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Cancer treatment typically involves multiple strategies, such as surgery, radiotherapy, and chemotherapy, to
remove tumors. However, chemotherapy often causes side effects, and there is a constant search for new drugs to
alleviate them. Natural compounds are a promising alternative to this problem. Indole-3-carbinol (I3C) is a
natural antioxidant agent that has been studied as a potential cancer treatment. I3C is an agonist of the aryl
hydrocarbon receptor (AhR), a transcription factor that plays a role in the expression of genes related to

development, immunity, circadian rhythm, and cancer.

In this study, we investigated the effect of I3C on cell viability, migration, invasion properties, as well as
mitochondrial integrity in hepatoma, breast, and cervical cancer cell lines. We found that all tested cell lines
showed impaired carcinogenic properties and alterations in mitochondrial membrane potential after treatment
with I3C. These results support the potential use of I3C as a supplementary treatment for various types of cancer.

1. Introduction

Cancer is a disease characterized by uncontrolled and autonomous
growth of cells, which invades tissues locally and distantly via metas-
tasis. According to data published by the World Health Organization in
2020, cancer is a leading cause of death worldwide, causing nearly 10
million deaths that year [1]. The most common types of cancer include
breast, liver, and cervical cancer, with lung, liver, colorectal, gastric,
prostate, skin, and breast cancer having the highest incidence rates
globally for both sexes. The predominant and most lethal types of cancer
affecting men are prostate, lung, colon, liver, and stomach cancer, while
breast, cervical, liver, colorectal, and ovarian cancer are the most
harmful types for women. Breast cancer is the most common type of
cancer in women, with over 2,260,000 new cases reported in 2020 [2].
The activation of the human epidermal growth factor receptor 2 (hER2),
estrogen and progesterone receptors, and mutations in the BRCA1/2
gene are some of the main factors contributing to breast cancer
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development. Cervical cancer, on the other hand, is mostly linked to
papillomavirus (HPV) infection, which is a widespread sexually trans-
mitted virus. Risk factors that contribute to breast and cervical cancer
development include age, obesity, alcohol and tobacco use, family his-
tory, exposure to radiation, reproductive history, and postmenopausal
hormone therapy. On the other hand, hepatocellular carcinoma (HCC) is
the most common type of primary liver cancer that occurs in patients
with chronic liver diseases.

Current therapeutic strategies for cancer include surgery, radiation
therapy, and chemotherapeutics, with chemotherapy being the most
common for patients in advanced stages. However, chemotherapy at-
tacks non-tumor cells and generates additional side effects, such as
neurotoxicity or nephrotoxicity, as in the case of cisplatin [3]. Natural
compounds, such as Indole-3-carbinol (I3C), found in cruciferous veg-
etables [4,5], have potential anti-tumor properties and are structurally
diverse that render less toxic side effects [6,7]. I3C has been proposed as
a potential effective agent in the treatment of various types of cancer,
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including breast and prostate cancer [4,8-30]. It is an aryl hydrocarbon
receptor (AhR) agonist and has been suggested to suppress the growth of
breast and prostate cancer cell lines in vitro. I13C and its condensation
products, such as 3,3’-diindolylmethane (DIM) and indole[3,2-b]
carbazole (ICZ), are considered anti-carcinogenic compounds, and
their biosynthesis is illustrated in Fig. 1A [4,12,25,31,32]. The mecha-
nism of action of I3C is not completely understood, but it is proposed to
have a role in preventing cancer development [5,16]. In vitro studies
have suggested that I3C can suppress the growth of breast and prostate
cancer cell lines [14,22,27]. I3C is an aryl hydrocarbon receptor (AhR)
agonist, which is a cytosolic ligand-dependent transcription factor that
can bind to synthetic or natural xenobiotics. While most AhR agonist
ligands are toxic, I3C and other naturally synthesized compounds have
also been shown to activate this receptor [33-35]. The AhR has a
complex functional role within the cell, including cell cycle modulation
associated with several processes in cell proliferation and
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differentiation, gene regulation, tumor development, and metastasis
[36]. Studies have shown that I3C can prevent cell communication
junctions in rat primary hepatocytes and induce cell cycle arrest in
breast cancer cell lines [20,36]. In cervical cancer, I3C has been shown
to activate the AhR and decrease cell proliferation, possibly through
UBE2L3 mRNA induction that leads to the ubiquitination of the onco-
protein E7 from the human papillomavirus, the main causal agent of
cervical cancer [37]. Another AhR endogenous ligand, p-naphthoflavone
(BNF or 5,6-benzoflavone; Fig. 1B), has also demonstrated anti-cancer
properties against mammary carcinoma [38] and cervical cancer cells
[39]. The anti-tumorigenic function of AhR contrasts with the effect of
stimulating malignant transformation of tissues that has also been re-
ported in AhR [40,41]. However, the effect of I3C on other types of
cancer is not well understood. Thus, in this study, we aimed to evaluate
the possible inducible anti-tumor potential of AhR through I3C in breast,
cervical, colon, and hepatocellular carcinoma cell lines. Each cell line
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Fig. 1. Indole-3-carbinol impairs proliferation of cancer cells. Chemical structure of Indole-3-carbinol (I3C) and two metabolite products (A) and p-Naphtho-
flavone (BNF, B). Cell counting assay of proliferating cancer cell lines grown for 48 h with increasing concentrations of I3c and BNF. Breast cancer cells MDA-MB-231
(C) and MCF-7 (D), the hepatocellular carcinoma cell lines HepG2 (E), colon HCT-8 (F) and cervical cancer HeLa cells (G) were used. Data represent the percentage of
survival of each strain under the presence of the two compounds. For all samples, data are the mean + SE of three independent biological replicates. *p < 0.05; **p <

0.01; ***p < 0.001; ****p < 0.0001.
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presented different phenotypical characteristics that allowed us to
investigate whether these compounds render similar positive effects
against functional properties of different cancer models. We performed
cytotoxicity assays to determine effective concentrations for I13C and
functional assays such as wound healing and Matrigel invasion assays to
determine the effect of I3C and BNF on the migratory and invasive ca-
pabilities of each cell line. Mitochondrial membrane potential was also
tested using the tetramethylrhodamine ethyl ester (TMRE) assays.
Because of the effect exerted by I3C in the diverse carcinogenic hall-
marks of the cells, we concluded that it has the potential to be used as
supplemental natural therapy for the treatment of different types of
cancer.

2. Materials and methods
2.1. Cell culture

The following cell lines were selected for this study: HeLa for cervical
carcinoma model, HCT-8 and HepGz2 for colon and hepatocellular car-
cinomas, MDA-MB-231 and MCF-7 cells for breast cancer model were
obtained from American Type Culture Collection (ATCC, Manassas, VA,
United States) and cultured in DMEM media (Sigma-Aldrich, St Louis,
MO, United States) supplemented with 10% fetal bovine serum (FBS)
and 1% antibiotics (penicillin G/Streptomycin, Gibco, Waltham, MA,
United States) in a humidified atmosphere at 37° C and 5% CO-.

2.2. Cell proliferation experiments

Cells were seeded on 24 well plates at 1x10* cells/cm? in DMEM
supplemented with 10% FBS and antibiotics. Indole-3-carbinol (97%)
and B-Naphthoflavone (98+%) were obtained from Thermo Scientific™
(122190250 and A18543.06, respectively). BNF was used as a reference
compound of activation of AhR signaling. Both compounds were dis-
solved in DMSO and the I3C compound was used at 1, 5, 10, 20, 40 pM.
BNF was tested at 1, 5, 10, 20, 40 nM concentrations. Cells were grown
for 48 h in a humidified atmosphere at 37° C and 5% CO». Then, the cells
were washed gently with PBS, trypsinized and counted using a Cell-
ometer Spectrum instrument (Nexcelom Biosciences). Four independent
biological replicates were analyzed for each condition and cell line.

2.3. Gene expression analyses

RNA was purified from three independent biological replicates of
proliferating cancer cell lines with TRIzol (Invitrogen) according to the
manufacturer’s instructions. cDNA synthesis was performed with 1 pg of
RNA as template, using the HiFiScript gDNA Removal RT MasterMix
(CoWin Biosciences) following the manufacturer’s protocol. Quantita-
tive RT-PCR (qPCR) was performed with FastSYBR mixture (CoWin
Biosciences) on the AriaMx Real-Time PCR System (Agilent Technolo-
gies) using the primers listed in Table 1. The delta threshold cycle value
(ACT; [42]) calculated for each gene represents the difference between
the CT value of the gene of interest and that of the control gene, GAPDH.

Table 1
List of primers used for gene expression analyses.

Gene Forward 5'—3’ Reverse 5'—>3’

CDK20 GGGCAAGAACGATATTG GGGTCAATTCCTTCTCT

Cyclin E TGTGTCCTGGATGTTGACTGCC CTCTATGTCGCACCACTGATACC

Cyclin A GCACACTCAAGTCAGACCTGCA ATCACATCTGTGCCAAGACTGGA

Caspase GGAAGCGAATCAATGGACTCTGG  GCATCGACATCTGTACCAGACC
3

Caspase GGGATGAAGGAGCTACTTGAGG CCAAGAATGTGCTGTCAGAGGAC
4

Caspase AGAAGAGGGTCATCCTGGGAGA TCAGGACTTCCTTCAAGGCTGC
8

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

Biochemistry and Biophysics Reports 35 (2023) 101492
2.4. Wound healing assay

Cells were grown until confluence on 24 well plates in DMEM sup-
plemented with 10% FBS and antibiotics. Cells were starved for 24 h in
DMEM without FBS and cell proliferation was inhibited by treating the
cells with 10 pM Cytosine p-p-Arabinofuranoside (AraC, C1768, Sigma-
Aldrich) for 2 h. By inhibiting cell growth, we can ensure that the effect
observed is only due to the movement of existing cells and not to new
cells generated from cell division. The monolayers were then scratch-
wounded using a sterile 200 pl pipette tip and suspended cells were
washed away with PBS. The progress of cell migration into the wound
was monitored every 24 h until wound closure using the x 10 objective
of an Echo Rebel Microscope as previously described [43-45]. The
bottom of the plate was marked for reference, and the same field of the
monolayers was photographed immediately after performing the wound
(time = 0 h) and at different time-points after performing the scratch, as
indicated in the figures. Area migrated by the cells was quantified using
FLJI software, version 1.44p [46].

2.5. Matrigel invasion assay

Matrigel invasion assay was performed following the Transwell
chamber method as described [45,47]. Briefly, BioCoat® Matrigel®
Invasion Chambers with 8.0 pm PET membranes (354481, Corning)
were used to seed cells that were the indicated cell lines previously
treated for 2 h with 10 uM AraC to inhibit cell proliferation. The cells
were plated at 1.25 x 10° cells/ml in 2 ml of serum-free medium on the
top chamber, as recommended by the manufacturer. The lower chamber
of the Transwell contained 2.5 ml of advanced DMEM supplemented
with 10% FCS. Cells were incubated with I3C and BNF at the concen-
trations indicated in the figures. HeLa, MCF-7 and MDA-213 cells were
allowed to invade the lower chamber for 24 h, while HCT-8 and HepG2
were incubated for 48 h. Then, the non-invading cells and Matrigel on
the upper surface of the Transwell membrane were gently removed with
cotton swabs. Invading cells on the lower surface of the membrane were
washed and fixed with methanol for 5 min and stained with 0.1% crystal
violet diluted in PBS. Images from 10 fields of three independent bio-
logical replicates were taken in x 10 objective of an Echo Rebel Mi-
croscope, and used for cell quantification using FIJI software, version
1.44p [46].

2.6. Mitochondrial membrane potential

Changes in mitochondrial membrane potential produced by I3C and
BNF in the five cancer cell lines was determined with the tetrame-
thylrhodamine ethyl ester (TMRE) Mitochondrial Membrane Potential
Assay Kit (ab113852, Abcam) following the manufacturer’s protocol.
Briefly, proliferating cells were supplemented with 200 nM TMRE and
incubated in the dark for 45 min at 37°C. The cells were then trypsinized
and washed three times with PBS. Fluorescence intensity of TMRE was
measured using a Spectrum Cellometer (Nexcelom Biosciences, Law-
rence, MA, United States) by setting the filter excitation at 502 nm and
emission at 595 nm, as previously reported [44,48,49]. Data was
analyzed with FCS Express 7 (De Novo Software).

2.7. Statistical analyses
Statistical analyses were performed using Kaleidagraph (Version 4.1,

Synergy Software). Statistical significance was determined using t-test
where p < 0.05 was considered to be statistically significant.
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3. Results

3.1. I3C has an inhibitory effect in the proliferation of diverse cancer cell
lines

13C can impair the growth and induce apoptosis in certain cancer cell
lines [8,14,16,18,19,30,31,50]. Therefore, we wanted to test additional
effect of these drugs in characteristic functional hallmark properties of
cancer cells. We selected cervical, breast, hepatic and colon carcinoma
cell lines (HELA, MCF-7, MDA-MB-231, HEPG2, and HCT-8 respec-
tively). These cells present different phenotypical characteristics and
pathological mechanisms that allow to determine whether I3C and BNF
would have additional anti-carcinogenic effects in different models. For
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instance, HeLa cells express an overactive type of telomerase, which
prevents telomere shortening, prevents cell aging and death. The MCF-7
is an un-invasive cell line that express functional estrogen and epidermal
growth factor (EGF) receptors, which makes it dependent on estrogen
and EGF for growth. MDA-MB-231 cells are a model for more aggressive
invasive, hormone-independent breast cancer, as it is triple negative for
hormone receptors. HepG2 cells are non-tumorigenic cells with high
proliferation rates and epithelial-like morphology that recapitulate he-
patic functions in vitro. Insulin and the insulin-like growth factor II are
typical markers of these cells. HCT-8 cells were isolated from the large
intestine adenocarcinoma patient, these are adherent and present
epithelial morphology. Both, HepG2 and HCT-8 present slower rates of
migration and invasive capabilities.
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Fig. 2. Effect of Indole-3-carbinole in the expression of cell cycle and apoptotic genes. Steady state mRNA levels determined by qRT-PCR of representative
genes associated to cell cycle progression (CDK20, Cyclin E, and Cyclin A) and apoptosis (Caspase 3, Caspase 4 and Caspase 8). Data represents the mean + SE of three

independent biological replicates. *p < 0.05; **p < 0.01; ***p < 0.001.
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First, we tested the cytotoxic effect of both compounds at increasing
concentrations to determine the best working condition. To this end,
each cell line was grown for 48 h under the presence of increasing
concentrations of each I3C and BNF, as indicated in Fig. 1C-G. Sup-
plementation of the culture media with I3C resulted in a decrease in
proliferation of HeLa, MCF7, MDA-MB-231 and HCT-8 cell lines at
concentrations of 10 pM. The hepatocellular carcinoma cell line HepG2
was sensitive to this compound at 5 pM of I3C. All cancer cell lines tested
showed a high cytotoxic effect at a 40 pM concentration of I3C. In the
case of BNF, we detected that cancer cell lines were sensitive to this
compound at concentrations as low as 10 nM, with a larger effect in cell
viability at 40 nM. Consistent with published data, our results suggested
that both compounds have an inhibitory effect on the growth of different
cancer cell lines. BNF seems to be more effective as the cells are sensitive
to this compound at nM concentrations, while I3C exerts its effect at pM
concentrations.

To investigate the mechanisms by which I3C impairs cell prolifera-
tion, we cultured cells with 10 pM and 10 nM of I3C and BNF for 48 h
and analyzed changes in gene expression by qPCR. Fig. 2 illustrates that
the cell lines responded differently to the compounds. We evaluated
genes related to cell cycle regulation and found minimal changes under
the conditions tested. For example, all cell lines showed decreased
expression of CDK20 when treated with BNF (Fig. 2A-E), and only the
HCT-8 cell line exhibited decreased expression of this gene when treated
with I3C (Fig. 2D). Cyclin E displayed a small but significant reduction in
expression in HepG2 and HelLa cells (Fig. 2C,E), while Cyclin A was only
reduced in HepG2 cells.

In contrast, apoptotic markers showed more drastic changes in cells
treated with either compound. Caspase 3, 4, and 8 were significantly
overexpressed in all cell lines when cultured with 10 pM of I3C. Inter-
estingly, the expression of Caspase 4 and 8 was only elevated in HepG2,
HCT-8, and Hela cells upon BNF treatment. The data suggests that both
compounds may mediate cell cycle progression and apoptosis through
different mechanisms, potentially relying on specific cellular features.
However, our results indicate that I3C primarily activates the apoptotic
pathway, rather than mediating cell cycle progression. To further
investigate the potential effects of these compounds on cell cycle regu-
lation, we subjected the cells to mitotic arrest with Nocodazole, released
them after 16 h, and monitored them for an additional 8 and 20 h using
established PI staining techniques [45,51]. However, we found no sig-
nificant changes in cell cycle progression for any of the five cell lines
tested (not shown). These findings support our model that induction of
apoptosis is the primary mechanism by which I3C impairs the prolifer-
ation of these cancer cell lines.

3.2. I3C impairs migration and invasive capabilities of cancer cell lines

I3C and BNF have been suggested to interfere with oncogenic
signaling pathways that contribute to the establishment of carcinogenic
phenotypes [4,14,18-20,30,52,53]. We sought to investigate whether
these compounds could also affect hallmark properties of cancer cell
lines, such as migration and invasion. To do so, we tested the migration
capability of MDA-MB-231, MCF-7, HCT-8, HEPG2 and HelLa cells in the
presence or absence of 4 pM I3C or 10 nM BNF, as determined in our
proliferation assays. Cells were grown in 24 well plates and allowed to
reach confluency. After serum starvation and incubation with 10 pM
AraC to inhibit proliferation, monolayers of three independent biolog-
ical replicates were scratch-wounded, and cell migration was measured
daily [44,45,54]. Micrographs were taken for several days until control
cells closed the wound. While initial migration experiments were per-
formed with 10 pM of I3C, we utilized the lower concentration of 4 pM
for these experiments as cells treated with the higher concentration were
not able to survive longer than 24-48 h and fully detached from the
plates. We observed that I3C had an inhibitory effect on the migratory
capabilities of all cell lines, with MCF-7 and HeLa cells being particularly
sensitive, and HCT-8 and HEPG2 cell lines showing reduced migration
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by 35% and 25%, respectively (Fig. 3). In contrast, experiments using
10 nM of BNF impaired cell migration only in HepG2 and HelLa cells,
with a reduction of 70% and 90%, respectively, compared to controls
(Fig. 3). Our findings suggest that BNF has a stronger effect than I3C in
migration and that it may have a differential effect on the migratory
capabilities of different types of breast, ovarian, and hepatocellular
carcinoma cells.

In addition to investigating the effect of I3C and BNF on migration,
we also examined their impact on the invasive properties of the cancer
cell lines using a Matrigel invasion assay [45,47,54]. We employed the
Transwell chamber method and treated three independent biological
replicates of each cell line with 10 pM I3C or 10 nM BNF, incubating
them for either 24 h (MDA-MD-231, MCF-7, and HeLa cells) or 72 h
(HCT-8 and HepG2 cells). The invading cells were then fixed and stained
with crystal violet, and non-invading cells were removed from the upper
chamber. Fig. 4 illustrates the anti-invasive effect of I3C on all cell lines
tested when compared to untreated controls. In breast cancer cell lines,
HepG2 and Hela cells, the effect of I3C was similar to BNF preventing
the migration across the Matrigel membrane. However, I3C was less
effective than BNF in HCT-8 cells, as there was only a 50% reduction in
invasive properties of this cell line when incubated with I3C. These re-
sults further support the idea that I3C and BNF can impair the migratory
and invasive capabilities of various cancer cell lines, albeit to differing
degrees depending on the specific cellular lineage.

3.3. I3C and BNF impairs mitochondrial potential in cancer cell lines

Cancer cells have a more hyperpolarized membrane potential
compared to normal cells, and there seems to be a correlation between
the more invasive and aggressive the cancer, with an increased hyper-
polarization and decreased metabolism of oxidative phosphorylation
[55-58]. This phenotype impairs energy production under normal aer-
obic respiration; however, in most cases cancer cells utilize aerobic
glycolysis, via the Warburg effect [59-62]. Aerobic glycolysis is a defi-
cient metabolic route to produce ATP as the metabolism of glucose to
lactate generates only 2 ATP molecules per glucose utilized. However, it
has been proposed that the metabolism of proliferating cancer cells, are
adapted to facilitate the incorporation of nutrients into the biological
macromolecules essential to generate new cells [59]. In this regard,
certain signaling pathways related to cell proliferation, and some mu-
tations present in cancer cells might be dedicated to enhance biosyn-
thetic metabolic pathways to better incorporate nutrients into
macromolecules important for proliferation instead of energy produc-
tion (Reviewed by Vander-Heiden, et al., 2009 [59]). To assess the effect
of I3C and BNF in the metabolic state of the cancer cell lines used here,
we performed analyses of mitochondrial membrane potential using the
fluorescent dyer TMRE. Proliferating cancer cells were treated with 10
pM I3C and 10 nM BNF for 48 h and then incubated with 200 nM TMRE
in the dark for 45 min at 37°C. The cells were then trypsinized and
washed three times with PBS, and the fluorescence intensity of TMRE
was measured. TMRE is a permeable dye positively-charged that enters
and accumulates in active mitochondria, due to the relatively elevated
negative charge of this organelle. Loss of mitochondrial function or
depolarization results in a reduction of the mitochondrial membrane
potential, which can be detected as a reduced accumulation and fluo-
rescence of TMRE dye. The data show that HeLa, MDA-MB-231 and
HEPG2 cells that were treated with 10 pM I3C have a significant loss of
TMRE fluorescence (Fig. 5), which suggest a decreased metabolic state
and partially explains the reduced viability observed in these cells
(Fig. 1). Interestingly, in the case of MCF-7 cells, we detected a signifi-
cant increase in the TMRE signal, which suggests a different regulatory
pathway among ER+ (estrogen receptor positive) and ER- (estrogen
receptor negative) cells. BNF treatment had no effect on the mitochon-
drial potential of any of the cell lines tested here, suggesting that even
though both compounds are agonists of AhR, the mechanism of action
are different. Studies on the mechanistic links between cell metabolism,
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Fig. 3. Indole-3-carbinole impairs the directional
migration of various cancer cell lines. Representative
light microscopy images and quantification of migrated
area of wound healing assays of breast cancer cells MDA-
MB-231 (A) and MCF-7 (B), the hepatocellular carci-
noma cell line HepG2 (C), colon HCT-8 (D) and cervical
cancer HeLa cells (E). Time O represents confluent
monolayer imaged at the time of performing the wound.
The migration of the cells into the wounds was moni-
tored until the monolayers of non-treated cells became
fully closed. Images are representative of ten images of
three independent biological replicates. Scale bar: 100
pm. For all samples, data are the mean + SE of three
independent biological replicates. *p < 0.05; **p < 0.01;
wxp < 0,001; **¥%*p < 0.0001.
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regulation of proliferation and associated signaling and gene expression
pathways associated to the potential effect of I3C is required to better
potential application in treatments against cancer.

4. Discussion

In this study, we observed a positive effect of I3C and BNF on func-
tional hallmarks in various cancer cell lines. Our initial experiments
demonstrated that both compounds reduced cellular viability by
approximately 50% at concentrations as low as 10 pM for I3C and 5 nM
for BNF in ER- and ER+ breast cancer cell lines (MDA-MB-231 and MCF-
7), hepatocellular carcinoma models (HCT-8 and HepG2), and cervical
cancer (HeLa). While the antiproliferative effects of I3C were also
observed in prostate, colon, endometrial, osteosarcoma, and melanoma
cancer lines, the ICs values for prostate cancer cell lines were higher
than those observed in breast and hepatocellular carcinoma cell lines.
For instance, studies of I3C in three prostate cancer cell lines (which
differ on the levels of p53 expression) such as LNCaP (wild type p53),
DU145 (p53 mutant) and PC3 (deficient in p53 gene) were sensitive to
this compound at higher doses than what we observed here. The ICsq
values for LNCaP were 150 pM, 160 pM for DU145, and 285 pM for PC3.
In addition, the authors showed that the effect exerted by this drug is
partially independent of p53, as in all cases the cells were sensitive to the
antiproliferative effects of I3C [12]. As a result of activating AhR, I3C
and some of its derivatives impairs the proliferation and induce
apoptosis of colon, prostate, and endometrial cancer lines as well [9-11,
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4. Indole-3-carbinole impairs the invasive

properties of various cancer cell lines. Represen-

l tative light microscopy images (left panels) and
I quantification (right panels) of Matrigel invasion
assay breast cancer cells MDA-MB-231 (A) and MCF7
(B), the hepatocellular carcinoma cell lines HepG2
(C), colon HCT-8 (D) and cervical cancer HeLa cells
(E). MDA-MB-231, MCF7 and Hela cells were incu-
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17,23,24,26,63,64]. Osteosarcoma and melanoma cells undergo

apoptosis when exposed to I3C as well [13,15]. BNF has been shown to
also induce anti-proliferative and apoptotic effects in cancer cell lines [8,
29,30,52,65]. For instance, BNF has specific effect on ER+ breast cancer
cell lines mediated via the AhR and associated downstream PI3K/AKT
and MAPK/ERK signaling [66]. This report showed an ICsq for I3C on
growth inhibition of breast cancer cells was 55 pM with a maximal
inhibitory effect at 200 pM [66]. The variations on concentrations of I3C
and BNF in previous studies may be attributed to the purity of the re-
agents and different exposure times used by the research groups.
Moreover, it is known that cancer cell lines can present divergent phe-
notypes when cultured by different laboratories, indicating the impor-
tance of in vivo studies to define proper conditions of administration. The
observed differential response to I3C and BNF highlights the importance
of phenotypical and chemical parameters intrinsic to each cell type,
transcriptional expression profiles, signaling pathways, duration of
treatment, and dosage. Overall, our study suggests that I3C and BNF
have potential as anti-cancer agents and further investigation is
warranted.

It is noteworthy that studies have shown that I3C may induce cell
cycle arrest and that phytochemical combinatory treatments have an
effect over cell cycle progression. For instance, I3C in combination with
luteolin induces G1 cell cycle arrest and also inhibit the expression of
cyclin-dependent kinase 6 (CDK6) expression in MCF-7 cells [67,68].
However, there is no conclusive data showing a direct effect of I3C in
cell cycle. Our gene expression profile suggested that the
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Fig. 5. Indole-3-carbinol decreased mitochon-
drial potential in cancer cell lines. Mitochondrial
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anti-proliferative effect of the compound was likely due to a larger effect
of apoptotic genes, rather than an effect in cell cycle genes. However, it
can be hypothesized that a potential indirect effect of I3C on cells cycle
arrest might occur under different culture conditions. This idea raises
from evidence in breast cancer cells where indole compounds promoted
the expression of miRNAs let-7a-e, miR-15a, miR-16, miR-17-5p,
miR-19a, and miR-20a and decreased the expression of miR-181a,
miR181b, miR-210, miR221 and miR-106a, which ultimately may
inactivate various cyclins and impact cell cycle progression [69].
However, we found that upon nocodazole arrest and evaluation of
various time points, the five cell lines tested here were not responsive to
I3C stimulus at the levels of modifying cell cycle behavior. Thus, our
model supports an hypothesis where apoptosis is the major contributing
factor for decreased growth of cancer cells.

We also investigated the impact of I3C and BNF on the migration and
invasion capabilities of five model cancer cell lines. We found that these
properties were significantly impaired at lower concentrations than
those required to reduce cell growth. Gene expression analyses revealed
that I3C primarily induced apoptosis, rather than dysregulation of the
cell cycle. Notably, exposure to 5 pM of I3C and 10 nM of BNF resulted in
a significant decrease in migration and invasion, with BNF exhibiting
greater efficacy at lower doses. Wound healing assays demonstrated that

treated cells were unable to migrate and close the wound during the time
period in which non-treated control cells healed properly. Consistently,
Matrigel invasion assays showed that all cell lines treated with both I3C
and BNF were unable to cross the biological substrate and invade the
porous membrane, as seen in non-treated control cells. However, the
treatment with I3C only reduced migration properties by 50% in HCT-8
cells, suggesting that the mechanism of action of both compounds might
differ depending on the cell type. Additionally, we assessed mitochon-
drial integrity as a proxy measure of metabolic state and found a sig-
nificant reduction in most cell lines, reflecting impaired metabolism and
potentially defective utilization of aerobic glycolysis. Interestingly,
opposite mitochondrial behavior was observed in the two breast cancer
cell lines tested. While triple-negative MDA-MB-231 cells exhibited a
decrease in mitochondrial potential, the ER+ MCF-7 cell line showed an
increase of approximately 30% in the intensity of the signal of TMRE.
This data is consistent with the fact that metabolically, MCF-7 cells rely
on ATP production from oxidative phosphorylation under normal oxy-
gen conditions, and only increase their glycolytic activity under hypoxia
(Pasteur type). MDA-MB-231 cells, on the other hand, are considered
Warburg type as they utilize aerobic glycolysis for ATP production under
both normoxic and hypoxic environments [70,71]. Furthermore, the
aryl hydrocarbon receptor nuclear translocator (ARNT) is required for
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AhR-mediated translocator. ARNT are dimeric partners of several pro-
teins such as the hypoxia inducible factor 1a (HIFla) [72,73]. Inter-
estingly, BNF down-regulated the expression of ARNT in liver of white
sturgeon but an up-regulation in their gill and intestine [74]. Therefore,
we cannot discard that BNF had an effect over the expression of ARNT
resulting in a different effect for this potent AhR ligand than for I3C. This
is an important finding, as the differential metabolic response of both
cell lines to I3C should be a factor considered when utilizing this com-
pound in different cell lines. Overall, the functional data presented here
contributes to the proposal that I3C represents excellent potential nat-
ural anti-carcinogenic compound, as it impairs several hallmark phe-
notypes of cancer.

5. Conclusion

Our study demonstrated that both I3C and BNF have significant ef-
fects on the proliferation, migration, and invasion of various cancer cell
lines, with I3C showing effects at a concentration of 10 pM and BNF
showing effects at 1 nM. These findings suggest that I3C may serve as a
promising complimentary natural therapy for the treatment of cancer.
However, further studies using animal models are necessary to confirm
its in vivo efficacy. I3C not only impairs cell growth and induces
apoptosis in various cancer cell models but also affects the mobility and
invasive properties of cancer cells, which are crucial for cancer pro-
gression and metastasis. The complex molecular interactions of these
compounds and their effects on various signaling pathways are impor-
tant determinants of their efficacy. Therefore, further in vitro and in vivo
studies are needed to determine their potential as primary therapy or co-
treatments with existing drugs in cancer patients.
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