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Oxymatrine inhibits the development  
of radioresistance in NSCLC cells by reversing  
EMT through the DcR3/AKT/GSK-3β pathway

Jianming Tang, Yu Cao, Hong Zhang, Rui Wang*

A b s t r a c t

Introduction: Lung cancer is the leading cause of cancer-associated mortal-
ity globally. In particular, non-small cell lung cancer (NSCLC) constitutes the 
largest percentage of all cases of lung cancer. In clinical practice, radioresis-
tance contributes to poor responses to radiotherapy. Therefore, the demand 
remains to explore potential novel and effective mechanism underlying ra-
dioresistance to improve the efficacy of radiotherapy for NSCLC. 
Material and methods: Western blotting was conducted to quantify the 
protein expression of epithelial-mesenchymal transition markers E-cadherin 
and vimentin in the A549 cell line. The proliferation of A549 cells was mea-
sured using the Cell Counting Kit-8 and colony forming assays. In addition, 
the apoptosis of A549 cells was analyzed by flow cytometry. Invasion and 
migration by NSCLC cells were quantified using Transwell and wound heal-
ing assays. Plasmids were used to overexpress decoy receptor 3 (DcR3) in 
A549 cells. Xenograft models were established to measure the extent of 
NSCLC tumor growth in vivo.
Results: Our study clarified the activation of the DcR3/protein kinase B 
(AKT)/glycogen synthase kinase 3β (GSK-3β) pathway in radioresistant  
NSCLC cells. Oxymatrine (OMT) treatment restored radiosensitivity and in-
hibited irradiation-induced epithelial-mesenchymal transition (EMT), inva-
sion and migration in NSCLC cells through the DcR3/AKT/GSK-3β pathway 
in vitro. By contrast, OMT treatment promoted the suppressive effects of ra-
diation on the weight and volume of the xenograft tumors in animal models.
Conclusions: OMT suppressed the development of radioresistance in NSCLC 
cells by promoting radiosensitivity, through the reversal of EMT process by 
inhibiting the DcR3/AKT/GSK-3β pathway.

Key words: non-small cell lung cancer, oxymatrine, invasion, migration, 
A549 cell, xenograft.

Introduction

Lung cancer is the leading cause of cancer-associated mortality glob-
ally [1]. In particular, non-small cell lung cancer (NSCLC) constitutes the 
largest histological subtype of lung cancer, accounting for > 80% of all 
cases of lung cancer [2]. It has been previously reported that radiothera-
py confers a degree of clinical benefit on patients with NSCLC [3]. How-
ever, the majority of patients with NSCLC will eventually succumb to 
this disease despite undergoing radiotherapy. In addition, resistance to 
radiotherapy contributes to the poor prognosis. Therefore, it remains of 
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importance to unravel novel and effective mecha-
nisms underlying radioresistance to improve the 
efficacy of radiotherapy for NSCLC. 

Oxymatrine (OMT), a  quinolizidine alkaloid 
that can be extracted from the roots of the tradi-
tional Chinese herb Sophora flavescens Aiton, has 
recently attracted the attention of the scientif-
ic community due to its therapeutic effects on 
a  number of diseases [4]. During NSCLC patho-
genesis, OMT has been found to function as a tu-
mor suppressor. OMT has been found to suppress 
the activation of epidermal growth factor recep-
tor (EGFR) signaling to inhibit the proliferation of  
NSCLC [5]. Additionally, OMT has been reported ex-
ert a protective effect against NSCLC development 
through upregulating miR-367-3p expression to 
downregulating serum/glucocorticoid-regulated 
kinase member 3 [6]. These emerging evidences 
suggests that OMT may exert protective impacts 
against NSCLC.  however, the specific effects of 
OMT on NSCLC radioresistance remain unclear.

Decoy receptor 3 (DcR3), also known as TR6, 
M68 or tumor necrosis factor (TNF) receptor su-
perfamily (TNFSR) member 6B, is a soluble recep-
tor that is also part of the TNFSR family. DcR3 is 
a secreted protein that does not have transmem-
brane domains [7]. At present, three ligands of 
DcR3 have been discovered, including Fas ligand, 
TNF superfamily member 14 and TNF-like ligand 
1A, which can suppress apoptosis, regulate the 
immune system and inhibit angiogenesis, respec-
tively [7–9]. however, DcR3 is expressed at negligi-
ble levels in normal tissues, such that its aberrant 
expression  has been reported to be associated 
with various types of malignancies. A  previous 
clinical study of 365 cases has demonstrated that 
DcR3 may participate in the tumorigenesis and 
deterioration of lung cancer [10]. Despite this, the 
specific function of DcR3 in NSCLC remains poor-
ly understood. Therefore, in this study we aim to 
clarify the function of DcR3 in the radiosensitivity 
of NSCLC and its EMT mechanism.

In the present study, we aimed to explore the 
impact of OMT treatment on the radiosensitivity 
of NSCLC. In addition, we planned to clarify the 
role of the DcR3/protein kinase B (AKT)/glycogen 
synthase kinase 3β (GSK-3β) pathway in the ra-
dioresistance of NSCLC and irradiation-induced 
EMT in NSCLC cells. AKT signaling pathway plays 
an important role in the development of cancer. It 
was reported that Glucose fluctuation aggravates 
mesangial cell apoptosis, which may be partly 
induced by activating oxidative stress and inhib-
iting the AKT signaling pathway [11]. GSK-3β is 
involved in transcriptional activation, cell prolifer-
ation, cell differentiation and cell movement and 
other physiological processes [12]. Results from 
this study might indicate the effect and mech-

anism of OMT treatment on radiosensitivity of 
NSCLC cells. These findings may be beneficial for 
deepening the understanding into the effects of 
OMT treatment on radioresistance in NSCLC cells.

Material and methods

Experiment design

To investigate the effect of OMT treatment on 
radioresistance in NSCLC cells, we first established 
radioresistant A549 cells using an X-RAD 225 irra-
diator. Subsequently, we measured the expression 
of EMT proteins in A549 cells to see whether EMT 
was activated in radioresistant A549 cells. Next, 
we treated radioresistant A549 cells with OMT 
to see whether it restored the radiosensitivity of  
NSCLC cells by inhibiting cell colony formation, 
proliferation, EMT, invasion and migration and 
promoting cell apoptosis. To investigate the under-
lying mechanism of OMT treatment on radioresis-
tance in NSCLC cells, we measured the changes 
of DcR3/AKT/GSK-3β signaling in radioresistant 
NSCLC cells. After we confirmed that DcR3/AKT/
GSK-3β signaling was activated in radioresistant 
NSCLC cells, we inhibited the DcR3/AKT/GSK-3β 
signaling and examined effect of OMT treatment 
on the radiosensitivity, irradiation-induced EMT 
and invasion in NSCLC cells. Finally, we tested the 
effect of OMT on the tumor growth in radioresis-
tant xenograft models.

Cell culture

The A549 cell line was purchased from the Cell 
Bank of the Chinese Academy of Sciences and cul-
tured in RPMI-1640 medium (Hyclone; Cytiva) sup-
plemented with 10% FBS (#12483020, Gibco; Ther-
mo Fisher Scientific, Inc., Cleveland, OH, USA). Cells 
were seeded into T-75 flasks and incubated under 
5% CO

2 atmosphere at 37°C. OMT (purity ≥ 98%) 
and the AKT inhibitor MK-2206 were obtained from 
MedChemExpress (#HY-108232, Monmouth Junc-
tion, USA). In some experiments, A549 cells were 
treated with 2 mM OMT or 20 μM MK-2206. 

Establishment of radioresistant A549 cells

To investigate the impact of OMT on the de-
velopment of radioresistant NSCLC cells, we per-
formed cell irradiation on the A549 cell lines using 
an X-RAD 225 irradiator. After ~12 days, we mea-
sured the proliferation of A549 cells using CCK-8 
assays. We used an X-RAD 225 irradiator (Preci-
sion X-ray) to perform irradiation. Briefly, a dose 
of 2 Gy (3.2 Gy/min; 13.3 mA; 225 kV; 2-mm Al 
filter) radiation was delivered to A549 cells at 
50% confluency at room temperature, before they 
were passaged in new flasks to ~80% confluence. 
Afterwards, this 2-Gy radiation was delivered re-
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peatedly to the cells at 50% confluency until a cu-
mulative dose of 60 Gy  has been administered. 
In parallel, parental cells that were not irradiated 
were cultured and passaged simultaneously.

Procedures of siRNA treatment

A549 cells were transfected with the specific 
siRNA (DcR3 siRNA, Akt siRNA, or GSK-3β siRNA)  
using Transfection Reagent from TransGen Bio-
tech, Co., Ltd. (China) following the manufactur-
er’s instruction. The plasmid vector of pGCSi- 
U6-Neo-GFP-NegConshRNA was used as the neg-
ative control (NC siRNA). The RPMI 1640 medi-
um with 5% FBS was changed to antibiotic-free 
growth media on day 1 of A549 cells. The next day, 
siRNA (50 nM) was transfected using Transfection 
Reagent. Six hours after transfection, RPMI 1640 
containing 6% FBS was added to each well to a final  
concentration of 2% FBS. The interval between 
transfection and subsequent experimentation 
was 2 weeks.

Apoptosis assay

A549 cells were incubated in 96-well plates  
(1 × 104 cells/well), before they were treated with 
OMT or MK-2206 at final concentrations for 24 h. 
The cell apoptotic rate was quantified using an An-
nexin V-FITC Apoptosis Detection Kit (#KGA1014, 
Nanjing KeyGen Biotech Co., Ltd. Nanjing, China). 
Briefly, cells were harvested and stained with An-
nexin V-FITC (10 μl) and propidium iodide (5 μl). 
The degree of cell apoptosis was measured using 
the BD FACScan® flow cytometer (BD Biosciences, 
Inc., San Jose, CA, USA).

Cell viability assay

The cell viability of A549 cells was assessed 
using a  Cell Counting Kit-8 (CCK-8) Assay 
(#ab228554, Abcam, Cambridge, MA, USA). Brief-
ly, A549 cells were treated with OMT or MK-2206 
at their final concentrations for 24 h. Each group 
of cell suspensions was then divided into 96-well 
plates (5 × 104 cells/ml) suspended in RPMI-1640 
medium (Sigma, USA) for 24 h. We then changed 
the medium to a mixture of 90 μl fresh medium 
containing 5 μl of the CCK-8 solution. Subse-
quently, the 96-well plates were incubated for 2 h 
at room temperature, before the optical density 
value was measured in each well at 450 nm us-
ing a microplate reader (BioTek Instruments, Inc., 
Winooski, VT, USA; Agilent Technologies, Inc., San-
ta Clara, CA, USA).

Transwell assay

Cells were suspended in RPMI-1640 medium 
(Sigma, USA) and added at 2 × 104 cells into an 

insert (Corning, Inc., Corning, NY). First, we used 
Matrigel (Sigma-Aldrich; Merck KGaA, St. Louis, 
MO. USA) to precoat the upper membrane. The 
bottom of the chambers was then filled with 
500  μl RPMI-1640 medium containing 5% FBS 
(Gibco; Thermo Fisher Scientific, Inc., Cleveland, 
OH, USA) to be the chemoattractant. After 48 h, 
we used a cotton swab to wipe away the cells that 
did not invade. The invasive cells on the bottom of 
the chambers were then fixed using 8% parafor-
maldehyde. Visualization of the invasive cells was 
performed by staining the cells with 0.1% crystal 
violet followed by imaging under the microscope 
(Carl Zeiss AG, Jena, Germany).

Western blotting 

Epithelial-mesenchymal transition is a process 
in which epithelial cells acquire the phenotype of 
mesenchymal stem cells, which has been reported 
to be associated with the development of drug re-
sistance and tumor growth [13, 14]. To verify the 
effect of irradiation on NSCLC cells, we treated 
the A549 cells with different doses of irradiation  
(0, 10, 20, 30, 40 and 50 Gy) before evaluating 
the expression of EMT markers E-cadherin, N-cad-
herin, Vimentin, twist and snail1 in each group of 
cells. We used the radioimmunoprecipitation assay 
buffer (Sigma-Aldrich; Merck KGaA) to extract pro-
tein samples from the cultured cells or xenograft 
tumors. The proteins were separated using SDS-
PAGE before being transferred onto PVDF mem-
branes (Cytiva, USA). Specific primary antibodies 
were then incubated with the membranes at 4°C 
overnight. The following day, the membranes were 
washed three times and incubated with the sec-
ondary antibodies at room temperature for 2  h. 
Protein bands were visualized using chemilumi-
nescence reagents (Absin Bioscience, Inc., Shang-
hai, China). Band intensities were quantified using 
the Image-Pro Plus 6.0 software (Media Cybernet-
ics, Inc.). GAPDH was used for normalization. The 
antibodies used in this study were listed in Table I.

Colony formation assay

For colony formation, A549 cells were cultured in 
an incubator containing 5% CO2 at 37°C. The cells 
were then treated with either OMT or MK-2206 at 
final concentrations for 24 h. Afterwards, A549 cells 
were seeded into six-well plates (500 cells/well). 
After 2 weeks, the cells were fixed in 4% metha-
nol and stained with 0.2% crystal violet, before the 
number of colonies formed was counted.

Wound healing assay

After cells were allowed to attach and grew to 
90% confluency, a scratch was made through the 
confluent cell monolayer using a 200-μl sterile pi-
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pette tip. PBS was then used to wash away any 
suspended cells. Images were taken using an Axio 
Scope A1 optical microscope (Carl Zeiss AG, Jena, 
Germany) 0 and 24 h after wounding.

Cell transfection

The overexpression vectors for DcR3 were con-
structed by Shanghai GeneChem Co., Ltd. After 
the cell density reached 70–90%, the plasmids 
were transfected into the cells using the Lipofect-
amine 3000 reagent (Thermo Fisher Scientific, 
Inc., Cleveland, OH, USA). After 48 h, the cells were 
collected and treated with cell irradiation.

Animal experiments

BALB/c nude mice (4 weeks old) were purchased 
from the Experimental Animal Centre of The Third 
Affiliated hospital of Chongqing Medical University 
(Chongqing, China). The mice were cultured under 
specific-pathogen-free conditions. For xenograft tu-
mor development, irradiation-resistant A549 cells 
were collected (1 × 107 cells in 100 μl) and subcu-
taneously injected. We then measured the weight 
of tumor every 4 days. After 24 days, we euthana-
tized the mice by CO2 inhalation and pentobarbital 
sodium injection (i.p., 100 mg/kg) before collecting 
to evaluate their sizes. The samples were stored at 
–80°C until further analysis.The entire experimental 
protocol adhered to the ‘Guide for the Care and Use 
of Laboratory Animals, 8th edition.

Statistical analysis

All data were analyzed using the SPSS 21.0 Soft-
ware (IBM Corp.). Data are presented as the mean 

± standard deviation. P < 0.05 was considered to 
indicate a statistically significant difference. 

Results

Establishment of the radioresistant NSCLC 
cells

Compared with that in normal A549 cells, cell 
viability was increased after irradiation treatment 
(Figure 1 A). Subsequently, we measured the ex-
pression of proliferative markers E-cadherin and 
Vimentin in A549 cells. The protein expression 
of E-cadherin was decreased whereas that of vi-
mentin was increased in irradiated A549 cells (Fig-
ures 1 B, C). 

We evaluated the expression of EMT markers 
E-cadherin, N-cadherin, vimentin, twist and snail1 
in each group of cells. The results demonstrat-
ed that the protein expression of these markers 
was changed in a  dose-dependent manner (Fig-
ures  1  D–G). Furthermore, we also utilized Tran-
swell invasion and wound healing assays to assess 
the invasive and migratory capabilities of A549 
cells. The invasion and migration of A549 cells 
were increased after cell irradiation (Figures 2 A–E). 

OMT treatment restores the radiosensitivity 
of NSCLC cells by inhibiting cell colony 
formation, proliferation and promoting  
cell apoptosis

After successfully establishing the radioresistant 
NSCLC cells, we investigated the effects of OMT 
treatment on the radiosensitivity of NSCLC cells. 
Firstly, we measured the degree of colony forma-
tion by the A549 cells using colony formation assay. 

Table I. Antibodies used in the study

Reagent Source Identifier

Primary antibodies:

Anti-E-cadherin antibody, rabbit monoclonal Abcam ab40772

Anti-vimentin antibody, rabbit monoclonal Abcam ab92547

Anti-N-cadherin antibody, rabbit monoclonal Abcam ab76011

Anti-Twist, mouse monoclonal Abcam ab50887

Anti-Snail antibody, rabbit monoclonal Abcam a216347

Anti-DcR3 antibody, mouse monoclonal Abcam ab233816

Anti-Akt antibody, rabbit polyclonal Cell signaling technology #9272

Anti-Phospho-Akt antibody, rabbit monoclonal Cell Signaling Technology #4060

Anti-GSK-3β antibody, rabbit monoclonal Cell Signaling Technology #12456

Anti-Phospho-GSK-3β antibody, rabbit monoclonal Cell Signaling Technology #5558

Anti-β-actin antibody, rabbit polyclonal Affinity AF7018

Secondary antibodies:

Goat Anti-Rabbit IgG h&L (HRP) Abcam ab97051

Goat Anti-Rat IgG h&L (Alexa Fluor® 647) Abcam ab150167
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Figure 1. Establishment of radioresistant non-small-cell lung cancer cells. A – Viability of A549 cells after irradiation 
was analyzed using the Cell Counting Kit-8 assay. B, C – Protein expression of E-cadherin and Vimentin in A549 
cells after irradiation. β-actin was used for normalization. D–G – The protein expression of epithelial-mesenchymal 
transition markers E-cadherin, N-cadherin, vimentin, twist and snail1 was measured after different doses of cell 
irradiation. β-actin was used for normalization. Each experiment was performed three times and the data are 
presented as the mean ± standard deviation

*p < 0.05 compared to A549 cell group. #p < 0.05 compared to 0 Gy group. N = 10.
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As shown in Figures 3 A, D, comparing with that in  
the control group, OMT treatment could significant-
ly inhibit colony formation by A549 cells in vitro. 
CCK-8 assay also revealed that the proliferation of 
radioresistant A549 cell lines can be suppressed 
by OMT treatment (Figure 3 B). The apoptosis of 
A549 cells after irradiation was next quantified. 
OMT treatment was demonstrated to aggravate 
the extent of cell apoptosis in vitro (Figures 3 C, E). 
The apoptosis related proteins (Bcl-2, Bax, cleaved 
caspase-3, pro-caspase-3, cleaved caspase-8, pro-
caspase-8, cleaved caspase-9, pro-caspase-9) were 
measured using western blot (Figure 4). Figu- 
res 4 A, B showed that the expression of Bcl-2 was 

significantly decreased in the OMT group (p < 0.05), 
while the expression of Bax was significantly in-
creased in the OMT group (p < 0.05). Figures 4 C, D  
showed that the ratios of cleaved caspase-3/pro-
caspase-3, cleaved caspase-8/pro-caspase-8, and 
cleaved caspase-9/pro-caspase-9 were all signifi-
cantly increased in the OMT group (p < 0.05).

OMT treatment suppresses irradiation-
induced EMT, invasion and migration  
by NSCLC cells

As radioresistant A549 cells have likely acquir-
ed the mesenchymal phenotype, we next investi-
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Figure 2. Radioresistant non-small-cell lung cancer cells exhibit stronger invasion and migration capabilities.  
A–C – Invasion by the A549 cells after different doses of cell irradiation was analyzed using the Transwell assay.  
D, E – The migration of A549 cells after different doses of cell irradiation was measured using wound healing assay. 
Each experiment was performed three times and the data are presented as the mean ± standard deviation

*p < 0.05 compared to A549 cell group. N = 10.
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gated the impact of OMT on irradiation-induced 
EMT in NSCLC cells. After treatment with OMT, 
E-cadherin expression was upregulated where-
as vimentin expression was downregulated (Fig-
ures 5 A–C). These evidences suggest that OMT 
treatment can suppress irradiation-induced EMT 
in NSCLC cells. Subsequently, we performed 
Transwell invasion and wound  healing assays 
to analyze their invasive and migratory capabil-
ities in each A549 cell group. The irradiation-in-
duced invasion and migration by A549 cells 
was found to be suppressed by OMT treatment  
(Figures 5 D–F).

DcR3/AKT/GSK-3β signalling is activated  
in radioresistant NSCLC cells

A previous clinical study of 365 cases found that 
DcR3 is associated with the tumorigenesis and 
deterioration of lung cancer [15]. In addition, AKT/
GSK-3β was found to be one of the downstream 
components of DcR3 [16]. Therefore, we explored 
the effect of the DcR3/AKT/GSK-3β pathway on 
the development of radioresistance in NSCLC  
cells. After cell irradiation, the DcR3/AKT/GSK-3β 
pathway in A549 cells was markedly activated in 
a  dose-dependent manner (Figures 6 A–C). We 
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Figure 4. Oxymatrine treatment changed the expression of apoptosis-related proteins. A  – The Representative 
western blots of Bcl-2 and Bax in A549 cells. B – The relative expression of Bcl-2 and Bax in A549 cells. C – The 
representative western blots of Bax, Bcl-2, cleaved caspase-3, pro-caspase-3, cleaved caspase-8, pro-caspase-8, 
cleaved caspase-9, pro-caspase-9 in A549 cells. D – The relative expression of Bax, Bcl-2, cleaved caspase-3, pro-
caspase-3, cleaved caspase-8, pro-caspase-8, cleaved caspase-9, pro-caspase-9 in A549 cells. Each experiment was 
performed three times and measured data are presented as the mean ± standard deviation 

OMT – oxymatrine, #p < 0.05 compared to vehicle group. N = 10.
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OMT treatment was analyzed using the Transwell invasion assay. F – The igration of A549 cells after cell irradiation 
and OMT treatment was analyzed using wound healing assay. Each experiment was performed three times and 
the data are presented as the mean ± standard deviation

OMT – oxymatrine, EMT – epithelial-mesenchymal transition, #p < 0.05 compared to vehicle group. N = 10.

A
E-cadherin

Vimentin

β-actin

 Vehicle OMT Vehicle OMT

 A549 A549/IR



Jianming Tang, Yu Cao, Hong Zhang, Rui Wang

1640 Arch Med Sci 5, October / 2024

Figure 6. DcR3/AKT/GSK-3β signaling is activated in radioresistant non-small-cell lung cancer cells. A–C – Activity 
of the DcR3/AKT/GSK-3β pathway after different doses of cell irradiation. β-actin was used for normalization. 
D–F – Activity of the DcR3/AKT/GSK-3β pathway after cell irradiation. β-actin was used for normalization. Each 
experiment was performed three times and the measured data are presented as the mean ± standard deviation

DcR3 – decoy receptor 3, AKT – protein kinase B, GSK-3 – glycogen synthase kinase-3β, *p < 0.05 compared to A549 cell group, 
#p < 0.05 compared to 0 Gy group. N = 10.
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then measured the activity of DcR3/AKT/GSK-3β 
signaling in radioresistant A549 cells, which was 
found to be significantly activated in radioresis-
tant A549 cells (Figures 6 D–F). 

OMT treatment restores radiosensitivity in 
NSCLC cells and inhibits irradiation-induced 
EMT, invasion and migration through  
the DcR3/AKT/GSK-3β pathway

Subsequently, we analyzed the effects of OMT 
on irradiated NSCLC cells with focus on the DcR3/
AKT/GSK-3β axis in vitro. As shown in Figures 7 
A–C, activation of the DcR3/AKT/GSK-3β axis was 
revealed to be significantly inhibited in radioresis-
tant A549 cells after treatment with OMT. These 
findings suggest that OMT treatment can suppress 
the activation of DcR3/AKT/GSK-3β signaling in ra-
dioresistant NSCLC cells. To explore the role of the 
DcR3/AKT/GSK-3β pathway in radioresistant NSCLC 
cells, we treated radioresistant A549 cells with the 
specific siRNA (DcR3 siRNA, Akt siRNA, or GSK-3β  
siRNA), then measured the detected the changes of 
viability, apoptosis, colony formation, invasion, mi-
gration, and the protein expression of EMT markers 
E-cadherin and vimentin in A549 cells (Figure 8). As 

shown in Figures 8 A–F, the viability, colony forma-
tion, invasion and migration ability of radioresis-
tant A549 cells were all significantly decreased by 
DcR3 siRNA, Akt siRNA, or GSK-3β siRNA, while the 
apoptosis rate was significantly decreased by them. 
As shown in Figures 8 G–I, the E-cadherin expres-
sion was upregulated whereas vimentin expression 
was downregulated by DcR3 siRNA, Akt siRNA, or 
GSK-3β siRNA in radioresistant A549 cells. To ex-
plore the role of the DcR3/AKT/GSK-3β pathway in 
radioresistant NSCLC cells after OMT treatment fur-
ther, a number of functional assays were performed 
on the radioresistant A549 cells. Comparing with 
that in the untreated control groups, the cell viabil-
ity of radioresistant A549 cells was decreased after 
treatment with OMT or the AKT inhibitor MK-2206 
(Figure 9 A). In addition, after treatment with OMT 
and MK-2206, the inhibitory effect did not show 
significantly differ compared with either treatment 
alone. These results were also verified by those 
from colony formation assay, apoptosis, Transwell 
and wound  healing assays, suggesting that OMT 
treatment can restore radiosensitivity whilst inhib-
iting irradiation-induced invasion and migration of 
NSCLC cells, through the AKT pathway (Figures 9 
B–F). After treatment with OMT or MK-2206, E-cad-

Figure 6. Cont. E–F – Activity of the DcR3/AKT/GSK-3β pathway after cell irradiation. β-actin was used for normal-
ization. Each experiment was performed three times and the measured data are presented as the mean ± standard 
deviation

DcR3 – decoy receptor 3, AKT – protein kinase B, GSK-3 – glycogen synthase kinase-3β, *p < 0.05 compared to A549 cell group, 
#p < 0.05 compared to 0 Gy group. N = 10.
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Figure 7. Oxymatrine treatment suppresses the ac-
tivation of DcR3/AKT/GSK-3β signaling. A–C – Ac-
tivity of the DcR3/AKT/GSK-3β pathway was mea-
sured after different doses of cell irradiation and 
OMT treatment. β-actin was used for normaliza-
tion. Each experiment was performed three times 
and the measured data are presented as the mean 
± standard deviation

OMT – oxymatrine, DcR3 – decoy receptor 3, AKT – protein 
kinase B, GSK-3 – glycogen synthase kinase-3β, #p < 0.05  
compared to vehicle group. N = 10.
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Figure 8. The knockdown of DcR3/AKT/GSK-3β changed the viability, apoptosis, colony formation, invasion, mi-
gration and EMT in radioresistant A549 cells. A – The viability of A549 cells was measured using Cell Counting 
Kit-8 assay. B – Colony formation in A549 cells. C – Apoptosis of the A549 cells assessed using flow cytometry.  
D – Invasion by A549 cells analyzed using Transwell invasion assay. E, F – The migration of A549 cells measured 
using transwell migration assay and wound healing assay

DcR3 – decoy receptor 3, AKT – protein kinase B, GSK-3 – glycogen synthase kinase-3β, EMT – epithelial-mesenchymal transition, 
*p < 0.05 compared to vehicle group. N = 10.
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Figure 8. Cont. G–I  – The protein expression of 
EMT markers E-cadherin and vimentin in A549 cells 
measured using western blotting. β-actin was used 
for normalization. Each experiment was performed 
three times and the measured data are presented 
as the mean ± standard deviation

DcR3 – decoy receptor 3, AKT – protein kinase B,  
GSK-3 – glycogen synthase kinase-3β, EMT – epithelial-
mesenchymal transition, *p < 0.05 compared to vehicle 
group. N = 10.
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herin expression was upregulated whereas vimen-
tin expression was downregulated in radioresistant 
A549 cells (Figures 9 G–I). These results suggest 
that OMT treatment can inhibit irradiation-induced 
EMT in NSCLC cells through AKT.

OMT treatment restores radiosensitivity 
and inhibits irradiation-induced EMT, 
invasion and migration in NSCLC cells 
through the DcR3/AKT/GSK-3β pathway

We next assessed if OMT treatment mediates 
its function in irradiated NSCLC cells through the 
DcR3/AKT/GSK-3β pathway in vitro. Firstly, we 
successfully overexpressed DcR3 in A549 cells and 
before cell irradiation was performed to establish 
the radioresistant phenotype (Figure 10 A). We 
then quantified the expression of AKT and GSK-
3β in each treatment group of A549 cells. Overex-
pression of DcR3 was able to activate AKT/GSK-
3β signaling in vitro (Figures 10 B, C). By contrast, 

OMT treatment could reverse the activation of the 
AKT/GSK-3β pathway in irradiated A549 cells. 

 Results from functional assays, including those 
from apoptosis (Figure 10 D), Transwell invasion 
(Figures 10 E, F), wound healing (Figure 10 G) and 
proliferation assays (Figure 10 H), also supported 
the results aforementioned. After overexpressing 
DcR3, the apoptosis of radioresistant A549 cells 
was inhibited, whereas the invasion, migration 
and proliferation of radioresistant A549 cells was 
promoted. however, OMT treatment could restore 
the functional influence of DcR3 overexpression in 
radioresistant A549 cells, which may restore the 
radiosensitivity of A549 cells. 

OMT treatment promotes the inhibitory 
effects of radiation on tumor growth in 
radioresistant xenograft models

We subsequently explored if OMT treatment 
can also restore radiosensitivity in NSCLC in vivo. 

*
* *

* *
*
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Figure 9. Oxymatrine treatment restores radiosensitivity in non-small-cell lung cancer cells to inhibit EMT, invasion 
and migration through the DcR3/AKT/GSK-3β pathway. A – The viability of A549 cells was measured after cell irra-
diation, OMT and MK-2206 treatment using Cell Counting Kit-8 assay. B – Colony formation by A549 cells was mea-
sured after cell irradiation, OMT and MK-2206 treatment. C – Apoptosis of the A549 cells after cell irradiation, OMT 
and MK-2206 treatment was assessed using flow cytometry. D – Invasion by A549 cells after cell irradiation, OMT 
and MK-2206 treatment was analyzed using Transwell invasion assay. E, F – The migration of A549 cells after cell 
irradiation, OMT and MK-2206 treatment was measured using Transwell migration assay and wound healing assay

OMT – oxymatrine, DcR3 – decoy receptor 3, AKT – protein kinase B, GSK-3 – glycogen synthase kinase-3β, EMT – epithelial-
mesenchymal transition, *p < 0.05 compared to vehicle group, N = 10.
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As shown in Figures 11 A–C, after treatment with 
OMT, the xenograft tumor size and weight from 
mice that underwent radiotherapy were decreased 
in vivo. We next counted the number of metastat-
ic nodules in the mice body and found that OMT 
treatment could also inhibit tumor metastasis in 
the xenograft tumor models (Figure 11 D).

We next measured the extent of irradiation-in-
duced EMT and activation of the DcR3/AKT/GSK-
3β pathway in the xenograft tumor models. DcR3 
expression was found to be downregulated in 
OMT-treated animals (Figure 12 A). Additionally, 
after treatment with OMT, E-cadherin expression 
was increased whilst vimentin expression was de-
creased, suggesting that OMT treatment inhibited 
irradiation-induced EMT in vivo (Figures 12 B, C). 
We also found that DcR3/AKT/GSK-3β signaling 
was activated in the radioresistant xenograft tu-
mor models (Figures 12 D–F). 

Discussion

Non-small cell lung cancer is a  prevalent ma-
lignancy and a leading cause of cancer-associated 
mortality worldwide, which accounts for 80–85% 

all lung cancer cases [17]. Similar to the therapeu-
tic strategy of other malignancies, radiotherapy 
serves a key role in NSCLC clinical treatment. how-
ever, radioresistance poses a  major obstacle to 
the efficacy of radiotherapy for NSCLC. Although 
studies previously reporting the molecular mech-
anism underlying radioresistance in NSCLC  have 
been performed, the specific mechanism remains 
unclear. Therefore, deepening the understanding 
into the mechanism of radioresistant and explora-
tion of novel therapeutic strategies to restore ra-
diosensitivity may prove effective for NSCLC treat-
ment [18]. In this study, we explored the impact 
of OMT in NSCLC radioresistance. Our analysis 
revealed that the DcR3/AKT/GSK-3β pathway was 
activated in radioresistant NSCLC cells. Subse-
quent functional experiments also demonstrated 
that OMT treatment can restore radiosensitivity in 
NSCLC cells to in turn inhibit colony formation and 
proliferation whilst promoting cell apoptosis. To 
the best of our knowledge, the study was the first 
that reported the potentially restorative effects of 
OMT on the radiosensitivity of NSCLC.

Oxymatrine was chosen study in this study 
as a  result of previous reports documenting its 
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Figure 9. Cont. G–I – The protein expression of EMT 
markers E-cadherin and vimentin in A549 cells af-
ter cell irradiation, OMT and MK-2206 treatment 
was measured using western blotting. β-actin was 
used for normalization. Each experiment was per-
formed three times and the measured data are pre-
sented as the mean ± standard deviation

OMT – oxymatrine, DcR3 – decoy receptor 3, AKT – protein  
kinase B, GSK-3 – glycogen synthase kinase-3β, EMT – 
epithelial-mesenchymal transition, *p < 0.05 compared to 
vehicle group, N = 10.
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Figure 10. Oxymatrine treatment restores radio-
sensitivity by inhibiting irradiation-induced epi-
thelial-mesenchymal transition, invasion and mi-
gration in non-small-cell lung cancer cells through 
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protective effects on NSCLC progression [5, 6]. 
Furthermore, OMT has been reported to exert an-
ti-oxidation, anti-inflammation and anti-apoptotic 
properties, leading to therapeutic effects against 
many diseases, including  heart failure, influenza 
a virus and diabetic [19–21]. Since the potential 

the potential effects of OMT and NSCLC remain 
unknown, this study reported for the first time 
that OMT can restore radiosensitivity in NSCLC 
cells to reverse irradiation-induced EMT, inhibit 
invasion and migration by targeting the DcR3/
AKT/GSK-3β pathway. We also found that OMT 
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Figure 10. Cont. D – The degree of apoptosis in 
A549 cells after cell irradiation, DcR3 overexpres-
sion and OMT treatment was analyzed by flow 
cytometry. E – Invasion by A549 cells after cell irra-
diation, DcR3 overexpression and OMT treatment 
was analyzed using Transwell assays. F, G – The cell 
migration of A549 cells after cell irradiation, DcR3 
overexpression and OMT treatment was measured 
using Transwell migration assay and wound heal-
ing assay. H – The viability of A549 cells after cell 
irradiation, DcR3 overexpression and OMT treat-
ment was analyzed using Cell Counting Kit-8 assay. 
Each experiment was performed three times, and 
measured data are presented as the mean ± stan-
dard deviation

OMT – oxymatrine, DcR3 – decoy receptor 3, AKT – 
protein kinase B, GSK-3 – glycogen synthase kinase-3β, 
#p < 0.05 compared to vehicle group, N = 10.
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Figure 11. Oxymatrine treatment inhibits tumor growth in radioresistant xenograft tumors. A–C – The volume and 
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 Vehicle OMT

treatment was able to suppress colony formation, 
proliferation whilst aggravating the apoptosis of 
A549 cells in vitro. In addition, OMT treatment 
promoted the inhibitory effects of radiation on tu-
mor growth in radioresistant xenograft tumors. In 
summary, these findings suggest that OMT hold 
potential for use in combination with NSCLC ra-
diotherapy in a clinical setting.

Tumor metastasis and recurrence are the 
main causes of the high mortality rate of NSCLC, 
where EMT serves an important role in initiation 
of cancer metastasis [22]. During the progres-
sion of EMT, cancer cells of the epithelial pheno-
type lose their ability to adhere onto basolateral 
membranes, instead obtaining the mesenchymal 
phenotype, which can readily migrate and invade 
[23]. This allows them to detach from the prima-
ry tumor, enter the circulation and metastasize to 
distant sites [23]. Therefore, exploring the under-

lying mechanism of the EMT process may improve 
the diagnosis and therapeutic strategies against 
tumor invasion and metastasis. Previous studies 
demonstrated that OMT treatment can alleviate 
or even reverse the EMT process in vitro. Guo et al.  
[24] previously found that OMT can inhibit the 
cancer-associated fibroblasts of  hepatocellular 
carcinoma by reversing EMT in vitro. In anoth-
er study, Chen et al. [25] also reported that OMT 
treatment reversed the EMT process in breast 
cancer cells. In this study, we found that OMT 
treatment can suppress irradiation-induced EMT, 
invasion and migration in NSCLC cells through the 
DcR3/AKT/GSK-3β pathway in vitro. Therefore, in-
hibiting the EMT process by OMT treatment may 
serve as a novel method for prevent the metasta-
sis of NSCLC.

DcR3 is a member of the TNFR superfamily. Pre-
vious articles reported that DcR3 can inhibit apop-
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Figure 12. Oxymatrine treatment promotes radia-
tion sensitivity in radioresistant xenograft models. 
A–C – The protein expression of DcR3 and epitheli-
al-mesenchymal transition markers E-cadherin and 
vimentin in xenograft tumors after treatment with 
OMT and radiotherapy was measured. β-actin was 
used for normalization

OMT – oxymatrine, #p < 0.05 compared to vehicle group, 
N = 6.
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Figure 12. Cont. D–F – Activity of the decoy receptor 
3/protein kinase B/glycogen synthase kinase-3β 
pathway in the xenograft tumors after treatment 
with OMT and radiotherapy was measured. β-actin 
was used for normalization. Each experiment was 
performed three times and the measured data are 
presented as the mean ± standard deviation

OMT – oxymatrine, #p < 0.05 compared to vehicle group, 
N = 6.
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tosis, induce angiogenesis and modulate immune 
cell function [26]. Therefore, DcR3 may also serve 
a  key role in the pathogenesis of various malig-
nancies. Ge et al. [16] found that DcR3 can induce 
the proliferation, migration and invasion of gastric 

cancer cells by promoting EMT. In this study, we 
demonstrated that OMT treatment inhibited DcR3 
activation to suppress irradiation-induced EMT, 
invasion and migration in NSCLC cells, which re-
stored radiosensitivity in vitro. Furthermore, it was 
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revealed that the DcR3/AKT/GSK-3β pathway was 
important for the survival and EMT of radioresis-
tant NSCLC cells (Figure 8). There was no previous 
study about the effect of OMT on DcR3, but some 
studies  have shown the possible regulation of 
OMT on AKT/GSK-3β pathway. Liu et al. revealed 
that Oxymatrine protects neonatal rat against hy-
poxic-ischemic brain damage via PI3K/Akt/GSK3β 
pathway [27]. Another study found that oxy-
matrine attenuates brain hypoxic-ischemic injury 
from apoptosis and oxidative stress via the Akt/
GSK3β/HO-1/Nrf-2 signaling pathway [28]. In ad-
dition, PI3K/Akt/GSK-3β signaling was also found 
to be involved in the effect of effect of oxymatrine 
on  hepatocyte apoptosis [29]. The AKT signaling 
pathway has been previously reported to be acti-
vated in other types of cancer and was therefore 
proposed to be a potential target for cancer treat-
ment [30]. As a component of this essential intra-
cellular signaling pathway, AKT serves an import-
ant role in maintaining cell survival and growth, 
especially during cancer progression and radiore-
sistance induction [31]. Therefore, it may be a valu-
able strategy to target tumors by inhibiting AKT 
activation. A number of studies have reported that 
AKT signaling may serve as one of downstream 
targets of DcR3. Chen et al. [32] showed that DcR3 
can regulate inflammation and apoptosis through 
the PI3K/AKT signaling pathway in coronary heart 
disease. Additionally, AKT signaling  has also be 
found to be an upstream effector of GSK3β. Ge 
et al. [16] found that DcR3 can also promote the 
proliferation of gastric cancer through the AKT/
GSK-3β pathway in vitro. In addition, Ham et al. 
[33] reported that saechalssal may reduce blood 
glucose in diabetic mice by modulating the AKT/
GSK-3β pathway. In this study, we identified AKT/
GSK-3β as the downstream pathway of DcR3 and 
showed that this form of DcR3/AKT signaling was 
activated in radioresistant NSCLC cells. DcR3 was 
shown to activate the expression of some com-

ponents of the PI3K/AKT/GSK-3β/β-catenin sig-
naling pathway, such as p-AKT, GSK-3β, p-GSK-3β 
and β-catenin [16]. The knockdown of DcR3 led 
to decreased expression of p-AKT, GSK-3β, p-GSK-
3β, and β-catenin in  hGC27 and MKN28 cells, 
indicating that DcR3 was an upstream regulator 
of AKT/GSK-3β pathway. This result is consistent 
with our study. Interestingly, our study demon-
strated that the DcR3/AKT/GSK-3β pathway was 
involved in radioresistance. A  previous study 
showed that Dcr3 expression was higher in h1299 
cells than h460 cells [34]. The Dcr3 mRNA expres-
sion level in the radioresistant cell lines was in-
creased, and overexpression of Dcr3 increased the 
survival rate of radiosensitive  h460, MCF7, and 
U87MG cells, while knockdown of Dcr3 abolished 
the radioresistance of A549 cells [34]. Combined 
with our study, these results showed that Dcr3 
may be an important molecule in the regulation 
of radioresistance of lung cancer cells. Numerous 
studies have suggested the involvement of AKT/
GSK-3β pathway in radioresistance [35–38]. Using 
the AKT inhibitor MK-2206, we revealed that the 
inhibition of AKT/GSK-3β pathway was responsi-
ble for the effect of OMT on radiosensitivity.

Previous studies found that OMT can mediate 
its function in various physiological and patholog-
ical processes through the AKT signaling pathway, 
including liver gluconeogenesis, breast cancer, hy-
poxic-ischemic brain damage and cardiomyocyte 
injury [39–42]. Our in vitro experiments also 
support the  hypothesis that OMT treatment can 
restore radiosensitivity to inhibit irradiation-in-
duced EMT, invasion and migration in NSCLC cells 
through the DcR3/AKT/GSK-3β pathway. These 
findings suggest that the DcR3/AKT/GSK-3β path-
way may become a  potential therapeutic target 
for OMT treatment in NSCLC in the future.

In conclusion, to the best of our knowledge 
our study was the first to reveal a protective im-
pact of OMT treatment in radioresistant NSCLC. 

Figure 13. The DcR3/AKT/GSK-3β pathway was activated in radioresistant A549 cells, but OMT suppressed the 
development of radioresistance in A549 cells (decreasing the viability, colony formation, invasion, migration and 
EMT, while increasing apoptosis) by inhibiting the DcR3/AKT/GSK-3β pathway (Figure 11)

DcR3 – decoy receptor 3, OMT – oxymatrine, Akt – protein kinase B, GSK-3β – glycogen synthase kinase 3β, EMT – epithelial-
mesenchymal transition, A549/IR cells – radioresistant A549 cells.
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This study also demonstrated that the DcR3/AKT/
GSK-3β axis was activated in radioresistant NSCLC 
cells. OMT treatment was found to restore radio-
sensitivity and inhibited irradiation-induced EMT, 
invasion and migration in NSCLC cells by inhib-
iting the DcR3/AKT/GSK-3β pathway in vitro. In 
addition, OMT treatment promoted the inhibitory 
effects of radiation on tumor growth in radiore-
sistant xenograft models (Figure 13). Therefore, 
these findings may be beneficial for deepening 
the understanding into the effects of OMT treat-
ment on radioresistance and EMT in NSCLC. These 
results indicated that OMT may be developed to 
be a medicine against radioresistance and EMT in  
NSCLC, and the DcR3/AKT/GSK-3β may be targeted 
when we want to explore new medicines in NSCLC 
therapy. however, there are still several limitations 
in the present study. First, the exact mechanism of 
OMT on DcR3/AKT/GSK-3β pathway needs further 
study. Second, we only performed cell and animal 
experiments. The clinical study was absent, which 
can be performed in the near future to confirm the 
effect of OMT in clinical settings.
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