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Abstract

Cancer is the major health problem around the world. Research efforts in last few decades have
been successful in providing better and effective treatments against both early stage and localized
cancer but clinical options against advanced metastatic stage/s of cancer remain limited. The high
morbidity and mortality in most of the cancers are attributed to their metastatic spread to distant
organs. Due to its extreme clinical relevance, the metastasis has been extensively studied and is
now understood as a highly complex biological event that involves multiple steps including
acquisition of invasiveness by cancer cells, intravasation into circulatory system, survival in the
circulation, arrest in microvasculature, extravasation and growth at distant organs. The increasing
understanding of molecular underpinnings of these events has provided excellent opportunity to
target metastasis especially through non-toxic and biologically effective nutraceuticals. Silibinin, a
popular dietary supplement isolated from milk thistle seed extracts, is one such natural agent that
has shown biological efficacy through pleiotropic mechanisms against variety of cancers and is
currently in clinical trials. Recent pre-clinical studies have also shown strong efficacy of silibinin
to target cancer cell’s migratory and invasive characteristics as well as their ability to metastasize
to distant organs. Detailed mechanistic analyses revealed that silibinin targets signaling molecules
involved in the regulation of epithelial-to-mesenchymal transition (EMT), proteases activation,
adhesion, motility, invasiveness as well as the supportive tumor-microenvironment components,
thereby inhibiting metastasis. Overall, the long history of human use, remarkable non-toxicity and
pre-clinical efficacy strongly favor clinical use of silibinin against advanced metastatic cancers.
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Cancer metastasis

Cancer is a major public health problem in the United States and other parts of the world.
According to the American Cancer Society, a total of 1,479,350 new cancer cases and
562,340 deaths from cancer were estimated to occur in the United States in 2009 [1].
Although progress has been made towards reducing the cancer incidence and mortality rates
as well as improving survival, cancer still accounts for more deaths than heart disease in
persons younger than 85 years of age [1]. The morbidity and mortality due to cancer are
primarily determined by the stage of its diagnosis. For example, in prostate cancer patients
diagnosed at early stage of the disease with only localized growth of the cancer, 5 year
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survival rate is high and is near to 100% [2-4]. However, in late stage prostate cancer
patients, where disease has spread to distant organs, the median survival of patients is
reduced to only 12-15 months [2-4]. The tendency of cancer cells to spread to distant
organs in the body is known as ‘metastasis’ and is considered responsible for more than 90%
of cancer-associated deaths [5-7]. Most patients with metastatic disease respond only
transitely to conventional treatments and ultimately succumb to this disease. Due to its
extreme clinical relevance, the biological underpinnings of metastasis have been extensively
studied [5,8-10].

Metastasis is now known as an extremely complex, multi-step and multi-functional
biological event that eventually leads to death of the cancer patients [5,6,11]. During
metastasis, cancer cells acquire motility, invade locally and enter into the systemic blood
circulation (intravasation), survive in the circulation, arrest in microvasculature and
subsequently extravasate and grow at distant organs (Fig. 1) [2,9,12,13]. In this complex
phenomenon of cancer cells dissemination, acquisition of motility and invasiveness are the
first major events during which cancer cells shed many of their epithelial characteristics,
undergo drastic cyotskeletal alterations and acquire highly motile and invasive mesenchymal
phenotype [14,15]. These series of changes in cancer cells have been termed as epithelial-to-
mesenchymal transition (EMT) and is reminiscent of the highly conserved and fundamental
process of EMT that occurs during early embryonic development [10]. The role of EMT in
cancer progression has been well established now, and presumed an indispensable
component of metastasis by cancer cells [15]. Next, the motile and invasive cancer cells in
the primary tumors detach, invade and intravasate into blood or lymphatic circulatory
system (Fig. 1). In the circulation, cancer cells interact with platelets and leucocytes to
create aggregates or emboli, which protect them from the shear stress as well as immune
response of the body (Fig. 1) [13,16,17]. The formation of these aggregates by cancer cells
also support their settling in the capillaries of distant organs, extravasation and initial growth
at distant organ site (Fig. 1) [9,18]. Once established at the distant metastatic site, many
cancer cells recapitulate the differentiated phenotype of the primary tumors through a
process called mesenchymal-to-epithelial transition (MET) [8,15]. Therefore, the important
steps that enable metastasis appear to be reversible indicating the existence of dynamic
components in human tumor progression.

One of the peculiar features of cancer cells is their propensity to metastasize to specific
organ/s [19]. For example, prostate cancer cells mainly metastasize to bones; advanced
colon cancer cells frequently spread to liver; lung cancer cells settle in adrenal glands, liver,
brain and bone; melanomas migrate to liver, brain and skin; and breast cancer cells
preferentially metastasize to lung and bones. Over a century ago, Stephen Paget first
reported a non-random pattern of metastasis of cancer cells to certain organs while analyzing
autopsy records of 735 women who endured breast cancer [13,19]. He proposed “seed and
soil hypothesis”, in which he compared the metastasis of cancer cells to the dispersal of the
seeds by plants. He postulated that seeds (‘cancer cells’) can grow only in a congenial soil
(“specific distant organ microenvironment’). According to this theory, osteotropic cancer
cells like breast, prostate or lung, possess certain intrinsic properties that enable them to
grow in the bone; and the bone microenvironment provides a fertile soil for their growth.
This theory, which placed main emphasis on the compatibility between metastatic cancer
cells and their microenvironment, was contested by James Ewing, who alternatively
proposed that metastatic propensity of cancer cells is mostly dictated by circulatory patterns,
and that metastasizing cancer cells would settle in organ/s to which they have the maximum
vascular access [19]. Subsequent analyses of patterns of metastatic spread showed that
although regional recurrences are highly dependent on the efficiency of vascular perfusion,
distant metastatic recurrence for most cancers is non-random phenomenon, with no
correlation with anatomically defined patterns of lymphatic or hematogenous circulation
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[20,21]. For example, Batson and others showed that vertebral venous system enables cancer
cells from the pelvic region and breast to by-pass the pulmonary circulation, and could be
responsible for the high propensity of breast and prostate cancer cells to produce metastasis
in the axial skeleton [22,23]. However, this explanation alone does not explain the high
incidence of metastasis of these cancer cells to other bones and organs. Recent molecular
studies have identified the unique genetic signatures in cancer cells that mediate their organ-
specific pattern of metastatic colonization [11,24-26]. Thus, Paget’s “seed and soil
hypothesis™ has still prevailed, and currently the molecular determinants of both seed and
soil (tumor and its microenvironment) are rigorously investigated.

Now it is well appreciated that the interaction between cancer cells and their local
microenvironment is crucial towards each step of cancer progression including their
metastasis [9,27]. The success of metastasis is considered to be dependent on the cumulative
ability of cancer cells to appropriately respond to the distinct microenvironment at each step
in the metastatic cascade starting from primary tumor growth to final metastatic site (Fig. 1).
The tumor microenvironment comprises diverse cell populations including endothelial cells
of the blood and lymphatic circulation, stromal fibroblasts and a variety of bone marrow-
derived cells (BMDCs) including macrophages, myeloid-derived suppressor cells,
monocytes and mesenchymal stem cells. These vast variety of cells play vital role in tumor
growth, angiogenesis, invasion, intravasation, immune-suppression and distant metastatic
growth [9]. Beside these cells, at distant site, cancer cells also interact with the local cellular
components, invariably to its own advantage. For example, after extravasation into bone,
breast cancer cells interact with osteoclasts and promote their osteoclastic activity towards
greater bone resorption [13]. The local bone resorption debulks the bone, thereby providing
space for cancer cells, and also releases survival factors and growth factors that promote
breast cancer cells proliferation in their new home [13]. Recent studies suggest that
interaction between cancer cells and their microenvironment need not be a local event, and
the communication between cancer cells and their distant site microenvironment could occur
even before actual metastasis [28,29]. Kaplan et al. showed that cancer cells at the primary
site secrete factors which mobilize the bone-marrow derived hematopoietic progenitor cells
(HPCs) to create favorable niche (termed as ‘premetastatic niche’) at the target distant
organs before the arrival of metastatic cancer cells [28]. However, few other studies
contradict this role of primary tumors in metastasis and point that the presence of primary
tumor inhibits metastasis, while the removal of primary tumor promotes metastatic growth
[30,31]. These disparate studies further suggest the complexity of cancer metastasis as well
as the need for more studies to clearly understand the dynamic interaction between cancer
cells and their microenvironment.

It’s now largely accepted that a sub-population of cancer cells called ‘cancer stem cells
(CSCs)’ are primarily responsible for the initiation and growth of most of the cancers
[32,33]. Recent studies suggest that stem cell population not only sustains the growth as well
as heterogeneity of the primary tumors by deregulating the balance between “self-renewal’
and “differentiation’ but also their dissemination into surrounding tissues as well as distant
organs [7,33,34]. It is believed that only cancer stem-like cells possess the necessary genetic
plasticity to adapt to ever-changing microenvironment during the different steps of
metastasis. This argument is supported by the fact that only a minute population of
circulating cancer cells (probably less than 0.01%) has the ability to establish successful
metastasis [9,35,36]. It has also been proposed that the EMT in cancer cells not only
provides motility and invasiveness but also increases the stem cell-like characteristics of
metastasizing cells [7,8,37]. The exact role of cancer stem cells or stem-like cells in
metastasis is still being scrutinized but this concept further enhances the degree of
complexity of this biological phenomenon.
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As summarized above, metastasis is an extremely complex phenomenon and is critical in
our efforts to lower the cancer-associated morbidity and mortality; however, treating
patients with advance metastatic stage has remained a big challenge. Currently,
chemotherapy, radiotherapy, hormone therapy, biological therapy, surgery or a combination
of these therapies is employed to treat advance stage cancer patients. But in most cases,
these therapies either alone or in combinations provide only a marginal or no survival
benefit [38-40]. The clinical effectiveness of most of these therapies is constrained by the
fact that during metastasis cancer cells spread to different organs, which incidentally also
cause greater systemic toxicity. Further, current diagnostics have limited capability to
identify the extent and spread of micro-metastasis in the body, thereby, making it practically
impossible to fully wipe-out metastatic cells from the body. Furthermore, due to significant
toxicity, the application of current therapeutic regimes is limited by the patient’s age or
overall health, and in such situations patients have limited treatment options, if none. Not
only current therapeutics have inadequate effectiveness, the cost of these treatments is
exorbitant putting a great burden on the state exchequer. The finance side of treating the
advance metastatic stage of the disease is relatively critical in developing economies with
scant resources, and most of the treatments remain out of the reach of the patients [41,42].
Overall, the ineffectiveness, significant toxicity issues and exorbitant cost associated with
current treatment regimes demand a fresh look at our approaches toward treating the
advanced metastatic stage of cancer.

There are increasing evidences that nutraceutical agents are important in the prevention and
intervention of cancer [43-48]. There are evidences that dietary/non-dietary agents and life
style not only determine the cancer incidences but could also affect growth and progression
or aggressiveness of the cancer cells [43,49-52]. The use of nutraceutical agents in
prevention and intervention of metastasis is very attractive based upon the facts that these
agents are already in human use and have limited or no-toxicity issues; target multiple
events associated with metastasis through several mechanisms thereby limiting the chances
of developing resistance by cancer cells; and are comparatively economical and could be
used practically even in aged patients or in patients with compromised health. Overall, the
list of nutraceuticals agents with efficacy against cancer metastasis is growing steadily and
few of these agents have already entered the clinical phase [44,53-56]. The focus of present
review is on the anti-metastatic efficacy of one such nutraceuticals agent, namely Silibinin

(Fig. 2).

Silibinin: Source, metabolism, bioavailability and anti-cancer efficacy

Silibinin (Cy5H2,010, molecular weight, 482.44) is isolated from the seeds of Slybum
marianum (L.) Gaertn (Family Asteraceae), which is also known as milk thistle. Milk thistle
extract has centuries-old history of use in folk medicine to treat variety of illnesses including
jaundice, gallstones, hemorrhage, bronchitis, varicose vein, and for several other purposes.
In recent times, it is more popular for the prevention and/or treatment of various liver
disorders like viral hepatitis, fatty liver associated with long term alcohol use, liver damage
from drugs & industrial toxins such as carbon tetrachloride [48,57]. It is also considered a
powerful antidote against poisoning by death cap mushroom (Amanita phalloides) [57,58].
German commission E has recommended its use for dyspeptic complaints and liver
conditions, including toxin-induced liver damage and hepatic cirrhosis, also as a supportive
therapy for chronic inflammatory liver conditions [59]. Milk thistle extract or silibinin is
currently not approved for any medical use in the United States, but sold as a dietary
supplement; it is one of the most frequently sold herbal products in the United States [59].

The standardized milk thistle extract contains approximately 70-80% of the defined
flavonoids and flavonolignans (together known as “silymarin’), and approximately 20-30%
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chemically undefined fractions, compromising mostly of polyphenols and aliphatic fatty
acids (---). Silibinin is the main component of silymarin complex and constitutes about 50—
60% of it depending upon the formulation [60]. Silymarin is considered to be primarily
conjugated and excreted into bile and urine and appears to have minimal phase |
metabolism; however, limited data exist suggesting the role for phase 1l metabolic pathways
and transporters [61-63]. Pharmacokinetic analysis of silymarin (where silibinin is the major
active constituent) given to healthy volunteers has revealed that flavonoids present therein
are rapidly metabolized to their conjugates such as sulfates and glucuronides, and can be
detected in the human plasma [61]. It is also observed that conjugated silibinin metabolites
had slower elimination as compared to free silibinin [61]. Now it is confirmed that silibinin
is composed of 1:1 mixture of two diastereoisomers silybin A and silybin B [60]. Recent
metabolic studies illustrated that silybin B is more efficiently glucuronidated compared to
silybin A suggesting a stereoselectivity in their metabolism [61].

Silibinin is known to have poor bioavailability because of two main reasons, namely it has
multi-ring structure (Fig. 2) that is too large to be absorbed by simple diffusion and that
silibinin has poor miscibility with oils and other lipids, severely limiting its ability to cross
the lipid-rich outer membrane of the enterocytes of the small intestine [64]. Therefore, there
have been several efforts to prepare silibinin formulations to increase its bioavailability [65—
67]. In this regard, silibinin has been complexed with phosphatidylcholine, this formulation
is known as ‘Silipide’ (trade name *Siliphos’). Pharmacokinetic studies in healthy subjects
have clearly shown the higher absorption of silibinin in the plasma and liver from siliphos
compare to conventional silibinin [65,68]. Siliphos tested in prostate cancer patients and
colon cancer patients also revealed high plasma bioavailability [55,56,69]. Comparative
analyses of two clinical studies revealed high bioavailability of silibinin in the colon tissue
but a poor levels into prostate tissue [55,69], suggesting the organs specific differences in
the silibinin bioavailability following oral administration. Recently, the bioavailability of
silibinin was reported to be significantly enhanced when administered in beagle dogs as
silibinin-nanosuspensions [67]. This study also suggests that uptake and bioavailability of
silibinin could be further enhanced through altering the nanoparticle size [67]. Overall,
recent efforts toward increasing the bioavailability of silibinin are promising and
encouraging.

The anti-cancer efficacy of silibinin is clearly evident from the published reports against
various cancers in last two decades, which were mainly through targeting proliferation,
apoptosis, inflammation, angiogenesis and cancer cell metabolism (summarized in Table 1).
Silibinin is known to activate cellular-check points and cyclin-dependent kinase inhibitors
(CDKIs), decrease the levels of both cyclins and CDKs, and to induce strong cell cycle
arrest in cancer cells [70-72]. Silibinin also targets CDK-CDKI interaction, CDK kinase
activity, Rb phosphorylation, and E2Fs in cancer cells [70,71,73]. Silibinin treatment
stimulates apoptotic machinery (both extrinsic and intrinsic) and induces apoptotic death in
various cancer cells [74-78]. Silibinin has also been reported to possess remarkable anti-
angiogenic efficacy through targeting VEGF, VEGF receptors and iNOS [79-81].
Additionally, silibinin is reported to target an array of cellular signaling pathways and
molecules including EGFR, MAPKs, AP1, HIF-1a, STATSs, PI3K/Akt, B-catenin, IGF-
IGFBP3, NF-xB, COX2 etc; and these molecular alterations contribute toward most of
silibinin’ biological effects [82-89]. Recent studies have clearly shown that silibinin also
possesses strong anti-invasive and anti-metastatic efficacy against various cancers, and these
studies along with mechanistic details are discussed next.

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 February 19.
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Details of broad-spectrum anti-metastatic efficacy of silibinin

There are numerous studies suggesting the broad-spectrum efficacy of silibinin in inhibiting
cancer metastasis. These studies are elaborated in detail below:

Prostate cancer

We first reported the anti-metastatic potential of silibinin in TRAMP (Transgenic
Adenocarcinoma of the Mouse Prostate) mice, which is a most-frequently utilized pre-
clinical model to evaluate the in vivo efficacy of cancer chemopreventive and therapeutic
agents against prostate cancer. In this model, mice develop spontaneous progressive stages
of prostate cancer that is driven by the expression of SV40 early genes (T/t; Tag)
specifically in the prostatic epithelium. In these mice, all stages of human prostate cancer are
recapitulated from early lesions of prostate intraepithelial neoplasia (PIN) to late stage
metastatic adenocarcinoma. We reported that silibinin feeding (as siliphos) for 11 weeks
(20-31 weeks of TRAMP male mice age) strongly inhibits the progression of PIN into the
advanced stages of prostate cancer [90]. Importantly, in this study, silibinin feeding strongly
inhibited the local invasion of prostate cancer cells to seminal vesicle [90]. Further, a
phenomenal anti-metastatic effect of silibinin was reported with no secondary tumors in
distant organs (liver and kidney) in silibinin-fed mice [90]. The strong anti-metastatic
efficacy of silibinin in TRAMP mice model was also evident where silibinin was fed in a
stage specific manner [80]. This study showed that TRAMP mice develop distant metastasis
between 12-20 week age and number of metastatic lesion increases with the increasing age
of the mice [80]. However, in this study, silibinin feeding during 12—20 weeks (age of
TRAMP mice) significantly inhibited the lung metastasis; it also strongly decreased the
metastasis to liver, lung and kidney when fed between 20-30 and 30-45 weeks of TRAMP
mice age [80]. These two studies clearly established the strong anti-metastatic efficacy of
silibinin in prostate cancer cells in vivo.

Anti-migratory and anti-invasive efficacy of silibinin has also been reported in numerous
cell culture studies [91-94]. Mokhtari et al. reported that silibinin treatment strongly inhibits
migratory potential of human prostate carcinoma PC3 cells [91]. In another study, Wu et al.
reported the dose-and time-dependent inhibitory effects of silibinin on the migratory and
invasive characteristics of highly bone metastatic ARCaP(M) cells [93]. We have also
observed similar strong inhibitory effect of silibinin on the migratory and invasive potential
of three human prostate cancer cell lines namely PC3, PC3MM2 and C4-2B cells in wound
healing and invasion chamber assays, respectively [94]. Importantly, in these studies the
anti-invasive and anti-migratory effect of silibinin was evident at concentrations where its
cytotoxicity to cancer cells was minimal [91,93,94].

Cell-matrix interaction replaces cell-cell interaction during EMT in cancer cells, and plays
important role in the growth, motility and invasiveness of cancer cells [14,15]. Silibinin
treatment has been reported to significantly decrease the adhesion of PC3 cells with type |
collagen [91]. It is important to mention here that bones are rich in type | collagen, therefore,
interaction of prostate cancer cells with type I collagen is also important at distant metastatic
bone site. Silibinin treatment also inhibited the adhesion of human prostate cancer PC3M
cells with ECM proteins hyaluronan and fibronectin through targeting the expression of
transmembrane protein CD44 and its variant form CD44v7-10 [95]. These studies suggest
that silibinin treatment significantly attenuates the interaction of prostate cancer cells with
their ECM components, which could adversely affect their motility and invasiveness.

As mentioned earlier, prostate cancer cells have high propensity to metastasize to bones [3].
During bone metastasis, prostate cancer cells even express genes like osteocalcin, bone
sialoprotein, osteopontin, RANK ligand (RANKL), whose expression is normally restricted
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to bone cells [13,96]. This phenomenon is termed as ‘osteomimicry” and is considered as an
extreme effort by prostate cancer cells to adapt to their microenvironment. Our unpublished
data has shown that silibinin could target many osteomimicry related proteins such as
RANKL in prostate cancer cells. Once settled in bones, prostate cancer cells alter the
delicate balance of bone remodeling orchestrated by two types of bone cells namely
osetoclasts (involved in bone degradation) and osteoblasts (involved in bone formation)
[12,13,96]. Prostate cancer cells secrete factors like RANKL, PTHrP (parathyroid hormone-
related peptide) and uPA (urokinase-type plasminogen activator) that are involved in
osetoclasts maturation and activation; thereby promote bone mineralization and liberation of
various growth factors including TGF-f, IGFs, BMPs, PDGF etc [12,13,96]. Bone
degradation provides prostate cancer cells the initial space to expand, and the released
growth factors promote prostate cancer cell survival and proliferation. These growth factors
secreted by bone degradation and those secreted by prostate cancer cells like endothelin-1
(ET-1), BMPs, Wnts, promote osteoblasts maturation and formation of new bone [12,13,96].
Mature osteoblasts also secrete growth factors which further promote prostate cancer cells
growth in bone [13,96]. Overall, this vicious cycle involving prostate cancer cells,
osteoclasts and osteoblasts promotes bone degradation as well as deposition of new ‘woven
type bone’ (uneven/immature/embryonic), and thereby compromises bone health and leads
to bone complications in prostate cancer patients. Since the initiation of osteoclastogenesis is
the critical step in the establishment of prostate cancer growth in bone; targeting
osteoclastogenesis has been considered a novel strategy against the bone metastasis by
prostate cancer cells. Importantly, silibinin has been reported to significantly target
osteoclastogenesis [97,98]. Kim et al. reported that silibinin treatment strongly inhibits
RANKL-induced osteoclastogenesis in pre-osteoclastic RAW264.7 cells and in bone
marrow-derived monocyte/macrophage cells [97]. This study also showed that silibinin
significantly decreases TNF-a-induced osteoclastogenesis in osteoclast precursor cells from
bone marrow [97]. Silibinin treatment also inhibited the osteoclastogenesis in bone marrow
cells incubated directly with osteoblasts in the presence of 1,25(0H)2D3 [97]. In our
ongoing studies, we observed that the exposure of RAW?264.7 cells to the conditioned media
from prostate cancer cells increases their osteoclastic activity as well as number of
differentiated osteoclasts [98]. However, conditioned media collected from silibinin pre-
treated prostate cancer cells (PC3, PC3MM2 and C4-2B) has significantly lesser potency to
induce osteoclastic activity or osteoclastic differentiation in RAW264.7 cells [98]. These
studies clearly suggest that silibinin treatment could alter the tumor microenvironment
towards lowering the metastatic growth of prostate cancer cells.

Breast cancer

Breast cancer is one of the leading causes of cancer-related incidences and mortality among
women [1]. In most breast cancer cases, death occurs due to metastatic spread of cancer cells
to distant organs mainly to bone, liver, lung and brain. Provinciali et al. first studied the
effect of silibinin treatment (in the form of silipide) on the development of mammary tumors
in HER-2/neu transgenic mice [99]. In these mice, the overexpression of HER-2/neu is
under the control of the mouse mammary tumor virus promoter, and these mice
spontaneously develop tumors in their mammary glands at an early age. This study showed
that silibinin treatment delays the development of spontaneous mammary tumors and
reduces the number of mammary tumor masses [99]. Importantly, in this study, silibinin
treatment significantly reduced the percentage of mice with lung metastasis as well as the
mean size of lung metastasis [99]. This anti-cancer efficacy of silibinin was mainly
attributed to the down-regulation of HER-2/neu expression, and the induction of senescent-
like growth arrest and apoptosis through a p53-mediated pathway [99]. In another in vitro
study, Lee et al. reported that silibinin treatment significantly inhibits the PMA (phorbol 12-
myristate)-induced invasiveness of MCF-7 human breast carcinoma cells [100]. These in
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vivo and in vitro studies suggest that silibinin could effectively inhibit metastasis of breast
cancer cells.

Lung Cancer

Lung cancer is the most common cause of death due to cancer in both men and women
around the world. Lung cancer cells tend to metastasize very early after their primary
growth, and that is one of the reasons that lung cancer is a very life-threatening cancer and
one of the most difficult cancers to treat. While lung cancer can spread to any organ in the
body, certain organs like adrenal glands, liver, brain and bone are the most common sites for
lung cancer metastasis. Chen et al. analyzed the effect of silibinin feeding on the metastatic
potential of Lewis lung carcinoma cells injected sub-cutaneously in C57BL/6 male mice
[101]. This study showed that silibinin treatment significantly decreases the tumor mass,
tumor volume as well as lung metastases [101]. In another study, Chu et al. showed that
silibinin treatment exerts a dose- and time-dependent inhibitory effect on the migratory and
invasive potential of human lung cancer A549 cells [102]. These studies suggest that
silibinin could effectively target the invasive and metastatic potential of lung cancer cell.

Osteosarcoma

Oral Cancer

Osteosarcoma is the most common primary malignant tumor of the bone, and 80% of
osteosarcoma patients develop pulmonary and hepatic metastases. Hsieh et al. showed that
silibinin treatment significantly decreases the migratory and invasive potential of
osteosarcoma MG-63 cells [103]. Silibinin treatment also inhibited the adhesive capability
of MG-63 cells towards type IV collagen [103]. Further studies are awaited to confirm the in
vivo anti-metastatic efficacy of silibinin against osteosarcoma cells.

Squamous cell carcinoma of the tongue is a common malignancy of the oral cavity and these
cancer cells usually metastasize to lymph nodes of the neck. Study by Chen et al. showed
the inhibitory effect of silibinin on the migratory and invasive potential of human tongue
squamous cell carcinoma cells in vitro [101]. Silibinin treatment also affected the interaction
of these cancer cells with type | collagen [101]. These in vitro studies still need to be
confirmed in in vivo model of oral cancer metastasis.

Mechanistic details of silibinin anti-metastatic efficacy

Silibinin targets most of the metastatic events shown in Fig. 1, and in this section we have
detailed possible mechanisms that contribute to strong anti-metastatic efficacy of silibinin.

Silibinin targets EMT in cancer cells

EMT is a dynamic, multistep and highly coordinated process that includes the loss of inter-
cellular junctions, disruption of the tumor basement membrane, activation and
rearrangement of the cytoskeleton resulting in increased motility, and the release of cells
from parent epithelial tissue [8,15]. The molecular bases of EMT is very complex and
involve several interconnected pathways and signaling molecules including growth factors,
receptor tyrosine kinases, Notch, NF-xB, Ras superfamily small GTPases, catenins and
integrins [8,14,15]. However, most of these pathways converge together to down-regulate
the expression of epithelial molecule E-cadherin [104]. E-cadherin is a transmembrane
glycoprotein with an extracellular domain that interacts with the E-cadherin molecule on
adjacent cells, and an intracellular domain associated with a multi-protein complex
comprising three catenins (a, § and p-120) [104]. B-catenin binds tightly to the cytoplasmic
domain of E-cadherin and through a-catenin to the actin microfilament network of the
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cytoskeleton [104]. In general, this complex is important in regulating the cell-cell adhesion,
cell polarity and cell shape. The loss of E-cadherin frees -catenin from the membranous
pool, thus making it available for nuclear signaling, which is known to promote cancer cell
proliferation, invasiveness and EMT [105]. Therefore, downregulation of E-cadherin
expression represents the determinant step in the destabilization of epithelial architecture,
and is regulated through a combination of genetic, epigenetic, transcriptional and post-
transcriptional mechanisms [14]. Major transcriptional repressors of E-cadherin are zinc
finger family members Snail and Slug, the basic helix-loop-helix factors E47 and Twist, and
two-handed zinc factors ZEB1 and SIP1 [14]. These transcriptional factors are considered
inducers of EMT and are important in cancer cell metastasis [14]. The loss of epithelial
characteristics during EMT is also accompanied by increased expression of mesenchymal
markers such as cyotskeletal proteins vimentin, smooth muscle actin, y-actin, B-filamin, and
extracellular matrix components such as fibronectin and collagen precursors [15]. The
upregulation of these proteins facilitate pseudopod formation and cyotskeletal remodeling
for cancer cell motility and invasion [15].

Due to critical importance of EMT in cancer metastasis, targeting EMT has been considered
an exciting opportunity towards preventing cancer cells from acquiring motility and
invasiveness. Silibinin has been widely reported to target EMT through promoting epithelial
characteristics while significantly inhibiting the expression of mesenchymal markers (Fig. 3)
[80,90,92,93]. We reported that in TRAMP mice with increasing age and disease stage
prostate cancer cells increasingly express mesenchymal markers/regulators while loosing the
expression of epithelial markers [80]. For example, at PIN stage, E-cadherin expression was
high and it was localized on the intercellular junctions, while the expression of its
transcriptional repressor Snail-1 was low; however, with the disease progression to poorly-
differentiated stage, E-cadherin expression was lost, while nuclear expression of Snail-1 was
increased, suggesting EMT during prostate tumor progression in this model [80].
Importantly, the expression of E-cadherin was significantly higher in tumor tissues from the
mice fed with 1% silibinin in diet and that corresponded to low-pathological grade of the
disease in these mice [80]. Furthermore, silibinin treatment significantly decreased Snail-1
and fibronectin expression in the prostate tumor tissues [80]. In another study, where
silibinin was fed for 11 weeks to TRAMP mice, we observed an increase in E-cadherin
expression, and a strong decrease in Snail-1 and vimentin expression [90]. These studies
clearly suggested the strong in vivo potential of silibinin to inhibit EMT and disease
progression, which might contribute to its strong anti-metastatic efficacy.

There are several cell culture studies that also support strong anti-EMT potential of silibinin
[92,93]. Wu et al. reported that the anti-invasive and anti-migratory properties of silibinin
are due to its strong inhibitory effect on vimentin expression in ARCaP(M) cells [93]. In a
recent study, the same group showed that silibinin treatment up-regulates cytokeratin-18 (an
epithelial marker) and down-regulates vimentin expression in prostate cancer cells; and
these molecular events were associated with morphological reversal of EMT phenotype
[92]. This study also suggested that the inhibitory effect of silibinin on EMT could be
through targeting various transcriptional factors (NF-xB, ZEB1 and Slug) [92]. In our
recently completed in vitro study, we observed that silibinin targets EMT in PCA cells
through enhancing E-cadherin expression at cellular membranes [94]. Further, silibinin
treatment inhibited the levels of cytoplasmic and nuclear 3-catenin without affecting the f3-
catenin present at cellular membranes [94]. These in vitro studies clearly suggest that
silibinin targets EMT in cancer cells through multiple mechanisms (Fig. 3).
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Silibinin targets proteases

Proteases have been implicated in many cancer-related biological activities, mainly because
of their ability to break down components of the extracellular matrix, allowing cancer and
endothelial cells to spread. Among various types of proteases, family of zinc-dependent
endopetidases known as ‘matrix metalloproteinases (MMPS)’ is considered most important
as biomarker for cancer prognosis and therapeutic [106,107]. There are direct evidences
suggesting the role of MMPs in tumor growth and invasion. For example, MMP-9 deficient
mice show reduced formation of melanoma metastasis; MMP-2 knockout mice show
reduced melanoma tumor progression [108,109]. The expression of MMPs has also been
used to predict the risk of metastasis in many cancers [107]. The expression of MMP-2 and
MMP-9 in papillary thyroid carcinoma is well correlated with their invasive capacity and
lymph node metastasis [107]. High serum level of MMP-2 has been correlated with the
presence of metastases in lung cancer [110]. MMPs like MMP-3 and MMP-7 cleave
extracellular domain of E-cadherin, and the ratio of MMPs and E-cadherin has been used to
predict metastasis and tumor recurrence in different cancers [107,111]. Therefore, inhibition
of MMP activity is considered an exciting approach to target growth and invasiveness of
neoplastic cells, and currently several MMP inhibitors are in clinical trial [107,112]. Another
attractive approach to target MMPs is through promoting the expression of endogenous
inhibitors of MMPs known as tissue inhibitors of metalloproteinases (TIMPs) [113]. In this
regard, silibinin has been extensively studied for its efficacy against MMPs. We reported
that in TRAMP mice, silibinin feeding significantly decreases expression of MMPs
(MMP-2, MMP-3 and MMP-9) but increases TIMP-2 expression in prostate tumor tissue
[80,90]. Silibinin treatment has also been shown to significantly decrease expression of
MMPs and to increase expression of TIMP-2 in vitro in wide variety of cancer cells
[93,100-102,114]. Silibinin treatment decreased MMP-2 expression and increased TIMP-2
protein expression in highly metastatic lung cancer A549 cells and tongue cancer SCC-4
cells [101,102,114]. Further, silibinin treatment strongly inhibited MMP-2 expression in
prostate cancer ARCaP(M) cells, osteosarcoma MG-63 cells and human hepatocellular
carcinoma HepG-2 cells [93,103,115]. Further, silibinin treatment decreased the activity-,
gene- and proteinexpression of PMA-induced MMP-9 expression in MCF-7 breast
carcinoma cells [100]. Momeny et al. reported the inhibitory effect of silibinin on MMP-9
expression in human glioblastoma U87MG cells [116]. These studies clearly suggest that
silibinin inhibits MMPs while increases TIMP-2 expression in a wide variety of cancer cells.

The serine protease urokinase-type plasminogen activator (uPA) and its receptor (UPAR)
have been implicated in several tumor processes including adhesion, migration, proliferation
and angiogenesis through their interactions with integrins and vitronectin, and through
activation of intracellular signaling pathways [117-119]. uPA is known to catalyze the
conversion of plasminogen to plasmin, which in turn, exerts strong proteolytic effects
including the activation of metalloproteinases and growth factors [117]. The high expression
of uPA/UPAR has been correlated with tumor progression and, in some cases, poor patient
post-operative survival [119]. We have reported that uPAR level is up-regulated during
prostate tumor progression, but silibinin significantly inhibits UPAR expression [80].
Further, silibinin treatment has been reported to inhibit uPA and uPAR expression in several
cancer cell lines in vitro [101-103,116]. Cathepsin B is another important cysteine protease
whose expression is reported to be higher in cancer cells and is known to mediate cancer
cells dissemination through ECM degradation and activation of other proteinases [117].
Silibinin treatment has been reported to decrease cathepsin B expression in highly invasive
human glioma cells [116]. Overall, these studies suggest that anti-migratory/anti-invasive
efficacy of silibinin could be through its inhibitory effects on a wide-range of proteases.
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Silibinin targets MAPK signaling

MAPKSs (ERK1/2, INK1/2 and p38) belong to widely conserved family of serine/threonine
kinases that are activated through reversible phosphorylation and mediate signal
transduction of a wide variety of extracellular stimuli (cellmatrix adhesion, growth factors
etc.) into intracellular cascades. Recent studies have implicated their role in the regulation of
cancer cell motility and invasiveness [120,121]. The sustained activation of MAPK
signaling relies mainly on the cross talks between integrins and receptor tyrosine kinases
(RTKSs) [122]. These signals converge on to activate non-receptor kinases Src and FAK,
which eventually leads to activation of MAPKSs (Fig. 4) [122]. MAPKSs are reported to
regulate several transcriptional factors such as AP-1, NF-xB as well as expression of
migration-related genes such as uPA, MMPs, B(3)-integrin, cathepsin (Fig. 4) [103,122,123].
ERK has also been reported to regulate the dynamics of focal adhesion and cyotskeletal
reorganization through phosphorylating specific cyotskeletal and focal adhesion proteins
such as paxillin, focal adhesion kinase (FAK), myosin light chain kinase (MLCK) and
microtubule associated protein (MAP) [122]. Overall, inhibition of MAPK signaling might
have the potential to prevent cancer cell proliferation, migration, invasion and metastasis.

The efficacy of silibinin to target MAPK-mediated mitogenic signaling has been extensively
reported [86,124-126]. There are now reports suggesting that silibinin also targets MAPK
signaling towards inhibiting the migration and invasion of cancer cells (Fig. 4)
[101,103,114,115]. Chen et al. showed that silibinin-mediated decrease in MMP-2, uPA and
invasiveness of A549 cells is mainly through inhibition of ERK1/2 [114]. Lee et al. reported
in MCF-7 cells that specific inhibition of MAPK signaling is directly involved in the
regulation of PMA-induced MMP-9 expression [100]. Study by Hsieh et al. showed that
silibinin targets FAK and ERK1/2 expression, suppresses c-Jun levels and AP-1-binding
activity and strongly decreases MMP-2 and uPA expression in MG-63 cells [103].
Importantly, inhibitory effect of silibinin on the invasiveness of MG-63 cells was
compromised when these cells were transfected to over-express active MEK1 [103]. In our
unpublished in vitro studies, we have also observed that silibinin strongly inhibits Src
activation in prostate cancer cells. These results clearly support a critical role of MAPK
inhibition in silibinin anti-invasive efficacy (Fig. 4).

Silibinin targets tumor microenvironment

As mentioned earlier, tumor microenvironment is an intrinsic part of tumor at all stages of
tumor development including metastasis. Therefore, in addition to existing preventive/
therapeutic efforts directed at tumor cells, it is essential to develop new measures targeted
toward tumor microenvironment. Tumor microenvironment is also considered an attractive
target for cytostatic drugs as it is (relatively) genetically stable and chances of it developing
chemoresistance are remote. Till date, detailed effect of silibinin has been studied only on
one tumor microenvironment component i.e. tumor angiogenesis.

Neo-angiogenesis refers to formation of new blood vessels within tumors and is considered
important constituent of tumor microenvironment. Formation of these vessels is necessary to
provide nutrients and oxygen to the growing tumor cells and also to remove waste products.
Furthermore, malignant cells exit from primary tumors into blood circulation only after
tumor become neo-vascularized. Furthermore, at distant sites, metastatic cancer cells must
again induce angiogenesis to grow beyond micro-metastasis. Therefore, targeting
angiogenesis is an important strategy to target cancer cells growth and metastasis. There is
plethora of reports suggesting the strong anti-angiogenic efficacy of silibinin in various
cancer models [80,81,90,127,128]. Silibinin treatment has been reported to inhibit tube
formation and invasive capability of endothelial cells in in vitro assays [79]. Further,
silibinin treatment has been reported to significantly decrease microvessels (established and
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newly formed) density in animal models for variety of cancers [81,127,129]. Silibinin
treatment is reported to modulate expression of signaling molecules involved in
angiogenesis regulation such as VEGF, VEGF receptors, FGF, HIF-1a, iNOS, COX2, NF-
kB, STATS, interleukins, angiopoietin-2, Angreceptor tyrosine kinase
[80,81,89,127,128,130,131]. Recently, we also showed that silibinin treatment decreases the
population of tumor associated macrophages (TAMSs) towards targeting the angiogenic
microenvironment in lung tumors [127]. These studies suggest that silibinin might be
effective in altering the immediate tumor microenvironment, but further studies are required
to understand its effects on other components of tumor microenvironment involved in cancer
metastasis.

Preventive and Therapeutic implications of silibinin anti-metastatic efficacy

Silibinin has a long history of human use and is devoid of side effects even when acute or
chronic doses of silibinin are administered in animals and humans [56,68,69]. Various
traditional toxicological tests have confirmed the non-toxic nature of silibinin and its safety
profile [56,68]. In fact, rodent LDsg values for silibinin have never been achieved.
Currently, close to dozen clinical trials are in progress examining the liver protective as well
as other therapeutic benefits of silibinin. Now there are enough pre-clinical evidences that
establish silibinin as an ‘antimetastatic agent’. These studies have shown that silibinin
targets migratory/invasive and metastatic behavior of a wide-variety of cancer cells.
Silibinin is reported to act through pleiotropic mechanisms including targeting of EMT-
related events, inhibiting proteases expression and MAPK signaling, as well as adversely
affecting the tumor microenvironment. These studies advocate greater use of silibinin in the
clinical management of advanced metastatic stage of the disease. Silibinin could be
potentially used as a preventing agent in patients diagnosed at early localized stage of the
disease. Based upon its efficacy in pre-clinical studies, it is reasonable to expect that
silibinin treatment would inhibit EMT in localized cancer cells, thereby prevent the
metastatic progression of the disease. Since silibinin also possesses strong anti-angiogenic
characteristics, it is expected to inhibit cancer growth but should also prevent the
progression of micro-metastases that remain undiagnosed or under-diagnosed; thereby
silibinin could prevent or delay the growth of metastatic lesions. Our completed pre-clinical
studies have shown that silibinin is also effective against metastatic progression of cancer
even when used as therapeutic agent; therefore silibinin should also be tested in clinic to
treat advance stage of the cancer. In preventive studies, silibinin should be administered for
a reasonable period of time before expecting a clinical outcome; however, in therapeutic
settings, it should be administered through intravenous route to achieve a high systemic dose
with the expectation that clinical outcomes could be measured in reasonably shorter
duration. In this regard, it is important to emphasize here that the bioavailability of oral
silibinin has been reasonably enhanced through its formulation with phosphatidylcholine
and lately with nanoparticles. Intravenous injectable silibinin formulation (silibinin-Legalon)
is already available and used recently against mushroom poisoning-related liver toxicity
with successful outcomes, further suggesting that clinical benefits of silibinin against cancer
metastasis should be exploited in near future.

Conclusions and Future directions

Metastasis is a multistep and multifunctional biological event and is considered the final and
most-life threatening stage of cancer progression. The high morbidity and mortality related
to cancer metastasis are due to lack of effectiveness of current therapeutic regimes;
alternatively, the use of nutraceutical agents has been suggested for the prevention and
treatment of advance cancers. Nutraceutical agent silibinin has shown remarkable anti-
metastatic efficacy against many cancers in various pre-clinical models. The anti-metastatic
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efficacy of silibinin has been reported through pleiotropic mechanisms including the
inhibition of EMT in caner cells. However, more studies are still needed to further confirm
the anti-EMT and anti-metastatic effect of silibinin in wide variety of human cancer cells
under in vivo conditions. Furthermore, silibinin should be tested in the metastatic models,
which more closely represent human metastatic disease condition. In future, there should
also be greater emphasis on to understand the role of tumor microenvironment in metastasis
initiation and progression as well as how silibinin affects these interactions. Overall, it is
reasonable to anticipate that in the near future silibinin would be an important non-toxic
nutraceutical agent in the management of metastatic cancers.
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Fig. 1.
There are multiple steps involved in the metastasis of cancer cells, and cancer cells’
interaction with their immediate microenvironment is critical at each of these steps.
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Fig. 2.
Chemical structure of silibinin.
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Fig. 3.

Silibinin promotes epithelial characteristics and inhibits mesenchymal characteristics,
thereby strongly inhibits epithelial-to-mesenchymal transition (EMT) in cancer cells.
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Fig. 4.
Silibinin treatment decreases activation of MAPKSs, and as a result inhibits cancer cells
migration and invasion.
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Summary of the anti-cancer efficacy of silibinin against various cancer types.

Table 1

Cancer Type | Model References
Prostate Cell culture studies [60,70,72,73,88, 89,
91-93,132-146]
Animal studies (xenografts and TRAMP mice | [80,82,86,90, 129,147—
model) 150]
Human studies (phase I and I1 clinical trial) [55,56]

Skin Cell culture studies [124,151-156]
Animal studies (chemicals- and UVB- [125,126,130,157-160]
induced skin carcinogenesis models)

Lung Cell culture studies [71,102,114,131,161]
Animal studies (xenografts and urethane- [81,127,162,163]
induced lung carcinogenesis model)

Colon Cell culture studies [74,75,84,164-167]
Animal studies (xenografts, AOM-induced [74,84,128,150,164,168—
colon carcinogenesis model, Apc™in 171]
transgenic mice model)

Human studies [69]

Breast Cell culture studies [77,100,146,172-178]
Animal studies (HER-2/neu and C3(1) SV40 [99,179]

T,t antigen transgenic mice model)

Glioblastoma Cell culture studies [78,116,180,181]
Animal studies (xenograft model) [181]

Hepatic Cell culture studies [115,182-186]
Animal studies (xenograft model) [187]

Ovarian Cell culture studies [178,188,189]
Animal (xenograft model) [189]

Urinary Cell culture studies [190-193]

Bladder
Animal studies (nitrosamine-induced urinary [191,194]
bladder carcinogenesis)

Leukemia Cell culture studies [195-197]

Cervical Cell culture studies [146,184]

Kidney Cell culture studies [76,198]

Animal studies (xenograft model) [199]

Laryngeal Cell culture studies [200]

Osteosarcoma | Cell culture studies [103]

Oral Cell culture studies [101]

Gastric Cell culture studies [201]
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