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Abstract: The interaction between tumor cells and the tumor microenvironment (TME) is an
important process for the development of tumor malignancy. Modulation of paracrine cross-talk
could be a promising strategy for tumor control within the TME. The exact mechanisms of
multi-targeted compound resveratrol are not yet fully understood. Whether resveratrol can
modulate paracrine signal transduction-induced malignancy in the multicellular-TME of colorectal
cancer cells (CRC) was investigated. An in vitro model with 3D-alginate HCT116 cells in
multicellular-TME cultures (fibroblast cells, T-lymphocytes) was used to elucidate the role of
TNF-β, Sirt1-ASO and/or resveratrol in the proliferation, invasion and cancer stem cells (CSC)
of CRC cells. We found that multicellular-TME, similar to TNF-β-TME, promoted proliferation,
colony formation, invasion of CRC cells and enabled activation of CSCs. However, after co-treatment
with resveratrol, the malignancy of multicellular-TME reversed to HCT116. In addition, resveratrol
reduced the secretion of T-lymphocyte/fibroblast (TNF-β, TGF-β3) proteins, antagonized the
T-lymphocyte/fibroblast-promoting NF-κB activation, NF-κB nuclear translocation and thus the
expression of NF-κB-promoting biomarkers, associated with proliferation, invasion and survival
of CSCs in 3D-alginate cultures of HCT116 cells induced by TNF-β- or multicellular-TME, but not
by Sirt1-ASO, indicating the central role of this enzyme in the anti-tumor function of resveratrol.
Our results suggest that in vitro multicellular-TME promotes crosstalk between CRC and stromal
cells to increase survival, migration of HCT116 and the resveratrol/Sirt1 axis suppresses this loop
by modulating paracrine agent secretion and NF-κB signaling. Fibroblasts and T-lymphocytes are
promising targets for resveratrol in the prevention of CRC metastasis.

Keywords: resveratrol; colorectal cancer; tumor microenvironment; paracrine cross-talk; CSC; NF-κB;
TNF-β (lymphotoxin)

1. Introduction

The treatment of cancer still leads to varying, mostly unsatisfactory results, as the number of
patients who develop chemoresistance to current therapies, relapses and metastasis is still a major
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problem [1]. Among most malignant cancers, colorectal cancer (CRC) remains a clinical challenge,
ranking third in mortality and relapses [1]. CRC is a multi-step disease that is the sum of the
accumulation of epigenetic and genetic changes stimulated by low-grade chronic inflammation [2,3].

Effective treatment of CRC poses such a major clinical challenge because the interaction between the
tumor and its immediate environment, known as the tumor microenvironment (TME), is essential in the
malignant progression of the tumor [4]. This cross-talk between cancer cells and stroma cells in TME is a
key mechanism that stimulates and activates several signaling pathways, leading to tumor progression
and malignancy, such as proliferation, migration, invasion and eventually metastasis [4,5], and for
effective treatment the cross-talk in multicellular-TME between the cells must first be interrupted [6].
Key players in the multicellular-TME include tumor cells, recruited and transformed stromal fibroblasts,
cancer-associated fibroblasts (CAFs) [7], and infiltrated immune cells such as B- and T-lymphocytes
and macrophages, which have a broad spectrum of inflammatory functions and stimulatory effects
on tumor cell progression [8]. It was described that cancer-associated stromal fibroblasts secrete
cancer-stimulating factors such as growth factors and cytokines that transform the extracellular matrix
and thus prepare the immediate TME of the tumor cells to facilitate metastasis [7]. It has been further
described that immune cells in the gut play a fundamental role in maintaining tissue homeostasis and
that dysregulation within immune cells stimulates chronic inflammation and may promote tumor
development [9], and thus act as important prominent promoters of cancer progression [10]. In addition,
stromal fibroblasts and immune cells in multicellular-TME actively contribute to tumor progression by
cancer-induced cross-talk by evading the immunological response through the production of oxygen
species and inflammatory cytokines [8,11,12].

It has been described that activation of the pro-inflammatory transcription factor NF-κB
(nuclear factor kappa-light-chain-enhancer of activated B-cells) in tumor cells stimulates and promotes
the cancer-mediated inflammatory response and paracrine signaling of pro-inflammatory cytokines
and growth factors in TME, which in turn stimulates tumor progression and malignancy [13].
Under physiological conditions, NF-κB is closely involved in the biological process regulation of cell
growth and survival as the main regulator of inflammatory and stress response [14]. In addition,
constitutive NF-κB activation has been characterized in several cancers, which increases chronic
low-grade inflammation and promotes cancer progression [15]. NF-κB promotes the production of
pro-inflammatory cytokines, such as members of the family of tumor necrosis factors, TNF-α and
TNF-β, in tumor cells, which further promote cancer cell progression [16–20]. It has been shown that
NF-κB and NF-κB-dependent gene products in lymphocytes are up-regulated in TME [21], and the
suppression of pro-inflammatory cytokine-mediated signaling pathways by inhibiting cross-talk
between tumor cells and inflammatory cells could be a promising therapeutic strategy.

It is suggested that a subpopulation of cells in the tumor, cancer stem cells (CSCs), which have
self-renewal capabilities, play a central role in mediating the cross-talk between tumor cells and
TME [22]. These CSCs are located in the colon crypts, eventually replacing the normal stem cells and
displaying a specific set of markers, including CD133+, CD 44+, CD166+ and ALDH+ [23]. There is
evidence that the formation of CSCs is related to epigenetic modifications within the tumor cells and
that the interaction between epigenetic mechanisms and the TME shapes the tumor architecture and
regulates the plasticity of CSCs [24]. It is considered that chemoresistance and cancer recurrences are
due to chemoresistant CSCs, and therapies that target the cross-talk of CSCs in cancer TME represent
promising potential therapies [22,25].

Growth factors, such as the transforming growth factor-β (TGF-β), may initially be tumor
suppressing, but later act as tumor promoters that facilitate tumor progression by stimulating
proliferation, invasion and evasion of the immune system, and thus play a crucial role in cancer
progression, since they are exchanged in TME and have paracrine and autocrine effects [26]. Here,
TGF-β interacts with various signaling pathways, such as Wnt, Notch, mitogen-activated protein
(MAP), kinase, phosphoinositide-3-kinase (PI3K) act, nuclear factor κB (NF-κB) and Janus kinase/signal
transducers and activators of the transcription pathway (JAK/STAT) [27]. Interestingly, it has been
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described that TGF-β can act synergistically with pro-inflammatory cytokines such as TNF-α to activate
the NF-κB signaling pathway [28].

Natural components are multi-targeting agents and have been described to improve conventional
chemotherapy by targeting inflammatory responses in cancers, suppressing NF-κB activation,
stimulating apoptosis and targeting CSCs, thereby overcoming monotherapy-associated failures
and drug resistance [29,30]. More recently, natural products have come to the fore for
therapeutic approaches to the treatment and prevention of cancer in the context of TME [31].
Resveratrol (trans-3,5,4’-trihydroxystilbene) is a natural stilbene found in a wide variety of foods
such as peanuts, berries and red grapes and is believed to have anti-inflammatory, anti-oxidant and
anti-tumor effects [32,33]. The mechanism of action of resveratrol in many diseases, both prophylactically
and therapeutically, has not yet been clarified. Many in vitro experiments have shown positive results in
many diseases and have been used to identify several direct subcellular molecular signaling targets for
this compound, including Sirt1 [34,35]. Indeed, an important subcellular target for resveratrol-mediated
suppression of colorectal cancer is the NAD+-dependent histone deacetylase sirtuin-1 (SIRT1) [36,37].
Sirt1 belongs to the class III histone/protein deacetylases (HDACs) known to regulate cellular metabolism,
differentiation, inflammation, aging, apoptosis, proliferation and the cell cycle [38,39]. Moreover,
in cancer, resveratrol has been shown to upregulate intercellular connections and focal adhesion
molecules, block the epithelial-mesenchymal transition (EMT), suppress inflammatory pathways and
increase apoptosis [37,40,41]. Recently, we showed that resveratrol chemosensitizes CRC cells to
pro-inflammatory TNF-β-induced survival and proliferation by suppression of the NF-κB signaling
axis [42]. In addition, there is increasing evidence that resveratrol can modulate the inflammatory and
stress response in TME and thereby suppress cancer progression [43]. However, it has been reported that
pharmacokinetic resveratrol is characterized as a rapidly absorbed compound that undergoes extensive
metabolism by cytochrome P-450 and intestinal microbiota [44–46]. In addition, its metabolism in the
body leads mainly to conjugation products whose biological activity is not yet known [47].

In this study, we show that resveratrol down-regulates CRC cell survival, colony formation,
invasion and activation of CSC cells by targeting T-lymphocytes/fibroblasts and NF-κB signaling
induced by TNF-β- or multicellular-TME, but not by Sirt1-ASO, pointing to the central role
of this enzyme in the anti-tumor function of resveratrol in the suppression of cross-talk in
pro-inflammatory multicellular-TME.

2. Results

The main focus of this study was to investigate and understand the functional significance of
cross-talk in multicellular-TME of CRC (Figure 1) and to evaluate the ability of resveratrol in modulating
targeted cross-talk between CRC cells and stromal cells in the TME.

Figure 1. Schematic representation of the working model showing the experimental setup under
pro-inflammatory multicellular-TME culture conditions.
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2.1. Resveratrol Inhibits HCT116 Cell Proliferation Promoted by TNF-β- or Multicellular-TME, but Not
by Sirt1-ASO

First, we investigated the efficacy of resveratrol and/or Sirt1-ASO 3D-alginate HCT116 cultures
in TNF-β or in multicellular-TME, mimicking the in vivo TME, and to elucidated the involvement
of paracrine therapeutic mediators in intercellular crosstalk and on tumor cell proliferation and cell
viability. Cells were either left untreated or treated with different concentrations of resveratrol in
serum-starved medium for 14 days as described in the Materials and Methods section and evaluated
using the MTT assay. TNF-β-TME or multicellular-TME significantly promoted the proliferation of CRC
cells compared to untreated basal control by 47% and by 80%, respectively (Figure 2), indicating that
the pro-inflammatory cytokine TNF-β- or multicellular-TME strongly stimulated the proliferation of
HCT116 cells. Indeed, multicellular-TME almost doubled the proliferation of HCT116 compared to
the basal control HCT116. In contrast, in multicellular-TME, resveratrol (1, 2, 5 and 10 µM) blocked
the cell viability and proliferation of HCT116 cells in a dose-dependent fashion by 27%, 38%, 66% and
86%, respectively, compared to untreated multicellular-TME (Figure 2). Treatment of 3D-HCT116
alginate cultures in multicellular-TME with Sirt1-SO and resveratrol (5 µM) in the presence of Lipofectin
(10µL/mL) suppressed the cell viability and proliferation of HCT116 cells, similar to resveratrol treatment
by itself by 70% (Figure 2) compared to multicellular- TME. However, transfection of 3D-HCT116
alginate multicellular-TME cultures with Sirt-ASO and resveratrol (5 µM) in the presence of Lipofectin
for 14 days revealed promotion of the proliferation CRC cells similar to untreated multicellular-TME
(Figure 2). Taken together, these data suggest that TNF-β, similar to multicellular-TME, can stimulate
tumor cell viability and proliferation, thereby increasing the malignancy of cancer cells. The inhibition
of this pro-inflammatory signaling pathway in multicellular-TME by resveratrol is dependent on the
Sirt1 protein.

Figure 2. Impact of resveratrol and Sirt1-ASO on colorectal cancer cells (CRC) cell proliferation in the
pro-inflammatory multicellular-TME. Serum-starved cultures of HCT116 cells in 3D alginate cultures
alone (basal control = co) or co-cultured with fibroblasts and TNF-β (10 ng/mL) (TNF-β-TME) or
co-cultured with fibroblasts and T-lymphocytes (pro-inflammatory multicellular-TME) were either left
untreated, or multicellular-TME cultures were treated with various doses of resveratrol (Res) (1, 2, 5,
10 µM), or transfected with 0.5 µM sense oligonucleotide (SO) control, or antisense oligonucleotides
(ASO) against Sirt1 in the presence of Lipofectin transfection reagent (10 µL/mL) and co-treated with
resveratrol (5 µM) for 14 days in alginate cultures, and cell viability was measured using the MTT
method, as described in the Materials and Methods section. All assays were performed at least three
times. * p < 0.05, ** p < 0.01 relative to basal control.
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2.2. Resveratrol Inhibits HCT116 Cells Colonosphere Formation and Invasion Promoted by TNF-β- or
Multicellular-TME, but Not by Sirt1-ASO

The impacts of resveratrol signaling on structural integrity, colonosphere formation and invasion,
prominent features of cancer in TNF-β or in multicellular-TME and/or Sirt1-ASO were evaluated in
3D-alginate HCT116 cells. The 3D-alginate HCT116 cells in multicellular-TME were either left untreated
or treated with different concentrations of resveratrol and/or Sirt1-ASO in serum-starved medium
for 14 days, colonosphere formation and invasion evaluated using light microscopy as described
in Materials and Methods. We found that resveratrol alone inhibited the colonosphere formation
(Figure 3A) and invasion (Figure 3B) of HCT116 cells in a dose-dependent fashion. Furthermore,
TNF-β- or multicellular-TME promoted the number of colonosphere formations and migrations clearly
in HCT116 cells compared to that in basal control cultures (Figure 3A,B), suggesting the important role
of this pro-inflammatory cytokine in TME in promoting the malignant potential of CRC cells. It was
noted that there was no effect of Sirt1-SO on resveratrol-promoted inhibition of colonosphere formation
and invasion on CRC cells. The measurement of colonosphere formation and migrated/adhered CRC
colonies confirmed these findings. Moreover, knockdown of Sirt1 by mRNA abrogated the anti-tumor
effects of resveratrol against CRC colonosphere formation, invasion and increased the number of
colonosphere formations and migrated cells in the 3D alginate-culture in TME similar to control
multicellular-TME (Figure 3C,D).

Figure 3. Impact of resveratrol and Sirt1-ASO on CRC cell colony formation and invasion in
the multicellular-TME. Serum-starved cultures of HCT116 cells in 3D alginate cultures alone
(basal control = co) or co-cultured with fibroblasts and TNF-β (10 ng/mL) (TNF-β-TME) or co-cultured
with fibroblasts and T-lymphocytes (pro-inflammatory multicellular-TME) were either left untreated,
or multicellular-TME cultures were treated with various doses of resveratrol (1, 2, 5, 10 µM),
or transfected with 0.5 µM sense oligonucleotide (SO) control, or antisense oligonucleotides (ASO)
against Sirt1 in the presence of Lipofectin transfection reagent (10µL/mL) and co-treated with resveratrol
(5 µM) for 14 days in alginate cultures (asterisks), as described in the Materials and Methods section.
Colonosphere formation (A) and invasion (B) were evaluated by light microscopy. All experiments
were performed at least three times. The number of colonospheres (arrows) and invaded colonies
was quantified (C,D) by counting 20 different microscopic fields, and the number of attached colonies
stained with toluidine blue, were quantified in each well. * p < 0.05, ** p < 0.01 relative to basal control.
Magnification A: ×24, bar = 0.2 mm.
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2.3. Resveratrol Suppresses Nuclear Translocation of p65-NF-κB in CRC Cells Stimulated by TNF-β- or
Multicellular-TME, but Not by Sirt1-ASO

It has been reported that pro-inflammatory cytokines enhance the growth and infiltration of
tumor cells by the transcription factor NF-κB [48]; for this reason, we examined the expression and
nuclear translocation of NF-κB related to the malignancy and survival of CRC cells and conducted an
immunofluorescence labelling for p65-NF-κB, as described in the Materials and Methods section.

In the untreated pro-inflammatory multicellular-TME control cultures, 92% of the HCT116 cells
showed a strong label for p65-NF-κB in the cell nucleus. A similar signal was observed in the
TNF-β-TME cultures (84%), while HCT116 cells as basal control showed a 46% nuclear label (Figure 4).
Treatment with resveratrol alone resulted in a significant down-regulation of p65-NF-κB expression
in CRC cells and nuclear localization in pro-inflammatory multicellular-TME cultures resulting in
25% positive labelled cells, indicating the important synergistic effects of paracrine cross-talk between
HCT116, fibroblast cells and T-lymphocytes/TNF-β in supporting tumor promotion. In addition,
transfection with Sirt1-ASO but not with the control Sirt1-SO blocked the resveratrol-promoted
inhibition of p65-NF-κB in CRC cells and nuclear localization in CRC cell lines, underlining that Sirt1
is one of the major target proteins of resveratrol in resveratrol anti-tumorigenic effects in CRC cells
(Figure 4). Taken together, these results show that resveratrol alone was capable of downregulating
the expression of p65-NF-κB in multicellular-TME, one of the major mechanisms for inhibiting tumor
growth and invasion.

In addition, we examined the amount of cell death by apoptosis by means of DAPI (4′,6-diamidino-
2-phenylindole) labelling and fluorescence microscopy to understand the morphological changes of the cell
nucleus (Figure 4). In the untreated proinflammatory multicellular- and TNF-β- TME cultures, HCT116 cells
showed normal nucleus size and minimal morphological changes, resulting in 5% and 6% apoptosis,
similar to basal control cultures (9%). In contrast, HCT116 cells co-treated with resveratrol exhibited 33%
apoptotic nuclei in proinflammatory multicellular-TME cultures, showed a significant gain in fragmented
nuclei and apoptotic morphological changes compared to control (Figure 4). Additionally, transfection with
ASO-Sirt1 blocked resveratrol-induced apoptosis (5% apoptotic nuclei) but not transfection with control
SO-Sirt1 (30% apoptotic nuclei). These results are consistent with data from the MTT assay and show that
resveratrol is able to block the pro-cancer effects of pro-inflammatory TME in CRC cells by suppressing
proliferation and enhancing apoptosis (Figure 4).

2.4. Resveratrol Modulates Suppression of Sirt1 Expression, NF-κB Phosphorylation and Biomarkers Linked
with Inflammation, Invasion, Proliferation and Apoptosis in HCT116 Cells Induced by TNF-β- or
Multicellular-TME, but Not by Sirt1-ASO

Considering that activation of the pro-inflammatory transcription factor NF-κB signaling is one of
the major pathway activations of pro-inflammatory TME in CRC cells [15,49], the HCT116 cells were
cultured in 3D-alginate beads and co-cultured in the multicellular-TME, TNF-β-TME and then either
left untreated or treated with various doses of resveratrol (1, 2, 5, 10 µM), or were transfected with
Sirt1-SO, Sirt1-ASO (0.5 µM) in the presence of Lipofectin (10 µL/mL) and co-treated with resveratrol
(5 µM) for 14 days in serum-starved medium, as described in the section Materials and Methods.
Whole cell lysates were subjected to immunolabeling with antibodies against Sirt1, p65, phospho-specific
p65-NF-κB and NF-κB-regulated gene products involved in invasion (MMP-9), metastasis (CXCR4)
and proliferation (Ki-67) and apoptosis (cleaved-caspase-3). In addition, HCT116 cells alone in alginate
microenvironment were used as basal control.
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Figure 4. Impact of resveratrol and Sirt1-ASO on activation and nuclear translocation of p65-NF-κB
in CRC cells in the multicellular-TME. Serum-starved HCT116 cells in monolayer cultures alone
(basal control = co) or co-cultured with fibroblasts and TNF-β (10 ng/mL) (TNF-β-TME) or co-cultured
with fibroblasts and T-lymphocytes (pro-inflammatory multicellular-TME) were either left untreated,
or multicellular-TME cultures were treated with resveratrol (5 µM) for 4h in monolayer cultures,
or transfected with 0.5 µM sense oligonucleotide (SO) control, or antisense oligonucleotides (ASO)
against Sirt1 in the presence of Lipofectin transfection reagent (10 µL/mL) and co-treated with
resveratrol (5 µM) for 4 h in monolayer cultures, as described in the Materials and Methods section.
Magnification 600×; scale bar = 30 mm. All experiments were performed at least in triplicate and
quantification of positively labelled p65-NF-κB-nuclei (blue arrows) and apoptotic nuclei (white arrows)
were performed by counting 500–600 cells from 25 different microscopic fields (C). * p < 0.05, ** p < 0.01
relative to basal control.

In the multicellular-TME, similar to the TNF-β-TME, the expression of Sirt1 protein was
down-regulated, similar to basal control (Figure 5). Treatment of the multicellular-TME with resveratrol
alone and/or Sirt1-SO up-regulated the expression of Sirt1 protein in a dose-dependent manner
(Figure 5) in CRC cells. In contrast, treatment with Sirt1-ASO significantly down-regulated levels
of Sirt1 protein in CRC cells (Figure 5), underlining a crucial role for Sirt1 in resveratrol-inducing
anti-tumorigenic effects in CRC cells.
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Figure 5. Impact of resveratrol and Sirt1-ASO on Sirt1 expression, stimulation of NF-κB and
NF-κB-promoted gene end-products in CRC cells in the multicellular-TME. Serum-starved cultures
of HCT116 cells in 3D alginate cultures alone (basal control = co) or co-cultured with fibroblasts and
TNF-β (10 ng/mL) (TNF-β-TME) or co-cultured with fibroblasts and T-lymphocytes (pro-inflammatory
multicellular-TME) were either left untreated, or multicellular-TME cultures were treated with various
doses of resveratrol (1, 2, 5, 10 µM), or transfected with 0.5 µM sense oligonucleotide (SO) control,
or antisense oligonucleotides (ASO) against Sirt1 in the presence of Lipofectin transfection reagent
(10 µL/mL) and co-treated with resveratrol (5 µM) for 14 days in alginate cultures, as described in the
Materials and Methods section. Whole cell lysates were prepared and analyzed by Western blotting with
antibodies against Sirt, p65-NF-κB, phospho-p65-NF-κB, MMP-9, CXCR4, Ki67 and cleaved-caspase-3.
β-actin served as an internal loading control in all experiments. * p < 0.05, ** p < 0.01 relative to
basal control.

Additionally, we found a significantly higher level of the p65-NF-κB and of the mentioned
NF-κB-supported gene products expression of HCT116 alginate in the proinflammatory multicellular-
TME and the TNF-β-TME versus the HCT116 alginate cultures of the basal control. Further,
resveratrol significantly reduced pro-inflammatory multicellular-TME culture or TNF-β-TME induced
phosphorylation of p65-NF-κB and the expression of the mentioned NF-κB-supported gene products
in HCT116 cells in a concentration-dependent fashion (Figure 5). However, transfection with specific
ASO against Sirt1 and co-treated with resveratrol abrogated effects of resveratrol and induced
phosphorylation of NF-κB and the expression of the mentioned NF-κB-supported gene products.
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Co-treatment with resveratrol suppressed NF-κB activation and the expression of the mentioned
NF-κB-supported biomarkers in Sirt1-SO-treated but not in Sirt1-ASO-treated cells, indicating that
Sirt1 suppression to mRNA levels is not reversible by resveratrol, highlighting the essential role of
Sirt1 in inhibiting the NF-κB signal pathway (Figure 5). We further investigated whether resveratrol
can modulate NF-κB-dependent gene products induced by apoptosis (cleavage of caspase-3) in
multicellular-TME and/or TNF-β-treated CRC cells. As shown in Figure 5, resveratrol clearly promoted
caspase-3 cleavage in a concentration-dependent fashion in HCT116 cells in the pro-inflammatory
multicellular-TME and the TNF-β-TME versus the HCT116 alginate cultures of the basal control
(Figure 5). Transfection with specific Sirt1-ASO, but not with control Sirt1-SO, inhibited the
resveratrol-induced cleavage of caspase-3 in CRC cells in multicellular pro-inflammatory TME cultures
(Figure 5), indicating that Sirt1 suppression to mRNA levels is not reversible by resveratrol and Sirt1 is
one of the major targeting proteins by resveratrol during resveratrol-induction-apoptosis effects in
CRC cells. Taken together, these findings suggest that the down-regulation of Sirt1 with specific ASO
downregulated Sirt1 protein levels and Sirt1-NF-κB complex formation during tumorigenesis in alginate
cultures (Figure 5), thereby blocking the ability of resveratrol to phosphorylate NF-κB, which may
at least partially inhibit resveratrol-promoting antitumorigenic effects in CRC cells. Taken together,
these results suggest that knock-down of Sirt1 protein with specific ASO down-regulates the formation
of Sirt1-NF-κB complexes during tumorigenesis in alginate cultures (Figure 5), and thereby blocks
the ability of resveratrol to inhibit NF-κB, which may at least partially inhibit resveratrol-promoting
anti-tumorigenic effects in CRC cells.

2.5. Resveratrol Suppresses Cancer Stem Cells in CRC Cell Populations Stimulated by TNF-β- or
Multicellular-TME, but Not by Sirt1-ASO

TME has already been shown to play an important role in the induction and sustaining of cancer
stem cells (CSCs) affected by stroma, inflammatory cells, cytokines and growth factors secreted by stroma
fibroblasts [23]. For this reason, we examined the cellular susceptibility of CSCs within the CRC cell
population, and pro-inflammatory multicellular-TME cultures of HCT116 cells were either left untreated
or treated as described in the Materials and Methods in this report. In a further series of experiments,
HCT116 cells were used alone in an alginate microenvironment as a basal control. We evaluated
the levels of expression of CSC biomarkers (CD133, CD44 and ALDH1) on tumorigenicity and the
effect of resveratrol in a concentration-dependent fashion on these CSC biomarkers. Control alginate
microenvironment cultures (excluding MRC fibroblasts or T-lymphocytes) of HCT116 cells showed
basal levels of expression of CSC biomarkers (Figure 6). In contrast, however, immunoblotting
studies showed remarkably upregulated concentrations of CD133, CD44 and ALDH1 in HCT116 cells
from multicellular-TME, similar to TNF-β-TME (Figure 6). Interestingly, treatment with resveratrol
and co-treatment with Sirt1-SO-treated multicellular-TME cultures significantly down-regulated
the expression of the mentioned CSC markers in a concentration-dependent manner. In contrast,
the knockdown of Sirt1 with Sirt1-ASO resulted in the elimination of the blocking effect of resveratrol
on the expression of mentioned CSC biomarkers, indicating the excellent targeting of resveratrol on
CSCs (Figure 6) and the important role of Sirt1 in resveratrol-enhancing anti-tumorigenic effects in CRC
cells in multicellular-TME. The densitometric evaluation of representative Western blot experiments
revealed and approved the above described results (Figure 6). In summary, these results suggest that a
further anti-tumor effect of resveratrol is mediated by down-regulation of the CSC signaling pathway
and also by inhibition of NF-κB activation in CRC, even in multicellular-TME.
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Figure 6. Impact of resveratrol and Sirt1-ASO on activation of cancer stem cells in the multicellular-
TME. Serum-starved cultures of HCT116 cells in 3D alginate cultures alone (basal control = co) or
co-cultured with fibroblasts and TNF-β (10 ng/mL) (TNF-β-TME) or co-cultured with fibroblasts and
T-lymphocytes (pro-inflammatory multicellular-TME) were either left untreated, or multicellular-TME
cultures were treated with various doses of resveratrol (1, 2, 5, 10 µM), or transfected with 0.5 µM
sense oligonucleotide (SO) control, or antisense oligonucleotides (ASO) against Sirt1 in the presence of
Lipofectin transfection reagent (10 µL/mL) and co-treated with resveratrol (5 µM) for 14 days in alginate
cultures, as described in Material and Methods. Whole cell lysates were prepared and analyzed using
Western blotting with antibodies against CD133, CD44 and ALDH1 in HCT116 cells. β-actin served as
an internal loading control in all experiments. * p < 0.05, ** p < 0.01 relative to basal control.

2.6. Resveratrol Inhibits Intensive Crosstalk between HCT116 Cells and Stromal Cells Induced by TNF-β- or
Multicellular-TME, but Not by Knockdown of Sirt1 with Sirt1-ASO

It has been reported that the secretion of pro-inflammatory cytokines and growth factors such
as TGF-β3 by stromal cells into the tumor microenvironment leads to tumor growth and malignancy
in various organs, which supports drug resistance, tumor recurrence, invasion and metastasis of
neoplastic cells [50–52]. To further investigate the possible role of paracrine components in the
process of synergistic crosstalk in the interaction of cancer and stroma cells in pro-inflammatory
multicellular-TME, we next analyzed TGF-β3 and TNF-β expression in HCT116 to find out whether
TGF-β is implicated in the boost of tumor cell proliferation and tumor promoting factors.

HCT116 cells in pro-inflammatory multicellular-TME or TNF-β-TME cultures were either left
untreated or treated as described in the Materials and Methods section. In a further series of experiments,
HCT116 cells were cultivated alone in an alginate microenvironment as a basal control. We investigated
the expression levels of the proteins TGF-β3 and TNF-β on tumorigenicity and the effect of resveratrol
in a concentration-dependent manner on these biomarkers.

Control alginate microenvironment cultures (without fibroblasts or T- lymphocytes) of HCT116
cells showed basal expression levels of TGF-β3 and TNF-β proteins (Figure 7). In contrast,
immunoblotting experiments showed strikingly increased levels of TGF-β3 and TNF-β in HCT116 cells
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from multicellular-TME, similar to TNF-β-TME (Figure 7). Importantly, treatment with resveratrol
and co-treatment with Sirt1-SO-treated multicellular-TME cultures significantly down-regulated
the expression of the above-mentioned proteins in a concentration-dependent manner. In contrast,
the knockdown of Sirt1 with Sirt1-ASO in multicellular-TME resulted in the elimination of the blocking
effect of resveratrol on the expression of the mentioned biomarkers, indicating the superior targeting
of resveratrol (Figure 7) and the leading role of Sirt1 in resveratrol-promoting anti-cancer activity
in CRC cells even in multicellular-TME. These results are consistent with other studies showing
that TGF-β and pro-inflammatory cytokines are the dominant paracrine triggers within the tumor
microenvironment [53,54]. Taken together, these results suggest that paracrine crosstalk between tumor
and stromal cells is crucial for the induction of tumor progression, invasion and metastasis and that
the resveratrol/Sirt1 signaling pathway in pro-inflammatory TME co-cultures has a strong suppressive
effect on this interaction.

Figure 7. Impact of resveratrol and Sirt1-ASO on TNF-β and TGF-β3-mediated crosstalk between
HCT116 cells and stromal cells in the multicellular-TME. Serum-starved cultures of HCT116 cells in
3D alginate cultures alone (basal control = co) or co-cultured with fibroblasts and TNF-β (10 ng/mL)
(TNF-β-TME) or co-cultured with fibroblasts and T-lymphocytes (pro-inflammatory multicellular-TME)
were either left untreated, or multicellular-TME cultures were treated with various doses of resveratrol
(1, 2, 5, 10 µM), or transfected with 0.5 µM sense oligonucleotide (SO), or antisense oligonucleotides
(ASO) against Sirt1 in the presence of Lipofectin transfection reagent (10 µL/mL) and co-treated with
resveratrol (5 µM) for 14 days in alginate cultures, as described in Material and Methods. Whole cell
lysates were prepared and analyzed by Western blotting with antibodies against TNF-β and TGF-β3.
β-actin served as an internal loading control in all experiments. * p < 0.05, ** p < 0.01 relative to
basal control.

3. Discussion

In the current research, we show that resveratrol can block cross-talk between HCT116 CRC
cells, fibroblast MRC-5 cells and T-lymphocytes in a 3D alginate pro-inflammatory multicellular-TME
model (Figure 1) that better mimics hybrid pro-inflammatory TME in vivo. Moreover, a large number
of reports have previously shown that specific cross-talk in the tumor microenvironment between
tumor cells and stromal cells can induce the growth, survival, proliferation, invasion and malignancy
behavior of tumor cells and their ability to generate drug chemoresistance [55–57].
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In this report, we investigated for the first time the specific cross-talk between 3D alginate HCT116
cells co-cultured with fibroblasts MRC-5 cells and T-lymphocytes in multicellular-TME. We found that
(1) a dynamic interactive process took place between three cells, significantly increasing proliferation,
colony formation and invasion of CRC cells. (2) TNF-β- or multicellular-TME-induced activation of
NF-κB and NF-κB-regulated gene end products involved in proliferation (Ki-67), invasion (MMP-9),
metastasis (CXCR4) and apoptosis (cleavage of caspase-3) in CRC cells. (3) Interestingly, we found that
resveratrol suppressed the proliferation, colony formation and invasion of CRC cells in 3D alginate
cultures in multicellular-TME, and this was effectively blocked by the specific knockdown of Sirt1 through
ASO-Sirt1, pointing to the fact that Sirt1 suppression at the mRNA level is not reversible, emphasizing the
crucial role of this enzyme. (4) Resveratrol suppressed the TNF-β- or multicellular-TME-induced
formation of CSC-like cells. (5) The intense cross-talk in the co-cultures of multicellular-TME increased
TGF-β3 and TNF-β levels in HCT116 cells compared to basal control, indicating an active TGF-β3 and
TNF-β signal in tumor cells of multicellular-TME. (6) Finally, the expression of TGF-β3 and TNF-β in
HCT116 cells was significantly reduced by treatment with resveratrol.

Our results are consistent with the results of other groups that have previously demonstrated that the
specific cross-talk of tumor cells and stromal cells is a key factor in the initiation and progression of tumors
by secreting and exchanging cytokines and growth factors in the specific tumor microenvironment,
that imitate the interaction between these cells in the microenvironment of the tumor in vivo [58–60].
We found that transcription factor NF-κB is one of the most important activated down-stream signaling
pathways for the TNF-β and the pro-inflammatory multicellular-TME and resveratrol/Sirt1 signaling
has a specific modulatory effect against TNF-β-or multicellular-TME-induced phosphorylation of NF-κB
and NF-κB-promoted gene end-products in CRC cells. These results are consistent with other studies
that have shown that the pro-inflammatory transcription factor NF-κB is up-regulated in its response to
various pro-inflammatory agents such as cytokines, mitogens, bacterial products, viral proteins and
apoptosis-inducing compounds [61,62]. Under normal conditions, NF-κB is present in the cytoplasm
as an inactive heterotrimer protein and upon activation, the degradation of IκBa releases nuclear
localization signals on the NF-κB, resulting in nuclear translocation and binding to a specific sequence
in the DNA, which in turn leads to transcription of the gene. Indeed, NF-κB is an ideal candidate for
the development of anti-cancer drugs, since the triggering of NF-κB in tumor cells has been shown to
block apoptosis and induce proliferation [63,64]. Pro-inflammatory TME can induce the mobilization of
NF-κB [65], and the release of NF-κB leads to resistance to chemotherapeutic agents [66,67], and most
importantly, molecules involved in tumor initiation, tumor promotion and metastasis are regulated by
NF-κB [68]. For this reason, compounds that can block the triggering of the transcription factors NF-κB
have the potential to prevent tumor initiation, promotion and metastasis.

It has been reported that resveratrol is known to be a multi-targeted safe, plant-derived
polyphenolic compound [34] and has been associated with anti-inflammatory [69], anti-oxidant [70],
anti-depressant [71], anti-atherogenic [72], anti-aging [73], as well as anti-cancer [74–76] properties,
but the mechanisms of the complex action of resveratrol signaling during carcinogenesis in
multicellular-TME are not yet fully understood. Furthermore, our group has published extensively
on the anti-inflammatory and anti-apoptotic properties of resveratrol in various CRC tumor cells in
monolayer and 3D alginate cultures, often showing how the resveratrol signaling pathway is dependent
on Sirt1 as one of its important intracellular target proteins [17,18,36,37,41,42]. However, this work
is the first to show how resveratrol exhibits an anti-proliferative and invasive effect in an in vivo
similar pro-inflammatory multicellular-TME. To investigate the underlying mechanism of sensitivity
of CRC cells to resveratrol in multicellular-TME, we investigated whether the effects of resveratrol
on growth and metastasis of 3D-CRC alginate cultures in multicellular-TME were associated with
inhibition of NF-κB activity. Several indications suggest that NF-κB mediates tumor progression,
and it is known that tumor chemoresistance of various tumor cells induces NF-κB activation [49,50].
Moreover, our group has previously shown that co-treatment with resveratrol reduced NF-κB activation
in IL-1β but not in Sirt1-ASO treated normal or cancer cells in monolayer cultures, indicating that
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Sirt1 suppression is not reversible at the mRNA level, emphasizing the important role of Sirt1 in the
resveratrol specific signaling pathway [36,39]. Indeed, it was reported that down-regulation of Sirt1 at
least partially suppressed the effects of resveratrol-promoting chemopreventive and anti-tumorigenic
effects in CRC cells [36]. In addition, resveratrol has also been shown to downregulate inflammation in
colorectal cancer by suppressing the expression of SUMO1 (small ubiquitin-like modifier protein 1)
and nuclear translocation, thereby suppressing the Wnt/β catenin pathway [77].

The current study supports this idea that the induction of proliferation, colony formation and
invasion of CRC cells in multicellular-TME strongly suggests that high expression of pro-inflammatory
T-lymphocyte factors (cytokines, such as TNF-β) and high expression of growth factors from
fibroblasts, such as TGF-β3, induce tumorigenesis and thus metastasis of CRC cells. In addition,
resveratrol suppressed proliferation, colony formation and invasion in combination with its subcellular
protein Sirt1, acting as a targeted inhibitor of multicellular-TME-induced malignancy of CRC cells.
Interestingly, the suppressive effect of resveratrol is attenuated by the knockdown of the Sirt1 protein
via ASO, which shows that the inhibition of Sirt1 is not reversible at the mRNA level, which underlines
the specific resveratrol/Sirt1 signaling pathway in this process. These results are consistent with studies
reporting that resveratrol can suppress the proliferation and growth of gastric cancer cells and CRC
in a Sirt1-dependent manner in vitro and in vivo [36,78]. However, in this study we have shown
for the first time the suppression of CRC cell proliferation, colony formation and invasion by the
resveratrol/Sirt1 pathway in a 3D alginate culture in multicellular-TME.

Moreover, several lines of evidence have shown that the influence of T-lymphocyte phenotypes
on the tumor depends mostly on the type of tumor together with its severity status and whether the
cancer is a chronic inflammatory disease, which may explain the contradictory statements. In the
case of CRC, which is associated with chronic inflammation, an anti-inflammatory response might
be more beneficial, at least in the early stages of the disease, which may explain why resveratrol is
seen to be an effective treatment for CRC cancer in vitro and in vivo [36,79], and thus, partly due to the
ability of the resveratrol/Sirt1 axis to change from a pro-inflammatory T-lymphocyte response to an
anti-inflammatory effect in the multicellular-TME.

We have further shown that multicellular-TME accelerates the progression and metastasis of CRC cells
by activating cancer stem cells (CSC). Resveratrol suppresses the activation of CSC cells, which explains the
high and specific targeting of resveratrol for CSC, as one of its anti-tumor effects. In addition, these results
suggest that the other anti-tumorigenic effects of resveratrol are partly mediated by the down-regulation
of the CSC signaling pathway and these data suggest further that the paracrine cross-talk between CRC
tumor cells and stromal cells is important in inducing CSCs and treatment with resveratrol and Sirt1-SO
down-regulated the expression of specific CSC biomarkers. In contrast, treatment with Sirt1-ASO clearly
up-regulated levels of specific CSC biomarkers in a dose-dependent manner, highlighting the essential
role for Sirt1 in resveratrol-promoting anti-tumorigenic effects in CRC cells. Indeed, these results are
consistent with other studies that demonstrated that CSCs are responsible for proliferation, progression,
metastasis and tumor recurrence in tumor cell population, but they make up only a small fraction of
cancer cells and they are activated in pro-inflammatory TME [80,81].

We also found intensive cross-talk in multicellular-TME during tumor co-cultures and increased
TGF-β3 and TNF-β expression in HCT116 cells, underlining active TGF- β3 and TNF-β signaling as
paracrine interactions between T-lymphocytes, fibroblasts and HCT116 cells in the TME. In addition,
the expression of paracrine agents such as TGF-β3 and TNF-β was significantly blocked by treatment
with resveratrol in multicellular-TME. Interestingly, TGF-β3 has been reported to be able to stimulate
NF-κB and related pro-inflammatory proteins in tumor cells [82]. Moreover, these results are consistent
with other studies showing that TGF-β3 is the most prominent of the paracrine factors within the
tumor microenvironment [53,54]. Furthermore, these results are in accordance with the previous
findings from our laboratory that 1) TGF-β3 secretion as an important potential paracrine agent was
found to play an integral role in microenvironment co-culture, 2) the expression of TGF-β3 and the
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phosphorylation of nuclear p-Smad2 was significantly inhibited by the neutralization of pan-TGF-β
antibodies, pointing to a strong TGF-β dependency [83].

In addition, pro-inflammatory cytokines such as IL-1β, TNF-α, and TNF-β (Lymphotoxin-α)
have been associated with chronic inflammation and tumorigenesis, and several reports from
our and other laboratories have shown a strong correlation between chronic inflammation and
cytokines, which controls the microenvironment of the tumor through modulation of the survival
and migration of tumor cells as well as surrounding cells and thus induce tumor progression and
metastasis [18,20,42,84–86]. However, the underlying role of molecular TNF-β and resveratrol
signal transduction during tumorigenesis is still not fully understood. In fact, recent studies
from our laboratory showed that TNF-β signaling induces NF-κB activation, colony formation,
epithelium-to-mesenchymal transition, CSCs formation and migration of CRC tumor cells in a tumor
microenvironment [18,42,85]. We found that resveratrol inhibits the expression and activation of
TNF-β and TNF-β-promoted inflammatory microenvironments on the survival and malignancy of
colon cancer cells.

However, it should be noted that the low bioavailability and rapid metabolism of resveratrol
in the body not only limits its therapeutic and biological effects, but also causes some changes in
the way resveratrol is administered. In fact, numerous studies have been conducted to improve the
bioavailability of resveratrol, and an important method of administering resveratrol is nano-based
systems [87]. Interestingly, it has been reported that lipid nano-capsules loaded with resveratrol have
higher anti-oxidant and anti-inflammatory effects than resveratrol alone [88]. In addition, the currently
available known data on resveratrol are not sufficiently plausible to recommend the administration
of resveratrol to humans beyond long-term doses. The precise administration of resveratrol, with its
limitation to long-term doses, should be possible until longer clinical trials in humans have been
conducted to assess the efficacy and safety of resveratrol.

Overall, the current study showed for the first time that multiple molecular targets of
resveratrol/Sirt1 signaling can suppress the growth and invasion of CRC tumors in pro-inflammatory
multicellular-TME (Figure 8). This study on the preclinical, anti-metastatic effect of resveratrol in
CRC gives an insight into the promising applications of resveratrol in the prevention, adjuvant and
therapeutic treatment of colorectal cancer.

Figure 8. Multitargeting impacts of resveratrol on the malignancy of CRC cells in the multicellular-TME.
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4. Materials and Methods

4.1. Antibodies and Chemicals

Antibodies to TGF-β3, p65-NF-κB, phospho-p65-NF-κB, MMP-9, CXCR4, and cleaved-caspase-3
were purchased from R&D Systems (Heidelberg, Germany), antibodies to TNF-β, ALDH1, CD44,
CD133 were purchased from Antibodies online (Aachen, Germany), and antibodies to Sirt1 (sirtuin-1)
were obtained from Cell Technology (Beverly, MA, USA). Ki-67 antibodies and rhodamine-coupled
secondary antibodies for immunofluorescence were obtained from Dianova (Hamburg, Germany).
Sheep anti-mouse and sheep anti-rabbit alkaline phosphatase linked secondary antibodies for
Western blotting were from Millipore (Schwalbach, Germany). β-Actin antibodies, MTT reagent
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), DAPI, resveratrol (molecular weight
228.2, purity 98%) and alginate were obtained from Sigma-Aldrich (Taufkirchen, Germany).
Resveratrol was prepared as a 100 mM stock in ethanol and further diluted in cell culture medium
for experimental investigations. The final concentration of ethanol did not exceed 0.1% during
the experiments.

4.2. Cell Lines and Cell Culture Conditions

A human colorectal cancer cell line, HCT116, and a normal human fibroblast cell line (MRC-5) were
obtained from the European Collection of Cell Cultures (Salisbury, UK) and cultured as monolayers,
and a human T-lymphocytes cell line (Jurkat) was purchased from the Leibniz Institute (DSMZ-German
Collection of Microorganisms and Cell Cultures) and cells cultured in suspension. All cell lines were
cultured under standard culture condition (37 ◦C, 5% CO2) with whole cell culture medium containing
10% FCS as previously described [89].

4.3. Experimental Setup

Colorectal cancer cells were cultured in combination with fibroblast cells and T-lymphocytes
inflammatory cells in vitro to establish a multicellular tumor microenvironment (TME) to investigate
the effect of resveratrol on modulating cross-talk between HCT116 cells and their TME (Figure 1).

To create the pro-inflammatory multicellular-TME, stromal fibroblast MRC-5 were cultured as
a monolayer in petri dishes (3000/cm2) and HCT116 were encapsulated in 3-dimensional alginate
bead cultures as outlined below and described in detail [86]. To establish the “multicellular-TME”,
HCT116-alginate beads and Jurkat cells (20.000 cells/mL) were transferred to the petri dishes containing
the MRC-5 monolayers and co-cultured in serum reduced cell culture medium (3% FCS). As a
“basal control”, HCT116-alginate beads were cultured alone. Additionally, to compare the role of
pro-inflammatory cytokine TNF-β in TME to natural pro-inflammatory multicellular-TME, a control
culture without T-lymphocytes but instead with TNF-β was performed. These cultures were termed
“TNF-β-TME” cultures. For the experiments, “basal control” and/or “TNF-β-TME” cultures were
left untreated and “multicellular-TME” cultures were either left untreated or treated with various
concentrations of resveratrol (1, 2, 5, 10 µM), or resveratrol 5 µM and either ASO-Sirt1 or SO-Sirt1 for
14 days. The culture medium with resveratrol and/or SIRT1-ASO or SIRT1-SO was changed every
3 days. All experiments were performed in serum-reduced cell culture medium containing 3% FCS.

4.4. Lipofectin Mediated Antisense Transfection

Transient knock-down of SIRT1 was performed with phosphonothioate antisense oligonucleotide
derived from the mRNA nucleotide sequence of sirtuin-1 gene (Sirt1-ASO; sequence 5′-GTATTCCACA
TGAAACAGACA-3′) as described [36]. Antisense and control sense oligonucleotides (Sirt1-SO;
sequence 5′-TGTCTGTTTCATGTGGAATAC-3′) were from Eurofins (MWG/Operon, Ebersberg,
Germany). HCT116 in alginate beads were transfected with 0.5 µM Sirt1-ASO or Sirt1-SO and
10 µL/mL Lipofectin transfection reagent (Invitrogen) in serum-reduced cell culture medium (3% FCS)
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for the duration of the experiments. The results are provided as mean values from at least three
independent experiments.

4.5. Alginate Culture, Colonosphere Formation and Invasion Assay

CRC cell line HCT116 cells were encapsulated in alginate 3-dimensional culture as described
in [89,90]. In short, HCT116 cells (1 × 106/mL) in sterile alginate solution (2% in 0.15 M NaCl) were
added dropwise into a CaCl2 solution (100 mM) were they polymerized into beads. Before starting the
experiments, beads were washed once with NaCl solution (0.15 M), twice with cell culture medium
and were incubated for 1 h in serum reduced medium (3% FCS). Formation of colonospheres and
invasion were assessed by light microscopy (Zeiss, Oberkochen, Germany) as shown previously [16].
Assessment of the number of colonospheres was performed by quantifying 20 microscopic fields.
Invasive cells were assessed by staining (toluidine blue) and counting adhered colonies at the bottom
of the petri dishes. All images were digitally stored.

4.6. Cell Proliferation Assay

Cell proliferation and vitality was assessed by the MTT method as described [18]. In short,
after dissolving of the alginate beads in sterile sodium citrate solution (55 mM), cells were re-suspended
in modified cell culture medium (without phenol red, without vitamin C, 3% FCS), and 100 µL with
10 µL MTT solution (5 mg/mL) per well distributed to a 96-well plate. After 3 h of incubation the
reaction was stopped (10% Triton x-100/acidic isopropanol) and samples incubated overnight (37 ◦C).
Finally, metabolically active cells were determined by measuring optical density with a revelation
96-well multiscanner plate ELISA reader (Bio-Rad Laboratories Inc. Munich, Germany).

4.7. Immunofluorescence

Sub-cellular localisation of NF-κB as a result to the above described treatment in multicellular-TME
was investigated by immunofluorescence as described [86]. For immunofluorescence the multicellular
-TME cultures were slightly modified: HCT116 were cultured in monolayer on glass plates (5000/glass
plate), MRC-5 in monolayer on the bottom of the petri dish and T-lymphocytes in suspension. To prevent
HCT116 on glass plates from directly lying on the MRC-5 monolayer, glass plates were placed on
a steel net bridge in the petri dishes. Before the treatments were started, the pro-inflammatory
multicellular-TME was allowed to develop for 24 h.

Glass plates were fixated for 15 min with methanol, washed twice with PBS/BSA 1% and incubated
with primary antibodies (1:80) overnight in a humid chamber (4 ◦C). Samples were subsequently
incubated with secondary rhodamine-coupled antibodies (1:100) for 2 h, and 15 min with DAPI to stain
cell nuclei and embedded in Fluoromount (Sigma-Alderich, Munich, Germany). Images were acquired
with a Leica DM2000 microscope (Wetzlar, Germany). A total of 500–600 cells in 25 microscopic fields
were counted to quantify NF-κB staining as well as apoptosis.

4.8. Immunoblotting Assay

Western blot investigations were performed with whole cell lysates as described in [89].
After dissolving of the alginate, HCT116 cells were lysed (50 mM Tris/HCl, pH 7.2/150 mM
NaCl/(v/v) Triton x-100/1 mM sodium orthovanadate/50 mM sodium pyrophosphate/100 mM sodium
fluoride/4 µg/mL pepstatin A/1 mM PMSF) on ice for 30 min and total protein content was measured
with the bicinchinonic acid system (Uptima, Monlucon, France) using bovine serum albumin as
standard. After reduction, proteins were separated by SDS-PAGE electrophoresis, and blotted onto
a nitrocellulose membrane (Transblot apparatus, Bio-Rad, Munich, Germany). Membranes were
incubated for 2 h with primary antibodies (1:10.000) in blocking buffer (skimmed milk powder 1% in
PBS) and for 1.5 h with secondary antibodies (1:10.000) and the specific binding detected using nitro
blue tetrazolium and 5-bromo-4-chloro-3-indoyl-phosphate (VWR, Munich, Germany). The bands
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were quantified by the Quantity One program (Bio-Rad, Munich, Germany) and β-Actin was used to
normalize samples to control.

4.9. Statistical Evaluation

For statistical evaluation, all experiments were performed at least three times as single assays
and a Wilcoxon–Mann–Whitney test was applied. The results were presented as mean + SD or SEM
and compared by one-way, two-way or three-way ANOVA using SPSS Statistics if the normality test
was passed (Kolmogorov–Smirnov test) and a p-value of <0.05 was regarded as showing statistically
significant differences.

5. Conclusions

Our results suggest that multicellular-TME enhances CRC malignancy, and this is at least partially
mediated by the secretion of TNF-β and TGF-β3, which in turn leads to activation of NF-κB signaling,
inducing new cross-talk between stomal cells and HCT116 cells in the CRC TME. Interestingly,
the down-modulation of active cross-talk in the multicellular-TME by resveratrol interrupts this
loop and by modulating the resveratrol-Sirt1 axis signal, significantly reduces HCT116 cell survival,
migration and CSC-mediated metastasis (Figure 8).

Author Contributions: Perform all the different experiments and analyses, C.B., P.S. and A.B; study design,
data interpretation, revised the paper, M.S., C.B., P.S. and A.B. 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. Siegel, R.L.; Miller, K.D.; Goding Sauer, A.; Fedewa, S.A.; Butterly, L.F.; Anderson, J.C.; Cercek, A.; Smith, R.A.;
Jemal, A. Colorectal cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 145–164. [CrossRef]

2. Dekker, E.; Tanis, P.J.; Vleugels, J.L.A.; Kasi, P.M.; Wallace, M.B. Colorectal cancer. Lancet (London) 2019,
394, 1467–1480. [CrossRef]

3. Kuipers, E.J.; Grady, W.M.; Lieberman, D.; Seufferlein, T.; Sung, J.J.; Boelens, P.G.; van de Velde, C.J.;
Watanabe, T. Colorectal cancer. Nat. Rev. Dis. Primers 2015, 1, 15065. [CrossRef] [PubMed]

4. Emon, B.; Bauer, J.; Jain, Y.; Jung, B.; Saif, T. Biophysics of Tumor Microenvironment and Cancer Metastasis—A
Mini Review. Comput. Struct. Biotechnol. J. 2018, 16, 279–287. [CrossRef] [PubMed]

5. Roma-Rodrigues, C.; Mendes, R.; Baptista, P.V.; Fernandes, A.R. Targeting Tumor Microenvironment for
Cancer Therapy. Int. J. Mol. Sci. 2019, 20, 840. [CrossRef]

6. Hirata, E.; Sahai, E. Tumor Microenvironment and Differential Responses to Therapy. Cold Spring Harb.
Perspect. Med. 2017, 7. [CrossRef]

7. Kalluri, R. The biology and function of fibroblasts in cancer. Nat. Rev. Cancer 2016, 16, 582–598. [CrossRef]
8. Cortese, N.; Donadon, M.; Rigamonti, A.; Marchesi, F. Macrophages at the crossroads of anticancer strategies.

Front. Biosci. (Landmark Ed.) 2019, 24, 1271–1283.
9. Huang, Q.; Cao, W.; Mielke, L.A.; Seillet, C.; Belz, G.T.; Jacquelot, N. Innate Lymphoid Cells in Colorectal

Cancers: A Double-Edged Sword. Front. Immunol. 2019, 10, 3080. [CrossRef]
10. Ge, X.; Zhao, Y.; Chen, C.; Wang, J.; Sun, L. Cancer Immunotherapies Targeting Tumor—Associated

Regulatory T Cells. Oncotargets Ther. 2019, 12, 11033–11044. [CrossRef]
11. Mantovani, A.; Marchesi, F.; Malesci, A.; Laghi, L.; Allavena, P. Tumour-associated macrophages as treatment

targets in oncology. Nat. Reviews. Clin. Oncol. 2017, 14, 399–416. [CrossRef] [PubMed]
12. Whiteside, T.L. The tumor microenvironment and its role in promoting tumor growth. Oncogene 2008,

27, 5904–5912. [CrossRef] [PubMed]
13. Aggarwal, B.B.; Gehlot, P. Inflammation and cancer: How friendly is the relationship for cancer patients?

Curr. Opin. Pharmacol. 2009, 9, 351–369. [CrossRef] [PubMed]

http://dx.doi.org/10.3322/caac.21601
http://dx.doi.org/10.1016/S0140-6736(19)32319-0
http://dx.doi.org/10.1038/nrdp.2015.65
http://www.ncbi.nlm.nih.gov/pubmed/27189416
http://dx.doi.org/10.1016/j.csbj.2018.07.003
http://www.ncbi.nlm.nih.gov/pubmed/30128085
http://dx.doi.org/10.3390/ijms20040840
http://dx.doi.org/10.1101/cshperspect.a026781
http://dx.doi.org/10.1038/nrc.2016.73
http://dx.doi.org/10.3389/fimmu.2019.03080
http://dx.doi.org/10.2147/OTT.S231052
http://dx.doi.org/10.1038/nrclinonc.2016.217
http://www.ncbi.nlm.nih.gov/pubmed/28117416
http://dx.doi.org/10.1038/onc.2008.271
http://www.ncbi.nlm.nih.gov/pubmed/18836471
http://dx.doi.org/10.1016/j.coph.2009.06.020
http://www.ncbi.nlm.nih.gov/pubmed/19665429


Molecules 2020, 25, 4292 18 of 21

14. Park, M.H.; Hong, J.T. Roles of NF-κB in Cancer and Inflammatory Diseases and Their Therapeutic
Approaches. Cells 2016, 5, 15. [CrossRef]

15. Schottelius, A.J.; Dinter, H. Cytokines, NF-κB, microenvironment, intestinal inflammation and cancer. Cancer
Treat. Res. 2006, 130, 67–87. [CrossRef]

16. Buhrmann, C.; Popper, B.; Kunnumakkara, A.B.; Aggarwal, B.B.; Shakibaei, M. Evidence That Calebin A,
a Component of Curcuma Longa Suppresses NF-κB Mediated Proliferation, Invasion and Metastasis of
Human Colorectal Cancer Induced by TNF-β (Lymphotoxin). Nutrients 2019, 11, 2904. [CrossRef]

17. 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-β (Lymphotoxin) and its
Reversal by Resveratrol. Nutrients 2019, 11, 704. [CrossRef]

18. Buhrmann, C.; Yazdi, M.; Popper, B.; Shayan, P.; Goel, A.; Aggarwal, B.B.; Shakibaei, M. Evidence that
TNF-β induces proliferation in colorectal cancer cells and resveratrol can down-modulate it. Exp. Biol. Med.
(Maywoodn. J.) 2019, 244, 1–12. [CrossRef]

19. Balkwill, F. Tumour necrosis factor and cancer. Nat. Reviews. Cancer 2009, 9, 361–371. [CrossRef]
20. 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]
21. Sasidharan Nair, V.; Toor, S.M.; Taha, R.Z.; Ahmed, A.A.; Kurer, M.A.; Murshed, K.; Soofi, M.E.; Ouararhni, K.;

Alajez, N.M.; Abu Nada, M.; et al. Transcriptomic Profiling of Tumor-Infiltrating CD4(+)TIM-3(+) T Cells
Reveals Their Suppressive, Exhausted, and Metastatic Characteristics in Colorectal Cancer Patients. Vaccines
2020, 8, 71. [CrossRef] [PubMed]

22. Schiavoni, G.; Gabriele, L.; Mattei, F. The tumor microenvironment: A pitch for multiple players. Front. Oncol.
2013, 3, 90. [CrossRef]

23. Vermeulen, L.; De Sousa, E.M.F.; van der Heijden, M.; Cameron, K.; de Jong, J.H.; Borovski, T.; Tuynman, J.B.;
Todaro, M.; Merz, C.; Rodermond, H.; et al. Wnt activity defines colon cancer stem cells and is regulated by
the microenvironment. Nat. Cell Biol. 2010, 12, 468–476. [CrossRef]

24. Wainwright, E.N.; Scaffidi, P. Epigenetics and Cancer Stem Cells: Unleashing, Hijacking, and Restricting
Cellular Plasticity. Trends Cancer 2017, 3, 372–386. [CrossRef] [PubMed]

25. Bansal, N.; Banerjee, D. Tumor initiating cells. Curr. Pharm. Biotechnol. 2009, 10, 192–196. [CrossRef]
26. Thiery, J.P.; Acloque, H.; Huang, R.Y.; Nieto, M.A. Epithelial-mesenchymal transitions in development and

disease. Cell 2009, 139, 871–890. [CrossRef]
27. Luo, K. Signaling Cross Talk between TGF-β/Smad and Other Signaling Pathways. Cold Spring Harb.

Perspect. Biol. 2017, 9, a022137. [CrossRef] [PubMed]
28. Freudlsperger, C.; Bian, Y.; Contag Wise, S.; Burnett, J.; Coupar, J.; Yang, X.; Chen, Z.; Van Waes, C. TGF-β

and NF-κB signal pathway cross-talk is mediated through TAK1 and SMAD7 in a subset of head and neck
cancers. Oncogene 2013, 32, 1549–1559. [CrossRef]

29. Cheng, Y.T.; Yang, C.C.; Shyur, L.F. Phytomedicine-Modulating oxidative stress and the tumor
microenvironment for cancer therapy. Pharmacol. Res. 2016, 114, 128–143. [CrossRef]

30. Shakibaei, M.; Mobasheri, A.; Lueders, C.; Busch, F.; Shayan, P.; Goel, A. Curcumin enhances the effect
of chemotherapy against colorectal cancer cells by inhibition of NF-κB and Src protein kinase signaling
pathways. PLoS ONE 2013, 8, e57218. [CrossRef]

31. Casey, S.C.; Amedei, A.; Aquilano, K.; Azmi, A.S.; Benencia, F.; Bhakta, D.; Bilsland, A.E.; Boosani, C.S.;
Chen, S.; Ciriolo, M.R.; et al. Cancer prevention and therapy through the modulation of the tumor
microenvironment. Semin. Cancer Biol. 2015, 35, S199–s223. [CrossRef]

32. Pezzuto, J.M. Resveratrol: Twenty Years of Growth, Development and Controversy. Biomol. Ther. 2019,
27, 1–14. [CrossRef] [PubMed]

33. Frémont, L. Biological effects of resveratrol. Life Sci. 2000, 66, 663–673. [CrossRef]
34. Aggarwal, B.B.; Bhardwaj, A.; Aggarwal, R.S.; Seeram, N.P.; Shishodia, S.; Takada, Y. Role of resveratrol in

prevention and therapy of cancer: Preclinical and clinical studies. Anticancer Res. 2004, 24, 2783–2840.
35. Bhat, K.P.; Lantvit, D.; Christov, K.; Mehta, R.G.; Moon, R.C.; Pezzuto, J.M. Estrogenic and antiestrogenic

properties of resveratrol in mammary tumor models. Cancer Res. 2001, 61, 7456–7463.
36. Buhrmann, C.; Shayan, P.; Popper, B.; Goel, A.; Shakibaei, M. Sirt1 Is Required for Resveratrol-Mediated

Chemopreventive Effects in Colorectal Cancer Cells. Nutrients 2016, 8, 145. [CrossRef]

http://dx.doi.org/10.3390/cells5020015
http://dx.doi.org/10.1007/0-387-26283-0_3
http://dx.doi.org/10.3390/nu11122904
http://dx.doi.org/10.3390/nu11030704
http://dx.doi.org/10.1177/1535370218824538
http://dx.doi.org/10.1038/nrc2628
http://dx.doi.org/10.1016/j.bcp.2006.06.029
http://dx.doi.org/10.3390/vaccines8010071
http://www.ncbi.nlm.nih.gov/pubmed/32041340
http://dx.doi.org/10.3389/fonc.2013.00090
http://dx.doi.org/10.1038/ncb2048
http://dx.doi.org/10.1016/j.trecan.2017.04.004
http://www.ncbi.nlm.nih.gov/pubmed/28718414
http://dx.doi.org/10.2174/138920109787315015
http://dx.doi.org/10.1016/j.cell.2009.11.007
http://dx.doi.org/10.1101/cshperspect.a022137
http://www.ncbi.nlm.nih.gov/pubmed/27836834
http://dx.doi.org/10.1038/onc.2012.171
http://dx.doi.org/10.1016/j.phrs.2016.10.022
http://dx.doi.org/10.1371/journal.pone.0057218
http://dx.doi.org/10.1016/j.semcancer.2015.02.007
http://dx.doi.org/10.4062/biomolther.2018.176
http://www.ncbi.nlm.nih.gov/pubmed/30332889
http://dx.doi.org/10.1016/S0024-3205(99)00410-5
http://dx.doi.org/10.3390/nu8030145


Molecules 2020, 25, 4292 19 of 21

37. 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]

38. Alcendor, R.R.; Gao, S.; Zhai, P.; Zablocki, D.; Holle, E.; Yu, X.; Tian, B.; Wagner, T.; Vatner, S.F.; Sadoshima, J.
Sirt1 regulates aging and resistance to oxidative stress in the heart. Circ. Res. 2007, 100, 1512–1521. [CrossRef]

39. Busch, F.; Mobasheri, A.; Shayan, P.; Stahlmann, R.; Shakibaei, M. Sirt-1 is required for the inhibition of
apoptosis and inflammatory responses in human tenocytes. J. Biol. Chem. 2012, 287, 25770–25781. [CrossRef]

40. Cal, C.; Garban, H.; Jazirehi, A.; Yeh, C.; Mizutani, Y.; Bonavida, B. Resveratrol and cancer: Chemoprevention,
apoptosis, and chemo-immunosensitizing activities. Curr. Med. Chem. Anti Cancer Agents 2003, 3, 77–93.
[CrossRef]

41. 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]

42. Buhrmann, C.; Yazdi, M.; Popper, B.; Shayan, P.; Goel, A.; Aggarwal, B.B.; Shakibaei, M. Resveratrol
Chemosensitizes TNF-β-Induced Survival of 5-FU-Treated Colorectal Cancer Cells. Nutrients 2018, 10, 888.
[CrossRef]

43. Han, Y.; Jo, H.; Cho, J.H.; Dhanasekaran, D.N.; Song, Y.S. Resveratrol as a Tumor-Suppressive Nutraceutical
Modulating Tumor Microenvironment and Malignant Behaviors of Cancer. Int. J. Mol. Sci. 2019, 20, 925.
[CrossRef]

44. Almeida, L.; Vaz-da-Silva, M.; Falcão, A.; Soares, E.; Costa, R.; Loureiro, A.I.; Fernandes-Lopes, C.; Rocha, J.F.;
Nunes, T.; Wright, L.; et al. Pharmacokinetic and safety profile of trans-resveratrol in a rising multiple-dose
study in healthy volunteers. Mol. Nutr. Food Res. 2009, 53 Suppl 1, S7–S15. [CrossRef]

45. Bode, L.M.; Bunzel, D.; Huch, M.; Cho, G.S.; Ruhland, D.; Bunzel, M.; Bub, A.; Franz, C.M.; Kulling, S.E.
In vivo and in vitro metabolism of trans-resveratrol by human gut microbiota. Am. J. Clin. Nutr. 2013,
97, 295–309. [CrossRef]

46. Rotches-Ribalta, M.; Andres-Lacueva, C.; Estruch, R.; Escribano, E.; Urpi-Sarda, M. Pharmacokinetics of
resveratrol metabolic profile in healthy humans after moderate consumption of red wine and grape extract
tablets. Pharmacol. Res. 2012, 66, 375–382. [CrossRef]

47. Burkon, A.; Somoza, V. Quantification of free and protein-bound trans-resveratrol metabolites and
identification of trans-resveratrol-C/O-conjugated diglucuronides—Two novel resveratrol metabolites in
human plasma. Mol. Nutr. Food Res. 2008, 52, 549–557. [CrossRef]

48. 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]

49. Bharti, A.C.; Aggarwal, B.B. Chemopreventive agents induce suppression of nuclear factor-kappaB leading
to chemosensitization. Ann. N. Y. Acad. Sci. 2002, 973, 392–395. [CrossRef]

50. Thiery, J.P. Epithelial-mesenchymal transitions in tumour progression. Nat. Reviews. Cancer 2002, 2, 442–454.
[CrossRef]

51. Massagué, J. How cells read TGF-beta signals. Nat. Rev. Mol. Cell Biol. 2000, 1, 169–178. [CrossRef] [PubMed]
52. Derynck, R.; Akhurst, R.J. Differentiation plasticity regulated by TGF-beta family proteins in development

and disease. Nat. Cell Biol. 2007, 9, 1000–1004. [CrossRef]
53. Siegel, P.M.; Massagué, J. Cytostatic and apoptotic actions of TGF-beta in homeostasis and cancer. Nat. Rev.

Cancer 2003, 3, 807–821. [CrossRef] [PubMed]
54. Derynck, R.; Akhurst, R.J.; Balmain, A. TGF-beta signaling in tumor suppression and cancer progression.

Nat. Genet. 2001, 29, 117–129. [CrossRef]
55. Buggins, A.G.; Pepper, C.; Patten, P.E.; Hewamana, S.; Gohil, S.; Moorhead, J.; Folarin, N.; Yallop, D.;

Thomas, N.S.; Mufti, G.J.; et al. Interaction with vascular endothelium enhances survival in primary
chronic lymphocytic leukemia cells via NF-κB activation and de novo gene transcription. Cancer Res. 2010,
70, 7523–7533. [CrossRef]

56. Patten, P.E.; Buggins, A.G.; Richards, J.; Wotherspoon, A.; Salisbury, J.; Mufti, G.J.; Hamblin, T.J.; Devereux, S.
CD38 expression in chronic lymphocytic leukemia is regulated by the tumor microenvironment. Blood 2008,
111, 5173–5181. [CrossRef]

http://dx.doi.org/10.3390/nu9101073
http://dx.doi.org/10.1161/01.RES.0000267723.65696.4a
http://dx.doi.org/10.1074/jbc.M112.355420
http://dx.doi.org/10.2174/1568011033353443
http://dx.doi.org/10.1016/j.bcp.2015.08.105
http://dx.doi.org/10.3390/nu10070888
http://dx.doi.org/10.3390/ijms20040925
http://dx.doi.org/10.1002/mnfr.200800177
http://dx.doi.org/10.3945/ajcn.112.049379
http://dx.doi.org/10.1016/j.phrs.2012.08.001
http://dx.doi.org/10.1002/mnfr.200700290
http://dx.doi.org/10.1016/S0006-2952(02)01154-1
http://dx.doi.org/10.1111/j.1749-6632.2002.tb04671.x
http://dx.doi.org/10.1038/nrc822
http://dx.doi.org/10.1038/35043051
http://www.ncbi.nlm.nih.gov/pubmed/11252892
http://dx.doi.org/10.1038/ncb434
http://dx.doi.org/10.1038/nrc1208
http://www.ncbi.nlm.nih.gov/pubmed/14557817
http://dx.doi.org/10.1038/ng1001-117
http://dx.doi.org/10.1158/0008-5472.CAN-10-1634
http://dx.doi.org/10.1182/blood-2007-08-108605


Molecules 2020, 25, 4292 20 of 21

57. Pepper, C.; Mahdi, J.G.; Buggins, A.G.; Hewamana, S.; Walsby, E.; Mahdi, E.; Al-Haza’a, A.; Mahdi, A.J.;
Lin, T.T.; Pearce, L.; et al. Two novel aspirin analogues show selective cytotoxicity in primary chronic
lymphocytic leukaemia cells that is associated with dual inhibition of Rel A and COX-2. Cell Prolif. 2011,
44, 380–390. [CrossRef]

58. Halttunen, T.; Marttinen, A.; Rantala, I.; Kainulainen, H.; Mäki, M. Fibroblasts and transforming growth
factor beta induce organization and differentiation of T84 human epithelial cells. Gastroenterology 1996,
111, 1252–1262. [CrossRef]

59. Mukaratirwa, S.; Koninkx, J.F.; Gruys, E.; Nederbragt, H. Mutual paracrine effects of colorectal tumour cells
and stromal cells: Modulation of tumour and stromal cell differentiation and extracellular matrix component
production in culture. Int. J. Exp. Pathol. 2005, 86, 219–229. [CrossRef]

60. Li, H.; Fan, X.; Houghton, J. Tumor microenvironment: The role of the tumor stroma in cancer. J. Cell. Biochem.
2007, 101, 805–815. [CrossRef]

61. Baeuerle, P.A.; Baichwal, V.R. NF-κB as a frequent target for immunosuppressive and anti-inflammatory
molecules. Adv. Immunol. 1997, 65, 111–137.

62. Baichwal, V.R.; Baeuerle, P.A. Activate NF-κB or die? Curr. Biol. 1997, 7, R94–R96. [CrossRef]
63. Wang, C.Y.; Mayo, M.W.; Baldwin, A.S., Jr. TNF- and cancer therapy-induced apoptosis: Potentiation by

inhibition of NF-κB. Science (New York) 1996, 274, 784–787. [CrossRef]
64. Van Antwerp, D.J.; Martin, S.J.; Kafri, T.; Green, D.R.; Verma, I.M. Suppression of TNF-alpha-induced

apoptosis by NF-κB. Science (New York) 1996, 274, 787–789. [CrossRef]
65. Dong, G.; Chen, Z.; Kato, T.; Van Waes, C. The host environment promotes the constitutive activation of

nuclear factor-kappaB and proinflammatory cytokine expression during metastatic tumor progression of
murine squamous cell carcinoma. Cancer Res. 1999, 59, 3495–3504. [PubMed]

66. Wang, C.Y.; Cusack, J.C., Jr.; Liu, R.; Baldwin, A.S., Jr. Control of inducible chemoresistance: Enhanced
anti-tumor therapy through increased apoptosis by inhibition of NF-κB. Nat. Med. 1999, 5, 412–417.
[CrossRef]

67. Wang, C.Y.; Guttridge, D.C.; Mayo, M.W.; Baldwin, A.S., Jr. NF-κB induces expression of the Bcl-2 homologue
A1/Bfl-1 to preferentially suppress chemotherapy-induced apoptosis. Mol. Cell. Biol. 1999, 19, 5923–5929.
[CrossRef]

68. Waddick, K.G.; Uckun, F.M. Innovative treatment programs against cancer: II. Nuclear factor-kappaB (NF-κB)
as a molecular target. Biochem. Pharmacol. 1999, 57, 9–17. [CrossRef]

69. Koushki, M.; Dashatan, N.A.; Meshkani, R. Effect of Resveratrol Supplementation on Inflammatory Markers:
A Systematic Review and Meta-analysis of Randomized Controlled Trials. Clin. Ther. 2018, 40, 1180–1192.E5.
[CrossRef]

70. Samsamikor, M.; Daryani, N.E.; Asl, P.R.; Hekmatdoost, A. Resveratrol Supplementation and
Oxidative/Anti-Oxidative Status in Patients with Ulcerative Colitis: A Randomized, Double-Blind,
Placebo-controlled Pilot Study. Arch. Med Res. 2016, 47, 304–309. [CrossRef]

71. de Oliveira, M.R.; Chenet, A.L.; Duarte, A.R.; Scaini, G.; Quevedo, J. Molecular Mechanisms Underlying the
Anti-depressant Effects of Resveratrol: A Review. Mol. Neurobiol. 2018, 55, 4543–4559. [CrossRef] [PubMed]

72. Riccioni, G.; Gammone, M.A.; Tettamanti, G.; Bergante, S.; Pluchinotta, F.R.; D’Orazio, N. Resveratrol and
anti-atherogenic effects. Int. J. Food Sci. Nutr. 2015, 66, 603–610. [CrossRef] [PubMed]

73. Li, J.; Zhang, C.X.; Liu, Y.M.; Chen, K.L.; Chen, G. A comparative study of anti-aging properties and
mechanism: Resveratrol and caloric restriction. Oncotarget 2017, 8, 65717–65729. [CrossRef]

74. Ko, J.H.; Sethi, G.; Um, J.Y.; Shanmugam, M.K.; Arfuso, F.; Kumar, A.P.; Bishayee, A.; Ahn, K.S. The Role of
Resveratrol in Cancer Therapy. Int. J. Mol. Sci. 2017, 18, 2589. [CrossRef] [PubMed]

75. Singh, N.P.; Singh, U.P.; Hegde, V.L.; Guan, H.; Hofseth, L.; Nagarkatti, M.; Nagarkatti, P.S. Resveratrol
(trans-3,5,4’-trihydroxystilbene) suppresses EL4 tumor growth by induction of apoptosis involving reciprocal
regulation of SIRT1 and NF-κB. Mol. Nutr. Food Res. 2011, 55, 1207–1218. [CrossRef] [PubMed]

76. Guan, H.; Singh, N.P.; Singh, U.P.; Nagarkatti, P.S.; Nagarkatti, M. Resveratrol prevents endothelial cells
injury in high-dose interleukin-2 therapy against melanoma. PLoS ONE 2012, 7, e35650. [CrossRef]

77. Wang, J.; Zhang, Z.; Fang, A.; Wu, K.; Chen, X.; Wang, G.; Mao, F. Resveratrol Attenuates Inflammatory
Bowel Disease in Mice by Regulating SUMO1. Biol. Pharm. Bull. 2020, 43, 450–457. [CrossRef]

http://dx.doi.org/10.1111/j.1365-2184.2011.00760.x
http://dx.doi.org/10.1053/gast.1996.v111.pm8898639
http://dx.doi.org/10.1111/j.0959-9673.2005.00425.x
http://dx.doi.org/10.1002/jcb.21159
http://dx.doi.org/10.1016/S0960-9822(06)00046-7
http://dx.doi.org/10.1126/science.274.5288.784
http://dx.doi.org/10.1126/science.274.5288.787
http://www.ncbi.nlm.nih.gov/pubmed/10416616
http://dx.doi.org/10.1038/7410
http://dx.doi.org/10.1128/MCB.19.9.5923
http://dx.doi.org/10.1016/S0006-2952(98)00224-X
http://dx.doi.org/10.1016/j.clinthera.2018.05.015
http://dx.doi.org/10.1016/j.arcmed.2016.07.003
http://dx.doi.org/10.1007/s12035-017-0680-6
http://www.ncbi.nlm.nih.gov/pubmed/28695536
http://dx.doi.org/10.3109/09637486.2015.1077796
http://www.ncbi.nlm.nih.gov/pubmed/26306466
http://dx.doi.org/10.18632/oncotarget.20084
http://dx.doi.org/10.3390/ijms18122589
http://www.ncbi.nlm.nih.gov/pubmed/29194365
http://dx.doi.org/10.1002/mnfr.201000576
http://www.ncbi.nlm.nih.gov/pubmed/21520490
http://dx.doi.org/10.1371/journal.pone.0035650
http://dx.doi.org/10.1248/bpb.b19-00786


Molecules 2020, 25, 4292 21 of 21

78. Yang, Q.; Wang, B.; Zang, W.; Wang, X.; Liu, Z.; Li, W.; Jia, J. Resveratrol inhibits the growth of gastric
cancer by inducing G1 phase arrest and senescence in a Sirt1-dependent manner. PLoS ONE 2013, 8, e70627.
[CrossRef]

79. Alrafas, H.R.; Busbee, P.B.; Chitrala, K.N.; Nagarkatti, M.; Nagarkatti, P. Alterations in the Gut Microbiome
and Suppression of Histone Deacetylases by Resveratrol Are Associated with Attenuation of Colonic
Inflammation and Protection Against Colorectal Cancer. J. Clin. Med. 2020, 9, 1796. [CrossRef]

80. Hui, L.; Chen, Y. Tumor microenvironment: Sanctuary of the devil. Cancer Lett. 2015, 368, 7–13. [CrossRef]
81. Li, M.X.; Li, L.F.; Zhang, L.; Xiao, Z.G.; Shen, J.; Hu, W.; Zeng, Q.; Cho, C.H. Vitamin D and Cancer Stem

Cells in the Gastrointestinal Tract. Curr. Med. Chem. 2017, 24, 918–927. [CrossRef] [PubMed]
82. Massagué, J. TGF-beta signal transduction. Annu. Rev. Biochem. 1998, 67, 753–791. [CrossRef] [PubMed]
83. 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]

84. Balkwill, F.; Mantovani, A. Inflammation and cancer: Back to Virchow? Lancet (London) 2001, 357, 539–545.
[CrossRef]

85. Buhrmann, C.; Kunnumakkara, A.B.; Popper, B.; Majeed, M.; Aggarwal, B.B.; Shakibaei, M. Calebin A
Potentiates the Effect of 5-FU and TNF-β (Lymphotoxin α) against Human Colorectal Cancer Cells: Potential
Role of NF-κB. Int. J. Mol. Sci. 2020, 21, 2393. [CrossRef]

86. Buhrmann, C.; Shayan, P.; Banik, K.; Kunnumakkara, A.B.; Kubatka, P.; Koklesova, L.; Shakibaei, M. Targeting
NF-κB Signaling by Calebin A, a Compound of Turmeric, in Multicellular Tumor Microenvironment: Potential
Role of Apoptosis Induction in CRC Cells. Biomedicines 2020, 8, 236. [CrossRef]

87. Kuk, D.H.; Ha, E.S.; Ha, D.H.; Sim, W.Y.; Lee, S.K.; Jeong, J.S.; Kim, J.S.; Baek, I.H.; Park, H.; Choi, D.H.; et al.
Development of a Resveratrol Nanosuspension Using the Antisolvent Precipitation Method without Solvent
Removal, Based on a Quality by Design (QbD) Approach. Pharmaceutics 2019, 11, 688. [CrossRef]

88. de Oliveira, M.T.P.; de Sá Coutinho, D.; Tenório de Souza, É.; Stanisçuaski Guterres, S.; Pohlmann, A.R.;
Silva, P.M.R.; Martins, M.A.; Bernardi, A. Orally delivered resveratrol-loaded lipid-core nanocapsules
ameliorate LPS-induced acute lung injury via the ERK and PI3K/Akt pathways. Int. J. Nanomed. 2019,
14, 5215–5228. [CrossRef]

89. 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]

90. Shakibaei, M.; De Souza, P. Differentiation of mesenchymal limb bud cells to chondrocytes in alginate beads.
Cell Biol. Int. 1997, 21, 75–86. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

© 2020 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/10.1371/journal.pone.0070627
http://dx.doi.org/10.3390/jcm9061796
http://dx.doi.org/10.1016/j.canlet.2015.07.039
http://dx.doi.org/10.2174/0929867324666170214110633
http://www.ncbi.nlm.nih.gov/pubmed/28201969
http://dx.doi.org/10.1146/annurev.biochem.67.1.753
http://www.ncbi.nlm.nih.gov/pubmed/9759503
http://dx.doi.org/10.1371/journal.pone.0107514
http://www.ncbi.nlm.nih.gov/pubmed/25238234
http://dx.doi.org/10.1016/S0140-6736(00)04046-0
http://dx.doi.org/10.3390/ijms21072393
http://dx.doi.org/10.3390/biomedicines8080236
http://dx.doi.org/10.3390/pharmaceutics11120688
http://dx.doi.org/10.2147/IJN.S200666
http://dx.doi.org/10.1186/s12885-015-1291-0
http://dx.doi.org/10.1006/cbir.1996.0119
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Resveratrol suppresses cross-talk between colorectal cancer cells and stromal cells in multicellular tumor microenvironment: a bridge between in vitro and in vivo tumor microenvironment study
	Constanze Buhrmann, Parviz Shayan, Aranka Brockmueller, Mehdi Shakibaei
	Nutzungsbedingungen / Terms of use:
	CC BY 4.0  

	Introduction 
	Results 
	Resveratrol Inhibits HCT116 Cell Proliferation Promoted by TNF– or Multicellular-TME, but Not by Sirt1-ASO 
	Resveratrol Inhibits HCT116 Cells Colonosphere Formation and Invasion Promoted by TNF– or Multicellular-TME, but Not by Sirt1-ASO 
	Resveratrol Suppresses Nuclear Translocation of p65-NF-B in CRC Cells Stimulated by TNF– or Multicellular-TME, but Not by Sirt1-ASO 
	Resveratrol Modulates Suppression of Sirt1 Expression, NF-B Phosphorylation and Biomarkers Linked with Inflammation, Invasion, Proliferation and Apoptosis in HCT116 Cells Induced by TNF– or Multicellular-TME, but Not by Sirt1-ASO 
	Resveratrol Suppresses Cancer Stem Cells in CRC Cell Populations Stimulated by TNF– or Multicellular-TME, but Not by Sirt1-ASO 
	Resveratrol Inhibits Intensive Crosstalk between HCT116 Cells and Stromal Cells Induced by TNF– or Multicellular-TME, but Not by Knockdown of Sirt1 with Sirt1-ASO 

	Discussion 
	Materials and Methods 
	Antibodies and Chemicals 
	Cell Lines and Cell Culture Conditions 
	Experimental Setup 
	Lipofectin Mediated Antisense Transfection 
	Alginate Culture, Colonosphere Formation and Invasion Assay 
	Cell Proliferation Assay 
	Immunofluorescence 
	Immunoblotting Assay 
	Statistical Evaluation 

	Conclusions 
	References

