to
infiltrate into lymphatic and blood vessels, travel through
the bloodstream, and disseminate to other parts of the body.
This process is mostly mediated by the activity of the
matrix metalloproteinase (MMP) family of enzymes which
degrade the extracellular matrix (ECM), a crucial step in
tumor invasion and metastasis [20].

Thus, these three important processes, apoptosis, angio-
genesis, and metastasis, are the main focal points for the
study of carcinogenesis. Table 1 summarizes some physi-
ological factors that regulate apoptosis, angiogenesis, and
metastasis of cancer cells that can be targeted by nutraceu-
tical proteins and peptides which may lead to cancer
prevention and treatment. The objective of this review is
to discuss the role of nutraceutical proteins and peptides
in carcinogenesis including apoptosis, angiogenesis, and
metastasis.

2 Plant protease inhibitors

Protease inhibitors are found in plant tissues, particularly
from legumes. Epidemiological studies have shown that
legumes can act as possible protective agents against
several types of cancer such as breast, colon, and prostate.
This has led to a series of extensive in vitro and in vivo
studies and clinical trials on the chemopreventive effects of
legumes and their components. To date, several investiga-
tions have shown that plant protease inhibitors can inhibit
different stages of carcinogenesis including initiation,
promotion, and progression.

There are several groups of plant protease inhibitors such
as serine protease inhibitors, potato inhibitors, carboxypep-
tidase inhibitors, cystatin (cysteine protease inhibitors), and
mustard and squash inhibitors. Table 2 summarizes some of
the biological activities of plant protease inhibitors associ-
ated with carcinogenesis.

One of the most extensively studied plant protease
inhibitor in the field of carcinogenesis is the soybean-
derived Bowman–Birk inhibitor (BBI); other BBI from
lentil and pea have also shown similar biological activities.
The role of BBI in carcinogenesis was evaluated either as a
purified BBI or as BBI concentrate (BBIC) [21–23]. Saito
et al. [24] showed that BBI was able to control the growth
of human osteosarcoma cells (U2OS) via the induction of a
tumor-suppressor gene called connexin 43 (Cx43). They
showed that BBI (200 μg/ml during 8 days) had a negative
growth effect on U2OS cells, with concomitant cytostatic
effect at the G1 phase of the cell cycle and an increase in
apoptosis, observed by an augmented number of cells at the
sub-G1 phase. Moreover, they showed that BBI restored the
expression of tumor-suppressor Cx43 mRNA level in a
time-dependent manner. This event was linked to the
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capability of BBI to restore gap junction intercellular
communication as measured by the mean number of cells
reached by Lucifer yellow dye from 0.2 (untreated) to 5.5
(BBI-treated). They also showed that the negative growth,
controlled by BBI, was Cx43-dependent as introduction of
antisense oligonucleotides (ASO) resulted in 50% increase
in saturation density, compared to the cells treated with BBI
and no ASO. Another study by the same group also showed
the ability of BBI to negatively control the growth of
M5067 ovarian sarcoma in mice by decreasing tumor
weight and proliferating cell nuclear antigen and increasing
expression of Cx43 [25]. These studies demonstrated the
ability of BBI to control the growth of cancer cells via
increasing the expression of the tumor-suppressor molecule
Cx43. Chen et al. [26] showed that BBI was able to
suppress proteasomal chymotrypsin-like activity in MCF-7
breast cancer cells. The decrease in the proteasome
chymotrypsin-like activity in MCF-7 cells was in conjunc-
tion with the increase in the expression of proteasome target
proteins p27KIP1 and p21Cip1/WAF1. The increase in the
expression of these cyclin-dependent kinases resulted in the
arrest of the cell cycle at the G1/S phase. This study also
reported the ability of BBI to inactivate ERK1/2 phosphor-
ylation but this effect was abrogated by the presence of
phosphatase inhibitor, suggesting that BBI inactivated
ERK1/2 by involvement of a specific phosphatase. The
dephosphorylation of ERK1/2 was correlated with an
increase in the induction of the MAP kinase phosphatase-
1 in a dose-dependent manner. However, the study was not
able to show the inhibitory effect of BBI on epidermal
growth factor (EGF)-stimulated activation of ERK1/2 and
Akt. Du et al. [27] showed the ability of BBI and its
palmitic acid conjugate to inhibit chemical-induced carci-
nogenesis using cultured mouse mammary glands. They
showed that BBI (20 μg/ml) and its palmitic acid conjugate
(20 μg/ml) were able to inhibit 7,12-dimethylbenz[a]
anthracene (DMBA)-induced transformation of mouse
mammary glands during the developing period. It was
demonstrated that only its palmitic acid conjugate was able
to inhibit DMBA-induced transformation before the pro-
motion period. This indicates that increased hydrophobicity
improved the biological activity of BBI possibly due to the
increase in tissue retention. It was also shown that BBI
conjugated with palmitic acid had an increased residence
time and decreased kidney clearance, thus increasing its
activities in target tissues and organs [28].

Table 1 Regulators of apoptosis, angiogenesis and metastasis in
carcinogenesis

Apoptosis

Pro-apoptosis

Bcl-2 family of proteins: Bax, Bad, Bak, Bid

Fas-L

TNF

TRAIL

Cytochrome c

p53

PTEN

Anti-apoptosis

Bcl-2 family of proteins: Bcl-2, Bcl-XL

XIAP

Survivin

c-IAP2

c-FLIP-L

NF-κB

PI3K/Akt

Angiogenesis and metastasis

Growth factors (GF)

Vascular endothelial GF

Acidic fibroblast GF

Basic fibroblast GF

Placental GF

Hepatocyte GF

Granulocyte colony stimulating GF

Platelet-derived GF

Platelet-derived epidermal GF

Epidermal GF

Transforming GF

Inflammatory molecules

Cyclooxygenase-2

Prostaglandin E2

Interleukin-1

TNF-α

Interleukin-6

Interleukin-8

Integrins and other adhesion molecules

Alpha v beta 3

Alpha v beta 5

Fibronectin

Cadherins

Catenins

Selectins

Proteases

Urokinase form of plasminogen activator

Matrix metalloproteinases

Cathepsins

Others

Angiopoietin-1

Angiogenin

Oncogenes (c-myc, ras, c-jun)

Osteopontin

Leptin

Hypoxia-inducible factor 1
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A Bowman–Birk protease inhibitor from Vigna unguiculata
seeds, called the black-eyed pea trypsin/chymotrypsin inhib-
itor (BTCI), induced apoptosis and lysosome membrane
permeabilization in MCF-7 breast cancer cells [29]. BTCI
caused a dose-dependent cytotoxic effect to MCF-7 breast
cancer cells (IC50=200 μM) without affecting the viability of
normal breast cells (MCF-10A). The mechanism involved in
the cytotoxic effect was found to be related to cell cycle arrest
at the G2/M and S phases as well as induction of apoptosis.
The apoptotic process was associated with changes in the
morphology of the nucleus and mitochondria, increased
number of cells with reduced mitochondrial membrane
potential, cells undergoing DNA fragmentation, and cells with
altered plasma membrane integrity.

BBI has also demonstrated its ability to prevent the
process of carcinogenesis in prostate cancer cells. Kennedy
and Wan [30] demonstrated that BBI (100 μg/ml) affected
the growth and clonogenic survival of different human
prostate epithelial cells and prostate cancer cells. Moreover,
they showed that BBI can inhibit invasion of LNCaP
prostate cancer cells when PC-3 conditioned medium was
used as a chemoattractant. In another study, Tang et al. [31]
demonstrated the ability of BBI and BBIC to induce
apoptosis in in vitro and in vivo prostate cancer cells,
respectively. BBI caused a dose-dependent decrease in the
viability of LNCaP, resulting in the complete growth
inhibition at 500 μg/ml treated for 24 h. Also, BBI
increased the expression of Cx43 and cleaved caspase-3 at
500 μg/ml with a peak at 9 h of treatment. These in vitro
results were further confirmed by in vivo experiments using
the transgenic rats developing adenocarcinoma of the
prostate (TRAP) model fed with 3% BBIC. BBI also

demonstrated its ability to inhibit the process of colorectal
carcinogenesis. Kennedy et al. [32] showed that BBI (0.1%
of the diet for 6 months) in its purified and BBIC (0.1% of
the diet for 6 months) forms were able to inhibit rat colon
carcinogenesis induced by dimethylhydrazine while the
autoclaved BBIC with no protease inhibitor activity showed
no suppressing activity, demonstrating the importance of
the protease inhibitor activity in the anticancer potential of
BBI. Furthermore, BBI from other legumes such as pea and
lentils demonstrated their ability to inhibit proliferation of
human colon cancer cells in vitro. BBI from lentils
inhibited the growth of HT-29 colon cancer cells with an
IC50 of 32 μM without affecting the growth of human
normal colon fibroblast CCD-33Co [33]. In addition, BBI
protease inhibitor from pea (PPIC) and its recombinant
form showed similar growth inhibitory properties on HT-
29, showcasing that the inhibitory property was indepen-
dent of apoptosis, as the addition of caspase-3 did not
abolished cell growth [34].

BBI isoinhibitors, IBB1 (with trypsin and chymotrypsin
inhibitory properties) and IBBD2 (trypsin inhibitory prop-
erty only), purified from soybean BBI also showed
cytotoxic effect on HT-29 colon cancer cells [35]. These
isoinhibitors inhibited the growth of HT-29 colon cancer
cells (IC50=39.9 μM for IBB1 and IC50=48.3 μM for
IBBD2) with concomitant increase in the number of cells in
the G0–G1 phase of the cell cycle. The same study
demonstrated the noncytotoxic effect of BBI when its
protease inhibitor activity was removed. This protease
inhibitor also demonstrated its in vitro chemopreventive
effect on other types of cancer such as oral cavity [36, 37]
and lung cancer [38, 39]. In contrast to previous studies, a

Table 2 Nutraceutical properties of plant protease inhibitors associated with carcinogenesis

Plant protease inhibitors Biological activity (dose, model) References

Bowman–Birk inhibitor Controlled growth of sarcoma cells through upregulation of Cx43
(200 μg/ml, in vitro and in vivo)

[24, 25]

Suppressed proliferation of breast cancer cells through accumulation of MAPK
phosphatase-1 and induction of apoptosis and lysosome membrane permeabilization
(20 and 200 μM, in vitro)

[26, 29]

Induced apoptosis in prostate cancer cells through upregulation of Cx43 (500 μg/ml
and 2000 mg/kg/day, in vitro and in vivo)

[31]

Antiproliferative effects on human colon cancer cells (19–125 μM, in vitro) [33–35]

Kunitz trypsin inhibitor Suppressed cancer invasion and metastasis through inhibition of uPA expression
(10 μM and 50 g/kg diet, in vitro and in vivo)

[40, 42]

Suppressed LPS-induced and UV-induced cytokine production (5 μM, in vitro) [163, 164]

Inducted apoptosis in rat lymphoma cells (5 μg/ml, in vitro) [49]

Buckwheat trypsin inhibitor Induced apoptosis in leukemia cells (0.5–100 μg/ml, in vitro) [45, 47]

Induced apoptosis in human solid tumor cells (6.25–50 μg/ml, in vitro) [48]

Cysteine proteinase inhibitor Inhibited murine B16 melanoma cell invasion (1 μg/ml, in vitro) [51]

Carboxypeptidase inhibitor Inhibited EGF/TGF-α antagonist A 431 and MDA-MB-453 cells (10–50 μg/ml, in vitro) [53]

Cx43 connexin 43, LPS lipopolysaccharide, UV ultraviolet, uPA urokinase plasminogen activator, MAPK mitogen-activated protein kinase

514 Cancer Metastasis Rev (2010) 29:511–528



recent study in MDA-MB-231 breast cancer xenograft
mouse model showed that BBI given at 20 mg/kg body
weight for 2 months at a frequency of three times per week
was not able to reduce tumor incidence in mouse [155].
Also, BBI was not able to suppress urokinase-type
plasminogen activator (uPA) and cell invasion of ovarian
cancer cells in vitro [40]. These conflicting results can be
explained by the purity of BBI used in these studies and the
possible presence of other bioactive compounds in BBIC.
Clinical studies on the use of BBIC showed that it was
well-tolerated by the patients and led to promising results
for prostate and oral carcinomas.

Kunitz trypsin inhibitor (KTI) is another protease
inhibitor originally isolated from soybean [41]. In contrast
with BBI, KTI only has a trypsin inhibitory property and
devoid of chymotrypsin inhibitory activity. The biological
significance of KTI in carcinogenesis is mainly attributed to
its ability to suppress invasion and metastasis of cancer
cells. In an in vitro study conducted by Kobayashi et al.
[42], KTI was able to suppress ovarian cancer cell invasion
by blocking urokinase upregulation. They showed that KTI
was able to suppress uPA upregulation in both unstimulated
and transforming growth factor (TGF)-β1-stimulated HRA
human ovarian cancer cell line, as well as its mRNA
expression. This reduction in uPA cell-associated activity
was in conjunction with its ability to block TGF-β1-
stimulated phosphorylation of ERK1/2 at 3 μM. Moreover,
this is also implicated with the ability of KTI, but not BBI,
to reduce invasiveness of HRA ovarian cancer cells. Also,
dietary supplementation of soybean KTI (5 to 50 g/kg diet)
inhibited spontaneous metastasis but not experimental
metastasis of Lewis lung carcinoma cells in C57BL/6 mice
[40]. Also, dietary supplementation of KTI resulted in 40%
reduction in total tumor burden in peritoneal metastasis
using HRA ovarian cancer cell line implanted in C57BL/6
mice. The antimetastatic potential of KTI was associated
with its ability to specifically reduce the expression of uPA
protein and inhibit the phosphorylation of MAP kinase and
PI3 kinase proteins including MEK, ERK1/2, and Akt and
also the inhibition of Src-dependent signaling pathways.
Inagaki et al. [43] reported that KTI was able to inhibit the
Src signaling pathway as measured by the expression of
phosphorylated Src, ERK1/2, and Akt in wild-type c-Src-
transfected cells but not in constitutively active c-Src-
expressing cells. It was concluded that upstream target(s)
of Src were involved in KTI inhibited invasion and
metastasis in ovarian cancer. Also, a Kunitz-type trypsin
inhibitor isolated and purified from soybean showed in
vitro cytotoxic and apoptosis-inducing properties to dif-
ferent cancer cell lines including nasopharyngeal cell lines
CNE-1 and CNE-2 and human hepatocellular carcinoma
cell line HepG2 [44], but the mechanism of action involved
is yet to be elucidated.

Another class of protease trypsin inhibitor was found in
buckwheat, a dicotyledonous plant widely cultivated in
Asia, Eastern Europe, North America, and Australia. Park
and Ohba [45] isolated two buckwheat protease inhibitors,
BWI-1, which is a member of the potato inhibitor I family
and inhibited trypsin, chymotrypsin, and subtilisin, and
BWI-2a with homology to the vicilin family that only
inhibited trypsin. BWI-1 and BWI-2a showed antiprolifer-
ative effect on T-acute lymphoblastic leukemia cells, Jurkat
cells, and CCRF-CEM cells, without affecting the growth
of human normal blood lymphocytes. The cytotoxic effect
was attributed to their pro-apoptotic function as assessed by
DNA laddering. This study also showed that the trypsin
inhibitory activity was responsible for the cytotoxic and
pro-apoptotic functions as chemical modification of the
inhibitors, by blocking its arginine residue, resulted in the
loss of these activities. The cytotoxic effect was also seen in
the recombinant form of BWI-1 (rBTI) on multiple
myeloma IM-9 cells at 200 μg/ml [46] and myeloid
leukemia K562 cells at 12.5 to 200 μg/ml [47] via
induction of apoptosis. Li et al. [48] demonstrated that the
mechanism involved in the cytotoxic effect and pro-
apoptotic properties of rBTI was through the action of
caspases as well as the increased permeabilization of the
mitochondria. In this study using solid tumor cells such as
human esophagus (EC9706), human hepatoma (HepG2),
and human cervical (HeLa) carcinoma cells, they demon-
strated that rBTI was able to cause cytotoxicity in a time-
dependent and dose-dependent manner. The mechanism
involved in the cytotoxic effect was found to be related to
mitochondrial pathways of apoptosis as evidenced by
increased DNA fragmentation, increased expression of
cytosolic cytochrome c, a concomitant reduction in the
expression of cytochrome c in the mitochondria, increased
mRNA and protein expressions of pro-apoptotic Bax and
Bak, decreased mRNA and protein expressions of anti-
apoptotic proteins Bcl-2 and Bcl-xl, upregulation of
caspase-3 and caspase-9 activities, and disruption of the
mitochondrial transmembrane potential. This study
revealed a mechanistic insight on how rBTI induced
apoptosis in solid tumors, indicating the importance of the
trypsin inhibitory property as the cytotoxic effect of the
inactivated rBTI was very minimal (approximately 10%),
even at the highest concentration used (50 μg/ml).

Other proteinase inhibitors that showed potential in
cancer prevention and therapy included the trypsin inhibitor
isolated from Peltophorum dubium, with similar amino acid
sequence to soybean KTI, that showed induction of
apoptosis in rat lymphoma cells [49]. The trypsin inhibitor
from sweet potato at 100 μg/ml induced apoptosis in NB4
promyelocytic leukemia cells through induction of Bax,
p53, mitochondrial cytochrome c release, and caspase-3
activity and reduction in Bcl-2 expression [50]. Also, the
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cysteine proteinase inhibitor from potato (PCPI 8.7)
inhibited cell invasion of murine B16 melanoma cells
[51]. The potato carboxypeptidase inhibitor (PCI) showed a
potential to reduce tumor cell growth, invasion, and
metastasis as it acted as an antagonist of the EGF. PCI
was found to compete with EGF for EGF receptor (EGFR)
binding which resulted in the inhibition of EGFR activation
and cell proliferation in human pancreatic cancer cell lines
Panc-1, Capan-1, and HIT [52]. Inhibition of EGFR
signaling was demonstrated by a reduction in tyrosine
transphosphorylation and a decrease in the kinase activity
of EGFR. Moreover, the antiproliferative effect of PCI was
demonstrated in vivo by a reduction in the growth of
Capan-1 pancreatic tumors implanted subcutaneously in
nude mice. In addition, Sitja-Arnau et al. [53] reported the
mechanism of action by which PCI acted as an EGF
blocker. They showed that PCI has an inhibitory effect on
EGFR dimerization induced by EGF or TGF-α in A431
human vulvar epidermoid cell. Also, EGFR tyrosine
phosphorylation was inhibited in MDA-MB-453 breast
cancer cells and A431 cells when treated with PCI at
concentrations ranging from 50 to 300 μg/ml. In addition,
PCI inhibited ErbB-2 phosphorylation in BT474 breast
cancer cells, indicating that PCI blocked the signaling
pathway that drives epithelial cell proliferation.

All these studies support the hypothesis that plant
protease inhibitors can be used as nutraceuticals to halt
the process of carcinogenesis in humans at different stages,
including initiation, promotion, and progression.

3 Lactoferrin and lactoferricin

Lactoferrin (Lf), one of the components of milk proteins, is
an iron-binding protein originally found and isolated from
breast milk. Its structure confers high resistance to
degradation by proteolytic enzymes thus it can pass through
the gastrointestinal tract intact, resulting in its internaliza-
tion via a unique receptor-mediated mechanism [54, 55]
thereby affecting gene transcription [54, 56]. Lf has a wide
range of biological activities including antimicrobial prop-
erties, improvement of iron status, anti-inflammation, cell
proliferation promotion, and improvement of immune
function [57, 58]. Earlier studies suggest that the possible
mechanism by which Lf acts as an antitumorigenic
molecule is through innate ability to bind iron [59], since
iron can promote oxidation thereby damaging nucleic acid
structure. However, this suggested mechanism has not yet
been fully delineated. Meanwhile, other potential mecha-
nisms have been suggested regarding the role of Lf in the
process of carcinogenesis [59–61] including induction of
programmed cell death, prevention of angiogenesis, and
regulation of cell cycle protein expression.

Table 3 offers an overview of different cancer types that
can potentially be prevented or treated by Lf and lactoferricin
(Lfcin). Human lactoferrin (hLf) promoted growth arrest at
the G1 to S transition of the cell cycle in breast cancer cells
[62]. This arrest was accompanied by modification of the
activity and expression of cyclin-dependent kinases including
decreased expression and activity of Cdk2 kinase and
increased expression of Cdk inhibitor p21 but not p27. It
has also been shown that hLf induced cell cycle arrest at the
G0–G1 checkpoint in three oral and neck cancer cells. The
mechanism involved in the inhibition of cell cycle was
found to be related to p27/cyclin E-dependent pathways
and may be mediated by changes in Akt phosphorylation as
hLf-treated cells showed a marked decrease in phosphory-
lated Akt [63]. In another in vitro study using a variety of
human cancer cells [64], hLf demonstrated its ability to
regulate cell growth by controlling the level of retinoblas-
toma protein (Rb), a key tumor suppressor involved in cell
cycle progression. The investigators showed that hLf
mediated cell growth arrest by maintaining Rb in its
hypophosphorylated form with concomitant increase in
the expression of p21, but not p27, and blockage of
E2F1-responsive genes. In murine and human head and
neck squamous cell carcinoma, hLf demonstrated its ability
to arrest cell cycle at the G1–G0 phase with downregulation
of cyclin D1 [65].This study also demonstrated the ability
of hLf to inhibit cellular release of pro-inflammatory and
prometastatic cytokines. Moreover, Lf demonstrated its
chemopreventive effect in a wide range of cancer types.
Mohan et al. [66] demonstrated the ability of bovine Lf
(bLf) to modulate DMBA-induced hamster buccal pouch
carcinogenesis. Also, bLf-fed hamsters painted with
DMBA showed a significant reduction in the frequency of
bone marrow micronucleated polychromatic erythrocytes
when compared with just DMBA-painted group. The
chemopreventive mechanism involved is the potential of
bLf to modify the activities of enzymes involved in phase I
and phase II metabolism. In bLF-fed hamster, the activity of
cytochrome P450 (phase I enzyme) was reduced while the
activities of glutathione S-transferase and DT-diaphorase
(phase II enzymes) were increased when compared to
DMBA-treated hamsters. This observation was consistent
with both the buccal pouch and liver of the animals. In
addition, bLf-treated hamsters showed lower lipid perox-
idation than just the DMBA-painted hamsters. In C3h/HeJ
mice implanted with SCCVII tumors, orally delivered (40
to 80 mg/kg/day for 10 days) hLf inhibited tumor growth
(75%) and increase in the number of lymphocytes,
compared with the control group [65]. In another study
using female A/J mice, orally fed bLf showed post-
initiation chemopreventive effect on lung tumorigenesis
induced by 4-methylnitrosoamino-1-3-pyridyl-1-butanone
[67]. Zemann et al. [68] recently showed that bLf (50 μg/
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ml) inhibited the growth of HeLa cells through the
activation of the TGF-β/Smad-2 pathway but not MAP
kinase/ERK1/2 activation. Several studies have demonstrat-
ed that Lf played an important role in the process of
angiogenesis and metastasis of cancer cells. In a study done
in rats, orally administered bLF inhibited VEGF-165-
induced angiogenesis as measured by the vascularized area,
total microvascular length, microvessel intersection, and
intersection in mesenteric windows [69]. This study also
showed that bLf was able to decrease the proliferation rate
of endothelial cells in vitro. Also, bLF inhibited angiogen-
esis in chick embryo chorioallantoic membrane (CAM) as
shown by a larger area of vascularization [70]. This study
also demonstrated the ability of bLf to inhibit cell
proliferation of endothelial cells induced by VEGF and
human basic fibroblast growth factor. Other studies have
shown that bLf posed a property to inhibit metastasis of
cancer cells including colon carcinoma metastasis in the
lungs through increase in the number of cytotoxic cells in
white blood cells [71], increase in the production of IL-18
in intestinal epithelial cells [72, 73], serum, and peritoneal
macrophages [70], increase in caspase-1 activity and
interferon-γ [73], and activation of interferon-α/IL-17
effector pathways. It has, therefore, been suggested that
the multiple functions of Lf are associated with its ability to
interact with receptors; this mechanism is not yet fully
understood. Sakamoto et al. [74] showed, for the first time,

that hLf interacts with proteins with the arginine–glycine–
aspartic acid (RGD) motif, being bound to RGD-containing
human ECM fibronectin and vitronectin.

Combination of Lf with other chemopreventive dietary
components and other peptides against cancer has also been
studied. The adjuvant effect of human neutrophil peptide-1
and Lf against oral squamous cell carcinoma (OSCC)
showed that their combination had a potential cooperative
effect in causing cytotoxicity [75]. Also, combination of Lf
with tea polyphenols showed synergistic effect in causing
cytotoxicity to CAL-27 oral carcinoma cells [76] and
preventing hamster buccal pouch carcinogenesis [77, 78].
In contrast, Haba et al. [79] were not able to demonstrate
the preventive effect of bLf in 2-amino-1-methyl-6-phenyl-
imidazo-4,5,6-pyridine-induced breast carcinogenesis in
rats. A potential explanation might be the difference in
processing conditions that affected the biological activity of
bLf.

Talactoferrin alpha (TLf) is a recombinant human Lf
isolated from Aspergillus niger var. awamori and is
structurally and functionally similar to the native hLf in
all aspects except for the nature of glycosylation [80]. Its
anticancer activity is very similar to hLf and bLf and has
been evaluated in clinical trials against solid tumors, renal
metastatic cancer, and non-small cell lung cancer (NSCLC).
The US Food and Drug Administration granted a fast-track
designation for TLf for the clinical development of first-line

Table 3 Nutraceutical activities of lactoferrin and lactoferricin associated with carcinogenesis

Cancer type Mechanism of anticancer action (dose, model) References

Breast Cell cycle arrest at G1, decrease in cyclin-dependent kinases, increased expression of p21, maintaining
pRb in hypophosphorylated form in MDA-MB-231 cells (50 μg/ml, in vitro)

[62]

Cell cycle control via persistent hypophosphorylated form of Rb in H1299 cells (50 μg/ml, in vitro) [64]

Cervix Growth arrest through induction of TGF-β/Smad-2 signaling in HeLa cells (50 μg/ml, in vitro) [68]

Colon Cell cycle arrest at S phase through downregulation of cyclin E1 in Caco-2 cells (2 μM, in vitro) [90]

Induction of caspase-1 and IL-18 (30–300 mg/kg for 7 days, in vivo) [73]

Increase production of CD4+, CD8+, and IL-18 (30–300 mg/kg for 7 days, in vivo) [72]

Head, neck, and oral Reduction of DMBA-induced carcinogenesis through modulation of metabolizing enzymes and cellular
redox status (0.2% of basal diet for 14 weeks, in vivo)

[66, 78]

Tumor inhibition through direct cellular inhibition and immunomodulation (20–250 μM and
40–80 mg/kg/day for 10 days, in vitro and in vivo)

[65]

Cell cycle arrest through downregulation of cyclin-dependent kinases and upregulation of p27 protein
expression in head and neck cancer cell lines (10 μM, in vitro)

[63]

Induction of apoptosis through JNK/SAPK activation in SAS cells (2 mg/ml, in vitro) [87]

Leukemia Cytotoxicity via caspase-mediated and cathepsin B-mediated mechanism in T-leukemia cells (31 μM, in vitro) [91]

Induction of apoptosis through activation of caspase and release of cytochrome c in T-leukemia cells
(200 μg/ml, in vitro)

[88]

Lung Inhibition of NNK-induced tumorigenesis via apoptosis (2%, in vivo) [67]

Cell cycle control via persistent hypophosphorylated form of Rb (50 μg/ml, in vitro) [64]

Nerve Inhibition of tumor growth and induction of apoptosis through activation of caspases in neuroblastoma
cells (40 μg/ml and 1 and 2 mg/day for 3 days, in vitro and in vivo)

[89]

pRb phosphorylated retinoblastoma, DMBA 7,12-dimethylbenz[a]anthracene, NNK nitrosamine ketone

Cancer Metastasis Rev (2010) 29:511–528 517



NSCLC treatment which was based on the substantial
improvement in response rate and improvement in median
progression-free survival (mPFS) by 2.8 months [81, 82].
In the phase I trial of oral TLf, TLf was found to be very
well-tolerated with no toxicities reported. Although TLf was
undetectable in circulation, its pharmacodynamic indicator
IL-18 was found to be increased and 88% of the patients
experienced a decrease in tumor growth rate (TGR) [83].
Moreover, three of the patients with NSCLC survived for at
least 1 year after the start of TLf monotherapy. In a follow-
up phase IB trial, TLf was again well-tolerated by patients
with metastatic cancer. NSCLC patients (n=12) experi-
enced 87% relative reduction in TGR and renal cell
carcinoma (RCC) patients (n=7) experienced a 98%
relative reduction in TGR [84]. In a phase 2 clinical trial
of TLf in RCC, Jonasch et al. [85] reported that TLf given
at a dose of 1.5 g twice daily (12 weeks on, 2 weeks off)
resulted in no toxicities to 44 patients with RCC, 6.4 months
mPFS, 21.1 months median overall survival, and a 77% 1-
year survival rate. The effect of orally administered bLF
was also evaluated clinically in patients with ≤5 mm
colorectal polyps. The clinical trial showed that ingestion
of 3 g of bLf daily significantly reduced the growth of
adenomatous polyps in patients 63 years old or younger
compared to the group who received placebo.

Bovine lactoferricin (bLfcin) is a cationic peptide
produced by acid–pepsin hydrolysis of Lf obtained from
cow’s milk [86]. The role of bLfcin in carcinogenesis has
been shown to be related to its ability to induce apoptosis in
different cancer cell lines. Sakai et al. [87] showed that
lactoferrin peptide (Lf-p) generated by pepsin digestion at
2 mg/ml induced apoptosis in human OSCC as evidenced
by cleavage of caspase-3 and poly(ADP-ribose) polymer-
ase. The mechanism involved was through activation of the
JNK/SAPK pathway via phosphorylation of ERK1/2 and
JNK and loss of Lf-p-induced apoptosis in the presence of
JNK/SAPK inhibitor. Another mechanism by which bLfcin
induced apoptosis in cancer cells was through activation of
the mitochondrial pathway involving the activation of
caspases. In an in vitro study conducted in leukemia and
different carcinoma cell lines, bLfcin caused cytotoxicity to
these cancer cells without affecting the viability of
untransformed human lymphocytes, fibroblasts, or endo-
thelial cells [88]. Also, bLcfin (200 μg/ml) was able to
activate caspase-2, caspase-3, and caspase-9 and cause
mitochondrial swelling, leading to release of cytochrome c
in the cytosol of Jurkat leukemia cells. A structure–function
relationship study showed that the 10-amino acid peptide
FKCRRWQWRM exhibited the same cytotoxic effect as
the whole bLfcin, demonstrating that this sequence is the
one responsible for the apoptosis-inducing property of
bLfcin. A similar activation of apoptosis was observed in
neuroblastoma cells (40 μg/ml) accompanied by reduced

tumor growth in a neuroblastoma cells-xenografted rat
model when bLfcin was given at 1 and 2 mg/day for 3 days
[89]. Another study also showed the capability of bLfcin at
2 μM to affect cell cycle progression through arresting the
S phase of the cell cycle accompanied by reduced
expression of cyclin E in human colon cancer cells [90].
However, the antimicrobial core fragment of bLfcin with
amino acid sequence RRWQWR was not able to kill T-
leukemia cells and breast cancer cells [88, 91]. The
cytotoxic effect was seen only when the antimicrobial
fragment was delivered internally through fusogenic lip-
osomes involving caspase-mediated and cathepsin B-
mediated pathways. Another synthetic peptide derived from
bLfcin with amino acid sequence WKKWDipKKWK at
0.5 mg/50 μL saline showed antitumoral effect dependent
of T cells when injected intratumorally in lymphoma-
implanted BALB/C mice [92]. Yoo et al. [93] demonstrated
that subcutaneous administration of bLfcin (0.5 mg/mouse)
inhibited liver and lung metastases of lymphoma and
melanoma cells in experimental and spontaneous metastasis
models. The same study also demonstrated the ability of
bLfcin to inhibit tumor angiogenesis as shown by the
reduced number of tumor-induced blood vessels and
suppression of tumor growth in the early stage of
carcinogenesis. Mader et al. [94] also showed the ability
of bLfcin to inhibit angiogenesis both in vitro and in vivo.
Angiogenesis induced by bFGF and VEGF-165 in C57BL/
6 mice was inhibited by bLfcin treatment involving
heparin-binding growth factors. In vitro experiments sup-
ported the observed results in vivo as bLfcin inhibited the
proliferation and migration of human umbilical vein
endothelia cells (HUVEC).

4 Shark cartilage

The idea that shark cartilage (SC), a collagenous protein,
might be used as an anticancer substance arose from wrong
assumptions that sharks do not develop cancer because their
skeleton is made up of cartilage accounting for about 6% of
their total body weight. Several in vitro and in vivo studies
show that SC plays an important role in preventing the
spread of cancer by its ability to inhibit angiogenesis. The
proposed mechanisms of action involved in this anti-
angiogenic effect of SC included inhibition of bFGF-
induced angiogenesis in the Matrigel mouse model [95],
prevention of collagenase-induced collagenolysis [96],
increase T cell infiltration into the tumor [97, 98], and
inhibition of cell adhesion through modification of focal
adhesion proteins [99]. The anti-angiogenic property of SC
was also demonstrated by several studies using the CAM ex
ovo model [100–103]. Moreover, SC demonstrated anti-
metastatic and antitumor growth effects in various in vivo
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studies [95, 96, 101, 104]. Bukowski [105] reported that
AE-941, a SC extract, exhibited four different mechanisms
of action including matrix protease inhibition, inhibition of
VEGF binding to its receptor, induction of endothelial cell
apoptosis, and stimulation of angiostatin production. Barber
et al. [106], using a murine renal tumor model, showed that
SC was not able to abolish carcinogenesis but delayed the
development of papillary and solid tumors. In contrast, a
study conducted by Horsman et al. [107] was not able to
duplicate these results when SC-treated mice implanted
with SCCVII carcinoma did not show any retarding effect
on primary tumor growth and inhibition of lung metastasis.
However, the positive in vitro and in vivo results led to
clinical trials of SC against advanced cancer. The results of
these trials were not promising. In the evaluation of SC
safety and efficacy against advanced cancer given at 1 g/kg
daily at three divided doses, several patients experienced
gastrointestinal toxicity or intolerance to SC accompanied
by 21 adverse events associated with SC intake [108].
Moreover, SC as a single agent was inactive in patients
with advanced-stage cancer and had no improving effect on
their quality of life. In a phase III trial evaluating the ability
of SC (24 to 96 g/day divided into three to four servings
daily) to improve overall survival of patients with advanced
cancer, SC again failed to show any positive effect on
survival rate when compared to a placebo group [109]. In
addition, the quality of life of the SC group did not improve
when compared to placebo. The study concluded that the
SC product did not show any efficacy in patients with
advanced colorectal and breast cancers. Recently, two more
in vitro studies analyzing peptides derived from SC showed
again potential as an anti-angiogenic agent via suppression
of VEGF-induced migration and tubulogenesis of HUVEC
[110] and inhibited microvessel outgrowth from rat aorta
[111]. Moreover, a proteolytic digest of SC significantly
moderated hyperuricemia in rats when given at 1.5% and
2.5% in the diet [112]. This discrepancy between in vitro/in
vivo studies and clinical trials might be attributed to a lack
of studies demonstrating the bioavailability of SC when
taken orally as well as the advanced stage of cancer of the
patients that underwent clinical trials.

5 Plant lectins

Plant lectins are proteins or glycoproteins that possess
hemagglutinating properties. They are widely distributed in
plants and can recognize and bind to sugars thereby
eliciting several cellular processes [113]. There are seven
families of structurally and evolutionarily related lectins
[114], of which the three most studied are legume lectins,
type II ribosome-inactivating proteins (RIPsII) and Gallan-
thus nivalis-related lectins [115–117]. Legumes are proba-

bly the most popular and the most intensively studied
source of lectins. Table 4 summarizes the mechanisms
suggested by which plant lectins can stimulate cell death of
cancer cells.

A lectin preparation from Bauhinia variegata seeds that
binds melibiose inhibited the proliferation of MCF-7 breast
and HepG2 hepatoma cells [118] with IC50 of 0.18 and
1.4 μM, respectively. Moreover, this preparation also
showed inhibition of the activity of HIV-1 reverse tran-
scriptase. Notably, B. variegata lectin showed a weaker
mitogenic response in mouse splenocytes than concanavalin
A (Con A); however, the maximal response was achieved at
the same concentration for both compounds. Lectin isolated
and purified from Phaseolus vulgaris cv. (Anasazi beans)
also showed potent inhibition on MCF-7 breast cancer
cells, inhibited HIV-1 reverse transcriptase, and evoked
mitogenic response in murine splenocytes [119]. Another
lectin, called PCL, isolated from Phaseolus coccineus seeds
showed anticancer potential that was sialic acid-specific.
Chen et al. [120] reported that PCL showed potent
antiproliferative effect towards L929 cells involving both
apoptosis and necrosis. The cytotoxic effect of PCL was
attributed to the activation of caspases, as addition of
caspase inhibitors abrogated the antiproliferative effect of
PCL. Con A, one of the most studied legume-derived
lectin, also showed the same antiproliferative effect on
A375 human melanoma cells [121]. The mechanisms
involved were caspase-dependent apoptosis and mitochon-
drial membrane collapse, leading to the release of cyto-
chrome c to the cytosol and activation of caspase-9 and
caspase-3. It was also reported that the antiproliferative
effect of Con Awas linked to its sugar-binding activity as a
decrease in hemagglutination was correlated to a decrease
in its antiproliferative effect. It was also observed that its
sugar-binding activity center overlapped its hemagglutinat-
ing active site.

The second group of the most extensively studied lectins
(RIPsII) is commonly found in Abrus and Viscum genera.
Peptide fractions derived from Abrus lectin by trypsin
digestion showed in vitro immunostimulatory properties in
tumor-bearing mice [122]. The peptide fractions produced
(1 to 10 ng/ml) showed proliferative effects towards
immune cells, such as thymocytes and splenocytes, being
more active in the former. They also demonstrated the
ability to activate natural killer (NK) cells. Ghosh and Maiti
[123] showed that Arbus agglutinin was able to activate
tumor-associated macrophages, resulting in increased pro-
duction of nitric oxide and increased cytotoxicity towards
tumor cells in vitro. Perhaps the most studied lectin from
this group is the mistletoe (Viscum album) lectin. Mistletoe
lectin has demonstrated a wide range of biological activities
in tumor cells in in vitro and in vivo administered orally,
locally, systemically, or subcutaneously [117]. In colon
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cancer cells (COLO), mistletoe lectin induced apoptosis via
activation of caspases and decreased expression of anti-
apoptotic proteins [124] attributed to apoptosis via TNF
receptor 1. Administration of active Chinese mistletoe
lectin (ACML) delayed colon cancer development in a
mouse model through regulation of innate and adaptive
immune responses [125]. ACML was able to enhance
antigen-specific activation and proliferation of CD4+ and
CD8+ T cells as well as NK and γδT cells. Moreover, this
lectin showed in vitro ability to alter cytokine gene
expression in human colonic carcinoma [126] and IEC-6
rat intestinal epithelial cells [127]. Seifert et al. [128]
showed that mistletoe lectin was able to cause cytotoxicity
to human acute lymphoblastic leukemia cells through
activation of apoptosis. Also, the intraperitoneal adminis-
tration of mistletoe lectin preparations improved the
survival of mice injected with leukemia cells without any
side effects. Lavastre et al. [129, 130] also showed the
ability of mistletoe lectin to induce apoptosis and degrada-
tion of cytoskeletal proteins in human leukemia cells PLB-
985 and X-CGD cell lines. In comparison to vincristine, a
known drug for lymphoblastic leukemia patients, mistletoe
lectin showed the same cytostatic and apoptosis-inducing
effects to human B cell lymphoma WSU-1 cells [131].
Mistletoe lectin was able to decrease the growth and spread
to the lungs of melanoma in an immunodeficient mice
model xenografted with human melanoma cells [132]. At a
low dose of 30 ng/kg, mistletoe lectin administered intra-
peritoneally induced apoptosis in primary melanoma
tumors and increased the number of dendritic cells
infiltrating these tumors, preventing the growth and spread
of tumors through immunomodulatory actions.

Other lectins isolated and purified from other plant
sources also showed the same promising effects against
cancer. A lectin from Polygonatum odoratum induced

apoptosis in murine fibroblast L929 cells through both
death receptor and mitochondrial pathways [133]; a
mannose-binding lectin from Clematis montana induced
cytotoxicity to L929, Hela, MCF-7, and HepG2 cancer cells
lines [134]; and a mannose-binding lectin from Sophora
flavescens induced apoptosis in HeLa cells dependent of the
caspase-mediated signaling [135]. Interaction studies be-
tween lectin and known anticancer drugs have also
demonstrated positive effects. The proteasome inhibitor
bortezomib enhanced the antiproliferative property of
mistletoe lectin on human G631 melanoma cells [136].
Also, combination of doxorubicin and mistletoe extracts
containing lectin caused cytotoxicity and induced DNA
fragmentation to human leukemia Jurkat cells [137]. The
use of mistletoe extracts in clinical trials has shown
promising results. The dose-limiting toxicity, the assess-
ment of its safety profile, and the maximum tolerated doses
of the recombinant counterpart of natural mistletoe lectin,
known as aviscumine, is underway [115].

6 RGD-containing peptide: lunasin

Lunasin is a RGD peptide, originally isolated from
soybean. It is composed of 43 amino acid residues with
unique amino acid sequences including the presence of a
cell adhesion motif composed of RGD and a carboxylic
acid tail composed of nine aspartic acid residues.
Hernandez-Ledesma et al. [138] reported that the amino
acid sequence 23–31 is responsible for lunasin to target
histones H3 and H4; the RGD motif for the internalization
of lunasin into the cells and the polyaspartic acid tail for
direct binding of lunasin to core histones thereby affecting
mitosis and eventually leading to cell death. Galvez and de
Lumen [139] first reported the biological property of

Table 4 Mechanisms of cancer cell death induced by plant lectins

Cell death Action (lectin type, dose, model) References

Autophagy Internalization to mitochondria leading to BNIP3-mediated autophagy (Con A, 20–40 mg/kg, in vivo) [165]

Mitochondrial generation of reactive oxygen species and activation of p38 and p53 (Polygonatum
cyrtonema, 15 μg/ml, in vitro)

[166, 167]

Induction of LC3-II generation, double-layer vesicle, BNIP3 and acidic vascular formation (Con A,
40 μg/ml and 20 mg/kg, in vitro and in vivo)

[168]

Apoptosis Mitochondrial depolarization (mistletoe extract, 60–250 μg/ml, in vitro; Polygonatum cyrtonema,
15 μg/ml, in vitro)

[128, 166, 167]

Cytochrome c release (Polygonatum cyrtonema, 15 μg/ml, in vitro) [167, 168]

Caspase activation (Clematis montana, 1 pM, in vitro; Sophora flavescens, 1 μg/ml, in vitro) [134, 135]

Decreased expression of NF-κB, X-linked inhibitor of apoptosis proteins, and Akt/kinase B; activation
of TNF receptor 1 and caspase-8 (Korean mistletoe, 100 ng/ml, in vitro)

[124]

Degradation of the cytoskeletal protein gelsolin (Viscum album agglutinin-I 1 μg/ml, in vitro) [129]

Increased expression of FasL and FADD proteins (Polygonatum odoratum, 25 μg/ml, in vitro) [133]

BNIP3 BCL2/adenovirus E1B 19 kDa protein-interacting protein 3, FADD Fas-associated protein with death domain
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lunasin, formerly known as a soybean cDNA encoding
small subunit peptide of 2S soy albumin. They showed that
transfection of lunasin plasmid into murine hepatoma
cancer cells, murine fibroblast cells, and human cancer
cells arrested cell division, caused abnormal elongation of
spindle fiber, chromosomal fragmentation, and cell lysis.
Moreover, treatment of synthetic lunasin showed preferen-
tial adherence of lunasin to chromatin, leading to disruption
of kinetochore and inhibition of mitosis. These initial
observations led to successive studies showing the possible
role of lunasin in cancer prevention. Galvez et al. [140]
demonstrated that exogenous application of synthetic
lunasin prevented the transformation of murine fibroblast
into cancerous foci through internalization via the RGD
motif and affecting H3 and H4 histones acetylation in vivo.
This study also showed, for the first time, the ability of
lunasin applied at 250 μg/week to prevent tumorigenesis in
SENCAR mouse skin cancer model. Also, topical applica-
tion of lunasin modestly inhibited epidermal cell prolifer-
ation in mice [141]. The first biological property of lunasin
isolated and purified from soybeans was reported by Jeong
et al. [142]. They showed that lunasin partially purified
from soybean by anion exchange chromatography and
immunoaffinity chromatography inhibited colony formation
induced by ras oncogene (1 to 10,000 nM) and inhibit core
H3 histone acetylation (10 μM). Lunasin was then shown
to be present in different plants including barley [143],
wheat [144], Solanum family [145], rye [146], and
amaranth [147]. Lunasin isolated and purified from barley
inhibited colony formation of stably ras oncogene-
transfected mouse fibroblast and inhibited histone acetyla-

tion in mouse fibroblast NIH3T3 and MCF-7 human breast
cancer cells [143]. Lunasin from wheat also showed the
same ability to inhibit H3 and H4 histone acetylation and
lunasin isolated from liver of rats had the same biological
activity [144]. Lunasin from Solanum nigrum L inhibited
H3 and H4 histone acetylation, the activities of histone
acetyl transferases, and phosphorylation of retinoblastoma
proteins [145]. In addition, lunasin from this plant protected
DNA from oxidative damage by suppressing the generation
of hydroxyl radicals [148]. Lam et al. [149] showed that
lunasin was able to suppress foci formation in E1A-
transfected mouse fibroblast NIH 3T3 cells and resulted in
fivefold increase in p21 expression. Our laboratory also
showed the potential anticancer property of lunasin from
soybean. We first showed the anti-inflammatory property of
a mixture of lunasin (100 μM) and lunasin-like peptides
from soybean through modulation of cyclooxygenase-2
(COX-2)/prostaglandin E2 and inducible nitric oxide syn-
thase (iNOS)/nitric oxide pathways [150]. Further purifica-
tion of the mixture and determination of the mechanism of
the anti-inflammatory action of lunasin showed that the 43-
amino acid lunasin from soybean at 50 μM potently
inhibited the COX-2 and iNOS pathways and blocked the
nuclear translocation of the p50 and p65 subunits of nuclear
factor of kappa B (NF-κB) [151]. Moreover, lunasin
inhibited lipopolysaccharide (LPS)-induced NF-κB trans-
activation in transiently NF-κB transfected RAW 264.7
macrophages. This study also showed the ability of lunasin
to downregulate LPS-induced production of IL-1β and IL-6.
Our studies provided a mechanism by which lunasin can
prevent the process of carcinogenesis through inhibition of
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inflammatory pathways. Hernandez-Ledesma et al. [152]
confirmed the ability of lunasin to inhibit LPS-induced
production of TNF-α and IL-6 in RAW 264.7 macrophages.
Moreover, they showed that lunasin was able to inhibit the
oxidation of reactive oxygen species production by macro-
phages and as a free radical scavenger. Our laboratory also
demonstrated the ability of lunasin to induce apoptosis in
cancer cell lines. Gonzalez de Mejia et al. [153] indicated
that lunasin caused a G2/M phase arrest of the cell cycle in a
dose-dependent manner in L1210 leukemia cells. Moreover,
lunasin caused apoptosis in L1210 leukemia cells through
direct activation of caspase-3. Our study in HT-29 human
colon cancer cells showed another mechanism by which
lunasin can induce apoptosis in cancer cells [154]. Lunasin
caused a dose-dependent inhibition of the growth of HT-29
colon cancer cells with an IC50 of 61.7 μM and resulted in
G2 arrest of the cell cycle. Lunasin caused cytotoxicity to
HT-29 colon cancer cells by activating apoptosis through the
mitochondrial pathway. There was evidence of the increase
in the expression of pro-apoptotic Bax and decrease in the
expression of the anti-apoptotic Bcl-2 proteins. This study
showed, for the first time, that lunasin can alter the Bax/Bcl-
2 ratio in such a way that the process of apoptosis will be
activated. We also showed the ability of lunasin to increase

the activity of caspase-3, an executioner of apoptosis, as well
as increase the expression of the pro-apoptotic nuclear
clusterin. Hsieh et al. [155] showed the ability of lunasin to
prevent breast cancer tumorigenesis in a breast cancer
xenograft mouse. They showed that intraperitoneal injection
of lunasin at 4 and 20 mg/kg body weight in mouse
subcutaneously implanted with MDA-MB-231 human breast
cancer cells decreased tumor incidence by 33% and 49%,
respectively. Tumors from lunasin-treated animals showed
reduced cell proliferation and increased apoptotic rates.

An important property of any bioactive compound is its
ability to escape gastrointestinal digestion and be absorbed
through the bloodstream to be able to act on target tissues and
organs. Bioavailability studies of lunasin in both animals and
humans showed promising results. Lunasin from rye showed
stability towards pepsin and pancreatin in vitro digestion and
the liver, kidney, and blood of rats fed with lunasin-enriched
rye showed the presence as detected by Western blot [146].
Moreover, lunasin extracted from these tissues was able to
inhibit histone acetyl transferase, indicating that lunasin is
bioavailable and bioactive. Hsieh et al. [155] reported that
lunasin is bioavailable when orally administered in mouse
and rat. Synthetic 3H-labeled lunasin was absorbed in CD-1
mice and distributed in various tissues including lung,

Table 5 Summary of clinical trials using nutraceutical proteins and peptides in cancer treatment

Nutraceutical proteins and peptides Results References

Talactoferrin Phase I (solid tumors) Very well-tolerated at dose 1.5 to 9 g/day; no hematological, hepatic, or renal
toxicities; increased circulating IL-18 (pharmacodynamic indicator of TLf
activity); 88% of patients decreased tumor growth

[83]

Phase IB (NSCLC, RCC) Very well-tolerated; 50% disease control rate; mPFS of 4.2 months in NSCLC
patients; mPFS of 7.3 months in RCC patients

[84]

Phase II (RCC) Very well-tolerated; no hematologic, hepatic, or renal toxicities reported; 14-
week progression-free survival rate of 59%; median overall survival of
21.1 months

[85]

Shark cartilage No difference in overall survival between patients receiving SC and patients
receiving placebo; no suggestion of improvement of quality of life on patients
receiving SC

[109]

Lectin Fermented European
mistletoe extract
(melanoma)

3.3% patients developed systemic adverse drug reactions (ADR); 12.8% patients
developed local ADR; no life-threatening ADR. ADR-related mortality and
ADR-related tumor enhancement not observed; longer survival of population in
the treatment group

[169]

Phase II, viscum
fraxini-2 (HCC)

13.1% patients presented complete response (mPFS=29 months); 8.1% patients
presented partial response (mPFS=5 months); no hematologic toxicity; mild
nonhematologic toxicity at 10,000 ng/ml (×2)

[170]

Phase I, rViscumin
(variety of cancer)

Clinical toxicities observed were fatigue, fever, nausea, vomiting, and allergic
reactions; best responses were stable in 11 patients out of 41 enrolled; stimulated
immune response; recommended a dose of 5,600 ng/kg twice weekly for further
clinical trial

[171]

Bowman–Birk
inhibitor
concentrate

Phase I No dose toxicity observed; reduction in serum prostate antigen (up to 43%);
decreased serum triglycerides and prostate volume

[172]

Phase I Not toxic for patients with oral leukoplakia [173]

Phase IIa 31% patients achieved a clinical response, not toxic up to a dose of 1,066 units
chymotrypsin inhibitory activity; decreased in total lesion area

[174]

NSCLC non-small cell lung cancer, RCC renal cell carcinoma, HCC hepatocellular carcinoma
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mammary gland, and prostate. They also found a significant
amount of radiolabeled lunasin in the brain of mice.
Moreover, lunasin extracted from the blood and liver of
lunasin-enriched soy flour-fed rats was bioactive and able to
suppress foci formation in the same concentration as
synthetic lunasin. Our laboratory also conducted a bioavail-
ability study of lunasin in humans [156]. We recruited
healthy men and fed them with 50 g of soy protein for
5 days after a 1-week washout period. After 5 days of
feeding, blood samples were collected 30 min and 1 h after
soy protein ingestion. Analysis of plasma showed that
lunasin was present at a concentration of 50.2 to 110.6 ng/
ml of plasma. This represents 4.5% absorption of lunasin
from 50 g of soy protein. These initial bioavailability studies
are very important in supporting a clinical trial for lunasin.

7 Amino acids

Individual amino acids have also shown potential to inhibit
carcinogenesis mainly by inhibiting angiogenesis. Yeh et al.
[157] showed that arginine at 1,000 μmol/L can lower the
production of VEGF, bFGF, and MMP-2 in SW480 human
colon cancer cells. Moreover, they showed that supplemen-
tation of arginine in the diet of SW480 colon cancer cells
xenograft mouse model resulted in lower MMP-2, MMP-9,
and VEGF receptor levels in tumors and higher NO and
spleen NK compared to a control group. Another study by
the same group [158] also showed that HUVEC expression
of cellular adhesion molecules CD11b and IL-8 was
reduced by arginine treatment. Chou et al. [159] reported
that the production of VEGF, bFGF, PGE2, and MMP-2
was upregulated in endothelial cells in the presence of
HeLa cells. Glycine also showed inhibition of tumor
growth in animal models. Rose et al. [160] found that
dietary glycine at 5% in the diet fed to mice 3 days prior to
subcutaneous implantation of B16 tumors resulted in
decreased tumor size by 50–75% and lighter tumor weight
by 65% compared to a control group. Moreover, they also
showed that glycine prevented the formation of small
tumors (0–5 mm) by 23%, medium tumors (5–10 mm) by
64%, and large tumors (>10 mm) by almost 80% in the
liver of male rats [161]. The gavage administration of
branched-chain amino acids to obese diabetic rats have
shown their ability to attenuate preneoplastic lesions
development and inhibited angiogenesis by reducing VEGF
expression [162].

8 Concluding remarks

Several bioactive proteins and peptides are now recognized
for their health-promoting properties and the possibility of

their use for the prevention and treatment of malignancies
such as cancer. Figure 1 summarizes the mechanisms by
which nutraceutical proteins and peptides can modulate the
process of carcinogenesis, while Table 5 gives an overview
of the results of some human clinical trials. However, a
major impediment in these studies has been the suscepti-
bility of proteins/peptides to gastrointestinal digestion
thereby resulting in the reduction of their biological
activities. Proteins and peptides such as Lf and lunasin
have shown to be bioavailable, thus might exert their
biological properties to target tissues and organs. This
review highlighted the importance of including these
proteins and peptides, as well as foods that contain them,
in our daily dietary consumption for the prevention and
possible treatment of diseases such as cancer. However, the
major challenge on the use of bioactive peptides and
proteins in treating various malignancies such as cancer
would be the translation of in vitro and in vivo results into
clinical outcomes.

Acknowledgments The authors gratefully acknowledge the funding
from the Illinois Soybean Association and the US Department of
Agriculture World Food Initiative.

References

1. Zaloga, G. P., & Siddiqui, R. A. (2004). Biologically active dietary
peptides. Mini-Reviews in Medicinal Chemistry, 4, 815–821.

2. Haller, C. A. (2010). Nutraceuticals: has there been any progress?
Clinical Pharmacology and Therapeutics, 87, 137–141.

3. Lakra, E. K. (2003). Nutraceutical—definition and introduction.
AAPS PharmSci, 5, 1–2.

4. Grimble, G. K. (1994). The significance of peptides in clinical
nutrition. Annual Review of Nutrition, 14, 419–447.

5. Jemal, A., Siegel, R., Ward, E., Hao, Y. P., Xu, J. Q., & Thun, M.
J. (2009). Cancer statistics, 2009. CA: A Cancer Journal for
Clinicians, 59, 225–249.

6. Greene, F. L., Stewart, A. K., & Norton, H. J. (2002). A new
TNM staging strategy for node-positive (stage III) colon cancer:
an analysis of 50,042 patients. Annals of Surgery, 236, 416–421.

7. O’Connell, J. B., Maggard, M. A., & Ko, C. Y. (2004). Colon
cancer survival rates with the new American Joint Committee on
Cancer sixth edition staging. Journal of the National Cancer
Institute, 96, 1420–1425.

8. Meyerhardt, J. A., & Mayer, R. J. (2005). Systemic therapy for
colorectal cancer. The New England Journal of Medicine, 352,
476–487.

9. West, N. J., Courtney, E. D. J., Poullis, A. P., & Leicester, R. J.
(2009). Apoptosis in the colonic crypt, colorectal adenomata and
manipulation by chemoprevention. Cancer Epidemiology, Bio-
markers & Prevention, 18, 1680–1687.

10. Wyllie, A. H., Beattie, G. J., & Hargreaves, A. D. (1981). Chromatin
changes in apoptosis. The Histochemical Journal, 13, 681–692.

11. Wyllie, A. H. (1980). Glucocorticoid-induced thymocyte apo-
ptosis is associated with endogenous endonuclease activation.
Nature, 284, 555–556.

12. Okada, H., & Mak, T. W. (2004). Pathways of apoptotic and
non-apoptotic death in tumor cells. Nature Reviews. Cancer, 4,
592–603.

Cancer Metastasis Rev (2010) 29:511–528 523



13. Debatin, K. M., & Krammer, P. H. (2004). Death receptors in
chemotherapy and cancer. Oncogene, 23, 2950–2966.

14. Hanahan, D., & Weeinberg, R. A. (2000). The hallmarks of
cancer. Cell, 100, 57–70.

15. Murukesh, N., Dive, C., & Jayson, G. C. (2010). Biomarkers of
angiogenesis and their roles in the development of VEGF
inhibitors. British Journal of Cancer, 102, 8–18.

16. Boehm, S., Rothermundt, C., Hess, D., & Joerger, M. (2010).
Antiangiogenic drugs in oncology: a focus on drug safety and
the elderly—a mini-review. Gerontology, 56, 303–309.

17. Winder, T., & Lenz, H. J. (2010). Vascular endothelial growth
factor and epidermal growth factor signaling pathways as
therapeutic targets for colorectal cancer. Gastroenterology, 138,
2163–2176.

18. Korpanty, G., Smyth, E., Sullivan, L. A., Brekken, R. A., &
Carney, D. (2010). Antiangiogenic therapy in lung cancer: focus
on vascular endothelial growth factor pathway. Experimental
Biology and Medicine, 235, 3–9.

19. Tan, A. H., Xia, N., Gao, F., Mo, Z. N., & Cao, Y. F. (2010).
Angiogenesis-inhibitors for metastatic thyroid cancer. Cochrane
Database of Systematic Reviews, 3, CD007958.

20. Westermarck, J., & Kahari, V. M. (1999). Regulation of matrix
metalloproteinase expression in tumor invasion. The FASEB
Journal, 13, 781–792.

21. Losso, J. N. (2008). The biochemical and functional food
properties of the Bowman–Birk inhibitor. Critical Reviews in
Food Science and Nutrition, 48, 94–118.

22. Clemente, A., & Domoney, C. (2006). Biological significance of
polymorphism in legume protease inhibitors from the Bowman–
Birk family. Current Protein & Peptide Science, 7, 201–216.

23. Meykens, F. L. (2001). Development of Bowman–Birk inhibitor
for chemoprevention of oral head and neck cancer. Cancer
prevention—molecular mechanisms to clinical applications.
Annals of the New York Academy of Sciences, 952, 116–123.

24. Saito, T., Sato, H., Virgona, N., Hagiwara, H., Kashiwagi, K.,
Suzuki, K., et al. (2007). Negative growth control of osteosar-
coma cell by Bowman–Birk protease inhibitor from soybean;
involvement of connexin 43. Cancer Letters, 253, 249–257.

25. Suzuki, K., Yano, T., Sadzuka, Y., Sugiyama, T., Seki, T., &
Asano, R. (2005). Restoration of connexin 43 by Bowman–Birk
protease inhibitor in M5076 bearing mice. Oncology Reports, 13,
1247–1250.

26. Chen, Y. W., Huang, S. C., Lin-Shiau, S. Y., & Lin, J. K. (2005).
Bowman–Birk inhibitor abates proteasome function and suppresses
the proliferation of MCF7 breast cancer cells through accumulation
of MAP kinase phosphatase-1. Carcinogenesis, 26, 1296–1306.

27. Du, X., Beloussow, K., & Shei, W. C. (2001). Bowman–Birk
protease inhibitor and its palmitic acid conjugate prevent 7,12-
dimethylbenz[a]anthracene-induced transformation in cultured
mouse mammary glands. Cancer Letters, 164, 135–141.

28. Honeycutt, L., Wang, J., Whrami, H., & Shen, W. C. (1996).
Comparison of pharmacokinetic parameters of a polypeptide, the
Bowman–Birk protease inhibitor (BBI) and its palmitic acid
conjugate. Pharmaceutical Research, 13, 1373–1377.

29. Joanitti, G. A., Azevedo, R. B., & Freitas, S. M. (2010).
Apoptosis and lysosome membrane permeabilization induction
on breast cancer cells by an anticarcinogenic Bowman–Birk
protease inhibitor from Vigna unguiculata seeds. Cancer Letters,
293, 73–81.

30. Kennedy, A. R., & Wan, X. S. (2002). Effects of the Bowman–
Birk inhibitor on growth, invasion, and clonogenic survival of
human prostate epithelial cells and prostate cancer cells. The
Prostate, 50, 125–133.

31. Tang, M. X., Asamoto, M., Ogawa, K., Naiki-Ito, A., Sato, S.,
Takahashi, S., et al. (2009). Induction of apoptosis in the LNCap
human prostate carcinoma cell line and prostate adenocarcino-

mas of SV40T antigen transgenic rats by the Bowman–Birk
inhibitor. Pathology International, 59, 790–796.

32. Kennedy, A. R., Billings, P. C., Wan, X. S., & Newberne, P. M.
(2002). Effects of Bowman–Birk inhibitor on rat colon carcino-
genesis. Nutrition and Cancer, 43, 174–186.

33. Caccialupi, P., Ceci, L. R., Siciliano, R. A., Pignone, D.,
Clemente, A., & Sonnante, G. (2010). Bowman–Birk inhibitors
in lentil: heterologous expression, functional characterization and
anti-proliferative properties in human colon cancer cells. Food
Chemistry, 120, 1058–1066.

34. Clemente, A., Gee, J. M., Johnson, I. T., MacKenzie, D. A., &
Domoney, C. (2005). Pea (Pisum sativum L.) protease inhibitors
from the Bowman–Birk class influence the growth of human
colorectal adenocarcinoma HT29 cells in vitro. Journal of
Agricultural and Food Chemistry, 53, 8979–8986.

35. Clemente, A., Moreno, F. J., Marin-Manzano, M. C. D.,
Jimenez, E., & Domoney, C. (2010). The cytotoxic effect of
Bowman–Birk isoinhibitors, IBB1 and IBBD2, from soybean
(Glycine max) on HT29 human colorectal cancer cells is related
to their intrinsic ability to inhibit serine proteases. Molecular
Nutrition & Food Research, 54, 396–405.

36. Armstrong, W. B., Wan, X. S., Kennedy, A. R., Taylor, T. H., &
Meyskens, F. L. (2003). Development of the Bowmn-Birk inhibitor
for oral cancer chemoprevention and analysis of neu immunohis-
tochemical staining intensity with Bowman–Birk inhibitor concen-
trate treatment. The Laryngoscope, 113, 1687–1702.

37. Armstrong, W. B., Kennedy, A. R., Wan, X. S., Taylor, T. H.,
Nguyen, Q. A., Jensen, J., et al. (2000). Clinical modulation of
oral leukoplakia and protease activity by Bowman–Birk inhibitor
concentrate in a Phase IIa chemoprevention trial. Clinical
Cancer Research, 6, 4684–4691.

38. Kennedy, A. R., Kritchevsky, D., & Shen, W. C. (2003). Effects
of spermine-conjugated Bowman–Birk inhibitor (spermine-BBI)
on carcinogenesis and cholesterol biosynthesis in mice. Phar-
maceutical Research, 20, 1908–1910.

39. Witschi, H., & Espiritu, I. (2002). Development of tobacco-
smoke-induced lung tumors in mice fed Bowman–Birk protease
inhibitor concentrate. Cancer Letters, 183, 141–146.

40. Kobayashi, H., Fukuda, Y., Yoshida, R., Kanada, Y., Nishiyama,
S., & Suzuki, M. (2004). Suppressing effects of dietary
supplementation of soybean trypsin inhibitor on spontaneous,
experimental and peritoneal disseminated metastasis in mouse
model. International Journal of Cancer, 112, 519–524.

41. Kunitz, M. (1945). Cystallization of a trypsin inhibitor from
soybean. Science, 101, 668–669.

42. Kobayashi, H., Suzuki, M., Kanayama, N., & Terao, T. (2004).
A soybean Kunitz trypsin inhibitor suppresses ovarian cancer
cell invasion by blocking urokinase upregulation. Clinical &
Experimental Metastasis, 21, 159–166.

43. Inagaki, K., Kobayashi, H., Yoshida, R., Kanada, Y., Fukuda, Y.,
Yagyu, T., et al. (2005). Suppression of urokinase expression and
invasion by a soybean Kunitz trypsin inhibitor are mediated
through inhibition of Src-dependent signaling pathways. The
Journal of Biological Chemistry, 280, 31428–31437.

44. Fang, E. F., Wong, J. H., & Ng, T. B. (2010). Thermostable Kunitz
trypsin inhibitor with cytokine inducing, antitumor and HIV-1
reverse transcriptase activities from Korean large black soybeans.
Journal of Bioscience and Bioengineering, 109, 211–217.

45. Park, S. S., & Ohba, H. (2004). Suppressive activity of protease
inhibitors from buckwheat seeds against human T-acute lym-
phoblastic leukemia cell lines. Applied Biochemistry and
Biotechnology, 117, 65–74.

46. Zhang, Z., Li, Y., Li, C., Yuan, J., & Wang, Z. (2007).
Expression of a buckwheat trypsin inhibitor gene in Escherichia
coli and its effect on multiple myeloma IM-9 cell proliferation.
Acta Biochimica et Biophysica Sinica, 39, 701–707.

524 Cancer Metastasis Rev (2010) 29:511–528



47. Wang, Z. H., Gao, L., Li, Y. Y., Zhang, Z., Yuan, J. M., Wang, H.
W., et al. (2007). Induction of apoptosis by buckwheat trypsin
inhibitor in chronic myeloid leukemia K562 cells. Biological &
Pharmaceutical Bulletin, 30, 783–786.

48. Li, Y. Y., Zhang, Z., Wang, Z. H., Wang, H. W., Zhang, L., &
Zhu, L. (2009). rBTI induces apoptosis in human solid tumor
cell lines by loss in mitochondrial transmembrane potential and
caspase activation. Toxicology Letters, 189, 166–175.

49. Troncoso, M. F., Zolezzi, P. C., Hellman, U., & Wolfenstein-Todel,
C. (2003). A novel trypsin inhibitor from Peltophorum dubium
seeds, with lectin-like properties, triggers rat lymphoma apoptosis.
Archives of Biochemistry and Biophysics, 411, 93–104.

50. Huang, G. H., Sheu, M. J., Chen, H. J., Chang, Y. S., & Lin, Y.
H. (2007). Growth inhibition and induction of apoptosis in NB4
promyelocytic leukemia cells by trypsin inhibitor from sweet
potato storage roots. Journal of Agricultural and Food Chemis-
try, 55, 2548–2553.

51. Severe, N., Filipic, M., Brzin, J., & Lah, T. T. (2002). Effect of
cysteine proteinase inhibitors on murine B16 melanoma cell
invasion in vitro. Biological Chemistry, 383, 839–842.

52. Blanco-Aparicio, C., Molina, M. A., Fernandez-Salas, E.,
Frazier, M. L., Mas, J. M., Querol, E., et al. (1998). Potato
carboxypeptidase inhibitor, a T-knot protein, is an epidermal
growth factor antagonist that inhibits tumor cell growth. The
Journal of Biological Chemistry, 273, 12370–12377.

53. Sitja-Arnau, M., Molina, M. A., Blano-Aparicio, C., Ferrer-
Soler, L., Lorenzo, J., Aviles, F. X., et al. (2005). Mechanism of
action of potato carboxypeptidase inhibitor (PCI) as an EGF
blocker. Cancer Letters, 226, 169–184.

54. Ashida, K., Sazaki, H., Suzuki, Y. A., & Lonnerdal, B. (2004).
Cellular internalization of lactoferrin in intestinal epithelial cells.
Biometals, 17, 311–315.

55. Suzuki, Y. A., Lopez, B., & Lonnerdal, B. (2005). Mammalian
lactoferrin receptors: structure and function. Cellular and
Molecular Life Sciences, 62, 2560–2575.

56. Son, K. A., Park, J., Chung, C. K., Chung, D. K., Yu, D. Y., Lee,
K. K., et al. (2002). Human lactoferrin activates transcription of
IL-1 beta gene in mammalian cells. Biochemical and Biophysical
Research Communications, 290, 236–241.

57. Lonneral, B. (2009). Nutritional roles of lactoferrin. Current
Opinion in Clinical Nutrition and Metabolic Care, 12, 293–297.

58. Actor, J. K., Hwang, S. A., & Kruzel, M. L. (2009). Lactoferrin
as a natural immune modulator. Current Pharmaceutical Design,
15, 1956–1973.

59. Gonzalez-Chavez, S. A., Arevalo-Gallegos, S., & Rascon-Cruz,
Q. (2009). Lactoferrin: structure, function and applications.
International Journal of Antimicrobial Agents, 33, 301–306.

60. Lonnerdal, B., & Iyer, S. (1995). Lactoferrin—molecular
structure and biological function. Annual Review of Nutrition,
15, 93–110.

61. Rodirgues, L., Teixera, J., Fernando, S., Paulsson, M., & Mansson,
H. L. (2009). Lactoferin and cancer disease prevention. Critical
Reviews in Food Science and Nutrition, 49, 203–217.

62. Damiens, E., Yazidi, I. E., Mazurier, J., Duthille, I., Spik, G., &
Boily-Marer, Y. (1999). Lactoferrin inhibits G1 cyclin-dependent
kinases during growth arrest of human breast carcinoma cells.
Journal of Cellular Biochemistry, 74, 486–498.

63. Xiao, Y., Monitto, C. L., Minhas, K. M., & Sidransky, D. (2004).
Lactoferrin down-regulates G1 cyclin-dependent kinases during
growth arrest of head and neck cancer cells. Clinical Cancer
Research, 10, 8683–8686.

64. Son, H. J., Lee, S. H., & Choi, S. Y. (2006). Human lactoferrin
controls the level of retinoblastoma protein and its activity.
Biochemistry and Cell Biology, 84, 345–350.

65. Wolf, J. S., Li, G., Varadhachary, A., Petark, K., Schneyer, M.,
Li, D., et al. (2007). Oral lactoferrin results in T cell-dependent

tumor inhibition of head and neck squamous cell carcinoma in
vivo. Clinical Cancer Research, 13, 1601–1610.

66. Mohan, K. V. P. C., Kumaragupuran, R., Prathiba, D., & Nagini,
S. (2006). Modulation of xenobiotic-metabolizing enzymes and
redox status during chemoprevention of hamster buccal carcino-
genesis by bovine lactoferrin. Nutrition, 22, 940–946.

67. Matsuda, Y., Saoo, K., Hosokawa, K., Yamakawa, K., Yokohira,
M., Zeng, Y., et al. (2007). Post-initiation chemopreventive
effects of dietary bovine lactoferrin on 4-(methynitrosamino)-1-
(3-pyridyl)-1-butanone-induced lung tumorigenesis in female A/
J mice. Cancer Letters, 246, 41–46.

68. Zemann, N., Klein, P., Wetzel, E., Huettinger, F., & Huettinger,
M. (2010). Lactoferrin induces growth arrest and nuclear
accumulation of Smad-2 in Hela cells. Biochimie, 92, 880–884.

69. Norrby, K., Mattsby-Baltzer, I., Innocenti, M., & Tuneberg, S.
(2001). Orally administered bovine lactoferrin systemically
inhibits VEGF165-mediated angiogenesis in the rat. Internation-
al Journal of Cancer, 91, 236–240.

70. Shimamura, M., Yamamoto, Y., Ashino, H., Oikawa, T., Hazato, T.,
Tsuda, H., et al. (2004). Bovine lactoferrin inhibits tumor-induced
angiogenesis. International Journal of Cancer, 111, 111–116.

71. Tsuda, K., Sekine, K., Takasuka, N., Toriyama-Baba, H., & Iigo,
M. (2000). Prevention of colon carcinogenesis and carcinoma
metastasis by orally administered bovine lactoferrin in animals.
Biofactors, 12, 83–88.

72. Kuhara, T., Iigo, M., Itoh, T., Ushida, Y., Sekine, K., Terada, N.,
et al. (2000). Orally administered lactoferrin exerts an antimeta-
static effect and enhances production of IL-18 in the intestinal
epithelium. Nutrition and Cancer, 38, 192–199.

73. Iigo, M., Shimamura, M., Matsuda, E., Fujita, K., Nomoto, H.,
Satoh, J., et al. (2004). Orally administered bovine lactoferrin
induces casapse-1 and interleukin-18 in the mouse intestinal
mucosa: a possible explanation for inhibition of carcinogenesis
and metastasis. Cytokine, 25, 36–44.

74. Sakamoto, K., Ito, Y., Mori, T., & Sugimura, K. (2006).
Interaction of human lactoferrin with cell adhesion molecules
through RGD motif elucidated by lactoferrin-binding epitopes.
The Journal of Biological Chemistry, 281, 24472–24478.

75. McKeown, S. T.W., Lundy, F. T., Nelson, J., Lockhart, D., Irwin, C.
R., Cowan, C. G., et al. (2006). The cytotoxic effects of human
neutrophil peptides-1 (HNP1) and lactoferrin on oral squamous cell
carcinoma (OSCC) in vitro. Oral Oncology, 42, 685–690.

76. Mohan, K. V., Gunasekaran, P., Varalakshmi, E., Hara, Y., &
Nagini, S. (2007). In vitro evaluation of the anticancer effect of
lactoferrin and tea polyphenol combination on oral carcinoma
cells. Cell Biology International, 31, 599–608.

77. Letchoumy, P. V., Mohan, K. V., Stegeman, J. J., Gelboin, H. V.,
Hara, Y., & Nagini, S. (2008). In vitro antioxidative potential of
lactoferrin and black tea polyphenols and protective effects in
vivo on carcinogen activation, DNA damage, proliferation,
invasion, and angiogenesis during experimental oral carcinogen-
esis. Oncology Research, 2008(17), 193–203.

78. Mohan, K. V. P. C., Letchoumy, P. V., Hara, Y., & Nagini, S.
(2008). Combination chemoprevention of hamster buccal pouch
carcinogenesis by bovine milk lactoferrin and black tea poly-
phenols. Cancer Investigation, 26, 193–201.

79. Haba, R., Watanabe, S., Masahiro, W., & Udaka, S. (2004).
Effects of lactoferrin, soya germ and polyamine on 2-amino-
1methyl-6-phenylimidazo[4,5-b]-pyridine(PhIP)-induced breast
carcinogenesis in rats. Biofactors, 22, 127–131.

80. Ward, P. P., Paz, E., & Conneely, O. M. (2005). Multifunctional
roles of lactoferrin: a critical overview. Cellular and Molecular
Life Sciences, 22, 2540–2548.

81. McBride, D. (2007). Talactoferrin alpha receives fast-track
designation for the treatment of non-small cell lung cancer.
ONS Connect, 22, 14.

Cancer Metastasis Rev (2010) 29:511–528 525



82. Wang, Y., Raghunadharao, D., Raman, G., Doval, D., Advani,
S., Julka, P., et al. (2006). Adding oral talactoferrin to first-line
NSCLC chemotherapy safely enhanced efficacy in a randomized
trial. Journal of Clinical Oncology, 24, 187.

83. Hayes, T. G., Faclchook, G. F., Varadhachary, G. R., Smith, D.
P., Davis, L. D., Dhingra, H. M., et al. (2006). Phase I trial of
oral talactoferrin alfa in refractory solid tumors. Investigational
New Drugs, 24, 233–240.

84. Hayes, T. G., Falchook, G. S., & Varadhachary, A. (2010). Phase IB
trial of oral talactoferrin in the treatment of patients with metastatic
solid tumors. Investigational New Drugs, 28, 156–162.

85. Jonasch, E., Stadler, W. M., Bukowski, R. M., Hayes, T. G.,
Varadhachary, A., Malik, R., et al. (2008). Phase 2 trial of
talactoferrin in previously treated patients with metastatic renal
cell carcinoma. Cancer, 113, 72–77.

86. Bellamy, w, Takase, M., Wakabayashi, H., Kawase, K., &
Tomita, M. (1992). Antibacterial spectrum of lactoferricin-B, a
potent bactericidal peptide derived from the N-terminal region of
bovine lactoferrin. The Journal of Applied Bacteriology, 73,
472–479.

87. Sakai, T., Banno, Y., Kato, Y., Nozawa, Y., & Kawaguchi, M.
(2005). Pepsin-digested lactoferrin induces apoptotic cell death
with JNK/SAPK activation in oral cancer cells. Journal of
Pharmacological Sciences, 98, 41–48.

88. Mader, S. J., Salsman, J., Conrad, D. M., & Hoskin, D. W.
(2005). Bovine lactoferricin selectively induces apoptosis in
human leukemia and carcinoma cell lines. Molecular Cancer
Therapeutics, 4, 612–624.

89. Eliassen, L. T., Berge, G., Leknessund, A., Wikman, M., Lindin,
I., Lokke, C., et al. (2006). The antimicrobial peptide, Lacto-
ferricin B, is cytotoxic to neuroblastoma cells in vitro and
inhibits xenograft growth in vivo. International Journal of
Cancer, 119, 493–500.

90. Freiburgahus, C., Janicke, B., Lindmark-Mansson, H., Oredsson,
S. M., & Paulsson, M. A. (2009). Lactoferricin treatment
decreases the rate of cell proliferation of a human colon cancer
cell line. Journal of Dairy Science, 92, 247–2484.

91. Richardosn, A., de Antueno, R., Duncan, R., & Hoskin, D. W.
(2009). Intracellular delivery of bovine lactoferricin’s antimicro-
bial core (RRWQWR) kills T-leukemia cells. Biochemical and
Biophysical Research Communications, 388, 736–741.

92. Berge, G., Eliassen, L. T., Camilio, K. A., Bartnes, K.,
Sveinbjornsson, B., & Rekdal, O. (2010). Therapeutic vaccina-
tion against a murine lymphoma by intratumoral injection of a
cationic anticancer peptide. Cancer Immunology, Immunother-
apy, 59, 1285–1294. doi:10.1007/s00262-010-0857-6.

93. Yoo, Y. C., Watanabe, S., Wataanbe, R., Hata, K., Shimazaki, K.,
& Azuma, I. (1997). Bovine lactoferrin and lactoferricin, a
peptide derived from bovine lactoferrin, inhibit tumor metastasis
in mice. Japanese Journal of Cancer, 88, 184–190.

94. Mader, S., Smyth, D., Marshall, J., & Hoskin, D. W. (2006).
Bovine lactoferricin inhibits basic fibroblast growth factor- and
vascular endothelial growth factor165-induced angiogenesis by
competing for heparin-like binding sites on endothelial cells. The
American Journal of Pathology, 169, 1753–1766.

95. Dupont, E., Falardeu, P., Mousa, S. A., Dimitriadou, V., Pepin, M.
C., Wang, T., et al. (2002). Antiangiogenic and antimetastatic
properties of Neovastat (AE-941), an orally active extract derived
from cartilage tissue. Clinical & Experimental Metastasis, 19,
145–153.

96. Sheu, J. R., Fu, C. C., tsai, M. L., & Chung, W. J. (1998). Effect
of U-995, a potent shark cartilage-derived angiogenesis inhibitor,
on anti-angiogenesis and anti-tumor activities. Anticancer Re-
search, 18, 4435–4441.

97. Feyzi, R., Hassan, Z. M., & Mostafaie, A. (2003). Modulation of
CD4

+ and CD8
+ tumor infiltrating lymphocytes by a fractions

isolated from shark cartilage: shark cartilage modulates anti-tumor
immunity. International Immunopharmacology, 3, 921–926.

98. Hassan, Z. M., Feyzi, R., Sheikhian, A., Bargahi, A., Mostafaie,
A., Mansouri, K., et al. (2005). Low molecular weight fraction of
shark cartilage can modulate immune responses and abolish
angiogenesis. International Immunopharmacology, 5, 961–970.

99. Chen, J. S., Chang, C. M., Wu, J. C., & Wang, S. M. (2000).
Shark cartilage extract interferes with cell adhesion and induces
reorganization of focal adhesions in cultured endothelial cells.
Journal of Cellular Biochemistry, 78, 417–428.

100. Zeng, F., Xie, T. X., Yang, W. X., Zhang, Z. X., yu, J. X., &
Pang, Y. (2001). A preliminary study of purification and
bioactivity of a 12,000 shark cartilage angiogenesis inhibitor.
Chemical Journal of Chinese Universities, 2, 1462–1465.

101. Shen, X. R., Ji, D. M., hu, Y. Q., jia, F. X., Wang, L., Chu, Z. Y.,
et al. (2001). SCAIF80, a novel inhibitor of angiogenesis, and its
effect on tumor growth. Acta Biochimica et Biophysica Sinica,
33, 99–104.

102. Zeng, F., Yang, W. X., Cui, K. Y., Liu, W., Zhang, Z. X., Yu, J.
X., et al. (2003). Studies on purification and bioactivity of
17,400 shark cartilage angiogenesis inhibitor. Chemical Journal
of Chinese Universities, 24, 1588–1591.

103. Luo, H., Xu, J., & yu, X. (2007). Isolation and bioactivity of an
angiogenesis inhibitor extracted from the cartilage of Dasyatis
akajei. Asia Pacific Journal of Clinical Nutrition, 16, 286–289.

104. Kern, B. E., Balcom, J. H., Antoniu, B. A., Warshaw, A. L., &
Fernandez-del Castillo, C. (2003). Troponin I peptide (Glu94-
Leu123), a cartilage-derived angiogenesis inhibitor: in vitro and
in vivo effects on human endothelial cells and pancreatic cancer.
Journal of Gastrointestinal Surgery, 7, 961–969.

105. Bukowski, R. M. (2003). AE-941, a multifunctional antiangio-
genic compound: trials in renal cell carcinoma. Expert Opinion
on Investigational Drugs, 12, 1403–1411.

106. Barber, R., Delahun, B., Grebe, S. K. G., Davis, P. F., Thornton,
A., & Slim, G. C. (2001). Oral shark cartilage does not abolish
carcinogenesis but delays tumor progression in a murine model.
Anticancer Research, 21, 1065–1069.

107. Horsman, M. R., Alsner, J., & Overgaard, J. (1998). The effect
of shark cartilage extracts on the growth and metastatic spread of
the SCCVII carcinoma. Acta Oncologica, 37, 441–445.

108. Miller, D. R., Anderson, G. T., Stark, J. J., Granick, J. L., &
Richardson, D. (1998). Phase I/II trial of the safety and efficacy
of shark cartilage in the treatment of advanced cancer. Journal of
Clinical Oncology, 16, 3649–3655.

109. Loprinzi, C. L., Levitt, R., Barton, B. L., Sloan, J. A., Atherton,
P. J., Smith, D. J., et al. (2005). Evaluation of shark cartilage in
patients with advanced cancer: a North Central Cancer Treatment
Group Trial. Cancer, 104, 176–182.

110. Zheng, L., Ling, P., Wang, Z., Niu, R., Hu, C., Zhang, T., et al.
(2007). A novel polypeptide from shark cartilage with potent
anti-angiogenic activity. Cancer Biology & Therapy, 6, 775–780.

111. Abbani-Chadegani, A., Abdossamadi, S., Bargahi, A., & Yousef-
Masboogh, M. (2008). Identification of low-molecular weight
protein (SCP1) from shark cartilage with anti-angiogenesis
activity and sequence similarity to parvalbumin. Journal of
Pharmaceutical and Biomedical Analysis, 46, 563–567.

112. Murota, I., Tamai, T., Baba, T., Sato, R., Hashimoto, K., Park, E.
Y., et al. (2010). Uric acid lowering effect by ingestion of
proteolytic digest of shark cartilage and its basic fraction.
Journal of Food Biochemistry, 34, 182–194.

113. Sharon, N. (2008). Lectins: past, present, and future. Biochem-
ical Society Transactions, 36, 1457–1460.

114. Van Damme, E. J. M., Peumans, W. J., Barre, A., & Rouge, P.
(1998). Plant lectins: a composite of several distinct families of
structurally related and evolutionary related proteins with diverse
biological roles. Critical Reviews in Plant Sciences, 17, 575–692.

526 Cancer Metastasis Rev (2010) 29:511–528

http://dx.doi.org/10.1007/s00262-010-0857-6


115. Liu, B., Bian, H., & Bao, J. (2010). Plant lectins: potential
antineoplastic drugs from bench to clinic.Cancer Letters, 287, 1–12.

116. de Mejia, E. G., & Prisecaru, V. I. (2005). Lectins as bioactive
plant proteins: a potential in cancer treatment. Critical Reviews in
Food Science and Nutrition, 45, 425–445.

117. Pryme, I. F., Bardocz, S., Pusztail, A., & Ewen, S. W. B. (2006).
Suppression of growth of tumour cell lines in vitro and tumours
in vivo by mistletoe lectins. Histology and Histopathology, 21,
285–299.

118. Lin, P., & Ng, T. B. (2008). Preparation and biological properties
of a melibiose binding lectin from Bauhinia variegate seeds.
Journal of Agricultural and Food Chemistry, 56, 10481–10486.

119. Sharma, A., Ng, T. B., Wong, J. H., & Lin, P. (2009).
Purification and characterization of a lectin from Phaseolus
vulgaris cv. (Anasazi beans). Journal of Biomedicine &
Biotechnology, 2009, 929568.

120. Chen, J., Liu, B., Ji, N., Zhou, J., Bian, H., Li, C., et al. (2009).
A novel sialic acid-specific lectin from Phaseolus coccineus
seeds with potent antineoplastic and antifungal activities.
Phytomedicine, 16, 352–360.

121. Liu, B., Min, M., & Bao, J. K. (2009). Induction of apoptosis by
concanavalin A and its molecular mechanisms in cancer cells.
Autophagy, 5, 432–433.

122. Bhutia, S. K., Mallick, S. K., & Maiti, T. K. (2009). In vitro
immunostimulatory properties of Arbus lectins derived peptides
in tumor bearing mice. Phytochemistry, 16, 776–782.

123. Ghosh, D., & Maiti, T. K. (2007). Effects of native and heat-
denatured Abrus agglutinin on tumor-associated macrophages in
Dalton’s lymphoma mice. Immunobiology, 212, 667–673.

124. Khil, L. Y., Kim, W., Lyu, S., Park, W. B., Yoon, J. W., & Jun,
H. S. (2007). Mechanisms involved in Korean mistletoe lectin-
induced apoptosis of cancer cells. World Journal of Gastroen-
terology, 13, 2811–2818.

125. Ma, Y. H., Cheng, W. Z., Gong, F., Ma, A. L., Yu, Q. W., Zhang, J.
Y., et al. (2008). Active Chinese mistletoe lectin-55 enhances colon
cancer surveillance through regulating innate and adaptive immune
responses. World Journal of Gastroenterology, 14, 5274–5281.

126. Monira, P., Koyoma, Y., Fukutomi, R., Yasui, K., Isemura, M., &
Yokogoshi, H. (2009). Effects of Japanese mistletoe lectin on
cytokine gene expression in human colonic carcinoma cells and
in the mouse intestine. Biomedical Research, 30, 303–309.

127. Lyu, S. Y., & Park, W. B. (2009). Mistletoe lectin modulates
intestinal epithelial cell-derived cytokines and B cell IgA
secretion. Archives of Pharmacal Research, 32, 443–451.

128. Seifert, G., Jesse, P., Laengler, A., Reindl, T., Luth, M., Lobitz,
S., et al. (2008). Molecular mechanisms of mistletoe plant
extract-induced apoptosis in acute lymphoblastic leukemia in
vivo and in vitro. Cancer Letters, 264, 218–228.

129. Lavaster, V., Chiasson, S., Cavalli, H., & Girard, D. (2005).
Viscum album agglutinin-I (VAA-I) induces apoptosis and
degradation of cytoskeletal protein in human leukemia PLB-
985 and X-CGD cells via caspases: Lamin B1 is a novel target of
VAA-I. Leukemia Research, 29, 1443–1453.

130. Lavastre, V., Binet, F., Moisan, E., Chaisson, S., & Girard, D.
(2007). Viscum album agglutinin-I induces degradation of
cytoskeletal proteins in leukemia PLB-985 cells differentiated
toward neutrophils: cleavage of non-muscle myosin heavy chain-
IIA by caspases. British Journal Haematology, 138, 545–554.

131. Kovacs, E., Link, S., & Toffol-Schmidt, U. (2008). Comparison
of Viscum album QuFrF extract with vincristine in an in vitro
model of human B cell lymphoma WSU-1. Arzneimittelfor-
schung, 58, 592–597.

132. Thies, A., Dautel, P., Meyer, A., Pfuller, U., & Schumacher, U.
(2008). Low-dose mistletoe lectin-I reduces melanoma growth
and spread in a scid mouse xenograft model. British Journal of
Cancer, 98, 106–112.

133. Liu, B., Zhang, B., Min, M., Bian, H., Chen, L., Liu, Q., et al.
(2009). Induction of apoptosis by Polygonatum odoratum lectin
and its molecular mechanisms in murine fibrosarcoma L929
cells. Biochimica et Biophysica Acta, 1790, 840–844.

134. Peng, H., Lv, H., Wang, Y., Liu, Y., Li, C., Meng, L., et al.
(2009). Clematis Montana lectin, a novel mannose-binding lectin
from traditional Chinese medicine with antiviral and apoptosis-
inducing activities. Peptides, 30, 1805–1815.

135. Liu, Z., Liu, B., Zhang, Z. T., Zhou, T. T., Bian, H. J., Min,M.W., et
al. (2008). A mannose-binding lectin from Sophora flavescens
induces apoptosis in HeLa cells. Phytomedicine, 15, 867–875.

136. Freudlsperger, C., Thies, A., Pfuller, U., & Schumacher, U.
(2007). The proteasome inhibitor bortezomib augments anti-
proliferative effects of mistletoe lectin-I and the PPAR-γ agonist
rosiglitazone in human melanoma cells. Anticancer Research,
27, 207–214.

137. Sabova, L., Pilatova, M., Szilagyi, K., Sabo, R., & Mojzis, J.
(2010). Cytotoxic effect of mistletoe (Viscum album L.) extract
on Jurkat cells and its interaction with doxorubicin. Phytotherapy
Research, 24, 365–368.

138. Hernandez-Ledesma, B., Hsieh, C. C., & de Lumen, B. O.
(2009). Lunasin, a novel seed peptide for cancer prevention.
Peptides, 30, 426–430.

139. Galvez, A. F., & de Lumen, B. O. (1999). A soybean cDNA
encoding a chromatin-binding peptide inhibits mitosis of
mammalian cells. Nature Biotechnology, 17, 495–500.

140. Galvez, A. F., Chen, N., Macasieb, J., & de Lumen, B. O. (2001).
Chemopreventive property of a soybean peptide (lunasin) that
binds to deacetylated histones and inhibits acetylation. Cancer
Research, 61, 7473–7478.

141. Hsieh, E. A., Chai, C. M., de Lumen, B. O., Neese, R. A., &
Hellerstein, M. K. (2004). Dynamics of keratinocytes in vivo using
(H2O)-H2 labeling: a sensitive marker of epidermal proliferation
rate. The Journal of Investigative Dermatology, 123, 530–536.

142. Jeong, H. J., Park, J. H., Lam, Y., & de Lumen, B. O. (2003).
Characterization of lunasin isolated from soybean. Journal of
Agricultural and Food Chemistry, 51, 7901–7906.

143. Jeong, H. J., Lam, Y., & de Lumen, B. O. (2002). Barley lunasin
suppresses ras-induced colony formation and inhibits core
histone acetylation in mammalian cells. Journal of Agricultural
and Food Chemistry, 50, 5903–5908.

144. Jeong, H. J., Jeong, J. B., Kim, D. S., Park, J. H., Lee, J. B.,
Kweon, D. H., et al. (2007). The cancer preventive peptide
lunasin from wheat inhibits core histone acetylation. Cancer
Letters, 255, 42–48.

145. Jeong, J. B., Jeong, H. J., Park, J. H., Lee, S. H., Lee, J. R., Lee,
H. K., et al. (2007). Cancer-preventive peptide lunasin from
Solanum nigrum L. inhibits acetylation of core histones H3 and
H4 and phosphorylation of retinoblastoma protein (Rb). Journal
of Agricultural and Food Chemistry, 55, 10707–10713.

146. Jeong, H. J., Lee, J. R., Joeng, J. B., Park, J. H., Cheong, Y. K.,
& de Lumen, B. O. (2009). The cancer preventive seed peptide
lunasin from rye is bioavailable and bioactive. Nutrition and
Cancer, 61, 680–686.

147. Silva-Sanchez, C., dela Rosa, A. P. B., Leon-Galvan, M. F., de
Lumen, B. O., de Leon-Rodriguez, A., & de Mejia, E. G. (2008).
Bioactive peptides from amaranth (Amaranthus hypochondriacus)
seed. Journal of Agricultural and Food Chemistry, 56, 1233–1240.

148. Jeong, J. B., de Lumen, B. O., & Jeong, H. J. (2010). Lunasin
peptide purified from Solanum nigrum L. protects DNA from
oxidative damage by suppressing the generation of hydroxyl
radical via blocking fenton reaction. Cancer Letters, 293, 58–64.

149. Lam, Y., Galvez, A., & de Lumen, B. O. (2003). Lunasin™
suppresses E1A-mediated transformation of mammalian cells but
does not inhibit growth of immortalized and established cancer
cell lines. Nutrition and Cancer, 47, 88–94.

Cancer Metastasis Rev (2010) 29:511–528 527



150. Dia, V. P., Wang, W., Oh, V. L., de Lumen, B. O., & de Mejia, E.
G. (2009). Isolation, purification and characterisation of lunasin
from defatted soybean flour and in vitro evaluation of its anti-
inflammatory activity. Food Chemistry, 114, 108–115.

151. de Mejia, E. G., & Dia, V. P. (2009). Lunasin and lunasin-like
peptides inhibit inflammation through suppression of NF-kappa
B pathway in the macrophage. Peptides, 30, 2388–2398.

152. Hernandez-Ledesma, B., Hsieh, C. C., & de Lumen, B. O. (2009).
Antioxidant and anti-inflammatory properties of cancer preventive
peptide lunasin in RAW 264.7 macrophages. Biochemical and
Biophysical Research Communications, 390, 803–808.

153. de Mejia, E. G., Wang, W. Y., & Dia, V. P. (2010). Lunasin, with
an arginine–glycine–aspartic acid motif, causes apoptosis to
L1210 leukemia cells by activation of caspase-3. Molecular
Nutrition & Food Research, 54, 406–414.

154. Dia, V. P., & de Mejia, E. G. (2010). Lunasin promotes apoptosis in
human colon cancer cells by mitochondrial pathway activation and
induction of nuclear clusterin expression. Cancer Letters, 295, 44–53.

155. Hsieh, C. C., Hernandez-Ledesma, B., Jeong, H. J., Park, J. H.,
& de Lumen, B. O. (2010). Complementary roles in cancer
prevention: protease inhibitor makes the cancer preventive
peptide lunasin bioavailable. PLoS ONE, 5, e8890.

156. Dia, V. P., Torres, S., de Lumen, B. O., Erdman, J. W., & de
Mejia, E. G. (2009). Presence of lunasin in plasma of men after
soy protein consumption. Journal of Agricultural and Food
Chemistry, 57, 1260–1266.

157. Yeh, C. L., Pai, M. H., Li, C. C., Tsai, Y. L., & Yeh, S. L. (2010).
Effect of arginine on angiogenesis induced by human colon
cancer: in vitro and in vivo studies. The Journal of Nutritional
Biochemistry, 21, 539–543.

158. Yeh, C. L., Hsu, C. S., Chen, S. C., Hou, Y. C., Chiu,W. C., &Yeh, S.
L. (2007). Effect of arginine on cellular adhesionmolecule expression
and leukocyte transmigration in endothelial cells stimulated by
biological fluid from surgical patients. Shock, 28, 39–44.

159. Chou, S. Y., Hsu, C. S., Hsu, M. Y., Liang, S. J., Yeh, C. L., &
Yeh, S. L. (2009). Effects of different arginine concentrations on
angiogenic protein production induced by HeLa cells. Nutrition,
26, 818–822.

160. Rose, M. L., Madren, J., Bunzendahl, H., & Thruman, R. G.
(1999). Dietary glycine inhibits the growth of B16 melanoma
tumors in mice. Carcinogenesis, 20, 793–798.

161. Rose, M. L., Cattley, R. C., Dunn, C., Wong, V., Li, X., & Thurman,
R. G. (1999). Dietary glycine prevents the development of liver
tumors caused by the peroxisome proliferator WY-14, 643.
Carcinogenesis, 20, 2075–2081.

162. Yoshiji, J., Noguchi, R., Kaji, K., Ikenaka, Y., Shirai, Y.,
Namisaki, T., et al. (2010). Attenuation of insulin-resistance-
based hepatocarcinogenesis and angiogenesis by combined
treatment with branched-chain amino acids and angiotensin-
converting enzyme inhibitor in obese diabetic rats. Journal of
Gastroenterology, 45, 443–450.

163. Kobayashi, H., Yoshida, R., Kanada, Y., Fukuda, Y., Yagyu, T.,
Inagaki, K., et al. (2005). Suppression of lipopolysaccharide-
induced cytokine production of gingival fibroblasts by a
soybean, Kunitz trypsin inhibitor. Journal of Periodontal
Research, 40, 461–468.

164. Kobayashi, H., Yoshida, R., Kanada, Y., Fukuda, Y., Yagyu, T.,
Inagaki, K., et al. (2005). A soybean Kunitz trypsin inhibitor reduces
tumor necrosis factor-α production in ultraviolet-exposed primary
human keratinocytes. Experimental Dermatology, 14, 765–774.

165. Lei, H. Y., & Chang, C. P. (2007). Induction of autophagy by
concanavalin A and its application in anti-tumor therapy.
Autophagy, 3, 402–404.

166. Liu, B., Cheng, Y., Bian, H. J., & Bao, J. K. (2009). Molecular
mechanisms of Polygonatum cyrtonema lectin-induced apoptosis
and autophagy in cancer cells. Autophagy, 5, 253–255.

167. Liu, B., Cheng, Y., Zhang, B., Bian, H. J., & Bao, J. K. (2009).
Polygonatum cyrtonema lectin induces apoptosis and autophagy
in human melanoma A375 cells through a mitochondria-
mediated ROS-p38–p53 pathway. Cancer Letters, 275, 54–60.

168. Chang, C. P., & Lei, H. Y. (2008). Autophagy induction in T
cell-independent acute hepatitis induced by concanavalin A in
scid/nod mice. International Journal of Immunopathology and
Pharmacology, 21, 817–826.

169. Augustin, M., Bock, P. R., Hanisch, J., Karasmann, M., &
Schneider, B. (2005). Safety and efficacy of the long term adjuvant
treatment of primary intermediate- to high-risk malignant melano-
ma (UICC/AJCC stage II and III) with a standardized fermented
European mistletoe (Viscum album L.) extract—results from a
multicenter, comparative, epidemiological cohort study in Ger-
many and Switzerland. Arzneimittelforschung, 55, 38–49.

170. Mabed, M., El-Helw, L., & Shamaa, S. (2004). Phase II study of
viscum fraxini-2 in patients with advanced hepatocellular
carcinoma. British Journal of Cancer, 90, 65–69.

171. Schoffski, P., Riggert, S., Fumoleau, P., Campone, M., Bolte, O.,
Marreaud, S., et al. (2004). Phase I trial of intravenous aviscumine
(rViscumin) in patients with solid tumors: a study of the European
Organization for Research and Treatment of Cancer New Drug
Development Group. Annals of Oncology, 15, 1816–1824.

172. Malkowicz, S. B., McKenna, W. G., Vaughn, D. J., Wan, X. S.,
Propert, K. J., Rockwell, K., et al. (2001). Effects of Bowman–
Birk inhibitor concentrate (BBIC) in patients with benign
prostatic hyperplasia. The Prostate, 48, 16–28.

173. Armstrong, W. B., Kennedy, A. R., Wan, X. S., Atiba, J., McLaren,
E., & Meyskens, F. L. (2000). Single-dose administration of
Bowman–Birk inhibitor concentrate in patients with oral leukopla-
kia. Cancer Epidemiology, Biomarkers & Prevention, 9, 43–47.

174. Armstrong, W. B., Kennedy, A. R., Wan, X. S., Taylor, T. H.,
Nguyen, Q. A., Jensen, J., et al. (2000). Clinical modulation of
oral leukoplakia and protease activity by Bowman–Birk inhibitor
concentrate in a phase IIa chemoprevention trial. Clinical Cancer
Research, 6, 4684–4691.

528 Cancer Metastasis Rev (2010) 29:511–528


	The role of nutraceutical proteins and peptides in apoptosis, angiogenesis, and metastasis of cancer cells
	Abstract
	Overview
	Plant protease inhibitors
	Lactoferrin and lactoferricin
	Shark cartilage
	Plant lectins
	RGD-containing peptide: lunasin
	Amino acids
	Concluding remarks
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


