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Abstract
In this study, we have investigated erianin, a natural phenolic drug that impedes prolifera-
tion and metastatic migration through suppression of STAT-3 phosphorylation in human 
esophageal cancer cells. Eca-109 cells were treated with different concentrations of erianin 
(4, 8, 12 µM) for 24 h, and then cell proliferation, apoptosis, and metastatic markers were 
evaluated. Erianin-induced cytotoxicity and cell proliferation were examined using MTT 
and crystal violet staining techniques. The measurement of reactive oxygen species (ROS) 
and the study of apoptotic changes were conducted through flow cytometry. Furthermore, 
protein expression analyses via western blotting included an evaluation of JAK-STAT3, 
cell survival, cell cycle, proliferation, and apoptosis-related proteins. Moreover, erianin 
treatment-associated MMP expressions were studied by RT-PCR. In this study, erianin 
treatment induces substantial cytotoxicity and ROS production based on the concentrations 
in Eca-109 cells. Moreover, erianin inhibits the MAPK phosphorylation, proliferation, and 
metastatic protein in Eca-109 cells. STAT-3 is a crucial transcriptional factor that regu-
lates numerous downstream proteins, such as proliferation, anti-apoptosis, and metastatic 
proteins. In this study, erianin treatment inhibited the protein expression of IL-6, IL-10, 
JAK-1, and p-STAT-3 expressions leading to induce apoptosis in Eca-109 cells. Moreover, 
erianin inhibited the expression of proliferation, metastatic, and anti-apoptotic markers in 
Eca-109 cells. Hence, erianin suppressed the JAK/STAT-3 signaling pathway and demon-
strates potential as a chemotherapeutic agent for the treatment of esophageal cancer.
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Introduction

Esophageal carcinoma (EC) is considered a significant malignant type of cancer that 
originates from the mucosal epithelium of the esophagus organ [1]. The survival rate of 
EC is very low due to the inadequate therapeutic approach and drug resistance. The inci-
dence rate of EC has been documented as the sixth most common type that causes cancer-
associated mortality observed in recent years. According to the International Agency for 
Research on Cancer (IARC), there are 572,034 new cases of esophageal cancer worldwide, 
or 3.2% of all new cases, and 508,585 deaths, or 5.3% of all cancer fatalities [2]. The main 
risk factor for EC reported changes in lifestyle activities such as drinking, frequent smok-
ing, and unhealthy diets [3]. The treatment methods for EC include standard chemotherapy, 
radiotherapy, and surgical resection if chemo or radiotherapy fails [4]. Due to the high fre-
quency of EC metastasis, the 5-year survival rate was 15–25% [5]. Hence, identifying path-
ological mechanisms underlying EC proliferation and metastasis is considered a crucial 
way for preventive and therapeutic strategies.

Reactive oxygen radicals (ROS) are by-products of cell metabolic processes, and their 
levels are controlled to maintain homeostasis [6]. However, an imbalance in intracellular 
ROS levels can lead to oxidative stress and DNA damage, leading to many illnesses [7]. 
ROS can also trigger apoptosis and cell cycle arrest in EC cells by activating mitogen-acti-
vated protein kinases (MAPK) families, including c-Jun N terminal kinases (JNK), extra-
cellular signal-regulated kinase-1 (ERK1), and p38 pathways [8, 9]. These MAPK fami-
lies are responses to activate and phosphorylate numerous transcriptional factors that lead 
to cell differentiation, proliferation, and metastasis [10]. Signal transducer and activating 
transcription-3 (STAT-3), a major protein that acts as the transcriptional role and regulates 
numerous downstream elements [11]. Several researches have proved that the subsequent 
activity and phosphorylation of STAT-3 are implicated in the progression of esophageal 
cancer. Hence, inhibition of STAT-3 could be a possible therapeutical target for inhibiting 
EC proliferation and enhancing the chemotherapy [12].

STAT3 has been directly regulating cellular proliferation and metastasis by enhanc-
ing the expressions of factors such as cyclins and matrix metalloproteinase (MMPs) [13]. 
Moreover, STAT-3 expressions stimulate the G1 phase of the cell cycle, which leads to 
cell proliferation. The constitutive activation of STAT3 upregulates cyclin D1, vascular 
endothelial growth factors (VEGF), MMP-2, MMP-9, and anti-apoptotic proteins are pay-
ing to accelerated cancer cell progression [14]. Chemotherapy represents the primary ther-
apeutic choice, yet the challenges of insufficient treatment approaches and drug resistance 
pose significant obstacles to its success [15]. To address these challenges, natural prod-
ucts can serve as promising chemotherapeutic agents owing to their multifaceted signaling 
capabilities [16].

Erianin is a bis benzyl compound derived from the herb Dendrobium chrysotoxum Lindl 
and has been used in Chinese traditional medicine as an antipyretic and analgesic [17]. 
Erianin possesses several pharmacological roles such as antioxidant, antiviral, improving 
diabetic nephropathy, antibacterial, relaxing bronchial smooth muscle, and anti-tumor [18]. 
Erianin has suppressed the proliferation and migration of liver cancer by regulating pyru-
vate carboxylase in HePG2 cells [18]. Moreover, erianin obstructs bladder cancer cell pro-
gression by stimulating the ferroptosis mechanism and NrF2 signaling [19]. Erianin also 
inhibits MAPK family protein, thereby impeding the growth of human cervical cancer cells 
by regulating p53 [20]. However, erianin treatment on the STAT-3-associated signaling 
axis in EC has not yet been studied. Therefore, in this study, we investigated the role of 
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erianin impedes the proliferation and metastatic role of esophageal cancer by inhibiting 
STAT-3 and associated signaling in Eca-109 cells.

Materials and Methods

Reagents and Chemicals

The components for cell cultures, including DMEM medium, penicillin-streptomycin mix, 
0.25% trypsin-EDTA, PBS, and FBS, were sourced from Invitrogen Life Technologies 
(Carlsbad, CA, USA). Chemicals such as erianin, DCFH-DA, MTT, EtBr, RIPA buffer, 
and AO were obtained from Sigma (St. Louis, MO, USA). Monoclonal antibodies targeting 
cyclin D1, cyclin-E1, p-p38, PCNA, VEGF, p-Jnk1, IL-6, IL-10, JAK-1, p-ERK-1, p38, 
p-STAT-3, and β-actin, along with secondary antibodies, were procured from cell signal-
ing technology. The study necessitated the use of analytical and molecular-grade chemicals 
and solvents.

Cell Culture

The American Type Culture Collection (ATCC) was used to obtain the human esophageal 
cancer Eca-109 cell lines. These cell lines were shown to be mycoplasma-free. Eca-109 
cell lines were grown in culture flasks with DMEM media (Sigma-Aldrich) supplemented 
with 10% fetal bovine serum (FBS; Gibco), 100 U/L penicillin, 100 U/L streptomycin 
(Gibco), and 2 mM L-glutamine (Gibco) in a humidified atmosphere at 37  °C with 5% 
CO2. The erianin was purchased from Sigma-Aldrich, USA, dissolved in 0.05% dimethyl 
sulfoxide (DMSO).

Cytotoxicity Assessment

The cytotoxicity of erianin against Eca-109 cell lines was evaluated using the MTT assay 
as described by Wang et  al., 2022 [21]. Eca-109 cells were cultured in microtiter plates 
with 100 µl of MEM medium, seeded at a density ranging from 5000 to 10,000 cells per 
well, and incubated for 24 h. Following this, the cells were treated with various concentra-
tions of erianin (ranging from 0.078 to 100 µM) and allowed to incubate for 24 and 48 h. 
Afterward, 100 µg of MTT solution was added to each well and incubated at 37 °C for 4 h. 
The resulting purple formazan was dissolved using 100 µl of DMSO after removing the 
MTT reagent, and the absorbance was measured at 570 nm using an ELISA plate reader.

Measurement of Reactive Oxygen Species (ROS)

The assay for cellular ROS detection utilized the DCFH-DA method [22]. Cells were 
seeded at a density of 5 × 105 cells/well in 6-well cell culture plates and incubated over-
night. Subsequently, cells were treated with varying doses of erianin (4, 8, and 12 µM) 
for 24 h. Following treatment, cells were exposed to 10 µM DCFDA for 30 min at 37 °C. 
Afterward, cells were removed and washed with DPBS, and their ROS levels were assessed 
using a FACS Calibur flow cytometer.
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Cell Cycle Analysis

Cells were first seeded into separate Petri dishes and treated with varying concentrations of 
erianin (4, 8, and 12 µM) for a 24-h period. Following treatment, the cells were harvested 
using Trypsin-EDTA and washed with PBS. Subsequently, they were placed in 15 ml coni-
cal tubes containing a growth medium. After collection, the cells were centrifuged at 300 g 
for 10 min at 4  °C and fixed with 70% ethanol for 30 min. Post-fixation, the cells were 
cleaned with PBS and stained using a PI cocktail (50 g/ml PI and 50 g/ml RNase) in dark-
ness at room temperature (20–25 °C) for 30 min. The cell cycle analysis was performed 
using a FACS Calibur flow cytometer (BD Biosciences; Franklin Lakes, NJ, USA).

Apoptosis Assessment

Eca-109 cells were seeded in a 6-well cell culture plate at a density of 5 × 105 cells per 
well. Subsequently, the cells were exposed to varying concentrations (4, 8, and 12 µM) of 
Erianin. After a 24-h incubation period, the cells were harvested, washed twice with PBS, 
and subjected to staining in the presence of FITC, Annexin V, and 7-AAD for 15  min. 
This staining procedure was performed in a light-protected environment at a temperature of 
20–25 °C. The assessment of apoptotic levels was conducted using the FACS Calibur flow 
cytometer.

Western Blot Analysis

Erianin treatment mediated numerous protein expressions were studied by western blot 
[23]. Cellular samples were disrupted using RIPA buffer at 4 °C for 30 min, followed by 
centrifugation at 15,000  g and 4  °C for 20  min to obtain protein-rich supernatant. The 
Bradford protein assay (Bio-Rad, Hercules, CA, USA) determined the total protein con-
centration of the supernatant. Protein samples were triplicate-loaded onto SDS-PAGE gels 
(10–12%) for electrophoretic separation and subsequently transferred to a nitrocellulose 
membrane. Following a 30-min blocking step in TBS-T (0.1%) Tween 20 solution with 
5% skim milk, membranes were incubated overnight at 4  °C with the primary antibody. 
Post dual TBS-T rinses, membranes were exposed to an HRP-linked secondary antibody at 
room temperature for an hour. Chemiluminescence detection utilized Immobilon western 
chemiluminescent HRP substrate (Merck Millipore, Burlington, MA, USA).

Real‑Time PCR Analysis

The isolation of total RNA from Eca-109 cells was conducted using the TRIZOL reagent 
(Invitrogen, Carlsbad, CA, USA), following the guidelines provided by the manufacturer. 
The obtained RNA exhibited an A260/280 ratio ranging from 1.8 to 2.0, as measured using 
the NanoDrop2000 spectrophotometer (Thermo Fischer, USA). For quantitative real-time 
PCR (qRT-PCR), the Stratagene Mx 3000PTM qPCR system (Stratagene, La Jolla, CA, 
USA) was employed. The SYBR RT-PCR kit from Takara Bio (Hilden, China) was used 
for the qRT-PCR assay. The thermal cycling protocol included an initial step of 95  °C 
for 5  min, followed by 40 cycles of 95  °C for 10  s, 60  °C for 30  s, and 72  °C for 6  s. 
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Subsequently, a melting curve analysis was performed with temperature settings of 95 °C 
for 1 min, 55 °C for 30 s, and a final step at 95 °C for 30 s, as outlined in the experimental 
procedure.

Statistical Analysis

The data is presented as mean values ± with standard deviation (SD) and was computed 
utilizing GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA). A one-way 
analysis of variance (ANOVA) was employed to detect statistically significant distinctions 
among the groups. Statistical significance was acknowledged at a p-value of less than 0.05. 
All experiments were conducted in triplicate.

Results

Erianin Elicits Cytotoxicity Effects and Induces ROS Generation in Esophageal 
Cancer Cell Line

In this investigation, the impact of erianin on esophageal cancer cell was examined. Eria-
nin exhibited a potent cytotoxic effect on the tested esophageal cancer cell lines; Fig. 1a 
demonstrates a concentration-dependent decrease in Eca-109 cell viability. The escalating 
concentrations of erianin (ranging from 0.39 to 50 µM) exhibited an enhanced cytotoxic 
effect on Eca-109 cells. The half-maximal inhibitory concentration (IC50) ranged within 

Fig. 1   Erianin elicits cytotoxicity effects and induces ROS generation in the esophageal cancer cell line. 
a Erianin different concentrations ranging from 0.39 to 50 µM serially diluted, and cell cytotoxicity was 
evaluated for 24 h of incubation in Eca-109 cells. b Erianin and their toxicity in normal NIH-3T3 cells were 
studied by MTT assay. c  Flow cytometry analysis indicated that erianin treatment mediated intracellular 
ROS measurement by DCFH-DA staining. In this investigation, results were presented as the mean accom-
panied by the standard deviation obtained from three separate experiments. To discern significant differ-
ences among the groups, a one-way analysis of variance (ANOVA) was applied. Statistical significance was 
acknowledged when the p-value was below 0.05
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the 7 µM respectively, highlighting the potential efficacy of erianin as an anti-cancer agent. 
Furthermore, erianin toxicity was more pronounced in the range of 0.39–50 µM concentra-
tions on Eca-109 cells. Subsequently, concentrations of 4, 8, and 12 µM were chosen for 
subsequent investigations. Moreover, the nontoxic concentration of erianin against normal 
NIH-3T3 cells was studied by MTT cytotoxicity assay. Figure 1b shows that erianin did not 
exhibit cytotoxicity in up to 100 µM concentrations against NIH-3T3 cells. Furthermore, 
the subsequent study explored the influence of erianin treatment led to a marked increase 
in the generation of reactive oxygen species (ROS) in Eca-109 cells, employing DCFH-DA 
staining. The results indicated a substantial increase in DCF fluorescence in Eca-109 cells 
following erianin treatment. The histogram presented a quantitative assessment of ROS 
production in terms of fluorescence intensity, as shown in Fig. 1B. This phenomenon was 
observed in a dose-dependent manner, suggesting a correlation between ROS production 
and erianin-induced cytotoxicity. Notably, the highest fluorescence intensity was observed 
in Erianin-treated Eca-109 cells at the concentration of 12 µM, surpassing other tested con-
centrations. These results emphasize erianin’s pronounced cytotoxic effects on esophageal 
cancer cells and its ability to trigger ROS production, suggesting its potential as a thera-
peutic agent for esophageal cancer treatment.

Erianin Induces G2/M Phase Cell Cycle Arrest in Esophageal Cancer Cells

The impact of erianin treatment on distinct stages of cell cycle arrest in Eca-109 cells was 
investigated via flow cytometry analysis. Figure 2 shows that erianin administration led to 
an accumulation of cells within the G1 phase of the cell cycle for Eca-109 cells. Further-
more, erianin treatment exhibited a concentration-dependent (4 to 12 µM) augmentation in 
the proportion of cells within the G1 phase, elevating the percentage from 42.72 to 51.47%. 
Additionally, the G2/M phase was reduced in Eca-100 cells following erianin treatment 
(p < 0.05). These findings suggest that erianin influence on the cell cycle might result in the 
arrest of cells, specifically at the G2/M phase.

Erianin Induces Apoptosis in Esophageal Cancer Cells

Erianin treatment’s impact on apoptosis in Eca-109 cells was assessed using Annexin V 
and PI double staining to quantify its role. In this study, the pro-apoptotic effects of eria-
nin were explored in esophageal cancer cells over a 24-h period, utilizing concentrations 
spanning the range of 4, 8, and 12 µM. Erianin treatment led to a conspicuous induction of 
apoptosis in the targeted cancer cells shown in Fig. 3. Furthermore, the application of eria-
nin was associated with a significant elevation in the proportions of apoptotic cells among 
the Eca-109 cell population (p < 0.05).

Erianin Suppressed the Phosphorylation of MAPK Proteins in Esophageal Cancer 
Cells

The present study investigated the modulation of MAPK (JNK, p38, and Erk1) protein 
signaling pathways in mediating oxidative stress. Western blot analysis assessed the phos-
phorylation status of JNK, p38, and ERK1 proteins in esophageal cancer cells (Eca-109). 
As depicted in Fig. 4, untreated Eca-109 cells exhibited enhanced levels of phosphorylated 
JNK, p38, and Erk1. Notably, treatment with erianin resulted in a pronounced suppressive 
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effect on the phosphorylation status of JNK, p38, and Erk1 in Eca-109 cells (p < 0.05). 
This effect was evident across a spectrum of erianin concentrations, including 4, 8, and 12 
µM. The concentration at which this suppressive effect was observed provides insight into 
the dose-dependent nature of the interaction between erianin and the MAPK signaling cas-
cade in esophageal cancer cells. These findings suggest that erianin treatment exerts inhibi-
tory effects on oxidative stress pathways.

Erianin Attenuated the Translocation of STAT‑3 in Esophageal Cancer Cells

STAT3 is a pivotal transcription factor activated by specific upstream stimuli like ROS, 
interleukins, and tyrosine kinases, which modulate adverse effects on various proliferation 
and oncogenic proteins. Using western blotting, the impact of erianin treatment on IL-6, 
IL-10, JAK1, and p-STAT-3 expression was investigated in esophageal cancer cells (Eca-
109). Figure 5 illustrates that untreated Eca-109 cells exhibited enhanced levels of IL-6, 
IL-10, JAK1, and p-STAT-3. However, treatment with erianin exhibited a notable attenu-
ation of the expression of IL-6, IL-10, JAK1, and p-STAT-3 in Eca-109 cells (p < 0.05) 
across a range of erianin concentrations, including 4, 8, and 12 µM. These findings suggest 
that erianin treatment hinders the translocation of STAT-3, leading to the inhibition of pro-
liferation and oxidative stress in Eca-109 cells. Notably, erianin demonstrated a particularly 

Fig. 2   Erianin induces G2/M phase cell cycle arrest in esophageal cancer cells. Cells were treated with eria-
nin (4, 8, 12 µM) for 24 h then it was evaluated by different phases of the cell cycle by flow cytometry
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substantial attenuation of STAT-3 translocation at the higher concentration of 12 µM. This 
observation underscores the concentration-dependent nature of erianin effect on the subcel-
lular disruption of STAT-3 in esophageal cancer cells.

Erianin Inhibits Proliferation and Mitigates Anti‑Apoptotic Protein Expression 
in Eca‑109 Cells

The study investigated the impact of erianin treatment on the expression of key prolifera-
tive proteins (Cyclin-D1, Cyclin-E, and VEGF) in Eca-109 esophageal cancer cells through 
Western blotting analysis. Figure  6 indicates untreated Eca-109 cells exhibited elevated 
levels of these proliferative proteins. However, treatment with erianin led to the downregu-
lation of markers (p < 0.05) associated with cell proliferation across concentrations of 4, 8, 
and 12 µM. Additionally, the research examined the effect of erianin treatment on apoptotic 
protein expression (Mcl-1 and Bcl-2) in the Eca-109 cells. Furthermore, untreated Eca-109 
cells exhibited elevated levels of these anti-apoptotic proteins. Remarkably, erianin treat-
ment showed a discernible effect on the expression of anti-apoptotic markers, specifically 
Mcl-1 and Bcl-2. Erianin’s application led to a marked reduction in the expression of these 

Fig. 3   Erianin treatment associated apoptosis assessment in esophageal cancer. Eca-109 cells were treated 
with varying concentrations (4, 8, and 12 µM) of erianin for a 24-h incubation period, and it was subjected 
to staining in the presence of FITC, Annexin V to confirm the apoptosis nature of cells. The assessment of 
apoptotic levels was evaluated by the FACS Calibur flow cytometer
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proteins, highlighting its potential role in counteracting cellular resistance to apoptosis in 
Eca-109 cells.

Erianin Inhibits the Metastatic Gene Expressions in Esophageal Cancer Cells

The investigation focused on elucidating the impact of erianin on the expression of meta-
static genes within esophageal cancer cells through mRNA analysis. Figure 7 demonstrated 

Fig. 4   Erianin suppressed the phosphorylation of MAPK proteins in esophageal cancer cells. a Western 
blot analysis evaluating the phosphorylated expression of Erk1, Jnk1, p38 in erianin treatment and without 
treated Eca-109 cells. b–d The bar diagram indicated Erk1, Jnk1, and p38 protein expression band intensi-
ties normalized by the internal control β-actin. In this investigation, results were presented as the mean 
accompanied by the standard deviation, obtained from three separate experiments. To discern significant 
differences among the groups, a one-way analysis of variance (ANOVA) was applied. Statistical signifi-
cance was acknowledged when the p-value was below 0.05
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that untreated Eca-109 cells exhibited elevated levels of these metastatic gene expressions. 
However, treatment with erianin exhibited a discernible inhibitory effect on the expression 
of genes associated with metastatic processes. This effect was consistently observed across 
a range of erianin concentrations, including 4, 8, and 12 µM. The observed attenuation in 
the expression of metastatic genes underscores erianin’s potential as a regulator of cellular 
pathways implicated in the metastatic cascade in Eca-109 cells.

Discussion

In this study, we examined the molecular mechanisms underlying the anti-cancer effects of 
erianin, a naturally occurring dibenzyl compound, on esophageal cancer cells. We observed 
that erianin could block the STAT-3 signaling pathway, leading to apoptosis in esophageal 
cancer cells. One of the deadliest cancers, esophageal cancer, has a poor prognosis and few 
available treatments [24]. STAT-3 is frequently activated in esophageal cancer, promoting 
tumor survival, growth, angiogenesis, and metastasis [25]. Hence, STAT-3 overexpres-
sion is thought to be a crucial target for the identification of new therapeutical molecules 

Fig. 5   Erianin attenuated the translocation of STAT-3 in esophageal cancer cells. a Western blot analysis 
evaluating the protein expression of IL-6, IL-10, JAK-1, and p-STAT-3 in erianin treatment and without 
treated Eca-109 cells. b–d The bar diagram indicated IL-6, IL-10, JAK-1, and p-STAT-3 protein expres-
sion band intensities normalized by the internal control β-actin. In this investigation, results were presented 
as the mean accompanied by the standard deviation, obtained from three separate experiments. To discern 
significant differences among the groups, a one-way analysis of variance (ANOVA) was applied. Statistical 
significance was acknowledged when the p-value was below 0.05
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Fig. 6   Erianin attenuated the proliferative protein expressions in Eca-109. a Western blot analysis evaluat-
ing the protein expression of cyclin-D1, cyclin-E1, VEGF, Mcl-1, and Bcl-2 in erianin treatment and with-
out treated Eca-109 cells. b–f Bar diagram indicated cyclin-D1, cyclin-E1, VEGF, Mcl-1, and Bcl-2 pro-
tein expression band intensities normalized by the internal control β-actin. This study provided data using 
mean ± standard deviation from 3 independent experiments. A one-way analysis of variance (ANOVA) 
was employed to detect statistically significant distinctions among the groups. Statistical significance was 
acknowledged at a p-value of less than 0.05

Fig. 7   Erianin impedes metastatic gene expressions in Eca-109. RT-PCR analysis evaluating the mRNA 
expression of MMP-2, MMP-9, and MMP-12 in erianin treatment and without treated Eca-109 cells. The 
MMP-2, MMP-9, and MMP-12 mRNA expression were normalized by the internal control GAPDH. This 
study provided data using mean ± standard deviation from 3 independent experiments. A one-way analysis 
of variance (ANOVA) was employed to detect statistically significant distinctions among the groups. Statis-
tical significance was acknowledged at a p-value of less than 0.05
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against esophageal cancer. Erianin belongs to A dibenzyl drug extracted from Dendrobium 
officinale and Dendrobium chrysotoxum, commonly used in traditional Chinese medicine 
[17]. In this investigation, we elucidated the capacity of erianin to enhance cellular toxic-
ity in esophageal carcinoma cells in a dose-dependent manner. Notably, erianin exhibited 
an IC50 value of 7.0 µM. Moreover, the viability of human osteosarcoma and EJ bladder 
cancer cells diminished significantly upon exposure to erianin. This effect was observed to 
be both time- and dose-dependent, with an IC50 value of 65.04 mM/L after 48 h [26]. The 
research findings underscore that erianin’s robust anti-proliferative properties against Eca-
109 cancer cells.

In response to genotoxic stress induced by various agents such as ultraviolet irradiation, 
alkylating agents, biphenyls, and ionizing radiation, cells undergo apoptosis and arrest in 
the cell cycle [27]. A multitude of phytochemicals have been identified to elicit cell cycle 
arrest and apoptosis in neoplastic cells [28]. Erianin, in particular, has demonstrated its 
ability to provoke early and late-stage apoptosis and impede cell cycle progression at the 
G2/M checkpoint in diverse cancer cell types [29]. Flow cytometric analyses revealed that 
erianin-induced G2/M phase arrest in Eca-109 cells was characterized by heightened pro-
portions of cells in the G0/G1 and S phases, coupled with a reduction in the population of 
cells in the G2/M phase.

Cyclin D1 and Cyclin E1 are recognized as proliferative indicators, orchestrating the 
activity of cyclin-dependent kinases 4 and 6 (CDK4/CDK6) to govern the transition of the 
cell cycle from G1 to the S phase. Enhanced expression or activation of these proteins has 
been correlated with growth factor induction in human malignancies [30]. In this present 
investigation, our observations unveil that erianin induces a reduction in the levels of cyclin 
D1, cyclin E1, and VEGF within Eca-109 cells. Previously, erianin administration induced 
a substantial upregulation in the expression of p53, cyclin B1, p21, and p27, while concur-
rently leading to a significant downregulation in the mRNA levels of CDK1 and CDK7 
[31]. These observations underscore the capability of erianin to enhance the expression of 
p21, p27, and related genes, resulting in the suppression of cyclin-CDK complex activation 
and the subsequent induction of G2/M phase cell cycle arrest [31].

The MAPK pathway represents a conserved signaling cascade governing cellular 
responses to extracellular cues such as stress, cytokines, and growth factors. Dysregulation 
of this pathway has been implicated in various pathologies, notably cancer [32]. Inhibi-
tion of MAPK pathway in esophageal cancer cells using erianin was observed to impede 
MAPK protein phosphorylation, potentially via oxidative stress attenuation. Western blot 
analysis indicated significant reductions in phosphorylated JNK, p38, and ERK-1 proteins. 
These results concur with earlier studies demonstrating erianin capacity to hinder ERK 
pathway activation in diverse cancer cells, yielding various biological effects, notably anti-
tumor properties [33]. Prior research supports erianin apoptosis induction, along with its 
capability to curb the proliferation and migration of diverse cancer cells [18, 19]. Given 
these findings, erianin emerges as a promising candidate for esophageal cancer therapy 
through MAPK pathway modulation.

Intracellularly, cellular systems maintain homeostasis of reactive oxygen species (ROS). 
Elevated ROS levels, however, can induce oxidative stress, eliciting detrimental effects 
on cellular macromolecules such as proteins, lipids, and DNA [34]. The resultant cellu-
lar damage may lead to cell cycle arrest, programmed cell death, or apoptosis [35]. Eria-
nin, a phytoconstituent, has been observed to enhance ROS generation [26]. Nonetheless, 
in osteosarcoma cells, the suppressive impact of erianin on cell proliferation, apoptosis, 
and autophagy can be significantly counteracted by pre-administration of the ROS-inhib-
iting agent, NAC [36]. Our experimental findings demonstrate that erianin treatment in 
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esophageal cancer cells escalates levels of ROS in a dose-dependent manner, leading to 
diminished antioxidant capacity and heightened lipid peroxidation, ultimately culminating 
in a state of oxidative stress. Notably, Eca-109 cancer cells exhibited a pronounced eleva-
tion in ROS levels upon exposure to 12 µM erianin.

Tyrosine kinases, interleukins, and interferons are upstream activators of the oncogenic 
transcription factor STAT3. Proteins belonging to the MAPK family trigger the activa-
tion of STAT3 signaling in various cell types. Erk1 phosphorylates STAT3 at serine 727 
(Ser727), promoting the translocation of STAT3 both in in vitro and in vivo models [37]. 
Negative regulators of STAT3 activation also play a role in controlling the transcription of 
various proliferative genes [14]. Previous study demonstrates that inhibiting the overex-
pression of IL-6 and JAK-1 in ovarian cancer cells, which initiate STAT-3 translocation, 
results in the modulation of proliferation, angiogenesis, and apoptosis [38]. In this study, 
we have observed that erianin treatment substantially inhibits the JAK/STAT-3 signaling 
by observing the decreased expression of IL-6, IL-10, JAK-1, and p-STAT-3 in Eca-109. 
Previously, plumbagin belonged to the natural drug that inhibits esophageal cancer prolif-
eration by diminishing the expression of STAT-3 signaling. Hence, natural drugs can have 
a strong binding interaction with STAT-3, suppressing the expressions [39].

Matrix metalloproteinases (MMPs) hold a pivotal role in facilitating tumor metastasis, 
as they govern the degradation of the extracellular matrix and modulation of cell adhe-
sion mechanisms, thereby promoting the invasiveness and metastatic potential of tumor 
cells [40]. The overexpression of MMPs has been regulated by the STAT-3, and numerous 
reports have documented that inhibition of STAT-3 plays to downregulates the expression 
of MMPs. In this study, we have obtained that erianin treatment effectively downregulated 
the mRNA expression of MMP-2, MMP-9, and MMP-12 in Eca-109 cells. Previously, 
STAT3 null does not induce the expression of VEGF, MMP-2, and MMP-9 in hepatocel-
lular carcinoma cells [41]. Hence STAT-3 inhibitions are a crucial target for the treatment 
of esophageal cancer. Based on the above results, erianin, a natural product, substantially 
inhibits the phosphorylation of STAT-3, thereby impeding the proliferation, metastasis, 
and anti-apoptosis marker expressions in esophageal cancer. These qualities make erianin 
a promising and novel therapeutic option for esophageal cancer, addressing the current 
lack of treatment choices. As such, erianin emerges as a potential candidate for combat-
ing tumor invasion, metastasis, and anti-apoptotic processes, suggesting potential clinical 
applications in the future. Nevertheless, it’s important to note that further research using 
experimental animal models is necessary to delve deeper into erianin’s effects and recog-
nize that STAT-3 inhibition does have its limitations. Additional investigations into eria-
nin’s drug metabolism, pharmacokinetics, and pharmacodynamics are essential to deter-
mine its suitability for use in esophageal cancer models and its potential therapeutic value.

Conclusion

This study finding concluded that erianin exhibited significant inhibitory effects on the pro-
liferation and migratory capabilities of the esophageal cancer cell line. We have observed 
that erianin treatment substantially induces cytotoxicity, ROS, and apoptosis in esophageal 
cancer cells. Moreover, erianin inhibits the proliferation, metastatic, and anti-apoptosis 
genes by diminishing the expression of IL-6/JAK1/STAT3 expression in esophageal can-
cer. The outcomes of this investigation suggest that erianin holds considerable promise as a 
prospective therapeutic agent for addressing esophageal cancer, a malignancy characterized 
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by its aggressive nature and limited therapeutic avenues. Nonetheless, further comprehen-
sive preclinical and clinical investigations are imperative to validate erianin therapeutic 
potential and ascertain its safety profile and efficacy in human subjects.
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