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A B S T R A C T

Prostate cancer ranks as one of the most prevalent cancers among men and is a major cause of cancer-related 
mortality globally This study aims to elucidate the molecular mechanisms underlying the anti-cancer effects 
of eriodictyol 5-O-methyl ether (ERIO) on prostate cancer cells, focusing on its impact on STAT3 signaling, 
apoptosis, and paraptosis. ERIO exhibited significant cytotoxicity against DU145, PC-3, and LNCaP cells. It 
suppressed constitutive and IL-6-induced STAT3 activation by inhibiting the phosphorylation of JAK1, JAK2, and 
Src kinases. ERIO upregulated SHP-2 expression, leading to the dephosphorylation of STAT3. ERIO induced 
apoptosis, evidenced by increased caspase-3 and PARP cleavage, and paraptosis, characterized by increased ROS 
production, decreased mitochondrial membrane potential, and ER stress. The antioxidant NAC reversed the 
effects of ERIO, highlighting the importance of oxidative stress in its anti-cancer activity. ERIO effectively 
inhibited prostate cancer cell growth by targeting STAT3 signaling and inducing both apoptosis and paraptosis. 
These findings suggest that ERIO has significant therapeutic potential for prostate cancer treatment and warrant 
further investigation in in vivo and clinical studies.

1. Introduction

Prostate cancer ranks as one of the most prevalent cancers among 
men and is a major cause of cancer-related mortality globally [1]. Ad
vances in early diagnosis and treatment have been significant; however, 
prostate cancer continues to present substantial clinical challenges, 
especially when it progresses to castration-resistant prostate cancer 
(CRPC), which is known for its aggressiveness and resistance to con
ventional treatments [2,3]. Despite the efficacy of current treatments 
like surgery, radiation, hormone therapy, and chemotherapy, resistance 
remains a significant hurdle [4,5].

Cell death mechanisms are crucial in controlling cancer progression 
and treatment response. Apoptosis, or programmed cell death, involves 

a series of cellular events leading to cell shrinkage, chromatin conden
sation, DNA fragmentation, and eventual cell death [6,7]. It is a vital 
process for eliminating damaged or unnecessary cells and maintaining 
tissue homeostasis. The intrinsic apoptotic pathway is triggered by in
ternal signals such as DNA damage and oxidative stress, leading to 
mitochondrial outer membrane permeabilization and the release of cy
tochrome c, which activates caspases to execute cell death [8]. On the 
other hand, the extrinsic pathway is initiated by external signals such as 
ligand binding to death receptors on the cell surface, leading to caspase 
activation [7,9].

Paraptosis, in contrast, is a type of programmed cell death distinct 
from apoptosis. It is characterized by cytoplasmic vacuolation and 
mitochondrial swelling, which sets it apart from apoptosis in both 
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morphology and biochemistry [10]. Unlike apoptosis, paraptosis does 
not involve caspase activation or DNA fragmentation. Instead, it is 
associated with the dilation of the endoplasmic reticulum and mito
chondrial swelling, leading to cell death through a mechanism that re
mains less well understood [10,11]. The discovery of paraptosis has 
broadened the understanding of cell death mechanisms and highlighted 
the complexity of cellular responses to stress and damage. The interplay 
between apoptosis and paraptosis is complex, and understanding how 
these pathways can be manipulated offers promising avenues for cancer 
treatment. By inducing both forms of cell death, therapies can poten
tially eliminate cancer cells more effectively, reduce the likelihood of 
resistance, and improve patient outcomes. The exploration of drugs that 
can trigger both apoptosis and paraptosis, therefore, represents a sig
nificant area of interest in cancer research [12–15].

Signal Transducer and Activator of Transcription 3 (STAT3) is a 
crucial molecule in many cellular processes, such as cell growth, sur
vival, and immune response [16]. Abnormal activation of STAT3 has 
been linked to the development and progression of various cancers, 
including prostate cancer [16–19]. STAT3 aids tumor growth and sur
vival by regulating genes involved in cell proliferation, inhibition of 
apoptosis, and immune system evasion [20]. Importantly, STAT3 acti
vation can block apoptosis by increasing the expression of anti-apoptotic 
genes like Bcl-2 and Bcl-xL, thus aiding cancer cell survival [20,21]. 
Additionally, STAT3 has been implicated in the regulation of paraptosis, 
though the precise mechanisms are still under study [22,23]. By 
affecting these pathways, STAT3 plays a critical role in cancer cell 
resistance to treatment. Therefore, targeting the STAT3 pathway is a 
promising approach for cancer therapy, aiming to induce both apoptosis 
and paraptosis to enhance treatment outcomes. SHP-2 (Src Homology 2 
domain-containing Phosphatase-2) is a protein tyrosine phosphatase 
that plays a critical role in the regulation of the STAT3 signaling 
pathway. SHP-2 can dephosphorylate STAT3, thereby negatively regu
lating its activity and affecting downstream signaling events [24,25]. 
Dysregulation of SHP-2 has been associated with enhanced STAT3 ac
tivity, contributing to cancer cell survival and proliferation [26]. 
Therefore, targeting SHP-2 along with STAT3 could offer a compre
hensive strategy to induce both apoptosis and paraptosis, thereby 
enhancing the therapeutic efficacy against prostate cancer [27].

Nature is a rich source of bioactive secondary metabolites, sub
stances produced by bacteria, fungi, plants, and other organisms [22]. 
These metabolites often possess beneficial properties such as anticancer, 
antibacterial, antioxidant, and anti-inflammatory activities. Examples 
include plant flavonoids, fungal polyketides, and bacterial antibiotics. 
These organic compounds remain a critical source of novel bioactive 
molecules with potential therapeutic applications and have inspired the 
development of numerous drugs. In this study, we isolated and purified 
the flavanone eriodictyol 5-O-methyl ether (ERIO) from Brazilian 
Mimosa tenuiflora green propolis, collected by Africanized honeybees 
(Apis mellifera L.), and evaluated its anticancer effects, particularly its 
ability to induce apoptosis and paraptosis by targeting the STAT3 
signaling pathway in prostate cancer cells. This research aims to uncover 
the molecular mechanisms by which eriodictyol 5-O-methyl operates, 
providing a fundamental basis for the development of new therapeutic 
approaches targeting these cell death pathways.

2. Material and methods

2.1. General experimental procedure

NMR spectral data (400 MHz for 1H and 100 MHz for 13C NMR) were 
obtained from a Bruker AVANCE in methanol-d4. Silica gel (40–63 μm; 
Merk, Sigma-Aldrich) and preparative HPLC-DAD (High-Performance 
Liquid Chromatography, United States) were used to perform column 
chromatography. Thin Layer Chromatography (TLC) was carried out 
using silica gel 60 F254 (Merck, Germany). H2SO4 10 % in EtOH was used 
for the TLC observation.

2.2. Plant material

M. tenuiflora green propolis was produced by Africanized honeybees 
(Apis mellifera L.) in Remanso, Bahia, Brazil and collected in June 2021. 
The plant was taxonomically identified and the voucher specimen 
(SPFR: 15118) was stored at the Herbarium of the Department of 
Biology, University of São Paulo, Ribeirão Preto, SP, Brazil.

2.3. Reagents

Antibodies, (STAT3, SHP-2, PARP, Src, Bcl-2, IAP-1, Alix, and 
β-actin) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). Other Antibodies (p-STAT3, p-JAK1, p-JAK2, JAK1, JAK2, p-Src, 
Cyclin D1, ATF4, and CHOP) were procured from Cell signaling Tech
nology (Beverly, MA, USA).

2.4. Cell lines and culture conditions

Human prostate cancer DU145, PC-3, LNCaP and prostate normal 
RWPE-1 cells were obtained from American Type Culture Collection 
(Manassas, VA, USA). DU145, PC-3, LNCaP, and RWPE-1 cells were 
cultured in RPMI6140 medium and maintained at 37 ◦C under 5 % CO2 
conditions. The medium supplemented with 10 % fetal bovine serum 
(FBS) and 1 % antibiotic solution.

2.5. MTT assay

DU145, PC-3, LNCaP, and RWPE-1 cells were treated with (0, 10, 30, 
50, 100 μM) of ERIO for 24 h and MTT assay was performed as described 
earlier [28].

2.6. Western blot analysis

Whole cell lysates were prepared and Western blot analysis for 
various antibodies was carried out as elaborated earlier [29]. Equal 
amount of proteins were resolved in sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and trans
ferred into the nitrocellulose membrane. Membranes were incubated 
with primary antibodies (1:3000) in TBST overnight, then incubated 
with secondary antibody (1:5000) for 1 h. Detection was carried out 
using enhanced chemiluminescence (ECL, EZ-Western Lumi Femto, 
DOGEN).

2.7. Immunocytochemistry

Cells were treated with ERIO (100 μM) for 6 h and expression of p- 
STAT3 and STAT3 was analyzed through immunocytochemistry as re
ported previously [28]. The fluorescence signal was detected by 
Olympus FluoView FV1000 confocal micro-scope (Tokyo, Japan).

2.8. Cell cycle analysis

The effect of ERIO on cell cycle progression was examined by cell 
cycle analysis as described before [28]. After treatment, cells were fixed 
with EtOH (100 %) overnight at 4 ◦C. The next day, cells were resus
pended with RNase A for 1 h. Then, cells were stained with PI and 
analyzed by BD AccuriTM C6 Plus Flow Cytometer (BD Biosciences, 
Becton-Dickinson).

2.9. TUNEL assay

Cells were treated with ERIO (100 μM) for 24 h and TUNEL assay was 
performed as reported earlier [22]. The cells were stained with TUNEL 
enzyme and label for 1 h, then cells were analyzed by BD AccuriTM C6 
Plus Flow Cytometer (BD Biosciences, Becton-Dickinson).
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2.10. Live and dead assay

DU145 and PC-3 cells were treated with ERIO (100 μM) for 24 h and 
Live and dead cells was carried out as described previously [22]. The 
cells were stained with 1 μL/mL of Calcein AM and 2 μL/mL of Ethd-1 at 
37 ◦C for 30 min (Invitrogen, Carlsbad, CA, USA). The cells were 
attached on slide glass by cytospin. The fluorescence signals were 
detected by Olympus FluoView FV1000 confocal micro-scope (Tokyo, 
Japan).

2.11. Reactive Oxygen Species (ROS) assay

The cells were treated with ERIO (100 μM) or NAC (3 mM). Then 
cells incubated with 2′,7′-dichlorofluorescin diacetate (H2DCF-DA) and 
detected by BD AccuriTM C6 Plus Flow Cytometer (BD Biosciences, 
Becton-Dickinson).

2.12. Mitochondrial membrane potential assay

The cells were treated with ERIO (100 μM) for 24 h. Then, they were 
stained with TMRE 50 nM for 30 min and detected by BD AccuriTM C6 
Plus Flow Cytometer (BD Biosciences, Becton-Dickinson).

2.13. ER stress assay

DU145 and PC-3 cells were treated with ERIO (100 μM) for 24 h and 
cells were stained by ER-tracker red (1 μM) and DAPI (10 μg/ml). Then, 
cells were detected by Olympus FluoView FV1000 confocal micro-scope 
(Tokyo, Japan).

2.14. Statistical analysis

The results were expressed as means ± standard deviation (SD), and 
an analysis of variance (ANOVA) with Bonferroni’s test was used for the 
statistical analysis of multiple comparisons of data. p-value of 0.05 or 
less was considered as significant.

3. Results

3.1. Extraction and isolation of ERIO

The propolis powders (1.0 kg) were ground in a blender, and 
immersed in 3 L of EtOH–H2O (7:3, v/v, 3 times) at 25 ◦C for 24 h, and 
then filtered. The obtained extract was vacuum-evaporated, and 
lyophilized until dry. This residue (25.5 g) was chromatographed on 
silica gel column chromatography (n-hexane-acetone, 3:1, v/v, and 
CH2Cl2-EtOAc, 9:1, v/v), and HPLC-DAD (MeOH–H2O, 6:4, v/v) to yield 
60.1 mg of eriodictyol 5-O-methyl ether (Fig. 1 and Supplementary 
Material).

3.2. ERIO exhibited cytotoxic activity against DU145, PC-3, and LNCaP 
cells

The chemical structure of ERIO is depicted in Fig. 1A. The cytotoxic 
activity of ERIO against prostate cancer cells and prostate normal RWPE- 
1 cells were examined by MTT assay. As shown in Fig. 1B, ERIO 
significantly suppressed the viability of DU145, PC-3, and LNCaP cells. 
However, it was only slightly affected in the RWPE-1 cells.

3.3. ERIO suppressed constitutive STAT3 activation in prostate cancer 
cells

We first examined the impact of ERIO on STAT3 activation. DU145 
and PC-3 cells were treated with various concentrations and time in
tervals of ERIO and western blotting was carried out. As shown in Fig. 1C 
and D, constitutive STAT3 activation was suppressed upon ERIO 

treatment. Moreover, as shown in Fig. 1E, ERIO exposure inhibited the 
nuclear translocation of STAT3 protein therefore preventing the gene 
transcription.

3.4. ERIO decreased activation of STAT3 upstream kinases

Next, we determined whether ERIO could alter the levels of kinases 
involved the activation of STAT3. Phosphorylation of STAT3 can be 
driven through the stimulation of Janus activated kinases (JAK) and Src 
families of proteins [30]. As shown in Fig. 1F and G, ERIO inhibited the 
phosphorylation of JAK1, JAK2, and Src kinases in prostate cancer 
DU145 and PC-3 cells.

3.5. ERIO down-regulated inducible STAT3 activation

LNCaP cells were treated with 100 μM of ERIO for (0, 2, 4, 6 h) and 
stimulated with IL-6 (10 ng/ml) for 15 min. ERIO suppressed IL-6- 
induced STAT3 phosphorylation (Fig. 2A). ERIO also altered JAK1/2 
and Src activation in LNCaP cells (Fig. 2B).

3.6. ERIO induced SHP-2 expression

We investigated the mechanism of ERIO stimulated inhibition of 
STAT3 activation. Protein tyrosine phosphatases (PTPs) have been re
ported as STAT activation regulators. As shown in Fig. 2C, sodium 
pervanadate reversed the mitigation of STAT3 phosphorylation, high
lighting that this activity of ERIO can be regulated by a tyrosine phos
phatase. We noted that ERIO treatment increased SHP-2 expression 
(Fig. 2D). To confirm whether ERIO attenuate STAT3 activation through 
promoting SHP-2 expression, we performed SHP-2 knockdown experi
ment. We observed that ERIO-induced SHP-2 expression was altered in 
the SHP-2 siRNA transfected cells. However, deletion of SHP-2 altered 
ERIO-induced p-STAT3 down-regulation (Fig. 2E). These results sug
gested that ERIO modulated STAT3 activation through up-regulating the 
expression of SHP-2. Additionally, we conducted STAT3 siRNA experi
ments to determine whether STAT3 downregulation was related to 
ERIO-induced apoptosis and paraptosis. As shown in Fig. 2F, ERIO- 
induced apoptosis and paraptosis were promoted upon transfection 
with STAT3 siRNA as compared with the scrambled siRNA. These 
findings suggest that the induction of ERIO-induced cell death is medi
ated at least in part through the mitigation of the STAT3 signaling 
pathway.

3.7. ERIO promoted apoptosis

We investigated the impact of ERIO on apoptotic cell death in DU45 
and PC-3 cells. As shown in Fig. 3A, ERIO induced cell population in 
subG1 phase in DU145 cells. ERIO also enhanced cell population in 
subG1 and G0/G1 phase. We observed that ERIO induced apoptosis and 
significantly attenuated viability of prostate cancer cells (Fig. 3B and C). 
Moreover, we found that ERIO promoted apoptosis by increasing 
caspase-3 and PARP cleavage (Fig. 3D). ERIO also down-regulated the 
apoptotic markers (Fig. 3E). Additionally, as shown in Fig. 3E, knock
down of SHP-2 also mitigated induction of PARP cleavage by ERIO. This 
result suggested that SHP-2 may play crucial role in regulating anti- 
cancer activities of ERIO.

3.8. ERIO induced paraptosis

We examined whether ERIO induced changes in ROS production and 
mitochondrial membrane potential. As shown in Fig. 4A and B, ERIO 
treatment increased ROS production and decreased mitochondrial 
membrane potential. Prostate cancer cells were treated with ERIO and 
stained with ER-tracker red to examined the expression of the key 
transcription factors involved in the ER stress pathway. As shown in 
Fig. 4C, ER staining indicated that vacuolization was obtained primarily 
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Fig. 1. ERIO suppresses constitutive STAT3 activation in DU145 and PC-3 cells. (A) The chemical structure of ERIO. (B) DU145, PC-3, LNCaP, and RWPE-1 cells 
were treated with ERIO (0, 10, 30, 50, 100 μM) for 24 h and MTT assay was carried out. Data represents mean ± SD. ***p < 0.001 vs. non-treated (NT) cells. (C and 
D) DU145 and PC-3 cells were treated with various concentrations and time intervals. Western blot analysis for p-STAT3(Tyr705), p-STAT3(Ser727), STAT3, and 
β-actin was performed. (E) Expression of p-STAT3 and STAT3 in DU145 and PC-3 cells was elaborated with immunocytochemistry (F and G) The cells were treated 
with ERIO and Western blotting for p-JAK1(Tyr1022/1023), JAK1, p-JAK2(Tyr1007/1008), JAK2, p-Src(Tyr416), Src, and β-actin was performed. The results shown 
are representative of the three independent experiments.
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Fig. 2. ERIO suppresses inducible STAT3 phosphorylation and increases the level of SHP-2. (A–B) LNCaP cells were treated with ERIO (100 μM) and stim
ulated with IL-6 (10 ng/ml) and Western blotting was executed. (C) DU145 and PC-3 cells were treated with ERIO and pervanadate and immunoblotting for p-STAT3 
and STAT3 was performed. (D) The cells were treated with ERIO for 6 h and Western blotting for SHP-2 was carried out. (E) cells were transfected with SHP-2 siRNA 
or scrambled siRNA (100 nM). After 24 h, the cells were treated with ERIO (100 μM) for 6 h and Western blot analysis was performed. (F) DU145 and PC-3 cells were 
transfected with STAT3 siRNA or scrambled siRNA (100 nM) for 24 h. Then, the cells were treated with ERIO (100 μM) for 6 or 24 h. Western blotting for various 
antibodies was carried out. The results shown are representative of the three independent experiments.
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Fig. 3. ERIO induces apoptosis in prostate cancer cells. (A and B) DU145 and PC-3 cells were treated with ERIO (100 μM) for 24 h and cell cycle analysis and 
TUNEL assay was carried out. Data represents mean ± SD. ***p < 0.001 vs. non-treated (NT) cells. (C) Cells were treated with ERIO and live and dead assay was 
performed. (D and E) The cells were treated with ERIO (0,30, 50,100 μM) for 24 h and wester blotting for various antibodies was done. Data represents mean ± SD. 
***p < 0.001 vs. non-treated (NT) cells. (F) DU145 and PC-3 cells were transfected with SHP-2 siRNA or scrambled siRNA (100 nM). After 24 h, cells were treated 
with ERIO (100 μM) for 24 h and immunoblotting for PARP was carried out. The results shown are representative of the three independent experiments.
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Fig. 4. ERIO induces paraptosis in prostate cancer cells. (A and B) DU145 and PC-3 cells were treated with ERIO (100 μM) for 24 h and ROS assay and 
mitochondrial membrane potential assay was carried out. Data represents mean ± SD. **p < 0.01 vs. non-treated (NT) cells. ***p < 0.001 vs. non-treated (NT) cells. 
(C) Cells were treated with ERIO and ER stress assay was performed. (D) The cells were treated as described above in panel A, GSH/GSSG assay was executed. (E) The 
cells were treated with ERIO (0, 30, 50,100 μM) for 24 h and wester blotting for Alix, ATF4, CHOP, BiP/GRP78, and β-actin was done. (F) DU145 and PC-3 cells were 
transfected with SHP-2 siRNA or scrambled siRNA (100 nM). After 24 h, cells were treated with ERIO (100 μM) for 24 h and immunoblotting for Alix was carried out.
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from the ER. As shown in Fig. 4D, the depletion of GSH was observed, 
and the GSSG and GSSG/GSH ratio was increased, indicating oxidative 
stress. We found that ERIO induced paraptosis by suppressing Alix, and 
increasing ATF4, CHOP, and BiP/GRP78 expressions (Fig. 4E). Addi
tionally, as shown in Fig. 4F, knockdown of SHP-2 altered attenuation of 
Alix by ERIO. This result suggested that SHP-2 may play key role in 
regulating anti-cancer activities of ERIO.

3.9. NAC revered ERIO induced apoptosis and paraptosis

To further establish the role of N-acetylcysteine (NAC) in ERIO- 
treated cells on anti-cancer activities of ERIO, we conducted experi
ments using ERIO and antioxidant NAC. As demonstrated in Fig. 5A, the 
ERIO treatment significantly increased the ROS levels and NAC prevents 
ROS production. As shown in Fig. 5B, NAC mitigated ERIO-induced SHP- 
2 expression and p-STAT3 down-regulation. Also, ERIO treatment 
induced the PARP cleavage and reduced the expression of Alix, but NAC 
prevented the changes (Fig. 5C). These results suggested that NAC revers 
ERIO induced apoptosis and paraptosis. Additionally, to determine the 
timing of ERIO-induced apoptosis and paraptosis, we monitored changes 
in PARP cleavage and Alix after administering ERIO in a time-dependent 
manner. As illustrated in Fig. 5D, in both DU145 and PC-3 cells, PARP 
cleavage occurred prior to the reduction in Alix. Moreover, cell death 
occurred sooner in DU145 cells compared to PC-3 cells, and in DU145 
cells, no band was visible after 36 h due to cell death from cytotoxicity. 
We also used cycloheximide (CHX), a paraptosis inhibitor [31,32], to 
confirm ERIO-induced paraptosis. As illustrated in Fig. 5E, the simul
taneous administration of ERIO and CHX diminished the suppression of 
Alix expression caused by ERIO alone. Moreover, the combination of 
ERIO and CHX resulted in a smaller reduction in cell viability compared 
to the treatment with only ERIO (100 μM) as shown in Fig. 5F. These 
findings suggest that CHX can mitigate the effects of ERIO-induced 
paraptosis, specifically by stabilizing Alix expression, indicating a po
tential protective role against cytotoxicity induced by ERIO. Moreover, 
the reduced decrease in cell viability when ERIO was combined with 
CHX highlights the potential for CHX to modulate the therapeutic effects 
of ERIO, which could be important for optimizing treatment strategies 
(see Fig. 6).

4. Discussions

The findings of this study reveal that ERIO, a novel compound can 
significantly inhibit prostate cancer cell growth by inducing apoptosis 
and paraptosis. It achieved these effects through the dual mechanisms of 
inhibiting the STAT3 signaling pathway and upregulating SHP-2. The 
comprehensive methodology employed in this research offers crucial 
insights into the underlying mechanisms by which ERIO operates and 
underscores its potential therapeutic benefits for treating prostate can
cer. This dual mechanism of action not only can disrupt cancer cell 
survival pathways but also can activate cellular processes that promote 
cancer cell death, thereby making ERIO a promising candidate for future 
prostate cancer therapies.

STAT3 is known to play a crucial role in the proliferation and sur
vival of cancer cells, and its persistent activation is often associated with 
poor prognosis in various cancers, including prostate cancer [22,33]. By 
inhibiting STAT3 activation and preventing its nuclear translocation, 
ERIO effectively disrupts the downstream gene transcription that pro
motes tumor growth and survival. This suppression of STAT3 is medi
ated through the inhibition of its upstream kinases, JAK1, JAK2, and Src 
[24,34,35]. Moreover, ERIO was found to down-regulate inducible 
STAT3 activation in response to IL-6 stimulation. The IL-6/STAT3 axis is 
a well-established pathway in cancer biology, contributing to tumor 
progression [36]. Our data indicate that ERIO can inhibit this pathway, 
thus enhancing its therapeutic potential by targeting both constitutive 
and inducible STAT3 activation mechanisms. SHP-2 can dephosphory
late STAT3, thereby negatively regulating its activity and affecting 

downstream signaling events [24,25]. Dysregulation of SHP-2 has been 
associated with enhanced STAT3 activity, contributing to cancer cell 
survival and proliferation [26]. We found that ERIO was able to upre
gulate SHP-2 expression. The knockdown experiments further validated 
the critical role of SHP-2 in mechanism of action of ERIO, as reducing 
SHP-2 levels negated ERIO’s effects on STAT3 phosphorylation, and the 
induction of apoptosis and paraptosis.

Since apoptosis is one of the important anti-cancer processes, we 
investigated the ERIO -induced apoptotic cell death. We found that ERIO 
was able to promote apoptosis in prostate cancer cells by increasing the 
subG1phase accumulation, enhancing caspase-3 and PARP cleavage, 
and down-regulating apoptotic markers. Interestingly, we observed that 
ERIO induced not only apoptosis but also paraptosis. Recent research 
has shown that paraptosis can be induced by specific stimuli, such as 
certain drugs and natural compounds, suggesting it could be a viable 
target for cancer therapy [37]. For instance, compounds like celastrol 
and withaferin A have been shown to induce paraptosis in cancer cells, 
providing a potential alternative to overcome resistance to 
apoptosis-inducing therapies [38,39]. Targeting multiple cell death 
pathways, including both apoptosis and paraptosis, may enhance the 
efficacy of anticancer therapies and help to circumvent resistance 
mechanisms that allow cancer cells to survive conventional treatments 
[15,22,40].

In our study, we identified key paraptosis-related factors, including 
Alix, ATF4, and CHOP, which were modulated upon ERIO treatment. 
Alix, a critical regulator of paraptosis, sees decreased expression linked 
to key characteristics of this non-apoptotic cell death pathway, including 
ER swelling and mitochondrial dysfunction [41]. To further elucidate 
the temporal dynamics of ERIO-induced cell death, we analyzed the 
time-dependent changes in PARP cleavage and Alix expression. Inter
estingly, Notably, the cleavage of PARP, a sign of apoptosis, occurred 
before the reduction in Alix, which signals paraptosis. This suggests that 
apoptosis may initially prepare the cells for subsequent paraptotic 
events. Additionally, we observed a significant increase in BiP/GRP78 
expression after ERIO treatment, underscoring the importance of ER 
stress in triggering paraptosis. BiP/GRP78 is essential in managing 
cellular stress and facilitating non-apoptotic death pathways like para
ptosis [42,43]. The concurrent upregulation of ATF4 and CHOP suggests 
that ERIO-induced ER stress triggers an adaptive UPR response, which 
eventually shifts towards cell death signaling under prolonged stress 
conditions.

Additionally, the use of the antioxidant N-acetylcysteine (NAC) 
revealed the importance of ROS in the mechanism of action of ERIO. 
NAC reversed the ERIO-induced ROS production, SHP-2 expression, 
STAT3 down-regulation, and PARP cleavage, indicating that oxidative 
stress plays a pivotal role in ERIO-induced apoptosis and paraptosis. 
Taken together, these results highlight the dual action of ERIO in 
inducing apoptosis and paraptosis, potentially through interconnected 
pathways involving ROS generation, ER stress, and modulation of crit
ical regulatory proteins such as BiP/GRP78, ATF4, and CHOP. This 
comprehensive targeting of cell death pathways offers a promising 
therapeutic approach for treating prostate cancer, especially in scenarios 
where traditional therapies that primarily induce apoptosis are inef
fective. By simultaneously activating both apoptotic and paraptotic 
pathways, ERIO may circumvent resistance mechanisms in cancer cells, 
potentially leading to more effective treatment outcomes. This strategy 
could broaden the spectrum of therapeutic options available for prostate 
cancer, emphasizing the importance of targeting multiple cell death 
mechanisms in overcoming drug resistance.

In conclusion, this study provides compelling evidence that ERIO 
exerts potent anticancer effects in prostate cancer cells by inducing 
apoptosis and paraptosis through the inhibition of the STAT3 pathway 
and the upregulation of SHP-2. The dual targeting of STAT3 and SHP-2, 
along with the induction of oxidative stress, represents a novel and 
effective strategy for overcoming resistance in prostate cancer treat
ment. Future studies should explore the clinical applicability of ERIO, 
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Fig. 5. ERIO increases ROS production. (A) DU145 and PC-3 cells were treated with ERIO (100 μM) or NAC (1 mM) for 24 h and ROS assay was performed. ###p 
< 0.001 vs. non-treated (NT) cells. ***p < 0.001 vs. ERIO-treated cells. (B and C) The cells were treated as described above in panel A, Western blotting for various 
proteins was elaborated. (D) The cells were treated with ERIO (100 μM) for (0, 6, 12, 24, 36, 48 h) and immunoblotting for PARP and Alix was carried out. (E) The 
cells were treated with ERIO (100 μM) or CHX (10 μM) for 24 h. Then, expressions of PARP and Alix were evaluated by Western blot analysis was performed. (F) The 
cells were treated as described above in panel E and MTT assay was carried out. Data represents mean ± SD. ###p < 0.001 vs. non-treated (NT) cells. ***p < 0.001 vs. 
ERIO (100 μM) treated cells. The results shown are representative of the three independent experiments.
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including its efficacy in vivo. Additionally, understanding the precise 
molecular mechanisms and potential side effects will be crucial for the 
development of ERIO as a therapeutic agent.
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