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Simple Summary: Prognostic biomarkers, which are used to monitor colorectal cancer status and
guide treatment decisions, are crucial. This study aimed to investigate thioredoxin reductase-1 (TrxR-
1) expression, which has been related to disease progression in various cancers, for an indication of
fibroblast-inducing colorectal cancer progression and metastasis. We suggest thioredoxin reductase-1
as a potential biomarker that can indicate the high proliferative fibroblast-induced-aggressiveness
of HCT116 colorectal cancer cells in vitro and in vivo in adult zebrafish models. Therefore, TrxR-1
could be applied as a biomarker for colorectal cancer progression and prognostic evaluation.

Abstract: The tumor microenvironment, especially that of fibroblasts, strongly promotes colorectal
cancer (CRC) progression. Progressive cancers usually accumulate high reactive oxygen species
(ROS), leading to oxidative stress. The stress relates to the expression of thioredoxin reductase-1
(TrxR-1), which is an oxidative stress sensitivity molecule. This study aimed to investigate TrxR-1
expression as an indication of colon-fibroblast-inducing colorectal cancer progression and metastasis.
We found that the high proliferative fibroblast-cultured media (FCM) contained pro-inflammatory
cytokines that have a high ability to influence HCT116 and CRC cell progression, when compared
with complete media (CM) as a control in terms of growth (CM = 100.00%, FCM = 165.96%), migration
(CM = 32.22%, FCM = 83.07%), invasion (CM = 130 cells/field, FCM = 449 cells/field), and EMT
transformation while decreasing E-cadherin expression (CM = 1.00, FCM = 0.69) and shape factor
(CM = 0.94, FCM = 0.61). In addition, the overexpression of TrxR-1 is associated with cellular oxidant
enchantment in FCM-treated cells. A dot plot analysis showed a strong relation between the EMT
process and the overexpression of TrxR-1 in FCM-treated cells (CM = 13/100 cells, FCM = 45/100 cells).
The cancer transplantation of the adult zebrafish model illustrated a significantly higher number of
microtumors in FCM-treated cells (CM = 4.33 ± 1.51/HPF, FCM = 25.00 ± 13.18/HPF) disseminated
in the intraperitoneal cavity with TrxR-1 positive cells. The overexpression of TrxR-1 indicated
fibroblast-associated CRC progression in HCT116 cells and the zebrafish model. Therefore, TrxR-1
could be applied as a novel biomarker for colorectal cancer progression and prognostic evaluation.

Keywords: thioredoxin reductase-1; colorectal cancer; fibroblast; cancer progression; zebrafish; EMT
process; oxidative stress

1. Introduction

Colorectal cancer (CRC) is a malignant tumor in the large intestine, including the colon
and rectum. The mortality rate of this disease was the third highest of any cancer in 2021,
and a hospital report found that CRC patients diagnosed at a late stage had a 5-year relative
survival rate lower than early-stage patients. [1]. In the last stage or metastasis stage of CRC,
only 12% of patients survive more than five years after treatment [2]. Cancer metastasis
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is the dissemination of cancer cells from the origin site to other organs in the body. This
situation is the most severe and remains difficult to cure, causing a significant increase in
the mortality rate [3,4]. However, the prognostic evaluation of patients with metastatic
CRC remains poor. Therefore, developing novel prognostic and predictive biomarkers,
which can be used to monitor disease status and guide treatment decisions, is crucial [5].

The inflammation of the colon has been recognized as a significant factor inducing can-
cer [6]. In addition, colonic fibrosis following colitis has a strong interaction with colorectal
cancer in dysplasia and metastasis. [7]. During fibrosis formation, the highly proliferative
fibroblast has an increased ability to secrete pro-inflammatory cytokines, activating the
repairing process that has a side effect on cancer progression and metastasis. [8,9]. In cancer
progression, the cellular oxidant usually increases, which is associated with enhanced mito-
chondria activity and supports the energy for cell growth. This results in a rise in reactive
oxygen species (ROS), the byproduct of the metabolite process [10,11]. ROS have been
widely acknowledged as vital in regulating cancer cell function, including cell proliferation,
cell mobility, cell invasion, and activation of the oxidative stress control system [12].

The thioredoxin system is a redox-regulating system that involves many intracellu-
lar and extracellular processes, including cell proliferation, gene expression and signal
transduction regulation, protection against oxidative stress, and regulation of the redox
state of the extracellular microenvironment [13,14]. The thioredoxin system mainly consists
of thioredoxin (Trx), thioredoxin reductase (TrxR), and NADPH. Thioredoxin reductase-1
(TrxR-1) plays a major role in reducing thioredoxin with NADPH substrate located in the
cytoplasm [13]. In cancer research, TrxR-1 overexpresses in various cancers, including colon
cancer, and plays an important role in regulating cancer cell growth by modulating the
DNA binding activity of transcription factors [15,16]. Moreover, the expression of TrxR-1
has been associated with drug resistance, cancer migration, and cancer survival [16–18].
Therefore, the role of TrxR-1 in CRC invasion and metastasis has been interesting for
investigation as a biomarker of progressive CRC.

This study aimed to investigate the sensitivity of an oxidative stress marker, TrxR-1,
for the highly proliferative fibroblast-induced HCT116 colorectal cancer cells, and their
progression and dissemination in the adult zebrafish model. The positive result for TrxR-1
in cancer progression—growth, migration, invasion, and metastasis—means that it may be
used as a potential biomarker to indicate CRC aggressiveness.

2. Materials and Methods
2.1. Cell Culture and Fibroblast-Cultured Medium Preparation

HCT116 (ATCC® CCL-247TM), colorectal cancer cells, were routinely cultured in com-
pleted McCoy’s 5A medium (Sigma-Aldrich, St. Louis, MO, USA). CCD-18Co (ATCC®CRL-
1459TM), colon fibroblast cells, were cultured in complete Eagle’s minimum essential
medium (EMEM) (Sigma-Aldrich, USA). The media were supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Himedia, Maharashtra, India), 1% non-essential
amino acids (Capricorn scientific, Ebsdorfergrund, Germany), 1% L-glutamine (Capri-
corn scientific, Germany), 1% penicillin-streptomycin (Capricorn scientific, Germany), and
2.2 g/L sodium bicarbonate (Sigma-Aldrich, USA). Cells were cultured at 37 ◦C in a 5%
CO2 humidified incubator. For fibroblast-cultured media (FCM) preparation, CCD-18co
cells were cultured until 80% confluence. Then, the cells were washed with PBS to re-
move old media and cultured with complete McCoy’s 5A medium for 48 h. The cultured
medium was filtered with a 0.22 mm pore size filter to remove debris protein and kept at
−20 ◦C. Fibroblast-cultured media (FCM) were prepared by diluting the cultured media
with complete McCoy’s 5A medium (1:4) to perform the experiments.

2.2. Cytokine Array

A Human Cytokine Antibody Array (Abcam, Cambridge, UK, Ab133996) was per-
formed with CM (as a control) and FCM following the protocol instructions. The positive
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cytokines were detected, and the intensities were analyzed with the ChemiDoc imaging
system (Bio-Rad Finland, Helsinki, Finland).

2.3. Cell Viability by MTT Assay

HCT116 (5× 104 cells/well) were seeded in 96-well plates and incubated at 37 ◦C with
5% CO2 for 24 h. The cells were treated with various conditions and incubated for 48 h. The
media were removed, and 500 µg/mL Thiazolyl blue tetrazolium bromide (MTT) (Panreac
AppliChem, Germany) solution was added for incubation at 37 ◦C with 5% CO2 for 3 h.
Formazan crystals were dissolved with 100 µL of DMSO (Merck, Darmstadt, Germany).
The absorbances were detected with a microplate reader at 570 nm [19].

2.4. Wound-Healing Assay

HCT116 were seeded in 6-well plates and incubated at 37 ◦C with 5% CO2 until
100% confluent. The proliferation of the cancer cells was inhibited by pretreatment with
10 µg/mL of mitomycin C (Sigma-Aldrich, USA) for 2 h. A scratched wound was made
with a micro-pipette tip and washed to remove the detached cells with phosphate-buffered
saline (PBS). The cells were treated with various conditions and incubated at 37 ◦C with 5%
CO2. The migration areas were captured at 0, 24, 48, and 72 h after treatment. Then, the
migration areas were measured by the Image J program [20].

2.5. Boyden Chamber Assay

Transwells (8.0 µm pores size, Corning, Glendale, AZ, USA) were coated with 50 µL
of extracellular matrix (ECM) gel from Engelbreth-Holm-Swarm murine sarcoma (Sigma-
Aldrich, USA). HCT116 (1 × 105 cells/well) were seeded into coated Transwells and
incubated for 24 h. The cells were treated with various conditions, including a control
(non-treated cells), conditioned media, and 20 µM H2O2 as a positive control and incubated
at 37 ◦C with 5% CO2 for 72 h. The invaded cancer cells were fixed with methanol and
stained with Hematoxylin and Eosin staining (H&E). The result was analyzed by counting
the invaded cells under a light microscope for six fields of triplicate [21].

2.6. Indirect Immunofluorescence Assay

HCT116 (5 × 104 cells/well) were seeded on sterilized coverslips contained in six-well
plates, which were incubated at 37 ◦C with 5% CO2 for 24 h. The cancer cells were treated
with various conditions, including a control (non-treated cells), conditioned media, and
20 µM H2O2 as a positive control, and incubated at 37 ◦C with 5% CO2 for 48 h. The
treated cells were fixed with 4% paraformaldehyde and washed with PBS. The cells were
permeabilized with 0.25% Triton X-100 (Sigma-Aldrich, USA), and then primary antibody
(mouse anti-human E-cadherin (1:1000) and rabbit anti-human TrxR-1 (1:1000) (Abcam,
USA)) were added. The cells were incubated at 4 ◦C overnight, and they were then washed
with PBS in triplicate. The secondary antibody (goat anti-mouse Alexa488, goat anti-rabbit
Alexa488 (1:1000) (Abcam, USA)) was added and incubated for 90 min at room temperature.
The protein expression was captured under a fluorescence microscope [22].

2.7. Morphology Change

Morphology changes were determined with a round or polygonal shape instead of
the elongated shape of a target cell. HCT116 (5 × 104 cells/well) were seeded in six-well
plates and incubated at 37 ◦C with 5% CO2 for 48 h. The media were removed, and various
conditions were established, including the control (non-treated cells), conditioned media,
and 20 µM H2O2 as a positive control, and they were incubated at 37 ◦C and 5% CO2 for
48 h. The cells were captured under a light microscope at 400×. A total of 100 random cells
in each condition were analyzed with the ImageJ program for the area (A) and perimeter
(P); then, we calculated the shape factor (S) with the following equation: S = 4πA/P2. S = 1
represents a round shape, and S < 1 represents an elongated shape [23,24].
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2.8. DCFH-DA Assay

HCT116 (5 × 104 cells/well) were seeded in 96-well plates and incubated at 37 ◦C
with 5% CO2 for 24 h. The cells were treated with various conditions. Then, the cells
were incubated for 48 h. The media were removed, and 10 µM 2′,7′-Dichlorofluorescin
diacetate (DCFH-DA) was added and incubated at 37 ◦C with 5% CO2 for 1 h. The DCF
fluorescence intensity was immediately assessed for cellular oxidants at excitation/emission
wavelengths of 485/535 nm using a fluorescence microplate reader. A total of 20 µM H2O2
was used as a positive control [25].

2.9. Western Blotting

We put the treated cells’ extracted total protein on ice with RIPA buffer with mixed
protease inhibitors (1:10). Cell lysates were centrifuged at 1.2 × 104 g at 4 ◦C for 20 min.
The concentrations of the supernatants were detected with Bradford solution and calcu-
lated protein volume. The proteins were separated using 10% sodium dodecyl sulfate–
polyacrylamide gel (SDS-PAGE) and transferred to a polyvinyldifluoride (PVDF) mem-
brane. Next, the target proteins were detected with primary antibodies (mouse anti-human
E-cadherin, rabbit anti-human TrxR-1) with skimmed milk solution for 12 h at 4 ◦C. At
the end, membranes were washed for 10 min, 3 times with 1× Tris-buffered saline with
Tween-20 (TBST), and then were added to the secondary antibodies conjugated with HRP
(Abcam, Boston, MA, USA) and developed with Forte Western HRP substrate (Merck,
Germany). Finally, the target proteins were detected and calculated with the Chemidoc
imaging system. β-actin was used as a standard loading control [26]. Original blots see
Supplementary File S1.

2.10. Zebrafish Model

The procedures were performed according to the animal health care guidelines. All
procedures were approved by the Faculty of Science, Mahidol University Animal Care
and Use Committee SCMU-ACUC Review, and received the protocol number MUSC-
64-009-558. Zebrafish (Danio rerio) were supplied using a GAP-approved aquarium fish
farm. The zebrafish were kept at 27 ± 3 ◦C and a pH of 7.0 ± 1.0, with re-filtered water
circulation and a 14/10 h light/dark cycle. Zebrafish were fed two times daily with
fleck food supplemented with live brine shrimps (Artemia salina). All the zebrafish were
quarantined under health monitoring for 1 week before the experiment in a colony tank
(20 L) [27].

2.11. Xenograft Procedure

The zebrafish were exposed to 10 mg/L dexamethasone (Sigma-Aldrich, USA) for 48 h
before the xenograft, and remained exposed to dexamethasone throughout the experiment.
A total of 50% of the aquarium water was renewed using 10 mg/L dexamethasone every
48 h. The fish were anesthetized by immersion in 150 mg/L tricaine methanesulfonate
(MS-222) (Sigma-Aldrich, USA) for stage III-2 (surgical) anesthesia, which was confirmed
by a loss of equilibrium and response of tail-fin pinch; then, the fish were set in the correct
position on a wet agarose pad. The treated cancer cells were embedded in ECM gel, and
Engelbreth-Holm-Swarm murine sarcoma (Sigma-Aldrich, USA) was injected into the
intraperitoneal cavity using a stereoscope with 10,000 cells/20 µL/fish. The xenografted
zebrafish were left to recover in the freshwater tank (2 L) for 15 min, and individually
reared in the experiment tank (2 L) with an oxygen supply for 7 days [28].

2.12. Histology Examination and Immunohistochemistry

The zebrafish were sacrificed with an overdose of MS-222 (300 mg/L) on day 7. The
whole bodies of the fish were fixed in 4% paraformaldehyde and decalcified with 10% EDTA
at a pH of 7.4 for 1 week. The fish were tissue-processed, paraffin-embedded, and sectioned
(6–8 µm) with a longitudinal section. The sections were stained with H&E staining for
pathohistological observation. In addition, we detected TrxR-1 expression using rabbit
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anti-human TrxR-1 (1:100), captured with goat-anti rabbit-HRP (1:10,000); it developed a
brown color with DAB substrate and was counterstained with hematoxylin. The image
was captured under a light microscope, and we measured the size of the microtumor using
the ImageJ program [29].

2.13. Statistical Analysis

All the results are presented as the mean± standard deviation (mean± SD). Student’s
t-test and ANOVA were used to compare the significant differences between control and
treated cells. Statistical significance was considered at p ≤ 0.05 with the SPSS version 23
computer software.

3. Results
3.1. High Proliferation of Colon Fibroblast Secretes Pro-Inflammatory Cytokines

The first investigation showed an association between the high proliferation of colon
fibroblasts and pro-inflammatory cytokine secretion in the fibroblast-cultured media (FCM).
The pro-inflammatory cytokines in the media with a high proliferation of colon fibroblasts
were investigated. The FCM was collected from the 48 h cultured media of the highly
proliferative colon fibroblast. At that time, the confluence of the fibroblast was 95–100%
(Figure 1A). The media had a positive variety of cytokines, including growth-related
oncogene (GRO)-αβγ, GRO-α, Interleukin (IL)-6 and -8, and Monocyte chemoattractant
protein (MCP)-1, -2, and -3. In contrast, the complete media (CM, control) were not
detected (Figure 1B,C). These results suggested that the active colon fibroblast secretes the
pro-inflammatory cytokines in the fibroblast-cultured media.
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Figure 1. High proliferative colon fibroblast releases pro-inflammatory cytokine in FCM. (A) Colon
fibroblast (CCD-18co) cultured in Eagle-minimum essential media (EMEM) for approximately 80%
confluence. Then, the fibroblast was changed to Mccoy’5A media for 48 h culture. The fibroblast
represented approximately 95–100% confluence (magnification 100×). (B) Cytokine array was
performed to detect the cytokine content in FCM which incubated the active colon fibroblast for 48 h.
(C) The intensity of pro-inflammatory cytokine of CM and FCM. CM = complete media (control),
FCM = fibroblast-cultured media, ND = not detected.

3.2. Fibroblast-Cultured Media Induce HCT116 Progression

This study aimed to investigate the neighboring fibroblasts’ effects on the progres-
sion of colorectal cancer cells. The progression of colorectal cancer cells involved high
growth, migration, and invasion capacities in HCT116 cells, a highly aggressive cancer. The
MTT assay illustrated cell viability, which showed that FCM induced significant growth
(165.96 ± 11.15%) compared to normal conditions (CM) (Figure 2A,B). The wound-healing
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assay was performed for HCT116 cells that migrated. This result showed that the FCM-
treated cells significantly activated HCT116 migration each day (32.22 ± 8.18, 65.92 ± 6.14,
and 83.07 ± 7.34 percent of the wound area at 24, 48, and 72 h, respectively). The endpoint
(72 h) showed that the FCM-treated cells also significantly increased HCT116 migration
compared to the control (Figure 2C,D). The invasive capacity observation found that the
FCM-treated cells had a significantly higher number of invasive cells (449 ± 86 cells/field)
than the control (130 ± 63 cells/field) (Figure 2E,F). These results suggested that FCM can
induce the aggressive progression of HCT116 colorectal cancer cells.
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Figure 2. Effect of FCM on cancer progression. (A) The cancer cells stained with crystal violet
represent the cell occurrence (magnification 40×). (B) The bar graph represents HCT116 cell viability
by MTT assay with the comparison between complete media (CM), and fibroblast-cultured media
(FCM) treated cells. (C) Wound healing assay was performed. The cells captured the movement
every single day under the light microscope after being treated (magnification 40×). (D) Line graph
represents the percentages of migration areas in each condition. (E) Boyden-chamber assay was
performed to investigate the invasion (magnification 100×). (F) The graph represents the average
number of cell invasion in each field. * Represents the significance of differences between groups at
p ≤ 0.01, # represents the significance of differences between time at p ≤ 0.01.

3.3. Fibroblast-Cultured Media Induce the EMT Process in HCT116 Cells

The epithelial–mesenchymal transition (EMT) process is a crucial step of the cancer
cell in cancer progression, migration, invasion, and metastasis. This study aimed to
investigate epithelial markers and the morphological alteration of HCT116 cells after being
induced with FCM. Immunofluorescence found that FCM-treated cells showed a loss in the
localization of E-cadherin at the junction between cells. In addition, the protein expression
according to Western blot analysis also showed a significant reduction in E-cadherin in
FCM-treated cells (0.69 ± 0.12) compared with the control (1.00 ± 0.00) (Figure 3A–C). The
morphological alterations were also interpreted using shape factors whereby equal to one
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is a circular or polygonal shape cell, and less than one is an elongated cell, which refers to
a mesenchymal appearance. The calculation of the shape factor showed 0.94 ± 0.07 and
0.61 ± 0.23 for control and FCM-treated cells, respectively. FCM-induced HCT116 had an
intensely potent ability to alter the morphology from a polygonal shape to an elongated
shape (Figure 3D,E). Therefore, the FCM-treated cells showed decreased expression of the
epithelial marker, E-cadherin, and there was an increased appearance of mesenchymal cells
with elongated cells, indicating the EMT process.
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Figure 3. FCM activate EMT process in HCT116 cells. (A) Immunofluorescence assay represents a
loss of adherent molecule, E-cadherin when treated with FCM. Arrowhead points to the junction
between the cancer cells (magnification 400×). (B) Western blot analysis represents a decreasing
of E-cadherin expression in FCM-treated cell and (C) the graph illustrates a relative intensity of
E-cadherin protein band with β-actin. (D) Cancer cells were treated with FCM for 48 h to investigate
the morphology changed under microscope (magnification 400×). (E) Morphology appearance
was analyzed by shape factor equation. The analyzed data are illustrated with box plot (n = 100).
* Represents p ≤ 0.05 and ** represents p ≤ 0.01 compared between groups. CM = complete media
(control), FCM = fibroblast-cultured media, E-cad = E-cadherin.

3.4. Fibroblast-Cultured Media Increase HCT116 Oxidative Stress Related to Thioredoxin Reductase-1

Oxidative stress is a major factor inducing cancer progression. This study aimed
to investigate the roles of highly proliferative fibroblasts in total oxidative stress, and
the expression of the oxidative stress-sensitive molecule, TrxR-1, in HCT116 colorectal
cancer cells. The cellular oxidative stress of HCT116 cells was detected with a DCFH-DA
assay. The results showed that FCM-treated cells had a higher cellular oxidative stress
(2.54 ± 0.24) than a normal condition (CM, 1.00 ± 0.00) (Figure 4A). In addition, Western
blot analysis was performed to investigate the protein level of TrxR-1. The results showed
that the relatives of TrxR-1 are 1.00 ± 0.00 and 1.37 ± 0.15 for control and FCM-treated
cells, respectively (Figure 4B,C). These results show that FCM induced TrxR-1 in the high-
oxidative-stress condition in HCT116 colorectal cancer cells.
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Figure 4. FCM induces cellular oxidant associated with TrxR-1 and cancer progression. (A) The rela-
tive proportion of cellular oxidant with the treated cell and control. (B) TrxR-1 was increased in FCM
treated HCT116 that detected with Western blot. β-actin was used as loading control. (C) Relative in-
tensity of protein band with β-actin and CM (control). The bar graph is represented with mean ± SD.
* represents p ≤ 0.05 and ** represents p ≤ 0.01 compared between group. CM = complete media
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3.5. TrxR-1 Relates to Mesenchymal Morphology in Fibroblast-Induced HCT116 Cells

This study focused on the correlations between TrxR-1 expression and cancer cell
morphology. The experiment was performed with an immunofluorescent technique to
detect the intensity of TrxR-1 expression. The correlation was determined and represented
with a dot plot of TrxR-1′s intensity and shape factor. The dot plot illustrated that most
control cells showed a round shape and low intensity of TrxR-1; in contrast, the FCM-
treated cells showed a high intensity of TrxR-1 in the mesenchymal shape (Figure 5).
This result shows that the high expression of TrxR-1 was associated with FCM-induced
mesenchymal alteration.
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Figure 5. TrxR-1 relates to mesenchymal morphology in fibroblast induced HCT116 cells. (A) TrxR-1
expression was detected with immunofluorescence (magnification 400×). The intensity and mor-
phology of HCT116 cells were analyzed with image J software. (B) The data represented with dot
plot of shape factor and the intensity of TrxR-1 expression (n = 100). (C) Bar graphs represent the
proportion of cell number in each quadrant (UL = upper-left, UR = upper-right, LL = lower-left and
LR = lower-right). CM = complete media (control), FCM = fibroblast-cultured media, and 20 µM
H2O2 as positive stress condition.
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3.6. TrxR-1 Indicates HCT116 Dissemination in the Adult Zebrafish Model

This study aimed to investigate the behavior of colorectal cancer cell transplantation
in the adult zebrafish model, and its association with TrxR-1 expression. All zebrafish were
treated with dexamethasone 48 h before xenotransplantation, and exposure was continued
throughout the experiment (7 days). All of the zebrafish survived until the final day. Cancer
localization was observed with histological examination. The results showed that FCM
induced HCT116 cell scattering in the intraperitoneal cavity and surrounding tissue with
high numbers of leukocytes, whereas non-induced cancer cells were still packed inside
the ECM gel, with little leukocyte infiltration (Table 1, Figure 6A). The tissues were also
investigated for TrxR-1 expression with the immunohistochemistry technique. The result
showed that TrxR-1 showed positive results only in the individual cells, in both control
and FCM-induced groups. However, the packed tumor showed negative TrxR-1 results
(Figure 6B). This shows that FCM-induced cancer dissemination was associated with a
TrxR-1-positive status.

Table 1. Histological analysis of microtumor and inflammatory cell response.

Number of Microtumor/HPF
(n = 6)

Microtumor Size
(µm2)

Number of
Lymphocyte/HPF

CM 4.33 ± 1.51
(3–7)

2870.35 ± 1197.59
(426.66–9887.63)

20.83 ± 12.38
(4–40)

FCM 25.00 ± 13.18 *
(14–47)

198.71 ± 100.83 *
(30.31–1223.06)

169.00 ± 56.16 *
(73–211)

Values are mean ± SD (range). * represents p ≤ 0.01 compared between group (n = 6). HPF = high-power field,
CM = complete media (control), FCM = fibroblast-cultured media.
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GB = gas bladder, CM = complete media (control), and FCM = fibroblast-cultured media. (B) Im-
munohistochemical analysis represents the positive TrxR-1 (brown color) in the spreading cells
(Magnification 400×). CM = complete media (control), and FCM = fibroblast-cultured media.
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4. Discussion

The tumor microenvironment, especially that of fibroblasts, has been reported as
supportive of cancer cell aggressiveness. The highly proliferative fibroblast was recognized
as appearing with typically generated pro-inflammatory cytokines that generally regulate
the inflammatory response and tissue-repairing process, and act in an autocrine fashion
to activate self-proliferation [30–32]. The secretory molecules in the FCM were detected,
including GRO-αβγ, GRO-α, interleukin (IL)-6, IL-8, and MCP-1, -2, and -3. Interestingly,
the detected secretory molecules were associated with cancer progression, especially mas-
sive growth, motility, invasive ability, and the EMT process, which support the result of
this study. FCM, which contained the pro-inflammatory cytokines, also induced cellular
oxidative stress in HCT116 cells. In previous studies, it was found that oxidative stress was
associated with cytoskeleton alteration, cell–cell detachment, and the transcription of matrix
metalloproteinases (MMPs) that are involved in cancer cell migration and invasion. [33–35].
Moreover, the oxidative stress condition also activated EMT, which is a significant pro-
cess in metastatic cancer, by the downregulating the epithelial marker, E-cadherin, which
is related to upregulating mesenchymal markers such as a morphological change to an
elongated shape characteristic of mesenchymal cells [34,36,37]. In addition, FCM-treated
cells showed a significant increase in cellular oxidants related to an aggressive appearance.
Thus, the pro-inflammatory cytokines of the highly proliferative colon fibroblast in FCM
might be essential in increasing cellular oxidative stress associated with HCT116 colorectal
cancer cell progression.

Besides the direct effect of fibroblasts on cancer cell alteration, cooperation with
leukocytes might support cancer dissemination. Our histological examination illustrated
that FCM-treated cells had many scattered microtumors with massive leukocyte infiltration.
In contrast, the control group showed an embedded tumor and lower cellular response.
Previous studies have suggested that cancer metastasis involves cytokines, chemokines,
and growth factor secretions [38,39]. Interestingly, the FCM group featured the aggressive
progressions of cancer cells with fibroblast-secretory cytokines, including

GROs; IL-6; IL-8; and MCP-1, -2, and -3. These cytokines also play an essential role in
promoting the inflammatory cell response that supports the massive lymphocyte infiltration
associated with cancer cell spreading [30–32]. In this study, the tumor microenvironment
cells, especially fibroblasts and leukocytes, may significantly promote cancer dissemination
in the zebrafish models.

TrxR-1 is a cytoplasmic enzyme that responds to oxidative stress by reacting with
thioredoxin (Trx) and NADPH to balance the cellular oxidants [14,40]. Thus, increased
levels of Trx and TrxR-1 are recognized as oxidative stress markers [16,41]. A previous study
suggested that TrxR-1 can promote Murine CT26 colon cancer cell growth [42]. In addition,
the overexpression of TrxR-1 has been detected in CRC tissue and CRC cell lines [43].
However, the role of TrxR-1 as an aggressive CRC indicator has not been investigated.
Thus, our study aimed to investigate TrxR-1, which might be a biomarker of aggressive
CRC progression. FCM was examined to induce the aggressiveness of CRC. FCM-treated
cells also increased oxidative stress, and were used to observe the stress marker. Then,
TrxR-1 was detected, and it showed overexpression compared to untreated cells. Next, the
correlation between TrxR-1 expression and cancer morphology was observed. The results
indicated that most of the FCM-treated cells had a high association with the mesenchymal
appearance, and were also strongly related to the intensity of TrxR-1. The combination of the
morphological change and the overexpression of TrxR-1 might predict CRC progressions in
an in vitro model. Moreover, the immunohistochemical examination in the zebrafish model
indicated that TrxR-1 was positively associated with individual cancer cells that are highly
spreadable. Thus, this study suggests that TrxR-1 has potential use as a novel biomarker
for fibroblast-associated aggressive CRC progression in HCT116 cell and zebrafish models.
However, this present study only involves work on the cell line and a transplant model.
Therefore, further studies must investigate various colorectal cancer states using patient
biopsies for precise prediction and clinical application.
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5. Conclusions

In conclusion, the high proliferation of fibroblast-associated pro-inflammatory cy-
tokine secretions is linked to an increased ability to induce cellular oxidative stress and
CRC progression through the EMT process. FCM also caused cancer dissemination in
the zebrafish model. Furthermore, TrxR-1 expression was associated with FCM-inducing
cancer progression in the HCT116 cancer cell, and cancer transplantation in the zebrafish
model. Thus, TrxR-1 is a potential biomarker to indicate fibroblast-associated colorectal
cancer progression. Therefore, TrxR-1 has been suggested as a biomarker candidate for
colorectal cancer progression and prognostic evaluation in clinical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers15010056/s1, File S1: Original blots.

Author Contributions: Conceptualization, T.M. and P.S.; methodology, T.M. and P.S.; software, T.M.;
validation, T.M. and P.S.; formal analysis T.M., P.C., A.H. and R.T.; investigation, T.M., P.C., A.H.
and R.T.; resources, T.M., P.C. and P.S.; data curation, n/a; writing—original draft preparation, T.M.,
P.C., A.H. and R.T.; writing—review and editing, T.M. and P.S.; visualization, T.M.; supervision, P.S.;
project administration, P.S.; funding acquisition, T.M. and P.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by a Science Achievement Scholarship of Thailand (SAST) and
Faculty of Science, Mahidol University, Thailand.

Institutional Review Board Statement: The animal study protocol was approved by the Faculty of
Science, Mahidol University Animal Care and Use Committee SCMU-ACUC Review and received
the protocol number MUSC-64-009-558.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: This study was financially supported by a Science Achievement Scholarship of
Thailand (SAST) and Faculty of Science, Mahidol University. We are grateful to the Department of
Pathobiology, Faculty of Science, Mahidol University for providing laboratory space and facilities for
this work.

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

References
1. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA Cancer J. Clin. 2022, 72, 7–33. [CrossRef]
2. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
3. Fares, J.; Fares, M.Y.; Khachfe, H.H.; Salhab, H.A.; Fares, Y. Molecular principles of metastasis: A hallmark of cancer revisited.

Signal Transduct. Target Ther. 2020, 5, 28. [CrossRef]
4. Welch, D.R.; Hurst, D.R. Defining the Hallmarks of Metastasis. Cancer Res. 2019, 79, 3011–3027. [CrossRef] [PubMed]
5. Za’abi, M.A.; Ali, B.H.; ALOthman, Z.A.; Ali, I. Analyses of acute kidney injury biomarkers by ultra-high performance liquid

chromatography with mass spectrometry. J. Sep. Sci. 2016, 39, 69–82. [CrossRef] [PubMed]
6. Lakatos, P.L.; Lakatos, L. Risk for colorectal cancer in ulcerative colitis: Changes, causes and management strategies. World J.

Gastroenterol. 2008, 14, 3937–3947. [CrossRef]
7. Gordon, I.O.; Agrawal, N.; Willis, E.; Goldblum, J.R.; Lopez, R.; Allende, D.; Liu, X.; Patil, D.Y.; Yerian, L.; El-Khider, F.; et al.

Fibrosis in ulcerative colitis is directly linked to severity and chronicity of mucosal inflammation. Aliment Pharmacol Ther 2018, 47,
922–939. [CrossRef]

8. Chandler, C.; Liu, T.; Buckanovich, R.; Coffman, L.G. The double edge sword of fibrosis in cancer. Transl. Res. 2019, 209, 55–67.
[CrossRef]

9. Piersma, B.; Hayward, M.K.; Weaver, V.M. Fibrosis and cancer: A strained relationship. Biochim. Biophys. Acta Rev. Cancer 2020,
1873, 188356. [CrossRef]

10. Cruz-Bermúdez, A.; Laza-Briviesca, R.; Vicente-Blanco, R.J.; García-Grande, A.; Coronado, M.J.; Laine-Menéndez, S.; Alfaro, C.;
Sanchez, J.C.; Franco, F.; Calvo, V.; et al. Cancer-associated fibroblasts modify lung cancer metabolism involving ROS and TGF-β
signaling. Free Radic. Biol. Med. 2019, 130, 163–173. [CrossRef]

https://www.mdpi.com/article/10.3390/cancers15010056/s1
https://www.mdpi.com/article/10.3390/cancers15010056/s1
http://doi.org/10.3322/caac.21708
http://doi.org/10.3322/caac.21660
http://doi.org/10.1038/s41392-020-0134-x
http://doi.org/10.1158/0008-5472.CAN-19-0458
http://www.ncbi.nlm.nih.gov/pubmed/31053634
http://doi.org/10.1002/jssc.201500982
http://www.ncbi.nlm.nih.gov/pubmed/26420427
http://doi.org/10.3748/wjg.14.3937
http://doi.org/10.1111/apt.14526
http://doi.org/10.1016/j.trsl.2019.02.006
http://doi.org/10.1016/j.bbcan.2020.188356
http://doi.org/10.1016/j.freeradbiomed.2018.10.450


Cancers 2023, 15, 56 12 of 13

11. Martinez-Outschoorn, U.E.; Balliet, R.M.; Rivadeneira, D.B.; Chiavarina, B.; Pavlides, S.; Wang, C.; Whitaker-Menezes, D.;
Daumer, K.M.; Lin, Z.; Witkiewicz, A.K.; et al. Oxidative stress in cancer associated fibroblasts drives tumor-stroma co-evolution:
A new paradigm for understanding tumor metabolism, the field effect and genomic instability in cancer cells. Cell Cycle 2010, 9,
3256–3276. [CrossRef] [PubMed]

12. Liou, G.-Y.; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44, 479–496. [CrossRef] [PubMed]
13. Arnér, E.S.; Holmgren, A. Physiological functions of thioredoxin and thioredoxin reductase. Eur. J. Biochem. 2000, 267, 6102–6109.

[CrossRef]
14. Holmgren, A. Thioredoxin. Annu. Rev. Biochem. 1985, 54, 237–271. [CrossRef]
15. Arnér, E.S.; Holmgren, A. The thioredoxin system in cancer. Semin. Cancer Biol. 2006, 16, 420–426. [CrossRef] [PubMed]
16. Raffel, J.; Bhattacharyya, A.K.; Gallegos, A.; Cui, H.; Einspahr, J.G.; Alberts, D.S.; Powis, G. Increased expression of thioredoxin-1

in human colorectal cancer is associated with decreased patient survival. J. Lab. Clin. Med. 2003, 142, 46–51. [CrossRef]
17. Yoo, M.-H.; Xu, X.-M.; Carlson, B.A.; Patterson, A.D.; Gladyshev, V.N.; Hatfield, D.L. Targeting Thioredoxin Reductase 1 Reduction

in Cancer Cells Inhibits Self-Sufficient Growth and DNA Replication. PLoS ONE 2007, 2, e1112. [CrossRef]
18. Zhuge, W.; Chen, R.; Vladimir, K.; Dong, X.; Zia, K.; Sun, X.; Dai, X.; Bao, M.; Shen, X.; Liang, G. Costunolide specifically binds

and inhibits thioredoxin reductase 1 to induce apoptosis in colon cancer. Cancer Lett. 2018, 412, 46–58. [CrossRef]
19. Kumar, P.; Nagarajan, A.; Uchil, P.D. Analysis of Cell Viability by the MTT Assay. Cold Spring Harb. Protoc. 2018, 6, pdb.prot095505.

[CrossRef]
20. Rodriguez, L.G.; Wu, X.; Guan, J.L. Wound-healing assay. Methods Mol. Biol. 2005, 294, 23–29.
21. Guy, J.B.; Espenel, S.; Vallard, A.; Battiston-Montagne, P.; Wozny, A.S.; Ardail, D.; Alphonse, G.; Rancoule, C.; Rodriguez-Lafrasse,

C.; Magne, N. Evaluation of the Cell Invasion and Migration Process: A Comparison of the Video Microscope-based Scratch
Wound Assay and the Boyden Chamber Assay. J. Vis. Exp. 2017, 129, e56337. [CrossRef] [PubMed]

22. Kasioumi, P.; Vrazeli, P.; Vezyraki, P.; Zerikiotis, S.; Katsouras, C.; Damalas, A.; Angelidis, C. Hsp70 (HSP70A1A) downregulation
enhances the metastatic ability of cancer cells. Int. J. Oncol. 2018, 54, 821–832. [CrossRef] [PubMed]

23. Pincus, Z.; Theriot, J.A. Comparison of quantitative methods for cell-shape analysis. J. Microsc. 2007, 227, 140–156. [CrossRef]
[PubMed]

24. Analysis of Cell Morphology. Available online: https://vlab.amrita.edu/?sub=3&brch=278&sim=1465&cnt=6 (accessed on
6 April 2021).

25. Aranda, A.; Sequedo, L.; Tolosa, L.; Quintas, G.; Burello, E.; Castell, J.V.; Gombau, L. Dichloro-dihydro-fluorescein diacetate
(DCFH-DA) assay: A quantitative method for oxidative stress assessment of nanoparticle-treated cells. Toxicol. In Vitro 2013, 27,
954–963. [CrossRef]

26. Lee, C. Western blotting. Methods Mol. Biol. 2007, 362, 391–399.
27. Aleström, P.; D’Angelo, L.; Midtlyng, P.J.; Schorderet, D.F.; Schulte-Merker, S.; Sohm, F.; Warner, S. Zebrafish: Housing and

husbandry recommendations. Lab Anim. 2020, 54, 213–224. [CrossRef]
28. Mendonça-Gomes, J.M.; Valverde, T.M.; Martins, T.M.d.M.; Charlie-Silva, I.; Padovani, B.N.; Fénero, C.M.; da Silva, E.M.;

Domingues, R.Z.; Melo-Hoyos, D.C.; Corrêa-Junior, J.D.; et al. Long-term dexamethasone treatment increases the engraftment
efficiency of human breast cancer cells in adult zebrafish. Fish Shellfish. Immunol. Rep. 2021, 2, 100007. [CrossRef]

29. Fan, R.-Y.; Wu, J.-Q.; Liu, Y.-Y.; Liu, X.-Y.; Qian, S.-T.; Li, C.-Y.; Wei, P.; Song, Z.; He, M.-F. Zebrafish xenograft model for studying
mechanism and treatment of non-small cell lung cancer brain metastasis. J. Exp. Clin. Cancer Res. 2021, 40, 371. [CrossRef]

30. Bickel, M. The role of interleukin-8 in inflammation and mechanisms of regulation. J. Periodontol. 1993, 64 (Suppl. S5), 456–460.
31. Wu, C.-L.; Yin, R.; Wang, S.-N.; Ying, R. A Review of CXCL1 in Cardiac Fibrosis. Front. Cardiovasc. Med. 2021, 8. [CrossRef]
32. Wu, X.; Tao, P.; Zhou, Q.; Li, J.; Yu, Z.; Wang, X.; Li, J.; Li, C.; Yan, M.; Zhu, Z.; et al. IL-6 secreted by cancer-associated fibroblasts

promotes epithelial-mesenchymal transition and metastasis of gastric cancer via JAK2/STAT3 signaling pathway. Oncotarget
2017, 8, 20741–20750. [CrossRef] [PubMed]

33. Cao, L.; Liu, J.; Zhang, L.; Xiao, X.; Li, W. Curcumin inhibits H2O2-induced invasion and migration of human pancreatic cancer
via suppression of the ERK/NF-κB pathway. Oncol. Rep. 2016, 36, 2245–2251. [CrossRef] [PubMed]

34. Kang, H.; Sun, Y.; Hu, X.; Liu, L. Gigantol inhibits proliferation and enhanced oxidative stress-mediated apoptosis through
modulating of Wnt/β-catenin signaling pathway in HeLa cells. J. Biochem. Mol. Toxicol. 2022, 36, e22944. [CrossRef] [PubMed]

35. Murthy, S.; Ryan, A.; He, C.; Mallampalli, R.K.; Carter, A.B. Rac1-mediated mitochondrial H2O2 generation regulates MMP-9
gene expression in macrophages via inhibition of SP-1 and AP-1. J. Biol. Chem. 2010, 285, 25062–25073. [CrossRef] [PubMed]

36. Chavda, V.; Chaurasia, B.; Garg, K.; Deora, H.; Umana, G.E.; Palmisciano, P.; Scalia, G.; Lu, B. Molecular mechanisms of oxidative
stress in stroke and cancer. Brain Disord. 2022, 5, 100029. [CrossRef]

37. Mohamed, H.T.; El-Ghonaimy, E.A.; El-Shinawi, M.; Hosney, M.; Götte, M.; Woodward, W.A.; El-Mamlouk, T.; Mohamed, M.M.
IL-8 and MCP-1/CCL2 regulate proteolytic activity in triple negative inflammatory breast cancer a mechanism that might be
modulated by Src and Erk1/2. Toxicol. Appl. Pharmacol. 2020, 401, 115092. [CrossRef]

38. Blomberg, O.S.; Spagnuolo, L.; de Visser, K.E. Immune regulation of metastasis: Mechanistic insights and therapeutic opportuni-
ties. Dis. Model Mech. 2018, 11, dmm036236. [CrossRef]

39. Wu, Y.; Zhou, B.P. Inflammation: A driving force speeds cancer metastasis. Cell Cycle 2009, 8, 3267–3273. [CrossRef]
40. Powis, G.; Mustacich, D.; Coon, A. The role of the redox protein thioredoxin in cell growth and cancer. Free Radic. Biol. Med. 2000,

29, 312–322. [CrossRef]

http://doi.org/10.4161/cc.9.16.12553
http://www.ncbi.nlm.nih.gov/pubmed/20814239
http://doi.org/10.3109/10715761003667554
http://www.ncbi.nlm.nih.gov/pubmed/20370557
http://doi.org/10.1046/j.1432-1327.2000.01701.x
http://doi.org/10.1146/annurev.bi.54.070185.001321
http://doi.org/10.1016/j.semcancer.2006.10.009
http://www.ncbi.nlm.nih.gov/pubmed/17092741
http://doi.org/10.1016/S0022-2143(03)00068-4
http://doi.org/10.1371/journal.pone.0001112
http://doi.org/10.1016/j.canlet.2017.10.006
http://doi.org/10.1101/pdb.prot095505
http://doi.org/10.3791/56337
http://www.ncbi.nlm.nih.gov/pubmed/29286429
http://doi.org/10.3892/ijo.2018.4666
http://www.ncbi.nlm.nih.gov/pubmed/30569142
http://doi.org/10.1111/j.1365-2818.2007.01799.x
http://www.ncbi.nlm.nih.gov/pubmed/17845709
https://vlab.amrita.edu/?sub=3&brch=278&sim=1465&cnt=6
http://doi.org/10.1016/j.tiv.2013.01.016
http://doi.org/10.1177/0023677219869037
http://doi.org/10.1016/j.fsirep.2021.100007
http://doi.org/10.1186/s13046-021-02173-5
http://doi.org/10.3389/fcvm.2021.674498
http://doi.org/10.18632/oncotarget.15119
http://www.ncbi.nlm.nih.gov/pubmed/28186964
http://doi.org/10.3892/or.2016.5044
http://www.ncbi.nlm.nih.gov/pubmed/27572503
http://doi.org/10.1002/jbt.22944
http://www.ncbi.nlm.nih.gov/pubmed/34729850
http://doi.org/10.1074/jbc.M109.099655
http://www.ncbi.nlm.nih.gov/pubmed/20529870
http://doi.org/10.1016/j.dscb.2021.100029
http://doi.org/10.1016/j.taap.2020.115092
http://doi.org/10.1242/dmm.036236
http://doi.org/10.4161/cc.8.20.9699
http://doi.org/10.1016/S0891-5849(00)00313-0


Cancers 2023, 15, 56 13 of 13

41. Yoon, Y.-S.; Lee, J.-H.; Hwang, S.-C.; Choi, K.S.; Yoon, G. TGF β1 induces prolonged mitochondrial ROS generation through
decreased complex IV activity with senescent arrest in Mv1Lu cells. Oncogene 2005, 24, 1895–1903. [CrossRef]

42. Tsuji, P.A.; Carlson, B.A.; Yoo, M.-H.; Naranjo-Suarez, S.; Xu, X.-M.; He, Y.; Asaki, E.; Seifried, H.E.; Reinhold, W.C.; Davis, C.D.;
et al. The 15kDa Selenoprotein and Thioredoxin Reductase 1 Promote Colon Cancer by Different Pathways. PLoS ONE 2015,
10, e0124487. [CrossRef] [PubMed]

43. Lechner, S.; Müller-Ladner, U.; Neumann, E.; Spöttl, T.; Schlottmann, K.; Rüschoff, J.; Schölmerich, J.; Kullmann, F. Thioredoxin
Reductase 1 Expression in Colon Cancer: Discrepancy between In Vitro and In Vivo Findings. Lab. Investig. 2003, 83, 1321–1331.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/sj.onc.1208262
http://doi.org/10.1371/journal.pone.0124487
http://www.ncbi.nlm.nih.gov/pubmed/25886253
http://doi.org/10.1097/01.LAB.0000085189.47968.F8
http://www.ncbi.nlm.nih.gov/pubmed/13679440

	Introduction 
	Materials and Methods 
	Cell Culture and Fibroblast-Cultured Medium Preparation 
	Cytokine Array 
	Cell Viability by MTT Assay 
	Wound-Healing Assay 
	Boyden Chamber Assay 
	Indirect Immunofluorescence Assay 
	Morphology Change 
	DCFH-DA Assay 
	Western Blotting 
	Zebrafish Model 
	Xenograft Procedure 
	Histology Examination and Immunohistochemistry 
	Statistical Analysis 

	Results 
	High Proliferation of Colon Fibroblast Secretes Pro-Inflammatory Cytokines 
	Fibroblast-Cultured Media Induce HCT116 Progression 
	Fibroblast-Cultured Media Induce the EMT Process in HCT116 Cells 
	Fibroblast-Cultured Media Increase HCT116 Oxidative Stress Related to Thioredoxin Reductase-1 
	TrxR-1 Relates to Mesenchymal Morphology in Fibroblast-Induced HCT116 Cells 
	TrxR-1 Indicates HCT116 Dissemination in the Adult Zebrafish Model 

	Discussion 
	Conclusions 
	References

