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Silibinin is the primary active constituent of a crude extract (silymarin) from milk thistle plant (Silybum
marianum) seeds. We explored the ability of an oral milk thistle extract formulation that was enriched
with a water-soluble form of silibinin complexed with the amino-sugar meglumine to inhibit the growth
of non-small-cell lung carcinoma (NSCLC) mouse xenografts. As a single agent, oral silibinin meglumine
notably decreased the overall volumes of NSCLC tumors as efficiently as did the EGFR tyrosine kinase
inhibitor (TKI) gefitinib. Concurrent treatment with silibinin meglumine impeded the regrowth of gefiti-
nib-unresponsive tumors, resulting in drastic tumor growth prevention. Because the epithelial-to-mesen-
chymal transition (EMT) is required by a multiplicity of mechanisms of resistance to EGFR TKIs, we
evaluated the ability of silibinin meglumine to impede the EMT in vitro and in vivo. Silibinin-meglumine
efficiently prevented the loss of markers associated with a polarized epithelial phenotype as well as the
de novo synthesis of proteins associated with the mesenchymal morphology of transitioning cells. Our
current findings with this non-toxic, orally active, and water-soluble silibinin formulation might facilitate
the design of clinical trials to test the administration of silibinin meglumine-containing injections, gran-
ules, or beverages in combination with EGFR TKIs in patients with EGFR-mutated NSCLC.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Silybum marianum (L.) Gaertn. (Carduus marianus L., Asteraceae;
milk thistle) seeds have been used since ancient times to treat a
large variety of liver and gallbladder disorders. Theoprastus (fourth
century B.C.), Dioskurides and Plinius (first century A.D.) were the
first to report the medicinal benefits of this plant. The use of Sily-
bum extract to treat liver diseases such as cirrhosis, hepatitis, alco-
holic liver disease and toxin exposure has been well documented
for more than 40 years (de Groot and Rauen, 1998; Flora et al.,
1998; Fraschini et al., 2002; Halbach and Trost, 1974). Silymarin
is the accepted name for the S. marianum extract, which is obtained
2 Elche,
ança s/n,

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.fct.2013.07.063&domain=pdf
http://dx.doi.org/10.1016/j.fct.2013.07.063
mailto:vmicol@umh.es
mailto:jmenendez@iconcologia.net
mailto:jmenendez@idibgi.org
mailto:jbosch@iconcologia.net
http://dx.doi.org/10.1016/j.fct.2013.07.063
http://www.sciencedirect.com/science/journal/02786915
http://www.elsevier.com/locate/foodchemtox


S. Cufí et al. / Food and Chemical Toxicology 60 (2013) 360–368 361
through organic solvent extraction and contains a high fraction of
flavonolignan monomers (e.g., silybin, isosilybin, silychristin, and
silydianin) and a smaller fraction of polymeric and oxidized poly-
phenolic components. Silybin or silibinin (CAS No. 22888-70-6), a
1:1 mixture of the diasteroisomers silybin A and silybin B, is the
major compound in this extract (Lee and Liu, 2003).

Silymarin has very poor bioavailability due to the poor water
solubility (<0.04 mg/mL) of its flavonolignan structure. This fact
considerably limits clinical applications and therapeutic efficiency
of silymarin; accordingly, many different pharmaceutical prepara-
tions have been developed in the last two decades to increase its
bioavailability (Javed et al., 2011; Pei et al., 2009). Some of the
preparations intended to improve silymarin oral bioavailability
are based on physical blends of excipients (e.g., dextrin, starch, su-
crose) and silymarin at certain particle sizes, which are then
administered as capsules, tablets, or granules (Chinese-State-
Drug-Administration, 2002). Other more sophisticated prepara-
tions have used b-cyclodextrin inclusions (Liu and Yan, 1996) or
solid PVP, PEG, urea or poloaxamer-containing dispersions (Tang
et al., 2001), leading to the discovery that PVP solid dispersions
have the highest solubilization efficiency among these carriers.
Silymarin liposomes, which were designed to target hepatic lesions
by taking the advantage of passive targeting into the liver, have
demonstrated high encapsulation efficiency and enhanced gastro-
intestinal absorption when compared to silymarin (Xiao et al.,
2005; Yu et al., 2003). Silymarin has also been complexed with
phosphatidylcholine in a formulation that was initially named sil-
ipide (IdB 1016) or Siliphos� (Indena, Italy). Several studies have
indicated the improved absorption and bioavailability of this for-
mulation in rats compared to those of silymarin (Morazzoni
et al., 1993). Several silybin metabolites were identified in plasma
samples from colorectal cancer patients who received daily doses
of 1.45 g/day for seven days (Kidd, 2009); however, the silybin
plasma concentrations failed to reach levels above 4 lmol/L, which
hardly justify most of the observed effects in cultured human can-
cer cell models. Silymarin nanoparticles of 150 nm in size, which
were obtained via solution-enhanced dispersion with a supercriti-
cal fluid technique, have shown improved bioavailability in rats
(e.g., 2.5-fold) when compared to particles of 1000 nm in size (He
et al., 2005). A comparative review of the different strategies to im-
prove silymarin bioavailability has recently been published (Javed
et al., 2011). Although the results are hardly comparable due to as-
say condition variability, silybin glycoside formation was shown to
enhance bioavailability up to 30-fold when compared with regular
silymarin, followed by cyclodextrin complexation (20-fold),
phospholipid complexation (10-fold), and solid dispersions
(5-fold).

Silymarin has been successfully solubilized in water through a
meglumine salt preparation. This orally administered silymarin
formulation demonstrated improved efficacy against cisplatin-in-
duced renal injuries in rats when compared to silymarin in tablet
form (Lu et al., 1999). A water-soluble formulation of silibinin,
complexed with the excipient amino-sugar meglumine (Fig. 1),
can also be incorporated into silica nanoparticles that permit a sus-
tained silybin release system (Cao et al., 2012). Because a water-
soluble silibinin formulation is crucial for target preparations as
it will enable new breakthroughs in silibinin meglumine-contain-
ing injection, granule, or beverage formation, we have preclinically
explored for the first time whether silibinin meglumine might rep-
resent an inexpensive adjuvant strategy for orally administered
silymarin in cancer patients. Because silibinin has demonstrated
strong anti-cancer efficacy against non-small-cell lung carcinoma
(NSCLC) cells in both culture and nude mice (Mateen et al., 2010,
2012; Rho et al., 2010), we decided to compare the ability of an or-
ally administered silibinin meglumine (30% w/w)-enriched milk
thistle extract to inhibit the growth of NSCLC mouse xenografts
that harbor the DE746A750 activating EGFR mutation with that
of the EGFR tyrosine kinase inhibitor (TKI) gefitinib, a first-line
treatment for EGFR mutation-positive advanced NSCLC.

2. Materials and methods

2.1. Materials

The EGFR (HER1)-Tyrosine Kinase Inhibitor (TKI) gefitinib (ZD1839; Iressa�)
was kindly provided by AstraZeneca PLC (London, UK). Recombinant human
(carrier-free) TGFb1 was purchased from R&D Systems Inc. (Minneapolis, MA,
USA).

2.2. High-performance liquid chromatography-electrospray tandem mass spectrometry
(HPLC–ESI-MS/MS)

The milk thistle extract composition was analyzed and quantified by HPLC–
DAD-ESI-MS/MS on an Agilent LC 1100 series (Agilent Technologies, Inc., Palo Alto,
CA, USA). The instrument was controlled by ChemStation software (Agilent Tech-
nologies, Inc.) and equipped with a pump, auto-sampler, column oven, and UV–
vis diode array detector. The HPLC instrument was coupled to an Esquire
3000+(Bruker Daltonics, GmbH, Germany) mass spectrometer equipped with an
ESI source and ion-trap mass analyzer, which was operated by Esquire control
and data analysis software. The extract was separated by a gradient method that
used H3PO4:MeOH:water (0.05:20:79.95) as solvent A and H3PO4:MeOH:water
(0.05:79.95:20) as solvent B. The gradient included 15% B, 15% B at 2 min, 45% at
20 min, 45% at 40 min, 15% at 41 min, and a final re-equilibration at 15% B until
55 min. The flow rate was 1 mL/min. An Alltech Prevail C18 3 lm, 150 � 4.6-mm
column was used for the separation. The diode-array detection was set at
288 nm. The ESI source was processed in a negative mode to generate ions under
the following conditions: desolvation temperature at 360 �C and vaporizer temper-
ature at 400 �C, and the dry gas (nitrogen) and nebulizer were set at 12 L min�1 and
70 psi, respectively. The MS data were collected from the full-scan mass spectra at
50–1100 m/z, using 200 ms to collect the ions in the trap. The compounds were
identified by HPLC–DAD analysis. The retention time, UV spectra, and MS/MS data
of the sample peaks were compared to data reported in the literature (Brinda et al.,
2012; Calani et al., 2012; Kuki et al., 2012; Wang et al., 2010). Quantitation of the
main flavonolignan compounds was performed using ChemStation for LC 3D soft-
ware (Agilent Technologies Life Sciences and Chemical Analysis, Waldbronn, Ger-
many), and the silibinin equivalents were determined with silibinin standards
(Sigma–Aldrich).

2.3. Cell culture

PC-9 NSCLC-derived cells that expressed the EGFR exon 19 deletion mutation
(DE746-A750) were obtained from the IBL cell bank (Gunma, Japan). PC-9 cells were
routinely grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco� Cell Cul-
ture Systems) with 10% heat-inactivated fetal bovine serum (FBS, Bio-Whittaker,
Inc.), 1% L-glutamine, 1% sodium pyruvate, 50 U/mL of penicillin, and 50 lg/mL of
streptomycin. The cells were maintained at 37 �C in a humidified atmosphere with
5% CO2.

2.4. Tumor cell implantation experiments

A total of 20 non-obese diabetic/severe combined immunodeficiency (NOD/
SCID) mice, purchased from Charles River Laboratories, were subcutaneously inoc-
ulated with 5 � 106/100 ll PC-9 cells. Subcutaneous tumor growth was monitored
daily; when the solid tumors reached a volume of 100 mm3, the animals were ran-
domly assigned to groups of 5 animals each. These groups were treated with the
vehicle control, gefitinib (100 mg/kg, 5 days a week), silibinin meglumine
(100 mg/kg, 5 days a week), or gefitinib plus silibinin-meglumine. All drugs were
administered via oral gavage. The mice were weighed once per week after dosing.
The tumor sizes were measured daily with electronic calipers, and the tumor vol-
umes were calculated with the following formula: volume (mm3) =
length �width2 � 0.5. After 35 days of oral treatment, the mice were euthanized
by cervical dislocation and the tumors were collected. Tumor growth curves were
obtained by plotting the median volume values on the y-axis against time (ex-
pressed as days after initiation of therapy) on the x-axis. The experiments were ap-
proved by the Institutional Animal Care and Use Committee (IACUC) of the Institut
d’Investigació Biomèdica de Bellvitge (IDIBELL; Animal Use Protocol #6302 autho-
rized by the Animal Experimental Commission of the Catalan Government, Barce-
lona, Spain).

2.5. Quantitative real-time polymerase chain reaction (qRT-PCR)

For the purification of total RNA from the tumor tissues, we used Qiagen miRN-
easy Mini kits (Cat. No. 217004) and QIAshredder columns, according to the man-
ufacturer’s instructions. One microgram of total RNA was reverse-transcribed to



Fig. 1. HPLC chromatogram of milk thistle extract with 30% (w/w) of water-soluble silibinin meglumine at 288 nm. Compounds are identified by number as follows:
silychristin A (1), silydianin (2), silychristin B (3), silybin A (4), silybin B (5), isosilybin A (6) and isosilybin B (7).
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cDNA using the Reaction Ready™ First Strand cDNA Synthesis Kit (SABiosciences)
and applied to a customized PCR array in a 96-well format. The PCR array contained
the following panel of genes: TWIST, SNAI2 (SLUG), VIM, CDH1, and CDH2. The arrays
were processed according to the SABiosciences RT-PCR manual and analyzed using
an Applied Biosystems 7500 Fast Real-Time PCR System with an automated base-
line and threshold cycle detection. The data were interpreted using a web-based
PCR array analysis tool from SABiosciences.
2.6. Immunofluorescence staining and high-content confocal imaging

For imaging, the cells were seeded at a density of approximately 5,000 cells/
well in 96-well clear-bottom tissue culture plates (Becton Dickinson Biosciences;
San Jose, CA, USA) that were optimized for automated imaging applications. Triton�

X-100 permeabilization and blocking, primary antibody staining, secondary anti-
body staining with Alexa Fluor� 488/594-conjugated goat anti-rabbit/mouse IgGs
(Invitrogen-Molecular Probes, Eugene, OR, USA), and Hoechst 33258 counterstain-
ing (Invitrogen) were performed according to protocols from BD Biosciences. The
images were captured in different channels for Alexa Fluor� 488 (pseudocolored
green), Alexa Fluor� 594 (pseudocolored red), and Hoechst 33258 (pseudocolored
blue) staining on a BD Pathway™ 855 Bioimager System (Becton Dickinson Biosci-
ences) with 20� or 40� objectives (NA 075, Olympus). Merged images were ob-
tained with BD Attovision™ software according to the recommended assay
procedure.

2.7. Wound-healing motility assays

PC-9 cells were seeded onto six-well dishes at 1 � 105 per well. A single scratch
wound was creased using a p10 micropipette tip into confluent cells. Cells were
washed twice with PBS to remove cell debris, supplemented with regular growth
medium in the absence or presence of silibinin meglumine-enriched milk thistle ex-
tract, TGFb1 or TGFb1 + silibinin meglumine-enriched milk thistle extract, and
monitored. Images were captured by phase-contrast microscopy at 0, 24, and
48 h after wounding.

3. Results

All the identified flavonolignan isomers in the milk thistle ex-
tract, including silychristin A, silychristin B, silydianin, silybin A,
silybin B, isosilybin A, and isosilybin B, had base peaks at m/z
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481 that corresponded to the negatively charged molecular ion
([M�H]�) and a main fragment ion at m/z 125 (MS/MS) that was
derived from A-ring fission, as previously reported (Calani et al.,
2012). Quantification of the water-soluble silymarin extract flav-
onolignans with a silibinin A + B standard revealed a total flavono-
lignan content of 32.93% (w/w; silychristin A, silychristin B,
silydianin, silybin A, silybin B, isosilybin A, and isosilybin B) and
a total silibinin content of 29.96% (w/w; silybin A, silybin B, isosily-
bin A, and isosilybin B).

3.1. Oral administration of silibinin meglumine delays tumor growth in
EGFR-mutant NSCLC mouse xenografts and impedes EMT in vivo

The effects of a systemic silibinin meglumine treatment on tu-
mor growth were studied in a xenograft animal model of PC-9 tu-
mors that contained the EGFR TKI-sensitizing DE746-A750 deletion
mutation in exon 19 of the EGFR gene. When the tumor volumes
reached approximately 100 mm3 (as measured with calipers), the
mice were randomly allocated into four groups of 5 animals each.
The groups received gefitinib, silibinin meglumine, gefitinib + silib-
inin meglumine or vehicles by oral gavage. The mice in each group
were followed and their tumors measured during a 35-day treat-
ment period; the tumor volumes were calculated for each mouse
at each time point. Fig. 2A (left panel) shows the tumor growth rate
in the three treatment groups; the data are plotted as the mean tu-
mor volume in each group over time. The tumor volumes in the
gefitinib-treated animals at all time points were smaller than the
initial volume, and this decrease in volume became statistically
significant at day 14. When compared to the animals in the
Fig. 2. Oral treatment of EGFR-mutant NSCLC xenograft-bearing animals with silibinin m
phenotype in vivo. (A). Left. Shown are the mean tumor volumes (±SD) in PC-9 xenogra
gefitinib plus silibinin meglumine for five weeks as specified. Right. Antitumor activity w
according to the following formula: 100–[(Vx/Vc) � 100], where Vx is the tumor volume fo
Figure shows the greatest difference (by fold-change) in the mRNA relative express
transcription factors TWIST1 and SNAIL2, all of which were found significantly regulated i
plus silibinin meglumine for five weeks as specified.
vehicle-treated group (mean tumor volume: 327 ± 45 mm3),
5 weeks of oral gavage gefitinib treatment for 5 days/week at
100 mg/kg body weight by oral gavage significantly prevented tu-
mor growth in animals with PC-9 xenografts (mean tumor volume:
168 ± 40 mm3). Five weeks of oral gavage silibinin meglumine
treatment for 5 days/week at 100 mg/kg body weight was as effi-
cient as the EGFR TKI gefitinib with regard to marked time-depen-
dent xenograft growth prevention. Thus, compared to the mean
xenograft tumor volume in the untreated control animals, daily
oral gavage with silibinin meglumine resulted in a remarkable
reduction in the mean tumor volume to 151 ± 39 mm3.

The combined gefitinib and silibinin meglumine treatment re-
duced the PC-9 xenograft growth to tumor volumes as low as
96 ± 14 mm3 during the same treatment period. These findings
strongly suggest that the EGFR-mutant PC-9 xenografts were fully
sensitized to the tumor growth inhibitory effects of gefitinib in the
presence of silibinin meglumine. This was reflected by the percent-
age of tumor growth inhibition, which was calculated as 1-treated/
control volume ratios (1-T/C) (Fig. 2A, right panel). The inhibitory
effect of gefitinib reached a maximum after 4 weeks (62%) but de-
creased toward the end of the treatment to the lower levels of
activity that were observed during the first weeks of treatment
(�50%). The anti-tumor activity profile of the single agent silibi-
nin-meglumine was mostly equivalent to the inhibitory effect of
single agent gefitinib, reaching a plateau of maximum activity after
3 weeks of treatment (�54%) and remaining constant until the end
of the 5-week treatment schedule. Notably, the anti-tumor activity
in the combined gefitinib and silibinin meglumine group increased
eglumine: Impact on the efficacy of the EGFR TKI gefitinib and in the mesenchymal
ft-bearing nude mice following oral gavage with gefitinib, silibinin meglumine or
as calculated for individual tumors as the percentage of tumor growth inhibition,

r treated mice and Vc is the tumor volume in the control group at a given x time. (B)
ion of the mesenchymal markers VIM, CDH1, and CDH2, and the EMT-inducing
n PC-9 tumors following oral gavage with gefitinib, silibinin meglumine or gefitinib



Fig. 3. Silibinin meglumine impedes TGFb1-induced EMT and the migratogenic
phenotype in PC-9 cells. A. PC-9 cells were grown to 75–80% confluence, serum-
starved for 24 h, and then treated for 3 days with 10 ng/mL of TGFb1 in the absence
or presence of 100 lg/mL of silibinin meglumine. Top panels. After fixation and
permeabilization, the subcellular distribution of F-actin, the epithelial marker
E-cadherin, and of the mesenchymal-specific marker vimentin was assessed after
staining with anti-F-actin, anti-E-cadherin, and anti-vimentin antibodies and
Hoechst 33258 for nuclear counterstaining, as specified. Images show representa-
tive portions of the untreated-, TGFb1-, silibinin meglumine-, or TGFb1 + silibinin
meglumine-treated PC-9 cells in montages of 4 � 4, which were captured in
different channels for F-actin (red), E-cadherin (green), vimentin (green), and
Hoechst 33258 (blue) with a 20x objective. Images were merged on a BD Pathway
855 Bioimager System with BD Attovision software. (B) Figure shows representative
microphotographs of wound healing assays 0, 24, and 48 h after incisions of
confluent PC-9 cells cultured in the absence or presence of silibinin meglumine
(100 lg/mL), TGFb1 (10 lg/mL), or TGFb1 + silibinin meglumine as specified.
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in a time-dependent manner, reaching a maximum of 74% after
35 days.

Emerging data has repeatedly implicated the epithelial-to-mes-
enchymal (EMT) phenomenon as a contributor to both innate and
acquired resistance to EGFR TKIs (Bryant et al., 2012; Byers et al.,
2013; Thomson et al., 2005; Chang et al., 2011; Chung et al.,
2011; Coldren et al., 2006; Fuchs et al., 2008; Nurwidya et al.,
2012; Suda et al., 2011; Yauch et al., 2005; Zhang et al., 2012,
2013); indeed, it is reasonable to suggest that the activation of
an EMT genetic program is a core resistance mechanism that by-
passes pharmacological EGFR pathway inhibition in NSCLC. As
such, we hypothesized that silibinin meglumine might operate as
a negative regulator of the EMT phenotype in vivo. After 35 days
of oral treatment with gefitinib, silibinin meglumine, or gefitinib
plus silibinin meglumine, tumors were collected and snap frozen
for the isolation of total RNA. We then used a customized array
for the quantitative of five mRNAs that are functionally associated
with EMT and the reciprocal mesenchymal-to-epithelial transition
(MET), namely the EMT markers VIM (vimentin), CDH1 (E-cad-
herin), CDH2 (N-cadherin), and the EMT-inducing transcriptional
factors TWIST1, and SNAI2 (SLUG) (Fig. 2B). The results strongly
suggested that PC-9 tumors treated with gefitinib experienced
slight but significant changes in the mRNA expression of mesen-
chymal phenotype cell markers; gefitinib-treated tumors notably
enhanced the relative mRNA expression of TWIST1, a recently con-
firmed determinant of the acquisition of a mesenchymal pheno-
type in EGFR mutated NSCLC (Nakashima et al., 2012; Pallier
et al., 2012). Accordingly, gefitinib treatment notably increased
the relative mRNA expression of CDH2 (N-cadherin), a mesenchy-
mal cadherin associated with EMT that has consistently been
found to be up-regulated in most biopsies obtained from recurrent
NSCLC patients that progressed on EGFR TKI-based therapies
(Zhang et al., 2013). In contrast, five weeks of oral gavage silibinin
meglumine treatment induced up-regulation of the relative mRNA
expression ofCDH1 (E-cadherin) accompanied with down-regula-
tion of VIM (vimentin); moreover, the concurrent treatment with
silibinin meglumine drastically prevented the up-regulatory ef-
fects of gefitinib on TWIST1 mRNA expression.

3.2. Silibinin meglumine impedes TGFb-induced EMT in PC-9 NSCLC
cells in vitro

We sought to determine whether silibinin meglumine could
prevent TGFb1 from activating an EMT protein signature, as de-
fined by low E-cadherin and high vimentin expression levels,
in vitro. Upon treatment with TGFb1, DE746-A750-mutated PC-9
cells initially exhibited a typical epithelial-like morphology, but
subsequently showed reductions in cell–cell contacts and gradu-
ally progressed to a spindle-shaped morphology. This was evident
after a 24-h TGFb1 treatment, and the cells continued to elongate
at and beyond 48 h (Fig. 3A). The drastic TGFb1-induced redefini-
tions of cell shape and morphology included the striking formation
of long F-actin filament stress fibers, which was accompanied by
the significant accumulation of cytoplasmic mesenchymal markers
such as the intermediate filament vimentin. Remarkably, exoge-
nous supplementation with silibinin meglumine largely impeded
the ability of the TGFb1-treated PC-9 cells to undergo a full EMT
(Fig. 3A). After a 72-h incubation with TGFb1, F-actin was mostly
assembled into thick parallel bundles or actin stress fibers that tra-
versed the ventral cell surface. In the presence of silibinin meglu-
mine, filamentous actin was mostly organized into cortical
bundles that were associated with cell–cell adhesions (Fig. 4).
Additionally, silibinin meglumine impeded the ability of TGFb1 to
alter E-cadherin cycling between the cytoplasm and cell mem-
brane that would promote its rapid internalization. Accordingly,
a visible loss of cell–cell contacts, the rapid internalization of E-
cadherin, and the significantly reduced re-expression of the mes-
enchymal-specific marker vimentin were observed in the presence
of silibinin meglumine (Fig. 4). All these phenomena related to
changes in the cell migratory behavior of PC-9 cells. In vitro scratch



Fig. 4. Silibinin: A new strategy to target molecules that control the acquisition of an EGFR TKI-refractory mesenchymal-like phenotype by EGFR TKI-responsive epithelial
NSCLC cells.

S. Cufí et al. / Food and Chemical Toxicology 60 (2013) 360–368 365
wound healing assays showed a significantly slower cell migration
speed compared to the basal locomotory activity of untreated PC-9
cells. Perhaps more importantly, the highly migratogenic pheno-
type of PC-9 cells observed in response to the exogenous supple-
mentation with the EMT inducer TGFb1 was fully prevented in
the presence of silibinin meglumine (Fig. 3B).

4. Discussion

Beyond its hepatoprotective effects, the pharmacological activ-
ity of silymarin is being revisited due to growing evidence that sug-
gests potential anti-cancer activity. Silibinin was found to exhibit
cardioprotective properties during cancer treatments with chemo-
therapeutic drugs that are known to exert cardiotoxic side effects,
such as the anthracycline doxorubicin (Psotova et al., 2002). Orally
administered silibinin suppressed the growth of NSCLC A549 xeno-
grafts, enhanced therapeutic responses to doxorubicin, and dimin-
ished chemoresistance mechanisms via NF-kB modulation (Singh
et al., 2004). Moreover, silibinin has also been shown to inhibit
NSCLC A549 cell invasion by decreasing the expression of metallo-
proteinase-2 (MMP-2) and urokinase plasminogen activator (u-PA)
(Chu et al., 2004). The anti-invasive effects of silibinin were accom-
panied by the concomitant inhibition of extracellular signal-regu-
lated kinase (ERK) and AKT activation (Chen et al., 2005), a
tumor growth inhibitory mechanism that has been recently con-
firmed in ovarian cancer cells (Cho et al., 2013). The evidence that
suggests silibinin as a possible drug candidate for tumor growth
inhibition has been notably reinforced by a landmark study in
which the combination of silibinin and the EGFR TKI erlotinib dras-
tically suppressed tumor growth in NSCLC cells that had acquired
TKI resistance via the EGFR T790M mutation (Rho et al., 2010).
Although this finding provided a new, unexpected therapeutic ave-
nue for clinical EGFR TKI efficacy management in NSCLC patients, it
should be acknowledged that the poor water solubility and low
bioavailability of silibinin are expected to severely limit its clinical
efficacy. Because the ionization ability of silibinin increases when it
is combined with the sorbitol-derived meglumine amino-sugar, in
the present study, we decided to use silibinin meglumine as an
inexpensive adjuvant strategy with which to administer silymarin
to mice that were subcutaneously xenotransplanted with NSCLC
human cells and to demonstrate that the water solubility of this
formulation is complete and thus no sophisticated methods are re-
quired to prepare an orally active silibinin formulation with in vivo
anti-cancer activity.

This paper provides an initial report of the potent inhibitory ef-
fects of the silibinin meglumine formulation on NSCLC cancer
growth in an in vivo xenograft model that was generated by subcu-
taneously injecting PC-9 cells into athymic mice. Specifically, we
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demonstrate that a 5-week period of oral silibinin-meglumine
administration at 100 mg/kg per day is as efficient as the EGFR
TKI gefitinib in terms of significant PC-9 tumor xenograft growth
inhibition. Importantly, our data demonstrate that mice receiving
concomitant silibinin-meglumine and gefitinib treatments show
an impressive tumor growth reduction of approximately 75% after
35 days of combined treatment. Because the PC-9 tumor growth
inhibition persisted in the combination group even after the drugs
were discontinued, these findings suggest that whereas the re-
growth of some individual tumors can be observed after a few
weeks of single-agent gefitinib treatment (thus mimicking clinical
relapses), the concomitant administration of silibinin meglumine
appears to impede the regrowth of gefitinib-unresponsive tumors.
In this regard, our findings, in which silibinin meglumine treat-
ment efficiently impedes pro-EMT signaling in EGFR-mutant
NSCLC cells in vitro and in vivo, raise the possibility that EMT that
arises during gefitinib-resistance development, as observed in
EGFR-mutant NSCLC both in vitro and in vivo (Bryant et al., 2012;
Byers et al., 2013; Thomson et al., 2005; Chang et al., 2011; Chung
et al., 2011; Coldren et al., 2006; Fuchs et al., 2008; Nurwidya et al.,
2012; Suda et al., 2011; Yauch et al., 2005; Zhang et al., 2012,
2013), could be countered by the concomitant presence of silibi-
nin-meglumine. In recent years, the EMT, a traditional phenome-
non revealed in embryonic development that is defined by the
loss of epithelial characteristics and the acquisition of a mesenchy-
mal phenotype, has been gradually accepted as a pivotal mecha-
nism underlying different aspects of cancer progression, such as
metastasis, stem cell traits, and resistance to cancer therapies
(Dave et al., 2012; De Craene and Berx, 2013; Kalluri and Weinberg,
2009; Meng and Wu, 2012; Micalizzi et al., 2010; Nieto and Cano,
2012; Scheel and Weinberg, 2012; Singh and Settleman, 2010; Thi-
ery et al., 2009). Indeed, due to the close relationship of EMT to
cancer metastasis and drug resistance, targeting EMT or reversing
EMT is likely to lead to novel therapeutic approaches for the treat-
ment of human carcinomas including NSCLC. In this regard, eluci-
dating how EMT could be prevented or reversed in NSCLC might
enable the development of new strategies aimed at optimizing
the efficacy of EGFR TKIs to improve the therapeutic outcome of
NSCLC patients because emerging evidence strongly suggests that
the mesenchymal phenotype is closely related to the lack of
responsiveness to EGFR TKIs. Although the inhibition of EMT can
be a critical strategy for delaying or preventing tumor progression
after treatment with EGFR TKIs, the reversal of the EMT-driven erl-
otinib-refractory phenotype is urgently needed to expand the cur-
rent EMT-targeted therapies. Earlier studies have shown that
silibinin reverses EMT by decreasing the levels of key EMT tran-
scription factors, such as SLUG, and increasing the expression lev-
els of E-cadherin in prostate cancer cells (Singh et al., 2008; Wu
et al., 2010; Deep et al., 2011). During the preparation of this man-
uscript, (Mateen et al., 2013) reported that a combination of silib-
inin and histone deacetylase and DNA methyltransferase inhibitors
significantly restored E-cadherin levels in NSCLC cells with epige-
netically silenced E-cadherin expression; experiments with NSCLC
cells that expressed basal levels of E-cadherin showed that silibinin
treatment further increased E-cadherin expression and inhibited
the migratory and invasive potential of these cells (Mateen et al.,
2013). These findings provide a mechanistic explanation for our
discovery that silibinin meglumine treatment efficiently prevents
TGFb1-driven losses of proteins associated with a polarized epithe-
lial phenotype (i.e., E-cadherin) as well as the de novo synthesis of
proteins associated with the mesenchymal migratory morphology
of transitioning cells (e.g., vimentin). Importantly, we have been
able to demonstrate the silibinin meglumine’s ability to prevent
the acquisition of a mesenchymal phenotype in vivo, which took
place through a molecular mechanism that likely involved the sup-
pression of the overactivation of TWIST1 and N-cadherin, two useful
cross-regulated biomarkers for predicting the prognosis of NSCLC
(Hui et al., 2013). We also showed that the combination of silibinin
meglumine with gefitinib was highly efficacious at preventing the
activation of an EMT genetic program in response to observed with
single agent gefitinib, suggesting that the alterations in specific
EMT-related mRNAs mediated by silibinin meglumine, which led
to the reversal of the mesenchymal phenotype, could be a novel
approach for the prevention of acquired resistance to gefitinib in
NSCLC treatment.

Throughout the duration of the experiment, the mice treated
with silibinin-meglumine did not show any gross signs of toxicity
or possible adverse effects as assessed by body weight gain (supple-
mentary Fig. 1) and diet consumption profiles. Therefore, our results
that demonstrate the strong in vivo antitumor efficacy of oral silibi-
nin meglumine administration in combination with gefitinib in PC-9
tumor xenografts in the apparent absence of toxicity might prompt
further interest in the use of silibinin-meglumine as a drug modality
in EGFR-mutant NSCLC patients. According to the formula proposed
for calculating human equivalent dose (HED) by normalizing the
body surface area rather than weight (Reagan-Shaw et al., 2008)
(e.g., animal dose (mg/kg) � (animal km factor/human km factor)),
we found that the corresponding HED for the maximum dose of sil-
ibinin meglumine used in our in vivo study, which was equivalent to
100 mg/kg mouse body weight, is a human equivalent dose of
8.11 mg/kg. This equates to a 486.49 mg dose of silibinin meglumine
for a 60 kg individual, an HED that is likely within the dose range that
can be achieved in target cancer tissues (Kidd, 2009).
5. Conclusions

The liposoluble silymarin has been the chief market product
(70–80%) of the S. marianum extract (Zhao et al., 2006). The
remaining solvent is harmful to humans; furthermore, water-insol-
ubility leads to low bioavailability. It is therefore urgent to develop
a water-soluble silymarin form for target preparations to produce
new breakthroughs in injections, granules, beverages or health
food formulations. Meglumine salt, a product from the reaction be-
tween silibinin and organic amine, was one of the earliest organic
amine silymarin salts that could change silibinin into a water-sol-
uble preparation (Pei et al., 2009). Currently, silibinin meglumine is
commercially formulated in tablets or capsules, and patients must
ingest several doses per day to maintain effective plasma concen-
trations (Cao et al., 2012). Therefore, it might be valuable to devel-
op new technologies that can achieve high levels of efficacy and a
long-term drug-release pattern to reduce the drug administration
frequency. Furthermore, such a delivery system must be safe after
either oral or intravenous administration. In this regard, silibinin
meglumine has been successfully incorporated into silica nanopar-
ticles to achieve an excellent linear relationship between in vitro
dissolution and in vivo absorption, thus suggesting a promising
model for the sustained released of water-soluble silibinin (Cao
et al., 2012). Because an oral silibinin formulation with enhanced
solubility and stability over a wide pH range will significantly in-
crease cancer treatment convenience and flexibility, our current
in vivo findings regarding a non-toxic, orally active water-soluble
silibinin formulation could certainly accelerate further in-depth
preclinical and clinical studies to determine the value of natural
agents such as silibinin that can enhance the clinical efficacies of
EGFR TKIs in patients with EGFR mutant-NSCLC.
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