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Abstract: Colorectal cancer (CRC) stands as a major cause of cancer-related mortality globally,
accounting for approximately 881,000 deaths each year. Traditional approaches such as chemotherapy
and surgery have been the primary treatment modalities, yet the outcomes for patients with metastatic
CRC are often unsatisfactory. Recent research has focused on targeting the pathways involved in
oxidative stress, inflammation, and metastasis to enhance the survival of CRC patients. Within this
context, sulforaphane (SFN), a notable phytochemical found predominantly in cruciferous vegetables,
has been recognized as a potential anticancer agent. However, the specific mechanisms through
which SFN may exert its chemopreventive effects in CRC remain unclear. This study explores the
impact of SFN on IL-1β-induced IL-6 activation and MAPK and AP-1 signaling in HT-29 cells. Our
findings reveal that SFN treatment not only diminishes IL-1β-stimulated IL-6 expression but also
reduces oxidative stress by curtailing reactive oxygen species (ROS) production. Furthermore, it
hinders the proliferation and invasiveness of HT-29 cells through the modulation of MAPK/AP-
1 and STAT3 signaling pathways. These results indicate that SFN mitigates IL-1β-induced IL-6
expression in CRC cells by attenuating ROS production and disrupting MAPK/AP-1 signaling. This
suggests that SFN holds significant potential as a chemotherapeutic agent for both treating and
preventing CRC.
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1. Introduction

Cancer is characterized by a multi-stage aberrant signaling pathway resulting from
the uncontrolled proliferation of transformed cells. Colorectal cancer (CRC; colon and/or
rectal) ranks as the third most commonly diagnosed and the second most deadly cancer
globally [1]. By 2035, the mortality rates due to colon and rectal cancer are projected to
increase by 71.5% and 60%, respectively [2]. CRC arises from the aberrant proliferation of
glandular epithelial cells in the colon and can be hereditary, sporadic, or linked to colitis [3].
The development of CRC involves both genetic and environmental factors [4]. Furthermore,
individuals with ulcerative colitis and Crohn’s disease face a heightened risk of CRC with
advancing age [5]. Several studies have demonstrated that diet [6,7], lifestyle [8,9], family
history [10,11], and chronic inflammation [12,13] are risk factors for developing CRC.

Chronic inflammation plays a role in the development of various cancers, including
CRC [14]. Notably, inflammatory mediators are present in all tumors, even those not
arising from chronic inflammation [15]. The tumor’s inflamed microenvironment, often
considered the seventh hallmark of cancer, promotes tumor progression [16]. Interleukin
(IL)-1β, secreted by stromal, immune, and tumor cells, is a critical mediator of cancer-
related inflammation [17]. Elevated levels of IL-1β have been observed in various cancers,
including colon cancer, one of the most fatal [18–20]. Recent studies indicate that the
interaction between immune cells and colon cancer cells leads to the increased secretion
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of IL-1β by immune cells, correlating with enhanced CRC invasion and growth [21–23].
However, the precise role of IL-1β in cancer initiation remains insufficiently explored.

The induction of IL-1β can lead to the release of several proinflammatory cytokines,
which significantly influence tumor development. Among these, IL-6 plays a central role
in human cancer progression [24]. Notably, IL-6 expression is associated with a poor
prognosis in various types of cancer, including sporadic and colitis-associated cancers [25].
IL-6 activates multiple signaling pathways, such as the IL-6/STAT3 pathway [26] and
mediates the generation of reactive oxygen species (ROS). These ROS activate IL-6/STAT3
signaling [27]. Additionally, IL-6 can activate the mitogen-activated protein kinase (MAPK),
phosphoinositide 3-kinase (PI3K), and activator protein-1 (AP-1) pathways [28,29], which
contribute to the proliferation and survival of cancer cells. Recent years have seen the de-
velopment of several therapeutics targeting the IL-6/STAT3 pathway, offering a promising
strategy for treating CRC. In this study, we elucidate the molecular mechanisms of IL-6
signaling in CRC, aiming to identify novel therapeutic approaches.

Therapeutic interventions for advanced or metastatic CRC have seen significant ad-
vancements recently. This has led to the emergence of novel drugs that primarily target
oxidative stress-induced inflammatory responses. These drugs aim to counteract aberrant
cancer signaling, growth, and proliferation, providing oncologists with advanced options
for combating late-stage CRC. Numerous studies have explored the antitumor properties
of natural product extracts in various cancers, focusing on mechanisms like proliferation,
immune modulation, autophagy, and apoptosis. Sulforaphane (SFN), belonging to the
isothiocyanate (ITC) group and an organosulfur compound is predominantly found in
cruciferous vegetables. Research has shown that SFN possesses a wide range of activi-
ties, exhibiting potential as an antioxidant [30], antitumor [31], antiangiogenic [32], and
anti-inflammatory [33] compound. SFN has been shown to inhibit the proliferation and
promote apoptosis in CRC cells through various mechanisms. However, the effects of SFN
on ROS-mediated MAPK/AP-1 expression in CRC are not yet fully understood.

2. Materials and Methods
2.1. Bioinformatics Analysis

We employed the Gene Expression Profiling Interactive Analysis (GEPIA) database to
assess IL-1β expression in CRC samples using the GEPIA2 public database (http://gepia2
.cancer-pku.cn/ (accessed on 2 February 2024)), which includes data from
275 tumors and 349 normal samples. GEPIA, an online tool providing data concern-
ing gene expression, tumor stage/grade, and survival is widely adopted to compare the
gene expression between tumor and normal tissues, based on the Cancer Genome Atlas
(TCGA) and the Genotype-Tissue Expression (GTEx). To investigate the correlation and
network interactions between IL-1β and the genes IL-6, MAPK1, STAT3, and AP-1, we
utilized TIMER2.0 (http://timer.cistrome.org/ (accessed on 2 February 2024)).

2.2. Cell Culture

We acquired sulforaphane (≥95% HPLC), N-acetylcysteine (NAC), dimethyl sulfoxide
(DMSO), and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide from Sigma-
Aldrich Co. (St. Louis, MO, USA). IL-1β, sourced from R&D Systems (Minneapolis, MN,
USA) was collected at various intervals during the experiment. Inhibitors PD, SP, and
SB203580 were obtained from Calbiochem (San Diego, CA, USA), while Stattic (a Stat3
inhibitor) came from Sigma-Aldrich (USA). HT-29 human colon cancer cells, provided by
the American Type Culture Collection (Rockville, MD, USA) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin at 37 ◦C in a CO2 atmosphere. The chemicals were dissolved in DMSO and
added to the culture media as stock solutions. We established a control group treated only
with DMSO, ensuring the final DMSO concentration was below 0.1%.

http://gepia2.cancer-pku.cn/
http://gepia2.cancer-pku.cn/
http://timer.cistrome.org/
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2.3. Western Blot Analysis

For protein extraction from HT-29 cells (5 × 105/mL) cultured in a 60 × 15 mm cell
culture dish (SPL Life Sciences, Gyeonggi-do, Republic of Korea), we used the Pro-PREPTM
protein extraction solution (150 µL/plate) (iNtRON Biotechnology, Gyeonggi-do, Republic
of Korea). Materials like the polyvinylidene fluoride membrane and Western chemilumi-
nescent HRP substrate were procured from Millipore Corporation (Billerica, MA, USA).
We separated 30 µg of total protein using 10% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and transferred it to polyvinylidene fluoride membranes. The membranes
were blocked for 1 h with 0.1% Tween-20 in TBST containing 5% skim milk, followed by
overnight incubation with primary antibodies (1:1000) in TBST at 4 ◦C. After four TBST
washes of 10 min each, we employed horseradish peroxidase-conjugated secondary anti-
body (1:5000) for the detection of immunoreactive proteins via chemiluminescence. We
utilized various antibodies from Cell Signaling Technology (Danvers, MA, USA) and Santa
Cruz Biotechnology (Santa Cruz, TX, USA) for the Western blot experiments, including
anti-phospho-Erk1/2 (Cell Signaling, #92552), anti-phospho-c-Fos (Santa Cruz, sc-81485),
anti-c-Fos (Santa Cruz, sc-7202), anti-phospho-c-Jun (Cell Signaling, #3270S), anti-c-Jun
(Santa Cruz, sc-44), anti-p44/42 MAPK (ERK1/2) (Cell Signaling, #9102S), anti-phospho-
p38 (Cell Signaling, #9211L), anti-p38 (Cell Signaling, 9212S), anti-phospho-JNK (Cell
Signaling, #4668), anti-JNK (Cell Signaling, #9255L), anti-phospho-STAT-3 (Cell Signaling,
#9145S), anti-STAT-3 (Cell Signaling, #4904S), and anti-β-actin (Cell Signaling, 5125S) mon-
oclonal antibodies. To evaluate total protein levels, the blotted membranes were washed
for 30 min at 56 ◦C in RestoreTM Western Blot Stripping buffer (Thermo Fisher Scientific,
Meridian Rd., Rockford, IL, USA).

2.4. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from HT-29 cells (5 × 105/mL) cultured in 6 well plates
(SPL Life Sciences) using TRIzol reagent 400 µL per well (Invitrogen, Waltham, MA, USA)
according to the manufacturer’s instructions. We then used 1 µg of this total RNA for
the synthesis of first-strand complementary DNA, utilizing random primers (Promega,
Madison, WI, USA) and M-MLV transcriptase (Promega). For amplifying the comple-
mentary DNA, we employed a PCR master mix solution (iNtRON, Republic of Korea)
with primer sets specific for β-actin and IL-6. The primers used were: β-actin forward
(accession number: NM_001101.5, NCBI Reference Sequence), 5′-AAG CAG GAG TAT
GAC GAG TC-3′ and β-actin reverse, 5′-GCC TTC ATA CAT CTC AAG TT-3′ (561 bp); IL-6
forward (accession number: NM_001371096.1, NCBI Reference Sequence), 5′-ACA CAG
ACA GCC ACT CAC C-3′ and IL-6 reverse, 5′-TACATTTGCCGAAGAGCC-3′ (513 bp) [34].
The primer sequences are listed in Supplementary Table S1.

2.5. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

We utilized the same random primer as in RT-PCR for synthesizing the first strand of
complementary DNA. The RT-qPCR was conducted using the FastStartTM SYBR Green Master
Kit (Applied BiosystemsTM, Thermo Fisher, Foster City, CA, USA). The primers for RT-qPCR
included: GAPDH forward (accession number: NM_001289745.3, NCBI Reference Sequence),
5′-TGG TAT CGT GGA AGG ACT CA-3′; GAPDH reverse, 5′-GGA TGA TGT TCT GGA GAG
CC-3′ [35]; IL-6 forward (accession number: NM_001371096.1, NCBI Reference Sequence),
5′-ACA CAG ACA GCC ACT CAC C-3′ and IL-6 reverse, 5′-TACATTTGCCGAAGAGCC-3′.
The primer sequences are listed in Supplementary Table S1.

2.6. Analysis of Matrigel Invasion

For the cell invasion assay, we employed a Corning Matrigel Invasion Chamber 24 well
plate 8.0 Micron (Corning Inc., Steuben, NY, USA). The chemoattractant, DMEM containing
10% FBS was placed in the lower chamber. In the upper chamber, we introduced a layer of
HT-29 cells (105 cells in 300 µL) and allowed them to invade the Matrigel for 24 h, either
with or without prior treatment with SFN and IL-1β. To determine the effects of signaling
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inhibitors on IL-1β cell invasion, HT-29 cells were preincubated with various signaling
inhibitors for one hour and incubated with IL-1β for 24 h. We conducted two processes on the
upper surface of the membrane: removal of non-invading cells and staining of the invading cells
on the lower surface with a Quick-Diff Stain Kit (Sysmex Corporation, Kobe, Japan), following
the manufacturer’s protocol. After washing the chambers twice with phosphate-buffered saline
(PBS), the invading cells were counted using a phase-contrast microscope.

2.7. Analysis of Promoter Activity

Next, we performed transient transfection using a promoter-luciferase reporter con-
struct (pGL3-IL-6) to investigate the transcriptional regulation of IL-6. The plasmid
(pGL3-IL-6, pGL3-AP-1) was kindly provided by Dr Yoon (Konkuk University, Seoul,
Republic of Korea). HT-29 cells were seeded and grown until reaching 70% confluency
and were transfected with the pGL3-IL-6 promoter plasmid using FuGENE (Promega,
USA) according to the manufacturer’s protocol and pRL-TK which served as the internal
control. The cells underwent pre-treatment with various inhibitors for one hour prior to
IL-1β addition for 12 h to evaluate the impact on IL-6-promoter activity. Additionally, co-
transfection experiments were conducted both with and without SFN, signaling inhibitors,
and a dominant-negative mutant of the p38 gene (p38-DN), Erk (K97), and JNK (TAM), to
investigate the influence of these factors on IL-1β-induced IL-6 expression These expres-
sion vectors were gifted by Dr N.G. Ahn (University of Colorado Boulder), Dr M.J. Birrer
(University of Helsinki), and Dr Jiahuai Han (Scripps Research Institute), respectively.
The cells were harvested with a passive lysis buffer, and luciferase activity was deter-
mined using the Dual-LuciferaseTM Reporter Assay System (Promega) with a Centro LB
960 Microplate Luminometer (Berthold Technology, Bad Wildbad, Germany) according to
the manufacturer’s protocol.

2.8. Measurement of Intracellular Hydrogen Peroxide (H2O2)

The concentration of intracellular H2O2 was assessed using 5- and 6-amino-5- and
6-amino-6-amino-2′,7′-dichlorodichlorofuoresceindiacetate (DCFDA; Molecular Probes,
Eugene, OR, USA). Briefly, HT-29 cells (5 × 105/mL) cultured in 6 well plates (SPL Life
Sciences) were grown in DMEM supplemented with 10% FBS to 80% confluence, then
washed with PBS, and transferred to serum-free DMEM for 12 h. To evaluate the effects
of IL-1β on ROS production, the cells were treated with 10 µM SFN or 1 mM NAC one
hour before the IL-1β administration. Following this, the cells were incubated with 10 µM
DCFDA for 15 min and then examined using a laser scanning confocal microscope (Carl
Zeiss, Jena, Germany). DCFDA fluorescence was excited at 488 nm with an argon laser and
emission at 515 nm was captured using a longpass filter. After incubation with DCFDA,
the cells were examined in BD FACS Calibur (BD Biosciences, Franklin Lakes, NJ, USA) for
the flow cytometry analysis for ROS. The data were plotted and subjected to analysis using
FlowJo™ Software version 10.10, (BD Biosciences, San Jose, CA, USA).

2.9. Measuring IL-6 Secretion

HT 29 cells (2 × 105 cells/well) were cultured in DMEM medium with 10% FBS at
37 ◦C in a 12-well plate (SPL Life Sciences). After a 24-h incubation period, the cells
underwent a medium change to a fresh one with 1% FBS and were left to incubate overnight.
The cells were treated by IL-1β for 24 h and Sulforaphane (1–10 µM) 1 h prior to IL-1β
treatment. Cell culture supernatants were collected, and the IL-6 cytokine secreted by the
cells was measured using an ELISA kit specifically designed for IL-6 (BD Bioscience). The
IL-6 cytokine in the culture supernatants was assessed with a microplate spectrophotometer
(Bio Tek Instruments, Winooski, VT, USA) and levels were calculated by matching their
optical densities with values on the standard curve, as per the manufacturer’s instructions;
the results are presented in pg/mL.
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2.10. Statistical Analysis

Each value in this study is derived from three independent experiments and is ex-
pressed as mean ± standard deviation (SD). Data visualization was conducted using
GraphPad Prism software (Version 8.0). For multivariate analysis, ANOVA with Tukey’s
multiple comparison test was employed; a p-value of less than 0.05 (#, *) was considered
statistically significant.

3. Results
3.1. IL-1β Expression and Correlation in CRC

To evaluate the accuracy of IL-1β and IL-6 expression, biopsies of COAD cancer
type vs. the matched healthy tissue were used, with a statistical significance set at
p < 0.05, according to the tool: Expression analysis/Expression DIY/Box plot in the GEPIA2
database. Figure 1A illustrates the log-transformed expression levels of IL1B and IL-6 in
Colon adenocarcinoma (COAD), revealing a notable increase in these expressions. The
IL1B expression in a normal colon is 1.13 Transcripts Per Millions (TPM), and COAD is
8.28 TPM. The IL1B expression (log2 (TPM + 1)) in COAD is significantly increased
(p = 0.01). The expression DIY analysis of IL1B expression in all three subtypes (MSH-H,
MSH-L, and MSS) of COAD significantly increased when compared to normal samples.
The pair-wise gene expression correlation analysis for given sets of TCGA and/or GTEx ex-
pression data was performed using the Kendall method (Figure 1B). Additionally, Figure 1B
presents a significant correlation between the expressions of IL-6, STAT3, and MAPK1 with
IL-1β, as shown by TIMER2.0 analysis.

Antioxidants 2024, 13, x FOR PEER REVIEW 6 of 21 
 

 

Figure 1. Interaction and expression of inflammatory markers in COAD. (A) Expression levels of (i) 

IL1B (Microsatellite instability-High (MSI-H) (num(T) = 48; num(N) = 349), Microsatellite instability-

Figure 1. Cont.



Antioxidants 2024, 13, 406 6 of 21

Antioxidants 2024, 13, x FOR PEER REVIEW 6 of 21 
 

 

Figure 1. Interaction and expression of inflammatory markers in COAD. (A) Expression levels of (i) 

IL1B (Microsatellite instability-High (MSI-H) (num(T) = 48; num(N) = 349), Microsatellite instability-

Figure 1. Interaction and expression of inflammatory markers in COAD. (A) Expression levels
of (i) IL1B (Microsatellite instability-High (MSI-H) (num(T) = 48; num(N) = 349), Microsatellite
instability-Low (MSI-L) (num(T) = 48; num(N) = 349), Microsatellite stable (MSS) (num(T) = 175;
num(N) = 349)) and (ii) IL-6 in COAD, showing statistical significance (* p < 0.05). (B) Analysis
of expression correlation and protein interactions between IL-6 (i), MAPK1 (ii), STAT3 (iii), and
JUN (iv), with IL1B in COAD, utilizing data from TIMER2.0 (p < 0.05). (T—Tumor; N—Normal;
num—Number).

3.2. SFN Inhibits IL-1β-Induced IL-6 mRNA Expression in HT-29 Cells

We assessed the inhibitory effect of SFN on IL-1β-induced IL-6 expression in HT-29
human colorectal cell lines using RT-PCR and ELISA. After pre-treating cells with SFN for
1 h, we administered IL-1β for 4 h. Following this, we measured IL-6 expression via RT-PCR
after extracting total mRNA. The cells were pre-treated with 0–10 µM Sulforaphane, then
exposed to 2 ng/mL IL-1β for 4 h. Both RT-PCR and Q-PCR were employed to assess
IL-6 transcription levels. Figure 2B,E show that SFN pre-treatment significantly inhibited
the upregulation of IL-6 induced by IL-1β in a dose-dependent manner. Moreover, as
can be seen in Figure 2C,D, using the human-specific IL-6 ELISA assay IL-1β elevated the
secreted IL-6 level in HT 29 cells, whereas Sulforaphane inhibited IL-1β-induced secreted
IL-6 level in dose-dependent manner. The IL-6 promoter luciferase assay further confirmed
the inhibitory effect of SFN on IL-1β-stimulated promoter activity using a luminometer,
demonstrating a dose-dependent decrease in activity (Figure 2F).
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Figure 2. Sulforaphane inhibits IL-1β-induced IL-6 in HT-29 cells. (A) CRC cell line, HT-29 was
treated with 0–5 ng/mL IL-1β for 4 h, followed by mRNA extraction and IL-6 expression analysis
via RT-PCR. (B) Cells were pre-treated with 1–10 µM sulforaphane for 1 h, then exposed to 2 ng/mL
IL-1β for 4 h. IL-6 mRNA levels were assessed by RT-PCR. (C) HT-29 cells were treated with IL-1β
(0.1–5 ng/mL) for 24 h after that ELISA was performed to check the secreted IL-6, (D) Cells were
pretreated with Sulforaphane (1, 5 and 10 µM) and incubated with 2 ng/mL IL-1β for 24 h, followed
by ELISA assay to determined the secreted IL-6 level. (E) RT-qPCR analysis to determine the IL-6
expression level in HT-29 cells pretreated with (1–10 µM) Sulforaphane and incubated with 2 ng/mL
IL-1β for 4 h. (F) Cells transiently transfected with 1 µg of pGL3-IL-6-promoter reporter construct
were pre-treated with sulforaphane for 1 h. After 12-h incubation with 2 ng/mL IL-1β, luciferase
activity was measured using a luminometer. Significance markers: # p < 0.05 versus control; * p < 0.05
versus IL-1B. Data represent mean ± SD from triplicate experiments.
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3.3. SFN Suppresses IL-1β-Induced IL-6 by Inhibiting the p38 MAPK Pathway

This study utilized the HT-29 colon cancer cell line to explore MAPK signaling’s role
in IL-1β-induced IL-6 expression. Figure 3A illustrates that IL-1β triggers the activation of
MAPK (p38 and pJNK) in a time-dependent manner, particularly after 30 min of exposure.
To further understand the contribution of MAPK pathways to IL-6 induction by IL-1β,
HT-29 cells were pre-treated with specific inhibitors. As Figure 3B indicates, both the p38
inhibitor (SB) and the JNK inhibitor (SP) effectively blocked IL-1β-induced IL-6 expression
in a dose-dependent manner, whereas the ERK inhibitor (PD) did not impact IL-6 expression.
These observations suggest the involvement of p38 MAPK and JNK pathways in the
cascade leading to IL-1β-induced IL-6 expression, while the Erk pathway seems not to be
significantly involved. The pivotal roles of p38 and JNK signaling were further validated
using a dominant-negative mutant MAPK expression plasmid (DN-p38, TAM, K97). Co-
transfection with pGL3-IL-6 in HT-29 cells markedly reduced IL-1β-induced IL-6 promoter
activity, underscoring the significance of p38 and JNK pathways in this context (Figure 3C).
Subsequently, the study probed how SFN impedes IL-6 production by examining MAPK
phosphorylation changes. Figure 3D shows that IL-1β treatment markedly increased p38
and JNK phosphorylation, which SFN then inhibited in a dose-responsive manner. Notably,
SFN selectively inhibited the activation of p-P38 without affecting P-ERK and P-JNK.
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Figure 3. Sulforaphane inhibits IL-1β-induced IL-6 via suppression of p38 MAPK in HT-29 cells.
(A) Cells were treated with IL-1β for 0–120 min, and phosphorylation of ERK1/2, JNK1/2, and
p38 MAPK was analyzed by Western blotting. (B) RT-PCR assessed IL-6 mRNA levels in cell
lysates following 1-h pre-treatment with varying concentrations of PD98059 (PD), SP600125 (SP),
and SB203580 (SB) and 4-h incubation with IL-1β. (C) Cells cotransfected with dominant-negative
mutant plasmids of JNK (TAM), ERK1/2 (K97M), and p38 MAPK (p38-DN) (1 µg each) and 1 µg
of pGL3-IL-6 promoter plasmid were subjected to luciferase assays after 12 h of 2 ng/mL IL-1β
treatment. (D) HT-29 cells were treated with 1–10 µM sulforaphane for 1 h before a 30-min exposure
to 2 ng/mL IL-1β. Levels of phosphorylated ERK1/2, JNK, and P-38 in the cells were then analyzed.
Significance markers: # p < 0.05 versus control; * p < 0.05 versus IL-1β. Data represent mean ± SD from
triplicate experiments.
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3.4. SFN Blocks IL-1β-Induced Activation of the AP-1 Transcription Factor

Assessing the presence of IL-1β-responsive cis-regulatory elements in the IL-6 pro-
moter is vital as they influence gene expression by altering transcription factors through
signaling molecules. This study revealed that IL-1β enhances AP-1 promoter activity.
However, co-transfection with the AP-1 promoter plasmid and the p38-DN plasmid (a
dominant-negative mutant of p38 MAPK) significantly inhibited this IL-1β-induced activa-
tion of the AP-1 promoter (Figure 4A). Exploring their impact on SFN-mediated suppression
of IL-1β expression, we observed that SFN dose-dependently reduced IL-1β-activated AP-1
in AP-1-dependent transcription studies (Figure 4B). Additionally, our results showed that
IL-1β raised the levels of phosphorylated c-Fos and c-Jun (components of the AP-1 tran-
scription factor) at different treatment intervals (Figure 4C), both of which were markedly
reduced by SFN (Figure 4D).
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Figure 4. Sulforaphane inhibits IL-1β-induced IL-6 expression by suppressing the transcriptional
activity of AP-1. (A) HT-29 cells were cotransfected with 100–500 ng of p38 MAPK dominant-negative
mutant plasmid (p38-DN) and 250 ng of pGL3-AP-1 promoter construct. After a 12-h incubation
with 2 ng/mL IL-1β, luciferase assays were performed on these cells. (B) Cells pre-treated with
sulforaphane (1, 5, and 10 µM) and transiently transfected with the AP-1 reporter plasmid were
incubated with 2 ng/mL IL-1β for 12 h, followed by determination of luciferase activity. (C) Following
0 to 120 min incubation with 2 ng/mL IL-1β, the levels of total and phosphorylated c-Fos and c-Jun
were assessed by Western blotting. (D) Cells pre-treated with 0–10 µM sulforaphane for 1 h and then
incubated with 2 ng/mL IL-1β for 1 h were analyzed for phosphorylated C-Fos and c-Jun levels via
Western blot. Significance markers: # p < 0.05 versus control; * p < 0.05 versus IL-1β. Data represent
mean ± SD from triplicate experiments.

3.5. SFN Inhibits the Production of ROS Triggered by IL-1β

To examine the role of SFN in attenuating ROS-mediated IL-1β-stimulated IL-6 ex-
pression, we employed the DCFDA assay for measuring ROS production in HT-29 cells
pre-treated with SFN and IL-1β. Results indicated that IL-1β significantly induced ROS
production, which was completely counteracted by pre-treatment with SFN and NAC (a
ROS scavenger) (Figure 5A,B). Fluorescence-activated cell sorting (FACS) analysis further
revealed that pre-treatment with SFN and NAC substantially reduced the ROS levels in-
duced by IL-1β in HT-29 cells (Figure 5C). Additionally, NAC pre-treatment consistently
and dose-dependently suppressed IL-1β-induced IL-6 expression, as shown by both RT-
PCR (Figure 5C) and IL-6 promoter assays (Figure 5D). These results clearly demonstrate
that ROS plays a role in IL-1β-induced IL-6 expression in HT-29 cells, and this effect can be
mitigated by both NAC and SFN.
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Figure 5. Sulforaphane inhibits the expression of IL-6 in HT-29 cells by inhibiting the production
of ROS. (A,B) Confocal microscopy images (200× magnification) showing ROS production and
quantitative analysis of ROS levels; scale bar: 100 µM. (C) Flow cytometry was employed to analyze
ROS production in HT-29 cells treated with IL-1β (2 ng/mL) and pre-treated with SFN and NAC.
(D) Cells pre-treated with 0–5 mM NAC for 1 h and then incubated with 2 ng/mL IL-1β for 4
h were subjected to mRNA extraction and RT-PCR for IL-6 mRNA expression level assessment.
(E) Following transient transfection with an IL-6-promoter reporter plasmid, cells were pre-treated
with various concentrations of NAC for 1 h and exposed to 2 ng/mL IL-1β for 12 h. Passive lysis
buffer was then applied to the lysed cells to determine luciferase activity. Significance markers:
# p < 0.05 versus control; * p < 0.05 versus IL-1β. Data represent mean ± SD from triplicate experiments.

3.6. SFN Inhibits IL-1B-Induced IL-6 Expression via STAT3 Signaling

To elucidate the role of STAT3 in regulating IL-6 expression, we investigated the
STAT3 pathway in interleukin-mediated signaling. Following a 30-min exposure to IL-
1β, we observed a significant increase in phosphorylated STAT3 (Figure 6A). Moreover,
Stattic, a targeted inhibitor of STAT3 signaling, effectively reversed the IL-1β-induced
augmentation of IL-6 mRNA levels and promoter activity (Figure 6B,C). We also examined
whether SFN could impede the IL-1β-stimulated phosphorylation of STAT3. For this,
HT-29 cells were pre-treated with SFN for one hour and subsequently exposed to IL-1β for
30 min, as depicted in Figure 6D. Our findings revealed that SFN effectively inhibited the
IL-1β-stimulated phosphorylation of STAT3, corroborating our hypothesis.
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Figure 6. Role of STAT-3 in sulforaphane inhibition of IL-1β-induced IL-6 expression in HT-29
cells. (A) Cells were incubated with 2 ng/mL IL-1β for 0–120 min, followed by Western blot
analysis to determine levels of total and phosphorylated STAT-3. (B) Pre-treatment of HT-29 cells
with Stattic (10, 30 µM) for 1 h was followed by treatment with IL-1β (2 ng/mL) for 4 h, and IL-6
mRNA levels were then assessed by reverse transcription PCR. (C) Cells transiently transfected with
1 µg of pGL3-IL-6-promoter reporter construct and pre-treated with Stattic for 1 h were exposed
to 2 ng/mL IL-1β for 12 h before luciferase activity was measured using a luminometer. (D) Cells
pre-treated with sulforaphane for 1 h and then treated with 2 ng/mL IL-1β for 30 min were analyzed
for phosphorylated STAT3 levels by Western blot. Significance markers: # p < 0.05 versus control;
* p < 0.05 versus IL-1B. Data represent mean ± SD from triplicate experiments.
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3.7. SFN Inhibits ROS Production Stimulated STAT-3 Activation in IL-1β-Induced IL-6
Expression Mechanism

Our hypothesis posited that SFN mitigates IL-1β-induced IL-6 expression by inhibiting
STAT3 activation, which is stimulated by ROS production. Intriguingly, exposing HT-29 cells
to H2O2 resulted in a dose-dependent activation of STAT3 signaling, as evidenced in Figure 7A.
We tested this hypothesis by assessing STAT3 phosphorylation levels during IL-1β treatment
with and without SFN and NAC pre-treatment. Our data indicated that both SFN and NAC
successfully prevented the IL-1β-induced STAT3 activation in a dose-dependent manner
(Figure 7B,C). These results suggest that ROS production in response to IL-1β activates STAT3
signaling, leading to increased IL-6 expression, which is inhibited by SFN.
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Figure 7. Sulforaphane’s effect on ROS production and STAT-3 activation in IL-1β-induced IL-6
expression in HT-29 cells. (A) Cells exposed to hydrogen peroxide (H2O2) at 0 to 20 mM for 30 min
were processed for Western blot analysis to determine phosphorylated STAT3 levels. Significance
markers: * p < 0.05 versus control. (B) Cells pre-treated with 0 to 10 µM sulforaphane before
a 30-min exposure to H2O2 were analyzed post-incubation for phosphorylated STAT3 levels by
Western blot. Significance markers: # p < 0.05 versus control; * p < 0.05 versus IL-1B. Data represent
mean ± SD from triplicate experiments. (C) Pre-treatment with NAC at 1 to 5 mM for 1 h before a
15-min exposure to 20 mM H2O2 was followed by protein extraction and Western blot analysis to
assess phosphorylation levels of STAT3. Significance markers: # p < 0.05 versus control; * p < 0.05
versus H2O2. Data represent mean ± SD from triplicate experiments.
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3.8. Effect of SFN on Invasiveness of HT-29 Cells

In a modified Boyden invasion chamber assay, IL-6 was found to correlate with an
increased invasion of cancer cells. Figure 8A demonstrates that, relative to untreated cells,
a 24-h treatment with either IL-1β or IL-6 enhanced the invasive capacity of HT-29 cells
through Matrigel. Subsequently, we assessed the impact of SFN and other factors on
HT-29 cell invasiveness 24 h following IL-1β treatment. This involved pre-treating the
cells with SFN, anti-IL-6 antibodies, SB, NAC, and Stattic. Our results indicate that SFN
effectively inhibited IL-1β-induced cell invasion. Furthermore, these findings suggest that
SFN attenuates the IL-1β-induced upregulation of IL-6 expression, likely by interfering
with the p-38/AP-1 and ROS/STAT3 signaling pathways.
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Figure 8. Sulforaphane inhibits the invasion of HT-29 cells by suppressing IL-1β-induced IL-6
expression. (A) HT-29 cells were treated with sulforaphane or anti-IL-6 antibody at 200 ng/mL,
along with 2 ng/mL IL-1β in a Matrigel apparatus for 24 h. Cell invasion was monitored using
a phase-contrast light microscope at 20× magnification (Scale—100 µm). (B) Invaded cells were
counted indirectly using Diff-Quick stain, which aided in visualizing cells on the undersurface of the
chamber membrane. Significance markers: # p < 0.05 versus control; * p < 0.05 versus IL-1β. Data
represent mean ± SD from triplicate experiments.
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4. Discussion

Colon cancer remains a leading cause of death globally for both men and women, with
tumor recurrence observed in nearly half of the patients with CRC [36]. Despite significant
advancements over recent decades, conventional oncology treatments still encounter major
challenges, including drug resistance, tumor relapse, and metastasis [37]. The exploration
of natural compounds and their analogs as chemopreventive agents is gaining momentum.
SFN, known for its health benefits, is garnering attention in the medical field, especially
for its potential protective effects against various types of cancer [38–43], cardiovascular
diseases [44–46], neurological diseases [47–50], insulin resistance [51–53], obesity [54–56],
and musculoskeletal diseases [57–59]. Additionally, the consumption of broccoli, brussels
sprouts, cabbage, and SFN, an isothiocyanate derivative, is linked to various health benefits,
including anticancer and antioxidant properties [60].

IL-1β plays a significant role in both physiological and pathological contexts. No-
tably, its aberrant production and signaling are intimately associated with tumor formation,
growth, and metastasis in various cancers [61]. Our studies revealed that IL-1β and IL-6 lev-
els were elevated in the CRC cell line and that SFN effectively inhibited the IL-1β-induced
upregulation of IL-6. This interplay between IL-1β and IL-6 in colon cancer progression
was corroborated by findings from GEPIA and TIMER, with similar observations in a study
involving African American colon cancer patients [62]. Additionally, Paredes et al. high-
lighted that proinflammatory cytokines, including IL-1β, IL-6, and IL-8, contribute to colon
cancer development. Furthermore, Chen et al. reported increased IL-1β in C57BL/6 mice
afflicted with colon cancer [63]. Recent research has also shown that SFN (20 mg/kg/day)
mitigates necrotizing enterocolitis (NEC) by reducing the expression of IL-1β, IL-8, IL-10,
IL-6, and TNF-α, thereby decreasing apoptosis in NEC-induced mice [64]. Gasparello J
et al. found that SFN (2, 5, and 10 µM) curtails IL-6 and IL-8 expression in IB3-1 bronchial
cells [65]. In a separate study, SFN-treated (1.5 mM SFN (200 µL of SFN at 12.8 mg/mL/kg))
CIA mice exhibited reduced levels of IL-6, IL-17, TNF-α, receptor activator of NF-κB ligand,
and tartrate-resistant acid phosphatase [66]. Moreover, in human WM115 and WM266-4
melanoma cells, the combination of SFN (5 and 10 µM) and Fernblock® XP (FB) hindered
melanoma cell migration in vitro and curbed the production of MMP-1, -2, -3, and -9,
inflammasome activation, and IL-1β secretion [67].

In the context of cancer chemoprevention and chemotherapy, the AP-1 and MAPK
signaling pathways play a crucial role in tumor cell growth, proliferation, apoptosis, and
survival [68]. Our research demonstrated that the signaling of p38 MAPK, AP-1, and STAT3
is upregulated in HT-29 cells induced by IL-1β. This finding was further substantiated
using specific inhibitors (SB, SP, and PD), while SFN treatment hindered the signaling
of p38 MAPK/AP-1 and STAT3. The tumor microenvironment significantly influences
the expression of membrane-bound complement regulatory proteins (mCRPs) in tumor
cells, contributing to tumor immune evasion [69,70]. Several studies have established that
mCRPs are highly expressed in colon cancer [71–73]. The overexpression of mCRPs in colon
cancer leads to the upregulation of STAT3/STAT6/p38 MAPK signaling [74]. Additionally,
IL-1β activates miR-146a, which in turn targets p38, ERK, and JNK MAP kinases, along with
downstream transcription factors GATA2, c-Fos, and c-Jun, that are implicated in metastatic
progression in colon cancer cells [75]. Clinical trials have shown that SFN (200 µmol)
modulates STAT3 in cancer cells, thereby preventing skin cancer and melanoma caused by
ultraviolet light [76]. In previous research, we showed that IL-1β induces the upregulation
of AP-1 signaling in bladder cancer cell lines [77,78]. Furthermore, Lei Gao et al. (2021)
found that SFN (25 µmol/L) inhibited MAPK signaling in the SW480 colon cancer cell
line [79]. Nivedita Banerjee et al. reported that treatment with SFN (8 mg/kg) reduced the
trichloroethene (TCE)-induced phosphorylation of MAPK (p38, ERK, and JNK) in MRL+/+
mice [80]. Additionally, in head and neck squamous cell carcinoma, SFN (6 µmol/L)
was found to promote NRF2-independent dephosphorylation/inactivation of pSTAT3
in 4-nitroquinoline-1-oxide (4NQO)-induced C57BL/6 mice [81]. Other in vivo studies
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have demonstrated that SFN (1–50 µM) obstructs ROS-mediated p38/AP-1 signaling in
nicotine-induced gastric cancer cell lines [43].

Multiple antioxidants maintain the balance of ROS in healthy tissues, ensuring redox
homeostasis. However, strong evidence suggests that excessive oxidative reactions, resulting
from a dysfunctional redox system, lead to damage in DNA, proteins, and lipids. This
damage is implicated in the initiation, progression, and metastasis of cancer [82]. Studies have
established that proinflammatory cytokines, such as IL-1β, trigger the generation of ROS both
intracellularly and extracellularly in various in vivo and in vitro models [83–85]. A significant
study on hypoxic pulmonary hypertension by Jinjin Pan et al. (2023) demonstrated that
SFN (2 mg/kg) enhanced serum superoxide dismutase (SOD) activity, SOD2 expression,
and total glutathione levels, while also increasing the GSH/GSSG ratio in pulmonary artery
smooth muscle cells (PASMCs). This study also noted a reduction in malondialdehyde
(MDA) levels in serum and ROS production in PASMCs [44]. Additionally, our data
revealed that IL-1β-treated cells showed increased invasiveness, an effect mitigated by
SFN treatment. IL-1β may foster CRC growth and invasion by stimulating colon cancer
stem cell (CSC) self-renewal and upregulating stemness factor genes Bmi1 and Nestin.
EMT, Zub1, and enhanced drug resistance are known to play significant roles in these
processes [86]. SFN (5 and 10 µM) was found to reduce viability and induce apoptosis
in HCT116 and RKO CRC cells. It also brought about epigenetic changes in these cells
by downregulating HDAC1 and hTERT mRNA expression, with hTERT being crucial for
constant proliferation, EMT, and stemness traits in cancer cells [87,88]. In summary, IL-1β-
induced cancer growth, ROS production, and cell invasiveness are mediated through the
regulation of MAPK pathways (p38, ERK, JNK) and their downstream transcription factors
c-Fos, c-Jun, and STAT3 in HT-29 cells, effects all inhibited by SFN, as illustrated in our
schematic diagram (Figure 9). Our findings confirm that IL-1β induced IL-6, which in turn
upregulated ROS-mediated MAPK/AP-1/STAT3 signaling. Furthermore, SFN displayed
significant antioxidant and chemopreventive activities by inhibiting the IL-1β-induced
expression of IL-6 and the subsequent MAPK/AP-1/STAT3 signaling in HT-29 colon
cancer cells.
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Figure 9. Schematic diagram of SFN-mediated inhibition of IL-1β-induced IL-6 expression in CRC
cells. The diagram illustrates the process where IL-1β-induced ROS activates MAPK (p38 and JNK)
and STAT3 pathways. This activation leads p38 to stimulate c-Jun, binding to AP-1 and STAT3
binding sites, thereby triggering IL-6 expression and increasing the invasiveness of CRC cells. SFN
counters this effect by inhibiting ROS production, thus suppressing IL-1β-induced IL-6 expression.
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5. Conclusions

Considering the significant disease burden associated with CRC, it is essential to iden-
tify effective biomarkers for predicting prognosis and determining the optimal therapeutic
strategy. Sulforaphane, a naturally occurring compound, plays a critical role in preventing
CRC development. It achieves this by inhibiting oxidative stress, downregulating the
MAPK/AP-1/STAT3 signaling pathway, and suppressing cell invasion. Therefore, the
anticancer properties of SFN, along with its potential as a chemopreventive agent, warrant
additional clinical research.
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