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Abstract
Tumor microenvironment (TME) refers to the dynamic cellular and extra-cellular components
surrounding tumor cells at each stage of the carcinogenesis. TME has now emerged as an integral
and inseparable part of the carcinogenesis that plays a critical role in tumor growth, angiogenesis,
epithelial to mesenchymal transition (EMT), invasion, migration and metastasis. Besides its vital
role in carcinogenesis, TME is also a better drug target because of its relative genetic stability with
lesser probability for the development of drug-resistance. Several drugs targeting the TME
(endothelial cells, macrophages, cancer-associated fibroblasts, or extra-cellular matrix) have either
been approved or are in clinical trials. Recently, non-steroidal anti-inflammatory drugs targeting
inflammation were reported to also prevent several cancers. These exciting developments suggest
that cancer chemopreventive strategies targeting both tumor and TME would be better and
effective towards preventing, retarding or reversing the process of carcinogenesis. Here, we have
reviewed the effect of a well established hepatoprotective and chemopreventive agent silibinin on
cellular (endothelial, fibroblast and immune cells) and non-cellular components (cytokines,
growth factors, proteinases etc.) of the TME. Silibinin targets TME constituents as well as their
interaction with cancer cells, thereby inhibiting tumor growth, angiogenesis, inflammation, EMT,
and metastasis. Silibinin is already in clinical trials, and based upon completed studies we suggest
that its chemopreventive effectiveness should be verified through its effect on biological end
points in both tumor and TME. Overall, we believe that the chemopreventive strategies targeting
both tumor and TME have practical and translational utility in lowering the cancer burden.
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Tumor microenvironment
Tumor microenvironment (TME) refers to the dynamic cellular and extra-cellular
components surrounding tumor cells at each stage of the carcinogenesis that plays a critical
role in tumor growth, angiogenesis, epithelial to mesenchymal transition (EMT), invasion,
migration and metastasis. TME encompasses several distinct cell types, including cancer-
associated fibroblasts (CAFs), endothelial cells, pericytes, smooth muscle cells, neutrophils,
macrophages, adipocytes, dendritic cells, natural killer cells, lymphocytes etc. Besides, TME
is also rich in non-cellular components such as cytokines, growth factors, hormones, and
components of the extracellular matrix (ECM). The TME is not merely a passive response to
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transformed or growing tumor cells; instead, TME should be viewed as an equal and active
partner in cancer growth and progression. In several instances, the TME determines whether
dysfunctional epithelial cells will continue to grow and invade in particular milieu or will
become dormant or even be removed [1]. Therefore, the tumor microenvironment is an
essential, integrated and inseparable component of carcinogenesis. Few tumor
microenvironment components, including their roles in carcinogenesis and the opportunities
they offer for drug development, are described next.

CAFs or myofibroblasts are large spindle-shaped cells present in the microenvironment or
stroma of several cancer types such as prostate, breast, ovarian, and lung cancer [2–6].
Cytokines secreted by cancer cells promote differentiation of normal fibroblasts into CAFs
[2–5]. These fibroblasts are highly proliferative and express typical biomarkers such as α-
smooth muscle actin (SMA), fibroblast activation protein (FAP), vimentin, and desmin.
CAFs play an important role in ECM remodeling, angiogenesis, and the recruitment of
inflammatory cells to the TME [1, 3, 4, 6]. For example, CAFs produce CXCL12, a
chemokine ligand for the chemokine receptor CXCR4, thereby promoting the recruitment of
bone marrow-derived precursors that contribute to vessel development in tumors [1]. CAFs
have also been reported to secrete pro-migratory ECM components such as tenascin [6, 7].
Giannoni et al. recently reported the reciprocal interactions between prostate cancer cells
and fibroblasts, where prostate cancer cells-derived IL6 activated the fibroblasts, which then
promoted EMT, growth, metastases, and stemness in prostate cancer cells [8]. Considering
the important role of CAFs in tumor growth and progression, efforts have been made to
target CAFs for cancer treatment. Humanized monoclonal antibody (Sibrotuzumab) directed
against FAP has been successfully tested clinically (Phase I/II) in patients with colorectal
carcinoma and non-small cell lung cancer [9–11].

Tumor vasculature comprising endothelial cells and pericytes is the most important element
of the TME as the development of vasculature (known as ‘neo-angiogenesis’) is the critical
step for tumor growth as well as progression from a pre-malignant to invasive and malignant
phenotype. Beyond a critical size of 1–2 mm, oxygen and nutrients have difficulty diffusing
to the core cells of the tumor, causing a state of cellular hypoxia. Under hypoxic conditions,
cancer cells secrete several pro-angiogenic factors such as VEGF and bFGF, which recruit
endothelial cells from the neighboring blood vessels [12, 13]. Beside cancer cells, other
components of the TME (such as CAFs or immune cells) also promote angiogenesis via
ECM remodeling and secretion of pro-angiogenic factors [1, 3, 4, 6]. For example, the
secretion of cytokines in the TME (such as CXCL12 by CAFs, as mentioned above) attracts
circulating bone marrow-derived endothelial progenitor cells (EPCs), which contribute to
the blood vessels formation, a process known as ‘vasculogenesis’ [1, 14]. The continuous
and excessive presence of pro-angiogenic stimuli in the TME interferes with the normal
maturation of the vessel network, and as a result, vessels in the tumor area show abnormal
morphology and physiology and are usually dilated, leaky, and tortuous [15]. The process of
vasculature formation also includes the interaction between endothelial cells and
surrounding pericytes involving several growth factors and signaling pathways such as
PDGF/PDGFR, VEGF/VEGFR2, and the angiopoietin/Tie system [4]. In this interaction,
pericytes provide the survival and structural support to endothelial cells; therefore, pericytes
are also considered a drug target. About four decades ago, Judah Folkman first predicted a
potential role for anti-angiogenic inhibitors against solid cancers, and to date, numerous
angiogenesis inhibitors have been tested against several malignancies [16–19]. Many of
these inhibitors have already been FDA approved for their use either alone or in
combination with other cancer chemotherapeutic drugs [17, 19, 20]. For example,
humanized VEGF antibody (‘Avastin’) has been approved against colorectal, brain, lung,
and renal cancers [20]. Similarly, the tyrosine kinase inhibitor SU11248 (‘Sunitinib’), which
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targets VEGFR and PDGFR activity, has been approved for use against advanced renal cell
carcinoma and gastrointestinal stromal tumors [20–22].

Besides angiogenesis, inflammation is another phenomenon that is intricately linked to
carcinogenesis [1, 3, 4]. Tumor cells over-express inflammatory cytokines that help to
recruit hematopoietic cells such as lymphocytes, monocytes and neutrophils into the TME.
For example, colony stimulating factor-1 (CSF1), secreted by several tumors, plays an
important role in the growth and differentiation of macrophages [3]. In CSF1-null mice, the
loss of CSF1 prevented the accumulation of macrophages in the tumor vicinity and delayed
the development of invasive and metastatic carcinoma confirming the importance of the
presence of macrophages in the TME [23]. In fact, macrophages are one of the most studied
inflammatory cells for their role in tumorigenesis. Macrophages possess phenotypic
plasticity that can be classified into two types, M1 (type I) and M2 (type II) polarized
macrophages. In general, M1 macrophages are known as classically activated macrophages
and play diverse roles in the immune system including defending against tumor cells. M2
macrophages are known as alternatively activated macrophages and are better adapted to
scavenge debris and secrete growth factors that promote angiogenesis [24]. Pre-invasive
tumor cells release chemotactic factors (e.g. CSF-1, CCL2, CCL3, CCL4, CCL5, CCL8, and
MCP-1) that attract circulating monocytes into tumor stroma [1, 4, 23–26]. In the tumor
stroma, presence of tumor cells as well as additional tumor-derived factors promotes
macrophage differentiation into tumor-associated macrophages (TAMs) with characteristics
akin to those of the M2 macrophages. This is advantageous to the tumor as TAMs support
growth, angiogenesis, invasion, migration, intravasation and extravasation during metastatic
spread [4, 24–26]. In addition, TAMs induce local immunosuppression that helps cancer
cells evade detection by immune cells; thereby tumor cell travels unharmed in the
circulation and extravasate at distant sites [24, 25]. It has been estimated that in majority of
human malignancies, increased TAMs density correlates with poor prognosis [24, 27].
Considering the significant role of the inflammatory milieu in cancer development, in recent
times, NSAIDs (non-steroidal anti-inflammatory drugs) have been extensively tested for
their potential to prevent and treat various cancers [1, 28–30]. COX2 inhibitor, Celecoxib
has been approved to reduce polyp growth in people with a rare genetic disorder
(adenomatous polyposis). Furthermore, bisphosphonates, which are widely used clinically to
target osteoclasts, are being tested for their potential to target TAMs in the TME [24, 31,
32].

One major advantage of therapies targeting the TME is that non-tumor cells are relatively
genetically stable and thus the chances of them developing drug resistance are presumably
remote [3, 15, 33]. Furthermore, whereas cancer cells exhibit an enormous variety of genetic
and epigenetic changes during tumorigenesis, changes in the cancer microenvironment are
usually common among many tumor types, raising the hope that therapeutic targeting of
these events could be generally applicable [4]. For example, NSAIDs are effective against
several cancers (colorectal, breast, prostate etc.). Similarly, the antiangiogenic drug Avastin
has been approved for the treatment of several cancers (colorectal cancer, non-small cell
lung cancer, kidney cancer, and glioblastoma). Moreover, the better knowledge of the TME
has helped to devise novel and improved multi-targeted therapeutic approaches, in which
both tumor cells and microenvironment components are simultaneously inhibited. Currently,
the agents targeting the TME (Avastin, Suramin, NSAIDs, humanized monoclonal
antibodies against integrins etc.) are increasingly employed along with chemotherapeutic
drugs with the goal to better treat cancer. Furthermore, targeting the TME at metastatic sites
has also shown promising results [34, 35]. For example, osteoclasts play an important role in
bone metastatic cancers and RANKL is the critical regulator of osteoclast differentiation and
activity. Humanized monoclonal antibody (‘Denosumab’) targeting RANKL has been
reported to prevent skeletal metastasis and was recently approved by the FDA for the use in
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prostate and breast cancer patients [34, 35]. Overall, an understanding of the TME has
helped tremendously to better comprehend the complexity of the carcinogenesis process and
has also offered several new opportunities to control cancer.

Translational chemopreventive opportunities in targeting tumor
microenvironment

Cancer chemoprevention refers to preventing, inhibiting, or reversing the process of
carcinogenesis through dietary or pharmacological interventions. Cancer chemoprevention is
based upon the rationale that the common epithelial cancers (prostate, breast, lung, pancreas,
colorectal, etc.) which account for most of the mortality, have a long latency period and
often take 2–3 decades to become malignant. Therefore, the life style changes (dietary
habits, exercise etc.) and/or non-toxic chemopreventive agents could be effectively
employed to arrest or reverse the progression of pre-malignant cells towards full malignancy
[30]. Similar to the oncology field in general, cancer chemoprevention strategies in the past
have been solely directed towards initiated or mutated cancer cells. Carcinogenesis has long
been understood as a multistep process during which cancer cells accumulate multiple and
consecutive genetic alterations and increasingly become proliferative, invasive and
metastatic (Figure 1). But in the past few decades, numerous reports in the literature (as
described above) have confirmed that cancer is not just a homogeneous mass of proliferative
cells but essentially includes the TME, which consist of several interacting cellular and non-
cellular components surrounding cancer cells at each stage of the carcinogenesis (Figure 1).
In light of the critical importance of the TME in carcinogenesis, it is pertinent to identify and
establish chemopreventive targets in the complex and heterogeneous TME along with the
tumor (Figure 1). There is already ample pre-clinical, clinical and epidemiological evidence
that advocates the TME to be a prime target in any translational cancer chemoprevention
strategy [1, 28, 30, 36].

There are several instances where inflammatory lesions precede neoplasm and helps to
create an environment favorable for cancer development [37]. For example, ulcerative colitis
and chronic reflux esophagitis are associated with enhanced risk of developing colorectal
and esophageal cancer, respectively. Furthermore, several infectious diseases causing
chronic inflammation have also been linked with cancer development such as Human
Papillomavirus (HPV) infection with cervical and other cancers, Helicobacter pylori
infection with gastric cancer, Hepatitis C with hepatic cancer, urinary form of
Schistosomiasis with bladder cancer. The inflammatory cells in the TME produce
prostaglandins, reactive oxygen species, reactive nitrogen species etc. that promote genetic
instability, cell proliferation, survival, motility as well as angiogenesis [38, 39]. Therefore,
the use of anti-inflammatory drugs (such as COX2 inhibitors) is gaining popularity for
preventing or treating cancer. The chronic use of NSAIDs has been reported to reduce the
risk of colon cancer, and the new evidence suggests that this could probably also be true for
other cancers such as breast, prostate, and ovarian [28, 30, 40, 41]. In a recent study, Lyon et
al. showed that inhibiting the COX2 in the involuting mammary gland reduced the collagen
fibrillogenesis associated with involution and inhibited breast tumor growth and infiltration
to the lung [36]. This study suggested that women at high risk for postpartum breast cancer
would benefit from treatment with NSAIDs during postpartum involution [36]. These
findings are significant as there are millions of women that could be potentially protected
from developing breast cancer simply by using NSAIDs. Therefore, several cancers could be
prevented or delayed through chemopreventive approaches targeted against an inflammatory
TME.

Angiogenesis inhibitors were originally envisioned for preventing the progression of non-
angiogenic, localized indolent tumors to aggressive and invasive carcinoma. However, most
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of the clinical anti-angiogenic agents are employed at a terminal or late-stage of the cancer
in combination with chemotherapeutic agents. Considering their exorbitant cost as well as
toxicity, the use of anti-angiogenic inhibitors in cancer prevention seems implausible.
Several chemopreventive agents (silibinin, GSE, isothiocyanate, EGCG, triterpenoids etc.)
have shown remarkable angiopreventive efficacy in pre-clinical models [42–47] and these
chemopreventive agents could be expediently tested and judiciously employed for
angioprevention in humans. We have learnt hard-lessons from earlier failed clinical trials
with chemopreventive agents (β-carotene, selenium, and tocopherol) [30]; therefore, only
agents that have been tested extensively and exhibiting high efficacy in animal models
should move forward and be tested in high-risk populations for angiopreventive efficacy.

Epidemiological and pre-clinical studies have suggested that excessive adiposity, decreased
physical activity, and unhealthy diets are few of the important players in the pathogenesis of
common cancers [48]. These conditions result in chronically elevated levels of insulin,
IGF-1, hormones, and inflammatory cytokines that promote genomic instability,
proliferation, and inhibit apoptosis, thereby accelerate carcinogenesis [49, 50]. Cancer
chemopreventive agents could lower the risk of cancer by reducing the levels of anabolic
hormones, growth factors, inflammatory cytokines, and metabolites. For example, Statins,
widely used to lower cholesterol level, have been reported to reduce the risk of several
cancers and the possible mechanisms for this effect include the suppression of inflammation
and angiogenesis in the TME [1]. Therefore, efficacy of established cancer chemopreventive
agents/practices (phytochemicals, energy restriction, low fat diets etc.) could be partly
through targeting the adverse TME components and this aspect needs further scrutiny.

Cancer chemoprevention approaches should emphasize identifying and targeting the
molecular signatures specific to the TME, because a generalized targeting of the
microenvironment might also adversely affect normal tissue homeostasis and cause
undesirable effects. For example, the chronic use of NSAIDs causes serious gastrointestinal
complications, and COX2 inhibitor use could enhance the risk of cardiovascular diseases
(heart-attack, stroke). Lately, focus has also been on the ‘normalization of the TME’ instead
of inhibiting or wiping out the TME components [3, 4, 51, 52]. The normalization of tumor
vasculature by anti-angiogenic agents has shown promising results in terms of improving the
sensitivity of cancer cells towards drugs/radiations [53, 54]. Similarly, in a recent study,
Coscia et al. reported the effect of Zoledronic acid treatment on the normalization of
immune cells in a murine model of mammary carcinoma, where Zoledronic acid reversed
the polarity of TAM from M2 to M1 type [55]. These results are important as M1
macrophages are considered tumoricidal, and Zoledronic acid increased the tumor-free
survival, reduced the in tumor growth rate and tumor multiplicity as well lung metastasis
[55]. These results also confirm the bipolar action of TME components i.e. in normal
homeostasis, microenvironment components (immune cells, fibroblasts etc.) seek to prevent
tumor growth, but once educated by tumor cells they promote tumor growth and
progression. Therefore, normalization of the TME through cancer chemopreventive
strategies should prevent/delay/retard carcinogenesis via a non-conducive environment for
growth. An in-depth knowledge of the early interactions in the TME would be critical in
arresting cancer growth at early stages. Overall, there are many avenues to target both tumor
and TME using chemopreventive agents. Next, we discuss in detail the effect of an
established cancer chemopreventive agent Silibinin (Figure 2) on various components of the
TME.

Silibinin and tumor microenvironment
Silibinin (C25H22O10, molecular weight, 482.44) is isolated from the seeds of Silybum
marianum (L.) Gaertn (Family Asteraceae), and is one of the most-widely consumed dietary
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supplements for its hepatoprotective efficacy [56, 57]. Silibinin source, metabolism,
bioavailability and anti-cancer efficacy have been reviwed extensively earlier [58–61];
therefore here we have focused mainly on silibinin’s effect on the TME components.

Silibinin and angiogenesis
As mentioned earlier, neo-angiogenesis is an essential component of the TME in solid
tumors. Clinical and experimental evidence have suggested that human tumors can persist
for years as microscopic lesions in a state of dormancy and their further growth is critically
dependent upon attaining an ‘angiogenic phenotype’[62–65]. The formation of vasculature
is necessary to provide nutrients and oxygen to the growing tumors and also to remove
waste products. Furthermore, angiogenesis in tumors provides tumor cells the route to
metastasize at secondary sites. Therefore, preventing the onset of angiogenesis in indolent
tumors (referred to as ‘angioprevention’) has been suggested as a novel and rational
approach to control cancer growth, malignant progression and metastasis to secondary sites.
Now, there is a plethora of reports suggesting the strong angiopreventive efficacy of
silibinin in several cancer models [43, 44, 66–73].

We have first reported that silibinin feeding inhibits micro-vessel density (MVD) in growing
prostate carcinoma DU145 tumors in athymic nude mice, which was associated with a
decrease in VEGF expression in the tumors [74]. Similar anti-angiogenic efficacy of
silibinin was also observed in prostate tumors growing in the prostate microenvironment in
nude mice [70]. Extensive studies in TRAMP (transgenic adenocarcinoma of the mouse
prostate) revealed that silibinin targets the onset of ‘angiogenic switch’ in prostate tumors
[44, 73]. Huss et al. have shown that angiogenic switch in TRAMP involves an increase in
VEGF, VEGFR2 and HIF-1α expression accompanied with increased intra-ductal
microvessels, and disease progression from low-grade prostate intraepithelial neoplasia
(LGPIN) stage to high-grade PIN (HGPIN), adenocarcinoma and metastasis [13]. Our
completed studies showed that silibinin feeding decreased the VEGFR2, VEGF, and HIF-1α
expression, and strongly inhibited the MVD in TRAMP prostate tissues [44]. Silibinin
treatment also decreased the levels of circulating angiogenic factors VEGF and bFGF in
TRAMP mice [73]. These anti-angiogenic effects of silibinin were associated with a potent
inhibition of tumor grade as well as metastasis confirming its strong angiopreventive
efficacy against prostate cancer [44, 73].

Silibinin has also been extensively tested for its anti-angiogenic efficacy in several animal
models of colorectal cancer [69, 71, 72, 75]. We have reported that silibinin feeding
inhibited the angiogenesis in HT29 tumor via down-regulating iNOS (inducible nitric oxide
synthase), COX2, HIF-1α, and VEGF expression [71]. Silibinin also exerted sustained
growth suppressive effects in human colorectal cancer SW480 tumors via decreasing MVD,
VEGF and iNOS expression [75]. In transgenic APCmin+ mice, silibinin feeding inhibited
the nestin-positive microvessels selectively in the small intestinal polyps by down-regulating
the expression of HIF-1α, VEGF, and eNOS (endothelial nitric oxide synthase) in the polyps
[69]. Importantly, silibinin feeding did not affect the expression of these molecules in the
crypt-villus region in the small intestine of APCmin+ and wild type C57BL/6J mice
confirming the polyp specific effect of silibinin [69]. These angiopreventive effects of
silibinin were associated with the prevention of spontaneous intestinal polyposis in APCmin+

mice and we observed a decrease in both the number of polyps as well as size of the polyps
formed [69]. Similarly, silibinin treatment inhibited VEGF and iNOS expression in
azoxymethane-induced colon tumors in A/J mice [76]. Earlier, Yang et al. reported that
silibinin treatment inhibits the vascular density index induced by human colorectal cancer
LoVo cells in CAM (chicken chorioallantoic membrane) assay through inhibiting VEGF
expression [77]. Overall, silibinin has shown strong angiopreventive efficacy against
colorectal cancer in xenografts, chemical carcinogenesis, CAM and transgenic models.
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Sustained NO (nitric oxide) generation positively correlates with lung cancer development
and progression; and our completed studies in lung tumorigenesis models suggest that
silibinin’s chemopreventive and angiopreventive effects could be through targeting iNOS
expression [43, 68, 78]. In urethane-induced lung tumorigenesis model, silibinin feeding
strongly decreased the MVD, VEGF and iNOS levels in lung tumors [43]. The
angiopreventive effects of silibinin resulted in a significant decrease in the lung tumor
multiplicity as well as tumor size [43]. Using iNOS−/− mice we confirmed that silibinin
exerts its chemopreventive and angiopreventive effects against lung tumorigenesis via
inhibiting iNOS expression [78]. Our in vitro mechanistic studies also showed that silibinin
targets multiple signaling molecules [STATs (1 and 3), AP1, NF-κB, MAPKs and HIF-1α],
and that it inhibits cytokine mixture (IFN-γ + IL-1β + TNF-α)-induced iNOS expression in
human lung epithelial carcinoma A549 cells [79]. Lung tumor analyses supported these in
vitro observations and silibinin was found to inhibit the expression of IFNγ, interleukins,
and TNFα in lung tumors [68]. Silibinin also decreased HIF-1α, NF-κB and phosphorylated
STAT3 expression in lung tumors [68]. These results suggested that silibinin targets
multiple signaling pathways regulating iNOS expression in lung tumor cells, and thereby, it
inhibits the angiogenesis and overall tumor progression in lung tumors.

The anti-angiogenic effects of silibinin have also been observed in other cancers such as
skin cancer and bladder cancer [80, 81] suggesting the broad-spectrum angiopreventive
efficacy of silibinin. Additionally, several in vitro studies have supported the anti-angiogenic
effects of silibinin and provided detailed insight into the mechanisms for silibinin’s
angiopreventive action. Silibinin was reported to inhibit the growth of HUVEC (human
umbilical vein endothelial cells) and HMVEC (human microvascular endothelial cells) at
pharmacologically achievable doses in cell culture [67]. Silibinin also inhibited capillary
tube formation on matrigel as well as inhibited HUVEC invasion and migration [67].
Molecular analyses revealed that silibinin induces G1 arrest in endothelial cells via
promoting the expression of CDKIs (cyclin dependent kinase inhibitors) and p53 [67].
Furthermore, silibinin treatment induced apoptotic death involving both caspases-dependent
and –independent mechanisms [67]. Silibinin also targeted Akt, NF-κB and survivin as well
as MMP-2 activity (Figure 3) [67]. Yang et al. have reported similar effects of silibinin on
the growth as well as the differentiation of endothelial EA.hy 926 cells [82]. Silibinin also
inhibited the chemotactic migration of EA.hy 926 cells towards LoVo colon cancer cells
[82]. Yoo et al. have also shown that silibinin suppresses growth and induces apoptotic
death in human endothelial ECV304 cells by modulating NF-κB, Bcl-2 family members and
caspases [83].

Along with targeting endothelial cells, silibinin has also been reported to target cancer cells
towards inhibiting the secretion of pro-angiogenic factors (Figure 3). HIF-1α has emerged as
a master regulator of angiogenesis, tumor metabolism and metastasis [84]. Together with
other regulators (such as ERK, NF-κB, STATs), HIF-1α controls the expression and
secretion of several pro-angiogenic growth factors (Figure 3), that promote chemotactic
movement, survival, proliferation and differentiation of endothelial cells. Garcia-Maceira et
al. showed that silibinin strongly inhibits hypoxia-induced HIF-1α accumulation and VEGF
release in human cervical HeLa and hepatoma Hep3B cells [85]. This effect was correlated
with silibinin’s inhibitory effect on the HIF-1α translation through targeting the mTOR-
p70S6K and 4E-BP1 pathways [85]. Similarly, Jung et al. have reported that silibinin
inhibits HIF-1α protein expression via targeting its synthesis in human prostate cancer cells
[86]. This study also showed that silibinin inhibits global protein synthesis via decreasing
the levels of eIF4E-associated with eIF4F complex, increasing the levels of eIF4E associated
with 4E-BP1 and promoting the eIF2α phosphorylation [86]. Kim et al. (2009) have shown
that silibinin treatment inhibits 12-O-tetradecanoyl phorbol-13-acetate (TPA)-induced
MMP9 and VEGF expression via suppressing the RAF/MEK/ERK pathway in MCF-7
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breast cancer cells [87]. Overall, it is clear that silibinin targets both cancer and endothelial
cells to effectively inhibit angiogenesis. Specifically, on the one hand silibinin targets
multiple signaling cascades in cancer cells to inhibit the secretion of pro-angiogenic factors
in the microenvironment, and on the other hand it targets endothelial cell responses
(motility, proliferation, survival, and differentiation) to pro-angiogenic stimuli (Figure 3).

Silibinin and metastasis
Metastasis is an extremely complex, multi-step and multi-functional biological event that is
responsible for high mortality and morbidity in cancer patients [58, 88–90]. Successful
metastasis is dependent on the cumulative ability of cancer cells to suitably respond to the
distinct microenvironment at each step in the metastatic cascade starting from primary tumor
growth to final metastatic site [58]. Over a century ago, Stephen Paget first reported a non-
random pattern of metastasis of cancer cells to certain organs [91, 92]. He proposed “seed
and soil hypothesis”, in which he compared the metastasis of cancer cells to the dispersal of
seeds by plants. He postulated that seeds (‘cancer cells’) could grow only in a congenial soil
(‘specific microenvironment’). For example, osteotropic cancer cells 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, is still relevant,
and the metastatic microenvironment has now become an important drug target to treat or
prevent metastasis. There are several reports that suggest that silibinin targets the multiple
interactions between tumor cells and their microenvironment and prevents/inhibits
metastasis [58].

The extracellular matrix (ECM) and integrins interact to regulate a variety of cellular
functions including adhesion, survival, and motility [3, 93, 94]. Fibronectin, a matrix
glycoprotein, is one such ECM component, that has been reported to be up-regulated in
several malignant tumors and its expression positively correlates with an invasive and
metastatic phenotype [94–96]. We have reported that fibronectin expression increases with
tumor progression in prostate tumors in TRAMP mice, and that fibronectin expression was
significantly decreased by silibinin treatment [44]. Fibronectin-integrin interaction activates
several signaling pathways (FAK, Src, Akt, and GTPase) involved in cell survival and actin-
remodeling. In our unpublished studies, we have observed that silibinin targets the
fibronectin-prostate cancer cell interaction and inhibits integrins expression as well as down-
stream signaling involved in actin-remodeling; thereby inhibits the formation of motile
structures. Besides fibronectin, silibinin has been reported to significantly decrease the
adhesion of prostate cancer cells to type I collagen [97]. It is important to highlight here that
bones are rich in type I collagen and prostate cancer cells generally metastasize to bones.
Silibinin treatment also inhibited the adhesion of human prostate cancer PC3M cells with
ECM proteins hyaluronan and fibronectin by targeting the expression of transmembrane
protein CD44 and its variant form CD44v7-10 [98]. Furthermore, silibinin treatment
inhibited the adhesive capability of human osteosarcoma MG-63 cells towards type IV
collagen [99]. These studies suggest that silibinin treatment significantly attenuates the
interaction of cancer cells with their ECM components, which could adversely affect their
motility and invasiveness.

Proteinases have been implicated in many cancer-related biological activities (angiogenesis,
metastasis etc.), mainly because of their ability to break down components of the ECM,
allowing cancer and other cells to migrate [58]. Silibinin treatment has been shown to
significantly inhibit the expression of MMPs (matrix metalloproteinases) and to increase
expression of TIMP-2 (tissue inhibitors of metalloproteinases-2) in vitro in a wide variety of
cancer cells [58, 100–104]. In vivo, we have observed in TRAMP mice that silibinin feeding
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significantly decreased the expression of MMP-2, MMP-3 and MMP-9, but increased the
TIMP-2 expression in prostate tumor tissue [44, 73]. Furthermore, silibinin treatment has
been reported to inhibit serine protease uPA and its receptor uPAR expression in several
cancer cell lines in vitro and in vivo [58, 99, 103–105]. Silibinin has also been reported to
decrease the expression of cysteine proteinases cathepsin B in highly invasive human glioma
cells [105].

During metastasis, several cancer cells undergo a phenomenon known as ‘epithelial to
mesenchymal transition’ (EMT). EMT refers to 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 cytoskeleton elements resulting in
increased motility and invasiveness, and the release of cells from parent epithelial tissue [58,
106, 107]. EMT is regulated by a multitude of factors located in the TME. For example,
CAFs have been reported to promote EMT by secreting MMPs [8]. In our unpublished
studies we have also observed that CAFs promote the invasiveness of human prostate cancer
LNCaP cells, which is associated with increased vimentin and Akt phosphorylation; and
silibinin treatment inhibits the CAFs-induced invasiveness of LNCaP cells as well as
strongly decreases the Akt phosphorylation and vimentin expression. Silibinin has also been
reported to inhibit EMT through promoting the E-cadherin expression and inhibiting the
expression of EMT transcriptional regulators [58, 108]. These results have been
accompanied with a strong decrease in the migratory, invasive and metastasis properties of
cancer cells both in vitro and in vivo [44, 58, 73, 108]. We have reported that silibinin
feeding strongly inhibits the local invasion of prostate cancer cells to the seminal vesicle as
well as distant metastasis to liver, lung and kidney in TRAMP mouse model [44, 73].

Silibinin has also been reported to affect the TME at metastatic site in prostate cancer
model. Prostate cancer cells have a high propensity to metastasize to bones [58, 109].
During bone metastasis, prostate cancer cells even express genes like osteocalcin, bone
sialoprotein, osteopontin, RANKL, whose expression is normally restricted to bone cells
[58, 91, 110]. This phenomenon is termed ‘osteomimicry’ and is considered as an effort by
cancer cells to adapt to their microenvironment, helping cancer cells to settle in the bones.
Our unpublished data has shown that silibinin inhibits the expression of many osteomimicry
related proteins such as RANKL, PTHrP, osteocalcin, and RunX2 in prostate cancer cells
both in vitro and in vivo. Once settled in the 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) [58, 91, 110,
111]. Prostate cancer cells secrete factors that are involved in osetoclast maturation and
activation, thereby promoting bone mineralization and the liberation of various growth
factors [58, 91, 110, 111]. 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, BMPs (bone morphogenetic proteins), Wnts, promote
osteoblasts maturation and formation of new bone [58, 91, 110, 111]. Mature osteoblasts
also secrete growth factors which further promote prostate cancer cell growth in bone [91,
110]. 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. Silibinin has been reported to affect both the
components (osteoclasts and osteoblasts) of the bone microenvironment [112, 113]. Kim et
al. have reported that silibinin treatment inhibited the formation of TRAP-positive
multinuclear osteoclasts in bone marrow-derived macrophage cells cultured in the presence
of M-CSF and RANKL or with osteoblasts and 1,25(OH)2D3 [113]. Silibinin also inhibited
osteoclast differentiation in murine monocyte/macrophage cell line RAW264.7 stimulated
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with RANKL [113]. However, silibinin treatment did not affect osteoclast function when
mature osteoclasts were treated with silibinin [113]. Silibinin also inhibited TNFα-induced
osteoclastogenesis in bone marrow-derived macrophage cells treated with M-CSF and TGF-
β [113]. Silibinin effect on osteoclast differentiation seems to be through targeting the fusion
of TRAP+ mononuclear pre-osteoclasts forming TRAP+ multinucleate mature osteoclasts
[113]. In our unpublished studies, we have observed that prostate cancer cells promote
osteoclast activation in RAW264.7 cells, while silibinin treatment inhibits the prostate
cancer cells potential to induce osteoclastogenesis. Silibinin seems to target multiple
RANKL-induced signaling pathways such as NF-κB, MAPKs, Akt, AP1, and NFATc1 and
also to inhibit NFATc1 regulated genes (TRAP, OSCAR and Cathepsin K) (our unpublished
results) that are important in osteoclastogenesis (Figure 4) [114, 115]. In another study, the
bone-forming and osteoprotective effects of silibinin were studied in cell culture in murine
osteoblastic MC3T3-E1 cells [112]. Silibinin treatment increased the bone nodule formation
by enhancing calcium deposits [112]. Silibinin also increased the induction of
osteoblastogenic biomarkers alkaline phosphatase (ALP), collagen type 1, connective tissue
growth factor (CTGF), and BMP-2 (Figure 4) [112]. Silibinin treatment also inhibited
RANKL secretion by differentiated MC3T3-E1 cells (Figure 4) [112]. But the effect of
silibinin on cancer cell-induced osteoblastogenesis remains unknown (Figure 4). Overall,
these studies confirmed that silibinin targets several TME components towards lowering the
metastatic growth of cancer cells.

Silibinin and inflammation
Chronic inflammation is a frequent cause of cancer. Even in cancers that are not necessarily
the outcome of chronic inflammation, invariably, there are inflammatory components in
their microenvironment. In fact, the constant disruption of homeostasis by proliferating
transformed cells produces a local chronic inflammatory environment, which is considered
an attempt by the body to re-establish normal homeostasis [1]. However, in the presence of
cancer cells, immune cells react paradoxically and promote the survival and proliferation of
cancer cells [1]. As a result tumors have been characterized as ‘wounds that do not heal’.
These observations clearly suggest that reducing inflammation in the TME should inhibit or
prevent cancer growth. There are plenty of evidences now suggesting that silibinin could
modify inflammatory or immune components towards preventing carcinogenesis [69, 72, 76,
116–119]. Provinciali et al. have reported that silibinin administration delayed the
development of spontaneous mammary tumors, reduced the number and size of tumors and
diminished lung metastasis in HER-2/neu transgenic mice [116]. Silibinin treatment affected
the leukocytes infiltration into the tumors and there were increased numbers of neutrophils,
CD4+ and CD+8 lymphocytes but there was a slight decrease in macrophage number [116].
We have also reported that silibinin treatment inhibits TAMs in the TME, which was
correlated with angiopreventive effects of silibinin against lung tumorigenesis (Figure 3)
[68]. Meeran et al. have reported that silibinin treatment inhibited UVB-induced local and
systemic immuno-suppression [118]. In trinitrobenzene sulfonic acid (TNBS)-induced
colitis model, silibinin treatment significantly reduced several components of inflammatory
colitis such as NF-κB activity, levels of IL-1β, TNFα, thiobarbituric acid reactive substances
(TBARS), protein carbonyl, myeloperoxidase activity, and an improvement in antioxidant
capability of the colon tissue [119].

The arachidonic acid pathway is at the core of inflammatory response. In this pathway, COX
enzymes are responsible for the formation of prostaglandins (PGE2, PGF2α, and PGD2),
prostacyclin and thromboxane, while lipoxygenase generates 5-HPETE which is converted
to leukotrienes. COX2 is over-expressed in several cancers and considered an attractive drug
target [120]. We have reported that chronic exposure to a physiological dose of UVB
strongly increased the COX2 levels in the skin and skin tumors [80]. Pre- or post-topical
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treatment or dietary feeding of silibinin was reported to strongly inhibit UVB-induced
COX2 levels [80]. Silibinin has also been reported to inhibit COX2 expression in colorectal
cancer in xenografts, transgenic and chemically-induced colorectal cancer models [69, 71,
72, 76]. Silibinin treatment has been shown to inhibit the formation of cyclooxygenase
pathway metabolites (PGE2, prostacyclin, and thromoxanes) by human mononuclear cells,
platelets, and endothelial cells stimulated with LPS or A23187 [117]. Silibinin treatment
also strongly inhibited the formation of 5-lipoxygenase metabolites by human granulocytes
(leukotrienes LTB4, LTC4/D4/E4/F4) when stimulated with A23187, FMLP, or opsonized
zymosan. Silibinin was also reported to be a strong scavenger of HOCl (IC50 7 μM)
produced by human granulocytes [117]. Together, these studies suggest a strong inhibitory
effect of silibinin on arachidonic acid pathway.

Transcriptional factors (AP1, NF-κB, STATs etc.) regulate the expression of several pro-
inflammatory cytokines [79, 121–124]. Recently, we reported that silibinin targets several
signaling pathways (ERK1/2, STAT1/3, NF-κB, and EGFR) towards inhibiting the TNFα
and IFNγ induced expression of pro-inflammatory enzymes COX2 and iNOS [123].
Silibinin has been reported to inhibit TNFα-induced NF-κB activation in prostate cancer and
colorectal cancer cells [124, 125]. Silibinin treatment also strongly inhibited the UVB-
induced activation of STAT3 and NF-κB in skin and skin tumors in SKH-1 hairless mice
[80]. Overall, silibinin targets multiple signaling pathways towards inhibiting the secretion
of pro-inflammatory cytokines.

In general, published literature shows that silibinin targets many cellular as well as non-
cellular components of the TME (Figure 5) towards inhibiting angiogenesis, metastasis and
inflammation. There is also evidence now that silibinin targets the abnormal tumor
metabolism as well as insulin signaling pathways (IGF/IGFBP3) [74, 126, 127]. Silibinin is
already been tested clinically for its efficacy against several cancers including prostate and
colon cancer [58, 128–130]. Considering the important role of TME in carcinogenesis, it is
important that we focus on its chemopreventive efficacy not only in terms of effect on
cancer cells but also the biomarkers in the TME (such as macrophages, CAFs, angiogenesis,
and cytokines).

Conclusions and future directions
The essential role of the TME in carcinogenesis is now established beyond any doubt, and
several drugs targeting the TME components are already in clinical use. But, whether the
TME could also be exploited for translational cancer chemopreventive purposes is a
relatively new concept. In the past, the main focus in cancer chemoprevention has been to
prevent the promotion and progression of proliferating mutated cancer cells. But in recent
times, there have been encouraging pre-clinical, clinical and epidemiological evidences that
warrant the consideration of the TME as a prime target in cancer chemoprevention. To fully
exploit the cancer chemoprevention opportunities in the TME, it is essential to understand
the complexity of the TME especially at the early stages of carcinogenesis. We need to
develop novel pre-clinical models that more closely mimic the conditions of the human
TME and these models should be exploited to rapidly screen the usefulness of cancer
chemopreventive agents. Further, we need to more frequently employ computational and
system biology tools coupled with “omic” approaches (genomics, proteomics, and
metabolomics) and laser capture microdissection techniques to better understand the
complex interactions between tumor and TME constituents. As cancer chemopreventive
agents are mostly intended for the normal healthy individuals, high risk populations, or early
stage cancer patients; it is mandatory that these agents have no or minimal side effects. Also,
in terms of their effect on the TME, it is desirable that cancer chemopreventive agents force
a normalization of the TME. Similarly, it is important to identify and target the molecular
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signature/s specific to the TME to reduce the adverse effects on normal tissue homeostasis.
Overall, there are tremendous translational cancer chemoprevention opportunities in the
TME and they should be essentially targeted along with the tumor for effective cancer
control.
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Figure 1.
The classical and current view of carcinogenesis and chemoprevention targets. Classically,
tumor has been viewed as a homogenous mass of rapidly growing cells, though could be of
different sizes; while the current view considers tumor as a complex community of
interacting heterogeneous population of cells.
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Figure 2.
Chemical structure of silibinin.
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Figure 3.
Silibinin exhibits angiopreventive efficacy through targeting the secretion of pro-angiogenic
factors by cancer cells (blue arrow); by reducing the recruitment of macrophages in the
tumor microenvironment (yellow arrow); and through inhibiting various signaling molecules
in endothelial cells, compromising their survival as well as chemotactic movement (purple
arrow) towards pro-angiogenic stimuli.
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Figure 4.
Silibinin targets prostate cancer cell, osteoblast, and osteoclast interaction towards inhibiting
the osteoclast activation and differentiation.
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Figure 5.
Silibinin targets several cellular and non-cellular components in the tumor
microenvironment.
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