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Abstract

Background: Gastric adenocarcinoma (GA) ranks as the fourth leading cause of cancer-related mortality. The clinical effectiveness
of radiotherapy in GA patients is often limited by the development of radiation resistance. Urolithins, which are metabolites pro-
duced by gut microbiota from ellagitannins, possess good bioavailability and exhibit beneficial pharmaceutical properties. The
aim of present study was to determine whether urolithins can enhance the effects of ionizing radiation (IR) on GA cells for the
first time. Methods: Urolithins were synthesized and MKN-45 cells were pretreated with UroA, UroB, and mUroA for 24, 48
and 72 h, followed by 400, 600 and 800 cGy IR exposure. After recovery, the viability of the cells was evaluated by resazurin
assay, and the mode of interaction between urolithins and IR was determined. Then, interactome mapping and gene set enrichment
analyses were performed. Upon validating CHEK1 expression in GA tissues and MKN-45 cells, molecular docking was conducted
to predict the interaction of urolithins with CHK1. Results: Pretreatment with urolithins significantly decreased viability upon radio-
therapy. The most considerable decrease in the cell viability was observed after 400 cGy IR exposure. In comparison to the control
treatments, 24 h pretreatment with UroA and mUroA significantly (p< .0001) reduced cell viability to 57.4% and 62.8%, respectively.
In addition, 48 h pretreatment with UroA and mUroA significantly (p< .001) reduced viability to 69.7% and 72.7% after exposure to
400 cGy IR, respectively. Upon 72 h pretreatment with urolithins, only mUroA induced synergistic effects with 400 cGy IR. In silico
analyses highlighted CHK1 as one of the main proteins involved in the response to IR-induced DNA damage, showing overexpres-
sion in GA samples and MKN-45 cells. Additionally, molecular docking revealed favorable interactions between urolithins and
CHK1. Conclusion: Present study highlights the notable synergistic effects of urolithins in combination with IR, indicating their
potential to improve therapeutic outcomes.
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Introduction

Gastric adenocarcinoma (GA) is the fifth most frequent type of
neoplasm worldwide, and the fourth most common cause of
cancer-related deaths.1 The incidence of GA shows considerable
geographic variation, with over three-quarters (75.3%) of all
cases occurring in Asia. Notably, 86.7% of these cases are
found in more developed regions. This disparity in incidence is
primarily attributed to differences in the prevalence of genetic
and environmental risk factors such asHelicobacter pylori infection,
dietary habits, and smoking.2,3 During the recent years, notable
advancements have been made in early diagnosis of GA, includ-
ing microfluidic chips and multiplexed immunofluorescence
staining.4,5 Nevertheless, the survival rate for patients with
advanced GA remains less than one year.6 One significant

contributor to GA-related mortality is peritoneal metastasis
that occurs in over 50% of patients,7 which made it difficult to
cure the disease with conventional approaches.
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In addition to surgical intervention, several therapeutic strat-
egies are employed to treat GA, including radiotherapy, systemic
chemotherapy and targeted therapy.8,9 Specifically, use of ioniz-
ing radiation (IR) continues to be an essential approach for alle-
viating symptoms in GA patients, particularly those suffering
from gastrointestinal bleeding and pain resulting from distant
metastases.10 In addition, clinical trials established adjuvant che-
moradiotherapy as a standard treatment for resected gastric
cancer, showing improvements in overall survival and disease-
free survival among patients receiving combined treatment.11,12

However, challenges such as the emergence of resistance and off-
target toxicity persist, complicating the treatment of GA.13

Therefore, there is an urgent demand to enhance the efficacy
of radiotherapy by incorporating novel sensitizing agents.

The main mode of action of IR is through direct DNA
single- and double-strand breaks, as well as indirect DNA
damage from oxidative stress, which disrupt cellular func-
tions.14 In radioresistant cancer cells, however, proteins
involved in the DNA damage response (DDR) are overex-
pressed, and cell cycle checkpoints are exploited to delay pro-
gression through the cycle and allow DNA repair. Checkpoint
kinase 1 (CHK1/CHEK1) is a serine/threonine kinase that
plays a crucial role in maintaining genomic integrity by coordi-
nating the cellular response to DNA damage. The phosphory-
lation and activation of CHK1 in response to DNA damage
affects key regulatory proteins such as CDC25 and WEE1,
enforcing cell cycle arrest to enable DNA repair.15,16 Since ele-
vated CHK1 expression is detected in various cancers and cor-
relates with poor prognosis and increased tumor aggressiveness,
ongoing research aims to delineate optimal combinations of
CHK1 inhibitors with existing therapies to improve outcomes
for patients with radioresistant phenotype.17,18

Contemporary cancer research is focused on identifying
natural compounds that are effective, affordable, and safe.
One such group of compounds are ellagitannins (ETs), which
are hexahydroxydiphenoic acid esters found in abundance in
fruits such as pomegranate, berries and nuts. After being con-
sumed, ETs undergo metabolic transformation by gut micro-
biota, resulting in the production of urolithins with favorable
bioavailability.19,20 In addition to their well-documented antimi-
crobial, anti-inflammatory, and antioxidant properties, urolithins
exhibit significant anticancer activity.21 For instance, treatment of
endometrial and prostate cancer cells with urolithins disrupted
P38-MAPK pathway and induced caspase-3-dependent apopto-
sis.22,23 More studies on prostate cancer cells revealed that
urolithins exerted their anticancer effects by inhibiting the AR/
pAKT signaling pathway, activating caspases 3 and 7, and inhib-
iting EphA2 phosphorylation.24,25 Additionally, it has been
shown that urolithin A (UroA) inhibited growth and induced
apoptosis in pancreatic and liver cancer cells by halting AKT
phosphorylation, reducing the expression of β-catenin, c-MYC,
and CCND1, while increasing the expression of P53 and
caspase-3.26,27 Furthermore, treatment of hepatocellular carci-
noma cells with UroA decreased cell proliferation and survival
through the induction of P53, P38-MAPK, and caspase-3

expression while reducing ROS levels.28 In an attempt on chol-
angiocarcinoma cells, UroA induced autophagy through target-
ing the AKT/WNK1 axis.29 In studies involving bladder
cancer cells, UroA and urolithin B (UroB) were found to
induce apoptosis, inhibit the cell cycle, decrease ROS levels,
and increase SOD levels.30,31 Moreover, research on several
colon cancer cell lines demonstrated that UroA and UroB
induced apoptosis and cell cycle arrest, upregulated CDKN1A
expression, and activated caspases 8 and 9.32-35 It has also
been shown that UroA andUroB reduced the growth andmigra-
tion of glioblastoma cells via inhibiting the AKT and EGFR
pathways.36 Additionally, anti-metastatic effects of urolithins
have been documented in lung, endometrial, nasopharyngeal,
brain and colorectal cancer cells.24,35,37-40 Interestingly, research
has demonstrated that urolithins have the potential to improve
the efficiency of radiotherapy, chemical drugs and hyperthermia
in esophageal, prostate and colon carcinoma cells.25,41,42

In light of the pressing need to combat radioresistance in
GA, this study aimed to explore the potential of urolithins—
UroA, UroB and methyl UroA (mUroA)—to enhance the
effects of IR in GA cells for the first time. To achieve this, uro-
lithins were synthesized, and MKN-45 cells were pretreated
with UroA, UroB and mUroA, and then exposed to IR. After
recovery, cells were assessed for viability, and the mode of inter-
action between urolithins and IR was determined. For in silico
analyses, interactome mapping and gene set enrichment analy-
ses were performed. Upon validating CHEK1 expression in
GA tissues and MKN-45 cells, molecular docking was con-
ducted to predict the interaction of urolithins with CHK1.

Material and Methods

Synthesis of Urolithins

Urolithins were synthesized by condensation of either resorcinol
with the appropriately substituted benzoic acids as previously
described.43 The purity of all three synthesized urolithins was
˃95%, which was confirmed by thin layer chromatography on
silica gel (Merck) using petroleum ether-ethyl acetate as a
solvent (Merck). Structural identity was also confirmed by
molecular mass and 1H NMR spectra.

The synthesis of mUroA (3-hydroxy-8-methoxy-6H-dibenzo-
[b,d]pyran-6-one) was achieved through a reaction involving
2-bromo-5-methoxybenzoic acid (12 g, Merck) and resorcinol
(25 g, Merck) under alkaline condition. Then, aqueous CuSO4

(5% w/v, 1.80 ml) was added and the mixture was refluxed,
during which mUroA precipitated as a light yellow powder.
Upon filtration and washing with cold methanol, pure mUroA
was obtained.

For synthesis of UroA (3,8-dihydroxy-6H-dibenzo-[b,d]
pyran-6-one), purified mUroA was dissolved in anhydrous
dichloromethane (0.5 ml, Merck) and treated with boron tribro-
mide (1 M, Merck) in dichloromethane (0.7 ml, Merck). After
filtering the mixture with ethyl acetate (Merck), the solvent
was evaporated, yielding pure UroA as a white powder.
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Synthesis of UroB (3-hydroxy-6H-dibenzo-[b,d]pyran-6-
one) was performed using 2-bromobenzoic acid (Merck), resor-
cinol and NaOH. The mixture was refluxed and upon addition
of aqueous CuSO4, UroB precipitated as a white powder. It was
then filtered and washed with cold methanol to achieve pure
UroB.

Cell Culture and Treatment

MKN-45 cells, a human GA cell line, were obtained from the
Pasteur Institute (Tehran, Iran). This cell line has been derived
from a poorly differentiated GA of a 62-year-old Japanese
female patient. In addition to being characterized by rapid
growth, MKN-45 cells rank fourth among forty-two GA cell
lines in terms of CHEK1 expression (https://www.proteinatlas.
org/). The cells were cultured in Dulbecco’s modified Eagle’s
medium (Capricorn) supplemented with 10% fetal bovine
serum (Gibco), under standard conditions of 37 °C in a humidi-
fied atmosphere containing 5% CO2. The culture medium was
changed every two to three days, and cells were passaged upon
reaching confluency using 0.25% trypsin-1 mMEDTA (Betacell).

For cell treatment, at first stock solutions of UroA
(87.6 mM), UroB (94.2 mM) and mUroA (82.3 mM) were pre-
pared using dimethyl sulfoxide (DMSO, Merck) as solvent. To
identify the optimal concentration of urolithins for combinato-
rial treatments with IR, cells were initially treated with 25, 50
and 100 μM of each urolithin for three consecutive days.
After determining the IC50 value of all agents, 75 μMwas estab-
lished as a sublethal dose to be used for pretreatment prior to
radiotherapy. For combinatorial treatments, cells were subjected
to 75 μM UroA, UroB and mUroA for 24, 48 and 72 h, and
then exposed to different doses of IR (400, 600, and
800 cGy) using the Elekta Compact™ linear accelerator
(Crawley). To note, selection of 400, 600 and 800 cGy for cell
radiotherapy was informed by established protocols in radiation
oncology, which suggest that these doses are effective for induc-
ing cellular damage while allowing for assessment of potential
synergistic effects with radiosensitizers.44 Following 48 and
24 h recovery, cell viability assay was performed. Noteworthy,
untreated cells and cells pretreated with 0.5% DMSO and
exposed to IR were considered as controls.

Viability Assay and Interaction Mode Determination

Viability of cells after combinatorial treatments was evaluated
by resazurin assay. Briefly, resazurin solution (0.1 mg/ ml,
Sigma) was added to cells at the end of each time point followed
by incubation at 37 °C for 3 h. Eventually, the absorbance (A) of
cells was measured at 600 nm by a microplate reader (Epoch),
and the formula used for calculation of cell viability (%) was as
(100−(AT−AU/AB−AU))× 100, in whichAT,AU andAB were
A of treated cells, untreated cells and blank control, respectively.

The mode of interaction between urolithins and IR was
assessed using the Chou-Talalay method. For this analysis,
CompuSyn 1.0 software was employed to calculate the

combination index (CI) and dose reduction index (DRI)
parameters. The CI values obtained from the combinational
treatments indicate the nature of the interactions, as CI <
0.5 reflects strong synergy, 0.5≤CI < 1 signifies weak
synergy, CI= 1 indicates additive effect, and CI > 1 reflects
antagonism. The DRI parameter measures the extent of
dose reduction in the combined therapy compared to single-
agent treatment. A higher DRI value suggests a more signifi-
cant reduction in treatment doses required to achieve cyto-
toxic effects, which is particularly advantageous in cancer
therapy.

Interactome Mapping, Gene set Enrichment Analyses and
Validating CHEK1 Expression

To investigate the importance of CHK1 and construct its protein-
protein interaction network, related proteins in “response to
DNA damage pathway from the Biocarta Pathways dataset”
were retrieved from Harmonizome 3.0 (https://maayanlab.
cloud/Harmonizome/gene_set). Subsequently, STRING data-
base (https://string-db.org/) was utilized for interactome
mapping of eight targets. Gene set enrichment analyses were per-
formed in STRING in terms of Reactome pathways and
WikiPathways and results yielded false discovery rate (FDR).

To validate the expression of CHEK1 in GA samples com-
pared to normal specimens, GEPIA 2.0 (http://gepia2.cancer-
pku.cn/) was utilized, which leverages data from the TCGA and
GTEx databases. Additionally, to assess the expression of
CHEK1 in MKN-45 cells, microarray data (GSE15460) were
collected from GEO (http://www.ncbi.nlm.nih.gov/geo),
which is a public repository containing high-throughput
functional genomic data. Analysis was performed using
R (version 4.4.0) with the “GEOquery” and “limma” packages.
The p values were adjusted using the Benjamini & Hochberg
method to control FDR. The volcano plot was generated
using the “ggplot2” package in R, with a significance threshold
of p< .05 and a log2 fold change (log2FC) > 0.5.

Molecular Docking

To predict the interactions between urolithins and CHK1,
molecular docking was performed using AutoDock Vina
program. The crystal structure of CHK1 (ID:3TKH) was
retrieved from PDB Bank (http://www.rcsb.org/pdb), and
the 3D structures of UroA (CID: 5488186) and UroB (CID:
5380406) were obtained from PubChem (https://pubchem.
ncbi.nlm.nih.gov/). For mUroA, SMILE code was generated
by Mathpix (https://snip.mathpix.com/home) and the SDF
file was obtained from the National Cancer Institute’s website
(https://cactus.nci.nih.gov/translate/). AutoDockTools 1.5.7
was employed to assign polar hydrogens and atomic charges,
and a grid box was specifically set to encompass the ATP
binding pocket of CHK1. Finally, 2D and 3D diagrams were
visualized using Discovery Studio.
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Statistical Analysis

The results were statistically analyzed using GraphPad Prism
9.4.1, employing One-way ANOVA and Dunnet’s multiple
tests. All experiments were conducted in triplicate, and the
results are presented as mean± standard deviation (SD).
p-values of less than .05, .01, .001, and .0001 were deemed stat-
istically significant.

Results

The present study aimed to investigate whether pretreatment of
GA cells with urolithins could enhance the efficacy of IR.
Hence, MKN-45 cells were initially treated with increasing con-
centrations of urolithins alone, to determine the optimal con-
centration for combinatorial treatment. The calculated IC50

values for UroA, UroB and mUroA after 72 h were 92.7 µM,
110.5 µM and 155.5 µM, respectively. Therefore, 75 µM was
selected as an optimal dose, since it was below the IC50

values of all three agents. To determine combined effects of
urolithins and IR, cells were pretreated with 75 μM UroA,
UroB and mUroA for 24, 48 and 72 h, then exposed to 400,
600 and 800 cGy IR and recovered for 48 and 24 h. As illus-
trated in Figure 1, pretreatment with UroA and mUroA for
24 h significantly (p< .0001 and p< .001) reduced viability
after IR exposure. The most considerable decrease in the cell
viability was observed upon exposure to 400 cGy IR. In com-
parison to the DMSO control treatment (96.7± 3.3%), 24 h
pretreatment with UroA and mUroA reduced cell viability to
57.4± 7.1% and 62.8± 6.7%, respectively.

Figure 2 presents results of viability assay when cells were pre-
treatedwith urolithins for 48 h, irradiated at 400, 600 and 800 cGy
and recovered for 48 h. As depicted, UroA and mUroA signifi-
cantly (p< .001 and p< .01) reduced viability to 69.7± 1.2% and
72.7± 3.35% when exposed to 400 cGy IR, respectively.
Furthermore, pretreatment of cells with UroA followed by
800 cGy IR induced significant (p< .0001) reduction in viability.

As presented in Figure 3, pretreatment with UroA, UroB
and mUroA for 72 h significantly (p< .01) diminished viability
upon IR exposure, and the most considerable reduction in cell
viability was observed after 400 cGy radiotherapy. In compari-
son to the control treatments, 72 h pretreatment with UroA,
UroB and mUroA reduced cell viability to 55.7± 11.2%, 56.3
± 11.03% and 62.7± 0.04%, respectively.

The results of viability assay were corroborated by changes in
cell morphology and density (Figure 4). Compared to control
cells, which were 24 h pretreated with 0.4% DMSO followed by
400 cGy IR exposure, a reduced number of attached and viable
cells were observed after 24 h pretreatment with UroA and
mUroA followed by 400 cGy IR exposure and 48 h recovery.

To determine the interaction between urolithins and radiother-
apy, CI and DRI values were calculated. As presented in Table 1,
pretreatment with mUroA (24 h) followed by IR exposure (400,
600 and 800 cGy) demonstrated strong synergistic effects.
Additionally, 24 h pretreatmentwithUroA inducedweak synergis-
tic effects with all IR doses. UroB, however, exhibited antagonistic
effects in all combinatorial treatments. Regarding 48 h pretreat-
ment with urolithins, only mUroA induced weak synergistic
effects with 400 and 600 cGy IR. Similarly, upon 72 h pretreat-
ment with urolithins, only mUroA induced weak synergistic

Figure 1. Viability of MKN-45 cells upon combinatorial treatment with urolithins and different doses of IR in comparison with relevant controls.
Following 24 h pretreatment of cells with 75 µM UroA, UroB and mUroA, IR was applied at 400 cGy (A), 600 cGy (B) and 800 cGy (C), and then
cells were recovered for 48 h. ***p< .001 and ****p< .0001 indicate significant difference with untreated and 0.4% DMSO controls. Results are
presented as mean± SD.
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effects with 400 cGy IR. The highest DRI values were calculated
for UroA, as 24 h pretreatment with UroA followed by 400, 600
and 800 cGy radiotherapy resulted in 10.6-fold, 5.39-fold and
4.49-fold reduction in IR dose, respectively.

Web-based analysis revealed eight related targets for “cdc25
and chk1 regulatory pathway in response to DNA damage”,
including CHEK1, ATM, CDC25, CDK1, MYT1, WEE1,
YWHAH and RASGRF1. As presented in Figure 5A, the

Figure 2. Viability of MKN-45 cells after combinatorial treatment with urolithins and IR in comparison with relevant controls. Upon 48 h
pretreatment of cells with 75 µM UroA, UroB and mUroA, IR was applied at 400 cGy (A), 600 cGy (B) and 800 cGy (C), and then cells were
recovered for 48 h. **p< .01 and ***p< .001 indicate significant difference with untreated and 0.4% DMSO controls. Results are presented as mean
± SD.

Figure 3. Viability of MKN-45 cells upon combinatorial treatment with urolithins and different doses of IR in comparison with relevant controls.
Following 72 h pretreatment of cells with 75 µM UroA, UroB and mUroA, IR was applied at 400 cGy (A), 600 cGy (B) and 800 cGy (C), and then
cells were recovered for 24 h. *p< .05 and **p< .01 indicate significant difference with untreated and 0.4% DMSO controls. Results are presented
as mean± SD.
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protein-protein interaction network in STRING consisted of 7
nodes and 10 edges, with p value 2.01e-07. The enrichment anal-
yses revealed significant terms in Reactome pathways and
WikiPathways (Figure 5B and C). “Chk1/Chk2(Cds1) mediated
inactivation of Cyclin B:Cdk1 complex” (FDR: 1.6e-11) and
“G2/M checkpoint “ (FDR: 7.4e-4) were identified as significant

terms in Reactome pathways. “DNA damage response” (FDR:
2.5e-4) and “DNA IR-damage and cellular response via ATR”
(FDR: 2.9e-4) were among the most significant terms in
WikiPathways.

As shown in Figure 6, validating the expression level
of CHEK1 in GA patients via GEPIA2 revealed significant

Figure 4. Morphological alteration of MKN-45 cells after pretreatment with urolithins and IR exposure. Phase contrast photomicrographs of cells
pretreated with 0.4% DMSO (A) and 75 μM UroA (B), UroB (C) and mUroA (D) followed by exposure to 400 cGy IR and 48 h recovery.

Table 1. CI and DRI Values for Combinatorial Treatment of MKN-45 Cells upon 24, 48, and 72 h Pretreatment with Urolithins Followed by IR
Exposure.

400 cGy 600 cGy 800 cGy
Fa* CI DRI Fa* CI DRI Fa* CI DRI

UroA 24 h pretreatment, 48 h recovery 0.43 0.72 10.6 0.35 0.98 5.39 0.38 0.95 4.49
UroB 0.16 1.64 3.48 0.14 1.94 2.04 0.14 2.1 1.53
mUroA 0.38 0.31 8.98 034 0.53 5.2 0.36 0.5 4.19
UroA 48 h pretreatment, 48 h recovery 0.3 1.2 3.41 0.15 1.69 1.7 0.44 1.33 2.07
UroB 0.18 1.61 2.91 0.15 1.9 1.81 0.1 2.39 1.16
mUroA 0.26 0.8 3.2 0.06 0.88 1.22 0.11 1.02 1.14
UroA 72 h pretreatment, 24 h recovery 0.45 1.1 4.21 0.29 1.45 2.24 0.43 1.37 2.05
UroB 0.44 1.11 4.46 0.27 1.52 2.31 0.05 2.99 0.91
mUroA 0.38 0.76 3.83 0.3 1.09 2.27 0.14 2.09 1.24

*Fa: fraction of affected cells.

Figure 5. Interactome mapping and gene set enrichment analyses. STRING was used to map the inter-connectedness of related targets for “cdc25
and chk1 regulatory pathway in response to DNA damage (A). Gene ontology enrichment analyses identified significant terms in Reactome
pathways (B) and WikiPathways (C).
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(p< .05) overexpression in tumor tissues (n= 408) compared
to normal samples (n= 211). Additionally, the expression of
CHEK1 was investigated in MKN-45 cells compared to
normal fibroblasts using GSE15460, and analysis revealed
CHEK1 as an upregulated gene.

Since in vitro viability assay revealed synergistic effects of uro-
lithins with IR, and computational analyses indicated elevated
expression of CHEK1 in GA samples and MKN-45 cells, we
investigated whether combinatorial effects of urolithins and IR
were due to their interaction with CHK1. Results of molecular
docking indicated bindings of urolithins within the ATP
binding pocket of CHK1. The interaction between UroA and
CHK1 was stable and involved three hydrogen bonds with
LYS38, GLU85, and ASP148 with a binding energy of
−7.8 kcal/mol (Figure 7A). The interaction between UroB and
CHK1 involved two hydrogen bonds with residues LYS38 and
GLU85 and exhibited a binding energy of −6.3 kcal/mol
(Figure 7B). Interestingly, the interaction between mUroA and
CHK1 involved three covalent (C-H) bonds with GLU85 and
SER147 and one hydrogen bond with ASP148 with a binding
energy of −6.6 kcal/mol (Figure 7C).

Discussion and Conclusion

GA is the fourth leading cause of cancer-related mortality
worldwide.1 The early diagnosis of this neoplasm is often hin-
dered by the absence of clear clinical symptoms, resulting in
most patients being diagnosed at advanced stages, which corre-
lates with a poor prognosis of less than one year.6 While various
treatment approaches have shown potential benefits for GA,
challenges such as acquired resistance and off-target toxicity
continue to pose significant hurdles.13 In light of the inadequate

clinical responses to radiotherapy, there is a growing emphasis
on utilizing natural agents with radiosensitizing effects. Our pre-
vious studies demonstrated that natural coumarins, including
auraptene, umbelliprenin and galbanic acid, enhanced the effi-
cacy of radiotherapy in leukemia/lymphoma as well as gastric
and colon carcinoma cells.45-50

Gut microbiota plays a crucial role in maintaining homeosta-
sis by regulating digestion, metabolism, and immune function,
thereby preventing dysbiosis and reducing the risk of chronic
diseases while supporting overall physiological stability and
health.51-55 As gut microbiota metabolites, urolithins are associ-
ated with various health benefits, and interestingly, research has
shown that direct supplementation can significantly increase
plasma levels of urolithins, effectively overcoming the chal-
lenges posed by dietary variability. Urolithins, primarily found
in plasma as glucuronide and sulfate conjugates, typically
exhibit concentrations ranging around 20 µM following
dietary intake.19,56,57 However, when considering the potential
use of urolithins as radiosensitizers, local injection may offer
advantages over systemic administration. By delivering uroli-
thins directly to the tumor site, higher concentrations can be
achieved, potentially enhancing their therapeutic effects in com-
bination with IR. This localized approach could maximize the
synergistic effects of urolithins while minimizing systemic expo-
sure and associated side effects.

In addition to their potential protective roles against chronic
diseases, urolithins also demonstrate significant anticancer activity.
Examining the effects of urolithins on breast, colon, pancreatic,
liver, prostate and bladder carcinoma cells revealed that they
exert anticancer activity through multiple mechanisms, including
the induction of cell cycle arrest and apoptosis, activation of
P38-MAPK and caspase-3, reduction of oxidative stress, and

Figure 6. Validating the expression of CHEK1 in GA samples and cells. Box plot obtained from GEPIA2 (A) illustrates significant (*p< .05)
overexpression of CHEK1 in GA tissue samples (N= 408) compared to normal specimens (N= 211). The volcano plot resulting from the
differential expression analysis of GSE15460 (B) shows significant (p< .05 and log2FC> 0.5) upregulation of CHEK1 in MKN-45 cells compared
to normal fibroblasts.
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regulation of P21, P53, c-MYC, CDKN1A, RB1, AKT, and
β-catenin.24,30,58-61 A recent study has demonstrated that UroA
inhibited the proliferation, migration, and invasion of GA cells
while promoting apoptosis and autophagy.62 Limited research
has been conducted on the synergistic and combinatorial effects
of urolithins with anticancer modalities. One study reported that
combination of UroA and 5-(3′,4′,5′-trihydroxyphenyl)-γ-
valerolactone induced synergistic anti-proliferative effects onpros-
tate carcinoma cells.25 Additionally, combination of UroA with
5-fluorouracil reduced the viability and invasion of colon adeno-
carcinoma cells.41 Furthermore, our previous research has
reported enhanced efficacy of chemotherapy with paclitaxel and
cisplatin, radiotherapy, and thermal therapy, when combined
with urolithins in esophageal carcinoma cells.42 Findings of the
present study provided the first evidence that pretreatment of
GA cells with urolithins enhanced efficacy of radiotherapy.
Investigating the interaction between urolithins and IR revealed
that UroA and, notably, mUroA induced synergistic effects with
400 and 600 cGy radiation, unlike UroB, which did not exhibit
this enhancement. Notably, the administration of 400–800 cGy
IR is consistent with clinical applications, as trials have demon-
strated that this range of radiation can be effective in achieving
tumor control and enhancing the efficacy of concurrent therapies
in various cancers.63-65 The increased efficacy of mUroA com-
pared to other urolithins is primarily due to its chemical structure,
featuring an additional methyl group that enhances lipophilicity.
This property improves its ability to penetrate cell membranes,

resulting in higher intracellular concentrations and stronger bio-
logical effects. Additionally, methylation enhances stability and
bioavailability, allowing mUroA to persist longer in biological
systems. Furthermore, methylated form of urolithin may exhibit
altered interactions with cellular targets, potentially increasing its
affinity formolecules involved inDDR, and this hypothesis is sup-
ported by the results of our molecular docking analysis.

CHK1 is a pivotal regulator of the DDR that, upon DNA
damage, undergoes phosphorylation and activation, leading to
cell cycle arrest. This mechanism provides cells with the neces-
sary time to repair DNA before proceeding with mitosis,
thereby preserving genomic integrity, especially under stress
conditions such as those induced by IR. Given its critical role
in promoting cell survival following DNA damage, CHK1
has emerged as a promising therapeutic target in cancer treat-
ment. Inhibiting CHK1 can sensitize cancer cells to
DNA-damaging agents, including chemotherapy and radiother-
apy, by impairing their capacity to effectively repair DNA
damage.15,17,18 Computational analyses in the current study
provided a deeper understanding of combinatorial effects of
urolithins and radiotherapy. The protein-protein interaction
network consisted main proteins in the regulatory pathway in
response to DNA damage, including CHK1. The low FDR
value of “DNA IR-damage and cellular response via ATR” in
WikiPathways underscores the importance of CHK1 as a
potential therapeutic target to improve DNA damaging
effects of IR. In consistence with our findings, research has

Figure 7. Molecular docking diagrams of urolithins interacting with CHK1. The interactions are presented for UroA (A), UroB (B) and mUroA
(C) in the ATP binding pocket of CHK1. Both 2D and 3D images were generated by Discovery Studio.
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demonstrated that the cytotoxicity of CHK1 inhibitors is linked
to the induction of DNA damage, which ultimately results in
apoptosis, mitotic slippage, and permanent cell cycle arrest.66

Upregulated expression of CHEK1 in GA tissue samples
underscores the importance of developing novel agents that
can interact with CHK1 activity. Moreover, elevated expression
of CHEK1 in MKN-45 cells indicated that this cell line could
be considered as a suitable model to study CHK1 expression
and activity. The ATP binding pocket of CHK1 features
several key amino acids, including LEU84, GLU85, and
ASP148.67,68 Molecular docking analysis revealed that urolithins
favorably interacted with these residues with strong binding
affinities. Notably, the interaction between mUroA and the
ATPbinding pocket of CHK1was particularly intriguing, involv-
ing the formation of three covalent bonds and one hydrogen
bond, which was greater than that observed with UroA and
UroB. This finding correlates with the enhanced combinatorial
effects noted in our combinatorial treatments in vitro. To date,
only a few small molecules like UCN-01 have been identified
as CHK1 inhibitors that interact with the ATP binding site of
CHK1.69 In light of this, our findings suggest for the first time
that urolithins—metabolites produced by gut microbiota—
have significant potential to enhance the efficacy of radiotherapy
by inhibiting CHK1 activity. This discovery holds exciting
promise for the development of new natural radiosensitizers.

The present study has certain limitations that warrant further
investigation. To fully validate the findings from our in vitro and
in silico analyses and to better elucidate the precise molecular
mechanisms underlying the synergistic action of urolithins
and radiotherapy, experiments on other GA cell lines and
animal models is recommended. Furthermore, exploring uroli-
thin metabolites and evaluating the effects of urolithins in com-
bination with other therapeutic modalities will provide a more
comprehensive perspective on their potential benefits.
Additionally, utilizing ex vivo methods to get the metabolite of
the natural products could provide deeper insights into their
biological effects as they occur in a natural context.
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