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A B S T R A C T

The promotion of senescence in cancer cells by dietary (poly)phenols gained attention as a promising chemo-
preventive strategy against colorectal (CRC) and other cancers. Urolithins (Uros) are ellagitannins and ellagic
acid-derived gut microbiota metabolites that reach high concentrations in the human colon. They were postu-
lated to be as potential anticancer agents in different CRC models, but their role as promoters of cellular se-
nescence has never been comprehensively evaluated.

We evaluated long-term senescent-mediated chemoprevention of physiologically relevant doses of different
Uros and representative mixtures of human urolithin metabotypes in human CRC (HCT-116, Caco-2, and HT-29)
and non-tumorigenic (CCD18-Co) cell lines. Our results show that Uro-A (but not Uro-C, IsoUro-A, or Uro-B)
leads to a dose-dependent anti-clonogenic effect through the increase of the senescence-associated
β–galactosidase activity, rather than by reversible cell cycle arrest and(or) apoptosis which require much higher
concentrations. Senescence was accompanied by an elevated p53 and p21Cip1/Waf1 expression in HCT-116 cells
(p53-wild type), but not in other CRC lines with p53 mutated or non-tumorigenic cells, which suggests that long-
term senescence-mediated chemoprevention is a p53-dependent manner. Moreover, the ATP-binding cassette
transporters and the phase-II metabolism of Uros limited the induction of senescence, which anticipates lower
effects of conjugated Uros against systemic cancers.

1. Introduction

Colorectal cancer (CRC) is one of the most common malignancies
(per incidence), and the second cause of cancer-related death world-
wide in both sexes (Bray et al., 2018). Early diagnosis and the promo-
tion of healthy dietary habits have been established as essential mea-
sures of primary prevention for CRC development (Shike, 1999;
Magalhaes et al., 2012; Grosso et al., 2017). Epidemiological studies
have described the inverse correlation between CRC incidence and a
high intake of fruits and vegetables rich in phytochemicals, including
phenolic compounds (Turati et al., 2015; Bingham et al., 2003). How-
ever, despite the abundant preclinical (in vitro and animal models)
anticarcinogenic activity reported for different individual phenolics and
phenolic-rich plant foods, the clinical evidence remains elusive so far
(Núñez-Sánchez et al., 2015).

Ellagitannins (ETs) and ellagic acid (EA) are polyphenols occurring
in pomegranate, walnuts, and many berries. ETs are not absorbed, and
EA shows low bioavailability mainly due to its limited solubility under

physiological conditions (González-Sarrías et al., 2015). Consequently,
EA is metabolized by the colonic microbiota producing a family of
bioavailable metabolites known as urolithins (Uros) (Cerdá et al., 2004;
Tomás-Barberán et al., 2017). Remarkably, Uros reach relevant con-
centrations in the lumen and colonic tissues (malignant and normal) of
CRC patients after the intake of an ET-rich pomegranate extract (Núñez-
Sánchez et al., 2014).

The gut microbiota composition in humans differentially determines
the molecular form, concentration, and bioactivity of Uros. This dis-
similar metabolism is linked to the inter-individual variability of the
human gut microbiota, which has led to identify three different ur-
olithin metabotypes (UMs), i.e., metabotype A (UM-A) where only ur-
olithin A (Uro-A) is the final urolithin produced, metabotype B (UM-B)
that produces Uro-A, isourolithin A (IsoUro-A) and urolithin B (Uro-B),
and metabotype 0 (UM-0) that does not produce these final Uros
(Tomás-Barberán et al., 2014; Romo-Vaquero et al., 2019).

Uros have been extensively studied in CRC models, showing cell
cycle arrest and apoptosis induction via modulation of genes and
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proteins expression, as well as signaling events associated with CRC
development (González-Sarrías et al., 2009, 2014, 2016, 2017). How-
ever, Uros’ activity can vary depending on the cell type and dosage.
Besides, their action has only been reported in short-term treatments
and thus, we hypothesize that Uros may promote cellular senescence
after long-term incubation times.

Cellular senescence has been proposed to be an anticancer me-
chanism since it prevents irreversible, permanent cell cycle progression
on cancer cells accompanied by changes in cell morphology and acti-
vation of senescence-associated β-galactosidase (SA-β-gal) as the most
common hallmarks. Besides, senescence activation is accompanied by
substantial molecular changes in gene expression linked to cell growth
inhibition, such as up-regulation of p53, cell cycle inhibitors, including
p21Cip1/Waf1 and p16INK4a, as well as the hypo-phosphorylated form of
retinoblastoma (Rb) (Campisi and d'Adda di Fagagna, 2007; Sikora
et al., 2011; Muñoz-Espín and Serrano, 2014; Lessard et al., 2018).

To date, only one clinical trial in CRC patients reported some mo-
lecular changes in several key CRC-related genes and microRNAs in
normal and cancerous colon tissues, after the intake of an ET-rich po-
megranate extract (Núñez-Sánchez et al., 2015, 2017). However, the
short-term intake (days) disallowed the association of molecular
changes with the patients’ Uros and (or) EA levels detected in the colon
tissues, which prevented possible clinical evidence of Uros against CRC.

The present study aims to investigate whether a panel of Uros and
representative mixtures of UMs at physiologically relevant, but non-
cytotoxic concentrations can induce senescence in human CRC and non-
tumorigenic cells. Additionally, we investigated whether the cellular
senescence induction was directly promoted via ATP-binding cassette
(ABC) transporters, as well as whether the phase-II metabolism of Uros
could limit their effect.

2. Materials and methods

2.1. Reagents

Uro-A, Uro-B, IsoUro-A, and Uro-A sulphate (Uro-A sulph) were
obtained from Villapharma Research S.L. (Parque Tecnológico de
Fuente Alamo, Murcia, Spain). Uro-C was purchased from Dalton
Pharma Services (Toronto, Canada). Urolithin A glucuronide (Uro-A
glur) was prepared according to Giménez-Bastida et al. (2012). Purity
was higher than 95% for all compounds (Fig. 1). EA, MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), propidium io-
dide, RNase, fluorescein free acid and fluorescein di β-D-galactopyr-
anoside (FDG), crystal violet (CV), Ko143 (Ko), CP100356 (Cp), and
probenecid (Prob) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Phosphate buffered saline (PBS), dimethyl sulfoxide (DMSO),
methanol (MeOH), acetic acid, and glutaraldehyde were obtained from
Fisher Scientific (USA), and DMSO from Panreac (Barcelona, Spain).
Ultrapure Millipore water was used throughout the study.

2.2. Cell lines, cell culture conditions, and treatments

The cell lines used in this study were obtained from the American

Type Culture Collection (ATCC, Rockville, USA) and cultured as re-
commended by the ATCC. Human colon cancer cell lines Caco-2 (p53-
null) and HT-29 (mutant p53) and non-tumorigenic colon cells CCD18-
Co (wild type p53) were grown as reported elsewhere (González-Sarrías
et al., 2016). Human colon cancer HCT-116 cells (wild type p53) were
grown as previously described (González-Sarrías et al., 2013a). CCD18-
Co cells, at population doubling levels between 24 and 34, were used
for all experiments.

All tested compounds were solubilized in DMSO (< 0.5% in the
culture medium) and filter sterilised (0.2 μm) before addition to the
culture media. The cells were treated with DMSO (0.5% v/v; control
cells) or EA and Uros (Uro-A, Uro-B, Uro-C, and IsoUro-A) at

Abbreviations

ABC ATP-binding cassette
ATCC American type culture collection
CRC Colorectal Cancer
CV cristal violet
DMSO Dimethyl sulfoxide
EA Ellagic acid
ETs Ellagitannins
FDG fluorescein di β-D-galactopyranoside

IsoUro-A Isourolithin A
LC Liquid chromatography
MeOH Methanol
MS Mass spectrometry
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide)
PBS Phosphate buffered saline
Uro Urolithin;
UMs Urolithin metabotypes

Fig. 1. Ellagic acid (EA), and derived urolithins (Uros) assayed in the present
study. The red circle designates the Uros present in UM-B and the blue circle in
UM-A. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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physiologically relevant non-cytotoxic concentrations (0.5, 1 and (or)
10 μM). In addition, representative mixtures of Uros, mimicking in vivo
UMs (metabotype A, UM-A: 80% Uro-A + 20% Uro-C; metabotype B,
UM-B: 50% IsoUro-A + 20% Uro-B + 20% Uro-A + 10% Uro-C)
(Núñez-Sánchez et al., 2014, 2016; Romo-Vaquero et al., 2015) were
also assayed to evaluate a possible synergistic, additive or antagonistic
effect. The experiments were carried out at different times of treatment,
depending on each specific assay (see below).

Cell concentration was determined using a TC10™ automated cell
counter (Bio-Rad, Madrid, Spain), and plated at 6 × 103 (CCD18-Co),
and 1.5 × 104 (Caco-2, HT-29 and HCT-116) cells/cm2 and allowed to
grow for 48 h before the treatments.

2.3. Cell viability assay

The effect of EA, Uros (10 μM), and representative mixtures (UM-A
and UM-B) on cell viability and proliferation were measured by the
MTT reduction assay and CV methods according to Giménez-Bastida
et al. (2019). The assays were performed at least in triplicate (n = 3).
Each treatment was performed 6 times (6 wells per treatment).

2.4. Clonogenic assays

The cells were seeded at 100 (HCT-116) or 200 cells/well (Caco-2,
HT-29, and CCD18-Co) in 12-well plates, incubated for 48 h, and
treated with EA, Uros and the mixtures (0.5, 1, and 10 μM) for 14 days.
Every 4 days, the culture medium was replaced by fresh-medium con-
taining the treatments. At the end of the treatments, the colonies were
fixed with the Carnoy solution, followed by staining with 0.1% CV. The
quantification and analysis of colonies formation were performed as
described by Guzmán et al. (2014). Data were shown as the
average ± SD of 3–5 independent experiments.

2.5. Cell cycle analysis

The effect of EA, Uros, and their mixtures (at 10 μM) on cell cycle
distribution was evaluated through DNA content (25,000 cells for each
treatment) using a FACScan instrument equipped with FACStation
running Cell Quest software (Becton Dickinson, New Jersey, USA) and
were carried out as described previously (González-Sarrías et al., 2017).
Percentage of cells in G0/G1, S, and G2/M phases, as well as the coef-
ficient of variation (< 5%), were determined using the ModFit LT
Version 4.1 acquisition software package (Verity Software House,
Topsham, ME, USA). The assays were performed in triplicate and re-
peated three times. In each independent assay, the cells were treated in
duplicate (2 wells per treatment).

2.6. Senescence-associated β-galactosidase (SA-β-gal) assays

The β-Gal activity was determined using the FDG method as de-
scribed elsewhere (Debacq-Chainiaux et al., 2009; Ortiz-Espín et al.,
2017). Briefly, 1000 cells/well were seeded in 96-well plates and in-
cubated for 48 h before treatments. After treatments, cells were fixed
and incubated in the dark with a reaction solution containing FDG.
Next, 50 μL fluorescein free acid (used as standard curve) and (or) the
samples’ supernatants were transferred to a black 96-well plate to
measure the conversion of FDG to fluorescein (as a result of the β-Gal
activity) measured using a fluorescence microplate reader (FLUOstar
Omega, BMG Labtech, Ortenberg, Germany) at 485 nm excitation and
520 nm emission. At the end of the assay, to avoid any interference that
may cause cytotoxicity or proliferation alteration, cell density was
measured by the CV method assay (Feoktistova et al., 2016). Analyses
were done at least from 3 to 5 different experiments. In each in-
dependent assay, the cells were treated 6 times (6 wells per treatment)
for each time point (1, 3, and 5 days).

We considered the results obtained in this assay to explore whether

the senescence induced by Uros could be mediated by binding to ATP-
binding cassette (ABC) transporters. Thus, the SA-β-Gal activity in-
duction by Uros (10 μΜ) was evaluated using the FDG method in the
presence of a selective ABC transporter inhibitors (a P-gp inhibitor,
CP100356 (1 μΜ)), a BCRP inhibitor, Ko143 (1 μΜ), and a MRP in-
hibitor, probenecid (1 μM), respectively, after 5 days of incubation. This
assay was repeated three times (n = 3). Each treatment was repeated 6
times (6 wells per treatment).

The estimation of SA-β-gal activity was also performed using a se-
nescence cells staining kit according to the manufacturer's instructions.
Briefly, the cells were seeded at 6 × 103 (HT-29), 4 × 103 (CCD18-Co),
3 × 103 (Caco-2), and 1.5 × 103 (HCT-116) cells/cm2, incubated at
37 °C for 48 h, and then treated at 10 μM for 5 days. Next, the sub-
confluent cells were washed with PBS, fixed and incubated with the X-
Gal staining mixture for 8–12 h (depending on the cell line). Each well
was randomly photographed (4–5 pictures at 10 x magnification) using
a charge-coupled device (CCD) camera coupled to a contrast inverted
microscope. The β-gal activity was determined using the ImageJ 1.52a
software (National Institutes of Health, Bethesda, Maryland, USA). The
data were displayed as the percentage of the blue-stained area in se-
nescent cells/total cell area from three different replicates (n = 3).

2.7. Western-blot analyses

Based on the senescence results, human colon cancer cells were
treated for 5 days at 10 μM. To prepare the whole-cell protein extract,
cells were washed twice with ice-cold PBS and scraped in cold RIPA
buffer containing protease (Roche, Mannheim, Germany) and phos-
phatase (1 mM sodium fluoride and 1 mM sodium orthovanadate) in-
hibitor cocktails. Protein concentration was determined using DC pro-
tein assay kit (Bio-Rad, Madrid, Spain). Equal protein amounts (20 μg
protein/lane) were loaded and separated in 10–12% SDS-PAGE gels and
transferred to nitrocellulose membranes (GE Healthcare,
Buckinghamshire, UK). The membranes were incubated overnight with
the primary antibodies (Cell Signalling, MA, USA) p53 (1:1000),
p16INK4a (1:1000), p21Cip1/Waf1 (1:500), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (1:2500), phospho-Rb (pRb) (1:1000) and
total-Rb (tRb) (1:1000), followed by incubation with anti-mouse or
anti-rabbit horseradish peroxidase (HRP)-linked secondary antibodies
(1:3000). Protein expression was detected using ECL 2 Western Blotting
Substrate or SuperSignal West Pico PLUS Chemiluminescent Substrate
detection system (ThermoFisher, Barcelona, Spain) according to the
manufacturer's instructions, and further analysed in an Amersham
Imager 600 (GE Healthcare, Barcelona, Spain). Western blot analyses
were done at least in triplicate (n = 3).

2.8. Assessment of phase-II metabolism and stability of urolithins in colon
cancer cells

To determine the stability and metabolism of urolithins by human
colon cell lines, cell culture supernatants were collected during the
treatments (0, 3 and 5 days), processed, and analysed by LC-MS system
(1200 Series, Agilent Technologies, Madrid, Spain) as previously de-
scribed (González-Sarrías et al., 2013b, 2017).

2.9. Statistical analysis

Data were expressed as the mean ± standard deviation (SD).
Normal distributed data were analysed by ANOVA followed by Dunnet
post-hoc test. Figures and graphs were performed using ChemDraw
Professional v. 16.0.1.4 (Perkin Elmer Informatics Inc., Cambridge, MA,
USA) and Sigma Plot 13.0 (Systat Software, San Jose, CA, USA), re-
spectively. A value of p < 0.05 was considered to be statistically sig-
nificant.
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3. Results

3.1. Effect of urolithins on cell cytotoxicity, proliferation and clonogenic
growth

Cell viability of the three CRC cell lines (HCT-116, Caco-2, and HT-
29) and the non-tumorigenic colon CCD18-Co cells was always above
90% (similar to control cells) in the presence of EA, Uros (Uro-A, -B, -C,
and IsoUro-A) and the UMs (10 μM; 5 days), indicating the absence of
cytotoxicity (data not shown).

To test whether longer exposure times affected the clonogenic
growth, we also treated all colon cell lines with EA, Uros, as well as
UMs at non-cytotoxic concentrations (0.5, 1, and 10 μM) for 2 weeks.
Uro-A, UM-A, and UM-B, at 10 μM, exerted a significant reduction
(p < 0.05) in colony formation (57%, 47%, and 35%, respectively) in
the HCT-116 cells, whereas this effect was absent at 0.5 and 1 μΜ
(Fig. 2A and B; Supplementary Fig. S1).

Caco-2 cells treated with Uros showed a significant (p < 0.05)
dose-dependent decrease in the colony formation capacity compared to
the DMSO-treated cells (Fig. 3A and B; Supplementary Fig. S2). Uro-A
was the most active molecule reducing the clonogenic growth at 10
(61%; p < 0.05) and 1 μM (44%; p < 0.05). Similarly, Caco-2 cells
also showed lower clonogenic growth in the presence of Uro-C at 10
(40%; p < 0.05) and 1 μM (33%; p < 0.05). At the lowest con-
centration, Uro-A and Uro-C also exerted anti-clonogenic effect
(30–33%), but this effect was not significant (Supplementary Fig. S2).
UM-A, IsoUro-A, Uro-B, and UM-B also displayed a dose-dependent
reduction of the clonogenic growth, although this effect was only sig-
nificant at 10 μM (47–69%; p < 0.05), whereas EA lacked anti-clo-
nogenic effect at the doses tested.

Regarding HT-29 cells, only Uro-A at 10 μΜ exerted a statistically
significant decrease (p < 0.05) in colony formation related to the
DMSO-treated cells, whereas no anti-clonogenic effect was observed for
the rest of treatments (Fig. 4A and B; Supplementary Fig. S3). Fur-
thermore, no effect in colony formation was observed in the non-tu-
morigenic CCD18-Co cells under our assay conditions (Supplementary
Fig. S4).

We next evaluated whether the observed reduction in the clono-
genic effect was mediated via cell cycle regulation or senescence in-
duction in HCT-116 and Caco-2. In parallel, despite the near to absent
effects, we also run the experiments with HT-29 and non-tumorigenic
colon CCD18-Co to explore the differences between the colon cell lines
investigated.

3.2. Effect of urolithins on cell cycle

After 5 days of treatment at the highest dose tested (10 μM), cell
cycle distribution in all colon cell lines was investigated by flow cyto-
metry. In line with the clonogenic assay data, the cell cycle distribution
in HCT-116 and Caco-2 was affected by some Uro treatments (Fig. 5A
and B), whereas none of the treatments arrested the cell cycle in HT-29

or CCD18-Co cells (Supplementary Fig. S5).
HCT-116 cell cycle was altered by Uro-A and UM-A treatments as

reflected by the significant arrest at the G2/M phase (p < 0.05) con-
comitant with a decrease in G0/G1 and (or) S phases (p < 0.05),
compared to DMSO-treated cells. Otherwise, IsoUro-A, Uro-C, and UM-
B treatments significantly arrested the cycle at phase S concomitant
with a decrease in the G0/G1 phase (p < 0.05), compared to DMSO-
treated cells (Fig. 5A). Regarding Caco-2 cells, Uro-A and IsoUro-A (to a
lesser extent) significantly increased the cells’ percentage in the G2/M
phase (p < 0.05). Similarly, UM-A and UM-B also exerted a significant
increment of cells in G2/M phase (p < 0.05). Besides, an increase in S
and G2/M phases (not significant) was observed in Uro-C-treated cells
(Fig. 5B).

3.3. Effect of urolithins on cellular senescence induction

To precise whether the anti-clonogenic effect, as well as the cell
cycle arrest observed after long-term exposure to Uros, was associated
with cellular senescence induction, we investigated the SA-β-gal in re-
sponse to our treatments.

We first determined the SA-β-Gal as a function of the time of
treatment (1, 3, and 5 days) with EA and their microbial metabolites.
The highest β-Gal activity, compared to the control cells, was observed
in HCT-116 cells treated with Uro-A and UM-A at 10 μM (1.33 ± 0.1
–fold and 1.48 ± 0.2; p < 0.05, respectively) for 5 days
(Supplementary Fig. S6). No cellular senescence induction was ob-
served at the concentrations investigated in Caco-2, HT-29, and CCD18-
Co cells after 1, 3, and 5 days of treatment (Supplementary Figs. S7 and
S8A). Considering this, we sought to confirm these results in the HCT-
116 cell line using a different methodology such as histochemical
staining only at 5 days. In parallel, as a negative control, the same
treatments (under the same conditions) were performed in the rest of
cell lines (which showed lack of SA-β-Gal). The quantification of the
blue-stained cells relative to the total number of cells revealed similar
results as those obtained with the FDG assays after 5 days of treatment.
Thus, Uro-A and UM-A increased the percentage of blue-stained cells
compared to DMSO-treated cells (2.0 ± 0.8 and 2.5 ± 1.1, p < 0.05)
in HCT-116 (Fig. 6). As expected (based on the FDG method's results),
no differences were observed in Caco-2, HT-29, and CCD18-Co (Fig. 7;
Supplementary Fig. S8B and S9) using the histochemical assay.

3.4. Effect of urolithins on senescence-associated proteins

To identify the molecular mechanism through Uros may induce
cellular senescence, we analysed the expression, by Western blot, of
well-established senescence-associated molecular markers, including
p53, p21Cip1/Waf1, and p16INK4a, as well as the phosphorylation level of
Rb in the three CRC cell lines.

The expression of p53 was significantly increased in the HCT-
116 cells (wild type p53) by Uro-A and UM-A treatments (10 μM for 5
days) (2.1 ± 0.4 –fold and 1.8 ± 0.4; p < 0.05, respectively)

Fig. 2. Anti-clonogenic effect of EA, Uros and UMs
(UM-A and UM-B) in HCT-116 cells. A) Illustrative
images of the CV-stained HCT-116 cells after the
treatment with EA, Uros and UMs (10 μΜ) for 14
days. B) Quantification of the images using the
ColonyArea ImageJ-plugin. The results are
showed as the colony intensity percentage (area
covered and staining density) compared to the
DMSO-treated cells (set as 100%). Values (%) are
expressed as the average ± SD (n = 5).
*p < 0.05.
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(Fig. 8A). As presented in Fig. 8B, and concomitant with the up-reg-
ulation of p53, a significant induction (p < 0.05) of the of p21Cip1/Waf1

in the cells treated with Uro-A (2.2 ± 0.2) and UM-A (2.2 ± 0.5) was
observed. However, the expression level of p16INK4a and the phos-
phorylation status of Rb obtained was similar to those observed in
DMSO-treated cells after all treatments at the dose and time tested
(Fig. 8C and D), thus indicating no modulation of the p16INK4a/Rb
pathway.

On the contrary, for Caco-2 cells (p53-null), none of treatments
induced significant changes in p53 protein expression (Fig. 9A) but
showed higher expression levels in the treated cells compared to control
cells for the cyclin-dependent kinase inhibitor p21Cip1/Waf1 reaching
statistically significant values for Uro-A, IsoUro-A, and UM-A
(1.7 ± 0.3, 1.8 ± 0.4, and 1.8 ± 0.2, respectively; p < 0.05)
(Fig. 9B). On the other hand, similar to HCT-116 cells, urolithin treat-
ments did not modulate the p16INK4a/Rb pathway in Caco-2 cells
(Fig. 9C and D).

Finally, as expected, the evaluation in HT-29 cells (mutant p53) of
the protein expression of senescence-associated molecular markers and
cell cycle reported no effect by none of the treatments compared to
control cells (Supplementary Fig. S10).

3.5. Role of ABC transporters and phase-II metabolism in the effect of
urolithins on cellular senescence induction

Other mechanisms could mediate cell specificity in senescence in-
duction than p53 modulation, such as differences in phase-II metabo-
lism of Uros in CRC cell lines. Considering this, we evaluated cell me-
tabolism of Uros by all colon cell lines alone and (or) in the presence of
ABC transporter inhibitors, at non-toxic concentrations.

The LC-MS analysis of culture medium after incubations with UMs
(UM-A and UM-B at 10 μM; Supplementary Fig. S11) for 0, 3, and 5
days revealed that all compounds were stable in the cell media. Re-
garding cell metabolism, Uros were time-dependent metabolized, via
sulphation in HCT-116 or glucuronidation in Caco-2 cells. The HCT-
116 cells incubated with UM-A for 5 days formed Uro-A sulph that
reached values of 45% (relative to Uro-A), whereas all Uro-C was

transformed to Uro-C sulph (Supplementary Fig. S11A). Regarding UM-
B treatment, data analysis revealed the presence of significant amounts
of free Uro-A and IsoUro-A (90% and 45%, respectively) after 5 days of
incubation. Remarkably, no conjugated metabolites were observed for
Uro-B (Supplementary Fig. S11A).

In Caco-2 cells, a lower cell metabolism of Uros was observed, still
detecting amounts of free Uro-A and IsoUro-A of 90% and 45%, re-
spectively, after 5 days of incubation. Remarkably, no conjugated me-
tabolites were observed for Uro-B (Supplementary Fig. S11B).

In the case of HT-29 cells, a complete conjugation of all Uros,
mainly glucuronides and in lower amount sulphates, was detected be-
fore 5 days (Supplementary Fig. S11C). Finally, no metabolism in any of
the Uros incubated with CCD18-Co cells was observed (Supplementary
Fig. S11D).

On the other hand, the phase-II conjugation was substantially pre-
vented with the co-incubation of Uros with each ABC transporter

Fig. 3. Anti-clonogenic effect of EA, Uros and UMs
(UM-A and UM-B) in Caco-2 cells. A) Illustrative
images of the CV-stained Caco-2 cells after the
treatment with EA, Uros and UMs (10 μM) for 14
days. B) Quantification of the images was per-
formed as described in Fig. 2. Values (%) are ex-
pressed as the average ± SD (n = 4). *p < 0.05.

Fig. 4. Anti-clonogenic effect of EA, Uros and UMs
(UM-A and UM-B) in HT-29 cells. A) Illustrative
images of the CV-stained HT-29 cells after the
treatment with EA, Uros and UMs (10 μΜ) for 14
days. B) Quantification of the images was per-
formed as described in Fig. 2. Values (%) are ex-
pressed as the average ± SD (n = 3). *p < 0.05.

Fig. 5. Effect of EA, Uros and UMs (UM-A and UM-B) on cell cycle distribution.
The phases of the cell cycle were quantified using flow cytometry analysis in
HCT-116 and Caco-2 cells treated with 10 μM EA, Uros and UMs for 5 days. The
stacked bars represent the percentage (mean) of each cell cycle phase in re-
sponse to each. Cells were treated in duplicate (2 wells per treatment).
*p < 0.05.
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inhibitor for HCT-116 and Caco-2 cells (Supplementary Figs. S11A–B).
Regarding HT-29 cells, no free Uros remained after 3 days of co-in-
cubation (Supplementary Fig. S11C). Notably, the co-treatment with

ABC transporter inhibitors plus Uro-A or UM-A (10 μM for 5 days)
showed the lack of cellular senescence induction on HCT-116 cells (data
not shown), so the entrance into the cells was critical to exert the

Fig. 6. Effect of EA, Uros and UMs (UM-A and
UM-B) on HCT-116 senescence induction. (A)
Illustrative images of the HCT-116 cells treated
with 10 μM EA, Uros and UMs, followed by the
incubation with the staining solution containing
X-Gal. (B) Quantification of the pictures showed in
(A) and compared to the DMSO-treated cells (set
as 1). Values are expressed as the average ± SD
(n = 3). (C) Quantification of the SA-β-Gal using
the FDG method in response to the different
treatments at 10 μM. The red dashed horizontal
line shows the control level. Values are expressed
as the average ± SD (n = 3; 6 wells per treat-
ment). *p < 0.05. (For interpretation of the re-
ferences to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 7. Effect of EA, Uros and UMs (UM-A and
UM-B) on Caco-2 senescence induction. (A)
Illustrative images of the Caco-2 cells treated with
10 μM EA, Uros and UMs, followed by the in-
cubation with the staining solution containing X-
Gal. (B) Quantification of the pictures showed in
(A) and compared to the DMSO-treated cells (set
as 1). Values (%) are expressed as the
average ± SD (n = 3). (C) Quantification of the
SA-β-Gal using the FDG method in response to the
different treatments at 10 μM. The red dashed
horizontal line shows the control level. Values are
expressed as the average ± SD (n = 3; 6 wells
per treatment). *p < 0.05. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this ar-
ticle.)
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cellular senescence induction.
To ascertain whether the conversion of free Uros to their conjugated

metabolites (choosing as an example the case of Uro-A) limits their
effect, we next evaluated the effect of Uro-A glucuronide and Uro-A
sulphate (10 μM) on colony formation, as well as cell cycle distribution,
and cellular senescence induction after 5 days of treatment against the
three different CRC cell lines. However, both Uros conjugates did not
exert significant inhibition on cell proliferation nor cellular senescence
induction compared to control cells in any of the cell lines used, even on
HCT-116 cells (p-53 wild type) (data not shown).

4. Discussion

In the last years, inducing senescence in cancer cells by bioactive
compounds such as polyphenols, have gained attention being able to
influence tumor development and, therefore, as one of the possible
therapeutic approaches to treat cancer (Malavolta et al., 2014; Mária
and Ingrid, 2017). This fact is more plausible in the context of CRC
since relevant concentrations of polyphenols and (or) derived-metabo-
lites might be reached. Therefore, the interaction with this colon cells
can be extensive upon a chronic consumption of certain polyphenols-
rich foods.

Numerous studies have demonstrated that the antiproliferative ac-
tivity of the gut microbial metabolites Uros against different CRC cell
lines, being Uro-A the most active molecule compared to the rest of

Uros (Núñez-Sánchez et al., 2015; Tomás-Barberán et al., 2017). This is
important since Uros reach relevant concentrations in the human colon
(Núñez-Sánchez et al., 2014). Although cell cycle arrest and apoptosis
induction after short-term assays are among the most acceptable me-
chanisms for their anticancer effects, the possible contribution of other
mechanisms of action to urolithins’ chemopreventive effects such as
autophagy and cancer cell senescence induction had not been evaluated
until recent years.

Submicromolar Uro-A concentrations have been reported to induce
autophagy in colon cancer SW620 cells (Zhao et al., 2018), as well as
mitophagy in the nematode C. elegans after Uro-A treatment (50 μM)
(Ryu et al., 2016). However, no effects have been reported on cellular
senescence status of nucleus pulposus cells or human skin fibroblasts
after low (5–10 μM) and high doses (50 μM) of Uro-A, respectively (Liu
et al., 2018, 2019).

In this study, we show that among Uros, only Uro-A, as well as the
representative mixture mimicking the urolithin metabotype A (UM-A),
have potential to selectively promote cellular senescence against CRC
cell lines after long-term exposure. Uro-A exerted dose-dependent anti-
clonogenic effects via senescence induction, associated with cell cycle
arrest at the G2/M phase in HCT-116 cells, but not in other CRC cell
lines (Caco-2 and HT-29) and non-malignant colon cells. This is a sig-
nificant finding because we demonstrated a new antitumor activity of
Uro-A leading to cancer cell senescence, as opposed to reversible cell
cycle arrest and (or) apoptosis, which require much higher

Fig. 8. Determination of (A) p53, (B) p21, (C) p16 as well as the phosphorylation status of (D) Rb, using protein lysates from HCT-166 cells. (pRb and tRb were
analysed in different nitrocellulose membranes). GAPDH was used as loading control. The results are expressed as the average ± SD of four different experiments
(n = 4). *p < 0.05. M, molecular markers.
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concentrations. Overall, this suggests a promising chemopreventive
strategy against CRC after a regular consumption of ETs-rich foods.
Consistent with our data, recent in vitro studies reported that long-term
treatments with other phenolics such as resveratrol and curcumin have
the ability to increase the activity of senescence-associated β-galacto-
sidase (SA-β-gal), and hence, to induce senescence-like growth arrest in
human colon cancer HCT-116 and SW620 cells (Heiss et al., 2007;
Mosieniak et al., 2012; Colin et al., 2014).

The highest activity of Uro-A on the p53/p21 pathway could be
partially related to its OH-moiety at C8 position. This hypothesis aligns
with the results of Dirimanov and Högger who described the im-
portance of the OH-group at C8 position for the effect of Uro-A on Akt
phosphorylation in endothelial cells (Dirimanov and Högger, 2019).
Further evidence is provided by previous studies reporting a reduction
of activity of urolithins lacking the OH-group at C8 position, including
IsoUro-A and Uro-B (González-Sarrías et al., 2017; Kang et al., 2016).

Regarding UMs, our data might suggest a greater chemopreventive
effects in UM-A individuals (Uro-A producers), compared to those with
UM-B (Uro-A, IsoUro-A and Uro-B producers). However, the inter-in-
dividual variations concerning Uro-A production (i.e., high and low
Uros excreters) should be taken into account (Tomás-Barberán et al.,
2017). Besides, no apparent synergistic effect was detected in the UM-A
mixture. Even so, the lack of effect of EA, clearly points to a low che-
mopreventive effect in those individuals belong to UM-0 (no Uros

producers).
In agreement with previous studies (González-Sarrías et al., 2009,

2014, 2016, 2017), it is important to note that all Uros assayed, except
for the UM-B treatment, also exerted dose-dependent anti-clonogenic
effects in Caco-2 cells, mediated by a significant cell cycle arrest at G2/
M and S phases, but not by senescence induction. In addition, we also
confirmed the lack or lower antiproliferative effect of Uros against HT-
29 cells where neither senescence induction was induced. Overall, this
fact suggests the possible cellular specificity for the senescence induc-
tion by Uro-A.

In this regard, to delve into this possible cellular specificity, we used
three different CRC cell lines considering genetic differences, as well as
different metabolic characteristics on urolithins. Our data confirmed
the highest metabolism of Uros by HT-29, followed by Caco-2, as pre-
viously reported (González-Sarrías et al., 2014), as well as the lesser
metabolism by HCT-116 cells. Additionally, our data confirmed the lack
of induction senescence after Uro-A glucuronide or sulphate treatment
compared with their aglycone counterparts in any CRC cell line, similar
to that observed in other anticancer activities (González-Sarrías et al.,
2014; Ávila-Gálvez et al., 2018). In contrast to conjugated Uro-A me-
tabolites, other conjugated phenolics such as resveratrol (RSV) 3-sul-
phate and RSV 4′-sulphate were reported to exert induction senescence
in HT-29 cells at substantially higher concentrations than those used in
the present study (75 μM) (Patel et al., 2013). In terms of relevance to

Fig. 9. Determination of (A) p53, (B) p21, (C) p16 as well as the phosphorylation status of (D) Rb, using protein lysates obtained from Caco-2 cells. (pRb and tRb were
analysed in different nitrocellulose membranes). GAPDH was used as loading control. The results are expressed as the average ± SD of four different experiments
(n = 4). *p < 0.05. M, molecular markers.
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systemic cancers, our results suggest a possible lower or lack effect on
senescence induction of conjugated Uro-A metabolites that can reach
systemic tissues in vivo (González-Sarrías et al., 2010; Ávila-Gálvez
et al., 2019a). Notably, phase-II metabolites from other phenolics such
as resveratrol have been reported to induce cellular senescence against
breast cancer cells (Giménez-Bastida et al., 2019). Besides, we cannot
discard in situ deconjugation processes as previously reported for Uro-A
glur to Uro-A after lipopolysaccharide (LPS)-induced systemic in-
flammation in rats (Ávila-Gálvez et al., 2019b). Remarkably, the co-
incubation with ABC transporter inhibitors confirmed the reduction of
Uros' metabolism previously reported by González-Sarrías et al. (2014),
suggesting the essential role of ABC transportes in the transport of Uros
into the cell. In this regard, the complete lack of senescence induction
exerted by Uro-A in the presence of these inhibitors corroborated that
ABC transporters are key factors to facilitate Uro-A effects.

On the other hand, it has been reported that senescence is con-
sidered to be a dynamic process that depends on cell types (van
Deursen, 2014). Cancer senescent cells frequently possess mutations in
two major molecular pathways involved in an irreversible cell cycle
arrest and morphological and functional changes, both the tumor sup-
pressor axe p53–p21Cip1/Waf1 and pRb-p16INK4a (van Deursen, 2014;
Ben-Porath and Weinberg, 2005). Regarding the genetic and molecular
mechanisms underlying the Uro-A's senescence-mediated chemopre-
ventive effect, the use of three different CRC cell lines with different
p53 expression pattern, that somehow represents colon cancer hetero-
geneity, has led to demonstrate that Uro-A exerts long-term tumour-
senescent chemoprevention in a p53-dependent manner. Thus, our re-
sults indicated that the SA-β-galactosidase activation, associated with
an upregulation of p53 and p21Cip1/Waf1 proteins, was observed only in
p53+/+ HCT-116 cells, but not in other CRC lines with p53 mutated,
after treatment with Uro-A and UM-A. Additionally, a recent evidence
reported that Uro-A (at higher concentration that our study, 20 μM) led
to p53/p21Cip1/Waf1-dependent senescence-like growth arrest at G2/M
phase in HCT-116 cells (Norden and Heiss, 2019). Moreover, the data is
partly in accordance with previous in vitro and in vivo studies, in which
Uro-A did not induce p53 gene expression in Caco-2 and HT-29 cells
even at higher concentration (100 μM) (González-Sarrías et al., 2016),
but upregulated its gene expression in the colonic mucosa of rats fed
with Uro-A (Larrosa et al., 2010). Moreover, the lack of effect against
CCD18-Co normal colon cells that have been reported as wild type p53
could suggest a selective activity towards colon cancer cells compared
to normal colon cells. However, the higher growth rate of cancer cells
vs. normal cells should not be discarded.

In the same line, the present study also corroborated previous in
vitro studies that showed Uro-A and other Uros to be able to upregulate
the expression of p21Cip1/Waf1. These studies reported that this cyclin-
dependent kinase inhibitor is involved in the regulation of cell cycle
and cell death in Caco-2 cells (González-Sarrías et al., 2016) as well as
in other systemic cells such as different prostate cell lines (Sánchez-
González et al., 2016; Mohammed Saleem et al., 2019), suggesting that
upregulation of p21Cip1/Waf1 can be p53-dependent and p53-in-
dependent.

The cellular senescence can also be induced in the absence of p53
through a p16/pRb pathway (Takahashi et al., 2006). However, in the
present study, both the induction of p16 and the activation of hypo-
phosphorylation of Rb to inhibit cell cycle were not affected by any Uro
treatment in any CRC cell line tested, which suggests that cellular se-
nescence induction did not interplay by this senescence-inducing
pathway.

Taken together, these findings demonstrate that long-term doses of
Uro-A, occurring in the human colon lumen, can inhibit CRC cell
growth via induction of senescence through a p53-dependent manner.
Further, Uro-A and UM-A, but not other colonic Uros, markedly re-
duced the cell clonogenicity through cell cycle arrest accompanied by
an increase of p53 and p21Cip1/Waf1 protein levels in HCT-116 cells,
whereas no senescence induction was observed in other p53-deficient

CRC cell lines tested. We acknowledge that these findings should be
taken with caution since the escape from drug-induced senescence ar-
rest has been previously reported by both stress signals and sponta-
neously. This could trigger a mechanism of tumor relapse as well as
increased invasiveness to exhibit an altered gene expression profile
(Roberson et al., 2005; Yang et al., 2017). Collectively these results
highlight the significant contribution of senescence induction to Uro-A's
anticancer effects.
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