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ABSTRACT
Resveratrol is a polyphenolic compound extracted from plants and is also a constituent of red wine.
Our aim was to evaluate if the cytotoxic effect of resveratrol (RES) on cholangiocarcinoma (CC) and
gallbladder cancer (GBC) cell lines could be abolished by TG2 inhibition. Human CC and GBC cell
lines (SK-ChA-1 and MZ-ChA-1), grown in a three-dimensional cell culture system (MCTS,
multicellular tumor spheroids), were treated for 72 h with RES (32, 64 mM) alone or combined with
different TG2 inhibitors (Cystamine, B003, T101). We investigated: cells viability; cell morphology
with light microscopy (LM) and transmission electron microscopy (TEM); immunoreactivity with
immunohistochemistry; Q-Banding karyotype analysis; TG2 activity; Western blotting. RES treatment
induced a significant inhibition of cell growth, ranging from 24% to 76% in both cell lines. The
inhibitors successfully reduced TG2 activity without any variation of protein quantity as
demonstrated by immunohistochemistry and Western blot. TG2 inhibition resulted in cell growth
normalization. In addition, morphologic analysis by light and transmission electron microscopy
confirmed the cytotoxic effect of RES and its reduction consequent to TG2 inhibition. Our data
demonstrated a connection between the cytotoxic effect of RES in SK-ChA-1 and MZ-ChA-1 and
TG2 activity.

Introduction

Tumors originating from the epithelial cells of the biliary
tract include cholangiocarcinoma (CC) and gallbladder
cancer (GBC).

CC accounts for 3% of all gastrointestinal tumors,
with an increasing incidence of the intrahepatic form
over the last decades, especially in high-risk group as
in patients with sclerosing cholangitis (1–3). Nowa-
days the curative treatment for patients with CC is
only complete surgical resection. However, difficulties
in the early diagnosis of CC and its high metastatic
potential mean that most CC patients will have
regional or distant metastases at the time of clinical
diagnosis. Few specific diagnostic or therapeutic tools
are available because of the limited information avail-
able on the molecular pathogenesis of CC, and new
therapies are widely needed (4). GBC is linked to sev-
eral important risk factors among which gallstone

disease (5). It is associated with the female gender
and has a typical geographic expansion (Indo-Gang-
etic plains of India, Mapuche Indians in Chile and
South America). GBC grows through a number of
passages before turning into aggressive malignancy.
The exposure to any carcinogenic agents possibly
converts the normal epithelium of the gall bladder,
evolving in an invasive carcinoma over the years. The
incidence of GBC alludes to the role of genetic and
environmental factors associated with the progression
and generation of the disease. Studies establish no
genetic markers and future research will be useful to
understand them (6).

Resveratrol (3,5,40-trihydroxy-trans-stilbene, RES)
is a natural phytoalexin produced by a great variety
of plants, such as grape vine (Vitis vinifera), peanuts,
mulberries, and cranberries. RES is produced in
response to injury or fungal infection (7) and as a
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wide spectrum of anticancer activities both in vitro
and in vivo (8,9). Resveratrol supposedly mediates, at
least in part, the purported disease-preventing actions
of red wine and is also considered to prevent cardio-
vascular diseases and morbidity associated with obe-
sity and old age (10–12).

Recent research on RES has been met with great inter-
est; it has demonstrated that resveratrol inhibits cell
growth in a human CC cell line; data has showed for the
first time that RES has in vitro cytotoxic effects on the
CC cell line SK-ChA-1 (13). Studies were conducted
using two different models, the two- and three-dimen-
sional cell culture systems: MCTS, multicellular tumor
spheroids. Spheroids are a cellular model considered piv-
otal in in vitro oncological research (14,15).

Another study demonstrates the role of RES as a natu-
rally chemopreventive agent. It regulates and suppresses
some mechanisms associated with tumor events: that is,
origination and promotion. RES reduces the resistance
of cholangiocarcinoma, making their cells more suscepti-
ble to the chemotherapeutic agents in vitro and in vivo
(16). Also in GBC, some studies have confirmed the
capacity of RES to suppress the proliferation of cells,
considering it as a therapy (17).

The cytotoxic effect mediated by RES could be the
cause of an apoptotic mechanism, showed by increased
intracellular TG2 activity. TGs are a family of intracellu-
lar CaCC-dependent enzymes, which catalyze the post-
translational modifications of proteins by establishing
glutamyl-lysine crosslinks and/or covalent incorporation
of di- and polyamines (18). Recent studies have demon-
strated that cancer cells express elevated levels of TG2
and how these protein families have been found altered
in different studies of cell survival and apoptosis (19,20).

The aim of the present study was to evaluate if the
cytotoxic effect of RES on a cholangiocarcinoma and a
gallbladder cancer cell lines would be abolished by TG2
inhibition.

Material and Methods

Cell Cultures

SK-ChA-1 (human cholangiocarcinoma) and MZ-ChA-
1 (gallbladder cancer) cell lines were used. The cells were
commonly conserved in exponential monolayer growth
and regularly tested for mycoplasma contamination, as
previously described (21). The successive cultures used
for analysis were assessed to be at passage 60.

SK-ChA-1 and MZ-ChA-1 cells were grown in
DMEM medium (GIBCO, Italy), added with 1% penicil-
lin—100 U/mL-streptomycin 100 mg/mL (GIBCO,
Italy)—2% L-glutamine 200 mM (GIBCO, Italy) and

10% fetal bovine serum (GIBCO, Italy). The cell lines
were preserved in a humidified incubator at 37�C and
5% CO2.

Three-Dimensional Cultures (Multicellular Tumor
Spheroids) and Treatments

MCTSs were arranged as formerly described (Roncor-
oni et al., 2008). They were initiated by seeding 2 £
105 cells/mL in 15 mL of complete Iscove Modified
Dulbecco’s Medium (IMDM–GIBCO, Italy), added
with 1% penicillin 100 U/mL streptomycin 100 mg/
mL (GIBCO, Italy), 2% L-glutamine 200 mM
(GIBCO, Italy) in polycarbonate Erlenmeyer flasks
(Corning, Italy) and incubated in a gyratory rotation
incubator (60 rpm) at 37�C in air atmosphere (Cola-
ver, Italy). Homotypical aggregations were observable
after 4 days of culture and the MCTSs were com-
monly complete within 7 days (mean diameter §
standard deviation, 270 § 53.5 mm).

MCTSs at the 7th day of culture were treated with
RES 32 and 64 mM and retained for supplementary
72 hours.

The data from the five experiments carried out are
presented.

Spheroids Resveratrol Treatments With or Without
Transglutaminase 2 Inhibitors

Resveratrol (Chemical Company, Ann Arbor, MI, USA):
starting concentration 128 mM.

Inhibitor: Cystamine (Aldrich Chemica Company)
0.5 mM.

Inhibitor: B003 (Boc-DON-Gln-Ile-Val-OMe) and
T101 (1,3,4,5-tetramethyl-2-[(2-oxopropyl)thio]) imida-
zolium chloride (Zedira GmbH) 5 mM.

Spheroids treatments for both SK-ChA-1 and MZ-
ChA-1 were performed after 7 days from seeding and
for additional 72 h as follows: negative control (etha-
nol absolute vehicle), RES 32 mM, RES 64 mM, RES
32 mM C cystamine, RES 64 mM C cystamine, RES
32 mM C B003, RES 64 mM C B003, RES 32 mM C
T101, RES 64 mM C T101.

The data of the five different experiments are
reported.

Q-Banding Karyotype Analysis

Metaphase cells were arranged by standard cyto-
genetic techniques: cells were treated with Colcemid
50 ng/mL (GIBCO, Italy) for 2 h. The suspension was
exposed to hypotonic shock for 20 min at 37�C with
1% sodium citrate, fixed in methanol/glacial acetic
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acid 3/1, air dried, and assembled on slides. QFQ
banding was executed on a min. 100 metaphases per
cell line and chromosomes were karyotyped according
to the International System for Human Cytogenetic
Nomenclature (ISCN) (22).

Histology, Light (LM), and Transmission Electron
Microscopy (TEM)

In order to avoid any loss of three-dimensional cell cul-
tures they were colored with toluidine blue and filtered
through tissue bags, fixed in 4% buffered formalin, dehy-
drated and paraffin-embedded, while for ultrastructural
examination the cells were washed twice in PBS (GIBCO,
Italy), fixed in 2.5% glutaraldehyde in phosphate buffer,
postfixed in osmium tetroxide, dehydrated and embed-
ded in epoxy resin. After the first fixation, in order to
avoid spheroids dispersion during processing, they were
entrapped in a warm liquid 2% agar solution, becoming
solid at room temperature, and then cut in small cubes
(2 £ 2 £ 1 mm). Semithin sections (0.5 mm) were
stained with toluidine blue for light microscopy observa-
tion and ultrathin sections (50–60 nm) were counter-
stained with uranyl acetate, lead citrate and observed in
a Jeol JEM 1010 (Tokyo, Japan) transmission electron
microscope.

Colony-Forming Assay

Colony-forming assay was executed by plating a single-
cell suspension achieved from three-dimensional cell
cultures.

After RES treatment alone or in combination with
inhibitors, MCTSs underwent trypsinic disaggregation
(trypsin 0.25%-EDTA 0.02%—Sigma, Italy) to achieve
single-cell suspensions: 500 cells per well were positioned
in six-well plates, in triplicate. After 15 days from seed-
ing, the colonies became observable and were fixed with
methanol, colored with crystal violet and counted. The
surviving fraction was calculated and compared with the
plating efficiency of the untreated samples. The control
group is a negative control; spheroids are treated only
with the vehicle of resveratrol (ethanol absolute).

Cytotoxicity Assay (MTT)

The tetrazolium bromide (MTT 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide) assay was
performed to determine cell proliferation according to
the manufacturer’s instructions. The MTT assay is
based on the ability of viable cells to metabolize the
tetrazolium salt to blue formazan colorless in the
mitochondria.

After RES treatment alone or in combination with
inhibitors, MCTSs underwent trypsinic disaggregation
(trypsin 0.25%-EDTA 0.02%—Sigma, Italy) to achieve
single-cell suspensions. SK-ChA-1 and MZ-ChA-1 cells
were seeded in 96-well plates by adding 200 ml/well of a
suspension of 3 £ 104 cells/well. After cells reached 80%
confluence, the medium was removed and 50 ml MTT
(5 mg MTT with 1 ml PBS) was added diluted in the
medium 1:4. After incubating for 4 h, the medium was
removed and 150 ml DMSO was added to each well. The
spectrophotometric absorbance of each well was ana-
lyzed by means of a microplate reader at 550 nm (Wallac
Victor Multilabel Counter 1420). Cell viability was
expressed as the percentage of untreated control cells.

Immunohistochemistry (IHC)

IHC was performed on histologic sections from paraffin-
embedded samples, pretreated for antigen retrieval in
citrate buffer, incubated with a mouse monoclonal anti-
body against tissue transglutaminase (TG2) (clone TG
100, Thermo Fisher Scientific, Waltham, MA, USA)
eluted 1:5000 or with an anticleaved Caspase-3
(Asp1275) monoclonal antibody (cl-CASP3; cat #9661;
Cell Signaling Technology) eluted 1:1000. Endogenous
peroxidase activity was blocked by hydrogen peroxide
(0.3%) for 10 min. All the slides were counterstained
with hematoxylin. The negative controls were incubated
in the absence of primary antibodies. Reactions were
detected by the Novolink Max polymer detection system
(Novocastra Laboratories L.T.D., Leica Microsystem),
following the manufacturer’s instructions, using Diami-
nobenzidine (DAB) as chromogen.

Immunohistochemistry was performed using a Bioge-
nex i6000 Automated Staining System (Biogenex).

Cellular Transglutaminase Activity Test

TG2 activity was colorimetrically examined, following
the manufacturer’s guidelines (Covalab, France). For a
short time, the cells were suspended in 1 mL distilled
water in addition to a 20 mL protease inhibitor cocktail
without EDTA (Pierce, USA); 50 mL of this suspension
was distributed in each well on a 96-well microtiter plate
with covalently coupled CBZ-Gln-Gly and incubated
with calcium, dithiothereitol, and biotinylated cadaverine
and then strepavidin-labelled peroxidase was added and
peroxidase activity revealed with H2O2 and tetramethyl
benzidine. Optical density was evaluated at 450 nm with
a microplate reader (Bouty Diagnostici, Italy). The
results were normalized referring to the cell number and
expressed as percent, compared to untreated samples.
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Western Blotting

To detect tissue transglutaminase (TG2), the cells (5 £
106) were homogenized and lysed for 30 min in 50 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA,
1 mM EGTA, 1% TRITON, 0.1% SDS, 1% sodium deox-
ycholate, 4 mM sodium pyrophosphate, 50 mM NaF,
25 mM Na3VO4, 2 mM PMSF, and a protease inhibitor
cocktail (Sigma). The lysate was centrifuged in an Eppen-
dorf centrifuge (13,500 rpm) for 30 min at 4�C, and the
supernatant was saved for analysis. The total cell lysates
were used for Western blotting. Samples for each analy-
sis (10 mg) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS–PAGE). Gels
were transferred to a nitrocellulose membrane and then
placed in a blocking solution consisting of TBST
(10 mM Tris [pH 8.0], 150 mM NaCl, and 0.05% Tween
20) and 5% skim milk for 1 h. The blotted membranes
were incubated with the monoclonal TG2 antibody (Bio-
design International, Inc.). After incubation with appro-
priate secondary antibodies and extensive washing, the
antigens were detected by means of chemiluminescence
using an ECL Plus immunodetection kit (Amersham
Co.). The proteins were densitometrically quantified,
making sure that the signals were in the linear range. All
the data were calculated by comparing the intensity of
the bands. The values were calculated after normalization
to the amount of b-actin.

Statistical Analysis

Each experiment was performed in triplicate for three
times. Data were stated in percentages as mean § stan-
dard deviation (SD) and examined using two-tailed Stu-
dent’s t-test. P <0.05 was considered as statistically
significant. The statistical analysis for the study was car-
ried out by a biomedical statistician.

Results

Cellular Q-Banding Karyotype, Transglutaminase
Activity, Clonogenic Test, and MTT Cytotoxicity
Assay

An analysis was carried out to examine any possible
genetic differences of cells from the initially described
SK-ChA-1 (22) and MZ-ChA-1. SK-ChA-1 cells pre-
sented a pseudo-triploid karyotype with a modal number
of 71 chromosomes (range 65–71). The majority of the
analyzed metaphases (70%) presented 12 marker-chro-
mosomes in which we could identify portions of

Figure 1. A: Karyotype of MZ-ChA-1 cell line showing 77, XX XXX, der (14;14) (q10;q10)der (14;14)(q10;q10), C5 mar. B: Karyotype of SK-
ChA-1 cell line showing 71, XXX, C 3 mar. Karyotype Q-banding analysis was nominated according to the International System for
Human Cytogenetic Nomenclature 2016. Schematic illustrations of the karyotype findings were produced by the cytogenetic data analy-
sis system (Chromowin Plus, Tesi Imaging).

Figure 2. Cellular transglutaminase activity respectively in SK-
ChA-1 (A) and MZ-ChA-1 cells (B) at different concentrations of
RES alone or combined with the different inhibitors.
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chromosomes 1, 3, 4, 11, 14, 15, 17, 18, 19, as previously
described (13). MZ-ChA-1 cells showed a pseudo-trip-
loid karyotype with a modal number of 77 chromo-
somes: (range 68–71) 66% of the analyzed metaphases
presented from two to nine marker-chromosomes (not
identifiable with Q-banding) in which we could recog-
nize portions of chromosomes 3, 4, 5. In the figures the
karyotypes shown represent the modal number of the
two cell lines in monolayer (Fig. 1A–1B). It was not pos-
sible to evaluate the spheroids karyotype, because MCTS
are three-dimensional culture with a partial block of
mitosis.

Transglutaminase 2 activity was increased in RES-
treated cultures compared with untreated controls: at the
highest concentration of 64 mM in SK-ChA-1 the activity
increased 34%, in MZ-ChA-1 10% vs. 100% controls.

The normalization of cell growth was associated to
the inhibition of TG2 activity both in SK-ChA-1 and
MZ-ChA-1 (Fig. 2A–2B). The clonogenicity of cells
derived from MCTS treated with RES for 72 h at the
concentrations of 32 and 64 mM showed a significant
inhibition of cell growth: for SK-ChA-1 49% and
29%, for MZ-ChA-1 52% and 33% vs. 100% controls.
The number of colonies changed, decreasing with
high doses of RES. The clonogenicity of cells derived
from MCTS treated for 72 h with RES combined with
the three TG2 inhibitors (cystamine, B003 and T101)
prevented growth inhibition in both cell lines. Cell
growth for SK-ChA-1 with RES 32 mM and the three
different inhibitors (cystamine, B003 and T101)

Figure 3. Colony-forming and MTT cytotoxicity assay of three-dimensional multicellular tumor spheroids (MCTS), respectively, of SK-
ChA-1 (A, B) and MZ-ChA-1 cells (C, D) at different concentrations of RES alone or combined with the different inhibitors. Data are
expressed as percentage of untreated controls. The standard deviations of the five independent experiments are indicated. �P value <
0.05.

Figure 4. Western blot analysis of transglutaminase (TG2) in SK-
ChA-1 (A) and MZ-ChA-1 (B) cells subjected to different treat-
ments. A representative blot from three independent experi-
ments was shown. The blot was reprobed using the antibody
against b-actin as a loading control. The histogram showed the
densitometric quantification relative to C-values.
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increased 7%, 25%, and 75%, respectively (Fig. 3A);
for MZ-ChA-1 8%, 25%, and 133% vs. the percentage
of colony growth from cells treated only with RES
(Fig. 3C). Both lines in co-treatment RES 64 mM
/TG2 inhibitors (respectively cystamine, B003 and
T101) showed increases of 24%, 42%, and 76% (SK-
ChA-1) and 75%, 33%, 83% (MZ-ChA-1) vs. the per-
centage of colony growth from cells treated only with
RES. MTT cytotoxicity assay confirmed the clonigenic
test (Fig. 3B–3D).

Transglutaminase 2 Western Blot

Western blot analysis was carried out to evaluate the
changes of TG2 expression in the MZ-ChA-1 and SK-
ChA-1 cells being studied. We have demonstrated that
the TG2 protein content remains at control level with all
the treatments, despite the marked increases in TG2
enzyme activity with RES and decreases with the differ-
ent inhibitors (Fig. 4A–4B).

Light Microscopy, Transmission Electron Microscopy
(TEM), and Immunohistochemistry

The control spheroids of both cell lines (Fig. 5) showed a
regular shape with a normal ultrastructure of cells

encircled by short microvilla and joined by desmosome-
like junctions, with weak, scattered immunopositivity for
anti TG2. A few cells were apoptotic, as determined by
cleaved caspase-3 staining (cl-CASPASE3) (Fig. 5A–D).
The cells forming spheroids, treated with resveratrol,
appeared severely damaged with numerous vacuoles, loss
of organelles integrity, diffuse strong immunoreactivity
for anti-TG2 antibody and presence of cl-CASPASE3-
positive cells (Fig. 5E–H). The best results were obtained
by T101 TG2 inhibitor treatment: the spheroids showed
less vacuoles, almost normal ultrastructure, and weak
immunoreactivity with both anti-TG2 and cleaved cas-
pase-3 antibodies (Fig. 5I–L). The MZ-ChA-1 cell line as
shown in Fig. 5 was the more representative of the two
cultures.

Conclusions

The present study demonstrates a relationship between
TG2 inhibition and prevention of the cytotoxic effect of
RES in tumors of the biliary tract.

Cancer is a social problem in both the developing and
developed countries. Nowadays, the main treatments for
cancer are chemotherapy, radiotherapy, surgery and
when possible, chemoprevention. The most important
drugs used in chemotherapy cause several unwanted

Figure 5. Representative images from the cholangiocarcinoma MZ-ChA-1 cell line, grown in a three-dimensional cell culture system,
untreated control (A–D); or treated for 72 h with RES 64 mM either alone (E–H) or in combination with the TG2 inhibitor T101 (I–L) are
shown. LM-Light Microscopy (A, E, I; toluidine blue staining on semithin sections from resin-embedded samples; scale bar, 100 mM); EM,
electron Microscopy on ultrathin section from the same samples of LM (B, F, J; scale bar 2 mM); IHC, immunohistochemistry for transglu-
taminase 2 (TG2; C, G, K) or cleaved Caspase 3 (D, H, L; cl-CASP3) (scale bar, 100 mM).
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effects (hair loss, bone marrow suppression, drug resis-
tance, gastrointestinal lesions, neurological dysfunction,
and cardiac toxicity) (23–25). Great interest is paid to
the research of new anti-cancer agents with better effi-
cacy and fewer side effects. Natural compounds are great
sources to develop new remedies for different diseases. A
natural compound as resveratrol is known to be a potent
antioxidant; it has anti-inflammatory effects and inhibits
the proliferation of a variety of cancer cells (26,27). The
understanding of the mechanisms involved in RES cyto-
toxicity is worthwhile in order to gain a greater apprecia-
tion of RES anti-cancer properties and to progress the
investigation on the possible chemotherapic/chemo-
preventive role of RES in the treatment of cholangiocar-
cinoma and gallbladder cancer (28). Recent studies (29)
have evaluated the concentrations of RES and its metab-
olites in colorectal tissue of humans who ingested resver-
atrol: there was indication that resveratrol exerted a
small reduction of cell proliferation in colorectal tissue
after ingestion, so as to elicit pharmacological effects.
Recent pilot studies of SRT501, micronized RES, demon-
strated that the polyphenol administered to patients with
colorectal cancer and hepatic metastases can reach
potentially active concentrations in human tissues that
are distant from the GI tract, such as the liver. Moreover,
cleaved caspase-3, which is a marker of apoptosis, signifi-
cantly increased in malignant hepatic tissue following
SRT501 treatment (30). Other studies have demonstrated
a role for low-dosage resveratrol in the sensitivity of
cholangiocarcinoma to chemotherapy-induced cell
death. In addition, it has been demonstrated that the
suppression of cytochrome P450 1b1 (Cyp1b1) expres-
sion may be one mechanism by which resveratrol makes
these cells more susceptible to chemotherapy (31).

Our recent data (13) have demonstrated for the first
time that RES has in vitro cytotoxic effects on cholangio-
carcinoma cells. We used a SK-ChA-1 cell line derived
from human cholangiocarcinoma, using two different
models: two- and three-dimensional cell culture systems
(MCTS, Multi-cellular Tumor Spheroids). Unlike con-
ventional monolayer cell culture systems, MCTS main-
tains the specific morphological and biochemical
properties of the corresponding in vivo tissue and
remains in a differentiated and functionally active state
for many weeks, thus making it possible to study the
long-term effects of various xenobiotics (13). In the pres-
ent study, we have confirmed the cytotoxic effect of res-
veratrol both in a human cholangiocarcinoma cell line
(SK-ChA-1) and a gallbladder cancer cell line (MZ-
ChA-1) spheroids. Q-banding analysis only showed the
karyotype of the monolayers culture (Fig. 1), because
MCTS are partially blocked in mitosis; no Q-banding
analysis could be performed.

The toxic effect appears to be the cause of an apopto-
tic mechanism; cleaved caspase-3 immunohistochemis-
try is positive for spheroids treated with RES. The
apoptotic effect is simultaneously demonstrated by the
increase of intracellular Transglutaminase type 2 (Fig. 5).
TG2 is present in the epithelial cells and is involved in
apoptosis, acting during the final phases of the process,
in the protein packaging (18,32). We considered choos-
ing TG2, because our previous studies (13) evaluated the
implications of TG2 in the RES cytotoxic mechanism.
Moreover, TG2 is widely involved in cancerous disease.
We cotreated RES with three different TG2 inhibitors:
cystamine and the two selective inhibitors B003 and
T101. Cystamine inhibits TG2 in two different ways: the
TG2 active site formed a stable complex with cystamine
by oxidation of the disulfide bond in TG2. Moreover, a
cystamine-derived metabolite (MEA, betamercaptoetha-
nolamine) is a TG2 inhibitor able to compete for transa-
midation, limiting TG2 expression by reducing the
binding of transcription factors to promoters (33). Previ-
ous studies (34) demonstrated that cystamine may be an
effective sensitizer of TRAIL-induced apoptosis in cancer
cells expressing high levels of TG2.

T101 inhibits TG2 by factor XIIIa inactivation and
B003 is a TG2 catalytic site-specific inhibitor (35–37).

The cotreatment RES/TG2 inhibitors prevented the
growth inhibition in both cell lines; in the clonogenic
and in MTT cytotoxicity assay at the dose of 32 and
64 mM RES cytotoxicity reverted, caused by the direct
involvement of the TG2 inhibitions. Moreover, the T101
inhibitor permits a better reversion of RES cytotoxicity
both in SK-ChA-1 and MZ-ChA-1 cell lines. As an addi-
tional confirmation, TG2 activity with the three different
inhibitors decreases in the cotreatment with the inhibi-
tors, drastically in the SK-ChA-1 cell line. The MZ-ChA-
1 cell line has a great ability to grow new colonies after
combination with the three inhibitors, even more at the
dose of 64 mM combined with cystamine, thus demon-
strating the capability to overcome the cytotoxic effect
caused by resveratrol. All morphological, optical, and
ultrastructural results, together with immunohistochemi-
cal data, support our hypothesis that TG2 activity medi-
ates the cytotoxic effect of resveratrol on three-
dimensional cell cultures. In Western blot analysis, the
expression of TG2 does not change with RES and the
three different inhibitors employed.

Our data on these two different cell lines, corrobo-
rated by some recent studies concerning RES anti-cancer
properties (38), can open the possibility to candidate res-
veratrol in the treatment of biliary and gallbladder can-
cer; RES could have a possible chemotherapeutic/
chemopreventive role. Clinical treatments should be
improved, especially with regard to clarifying the
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pharmacokinetics of RES in humans: inoperable patients
could be treated with RES in combination with other
chemotherapeutic agents. The polyphenol could be also
administrated as a chemopreventive drug to patients
with a high risk to develop cancer, like patients affected
by hepatic cystic disease or sclerosing cholangitis.

For all these reasons the study of the mechanism,
which RES supposedly works with, is of great interest to
support further studies of dietary supplementation with
RES as a potential gastrointestinal cancer-preventing
agent.

Acknowledgments

The research was funded by Fondazione IRCCS Ca’ Granda
Ospedale Maggiore Policlinico, Milan (Italy). The authors
thank Prof. Alexander Knuth (Ludwig Institute, Frankfurt,
Germany) who friendly provided the SK-ChA-1 and MZ-
ChA-1 cell lines and Marcello Hinxman-Allegri for the English
language revision of this manuscript.

ORCID

Luca Elli http://orcid.org/0000-0002-0873-0759
Federica Branchi http://orcid.org/0000-0001-9217-8241

References

1. Khan SA, Thomas HC, Davidson BR, and Taylor-Robin-
son SD: Cholangiocarcinoma. Lancet 366, 1303–1314,
2005. doi:10.1016/S0140-6736(05)67530-7.

2. Khan SA, Taylor-Robinson SD, Toledano MB, Beck A,
Elliott P, et al.: Changing international trends in mortality
rates for liver, biliary and pancreatic tumours. J Hepatol
37, 806–813, 2002. doi:10.1016/S0168-8278(02)00297-0.

3. Karlsen TH, Folseraas T, ThorburnD, and Vesterhus M: Pri-
mary sclerosing cholangitis – a comprehensive review. J Hep-
atol 67(6), 1298–1323, 2017. doi:10.1016/j.jhep.2017.07.022.

4. Alpini G, McGill JM, and Larusso NF: The pathobiology
of biliary epithelia. Hepatology 35, 1256–1268, 2002.
doi:10.1053/jhep.2002.33541.

5. Marcano-Bonilla L, Mohamed EA, Mounajjed T, and Rob-
erts LR: Biliary tract cancers: epidemiology, molecular
pathogenesis and genetic risk associations. Chin Clin
Oncol 5, 61, 2016. doi:10.21037/cco.2016.10.09.

6. Sharma A, Sharma KL, Gupta A, Yadav A, and Kumar A:
Gallbladder cancer epidemiology, pathogenesis and
molecular genetics: recent update. World J Gastroenterol
23, 3978–3998, 2017. doi:10.3748/wjg.v23.i22.3978.

7. Langcake P and Pryce R: The production of resveratrol by
Vitis vinifera and other members of the Vitaceae as a
response to infection injury. Physiological Plant Pathology
9, 77–86, 1976. doi:10.1016/0048-4059(76)90077-1.

8. Bishayee A: Cancer prevention and treatment with resver-
atrol: from rodent studies to clinical trials. Cancer Prev Res
(Phila) 2, 409–418, 2009. doi:10.1158/1940-6207.CAPR-
08-0160.

9. Shukla Y and Singh R: Resveratrol and cellular mecha-
nisms of cancer prevention. Ann N Y Acad Sci 1215, 1–8,
2011. doi:10.1111/j.1749-6632.2010.05870.x.

10. Barger JL, Kayo T, Vann JM, Arias EB, Wang J, et al.: A
low dose of dietary resveratrol partially mimics caloric
restriction and retards aging parameters in mice. PLoS
One 3, e2264, 2008. doi:10.1371/journal.pone.0002264.

11. Baur JA and Sinclair DA: Therapeutic potential of resvera-
trol: the in vivo evidence. Nat Rev Drug Discov 5, 493–506,
2006. doi:10.1038/nrd2060.

12. McCubrey JA, Lertpiriyapong K, Steelman LS, Abrams SL,
Yang LV, et al.: Effects of resveratrol, curcumin, berberine
and other nutraceuticals on aging, cancer development,
cancer stem cells and microRNAs. Aging (Albany NY) 9,
1477–1536, 2017.

13. Roncoroni L, Elli L, Dolfini E, Erba E, Dogliotti E, et al.:
Resveratrol inhibits cell growth in a human cholangiocar-
cinoma cell line. Liver Int 28, 1426–436, 2008.
doi:10.1111/j.1478-3231.2008.01749.x.

14. Djordjevic B and Lange CS: Cell-cell interactions in sphe-
roids maintained in suspension. Acta Oncol 45, 412–420,
2006. doi:10.1080/02841860500520743.

15. Dolfini E, Roncoroni L, Elli L, Fumagalli C, Colombo R,
et al.: Cytoskeleton reorganization and ultrastructural
damage induced by gliadin in a three-dimensional in vitro
model. World J Gastroenterol 11, 7597–7601, 2005.
doi:10.3748/wjg.v11.i48.7597.

16. Frampton GA, Lazcano EA, Li H, Mohamad A, and
DeMorrow S: Resveratrol enhances the sensitivity of chol-
angiocarcinoma to chemotherapeutic agents. Lab Invest
90, 1325–1338, 2010. doi:10.1038/labinvest.2010.99.

17. Sheng L, An L, He Y, Fan G, and Yuan Y: Research on
resveratrol’s effects on suppressing growth and inducing
apoptosis of GBC cells. Zhong Yao Cai 28(6), 489–491,
2005.

18. Fesus L, Thomazy V, and Falus A: Induction and activa-
tion of tissue transglutaminase during programmed cell
death. FEBS Lett 224, 104–108, 1987. doi:10.1016/0014-
5793(87)80430-1.

19. Meshram DD, Pike CVS, and Coussons PJ: Inhibition of
Transglutaminase 2 activity increases cisplatin cytotoxicity
in a model of human hepatocarcinoma chemotherapy.
Eur J Pharmacol 815, 332–342, 2017. doi:10.1016/j.
ejphar.2017.09.035.

20. Szondy Z, Korponay-Szab�o I, Kir�aly R, Sarang Z, and Tsay
GJ: Transglutaminase 2 in human diseases. Biomedicine
(Taipei) 7, 15, 2017. doi:10.1051/bmdcn/2017070315.

21. Gissel H and Clausen T: Excitation-induced Ca2C influx
and skeletal muscle cell damage. Acta Physiol Scand 171,
327–334, 2001. doi:10.1046/j.1365-201x.2001.00835.x.

22. Verma RS and Dosik H: Frequencies of centromeric het-
eromorphisms of human chromosomes 3 and 4 as
detected by QFQ technique: can they be identified by RFA
technique? Can J Genet Cytol 21, 109–113, 1979.
doi:10.1139/g79-014.

23. Strazzabosco M, Poci C, Spirl�ı C, Sartori L, Knuth A, et al.:
Effect of ursodeoxycholic acid on intracellular pH in a bile
duct epithelium-like cell line. Hepatology 19, 145–154,
1994.

24. Nussbaumer S, Bonnabry P, Veuthey JL, and Fleury-Sou-
verain S: Analysis of anticancer drugs: a review. Talanta
85, 2265–2289, 2011. doi:10.1016/j.talanta.2011.08.034.

8 L. RONCORONI ET AL.

http://orcid.org/0000-0002-0873-0759
http://orcid.org/0000-0001-9217-8241
https://doi.org/10.1016/S0140-6736(05)67530-7
https://doi.org/10.1016/S0168-8278(02)00297-0
https://doi.org/10.1016/j.jhep.2017.07.022
https://doi.org/10.1053/jhep.2002.33541
https://doi.org/10.21037/cco.2016.10.09
https://doi.org/10.3748/wjg.v23.i22.3978
https://doi.org/10.1016/0048-4059(76)90077-1
https://doi.org/10.1158/1940-6207.CAPR-08-0160
https://doi.org/10.1158/1940-6207.CAPR-08-0160
https://doi.org/10.1111/j.1749-6632.2010.05870.x
https://doi.org/10.1371/journal.pone.0002264
https://doi.org/10.1038/nrd2060
https://doi.org/10.1111/j.1478-3231.2008.01749.x
https://doi.org/10.1080/02841860500520743
https://doi.org/10.3748/wjg.v11.i48.7597
https://doi.org/10.1038/labinvest.2010.99
https://doi.org/10.1016/0014-5793(87)80430-1
https://doi.org/10.1016/0014-5793(87)80430-1
https://doi.org/10.1016/j.ejphar.2017.09.035
https://doi.org/10.1016/j.ejphar.2017.09.035
https://doi.org/10.1051/bmdcn/2017070315
https://doi.org/10.1046/j.1365-201x.2001.00835.x
https://doi.org/10.1139/g79-014
https://doi.org/10.1016/j.talanta.2011.08.034


25. Monsuez JJ, Charniot JC, Vignat N, and Artigou JY: Car-
diac side-effects of cancer chemotherapy. Int J Cardiol
144, 3–15, 2010. doi:10.1016/j.ijcard.2010.03.003.

26. Dropcho EJ: The neurologic side effects of chemothera-
peutic agents. Continuum (Minneap Minn) 17, 95–112,
2011.

27. Athar M, Back JH, Tang X, Kim KH, Kopelovich L, et al.:
Resveratrol: a review of preclinical studies for human can-
cer prevention. Toxicol Appl Pharmacol 224, 274–283,
2007. doi:10.1016/j.taap.2006.12.025.

28. Singh CK, George J, and Ahmad N: Resveratrol-based
combinatorial strategies for cancer management. Ann N Y
Acad Sci 1290, 113–121, 2013. doi:10.1111/nyas.12160.

29. Smoliga JM, Baur JA, and Hausenblas HA: Resveratrol and
health–a comprehensive review of human clinical trials.
Mol Nutr Food Res 55, 1129–1141, 2011. doi:10.1002/
mnfr.201100143.

30. Patel KR, Brown VA, Jones DJ, Britton RG, Hemingway
D, et al.: Clinical pharmacology of resveratrol and its
metabolites in colorectal cancer patients. Cancer Res 70,
7392–7399, 2010. doi:10.1158/0008-5472.CAN-10-2027.

31. Howells LM, Berry DP, Elliott PJ, Jacobson EW, Hoff-
mann E, et al.: Phase I randomized, double-blind pilot
study of micronized resveratrol (SRT501) in patients with
hepatic metastases–safety, pharmacokinetics, and pharma-
codynamics. Cancer Prev Res (Phila) 4, 1419–1425, 2011.
doi:10.1158/1940-6207.CAPR-11-0148.

32. Kunz-Schughart LA: Multicellular tumor spheroids: inter-
mediates between monolayer culture and in vivo tumor.
Cell Biol Int 23, 157–161, 1999. doi:10.1006/cbir.1999.0384.

33. Elli L, Ciulla MM, Busca G, Roncoroni L, Maioli C, et al.:
Beneficial effects of treatment with transglutaminase
inhibitor cystamine on the severity of inflammation in a
rat model of inflammatory bowel disease. Lab Invest 91,
452–461, 2011. doi:10.1038/labinvest.2010.186.

34. Jang JH, Park JS, Lee TJ, and Kwon TK: Transglutaminase
2 expression levels regulate sensitivity to cystamine plus
TRAIL-mediated apoptosis. Cancer Lett 287, 224–230,
2010. doi:10.1016/j.canlet.2009.06.013.

35. Freund KF, Doshi KP, Gaul SL, Claremon DA, Remy DC,
et al.: Transglutaminase inhibition by 2-[(2-oxopropyl)
thio]imidazolium derivatives: mechanism of factor XIIIa
inactivation. Biochemistry 33, 10109–10119, 1994.
doi:10.1021/bi00199a039.

36. Johnson KA, Polewski M, and Terkeltaub RA: Transgluta-
minase 2 is central to induction of the arterial calcification
program by smooth muscle cells. Circ Res 102, 529–537,
2008. doi:10.1161/CIRCRESAHA.107.154260.

37. Siegel M and Khosla C: Transglutaminase 2 inhibitors and
their therapeutic role in disease states. Pharmacol Ther
115, 232–45, 2007. doi:10.1016/j.pharmthera.2007.05.003.

38. Varoni EM, Lo Faro AF, Sharifi-Rad J, and Iriti M: Anti-
cancer molecular mechanisms of resveratrol. Front Nutr 3,
8, 2016. doi:10.3389/fnut.2016.00008.

NUTRITION AND CANCER 9

https://doi.org/10.1016/j.ijcard.2010.03.003
https://doi.org/10.1016/j.taap.2006.12.025
https://doi.org/10.1111/nyas.12160
https://doi.org/10.1002/mnfr.201100143
https://doi.org/10.1002/mnfr.201100143
https://doi.org/10.1158/0008-5472.CAN-10-2027
https://doi.org/10.1158/1940-6207.CAPR-11-0148
https://doi.org/10.1006/cbir.1999.0384
https://doi.org/10.1038/labinvest.2010.186
https://doi.org/10.1016/j.canlet.2009.06.013
https://doi.org/10.1021/bi00199a039
https://doi.org/10.1161/CIRCRESAHA.107.154260
https://doi.org/10.1016/j.pharmthera.2007.05.003
https://doi.org/10.3389/fnut.2016.00008

	Abstract
	Introduction
	Material and Methods
	Cell Cultures
	Three-Dimensional Cultures (Multicellular Tumor Spheroids) and Treatments
	Spheroids Resveratrol Treatments With or Without Transglutaminase 2 Inhibitors
	Q-Banding Karyotype Analysis
	Histology, Light (LM), and Transmission Electron Microscopy (TEM)
	Colony-Forming Assay
	Cytotoxicity Assay (MTT)
	Immunohistochemistry (IHC)
	Cellular Transglutaminase Activity Test
	Western Blotting
	Statistical Analysis

	Results
	Cellular Q-Banding Karyotype, Transglutaminase Activity, Clonogenic Test, and MTT Cytotoxicity Assay
	Transglutaminase 2 Western Blot
	Light Microscopy, Transmission Electron Microscopy (TEM), and Immunohistochemistry

	Conclusions
	Acknowledgments
	References

