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Abstract. Endometrial cancer (EC) has become an 
increasing clinical concern as the incidence is rising, and 
treatment options available for advanced disease or recur‑
rent disease are limited. In the present study, the anticancer 
potential of punicalagin (PCG), a natural ellagitannin poly‑
phenol that comes from pomegranate, was characterized 
using both in vitro and in vivo models in EC. Two EC cell 
lines (Ishikawa and SNU‑539) treated with increasing doses 
of PCG showed dose‑dependent inhibition of cell prolifera‑
tion and demonstrated a decrease in colony formation. PCG 
inhibited Transwell migration and an increase in E‑cadherin 
expression, indicating an inhibition of epithelial‑mesen‑
chymal transition. Further experimental work characterized 
the mechanisms by which PCG acted and revealed that it 
decreased the mitochondrial membrane potential and subse‑
quently increased levels of reactive oxygen species, which 
led to apoptosis as shown by increased BAX expression 
and Hoechst/PI staining. In addition, PCG showed signs of 
autophagy, especially in the Ishikawa cells, as indicated by 
increased levels of LC3‑IIB and the formation of autophagic 
vacuoles. In vivo studies using a xenograft mouse model 
showed that treatment with PCG significantly reduced 

tumor volume and weight, whereas body weight was not 
significantly affected, thus highlighting strong anticancer 
efficacy coupled with very low toxicity. Overall, the present 
study highlights PCG as a promising natural compound 
with multitarget anticancer activity against EC and warrants 
further preclinical and clinical research as a potential 
treatment option.

Introduction

Endometrial cancer (EC) is a major global health issue, with 
~420,368  new cases diagnosed globally as of 2022  (1,2). 
The American Cancer Society reports ~68,270 new cases 
of uterine cancer will be diagnosed in 2026, resulting in 
~14,450 expected deaths due to uterine cancers (3). The inci‑
dence of EC has increased by more than 1% per year since the 
mid‑2000s, particularly among non‑White racial and ethnic 
women (4,5).

The etiology of EC involves a complicated spectrum of 
molecular biology, including oncogenic mutations in tumor 
suppressor genes (PTEN, TP53 and ARID1A), activation of 
oncogenes (KRAS, CTNNB1 and HER2/neu), defects in DNA 
mismatch repair pathways, aberrations in hormonal signaling, 
epigenetic changes and dysregulated angiogenesis (6). The 
Cancer Genome Atlas (TCGA) identifies four molecular 
subtypes of ECs characterized by POLE ultra‑mutated, micro‑
satellite instability (MSI) hyper‑mutated, high copy number 
with TP53 mutations, and low copy number with micro‑
satellite stability (7). While the four core TCGA molecular 
subtypes provide an objective framework, contemporary 
clinical deployment faces active debates regarding pragmatic 
risk stratification surrogate systems (such as ProMisE) and 
how to classify ambiguous overlap patterns or heterogeneous 
mutations within individual tumors.

Treatment options for EC include surgery, radiation 
therapy, chemotherapy and recently approved immunotherapy 
combining Pembrolizumab with Lenvatinib. However, 
advanced and recurrent ECs pose a unique challenge with 
limited available therapies to improve patient outcomes (8‑10). 
The clinical need for improved outcomes has led to renewed 
interest in using natural compounds as possible agents to 
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improve patient care, particularly those with safety when used 
in humans and multiple mechanisms of action (11,12).

Despite advancements in surgical procedures, chemo‑
therapy and immunotherapy, advanced and recurrent ECs 
remain highly challenging due to treatment resistance and 
systemic toxicity. This clinical bottleneck has fueled scientific 
interest in natural bioactive compounds, such as polyphenols 
and flavonoids, as safer alternatives or adjuncts to standard 
therapies. Natural products possess diverse chemical structures 
capable of simultaneously modulating multiple oncogenic 
pathways, inducing apoptosis, reversing drug resistance, and 
suppressing metastatic potential with low systemic toxicity, 
making them highly attractive for modern oncological 
research (10,12‑15).

Punicalagin (PCG) is a notable polyphenolic compound 
categorized as a hydrolysable ellagitannin (Fig.  1), and it 
can be found in considerable amounts in several parts of the 
pomegranate (Punica granatum L.), such as peel, seeds and 
juice (16). PCG is available in both α and β anomeric forms 
and is characterized by its relatively large water‑soluble 
molecular structure with gallagyl and hexahydroxydiphenoyl 
moieties esterified to a glucose unit. Hydrolyzing PCG easily 
produces ellagic acid and other metabolites, which are consid‑
ered to drive its biological properties (17,18). PCG is associated 
with several medicinal properties, making it a compound of 
significant scientific interest, particularly in cancer treatment. 
As a strong antioxidant, it can scavenge free radicals and 
chelate pro‑oxidant metal ions, thereby safeguarding cells 
against the damaging effects of oxidative stress. In addition to 
being a potent antioxidant, PCG has strong anti‑inflammatory, 
antimicrobial and antiviral properties that contribute to its 
protective effects across multiple pathological conditions. 
Regarding cancer, PCG exhibits particularly strong anticancer 
activity across a variety of cancers, including gynecological, 
gastrointestinal and breast cancers (13,19‑23).

Epithelial‑mesenchymal transition (EMT) is a process of 
great importance in the initiation, progression and dissemina‑
tion of EC. During EMT, epithelial tumor cells lose typical 
cell‑to‑cell adhesion and polarity, adopting a more migratory 
and invasive mesenchymal phenotype. EMT is also associated 
with increased potential for metastases, worse prognosis, and 
responses to conventional treatment in EC (20). Autophagy, 
an intricate process of lysosomal degradation, has the poten‑
tial to both promote and inhibit endometrial carcinogenesis. 
Autophagy can support tumor cell survival under metabolic 
stress, whereas dysregulated autophagy can facilitate cellular 
senescence or apoptosis, and in some cases may prevent tumor 
initiation or progression  (24). Apoptosis, or programmed 
cell death, is a critical mechanism that removes damaged or 
abnormal cells from tissues, but numerous endometrial tumors 
gain the ability to suppress apoptosis, which contributes to 
uncontrolled cell proliferation and tumor growth and delays 
therapeutic responses (25).

There is now compelling data that natural products may 
modulate these cross‑cutting biological processes in the 
context of cancer (12). Natural products (for example, flavo‑
noids, polyphenols and terpenoids) are from dietary sources 
and medicinal plants and have been shown to target signaling 
pathways associated with cell adhesion and motility in order to 
inhibit EMT, reverse drug resistance, and increase autophagic 

flux, as well as restore apoptosis in cancer cells through the 
intrinsic and extrinsic pathways (12,15). The more complex 
structural chemistry of natural products could be an advantage 
in addressing the complexity and heterogeneity of EC biology. 
Also, natural products are typically associated with lower 
systemic toxicity, making them more attractive agents for 
incorporation into adjunct or alternative therapeutic outlooks. 
Therefore, the intent of the present study was to investigate the 
use of PCG in the modulation of EMT, autophagy and apop‑
tosis in EC. The present study examined safer yet efficacious 
methods for patients with EC suffering from this common 
cancer.

Materials and methods

Reagents and chemicals. A stock solution of the 80  mM 
PCG was maintained in the lab by dissolving it in dimethyl 
sulfoxide (DMSO). PCG was purchased from ChemCruz 
(Santa Cruz Biotechnology, Inc.).

Cell culture and media. EC cell line, Ishikawa, was acquired 
from the American Type Culture Collection. DMEM (Welgene, 
Inc.) supplemented with fetal bovine serum (FBS) (R&D 
Systems, Inc.) (10%), antibiotics (1%), and HEPES (1%) was 
used to maintain the cells' proliferation throughout the experi‑
ments. Moreover, another endometrial cell line, SNU‑539, was 
obtained from the Korean Cell Line Bank. The cells were 
cultured in RPMI‑1640 medium (R&D Systems, Inc.) supple‑
mented with FBS (10%), antibiotics (1%) and HEPES (1%) for 
maintenance and cell proliferation. Furthermore, these cells 
were provided with a humid environment containing 5% CO2 
at 37˚C during the trial period. On reaching the confluence of 
70‑80% (after every 3 days), the cells were sub‑cultured using 
the 1% Trypsin‑EDTA (Invitrogen; Thermo Fisher Scientific, 
Inc.) for 3 min.

Cell viability assay and IC50 determination. EC cells were 
subjected to the water‑soluble tetrazolium salt (WST)‑8 assay 
to check the viability of cells at various doses at different time 
intervals after treating the cells with PCG. Briefly, a total of 
3x103 cells were seeded in a 96‑well plate for 24 h. After that, 
the cells were treated with different doses of PCG (0, 0.78125, 
1.5625, 3.125, 6.25, 12.5, 25, 50, 100 and 200 µM) for a total time 
duration of 24 and 48 h. Later on, the cells' viability was deter‑
mined by Quanti‑MAXTM WST‑8 Cell Viability Assay Kit 
(BIOMAX) as per the manufacturer's guidelines and the absor‑
bance at 450 nm by employing the Synergy NEO 2 multimode 
plate reader (BioTek; Agilent Technologies, Inc.). The normalized 
cell viability data from independent experiments were fitted to 
a non‑linear regression model using an online pharmacological 
dose‑response calculator (PharmCalculator; https://pharmcal‑
culator.github.io/IC50‑triplicate‑normolized/). Specifically, a 
four‑parameter logistic curve (a sigmoidal dose‑response with 
variable slope) was used to model the relationship between the 
log‑transformed concentration of PCG and the percentage of cell 
viability. IC50 values and their corresponding SD were generated 
directly from the fitted regression curves.

Colony formation assay. The cells were seeded in the 6‑well 
plates at a density of 200 cells per well and incubated for 24 h 
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at 37˚C prior to treating the cells with PCG. After treatment, 
the cells were further incubated for 48 h at 37˚C. After 48 h, 
the fresh media were maintained in the cell culture wells for 
14 days. Later, the cells were fixed using 100% methanol 
(for 20 min) and stained with a 0.5% crystal violet solution 
(for 15 min). Lastly, the wells were washed using the DPBS. 
Colonies containing more than 50 cells were considered a 
single colony and were automatically quantified using ImageJ 
software (version 1.54f; National Institutes of Health).

Transwell migration assay. The 24‑well Transwell chamber 
(8.0‑µm pore membrane) was used in the present study. A total 
of ~4x103 cells per well were seeded in the upper chamber in 
250 µl of serum‑free medium, and 750 µl of serum‑free medium 
was added to the lower chamber. After 48 h incubation at 37˚C, 
the cells in the upper chamber were removed with cotton 
swabs and fixed and stained with 4% paraformaldehyde and 
a 0.1% crystal violet solution. The cells penetrated through the 
membrane and were detected using a fluorescence microscope.

JC‑10 assay. EC cells were seeded in the 96‑well black plate 
at a density of 4x103 cells per well for 24 h prior to treatment 
with PCG. After treating the cells with PCG, the plates were 
incubated again for 48 h. Later, the cells were treated with 
5 µM of JC‑10 (AdipoGen Life Sciences) dissolved in DMSO 
and incubated for 30 min. After that, the plates were quickly 
transferred to LionheartTM FX Automated Microscope 
(BioTek; Agilent Technologies, Inc.) to detect the distribution 
in mitochondrial membrane potential (MMP).

DCFH‑DA assay. The DCFH‑DA assay was also used in the 
present study to detect the formation of ROS species in the 
Ishikawa and SNU‑539 cells. Briefly, the cells were seeded 
at 4x103 cells per well in a 96‑well black plate for 24 h, and 
then for 48 h after treating the cells with different doses of 
PCG. Later, the cells were treated with DCFH‑DA (5 µM) 
and Hoechst33342 (Invitrogen; Thermo Fisher Scientific, Inc.) 
(2 µg/ml) for 30 min and detected the formation of ROS using 
the LionheartTM FX Automated Microscope (BioTek; Agilent 
Technologies, Inc.).

Hoechst 33342/PI double staining. Hoechst 33342/PI double 
staining assay was used in the present study to detect the 
apoptosis in the Ishikawa and SNU‑539 cells. Briefly, the cells 
were seeded at 4x103 cells per well in a 96‑well black plate for 
24 h, and then for 48 h after treating the cells with different 
doses of PCG. Later on, the cells were treated with propidium 
iodide (20 µg/ml) and Hoechst33342 (5 µg/ml) for 30 min and 
detected the formation of ROS using the LionheartTM FX 
Automated Microscope (BioTek; Agilent Technologies, Inc).

Acridine orange (AO) staining. To detect the presence of 
acidic vesicular organelles, indicative of autophagy, AO 
staining was used. Briefly, after the initial incubation of 
24 h, the cells were treated with various doses of PCG for 
48 h. Cells were provided with 5% CO2 and 37˚C during the 
incubation. After that, the cells were treated with AO staining 
(1 µg/ml) for 20 min. Lastly, the images were captured using 
the LionheartTM FX Automated Microscope after 2 washes 
with DPBS. Images captured were further analyzed using the 
Gen5 v 3.14.03 software (BioTek; Agilent Technologies, Inc).

Western blot analysis. For the western blot analysis, the 
Ishikawa and SNU‑539 cells were treated with 50 and 100 µM 
PCG for 24 h. After this, the cells were scraped using a cell 
scraper, centrifuged at 300 x g for 5 min. The cells were then 
mixed with PRO‑PREP™ Protein Extraction Solution (C/T) 
(Intron Biotechnology, Inc.) and kept at ‑20˚C for 20 min. 
Lysates were subsequently centrifuged at 13,000 x g for 5 min, 
and the supernatant containing the extracted protein was 
collected. Protein concentration was quantified using the BCA 
protein assay. A total of 30 µg of protein per lane was separated 
by SDS‑PAGE (10%) and transferred to PVDF membranes. 
Membranes were blocked with 5% BSA (MilliporeSigma) and 
incubated with the primary antibodies listed in Table I (over‑
night at 4˚C), followed by the appropriate secondary antibody 
[1:3,000 dilution for 1 h at room temperature; Goat Anti‑Rabbit 
IgG (H+L)‑HRP Conjugate; cat.  no.  1706515; Bio‑Rad 
Laboratories, Inc.). Where multiple targets were probed on the 
same membrane, membranes were stripped according to the 
manufacturer's instructions and reprobed for the additional 
targets (BAX, E‑cadherin and LC3). For LC3, the LC3‑I band 
was below the limit of detection under the present experimental 
conditions, and only the LC3‑II band was reliably resolved. As 
the LC3‑I band was absent, an LC3‑II/LC3‑I ratio could not be 
calculated; autophagy was therefore quantified by normalizing 
LC3‑II band intensity directly to the GAPDH loading control. 
GAPDH served as the internal loading control, and all densi‑
tometric band intensities were normalized against GAPDH. 
Protein bands were detected using Cytiva Amersham ECL 
Start Western Blotting Detection Reagent and imaged on a 
LuminoGraph II system (ATTO Corporation). Band quanti‑
fication was performed using ImageJ software (version 1.54f; 
National Institutes of Health).

In vivo study. All animal experiments were approved by the 
Institutional Animal Care and Use Committee (IACUC) of 
Chungbuk National University (approval no. CBNUA‑24‑00
075‑01; Cheongju, Korea) and conducted in accordance with 
institutional guidelines for the care and use of laboratory 
animals. A total of 12 female BALB/c nude mice (5 weeks old) 

Figure 1. Chemical structure of Punicalagin.
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were obtained from KOATECH Ltd. and cared for in specific 
pathogen‑free conditions at a controlled temperature of 
22±2˚C, a relative humidity of 50±10%, and a 12‑h light/dark 
cycle. The animals had ad libitum access to a standard sterile 
pellet diet and water. At the start of the experiment, the 12 
mice had an initial mean body weight of 24.1±1.7 g. To estab‑
lish the Ishikawa cell xenograft model, 5x106 Ishikawa cells 
resuspended in 100 µl of phosphate‑buffered saline (PBS) 
were subcutaneously implanted into the right flank of each 
mouse. After the average tumor diameter reached ~5 mm, 
mice were divided into two groups (n=6 per group) randomly 
[using a simple randomization protocol (computer‑generated 
random numbers)]: i)  PCG‑treated group, which received 
PCG at 20  mg/kg of body weight via the intraperitoneal 
route, ii) PBS‑treated control group, which received PBS by 
the intraperitoneal route. The growth of the tumor would be 
measured every two days. On day 14, post‑treatment, all mice 
were euthanized, and tumor tissues were collected. Animals 
were euthanized by cervical dislocation using a dedicated 
instrument. Death was confirmed by cessation of respiration 
and heartbeat and the absence of the pedal withdrawal reflex 
prior to tumor excision. The tumor growth was measured every 
two days using a digital caliper, and tumor volume (V) was 
calculated using the standard formula: V=(Length x width2)/2.

Statistical analysis. All the experiments were repeated at 
least 3 times for the consistency of the results, and the data 
obtained were analyzed using the GraphPad Prism 10.4.1 
(GraphPad Software Inc.; Dotmatics). Two‑way ANOVA and 
post hoc Dunnett's multiple comparison test were used to 
analyze the data obtained, and the results are shown as the 
mean ± standard deviations or standard errors of the means. 
P<0.05 is deemed statistically significant when compared 
with the negative control. For in vivo tumor growth curves, a 
two‑way repeated‑measures ANOVA was used. For all in vitro 
assays, cells treated with 0.1% (v/v) DMSO served as the nega‑
tive vehicle controls. The final concentration of DMSO in all 
experimental culture media was strictly maintained at ≤0.1% 
(v/v) to eliminate solvent‑induced cytotoxicity.

Results

Anti‑proliferative effects of PCG on EC cells. The EC cells, 
Ishikawa and SNU‑539, were treated with various doses of 
PCG (0, 0.78125, 1.5625, 3.125, 6.25, 12.5, 25, 50, 100 and 
200 µM) for 24 and 48 h. The viability of cancer cells was 
evaluated using the water‑soluble tetrazolium salt (WST) 
assay. PCG reduced the growth of EC cells in a dose and 
time‑dependent manner (Fig. 2A‑D). With the increase in 

time, the effectiveness of PCG at lower doses increased. 
These results indicate the antiproliferative activity of PCG 
against EC cells. Treating the SNU‑539 cells for 24 h resulted 
in an estimated IC50 of 37.621±5.714 µM, demonstrating the 
high initial susceptibility of this cell line to the compound, 
whereas extending the incubation period to 48  h yielded 
an estimated IC50 of 43.149±5.876 µM. Moreover, at 24 h 
post‑treatment, Ishikawa cells exhibited a relatively resistant 
phenotype, with an estimated IC50 of 80.429±22.680 µM, 
whereas prolonged exposure to 48 h significantly enhanced 
the compound's cytotoxic efficacy, resulting in a reduced IC50 
of 49.193±7.024 µM.

Inhibitory effects of PCG on the colony forming ability of 
EC  cells. The Ishikawa and SNU‑539  cells were treated 
with PCG doses ranging from 6.25 to 100 µM for 48 h, and 
then the cells were cultured for another 14 days. There was 
a dose‑dependent decrease in the number of colonies of both 
cell lines. The efficacy of PCG on Ishikawa cells (Fig. 3A) 
was more prominent when compared with the SNU‑539 cells 
(Fig. 3B). Higher doses of PCG (25, 50 and 100 µM) showed 
a more significant effect in Ishikawa and SNU‑539 cells when 
compared with lower doses of PCG. This experiment indicated 
the inhibitory effect of PCG on the colony‑forming ability 
of EC cells. Notably, while short‑term cell viability assays 
indicated an initial metabolic transition beginning at 25 µM 
(Fig. 2), the long‑term colony formation assay displayed a more 
drastic phenotypic suppression at 50 and 100 µM across both 
cell lines (Fig. 3). This variation in sensitivity between the two 
assays is attributed to the drastically lower initial cell seeding 
density used during clonogenic tracking, which renders indi‑
vidual cells more susceptible to persistent chemical stress over 
a 14‑day window compared with short‑term, high‑density cell 
cultures.

Inhibitory effect of PCG on the migratory ability of EC cells. 
To investigate whether PCG reduces the migration ability of 
EC cells, a Transwell migration assay was performed to assess 
the ability of cells to migrate through the Transwell membrane 
after PCG treatment. The results of the Transwell migration 
assay revealed that the PCG (25, 50 and 100) was able to 
successfully inhibit the Transwell migration ability of both 
Ishikawa and SNU‑539 cell lines (Fig. 4A and B). The effects of 
PCG in inhibiting Transwell migration were equally improved 
in both Ishikawa and SNU‑539 cell lines (26). Furthermore, 
the results were further analyzed using the western blot assay. 
It was found that PCG increased the expression of E‑cadherin 
in Ishikawa cells (Fig. 4C). In summary, PCG was found to 
inhibit the migratory ability of EC cells.

Table I. List of antibodies used in western blot analysis.

Protein	 Supplier	 Identifier	 Source/Description	 Dilution

BAX	 Cell Signaling Technology, Inc.	 5023	 Rabbit mAb	 1:1,000
E‑cadherin	 Cell Signaling Technology, Inc.	 3195	 Rabbit mAb	 1:1,000
LC3A/B	 Cell Signaling Technology, Inc.	 12741	 Rabbit mAb	 1:1,000
GAPDH	 Cell Signaling Technology, Inc.	 4970	 Rabbit mAb	 1:1,000
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PCG disrupts mitochondrial function and increases reactive 
oxygen species (ROS) levels in EC cells. The importance 
of MMP in the mechanism of cell death of cancer cells is 
well established. A JC‑10 assay was conducted to detect 
MMP changes following PCG treatment of Ishikawa and 
SNU‑539 cell lines for a period of 48 h. The PCG treatment 

decreased the MMP of the cancer cells, which was consistent 
for both Ishikawa (Fig. 5A) and SNU‑539 cells (Fig. 5B). 
Moreover, ROS are significantly involved in the anticancer 
action of numerous cancer drugs. It has been identified that 
elevated ROS can initiate apoptosis, necroptosis, ferroptosis, 
autophagy, and other mechanisms of cell death in cancer 

Figure 2. PCG dose‑dependently decreases the proliferation of EC cells. The EC cell lines, Ishikawa and SNU‑539, were treated with PCG (from 0.78125 to 
200 µM) for 24 and 48 h. Cell proliferation was detected by the WST assay. (A‑D) PCG caused a decrease in the proliferation of (A and B) Ishikawa cells and 
(C and D) SNU‑539 cells. Following the statistical analysis, the data in the graphs have been derived from at least three repeated experiments and shown as the 
mean ± SD. Compared with control, ***P≤0.001 and ****P≤0.0001. PCG, punicalagin; EC, endometrial cancer.
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cells  (27). As expected, ROS levels in both EC cell lines 
increased after treatment with PCG (Fig. 6A and B). These 
results indicated that the antitumor effects of PCG in EC may 
be due to the disruption of mitochondrial function and an 
increase in ROS.

Proapoptotic effects of PCG on EC cells. After confirmation 
of the antiproliferative effect of PCG on EC cells, the mecha‑
nism of cell death was investigated. Apoptosis was identified 
and quantified using the Hoechst 33342/PI double staining. It 
was found that treatment with PCG caused dose‑dependent 
apoptosis of the Ishikawa cells (Fig. 7A), while only a high 
dose of 100 µM in SNU‑539 cells (Fig. 7B). The apoptotic 
rate was more dose‑dependent in Ishikawa cells than in the 
SNU‑539 cells. Moreover, a western blot analysis revealed 
increased levels of the proapoptotic BCL2‑associated X, apop‑
tosis regulator (BAX) protein (Fig. 7C). These results indicate 
that PCG prevents proliferation by triggering apoptosis in 
EC cells.

Effect of PCG on autophagy in EC cells. AO staining was 
utilized to identify if PCG treatment resulted in autophagy. 
The formation of red vesicles after AO staining was detected 
by fluorescence microscopy. Treatment with PCG resulted in 
autophagy in the Ishikawa cells (Fig. 8A). However, no such 

statistically significant effect was seen with SNU‑539 cells 
(Fig. 8B). Furthermore, the western blot assay also revealed 
a conversion of LC3I to LC3II in Ishikawa cells after 24 h of 
treatment, indicating that PCG is able to trigger autophagy 
to inhibit the proliferation of Ishikawa cells (Fig. 8C). In a 
nutshell, PCG can cause autophagy marker accumulation in 
the Ishikawa cells, but not in SNU‑539 cells.

In vivo efficacy of PCG in xenograft mice model. Following 
the successful establishment of the xenograft model employing 
Ishikawa cells, the tumor‑bearing mice were subjected to 
treatment using a control group (Control) and a drug‑treated 
group (20 mg/kg, once every two days) for 14 days (Fig. 9A), 
and the outcome revealed a significant attenuation of tumor 
volume and significant reduction of tumor weight after PCG 
treatment with elongating time (Fig. 9C‑E). Data from both the 
in vitro and in vivo studies confirmed a significant inhibition 
of proliferative behavior by PCG in EC.

Discussion

The current study presents extensive evidence pertaining to 
the anticancer effects of PCG against EC cells, establishing 
its merit as a promising natural treatment via several overlap‑
ping mechanisms of action. It was demonstrated that PCG 
produces dose‑dependent cytotoxicity in both Ishikawa and 
SNU‑539 EC cell lines, while also affecting several pivotal 
cellular processes involved in cancer progression, such as 
cell proliferation, migration, mitochondrial functionality, and 
programmed cell death. This research extends the established 
anticancer applications of PCG in various malignancies to 
the first observations in EC, thereby providing a useful basis 
for clinical translational potential. The diverse mechanisms 
executed by PCG give it the unique ability to address primary 
tumor growth and metastatic potential, rendering this natural 
compound a potentially useful therapy against EC, particularly 
considering the currently limited treatment options available 
for patients with advanced and recurrent disease.

The results presented in the current study are consistent 
with previous peer‑reviewed literature on PCG's anticancer 
properties, while also providing new and valuable perspec‑
tives provided specifically to EC studies. The dose‑dependent 
growth inhibition of the Ishikawa and SNU‑539 EC cell lines 
(0.78125‑200 µM) is consistent with concentration ranges 
utilized in other cancer studies where PCG has shown to be 
cytotoxic, including up to 200 µM in cervical cancer (CC) (21); 
IC50 values between 100‑200 µM in gastric cancer (GC) (20), 
and between 50‑75 µM in lung cancer A549 cells (9). The 
similar and consistent concentration‑response relationships 
across cell lines of different cancer types suggest that PCG 
has a similar mechanism of action with antiproliferative effect 
regardless of cancer type under investigation. Crucially, these 
findings should be interpreted within the modern TCGA 
molecular classification framework of EC. The Ishikawa cell 
line represents a well‑differentiated, estrogen receptor‑positive 
endometrioid adenocarcinoma, which typically correlates 
with the copy‑number low or MSI subtypes. Conversely, the 
SNU‑539 cell line represents a more aggressive, poorly differ‑
entiated phenotype. By demonstrating that PCG exerts strong 
anti‑proliferative effects across both models, the present data 

Figure 3. PCG suppresses the colony formation ability of EC cells. The 
EC  cell lines, Ishikawa and SNU‑539, were treated with PCG (from 
6.25 to 100 µM) for 48 h and then incubated for 14 days. (A and B) PCG 
causes a decrease in the colony formation ability of the (A) Ishikawa and 
(B) SNU‑539 cells. The inhibitory effect was more prominent in Ishikawa as 
compared with SNU‑539 cells. PCG, punicalagin; EC, endometrial cancer.
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Figure 4. PCG suppresses the Transwell migration ability of EC cells. To assess the Transwell migration ability of PCG on the EC cells, the Ishikawa and 
SNU‑539 were subjected to 48 h to PCG at various doses (25, 50, and 100 µM). (A and B) PCG treatment resulted in the decreased Transwell migration ability 
of the (A) Ishikawa and (B) SNU‑539 cells. (C) Western blot assay revealed an increase in E‑cadherin in Ishikawa cancer cells. Data were obtained after 
statistical analysis using at least three repeated experiments, presented in graphs as the mean ± SD. Compared with control, *P≤0.05 and ****P≤0.0001. PCG, 
punicalagin; EC, endometrial cancer.
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suggest therapeutic potential that spans across distinct molec‑
ular and histopathological backgrounds. However, because 
EC is highly heterogeneous, it is recognized that the present 
findings using these two specific models cannot be broadly 
generalized to all subtypes, such as POLE‑ultra‑mutated or 
p53‑aberrant serous carcinomas, which require dedicated 
evaluation in future studies.

The inhibition of capacity for colony formation observed 
in the present experiments in both EC ‑derived cell lines, 
especially in Ishikawa cells, is consistent with previous 
research conducted with PCG in other gynecological 
cancers that demonstrate similar patterns of differential 
sensitivities across varying cancer types  (20,28). It has 
been previously found that PCG demonstrated variable 
responses across isolated cellular epigenetics and molecular 
characteristics, and genetic alterations between a cell line 
in a cancer type (29). The additional finding that Ishikawa 
cells had a significantly greater response than SNU‑539 in 
each of the assays is consistent with the personalized cancer 
care paradigm, which is based on differences in tumor 
heterogeneity.

The indication that PCG suppressed migratory activity 
using a Transwell assay and increased E‑cadherin expres‑
sion is an important contribution to understanding PCG's 
anti‑metastatic mechanisms in EC. Because multiple other 
types of cancers have reported similar findings demonstrating 
PCG's ability to inhibit EMT through the upregulation of 
E‑cadherin and downregulation of N‑cadherin in breast 
cancer (30), the reduction of MMP‑2 and MMP‑9 in CC (21), 
and the suppression of invasion through modulation of similar 
MMPs in GC (20), this conclusion is backed by strong evidence 
from the literature. The upregulation of E‑cadherin, specifi‑
cally, represents the first direct evidence of PCG's anti‑EMT 
effects in EC, bringing to bear well‑established mechanisms 
to this specific malignancy. It is noted, however, that evalu‑
ating E‑cadherin expression alongside a Transwell migration 
assay provides an initial look at cellular motility rather than 
a complete validation of EMT reversal or matrix invasion. 
Documenting a full EMT blockade requires evaluating 
comprehensive mesenchymal markers (such as N‑cadherin, 
Vimentin, Snail, or Slug) alongside Matrigel‑coated Transwell 
invasion assays to confirm disrupted extracellular matrix 

Figure 5. PCG disrupts the MMP in endometrial cancer cells. (A and B) Representative images for the analysis of MMP through JC‑10 assay in (A) Ishikawa 
cells and (B) SNU‑539 cells. All cells were seeded at a density of 4x103 per well in cell culture dishes and treated with (0.1% DMSO) and PCG (25, 50 and 
100 µM). Data were obtained after statistical analysis using at least three repeated experiments, presented in graphs as the mean ± SD. Compared with control, 
**P≤0.01 and ****P≤0.0001. PCG, punicalagin; MMP, mitochondrial membrane potential.
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degradation. Future studies are required to overcome this 
limitation of the present study.

The mitochondrial impairment associated with ROS 
generation after treatment with PCG is consistent with mecha‑
nisms described in other types of cancers. Researchers have 
shown PCG can abolish MMP in lung cancer A549 cells, 
with an increase in mitochondrial ROS production  (31); 
cause dysfunction of mitochondria with increased superoxide 
radicals in colon cancer Caco‑2 cells (32); cause mitochon‑
drial dysfunction with resulting apoptosis in glioblastoma 
U87MG cells (33); and disrupt mitochondrial function with 
increased production of ROS in leukemic cells  (19). The 
consistent nature of the mitochondrial‑targeting effects 
observed in different cancer types indicates a mechanistic 
basis by which PCG induces death in cancer cells due to 
increasing oxidative stress and disrupting energy metabolism. 
Crucially, this intracellular accumulation of ROS acts as a 
centralized upstream mechanism that bridges the various 
biological phenomena observed in the present study, high‑
lighting an important pharmacological phenomenon known as 
the polyphenol pro‑oxidant paradox. Although PCG is widely 
recognized as a classic antioxidant capable of scavenging 
free radicals in normal tissues, its role characteristically 
shifts toward a pro‑oxidant state inside malignant cells. This 

cancer‑specific toxicity occurs because the intracellular micro‑
environment of tumor cells features higher baseline metabolic 
stress, altered pH, and elevated levels of transition metal ions 
(such as copper and iron) that can catalyze the autoxidation 
of polyphenolic structures, generating high concentrations of 
superoxide anions. On one hand, this excessive ROS directly 
targets the mitochondrial membrane, causing a loss of MMP, 
which facilitates the leakage of pro‑apoptotic factors into 
the cytosol and triggers the intrinsic apoptosis cascade, as 
substantiated by the present finding of elevated pro‑apoptotic 
BAX expression. On the other hand, this severe oxidative and 
metabolic stress simultaneously prompts the cell to activate 
autophagy as an initial stress or death response, explaining 
the pronounced conversion  of LC3‑I to LC3‑II observed 
predominantly in the highly responsive Ishikawa cells. Taken 
together, the observations of ROS accumulation, loss of MMP, 
BAX upregulation, and LC3‑II conversion are consistent with 
an integrated ROS‑mitochondria axis in which early oxidative 
stress acts as a proximal trigger for downstream mitochondrial 
damage. It is noted that the causal directionality of this axis 
is inferred from the convergence of these endpoints and from 
mechanisms established in other malignancies, rather than 
from direct rescue experiments in the models of the present 
study. This interconnected ROS‑mitochondria axis branches 

Figure 6. PCG causes an increase in ROS production in EC cells. For the quantification of the ROS, the EC cells were subjected to PCG for 48 h before 
employing the DCFH‑DA assay. (A and B) There was an increase in the ROS generation in (A) Ishikawa and (B) SNU‑539 cells. Data were obtained after statis‑
tical analysis using at least three repeated experiments, presented in graphs as the mean ± SD. Compared with control, **P≤0.01, ***P≤0.001 and ****P≤0.0001. 
PCG, punicalagin; ROS, reactive oxygen species; EC, endometrial cancer.
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out to drive both apoptosis and autophagy depending on the 
genetic background and tolerance thresholds of the specific 
EC cell line, explaining the elegant multi‑targeted potency of 
PCG and providing a more unified, in‑depth perspective on 
its therapeutic mechanism against endometrial malignancies.

A primary limitation of the present study is that the proposed 
ROS‑mitochondria axis, while supported by measurements of 
intracellular ROS, MMP, BAX and LC3‑II, was not subjected to 
direct functional interrogation. Specifically, antioxidant rescue 

experiments (for example, N‑acetylcysteine co‑treatment) were 
not performed to confirm that the apoptotic and autophagic 
phenotypes are ROS‑dependent. Caspase‑3/9 activation was not 
examined to confirm execution of the intrinsic apoptotic cascade, 
neither true autophagic flux was validated via p62/SQSTM1 
turnover or co‑treatment with late‑stage lysosomal inhibitors 
(chloroquine or bafilomycin A1). These experiments represent 
the essential next step to formally establish causality within the 
axis and are a priority for future investigation.

Figure 7. PCG causes apoptosis in endometrial cancer cells. (A and B) Representative images for the analysis of Hoechst 33342/PI double staining in 
(A) Ishikawa and (B) SNU‑539 cells. All cells were seeded at a density of 4x103 per well in cell culture dishes and treated with (0.1% DMSO) and PCG (25, 
50 and 100 µM). A dose dependent increase in apoptotic cells was noted in the Ishikawa cells, while only at high concentration (100 µM) in SNU‑539 cells. 
(C) Representative image of the BAX expression in the Ishikawa cells. Data were obtained after statistical analysis using at least three repeated experiments, 
presented in graphs as the mean ± SD. Compared with control, *P≤0.05, **P≤0.01 and ****P≤0.0001. PCG, punicalagin.
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The apoptotic impacts observed through Hoechst‑PI 
staining, as well as the upregulation of BAX, represent PCG's 
most consistently reported and well‑researched mechanism 
of action. There is a plethora of literature that supports these 
findings, occurring as a result of PCG upregulating Bax and 
downregulating Bcl‑2, while also activating caspases 3 and 9 

in CC cells (21), promoting elevated activated caspase‑3 levels 
in GC (20), further promoting increases in caspase‑3 activity 
and cleaved caspase‑3 levels in colon cancer (34), as well as 
employing multiple caspase upregulation involving Bax/Bcl‑2 
ratios in leukemic cells  (19). The difference in sensitivity 
exhibited between Ishikawa and SNU‑539  cells, in which 

Figure 8. PCG causes autophagy in endometrial cancer cells. (A and B) Representative images for the analysis of autophagy through Acridine Orange staining 
in (A) Ishikawa and (B) SNU‑539 cells. All cells were seeded at a density of 4x103 per well in cell culture dishes and treated with (0.1% DMSO) and PCG (25, 
50 and 100 µM). PCG caused autophagy in the Ishikawa cell line. The staining result was statistically insignificant in SNU‑539 cells. (C) Representative image 
of the LC3‑IIB expression in the Ishikawa cells. Data were obtained after statistical analysis using at least three repeated experiments, presented in graphs as 
the mean ± SD. Compared with control, *P≤0.05 and ****P≤0.0001. PCG, punicalagin.
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Figure 9. Punicalagin suppresses the tumor growth in xenograft Ishikawa tumors. The rates of tumor growth in xenograft mice were measured with an electric 
caliper after every 2 days. (A) Visual representation of the in vivo study plan. (B) There was no significant difference in the body weight of the control and treat‑
ment mice. (C) Representative images of the tumor growth. The upper line of the tumors represents the control group, while the lower line of tumors represents 
the treatment group. There was a marked difference in tumor growth. Furthermore, there was a significant reduction in (D) tumor volume and (E) tumor weight 
in xenograft mice. Data were presented in graphs as the mean ± SD Compared with control, *P≤0.05 and **P≤0.01.
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SNU‑539 cells required higher concentrations of PCG for statis‑
tically significant evidence of apoptosis, is well established with 
PCG research, which is well‑contextualized by the cells and the 
genetic background that are utilized in discovery work.

The autophagy induction and demonstration through 
AO staining and upregulation of LC3‑II in EC cells, and 
particularly Ishikawa cells, establish autophagy-inducing 
mechanisms in this malignancy for the first time to the best of 
our knowledge. The existing literature has established PCG's 
ability to induce autophagy through an increase in LC3‑II 
conversion  and beclin‑1 upregulation in papillary thyroid 
carcinoma (35), LC3‑II increase and AMPK‑p27 signaling 
activation in glioblastoma (33), and has also been shown to 
promote autophagic degradation of HPV oncoproteins in 
CC (36), and induce autophagy through mTOR downregulation 
in leukemia (19). The pattern of induction of autophagy, depen‑
dent on the cell line, as observed in the degree of autophagy 
induction in Ishikawa cells compared with the other cell 
lines, also aligns with the available literature demonstrating 
that induction of autophagy by PCG is dependent on cellular 
context and genetic background. However, it is recognized 
that the current evaluation relies primarily on AO vesicular 
staining and LC3‑II protein upregulation, which cannot defini‑
tively distinguish between highly active autophagic clearance 
and a block in late‑stage lysosomal fusion. Evaluating true 
autophagic flux via p62/SQSTM1 degradation curves or func‑
tional co‑treatments with late‑stage lysosomal inhibitors such 
as chloroquine or bafilomycin A1 remains a critical limitation.

The demonstrated in vivo efficacy in xenograft mice, with 
substantial reductions in tumor volume and weight, provides 
important translational support for the anticancer activity of PCG. 
Prior work has developed a nano‑formulated PCG that demon‑
strated similar in vivo efficacy in GC xenograft models (37). 
With respect to tolerability, no significant body‑weight loss was 
observed in treated animals under the tested conditions over 
the 14‑day study period. It is emphasized, however, that body 
weight alone is an insufficient indicator of systemic safety, and 
therefore conclusions regarding low systemic toxicity cannot 
be drawn. A comprehensive toxicity evaluation, including 
serum biochemical markers (such as alanine aminotransferase, 
aspartate aminotransferase and creatinine) and histological 
examination of major organs (such as liver and kidney), was not 
performed in the present study. Such an assessment is required 
to formally characterize the systemic safety profile and thera‑
peutic index of PCG and is a priority for future investigation. 
It is noted that the existing toxicology literature reports favor‑
able tolerability for PCG at comparable doses in rodents (36), 
although this does not substitute for direct safety evaluation 
within the current experimental system.

In conclusion, the present study shows strong anticancer 
activity from PCG against EC via numerous synergistic mecha‑
nisms, with regard to growth inhibition, apoptosis stimulation, 
autophagy induction, mitochondrial dysfunction and migration 
ability inhibition. The varied responses observed between 
Ishikawa and SNU‑539 emphasized the importance of cellular 
context to treatment efficacy and potential biomarker develop‑
ment in the future to stratify patients. The successful advancement 
from in vitro evidence to significant tumor suppression in a xeno‑
graft mouse model, with no significant body‑weight loss observed 
under the tested conditions, provides encouraging evidence 

for the potential therapeutic activity of PCG. Specifically, this 
compound is uniquely positioned to address a critical unmet 
clinical need in patient populations suffering from advanced, 
recurrent, or hormone‑independent endometrioid endometrial 
malignancies that have grown resistant to standard cytotoxic 
regimes. In a clinical setting, the favorable tolerability profile 
reported for PCG, pending confirmation through comprehensive 
toxicological evaluation, would position it as a candidate either 
as an adjunctive partner to sensitize tumors to low‑dose stan‑
dard chemotherapies (such as platinum‑based agents), thereby 
mitigating systemic side effects, or as a long‑term maintenance 
therapy to suppress metastatic recurrence in post‑operative 
patients. Further research will be required to derive dosing 
regimens, establish predictive biomarkers for PCG's anticancer 
effects, and examine combination strategies with conventional 
therapies, therefore further establishing PCG as a natural 
compound worthy of clinical investigation. Given the rising 
incidence of EC globally and the urgent need for safer, more 
effective therapeutic alternatives, PCG represents a valuable 
addition to the armamentarium against this increasingly preva‑
lent malignancy, offering hope for improved patient outcomes 
with reduced treatment‑related toxicity.
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