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Abstract: Evodiamine (EVO) exerts anti-cancer effect in a majority of cancer cells. BGC-823 and SGC-7901 cells were 
used to study EVO-induced cytotoxicity in human gastric cancer cell. Our results demonstrated that EVO exposure 
elicited cell vialibility decrease and G2/M arrest caused by induction of cdc2/cyclin B1 complex activation. EVO also 
induced caspase-dependent apoptosis and necroptosis caused by induction of actication of RIP, RIP3 and MLKL. 
Moreover, increase of reactive oxygen species (ROS) levels and cytotoxicity induced by EVO were significantly 
attenuated by co-treatment with a ROS scavenger, EUK134. In conclusion, EVO induced ROS-dependent cytotoxicity, 
which may involve apoptosis and necroptosis, in human gastric cancer cells. 
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INTRODUCTION 
 
In 2020, 1,089,103 newly registered cases and 768,793 
deaths make gastric cancer  the 6th most common cancer 
worldwide(Sung et al., 2021). Importantly, for the therapy 
of gastric cancer, traditional treatment have no 
satisfactory therapeutic effect (Digklia & Wagner, 2016).  
 
Reactive oxygen species (ROS), a heterogeneous group of 
oxygen-containing radical species, is involved in a variety 
of biochemical processes in tumor cells (Srinivas, Tan, 
Vellayappan, & Jeyasekharan, 2019). The function of 
ROS is decided by its level. For instance in tumor cells, 
persistent high level of ROS could be beneficial to 
tumorigenesis and metastasis. And in gastric cancer cells, 
ROS participate in the initiation, progression and 
metastasis as an important factor (Butcher, den Hartog, 
Ernst, & Crowe, 2017). However, further exposure to 
higher ROS could induce serious oxidative stress that is 
able to cause cell death (Sies & Jones, 2020; Srinivas et 
al., 2019). Thus, it is an effective method to treat gastric 
cancer by inducing oxidative damage in the cells. 
 
Evodia rutaecarpa, a herbal medicine, is applied for 
therapeutic treatment for gastrointestinal diseases in 
traditional Chinese medicine (Lee et al., 2008). And in the 
fruit of evodia rutaecarpa, the main effective component 
is evodiamine (EVO), a quinolone alkaloid that involves a 
variety of biological functions (D. Li, Li, Jiang, Liu, & 
Zhao, 2022). Some previous studies demonstrated that 
EVO is endowed with several antitumor effects which 
may include inducing inhibition of proliferation and 
metastasis, G2/M arrest and cell apoptosis (Hwang et al., 
2020; Panda & Biswal, 2022; J. Y. Yang, Woo, Lee, & 
Kim, 2022; R. Yang, Wen, Yang, Dai, & Zhao, 2021; 
Zhou & Hu, 2018). Although previous studies reported 

that EVO treatment could induce ROS generation (Wang 
et al., 2018; J. Yang, Wu, Tashino, Onodera, & Ikejima, 
2010), the role of ROS in EVO-induced cytotoxicity 
remains unclear. In our study, the EVO-induced cell death 
in human gastric cancer cells are investigated. 
 

MATERIALS AND METHODS 
 
Reagents 
EVO, Z-VAD-fmk (A pan-caspase inhibitor), AG14361 
(A PARP1 inhibitor), Nec-1 (A RIP inhibitor) and 
EUK134 (A ROS quencher) were all supplied by Selleck. 
 
Cell culture  
Two human gastric adenocarcinoma cell lines, BGC-823 
and SGC-7901, were supplied from the National 
Infrastructure of Cell Line Resource. The cells were 
cultured in DMEM/high glucose (10% FBS; Gibco) at 
37˚C, 5% CO2.  
 
Cell viability assay  
Cells seeding was performed in 96-well plates (1x104 cells 
per well). After attachment, cells were treated as follows: 
1) for fig. 1, cells were treated with EVO (5-15μM) for 
three time points (24-72 h); 2) for fig. 5, cells were pre-
treated with Z-VAD-fmk, AG14361, Nec-1 or EUK134 
for 1h, followed by EVO plus the consequent inhibitor for 
another 24h. Then a staining with CCK-8 incubation 
solution (Yeasen) for 1h (37oC). At last, absorbance at 
450 nm was recorded. 
 
Cell cycle assay 
Cells seeding was performed in 6-cm dishes (6x105 cells 
per dish). After attachment, cells were treated with EVO 
(10μM, 24h) and then harvested (trypsinization and 
consequent centrifugation). Next, a fixation with ethanol 
(70%; 24h, 4°C) was performed. After a wash with PBS, 
a staining with PI (40mg/mL; Yeasen) for 30 min (room *Corresponding author: e-mail: ntfadu@163.com 
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temperature) was performed and flow cytometric analysis 
(Beckman) were performed. 
 

Cell apoptosis assay  
Cells seeding was performed in 6-cm dishes (6x105 cells 
per dish). After attachment, cells were treated with 10μM 
EVO (10μM, 24h) and then harvested (trypsinization and 
consequent centrifugation). Then a staining with Annexin 
V-FITC+PI incubation solution (30 min, room 
temperature; Yeasen) and flow cytometric analysis 
(Beckman) were performed.  
 

Mitochondrial membrane potential (Δψm) assay 
The cells samples were collected as in “Cell apoptosis 
assay”. Then a staining with JC-1 solutions (Yeasen) for 
40 min (room temperature) and flow cytometric analysis 
(Beckman) were performed. 
 

ROS assay  
The cells samples were collected as in “Cell apoptosis 
assay”. Then a staining with DCFH-DA solutions 
(Yeasen) for 30 min (37oC) and flow cytometric analysis 
(Beckman) were performed. 
 

Western blot  
This procedure was carried out as previously represented 
(Liu, Li, Chen, & Ge, 2020). The list of antibodies are as 
below: p-cdc2 (#9114), cdc2 (#77055), cyclin B1 
(#12231), cdc25C (#4688), caspase3 (#14220), cleaved-
caspase3 (#9664), PARP1 (#9532), p-RIP (#65746), RIP 
(#3493), p-RIP3 (#93654), RIP3 (#13526), p-MLKL 
(#91689), MLKL (#14993), β-actin (AC028) and anti-
Rabbit IgG (#7074). The dilution ration of β-actin and 
anti-Rabbit IgG were 1:5000 and the others were 1:1000. 
HRP-conjugated β-actin was purchased from ABclonal 
and the others were purchased from CST.  Representative 
blots from three independent experiments are represented. 
 

STATISTICAL ANALYSIS  
 
Data analysis was performed using Prism 7.0 software. 
Data are shown as means ± SD. Student's t-test and one-
way ANOVA were applied for two-group comparison and 
multiple-group comparison, respectively. 
 

RESULTS 
 

Evodiamine induces cell viability decrease  
We use CCK-8 kit to identify the effects of EVO on the 
cell viability. As shown in fig. 1, EVO elicited a decrease 
in cell viability of BGC-823 and SGC-7901 cells in both a 
dose- and time-dependent manner.  
 

Evodiamine induces G2/M cell cycle arrest  
We use PI staining to identify the effects of EVO on the 
cell cycle of human gastric cancer cells. As shown in fig. 
2A, EVO exposure induced a significant increase in 
G2/M cell population. As shown in fig. 2B, in the cells 
exposed to EVO, the protein levels of p-cdc2 (Thr161) 
and cyclin B1 appeared to increase over time, indicating 

that cdc2/cyclin B1 complex may be activated after EVO 
treatment. Furthermore, EVO exposure elicited a decrease 
in the protein levels of interphase cdc25C (60 kDa) and an 
increase in mitotic cdc25C (75 kDa).  
 

Evodiamine induces apoptosis  
We use Annexin-V/PI staining to identify whether EVO 
induced apoptosis in human gastric cancer cells. As 
shown in fig. 3A, EVO exposure elicited a significant 
increase in the apoptotic cell population in BGC-823 and 
SGC-7901 cells, indicating that apoptosis occurred after 
EVO treatment. Furthermore, as shown in fig. 3B, EVO 
exposure elicited an increase in cleaved caspase-3, 
caspase-9 and PARP1, indicating that EVO exposure 
activated caspase-3, caspase-9 and PARP1. In addition, a 
significant decrease of BCL2/BAX ratio (fig. 3C) and a 
Δψm dissipation (fig. 3D) were found in cells exposed to 
EVO.  
 
Evodiamine induces necroptosis  
We also examined whether necroptosis was induced by 
EVO exposure in human gastric cancer cells. Necroptosis 
is a regulated cell death (RCD) type that involves 
activation of RIP, RIP3 and MLKL. As shown in fig. 4, 
EVO exposure elicited an increase in RIP 
phosphorylation (Ser166), RIP3 phosphorylation (Ser227) 
and MLKL phosphorylation (Ser358), indicating that 
EVO may induce necroptosis in human gastric cancer 
cells.  
 

Evodiamine induces ROS-dependent cell death  
We also used Z-VAD-fmk (pan-caspase inhibitor), 
AG14361 (PARP1 inhibitor) and Nec-1 (RIP1 inhibitor) 
to confirm that EVO induce apoptosis and necroptosis. As 
shown in fig. 5A, to our surprise, pretreatment of all the 
three inhibitors had no effects on EVO-induced 
cytotoxicity, indicating that EVO-induced cytotoxicity 
was a complicated process. We also used DCFH-DA 
staining to identify the effect of EVO on ROS levels. As 
shown in fig. 5B, significantly increased ROS levels were 
observed after EVO treatment. Furthermore, EUK143, a 
ROS quencher (Ajith, 2018) was used to identify the role 
of ROS in EVO-induced cytotoxicity. We found that 
EUK134 significantly alleviated the increase of ROS 
levels (fig. 5B) and cell death (fig. 5C) induced by EVO, 
indicating that ROS may be involved in EVO-induced 
cytotoxicity.  
 
DISCUSSION  
 
Evodiamine, a key active ingredient of the fruit of Evodia 
rutaecarpa, has been demeonstrated anti-tumor activity in 
a variety of tumor cells, including colon (Kim et al., 
2019; F. S. Li et al., 2020), lung (Jiang et al., 2020; Panda 
& Biswal, 2022), osteosarcoma (S. Yang et al., 2020; 
Zhou & Hu, 2018), breast (Du et al., 2017), hepatocellular 
(Guo et al., 2018), pancreatic (Hong et al., 2020) and 
prostate cancer cells (Cheng et al., 2022; Lei et al., 2022).  
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Fig. 1: Evodiamine induces cell death in human gastric cancer cells. BGC-823 and SGC-7901 cells were treated with 
DMSO and EVO (5, 7.5,10,12.5, 15μM) for 24, 48 and 72h and then the cell viability were measured using CCK-8 
assay.  

 

Fig. 2: Evodiamine induces G2/M cell cycle arrest in human gastric cancer cells. a. Cell cycle of BGC-823 and SGC-
7901 cells treated with DMSO or 10μM EVO for 24 h were examined using flow cytometry. b. BGC-823 and SGC-
7901 cells were treated with DMSO or 10μM EVO for 3, 6, 9, 12 or 24h and the levels of p-cdc2 (Thr161), cdc2, 
cyclin B1 and cdc25C were examined by western blotting. ***P<0.001 vs. DMSO. 

 

Fig. 3: Evodiamine induces apoptosis in human gastric cancer cells. BGC-823 and SGC-7901 cells were treated with 
10μM EVO for 24 h. a. The apoptotic rates were examined using Annexin-V/PI staining assay. b. The protein levels of 
caspase-3, caspase-9 and PARP1 were examined using western blotting. c. The protein levels of BCL2 and BAX were 
examined by western blotting and the BCL2/BAX protein ratios were calculated. d. The values of Δψm were examined 
using JC-1 assay and expressed as the ratio of red to green fluorescence intensity. *P<0.05 and ***P<0.001 vs. DMSO. 
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The anti-tumor mechanism of evodiamine in gastric 
cancer cells may include inhibiting PTEN-mediated 
EGF/PI3K (R. Yang et al., 2021) and inhibiting 
FAK/AKT/mTOR (J. Y. Yang et al., 2022). However, the 
underlying mechanism of EVO-induced cytotoxicity in 
gastric cancer cells has not been fully elucidated.  
 
Firstly, the cytotoxic effect of EVO was examined and 
our results demonstrated that EVO exposure elicited a 

significant decrease of cell viability in human gastric 
cancer cells. Moreover, the effect of EVO on cell cycle of 
human gastric cancer cells was examined in the present 
study and the results show that EVO induces increase of 
cell population in G2/M phase that is in agreement with 
previous studies (J. Yang et al., 2010; Zhou & Hu, 2018). 
There are a serious of biological effectors that control 
progression of cell cycle, such as cyclins and cyclin-
dependent kinases (Malumbres & Barbacid, 2009). For 

 
 

 

Fig. 4: Evodiamine induces necroptosis in human gastric cancer cells. BGC-823 and SGC-7901 cells were treated with 
10μM EVO for 3, 6, 9, 12 or 24h and the protein levels of p-RIP, RIP, p-RIP3, RIP3, p-MLKL and MLKL were 
examined using western blotting.  

 

Fig. 5: Evodiamine induces ROS-dependent cell death in human gastric cancer cells. a. Co-treatment with 100μM Z-
VAD-fmk or 50μM AG14361 or 50μM Nec-1 did not attenuate the 10μM EVO-induced cytotoxicity. b. EVO 
increased intracellular ROS levels, which were blocked by 75μM EUK134. c. Co-treatment with 75μM EUK134 
significantly attenuated EVO-induced cytotoxicity. ***P<0.001 vs. DMSO; ###P<0.001 vs. EVO. d. Schematic 
illustration of effect of EVO on cell death pathways in human gastric cancer cells. 
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example, cdc2/cyclin B1 complex is the most critical 
regulatory factor of G2-M progression (Taylor & Stark, 
2001). Our results show EVO exposure elicited an 
increase of the cdc2 phosphorylation at Thr161 and cyclin 
B1 protein level in BGC-823 and SGC-7901 cells, 
indicating that cdc2/cyclin B1 complex may be activated 
by EVO exposure. Moreover, we found cdc25C, a 
regulatory effector of G2-M progression that can trigger 
cdc2 activation (Booher, Holman, & Fattaey, 1997), was 
also affected after EVO treatment. Our results show that 
EVO exposure elicited an increase of the mitotic cdc25C 
(75 kDa) and a decrease of interphase cdc25C (60 kDa) in 
BGC-823 and SGC-7901 cells, confirming that EVO 
induces G2/M arrest. 
 
Cytotoxicity of EVO involves several RCD types, among 
them, apoptosis plays an important role (F. Yang et al., 
2017; Zhou & Hu, 2018). Likewise, our results show that 
EVO exposure elicited a significant increase of the 
apoptotic cell population in BGC-823 and SGC-7901 
cells. The crucial step of mitochondrial-dependent 
intrinsic apoptosis is irreversible mitochondrial outer 
membrane permeabilization (MOMP) which is mediated 
by BAX (Delbridge, Grabow, Strasser, & Vaux, 2016) 
and BCL2 (Czabotar, Lessene, Strasser, & Adams, 2014). 
Our results show that EVO exposure elicited Δψm 
dissipation and a decrease of the BCL2/BAX ratio in 
BGC-823 and SGC-7901 cells, indicating that EVO may 
induce MOMP. Furthermore, MOMP can promote 
apoptotic factors usually located in the intermembrane 
space of mitochondria (Delbridge et al., 2016), leading to 
caspase-9 activation (P. Li et al., 1997) and subsequent 
caspase-3 and -7 activation which are precipitate 
apoptosis (Riedl & Salvesen, 2007). Our results show that 
in BGC-823 and SGC-7901 cells, EVO exposure elicited 
an increase in cleaved caspase-9 and cleaved caspase-3, 
that is, activation of caspase-9 and caspase-3, indicating 
that EVO may induce intrinsic apoptosis. Moreover, we 
also found that EVO exposure elicited an increase of 
cleaved PARP1, indicating that PARP1 was activated. 
PARP1 activation can occur in response to DNA damage, 
leading to Δψm dissipation and consequent MOMP 
(Fatokun, Dawson, & Dawson, 2014).  
 
Necroptosis is a type of RCD that manifests a necrotic 
morphotype, its main mechanism is the sequential 
activation of RIP, RIP3 and MLKL (Galluzzi et al., 
2018). Our results show that in BGC-823 and SGC-7901 
cells, EVO exposure elicited increase of RIP, RIP3 and 
MLKL phosphorylation, indicating that RIP, RIP3 and 
MLKL may be activated by EVO exposure to precipitate 
necroptosis. 
 
A lot of evidence suggests that for the processes that are 
referred to as necessary steps for execution of cell death, 
pharmacologic inhibition only changes its biochemical 
and morphologic manifestations, but could not effectively 

prevent cell death (Galluzzi et al., 2015). For example, 
although the inhibitors of caspase, PARP1 and RIP can 
significantly block the activation of caspases, PARP1 and 
RIP induced by pharmacologic interventions, cell death 
still remain unchanged (Dunai et al., 2012; Prabhakaran, 
Li, Borowitz, & Isom, 2004; Steinhart, Belz, & Fulda, 
2013). Likewise, our results show that Z-VAD-fmk, 
AG14361 or Nec-1 failed to protect BGC-823 and SGC-
7901 cells from cell death, but rather impel the cell death 
to switch towards other types.  
 
In whole process of RCD, reverse of early phase 
biochemical changes such as decreasing ATP levels and 
oxidative stress could restore cellular homeostasis 
(Galluzzi et al., 2015). And our results show that in BGC-
823 and SGC-7901 cells, EVO exposure elicited a 
significant increase of ROS levels and pretreatment of 
EUK134 which is a ROS scavenger significantly 
attenuated this effect. Moreover, pretreatment of EUK134 
effectively inhibited the decrease of cell viability induced 
by EVO exposure, indicating that EVO-induced 
cytotoxicity is ROS-dependent. 
 
CONCLUSION 
 
Our results demonstrate that EVO-induced cytotoxicity 
involves intrinsic apoptosis and necroptosis in human 
gastric cancer BGC-823 and SGC-7901 cells and ROS 
may play an important role in this effect. 
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