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Abstract
Chronic inflammation is one of the primary causes of colorectal cancer (CRC), and major
inflammatory pathways implicated in CRC are COX2 and iNOS; both regulated by NF-κB
suggesting that inhibitors of these pathways could be ideal against CRC. Silibinin has shown
promising efficacy against various malignancies including CRC, and therefore here we assessed
whether silibinin targets NF-κB activation and associated signaling as a mechanism of its anti-
inflammatory and anti-cancer effects in CRC. Our results indicated that silibinin treatment (50–
200 μM) of human CRC SW40, LoVo and HT29 cells strongly inhibits TNFα-induced NF-κB
activation together with decreased nuclear levels of both p65 and p50 sub-units. Silibinin also
significantly increased IκBα level with a concomitant decrease in phospho-IκBα, without any
effect on TNFR1, TRADD and RIP2, indicating its inhibitory effect on IKKα kinase activity.
Next we assessed the effect of oral silibinin feeding on NF-κB pathway in SW480 (COX-2
negative) and LoVo (COX-2 positive) tumor xenografts in nude mice. Together with its inhibitory
efficacy on tumor growth and progression, silibinin inhibited NF-κB activation in both xenografts.
The protein levels of various NF-κB-regulated molecules such as Bcl-2, COX2, iNOS, VEGF and
MMPs were also decreased by silibinin in both cell culture studies and xenograft analyses,
suggesting its potential to alter NF-κB transcriptional activity. Together, these findings are highly
significant in establishing for the first time that silibinin suppresses CRC growth and progression
possibly through its anti-inflammatory activity by interfering with NF-κB activation and thus has
potential against human CRC.
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INTRODUCTION
Colorectal cancer (CRC) is the third leading cause of cancer-related deaths in the United
States [1] and statistical estimates by the American Cancer society for the year 2010
indicated that there would have been 142,570 new cases of CRC and 51,370 associated
deaths in the United States alone [1]. Chronic inflammation is one of the primary causes of
CRC owing to increased CRC riskwith longer duration of inflammatory bowel diseases
(IBD: ulcerative colitis and crohn’s disease) and other inflammatoryresponses [2,3]. Anti-
inflammatory drugs are, thus, the drugs of choice to prevent CRC [4,5]; however, there are
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several side effects associated with their long-term use suggesting that more efforts are
needed to identify non-toxic agents, possibly from dietary/non-dietary sources, that can be
used to prevent/intervene CRC [4–6]. In terms of scientific quintessentiality, CRC also
represents a paradigm for the connection between inflammation and cancer, based on the i)
epidemiological studies which indicate a higher incidence of CRC in patients with IBD, ii)
protective function of nonsteroidal anti-inflammatory drugs (NSAIDs) against CRC, and iii)
preclinical mechanistic studies which indicate a causal association of CRC with genes
encoding for pro-inflammatory mediators [3,7,8].

Physiological/pathological conditions recognized as predisposing to CRC (IBD) or genetic
events leading to neoplastic transformation maneuver the construction of an inflammatory
microenvironment which is infiltrated with inflammatory cells and mediators [7–10]. The
inflammatory mediators that have been implicated in the development of CRC include key
transcription factors (e.g., NF-κB, STAT3); proinflammatory cytokines (e.g., TNF α, IL-6);
cyclooxygenase-2 (COX-2) and selective CC-chemokines (CCl2) [2,3,9,11–16]. The
negative mediators that keep this inflammation in check being IL-10, TGFβ, toll like
receptor and the IL-1 receptor inhibitor TIR8/SIGIRR, and chemokine decoy and scavenger
receptor D6 [3,9]. NF-κB is an inflammation-associated transcription factor, known to
activate a wide variety of anti-apoptotic/pro-survival/inflammatory genes in response to
viral and bacterial infections, inflammation, and stressful situations requiring a rapid
reprogramming of gene expression [14,15,17–19]. NF-κB is activated constitutively in
many tumors/tumor cells, including human CRC cells [3,8,19]. This is one of the major
reasons why the chemotherapeutic agents are ineffective in inducing apoptosis in cancer
cells including CRC [8,15]. Constitutively active NF-κB provides growth and survival
signals in human malignancies, suggesting that the agents that inhibit NF-κB activation
could be effective in CRC prevention and therapy [8,11]. NF-κB transcription complexes
are comprised of homo- and heterodimers formed by five different subunits viz., p50, p52,
p65 (RelA), RelB, and c-Rel subunits; the most common form being the p50 and p65
heterodimer[14,17,20]. This complex is sequestered in the cytoplasm (inactive state), where
it is bound to a group of inhibitory proteins known as inhibitors of NF-κB (IκBs) which in
turn are regulated through phosphorylation by the IκB kinase (IKK) complex, targeting it for
ubiquitin dependent degradation [3,11]. In response to a variety of stimuli, such as the
cytokine TNFα, the IκB proteins are phosphorylated by the IKK, ubiquitinated, and then
undergo subsequent proteasomal degradation [3,11]. Degradation of IκB releases NF-κB,
which then translocates to the nucleus. The resulting nuclear translocation of the active NF-
κB leads to transcription, translation, and expression of a large number of NF-κB-dependent
genes, which interestingly, also include the genes encoding for TNFα [11,12]

Since in patients with IBD, the risk of CRC generation is higher than in general population
[3], we chose to assess the effect of silibinin, a non-toxic polyphenolic flavonolignan
isolated from the seeds of milk thistle (Silybum marianum) with known cancer preventive
efficacy against a variety of epithelial cancers including CRC, on inflammatory mechanisms
that are associated with CRC [21–36]. Through detailed in vitro studies and employing
tissues from in vivo studies, we assessed the effect of silibinin on both constitutive as well as
TNFα-induced NF-κB activation in human CRC cells together with upstream/downstream
effectors in this pathway. Our results suggest that silibinin inhibits CRC growth and
progression by targeting the inflammatory NF-κB pathway.

MATERIALS AND METHODS
Cell Line and Reagents

SW480, HT-29 and LoVo human CRC cell lines were obtained from the AmericanType
Culture Collection (Manassas, VA). Media and other cell culture materialswere from
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Invitrogen (Carlsbad, CA). Silibinin was purchased from Sigma (St. Louis, MO), and
dissolvedin DMSO. Unless specified otherwise, the final concentration of DMSO in the
culture medium during different treatments did not exceed 0.1% (v/v). Specific
oligonucleotidesand the gel shift assay system were from Promega Corp (Madison, WI).

Cell Culture and Treatments
CRC cells were cultured in their respective media (Leibovitz L-15 media for SW480 cells,
DMEM media for HT-29, and F-12/Hams mixture media for LoVo cells) containing 10%
FBS and 1% penicillin-streptomycin under standard culture conditions. At 60% confluency,
cells were serum starved for 24 h, and then treated with silibinin (Sb) for indicated time as
specified in the experiments. Cells were stimulated with TNFα (10 ng/mL for different time
periods) and harvested. Whole-cell/cytoplasmic /nuclear extracts were prepared as described
previously [37].

Xenograft tissues
Xenograft tissues of LoVo and SW480 cells [22,23], stored at −80°C, of athymic (nu/nu)
nude male mice orally gavaged either with control [0.2 ml of 0.5% (w/v) carboxymethyl
cellulose (CMC)/day] or silibinin (dose: 200 mg/kg body weight) in 0.2 ml of 0.5% CMC,
respectively, 5 days/week for six weeks, were used in the present study. All retrospective
studies have been previously approved by our Institutional Animal Care and Use
Committee. Individually and randomly selected frozen tumor samples, three from each
group, were homogenized and lysates (nuclear/whole cell) were prepared as described
previously [38].

Electrophoretic Mobility Shift Assay (EMSA)
Consensus sequences of double stranded NF-κB oligonucleotide (5′-AGT TGA GGG GAC
TTT CCC AGG C-3′ and 3′-TCA ACT CCC CTG AAA GGG TCC G-5′ from Santa Cruz)
were end labeled with γ-P32-ATP (3000 Ci/mmol at 10m Ci/mL) as per manufacturer’s
protocol (Promega, Madison, WI). Labeled probe was separated from freeγ-P32-ATP using
G-25 Sephadex column. Nuclear extract (10 μg) along with 5X gel shift binding buffer
(Promega) was incubated with 1–2 μl (20,000 cpm) of P32-labeled NF-κB probe for 20 min
at 37°C. In super shift and competition assays, nuclear extract was incubated with anti-p65
or p50 antibody or unlabeled-oligo before adding labeled NF-κB oligo. DNA retardation gel
(6%) was used to resolve DNA-protein or DNA-protein-antibody complexes followed by gel
drying and autoradiography.

Immunoblotting
Lysates from in vitro experiments and tumor tissue lysates from control and silibinin-fed
groups of mice were analyzed by immunoblotting as previously described [24]. Briefly, 50–
60 μg protein per lysate was denatured with 2x-sample buffer and equal amount of protein
was resolved on 8%, 12% or 16% tris-glycine gels by SDS-PAGE. Separated proteins were
transferred onto nitrocellulose membrane by western blotting The membranes were blocked
in blocking buffer for 1 h at room temperature and then incubated with specific primary
antibody followed by peroxidase conjugated appropriate secondary antibody. Finally,
proteins were visualized by enhanced chemiluminescence (ECL) detection assay
(Amersham, Piscataway, NJ). Primary antibodies were anti-Cyclin D1, anti-VEGF, anti-p50,
and anti COX-2 (Santa Cruz technology, Santa Cruz, CA); anti-iNOS (Abcam, Cambridge,
MA); anti-phoshpo IκB, anti-IκB, anti-Bcl2, anti p65, anti-TNFR1, anti-TRADD, anti-
RIP2, and anti-MMP9 (Cell Signaling, Danvers, MA). Secondary antibodies were anti-
rabbit IgG (Cell Signaling, Danvers, MA) or anti-mouse IgG (Amersham, Piscataway, NJ).
Equal protein loading was confirmed by stripping and re-probing membranes with either
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anti-α-tubulin (Neomarkers, Fremont, CA) or anti-β-actin primary antibody (Sigma, St.
Louis, MO).

Immunohistochemical Analyses
Paraffin-embedded sectionswere deparaffinized and stained using specific primary antibody
for total p65 (Santa cruz) as previously described [24]. Thereafter, sections were incubated
with biotinylated secondary antibody (1:250 dilution) for 1 h at room temperature, followed
by 45 min incubation with conjugated horseradish peroxidase (HRP) streptavidin, and with
3, 3-diaminobenzidine for 10 min at room temperature. Sections were counterstained with
Harris hematoxylin. To rule out nonspecific staining, sections were incubated with N-
Universal Negative Control rabbit antibody (Dako Cytomation, Denmark).
Immunoreactivity (represented by intensity of brown staining) was scored as 0 (no staining),
+1 (very weak and scattered cytoplasmic staining), +2 (weak but uniform cytoplasmic
staining), +3 (moderate with peripheral tumor areas with strong patchy cytoplasmic staining)
and +4 (strong with both nuclear and cytoplasmic staining).

Statistical and Microscopic Analyses
All statistical analyses were carried out with Sigma Stat software version 2.03 (Jandel
Scientific, San Rafael, CA) and two sided P values <0.05 were considered significant. The
difference between respective controls versus silibinin-treated groups was analyzed by
unpaired two-tailed Student’s t-test. Densitometric analysis of EMSA blots or of
immunoblots (adjusted with β-actin/α tubulin as loading control) was done by Scion Image
program (NIH, Bethesda, MD) and the values obtained are indicated below each blot in the
respective figures. All microscopic immunohistochemical analyses were done by Zeiss
Axioscope 2 microscope (Carl Zeiss, Inc., Jena, Germany) and photomicrographs were
captured by Carl Zeiss AxioCam MrC5 camera.

RESULTS
Silibinin inhibits TNFα-induced NF-κB activation in different human CRC cells

First, we assessed the effect of silibinin on the pro-inflammatory signaling pathways in CRC
known to be induced by the cytokine TNFα. For this, we determined the effect on the
activation of the key transcription factor NF-κB, employing Electrophoretic mobility shift
assay (EMSA), in human CRC cells following a stimulus of 10 ng/mL of TNFα (Fig. 1A).
In this investigative study, we employed three well-defined human CRC cell lines, namely
HT29, LoVo, and SW480. The selection criterion being that HT29 cell line closely
resembles normal colorectal epithelial cells in terms of biochemical and physiological
properties, but SW480 cell line is moderately differentiated and invasive, and LoVo
represents a more aggressive phenotype [39]. More importantly, we have extensively used
HT29, LoVo, and SW480 cell lines in our completed studies with silibinin [21–23,32],
wherein we observed strong preventive and/or therapeutic efficacy of silibinin against these
CRC cell lines in in vitro studies as well as their xenografts in nude mice, therefore, these
cell lines were the logical choice for the proposed mechanistic studies.

The different CRC cell lines were serum starved for 24h, pretreated with different doses of
silibinin (50–200 μM) for 2h and then treated with TNFα for 10 min. NF-κB activity in the
respective nuclear lysates was measured using EMSA (Fig. 1A). It was observed that
silibinin treatment inhibits the activation of NF-κB in a concentration dependent manner.
Specifically, the level of inhibition at 50, 100 and 200 μM doses of silibinin was found to be
40%, 70% and 88% in SW480 cells; 30%, 33% and 60% in LoVo cells; whereas in HT-29
cells the inhibition was 15%, 28%, and 42%, respectively (Fig. 1A). In another EMSA study
undertaken in LoVo cells for analyzing the specificity of NF-κB band, addition of 100 fold
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excess of unlabeled NF-κB (cold oligo) in complete reaction incubation resulted in
disappearance of the NF-κB band, verifying that the band in EMSA is indeed the case (Fig.
1B). Further, in the supershift assay, nuclear extracts were first incubated with either anti-
p50 or anti-p65 antibody or both and followed by EMSA. This showed a strong super shift
to a higher molecular weight band in case of anti-p50 and anti-p50/65 together while a
slightly moderate shift in anti-p65 alone (Fig. 1B), suggesting that the observed NF-κB band
consisted of these two subunits.

Based on above findings showing that silibinin has an inhibitory effect on the activation of
NF-κB: a pro-inflammatory transcription factor, following the stimulus by cytokine TNFα,
we next focused on detailed mechanistic investigations. Also, since major inflammatory
pathways implicated in CRC are COX-2 and iNOS, for more intrusive mechanistic studies,
we chose to specifically focus on only LoVo (COX-2 positive) and SW480 (COX-2
negative) cells based on their status of COX-2: a major inflammatory player regulated by
activated NF-κB pathway [11].

Silibinin inhibits TNFα-induced nuclear translocation of p50 and p65: the subunits of NF-
κB complex, thereby interfering with its activation in human CRC cells

To further determine whether the observed inhibition of NF-κB activation by silibinin was
due to the interference in the nuclear translocation of its subunits p50/p65, we analyzed the
nuclear/cytosolic lysates by western blot analysis (Fig. 2A). These immunoblotting
experiments revealed that the nuclear levels of p50 and p65 (NF-κB subunits) were also
decreased by silibinin treatment in both SW480 and LoVo cells (Fig. 2A). Furthermore, the
analysis of the cytosolic extracts to determine the effect on the phosphorylation of IκB (Fig.
2A), indicated that in SW480 cells there was a dose dependent decrease in the phospho IκB
(pIκB) levels with a slight increase in the total IκB protein levels at 100 μM dose; in the
LoVo cells there was a significant dose dependent increase in the total IκB protein levels by
silibinin indicating that silibinin was able to rescue the IκB protein from proteosomal
degradation which follows as a consequence of its phosphorylation by TNFα (Fig. 2A).
However, there is a possibility that this is followed by a rapid turnover of the IκB protein as
the phosphorylation status of IκB protein did not show a decrease in the immunoblotting
experiment, but on the other hand there was an indication towards an increase in the
phosphorylation of the IκB protein at both 50 and 100 μM doses (Fig. 2A).

In order to further confirm that the observed high turn over of IκB protein in LoVo cells was
indeed the case, we proceeded to determine a time-dependent effect on cytosolic IκB protein
levels (both total and phospho) upon TNFα stimulation in the absence/ presence of silibinin
100 μM dose (Fig. 2B). In this experiment, cells were serum starved for 24h and then
stimulated directly by the addition of TNFα (10 ng/mL) for 10, 30 and 60 min, or they were
first pre-treated with silibinin 100 μM dose for 2 h followed by stimulation with TNFα for
the indicated times. Analysis of the cytosolic extracts confirmed that in SW480 cells, the
increase in the phosphorylation of IκB upon TNFα stimulation was highest after 10 min
compared to 30 and 60 min induction points, which was significantly inhibited at all time
points by silibinin pre-treatment (Fig. 2B). There was also a significant decrease in the total
IκB protein levels at 30 and 60 min induction points following TNFα stimulation; the levels
of which were restored by silibinin pre-treatment (Fig. 2B). On the other hand, in LoVo cells
there was a time dependent increase in the phosphorylation of IκB upon TNFα stimulation
(Fig. 2B). With respect to the total IκB levels, stimulation with TNFα for 10min resulted in
complete disappearance of the IκB band in the western blot, indicating complete
degradation of the total protein as compared to unstimulated LoVo cells. The total protein
levels of IκB started restoring back in a time dependent manner following TNFα stimulation
further from 10 min to 60 min (Fig. 2B). It is this restoration of total IκB protein levels
following complete degradation at earlier time point (Fig. 3B), which was predicted in the
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earlier experiment (Fig. 2A) as high turn over of this protein in LoVo cells, which kind of
makes it difficult to specifically interpret the effect of silibinin on the fate of this molecule.
Although, silibinin pre-treatment decreased the phospho IκB levels compared to their
respective TNFα treated controls, the inhibition was higher in 30 min stimulated cells
compared to 10 min and 60 min TNFα treated controls (Fig. 2B). These results were
corroborated by comparison with total IκB levels in LoVo cells after silibinin treatment
which indicated that there was indeed an increase in phospho IκB levels in coherence with
increase in the total IκB protein levels (Fig. 2B). In summary, the time-kinetics study of
TNFα without or with silibinin treatment showed that SW480 and LoVo cells have different
time-kinetics for IκBα phosphorylation, degradation and re-appearance following TNFα
treatment, and that silibinin alters all of them as its possible mechanism of inhibitory effect
on NF-κB activation (Fig. 2B).

To further determine, whether, the inhibitory effect of silibinin on NF-κB activation was due
to an upstream effect caused by a decreased expression of the TNF receptor (TNFR1) and
the associated adaptor proteins, which could act as a limiting factor in the transduction of
TNFα induced signaling, we analyzed the expression of these molecules upon TNFα
induction (Fig. 3). Results indicated that silibinin had no effect on the protein levels of these
molecules (Fig. 3), further confirming, that, the NF-κB inhibitory effect was primarily due
to decreased phosphorylation of IκB protein. Overall, these results indicate that silibinin
inhibits TNFα-induced nuclear translocation of p50 and p65: the subunits of NF-κB
complex, by interfering with the phosphorylation of the NF-κB inhibitory protein-IκB,
thereby inhibiting its activation in human CRC cells.

Silibinin decreases the protein levels of the molecules known to be up-regulated via TNFα-
caused NF-κB activation in human CRC cells

As is known, the degradation of IκB releases NF-κB which then translocates to the nucleus,
wherein it mediates transcription of down stream targets which are associated with cancer
initiation and progression [8,14,15,17]. In order to determine the effect of silibinin on these
down stream targets of NF-κB, the two human CRC cells: LoVo and SW480, were serum
starved for 24h, pre-treated with silibinin (100 μM) for 2h followed by treatment with
TNFα (10 ng /mL) for 4h; total cell lysates were then prepared and subjected to western
blotting assays to determine the effect on the protein levels of these downstream molecules
(Fig. 4). The results indicated that, consistent with its inhibitory effect on TNFα-caused NF-
κB activation, silibinin also decreased the protein levels of the molecules known to be up-
regulated via TNFα-caused NF-κB activation in human CRC cells (Fig. 4). Specifically, in
LoVo cells which were pretreated with silibinin for 2h prior to exposure of TNFα stimuli for
4 h, the protein levels of Bcl2, iNOS, MMP9, COX-2 and VEGF were reduced by 43%,
67%, 54%, 62%, and 45% respectively, compared to cells treated with TNFα only (Fig. 4).
In case of SW480 cells, the protein levels of Bcl2, iNOS, MMP9, and VEGF under similar
treatment conditions were reduced by 66%, 67%, 29%, and 34% respectively, compared to
TNFα controls (Fig. 4). Overall, the results indicated that the inhibition of NF-κB activation
caused by silibinin in human CRC cells eventually led to a significant inhibition in the
expression of downstream targets of NF-κB, which are essentially involved in the growth
and progression of this disease, thereby supporting the hypothesis that the silibinin targets
CRC growth and progression by targeting the inflammatory NF-κB pathway.

Oral feeding of silibinin for six weeks inhibits NF-κB activation and expression of its down
stream targets in SW480 and LoVo tumor xenografts in nude mice

In our completed studies, we have earlier observed strong preventive and/or therapeutic
efficacy of silibinin against CRC xenografts (HT29, LoVo, and SW480) in nude mice
[22,23,32,34]. In order to further determine whether this anti cancer efficacy of silibinin was
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due to the targeting of the inflammatory NF-κB pathway and that silibinin had the potential
to alter the expression of multiple targets of NF-κB pathway which was independent of the
COX-2 status of these CRC cell lines, we proceeded to analyze these xenograft tissues.

IHC analysis was done to determine the expression NF-κB/total p65 subunit in the xenograft
tissues (Fig. 5A &B). Results indicated that compared to their respective controls, the
immunoreactivity score of total p65 decreased by 28% in silibinin-fed LoVo xenografts
(P<0.05), whereas the decrease was 75% (P<0.001) in case of SW480 (Fig. 5B). Further, the
nuclear lysates of these xenografts were also subjected to EMSA to determine the effect of
silibinin feeding on the activation of NF-κB (Fig. 5C). It was observed that silibinin feeding
significantly inhibited the activation of NF-κB in SW480 (82% decrease, P=0.001) tumor
xenografts (Fig. 5C). In case of LoVo tumor xenografts, the activation of NF-κB, though
reduced by 56% was not statistically significant due to increased variability in control
tissues (Fig. 5C). We also determined the effect of silibinin feeding on the expression of
downstream targets of NF-κB in the xenograft tissue lysates. Western blots for Cyclin D1,
Bcl2, MMP9, VEGF, and iNOS with densitometric data (adjusted with β-actin as loading
control) are shown in Figure 6. Here, it should be noted that membranes were stripped and
reprobed for β-actin for each blot (data not shown). Silibinin feeding significantly decreased
the protein levels of Cyclin D1, Bcl-2, and iNOS by 39% (P<0.01), 89% (P<0.01), and 85%
(P<0.05), respectively, in SW480 xenografts compared to the controls (Fig. 6). On the other
hand, while silibinin feeding also showed a decrease in the expression of MMP9 and VEGF
in SW480 tissues, the decrease was not statistically significant compared to controls.
Furthermore, in LoVo xenografts, the protein level of iNOS was also strongly decreased by
88% (P<0.01) in silibinin-fed group compared to controls. While a decrease in the protein
expression levels of Cyclin D1, Bcl-2, MMP9, and VEGF was also observed in LoVo
xenografts by silibinin feeding, the decrease was not statistically significant (Fig. 6).

DISCUSSION
For years, inflammation has been recognized as a localized protective function initiated
within the tissues as a result of external/internal injury, irritation or an infection [8,11].
However, it is now established that while acute inflammation can result as a part of body’s
defense mechanism, it is chronic inflammation which acts as a trigger that leads to various
diseases viz., cancer, pulmonary, neurological, and cardiovascular [8,11]. However, this
triggering potential can be bidirectional in cancer, maturing either via an extrinsic pathway
wherein inflammatory or infectious conditions augment the risk of developing cancer at the
anatomical sites (e.g., colon, prostate, and pancreas) or an intrinsic pathway, wherein genetic
events leading to neoplasia cause tumor cells to produce inflammatory mediators which then
generate an inflammatory environment in tumors, for which, there is no underlying
inflammatory condition [7,8]. Both these pathways converge, resulting in the activation of
transcription factors (NF-κB, STAT3, and HIF1α) in tumor cells; which in turn coordinate
the production of inflammatory mediators, like cytokine and chemokines as well as COX-2
(involved in prostaglandin production) [7,8]. These factors recruit and activate various
inflammatory cells and also activate the same key transcription factors in inflammatory
cells, stromal cells, and tumor cells resulting in a vicious cycle of uninhibited rise in the
production of these mediators, and a pro-cancer, pro-inflammatory microenvironment being
generated which further fuels the growth and progression of malignant disease [8,13,40].

With regards to CRC, chronic inflammation has been recognized as one of the primary
causes of its occurrence owing to epidemiological reports indicating an increased CRC
riskwith longer duration of inflammatory conditions [3,7]. While anti-inflammatory drugs
esp., NSAIDs have been identified to be effective against CRC; their use is marred by
complications arising due to their various side effects [4–6]. This has resulted in various
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efforts being made world-wide to identify non –toxic, natural agents from dietary/non-
dietary sources that have cancer chemopreventive potential against CRC [5,25,41]. One such
agent is silibinin, the major active constituent in a widely consumed dietary supplement:
silymarin (milk thistle extract) [25]. Silibinin is used clinically as a hepatoprotective agent,
and is devoid of any toxicity in animal studies and in humans [25,30,42,43]. Further,
silibinin has shown anti-cancer and cancer chemopreventive efficacy in several in vitro and
in vivo pre-clinical cancer models [21–36]. Regarding CRC, in our earlier studies, we have
reported a strong preventive and/or therapeutic efficacy of silibinin against CRC xenografts
(HT29, LoVo and SW480) in nude mice [22,23,32,34], AOM-induced colon tumorigenesis
in A/J mice[28], and spontaneous tumorigenesis in APCmin/+ models [26,27]. However, with
regards to CRC, the evaluation of the anticancer efficacy of an agent is incomplete without
determining the effect on the inflammatory pathways known to be associated with CRC
[3,7]. In this regard, we have already demonstrated the efficacy of silibinin to inhibit the
activation of NF-κB pathway in various cancers, such as skin, lung, and prostate [29,30,44]
wherein, it was observed that silibinin had the potential to inhibit both constitutive as well as
cytokine-induced activation of NF-κB. These results also demonstrated the potential of
silibinin to cause a direct inhibitory effect on IκB kinase α (IKKα) activity (as seen in in
vitro kinase assays) suggesting that silibinin does not necessarily need an upstream event to
cause an inhibitory effect on IKKα or related downstream effectors [45]. It is with this view;
we undertook the present study to further evaluate the effect of silibinin on inflammatory
mechanisms that are associated with CRC.

The results of the present study showed that silibinin strongly inhibited TNFα-induced NF-
κB activation together with decreased nuclear levels of both p65 and p50 sub-units
concomitant in various human CRC cell lines. Additional mechanistic studies in LoVo and
SW480 cells showed that silibinin significantly increases IκBα level with a concomitant
decrease in phospho-IκBα, indicating its inhibitory effect on IKKα kinase activity, which
was further validated by the fact that, silibinin treatment had no effect on the expression of
either the receptor TNFR1 or the associated adaptor proteins TRADD and RIP2. One highly
noteworthy part of the study was that, following our initial study using 50–200 μM doses of
silibinin, we selected to use only 100μM dose of silibinin in our detailed mechanistic
studies. This selection was based on the completed pilot study with silibinin in CRC patients
by Ho et al [46] who demonstrated that silibinin feeding (720 mg/day) results in 121 nmol/g
of silibinin in colorectal tissue (which is equivalent to 121 μM silibinin in terms of
concentration). Thus, in the present study, our in vitro observations related to the anti-
inflammatory effect of silibinin in CRC using its pharmacologically achievable
concentration are clinically relevant.

Next we assessed the effect of 6 weeks of oral silibinin feeding on NF-κB pathway in
SW480 (COX-2 negative) and LoVo (COX-2 positive) tumor xenografts in nude mice.
Results indicated that the inhibitory effect of silibinin on CRC tumor growth and
progression, as observed earlier [22,23], was accompanied by inhibition of NF-κB activation
in xenografts from both the cell lines. This result is highly significant in terms of identifying
that the anti-inflammatory effect of silibinin in CRC cells involves interference in the
activation of NF-κB; and that the growth inhibitory effects, as a consequence of this
mechanism, are not only via COX-2 inhibition. Since NF-κB is an inducible transcription
factor regulating transcription of diverse array of genes involved in proliferation, apoptosis,
inflammation, angiogenesis and metastasis [8,9,19]; we also assessed silibinin effect on
various NF-κB-regulated molecules involved in these processes. Results confirmed that the
in vivo inhibition of CRC growth by oral feeding of silibinin in CRC xenograft models was
also partly associated with anti-inflammatory mechanisms involving decreased expression of
COX2 (LoVo cells) and iNOS levels (both cell lines). The protein levels of Bcl-2, VEGF,
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and MMPs were also decreased by silibinin in both cell culture studies and xenograft
analyses, further suggesting its inhibitory effect on NF-κB transcriptional activity.

While the results from the present study strongly suggest a link between the
chemopreventive efficacy of silibinin in CRC and its anti-inflammatory effects therein;
however from a broader view point, before we extrapolate these results to a clinical
scenario, one limitation could be that the present study does not account for the
inflammatory milieu of colonic tissue, which contributes significantly to initiation and
progression of CRC lesions [3,8,13,40]. To overcome this limitation, we intend to use in
future a colitis-related AOM/DSS-induced colon tumorigenesis model to assess the
modulatory role of silibinin on inflammatory conditions in colon [47,48]. In this model,
exposure of mice to colonic genotoxic carcinogen AOM and colitis inducing synthetic
sulfate polysaccharide, DSS, results in severe colonic inflammation, followed by cryptic
dysplasia and adenomatous growth [47,48], and thus it would be a more clinically relevant
model to identify the effect of silibinin on inflammatory conditions in colon associated with
CRC. Nevertheless, the findings of the present study support all such future studies, and are
highly significant in establishing, for the first time, that silibinin could suppress CRC growth
and progression, also by targeting the inflammatory NF-κB pathway and thus has potential
against human CRC.
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Abbreviations

CRC colorectal cancer

Sb silibinin

IBD inflammatory bowel diseases

NSAIDs nonsteroidal anti-inflammatory drugs

COX-2 cyclooxygenase-2

NF-κB nuclear factor-kappa B

IκBs inhibitors of NF-κB

EMSA Electrophoretic Mobility Shift Assay

SDS-PAGE sodium dodecyl sulphate-polyacrylamide gel electrophoresis

TNFα tumor necrosis factor α

AOM azoxymethane

CMC carboxymethyl cellulose

ECL enhanced chemiluminescence

IHC Immunohistochemistry
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Figure 1.
Silibinin inhibits TNFα-caused NF-κB activation in human CRC cells. (A) Cells at 60%
confluency were starved for 24 h, and then treated with indicated doses of silibinin (Sb) for
2 h followed by induction with TNFα (10 ng/mL) for 10 min. (B) Employing control and
TNFα stimulated nuclear extracts from LoVo cells, NF-κB specificity, competition and
super-shift assays were next conducted. In general nuclear extracts were prepared and
EMSA was performed followed by drying of gels and autoradiography as detailed in
‘Materials and Methods’ section. Densitometric analyses of EMSA blots were done by
Scion Image program (NIH, Bethesda, MD). The data shown are representative of at least
two independent experiments.
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Figure 2.
Dose-and time dependent effect of silibinin on nuclear levels of p65 and p50, and
cytoplasmic levels of IκBα and pIκBα in human CRC cells. (A) Cells at 60% confluency
were starved for 24 h, then treated with indicated doses of silibinin (Sb) for 2 h followed by
TNFα (10 ng /mL) treatment for 10 min. (B) Cells at 60% confluency were starved for 24 h,
then treated for indicated time with TNFα (10 ng /mL) without or with prior treatment of
silibinin (Sb) at 100 μM dose for 2 h. In general, equal amounts of protein from nuclear or
cytoplasmic extracts were resolved on 12% SDS-PAGE, transferred on to a nitrocellulose
membrane, probed with appropriate primary and secondary antibodies, and visualized by
ECL as detailed in ‘Materials and Methods’ section. Densitometric analyses of immunoblots
were done by Scion Image program (NIH, Bethesda, MD). The data shown are
representative of at least two independent experiments.
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Figure 3.
Dose dependent effect of silibinin on expression levels of TNFR1, TRADD and RIP2, in
human CRC cells. Cells at 60% confluency were starved for 24 h, treated with indicated
doses of silibinin (Sb) for 2 h followed by TNFα (10 ng /mL) treatment for 10 min. Total
cell lysates were resolved on 8% or 12% SDS-PAGE, transferred on to a nitrocellulose
membrane, probed with appropriate primary and secondary antibodies, and visualized by
ECL as detailed in ‘Materials and Methods’ section. Densitometric analyses of immunoblots
were done by Scion Image program (NIH, Bethesda, MD).
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Figure 4.
Silibinin decreases the protein levels of the molecules, which are up-regulated via TNFα-
caused NF-κB activation in human CRC: LoVo and SW480 cells. Cells at 60% confluency
were starved for 24 h, and then treated with 100 μM dose of silibinin (Sb) for 2 h followed
by TNFα (10 ng /mL) for indicated times. Total cell lysates were resolved on 8%, 12% or
16% SDS-PAGE, transferred on to a nitrocellulose membrane, probed with appropriate
primary and secondary antibodies, and visualized by ECL as detailed in ‘Materials and
Methods’ section. Densitometric analyses of immunoblots were done by Scion Image
program (NIH, Bethesda, MD). The data shown are representative of at least two
independent experiments.
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Figure 5.
Oral silibinin feeding inhibits NF-κB activation in CRC tumor xenografts in nude mice.
Xenograft tissues of LoVo and SW480 cells, of athymic (nu/nu) nude male mice orally
gavaged either with control [0.2 ml of 0.5% (w/v) carboxymethyl cellulose (CMC)/day] or
silibinin (dose: 200 mg/kg body weight) in 0.2 ml of 0.5% CMC, respectively, 5 days/week
for six weeks, were used in the present study. (A) Immunohistochemical staining of CRC
xenograft tissues for NF-κB/total p65. Representative DAB-stained tissue specimens from
control and silibinin-fed group (×400 magnifications) are shown. (B) Quantification of NF-
κB/total p65-positive cells represented as immunoreactivity score is shown as mean ± SEM
(error bars) of each group. (C) EMSA of nuclear lysates of xenograft tissues for activated
NF-κB was done as detailed in “Materials and Methods. The difference between respective
controls versus silibinin-fed groups was analyzed by unpaired two-tailed Student’s t-test.
Two sided P values <0.05 were considered significant. Arrow heads indicate position of NF-
κB band. Lx, LoVo xenograft; Sx, SW480 xenograft.

Raina et al. Page 17

Mol Carcinog. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Effect of oral silibinin feeding on protein expression levels of various NF-κB-regulated
molecules viz., cyclin D1, Bcl-2, COX2, iNOS, VEGF and MMPs in CRC xenograft tissues.
Xenograft tissues of LoVo and SW480 cells, detailed in Figure 5, were used and total tissue
lysates were resolved on 8–12% SDS-PAGE, transferred on to a nitrocellulose membrane,
probed with appropriate primary and secondary antibodies, and visualized by ECL as
detailed in ‘Materials and Methods’ section. The difference between respective controls
versus silibinin-fed groups was analyzed by unpaired two-tailed Student’s t-test. Two sided
P values <0.05 were considered significant. Densitometric analyses of immunoblots
(adjusted with β-actin as loading control) was done by Scion Image program (NIH,
Bethesda, MD). Lx, LoVo xenograft; Sx, SW480 xenograft.
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