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Cytotoxic, chemosensitizing and radiosensitizing effects
of curcumin based on thioredoxin system inhibition
in breast cancer cells: 2D vs. 3D cell culture system
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Abstract. Targeting the thioredoxin/thioredoxin reductase
(Trx/TrxR) system is a promising strategy to overcome cancer
resistance to conventional therapy. The present study investi-
gated the effect of curcumin on the Trx/TrxR system either
alone or in combination with chemotherapy, or radiotherapy in
human MCF-7 breast cancer cells seeded in 2 and 3D culture
systems. Cell viability, thioredoxin reductase 1 (TrxR1)
activity, and the genetic expression of Trx, TrxR1, Bcl2 and
BAX genes were studied. The findings showed that the mode
of culture significantly affected the response of cancer cells to
different treatment modalities, as well as their gene expression
patterns. Curcumin treatment resulted in a reduction of breast
cancer cell proliferation and induction of apoptosis, an effect
that may be mediated by manipulating Trx system components,
mainly Trx expression, and to a lesser extent TrxR1 expression
and concentration. Furthermore, curcumin increased the sensi-
tivity of breast cancer cells to chemotherapy and radiotherapy
by reducing Trx and TrxR1 expression levels. Thus, curcumin
may have a potential role as a dose-modifying agent that can
be used either to sensitize resistant cells to therapy or to reduce
the dose of these therapeutic agents.

Introduction

Breast cancer is the most common type of cancer diagnosed
in women and ranked as the fifth leading cause of death (1).
Cancer cells have an elevated level of reactive oxygen
species (ROS) compared with healthy cells, and exhibit
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uncontrolled proliferative and high metabolic natures (2). This
elevated ROS level is essential to maintain a cancer phenotype
and makes cancer cells more susceptible to oxidative stress.
Consequently, cancer cells resist this effect by increasing anti-
oxidant levels, including that in the thioredoxin/thioredoxin
reductase (Trx/TrxR) system (3).

The antioxidant function of Trx/TrxR system is not only
beneficial for healthy cells, but also for cancer cell develop-
ment as it has anti-apoptotic and angiogenesis functions (4).
In addition, it has been reported that a high level of Trx/TrxR
increases cancer resistance to conventional treatment, such as
chemotherapy and radiotherapy (5-7). Therefore, the last few
years have witnessed an increasing interest towards inhib-
iting the Trx/TrxR system by natural or synthetic molecules,
including the natural electrophilic inhibitor curcumin (8).

Curcumin, a natural polyphenol extracted from turmeric,
has several therapeutic potentials due to its antioxidant and
anti-inflammatory activities. Various studies have reported
its tumor suppressive role via suppression of cellular prolif-
eration, induction of apoptosis and irreversible inhibition of
the Trx/TrxR system (9-11). Furthermore, few reports have
demonstrated the role of curcumin in increasing tumor cell
sensitivity to radiotherapy and cisplatin in vitro using 2D
monolayer culture (12,13).

Although the traditional 2D cell culture is an established
system for cell-based studies, it does not reflect the real cellular
behavior in vivo. Cells grown in monolayers differ in their
cellular and extracellular interactions, which leads to altered
morphologies, proliferative behaviors, genetic expression
levels, treatment responses, and impaired access to metabo-
lites and extracellular signals. As a result, the data can be
misleading regarding in vivo responses (14,15). Using a 3D cell
culture system overcomes the disadvantages of a 2D system, as
it represents a microenvironment similar to that in vivo (16).
Numerous publications have focused on developing 3D models
of the MCF-7 cell line to gain a better understanding of breast
cancer biology and overcome the limitations associated with
the traditional 2D models (17,18).

Herein, the present study focused on studying the effect of
curcumin on the Trx/TrxR system in breast cancer cells either
alone or in combination with radio- or chemotherapy using 2
and 3D culture systems.
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Materials and methods

Cell culture. The human breast adenocarcinoma MCF-7
cell line (ATCC HTB-22™) was maintained in DMEM/F12
(Lonza Group, Ltd.) supplemented with 10% fetal bovine
serum (Sigma-Aldrich; Merck KGaA), 100 IU/ml penicillin
and 100 mg/ml streptomycin. Cells were cultures in a humidi-
fied atmosphere at 37°C with 5% CO,.

For the 2D monolayer culture, cells continued to be cultured
in 6- and 96-well tissue culture plates as aforementioned.
Cells were examined under an inverted microscope after
48 h. MCF-7 cells formed a confluent adherent layer (70-80%
confluence). After completion of the treatment protocols listed
below, MCF-7 monolayer 2D cells were harvested using 0.05%
trypsin and 0.02% EDTA.

For the 3D spheroid cultures, 96-well plates were
pre-coated with 1.5% agarose and allowed to solidify for at
least 2 h before loading the cells. MCF-7 cells were seeded in
the pre-coated wells at a density of 1x10° cells/well and the
plates were incubated in a humidified atmosphere with 5%
CO, at 37°C. The culture medium was changed every 2 days
until spheroids were formed. Spheroids were examined using
a light microscope (magnification, x40) and digital camera
(Carl Zeiss AG).

Treatments of MCF-7 cells. MCF-7 cells cultured in 2D
monolayers and 3D spheroids were treated with the following:
i) Curcumin (Loba Chemie Pvt. Ltd.) at concentrations of
10, 20, 30, 50 and 100 M for 24 and 48 h; ii) 5-fluorouracil
(5-FU)-Adriamycin-cyclophosphamide (FAC)-based chemo-
therapy (22.5 ug/ml 5-fluorouracil, 0.579 puM Adriamycin and
3 pug/ml cyclophosphamide) either alone or in combination
with various curcumin concentrations for 24, 48 and 72 h;
or iii) radiation whereby cells were exposed to irradiation at
room temperature using a PRIMUSTM linear accelerator
(Siemens AG) at a dose of 200 MU/min for the time required
to apply doses of 2, 4, 6 and 8 Gy. Radiation treatment was
applied on untreated cells and curcumin-treated cells. Control
cells were treated with DMSO.

Cell viability assay. The viability of MCF-7 cells was evalu-
ated using an MTT assay. After treatment, cells were incubated
with 0.5 mg/ml of MTT reagent for 3 h at 37°C. After the MTT
incubation, the MTT/medium was removed, and the precipi-
tated crystals were dissolved in ethanol/DMSO (1:1) solution
with agitation for 20 min. The absorbance was measured at
540 nm.

Measurement of TrxRI concentration. TrxR1 concentra-
tion was determined using a Human TrxR1 ELISA kit (cat.
no. In-Hu4061; Innova Biotech Co. Ltd.). Following treatment,
cells were washed with PBS, trypsinized, and centrifuged
at 24 x g for 5 min at 4°C. The cells were lyzed by repeated
freezing/thawing cycles, and then the lysate was centrifuged for
15 min at 18,600 x g at 4°C. The supernatant was collected for
protein and activity measurements. Total protein measurement
was performing using the standard Lowry method (19). For
TrxR1 concentration measurements, samples were processed
according to the manufacturer's protocol. The TrxR1 content
is expressed as TrxR1/protein (pg/mg).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). The gene expression of Trx, TrxR1, Bcl2 and
BAX was determined using RT-qPCR. Total cellular RNA
of monolayer cells and spheroids were extracted using a
QIAamp RNA Blood Mini kit (Qiagen, Inc.) according to
the manufacturer's instructions. Equal amounts of RNA were
reverse transcribed using a miScript Il reverse transcription kit
(Qiagen, Inc.). The RNA samples were incubated with reverse
transcription mixture at 37°C for 60 min followed by 5 min
incubation at 95°C. Subsequently, the RT-qPCR reaction was
performed on an Applied Biosystems Real-Time PCR system
using QuantiTecht SYBR Green RT-PCR Master mix (Qiagen,
Inc.). The primer sequences were as follows: Trx forward,
5'-CGAGTCTTGAAGCTCTGTTTGG-3' and reverse, 5'-TAT
CACCTGCAGCGTCCAAG-3"; TrxR1 forward, 5'-CTCAAA
TTCTTGCTTATCAGGAGGG-3' and reverse, 5-GCGACA
TAGGATGCTCCAACA-3"; Bcl2 forward, 5-ACAGGGTAC
GATAACCGGGA-3' and reverse, 5'-GCCCAGACTCACATC
ACCAA-3"; BAX forward, 5'-CCCTTTTGCTTCAGGGGA
TGAT-3' and reverse, 5'-GGCGTCCCAAAGTAGGAGAG 3
GAPDH forward, 5-CCACATCGCTCAGACACCAT-3' and
reverse, 5' AGCCAAATTCGTTGTCATACTTCT 3'. The
RT-gPCR cycling conditions were as follows: An initial acti-
vation step of 15 min at 95°C; 45 cycles of 15 sec at 94°C,
30 sec at 59°C and 30 sec at 70°C. Results are presented as
the average fold change of target gene in test to control group
using the 2244 formula (20).

Statistical analysis. Data were analyzed using SPSS software
version 20.0. (IBM Corp.). Normally distributed quantitative
data are expressed as the mean + standard deviation. Student's
t-tests were used for comparing two variables or two groups
and the F-test (ANOVA) was used to compare >two groups
with Tukey's post hoc test for pairwise comparisons. P<0.05
was considered to indicate a statistically significant difference.

Results

Cell viability. MCF-T cells cultured as 2D monolayer and 3D
spheroids were treated with different curcumin concentrations
(10, 20, 30, 50 and 100 uM), cell viability was determined
after 24 and 48 h of treatment. As demonstrated in Fig. 1,
time- and concentration-dependent cytotoxic effects were
observed in the 2 and 3D cultures. A significant amount of
cell death (P<0.001) was observed in both cultures compared
with the control at 30 uM concentration and above, with a
more pronounced effect after 48 h of treatment. Furthermore,
a significant difference (P<0.001) was observed between the 2
and 3D cultures at 30 M concentrations and above. After 48 h
treatment, results showed that 2D cultures were more sensi-
tive to the cytotoxic effect of curcumin compared with the 3D
cultures, cell viability percentages were 61,57 and 30% for the
2D monolayer, and 79, 63 and 45% for the 3D spheroids at 30,
50 and 100 M concentrations, respectively (Fig. 1).

A time-dependent cytotoxic effect was observed in
cells treated with chemotherapy compared with the control
group, with significantly reduced viability in the 2D cultures
compared with that in the 3D cultures (P<0.001). Cell viability
percentages were 65 and 44% for the 2D monolayer, and 98
and 91% for the 3D spheroids after 24 and 48 of treatment,
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Figure 1. Viability of MCF-7 cells under different conditions. MCF-7 cells were treated with different concentrations of curcumin, FAC and radiation (2, 4,
6 and 10 Gy). Results represent the % relative to the control and are presented as mean + SD (n=5). ‘P<0.001 vs. 100% viability of untreated cells; P<0.001
2D vs. 3D culture; 'P<0.001 vs. FAC; and *P<0.001 vs. all doses of Rad. Cur, curcumin; FAC, 5-Fluorouracil-Adriamycin-cyclophosphamide; Rad, radiation.

respectively (Fig. 1). Exposing cells to different doses of
ionizing radiation showed a slight amount of cell death in the
2D monolayer, while in the 3D spheroid group, cell death was
significantly increased compared with the control (P<0.001 for
all doses; Fig. 1).

Comparing the effect of curcumin treatment on cell
viability with standard treatments did not show any signifi-
cant difference at low doses; however, the viability of 2D
cells treated with 100 uM curcumin was significantly lower
compared with those treated with FAC and radiation. In the 3D
model, 100 uM curcumin-treated cells had significantly lower
viability compared with FAC, but not with radiation (Fig. 1).

When chemotherapy was combined with curcumin, cell
viability was significantly reduced with increasing curcumin
concentration and treatment duration in 2 and 3D cultures
(P<0.001 for all comparisons). A significantly higher rate of cell
death was observed in 2D cultures compared with 3D cultures
at all-time intervals (P<0.001; Fig. 2A). Increasing curcumin
concentration resulted in increased cell death (P<0.001) in 2D
monolayers, which was a behavior independent on the irradia-
tion dose (Fig. 2B-E). However, in 3D spheroids the effect on
cell viability was minimal and not proportional to irradiation
dose (Fig. 2B-E).

TrxRI concentration. The level of TrxR1 in 2 and 3D MCF-7 cell
cultures treated with or without curcumin is shown in Fig. 3. The
Trxs R1 level in 3D spheroids was significantly higher compared
with that in 2D monolayers in untreated, curcumin (20 and
50 uM), FAC and radiation (6 and 8 Gy) treated groups at both
time intervals (P<0.001). After 24 h of treatment, 3D cultures
showed a significant decrease in the TrxR1 level compared with
that in the untreated cells at the 50 and 100 M curcumin dose
(P<0.001). At a concentration of 100 xM curcumin, 1.5- and
2.5-fold reductions in TrxR1 levels were detected in the 2 and
3D cultures, respectively. After 48 h of treatment, no significant
change in the TrxR1 level was observed in the 2D cultures. By
contrast, a significant decrease was detected in 3D cultures with
increasing curcumin dose. Chemotherapy led to a significant

elevation in TrxR1 level in compared with the untreated 2 and 3D
cultures at both time intervals (P=0.001). Radiation treatment at
lower doses (2 and 4 Gy) caused a significant elevation in TrxR1
levels in 2 and 3D cultures compared with the untreated cells
after 48 h. This effect decreased with increasing radiation dose,
whereby the TrxR1 level was significantly reduced compared
with the untreated cells at 8 Gy in 2D culture after 24 h (Fig. 3).
The TrxR1 level in cells treated with 100 M of curcumin was
significantly lower compared with those treated with FAC in
both 2 and 3D cultures at both time intervals (P<0.001; Fig. 3).
In the radiotherapy treated groups, 100 xM curcumin-treated
2D and showed a significantly lower TrxR1 level compared
to those treated with lower doses of radiation (2 and 4 Gy) at
both time intervals (Fig. 3). However, at higher radiation doses
(6 and 8 Gy), only 3D cultures showed a significant increase
in TrxR1 levels compared to 100 xM curcumin treated group
(P<0.001; Fig. 3).

The combined treatment of chemotherapy and 100 xM
curcumin led to a significant reduction in TrxR1 level
compared with that in the untreated group at all treat-
ment intervals and both culture settings (P<0.001, Fig. 4A).
Compared with that after chemotherapy, the combined treat-
ment also led to a significant reduction of TrxR1 levels in 3D
cultures in a dose-dependent manner at all time intervals.
However, 2D culture only showed a significant reduction at
FAC + 100 uM Cur concentration (P<0.001, Fig. 4A). TrxR1
levels were significantly higher in 3D spheroids compared with
that in 2D monolayers at all treatment conditions and time
intervals (P<0.001, Fig. 4A). The combination of radiation and
curcumin also led to a significant reduction in TrxR1 levels in
a dose-dependent manner in all 3D culture settings compared
to both control and groups treated with radiation alone
(P<0.001; Fig. 4B-E). However, the 2D cultures didn't show
a similar response unless the radiation doses was increased
up to 6 and 8 Gy (P<0.001; Fig. 4D and E). The 3D spheroids
demonstrated significantly higher TrxR1 levels compared with
that in the 2D monolayer group (P<0.001) and the difference
was more prominent with higher radiation doses (Fig. 4B-E).
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Figure 2. Viability of MCF-7 cells under different combinations of curcumin, chemotherapy and radiotherapy. MCF-7 cells were treated with different
concentrations of curcumin combined either with (A) chemotherapy or radiotherapy at (B) 2, (C) 4, (D) 6 and (E) 8 Gy in 2 and 3D cultures. Results represent
the % relative to the control and are presented as mean = SD (n=5). "P<0.001 vs. 100% viability of untreated cells. Cur, curcumin; FAC, 5-Fluorouracil-Adri

amycin-cyclophosphamide.

Trx and TrxRI1 gene expression. The results of the Trx and
TrxR1 gene expression assays in 2 and 3D cultures are presented
in Fig. 5 as a fold-change of the control. In 2 and 3D cultures,
treatment with 20 M curcumin led to a significant increase
(P<0.001) in Trx and TrxR1 gene expression in compared with
the control (Fig. 5A). At 100 uM concentration, the expression
of Trx and TrxR1 in 2D cultures was slightly increased, while in
3D cultures, it was significantly lower compared with the control.
In all culture settings, treatment with chemotherapy alone
significantly increased Trx and TrxR1 expression compared
with those in the control group (Fig. 5B). Furthermore,
combination treatment with curcumin resulted in a significant
reduction in Trx and TrxR1 expression in compared with
control, particularly with higher curcumin doses (100 xM).
With radiation treatment, Trx and TrxR1 expression in all
culture settings were significantly increased in compared with the

control (P<0.001). Combining radiotherapy with curcumin led
to a significant reduction in Trx and TrxR1 expression in both
culture settings (P<0.001). However, the reduction in 2D was more
prominent compared with that in 3D cultures (P<0.001; Fig. 5).

Bcl2 and BAX gene expression. The results of the Bcl2
and BAX gene expression assays in 2 and 3D cultures are
presented in Fig. 6 as a fold-change of the control. In 2 and
3D cultures, treatment with 100 #M curcumin combined either
with FAC or 8 Gy radiation led to a significant downregulation
of Bcl2 genetic expression compared to the cells treated with
100 M curcumin alone (P<0.001). However, the reduction
in Bcl2 expression was significantly lower in the 2D cultures
compared with the 3D cultures.

Cells treated with curcumin showed significant upregula-
tion of BAX in 2D cultures either alone or in combination
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Figure 5. Expression of Trx and TrxR1 genes in 2 and 3D cultures of MCF-7 treated under different conditions. Expression of Trx and TrxR1 genes in 2 and
3D cultures of MCF-7 treated with (A) curcumin alone or combined with (B) chemotherapy, or (C) 2, (D) 4, (E) 6 and (F) 8 Gy radiotherapy for 48 h. Results
are presented as mean + SD (n=5). "P<0.001 vs. control; “P<0.001 2D vs. 3D culture. Cur, curcumin; FAC, 5-Fluorouracil-Adriamycin-cyclophosphamide;

Trx, thioredoxin; TrxR1, thioredoxin reductase.

with either FAC or 2-8 Gy radiation (P<0.001). Regarding
the 3D cultures, the levels of BAX was significantly lower
compared with the 2D cultures (P<0.001); however, treatment
with curcumin + FAC or 8 Gy radiation lead to a significant
upregulation in BAX gene levels.

Discussion

Targeting the Trx/TrxR system inhibition is a promising
approach for cancer treatment. Recently, many natural and
synthetic compounds were developed to be used either alone or
as adjuvants to existing cancer therapies, such as curcumin (8).
In the current study, the use of curcumin as an anticancer/sensi-
tizer agent was evaluated, through studying its effect on breast
cancer (MCF-7) cell viability, TrxR1 activity and Trx/TrxR1
gene expression. MCF-7 2 and 3D cell culture systems were used,
and cells were treated with different concentrations of curcumin
alone or in combination with conventional treatment regimens,
including chemo- and radiotherapy for different periods.

Curcumin significantly decreased MCF-7 cells viability
in dose- and time-dependent manners in 2 and 3D systems.
However, cell viability in 2D cultures was significantly lower
compared to 3D cultures; most probably due to cell clustering
effect that may prevent curcumin penetration to inner cells in
spheroids. The results of the present study are in agreement
with other studies in which a marked decrease in cell prolifera-
tion was associated with curcumin treatment in different types
of cancer, including bladder (21), prostate (22), liver (23), and
breast cancer (10). Curcumin function has been reported to be
through p53-associated, caspase-dependent and mitochondrial
mechanisms (24). Recently, Vallianou et al (25) proposed that
curcumin can induce apoptosis through the induction of severe
endoplasmic reticulum stress. In apoptosis-resistant cell lines,
curcumin potentially activates cell death mechanisms, such
as mitotic catastrophe, which is characterized by aberrant
mitosis, multinucleated cells and giant cells (26).

The efficiency of chemotherapeutics is compromised by
several metabolic and epigenetic alterations, and a constant
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shift in the tumor microenvironment leading to drug resis-
tance (27). Although these results indicated that chemotherapy
alone exhibited a substantial effect on MCF-7 cells in 2D
cultures, the 3D culture showed a different response pattern
to chemotherapy as no significant reductions in cell viability
were observed after 24 or 48 h, and cell viability reached 82%
after 72 h. The 2D cultures demonstrate maximum exposure to
drugs and external stimuli in addition to limited cell-cell inter-
action, unlike 3D cultures that are multilayered with a hypoxic
core, and show different exposure patterns to oxygen, nutrients
and drugs. Hypoxic conditions in 3D spheroids resemble those
observed in vivo in solid tumors, therefore, certain cytotoxic
agents, such as doxorubicin, 5-FU or cisplatin, which work
with oxygen, are less effective in 3D models (28,29).

In the presence of curcumin with chemotherapy, the
same pattern of effect between 2 and 3D cultures was noted
in the present study. A significant reduction in cell viability
and pro-apoptotic gene expression was observed in 2D
cultures compared with in 3D cultures. In agreement with
the results of the current study, Vinod er al (30) reported that
curcumin works as a chemosensitizer for chemotherapy by
silencing thymidylate synthase enzyme in breast cancer cells.
Furthermore, Serasanambati et al (31), observed that 20 uM of
curcumin enhanced the antitumor effects of chemotherapy on
MCEF-7 breast cancer cells by decreasing cell proliferation (31).
Additionally, Chen er al (32) reported that chemotherapy
combined with curcumin showed modestly improved efficacy.

Regardless of the wide application of radiotherapy for
breast cancer treatment, little is known about the response of
3D spheroids to radiation exposure. When exploring the effect
of radiation on MCF-7 cell viability, 2D cultures showed little
radiosensitivity in the present study. On the other hand, 3D
cultures showed a significant reduction in cell viability in a
time-dependent manner. By increasing radiation dose, the
viability of 2D cultures did not show any significant change,
whilst the viability of cells cultured in the 3D system showed a
mild decrease. This is contradictory to other published reports
that stated that cells cultured in a 3D system exhibit higher
radioresistance levels compared with cells cultured in a 2D
system (33,34) These observations may be associated to the
reduced thickness of monolayer cultured cells, which allows
for little energy deposition within the cells. Meanwhile, the
increased thickness of spheroids in 3D cultures may allow for
higher energy deposition and subsequently an increased effect.
In addition, cell-cell interactions may promote the response to
radiotherapy through a bystander effect. E1-Ashmawy et al (35)
reported that irradiation of human lung epithelial 3D cell
cultures showed reduced frequency of progression toward
malignant phenotypes compared with 2D monolayers regard-
less of the comparable number of colonies (35).

Treatment of 2D monolayers with curcumin in combina-
tion with irradiation resulted in immediate radiosensitization
in a time- and dose-dependent manner, which was the opposite
to that observed on the 3D spheroids in which the effect was
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minimal. In line with the current results, the radiosensitizing
effect of curcumin on 2D-radioresistant MCF-7 cells has
been reported (36). Similar results were also reported in other
types of cancer, including prostate cancer, musculoskeletal
cancer (37), non-Hodgkin's lymphoma (38) and aggressive
lymphomas (39). The discrepancy in culture viability may
be explained by the downregulation of Bcl2 and upregula-
tion of BAX, which leads to a shift in the Bcl2/BAX ratio
towards a pro-apoptotic signal in curcumin-treated cells.
A previous study indicated that curcumin may counteract
the radiation-induced anti-apoptotic signals, including Bcl2
elevation (40). Further investigations including Ki67/caspase-3
immunohistochemistry staining or flow cytometry would have
been beneficial to back up these findings.

The effect of curcumin on cell viability was suspected
to occur through Trx/TrxR1 modulation. TrxR1 is an oxido-
reductase enzyme that serves a key role in maintaining
redox-regulated cellular functions, including transcription,
DNA damage recognition and repair, proliferation, and apop-
tosis (41). Cytosolic TrxR1 expression is often upregulated in
human cancer, where it is associated with aggressive tumor
growth and poor prognosis (42). The activity and ability of
TrxR1 to overcome oxidative stress induced in tumor cells via
different treatment modalities depends on numerous factors,
most importantly the availability of Trx (43).

The results of the current study demonstrated that TrxR1
concentrations in 3D cultures were significantly higher
(approximately three times) compared with that in cells
cultured in a 2D system; however, the levels significantly
decreased upon curcumin treatment in a dose-dependent
manner. At the transcriptional level, low curcumin concentra-
tion (20 uM) resulted in a large induction of TrxR1 and Trx
genes, in 2 and 3D settings. Furthermore, high curcumin
concentration (100 M) resulted in a mild induction of both
genes in 2D cultures and significantly increased expression
inhibition of both genes in 3D cultures. These results support
the hypothesis of curcumin exhibiting dual functions. It has
been postulated that curcumin may serve a protective role
against oxidative stress at low concentrations and the opposite
at high concentrations (44).

The different expression patterns of TrxR1 between 2 and
3D cultures have been reported previously in a colon cancer
cell line. Lechner et al (45) reported that >70% of HT-29 cells
grown in a monolayer were positive for TrxR, while cells grown
as spheroids or as tumors in mice, were negative for TrxR1.
Nevertheless, to the best of our knowledge, the discrepancy in
the effects of curcumin on TrxR1 concentration in 2D vs. 3D
cultured cells were reported here for the first time. This obser-
vation reflects that cell-cell interactions, which are present in
3D cultured and are missing in 2D cultures, may impact the
cellular response to therapeutic agents, such as curcumin.

It has been observed that cells overexpressing TrxR1
exhibit higher resistance to certain anticancer agents (46).
The present work highlighted that cellular susceptibility to
FAC is remarkably increased in curcumin-treated cells and
hence enhanced cancer apoptosis. One possible explanation to
rationalize this consequence may be the reduction of TrxR1
via curcumin, which stimulates increasing ROS formation and
consequently increases the cancer cell death rate (47). Similar
results have also been reported for 5-FU, whereby curcumin

was found to increase the sensitization of HCT116R cells
to 5-FU-based chemotherapy (48). Although it is not clear
whether the mechanism of sensitization involves TrxR1 or
not (48). In agreement with the results of the current study,
curcumin has been demonstrated to induce time-dependent
ROS accumulation through suppression of TrxR1 activity and
increase the level of the oxidized Trx form in cancer cells (49).

Upon exposure to radiotherapy, TrxR1 levels were elevated
in2 and 3D cultures following exposure to low doses of radiation;
however, at higher radiation doses its levels were diminished
in this study. The initial elevation in TrxR1 concentration is
probably associated with high ROS generation by radiation in
cell cytoplasm, which elicits an induced elevation of TrxR1 as
an antioxidant defense mechanism. However, the subsequent
reduction in TrxR1 concentration with increased radiation dose
may be associated with increased apoptosis and/or impaired
cellular responses resulting from radiation damage (14).

The present study possesses certain limitations. These
limitations include the lack of western blotting technique to
confirm the effect of curcumin on the translational level of
TrxR1 and the lack of use of specific TrxR1 inhibitor for
comparative studies. Morphological investigations should be
analyzed to fully characterize the mechanisms underlying the
potential involvement of the Trx/TrxR1 system on the effects
of curcumin on 2 and 3D MCEF-7 cells.

In conclusion, the present findings showed that the cell
culture setting has a significant effect on the cellular behavior
and expression patterns, where the 3D model was shown to
be a promising tool to represent tumors. The modulation of
Trx/TrxR system expression suggests that it may be associated
with increased cell death upon treatment with curcumin. These
results also suggest that curcumin may have a potential role as
a radiosensitizing and/or a chemosensitizing agent, providing
a novel way to overcome cancer drug resistance.
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