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Ethylcoprostanol modulates colorectal cancer cell
proliferation and mitigates cytotoxicity of
cholesterol metabolites in non-tumor colon cells}

Mussa Makran, & Guadalupe Garcia-Llatas, "= * Amparo Alegria and Antonio Cilla

Sterols can be metabolized by gut microbiota. The cholesterol metabolites have been proposed as pro-
moters of colorectal cancer (CRC), while the effect of plant sterol metabolites is unknown. This study
aimed to evaluate the cytotoxicity of metabolites from cholesterol (coprostanol, cholestanol, coprosta-
none and cholestenone) and p-sitosterol (ethylcoprostanol) on human colon tumor (Caco-2) and non-
tumor (CCD-18Co) cells at physiological concentrations (9-300 pM) and exposure time (24 h).
Ethylcoprostanol reduced the tumor cell proliferation (MTT), showing in flow cytometry assays induction
of apoptosis via production of reactive oxygen species (ROS) and ceramide. Transcriptomic analysis
(QPCR) showed activation of the intrinsic apoptosis pathway (BAX/BCL2 ratio and CASP9 increased),
accompanied by downregulation of the p21 gene. Cholesterol metabolites, mainly the most hydrophobic,
induced apoptosis and Gg/G; phase arrest in non-tumor cells through overproduction of ROS. Both the
intrinsic and extrinsic (CASP8 increased) apoptosis pathways occurred. In turn, a reduction in the
expression of the cyclin E; gene confirmed the cell cycle arrest. In addition, ethylcoprostanol protected
non-tumor cells from the most cytotoxic cholesterol metabolite (cholestenone). In conclusion, ethylco-
prostanol is a promising candidate as a therapeutic adjuvant in CRC, while cholesterol metabolites could

rsc.li/food-function

1. Introduction

With 1931590 new cases in 2020, colorectal cancer (CRC)
ranks as the third most common and second deadliest cancer,
leading to significant comorbidities in patients and high costs
to healthcare systems." Genetic and environmental factors are
involved in the complex etiology of CRC, among those gut
microbiota stands out.” In this regard, cholesterol can be
metabolized by the colonic microbiota (mainly bacteria of the
Eubacterium and Bacteroides genera) to coprostanol, through
direct reduction or by the formation of intermediates (choles-
terone, cholestenone, coprostanone or coprostanol).” To a
lesser extent, cholestenone can be reduced to cholestanol, and
coprostanol isomerized to epicoprostanol. In this way,
epidemiological,"” animal®’” and in vitro® studies point out
that cholesterol-derived metabolites produced by the intestinal
microbiota could play a relevant role in colorectal carcinogen-
esis. Although numerous biological effects of cholesterol
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act as CRC promoters through their cytotoxicity.

metabolites (mainly cholestenone) have been studied,” " their
implication in the etiology of CRC is still not fully elucidated.

On other hand, the occurrence of side effects and the emer-
gence of drug resistance, prompts for an urgent need to find
new and more effective drugs for CRC treatment.'” In this
sense, several studies have demonstrated that many natural
products possess effective anti-CRC activity and may serve as
adjuvant chemotherapy agents for CRC treatment.”® In this
regard, plant sterols (PS) have shown to be promising anti-
cancer agents, showing antiproliferative activity against colon
cancer cells."*"® In addition, the rate of intestinal absorption
of PS is low (2-3%), which means that non-absorbed PS reach
the colon and can biotransformed by gut microbiota.® In this
sense, it has been reported that p-sitosterol and campesterol
are mainly transformed into ethyl- and methyl-coprostanol,
and then ethyl- and methyl-coprostanone, respectively, while
the microbial degradation pathway of stigmasterol has not
been fully elucidated. Although different biological effects
have been attributed to metabolites derived from cholesterol,
PS metabolites have not yet been studied.

Considering the previous knowledge, the aim of the present
study was to evaluate the cytotoxic activity and mechanism of
action of the main commercially available metabolites
from cholesterol (coprostanol, cholestanol, coprostanone and
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cholestenone) and p-sitosterol (ethylcoprostanol) at physiologi-
cally relevant concentrations on undifferentiated human
colonic epithelial adenocarcinoma cells (Caco-2) and non-
tumor human colon fibroblasts (CCD-18Co).

2. Materials and methods
2.1 Reagents

Bovine serum albumin (BSA), coprostanol (5p-cholestan-3p-ol)
(96%, wi/w), cholestanol (5a-cholestan-3p-ol) (98%, w/w),
coprostanone (5p-cholestan-3-ol) (96%, w/w), cholestenone
(4-cholesten-3-one) (98%, w/w), 2',7"-dichlorofluorescein diace-
tate (DCFDA), dimethyl sulfoxide (DMSO), 3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyl-tetrazolium bromide (MTT), 5-fluoro-
uracile (5-FU), monoclonal anti-ceramide antibody produced
in mouse (primary antibody), goat anti-mouse IgM + IgG + IgA
anti-body, F(ab’)2, FITC conjugate (secondary antibody), propi-
dium iodide (PI) and ribonuclease A (RNase A) were from
Merck LifeScience S.L.U. (Madrid, Spain). Ethylcoprostanol
(24-ethyl-5p-cholestan-3p-ol) (99.3%, w/w) was purchased from
Cromlab (Barcelona, Spain). FITC Annexin V apoptosis detec-
tion kit I was from BD Biosciences (San Jose, CA, USA). For
RNA extraction, TRIzol™ reagent was purchased from
Invitrogen™ (Carlsbad, CA, USA) and the ReliaPrep™ RNA
Miniprep System kit from Promega (Madison, WI, USA).
TagMan™ Reverse Transcription kit and PowerUp™ SYBR™
Green Master Mix for quantitative real-time PCR (qPCR) ana-
lysis were purchased from Applied Biosystems™ (Foster City,
CA, USA). D-MEM + GlutaMAX™ (4.5 g L™" glucose), MEM
Non-Essential Amino Acids (MEM NEAA) solution (100x),
HEPES buffer solution (1 M), antibiotic solution (10000
U mL™" penicillin and 10 000 pg mL™" streptomycin), antimy-
cotic solution (250 pg mL™" amphotericin B), fetal bovine
serum (FBS), PBS pH 7.4 (1x) and trypsin-EDTA solution (2.5 g
L~" trypsin and 0.2 ¢ L™" EDTA) were from Gibco™ (Scotland,
UK). Absolute ethanol was obtained from Panreac (Barcelona,
Spain). 2-Propanol and chloroform were supplied by Scharlau
(Barcelona, Spain). Deionized water (resistivity 18.2 MQ cm)
was obtained using a Milli-Q water purification system
(Millipore™, Bedford, MA, USA).

2.2 Invitro study design

Caco-2 and CCD-18Co cells come from American Type Culture
Collection (HTB-37 and CRL-1459, respectively) (Rockville, MD,
USA). For the cell growth, they were cultured in 75 cm? flasks
(Corning™ Falcon™) in D-MEM supplemented with 10% (v/v)
FBS, 1% (v/v) MEM NEAA, 1% (v/v) antibiotic solution, 1% (v/v)
antimycotic solution and 1% (v/v) HEPES. Cells were incubated
at 37 °C in a humidified atmosphere (95% relative humidity,
RH) with 5% (v/v) CO,.

Regarding samples, stock solution of metabolites was pre-
pared in ethanol while the 5-FU was dissolved in DMSO. For
the assays, the physiological concentration of metabolites in
feces was estimated based on data from studies in humans®
considering an average water content in feces of 75% and a
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density of 1.06 g mL~"."® Based on this, it was estimated that
the fecal concentration of metabolites can range between 70
and 14 000 pM. However, the maximum soluble concentration
of metabolites in the culture medium was 300 pM. As screen-
ing, the treatments in the MTT assay were performed at
different concentrations (9, 18, 37, 75, 150 and 300 pM) to
determine the half-maximal inhibitory concentration (ICs).
For mechanistic evaluations, 75 uM was selected since it is the
closest to the intermediate ICs, obtained in MTT assay.

For experimental studies, Caco-2 (passages 10-37) and
CCD-18Co (passages 3-30) cells were dissociated from the
flask with trypsin-EDTA reagent. Subsequently, cells were
plated at 5 x 10* cells per cm” onto 96-well (cytotoxicity assay),
24-well (cytofluorometric analysis) or 6-well plates (qPCR
assays) (Costar Corp., Cambridge, MA, USA) and incubated
(37 °C, 95% RH, 5% (v/v) CO,) during 24 h with culture
medium. At 24 h post-seeding, the cells were treated with the
metabolites in culture medium. Regarding exposure time, 24 h
was chosen since it reflects a realistic estimate of human intes-
tinal exposure to dietary compounds.'”” However, gene
expression assays were performed at 6 h since transcriptional
modifications are initiated at early exposure to treatment.'® On
the other hand, vehicle-treated cells were the negative control
(1.2% ethanol), and as positive control 5-FU (25 pM) was used
(except in the PCR experiments) due to its well-known cytotoxic
effect on human colon cancer cells.'® It has been corroborated
that the final concentrations of ethanol (1.2%) and DMSO
(0.3%) in culture medium did not induce cytotoxicity in any of
the cell lines (data not shown).

2.3 Cytotoxicity assay

The cytotoxic activity of metabolites was evaluated by the MTT
assay, a method used to measure cellular metabolic activity as
an indicator of cell viability.>® This colorimetric method is
based on the reduction of a yellow tetrazolium salt (MTT) to
purple formazan crystals by metabolically active cells. Briefly,
after treatment, the culture medium was removed and 100 pL
of MTT solution (0.5 mg mL ™" in PBS) was added. After 4 h of
incubation (37 °C, 95% RH, 5% (v/v) CO,), the MTT solution
was removed, and the formazan salts were solubilized with
100 pL of DMSO. The resulting coloured solution was quanti-
fied by measuring absorbance with a multi-well spectrophoto-
meter (Victor’ multi-label counter, PerkinElmer) at 570 nm
with background subtraction at 690 nm. Results were
expressed as percentage of viable cells vs. control. The ICs,
value were obtained by plotting the mean of cell viability
against the log concentration to distribute the data on a
sigmoid curve.

2.4 Cell death

Cell death after treatments was detected using the
FITC-Annexin V apoptosis detection kit I. The method is based
on the detection of phosphatidylserine molecules translocated
outside the cell membrane (Annexin V-FITC) and the presence
of nuclear membrane damage (PI).>' Briefly, cells were har-
vested with trypsin-EDTA (400 pL). Then, the cells were trans-
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ferred to a 5 mL round-bottom flow cytometry tube (Corning™
Falcon™) and centrifuged (23 °C, 450g, 5 min) (Eppendorf®
centrifuge 5810R). After removing supernatant, 100 pL of
binding buffer, 5 pL of Annexin and 5 pL of PI solutions were
added. The tubes were kept in darkness for 15 min at room
temperature. Finally, 400 pL of binding buffer were added and
the samples were analysed by flow cytometry (FACS Verse, BD
Biosciences) (Aexe = 488 nm and Ae, = 527/32 nm for
FITC-Annexin V and Ae, = 488 nm and A, = 586/42 nm for PI),
at least 10 000 events. Prior to analysis, cell suspensions were
filtered (50 pm) (CellTrics®) to remove aggregates and debris.
An aliquot of unstained cells was analysed to delimit the back-
ground fluorescence emitted by cells (autofluorescence). In
addition, cells stained individually with FITC-Annexin V and PI
were analysed to compensate for spectral overlap between both
fluorochromes.

2.5 Analysis of cell cycle progression

Cell cycle analysis was performed by flow cytometric evaluation
of cellular DNA content using PL.>' PI binds to DNA stoichio-
metrically, which makes it possible to quantify cellular DNA
and thus the proportion of cells within each stage of the cell
cycle. Briefly, cells were harvested and fixed with 1 mL of cold
ethanol : PBS 70 : 30 (v/v) (30 min, 4 °C). After centrifuging and
suspending the pellet with 400 pL of PBS, 50 pL of RNase A
and PI solutions (40 and 100 pg mL™" in PBS, respectively)
were added. Then, the tubes were incubated (37 °C, 95% RH,
5% (v/v) CO,) for 30 min. Finally, cell suspension was filtered,
and fluorescent intensity was analysed (lexe = 488 nm and
Aem = 586/42 nm) in at least 10 000 events for each sample.

2.6 Cellular levels of reactive oxygen species

Cellular levels of reactive oxygen species (ROS) were measured
to assess their mediation in the cytotoxic activity of the meta-
bolites. In the presence of ROS, the DCFDA reagent is oxidized
to fluorescent dichlorofluorescein, which is measured by flow
cytometry.>” Briefly, after harvesting cells, they were suspended
with 1 mL of 1 pM DCFDA in a cytometry tube and incubated
in darkness for 30 min (37 °C, 95% RH, 5% (v/v) CO,). Over
time, the tubes were centrifuged, and the pellet was suspended
in 300 pL of PBS. Finally, fluorescent intensity was analysed
(Aexe = 488 nm and Ao, = 527/32 nm) in at least 10000
events for each sample, after subtracting for cellular
autofluorescence.

2.7 Cellular levels of ceramide

Cellular levels of ceramide were measured by flow cytometry to
assess its involvement in metabolite-induced apoptosis.”®
Prior to assay, primary and secondary antibody were diluted
1/1000 or 1/20 (v/v), respectively, with 0.1% (w/v) BSA solution.
Briefly, cells were harvested and suspended in 200 pL of
primary antibody solution in a cytometry tube. After incu-
bation (60 min, 37 °C, 95% RH, 5% (v/v) CO,), the tubes were
centrifuged (4 °C, 450¢g, 5 min) and the cells were washed with
BSA solution. Then, cells were incubated with 100 pL of sec-
ondary antibody solution during 30 min (37 °C, 95% RH, 5%
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(v/v) CO,). Subsequently, it was washed and suspended
with 400 pL of BSA solution. Finally, the fluorescence intensity
(Aexe = 488 nm and Aen, = 527/32 nm) was measured in at least
10000 events for each sample after subtracting for cellular
autofluorescence.

2.8 Transcriptional evaluation

To evaluate the expression of the regulatory genes of the apop-
tosis and the cell cycle, a relative quantification of its messen-
ger RNA (mRNA) levels was performed using qPCR prior retro-
transcription (RT) to complementary DNA (cDNA).

2.8.1 RNA extraction. For RNA isolation, the TRIzol™
reagent was used (according to the manufacturer’s protocol
with some modifications). Briefly, after removing the culture
medium, 500 pL of TRIzol™ reagent was added and cells were
harvested from the plate with cells scrapers (Sarstedt®,
Niimbrecht, Germany). Then, TRIzol™ was kept with cells for
5 min. The cell lysate was transferred to a 1.5 mL Eppendorf®
tube. After repeating the process one more time, 200 pL of
chloroform was added and the tubes were centrifuged for
15 min at 4 °C and 12 000g (Sigma® 3K15). Then, the super-
natant was transferred to a new tube and 170 pL of isopro-
panol was added. Finally, the extracted RNA was purified using
the ReliaPrep™ RNA Miniprep System kit according to the
technical manual provided by the manufacturers (prolonging
centrifugation times to 2 min). The concentration of total RNA
was determined spectrophotometrically (Thermo Scientific™
NanoDrop Lite). The purity was also estimated by spectro-
photometry from the relative absorbances at 230, 260 and
280 nm. In all samples, adequate values were obtained of ratio
AseolArgo (1.8-2.0) and Apeo/Azzo (>2.0). The purified RNA
extract was stored at —80 °C until analysis.

2.8.2 Primer design, specificity and efficiency. Gene-
specific primers were designed using Primer-BLAST software
of NCBI, using default criteria for PCR product size (150 to 200
base pairs) and melting temperature (Ty,) (min 57, opt 58, max
60, and max T,, difference 0.5 °C). The specificity was evalu-
ated with post-amplification melting-curve analysis on
StepOne  Plus Real-time PCR instrument (Applied
Biosystems™). On the other hand, the efficiency of the
primers was checked from a standard curve generated by
cDNA serial dilutions (1/5, v/v). The amplification efficiency
[E (%) = (107*/51°P¢ _ 1) x 100] for each primer pair was calcu-
lated from the regression line by plotting the mean quantifi-
cation cycle (Cq) values against the log of the cDNA dilution
factor. The efficiency values were in accordance with those pre-
viously described.>* The sequence of the target and reference
gene primers as well as the amplification efficiency are shown
in the ESL.{

2.8.3 Retrotranscription. The RT was carried out in
MicroAmp™ Fast Reaction Tube 0.1 mL (Applied Biosystem™)
using TagMan™ Reverse Transcription kit, according to the
protocol provided by the manufacturers (final concentration of
RNA 30 ng pL™"). The conditions were set as default: 25 °C for
10 min, 48 °C for 30 min, 95 °C for 5 min and stabilization at
16 °C until sample withdrawal.
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2.8.4 Quantitative real-time PCR. Amplification reactions
were performed in MicroAmp™ Fast Optical 96-Well Reaction
Plate 0.1 mL (Applied Biosystem™) using SYBR™ Green detec-
tion chemistry with the StepOne Plus Real-time PCR instru-
ment. Reactions were prepared as follows (final volume 10 pL):
45 ng template cDNA, 2 pL of solution of primer pair (final
concentration 900 nM of each primer) and 5 pL of PowerUp™
SYBR™ Green Master Mix. The cycling conditions were set as
follows: initial holding stage at 95 °C for 5 min, followed by 50
cycles of denaturation at 95 °C for 10 s, annealing at 60 °C for
30 s and elongation at 72 °C for 15 s. After amplification,
melting curve analysis was performed over a gradient (+0.3 °C
min~") extending from annealing to denaturation temperature.
Three technical replicates were performed for each condition.

2.8.5 Gene expression analysis. Fold-change of gene
expression was assessed by using the 274 method.?® The
ACTB gene has been used as a reference gene after verifying
that its expression remains constant throughout the different
experimental conditions.

2.9 Statistic analysis

All assays were carried out in two independent assays (at least n =
3). Data normality was checked by Shapiro-Wilk. Homoscedasticity
assumptions were evaluated by the Levene test. One-way analysis of
variance (ANOVA), followed by LSD post hoc test, was applied to
determine statistically significant differences (p < 0.05). GraphPad
Prism 8.0.2 (GraphPad Software Inc., San Diego, CA, USA) was
used for statistical analysis.

3. Results
3.1 Cytotoxic effect

The first step to assess the antiproliferative activity of a bio-
active compound is to determine its cytotoxicity in tumor cells
and the selectivity of this effect using a non-tumoral line.
Regarding to the tumor cell line (Caco-2), a statistically signifi-
cant reduction (p < 0.05) in cell viability (vs. control) was
observed after treatment with cholestanol (by 20-24%), choles-
tenone (by 17-71%) and ethylcoprostanol (by 22-43%) (Fig. 1).
Only cholestenone exhibited a statistically significant (p <
0.05) dose-dependent effect on cell viability under the tested
concentrations. Despite antiproliferative activity observed by
the cholesterol metabolites in the tumor cell line, their effect
was greater in CCD-18Co cells. In this sense, the ICs, of choles-
tenone was significantly lower (p < 0.05) in the non-tumor cell
line (35.4 + 0.4 vs. 106.5 + 1.4 pM). In the same way, the
reduction of the viability of CCD18-Co cells by cholestanol
(>150 uM) was greater (p < 0.05) compared to Caco-2 cells (by
39-41 vs. 21-23%). In addition, coprostanone (ICsy, 72.1 +
1.4 pM) and coprostanol showed a cytotoxic effect only in non-
tumor cells. These data reflect that cholesterol metabolites,
mainly the hydrophobic (cholestenone and coprostanone),
have statistically significant (p < 0.05) dose-dependent cyto-
toxic activity predominantly on non-tumor cells. However,

10832 | Food Funct, 2023, 14,10829-10840

View Article Online

Food & Function

ethylcoprostanol reduced the viability of CCD-18Co cells (by
29-44%) an equivalent way to Caco-2 cells.

On the other hand, the impact of ethylcoprostanol on the
damage to colonic cells induced by the most toxic cholesterol
metabolite (cholestenone) was evaluated. For this, both types
of cells were combined treated with cholestenone and ethylco-
prostanol (75 uM each metabolite for 24 h). The concentration
of 75 pM for each metabolite in the combined treatment was
selected to achieve a balance between the responses in both
cell lines, as it is the closest concentration to the midpoint
between the ICs, values of cholestenone in Caco-2 (106.5 +
1.4 pM) and CCD18Co cells (35.4 + 0.4 pM). The data showed
that reduction of Caco-2 cell viability by combined treatment
was greater (p < 0.05) compared to individual metabolite (by
60 vs. 29-40%), indicating a potentiation in the cytotoxic
effect. However, in the non-tumoral cell line, ethylcoprostanol
protected from damage produced by cholestenone, as observed
in the reduction of cell viability in the combined treatment
and isolated cholestenone (by 24 vs. 63%, p < 0.05).

3.2 Cell death

The MTT assay served as a preliminary tool to evaluate a range
of concentrations and determine the optimal concentration
for subsequent mechanistic studies. After this, cell death was
assessed by flow cytometry using Annexin V/PI staining. It is
worth noting that the discrepancies observed in cell viability
values between the two assays can be attributed to their
different methodologies. The MTT assay primarily measures
cellular metabolic activity as an estimate of cell viability, while
the Annexin V/PI assay directly evaluates aspects related to cell
viability and death.

As observed in Fig. 2, tumor cell viability was significantly
reduced (vs. control, p < 0.05) after exposition to cholestenone
(by 71.1%) and ethylcoprostanol (by 85.3%), inducing cell
apoptosis. The proportion of early apoptotic cells was higher
(p < 0.05) after ethylcoprostanol exposure (74.9%) compared to
cholestenone (60.9%), indicating that the apoptotic effect on
cancer cells is greater by the PS metabolite.

In relation to the non-tumor cell line, all metabolites
reduced the viability of CCD-18Co cells (p < 0.05), although
coprostanone, followed by cholestenone, were the metabolites
that caused the greatest reduction (by 57.0 and 41.1%, respect-
ively) (Fig. 2). Thus, an increase (p < 0.05) in the early and late
apoptotic cells was observed, again, predominantly by the
hydrophobic cholesterol metabolites (coprostanone and
cholestenone).

On the other hand, co-treatment with cholestenone and
ethylcoprostanol showed a potentiation of the apoptotic effect
in Caco-2 cells, as deduced from the greater (p < 0.05) late
apoptosis cell (16.8%) in comparison to individual metabolites
(13.7-13.9%). In turn, ethylcoprostanol protected CCD18-Co
cells from the toxicity produced by cholestenone, since the co-
treatment improved cell viability value and reduced the percen-
tage of apoptotic cells (vs. individual cholestenone).

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Viability of Caco-2 and CCD-18Co cells after 24 h exposure to sterol metabolites at different concentrations (9-300 pM). Concentrations
were expressed on a logarithmic scale to distribute the data so that the shape of the curve and the quality of the fit are easily visible. Data are shown
as mean + standard deviation (n = 3). The asterisk (*) indicates statistically significant differences (p < 0.05) between treatment and control (vehicle-
treated cells). Different letters (a—c) indicate statistically significant differences (p < 0.05) between concentrations in the same treatment.
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Fig. 2 Cell death evaluation in Caco-2 and CCD-18Co cells after 24 h exposure to sterol metabolites and combined treatment with cholestenone
(Ch-one) and ethylcoprostanol (Eth-ol) at 75 uM. Cp-ol: coprostanol; Ch-nol: cholestanol; Cp-one: coprostanone. Data are shown as mean + stan-
dard deviation (n = 3). Different letters (a—d) indicate statistically significant differences (p < 0.05) between treatments in the same cell stage.

3.3 Effect on cell cycle progression
Until now, a clear apoptotic effect of sterol metabolites in

colonic cells has been observed. However, when cells are
exposed to cellular stress, other biological events occur in

This journal is © The Royal Society of Chemistry 2023

which alterations in the progression of the cell cycle can be
found. In this sense, the exposure to sterol metabolites (except
coprostanol) significantly increased (vs. control, p < 0.05) the
subG; cell population in the tumor cell line, mainly by choles-
tenone, followed by ethylcoprostanol (Fig. 3). In relation to the
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Fig. 3 Distribution of cell cycle phases in Caco-2 and CCD-18Co cells after 24 h exposure to sterol metabolites and combined treatment with cho-
lestenone and ethylcoprostanol at 75 puM. Data are shown as mean (n = 3). Different letters (a—d) indicate statistically significant differences (p <

0.05) between treatments in the same cell cycle phase.

non-tumor cells, a slight increase (vs. control, p < 0.05) in the
subG; cell population after treatment with metabolites, except
coprostanol and ethylcoprostanol, was observed. However, the
main effect in this cell line was an increase (vs. control, p <
0.05) in the population of cells in the Gy/G; phase (i.e., Go/Gy
phase arrest), accompanied by a reduction (vs. control, p <
0.05) in the cell population in S and G,/M phases (choleste-
none being the metabolite that generates the greatest
reduction in S phase).

On the other hand, co-treatment of ethylcoprostanol and
cholestenone in Caco-2 cells does not seem to potentiate the
effect on cell cycle progression (vs. individual metabolites), as
has been observed so far in the previous assays. However, in
the non-tumor cell line, a protective effect of ethylcoprostanol
against colonotoxicity induced by cholestenone was observed.
In this sense, a lower percentage of cells in the Gy/G; phase
(i.e., amelioration in cell cycle arrest) was observed compared
to individual exposure to cholestenone (79.9 vs. 83.0%, p <
0.05). In addition, the co-treatment restored to normal values
(untreated cells) the proportion of cells in subG; and S phase
(vs. individual cholestenone).

3.4 Ceramide mediation in metabolite-induced apoptosis

To analyse the signalling pathway involved in the apoptosis
induced by the metabolites, the intracellular levels of ceramide
were measured by flow cytometry. In relation to the tumor cell
line, a significantly increase (vs. control, p < 0.05) in intracellu-
lar ceramide levels after treatment with cholestenone and
ethylcoprostanol was observed (Fig. 4). On the other hand, co-
treatment with cholestenone and ethylcoprostanol did not
potentiate the increase in ceramide levels compared to the
individual metabolites. This seems to indicate that ceramide
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Fig. 4 Cellular levels of ceramide in Caco-2 cells after 24 h exposure to
sterol metabolites and combined treatment with cholestenone and
ethylcoprostanol at 75 pM. Data are shown as mean + standard devi-
ation (n = 3). This sign | indicates statistically significant differences (p <
0.05) between treatment and control (vehicle-treated cells). The asterisk
(*) indicates statistically significant differences (p < 0.05) between
treatments.

does not mediate the potentiation of the cytotoxic effect
between both metabolites, as previously observed with the
MTT and apoptosis assays. In CCD-18Co cells, no increase in
ceramide levels was observed after the treatments (data not
shown), indicating that apoptosis occurs via a ceramide-inde-
pendent pathway.

This journal is © The Royal Society of Chemistry 2023
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3.5 Induction of reactive oxygen species

The intracellular levels of ROS were measured to determine
their involvement in the activation of apoptosis signaling path-
ways. Regarding cholesterol metabolites, all of them, except
cholestenone, induced a significant increase (vs. control, p <
0.05) in ROS levels in both cell lines. The effect of coprostanol
and coprostanone was significantly higher (p < 0.05) in non-
tumor cells compared to tumor cells. In contrast, ethylcopros-
tanol generated an increase in the cellular levels of ROS in
Caco-2 cells, without affecting non-tumor cells (Fig. 5). On the
other hand, reduction in ROS levels (vs. control, p < 0.05) was
observed after treatment with cholestenone (in Caco-2 cells)
and cholestenone combined with ethylcoprostanol (in both
cell lines). In this case, this seems to indicate that the induced
structural damage in the cells prevents the retention of the
fluorescent probe inside the cell. For this reason, ROS levels
were evaluated in Caco-2 cells reducing the incubation time to
6 h, showing increase in ROS levels by cholestenone (2.1-fold)
and co-treatment (2.5-fold). In this regard, potentiation of the
antiproliferative activity was observed compared to individual
metabolites (2.5 vs. 1.2-2.1-fold, p < 0.05).

3.6 Gene-expression changes induced by metabolite exposure

The evaluation of gene expression is a useful tool to under-
stand the mechanism of action of a biological effect and to
elucidate the pathway involved. In this sense, genes that regu-
late the cell apoptosis and cell cycle progression after exposure
to the most cytotoxic cholesterol metabolites (coprostanone
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Fig. 5 Cellular levels of reactive oxygen species in Caco-2 and CCD18-
Co cells after 24 h exposure to sterol metabolites and combined treat-
ment with cholestenone and ethylcoprostanol at 75 pM. Data are shown
as mean + standard deviation (n = 3). This sign . indicates statistically
significant differences (p < 0.05) between treatment and control
(vehicle-treated cells). The asterisk (*) indicates statistically significant
differences (p < 0.05) between cell lines in the same treatment.
Different letters (a—d) indicate statistically significant differences (p <
0.05) between treatment in the same cell line.
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and cholestenone), ethylcoprostanol and co-treatment (choles-
tenone and ethylcoprostanol) have been evaluated. An increase
(p < 0.05) of the BAX/BCL2 ratio in Caco-2 cells after exposure
to metabolites compared to control was observed (Fig. 6). This
indicates that the metabolites induce apoptosis via the intrin-
sic (or mitochondrial) pathway. This was confirmed by an
increase (vs. control, p < 0.05) in the expression of the gene
encoding caspase 9 (CASP9), except in the treatment with ethyl-
coprostanol. In turn, coprostanone also acts on Caco-2 cells
through the extrinsic pathway, as deduced from the significant
increase (p < 0.05) in the expression of the CASP8 gene (vs.
control).

On the other hand, no changes in the expression of the
effector caspase 3 gene (p > 0.05) compared to the control were
observed in Caco-2 cells. This could be due to its action in
advanced phases of apoptosis. Thus, after 24 h exposure an
increase (p < 0.05) in CASP3 gene expression (vs. control) was
observed, significantly higher after treatment with ethylcopros-
tanol (3.00 vs. 2.38-2.47-fold, p < 0.05). The fact that CASP3
expression did not change after exposure to coprostanone and
cholestenone, despite its cytotoxicity in previous assays, high-
lights the complexity in the regulation of gene expression
during apoptosis. These effects on gene expression may not be
evident within the specific time period evaluated in the
present study.

Caco-2 cells

Fold-change over control

BAX/BCL2 CASP3 CASP8 CASP9 CDKNIA TP53 CCNDI CCNEI
CCD18-Co cells
=
2.5+ 3 it
’L *
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Fig. 6 Relative gene-expression in Caco-2 and CCD-18Co cells after
6 h exposure to sterol metabolites and combined treatment with cho-
lestenone and ethylcoprostanol at 75 pM. Data are shown as mean +
standard deviation (n = 9). This sign . indicates statistically significant
differences (p < 0.05) between treatment and control (vehicle-treated
cells) in the same gene evaluated. The asterisk (*) indicates statistically
significant differences (p < 0.05) between treatment in the same gene
evaluated.
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On the other hand, gene expression of the p21 protein
(CDKN1A) was reduced (p < 0.05) compared to control (except
coprostanone) in the tumor cell line. In addition, the
expression of the gene that encodes p53 protein (TP53) was not
modified (vs. control). In relation to cyclin expression, a
reduction (p < 0.05) in the expression of the genes that code
for the cyclins D; (CCND1) and E, (CCNE1) was observed (vs.
control).

Regarding CCD-18Co cells, it was observed that only chole-
sterol-derived metabolites increased (vs. control, p < 0.05) the
BAX/BCL2 ratio and the expression of the CASP3, CASP8 and
CASP9 genes. On the other hand, the expression of the genes
that code for the p53, p21 and cyclin D, proteins was not
altered by the exposure to the metabolites, which indicates
that it does not play a crucial role in the biological effects
exerted by them. However, the reduction in CCNEI gene
expression after treatment with cholesterol metabolites (vs.
control, p < 0.05) confirms the G,/G; phase arrest observed in
cell cycle progression assay. In addition, ethylcoprostanol pre-
vented the increase in the BAX/BCL2 ratio and the expression
of the CASP3 and CASP9 genes induced by cholestenone in
non-tumor cells.

4. Discussion

According to global statistics, CRC was the third most
common cancer in men and the second in women, contribut-
ing 11.4 and 9.9% of the total number of new cases diagnosed
in 2020, respectively.! Currently, the treatment in early stages
is usually surgical resection, while chemotherapeutic agents
such as 5-FU, capecitabine, oxaliplatin, and irinotecan are
more commonly used in the advanced stage.*® Several neuro-
toxic and gastrointestinal side effects have been associated
with anti-cancer chemotherapeutic agents used for the treat-
ment of CRC, including diarrhoea, mucositis and neutrope-
nia.?” Therefore, the research focuses its efforts on the devel-
opment of novel therapeutic strategies based on the simul-
taneous administration of chemotherapy drugs together with
natural bioactive compounds.'? This approach minimizes the
doses of the chemotherapeutic drug, maintaining its thera-
peutic effect and reducing side effects. In this sense, PS have
shown antiproliferative activity at colonic concentrations in
Caco-2 cells, inducing apoptosis and arrest in the G,/G; phase
of the cell cycle.”® Besides, these bioactive compounds potenti-
ate the effects of the chemotherapeutic drug 5-FU in human
colon cancer cells (Caco-2 and HT-29), with an additive effect
in the arrest of the cell cycle in the S phase, the induction of
apoptosis and increased caspase activation.’® On the other
hand, it is known that PS are capable of being metabolized by
gut microbiota.® In this sense, in vitro colonic fermentation
studies®®*° and clinical trials**> with PS-enriched foods show
that ethylcoprostanol is the major metabolite derived from
colonic fermentation of f-sitosterol (the main dietary PS).
However, the biological effects produced by this metabolite are
unknown.
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The present study report for the first time the antiproli-
ferative activity of ethylcoprostanol in colon cancer cells by
inducing early and late apoptosis (with lower effect in non-
tumor cell line). Treatments capable of restoring apoptotic
signalling pathways to their normal state hold the potential to
eliminate cancer cells, as a reduction in apoptosis contributes
to carcinogenesis.*® In this sense, several plant-derived bio-
active compounds have been shown to induce apoptosis in
colon cancer cells, including phenolic compounds,®® alka-
loids,* oleanolic acid*® and PS."®® Currently, the association
between PS intake and CRC has not been fully clarified,
although a risk reduction of up to 50% has been observed in
a case-control study.’” However, the findings of this study
show that the reduction in the risk of CRC could not only be
due to the action of PS, but also to the antiproliferative
activity of its derived metabolites. Regarding the mechanism
of action (represented graphically in Fig. 7), the apoptotic
effect of ethylcoprostanol was accompanied by an increase in
cellular levels of ROS and ceramide. It is well known that the
overproduction of ROS is a key phenomenon in the induced
intrinsic and extrinsic apoptosis by chemotherapeutic agents
and bioactive compounds,’®*® including PS."*?® On the other
hand, it has been described that ceramide is a key mediator
in the induction of apoptosis, both by intrinsic and extrinsic
pathways, by regulation of target proteins via direct binding.*
In this regard, it has previously been described that
p-sitosterol are capable of stimulating ceramide production in
HT-29 tumor cells, which was associated with inhibition of
cell growth and stimulation of apoptosis.*’ Although hydro-
lysis of sphingomyelin has been postulated as ceramide pro-
duction pathway after f-sitosterol treatment,*’ the de novo syn-
thesis route has also been observed in differentiated Caco-2
cells.*? In addition, it has been described that ceramide can
act on the mitochondrial respiratory chain stimulating the
ROS production, and ROS favours ceramide synthesis regulat-
ing proteins involved in its production.*® Therefore, oxidative
stress and ceramide play a key role in ethylcoprostanol-
induced apoptosis, and there may be interaction between
both mediators.

On the other hand, changes in gene expression showed that
ethylcoprostanol exerted its antiproliferative effect through the
intrinsic pathway (increased expression of BAX/BCL-2 ratio and
CASP9). Bax and Bcl-2 regulate the cell death by modulating
mitochondrial membrane permeabilization.”> The Bcl-2
protein inhibits apoptosis by blocking the mitochondrial
release of cytochrome ¢, while Bax favours the release of cyto-
chrome ¢ from the intermembrane space into the cytosol.
However, it is not the amount of each of them, but the ratio
(Bax/Bcl-2) determines the regulation of apoptosis. Therefore,
in the presence of an apoptotic stimulus, the Bax/Bcl-2 ratio
increases, thus favouring the release of cytochrome ¢ and acti-
vating procaspase 9, which initiates the execution phase by
activating procaspase 3. In addition, it was observed that ethyl-
coprostanol-induced apoptosis is accompanied by a reduction
in the gene expression of the p21, a protein that has been
shown to inhibit apoptosis by blocking pro-apoptotic proteins

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Molecular mechanism of the apoptotic effect of sterol metabolites on Caco-2 and CCD-18Co cells. Exposure of colon cells to metabolites
results in an increase in cellular levels of reactive oxygen species (ROS) and ceramide, both mediators of apoptosis. The increase in the Bax/Bcl-2
ratio promotes the activation of caspase 9 and subsequently caspase 3 to execute the apoptosis process (intrinsic pathway). Furthermore, expression
of the gene encoding p21 (which inhibits procaspase 3) is reduced as a result of treatment with the metabolites. With the extrinsic apoptosis
pathway, the execution phase of apoptosis is activated by caspase 8. In addition, there is a reduction in the gene expression of cyclins D; and E;,
which lead to Go/G; phase arrest. Bax: Bcl-2 associated X-protein; Bcl-2: B-cell lymphoma.

(e.g., procaspase-3, caspase-8).** Other authors have described
that suppression of p21 expression in Caco-2 cells contributes
to polyphenol-induced mediated apoptosis.*> However, the
reduction in p21 gene expression was not related with modifi-
cations in the expression of the p53 gene, the main transcrip-
tion factor of the p21.*® On the other hand, the reduction in
the expression of genes that code for cyclins D; and E; was
observed. The cyclins D; and E; regulates the transition from
G, through S phase activating the cyclin-dependent kinase 4/6
or 2 in early or late phase of Gy, respectively.”” In this sense,
the cellular stress induced by the ethylcoprostanol would
translate into a reduction in the expression of cyclin-encoding
genes to repair the damage produced. These results were con-
sistent with previous studies in which f-sitosterol reduced
cyclin D; gene expression and induced a concomitant increase
in the subG; cell population in human alveolar basal epithelial
adenocarcinoma cells.”® The changes observed on gene
expression reveal the activation of the transcriptional mecha-
nisms of apoptosis regulation. Multiple pathways can be
involved in this process, with the p53 protein being the main
transcriptional regulator of apoptosis.*’ The control of the
stability of the p53 protein is the main mechanism of regu-
lation of its function, and to a lesser extent at the transcrip-
tional level. In this sense, ROS can induce post-translational
modifications in p53 and its negative regulators, leading to
p53 activation.’® Therefore, the involvement of p53 in the
apoptosis induced by ethylcoprostanol is not ruled out despite
not observing changes in the expression of the gene that

This journal is © The Royal Society of Chemistry 2023

encodes it, although p53 activity assays are necessary to
confirm this hypothesis.

On the other hand, some authors propose that diets rich in
fats and proteins of animal origin are positively associated
with CRC through an increase in the production of chole-
sterol-derived metabolites by the intestinal microbiota.” In
this regard, diverse case-control studies found that subjects
with CRC or precancerous lesions (ulcerative colitis and adeno-
matous polyps) present (vs. healthy control) a significantly
higher fecal concentration (expressed as mg g~ dry feces) of
cholestanol (0.6 vs. 0.4),>" coprostanol (14.2-26.6 vs.
6.7-14.7)>°>% and coprostanone (2.1-3.6 vs. 2.0-4.2).°%%%¢
The authors suggest that the higher fecal concentration of
cholesterol metabolites is due to the abundance of anaerobic
bacteria capable of metabolizing cholesterol to possible pro-
moters of CRC. In addition, rectal instillation of cholestanone
and cholestenone induces nuclear aberrations in the colonic
epithelium of mice,® whereas cholestenone, but not chole-
stanone, causes sister chromatid exchange.” Recently, chole-
stenone was shown to attenuate TGF-f responsiveness in mink
lung epithelial cells (MviLu) and HT-29, a phenomenon
closely related to neoplastic cell transformation in many
human cancers.® In this regard, the present study showed that
cholesterol metabolites, mainly those of a hydrophobic nature
(cholestenone and coprostanone), exert a cytotoxic effect on
non-tumor colon cells, reflecting a possible relationship
between hydrophobicity and cytotoxicity, as observed in stil-
benes metabolites®” and secondary bile acids in colon cancer
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cells (HT-29 and Caco-2).>® The toxicity of cholesterol metab-
olites, mediated by the overproduction of ROS, generated cell
cycle arrest in Go/G; phase and apoptosis. In relation to cell
cycle, the arrest was related to reduced expression of the cyclin
E, gene. It has been reported that oxidative stress can repress
cell cycle progression by dephosphorylating retinoblastoma
protein (pRb).>® The hypophosphorylated state of pRb favours
repression of E2-family protein, which down-regulates the
expression of genes that induce cell entry into S phase (e.g,
the gene encoding cyclin E;).*” This molecular mechanism is
plausible in the cell cycle arrest observed in non-tumor cells
after treatment with cholesterol metabolites. On the other
hand, apoptosis via intrinsic (increased expression of
BAX/BCL-2 ratio and CASP9) and extrinsic pathways (increased
expression of CASP8) was observed. The extrinsic pathway of
apoptosis begins with the binding of transmembrane death
receptors with their ligands, activating caspases 8, ultimately
responsible for activating effector caspases.’® Taken together,
the data indicate that the metabolites produced by gut micro-
biota from cholesterol could be involved in colorectal carcino-
genesis through their cytotoxic activity. Similarly, it has been
shown that the regulated exposure of intestinal cells to high
levels of secondary bile acids is a risk factor for gastrointesti-
nal cancers, through overproduction of ROS and apoptosis
induction.®® On the other hand, the cytotoxicity induced by
cholestenone can be alleviated by ethylcoprostanol, suggesting
that PS not only reduce the production of cholesterol metab-
olites by the microbiota,® but that its metabolites counteract
the damage caused by cholesterol derivatives in non-tumor
cells.

5. Conclusions

The present work provides the first knowledge regarding the
antiproliferative effect of ethylcoprostanol and the molecular
and biological mechanism of action behind it. On the con-
trary, the effect on non-tumor cells of cholesterol metabolites
may be related to their possible activity as promoters of color-
ectal carcinogenesis, although their deleterious activity can be
attenuated by the action of ethylcoprostanol. However, the
in vitro design of this study may limit the ability to fully repli-
cate tumor responses to metabolites, as cell cultures do not
represent the complexity of tumor
Likewise, the use of individual cells does not allow studying
the cellular interactions present in a complex organism, and
the exposure periods are limited compared to the possible
chronic effects in clinical settings. Given due to these limit-
ations, it is necessary to confirm our observations in more
complex biological models to provide additional insights into
the potential role of ethylcoprostanol as a therapeutic adjuvant
in CRC.

Furthermore, while this study provides valuable initial
insight into the potential mechanisms of action of sterol
metabolites, further analysis of these mechanisms is essential
in future research. In addition, to contemplate the diverse

microenvironments.
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landscape of colon cancer and gain a more complete under-
standing of the effects of sterol metabolites, future research
should incorporate other colon cancer cell lines with different
mutations (e.g., HT-29, SW480, LoVo or HCT116 cells). This
approach will provide a broader perspective and improve the
generalizability of our findings.
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