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Abstract
Colorectal cancer (CRC) is the second most common gastrointestinal cancer globally. Prevention of tumor cell proliferation and
metastasis is vital for prolonging patient survival. Polyphenols provide a wide range of health benefits and prevention from
cancer. In the gut, urolithins are the major metabolites of polyphenols. The objective of our study was to elucidate the molecular
mechanism of the anticancer effect of urolithin A (UA) on colorectal cancer cells. UAwas found to inhibit the cell proliferation of
CRC cell lines in a dose-dependent and time-dependent manner in HT29, SW480, and SW620 cells. Exposure to UA resulted in
cell cycle arrest in a dose-dependent manner along with alteration in the expression of cell cycle–related protein. Treatment of
CRC cell lines with UA resulted in the induction of apoptosis. Treatment of HT29, SW480, and SW620 with UA resulted in
increased expression of the pro-apoptotic proteins, p53 and p21. Similarly, UA treatment inhibited the anti-apoptotic protein
expression of Bcl-2. Moreover, exposure of UA induced cytochrome c release and caspase activation. Furthermore, UA was
found to generate reactive oxygen species (ROS) production in CRC cells. These findings indicate that UA possesses anticancer
potential and may be used therapeutically for the treatment of CRC.
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Introduction

Colorectal cancer (CRC) is the predominant cancer of the
digestive system and is, statistically, the third most commonly

diagnosed cancer globally, comprising 11% of all newly di-
agnosed cases, according to the GLOBOCAN 2018 database
(Bray et al. 2018). Many factors contribute to the high inci-
dence of CRC including obesity, sedentary lifestyle, and
smoking which has increased the mortality rates of CRC.
Cases in Eastern Europe, Latin America, and Asia have in-
creased more than in other countries (Rawla et al. 2019).

Multiple studies have reported the role of phytochemicals
present in fresh fruits and vegetables in reducing the risk of
CRC by inhibiting chemically induced colon carcinogenesis
(Yin et al. 2016; Medic et al. 2019; Al-Ishaq et al. 2020).
Fruits, nuts, grains, and vegetables contain polyphenols which
have a cancer chemopreventive mechanism through a combi-
nation of their antiproliferative and pro-apoptotic properties
(Moga et al. 2016). In the last two decades, polyphenols have
been shown to have a wide spectrum of biological activities
that modulate different signaling pathways including initia-
tion, promotion, and progression of different types of cancers
(Alam et al. 2018).

The ellagitannins are polyphenols which co-exist with the
ellagic acid. They are produced by tannin hydrolysis in
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pomegranates, strawberries, blueberries, and nuts and are
characterized by their strong potential for development as che-
mopreventive agents against many types of human cancers
(Ismail et al. 2016; Espín et al. 2013; Vicinanza et al. 2013;
Ceci et al. 2018; Eskra et al. 2019). Urolithin A (UA) is the
analog metabolite of the ellagic acid which is produced by the
intestinal bacteria and considered the most active and effective
metabolite possessing anti-inflammatory and antioxidant
characteristics (Zhang et al. 2019). UA has been proven to
potentiate the effect of 5-fluorouracil in colon cancer cells
(González-Sarrías et al. 2015). Zhao and colleagues, in
2018, showed that UA induces autophagy and inhibits metas-
tasis in a human colorectal cancer cell line SW620 (Zhao et al.
2018). Another study elucidated the antiproliferative capacity
of UA by inhibiting glycolysis and modulating the p53-
TIGAR axis in colorectal cancer cells (Norden and Heiss
2019).

UAmay thus contribute to the treatment of various types of
cancer and may represent an alternative or adjunct chemother-
apeutic agent. The objective of this study was to evaluate and
assess the chemopreventive activity of UA on colon cancer
and to investigate its role as an antiproliferative and pro-
apoptotic agent.

Materials and methods

Chemicals

The chemically synthesized compound UA was purchased
from MedChemExpress LLC, NJ, USA, in a powder crystal-
lized form, with more than 98% of purity. Dimethyl sulfoxide
(DMSO), phosphate -buffered saline (PBS), glacial acetic ac-
id, methanol, trypan blue, and propidium iodide (PI) were
purchased from Sigma-Aldrich, St. Louis, MO, USA.

Preparation of UA

According to the manufacturer instructions, a 100-mM stock
solution was prepared by dissolving in DMSO solvent,
vortexed, centrifuged, aliquoted, and stored at − 80 °C, until
use. Subsequently, the UA stock solution was re-diluted in
DMSO to the required concentration, although the final con-
centration of DMSO in the culture medium did not exceed 1%
as has been previously described (Zhao et al. 2018).

Cell culture

In the current study, HT29, SW480, and SW620 CRC cell
lines (ATCC, Rockville, USA) were used. The effect of UA
was tested in human fibroblast cells isolated from healthy
tissues that had been used as a normal control in previous
colon cancer studies (González-Sarrías et al. 2015, 2017a;

Aragonès et al. 2017). HT29 and SW480 cells were cultured
and maintained in Dulbecco’s Modified Eagle Medium
(DMEM) (GIBCO, by Thermo Fisher Scientific, NY, USA)
supplemented with 10% fetal bovine serum (FBS), 100 units/
ml penicillin, and 100 μg streptomycin (González-Sarrías
et al. 2016). SW620 and human fibroblast cells were cultured
in Roswell Park Memorial Institute medium (RPMI-1640)
(GIBCO, by Thermo Fisher Scientific, NY, USA) supple-
mented with 10% FBS and 1% penicillin and streptomycin
(Napolitano et al. 2015). All cultures were incubated at 37 °C
in a humidified atmosphere of 5% CO2.

Measurement of cytotoxicity by MTT assay

The cytotoxicity effect of UA on the colon cancer cell lines
HT29, SW480, and SW620 and on the normal human fibro-
blasts was measured by Cell Proliferation Kit I (MTT) (Sigma-
Aldrich, St. Louis, MO, USA) according to the manufacturer’s
instructions. Briefly, cells were seeded in 96-well culture plates
at 5000 cells/well for HT29 and 10,000 cells/well for the other
types for 24 h. Cells were then incubated with various concen-
trations of UA (0, 3.125, 6.25, 12.5, 25, 50, 100, and 200 μM)
for 24 h and 48 h at 37 °C in a humidified 5% CO2 incubator.
At detection day, cells were incubated with MTT powder for
2 h after which violet crystals were formed at different color
hues indicating cell metabolic activity. Colorimetric absorbance
was measured at 620 nm (A620) and 570 nm (A570) by
Synergy™ 2 Multi-Mode Microplate Reader (BioTek Inc.,
VT, USA). The cell viability was calculated as previously re-
ported (Cho et al. 2015) using the following equation:

Percentage of viability ¼ A570−A620 of UA
A570−A620 of the Control 0μMð Þ � 100

The half-maximal inhibitory concentration (IC50) of UA,
the concentration at which UA exerts half of its maximal in-
hibitory effect, was calculated by the IC50 calculator (AAT
Bioquest, Inc., CA, USA) as previously described (Luparello
et al. 2019). All experiments were performed in triplicate.

Cell cycle assay with propidium iodide

The effect of UA on the cell cycle was measured as described
previously (Kim and Sederstrom 2015). Briefly, cells were
seeded in 6-well plates (3 × 105 cells/well) and allowed to
attach and grow for 24 h in the mean culture conditions. The
cells were treated with UA (0, 25, 50, and 100 μM) for 24 h
and 48 h. At the time of detection, cells were harvested and
both the attached and floating cells were collected. The cells
were fixed by slowly dropping 70% ice-cold ethanol and
stored at 4 °C for at least 30 min. Later, the cells were washed
twice with ice-cold PBS, at 2000 rpm, then incubated in PBS
with RNase A (10 mg/ml) (QIAGEN, Hilden, Germany) and
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PI (50 μg/ml) at room temperature for 10 min. Cell cycles
were analyzed using a BD FACSCalibur™ Cell analyzer
equipped with Cell Quest software at an emission> 575 nm
(FL3). The area occupied by all the cell cycle phases (Sub G,
G0/G1, S, and G2/M phases) was measured and graphed to-
gether as histograms.

Measurement of apoptosis by annexin V-FITC/PI assay

Induction of apoptosis was measured by Dead Cell Apoptosis
Kit with annexin V-FITC and PI, for flow cytometry
(Invitrogen, by Thermo Fisher Scientific, OR, USA) accord-
ing to the manufacturer’s instructions. Cells were seeded in a
6-well plate (3 × 105 cells/well) and treated with the UA (0,
25, 50, and 100 μM) for 24 h and 48 h. Both floating and
adherent cells were harvested, pooled together, and incubated
with annexin V-FITC and PI for 15min on ice in the dark. The
cells were analyzed by BD FACSCalibur™ cell analyzer (BD
Biosciences, CA, USA) at an emission of 530 nm (FL1 chan-
nel) and > 575 nm (FL3). The percentage of live cells (nega-
tive in both annexin V-FITC and PI), early apoptotic (positive
in annexin V-FITC), late apoptotic and completely dead (pos-
itive in both annexin V-FITC and PI), and necrotic cells (only
positive for PI) were all calculated and graphed together as
reported previously (Crowley et al. 2016).

Reactive oxygen species assay

The oxidative stress effect induced byUA through the reactive
oxygen species (ROS) production was tested by the DCFDA/
H2DCFDA-Cellular ROS Assay Kit (ABCAM, Cambridge,
UK) and flow cytometer according to the manufacturer’s in-
structions, as described previously (Degl'Innocenti et al.
2019). In the current study, all cell types were seeded in 6-
well plates (3 × 105 cells/well) and were allowed to attach for
24 h as described above. The cells were treated with UA (0,
50, and 100 μM) for 24 h. At the detection time, cells were
trypsinized and all of the attached and floating cells were
col lected. The cel ls were then treated by 2 ′ ,7 ′–
dichlorofluorescein diacetate (DCFDA) and stored at 37 °C
for 30 min. Before the analysis, the cells were twice washed
with ice-cold PBS and analyzed using a flow cytometer at an
emission of 530 nm (FL1 channel) and 150 mV.

Western blot analysis

All cells were seeded in a 100-mm dish (1 × 106 cells/dish) up
to 50% confluency in 5% CO2 at 37 °C in the appropriate
culture medium. The cells were treated with UA (0, 25, 50,
and 100 μM) for 48 h. On the experiment day, cells were
washedwith 1× PBS, harvested, and lysed in RIPA lysis buffer,

Fig. 1 Effect of UA on cell viability. Different concentrations of UAwere
used to study its effect on cell viability byMTT assay. Results of two time
points at 24 h and 48 h were blotted and the IC50 were calculated for each

cell line. Data were considered significant if P values are < 0.05. aHT29.
b SW480. c SW620. d Normal fibroblasts
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Fig. 2 Effect of UA on the cell cycle. Three concentrations of UA
(25 μM, 50 μM, and 100 μM) in addition to one untreated plate as a
control were used to test its effect on the cell cycle by PI in the three
cancer cell lines in addition to the normal fibroblasts. Cells were treated
with the mean concentration for 24 h and 48 h. Sub G1, G0/G1, S, and

G2/M phases were detected for each cell type, and the statistical analysis
was performed where the significance of data was assessed at P value <
0.05. Bar charts were created to compare the effect of UA on the G2/M
phase into the two different time intervals and the percentage cells were
indicated. a, b HT29. c, d SW480. e, f SW620. g Normal fibroblasts
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combined with protease inhibitors (Sigma-Aldrich, St. Louis,
MO, USA) according to the manufacturer’s instructions. The
total protein concentration was evaluated by the colorimetric

Bradford protein assay (BIO-RAD Inc., CA, USA) at 595-nm
absorbance. Lysates were loaded in equal concentrations and
separated by sodium dodecyl sulfate-polyacrylamide gel

Fig. 2 continued

477Urolithin A induces cell cycle arrest and apoptosis by inhibiting Bcl-2, increasing p53-p21 proteins and...



electrophoresis (SDS-PAGE) and then transferred to a nitrocel-
lulose membrane by a semi-dry technique as described

elsewhere (Cai et al. 2018). Blocking of the membrane was
done by 5% non-fat dried milk for 1 h and incubated with the

Fig. 2 continued
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primary antibodies to CDK6 (cat. no. PA5-27978) from
(Invitrogen, by Thermo Fisher Scientific, OR, USA), cyto-
chrome C (cat. no. sc-13156), caspase-3 (cat. no. sc-271028),
caspase-9 (cat. no. sc-17784), XIAP (cat. no. sc-28537), p53
(cat. no. sc-6243), p21 (cat. no. sc-6246), Bcl-2 (cat. no. sc-
7382), cyclin B1 (cat. no. sc-70898), and β Actin (cat. no. sc-
69879) from (Santa Cruz Biotechnology, Inc., Dallas, TX,
USA). The secondary antibodies used were goat anti-mouse
IgG-HRP (cat. no. sc-2005) and mouse anti-rabbit IgG-HRP
(cat. no. sc-2357) from (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA). Chemiluminescence was detected using
Luminol HRP chemiluminescence substrate (cat. no. sc-2048)
from Santa Cruz Biotechnology, Inc., Dallas, TX, USA, and
then visualized by c-digit blot-scanner (LI-COR, NE, USA).
Band’s intensity was mathematically measured by ImageJ soft-
ware version 1.51.8 (National Institutes of Health, USA).

Statistical analysis

The statistical analysis by the one-way ANOVA test was per-
formed by SPSS software, version 21 (SPSS Inc., Chicago,

IL, USA). Results were considered significant if the P values
were < 0.05.

Results

UA inhibits the proliferation of human CRC cell lines

In the current study, the effects of UA on colon cancer cell
viability were assessed byMTT. HT29 cells were treated with
different concentrations of UA starting from 3.125 μM and up
to 200 μM for 24 h and 48 h. The results were compared with
those of the untreated control cells to estimate their antiprolif-
erative efficacy. UA was found to inhibit proliferation at
25 μM increasing up to 200 μM. UA significantly inhibited
the proliferation of HT29 in a dose-dependent manner, al-
though lower concentrations of UA were found to have no
significant effect. The calculated IC50 of UA for its effect on
HT29 was 25.45 μM (Fig. 1a). Another adenocarcinoma cell
line SW480 cell proliferation was inhibited by UA in a dose-
dependent manner (Fig. 1b), and the calculated IC50 was

Fig. 2 continued
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38.135 μM. SW620 is a metastatic colorectal cancer cell line
derived from the same patients as that of SW480. The effect of
UA was studied on SW620. As expected UA was found to
inhibit cell proliferation in a dose-dependent manner.
Metastatic cancer cells seemed to resist the UA as compared
to adenocarcinoma cell lines. The IC50 was calculated to be
53.561 μM in SW620 cells (Fig. 1c). The dose-dependent
treatment by UA did not affect the proliferation of normal
fibroblasts at both time intervals (Fig. 1d). These findings
indicated that UA was found to inhibit the proliferation of

CRC cell lines without affecting normal fibroblasts
(Supplementary Table 1).

UA induces cell cycle arrest at G2/M phase

To understand the effect of UA on cell cycle distribution, HT29
cells were treated with different concentrations of UA. Cell cycle
distribution was measured using propidium iodide. The results
showed that UA altered the cell cycle in HT29 by reducing the
G0/G1 population and accumulation of cells at the G2/M phase

Fig. 3 UAmodulates cell cycle–related proteins. The effect of UA on the
G2/M phase-related cyclins was shown. The cells were treated for 48 h
with UA in a dose-dependent manner. The band intensities were calcu-
lated by NIH Image J software and the bar charts were created to compare

the effect of UA on G2/M phase-related proteins. The statistical analysis
was performed where the significance of data was assessed at a P value <
0.05. a HT29. b SW480. c SW620
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at 24 h and 48 h (Fig. 2a, b). In UA-exposedHT29 cells, the peak
of the G2/M phase increased, gradually and significantly, in a
dose-dependentmanner, up to 50%at 24 h (P< 0.01) and 64% at
48 h (P < 0.001) in the 100 μM as shown (Fig. 2a). Similarly, in
SW480 cells treated with UA, the peak of the G2/M phase in-
creased significantly, in a dose-dependent manner, up to 67.5%
at 24 h (P < 0.001) and 96% at 48 h (P < 0.001) in the 100-μM
setting as shown in (Fig. 2c, d). A similar result was obtained in

SW620 cells. Treatment of SW620 cells with UA resulted in the
depletion of the G0/G1 phase with significant accumulation of
G2/M at 24 h and 48 h (Fig. 2e, f). However, there was no
significant alteration of the cell cycle in UA-treated normal fibro-
blasts (Fig. 2g). These findings demonstrate that UA-induced
inhibition of cell proliferation was mediated by cell cycle arrest,
Supplementary Table 1.

Fig. 4 UA induces apoptosis. Three concentrations of UA (25 μM,
50 μM, and 100 μM) in addition to one untreated plate as a control
were used to test the apoptotic effect by using annexin V and
propidium iodide (PI) in the three cancer cell lines in addition to the
normal fibroblasts. Cells were treated with the mean concentration for

24 h and 48 h. Quadrant was set for the resulted dots population depend-
ing on the results of the negative auto-fluorescence, and the statistical
analysis was performed where the significance of data was assessed at
P value < 0.05. a and b HT29. c and d SW480. e and f SW620. g and h
Normal fibroblasts
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UA modulates cell cycle–related protein

To investigate the effect of UA on cell cycle arrest, we further
analyzed the impact of UA on cell cycle regulators. The cell
cycle progresses by activation of a complex of cyclin and
cyclin-dependent kinases (CDKs). The effect of UA was studied
on cyclin B1 and CDK6 as they play a vital role in the regulation
of the G2/M phase (Bai et al. 2017). Treatment of HT29 cells
with different concentrations of UA resulted in amarked increase
in cyclin B1 as compared to control cells. HT29 treated with UA
resulted in a significant increase in the levels of CDK6 which
indicated a robust cell cycle accumulation at the G2/M phase
(Fig. 3a). Similarly, SW480 cells treated with different

concentrations of UA resulted in a significant increase in cyclin
B1 and CDK6 (Fig. 3b). A similar result was obtained in a
metastatic CRC cell line SW620 (Fig. 3c).

UA induces cancer cell apoptosis

Apoptosis in cells occurs during normal development and
turnover, as well as in a variety of pathological conditions.
Dysregulation of apoptosis contributes to disorders such as
cancer, viral infection, autoimmune diseases, neurodegenera-
tive disorders, and stroke. Cancer cells inhibit apoptosis for
their survival. Most of the anticancer drugs kill cancer cells by
inducing apoptosis. Many cancer cells also developed

Fig. 4 continued
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resistance to certain drugs by blocking apoptosis. In the cur-
rent study, we evaluated the effect of UA on apoptosis by
annexin V/PI assay in colon cancer cells. We used different
concentrations of UA (25, 50, and 100 μM) at 24 h and 48 h.
HT29 treated with UA induced significant late apoptosis (P <
0.001) at 24 h (13.3%) and 48 h (14.35%) compared to the
control (2.32%). The early apoptosis increased fourfold at
100 μM of UA after 48 h (3.32%) compared to the control
(0.83%) (Fig. 4a, b). The effect of UA on SW480 was similar
where 100 μM of UA induced a threefold increase after 24 h
(8.1%) and fourfold after 48 h (9.32%) compared to the con-
trol (2.69%). At the same time, the early apoptosis was

significantly (P < 0.001) much stronger by 10-fold in-
creases after 24 h (2.39%) and 40-fold increases after
48 h (8.24%) post-treatment, compared to the control
(0.28%) (Fig. 4c, d). The maximum effect of UA was
observed in SW620 cells, where 100 μM of UA signifi-
cantly increased the percentage of late apoptosis to
19.89% at 24 h and to 26.34% at 48 h (P < 0.001) com-
pared with 2.45% of the control. Additionally, the PI per-
centages increased up to 14.36% in cells treated with
100 μM of UA compared to 1.71% of the control (Fig.
4e, f). Moreover, UA showed no significant effect on the
normal fibroblasts (Fig. 4g, h).

Fig. 4 continued
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UA increases pro-apoptotic protein and inhibits anti-
apoptotic protein expression

The balance between pro-apoptotic and anti-apoptotic deter-
mines cell fate under stress. To confirm the apoptotic effect
induced by UA, the expression of some regulatory proteins
which are involved in either the extrinsic or intrinsic apoptotic
pathways were evaluated. Cytochrome c, which is associated
with the inner membrane of the mitochondria with a key role
in ATP production (Kühlbrandt 2015), the tumor suppressor

p53 (Liu et al. 2019), the cell cycle inhibitor p21 (El-Deiry
2016), the x-l inked inhibitor of apoptosis XIAP
(Tchoghandjian et al. 2016), the anti-apoptotic protein Bcl-2
(Campbell and Tait 2018), the apoptosis executioner caspase-
3 (Crowley and Waterhouse 2016), and the apoptosis initiator
Caspase-9 (Li et al. 2017) were studied. Treatment of HT29
cells with different concentrations of UA resulted in the inhi-
bition of anti-apoptotic protein Bcl-2 and XIAP (Fig. 5a, b).
p53 is a tumor suppressor critical for apoptosis. UA treatment
resulted in the upregulation of p53 and its target gene p21

Fig. 4 continued
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(Fig. 5a, b). Cytochrome c release from mitochondria into
cytosol results in the activation of the caspase cascade. UA-
treated HP29 cells enhanced the cytochrome c expression as
compared to control (Fig. 5a, b). Exposure of HT29 to differ-
ent concentrations of UA exhibited an increase in cleaved
caspase-3 and caspase-9 (Fig. 5a, b). Exposure of SW480 cells
to UA treatment resulted in the depletion of Bcl-2 and XIAP
and upregulation of p53 and p21. UA treatment increased the
levels of cytochrome c, cleaved caspase-3, and cleaved
caspase-9 significantly in a dose-dependent manner (Fig.
5c, d). UA-exposed SW620 cells exhibited elevated levels of
cytochrome c, cleaved caspase-3, cleaved caspase-9, p53, and
p21 significantly in a dose-dependent manner (Fig. 5e, f).
These findings thus indicate that UA-induced apoptosis is
mediated by inhibiting anti-apoptotic proteins and increasing
the pro-apoptotic protein expression. UA treatment of normal
fibroblasts resulted in no alteration in XIAP and p21 (Fig.
5g, h) indicating the effectiveness and specificity of UA to-
wards cancer cells.

UA increases ROS production and induces oxidative
cellular stress

Cellular proliferation and survival need a certain level of ROS.
Under physiological conditions, a certain amount of ROS is
required to maintain the balance of proliferation and apoptosis
of cells. An excessive amount of ROS results in ROS-mediated
signaling cascades increasing the chances of cell death and
inhibiting cell growth. UA treatment of HT29 resulted in a
significantly increased generation of ROS in a dose-
dependent manner at t 24 h (Fig. 6a). Exposure of SW480 to
UA increased the production of ROS in a dose-dependent man-
ner at 24 h (Fig. 6b). A similar result was obtained in SW620
treated with UA (Fig. 6c). Moreover, UA treatment exhibited
no production of ROS in fibroblast cells; instead, it decreased
its accumulation compared to the untreated cells (Fig. 6d). As
ROS generation is mostly an early event, analysis of ROS at
early time points indicated that ROS production was found at
2–4 h in UA-treated HT-29 cells. Generation of ROS was no-
ticed at 24 h post-UA-treatment in SW480 cells. However, in
metastatic cell line SW620, production of ROSwas observed at
a later time point (48 h) (Supplementary Fig. 1). These findings
indicate that UA-mediated ROS production is an early event
leading to apoptosis in adenocarcinoma cells. However, meta-
static cells were found to resist but eventually elicited ROS at a
later time after apoptosis induction.

Discussion

Over the last four decades, the management of CRC, and prob-
ably other cancers, has depended mainly on the usage of differ-
ent types of chemotherapies such as oxaliplatin, fluorouracil,

and leucovorin (André et al. 2015; Conteduca et al. 2018;
Degirmencioglu et al. 2019). Despite substantial progress in
the treatment of a variety of tumors by these chemotherapies,
some clinical studies have reported adverse side effects while
others have demonstrated the persistence of cellular resistances
as well (Hammond et al. 2016; Zhang et al. 2016; Van der
Jeught et al. 2018; Conteduca et al. 2018). Recent studies have
reported the use of some types of phytochemicals, naturally
occurring compounds such as dietary polyphenols, which have
been used successfully in the prevention and treatment of some
types of cancer including CRC (Afrin et al. 2020; Ahmed et al.
2019). In the current study, we used urolithin A (UA), a product
of ellagitannin metabolism by the gut bacteria, as a possible
treatment for colorectal cancer.

In this study, UA decreased the viability and proliferation
in the three CRC cell lines while it had a non-significant effect
on the normal fibroblast cells. These results proved its robust
antiproliferative effect on tumorigenic cells at different IC50

doses. Previous studies have reported a similar effect of UA
on SW620 (Zhao et al. 2018), HT29 (Cho et al. 2015;
González-Sarrías et al. 2016; Kasimsetty et al. 2010), Caco-
2 (González-Sarrías et al. 2017b), and SW480 (González-
Sarrías et al. 2016); UA induced a limited effect on the normal
colon fibroblast cell line CCD18-Co alone or in combination
with other compounds such as ellagic acid, and urolithin B
(González-Sarrías et al. 2010) or at higher concentrations and
longer incubation periods (González-Sarrías et al. 2017b).
These results assess the safety of UA in normal cells. In con-
trast to cancer cell lines, it did not affect the normal fibroblasts
which are in agreement with previous findings. In vivo studies
suggested that UA is not genotoxic (Heilman et al. 2017) and
that it might have a protective role against ulcerative colitis
which is a risk factor for developing CRC (Larrosa et al. 2010;
Yuzugulen et al. 2019).

Moreover, UA induced significant cellular apoptosis in all
CRC cells, in a dose-dependent manner and at two-time inter-
vals. Apoptosis or programmed cell death is implicated in
different disease states, such as neurodegeneration disease
and cancer (Zhang et al. 2018). In the present study, we used
the annexin V/PI assay to investigate the apoptotic role of UA
on colon cancer cells. Annexin V has a high affinity for
phosphatidylserine (PS) which is reported to occur on the
external cell surface in the early phases of apoptotic cell death
(Menyhárt et al. 2016).

The results showed that UA induced a highly significant
late and early apoptosis in all cancer cells in a dose-dependent
manner. In CRC, several studies show UA induced early and
late apoptosis in Caco-2 and SW480 cells (González-Sarrías
et al. 2017a, b), HT29 cells (Cho et al. 2015), SW620 cells
(Zhao et al. 2018), and HCT116 cells (Norden and Heiss
2019) which are in agreement with our findings. Other studies
reported the induction of apoptosis upon treatment with dif-
ferent doses of UA in different types of cancers, such as in
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Fig. 5 Effect of UA on pro- and anti-apoptotic proteins. The three cancer
cells were treated with 25μM, 50μM, and 100μMofUA, and cells were
incubated for 48 h. Western blotting was performed, densitometry of the
resulting bands was measured by ImageJ software, and the statistical

analysis was performed where the significance of data was assessed at
P value < 0.05. a and b, HT29. c and d, SW480. e and f, SW620. g and h,
Normal fibroblasts
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Fig. 5 continued
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human bladder cancer T24 cells (Qiu et al. 2013), hepatocel-
lular carcinomas HepG2 cells (Wang et al. 2015), human neu-
roblastoma SH-SY5Y cells (González-Sarrías et al. 2017b),
and LNCaP prostate cancer cells (Sánchez-González et al.
2014, 2016).

Our results further showed that the cancer cells exposed to
UA significantly upregulated the expression levels of cyto-
chrome c with remarkable activation of caspase-3 and cas-
pase-9, in a dose-dependent manner. These findings may in-
dicate the release of cytochrome c in the cytoplasm after max-
imal levels had been reached in the mitochondria while the
activation of caspase-3 and caspase-9 into the cytosol might
activate the apoptotic pathway (Sharma et al. 2019). Caspase-
9 functions as an apoptosis inhibitor by interfering with the N-
terminal caspase recruitment domain (CARD) interaction be-
tween procaspase-9 and the apoptosis protease-activating fac-
tor-1 (Apaf-1), the main constituent of the apoptosome (Wang

et al. 2017). Previous studies showed that UA significantly
increased caspase-3 levels by approximately 2-fold along with
elevated peroxisome proliferator-activated receptor (PPAR-c)
protein expression in human bladder cancer T24 cells (Qiu
et al. 2013), hepatocellular carcinomas HepG2 cells (Wang
et al. 2015), human neuroblastoma cells (González-Sarrías
et al. 2017b), and prostate cancer cells (Sánchez-González
et al. 2016). In colon cancer, a previous study on HT29 cells
showed that UA induced the activation of caspase-3/9 cas-
cade, cleavage of PARP, and induced mitochondrial mem-
brane potential (Cho et al. 2015). Another study included the
treatment of Caco-2, SW480, and HT29 cells with UA as a
chemotherapy adjuvant of 5-fluorouracil and showed that UA
induced a slight increase in caspase 8 and 9 activations
(González-Sarrías et al. 2015).

The cell cycle has multiple, well-identified phases (G0/G1,
S, and G2/M) through which the cells grow and replicate

Fig. 6 UA induces ROS production in the colon cancer cells. Two
concentrations of UA (50 μM and 100 μM) in addition to one
untreated plate as a control were used to test its effect by oxidation of
DCFDA in the three cancer cell lines in addition to the normal fibroblasts.
The effect occurred at 24 h post-treatment. The effect was calculated

numerically by calculating the percentage of the markers (M1, M2, and
M3) indicating the different peaks in the histograms of the control,
50 μM, and 100 μM, respectively. The statistical analysis was
performed where the significance of data was assessed at a P value <
0.05. a HT29. b SW480. c SW620. d Normal fibroblasts
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mainly regulated by cyclin proteins controlling the repeated
cycles of cellular synthesis and degradation in the living or-
ganisms. These phases are regulated by cyclin-dependent ki-
nases as well, which are activated by the upregulation of cy-
clin proteins. Cyclin D and CDK4/6 are the regulators of G0/
G1 phase which initiate mitosis and cyclin E, and CDK2 reg-
ulates the S phase at which DNA is replicated, while cyclin A
and cyclin Bwith CDK2 and CDK1, respectively, regulate the
progression of mitosis and cytokinesis through S phase and
drive entry from G2 into M phase (Kipreos and van den
Heuvel 2019). The cell cycle arrest is the deactivation of one
or more of the cell cycle phases induced by the use of
chemicals or genetic manipulation which is regulated by the
activation of p53 in tumor cells (Chen 2016). Our results
showed that the CRC cells treated with UA were arrested at
the G2/M phase with a clear reduction of G0/G1 phases.
Furthermore, UA induced the upregulation of cyclin B1 with
remarkable increases in the CDK6 levels as an indicator of
cyclin D activation. Several studies showed that UA induces

cell cycle arrest at the G2/M phase in the UMUC3 bladder
cancer cells (Liberal et al. 2017), prostate cancer cells with
upregulation of cyclin B1 (Vicinanza et al. 2013), colon can-
cer cells Caco-2 (González-Sarrías et al. 2017b), HT29 (Cho
et al. 2015), SW480 (González-Sarrías et al. 2016), SW620
(Zhao et al. 2018), and HCT116 cells (Norden and Heiss
2019). In contrast with our findings, a previous study reported
that UA induced a cell cycle arrest at the G0/G1 phase in the
prostate cancer cells LNCaP (Sánchez-González et al. 2016).
Additionally, another study on the liver cancer cells HepG2
showed that UA decreased the levels of cyclin D (Wang et al.
2015). All of these reports may indicate the differential behav-
ior of UA due to the type of cancer and cell context.

It is widely known that the apoptosis pathway is regulated
by the extrinsic pathway and the intrinsic pathway depending
on the involvement of mitochondria, controlled by the Bcl-2
and p53 gene families (Ghatei et al. 2017). Bcl-2 is an apo-
ptotic regulator that inhibits the release of cytochrome c into
the cytoplasm from mitochondria (Roufayel 2016). P53 has a
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key role in the cell cycle arrest in the late G1 phase (Aubrey
et al. 2018). XIAP (X-linked inhibitor of apoptosis) is an ap-
optosis inhibitor that binds to the initiator caspase-9, -3, and -7
resulting in their downregulation (Yang et al. 2018). P21 is the
CDK inhibitor that promotes cell cycle arrest by both p53-
dependent and p53-independent mechanisms, besides its pri-
mary role in transcriptional regulation, modulation, or inhibi-
tion of apoptosis depending on direct p21 protein interactions
and its subcellular localizations (Karimian et al. 2016). P21 is
mediated by Bcl-xL and p53 which regulate cell invasion and
apoptosis (Kim et al. 2017). In the current study, our results
showed the upregulation of p21 and p53 while the levels of
Bcl-2 and XIAP decreased in all CRC cell lines. In agreement
with our findings are the reports that UA induces p53 upreg-
ulation in the liver cancer cells HepG2 (Wang et al. 2015), and
in the colon cancer cells HCT116 (Norden and Heiss 2019),
and the upregulation of p21 in prostate cancer cells (Sánchez-
González et al. 2016) and HT29 colon cancer cells (Cho et al.
2015). Another study showed that UA induced a 14% increase
in the apoptotic cell population in LNCaP cells with a signif-
icant reduction in Bcl-2 protein levels (Sánchez-González
et al. 2014). To the best of our knowledge, this is the first
study to represent the effect of UA on the regulation of
XIAP, p53, and Bcl-2 proteins in colon cancer cells.

To further confirm the molecular mechanism of the apoptotic
and antiproliferative effect of UA, we sought to elucidate the
effect of UA on oxidative stress in the colon cancer cells. ROS
is the result of electron reductions of oxygen induced by cellular
enzymes which leads to oxidative stress and DNA damage.
Moreover, ROS can trigger or mediate the carcinogenesis of
the initiation of tumorigenesis (Yokoyama et al. 2017). It was
observed that most chemotherapeutics used in the treatment of
different types of cancers induced elevated intracellular levels of
ROS and redox-homeostasis alterationwhich progressed into cell
death and apoptosis (Yang et al. 2018). In the present study, UA
induced ROS production in the colon cancer cells. Ours is the
first report showing that UAmight affect cellular oxidation status
as it can be considered an inducer of oxidative stress, inducing a
toxic effect on the colon cancer cells leading to cellular apoptosis
and cell death. At the same time and in contrast, UA did not
affect the normal fibroblasts. In contrast to our findings, previous
studies have shown that UA was considered an antioxidant by
decreasing the ROS production in human bladder cancer T24
cells (Qiu et al. 2013) and the liver cancer cells HepG2 (Wang
et al. 2015). Other studies supported our hypothesis that UA
might cause elevation of ROS production as reported for the
human neuroblastoma SH-SY5Y cell which showed increased
REDOX activity; however, it decreased the oxidative stress–
induced apoptosis by preventing caspase-3 activation
(González-Sarrías et al. 2017b). There are no known studies that
have investigated its effect on colon cancer cells.

Overall, our results suggest that UA had an inhibitory
effect on cell proliferation and cell cycle distribution in the
colon cancer cell line in a dose-dependent manner. UA
induced a robust pro-apoptotic behavior which increased
the total cell death rate through regulating the cellular
caspases and apoptotic suppressors. UA induced cell arrest
at the G2/M phase which indicated the DNA damage, con-
firmed by elevated levels of cyclin B1 and CDK6. Our
novel findings show that UA increased the cellular oxida-
tive stress accompanied by elevated levels of caspases-3
and -9 which led to cell death.
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