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Abstract
The use of systemic chemotherapeutic drugs and molecular-targeted therapies in the treatment of
patients with locally advanced or metastatic lung cancer has its limitations due to the associated
acute and cumulative dose limiting toxicities and acquisition of drug resistance. Prevention and
therapeutic intervention by dietary agents including nutraceuticals which are non-toxic, cost-
effective, and physiologically bioavailable, are emerging approaches in lung cancer management.
In this regard, silibinin, a natural flavonolignan, has been rigorously evaluated for the prevention
and growth control of lung cancer through extensive in vitro and in vivo studies. Successful
studies conducted so far, have established that silibinin is effective both alone and in combination
with other agents (e.g. chemotherapeutic and epigenetic agents) in significantly inhibiting the
growth of lung cancer cells. In vivo, its effects have been shown to be mediated through inhibition
of proliferation, angiogenesis and epigenetic-related events. Therefore, the present review focuses
on encompassing the efficacy and mechanisms of silibinin against lung cancer.
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1. Lung Cancer
Lung cancer is the mostly deadly malignancy, and also the most common cause of death
from cancer. Statistical estimates by American Cancer Society for 2012 indicate 226,160
new lung cancer cases and 160,340 associated deaths in United States (US) alone,
suggesting that more individuals are likely to die of lung cancer, than of colon, breast and
prostate cancers combined [1]. Poor prognosis is due to the late diagnosis of lung cancer at
an advanced stage; patient mortality being highly associated with metastatic spread of the
cancer within the lung and to distant sites [2]. Majority of lung cancers are epithelial in
origin, arising from proximal respiratory tract epithelium including the bronchi. Lung cancer
is clinically divided into two distinct classes, non-small cell lung cancer (NSCLC) and small
cell lung cancer (SCLC) [3]. This pathological classification helps distinguish these classes
on the basis of their tendency to metastasize and response to existing therapies, in order to
predetermine their clinical management [4]. Importantly, ~75% of lung cancers are NSCLC
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with strong causal association with smoking. Though NSCLC is less metastatic than SCLC,
it is less responsive to chemotherapy [4] and hence has been the main focus of current
research on investigating new drugs for its therapy.

2. Management and Limitations of Existing NSCLC Therapies
NSCLC is classified into three primary stages, namely local (IA, IB, IIA), locally advanced
(IIB, IIIA, IIIB) and the advanced (IIIB, IV) stages. These stages are further stratified
depending on tumor size, lymph node status, and metastases of the tumor [5,6]. Surgery is
the most successful option for cure for NSCLC patients diagnosed with early stages (I–
IIIA). The 5-year survival rate of patients, post-surgery, varies from <5% (Stage III–IV),
23% (Stage IIIA) to 67% (Stage IA) [5–7]. Patients with resected lung cancer have a high-
risk of relapse, and the results of the four randomized trials including International Adjuvant
Lung Cancer Trial (IALT), the National Cancer Institute of Canada intergroup study, the
Cancer and Leukemia group B (CALGB) trial, the Adjuvant Navelbine International Trialist
Association Trial have supported the use of adjuvant chemotherapy after complete resection
of early stages (IIA–IIIA) [8]. Chemotherapy, in parallel with radiotherapy, has also shown
modest survival benefits in patients with inoperable locally advanced and disseminated form
of this disease [9,10]. Before 1990, only a few drugs including alkylating agents (e.g.
cisplatin, ifosfamide), DNA crosslinking agents (e.g. mitomycin C), mitotic inhibitors (e.g.
vinblastine, vindesine), and topoisomerase inhibitors (e.g. etoposide) were used against
NSCLC; of which, the most effective chemotherapeutic agents were the platinum-based
alkylating agents such as cisplatin [8]. In 1995, patients with advanced disease, treated with
platinum based chemotherapy, showed improvement with increased median survival of 1.5
months [10]. Following that, new chemotherapeutic agents such as gemcitabine, vinorelbine,
paclitaxel, and docetaxel have been successfully used against NSCLC. To improve the
outcome for patients, these agents have been combined with either cisplatin or carboplatin,
especially, in the treatment of the cases with advanced stages of NSCLC [9]. Platinum-based
chemotherapy is associated with significant toxicity and therefore non-platinum-(e.g.
taxane-based) treatment regimens, have also been tested against NSCLC [11]. Moreover,
several other targeted therapies are being clinically evaluated for the treatment of lung
cancer, namely (i) EGFR inhibitors (e.g. Gefitinib (IressaR), Erlotinib (TarcevaR), (ii)
VEGF/VEGFR inhibitors e.g. Bevacizumab (AvastinR), Vandetanib (ZactimaR), (iii) PI3K/
Akt/mTOR inhibitors e.g. Rapamycin (RapamuneR), (iv) proteasome inhibitors e.g.
Bortezomib (VelcadeR), (v) HDAC inhibitors e.g. Vorinostat (ZolinzaR) [12]. Conclusively,
the use of systemic chemotherapeutic drugs and molecular targeted therapies in the
treatment of patients with locally advanced or metastatic NSCLC is limited due to the
associated acute and cumulative dose limiting toxicities and acquisition of drug resistance
[13,14]. This fact further stresses the importance of developing additional effective
strategies [15,16]. Prevention and therapeutic intervention by phytochemicals which are
non-toxic, cost-effective, and physiologically bioavailable are emerging approaches in
cancer management. Several advantages associated with these, over the conventional
treatment modalities like chemotherapy and radiation therapy, qualify these agents as ideal
candidates in chemoprevention strategies [17].

3. Cancer Chemoprevention
The concept of multi-step carcinogenesis implies that cancer is a complex disease that
involves a series of events involving genetic and epigenetic changes at the molecular level
that aid in the transformation of normal epithelial cells through stages like hyperplasia,
dysplasia, carcinoma in situ to invasive carcinoma [18–20]. The primary aim of
chemoprevention studies is intervention within this multi-step process of carcinogenesis
[18]. The genesis of chemoprevention studies dates back to 1976, when Michael Sporn,
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coined the term chemoprevention, defining it as the use of natural and synthetic agents to
inhibit, delay or reverse the process of carcinogenesis [21]. A suitable chemopreventive
agent should satisfy measures for: (i) Primary prevention- in high risk populations (e.g.
individuals with a smoking history), (ii) Secondary prevention-in patients with precursor
lesions (e.g. atypical adenomatous hyperplasia), and (iii) Tertiary prevention-in cancer
patients, post therapy (e.g. development of secondary cancer in patients treated primarily for
lung cancer) [22,23].

4. Lung Cancer Chemoprevention
The major focus of lung cancer prevention studies is to reduce its incidence, by encouraging
healthy practices such as smoking cessation amongst current smokers [24]. But statistically,
the number of lung cancer-related deaths continues to rise, with 50% of cases known to
occur in former smokers [18]. Alternatively, chemoprevention is a plausible secondary
prevention approach targeting both high-risk former and current smokers by the use of
agents that can interfere with the initiation, promotion and progression of cancer [24,25].
Initially, diet-related epidemiologic case control and cohort studies helped in identifying
potential chemopreventive agents against the development of lung cancer [26]. Through
1980–1990, several nutrients including β-carotene, vitamin A (retinol, retinyl palmitate,
isotretinoin) and vitamin E were extensively investigated. In this regard, phase III primary
chemoprevention based trials including the α-tocopherol, β-carotene (ATBC) trial, the β-
carotene and Retinol Efficacy Trial (CARET), and the Physician’s Health study were
conducted [23]. In the Finland based ATBC trial (1985–1993), male current smokers
(smoking ≥5 cigarettes per day) aged 59–60 years were administered either a placebo or a
daily supplementation of 50 mg of α-tocopherol (form of vitamin E) or 20 mg of β-carotene
(a precursor of vitamin A) or both. The study concluded with disappointing results, with
both agents being unable to reduce the risk of lung cancer [27,28]. The U.S. based CARET
trial, included smokers and former smokers [aged 50–69 years, with a history of at least 20-
pack years; i.e.1 pack year = number of packs cigarettes per day × number of years smoked]
as well as male asbestos-exposed workers. Participants were supplemented with β-carotene
(30 mg) plus retinol (25,000 IU) versus placebo for every day, for 4 years
[26,28].Unfortunately, similar to the ATBC trial results, subjects receiving β-carotene had
28% increase in lung cancer incidence compared to the controls. Former smokers receiving
β-carotene supplementation were 20% less likely to develop lung cancer, suggesting that β-
carotene can prevent the development of lung cancer, but the effect would eventually be
overcome due to continued cigarette smoke exposure. Moreover, 8% and 17% increase in
mortalities, associated mainly with heavy cigarette smoking, were observed, respectively, in
the ATBC and CARET trials [18]. In the Physicians Health Study, the effect of β-carotene
(50 mg every other day for 12 years) on lung cancer incidence was determined in healthy
male non-smoking U.S. physicians. [20]. The results from this study indicated no significant
protective effects. Four phase IIb, secondary chemoprevention based trials were attempted in
humans by evaluating the efficacy of α-tocopherol, β-carotene, retinol and isotretinoin in
smokers [19]. Agents such as isotretinoin (13-cis-retinoic acid) and fenretinide (N-(4-
hydroxyphenyl) retinamide) were tested and shown to be inefficacious in reversing
bronchial squamous metaplasia/dysplasia [29]. Another trial tested the synthetic retinoid
etretinate for the reversal of sputum atypia in smokers, which yielded negative results. In the
same study, a significant decrease in metaplasia was noted to correlate with smoking
cessation, in both the treatment and the placebo groups [19]. Despite few failures, some
interesting trials merit further exploration. For example, a preliminary intervention trial
showed that folate and vitamin B12 intake could improve bronchial squamous metaplasia in
smokers [19]. Also, the results of a phase IIb trial reported that anethole dithiolethione can
benefit in the treatment of bronchial dysplastic lesions in smokers [19]. Recently, in a phase
I study, myo-inositol effectively regressed bronchial dysplasia in the treatment group
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compared to the controls [30]. With respect to tertiary chemoprevention trials of lung
cancer, three major phase III studies were performed. The first one was an adjuvant trial of
retinyl palmitate (vitamin A) (300,000 IU/day for 12 months) to prevent the formation of
second primary tumors (SPT) in Stage I NSCLC patients, which produced positive results
[18]. Overall, the results from this trial indicated the advantage of the treatment of high-dose
vitamin A in effectively reducing the number of new tobacco-related primary tumors as well
as to improve the condition in patients curatively resected for early stage lung cancer [18].
The EUROSCAN (European Study on Chemoprevention of Vitamin A and N-
acetylcysteine) trial concluded by showing no improvement in survival nor incidence of
SPTs in patients with NSCLC with a smoking history [18,28,29]. An identical result was
observed in the NCI intergroup phase III trial, where low dose isotretinoin failed to improve
the rates of SPTs or mortality, after definitive resection in stage I NSCLC patients. Although
isotretinoin was harmful in current smokers, the outcome was shown to be beneficial in
cases of never smokers [31].

In brief, previously conducted lung cancer chemoprevention trials have not shown any
benefit in reducing the risk of lung cancer. Most of these trials were based on the use of
pleiotropic natural agents in populations, predominantly characterized by their smoking
status [26]. Though these trials have been unsuccessful, they have helped in identifying and
outlining strategies that can be further implemented to effectively control lung cancer. Such
criteria include: (i) identification of molecular targets that can be modulated to achieve risk
reduction, (ii) use of targeted agents, alone and/or in combination, (iii) identification of
high-risk populations, (iv) development of reliable biomarkers, and (v) validation of
secondary endpoint biomarkers (e.g. combined assessment of histology from lung biopsy
specimens and targeted biomarkers) [28,32]. At present, no definite biomarkers for lung
cancer prevention trials have been established. Certain promising markers such as Ki67,
p53, EGFR expression, and gene methylation are being evaluated and require further
validation [23,33]. Currently, a significant number of chemoprevention agents are being
evaluated, mostly in ongoing or completed phase II trials that have been initiated on the
basis of epidemiological and preclinical data. These phase II intermediate endpoint trials are
being conducted to screen and identify efficacious agents that can be further tested in large
and expensive phase III trials [18,22,33]. Chemoprevention of lung cancer still remains a
promising strategy with the advent of several natural and synthetic compounds including
promising dietary agents that need to be further investigated. In this regard, several
phytochemicals, for example: curcumin, genistein, grape seed extract, resveratrol, and
silibinin are undergoing critical pre-clinical experimental investigations for their efficacy
against lung cancer. It is however, difficult as well as pre-mature to predict which
phytochemical amongst these will be more efficacious in the clinical trials. Nevertheless,
silibinin, because of its proven clinical use and pleotropic mechanism of action, does indeed,
stand a fair chance of being the first choice amongst these nutraceuticals for use against lung
cancer.

5. Silibinin in Chemoprevention of Lung Cancer
Silibinin (C25H22O10, molecular weight (wt.), 482.44), a flavonolignan, is the major
biologically active constituent of silymarin, isolated from the dried fruits and seeds of
Silybum marianum (milk thistle) as shown in Fig. 1. It has shown significant efficacy in
inhibiting or delaying both tumor initiation- and promotion-related events in various pre-
clinical cancer models including that of skin, prostate, colorectal, and lung cancer [34–37].
Silibinin has a long history of human use, and acute and chronic doses of silibinin
administration in animals and humans have shown no significant toxicity. Moreover, no
LD50 for silibinin has been reported in rodent studies [34–37]. In prevention/intervention
settings, silibinin intake has been proven to be advantageous due to its wide usage as a
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popular dietary supplement, well tolerability and minimal toxicity [34–37]. Milk thistle
extract (MTE) has been used since centuries for hepatic disorders and used clinically against
toxic mushroom poisoning [34,38–41]. Currently, MTE or silibinin is not approved for
medicinal use in the USA, but it is commonly used as a nutraceutical/dietary supplement in
Europe, Asia and USA. Legalon, sold by Rottapharm/Madaus (contains standardized 80%
silymarin) is widely used in the USA, and also has been used in clinical trial studies [42].
Standardized MTE consists of 70–80% of silymarin, a complex mixture of 7 flavonolignans
and 1 flavonoid. Silymarin was first isolated from the seeds of milk thistle in 1968 and its
constituents include silibinin (50–60%), silichristin (20%), silidianin (10%), isosilibinin
(5%), taxifolin and quercetin [42].The remaining 20–30% of MTE comprises of polyphenols
and aliphatic fatty acids. Silibinin, the major constituent of silymarin, is further composed of
1:1 mixture of two diastereoisomers- silybin A and silybin B.

Amongst the various cancer models, the effects of silibinin have been also rigorously
assessed in the prevention and growth control of lung cancer through extensive in vitro and
in vivo studies conducted especially in our laboratory [43–47]. Therefore, the present review
focuses on encompassing the efficacy and mechanisms of silibinin against lung cancer (Fig.
2).

A) Efficacy of Silibinin in Lung Cancer Cell Lines
Initial studies have shown that in lung cancer, silibinin treatments (25–100 μM) demonstrate
significant efficacy in SHP-77 (SCLC) and A549 (NSCLC) cells [48]. Apart from inducing
cell growth inhibition, silibinin also caused alterations in cell cycle checkpoints and a dose-
dependent increase in apoptotic death in these cell lines. Recently, the effects of silibinin in
different subtypes of NSCLC (H1299, H460 and H322) cells have also been characterized
[44]. Follow-up studies (as detailed in the next section), revealed that silibinin is efficacious
in inhibiting primary lung tumor growth and progression in mice, accompanied by down-
regulation of inducible nitric oxide (iNOS) expression in treated tumors. iNOS is one of the
three major isoforms of nitric oxide (NO), a free radical that is known to be associated with
the growth and progression of lung tumors. iNOS expression/activity in lung tumors is
indicative of the angiogenic and metastatic potential of tumors [45].

Chittezhath et al., investigated the role of silibinin on the cytokine (IFN-γ + IL-1β + TNF-α)
mixture-activated signaling cascades, which are known to promote iNOS expression,
employing A549 cells [43]. Altogether, silibinin treatments inhibited iNOS expression in
these cells, it was consequentially due to the down-modulation of the multiple upstream
cytokine-induced signaling pathways that were targeted in response to silibinin treatment
[43]. Recently, the effects of silibinin in tumor-derived mouse lung epithelial LM2 cells
were also reported [47]. Pre-treatment with silibinin consistently decreased cytokine mixture
(TNF-α + IFN-γ) induced activation of STAT3 (Tyr-705 and Ser-727), STAT1 (Tyr-701),
ERK1/2 as well as NF-κB-DNA binding. Cytokine mixture also strongly induced
cyclooxygenase-2 (COX-2) and iNOS expression, which was significantly inhibited with
silibinin treatments. Altogether these studies identified silibinin’ efficacy in modulating key
signaling cascades involved in the regulation of its major targets such as iNOS and COX-2
[43,47]. In metastasis related events, silibinin has been shown to target epithelial to
mesenchymal transition (EMT) by up regulating epithelial markers, while concomitantly
inhibiting expression of mesenchymal markers (e.g. snail, fibronectin, vimentin etc.)
[49,50]. Chen et al., reported the protective effect of oral silibinin (200 mg/day/kg of body
wt.) against the metastasis of Lewis lung carcinoma cells subcutaneously injected in C57BL/
6 male mice [51]. In another study, Chu et al., showed the down-modulation of proteolytic
enzymes like MMPs and u-PA expression in silibinin-treated A549 cells [52]. These results
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are significant since lung cancer is a highly aggressive disease, in which cells metastasize
very early within the lungs and to distant sites in the body.

B) Efficacy of Silibinin in Combination with Other Agents against Lung Cancer
Based on the promising efficacy of silibinin as a single agent in lung cancer, Singh et al.,
conducted a study using a combination of silibinin and doxorubicin in A549 cells. In this
study, silibinin (60 μM) in combination with doxorubicin (25 nm) was synergistically
effective in terms of causing prominent cell growth inhibition (85%), as compared to the
efficacy of either agent alone [53]. The combination synergistically increased apoptotic cell
death and inhibited NF-κB-based chemoresistance to doxorubicin [53]. Overall, these in
vitro findings suggested that silibinin is efficacious in increasing the therapeutic efficacy of
doxorubicin [53]. Further, this promising combination was also tested in A549 tumor
xenografts in athymic nude mice, which will be detailed in the next section. Rho et al., has
reported in a recent study, that the addition of silibinin to EGFR-TKIs is promising in
overcoming the Threonine (Thr) 790 mutation (T790M)-mediated drug resistance to EGFR-
TKIs [54]. In this study, silibinin treatments (100 μM) in a time-dependent manner,
inhibited the activity of EGFR family (EGFR, ErbB2, and ErbB3) in EGFR mutant cells, but
not in the cell lines harboring wild-type EFGR. Additional mechanism-based studies showed
that silibinin inhibits homo- and hetero-dimerization of EGFR mutant cells in a ligand-
dependent and -independent manner. Furthermore, in T790M-containing resistant cells,
silibinin treatments increased the efficacy of gefitinib and erlotinib to down-regulate EGFR
activity and its downstream signaling pathways (Akt and ERK) as well as to suppress cell
growth [54]. Further, a combination of indole-3-carbinol (a glucobrassicin derivative present
in cruciferous vegetables) and silibinin has also been tested against lung cancer, which will
be detailed in the next section.

C) Efficacy of Silibinin in Preclinical Models of Lung Cancer
(i) Efficacy of Silibinin in Lung Cancer Xenograft Model—Oral feeding of silibinin
(200 mg/kg body wt., 5 days/week, for 33 days) along with doxorubicin (4 mg/kg body wt.,
1 day/week, a total of 4 doses) showed synergistic growth suppression of A549 xenograft in
athymic nude mice [53]. The combination inhibited cell proliferation, angiogenesis and
enhanced apoptosis in tumors. In this study, silibinin not only enhanced the therapeutic
response of doxorubicin, but also strongly reduced doxorubicin-induced systemic toxicity,
when the drugs were co-administered in mice [53]. In another study by Rho et. al., daily oral
co-administration of silibinin (200 mg/kg) and erlotinib (100 mg/kg) for 24 days resulted in
irreversible suppression of tumor growth and induction of apoptosis in erlotinib resistant
PC-9 tumors in SCID mice [54]. These effects were accompanied by changes at the
molecular levels where the drug combination effectively reduced EGFR and Akt activity in
tumors. A significant decrease in 18F-fludeoxyglucose uptake was also observed in tumors
exposed to co-treatments. The findings of this study implicated the use of silibinin in
combination with EGFR-TKI for preventing the growth of cells, with pre existing T790M
mutation or for the treatment of patients with T790M-mediated acquired resistance to EGFR
TKIs [54].

(ii) Efficacy of Silibinin in Carcinogen-Induced Mouse Models of Lung Cancer
—The in vivo efficacy of silibinin on tumor growth has been rigorously investigated in
mouse models of lung cancer. The chemopreventive potential of dietary silibinin on
urethane-induced lung tumors was reported for the first time by Singh et al. In this study, 6-
week old A/J mice were challenged with a single intraperitoneal (i.p) injection of urethane
(1 mg/g body wt.) to induce pulmonary tumors [46]. Two weeks after the urethane injection,
mice were randomly divided and assigned to either the control diet (AIN76A diet) or diet
containing varying doses of silibinin (0–1% wt/wt) for an additional 18–27 weeks, at which
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time they were accordingly sacrificed. The results of this study revealed that urethane-
injected mice that were exposed to dietary silibinin had statistically significantly lower lung
tumor multiplicities than the urethane-injected control mice. The clinically relevant
observation was that mice fed-with 1% wt/wt silibinin in diet for 18 weeks had 93% fewer
large (i.e. 1.5–2.5-mm-diameter) lung tumors than the control mice, suggesting that silibinin
prevented the urethane-induced lung tumors from growing beyond a small size, i.e. from
avascular to vascular stages, as assayed by tumor size [46]. Further, lung tumors of silibinin-
fed mice, showed decreased proliferative index than lung tumors of control mice. Moreover,
immunostaining for angiogenesis related markers showed that tumor microvessel density
(platelet endothelial cell adhesion molecule-1 (PECAM-1/CD-31) and lung tumor
expression of VEGF were significantly reduced with silibinin treatments. Silibinin
treatments also caused a significant decrease in iNOS and COX-2 expression, two enzymes
that promote angiogenesis by inducing VEGF expression [46]. The results from this study
are highly significant, given the fact that majority of current and former smokers have small
(< 2 mm) nodules, advocating the development of chemoprevention strategies that aim to
target angiogenesis-based mechanisms to control the growth of lung cancer.

Following this study, Tyagi et al., assessed the chemotherapeutic efficacy of oral silibinin on
urethane-induced advanced lung tumors in the same strain of mice [55]. After 32 weeks
post-urethane injection (1 mg/g body wt., ip), mice were randomly divided into 2 groups and
administered either saline (control) or silibinin (742 mg/kg body wt., 5 days/week) by oral
gavage for 10 weeks. The oral dose of silibinin chosen for this study was equivalent to the
1% wt/wt dietary silibinin as extrapolated from the study conducted by Singh et al. [46].
Mice were sacrificed at the completion of 43 weeks post-urethane injection, where silibinin-
treated group showed 33% fewer tumors, significant decrease in lung adenocarcinoma
multiplicity, tumor burden, tumor size, and a consistent decrease in the number of larger
tumors compared to the controls [55]. Though proliferation and apoptosis were only
marginally affected; marked suppression of tumor angiogenesis was observed in silibinin-
treated set of tumors. While silibinin did not affect tumor microvessel density, it
significantly reduced microvessel size and the formation of new microvessels in the tumors
[55]. Furthermore, silibinin-treated tumors showed a strong decrease in the infiltrated tumor
associated macrophages (TAMs) in the lung as well as reduced levels of pro-inflammatory
and pro-angiogenic cytokines (e.g. IL-13, TNF-α), concomitant with increased levels of
angiogenic inhibitors such as angiopoietin-2 (Ang-2) and ang-receptor tyrosine kinase
(Tie-2) that are known to regulate vessel stabilization and angiogenesis. Apart from
inhibiting the activation of the transcription factors (HIF-1α, NF-κB and STAT3), silibinin
treatments also increased the levels of enzymes inhibiting metalloproteinases such as
TIMP-1 and TIMP-2 [55]. Despite significant changes in angiogenesis-related markers,
silibinin treatments did not alter the expression of VEGF, iNOS and COX-2, although
significant changes in the levels of these proteins was observed in the silibinin-treated
tumors in the previous study [46]. This suggested that different mediators of angiogenesis
are involved at different stages of tumor growth and progression, and that silibinin
modulates their expression differentially at different stages of lung carcinogenesis to inhibit
urethane-induced lung tumors.

Another study assessed the efficacy of silibinin, alone and in combination with indole-3-
carbinol against NNK-induced lung adenocarcinoma in A/J mice [56]. NNK-exposed mice
were treated with silibinin (7 μmol/g), indole-3-carbinol (10 μmol/g) or both. The
combinatorial treatment was efficacious in reducing tumor multiplicity and growth of NNK-
induced lung tumors. In vivo molecular analysis showed that the combination treatment
synergistically modulated the levels of phospho-Akt, phospho-ERK and cyclin D1 as well as
induced a significant increase in poly (ADP-ribose) polymerase (PARP) cleavage as
compared to single agents alone. Parallel to these findings, the potential effects of silibinin
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was assessed against benzo (a) pyrene-induced lung tumorigenesis in A/J mice [57];
however, dietary feeding of silibinin, at doses of 0.05% and 0.1% wt/wt did not show
significant efficacy in inhibiting pulmonary adenoma formation and growth [57], suggesting
that the efficacy of silibinin in inhibiting lung tumorigenesis differs in varying carcinogen-
induced mouse models of lung cancer.

(iii) Efficacy of Silibinin in Urethane-Induced Lung Tumorigenesis in B6/129
Wild-type and iNOS−/− Mice—As detailed earlier in the text, studies have shown that
silibinin modulates iNOS levels in its angiopreventive efficacy against urethane-induced
lung tumorigenesis. To understand the importance of iNOS inhibition in silibinin-mediated
chemopreventive effects, Ramasamy et. al., investigated the efficacy of silibinin on
urethane-induced lung tumorigenesis in B6/129 wild-type (WT) mice and iNOS −/− mice.
Male B6/129-Nos2tm1Lau (iNOS−/−) and B6/129PF2 WT mice (5–6 weeks old) were
injected with 1 mg/g body wt. urethane (i.p.) once weekly for 7 consecutive weeks [45].
Evaluation of lung tissue and tumors showed prominent adenomas in B6/129 mice after the
completion of 7 weekly urethane injections. Next, the mice were divided into two groups
and orally gavaged with either 0.2 ml vehicle (0.5% (w/v) carboxymethyl cellulose and
0.025% Tween 20 in distilled water) or silibinin (742 mg/kg body wt.) in vehicle, for 5 days/
week for total of 18 weeks, and at the end of treatment regimen, mice were sacrificed.
Analysis of lung tumors showed that genetic ablation of iNOS decreased urethane-induced
tumor multiplicity by 87%, as compared to WT mice. The lung tumor size in WT mice
varied from 0.5–4.5 mm, whereas in iNOS −/− mice, lung tumors were <1 mm in diameter
(with an overall 82% reduction in size). Furthermore, in iNOS −/− mice, no significant
difference in number and size of urethane-induced tumors was observed between the control
and silibinin-treated groups; however, silibinin inhibited urethane-induced lung
tumorigenesis in WT mice, showing reduced lung tumor multiplicity by 71%. With respect
to the size of the lesions, a significant reduction of 67% (< 1 mm lesions), 62% (1.0–1.5 mm
lesions) and almost complete inhibition of lesions ranging in diameter between 1.5–2.5 mm
and >2.5 mm was recorded [45]. The number and sizes of lung tumors was affirmed by
subjecting lung tumors of WT mice (from both control and silibinin treatments) to real-time
micro-CT scanning, which showed similar results, consistent with the direct ex vivo
measurements of tumors, conduced at the termination of the experiment. Unlike the case in
iNOS−/− mice, immunostaining of lung tumors of control and silibinin-treated tumor-bearing
WT mice showed that silibinin treatments strongly reduced iNOS levels by 57% [45]. This
result was in concert with the previous findings, further validating that silibinin targets
iNOS, while mediating its anti-tumor efficacy against urethane-induced lung tumorigenesis
[46]. In silibinin-treated groups, the decrease in number and sizes of lung tumors was shown
to be through the moderate reduction of tumor cell proliferation and neoangiogenesis as
confirmed by immunostaining of tumor samples for PCNA and nestin. A robust decrease in
the levels of pro-angiogenic molecules such as VEGFR-2 (a major receptor for VEGF) and
reduced expression and nuclear localization of transcription factors like p-STAT3 (Ser-727),
and p65 NF-κB (Ser-276) was observed in silibinin-treated groups. Therefore, the findings
of this study enumerated that silibinin primarily exerts its chemopreventive and
angiopreventive effects through the modulation of iNOS expression in urethane-induced
lung tumors [45].

D) Efficacy of Silibinin Alone and in Combination with Epigenetic Therapies in NSCLC
Targeting the enzymes that catalyze DNA methylation [e.g. DNA methyltransferases
(DNMTs)] and covalent post-translational histone modifications [e.g. histone deacetylases
(HDACs)] have been recognized, fairly recently, as potential strategies for chemoprevention
and treatment of malignancies including NSCLC [58–60]. In this regard, while the utility of
silibinin in inhibiting pre-malignant and established stages of lung cancer is ascertained, its
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possible epigenetic effects were only recently investigated [61]. In this regard, the effects of
silibinin on HDAC levels, particularly the subset of HDACs (Class I HDACs) that are
known to regulate biological processes [62] such as cell proliferation and death were
assessed [61]. Apart from indirectly regulating total enzyme levels, silibinin treatments
notably reduced HDAC (1, 2 and 3) protein levels and caused accumulation of acetylated
histones (H3 and H4) in total cellular chromatin [61]. Given the limited efficacy of HDAC
inhibitors (HDACi) as mono-therapies against solid tumors, their significant toxicities and
various mechanisms of resistance, [63,64], it was rationalized that the full therapeutic
potential of HDACi to effectively target NSCLC in vitro and in vivo could perhaps be best
realized in combination with silibinin. These studies further revealed that combinations of
HDCAi [Trichostatin A (TSA) and suberoylanilide hydroxamic acid (SAHA)] with silibinin
synergistically increased the cytotoxic effects of these single agents, which was associated
with enhanced p21 promoter-associated histone (H3 and H4) acetylation states that led to a
dramatic increase in p21 protein and mRNA levels which limited the supply of cyclin B1,
causing a significant G2/M arrest by the combination treatment, followed by apoptotic cell
death. These combinations also caused similar epigenetic modulations in vivo, together with
a marked reduction in xenograft growth of NSCLC H1299 cells (Agarwal R, unpublished
data) Altogether, these studies strongly suggested that silibinin can be developed in
combination therapy with HDACi in order to improvise their efficacy and to achieve better
clinical responses in NSCLC patients. Further, the potential effect/s of silibinin treatment
alone as well as in combination with epigenetic therapies (i.e. either a HDAC or a DNMT
inhibitor) on the differential levels of E-cadherin in a range of NSCLC cells was also
determined [65]. The significance of this work originated from the fact that E-cadherin is
differentially down regulated in NSCLC cells due to epigenetic modulations and its loss of
function is thereby recognized as one of the primary factors responsible for EMT and
metastasis of lung cancer cells [66]. Silibinin treatment alone as well as in combination with
epigenetic drug/s, led to a synergistic increase/restoration of E-cadherin protein expression
and a marked reduction in the levels of Zeb1, which is a major transcriptional repressor of
E-cadherin in NSCLC cells [65]. In terms of its biological effects, silibinin treatment alone
as well as in combination with HDAC or DNMT inhibitors irreversibly reduced the
invasion/migratory potential of NSCLC cells, suggesting that the enhanced expression and/
or re-expression of E-cadherin by these combinatorial treatments significantly down
modulate these EMT-related events [65]. These results were highly significant, given the
fact that E-cadherin expression has been used as a clinical biomarker, in predicting
responses to conventional therapies like EGFR-TKIs in lung cancer [66,67]. Altogether,
these studies have provided a better picture of silibinin’ mechanism of action as a
chemopreventive and an anti-cancer agent.

6. Summary
Lung cancer is the leading cause of cancer-related mortalities worldwide, despite the advent
of treatment options such as molecular-targeted agents. Moreover, the abysmal patient 5-
year survival rate has remained constant since several years, further emphasizing the
importance of developing newer therapies that are efficacious against lung cancer. Smoking
cessation and chemoprevention strategies are two major practical approaches that can reduce
the large number of lung cancer related-mortalities. Successful studies conducted so far,
have convincingly established the chemopreventive and anti-cancer efficacy of silibinin. The
predominant role of silibinin in regulating pleiotropic mitogenic signaling cascades involved
in controlling prime endpoints like cell proliferation, cell survival and cell cycle progression,
has helped define its efficacy at different stages of cancer, as well exploit its potential
activity against several epithelial cancers including skin, prostate, colon, and lung. The
importance of its biological relevance lies in its properties which include its non-toxicity,
acceptability, and safety for human consumption, warranting its use in Phase I/II clinical

Mateen et al. Page 9

Nutr Cancer. Author manuscript; available in PMC 2014 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



trials. Collectively, significant findings have highlighted the efficacious role of silibinin in a
plethora of cancers including lung cancer. Specifically in lung cancer studies, silibinin was
effective either alone or in combination with other agents (e.g. chemotherapeutic and
epigenetic agents) in significantly inhibiting the growth of lung cancer cells. In vivo, its
effects have been shown to be mediated through inhibition of proliferation, angiogenesis and
epigenetic related events. Therefore, in support of these studies, the strong chemopreventive
effects of silibinin and their associated mechanisms merit further investigations.
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Fig. 1.
Milk Thistle. (A) Silybum marianum (Milk Thistle) plant, Family: Asteraceae. (B) Seeds of
Milk thistle plant. (C) Chemical structure of silibinin - the principle bioactive constituent of
silymarin (milk thistle extract) isolated from the dried fruits and seeds of milk thistle.
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Fig. 2.
Major molecular targets of silibinin involved in its efficacy against epithelial cancers. *, Key
molecules that are targeted by silibinin in its chemopreventive and anti-cancer efficacy
against lung cancer.
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