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Abstract: Objective: Natural polyphenol Calebin A has been recently discovered as a novel derivate
from turmeric with anti-cancer potential. Pro-inflammatory cytokine TNF-β (lymphotoxin α) is
a stimulant for cancer cell malignity via activation of NF-κB pathway, also in colorectal cancer (CRC).
Here, we investigated the potential of Calebin A to suppress TNF-β-induced NF-κB signalling in
CRC. Materials and Methods: Three distinct CRC cell lines (HCT116, RKO, SW480) were treated
in monolayer or 3-dimensional alginate culture with TNF-β, Calebin A, curcumin, BMS-345541,
dithiothreitol (DTT) or antisense oligonucleotides-(ASO) against NF-κB. Results: Calebin A suppressed
dose-dependent TNF-β-induced CRC cell vitality and proliferation in monolayer culture. Further,
in alginate culture, Calebin A significantly suppressed TNF-β-enhanced colonosphere development,
as well as invasion and colony formation of all three CRC cell lines investigated. Calebin A
specifically blocked TNF-β-induced activation and nuclear translocation of p65-NF-κB, similar to
curcumin (natural NF-κB inhibitor), BMS-345541 (specific IKK inhibitor) and ASO-NF-κB. Moreover,
Immunofluorescence and Immunoblotting showed that Calebin A, similar to curcumin or BMS-345541
suppressed TNF-β-induced activation and nuclear translocation of p65-NF-κB and the transcription
of NF-κB-promoted biomarkers associated with proliferation, migration and apoptosis, in a dose-
and time-dependent manner. Those findings were potentiated by the specific treatment of extracted
nuclei with DTT, which abrogated Calebin A-mediated nuclear p65-NF-κB-inhibition and restored
p65-NF-κB-activity in the nucleus. Conclusion: Overall, these results demonstrate, for the first time,
that multitargeted Calebin A has an anti-cancer capability on TNF-β-induced malignities through
inhibitory targeting of NF-κB activation in the cytoplasm, as well as by suppressing the binding of
p65-NF-κB to DNA.
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1. Introduction

To date, a growing population worldwide faces an increased risk of developing colorectal cancer
(CRC) [1]. Additionally, clinical difficulties arise with treatment of CRC, as conventional therapies
are not only expensive, but patients frequently develop chemoresistance [2,3]. It is projected that,
by the year 2035, the number of deaths directly related to CRC will rise to 60%−70% worldwide [1],
demonstrating the urgent need for novel, prophylactic therapeutic strategies.

DNA damage, inflammation, and oxidative stress all stimulate, enhance and drive cancer
development and progression [4]. It is well accepted now that low-grade chronic inflammation
is a major cause for a number of diseases, including cancer [5,6]. The transcription factor nuclear
factor-kappaB (NF-κB), as a common responder to varied stress stimuli, leading to chronic low grade
inflammation, plays a key role here [7,8]. This master regulator of inflammation is located as an inactive
form in the cytoplasm and, after activation, shuttles to the nucleus. Activation of NF-κB family
members (p50/ NF-κB1, p52/ NF-κB2, c-Rel, p65/RelA and RelB) is tightly regulated by cytoplasmic
inhibitory IκB family proteins [9,10]. The phosphorylation and activation of IκBs, in turn, is modulated
by IκB kinase (IKK) complexes (IKKα, IKKβ, IKKγ) [11].

NF-κB is activated by various cytokines, pathogens or growth factors [8,11]. Previous studies
have shown that TNF-β (lymphotoxin), a member of the tumor necrosis factor family, induces
inflammatory effects in CRC cells with a similar potency to TNF-α [12,13]. TNF-β is the closest
structural homologue to TNF-α and was already discovered in the mid-1980s [14,15]. In previous
studies, our group could show that, in CRC cells, TNF-β activates the NF-κB signaling pathway,
inducing cancer cell proliferation, invasion and up-regulating genes connected with metastasis,
promotes epithelial-to-mesenchymal-transition, stimulates its own expression and further promotes
expression of TNF-α [12,13].

As state of the art, standard protocol chemotherapies have severe side effects, are high-cost, and not
affordable by all, the need arises for safe, efficacious and less expensive alternatives. Interestingly, to date,
around 49% of actual cancer drugs are directly derived from natural substances [16]. Furthermore,
as nutraceuticals such as derivatives from turmeric are already regularly consumed by the world
population [17], and, for some, effectiveness in cancer treatment has been established, it is desirable to
further investigate the enormous potential nature offers [18,19].

Turmeric (Curcuma longa L. Zingiberaceae) has several bioactive components,
which have been shown to possess anti-cancer properties, the best known of
which is curcumin (natural NF-κB inhibitor) [19–21]. Recently, Calebin A
[(3E)-4-(4-hydroxy-3-methoxyphenyl)-2-oxobut-3-en-1-yl(2E)-3-(4-hydroxy-3-methoxyphenyl)
-prop-2-enoate], a novel component derived from turmeric, first isolated at the beginning of
the century, has come to attention [22,23]. Calebin A does not belong to the larger group of
curcuminoids, which are considered the main active compounds found in turmeric [24], but to
the small fraction of non-curcuminoides [25]. The content of Calebin A in turmeric extract ranges
approximately around 0.001% [23,26]. Previously, Calebin A has been shown to possess anti-cancer
properties [27], suppress adipogenesis [28], down-regulate osteoclastogenesis [29] and protect neuronal
cells from beta-amyloid insult [22]. Further, Calebin A has been shown to exhibit its anti-cancer
properties by inducing apoptosis, inhibiting cell growth, and to modulate mitogen-activated protein
kinases (MAPK) c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK) and
protein kinase of 38 kDa (p38) in gastric cancer and neurofibroma [30,31]. More interestingly,
this effect was also observed in chemoresistant cells, underlining the immense potential of Calebin
A as a chemopreventive/chemosensitivity agent to improve and enhance standard therapeutic
approaches. Recently, it was shown that Calebin A exhibits anti-oxidant activity and inhibits
histone acetyltransferase (HAT) activity and further mediates its anti-cancer effects by inhibiting
P300/CBP-associated factor (PCAF) [32]. A plethora of nutraceuticals have also been shown to prevent
NF-κB activation by the inhibition of IKK activity, phosphorylation and degradation of IκBα, nuclear
translocation or binding of p65-NF-κB to the DNA [5]. Interestingly, a recent study on different cell



Nutrients 2019, 11, 2904 3 of 18

lines has shown that Calebin A also targets the NF-κB pathway, thereby suppressing cell survival
and expression of NF-κB-regulated gene end-products, leading to the inhibition of cell growth and
chemosensitization [27].

The potential modulating role of Calebin A in TNF-β-induced NF-κB mediated inflammatory
signaling in colon cancer cells is unknown. Therefore, in the present study we investigated, for the first
time, the efficacy of Calebin A on suppressing TNF-β-induced NF-κB mediated malignity in CRC cells
in vitro.

2. Materials and Methods

2.1. Cell Lines

The colon cancer cell lines HCT116 and SW480 were obtained from the European Collection of
Cell Cultures (Salisbury, UK). The colon cancer cell line RKO was from the American Type Culture
Collection. Cells were cultured in a humidified incubator (37 ◦C, 5% CO2) with normal cell culture
growth medium containing 10% FCS, as described in detail before [33].

2.2. Reagents and Antibodies

Calebin A was given as a kind gift by Sabinsa Corporation, East Windsor, NJ, USA. Alginate,
Curcumin, BMS-345541, dithiothreitol (DTT), anti-β1-Integrin and anti-β-actin were purchased from
Sigma (Munich, Germany), Epon was from Plano (Marburg, Germany). Stock solutions of DTT and
BMS-345541 were prepared in PBS and further diluted in normal cell culture growth medium to
obtain final concentrations. Calebin A and Curcumin were prepared in dimethylsulfoxide (DMSO)
as a 5 mM stock solution and stored in small aliquots at −20 ◦C. During treatment, concentrations
of DMSO did not exceed 0.1%. TNF-β was purchased from eBiosciences (Frankfurt, Germany) and
additionally TNF-β (specific activity of 50 million U/mg) was given as a kind gift by Genetech (South
San Francisco, CA, USA). Antibodies to p65-NF-κB, CXCR4, Caspase-3 and MMP-9 were from R&D
Systems (Heidelberg, Germany). Ki-67 and secondary antibodies for fluorescence labelling were from
Dianova (Hamburg, Germany).

2.3. Experimental Setup

CRC cell lines (HCT116, SW480, RKO) in monolayer and/or 3-dimensional alginate culture were
investigated to elucidate the mechanism of Calebin A on suppressing TNF-β-induced inflammation
and malignity in CRC. Prior to the experiments, cells were washed with serum-starved cell culture
medium (only 3% FCS) and incubated for 1 h in a serum-starved medium. All experiments were
performed in serum-starved medium.

2.4. Three-Dimensional Cell Culture

3D alginate culture presents a similar to vivo microenvironment superior to monolayer conditions
and is very suitable for studying early events in tumor progression. CRC cells were re-suspended in
alginate (2.5% in PBS) and this solution was added dropwise into a CaCl2-solution for the polymerization
of alginate into stable beads, as previously described in detail [33–35].

2.5. Transfection with Antisense Oligonucleotides

For transient transfection with antisense/sense oligonucleotides (ASO/SO) targeting NF-κB,
phosphorothioate-specific oligonucleotides (21-mer) were synthesized by Eurofins MWG Operon
(Ebersberg, Germany). ASO sequence was 5′-gGAGATGCGCACTGTCCCTGGtC-3′ (corresponding to
NF-κB/p65 subunit mRNA) and control SO sequence was 5′-gACCAGGGACAGTGCGCATCtC-3′.
To protect oligonucleotides from cell nucleases, they were phosphorothioate-modified. Transfection
was performed by using 10 µl/mL Lipofectin (Invitrogen) and 0.5 µM ASO/SO [36].
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2.6. Cell Vitality Assay

CRC cell vitality and proliferation in monolayer culture were investigated by an MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay and measured (Optical Density
at 550 nm) using a revelation 96-well multiscanner plate ELISA reader (Biorad, Munich, Germany),
as described in detail [34]. Each experiment was repeated at least three times and the obtained values
were compared to the control, and statistically significant values with p < 0.05 were designated by
an asterisk (*); p < 0.01 by two asterisks (**). For monolayer investigation, CRC cells were left untreated,
treated with TNF-β (10 ng/mL), treated dose-dependently with Calebin A (0.01, 0.1, 1, 2, 5, 10 µM)
alone and/or in combination with TNF-β for 48 h.

2.7. Proliferation and Migration Assay

The influence of Calebin A and TNF-β on the migration capacity of CRC cells was investigated,
as previously described in detail [33,35]. CRC cells in alginate beads were left untreated, treated with
Calebin A (0.1, 1, 2, 5 µM), TNF-β (10 ng/mL) alone, or Calebin A (2 µM) in combination with TNF-β,
for 14 days. In the alginate beads, the CRC cells proliferated and formed spheroids. Around day 10,
CRC cells in alginate bead culture migrated from the beads and formed new adhered colonies at the
bottom of the petri dishes. On day 14, colonies were fixed in methanol, stained with toluidine blue and
manually quantified under a light microscope (Zeiss, Germany). Each experiment was repeated at
least three times and the obtained values were compared to the control, and statistically-significant
values with p < 0.05 were designated by an asterisk (*); p < 0.01 by two asterisks (**).

2.8. Transmission Electron-Microscopy

CRC cells in alginate beads were left untreated, treated with Calebin A (0.1, 1, 2, 5 µM), or TNF-β
(10 ng/mL) alone, or the indicated concentration of Calebin A (2 µM) in combination with TNF-β.
Ultrastructural investigations were performed with a transmission electron-microscope (Jeol 1200 EXII,
Akishima Tokyo, Japan (Institute of Pathology, Technical University of Munich, Germany), as described
before [35]. In short, the alginate beads were fixed in Karnowsky fixative, post-fixated in 1% OsO4

solution, and finally embedded in Epon, and ultrathin sections prepared on a Reichert–Jung Ultracut E
(Darmstadt, Germany).

2.9. Immunofluorescence Imaging

Monolayer CRC cells were left untreated, treated with Calebin A (5 µM), curcumin (5 µM),
BMS-345541 (5 µM), TNF-β (10 ng/mL) or pre-treated for 1 h with the indicated concentration of
Calebin A, curcumin or BMS-345541 by itself, followed by combination treatment with TNF-β for 4 h.
CRC cells were fixed in methanol and stored at -20 ◦C. Immunofluorescence labelling was performed as
previously described [33]. In short, primary antibodies to p65-NF-κB were diluted 1:100 and incubated
overnight at 4 ◦C, rhodamine-coupled secondary antibodies (1:100) were incubated for 2 h at ambient
temperature (AT). Nuclear staining was performed with DAPI (Sigma, Germany) and images captured
with a Leica DM2000 microscope (Wetzlar, Germany).

2.10. Western Blot Analysis

Immunoblotting was performed as described in detail by Shakibaei et al. [35]. In short,
CRC cells were lysed and total protein content was measured with serum bovine albumin as standard
(bicinchinonic acid system, Uptima, France). Further, samples were reduced with 2-mercaptoethanol,
protein content adjusted, and proteins separated with SDS-PAGE electrophoresis and transferred
to a nitrocellulose (Mini-PROTEAN Tetra Cell System, Biorad, Munich, Germany). After blocking
for 2 h, primary antibodies were incubated overnight and secondary alkaline phosphatase linked
antibodies incubated for 2 h at AT. Finally, antibody-antigen complexes were visualized using nitroblue
tetrazolium and 5-bromo-4-chloro-3-indoylphosphate (p-toluidine salt; Pierce, Rockford, Illinois USA).
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Monolayer cultures of CRC were investigated for time and dose-dependent effects of Calebin A on
TNF-β signaling pathway activation. For the time-dependent investigation, cells were left untreated,
or treated with Calebin A (5 µM) alone or TNF-β (10 ng/mL) alone, and samples taken at 5, 10, 20,
40 and 60 min. In a subsequent approach, CRC cells were pre-treated for 1 h with Calebin A (5 µM)
alone, followed by combination treatment with TNF-β (10 ng/mL) and samples taken at 5, 10, 20,
40 and 60 min. For dose-dependent investigation, CRC cells were left untreated, treated with TNF-β
(10 ng/mL), pre-treated for 1 h with Calebin A (0.1, 1, 2, 5 µM) alone and/or followed by combination
treatment with TNF-β (10 ng/mL) for 4 h. Additionally, to compare the effect on the activation of NF-κB,
CRC cells were treated with Calebin A (5 µM), TNF-β (10 ng/mL), curcumin (5 µM), ASO/SO-NF-κB
(0.5 µM/Lipofectin) and BMS-345541 (5 µM) for 4 h. In a subsequent approach, nuclear extracts were
prepared to specifically investigate the effect of Calebin A on p65-NF-κB binding to the DNA in the
nucleus. CRC cells in monolayer were left untreated and/or pre-treated for 4 h with TNF-β (10 ng/mL)
and cytoplasm was extracted with a cytoplasmic extraction buffer and discarded. The remaining nuclei
were left untreated and/or incubated for 1 h with Calebin A (5 µM), curcumin (5 µM) or DTT (5 mM)
alone, or co-treated with Calebin A or curcumin and DTT. Finally, nuclear extracts were prepared for
Western blotting to investigate the effects on nuclear NF-κB.

2.11. Statistical Evaluation

The results were evaluated by Wilcoxon–Mann–Whitney test. The data are demonstrated as mean
+ standard deviation or SEM, and were compared by one-way or a two-way ANOVA using SPSS
Statistics, if the normality test passed (Kolmogorov–Smirnov test). Each experiment was performed at
least three times. P-value of p < 0.05 was considered statistically significant.

3. Results

This study was performed to examine the anticancer potential of Calebin A and whether Calebin
A suppresses the TNF-β-promoted p65-NF-κB activation and NF-κB-mediated gene products in
colorectal cancer cells.

3.1. Calebin A Suppressed TNF-β-Promoted Proliferation in Different CRC Cells

The effect of Calebin A on the proliferation and vitality of the CRC cell lines HCT116, RKO and SW480
was investigated by the MTT method in monolayer culture, as described in Materials and Methods.

In Monolayer, treatment with Calebin A alone did not significantly suppress cell viability and
proliferation in all three CRC cell lines at low concentrations of 0.01 and 0.1 µM, compared to untreated
control cultures (Figure 1A−C). However, higher concentrations of Calebin A dose-dependently
significantly reduced cell proliferation in all three cell lines. Cell viability was suppressed in HCT116
by 43%, 66%, 78% and 88%, in RKO by 25%, 33%, 64% and 84%, in SW480 by 32%, 51%, 76% and 91%
treated with Calebin A 1, 2, 5 and 10 µM, respectively (Figure 1A−C). This highlights clearly that the
CRC cells exhibit different sensitivities to Calebin A treatment in monolayer: with IC50 for the HCT116
range at around 2 µM, whereas RKO and SW480 are less sensitive to Calebin A, with IC50 ranges of
around 5 µM.

Treatment with TNF-β (10 ng/mL) alone significantly stimulated cell proliferation in all three CRC
cells lines compared to untreated controls by 51% in HCT116, by 33% in RKO and by 41% in SW480
(Figure 1A-C). Co-treatment of TNF-β and Calebin A at low concentrations of 0.01 µM and 0.1 µM did
not significantly block cell proliferation compared to TNF-β mono-treatment. However, interestingly,
compared to TNF-βmono-treatment, co-treatment with TNF-β and increasing concentrations of Calebin
A markedly blocked the TNF-β-induced proliferation effect on CRC cells (Figure 1A−C). A significant
dose-dependent effect was observed in all three cell lines with a decrease in cell proliferation by 46%,
73%, 86% and 96% in HCT116, by 26%, 44%, 84% and 88% in RKO, and by 32%, 65%, 69% and 94% in
SW480, treated with TNF-β (10 ng/mL) and Calebin A 1, 2, 5 and 10 µM, respectively, compared to
TNF-β mono-treatment.
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evaluate the proliferation of CRC cells, as described in detail in Materials and Methods. All assays 
were performed at least three times. p < 0.05 (*) and p < 0.01 (**) indicate a significant difference 
compared to the control group. 
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We investigated the anti-tumorigenic effect of Calebin A in TNF-β-promoted inflammatory 
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In control cultures of all CRC cells, HCT116 (Figure 2A,B, I–II), RKO, SW480 (Figure 2A,B), marked 

Figure 1. Effect of Calebin A alone and/or TNF-β on proliferation of different CRC cell lines in
monolayer cultures. Serum-starved CRC cell lines, HCT116 (A), RKO (B), SW480 (C) in monolayer
cultures were treated as described in Materials and Methods. The MTT assay was performed to
evaluate the proliferation of CRC cells, as described in detail in Materials and Methods. All assays were
performed at least three times. p < 0.05 (*) and p < 0.01 (**) indicate a significant difference compared to
the control group.

3.2. Calebin A Significantly Supresses TNF-β-Promoted Colonosphere Formation, Invasion and Stimulates
Apoptosis of CRC Cells

We investigated the anti-tumorigenic effect of Calebin A in TNF-β-promoted inflammatory
tumor microenvironment in 3D-alginate cultures for 14 days, as described in Materials and Methods.
In control cultures of all CRC cells, HCT116 (Figure 2A,B, I–II), RKO, SW480 (Figure 2A,B), marked
CRC cell proliferation, colonosphere development, invasion and colony formation was observed.
In contrast to this, treatment with Calebin A markedly suppressed CRC cells, HCT116 (Figure 2A,B,
I–II), RKO, SW480 (Figure 2A,B) proliferation, colonosphere formation, invasion and colony formation
in a dose-dependent manner (Figure 2A,B, I–II). TNF-β alone markedly stimulated proliferation,
colonosphere formation, substantially enhanced invasion and significantly increased new colony
formation in all three cell lines (Figure 2A,B, I–II). Contrary to this, co-treatment with Calebin A
suppressed these TNF-β-mediated effects, substantially blocking cell proliferation, colonosphere
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development, invasion and colony formation in all three CRC cell lines, HCT116 (Figure 2A,B, I–II),
RKO, SW480 (Figure 2A,B). Statistical evaluation of Calebin A alone, or combinational treatment with
TNF-β from all three CRC cell lines, further underlines these results (Figure 2A,B, I–II).
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alginate tumor cultures were treated as described in Materials and Methods. I: Light microscopic 
presentation of HCT116 (A, I), RKO (A), SW480 (A) cell lines grown in alginate beads culture (*), 
treated with Calebin A and/or TNF-β after 14 days. The amount of colonospheres (arrows) was 
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Figure 2. Effect of Calebin A alone and/or TNF-β on colonosphere, invasion/metastasis and apoptosis
in CRC cells in 3D-alginate tumor cultures. Serum-starved CRC cell lines (HCT116, RKO, SW480)
in alginate tumor cultures were treated as described in Materials and Methods. I: Light microscopic
presentation of HCT116 (A, I), RKO (A), SW480 (A) cell lines grown in alginate beads culture (*),
treated with Calebin A and/or TNF-β after 14 days. The amount of colonospheres (arrows) was
quantified by counting 20 different microscopic fields. Magnification x24, scale bar = 0.2 mm in
all cases. II: Invasive colonies of HCT116 (B, II), RKO (B), SW480 (B) cells, treated with Calebin A,
were labelled with toluidine blue after 14 days of culture. The amount of invasive and adhered colonies
to petri dishes was demonstrated and quantified by calculating all colonies under a light microscope
(Zeiss, Germany). * p < 0.05, ** p < 0.01. III: Electron microscopic illustration of cell survival and
apoptosis of HCT116 (C, III), RKO (C), SW480 (C) cells after treatment with Calebin A and/or in
TNF-β-induced inflammatory microenvironment, as described in detail in Materials and Methods,
for 14 days. Apoptotic bodies and mitochondrial changes (MC) (arrows) in alginate (*) were visible.
Magnification, 5000x. Scale bar = 1 µm. To quantify MC and apoptosis in tumor cells, 100 cells from 20
microscopic fields were counted. Values were compared with the control and statistically significant
values with p < 0.05 were designated by (*) and p < 0.01 were designated by (**).

To further elucidate the impact of Calebin A on an ultrastructural level on the metastatic behaviour
of CRC cells, we performed Transmission-Electron-Microscopy (TEM), as described in Materials and
Methods. In control alginate bead cultures, cells proliferated and formed colonosphere aggregates,
containing rounded cells with abundant mitochondria, multiple cell organells and intact nuclei in
CRC cells, HCT116 (Figure 2C, III), RKO, SW480 (Figure 2C). However, as shown in Figure 2C, III,
Calebin A treatment dose-dependently clearly stimulated apoptosis in CRC cells with significant
increase in cellular signs of apoptosis (increase in apoptotic bodies, nuclear fragmentation, multiple
vacuole development). Similar to control cultures, TNF-β-treated cells were vital, exhibited a rounded
morphology with multiple cell organells and intact nuclei. Interestingly, the co-treatment of Calebin
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A and TNF-β, suppressed positive effects of TNF-β on CRC cell vitality and markedly stimulated
apoptosis in CRC cells, HCT116 (Figure 2C, III), RKO, SW480 (Figure 2C). Statistical quantification
of apoptotic cells in each sample further underlines the anti-apoptotic effect of Calebin A alone,
or in combinational treatment with TNF-β, in all three CRC cell lines compared to control cultures
(Figure 2C).

3.3. Calebin A, Similar to Curcumin and Specific IKK Inhibitor BMS-345541, Blocks TNF-β-Promoted Nuclear
Translocation of p65-NF-κB to the Cell Nucleus in Different CRC Cell Lines

As TNF-induces stimulation and phosphorylation of NF-κB, a major transcription factor for
enhancing colonosphere development, invasion and colony formation of CRC cells, we next investigated
whether the suppressive effects of Calebin A in CRC cells were mediated by the inhibition of activation
and nuclear translocation of NF-κB. CRC cell cultures (HCT116, RKO, SW480) were treated as described
in Materials and Methods, and immunofluorescence labelling performed for p65-NF-κB. Control
cultures revealed intense nuclear staining and weak cytoplasmatic staining in HCT116 (65%), RKO (60%)
and SW480 (65%) cells (Figure 3). Treatment with TNF-β stimulated activation of NF-κB and nuclear
staining markedly increased to 95% in HCT116, to 95.9% in RKO and to 93% in SW480. One hour’s
pre-treatment with Calebin A, curcumin or BMS-345541 resulted in considerably lower amounts of
nuclear staining in HCT116 to 34%, 35.7% and 30%, in RKO to 36%, 42% and 36%, in SW480 to
40.1%, 39% and 35%, respectively. Additionally, 1 h pre-incubation with Calebin A, curcumin or
BMS-345541, followed by TNF-β co-treatment, markedly reduced nuclear staining in all CRC cell lines:
in HCT116 to 36%, 33% and 30%, in RKO to 42%, 41% and 36% and in SW480 to 43%, 42% and 35%.
These results indicate that, indeed, suppressive effects on proliferation and invasion by Calebin A,
similar to curcumin, are mediated, at least in part, in CRC cells through the inhibition of the NF-κB
signaling pathway. Further, Calebin A has the potential to significantly block tumorigenic stimulating
effects induced by TNF-β.
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Figure 3. Effect of Calebin A or curcumin or specific IKK inhibitor BMS-345541 on TNF-β-promoted
nuclear translocation of phospho-p65 to the cell nucleus in different CRC cell lines. A–B: Serum-starved
CRC cell lines (HCT116, RKO, SW480) in monolayer cultures were treated as described in Materials and
Methods. (A) HCT116 cells were labeled for p65-NF-κB by immunofluorescence and counterstained
with DAPI. Magnification 600x; scale bar = 30 mm. (B) All experiments were performed at least in
triplicate and evaluation of positively labelled nuclei and apoptotic cells was performed by counting
500−800 cells from 10 different microscopic fields. * p < 0.05, ** p < 0.01.
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3.4. Calebin A Supresses TNF-β-Promoted p65-NF-κB Activation Time-Dependently in All Three CRC
Cell Lines

To further elucidate whether suppression of cell proliferation by Calebin A in CRC cells is mediated
by targeting the NF-κB pathway, we performed western blot analysis of monolayer cultures, treated
time-dependently with Calebin A, TNF-β or the combination as described in Materials and Methods.
As shown in Figure 4B, compared to untreated control cultures, TNF-β markedly stimulates p65-NF-κB
expression in HCT116, RKO and SW480 CRC cells in a time-dependent fashion. Interestingly, Calebin
A alone or in combinational treatment with TNF-β is capable of significantly suppressing p65-NF-κB
expression time-dependently in all three CRC cell lines (Figure 4A,C).
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Figure 4. Calebin A suppressed TNF-β-induced p65-NF-κB phosphorylation, independent of CRC
cell type. Time-dependent experiments of CRC cell lines (HCT116, RKO, SW480) in monolayer
cultures treated with Calebin A alone (A), with TNF-β (B) or with Calebin A and TNF-β (C) were
performed as described in Materials and Methods. Immunoblotting of whole cell lysates was performed
for anti-phospho-p65. The results are shown from at least three independent experiments and the
housekeeping protein β-actin served as an internal loading control. Densitometric evaluation was
performed for phospho-p65 for all CRC cell lines. * p < 0.05, ** p < 0.01.

3.5. Calebin A Specifically Suppresses TNF-β-Induced p65-NF-κB Activation, Similar to Curcumin,
ASO-NF-κB or BMS-345541 in CRC Cells

As NF-κB phosphorylation is the main first move in the signaling pathway of inflammation [37],
we evaluated whether Calebin A coordinates TNF-β-promoted NF-κB activation. Further,
we investigated whether Calebin A had a similar specific potential in suppressing TNF-β-induced
NF-κB activation compared to curcumin (natural NF-κB inhibitor), ASO-NF-κB or BMS-345541 in CRC
cells (HCT116, RKO, SW480). To elucidate the suppressive effects of Calebin A in TNF-β-promoted
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NF-κB signaling pathway, we investigated up-stream in the NF-κB signaling to show the effect of
TNF-β-induced IκBα activation as a prior condition for p65-NF-κB phosphorylation. Furthermore,
as IκBα phosphorylation and degradation require activation of IκB kinase (IKK), we evaluated the
role of BMS-345541, a directed IKK suppressor, on TNF-β-induced IKK activity. Serum-starved CRC
tumor cells were investigated for phosphorylated p65-NF-κB after treatment, as indicated in Materials
and Methods (Figure 5A). Western blotting findings showed that TNF-β promoted phospho-p65
phosphorylation in all three CRC cell lines. Immunoblotting results in Figure 5A, highlighting that
Calebin A has the potential to suppress TNF-β-induced p65-NF-κB-activation with the same intensity
as curcumin, ASO-NF-κB or BMS-345541 in CRC cells. The quantification of blots highlights the
immense potential of Calebin A as an anti-tumorigenic agent in CRC cells by specifically targeting
NF-κB. All together, these findings were in accordance with the suppression of p65-NF-κB observed by
immunofluorescence results. These results further indicate that Calebin A may play an essential role
in the p65-NF-κB activation signaling pathway. Furthermore, the suppression effect of Calebin A on
p65-NF-κB was not cell type-specific.

3.6. Calebin A Suppresses TNF-β-Promoted p65-NF-κB Activation and NF-κB-Dependent Gene Products
Involved in Metastasis, Migration and Apoptosis of CRC Cells

To examine the basic mechanism of how Calebin A blocks TNF-β-promoted malignancy of CRC
cells, we evaluated whether the effects of Calebin A on CRC cells in TNF-β-induced pro-inflammatory
tumor microenvironments was associated with the suppression of proinflammatory transcription factor
NF-κB phosphorylation and NF-κB-regulated gene proteins linked with tumor metastasis. Moreover,
it has been shown that proinflammatory cytokines basically mediate their effects by activation of NF-κB,
modulating the expression of inflammatory proteins associated in migration and metastasis [38,39].
Serum-starved CRC cells (HCT116, RKO, SW480) were either left untreated or treated as described
in Materials and Methods. Next, we examined, as illustrated in Figure 5B, the expression of the
p65-NF-κB and NF-κB-dependent gene proteins that are linked to invasion (MMP-9), metastasis
(CXCR4, β1-integrin) and proliferation (Ki-67). The results of western blotting demonstrated a basal
expression of the above-mentioned proteins expression in untreated cultures of CRC cells and this
expression was extensively raised in the presence of TNF-β. In opposite to this, immunoblotting
results demonstrated that Calebin A, alone or in combination with TNF-β, substantially suppressed
the mentioned proteins’ expression in a dose-dependent fashion in all CRC cell lines. Together,
these results indicate the important role of Calebin A in modulating TNF-β-induced, NF-κB-regulated
tumor metastasis-promoting gene products in CRC cells.

Next, CRC cell lines were treated as described above, and subjected to immunoblotting to
detect cleaved-caspase-3. As shown in Figure 5B, TNF-β had no effect on caspase-3 cleavage.
In contrast, Calebin A, alone or in combination with TNF-β, up-regulated the cleavage of caspase-3 in
a dose-dependent fashion (Figure 5B).

These findings support the MTT and electron microscopic results and indicate that Calebin
A inhibits TNF-β-induced p65-NF-κB phosphorylation and NF-κB-activated pro-inflammatory,
proliferative and migration gene expression in CRC cells. Furthermore, these data suggest further that
the anti-carcinogenic effects of Calebin A are, in part, connected through the up-stream inhibition of
activation of the p65-NF-κB pathway.
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Figure 5. (A) Effect of Calebin A, curcumin, BMS-345541 and specific ASO against NF-κB on
TNF-β-induced p65-NF-κB activation in different CRC cell lines. Serum-starved CRC cell lines
(HCT116, RKO, SW480) in monolayer cultures were treated as described in Materials and Methods.
Immunoblotting of whole cell lysates was performed for anti-phospho-p65. The results are shown from at
least three independent experiments and the housekeeping protein β-actin served as an internal loading
control. Densitometric evaluation was performed for phospho-p65 for all CRC cell lines. * p < 0.05,
** p < 0.01. (B) Effect of Calebin A on TNF-β-promoted p65-NF-κB activation and NF-κB-regulated
gene products involved in proliferation and metastasis in a dose-dependent fashion in different CRC
cell lines. Serum-starved CRC cell lines (HCT116, RKO, SW480) in monolayer cultures were treated
as described in Materials and Methods. Immunoblotting of whole cell lysates was performed for
anti-phospho-p65, anti-integrin-β1, anti-MMP-9, anti-Ki-67, anti-CXCR4 and anti-cleaved-caspase-3.
The results are shown from at least three independent experiments and the housekeeping protein
β-actin served as an internal loading control. Densitometric evaluation was performed for phospho-p65,
β-Integrin, MMP-9, Ki-67, CXCR4 and cleaved-caspase-3 for all CRC cell lines. * p < 0.05, ** p < 0.01.
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3.7. Calebin A Disrupts the Interaction of p65-NF-κB to DNA and DTT Suppresses this Binding

A large body of evidence has previously reported that several inhibitors of the p65-NF-κB
transcription factor compete for the binding of p65 to DNA and the cysteine residues in the p65 subunit
are responsible for its interaction with DNA [40–46]. Thus, we examined if a reduction in cysteine
residues by DTT (dithiothreitol) in p65-NF-κB might influence the interaction of p65-NF-κB to the
DNA binding in the presence or absence of Calebin A. Interestingly, we showed that the inhibition of
Calebin A on p65-NF-κB interaction to DNA was prevented by DTT in all three distinct CRC cell lines
(HCT116, RKO, SW480) (Figure 6). This finding indicates that Calebin A suppresses the binding of
p65-NF-κB to DNA, suggesting it may be one of the primarily (essential) molecular mechanisms of
Calebin A, as it blocks p65-NF-κB activation.
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Figure 6. Effect of DTT on the inhibitory effect of Calebin A, and/or curcumin in TNF-β-induced
p65-NF-κB binding to DNA. Extracted nuclei of TNF-β-treated CRC cell lines were co-treated with
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evaluation was performed for phospho-p65 for all CRC cell lines. * p < 0.05, ** p < 0.01.

4. Discussion

The main object of this investigation was to evaluate the potency of Calebin A, an ingredient of
turmeric, which is a pharmacologically safe natural agent and used comprehensively for the treatment
of disease. We investigated the tumor suppressive effect of Calebin A on the malignity potential of
three different colorectal cancer (CRC) cell lines (HCT116, SW480 and RKO), as all three cell lines are
derived from primary tumors of three distinct patients (HCT116 and RKO from colorectal carcinomas
and SW480 from colorectal adenocarcinoma) and exhibit different genetic features and mutations in
cancer critical genes (microsatillite stability/instability, KRAS, RAF, PIk3CA and TP53) [47]. In this
study, we examined whether Calebin A has the necessary properties to modulate TNF-β-promoted
malignancy of CRC cells through the modulation of proinflammatory transcription factor NF-κB
signaling pathway and to determine, at least in part, the mechanisms of the Calebin A molecular
signaling during carcinogenesis, because they are still poorly understood.

Turmeric extract (curcuma) has been used for centuries in traditional Asian and Indian medicine
and is, to date, an important ingredient in Asian and Indian cuisine [39,48]. The most intensively
studied polyphenolic component of turmeric, curcumin, makes up around 2%−5% of total turmeric
and has been shown in numerous studies to exhibit anti-inflammatory and anti-tumorigenic effects [24].
Recent studies have indicated numerous other chemical ingredients in turmeric next to curcumin with
pharmacological potential, of which Calebin A seams very promising, with significant anti-tumor
properties [22,24,25].

In this report, we showed that Calebin A blocked the TNF-β-promoted proliferation, colonosphere
formation, invasion/metastasis of different CRC cell lines (HCT116, RKO and SW480) in monolayer or
3D-alginate cultures. Furthermore, Calebin A down-modulated the TNF-β-inhibited apoptosis in all CRC
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cell lines. Recently, similar to our findings, Calebin A was shown to effectively suppress dose-dependent
proliferation of a different range of cancer cells, including myeloid leukemia (KBM-5), squamous cell
carcinoma (SCC4), myeloma (U266 and MM.1S) and CRC cells (HCT116) [27]. Calebin A has been
described by Kim and Kim [23] as a novel non-curcuminoid found in curcuma species such as turmeric
(curcuma longa), where it makes up of around 0.001% of the total extract. Recent studies on Calebin A have
further shown its vast pharmacological potential, and it exhibits anti-tumorigenic activity, suppresses
adipogenesis and osteoclastogenesis and protects neurons from β-Amyloid insults [22,27–29,31].
Interestingly, it has been previously shown that TNF-β-induced CRC proliferation can be suppressed
by other natural substances such as resveratrol and curcumin [13]. Indeed, curcumin has been shown
to inhibit tumor cell proliferation, migration and metastasis in multiple tumors [49,50]. Thereby,
it modulates a large range of intracellular signalling pathways, including PI3K/Akt, Wnt/β-catenin,
JAK/STAT, p53 and NF-κB pathway [19,49]. Additionally, it has been previously shown that curcumin
enhances the chemosensitivity of CRC to chemotherapeutics through regulation of MiR-34a and MiR-27a,
activation of the MMR-repair system, influencing tumor–microenvironment cross-talk and suppression
of NF-κB pathway activation [35,51–54]. This underlines that specific suppression of tumor-enhancing
TNF-β stimulation not only bears the potential of Calebin A for suppressing CRC proliferation alone,
but in combination with other natural substances as well, for even better results.

Additionally, we show for the first time that, in three-dimensional alginate culture in vitro, Calebin
A suppressed TNF-β-stimulated proliferation, colonosphere formation, invasion, and enhanced
apoptosis. The three-dimensional alginate culture provides an excellent microenvironment to study the
early stages of tumor development, such as colonosphere formation, invasion, migration activity and
colony formation of tumor cells [35]. Here, we demonstrate that Calebin A treatment dose-dependently
markedly suppresses early development stages of tumor malignity. More importantly, this effect of
Calebin A could also be observed in a pro-inflammatory, stimulated TNF-β-environment.

We have shown that Calebin A clearly blocked several stages to suppress TNF-β-promoted
NF-κB activation in different CRC cells. Indeed, it has been previously indicated that Calebin A
has anti-proinflammatory and anti-carcinogenic qualities, and these properties are linked to the
proinflammatory transcription factor NF-κB signaling pathway [27,29,30]. Moreover, it has been shown
that the proinflammatory transcription factor NF-κB pathway is required for, and associated with,
the proliferation, survival, migration/invasion and metastasis of different tumor cells [55–57]. It is
known that the most important stimulants for the activation of NF-κB are proinflammatory cytokines,
like TNFs and IL-1β inducing overexpression of IKK [58,59].

To examine in more detail the signaling pathway of Calebin A’s suppression effects in
TNF-β-promoted CRC cells, we evaluated the association of the proinflammatory transcription
factor NF-κB signaling pathway in this process. We found, for the first time, that down-modulation of
TNF-β-promoted transcription factor NF-κB activation and suppression of its nuclear translocation
by Calebin A, and this was also inhibited in the same way by the knockdown of NF-κB on mRNA
level using ASO-NF-κB, or on the IKK level by BMS-345541 (specific IKK-inhibitor) or by curcumin
(natural inhibitor of NF-κB), may be essential mechanisms for Calebin A’s antitumorigenic potential in
this inflammatory tumor environment. Moreover, we have further demonstrated that NF-κB-specific
biomarkers, which are linked to invasion (MMP-9), metastasis (CXCR4, Integrin β1), proliferation
(Ki-67) and apoptosis (Caspase-3), were modulated by Calebin A. These findings indicate that Calebin
A may act as a potent multitargeting anti-cancer agent and this effect is mediated partially through
inhibiting NF-κB and NF-κB-promoted proteins in different CRC tumor cells.

Transcription factor NF-κB, which is expressed ubiquitously in the cytoplasm, has been discovered
in 1986 and has since been found to be the major regulator of inflammation and tumorigenesis.
The constitutive activation of p65-NF-κB (RELA), especially, plays a pivotal role in solid cancers [60].
Phosphorylation of the p65-NF-κB subunit by IKKs/IκBα is a major activation step in the canonical
NF-κB pathway, followed by nuclear translocation and DNA binding to modulate gene transcription [61].
Moreover, our findings are also consistent with those that have shown that numerous natural substances
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mediate their anti-tumorigenic potential through targeting the NF-κB pathway [19,42,62–64], thereby
stimulating tumor cell apoptosis and suppressing proliferation and migration. Indeed, Calebin A has
recently been shown to suppress the activation of the p65-NF-κB pathway in several cell types, thereby
suppressing cell growth and enhancing apoptosis [27].

These data emphasize that Calebin A suppresses TNF-β-stimulated tumor-promoting pathways,
therefore we focused on investigating the modulatory role of Calebin A on the NF-κB pathway, as this
is a major target for TNF-β. Indeed, previous studies have shown that Calebin A inhibits constitutive
NF-κB activation as well as negatively regulating TNF-α and LPS-induced NF-κB activation [27].
We could previously show in TNF-β-stimulated CRC cells that NF-κB is a major target for the natural
substance resveratrol in suppressing CRC tumor cell malignity [12,13,36,63]. Interestingly, a recent study
could show that Calebin A mediates its anti-tumorogenic properties by inhibiting P300/CBP-associated
factor (PCAF), which serves as transcriptional co-activator for both p53 and NF-kB [32,65].

In this study, we could further show that Calebin A inhibits TNF-β-up-regulated p65- NF-κB activity
in the nucleus of all investigated CRC cell lines. Interestingly, we further observed that Calebin A
exerted these effects in CRC cells partly by the direct inhibition of DNA-binding between p65-NF-κB.
Previous studies in various tumor cells have shown that, indeed, Calebin A interacts directly with
cysteine residues of p65-NF-κB, thereby suppressing the recombinant binding of p65 to DNA [27].
Furthermore, several reports have demonstrated that a residue Cyc38 of p65-NF-κB is essential for the
specific binding/interaction to the DNA in different tumor cells [40,43,46,66]. Interestingly, recent studies
suggested that polyphenols may mediate their anti-proliferative effects in colon cancer cells through
targeting the cyclin-dependent kinase (CDK) activity [67,68]. As the NF-kB family is tightly involved in
cell cycle regulation through actions on the CDK/cyclin-dependent kinase inhibitors (CKI) system [69],
here, Calebin A, through inhibition of NF-kB DNA binding, may directly suppress cell cycle activation.

5. Conclusions

Conclusively, these findings are the first report demonstrating the potential of Calebin A as
an anti-proinflammatory and anti-tumor active compound in the management of TNF-β-stimulated
colorectal cancer cell malignity through the targeting and inhibition of activation, nuclear translocation
and DNA-binding of p65-NF-κB (Figure 7). These results may play an important role in the preventive
therapy of cancer.
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activation during tumorigenesis by Calebin A in vitro.



Nutrients 2019, 11, 2904 15 of 18

Author Contributions: B.P. and C.B. performed all the different experiments and analyses. A.B.K., C.B., B.B.A. and
M.S. were responsible for the study design, data interpretation, revised the paper and all authors approved the
final version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We thank Sabine Miech and Andreas Eimannsberger for excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Araghi, M.; Soerjomataram, I.; Jenkins, M.; Brierley, J.; Morris, E.; Bray, F.; Arnold, M. Global Trends in
Colorectal Cancer Mortality: Projections to the Year 2035. Int. J. Cancer 2019, 144, 2992–3000. [CrossRef]
[PubMed]

2. Siegel, R.L.; Miller, K.D.; Fedewa, S.A.; Ahnen, D.J.; Meester, R.G.S.; Barzi, A.; Jemal, A. Colorectal Cancer
Statistics, 2017. CA Cancer J. Clin. 2017, 67, 177–193. [CrossRef] [PubMed]

3. Van der Jeught, K.; Xu, H.C.; Li, Y.J.; Lu, X.B.; Ji, G. Drug Resistance and New Therapies in Colorectal Cancer.
World J. Gastroenterol. 2018, 24, 3834–3848. [CrossRef] [PubMed]

4. Sethi, G.; Shanmugam, M.K.; Ramachandran, L.; Kumar, A.P.; Tergaonkar, V. Multifaceted Link between
Cancer and Inflammation. Biosci. Rep. 2012, 32, 1–15. [CrossRef] [PubMed]

5. Gupta, S.C.; Kunnumakkara, A.B.; Aggarwal, S.; Aggarwal, B.B. Inflammation, a Double-Edge Sword for
Cancer and Other Age-Related Diseases. Front. Immunol. 2018, 9, 2160. [CrossRef]

6. Aggarwal, B.B.; Shishodia, S.; Sandur, S.K.; Pandey, M.K.; Sethi, G. Inflammation and Cancer: How Hot Is
the Link? Biochem. Pharmacol. 2006, 72, 1605–1621. [CrossRef]

7. Colombo, F.; Zambrano, S.; Agresti, A. Nf-Kappab, the Importance of Being Dynamic: Role and Insights in
Cancer. Biomedicines 2018, 6, 45. [CrossRef]

8. Xia, L.; Tan, S.; Zhou, Y.; Lin, J.; Wang, H.; Oyang, L.; Tian, Y.; Liu, L.; Su, M.; Wang, H.; et al. Role of the
Nfkappab-Signaling Pathway in Cancer. Onco Targets Ther. 2018, 11, 2063–2073. [CrossRef]

9. Kearns, J.D.; Basak, S.; Werner, S.L.; Huang, C.S.; Hoffmann, A. Ikappabepsilon Provides Negative Feedback
to Control Nf-Kappab Oscillations, Signaling Dynamics, and Inflammatory Gene Expression. J. Cell Biol.
2006, 173, 659–664. [CrossRef]

10. Karin, M. Nuclear Factor-Kappab in Cancer Development and Progression. Nature 2006, 441, 431–436.
[CrossRef]

11. Inoue, J.; Gohda, J.; Akiyama, T.; Semba, K. Nf-Kappab Activation in Development and Progression of
Cancer. Cancer Sci. 2007, 98, 268–274. [CrossRef] [PubMed]

12. Buhrmann, C.; Yazdi, M.; Popper, B.; Shayan, P.; Goel, A.; Aggarwal, B.B.; Shakibaei, M. Resveratrol
Chemosensitizes Tnf-Beta-Induced Survival of 5-Fu-Treated Colorectal Cancer Cells. Nutrients 2018, 10, 888.
[CrossRef] [PubMed]

13. Buhrmann, C.; Yazdi, M.; Popper, B.; Shayan, P.; Goel, A.; Aggarwal, B.B.; Shakibaei, M. Evidence that
Tnf-Beta Induces Proliferation in Colorectal Cancer Cells and Resveratrol Can Down-Modulate It. Exp. Biol.
Med. 2019, 244, 1–12. [CrossRef] [PubMed]

14. Aggarwal, B.B.; Kohr, W.J.; Hass, P.E.; Moffat, B.; Spencer, S.A.; Henzel, W.J.; Bringman, T.S.; Nedwin, G.E.;
Goeddel, D.V.; Harkins, R.N. Human Tumor Necrosis Factor. Production, Purification, and Characterization.
J. Biol. Chem. 1985, 260, 2345–2354. [PubMed]

15. Aggarwal, B.B.; Moffat, B.; Harkins, R.N. Human Lymphotoxin. Production by a Lymphoblastoid Cell Line,
Purification, and Initial Characterization. J. Biol. Chem. 1984, 259, 686–691. [PubMed]

16. Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs from 1981 to 2014. J. Nat. Prod. 2016,
79, 629–661. [CrossRef] [PubMed]

17. Mishra, S.; Palanivelu, K. The Effect of Curcumin (Turmeric) on Alzheimer’s Disease: An Overview. Ann.
Indian Acad. Neurol. 2008, 11, 13–19. [CrossRef]

18. Kuppusamy, P.; Yusoff, M.M.; Maniam, G.P.; Ichwan, S.J.; Soundharrajan, I.; Govindan, N. Nutraceuticals as
Potential Therapeutic Agents for Colon Cancer: A Review. Acta Pharm. Sin. B 2014, 4, 173–181. [CrossRef]

19. Kunnumakkara, A.B.; Bordoloi, D.; Harsha, C.; Banik, K.; Gupta, S.C.; Aggarwal, B.B. Curcumin Mediates
Anticancer Effects by Modulating Multiple Cell Signaling Pathways. Clin. Sci. 2017, 131, 1781–1799.
[CrossRef]

http://dx.doi.org/10.1002/ijc.32055
http://www.ncbi.nlm.nih.gov/pubmed/30536395
http://dx.doi.org/10.3322/caac.21395
http://www.ncbi.nlm.nih.gov/pubmed/28248415
http://dx.doi.org/10.3748/wjg.v24.i34.3834
http://www.ncbi.nlm.nih.gov/pubmed/30228778
http://dx.doi.org/10.1042/BSR20100136
http://www.ncbi.nlm.nih.gov/pubmed/21981137
http://dx.doi.org/10.3389/fimmu.2018.02160
http://dx.doi.org/10.1016/j.bcp.2006.06.029
http://dx.doi.org/10.3390/biomedicines6020045
http://dx.doi.org/10.2147/OTT.S161109
http://dx.doi.org/10.1083/jcb.200510155
http://dx.doi.org/10.1038/nature04870
http://dx.doi.org/10.1111/j.1349-7006.2007.00389.x
http://www.ncbi.nlm.nih.gov/pubmed/17270016
http://dx.doi.org/10.3390/nu10070888
http://www.ncbi.nlm.nih.gov/pubmed/30002278
http://dx.doi.org/10.1177/1535370218824538
http://www.ncbi.nlm.nih.gov/pubmed/30661394
http://www.ncbi.nlm.nih.gov/pubmed/3871770
http://www.ncbi.nlm.nih.gov/pubmed/6608523
http://dx.doi.org/10.1021/acs.jnatprod.5b01055
http://www.ncbi.nlm.nih.gov/pubmed/26852623
http://dx.doi.org/10.4103/0972-2327.40220
http://dx.doi.org/10.1016/j.apsb.2014.04.002
http://dx.doi.org/10.1042/CS20160935


Nutrients 2019, 11, 2904 16 of 18

20. Gupta, S.C.; Kismali, G.; Aggarwal, B.B. Curcumin, a Component of Turmeric: From Farm to Pharmacy.
Biofactors 2013, 39, 2–13. [CrossRef]

21. Kumar, A.; Chetia, H.; Sharma, S.; Kabiraj, D.; Talukdar, N.C.; Bora, U. Curcumin Resource Database.
Database 2015, 2015, bav070. [CrossRef] [PubMed]

22. Park, S.Y.; Kim, D.S. Discovery of Natural Products from Curcuma Longa that Protect Cells from Beta-Amyloid
Insult: A Drug Discovery Effort against Alzheimer’s Disease. J. Nat. Prod. 2002, 65, 1227–1231. [CrossRef]
[PubMed]

23. Kim, D.S.; Kim, J.Y. Total Synthesis of Calebin-a, Preparation of Its Analogues, and Their Neuronal Cell
Protectivity against Beta-Amyloid Insult. Bioorg. Med. Chem. Lett. 2001, 11, 2541–2543. [CrossRef]

24. Aggarwal, B.B.; Yuan, W.; Li, S.; Gupta, S.C. Curcumin-Free Turmeric Exhibits Anti-Inflammatory and
Anticancer Activities: Identification of Novel Components of Turmeric. Mol. Nutr. Food Res. 2013, 57,
1529–1542. [CrossRef] [PubMed]

25. Nair, A.; Amalraj, A.; Jacob, J.; Kunnumakkara, A.B.; Gopi, S. Non-Curcuminoids from Turmeric and Their
Potential in Cancer Therapy and Anticancer Drug Delivery Formulations. Biomolecules 2019, 9, 13. [CrossRef]

26. Majeed, A.; Majeed, M.; Thajuddin, N.; Arumugam, S.; Ali, F.; Beede, K.; Adams, S.J.; Gnanamani, M.
Bioconversion of Curcumin into Calebin-a by the Endophytic Fungus Ovatospora Brasiliensis Epe-10 Mtcc
25236 Associated with Curcuma Caesia. AMB Express 2019, 9, 79. [CrossRef]

27. Tyagi, A.K.; Prasad, S.; Majeed, M.; Aggarwal, B.B. Calebin a, a Novel Component of Turmeric, Suppresses
Nf-Kappab Regulated Cell Survival and Inflammatory Gene Products Leading to Inhibition of Cell Growth
and Chemosensitization. Phytomedicine 2017, 34, 171–181. [CrossRef]

28. Lai, C.S.; Liao, S.N.; Tsai, M.L.; Kalyanam, N.; Majeed, M.; Majeed, A.; Ho, C.T.; Pan, M.H. Calebin-a Inhibits
Adipogenesis and Hepatic Steatosis in High-Fat Diet-Induced Obesity Via Activation of Ampk Signaling.
Mol. Nutr. Food Res. 2015, 59, 1883–1895. [CrossRef]

29. Tyagi, A.K.; Prasad, S.; Majeed, M.; Aggarwal, B.B. Calebin a Downregulates Osteoclastogenesis through
Suppression of Rankl Signalling. Arch. Biochem. Biophys. 2016, 593, 80–89. [CrossRef]

30. Li, Y.; Li, S.; Han, Y.; Liu, J.; Zhang, J.; Li, F.; Wang, Y.; Liu, X.; Yao, L. Calebin-a Induces Apoptosis and
Modulates Mapk Family Activity in Drug Resistant Human Gastric Cancer Cells. Eur. J. Pharmacol. 2008,
591, 252–258. [CrossRef]

31. Lee, M.J.; Tsai, Y.J.; Lin, M.Y.; You, H.L.; Kalyanam, N.; Ho, C.T.; Pan, M.H. Calebin-a Induced Death of
Malignant Peripheral Nerve Sheath Tumor Cells by Activation of Histone Acetyltransferase. Phytomedicine
2019, 57, 377–384. [CrossRef] [PubMed]

32. Novaes, J.T.; Lillico, R.; Sayre, C.L.; Nagabushnam, K.; Majeed, M.; Chen, Y.; Ho, E.A.; Oliveira, A.L.P.;
Martinez, S.E.; Alrushaid, S.; et al. Disposition, Metabolism and Histone Deacetylase and Acetyltransferase
Inhibition Activity of Tetrahydrocurcumin and Other Curcuminoids. Pharmaceutics 2017, 9, 45. [CrossRef]
[PubMed]

33. Buhrmann, C.; Shayan, P.; Goel, A.; Shakibaei, M. Resveratrol Regulates Colorectal Cancer Cell Invasion by
Modulation of Focal Adhesion Molecules. Nutrients 2017, 9, 1073. [CrossRef] [PubMed]

34. Buhrmann, C.; Shayan, P.; Kraehe, P.; Popper, B.; Goel, A.; Shakibaei, M. Resveratrol
Induces Chemosensitization to 5-Fluorouracil through up-Regulation of Intercellular Junctions,
Epithelial-to-Mesenchymal Transition and Apoptosis in Colorectal Cancer. Biochem. Pharmacol. 2015,
98, 51–68. [CrossRef]

35. Shakibaei, M.; Kraehe, P.; Popper, B.; Shayan, P.; Goel, A.; Buhrmann, C. Curcumin Potentiates Antitumor
Activity of 5-Fluorouracil in a 3d Alginate Tumor Microenvironment of Colorectal Cancer. BMC Cancer 2015,
15, 250. [CrossRef] [PubMed]

36. Buhrmann, C.; Shayan, P.; Aggarwal, B.B.; Shakibaei, M. Evidence That Tnf-Beta (Lymphotoxin Alpha)
Can Activate the Inflammatory Environment in Human Chondrocytes. Arthritis Res. Ther. 2013, 15, R202.
[CrossRef] [PubMed]

37. Bharti, A.C.; Aggarwal, B.B. Nuclear Factor-Kappa B and Cancer: Its Role in Prevention and Therapy.
Biochem. Pharmacol. 2002, 64, 883–888. [CrossRef]

38. Sethi, G.; Sung, B.; Aggarwal, B.B. Tnf: A Master Switch for Inflammation to Cancer. Front. Biosci. 2008, 13,
5094–5107. [CrossRef]

39. Aggarwal, B.B. Nuclear Factor-Kappab: The Enemy Within. Cancer Cell 2004, 6, 203–208. [CrossRef]

http://dx.doi.org/10.1002/biof.1079
http://dx.doi.org/10.1093/database/bav070
http://www.ncbi.nlm.nih.gov/pubmed/26220923
http://dx.doi.org/10.1021/np010039x
http://www.ncbi.nlm.nih.gov/pubmed/12350137
http://dx.doi.org/10.1016/S0960-894X(01)00489-9
http://dx.doi.org/10.1002/mnfr.201200838
http://www.ncbi.nlm.nih.gov/pubmed/23847105
http://dx.doi.org/10.3390/biom9010013
http://dx.doi.org/10.1186/s13568-019-0802-9
http://dx.doi.org/10.1016/j.phymed.2017.08.021
http://dx.doi.org/10.1002/mnfr.201400809
http://dx.doi.org/10.1016/j.abb.2016.02.013
http://dx.doi.org/10.1016/j.ejphar.2008.06.065
http://dx.doi.org/10.1016/j.phymed.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30831486
http://dx.doi.org/10.3390/pharmaceutics9040045
http://www.ncbi.nlm.nih.gov/pubmed/29023392
http://dx.doi.org/10.3390/nu9101073
http://www.ncbi.nlm.nih.gov/pubmed/28953264
http://dx.doi.org/10.1016/j.bcp.2015.08.105
http://dx.doi.org/10.1186/s12885-015-1291-0
http://www.ncbi.nlm.nih.gov/pubmed/25884903
http://dx.doi.org/10.1186/ar4393
http://www.ncbi.nlm.nih.gov/pubmed/24283517
http://dx.doi.org/10.1016/S0006-2952(02)01154-1
http://dx.doi.org/10.2741/3066
http://dx.doi.org/10.1016/j.ccr.2004.09.003


Nutrients 2019, 11, 2904 17 of 18

40. Garcia-Pineres, A.J.; Castro, V.; Mora, G.; Schmidt, T.J.; Strunck, E.; Pahl, H.L.; Merfort, I. Cysteine 38 in
P65/Nf-Kappab Plays a Crucial Role in DNA Binding Inhibition by Sesquiterpene Lactones. J. Biol. Chem.
2001, 276, 39713–39720. [CrossRef]

41. Ha, K.H.; Byun, M.S.; Choi, J.; Jeong, J.; Lee, K.J.; Jue, D.M. N-Tosyl-L-Phenylalanine Chloromethyl Ketone
Inhibits Nf-Kappab Activation by Blocking Specific Cysteine Residues of Ikappab Kinase Beta and P65/Rela.
Biochemistry 2009, 48, 7271–7278. [CrossRef] [PubMed]

42. Han, J.G.; Gupta, S.C.; Prasad, S.; Aggarwal, B.B. Piperlongumine Chemosensitizes Tumor Cells through
Interaction with Cysteine 179 of Ikappabalpha Kinase, Leading to Suppression of Nf-Kappab-Regulated
Gene Products. Mol. Cancer Ther. 2014, 13, 2422–2435. [CrossRef] [PubMed]

43. Liang, M.C.; Bardhan, S.; Pace, E.A.; Rosman, D.; Beutler, J.A.; Porco, J.A., Jr.; Gilmore, T.D. Inhibition of
Transcription Factor Nf-Kappab Signaling Proteins Ikkbeta and P65 through Specific Cysteine Residues by
Epoxyquinone a Monomer: Correlation with Its Anti-Cancer Cell Growth Activity. Biochem. Pharmacol. 2006,
71, 634–645. [CrossRef] [PubMed]

44. Natarajan, K.; Singh, S.; Burke, T.R., Jr.; Grunberger, D.; Aggarwal, B.B. Caffeic Acid Phenethyl Ester Is
a Potent and Specific Inhibitor of Activation of Nuclear Transcription Factor Nf-Kappa B. Proc. Natl. Acad.
Sci. USA 1996, 93, 9090–9095. [CrossRef]

45. Sandur, S.K.; Ichikawa, H.; Sethi, G.; Ahn, K.S.; Aggarwal, B.B. Plumbagin
(5-Hydroxy-2-Methyl-1,4-Naphthoquinone) Suppresses Nf-Kappab Activation and Nf-Kappab-Regulated
Gene Products through Modulation of P65 and Ikappabalpha Kinase Activation, Leading to Potentiation of
Apoptosis Induced by Cytokine and Chemotherapeutic Agents. J. Biol. Chem. 2006, 281, 17023–17033.

46. Chen, Y.Q.; Ghosh, S.; Ghosh, G. A Novel DNA Recognition Mode by the Nf-Kappa B P65 Homodimer. Nat.
Struct. Biol. 1998, 5, 67–73. [CrossRef]

47. Ahmed, D.; Eide, P.W.; Eilertsen, I.A.; Danielsen, S.A.; Eknaes, M.; Hektoen, M.; Lind, G.E.; Lothe, R.A.
Epigenetic and Genetic Features of 24 Colon Cancer Cell Lines. Oncogenesis 2013, 2, e71. [CrossRef]

48. Gupta, S.C.; Sung, B.; Kim, J.H.; Prasad, S.; Li, S.; Aggarwal, B.B. Multitargeting by Turmeric, the Golden
Spice: From Kitchen to Clinic. Mol. Nutr. Food Res. 2013, 57, 1510–1528. [CrossRef]

49. Wang, M.; Jiang, S.; Zhou, L.; Yu, F.; Ding, H.; Li, P.; Zhou, M.; Wang, K. Potential Mechanisms of Action of
Curcumin for Cancer Prevention: Focus on Cellular Signaling Pathways and Mirnas. Int. J. Biol. Sci. 2019,
15, 1200–1214. [CrossRef]

50. Prasad, S.; Gupta, S.C.; Tyagi, A.K.; Aggarwal, B.B. Curcumin, a Component of Golden Spice: From Bedside
to Bench and Back. Biotechnol. Adv. 2014, 32, 1053–1064. [CrossRef]

51. Buhrmann, C.; Kraehe, P.; Lueders, C.; Shayan, P.; Goel, A.; Shakibaei, M. Curcumin Suppresses Crosstalk
between Colon Cancer Stem Cells and Stromal Fibroblasts in the Tumor Microenvironment: Potential Role
of Emt. PLoS ONE 2014, 9, e107514. [CrossRef] [PubMed]

52. Shakibaei, M.; Buhrmann, C.; Kraehe, P.; Shayan, P.; Lueders, C.; Goel, A. Curcumin Chemosensitizes
5-Fluorouracil Resistant Mmr-Deficient Human Colon Cancer Cells in High Density Cultures. PLoS ONE
2014, 9, e85397. [CrossRef] [PubMed]

53. Toden, S.; Okugawa, Y.; Buhrmann, C.; Nattamai, D.; Anguiano, E.; Baldwin, N.; Shakibaei, M.; Boland, C.R.;
Goel, A. Novel Evidence for Curcumin and Boswellic Acid-Induced Chemoprevention through Regulation
of Mir-34a and Mir-27a in Colorectal Cancer. Cancer Prev. Res. 2015, 8, 431–443. [CrossRef] [PubMed]

54. Toden, S.; Okugawa, Y.; Jascur, T.; Wodarz, D.; Komarova, N.L.; Buhrmann, C.; Shakibaei, M.; Boland, C.R.;
Goel, A. Curcumin Mediates Chemosensitization to 5-Fluorouracil through Mirna-Induced Suppression of
Epithelial-to-Mesenchymal Transition in Chemoresistant Colorectal Cancer. Carcinogenesis 2015, 36, 355–367.
[CrossRef] [PubMed]

55. Jackson-Bernitsas, D.G.; Ichikawa, H.; Takada, Y.; Myers, J.N.; Lin, X.L.; Darnay, B.G.; Chaturvedi, M.M.;
Aggarwal, B.B. Evidence that Tnf-Tnfr1-Tradd-Traf2-Rip-Tak1-Ikk Pathway Mediates Constitutive Nf-Kappab
Activation and Proliferation in Human Head and Neck Squamous Cell Carcinoma. Oncogene 2007, 26,
1385–1397. [CrossRef]

56. Miller, S.C.; Huang, R.; Sakamuru, S.; Shukla, S.J.; Attene-Ramos, M.S.; Shinn, P.; van Leer, D.; Leister, W.;
Austin, C.P.; Xia, M. Identification of Known Drugs that Act as Inhibitors of Nf-Kappab Signaling and Their
Mechanism of Action. Biochem. Pharmacol. 2010, 79, 1272–1280. [CrossRef]

http://dx.doi.org/10.1074/jbc.M101985200
http://dx.doi.org/10.1021/bi900660f
http://www.ncbi.nlm.nih.gov/pubmed/19591457
http://dx.doi.org/10.1158/1535-7163.MCT-14-0171
http://www.ncbi.nlm.nih.gov/pubmed/25082961
http://dx.doi.org/10.1016/j.bcp.2005.11.013
http://www.ncbi.nlm.nih.gov/pubmed/16360644
http://dx.doi.org/10.1073/pnas.93.17.9090
http://dx.doi.org/10.1038/nsb0198-67
http://dx.doi.org/10.1038/oncsis.2013.35
http://dx.doi.org/10.1002/mnfr.201100741
http://dx.doi.org/10.7150/ijbs.33710
http://dx.doi.org/10.1016/j.biotechadv.2014.04.004
http://dx.doi.org/10.1371/journal.pone.0107514
http://www.ncbi.nlm.nih.gov/pubmed/25238234
http://dx.doi.org/10.1371/journal.pone.0085397
http://www.ncbi.nlm.nih.gov/pubmed/24404205
http://dx.doi.org/10.1158/1940-6207.CAPR-14-0354
http://www.ncbi.nlm.nih.gov/pubmed/25712055
http://dx.doi.org/10.1093/carcin/bgv006
http://www.ncbi.nlm.nih.gov/pubmed/25653233
http://dx.doi.org/10.1038/sj.onc.1209945
http://dx.doi.org/10.1016/j.bcp.2009.12.021


Nutrients 2019, 11, 2904 18 of 18

57. Ahn, K.S.; Sethi, G.; Chao, T.H.; Neuteboom, S.T.; Chaturvedi, M.M.; Palladino, M.A.; Younes, A.;
Aggarwal, B.B. Salinosporamide a (Npi-0052) Potentiates Apoptosis, Suppresses Osteoclastogenesis,
and Inhibits Invasion through Down-Modulation of Nf-Kappab Regulated Gene Products. Blood 2007, 110,
2286–2295. [CrossRef]

58. Bharti, A.C.; Donato, N.; Singh, S.; Aggarwal, B.B. Curcumin (Diferuloylmethane) Down-Regulates the
Constitutive Activation of Nuclear Factor-Kappa B and Ikappabalpha Kinase in Human Multiple Myeloma
Cells, Leading to Suppression of Proliferation and Induction of Apoptosis. Blood 2003, 101, 1053–1062.
[CrossRef]

59. Kato, T., Jr.; Gotoh, Y.; Hoffmann, A.; Ono, Y. Negative Regulation of Constitutive Nf-Kappab and Jnk
Signaling by Pkn1-Mediated Phosphorylation of Traf1. Genes Cells 2008, 13, 509–520. [CrossRef]

60. Kaltschmidt, B.; Greiner, J.F.W.; Kadhim, H.M.; Kaltschmidt, C. Subunit-Specific Role of Nf-Kappab in Cancer.
Biomedicines 2018, 6, 44. [CrossRef]

61. Kumar, A.; Takada, Y.; Boriek, A.M.; Aggarwal, B.B. Nuclear Factor-Kappab: Its Role in Health and Disease.
J. Mol. Med. 2004, 82, 434–448. [CrossRef] [PubMed]

62. Aggarwal, S.; Das, S.N. Garcinol Inhibits Tumour Cell Proliferation, Angiogenesis, Cell Cycle Progression and
Induces Apoptosis Via Nf-Kappab Inhibition in Oral Cancer. Tumour Biol. 2016, 37, 7175–7184. [CrossRef]

63. Buhrmann, C.; Yazdi, M.; Popper, B.; Kunnumakkara, A.B.; Aggarwal, B.B.; Shakibaei, M. Induction of the
Epithelial-to-Mesenchymal Transition of Human Colorectal Cancer by Human Tnf-Beta (Lymphotoxin) and
Its Reversal by Resveratrol. Nutrients 2019, 11, 704. [CrossRef]

64. Tsuboi, K.; Matsuo, Y.; Shamoto, T.; Shibata, T.; Koide, S.; Morimoto, M.; Guha, S.; Sung, B.; Aggarwal, B.B.;
Takahashi, H.; et al. Zerumbone Inhibits Tumor Angiogenesis Via Nf-Kappab in Gastric Cancer. Oncol. Rep.
2014, 31, 57–64. [CrossRef]

65. Vanden Berghe, W.; de Bosscher, K.; Boone, E.; Plaisance, S.; Haegeman, G. The Nuclear Factor-Kappab
Engages Cbp/P300 and Histone Acetyltransferase Activity for Transcriptional Activation of the Interleukin-6
Gene Promoter. J. Biol. Chem. 1999, 274, 32091–32098.

66. Ghosh, G.; van Duyne, G.; Ghosh, S.; Sigler, P.B. Structure of Nf-Kappa B P50 Homodimer Bound to a Kappa
B Site. Nature 1995, 373, 303–310. [CrossRef]

67. Sankaranarayanan, R.; Valiveti, C.K.; Kumar, D.R.; van Slambrouck, S.; Kesharwani, S.S.; Seefeldt, T.; Scaria, J.;
Tummala, H.; Bhat, G.J. The Flavonoid Metabolite 2,4,6-Trihydroxybenzoic Acid Is a Cdk Inhibitor and
an Anti-Proliferative Agent: A Potential Role in Cancer Prevention. Cancers 2019, 11, 427. [CrossRef]

68. Dachineni, R.; Kumar, D.R.; Callegari, E.; Kesharwani, S.S.; Sankaranarayanan, R.; Seefeldt, T.; Tummala, H.;
Bhat, G.J. Salicylic Acid Metabolites and Derivatives Inhibit Cdk Activity: Novel Insights into Aspirin’s
Chemopreventive Effects against Colorectal Cancer. Int. J. Oncol. 2017, 51, 1661–1673. [CrossRef]

69. Joyce, D.; Albanese, C.; Steer, J.; Fu, M.; Bouzahzah, B.; Pestell, R.G. Nf-Kappab and Cell-Cycle Regulation:
The Cyclin Connection. Cytokine Growth Factor Rev. 2001, 12, 73–90. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1182/blood-2007-04-084996
http://dx.doi.org/10.1182/blood-2002-05-1320
http://dx.doi.org/10.1111/j.1365-2443.2008.01182.x
http://dx.doi.org/10.3390/biomedicines6020044
http://dx.doi.org/10.1007/s00109-004-0555-y
http://www.ncbi.nlm.nih.gov/pubmed/15175863
http://dx.doi.org/10.1007/s13277-015-4583-8
http://dx.doi.org/10.3390/nu11030704
http://dx.doi.org/10.3892/or.2013.2842
http://dx.doi.org/10.1038/373303a0
http://dx.doi.org/10.3390/cancers11030427
http://dx.doi.org/10.3892/ijo.2017.4167
http://dx.doi.org/10.1016/S1359-6101(00)00018-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Lines 
	Reagents and Antibodies 
	Experimental Setup 
	Three-Dimensional Cell Culture 
	Transfection with Antisense Oligonucleotides 
	Cell Vitality Assay 
	Proliferation and Migration Assay 
	Transmission Electron-Microscopy 
	Immunofluorescence Imaging 
	Western Blot Analysis 
	Statistical Evaluation 

	Results 
	Calebin A Suppressed TNF–Promoted Proliferation in Different CRC Cells 
	Calebin A Significantly Supresses TNF–Promoted Colonosphere Formation, Invasion and Stimulates Apoptosis of CRC Cells 
	Calebin A, Similar to Curcumin and Specific IKK Inhibitor BMS-345541, Blocks TNF–Promoted Nuclear Translocation of p65-NF-B to the Cell Nucleus in Different CRC Cell Lines 
	Calebin A Supresses TNF–Promoted p65-NF-B Activation Time-Dependently in All Three CRC Cell Lines 
	Calebin A Specifically Suppresses TNF–Induced p65-NF-B Activation, Similar to Curcumin, ASO-NF-B or BMS-345541 in CRC Cells 
	Calebin A Suppresses TNF–Promoted p65-NF-B Activation and NF-B-Dependent Gene Products Involved in Metastasis, Migration and Apoptosis of CRC Cells 
	Calebin A Disrupts the Interaction of p65-NF-B to DNA and DTT Suppresses this Binding 

	Discussion 
	Conclusions 
	References

