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ABSTRACT: Objectives: Colorectal cancer (CRC) is a major global health burden, and Urolithin A (Uro-A) has
emerged as a promising anticancer agent. This systematic review aims to synthesize current in vitro evidence on the
anticancer effects of Uro-A in CRC, highlighting effective concentration ranges, exposure times, relevant outcomes, and
underlying molecular mechanisms. Methods: Following PRISMA 2020 guidelines, a systematic search was conducted
in PubMed, Scopus, and Web of Science using the following strategy: (colorectal cancer) AND (urolithin a) OR (3,8-
dihydroxy-6H-dibenzo(b,d)pyran-6-one). Eligibility criteria were defined by the PICO framework: (P) in vitro CRC
cell models; (I) Uro-A alone or combined treatments; (C) No intervention, vehicle or other treatments; (O) Relevant
anticancer outcomes of Uro-A in CRC. Only original, full-text, in vitro studies in English were included. Risk of
bias was assessed using ToxRTool. A qualitative synthesis was performed due to the heterogeneity of the included
studies. Results: Fifteen studies met inclusion criteria, involving CRC cell lines (Caco-2, HCT-116, HT-29, SW480,
SW620) and normal colon fibroblasts (CCD18-Co). Uro-A inhibited CRC cell proliferation, clonogenic growth, cancer
stem cells properties, migration, and invasion, and induced cell cycle arrest, apoptosis, autophagy, and senescence,
through modulation of key signaling pathways and proteins. Co-treatments with conventional chemotherapeutics
and microbiota-derived metabolites showed additive or synergistic effects. Discussion: The findings support Uro-
A’s potential as a preventive or adjuvant agent in CRC treatment. However, preclinical nature of the evidence and
methodological heterogeneity hinder clinical extrapolation to in vivo contexts. Human clinical trials are necessary to
overcome these limitations. Other: This review was registered in PROSPERO (CRD420251070874) and supported by
FCT/MCTES UIDP/05608/2020 and UIDB/05608/2020. Institutional.

KEYWORDS: Colorectal cancer; urolithin A; 3,8-dihydroxy-6H-dibenzo(b,d)pyran-6-one; anticancer effects;
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1 Introduction

Among all types of malignancies, colorectal cancer (CRC) remains one of the most prevalent and lethal.
In 2022, more than 1.92 million new cases and nearly 904,000 deaths were reported in both males and females,
ranking CRC the third most common type of cancer and the second leading cause of cancer-related deaths
worldwide [1].
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Geographically, the incidence rate was highest in Europe, Australia/New Zealand and North America,
respectively. This can be partially explained by the higher prevalence of risk factors in these regions, such
as genetic predisposition, older age, sedentary behavior, alcohol consumption, smoking, high intake of
processed foods and fats, as well as low consumption of fruits and vegetables [1-3].

Although conventional treatments for CRC, such as chemotherapy, molecular-targeted therapy,
immunotherapy, radiotherapy, and surgery, have improved patient outcomes, they still present relevant
limitations [4]. Notably, significant side effects and frequent development of drug resistance continue to be
major challenges [4], which underscored the need to identify therapeutic alternatives capable of enhancing
the efficacy while minimizing the adverse impacts of current approaches. In this context, nutraceuticals and
dietary strategies have emerged as promising candidates, as they may exert a dual role-preventive benefits
and therapeutic effects—depending on their concentration and specific clinical context [5,6].

In fact, several studies have highlighted the importance of implementing healthy eating habits, given
that diet, a modifiable risk factor, plays an active role in the prevention of CRC [5]. Among the var-
ious dietary patterns, the Mediterranean diet has gained particular interest due to its high source of
nutraceuticals—bioactive compounds which, beyond their nutritional value, also exhibit preventive and
therapeutic properties, especially in the context of cardiovascular diseases, immune system disorders, and
cancer [5,6]. Nutraceuticals can be classified based on their nature, origin, and application. Among them,
phytochemicals stand out as plants’ secondary metabolites, including phenols, terpenoids and alkaloids,
which contribute to their defense and protection against environmental stress [6].

Ellagitannins (ET) are polyphenolic organic compounds widely present in various edible plants such
as walnuts, pomegranates and berries, and beverages like herbal teas and wine [7], and have drawn signif-
icant attention from the scientific community due to their anticancer, anti-inflammatory, and antioxidant
properties [8]. Since ETs are hydrolysable tannins, they have the ability to undergo hydrolysis under enzy-
matic or acidic conditions [8,9] and produce the intermediate compound hexahydroxydiphenoyl (HHDP),
which is subsequently converted into ellagic acid (EA) [7]. However, the chemical structure of ET and
EA—particularly their polarity and high molecular weight—gives them low bioavailability [10,11]. In this
regard, after the intake of ET-rich products, EA is metabolized in the gut by microbiota, leading to 6H-
dibenzo[b,d]pyran-6-one derivatives, commonly known as urolithins (Uro) [10]. In fact, as these compounds
are more easily absorbed due to their higher lipophilicity, they are the ones responsible for the health benefits
attributed to their precursors [11].

It is well established that the type of Uro produced, as well as its concentration and biological activity,
is influenced by the composition of the host’s gut microbiota [12,13]. Considering this interindividual
variability, individuals can be stratified according to three distinct metabolic phenotypes: metabotype A
produces Uro-A and its conjugates; metabotype B produces Uro-A, isourolithin A (IsoUro-A) and Uro-B,
and metabotype 0 does not produce any Uro [10,13]. The synthesis pathway of Uro consists of multiple
decarboxylation and dihydroxylation reactions, beginning with the production of Uro-M5 (pentahydroxy-
Uro), followed by Uro-D, Uro-E, Uro-M6 or Uro-M6R (tetrahydroxy-Uro), Uro-C, Uro-CR, Uro-M7 or
Uro-M7R (trihydroxy-Uro), Uro-A, IsoUro-A or Uro-AR (dihydroxy-Uro), and concluding with Uro-B
(monohydroxy-Uro) (Fig. 1) [7,8].

According to several reports, Uros have already been identified in different human tissues, including the
prostate, colon and breast, as well as in fluids such as feces, blood, urine and breastmilk [7,8]. Furthermore,
Uro-A and Uro-B are the ones mostly found in the gut, reaching concentrations in the micromolar range
in both normal and malignant tissues, with Uro-A exhibiting the highest biological activity [8,13]. In this
context, Uro-A has been described as a promising anticancer agent in the treatment and prevention of CRC.



Oncol Res. 2025

Hexahydroxydiphenoyl ——
(HHDP)

Ellagitannins

/ Urolithin M5 \\

H
o

Urolithin D Urolithin E Urolithin M6R
| ! T
? ’ .o

Urolithin C Urolithin M7 Urolithin M7R Urolithin CR

N,

N o

/0 o

H

Isourolithin A Urolithin A Urolithin AR

Urolithin B

Figure 1: Metabolic conversion of ellagitannins and ellagic acid into urolithins. Created with BioRender.com
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In a dose- and time-dependent manner, Uro-A has been reported to inhibit cell proliferation through
cell cycle arrest and activation of apoptosis pathways, induce cellular senescence and autophagy, as well
as suppress cell migration and invasion by modulating key proteins and critical signaling pathways in
carcinogenesis [13-15]. Although several in vitro studies have described the anticancer properties of Uro-A
in CRC, data on its effective concentrations, exposure times, and molecular targets remain fragmented.

In light of these crucial findings, this systematic review aims to synthesize the current scientific evidence
of Uro-A in CRC by identifying the therapeutic concentration ranges and exposure periods employed in in
vitro models of CRC, characterizing outcomes with potential impact on carcinogenesis, and elucidating the
molecular mechanisms underlying the anticancer activity of Uro-A. By addressing these knowledge gaps,
this review aims to provide a robust scientific foundation for future studies and clinical trials, ultimately
contributing to the development of new preventive and therapeutic strategies for CRC.

2 Materials and Methods

This systematic review followed the guidelines outlined by the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) and was reported in accordance with both PRISMA 2020 checklists
(Supplementary Material) [16]. The protocol for this work was registered in the International Prospective
Register of Systematic Reviews (PROSPERO; registration number CRD420251070874) [17].

2.1 Information Sources and Search Strategy

The literature search was conducted in three electronic databases, including PubMed, Scopus and Web
of Science in April 2025. The search strategy was performed using the following combination of keywords,
Medical Subject Headings (MeSH) and Boolean operators: (colorectal cancer) AND ((urolithin a) OR (3,8-
dihydroxy-6H-dibenzo(b,d)pyran-6-one)). The search period included only articles published between April
2014 and June 2024 (Table 1).

Table 1: Search strategies for each database, including filters and limits used

Database Search query

((“colorectal neoplasms”[MeSH Terms] OR “colorectal
cancer” [All Fields] OR (“colorectal”[All Fields] AND
(“neoplasms”[All Fields] OR “cancer”[All Fields]))) AND
PubMed (“urolithin”[All Fields] OR “urolithins”[All Fields] OR “3 8
dihydroxy 6h dibenzo b d pyran 6 one”[All Fields]) AND
2014/01/01:2025/12/31[Date-Publication] AND “loattrfull
text”[Filter]) AND ((fft[Filter]) AND (2014:2024[pdat]))
(TITLE-ABS-KEY (“colorectal cancer”) AND
TITLE-ABS-KEY (“urolithin A”)) AND PUBYEAR > 2013

Scopus AND PUBYEAR < 2025 AND (LIMIT-TO (LANGUAGE,
“English”))
TS = (“colorectal cancer”) AND TS = (“urolithin a”) OR TS =
Web of Science (3,8-dihydroxy-6H-dibenzo(b,d)pyran-6-one”) and English

(Languages) and 2014 or 2015 or 2016 or 2017 or 2018 or 2019
or 2020 or 2021 or 2022 or 2023 or 2024 (Publication Years)
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2.2 Eligibility Criteria

The inclusion criteria were defined according to the following Patient/Population, Intervention, Com-
parison, and Outcome (PICO) framework: (P) In vitro models of CRC, including established cell lines; (I)
Individual or combined use of Uro-A as a preventive or therapeutic agent; (C) No intervention, vehicle or
other treatments; (O) Evaluation of the anticancer potential of Uro-A in the prevention and treatment of
CRC, including its effects on carcinogenesis, tumor progression, cell proliferation, apoptosis, autophagy,
senescence, and other relevant cellular or molecular endpoints.

Studies that met the following criteria were included: (1) Full-text articles; (2) Original experimental
studies conducted in vitro in human cells; (3) Studies published in English. The exclusion criteria were: (1)
Literature reviews; (2) Meta-analyses; (3) Narrative reviews; (4) Studies with human participants in vivo or
ex vivo; (5) Studies with animal models in vivo or ex vivo; (6) In silico studies.

2.3 Study Selection

The retrieved articles were imported into the Mendeley Reference Management Software (version 1.19.8)
to remove duplicates. The articles were screened independently by two reviewers using the PICO Portal
platform, following a hierarchical approach in which titles, abstracts, and full texts were reviewed sequentially
according to the eligibility criteria. Any disagreements were solved through discussion between both authors
or consultation with a third reviewer.

2.4 Data Extraction

The following data were independently and manually extracted by two reviewers from each selected
study using an Excel spreadsheet. Discrepancies were resolved by discussion or consultation with a third
reviewer. Extracted data included: (1) Name of the author; (2) Publication year; (3) Country; (4) Study type;
(5) Experimental model; (6) Type of intervention; (7) Control or comparison group; (8) Concentration of
compounds administered; (9) Duration of the treatment; (10) Analytical methods used to assess the outcome;
(11) Outcomes.

2.5 Bias Assessment

The risk of bias was assessed independently by two reviewers using the Toxicological data Reliability
Assessment Tool (ToxRTool) [18] for in vitro data to determine the methodological quality of the selected
studies. Any discrepancies were solved by discussion or consultation with a third researcher. This software
encompasses a total of eighteen criteria for in vitro studies, each of which can be scored as either “0” (criterion
not met) or “1” (criterion met). The criteria are organized into five categories: (I) Test substance identification;
(IT) Test system characterization; (III) Study design description; (IV) Study results documentation; and (V)
Plausibility of study design and results. Data reliability is determined according to the Klimisch category,
based on the total score of the evaluated criteria. A total score of 15-18 corresponds to category 1 (reliable
without restrictions), 11-14 to category 2 (reliable with restrictions), and scores below 11 to category 3
(not reliable). In addition, the tool identifies certain minimum requirements, highlighted in red, that are
considered essential for the study’s reliability. Detailed information on the risk of bias assessment is provided
in Supplementary Table S1.
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2.6 Synthesis Methods

A qualitative synthesis was performed due to the heterogeneity of the included studies. Key findings
from each study were summarized to report the measured outcomes, highlight differences in results between
studies, and identify gaps in the current evidence.

3 Results
3.1 Search Results

The search strategy yielded a total of seventy-four articles across the three databases. After removing
duplicates (n = 29) and screening the articles based on titles and abstracts, using the Mendeley and PICO
Portal platforms, respectively, twenty-three articles remained. A total of eight articles were excluded after full
text screening. Therefore, fifteen articles were included in this systematic review (Fig. 2).

[ Identification of studies via databases and registers J
)
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= Records removed before screening:
g Databases: Duplicate records removed in Mendele
o PubMed (n = 33) - > P y
= (n=29)
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s Web of Science (n =20)
=, v Records excluded based on the title and
abstract using PICO Portal: 22
Records screened S Reviews (n =9)
(n=45) No mention of Uro-A (n = 2)
Not in vifro (n=6)
Non-CRC focus (n=15)
A4
Rego;’ts sought for retrieval Reports not retrieved
) (n=23) (n=0)
£l
|
¢
@ v
Reports assessed for eligibility — ] Reports excluded: 8
(n=23) No mention of Uro-A (n = 3)
Not original research (n = 1)
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Not in vifro (n=1)
—
v
P
T
= Studies included in review
] (n=15)
=

Figure 2: PRISMA 2020 flow diagram for systematic reviews
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3.2 Study Characteristics

The included studies were performed using in vitro models. Eight studies tested Uro-A alone, while
seven studies evaluated its effects in combination with chemotherapeutics, including 5-Fluorouracil (5-FU)
(n = 2), 5'-Deoxy-5-fluorouridine (5-DFUR) (n = 1) and oxaliplatin (n = 1), mixtures of ET metabolites
mimicking metabotypes A (MPhA) and B (MPhB) (n = 3), and sodium butyrate (SB) (n = 1), a short-chain
fatty acid produced by the gut microbiota. All studies were performed on human CRC cell lines, namely
Caco-2 (American Type Culture Collection (ATCC®) HTB-37™), HCT-116 (ATCC® CCL-247™), HT-29
(ATCC® HTB-38™), SW480 (ATCC® CCL-228™), and SW620 (ATCC® CCL-227™) [19]. Caco-2, HT-29,
and SW480 are colorectal adenocarcinoma cell lines, HCT-116 is a colorectal carcinoma cell line, and SW620
is a metastatic cell line derived from a lymph node of the same patient from whom SW480 was originally
established. CCD18-Co (ATCC® CRL-1459™) normal colon fibroblasts were also included in a subset of
experiments for comparative analysis [19]. The characteristics of the included studies are presented in Table 2.

Table 2: Characteristics of the included studies (n = 15): author, year, experimental model, intervention, assay type and

outcomes

Experimental
Author, Year model (Human Intervention Assay type Outcome
cell lines)
Gonzélez-Sarrias  Caco-2, HT-29 and MTT; Trypan blue exclusion; Antiproliferative activity; cell
Uro-A
etal. [20], 2014 SW480 Flow cytometry cycle arrest
MTT; Western blot; Annexin Antiproliferative activity; cell
Cho et al. [21], 2015 HT-29 Uro-A V-FITC/PL JC-1; Colorimetric P v Vs
cycle arrest; apoptosis
caspase protease assay
Gonzélez-Sarrias  Caco-2, HT-29 and Uro-A and MTT; Flow cytomvetry; Antiproliferative activity; cell
etal. [22], 2015 SW480 >-FU or Western blot; Annexin V/PI; cycle arrest; apoptosis
ek 5'-DFUR Hoechst 33242 Y > apop
Gonzalez-Sarrias Caco-2, HT-29, Uro-A; MPhA, Trypan blue exclusion; Flow Antiproliferative activity; cell
et al. [23], 2016 SW480 and and MPhB cytometry; Annexin V/PI cycle arrest; apoptosis
’ CCD18-Co ’ >
Nunez-Sanchez Caco2 MPhA and Colonosphere formation assay; ~ Suppression of CSC-related
etal. [24], 2016 MPhB Aldefluor; Flow cytometry properties
Gonzélez-Sarrias Caco-2 and Uro-A MTT; Trypan blue exclusion; Antiproliferative activity; cell
etal. [25], 2017 CCD18-Co Flow cytometry; Annexin V/PI cycle arrest; apoptosis
MTT; Flow cytometry;
Annexin V-FITC/PL; Chamber  Antiproliferative activity; cell
Zhao et al. [26], SW620 Uro-A migration assa}.f, Colorlmetnc cycl.e arr.est, apoPtosw., cell
2018 assay; Transmission electron migration and invasion
microscopy; GFP-LC3; suppression; autophagy
Western blot
Tortora et al. [27], HT-29 and ) Antiproliferative activity;
2018 HCT-116 Uro-A and SB MTS; Western blot apoptosis
Norden et al. [28], Uro-A and Crystal violet staining; Flow Antiproliferative activity; cell
HCT-116 . .
2019 oxaliplatin cytometry; X-gal; CPD cycle arrest; cellular senescence
Giménez-Bastida Caco-2, HCT-116, Uro-A; MPhA Clonogenic assay; Flow Anti-clonogenic growth; cell
etal. [13], 2020 HT-29 and and MPhB cytometrys FDG; X-gal; cycle arrest; cellular senescence
Y CCD18-Co Western blot Y ’
El-Wetidy HT-29, SW480, MTT; PI; Flow cytometry; Antiproliferative activity; cell
SW620 and Uro-A . ;
etal. [29], 2021 CCDIS-Co Western blot; Annexin V/PI cycle arrest; apoptosis

(Continued)
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Table 2 (continued)

Experimental
Author, Year model (Human Intervention Assay type Outcome
cell lines)
MTT; Annexin V-FITC/PI;
Ghosh et al. [30], HCT-116, SW480, Uro-A and Flow cytometry; Western blot; Antipfoliferatiﬁfe acFivity;
2022 HCT-116-FUR, 5 FU Scratch assay; apoptosis; cell migration and
SW480-FUR Three-dimensional invasion invasion suppression
assay
HT-29, SW480,
Lin et al. [12], 2023 SW620 and Uro-A MTT Antiproliferative activity
HCT-116
Antiproliferative activity;
El-Wetidy HT-29, SW480, Uro-A AlamarBlue; Wound healing anti-clonogenic growth; cell
etal. [15], 2024 and SW620 assay; Western blot migration and invasion
suppression
Tiwari et al. [31], . . . .
HT-29 Uro-A MTT Antiproliferative activity

2024

Note: 5-DFUR, 5'-Deoxy-5-fluorouridine; 5-FU, 5-Fluorouracil; Annexin V/PI, annexin V/propidium iodide;
Annexin V-FITC/PI, annexin V-fluorescein isothiocyanate/propidium iodide; CPD, cumulative population
doublings; CSC, cancer stem cells; FDG, 5-dodecanoylaminofluorescein di-B-D-galactopyranoside; FUR, 5-
Fluorouracil chemoresistant; GFP-LC3, green fluorescent protein-microtubule-associated protein 1 light chain
3; JC-1, 5,5,6,6'-tetrachloro-1,1',3,3 -tetraethyl-benzimidazolocarbocyanine iodide; MPhA, mixtures of ET
metabolites mimicking metabotype A; MPhB, mixtures of ET metabolites mimicking metabotype B; MTS,
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PI, propidium iodide; SB, sodium butyrate; Uro-A, urolithin
A; X-gal, 5-bromo-4-chloro-3- indolyl-B-d-galactopyranoside.

3.3 Quality Assessment

The risk of bias assessment of the 15 included studies revealed an overall high methodological quality.
Most studies (n = 13) were classified as Klimisch category 1, with scores ranging from 15 to 18, reflecting
generally reliable results without restrictions. Two studies were classified as Klimisch Category 2, with scores
between 11 and 14, indicating reliable findings with minor restrictions due to incomplete characterization and
source information of the tested substances, as well as partial reporting of certain study parameters. Despite
these minor limitations, these studies were considered in this review to integrate all available evidence.
Common methodological gaps included the widespread absence of positive controls and an incomplete
description of outcome measurements. Accordingly, the overall body of evidence can be considered mod-
erate to high quality, supporting the reliability of the findings while acknowledging minor limitations in
specific studies (Supplementary Table S1).

3.4 The Anticancer Potential of Uro-A in CRC
3.4.1 Antiproliferative Activity

This section reviews the in vitro evidence of the antiproliferative effects of Uro-A in CRC cell lines
and the non-tumorigenic CCDI8-Co cell line, highlighting the experimental conditions and key out-
comes. Table 3 provides a summary of these effects reported in the selected studies. For each reference,
the table specifies the cell lines tested, compounds concentrations, exposure times, experimental methods
employed, and main outcomes. Building on this, Table 4 offers an overview of the range of effective
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concentrations and half-maximal inhibitory concentrations (ICs) values for Uro-A monotherapy across all
studies for each cell line, highlighting their corresponding relative sensitivities.

Table 3: Antiproliferative effects of Uro-A in human colorectal cell lines

Ref. Human cell line Concentration Exposure time Assay Outcome
Caco-2 50 and 100 uM 24-48h Trypan blue Dosi(; afﬁitffai{gffﬁﬁm i
Uro-A exclusion; MTT P L
sensitive
[20] Dose- and time-dependent |
50 and 100 uM Trypan blue . . . .
SW480 Uro-A 24-48h exclusion; MTT ™ prollferat10-11i 1ptermedlate
sensitivity
Dose-dependent and
50 and 100 uM Trypan blue time-independent | in
HT-29 " 24-48 h YP proliferation; most resistant,
Uro-A exclusion; MTT .
particularly at 50 uM after
48h
Time-dependent | in
liferation; most sensitive;
-2 8-400 yM Uro-A  48-72h MTT pro ’ ’
Caco 0-8-400 uM Uro 87 ICso = 42.80 uM (48 h); ICso
=32.50 uM (72 h)
Time-dependent | in
[22] SW480 0.8-400 yM Uro-A  48-72h MTT proliferation; intermediate
sensitivity; ICso = 46.01 uM
(48 h); ICs0 = 35.92 uM (72 h)
Time-dependent | in
liferation; most resistant;
HT-2 8-400 M Uro-A  48-72h MTT pro ’ ’
? 0-8-400 uM Uro 87 ICso = 59.45 uM (48 h); ICso
= 49.92 uM (72 h)
Caco-2 100 uM Uro-A 48h Trypan })lue Strong | in prol.lf.eratlon;
exclusion most sensitive
Trvpan blue Strong | in proliferation
SW480 100 uM Uro-A 48 h ypan (slightly lower than Caco-2);
exclusion A . e
[23] intermediate sensitivity
HT-29 100 uM Uro-A 48h Trypan .blue Mf)derate i.ln prohfverajuon;
exclusion intermediate sensitivity
CCDIS-Co 100 M Uro-A 48h Trypan .blue Low | in cell pfollferatlon;
exclusion most resistant
1.5, 3, 6,12, 25, 50, Dose- and time-dependent |
HT-29 100 and 200 uM 24-48 h AlamarBlue in proliferation; most
Uro-A sensitive; ICso = 30.762 pM
(15] 1.5, 3, 6, 12, 25, 50, Dose- and time-dependent |
? SW480 100 and 200 uM 24-48 h AlamarBlue in proliferation; intermediate
Uro-A sensitivity; ICso = 39.354 uM
1.5, 3, 6, 12, 25, 50, Dose- and time-dependent |
SW620 100 and 200 uM 24-48 h AlamarBlue in proliferation; most
Uro-A resistant; ICso = 59.517 uM
Dose-dependent | in
HT-29 3'12;_232 uM 24-48 h MTT viability; most sensitive; ICso

= 25.456 uM

(Continued)
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Table 3 (continued)

Ref. Human cell line Concentration  Exposure time Assay Outcome
Dose-dependent | in
[29] SW480 3:125-200 uM 24-48h MTT viability; intermediate
Uro-A e
sensitivity; ICso = 38.135 uM
Dose-dependent | in
SWe620 3.125-200 yM 24-48 h MTT viability; most resistant; ICso
Uro-A
= 53.561 uM
Time-independent | in
[21] HT-29 5,10, and 30 pg/mL 24-48 h MTT proliferation at 30 pg/mL
manner
Dose- and time-dependent |
50 and 100 uM Trypan blue in proliferation; most
Caco-2 Uro-A 24-48h exclusion; MTT sensitive; ICs9 = 95.9 uM
(24 h); ICs0 = 49.2 uM (48 h)
23] Significant | in proliferation
only at 100 uM or after 48 h;
CCD18-Co >0 a%‘iéf)Ao M 24-48 h exggzzlbﬁ;,r most resistant; ICso = 148.0
’ UM (24 h); ICso = 118.1 uM
(48 h)
[26] SW620 0, 0.15,1.5and 15 24 h MTT Dose—dePendént lin
uM Uro-A proliferation
| In proliferation by more
Crystal violet than 50%; ICso = 39.2 uM (48
HCT-11 - M -A 48-72h
wi HCT-116 0-60 uM Uro 87 staining h); ICsp =19.6 uM (72 h);
[28] most sensitive
p53-/- HCT-116 0-60 uM Uro-A 48-72h Cryst?tl ylolet } In proliferation; IC5(? =384
staining UM (72 h); most resistant
3.125, 6.25,12.5, 25, Dose-dependent | in
[31] HT-29 50, 100, and 200 24 h MTT proliferation; ICso = 120.4087
pug/mL Uro-A ug/mL
i 1 0/,
HT-29 20-100 uM Uro-A 24h MTT 4 In proliferation by 20%;
most resistant
i 1 0/,
SW480 20-100 uM Uro-A 24h MTT  In proliferation by 50%;
most sensitive; IC5o = 50 uM
(2] - ”
SW620 20-100 M Uro-A 24h MTT } In proliferation by 50%;
most sensitive; ICso = 50 uM
i i 0/ -
HCT-116 20-100 M Uro-A 24h MTT 4 In proliferation by 25%;
intermediate sensitivity
MPhA (85 uM Time-dependent | in
Uro-A, 10 uM 24-48 h Trypan blue proliferation by 42.2% and
Caco-2 Uro-C and 5 uyM exclusion 65.4% after 24 and 48 h,
EA) respectively
MPhB (50 uM Time-dependent | in
[23] IsoUro-A, 30 pM . .
Trypan blue proliferation by 43.6% and
Uro-4, 10 uM 24-48h exclusion 58.45% after 24 and 48 h
Uro-B, 5 uM Uro-C ’ Ores ectivel ’
and 5 uM EA) p y

(Continued)



Oncol Res. 2025

1

Table 3 (continued)

Ref. Human cell line Concentration Exposure time Assay Outcome
Iﬁf;‘: (1805 51\1\/;[ Trypan blue } In proliferation by 16.4%
> _ V)
CCD18-Co Uro-C and 5 pM 24-48h exclusion and 31.9% after .24 and 48 h,
EA) respectively
MPhB (50 uM
Is%ggi&Ai (? (:dtl/[M 24-48 h Trypan blue | In proliferation by 28.4%
Uro-B, 5 uM Uro-C exclusion onlyat48h
and 5 uM EA)
Dose- and time-dependent |
in proliferation through an
Uro-A (10, 20, 50 i
and 10(0 M) + 48-72h MTT additive effect (CI = 0.98);
Caco-2 5-FU (0 2_2 00 M) intermediate sensitivity; ICso
: " = [15.08; 36.55] (48 h); ICso =
[13.00; 25.82] (72 h)
Dose- and time-dependent |
Uro-A (10, 20, 50 in proliferation through an
and 100 uM) + additive effect (CI = 1.13);
5'-DFUR (0.2-400 48-72h MTT intermediate sensitivity; ICso
uM) = [72.41; 80.14] (48 h); ICs¢ =
[49.70; 62.83] (72 h)
Dose- and time-dependent |
in proliferation through an
Uro-A (10, 20, 50 .\
and 10(0 M) + 48-72h MTT additive effect (CI = 0.94);
[22] SW480 5-FU (0 2_200 M) most sensitive; ICsg = [4.37;
: K 6.25] (48 h); ICs = [1.99;
3.08] (72h)
Dose- and time-dependent |
Uro-A (10, 20, 50 in proliferation through an
and 100 uM) + additive effect (CI =1.00);
5'-DFUR (0.2-400 48-72h MTT most sensitive; ICso = [57.04;
uM) 67.57] (48 h); ICso = [19.77;
25.62] (72 h)
Dose- and time-dependent |
Uro-A (10, 20, 50 in proliferation through an
and 100 ,M)’ N 48-72h MTT additive effect (CI = 1.03);
HT-29 5-FU (0 2_200 M) most resistant; ICso = [60.18;
: " 68.13] (48 h); ICso = [26.83;
33.93] (72 h)
Dose- and time-dependent |
Uro-A (10, 20, 50 in proliferation through an
and 100 uM) + additive effect (CI = 1.06);
5'-DFUR (0.2-400 48-72h MTT most sensitive; most resistant;
uM) ICso = [162;173.15] (48 h);
1Cs0 = [92.17; 139.41] (72 h)
0.1 10. 25. and 50 Dose- and time-dependent |
HCT-116 (parental) ~ uM Uro-A + 25 24-72h MTT; Flow in proliferation through a
cytometry synergistic effect; results

and 50 uM 5-FU

corroborated by | Ki-67" cells

(Continued)
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Table 3 (continued)

Ref. Human cell line Concentration  Exposure time Assay Outcome
Dose- and time-dependent |
0,110, 25, and 50 MTT; Flow in proliferation through a
SW480 (parental) kM Uro-A +25 24720 cytometr synergistic effect; results
and 50 uM 5-FU ytometry ynerg :
30] corroborated by | Ki-67* cells
Dose- and time-dependent |
HCT-116.FUR 0 k/ll([)J’rZOS’:lleSSO 24-72h MTT; Flow in proliferation through a
:rll 450 uM 5-FU cytometry synergistic effect; results
" corroborated by | Ki-67* cells
Dose- and time-dependent |
SW480-FUR 0 i/[l%rf’:lidzio 24-72h MTT; Flow in proliferation through a
ai d 50 uM 5-FU cytometry synergistic effect; results
corroborated by | Ki-67" cells
1.25, 2.5, 5,10 and Crvstal violet | In proliferation through a
wt HCT-116 15 uM Uro-A + 48-72h Ztainin synergistic effect (CI =
oxaliplatin 8 [0.66-0.82]); most sensitive
0] | In proliferation through a
synergistic effect (CI =
2.5,5,10,15, 20 and
P Crystal violet 0.92-0.94]); effect | at >10
p53-/-HCT-116 30 uM Uro-A + 72h r‘s/tsaiamvnl;’ ¢ [ M U]rz)_eA Z’Sch gih‘i
oxaliplatin antagonism; CI = [1.09-1.21]);
most resistant
0.1, 1, 10, 25, 50 and | In proliferation; ICso = 43.9
100 uM Uro-A 72h MTS uM
50, 100, 500 uM e
HT-29 and 1, 5, and 10 mm 72h MTS tIn prohfe:;;\l/?n, IGs0 =3
SB
| In proliferation through an
2 pMmIf;oS_g 23 72h MTS additive effect; results
[27] corroborated by | PCNA
0.1, 1, 10, 25, 50 and | In proliferation; ICs5p = 59.2
100 uM Uro-A 72h MTS uM
50,100, 500 uM ; fon- -
HCT-116 and 1, 5, and 10 mm 77h MTS lIn prohferjtrtlll\(;[n, 1Cso = 0.7
SB
| In proliferation through an
>0 uM Uro-A + 0.5 72h MTS additive effect, results

SB

corroborated by | PCNA

Note: 5-DFUR, 5'-Deoxy-5-fluorouridine; 5-FU, 5-Fluorouracil; CI, combination index; CRC, colorectal
cancer; EA, ellagic acid; FUR, 5-Fluorouracil chemoresistant; h, hours; ICsy, half-maximal inhibitory
concentration; IsoUro-A, isourolithin A; Ki-67 marker of proliferation; MPhA, mixtures of ET
metabolites mimicking metabotype A; MPhB, mixtures of ET metabolites mimicking metabotype B; MTS,
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; p53, tumor protein p53; PCNA, proliferating cell nuclear
antigen; Ref., reference; SB, sodium butyrate; Uro-A, urolithin A; Uro-B, urolithin B; Uro-C, urolithin C; wt, wild
type; |, decrease.
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Table 4: Summary of the range of effective concentrations and ICs, values for Uro-A monotherapy reported across all
studies for each cell line, with corresponding relative sensitivity

H 11 lati
um.an ce Effective concentrations/ICs Re fltf‘ie Observations
line sensibility
HCT-116 0-100 uM; IG5 ~19.6-59.2 uM High Dose- and time-dependent
8-4 M; 1 ~ 35.9-50. .
SW480 0.8-400 Hﬁo 35.9-30.0 Moderate Dose- and time-dependent
.8-4 M; 1 ~ 32.5-95. .
Caco-2 0.8-400 HCI\:ZO 3257959 Moderate Dose- and time-dependent
0.8-400 uM; ICsy ~ 25.46-59.45 . )
HT-29 H plS\?I Moderate Highly variable
Dose- and time-dependent,
SW620 1.5-200 puM; IG5 ~ 50-59.5 pM Low but overall weaker than the
other cells
CCD18-Co 50-100 puM; ICsg ~ 118-148 uM Very low Minimal effects at <100 uM

Note: ICsg, half-maximal inhibitory concentration; Uro-A, urolithin A.

Uro-A Monotherapy

Gonzalez-Sarrias et al. (2014) investigated the effects of Uro-A on the proliferation of Caco-2, HT-29,
and SW480 colon cancer cell lines, through both trypan blue exclusion and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assays. Treatment with 50 and 100 uM of Uro-A for 24 and 48 h
significantly decreased cell viability in all cell lines compared to control cells. The growth inhibition was
more pronounced in Caco-2 cells, followed by SW480 cells, in a dose- and time-dependent manner. HT-29
cells proved to be the least sensitive to Uro-A, particularly at a concentration of 50 pM and after 48 h of
treatment [20].

These findings are consistent with those of another study developed by Gonzalez-Sarrias et al. (2015), in
which they tested a broader concentration range of Uro-A (0.8-400 uM) in the same cell models over 48 and
72 h, via MTT assay. The results, expressed as ICsg, confirmed a significant time-dependent antiproliferative
effect in all cells with ICs, values below 50 pM. Once more, Caco-2 and HT-29 cells exhibited the greatest
and least inhibition, respectively [22].

A similar study by Gonzalez-Sarrias et al. (2016), using the trypan blue exclusion assay, revealed that
treatment with 100 uM of Uro-A for 48 h led to a significant reduction in cell viability, with the effect
being more pronounced in the Caco-2 and SW480 cell lines, followed by HT-29 and CCDI18-Co cells,
respectively [23].

Research designed by El-Wetidy et al. (2024) assessed the antiproliferative potential of Uro-A (1.5, 3, 6,
12, 25, 50, 100 and 200 pM) using an AlamarBlue test on HT-29, SW480, and SW620 cells for 24 and 48 h.
The metabolite produced a concentration- and time-dependent decrease in cell growth, with ICs, values of
30.762 uM for HT-29, 39.354 uM for SW480 and 59.517 uM for SW620 [15].

In an earlier study, El-Wetidy et al. (2021) investigated different concentrations of Uro-A (3.125-200 pM)
via MTT assay for 24 and 48 h. The viability of HT-29, SW480 and SW620 cells was significantly reduced in
a dose-dependent manner, as corroborated by ICs values of 25.456, 38.135 and 53.561 puM, respectively [29].
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Cho et al. (2015) also determined the impact of Uro-A on the HT-29 cell line at 5, 10, and 30 ug/mL
over 24-48 h, using MTT assays. At the highest concentration, Uro-A was able to inhibit cell proliferation
regardless of the exposure time [21].

A study carried out by Gonzalez-Sarrias et al. (2017) compared the response of Caco-2 cells and non-
tumorigenic colon CCD18-Co cells after exposure to 50 and 100 pM of Uro-A for 24 to 48 h through
both trypan blue exclusion and MTT assays. Both lines exhibited a concentration- and time-dependent
suppression of cell growth, although the cancer cells were more sensitive to the treatment (IG5 = 95.9 uM
(24 h); IC59 = 49.2 uM (48 h)) under all conditions tested. In CCDI18-Co cells, this effect was only observed
at the highest dose or after 48 h (ICso = 148.0 uM (24 h); IG5, = 118.1 uM (48 h)) [25].

Zhao et al. (2018) monitored the behavior of the SW620 cell line following treatment with increasing
doses of Uro-A (0, 0.15, 1.5 and 15 uM) via MTT assay. After 24 h, a significant inhibition of cell viability was
observed, which was directly proportional to the concentration of Uro-A [26].

Similarly, Norden et al. (2019) assessed the response of both wild type (wt)—with functional tumor
protein p53 (p53)—and p53-/- HCT-116 cell line to Uro-A via crystal violet staining assay. Within a
concentration range of 0-60 uM, the metabolite decreased cell growth by over 50% in a dose- and time-
dependent manner in wt cells, with ICs, values of 39.2 and 19.6 uM at 48 and 72 h, respectively. On the other
hand, a less pronounced decrease was observed in p53-/- cells, with an ICsg of 38.4 uM at 72 h [28].

Tiwari et al. (2024) treated HT-29 cells with 3.125, 6.25, 12.5, 25, 50, 100, and 200 pg/mL of Uro-A for
24 h using MTT assay. The results confirmed a statistically significant suppression of cell proliferation in a
dose-dependent manner, with ICs, values of 120.4087 pg/mL [31].

Lin et al. (2023) tested the effect of 20-100 uM of Uro-A on HT-29, SW480, SW620, and HCT-116 cell
lines for 24 h. The MTT assay revealed a 50% reduction in cell viability in SW480 and SW620 cells (ICsy =
50 uM), 25% in HCT-116 cells, and approximately 20% in HT-29 cells. Thus, HT-29 cells proved to be the
most resistant to the treatment, SW480 and SW620 presented the highest sensitivity and HCT-116 showed
an intermediate response [12].

Overall, the antiproliferative effects of Uro-A varied considerably across the tested human cell lines.
HCT-116 cells exhibited the highest sensitivity, with ICsy values ranging from 19.6 to 59.2 uM and a clear
dose- and time-dependent response. SW480 and Caco-2 and cells showed moderate sensitivity, with ICsg
values between 35.9-50.0 uM and 32.5-95.9 pM, respectively, also displaying dose- and time-dependent
inhibition. HT-29 cells were moderately to poorly sensitive, with ICs5y values of 25.46-59.45 uM and
highly variable responses, indicating heterogeneous susceptibility. SW620 cells demonstrated low sensitivity
(ICGs0 » 50-59.5 uM), with dose- and time-dependent effects that were overall weaker compared to the other
CRC lines. In contrast, non-tumorigenic CCDI8-Co cells were markedly less responsive, with I1Csy values
of 118-148 uM and minimal growth inhibition observed at concentrations below 100 uM. These results
suggest that Uro-A selectively inhibits the proliferation of CRC cells, with efficacy strongly dependent on cell
line-specific characteristics (Table 4).

Combined Therapy with Uro-A, MPhA and MPhB

To explore how interindividual variability of CRC patients affects the biological activity of Uros, a
subsequent study was performed by Gonzalez-Sarrias et al. (2016) using MPhA (85 uM Uro-A, 10 pM Uro-C
and 5 pM EA) and MPhB (50 uM IsoUro-A, 30 uM Uro-A, 10 uM Uro-B, 5 uM Uro-C and 5 uM EA), on
the Caco-2 and CCD18-Co cells, over 24 to 48 h. Based on the trypan blue exclusion assay, both mixtures
led to a significant inhibition of cellular proliferation in a dose- and time-dependent manner in Caco-2 cells.
Specifically, MPhA induced a decrease of 42.2% at 24 h and 65.4% at 48 h, whereas MPhB caused 43.6% and
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58.5% reductions, respectively. In CCD18-Co cells, both mixtures exhibited statistically significant effects at
48 h (MPhA: 31.9% inhibition; MPhB: 28.4% inhibition), although less pronounced. Unlike MPhB, this effect
was also significant at 24 h with MPhA treatment (16.4%) [23].

Combined Therapy of Uro-A and Chemotherapeutic Agents

Gonzalez-Sarrias et al. (2015) further explored the response of Caco-2, SW480 and HT-29 cell lines to
the combined treatment of Uro-A and the chemotherapeutic agents 5-FU and 5'-DFUR via MTT assay. The
authors tested different physiologically relevant concentrations of the metabolite (10, 20, 50 and 100 uM)
together with graded doses of 5-FU and 5'-DFUR (0.2-400 uM) for 48 and 72 h. The findings indicated that
co-treatment with Uro-A significantly improved the effectiveness of both drugs compared to their use alone
through an additive effect, and especially when associated with 5-FU, in a dose- and time-dependent manner.
Moreover, this outcome led to a greater decrease in the proliferation of SW480 cells followed by Caco-2 and
HT-29 cells [22].

Ghosh et al. (2022) expanded the potential of the co-treatment by applying it to the parental HCT-116
and SW480 cells, and 5-FU chemoresistant (FUR) cell models, HCT-116-FUR and SW480-FUR. Using Uro-
A at concentrations of 0, 1, 10, 25, and 50 uM in combination with 25 and 50 pM of 5-FU, over 24 to 72 h,
they observed a statistically significant dose- and time-dependent inhibition of cell proliferation in both
parental and resistant cell lines, with no significant differences observed within each group, as shown by MTT
assay. This suggests that this compound acts as a chemosensitizer to 5-FU treatment, exerting a synergistic
effect, since neither treatment alone induced a significant inhibition of cell proliferation. These findings were
confirmed by flow cytometry with the reduction of marker of proliferation (Ki-67) positive cells in all cell
lines [30].

Building upon on this approach, Norden et al. (2019) studied the combined use of Uro-A (1.25, 2.5, 5,
10 and 15 uM) and oxaliplatin, a standard chemotherapeutic agent used in CRC treatment, on wt and p53-/-
HCT-116 cells over 48 to 72 h via crystal violet staining assay. Their results showed that Uro-A (1.25, 2.5, 5,10
and 15 uM of Uro-A) potentiated the action of oxaliplatin compared to its use alone, indicating a synergistic
interaction between the two compounds in wt cells. However, in p53-/- cells exposed to the co-treatment (2.5,
5,10, 15, 20 and 30 pM Uro-A + oxaliplatin), this synergistic effect was reduced, and even a slight antagonism
was observed at higher Uro-A concentrations (>10 M) [28].

The co-treatments of Uro-A with conventional chemotherapeutic agents highlighted variable magni-
tudes of antiproliferative effects depending on both the cell line and the drug combination. When combined
with 5-FU, Uro-A induced qualitative synergistic effects in HCT-116 cells, whereas additive interactions were
observed in Caco-2, SW480, and HT-29 cells, as reflected by the combination index (CI), where CI < 1
indicates synergism, CI = 1 additivity, and CI > 1 antagonism (CI = 0.98 for Caco-2, 0.94 for SW480, and 1.03
for HT-29). Among these three cell lines, sensitivity followed the gradient SW480 > Caco-2 > HT-29, with
HT-29 being the most resistant, as suggested by the CI slightly above 1 (Table 3).

Similarly, the Uro-A + 5'-DFUR combination yielded similar responses, with CI values ranging from
1.00 to 1.13 across SW480, HT-29, and Caco-2 cells. Again, SW480 cells exhibited the highest sensitivity,
while HT-29 cells were the most resistant. When comparing both treatments, Uro-A + 5-FU showed
stronger cytotoxic effects and lower ICs values, suggesting a more potent interaction than Uro-A + 5-DFUR
(Table 3).

In contrast, the combination of Uro-A with oxaliplatin evidenced differential sensitivity patterns among
HCT-116 sublines. wt cells exhibited synergistic interactions (CI = 0.66-0.82), whereas p53-/- cells displayed
reduced synergy or slight antagonism (CI = 0.92-1.21), confirming that p53 deficiency confers greater
chemoresistance (Table 3).
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Combined Therapy of Uro-A and Sodium Butyrate

Tortora et al. (2018) performed a study in which they tested Uro-A and SB in HT-29 and HCT-116
colon cancer cell lines, building on the positive outcomes of their previous in vivo study on preneoplastic
microscopic lesions. Throughout 72 h, these metabolites were administered individually (0.1, 1, 10, 25, 50
and 100 uM of Uro-A; 50, 100, 500 uM, 1, 5, and 10 mM of SB) or in combined treatments (25 or 50 pM
of Uro-A + 500 pM, 1 mm and 5 mm of SB) in both cells. The results of 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) viability assay confirmed that Uro-A
and SB, when administered separately, exerted an antiproliferative effect on HT-29 cells, with I1Cs values of
43.9 uM and 3 mm, and on HCT-116 cells, with ICs, values of 59.2 uM and 0.7 mm, respectively. A statistically
significant decrease in proliferating cell nuclear antigen (PCNA) was observed in the cells treated with SB
alone, whereas only a slight decrease was detected under co-treatment with Uro-A. At a fixed concentration
of Uro-A (25 uM for HT-29; 50 uM for HCT-116) and variable concentrations of SB (500 puM, 1 and 5 mm),
the ICsy value of SB did not change significantly. However, at sub-ICs, concentrations of SB (2.5 mm for
HT-29; 0.5 mm for HCT-116), the inhibition of cellular proliferation was potentiated through an additive
effect [27].

3.4.2 Impact on Colonosphere Formation and Cancer Stem Cells Markers

Colonospheres are three-dimensional structures used to study the behavior of colorectal cancer stem
cells (CSC), which have the ability to form floating spheroids in vitro in a serum-free medium supplemented
with growth factors [32].

An in vitro study conducted by Nuiflez-Sanchez et al. (2016) examined the effects of MPhA and MPhB on
the ability of Caco-2 cells to form colonospheres enriched with CSC. A low (C;) and high (C,) concentration
of each mixture was tested: C;yppa = 0.85 uM Uro-A + 0.1 uM Uro-C + 0.05 pM EA; C; pppa = 17 uM
Uro-A + 2 pM Uro-C + 1 uM EA; Cypppp = 0.3 pM Uro-A + 0.5 pM IsoUro-A + 0.1 uM Uro-B + 0.05 pM
Uro-C + 0.05 uM EA; C; prppp = 6 pM Uro-A + 10 pM IsoUro-A + 2 uM Uro-B + 1 uM Uro-C + 1 uM EA.
The results demonstrated a significant decrease in the number and size of the colonospheres at the highest
concentration, with this effect being more pronounced with the MPhB treatment [24].

Furthermore, the influence of both mixtures on the expression of the stem cells (SC) markers aldehyde
dehydrogenase (ALDH) and prominin-1 (CD133) was evaluated by Aldefluor assay and flow cytometry,
respectively. The data obtained revealed that treatment with C, MPhA significantly reduced the subpopula-
tion of cells with high ALDH (ALDH"8") activity, whereas MPhB did not cause any changes. However, none
of the treatments had any impact on CD133 expression [24].

3.4.3 Anticlonogenic Growth

A research by Giménez-Bastida et al. (2020) analyzed the clonogenic capacity of the Caco-2, HCT-116,
and HT-29 cells, as well as the non-tumoral CCD18-Co cell line, using a clonogenic assay in which 0.5, 1, and
10 uM of Uro-A, MPhA (80% Uro-A + 20% Uro-C) and MPhB (50% IsoUro-A + 20% Uro-B + 20% Uro-A +
10% Uro-C) were administered. After 14 days, only the highest concentration of each treatment significantly
inhibited the formation of HCT-116 cell colonies. However, in Caco-2 cells this effect was observed at both
1 uM and 10 uM of Uro-A, MPhA and MPhB, with Uro-A being the most effective in both cell lines. In HT-29
cells only 10 uM of Uro-A exerted a significant anticlonogenic effect, while CCD18-Co cells demonstrated
no changes in response to any of the treatments [13].

El-Wetidy et al. (2024) investigated the effect of increasing doses of Uro-A (25, 50, and 100 uM) on the
colony formation capacity of the HT-29, SW480, and SW620 cell lines for 7 days through a clonogenic assay.
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Although 25 uM did not have a significant effect, 50 pM produced a statistically significant reduction in the
number of colonies by 63.1%, 86.6%, and 87.9% in SW620, SW480, and HT-29 cells, respectively. The highest
concentration of Uro-A caused almost total inhibition of clonogenic growth in all cell lines. Additionally,
severe morphological changes were detected after treatment, including cell membrane contraction and the
absence of crystal violet staining (HT-29), altered morphology (SW480), and cell membrane rupture (SW480
and SW620) [15].

3.4.4 Induction of Cell Cycle Arrest

According to a study developed by Gonzalez-Sarrias et al. (2014), treatment with Uro-A (50 and 100 pM)
for 24 to 48 h significantly arrested the cell cycle at G,/M and S phases, in a dose- and time-dependent
manner, in Caco-2 and SW480 cells, respectively, as determined by flow cytometry. On the other hand, HT-29
cells were more resistant to the treatment, showing a dose-dependent but time-independent response [20].

El-Wetidy et al. (2021) assessed the effects of different concentrations of Uro-A (25, 50, and 100 uM)
on HT-29, SW480, SW620, and CCD18-Co cell lines over 24 to 48 h via propidium iodide (PI) staining
and flow cytometry. The results showed a dose- and time-dependent cell cycle blockage at the G,/M
phase, accompanied by a decrease in the Gy/G; population in HT-29, SW480, and SW620 cells. The most
pronounced effect was observed in SW480 cells, where up to 96% of the cells accumulated at G,/M after 48 h.
On the other hand, no significant changes were observed in CCD18-Co cells. To understand the mechanisms
underlying cell cycle interruption, the authors evaluated the expression of the regulatory proteins cyclin Bl
(G2/M phase) and cyclin-dependent kinase 6 (CDK6; G;/S phase) through western blot analysis in cancer
cells. The data confirmed a significant dose-dependent overexpression of cyclin Bl and CDKG6 in all cell
lines [29].

It has also been found that Uro-A, at a concentration of 30 pg/mL, triggered a blockage of the HT-
29 cells at the G,/M phase after 48 h, as demonstrated by Cho et al. (2015). To investigate whether this
effect might be related to cyclin-dependent kinase inhibitor 1A (p21) overexpression, the authors performed
its quantification via western blot. The results proved that Uro-A, under the tested conditions, produced a
statistically significant upregulation of p21 [21].

In a study conducted by Gonzalez-Sarrias et al. (2017), Caco-2 and CCD18-Co cells were treated with
50 and 100 uM of Uro-A for 24 to 48 h and analyzed by flow cytometry. In a dose- and time-dependent
manner, cancer cells were significantly arrested in the S and G,/M phases, concomitant with a decrease in the
distribution of cells in the Go/G; phase. Although less pronounced, normal cells also exhibited G,/M phase
arrest, with this effect being more significant with increasing concentration and exposure length [25].

Zhao et al. (2018) performed an experiment in which 0, 1.5, 15 or 30 uM of Uro-A were administered to
the SW620 cell line for 24 h using flow cytometry. The reported findings demonstrated significant cell cycle
blockage at G,/M phase, compatible with an increase in cancer cells at this stage [26].

Norden et al. (2019) investigated the effects of 20 and 40 pM of Uro-A on wt and p53-/- HCT-116 cells
over 24 and 48 h using flow cytometry. The results revealed a significant cell cycle arrest at the G,/M phase
in both cell types. After 48 h of treatment with the higher concentration, 47% and 55% of p53-/- and wt cells,
respectively, were in the G,/M phase [28].

In the experiment performed by Gonzalez-Sarrias et al. (2016), exposure of Caco-2 and SW480 cells
to Uro-A (100 uM; 48 h) resulted in a pronounced accumulation of cells in the S and G,/M phases of the
cell cycle, whereas HT-29 and CCDI18-Co cells displayed cell cycle blockage only at the G,/M, under the
same experimental conditions, as determined by flow cytometry. In the same study, Caco-2 cells treated with
MPhA (85 pM Uro-A, 10 pM Uro-C, and 5 pM EA) and MPhB (50 uM IsoUro-A, 30 uM Uro-A, 10 pM
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Uro-B, 5 uM Uro-C, and 5 uM EA) also exhibited significant cell cycle arrest at the S and G,/M phases after
24 and 48 h. In contrast, in CCDI8-Co cells this effect was only significant after 48 h, with a slight blockage
in the G,/M phase [23].

Giménez-Bastida et al. (2020) assessed the impact of Uro-A, MPhA (80% Uro-A + 20% Uro-C) and
MPhB (50% IsoUro-A + 20% Uro-B + 20% Uro-A + 10% Uro-C) for 5 days on HCT-116, Caco-2, HT-29 and
CCD18-Co cell lines through flow cytometry. Treatment with 10 uM of Uro-A and MPhA led to a significant
HCT-116 cells accumulation at the G,/M phase, as well as a reduction in the Go/G; and S phases. Furthermore,
the same dose of Uro-A, MPhA and MPhB caused a statistically significant G,/M phase arrest in Caco-2 cells.
In contrast, HT-29 and CCD18-Co cells were not sensitized by the treatment, and no significant changes
were observed [13].

Gonzalez-Sarrias et al. (2015) investigated the effects of Uro-A (10 and 20 uM) treatment alone or in
combination with 5-FU or 5'-DFUR on the cell cycle distribution of Caco-2, SW480 and HT-29 cells for 48 h
by flow cytometry. Different concentrations of the chemotherapeutic agents were used depending on the cell
line: 10 uM 5-FU and 50 uM 5'-DFUR for SW480 cells, and 50 uM 5-FU and 100 uM 5'-DFUR for Caco-2 and
HT-29 cells. The results showed that Caco-2 and SW480 cells accumulated significantly and progressively at
the G,/M phase at the highest concentration of Uro-A, while 5-FU and 5'-DFUR significantly increased the
proportion of cells in the S phase. Furthermore, both combined treatments with Uro-A significantly arrested
cell cycle at S phase in all cell lines, and at the G,/M phase specifically in Caco-2 and SW480 cells. This dual-
phase blockade suggests an additive rather than a synergistic effect between Uro-A and the chemotherapeutic
agents [22].

Additionally, the authors explored the underlying mechanisms of cell cycle interruption, performing
western blot analysis after 48 h of treatment with each compound (alone or combined), and found that 20 uM
of Uro-A led to a significant increase in the expression of cyclins A (S/G; phase) and Bl (G,/M phase) in
Caco-2 and SW480 cells. On the other hand, 5-FU and 5-DFUR treatments induced a significant increase
in both cyclins in all cells. Finally, co-treatment with Uro-A and the two chemotherapeutic agents caused a
small increase in both cyclins, compared to single treatments, which was particularly significant in Caco-2
cells with cyclin B1, and in SW480 cells with cyclin A and B1, when Uro-A + 5'-DFUR were administered [22].

3.4.5 Induction of Apoptosis

This section reviews the in vitro evidence of the apoptosis-inducing potential of Uro-A in CRC cell
lines and the non-tumorigenic CCD18-Co cell line, highlighting the experimental conditions and key
outcomes. Table 5 provides a summary of these effects reported in the selected studies. For each reference,
the table specifies the cell lines tested, compounds concentrations, exposure times, experimental methods
employed, and main outcomes.

Table 5: Apoptosis-inducing potential of Uro-A in human colorectal cell lines

Human cell Exposure

Ref. . Concentration . Assay Outcome
line time
Annexin 1 In early and late apoptotic cells
V-FITC/PI (early > late)
HT-29 30 ug/mL Uro-A 48h jC1 Mitochondrial membrane potential
1] depolarization
- Colorimetric

1 In caspase-8 and caspase-9; 1

caspase . .
p caspase-3 activity (small effect size)

protease assay
Western blot 1 PARP cleavage (small effect size)

(Continued)
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Table 5 (continued)

Ref. Hunfan cell Concentration EXI,’ osure Assay Outcome
line time
5-FU: 1 early and late apoptosis;
/ .
Annexin V/PI; - .5 -DFUR and Uro-A: nqt
Hoechst 33242 significant; Uro-A + 5-FU: slight 1,
not significant; Uro-A + 5'-DFUR:
20 uM Uro-A; 50 uM . .
1 in early apoptosis
5-FU; 100 uM 48h .
, 5-FU: 1 caspase-8 and 9 (especially
Caco-2 5'-DFUR; Uro-A +
caspase-9); Uro-A: small 1 (not
5-FU; Uro-A + ionifi fboth .
5 _DFUR Flow cytometry significant) of both caspases;
co-treatments: slight 1 of both
caspases (not significant); Uro-A +
5'-DFUR: 1 caspase-9
U . .
[2] Annexin V/PI; 5-FU z?nd 5-DFUR: T. in .early
Hoechst 33242 apoptosis; Uro-A: not significant;
HT-29 20 1M Uro-A: 50 UM 48h co-treatments: not significant
}15 FU'r‘i(_)O, Mp 5-FU: 1 caspase-8 and 9; 5'-DFUR:
, H 1 caspase-8 and 9; Uro-A: not
5-DFUR; Uro-A + Flow cytometry - .
significant; co-treatments: slight 1
5-FU; Uro-A + . ..
5’ DEUR in both caspases (not significant)
) 5-FU: 1 early and late apoptosis;
5'-DFUR and Uro-A: not
20 uM Uro-A; 10 uM ‘ significant; co—'Frea.tments: slight 1,
5-FU; 50 uM 5 _DFUR: Annexin V/PI; not significant
- 5 - 5 : _ 9./ .
SW480 Uro-A + 5-FU: Uro-A 48h Hoechst 33242 5-FU: 1 caspase-8 and -9; 5 .DFUR.
, Flow cytometry 1 caspase-8; Uro-A: small 1 in both
+5-DFUR L
caspases (not significant);
co-treatments: slight 1 in both
caspases (not significant)
MPhA (85 uM Uro-A +
10 uM Uro-C + 5 uM
EA); MPhB (50 uM Small 1 but time-dependent in
Caco-2 IsoUro-A + 30 uM 24-48h Annexin V/PI early and late apoptotic cells after
Uro-A + 10 uM Uro-B both treatments
+ 5 uM Uro-C + 5 uM
[23] EA)
MPhA (85 uM Uro-A +
10 uM Uro-C + 5 uM
EA); MPhB (50 uM . .
CCD18-Co IsoUro-A + 30 uM 24-48 h Annexin V/PI No 51gn1ﬁcat1)1 t z;pogtotlc effect
Uro-A + 10 uM Uro-B observe
+ 5 uM Uro-C + 5 uM
EA)
i Caco-2 50and 100 M Uro-A  24-48h  Annexin V/pp 0S¢ and time-dependent f in
[25] early and late apoptotic cells
CCDIS-Co  50and100 uM Uro-A  24-48h  Annexinv/p O significant apoptotic effect
observed
0, 1.5,15,and 30 uM Annexin Only 30 uM Uro-A 1 apoptosis;
26 2 24 h
(6] SW620 Uro-A V-FITC/PI lower concentrations had no effect
t Caspase-3 activity with
25 uM Uro-A; 2.5 mm
[27] HT-29 SB, Uro-A + SB 24-72h Western blot co-treatment at 24 h, 1 at 72 h but

not significant

(Continued)
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Table 5 (continued)

Human cell

Exposure

Ref. . Concentration A Assay Outcome
line time
50 uM Uro-A; 0.5 mm
HCT-116 SB: Uro-A + SB 24-72h Western blot
25,50 and 100 uM . . Dose- al?d tlr.ne—dependent T.ln late
HT-29 Uro-A 24-48h Annexin V/Pi  apoptosis; 1 in early apoptosis only
at 100 uM after 48 h
Dose-dependent | in XIAP and
48 h Western blot Bcl-2; 1 in p53, p21, cytochrome c,
cleaved caspase-3 and -9
25,50 and 100 uM . . Similar pattern to HT-29, but more
24-48 h A P
SW480 Uro-A 8 nnexin V/Pi 1 in early apoptosis
[29] Dose-dependent | in XIAP and
- 48 h Western blot Bcl-2; 1 in p53, p21, cytochrome c,
cleaved caspase-3 and -9
25,50 and 100 uM . . 1 in late apoptosis at 100 uM; lesser
SW620 Uro-A 24-48h Annexin V/Pi effects at lower doses
Dose-dependent | in XIAP and
48 h Western blot Bcl-2; 1 in p53, p21, cytochrome c,
cleaved caspase-3 and -9
CCDIS-Co 25,50 and 100 uM 24-48 h Annexin V/Pi No significant apoptotic effect
Uro-A observed
Annexin Uro-A: slight 1 (not significant);
HCT-116 50 uM Uro-A; 50 uM . )
(parental) of 5-FU: Uro-A + 5-FU 24 h V-FITC/PI; 5-FU and Uro A-+ 5-FU: 1
flow cytometry apoptosis
Annexin Uro-A: slight 1 (not significant);
SW480 50 uM Uro-A; 50 uM
24 h -FITC/PI; -F -A -FU:
(parental) of 5-FU; Uro-A + 5-FU v c/ 5-FU and Uro ,+ >-FU:A
Flow cytometry apoptosis
[30] Annexin
50 uM Uro-A; 50 uM . .
HCT-116-FUR of 5-FU; Uro-A + 5-FU 24h V-FITC/PI; Only co-treatment 1 apoptosis
flow cytometry
24 h Western blot Co-treatment 1 cleaved.caspase—9
and Bax expression
Annexin
50 uM Uro-A; 50 uM ) .
SW480-FUR of 5-FU: Uro-A + 5-FU 24 h V-FITC/PI; Only co-treatment 1 apoptosis
flow cytometry

Note: 5-DFUR, 5'-Deoxy-5-fluorouridine; 5-FU, 5-Fluorouracil; Annexin V/PI, annexin V/propidium iodide;
Annexin V-FITC/PI, annexin V-fluorescein isothiocyanate/propidium iodide; Bax, B-cell leukemia/lymphoma 2
associated X protein; Bcl-2, B-cell leukemia/lymphoma 2 protein; CRC, colorectal cancer; EA, ellagic acid; FUR,
5-Fluorouracil chemoresistant; h, hours; IsoUro-A, isourolithin A; JC-1, 5,5,6,6'-tetrachloro-1,I',3,3'-tetraethyl-
benzimidazolocarbocyanine iodide; MPhA, mixtures of ET metabolites mimicking metabotype A; MPhB, mixtures
of ET metabolites mimicking metabotype B; p21, cyclin-dependent kinase inhibitor 1A; p53, tumor protein p53; PARP,
poly (adenosine diphosphate-ribose) polymerase; Ref, reference; SB, sodium butyrate; Uro-A, urolithin A; Uro-B,
urolithin B; Uro-C, urolithin C; XIAP, X-linked inhibitor of apoptosis protein; 1, increase; |, decrease.

Cho et al. (2015) investigated the apoptotic mechanisms of 30 pg/mL of Uro-A in HT-29 cells over
48 h through an annexin V-fluorescein isothiocyanate/propidium iodide (annexin V-FITC/PI) assay. The
metabolite induced a significant increase in both early and late apoptotic cells, with a more pronounced effect
on early apoptosis. In order to confirm these findings, the authors evaluated the impact of Uro-A (5, 10, and
30 pg/mL) on mitochondrial membrane potential depolarization in HT-29 cells over a 24-h period using
5,5,6,6'-tetrachloro-1,1',3,3 - tetraethyl-benzimidazolocarbocyanine iodide (JC-1) dye assay. The treatment
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significantly altered mitochondrial membrane potential in a dose-dependent manner, which supports the
involvement of the intrinsic pathway in Uro-A-induced apoptosis [21].

Subsequently, they examined the activity of initiator caspases 8 and 9 after treatment with 30 ug/mL
of Uro-A for 48 h using a colorimetric caspase protease assay. The activity of both caspases increased
significantly in the treated cells, which supports the involvement of both pathways in the induction of
apoptosis mediated by Uro-A. The authors also investigated the activity of effector caspase 3, as well as the
cleavage of poly (adenosine diphosphate ribose) polymerase (PARP) using western blot analysis. The findings
demonstrated a statistically significant increase in caspase 3 activity and PARP cleavage after treatment,
although the effect size was small [21].

In a study performed by Gonzélez-Sarrias et al. (2015), the induction of apoptosis in Caco-2, SW480,
and HT-29 cells was assessed after 48 h of treatment with Uro-A (20 uM), 5-FU or 5'-DFUR (10, 50 or
100 uM, depending on the specific ICsy value of each cell line), using the annexin V/propidium iodide
(annexin V/PI) assay and Hoechst 33242 dye. In Caco-2 and SW480 cells, 5-FU produced a significant
increase in both early and late apoptosis, whereas in HT-29 cells it only caused a rise in the number of
early apoptotic cells. Notably, Uro-A alone did not induce a statistically significant apoptotic effect in any
of the cell lines. Similar results occurred with 5'-DFUR, which only significantly increased the number of
early apoptotic HT-29 cells. Although the co-treatments slightly enhanced Caco-2 and SW480 apoptotic
cells, compared with either chemotherapeutic agents alone, these changes were not significant. However, a
significant increase in early apoptotic Caco-2 cells occurred when treated with Uro-A + 5'-DFUR [22].

Additionally, the role of the intrinsic and extrinsic pathways of apoptosis was evaluated through flow
cytometry for 48 h. Exposure to 5-FU led to a significant activation of caspase 8 and 9 activity in all cells, with
this effect being considerably more pronounced in Caco-2 cells and in caspase 9. In contrast, 5'-DFUR only
caused a significant increase in caspase activity in HT-29 cells (caspase 8 and 9) and in SW480 cells (caspase
8). Although not statistically significant, Uro-A also promoted a slight activation of both caspases in all cells
except HT-29 cells. Compared with the individual treatments, the co-treatments produced a small increase
in the activity of both caspases in all cells, though it was not considered significant. On the other hand, a
statistically significant increase in caspase 9 was detected in Caco-2 cells treated with Uro-A + 5'-DFUR [22].

Gonzalez-Sarrias et al. (2016) determined the percentage of early and late apoptotic Caco-2 and CCDI18-
Co cells after treatments with MPhA (85 uM Uro-A + 10 uM Uro-C + 5 uM EA) and MPhB (50 uM IsoUro-A
+ 30 uM Uro-A + 10 uM Uro-B + 5 uM Uro-C + 5 pM EA), using the annexin V/PI assay, over 24 and
48 h. The results revealed a slight increase in cancer apoptotic cells after each treatment in a time-dependent
manner. On the other hand, the mixtures did not cause significant changes on normal cells [23].

After treating Caco-2 and CCDI8-Co cells with 50 and 100 uM of Uro-A for 24 and 48 h, Gonzalez-
Sarrias et al. (2017) observed a statistically significant, time- and dose-dependent increase in the percentage
of early and late apoptotic cells in cancer cells, as determined by an annexin V/PI assay. In contrast, no effects
were observed on the CCD18-Co cell line [25].

Zhao etal. (2018) performed an annexin V-FITC/PI assay to evaluate the effect 0of 0, 1.5, 15, and 30 pM of
Uro-A on the induction of apoptosis in SW620 cells over 24 h. The highest concentration induced apoptosis
in cancer cells, unlike the other concentrations [26].

Another study by Tortora et al. (2018) examined the expression of caspase-3 using western blot in HT-29
cell line treated with 25 uM of Uro-A, 2.5 mm of SB, or both combined, as well as in HCT-116 cells treated
with 50 uM of Uro-A, 0.5 mm of SB, or both combined. After 24 h, the co-treatment significantly increased
the expression of the effector caspase in both cell lines. After 72 h, protein expression also increased, though
not significantly [27].
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El-Wetidy et al. (2021) developed a study in which they tested 25, 50 and 100 uM of Uro-A in HT-29,
SW480, SW620 and CCDI18-Co cells, for 24 and 48 h using annexin V/PI assay. In HT-29 cells, the metabolite
produced a dose- and time-dependent increase in late apoptosis. Early apoptosis was significantly affected
only after 48 h of treatment with 100 uM of the compound. Similar results were observed in SW480 cells,
although with markedly enhanced early apoptosis. In SW620 cell line, the highest concentration of Uro-A
exerted the greatest effect, especially in late apoptosis, while CCD18-Co cells remained unaffected [29].

The same authors further investigated changes in the expression of the proteins cytochrome ¢, p53,
p21, X-linked inhibitor of apoptosis protein (XIAP), B-cell leukemia/lymphoma 2 protein (Bcl-2), caspase-
3, and caspase-9 in cells treated with 25, 50, and 100 pM of Uro-A for 48 h. Western blot analysis revealed
dose-dependent depletion of the anti-apoptotic proteins XIAP and Bcl-2, upregulation of p53 and p21, and
overexpression of cytochrome c, cleaved caspase-3, and cleaved caspase-9 across all cancer cell lines [29].

Ghosh et al. (2022) assessed the effects of 50 uM of Uro-A and/or 50 uM of 5-FU in parental HCT-116 and
SW480 cell lines, as well as in HCT-116-FUR and SW480-FUR cells. Apoptosis was assessed using annexin V-
FITC/PI staining followed by flow cytometry after 24 h. Uro-A caused a slight increase in apoptosis in all cell
lines, but it was not statistically significant. Both 5-FU and Uro-A + 5-FU significantly induced apoptosis in
the parental cell lines. However, only the co-treatment effectively promoted apoptosis in both resistant cells.
Additionally, through western blot analysis, the authors observed an overexpression of caspase-9, cleaved
caspase-9, and B-cell leukemia/lymphoma 2 associated X protein (Bax) in HCT-116-FUR cells treated with
the combination of Uro-A and 5-FU, compared to the individual treatments [30].

3.4.6 Anti-Migratory and Anti-Invasive Effects

Zhao et al. (2018) evaluated the mobility and expression of matrix metalloproteinase-9 (MMP-9) in
SW620 cells treated with 0.05 pM of Uro-A for 48 h, using chamber migration and colorimetric assays,
respectively. The results revealed a significant reduction in the number of migratory cells, delay in cell
migration, and decrease in MMP-9 activity by 35.2%, 21.3%, and 29.8%, respectively [26].

Ghosh et al. (2022) examined the effects of both monotherapy and co-treatment with 50 uM Uro-A and
50 uM 5-FU on cell migration and invasion, using standard scratch assays and three-dimensional invasion
assays, respectively, in HCT-116-FUR and SW480-FUR cell lines. While the monotherapies did not cause
any significant changes in the FUR cells, the co-treatment led to a significant decrease in cell migration and
invasion in HCT-116-FUR and SW480-FUR cell lines [30].

To clarify how Uro-A + 5-FU exerts its anti-migratory effects, the authors determined the expression
of epithelial-mesenchymal transition (EMT) mediators, including -catenin and zinc finger protein SNAI1
(Snail) (EMT inducers), as well as zona occludens 1 (ZO1) and E-cadherin (EMT inhibitors). The results were
assessed via western blot analysis, confocal imaging and messenger ribonucleic acid quantification in HCT-
116-FUR and SW480-FUR cells after 24 h. In the absence of any treatment, both cell lines showed increased
levels of B-catenin and Snail protein, as well as decreased levels of ZO1 and E-cadherin, compared to the
parental HCT-116 and SW480 lines. On the other hand, co-treatment with 50 uM of Uro-A and 50 pM of 5-
FU resulted in a significant overexpression of ZO1 and E-cadherin, along with a significant downregulation
of -catenin and Snail protein in both FUR cells [30].

A study conducted by El-Wetidy et al. (2024) tested 25 and 50 uM of Uro-A on HT-29, SW480, and
SW620 cells aiming to evaluate its effects on cellular migration rate through a wound healing assay. After
24 and 48 h of treatment, the cellular migration rate decreased significantly in all cell lines compared to the
control cells in a dose-dependent manner, with the effects being considerably superior in the HT-29 cell line,
followed by SW480 and SW620 [15].
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To understand the underlying mechanisms of this metastasis inhibition, the expression levels of MMP-1,
MMP-2, and tissue inhibitor of metalloproteinases 1 (TIMP-1) were evaluated using western blot analysis for
48 h and after treatment with 0, 25, 50 and 100 pM of Uro-A. The results evidenced a statistically significant
decrease in MMP-1 and MMP-2 levels, as well as an increase in TIMP-1 expression in HT-29, SW480, and
SW620 cells [15].

3.4.7 Induction of Cellular Senescence

Giménez-Bastida et al. (2020) investigated whether cellular senescence induction was linked to the
previously observed anti-clonogenic effect and cell cycle arrest in Caco-2, HT-29, HCT-116, and CCDI18-Co
cells treated with 10 pM of Uro-A, MPhA (80% Uro-A + 20% Uro-C), and MPhB (50% IsoUro-A + 20%
Uro-B + 20% Uro-A + 10% Uro-C). To this purpose, they evaluated the activity of senescence-associated
B-galactosidase (SA-B-gal) over the period of 1, 3, and 5 days of treatment using the fluorogenic sub-
strate 5-dodecanoylaminofluorescein di-p-D-galactopyranoside (FDG). Although the induction of cellular
senescence was not observed in Caco-2, HT-29, and CCD18-Co cells, the enzyme exhibited significant and
considerable activity in HCT-116 cells in a time-dependent manner after treatment with Uro-A and MPhA.
To validate the results, a histochemical staining with 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside
(X-gal) was performed at day 5, revealing an increase in blue-stained cells indicative of SA-B-gal activity in
HCT-116 cell line treated with Uro-A and MPhA. The remaining cell lines were used as negative controls,
and no changes were observed [13].

Subsequently, the authors analyzed the expression of the proteins p53, p21“PY/Wafl | cyclin-dependent

kinase inhibitor 2A (p16™¥4?), and the phosphorylation status of retinoblastoma (Rb) protein, through
western blot analysis over 5 days. In wt HCT-116 cells treated with 10 uM of Uro-A and MPhA, a
significant overexpression of p53 and p21°PY/Wafl was observed. On the other hand, there were no changes
in p16™K42/Rb pathway compared to the control cells, suggesting its inactivation. In treated Caco-2 cells
(p53-null), no significant changes were observed in p53 expression or in the p16"™V<4?/Rb pathway, although a
significant overexpression of p21°PP1/Wafl wag detected following treatment with 10 uM of Uro-A and MPhA.
Moreover, in HT-29 treated cells (mutant p53), no alterations were observed in the expression of any of the
markers [13].

Norden et al. (2019) treated both wt and p53-/- HCT-116 cells continuously with 20 uM of Uro-A
for 25 days. The effects were evaluated using X-gal staining and cumulative population doublings (CPD).
While p53-/- cells demonstrated increased cellular death and absence of SA-[-gal activity, wt cells exhibited
complete cessation of proliferation, morphological changes consistent with senescent cells, becoming larger
and flatter, and increased SA-[-gal activity [28].

3.4.8 Induction of Autophagy

Zhao et al. (2018) performed a study in which they examined the morphological features of SW620
cells in autophagy after treatment with 1.5 or 15 uM of Uro-A. The transmission electron microscopy results
detected the presence of autolysosomes, indicating the activation of autophagy. Furthermore, the conversion
of green fluorescent protein-microtubule-associated protein 1 light chain 3 (GFP-LC3) was observed from
a faint, diffused pattern to distinct fluorescent cytoplasmic puncta and an accumulation of GFP-LC3 after
24 h in a dose-independent manner. Moreover, western blot analysis demonstrated an increased conversion
of the cytosolic form LC3-I into LC3-II, further supporting the induction of autophagy [26].
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4 Discussion

This systematic review summarized the current scientific evidence regarding the anticancer potential
of Uro-A in 5 well-established human CRC cell lines—Caco-2, HT-29, SW480, SW620 and HCT-116, as well
as in one non-tumorigenic colon-derived cell line (CCD18-Co), based on 15 in vitro experimental studies.
The results demonstrated that Uro-A exhibits multiple antitumor properties, including inhibition of cell
proliferation and clonogenic growth, suppression of CSC-related properties, induction of cell cycle arrest and
apoptosis, cell migration and invasion suppression, as well as induction of autophagy and cellular senescence.

4.1 Colorectal Cell Lines Heterogeneity and Susceptibility to Uro-A

It is well known that CRC cell lines constitute robust pre-clinical models as they represent different
histological and molecular subtypes of CRC and preserve the main genetic mutations related to the primary
tumor. Thus, this inherent variability among the cell lines enables the comparative evaluation of therapeutic
approaches in a reproducible and controlled manner [33].

This is particularly relevant when considering the heterogeneous response to treatment with Uro-A,
whose anticancer activity, although consistent in the multiple outcomes evaluated, differed according to the
susceptibility profile of each cell line. For instance, the effects were greater in HCT-116 cells, which proved
to be the most sensitive cells, followed by SW480, Caco-2 and HT-29 cell lines with intermediate sensitivity
depending on the analytical experiment, and finally, SW620 and CCDI18-Co cells, which exhibited greater
resistance. Notably, this lower sensitivity can be explained by their intrinsic characteristics. SW620 cell
line, derived from a metastasis, exhibits a more aggressive phenotype and enhanced migratory and invasive
features, often associated with therapeutic resistance [34]. On the other hand, the resistance of CCD18-Co, a
non-tumorigenic fibroblast cell line, suggests that Uro-A exhibits selective activity against cancer cells [13,29].

4.2 Dosage and Physiological Relevance

The response pattern was found to be related to the administered dose and incubation period. In
the selected studies, Uro-A was tested at a wide range of concentrations (0.1-400 uM) and exposure
times (24-72 h), with 50 and 100 uM for 24-48 h being the most frequently used and yielding the most
consistent and significant effects. Overall, concentrations equal or below 25 uM required longer exposure or
combination with other compounds to achieve relevant and statistically significant outcomes.

However, the physiological relevance of the in vitro concentrations used remains uncertain, as Uros
undergo extensive Phase II metabolism [20]. This process converts Uros into hydrophilic molecules, more
easily excreted by the organism, through conjugation reactions including glucuronidation, methylation, and
sulfation [9,10,35].

It has been reported that Uros aglycones, particularly Uro-A, reach the highest levels-up to 100 uM—in
the colonic lumen. Nevertheless, their conjugated counterparts, such as Uro-A and Uro-B glucuronides, are
the primary circulating metabolites in humans, typically present at low pM concentrations [9,10,20]. Thus,
although the in vitro concentrations used may be locally achievable in the colon following the intake of ET-
rich products, their plasma levels are considerably lower [20], which limits the potential application of Uro-A
as a systemic therapeutic agent.

4.3 Cell Proliferation, Metabolism and Drug Resistance

The findings of the selected studies systematically showed that Uro-A exerts an antiproliferative activity
across all CRC cell lines. In general, the inhibitory effect was directly proportional to the dose and duration
of treatment, except in HT-29 cells, which in some studies exhibited a time-independent response [20,21].



Oncol Res. 2025 25

This behavior may be related to the methodological variability observed across different assays or to intrinsic
biological characteristics of HT-29 cells, such as their ability to glucuronidate Uros through Phase II
metabolism [12,20]. This biochemical process is mediated by uridine diphosphate glucuronosyltransferases
(UGT), which catalyze the conjugation of glucuronic acid to the functional groups of a specific substrate [35].
According to previous reports, HT-29 cells exhibit hypomethylation in the promoter region of the uridine
diphosphate glucuronosyltransferase family 1 member Al (UGT1AI) gene [36], which leads to the overex-
pression of UGTIA isoforms, thereby enhancing their glucuronidation capacity [37]. These conjugated forms
exhibit lower biological activity [25,35] and, consequently, reduced antiproliferative effects, which indicates
that they may be used by cancer cells as a resistance mechanism to the Uros treatment [20,25].

This hypothesis is further supported by the studies performed by Gonzalez-Sarrias et al. (2014, 2017),
which revealed a marked increase of Uro-A glucuronides in HT-29 cells, a minimal presence in Caco-2
cells, and no detectable conjugates in SW480 cells following treatment with Uro-A aglycone [20,25]. These
results confirm that HT-29 cells have a more active metabolism, characterized by a high glucuronidation rate,
whereas Caco-2 and SW480 cells exhibit limited or absent metabolic activity [20]. Additionally, the same
studies revealed that Caco-2, SW480, and HT-29 cells treated with Uro-A glucuronide exhibited decreased
cell proliferation inhibition compared to the respective aglycone [20,25].

Besides Phase II metabolism, the decreased sensitivity of HT-29 cells to the effects of Uro-A may be
related to adenosine triphosphate (ATP) binding cassette (ABC) transporters [20], which actively transport
a wide range of substrates across the cell membrane through ATP hydrolysis. Therefore, these transporters
have the ability to modulate the pharmacokinetic and pharmacological properties of their substrates, as
well as mediate drug-drug interactions [38,39]. It is known that HT-29 cells have high expression of ABC
transporters, including subfamily G2 (ABCG2) and multidrug resistance-related protein (MRP), in contrast
with SW480 cells, which have lower expression [40,41]. Furthermore, several studies have described the role
of ABC transporters in the transport of secondary plant metabolites, such as polyphenols [42], and have
shown that Uro-A and its conjugates are substrates of these efflux pumps [38].

Gonzalez-Sarrias et al. (2014) subsequently investigated the role of specific ABC transporter inhibitors
in HT29 cells in order to verify their relationship with the cells’ susceptibility to Uros. The findings revealed
that these inhibitors partially prevented the glucuronidation of Uro-A, making the cancer cells more sensitive
to their antiproliferative effects. This suggests that ABC transporters, along with Phase II metabolism,
contribute to a resistance mechanism in cancer cells [20].

In addition to Uro-As immediate antiproliferative effects, clonogenic assays also confirmed that this
metabolite significantly compromises the long-term self-renewal of cancer cells by inhibiting colony forma-
tion and promoting irreversible structural changes, possibly through cellular DNA breakdown [13,15]. Since
these assays mimic the features of malignant cells in vivo [43], these findings support the promising potential
of Uro-A in cancer treatment.

4.4 Cellular and Molecular Mechanisms: Cell Cycle Arrest, Senescence, Apoptosis, and Autophagy

One of the key mechanisms underlying the inhibition of cellular proliferation is related to cell cycle
arrest [44]. The cell cycle is an extremely regulated biological process that controls cell division and prolif-
eration. Therefore, a defect in one of its regulatory proteins, such as cyclins, cyclin-dependent kinase (CDK)
and cyclin-dependent kinase inhibitors (CKI), can lead to uncontrolled proliferation and, consequently, the
development of diseases such as cancer [45]. CDKs are kinase proteins that can either be activated at specific
checkpoints of the cell cycle by cyclins, allowing its progression, or neutralized by CKI, leading to cell cycle
arrest. Unlike cyclins, whose protein levels oscillate throughout the cycle, CDKs remain stable, ensuring an
orderly and controlled progression through the different phases [45].
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In the selected studies, Uro-A consistently promoted a significant accumulation of cancer cells in the
G,/M and S phases, in a dose- and time-dependent manner, accompanied by a consequent decrease in the
cellular population in the Gy/G; phase. Some reports have shown that this effect is closely related to the
modulation of the expression of regulatory proteins, key genes and signaling pathways essential for cell cycle
progression [21,29,46].

In fact, cyclins A and B1l, CDK6 and p21 were found to be increased in the studies conducted by Cho et al.
(2015), Gonzalez-Sarrias et al. (2015), and El-Wetidy et al. (2021) following treatment with Uro-A [21,22,29].
Cyclin A binds to CDK2 to drive S phase progression, while its association with CDK1 mediates the G,/M
transition. In addition, the cyclin B1/CDKI complex facilitates entry into M phase and Cyclin D/CDK6
regulates the Gy/G; phase [29,45]. On the other hand, p21 is a CKI that forms a stable complex with CDK1
and CDK2, preventing their interaction with cyclins and, consequently, the progression of the cell cycle in
the S and G,/M phases, respectively [9,45]. Therefore, these molecular findings corroborate the observed
cellular distribution patterns (Fig. 3) [21,22,29].
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Figure 3: Mechanistic overview of the anticancer potential of urolithin A in colorectal cancer. Created with BioRender.
com. Note: ALDH, aldehyde dehydrogenase; Bax, B-cell leukemia/lymphoma 2 associated X Protein; Bcl-2, B-
cell leukemia/lymphoma 2 Protein; CDKI, cyclin-dependent kinase 1; CDK2, cyclin-dependent kinase 2; CDKS,
cyclin-dependent kinase 6; FOXMI, forkhead box M1; FOXO3, forkhead box O3; LC3-II, microtubule-associated
protein 1 light chain 3 II; MMP-1, metalloproteinase 1; MMP-2, metalloproteinase 2; MMP-9, metalloproteinase
9; p21, cyclin-dependent kinase inhibitor 1A; p53, tumor protein p53; PARP, poly (adenosine diphosphate-ribose)
polymerase; SA-B-gal, senescence-associated -galactosidase; Snail, zinc finger protein SNAIL; TIMP-1, inhibitor of
metalloproteinases 1; XIAP, X-linked inhibitor of apoptosis protein; ZOl, zona occludens 1

Notably, additional investigations have exhibited new insights into Uro-A’s anticancer mechanisms in
CRC. A study by Gonzalez-Sarrias et al. (2009) on Caco-2 cells treated with Uro-A showed an inhibition of
cellular proliferation mediated by the upregulation of tumor suppressor genes (dual specificity phosphatase
6, DUSP6; and V-fos FB] murine osteosarcoma viral oncogene homologue, Fos), and downregulation of
growth factor receptors (fibroblast growth factor receptor 2, FGFR2) [47].
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Furthermore, Sharma et al. (2010) demonstrated that Uro-A is an inhibitor of the Wnt/p-catenin
signaling pathway, a highly critical pathway in the regulation of the cellular cycle that is strongly implicated
in the pathogenesis of CRC when constitutively activated (Fig. 3) [48]. A study conducted by Norden
et al. (2019) also revealed that the antiproliferative activity of Uro-A in wt HCT-116 cells is related to the
modulation of p53 and tumor protein p53 induced glycolysis and apoptosis regulator (TIGAR) axis. This
metabolite is capable of stabilizing p53, which is frequently mutated in CRC, and induces the expression
of TIGAR, an inhibitor that reduces the glycolytic potential of cancer cells by decreasing the levels of
fructose-2,6-bisphosphate [28].

Disruption of the cell cycle can also lead to cellular senescence, a post-mitotic and well-differentiated
stage in which there is an irreversible and permanent arrest of cellular proliferation [49]. Giménez-Bastida
etal. (2020) studied the underlying mechanisms of cell cycle arrest and anti-clonogenic growth and observed
an increase in the activity of the enzyme SA-[B-gal, a marker found in senescent cells, exclusively in HCT-
116 cells (wt p53) treated with Uro-A. Subsequently, the results revealed that Uro-A induces p53-dependent
cellular senescence due to the overexpression of p53 and p21¢P1/Wafl [13] (Fig. 3). This finding is corroborated
by Norden et al. (2019), who proved that the induction of senescence-like growth arrest by Uro-A is
dependent on a functional p53 (wt cells), as cells HCT-116 p53-/- or p21-/- did not show signs of senescence
after treatment [28].

Besides cell cycle arrest, the results of the studies included in this systematic review provided solid
evidence that Uro-A can inhibit cell proliferation by inducing programmed cell death, as its treatment led to
a significant increase in the percentage of early and late apoptotic cancer cells.

As the name suggests, early apoptotic cells are in the initial stage of apoptosis and exhibit characteristic
morphological changes such as pyknosis and cell shrinkage, while still maintaining cellular membrane
integrity. In contrast, late apoptotic cells are involved in the more advanced stages of the process and display
irreversible features including cellular membrane blebbing, karyorrhexis, and the formation of apoptotic
bodies. Distinguishing between these two types of cells is essential, as several features of apoptosis can be
easily mistaken for necrosis [50,51].

Moreover, it was shown that the induction of apoptosis by Uro-A occurred through the modulation of
both intrinsic and extrinsic pathways. Activation of the intrinsic (mitochondrial) pathway was confirmed
by mitochondrial membrane potential depolarization, overexpression of cytochrome c, cleaved caspase-9
(active form) and the pro-apoptotic protein Bax, as well as depletion of the anti-apoptotic proteins Bcl-
2 and XIAP. Meanwhile, the activation of the extrinsic (death receptor-initiated) pathway was supported
by increased levels of caspase-8. The convergence of these pathways was sustained by an overexpression of
cleaved caspase-3 and PARP, indicating the activation of the final execution pathway of apoptosis. Additional
findings have shown that the induction of these apoptotic pathways might be under the influence of p53 and
p21, as they were found to be overexpressed in some studies (Fig. 3) [21,22,29,30].

Although the induction of apoptosis occurred generally in a concentration-dependent manner, there
is evidence that, at lower concentrations, Uro-A can alternatively exert an anticancer activity by activating
the autophagic pathways [26]. This was demonstrated in a study by Zhao et al. (2018), in which SW620 cells
exposed to lower concentrations of Uro-A than those used to evaluate apoptosis exhibited morphological
and molecular features suggestive of autophagy. These included the presence of autolysosomes — cytoplasm
vacuoles with cellular fragments and organelles —, the appearance of a cytoplasmic puncta pattern of the GFP-
LC3 fusion protein, indicating the translocation of LC3 to the membrane of the autophagosomes [52], and
the conversion of the cytosolic form LC3-I to the autophagic form LC3-II, confirming the induction of the
autophagic process (Fig. 3) [26,53]. In addition to Uro-A, there is robust evidence that other secondary plant
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metabolites, including phenolic, terpenoid, and alkaloid derivatives, also displayed an autophagy-inducing
potential in CRC cell lines [53].

4.5 Inhibition of Migration, Invasion, and Effects on Cancer Stem Cells

Metastasis is a group of consecutive biological events that predict the severity of a tumor, being the
main cause of mortality in cancer patients [54]. Along with its impact on cellular viability, Uro-A has also
been shown to suppress the migration and invasion of cancer cells, including those derived from metastatic
cancer (SW620) and resistant to conventional treatments (HCT-116-FUR and SW480-FUR) [15,26,30]. These
findings were corroborated by a delay and decrease in the number of migratory cells, reduced expression
of matrix-degrading endopeptidases (MMP-1, MMP-2, and MMP-9), as well as transcription factors and
mediators of EMT (Snail protein and B-catenin). Simultaneously, an increase in the expression of proteins
involved in cellular adhesion (E-cadherin), tight junctions (ZO1), and inhibitors of MMP activity (TIMP-1)
were observed. Thus, by modulating key proteins, Uro-A emerges as a promising agent in preventing tumor
progression (Fig. 3) [15,26,30,55].

CSCs are cells with strong implications in cancer pathogenesis and metastasis, as well as in resistance
to chemotherapy treatments, standing out for their capacity for self-renewal, pluripotency, and metabolic
reprogramming. Given their importance, the use of three-dimensional models that simulate in vivo behavior,
such as colonospheres, allows for the assessment of their fundamental properties and the development of
more effective therapeutic strategies [24,32,56]. In this context, two mixtures of ET derivatives, including
Uro-A, were tested to assess their potential anticancer effects on these cells. A decrease in the number
and size of colonospheres, accompanied by a reduction in the subpopulation with ALDHM&" activity, a
well-established marker of SC, was detected. ALDH is an enzyme that catalyzes the oxidation of aldehydes
into carboxylic acids, playing a detoxifying role. Moreover, it is involved in the synthesis of retinoic
acid and in biological processes, including cell proliferation and differentiation, carcinogenesis, stemness
and therapeutic resistance (Fig. 3) [24,57,58]. Additionally, possible changes in the expression of CD133
were examined. CDI133 is a transmembrane glycoprotein that has been identified as a SC surface marker
involved in cell metabolism, differentiation, stemness, and tumorigenesis [24,59]. However, the treatment
had no effect, indicating the existence of different CSC subpopulations and reflecting the need for targeted
therapies [24,32,56].

4.6 Dietary Context and Combination Therapies

The pathogenesis of CRC, recognized as a multifactorial disease, results from the interaction between
genetic predisposition, lifestyle-related habits and environmental factors. Currently, there is robust scientific
evidence that diet, as a modifiable risk factor, plays a crucial role in the incidence of this disease. Among the
various dietary patterns, those characterized by high consumption of fibers, fruits, and vegetables, and low
intake of processed foods and fats, are associated with a lower risk of developing CRC [60-62]. This protective
effect is also directly associated with gut microbiota, particularly due to the fermentation of compounds
such as dietary fibers. One of the main products of this metabolism is SB, a short-chain fatty acid that has
various anticancer properties, such as inhibiting cellular proliferation, modulating inflammatory processes,
maintaining the integrity of the colonic epithelium, and activating apoptosis [62].

In this context, although Uro-A shows promising effects when administered alone, there is evidence that
its combination with other natural compounds, such as SB, increases its efficacy compared to monotherapy.
Indeed, this additive interaction manifested as greater inhibition of cellular growth, induction of apop-
tosis, and modulation of the inflammatory tumor microenvironment, with decreased expression of the
inflammatory enzymes inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX2) [27].
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The administration of combined therapies becomes even more relevant when considering the interindi-
vidual variability among CRC patients. Several studies have studied the response of cancer cells treated with
MPhA and MPhB and have demonstrated equally promising anticancer potential in almost all the evaluated
outcomes. Overall, the anticancer activity did not vary extensively between the two mixtures, although the
one with higher concentrations of Uro-A appeared to induce slightly higher inhibition in tumor cells. Thus,
the administration of mixtures that qualitatively and quantitatively mimic the different human metabolic
profiles allows for the reproduction of physiological characteristics in in vivo contexts [13,23,24].

Individual heterogeneity, along with the side effects of chemotherapy and chemoresistance, has further
increased the need to identify alternative strategies capable of overcoming these obstacles and enhancing
the efficacy of conventional treatments [30]. In fact, the results proved that the combination of Uro-A with
5-FU, 5'-DFUR, or oxaliplatin improved the therapeutic effect of these chemotherapeutic agents through an
additive or synergistic interactions, supporting the role of this metabolite as an adjuvant in cancer treatment.
The magnitude of the response depended on both the cell line and genotype. Among the tested models,
SW480 and HCT-116 (wt) cells were the most responsive, whereas p53-/- cells exhibited increased resistance,
particularly to the combination of Uro-A and oxaliplatin. Additionally, the effects varied according to the
combination type, with Uro-A + 5-FU exhibiting notably stronger cytotoxic effects compared to Uro-A +
5-DFUR.

Taken together, these co-treatments increased chemosensitivity of cancer cells and their respective
resistant variants while also amplified direct antitumor effects, such as inhibition of cell proliferation,
cell cycle arrest, induction of apoptosis, and suppression of migratory and invasive features [22,28,30].
According to Ghosh et al. (2022), Uro-A acts as a chemosensitizer in FUR variants by negatively regulating
the expression of the transporters responsible for removing intracellular 5-FU. This occurs through the
modulation of the forkhead box O3/forkhead box M1 (FOXO3/FOXM]1) axis by increasing and decreasing
the expression of the transcription factors FOXO3 and FOXM]I, respectively, which leads to an increase in
the cellular concentration of the chemotherapeutic agent (Fig. 3) [30].

4.7 Uro-A’s Role in Other Malignancies

Although this review focused on CRC, the anticancer mechanisms of Uro-A extend to a wide variety of
other malignancies. For instance, preclinical studies have reported its effects in hepatobiliary and genitouri-
nary tumors, as well as in hormone-dependent cancers, including uterine, breast and prostate [7,8,63].

Similarly to what occurs in CRC, Uro-A has demonstrated the ability to inhibit cell proliferation through
cell cycle arrest in S and G2/M phases, activate apoptotic pathways, and induce cellular senescence in in vitro
models, in a dose- and time-dependent manner. In addition, this metabolite also suppressed the migratory
and invasive features of the cancer cell lines. As expected, these effects were associated to its capacity to
modulate gene expression through downregulation of oncogenes, upregulation of tumor suppressors and
inhibition of survival pathways [7,8,63].

Regarding hormone-sensitive tissues, Uro-A has been shown to regulate receptor signaling and
hormone-related pathways, including the activation of estrogen receptor signaling in the endometrium,
aromatase-inhibitory and antiestrogenic effects in breast tissue, and downregulation of androgen receptor
activity and secretory markers in the prostate [8].

Despite promising results, several authors have highlighted the challenges of using Uro-A as a potential
therapeutic agent in systemic tissues. This arises from Uros gut metabolism by microbiota, which inevitably
leads to higher local concentrations of its aglycone forms. As previously noted, Uros circulating systemically
are predominantly in their conjugated form, resulting in reduced anticancer activity in these tissues [7,8].
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5 Study and Evidence Limitations

This systematic review has some limitations that deserve discussion. The use of only three databases,
as well as the search strategy employed and the defined eligibility criteria, may have led to the omission of
studies relevant to the topic. The absence of well-established automatic and validated tools for assessing the
risk of bias in in vitro assays required a manual evaluation by the authors, which may have compromised
the assessment of the methodological quality of the studies. Furthermore, the lack of standardization in the
tested concentration ranges and exposure times, as well as the variability of laboratory methods used to assess
different outcomes, hinders comparative analysis across studies.

Despite providing valuable insights, in vitro studies present inherent biological limitations that deserve
to be addressed. These include the inability of cell models to accurately reproduce the tissue architecture
of the tumor, its surrounding microenvironment, and the complex interactions with the extracellular
matrix. Consequently, the results may either underestimate or overestimate the efficacy of the compounds
under investigation due to lack of systemic factors, such as immune interactions, drug metabolism and
bioavailability [64,65], which hinders the translation to clinical practice. Moreover, the over-reliance on
specific cell lines, such as HT-29 and SW480, limits the extrapolation of the findings, as these lines do not
fully cover the genetic and phenotypic heterogeneity of the different histological subtypes of CRC.

Additionally, the physicochemical properties of Uro-A, including poor water solubility, local delivery,
microbiota- and metabolic phenotype-dependent biotransformation, low oral absorption, extensive Phase
IT metabolism, and pharmacokinetic variability, may compromise its efficacy and challenge the clinical
interpretation of in vitro data [63].

To overcome these limitations, it is crucial to promote future research on dietary strategies in the context
of CRC. Such efforts may benefit from incorporating patient-derived organoids/spheroids, patient-derived
xenografts or clinical trials, as well as advanced approaches such as nanotechnology-based delivery systems
and gut microbiota modulation [63,64].

6 Conclusion

This systematic review synthesized the current scientific evidence regarding the anticancer potential of
Uro-A in human CRC cell lines. Through the analysis of the included studies, it was possible to demonstrate
that Uro-A exerts significant and consistent anticancer effects, including inhibition of cell proliferation
and clonogenic growth, induction of apoptosis, autophagy, cellular senescence, cell cycle arrest, as well as
suppression of cell migration, invasion, and CSC-related properties.

Although the effects of Uro-A were generally consistent across various outcomes, its efficacy was shown
to depend on the administered concentration and duration of exposure, with concentrations between 50
and 100 pM and incubation periods of 24-48 h yielding the most consistent and statistically significant
results. While such concentrations may be locally achievable in the colon following the consumption of
ET-rich products, plasmatic levels observed in vivo are typically much lower and mostly present as Uro-A
glucuronides, a less biologically active form.

The observed variability in response to Uro-A appears to be closely related to distinct susceptibility
profiles to the compound due to the intrinsic characteristics of each cell line, including cellular origin and
phenotype, Phase II metabolic profile, and overexpression of efflux transporters.

Moreover, the antitumor effects of Uro-A were found to be associated with the modulation of critical
signaling pathways involved in carcinogenesis, as well as with alterations in the expression of key regulatory
genes and proteins essential to tumor progression.
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Uro-A's selectivity towards tumor cells, along with additive and synergistic interactions observed when
co-administered with natural compounds (SB and ET derivatives), and conventional chemotherapeutic
agents (5-FU, 5'-DFUR and oxaliplatin), supports its potential as an adjuvant in cancer treatment.

Despite the promising findings, the studies included in this review exhibited relevant methodological
limitations, particularly the lack of standardization in the concentrations tested, exposure durations, and lab-
oratory methods employed. Additionally, it is important to highlight the preclinical and preliminary nature
of the evidence presented, which hinders the generalization of results and limits their direct extrapolation to
in vivo contexts or clinical practice. Given the limited clinical evidence in humans supporting the full efficacy
of Uro-A in the context of CRC, it is essential to develop future studies to validate the in vitro results and
determine its true therapeutic, safety and preventive potential.

By identifying these gaps in the current body of knowledge, this review aims to contribute to the
establishment of a more solid scientific foundation that may help guide future clinical investigations, thereby
supporting the development of more effective dietary and pharmacological strategies for CRC manage-
ment, such as approaches focused on bioavailability and delivery enhancement of Uro-A or personalized
interventions based on gut metabotypes.
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G Low concentration

G High concentration

CD133 Prominin-1

CDK Cyclin-dependent kinase

CDK1 Cyclin-dependent kinase 1

CDK2 Cyclin-dependent kinase 2

CDK6 Cyclin-dependent kinase 6

CI Combination index

CKI Cyclin-dependent kinase inhibitors

COX2 Cyclooxygenase-2

CPD Cumulative population doublings

CRC Colorectal cancer

CSC Cancer stem cells

DUSP6 Dual specificity phosphatase 6

EA Ellagic acid

EMT Epithelial-mesenchymal transition

ET Ellagitannins

FDG 5-dodecanoylaminofluorescein di-p-D-galactopyranoside
FGFR2 Fibroblast growth factor receptor 2

FUR 5-Fluorouracil chemoresistant

Fos V-fos FB] murine osteosarcoma viral oncogene homologue
FOXM1 Forkhead box M1

FOXO3 Forkhead box O3

GFP-LC3 Green fluorescent protein-microtubule-associated protein 1 light chain 3
h Hours

HHDP Hexahydroxydiphenoyl

1Csg Half-maximal inhibitory concentration

IsoUro-A Isourolithin A

iNOS Inducible nitric oxide synthase

JC-1 5,5,6,6'-tetrachloro-1,I',3,3 - tetraethyl-benzimidazolocarbocyanine iodide
Ki-67 Marker of proliferation

MeSH Medical Subject Headings

MMP Metalloproteinase 1

MMP Metalloproteinase 2

MMP Metalloproteinase 9

MPhA Mixtures of ET metabolites mimicking metabotype A

MPhB Mixtures of ET metabolites mimicking metabotype B

MRP Multidrug resistance-related protein

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
plé Cyclin-dependent kinase inhibitor 2A

p21 Cyclin-dependent kinase inhibitor 1A

p53 Tumor protein p53

PARP Poly (adenosine diphosphate-ribose) polymerase

PI Propidium iodide

PICO Patient/population, intervention, comparison, and outcome
PCNA Proliferating cell nuclear antigen

PRISMA Preferred reporting items for systematic reviews and meta-analyses

PROSPERO International prospective register of systematic reviews
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Ref Reference

SA-B-gal Senescence-associated (-galactosidase

SB Sodium butyrate

SC Stem cells

Snail Zinc finger protein SNAIT1

TIGAR Tumor protein p53 induced glycolysis and apoptosis regulator

TIMP-1 Inhibitor of metalloproteinases 1

ToxRTool Toxicological data reliability assessment tool

UGT Uridine diphosphate glucuronosyltransferases

UGTIAI Uridine diphosphate glucuronosyltransferase family 1 member Al

Uro Urolithin

Uro-A Urolithin A

Uro-AR Urolithin AR

Uro-B Urolithin B

Uro-C Urolithin C

Uro-CR Urolithin CR

Uro-D Urolithin D

Uro-E Urolithin E

Uro-M5 Urolithin M5

Uro-M6 Urolithin M6

Uro-M6R Urolithin M6R

Uro-M7 Urolithin M7

Uro-M7R Urolithin M7R

wt wild type

X-gal 5-bromo-4-chloro-3- indolyl-B-d-galactopyranoside

XIAP X-linked inhibitor of apoptosis protein

Z01 Zona occludens 1

References

1.  Bray F Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al. Global cancer statistics 2022:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer ] Clin.
2024;74(3):229-63. d0i:10.3322/caac.21834.

2. Matsuda T, Fujimoto A, Igarashi Y. Colorectal cancer: epidemiology, risk factors, and public health strategies.
Digestion. 2025;106(2):91-9. doi:10.1159/000543921.

3. World Health Organization. Colorectal Cancer [Internet]. 2023 [cited 2025 Jun 21]. Available from: https://www.
who.int/news-room/fact-sheets/detail/colorectal- cancer.

4. Haynes J, Manogaran P. Mechanisms and strategies to overcome drug resistance in colorectal cancer. Int ] Mol Sci.
2025;26(5):1988. doi:10.3390/ijms26051988.

5. AlAli M, Alqubaisy M, Aljaafari MN, AlAli AO, Baqais L, Molouki A, et al. Nutraceuticals: transformation of con-
ventional foods into health promoters/disease preventers and safety considerations. Molecules. 2021;26(9):2540.
doi:10.3390/molecules26092540.

6. Divella R, Daniele A, Savino E, Paradiso A. Anticancer effects of nutraceuticals in the Mediterranean diet: an
epigenetic diet model. Cancer Genom Proteom. 2020;17(4):335-50. doi:10.21873/cgp.20193.

7. Garcia-Villalba R, Giménez-Bastida JA, Cortés-Martin A, Avila-Galvez MA, Tomds-Barberan FA, Selma MV, et al.
Urolithins: a comprehensive update on their metabolism, bioactivity, and associated gut microbiota. Mol Nutr
Food Res. 2022;66(21):2101019. doi:10.1002/mnfr.202101019.

8.  Al-Harbi SA, Abdulrahman AO, Zamzami MA, Khan MI. Urolithins: the gut based polyphenol metabolites of

ellagitannins in cancer prevention, a review. Front Nutr. 2021;8:647582. doi:10.3389/fnut.2021.647582.


https://doi.org/10.3322/caac.21834
https://doi.org/10.1159/000543921
https://www.who.int/news-room/fact-sheets/detail/colorectal-cancer
https://www.who.int/news-room/fact-sheets/detail/colorectal-cancer
https://doi.org/10.3390/ijms26051988
https://doi.org/10.3390/molecules26092540
https://doi.org/10.21873/cgp.20193
https://doi.org/10.1002/mnfr.202101019
https://doi.org/10.3389/fnut.2021.647582

34

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Oncol Res. 2025

Liberal J. Fragaria vesca leaf as a source of bioactive phytochemicals—a focus on ellagitannins and their human
microflora metabolites [dissertation]. Coimbra, Portugal: Universidade de Coimbra; 2015.

Raimundo AFE Ferreira S, Tomas-Barberan FA, Santos CN, Menezes R. Urolithins: diet-derived bioavailable
metabolites to tackle diabetes. Nutrients. 2021;13(12):4285. d0i:10.3390/nul3124285.

Djedjibegovic J, Marjanovic A, Panieri E, Saso L. Ellagic acid-derived urolithins as modulators of oxidative stress.
Oxid Med Cell Longev. 2020;2020(1):5194508. doi:10.1155/2020/5194508.

Lin IC, Wu JY, Fang CY, Wang SC, Liu YW, Ho ST. Absorption and metabolism of urolithin a and ellagic
acid in mice and their cytotoxicity in human colorectal cancer cells. Evid Based Complement Alternat Med.
2023;2023(1):8264716. doi:10.1155/2023/8264716.

Giménez-Bastida JA, Avila-Galvez MA, Espin JC, Gonzalez-Sarrias A. The gut microbiota metabolite urolithin A,
but not other relevant urolithins, induces p53-dependent cellular senescence in human colon cancer cells. Food
Chem Toxicol. 2020;139:111260. doi:10.1016/j.fct.2020.111260.

Tow WK, Chee PY, Sundralingam U, Palanisamy UD. The therapeutic relevance of urolithins, intestinal metabo-
lites of ellagitannin-rich food: a systematic review of in vivo studies. Nutrients. 2022;14(17):3494. d0i:10.3390/
nul4173494.

El-Wetidy MS, Rady MI, Rady I, Helal H. Urolithin A affects cellular migration and modulates matrix metallopro-
teinase expression in colorectal cancer cells. Cell Biochem Funct. 2024;42(3):e4019. doi:10.1002/cbf.4019.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA, 2020 statement:
an updated guideline for reporting systematic reviews. BMJ. 2021;18(3):e1003583. doi:10.1136/bmj.n71.
PROSPERO. Unveiling the anticancer potential of urolithin A in colorectal cancer: a systematic review [Internet].
2025 [cited 2025 July 1]. Available from: https://www.crd.york.ac.uk/PROSPERO/view/CRD420251070874.

Joint Research Centre EC. ToxRTool—toxicological data reliability assessment tool [Internet]. 2025 [cited
2025 Jul 1]. Available from: https://joint-research-centre.ec.europa.eu/scientific-tools-and-databases-0/toxrtool-
toxicological-data-reliability-assessment-tool_en.

American Type Culture Collection. American type culture collection (ATCC) [Internet]. 2025 [cited 2025 Jul 1].
Available from: https://www.atcc.org/.

Gonzalez-Sarrias A, Giménez-Bastida JA, Ntfiez-Sanchez MA, Larrosa M, Garcia-Conesa MT, Tomés-Barberan
FA, et al. Phase-II metabolism limits the antiproliferative activity of urolithins in human colon cancer cells. Eur |
Nutr. 2014;53(3):853-64. d0i:10.1007/s00394-013-0589-4.

Cho H, Jung H, Lee H, Yi HC, Kwak HK, Hwang KT. Chemopreventive activity of ellagitannins and their
derivatives from black raspberry seeds on HT-29 colon cancer cells. Food Funct. 2015;6(5):1675-83. doi:10.1039/
c5f000274e.

Gonzalez-Sarrias A, Tomé-Carneiro J, Bellesia A, Tomas-Barberan FA, Espin JC. The ellagic acid-derived gut
microbiota metabolite, urolithin A, potentiates the anticancer effects of 5-fluorouracil chemotherapy on human
colon cancer cells. Food Funct. 2015;6(5):1460-9. doi:10.1039/c5f000120j.

Gonzalez-Sarrias A, Nafiez-Sanchez MA, Tomé-Carneiro J, Tomés-Barberan FA, Garcia-Conesa MT, Espin JC.
Comprehensive characterization of the effects of ellagic acid and urolithins on colorectal cancer and key-associated
molecular hallmarks: microRNA cell specific induction of CDKNIA (p21) as a common mechanism involved. Mol
Nutr Food Res. 2016;60(4):701-16. d0i:10.1002/mnfr.201500780.

Nufiez-Sanchez MA, Karmokar A, Gonzalez-Sarrias A, Garcia-Villalba R, Tomés-Barberan FA, Garcia-Conesa
MT, etal. In vivo relevant mixed urolithins and ellagic acid inhibit phenotypic and molecular colon cancer stem cell
features: a new potentiality for ellagitannin metabolites against cancer. Food Chem Toxicol. 2016;92:8-16. doi:10.
1016/j.fct.2016.03.011.

Gonzalez-Sarrias A, Nufiez-Sdnchez MA, Garcia-Villalba R, Tomdas-Barberan FA, Espin JC. Antiproliferative
activity of the ellagic acid-derived gut microbiota isourolithin A and comparison with its urolithin A isomer: the
role of cell metabolism. Eur J Nutr. 2017;56(2):831-41. d0i:10.1007/s00394-015-1131-7.

Zhao W, Shi E, Guo Z, Zhao ], Song X, Yang H. Metabolite of ellagitannins, urolithin A induces autophagy and
inhibits metastasis in human sw620 colorectal cancer cells. Mol Carcinog. 2018;57(2):193-200. doi:10.1002/mc.
22746.


https://doi.org/10.3390/nu13124285
https://doi.org/10.1155/2020/5194508
https://doi.org/10.1155/2023/8264716
https://doi.org/10.1016/j.fct.2020.111260
https://doi.org/10.3390/nu14173494
https://doi.org/10.3390/nu14173494
https://doi.org/10.1002/cbf.4019
https://doi.org/10.1136/bmj.n71
https://www.crd.york.ac.uk/PROSPERO/view/CRD420251070874
https://joint-research-centre.ec.europa.eu/scientific-tools-and-databases-0/toxrtool-toxicological-data-reliability-assessment-tool_en
https://joint-research-centre.ec.europa.eu/scientific-tools-and-databases-0/toxrtool-toxicological-data-reliability-assessment-tool_en
https://www.atcc.org/
https://doi.org/10.1007/s00394-013-0589-4
https://doi.org/10.1039/c5fo00274e
https://doi.org/10.1039/c5fo00274e
https://doi.org/10.1039/c5fo00120j
https://doi.org/10.1002/mnfr.201500780
https://doi.org/10.1016/j.fct.2016.03.011
https://doi.org/10.1016/j.fct.2016.03.011
https://doi.org/10.1007/s00394-015-1131-7
https://doi.org/10.1002/mc.22746
https://doi.org/10.1002/mc.22746

Oncol Res. 2025 35

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Tortora K, Femia AP, Romagnoli A, Sineo I, Khatib M, Mulinacci N, et al. Pomegranate by-products in colorectal
cancer chemoprevention: effects in apc-mutated pirc rats and mechanistic studies in vitro and ex vivo. Mol Nutr
Food Res. 2018;62(2):1-10. doi:10.1002/mnfr.201700401.doi:.

Norden E, Heiss EH. Urolithin A gains in antiproliferative capacity by reducing the glycolytic potential via the
p53/TIGAR axis in colon cancer cells. Carcinogenesis. 2019;40(1):93-101. doi:10.1093/carcin/bgy158.

El-Wetidy MS, Ahmad R, Rady I, Helal H, Rady MI, Vaali-Mohammed MA, et al. Urolithin A induces cell cycle
arrest and apoptosis by inhibiting Bcl-2, increasing p53-p21 proteins and reactive oxygen species production in
colorectal cancer cells. Cell Stress Chaperones. 2021;26(3):473-93. doi:10.1007/s12192-020-01189-8.

Ghosh S, Singh R, Vanwinkle ZM, Guo H, Vemula PK, Goel A, et al. Microbial metabolite restricts 5-fluorouracil-
resistant colonic tumor progression by sensitizing drug transporters via regulation of FOXO3-FOXM1 axis.
Theranostics. 2022;12(12):5574-95. d0i:10.7150/thno.70754.

Tiwari A, Tiwari V, Verma S, Sharma A. Network pharmacology, molecular docking, simulation studies of
urolithin A by inhibiting AKT and caspase pathways against colorectal cancer. ] Biol Regul Homeost Agents.
2024;38(6):5175-94. doi:10.23812/j.biol.regul. homeost.agents.20243806.414.

Shaheen S, Ahmed M, Lorenzi F, Nateri AS. Spheroid-formation (colonosphere) assay for in vitro assessment and
expansion of stem cells in colon cancer. Stem Cell Rev Rep. 2016;12(4):492-9. doi:10.1007/512015-016-9664-6.
Mooi JK, Luk IY, Mariadason JM. Cell line models of molecular subtypes of colorectal cancer. Methods Mol Biol.
2018;1765:3-26. d0i:10.1007/978-1-4939-7765-9_1.

Luo E LiJ, Wu S, WuX, Chen M, Zhong X, et al. Comparative profiling between primary colorectal carcinomas and
metastases identifies heterogeneity on drug resistance. Oncotarget. 2016;7(39):63937-49. doi:10.18632/oncotarget.
11570.

Rowland A, Miners JO, MacKenzie PI. The UDP-glucuronosyltransferases: their role in drug metabolism and
detoxification. Int ] Biochem Cell Biol. 2013;45(6):1121-32. doi:10.1016/j.biocel.2013.02.019.

Gagnon JE Bernard O, Villeneuve L, Tétu B, Guillemette C. Irinotecan inactivation is modulated by epigenetic
silencing of UGT1ALl in colon cancer. Clin Cancer Res. 2006;12(6):1850-8. doi:10.1158/1078-0432.CCR-05-2130.
Liu M, Wang Q, Liu E Cheng X, Wu X, Wang H, et al. UDP-glucuronosyltransferase 1A compromises intracellular
accumulation and anti-cancer effect of tanshinone IIA in human colon cancer cells. PLoS One. 2013;8(11):e79172.
doi:10.1371/journal.pone.0079172.

Gonzalez-Sarrias A, Miguel V, Merino G, Lucas R, Morales JC, Tomds-Barberan F, et al. The gut microbiota ellagic
acid-derived metabolite urolithin A and its sulfate conjugate are substrates for the drug efflux transporter breast
cancer resistance protein (ABCG2/BCRP). J Agric Food Chem. 2013;61(18):4352-9. doi:10.1021/j£4007505.

Rees DC, Johnson E, Lewinson O. ABC transporters: the power to change. Nat Rev Mol Cell Biol.
2009;10(3):218-27. d0i:10.1038/nrm2646.

Kim JH, Park JM, Roh YJ, Kim IW, Hasan T, Choi MG. Enhanced efficacy of photodynamic therapy by inhibiting
ABCG?2 in colon cancers. BMC Cancer. 2015;15:504. d0i:10.1186/s12885-015-1514-4.

Park JW, Jung KH, Byun Y, Lee JH, Moon SH, Cho YS, et al. ATP-binding cassette transporters substantially reduce
estimates of ALDH-positive cancer cells based on aldefluor and AldeRed588 assays. Sci Rep. 2019;9(1):6462. doi:10.
1038/541598-019-42954-9.

Yazaki K. ABC transporters involved in the transport of plant secondary metabolites. FEBS Lett.
2006;580(4):1183-91. d0i:10.1016/j.febslet.2005.12.009.

Franken NAP, Rodermond HM, Stap J, Haveman J, van Bree C. Clonogenic assay of cells in vitro. Nat Protoc.
2006;1(5):2315-9. d0i:10.1038/nprot.2006.339.

Tomas-Barberan FA, Gonzalez-Sarrias A, Garcia-Villalba R, Nufiez-Sanchez MA, Selma MV, Garcia-Conesa MT,
et al. Urolithins, the rescue of “old” metabolites to understand a “new” concept: metabotypes as a nexus among
phenolic metabolism, microbiota dysbiosis, and host health status. Mol Nutr Food Res. 2017;61(1):1500901. doi:10.
1002/mnfr.201500901.doi:.

Vermeulen K, Van Bockstaele DR, Berneman ZN. The cell cycle: a review of regulation, deregulation and
therapeutic targets in cancer. Cell Prolif. 2003;36(3):131-49. doi:10.1046/j.1365-2184.2003.00266.x.


https://doi.org/10.1002/mnfr.201700401.doi:
https://doi.org/10.1093/carcin/bgy158
https://doi.org/10.1007/s12192-020-01189-8
https://doi.org/10.7150/thno.70754
https://doi.org/10.23812/j.biol.regul.homeost.agents.20243806.414
https://doi.org/10.1007/s12015-016-9664-6
https://doi.org/10.1007/978-1-4939-7765-9_1
https://doi.org/10.18632/oncotarget.11570
https://doi.org/10.18632/oncotarget.11570
https://doi.org/10.1016/j.biocel.2013.02.019
https://doi.org/10.1158/1078-0432.CCR-05-2130
https://doi.org/10.1371/journal.pone.0079172
https://doi.org/10.1021/jf4007505
https://doi.org/10.1038/nrm2646
https://doi.org/10.1186/s12885-015-1514-4
https://doi.org/10.1038/s41598-019-42954-9
https://doi.org/10.1038/s41598-019-42954-9
https://doi.org/10.1016/j.febslet.2005.12.009
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1002/mnfr.201500901.doi:
https://doi.org/10.1002/mnfr.201500901.doi:
https://doi.org/10.1046/j.1365-2184.2003.00266.x

36

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

Oncol Res. 2025

Muku GE, Murray IA, Espin JC, Perdew GH. Urolithin a is a dietary microbiota-derived human aryl hydrocarbon
receptor antagonist. Metabolites. 2018;8(4):86. d0i:10.3390/metabo8040086.

Gonzalez-Sarrias A, Espin JC, Tomds-Barberan FA, Garcia-Conesa MT. Gene expression, cell cycle arrest and
MAPK signalling regulation in Caco-2 cells exposed to ellagic acid and its metabolites, urolithins. Mol Nutr Food
Res. 2009;53(6):686-98. d0i:10.1002/mnfr.200800150.

Sharma M, Li L, Celver ], Killian C, Kovoor A, Seeram NP. Effects of fruit ellagitannin extracts, ellagic acid,
and their colonic metabolite, urolithin A, on WNT signaling. ] Agric Food Chem. 2010;58(7):3965-9. doi:10.1021/
if902857v.

Tominaga K. The emerging role of senescent cells in tissue homeostasis and pathophysiology. Pathobiol Aging Age
Relat Dis. 2015;5:27743. d0i:10.3402/pba.v5.27743.

Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol. 2007;35(4):495-516. doi:10.1080/
01926230701320337.

Brauchle E, Thude S, Brucker SY, Schenke-Layland K. Cell death stages in single apoptotic and necrotic cells
monitored by Raman microspectroscopy. Sci Rep. 2014;4:4698. d0i:10.1038/srep04698.

Zhang L, Zhao J, Ding WX, Xia M. GFP-LC3 high-content assay for screening autophagy modulators. In: High-
throughput screening assays in toxicology. New York, NY, USA: Springer; 2022. p. 83-9. doi:10.1007/978-1-0716-
2213-1.9.

Zhang B, Liu L. Autophagy is a double-edged sword in the therapy of colorectal cancer (review). Oncol Lett.
2021;21(5):378. d0i:10.3892/01.2021.12639.

Gerstberger S, Jiang Q, Ganesh K. Metastasis. Cell. 2023;186(8):1564-79. doi:10.1016/j.cell.2023.03.003.
Cabral-Pacheco GA, Garza-Veloz I, Castruita-De la Rosa C, Ramirez-Acufa JM, Perez-Romero BA, Guerrero-
Rodriguez JF, et al. The roles of matrix metalloproteinases and their inhibitors in human diseases. Int ] Mol Sci.
2020;21(24):9739. doi:10.3390/ijms21249739.

Chu X, Tian W, Ning J, Xiao G, Zhou Y, Wang Z, et al. Cancer stem cells: advances in knowledge and implications
for cancer therapy. Sig Transduct Target Ther. 2024;9(1):170. doi:10.1038/s41392-024-01851-y.

Clark DW, Palle K. Aldehyde dehydrogenases in cancer stem cells: potential as therapeutic targets. Ann Transl
Med. 2016;4(24):518. d0i:10.21037/atm.2016.11.82.

Lavudi K, Nuguri SM, Pandey P, Kokkanti RR, Wang QE. ALDH and cancer stem cells: pathways, challenges, and
future directions in targeted therapy. Life Sci. 2024;356:123033. doi:10.1016/j.1fs.2024.123033.

Li Z. CD133: a stem cell biomarker and beyond. Exp Hematol Oncol. 2013;2(1):17. doi:10.1186/2162-3619-2-17.
Ubago-Guisado E, Rodriguez-Barranco M, Ching-Lépez A, Petrova D, Molina-Montes E, Amiano P, et al.
Evidence update on the relationship between diet and the most common cancers from the European prospective
investigation into cancer and nutrition (EPIC) study: a systematic review. Nutrients. 2021;13(10):3582. d0i:10.3390/
nul3103582.

Minhajat R, Harjianti T, Rasyid H, Bukhari A, Chaidir Islam I, Zainal ATF, et al. Colorectal cancer patients’
outcome in correlation with dietary and nutritional status: a systematic review. Ann Med. 2023;55(2):2281662.
doi:10.1080/07853890.2023.2281662.

Encarnagio JC, Abrantes AM, Pires AS, Botelho MF. Revisit dietary fiber on colorectal cancer: butyrate and its
role on prevention and treatment. Cancer Metastasis Rev. 2015;34(3):465-78. d0i:10.1007/s10555-015-9578-9.
Karumuru V, Dhasmana A, Mamidi N, Chauhan SC, Yallapu MM. Unveiling the potential of urolithin a in cancer
therapy: mechanistic insights to future perspectives of nanomedicine. Nanotheranostics. 2025;9(2):121-43. doi:10.
7150/ntno.110966.

Al-Kabani A, Huda B, Haddad J, Yousuf M, Bhurka E, Ajaz F, et al. Exploring experimental models of colorectal
cancer: a critical appraisal from 2D cell systems to organoids, humanized mouse avatars, organ-on-chip, CRISPR
engineering, and Al-driven platforms-challenges and opportunities for translational precision oncology. Cancers.
2025;17(13):2163. doi:10.3390/cancers17132163.

Antunes N, Kundu B, Kundu SC, Reis RL, Correlo V. In vitro cancer models: a closer look at limitations on
translation. Bioengineering. 2022;9(4):166. doi:10.3390/bioengineering9040166.


https://doi.org/10.3390/metabo8040086
https://doi.org/10.1002/mnfr.200800150
https://doi.org/10.1021/jf902857v
https://doi.org/10.1021/jf902857v
https://doi.org/10.3402/pba.v5.27743
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1038/srep04698
https://doi.org/10.1007/978-1-0716-2213-1_9
https://doi.org/10.1007/978-1-0716-2213-1_9
https://doi.org/10.3892/ol.2021.12639
https://doi.org/10.1016/j.cell.2023.03.003
https://doi.org/10.3390/ijms21249739
https://doi.org/10.1038/s41392-024-01851-y
https://doi.org/10.21037/atm.2016.11.82
https://doi.org/10.1016/j.lfs.2024.123033
https://doi.org/10.1186/2162-3619-2-17
https://doi.org/10.3390/nu13103582
https://doi.org/10.3390/nu13103582
https://doi.org/10.1080/07853890.2023.2281662
https://doi.org/10.1007/s10555-015-9578-9
https://doi.org/10.7150/ntno.110966
https://doi.org/10.7150/ntno.110966
https://doi.org/10.3390/cancers17132163
https://doi.org/10.3390/bioengineering9040166

	Unveiling the Anticancer Potential of Urolithin A in Colorectal Cancer: A
obreakspace Systematic Review
	1 Introduction
	2 Materials and Methods
	3 Results
	4 Discussion
	5 Study and Evidence Limitations
	6 Conclusion
	Abbreviations
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


