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ABSTRACT
Context:  cephaeline is a natural product isolated from ipecac (Cephaelis ipecacuanha [Brot.] a. Rich. 
[Rubiaceae]). it exhibits promising anti-lung cancer activity and ferroptosis induction may be a key 
mechanism for its anti-lung cancer effect.
Objectives:  this study investigates the anti-lung cancer activity and mechanisms of cephaeline both 
in vitro and in vivo.
Materials and methods:  h460 and a549 lung cancer cells were used. the cephaeline inhibition rate 
on lung cancer cells was detected via a cell counting Kit-8 assay after treatment with cephaeline for 
24 h. subsequently, the concentrations of 25, 50 and 100 nM were used for in vitro experiments. in 
addition, the antitumour effects of cephaeline (5, 10 mg/kg) in vivo were evaluated after 12  d of 
cephaeline treatment.
Results:  cephaeline showed significant inhibitory effects on lung cancer cells, and the ic50 of 
cephaeline on h460 and a549 at 24, 48 and 72 h were 88, 58 and 35 nM, respectively, for h460 cells 
and 89, 65 and 43 nM, respectively, for a549 cells. Meanwhile, we demonstrated that ferroptosis is the 
key mechanism of cephaeline against lung cancer. Finally, we found that cephaeline induced ferroptosis 
in lung cancer cells by targeting NRF2.
Discussion and conclusion:  We demonstrated for the first time that cephaeline inhibits NRF2, leading to 
ferroptosis in lung cancer cells. these findings may contribute to the development of innovative therapeutics 
for lung cancer.

Introduction

Lung cancer has the highest mortality rate of any malignant 
tumor worldwide (Sung et  al. 2021). Histologically, lung cancer 
can be divided into non-small cell and small cell lung cancer 
(SCLC). Non-SCLC (NSCLC) patients account for approximately 
85% of all lung cancer patients, with SCLC patients accounting 
for approximately 15% (Liu et  al. 2015). The main treatments for 
lung cancer include surgery, radiotherapy and chemotherapy. 
However, in recent years, the emergence of treatments such as 
molecular targeted therapy and immunotherapy have diversified 
the options for treating lung cancer (Camidge et  al. 2019). The 
induction of tumor cell apoptosis by chemotherapeutic drugs is 
one of the main methods for the clinical treatment of tumors. 
However, due to cancer cells becoming increasingly resistant to 
conventional programmed cell death treatments, research into 
other forms of cell death is necessary to develop new approaches 
for tumor therapy (Balaji et  al. 2021).

Ferroptosis is a form of iron-dependent cell death, which 
occurs through excessive peroxidation of polyunsaturated fatty 
acids, and has characteristics that are different from apoptosis, 
necrosis and autophagy (Zhou et  al. 2020; Dierge et  al. 2021). 

The main features of ferroptosis include accumulation of iron 
ions, increased lipid peroxidation, increased lipid reactive oxy-
gen species (ROS), smaller mitochondria and reduced cristae 
(Xie et  al. 2016; Hirschhorn and Stockwell 2019). As a newly 
characterized form of cell death, there is an emerging focus on 
the induction of ferroptosis in the development of antican-
cer drugs.

Natural medicines have recently become an important source 
for the development of new antitumour drugs, mainly due to 
their unique roles in antitumour radiotherapy, and chemotherapy 
sensitization (Ashrafizadeh et  al. 2020; Akter et  al. 2021). 
Cephaeline is a natural product isolated from ipecac [Cephaelis 
ipecacuanha (Brot.) A.Rich. (Rubiaceae)]. Previous studies have 
shown that cephaeline confers a significant antitumour effect in 
mucoepidermoid carcinoma (MEC) and head and neck squa-
mous cell carcinoma (HNSCC) (Qiang et  al. 2022; Silva et  al. 
2022). However, whether cephaeline has a significant antitumour 
effect on lung cancer remains unclear. Our aim was to charac-
terize the anti-lung cancer effects and mechanisms of cephaeline 
in the hopes of opening up a novel pathway for the development 
of lung cancer therapeutics.

© 2024 the author(s). Published by informa uK limited, trading as taylor & Francis group

CONTACT Peng chen  chenp@zucc.edu.cn  Key laboratory of Novel targets and Drug Study for Neural repair of Zhejiang Province, School of medicine, 
hangzhou city university, 50 huzhou rd, hangzhou, Zhejiang, 310015, Pr china

https://doi.org/10.1080/13880209.2024.2309891

this is an open access article distributed under the terms of the creative commons attribution-Noncommercial license (http://creativecommons.org/licenses/by-nc/4.0/), which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. the terms on which this article has been published allow the 
posting of the accepted manuscript in a repository by the author(s) or with their consent.

ARTICLE HISTORY
received 15 may 2023
revised 19 January 2024
accepted 20 January 2024

KEYWORDS
Natural products; ipecac; 
gPX4; Slc7a11; tBhQ

mailto:chenp@zucc.edu.cn
https://doi.org/10.1080/13880209.2024.2309891
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/13880209.2024.2309891&domain=pdf&date_stamp=2024-2-9
http://www.tandfonline.com


196 P. cheN et al.

Materials and methods

Reagents and antibodies

Purified cephaeline (>98%) (cas: 483-17-0) was purchased from 
Chengdu Biopurify Phytochemicals Ltd. (Chengdu, China). DMSO 
(cat #D8371) was purchased from MP Biomedicals, LLC. (Santa 
Ana, CA). The following materials were also purchased: Cell 
Counting Kit-8 (CCK-8) (Dojindo, cat#CK04, Kumamoto, Japan). 
Reactive Oxygen Species Assay Kit (Beyotime, cat#S0033M, 
Shanghai, China). FerroOrange (Dojindo, cat#F374, Kumamoto, 
Japan). DAPI Staining Solution (Beyotime, cat#C1006, Shanghai, 
China). Mito-Tracker Red CMXRos fluorescent probe (Beyotime, 
cat#C1052, Shanghai, China). C11 BODIPY 581/591 (GLPBIO, 
cat#GC40165, Montclair, CA, USA). TRIzol reagent (Invitrogen, 
cat#15596026, Carlsbad, CA). GSH assay kit (Nanjing Jiancheng, 
cat#A006-2-1, Nanjing, China). MDA assay kit (Nanjing Jiancheng, 
cat#A003-1-2, Nanjing, China). RIPA Lysis Buffer (Beyotime, cat# 
P0013, Shanghai, China). BCA Protein Assay Kit (Beyotime, cat# 
P0012S, Shanghai, China). BeyoECL Plus (Beyotime, cat#P0018M, 
Shanghai, China). cDNA Synthesis SuperMix (Yeasen, 
cat#11141ES60, Shanghai, China). Real-time quantitative PCR 
SYBR Green Master Mix (Yeasen, cat#11201ES03, Shanghai, 
China). Necrostatin-1 (MCE, cat#HY-15760, Monmouth Junction, 
NJ, USA). Chloroquine (MCE, cat#HY-17589A, Monmouth 
Junction, NJ). Liproxstatin-1 (MCE, cat#HY-12726, Monmouth 
Junction, NJ). Z-VAD-FMK (MCE, cat#HY-16658B, Monmouth 
Junction, NJ). Ferrostatin-1 (MCE, cat#HY-100579, Monmouth 
Junction, NJ). Goat Serum (Solarbio, cat#SL038, Beijing, China). 
GPX4 (Abclonal, cat#A1933, Wuhan, China). SLC7A11/xCT 
(Abclonal, cat#A2413, Wuhan, China). Transferrin (Abclonal, 
cat#A19130, Wuhan, China). SLC40A1 (Abclonal, cat#A14885, 
Wuhan, China). NRF2 (Abclonal, cat# A3577, Wuhan, China).

Cell culture

H460 and A549 human lung cancer cell lines were purchased 
from American Type Culture Collection (ATCC) and cultured 
in Roswell Park Memorial Institute (RPMI)-1640 medium 
(Gibco, cat# 31800, Carlsbad, CA) supplemented with 10% foe-
tal bovine serum (FBS), 100 U/mL penicillin, and 1% streptomy-
cin. Cells were incubated in a humidified atmosphere of 5% 
CO2 at 37 °C.

Cell viability assay

The inhibitory effects of cephaeline on lung cancer cells were 
detected by CCK-8. The CCK-8 kit is a rapid, highly sensitive, 
non-radioactive colorimetric detection kit based on WST-8, which 
is widely used in cell proliferation and cytotoxicity assays. A549 
and H460 cell lines were seeded in 96-well plates (Corning plate, 
cat#430196, Corning, NY) with a density of 5 × 103 per well 
(100 μL) before being placed in an incubator for pre-incubation 
for 24 h. The cells were then treated with different concentrations 
of cephaeline (5, 15, 25, 50, 100, 200 and 400 nM) at 24, 48 and 
72 h, respectively. Finally, 10 μL of CCK-8 solution was added to 
each well, before incubation of the plate in an incubator for 
1–4 h. The absorbance was measured at 450 nm with a microplate 
reader. Calculate IC50 value using GraphPad Prism. First, a data-
sheet was created to correlate the logarithm of cephaeline concen-
trations (5, 15, 25, 50, 100, 200 and 400 nM) with the percentage 
of response. Subsequently, IC50 values and standard errors were 
determined using nonlinear regression curve fitting.

Measurement of Fe2+

H460 and A549 cells were seeded in 6-well plates (Corning plate, 
cat#430196, Corning, NY) at a density of 6  ×  105/well and incu-
bated overnight at 37 °C in a 5% CO2 incubator. Then cells were 
treated with cephaeline (25, 50 and 100 nM) for 24 h and the 
supernatant was discarded and the cells were washed three times 
with HBSS or serum-free medium. FerroOrange working solu-
tion was added at a concentration of 1 μmol/L and incubated at 
37 °C in a 5% CO2 incubator for 30 min. Subsequently, the cells 
were observed under a fluorescence microscope.

Measurement of ROS levels

H460 and A549 cell lines were seeded in 6-well plates at a den-
sity of 6 × 105/well. The cells were incubated with or without 
cephaeline (25, 50 and 100 nM) treatment for 24 h, after which 
the culture supernatants were removed and 10 μmol/L DCFH-DA 
was added and cells were incubated in a 37 °C cell incubator for 
20 min. Cells were washed three times with serum-free cell cul-
ture medium and detected by fluorescence microscopy or flow 
cytometry.

Measurement of MDA

Malondialdehyde (MDA) levels were measured using a Lipid 
Peroxidation MDA Assay Kit, according to the manufacturer’s 
instructions. H460 and A549 cell lines were seeded in 6-well 
plates at a density of 6  ×  105/well and treated with cephaeline 
(25, 50 and 100 nM) for 24 h. The cells were then collected and 
lysed. The protein concentration of the samples was then mea-
sured. Subsequently, 100  µL of H460 cell lysates from the differ-
ent treatment groups (Control, 25, 50 and 100 nM) with protein 
concentrations of 2, 2, 1 and 1 mg/mL, and 100 µL of A549 cell 
lysates from different treatment groups (Control, 25, 50 and 
100 nM) with protein concentrations of 2, 2, 1 and 1 mg/mL were 
treated with the MDA assay solution (1000  µL) at 100 °C for 
40 min, and centrifuged at 4000  g for 10 min. Finally, 250  µL of 
the supernatant was added to a 96-well plate and the absorbance 
measured at 530 nm. The MDA level was calculated as nmol/mg 
protein.

Measurement of GSH

The glutathione (GSH) contents were measured by a GSH assay 
kit according to the manufacturer’s instructions. H460 and 
A549 cell lines were seeded in 6-well plates at a density of 
6  ×  105/well. Cells were then collected and lysed after 24 h of 
treatment with cephaeline and protein concentration of samples 
were measured. Then the samples were centrifuged at 3500  g 
for 10 min at 4 °C. The supernatant was treated with Ellman’s 
reagent (DTNB) in combination with GSH to generate a yellow 
compound. Finally, the absorbance was measured at 405 nm 
using a microplate reader. The GSH level was calculated as 
μmol/g protein.

Real-time PCR

H460 and A549 cells were seeded in six well plates at a density 
of 6  ×  105/well and cultured in a cell incubator for 24 h. After 
cephaeline treatment for 24 h, a total of 3 μg RNA was extracted 
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using TRIzol reagent. cDNA Synthesis SuperMix was used for 
reverse transcription experiments. The SYBR-Green-based detec-
tion kit was used for real-time quantitative PCR on the real-time 
PCR detection System (Bio-rad CFX96™, Hercules, CA), accord-
ing to the manufacturer’s instructions. The results were analysed 
by 2−ΔΔCq method (Huang et  al. 2019). The primers used are 
listed in Table 1.

Western blot

H460 and A549 cell lines were seeded in 6-well plates at a den-
sity of 6  ×  105/well. Cells with or without cephaeline treated for 
24 h, the cell pellet collected was added to a corresponding vol-
ume of lysis buffer (20 mM Tris (pH7.5), 150 mM NaCl, 1% 
Triton X-100, sodium pyrophosphate, β-glycerophosphate, 
EDTA, Na3VO4, leupeptin) purchased from Beyotime, lysed for 
20 min, and the centrifuge tube was placed on a vortex shaker 
for 10 s every 5 min. The sample was placed in a pre-cooled 
high-speed refrigerated centrifuge at 12,000  g for 15 min. The 
supernatant was aspirated for protein concentration determina-
tion by BCA kit. Loading buffer was then added and the sam-
ple was heated at 95 °C for denaturation for 10 min and stored 
at −20 °C after the liquid was completely cooled. The 10–12% 
sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) was used to separate proteins, and then the pro-
teins were transferred into polyvinylidene fluoride (PVDF) 
membranes, followed by blocking using 5% skimmed milk at 
the room temperature (20–25 °C) for 1 h and incubation with 
the primary antibody (1:1000) overnight at 4 °C. After washing, 
the secondary antibody (1:1000) was added before incubation 
at room temperature for 1 h. After washing again, the chemilu-
minescence detection kit BeyoECL Plus was used for detection 
of the membrane.

In vivo tumor model

All in vivo animal experimental procedures were approved by the 
Institutional Animal Care and Use Committee at Zhejiang 
Academy of Medical Sciences (approval no ZJCLA-IACUC- 
20010409). Five-week-old female BALB/c-nu mice were pur-
chased from the Zhejiang Academy of Medical Sciences. After a 
period of adaptive feeding, the lung cancer H460 cell line 
(1  ×  106 cells in 0.1 mL PBS) was injected into the right dorsal 
flank of each mouse to establish the subcutaneous tumor model. 
After the model was successfully constructed, 24 mice were ran-
domly divided into four groups; the control group (solvent), eras-
tin group (20 mg/kg), and the cephaeline treatment group (5, 
10 mg/kg). After 12  d of intraperitoneal injection, the mice were 
sacrificed by CO2 asphyxiation, and tumor tissues were collected 
for subsequent evaluation.

Statistical analysis

Data were expressed as mean  ±  SD. The results were analysed 
with a one-way ANOVA or Student’s t-test. All statistical analyses 
were performed using GraphPad Prism 7.0c (GraphPad Software, 
La Jolla, CA). Values of *p  <  0.05, **p  <  0.01 were considered 
statistically significant.

Results

Cephaeline induces lung cancer cell death in vitro

Cell Counting Kit-8 (referred to as CCK-8 kit) was used to assay 
the antitumour effects of cephaeline in vitro. We found that 
cephaeline with different concentrations (5, 15, 25, 50, 100, 200 
and 400 nM) conferred a significant inhibitory effect on lung 
cancer cells at different time of 24, 48 and 72 h. Based on the 
inhibition of different concentrations of cephaeline on H460 and 
A549 lung cancer cells, we calculated that the IC50 of cephaeline 
on lung cancer cells H460 and A549 at 24, 48 and 72 h were 88, 
58 and 35 nM, respectively, for H460 cells and 89, 65 and 43 nM, 
respectively, for A549 cells (Figure 1(A,B)).

Cephaeline induces ferroptosis in lung cancer cells by 
targeting NRF2

Detection of ROS levels using the fluorescent probe DCFH-DA 
showed that cephaeline can promote the upregulation of ROS 
levels (Figure 2(A)). In addition, Mito Tracker Red CMXRos, a 
mitochondrial membrane potential fluorescent probe, was used 
to detect the effect of cephaeline on the changes of mitochon-
drial membrane potential in lung cancer cells. We observed that 
compared with the control group, mitochondrial membrane 
potentials were decreased after treatment of the cells with cephae-
line for 24 h. Moreover, the mitochondrial ultrastructure was 
observed using a transmission electron microscope, we found 
that compared with the control group, the mitochondrial cristae 
vanished and the mitochondrial volume decreased after cephae-
line treatment (Figure 2(B,C)). Subsequently, we found that 
apoptosis, necroptosis and autophagy inhibitors had no obvious 
reversal effects on cephaeline-induced cell death (Figure 3(A)). 
However, the inhibitory effects of cephaeline on lung cancer cells 
were significantly reversed after administration of the ferroptosis 
inhibitors (liproxstatin-1 [Lip-1], ferrostatin-1 [Fer-1] and 
deferoxamine [DFO]), suggesting that cephaeline may induce fer-
roptosis in lung cancer cells (Figure 3(B)). Detection of iron lev-
els using a FerroOrange fluorescent probe showed that iron levels 
were markedly elevated in the cephaeline-treated group 
(Figure 3(C)).

In addition, as iron ions can cause severe lipid peroxidation 
in cells, which leads to iron-dependent cell death, lipid peroxida-
tion was measured using a C11 BODIPY 581/591 fluorescent 
ratio-probe. The levels of LPO and MDA, as indicators of lipid 
peroxidation, were also detected. The results showed that cephae-
line significantly induced lipid peroxidation in lung cancer cells, 
accompanied by the release of large amounts of LDH, an import-
ant hallmark of cell death closely associated with cell membrane 
damage (Figure 4(A–E)).

Moreover, we found that the content of the key antioxidant 
GSH in cells was significantly reduced with aggravation of 
cephaeline-induced lipid peroxidation (Figure 4(F)). Therefore, to 
verify that iron-induced lipid peroxidation was the key cause of 
cephaeline-induced cell death, the antioxidants NAC and GSH 

Table 1. Primer sequences used.

Primers

gPX4 Forward primer cgctgtggaagtggatgaag
reverse primer ttgtcgatgaggaactgtgg

Slc7a11 Forward primer ttttgtacgagtctgggtgg
reverse primer cgcaagttcagggatttcac

Slc40a1 Forward primer gggtggacaagaatgctagac
reverse primer atggtacatggtcagaagctc

transferrin Forward primer tgagccacgtaaacctcttg
reverse primer agtattggttaagggtggagc

β-actin Forward primer ctccatcctggcctcgctgt
reverse primer gctgtcaccttcaccgttcc
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were co-administrated with cephaeline to investigate whether anti-
oxidants could reverse cephaeline-induced cell death. The results 
showed that cell viability was significantly upregulated by admin-
istration of the antioxidants with cephaeline compared with the 
group treated only with cephaeline (Figure 4(G,H)). Subsequently, 
the expression of ferroptosis-related genes was measured by 
real-time PCR, showing that cephaeline significantly downregu-
lated the key antioxidant genes GPX4 and SLC7A11. However, 
cephaeline also significantly upregulated transferrin, a regulatory 
gene that promotes iron influx, and significantly downregulated 
SLC40A1, a regulatory gene that controls iron efflux (Figure 5(A–
D)). In addition, investigation of the corresponding protein levels 
using western blotting showed that the protein expression was 
consistent with the gene expression (Figure 5(E–I)). Finally, to 
determine the specific mechanism of ferroptosis induction by 
cephaeline, the expression of the key antioxidant regulatory pro-
tein NRF2 was measured in cells, finding that cephaeline signifi-
cantly inhibited the expression of NRF2 (Figure 5(J–L)).

Inhibitory effects of cephaeline on lung cancer cells are 
alleviated by an NRF2 agonist

To further confirm that cephaeline plays a role in inducing fer-
roptosis by targeting NRF2 in lung cancer cells. The NRF2 

agonist tert-butylhydroquinone (TBHQ) was pre-treated with 
lung cancer cells, and we found that the death of lung cancer 
cells induced by cephaeline was significantly alleviated (Figure 
6(A)). Meanwhile, lipid ROS levels and lipid peroxidation were 
detected in the cephaeline treatment groups with or without 
TBHQ pretreatment. It was found that TBHQ significantly 
reversed the increases in both lipid ROS and lipid peroxidation 
induced by cephaeline (Figure 6(B,C)). Moreover, GSH levels 
were elevated in the cephaeline treatment group when pretreated 
with TBHQ (Figure 6(D)). Furthermore, the significantly ele-
vated levels of LDH that were released by the cells treated with 
cephaeline were significantly reversed by TBHQ (Figure 6(E)). 
Finally, the expression of downstream ferroptosis-related target 
proteins GPX4 and SLC7A11 regulated by NRF2 were detected, 
and it was found that TBHQ could significantly reverse the 
expression of GPX4 and SLC7A11 (Figure 6(F,G)). Therefore, 
based on the above studies, it was fully demonstrated that 
cephaeline can induce ferroptosis in lung cancer cells by tar-
geting NRF2

Cephaeline has inhibitory effects on lung cancer cells in vivo

To investigate the antitumour effects of cephaeline in vivo, a 
subcutaneous tumor xenograft model was constructed. After 

Figure 1. cephaeline induces lung cancer cell death in vitro. (a) the structure of cephaeline. (B) ccK-8 was used to detect the effect of different concentrations of 
cephaeline on the cell viability of lung cancer cell line h460 and a549 at different time points (24, 48 and 72 h).
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12  d of drug treatment, it was found that 5 and 10 mg/kg 
cephaeline conferred significant antitumour effects in vivo com-
pared with the control group. Meanwhile, the ED50 was 3 mg/kg 
and minimum effective concentration (MEC)  was 2.5 mg/kg 
measured in subcutaneous tumor xenograft model. However, 
10 mg/kg cephaeline had the same anti-lung cancer effect in vivo 
as the ferroptosis inducer erastin (Figure 7(A–D)). Meanwhile, it 
was also found that there were no significant differences in 
body weight between the mice in the cephaeline, erastin and the 
control groups (Figure 7(E)). Moreover, to verify that cephaeline 
plays an anti-lung cancer role by inducing ferroptosis in vivo, 
we detected the key proteins of ferroptosis in different groups of 

tumor tissues by western blot, and the results were consistent 
with the in vitro findings (Figures 7(F) and 8).

Discussion

Lung cancer is one of the most common malignant tumors world-
wide. Moreover, the high morbidity and mortality of lung cancer are 
a serious threat to people’s lives and health (Gao et  al. 2020). 
However, due to the emergence of complicating issues such as apop-
tosis evasion and chemotherapy resistance in clinical practice, the 
important role of other non-apoptotic programmed cell death in 
tumor treatment is receiving increasing attention (Yang Y et  al. 

Figure 2. cephaeline induces upregulation of roS levels and mitochondrial damage. (a) the roS level was determined by DcFh-Da probe after treatment with 
cephaeline for 24 h. Scale bars, 50 μm. (B) the mitochondrial morphological changes were detected by transmission electron microscopy after treatment with cephae-
line for 24 h. Scale bars, 500 nm. (c) the changes in mitochondrial membrane potential were detected by mito-tracker red cmXros probe after treatment with 
cephaeline for 24 h. Scale bars, 20 μm.
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2021). Ferroptosis is a new type of non-apoptotic programmed cell 
death discovered in recent years, which may become a new strategy 
for tumor treatment. Research has shown a significant association 

between ferroptosis and the survival and prognosis of tumor patients 
(Liang J et  al. 2020; Wang D et  al. 2021; Zhu G et  al. 2021). For 
example, GPX4 is a key regulator of ferroptosis, and studies have 

Figure 3. cephaeline induces ferroptosis in lung cancer cells. (a) the reversal effect of apoptosis inhibitors (Z-VaD-FmK, 50 μm), necroptosis inhibitors (Necrostatin-1, 
200 nm) and autophagy inhibitors (chloroquine, 25 μm) on cephaeline induced lung cancer cell death. mean ± SD, **p < 0.01 vs. the cephaeline treatment group, 
n = 4. (B) the reversal effect of ferroptosis inhibitors [liproxstatin-1 (100 nm)/Ferrostatin-1 (2 μm)/Deferoxamine (100 μm) ] on cephaeline induced lung cancer cell 
death, n = 3. mean ± SD, **p < 0.01 vs. the cephaeline treatment group. (c) the iron level was detected by Ferroorange fluorescent probe after treatment with 
cephaeline for 24 h. Scale bars, 10 μm. mean ± SD, **p < 0.01 vs. the control group.
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Figure 4. cephaeline induces lipid peroxidation in lung cancer cells. (a and B) the lipid peroxidation was measured by c11 BoDiPy 581/591 fluorescent ratio-probe 
in h460 and a549 cells after treatment with cephaeline for 24 h, mean ± SD, *p  <  0.05, **p  <  0.01 vs. the control group. Scale bars, 10 μm. (c and D) the indicator 
of lipid peroxidation lPo, mDa was detected in h460 and a549 cells after treatment with cephaeline for 24 h, n  =  3. mean ± SD, **p  <  0.01 vs. the control group. 
(e) effect of cephaeline on lDh release was detected after treatment with cephaeline for 24 h, n  =  3. mean ± SD, *p  <  0.05, **p  <  0.01 vs. the control group. (F) the 
key antioxidant gSh was detected after treatment with cephaeline for 24 h, n  =  3. mean ± SD, *p  <  0.05, **p  <  0.01 vs. the control group. (g and h) the reversal 
effect of antioxidants Nac and gSh on cephaeline-induced cell death, n = 3. mean ± SD, **p  <  0.01 vs. the control group.
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shown that higher GPX4 expression is associated with better distant 
metastasis free survival rate of breast cancer (Sha R et  al. 2021). 
Moreover, research has found that overexpression of SLC7A11, 
another key regulator of ferroptosis, is predictive of poor prognosis 
in lung cancer patients (Qian L et  al. 2022). Therefore, screening 
drugs that can induce ferroptosis in tumor cells is expected to 

become a new strategy for the clinical management of tumors. 
There are currently few studies on the antitumour effects of cephae-
line, particularly its anti-lung cancer effects. Accordingly, this study 
investigated the anti-lung cancer effect of cephaeline, and we found 
that cephaeline has significant inhibitory effects on lung cancer cells. 
Furthermore, we also found that the antitumour effects of 

Figure 5. effect of cephaeline on ferroptosis related genes and proteins in lung cancer cells. (a–D) the ferroptosis-related genes gPX4, Slc7a11, Slc40a1 and 
transferrin were detected by rt-Pcr in h460 and a549 cells after treatment with cephaeline for 24 h, n = 3. mean ± SD, **p < 0.01 vs. the control group. (e–i) the 
ferroptosis-related proteins gPX4, Slc7a11, Slc40a1 and transferrin were detected by western blot in h460 and a549 cells after treatment with cephaeline for 24 h, 
repeated three times, mean ± SD, *p  <  0.05, **p  <  0.01 vs. the control group. (J–l) the key antioxidant regulatory protein NrF2 was detected by western blot in 
h460 and a549 cells after treatment with cephaeline for 24 h, n = 3, mean ± SD, *p < 0.05, **p  <  0.01 vs. the control group.
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cephaeline were not reversed when lung cancer cells were pretreated 
with apoptosis, necrosis and autophagy inhibitors. However, the 
antitumour effects of cephaeline were reversed after pretreatment 
with ferroptosis inhibitors, indicating that ferroptosis induction may 
be the key antitumour mechanism of cephaeline.

Intracellular iron upregulation is the key feature of ferroptosis 
(Dixon et  al. 2012). We found that cephaeline significantly promoted 
upregulation of intracellular iron upregulation. Moreover, structural 
changes in the mitochondria are another key sign of ferroptosis, and 
mitochondria mainly affect the occurrence and development of ferro-
ptosis by regulating lipid metabolism, iron metabolism and glutamine 
decomposition (Xie et  al. 2016; Gao et  al. 2019; Wang et  al. 2020; 
Mao et  al. 2021). The results showed that cephaeline induced mito-
chondrial damage and decreased the mitochondrial membrane 

potential in lung cancer cells. In addition, due to the iron-dependent 
increase of lipid ROS can induce lipid peroxidation, which eventually 
leads to ferroptosis of lung cancer cells (Henning et  al. 2022). 
Therefore, we found that the tumor suppressive effects of cephaeline 
were significantly reversed after pretreatment with antioxidants.

Subsequently, ferroptosis-related genes were detected by real-time 
PCR, we found that GPX4, SLC7A11 and SLC40A1 were downreg-
ulated, while the expression of transferrin gene was upregulated, and 
the expression changes of these genes were consistent with the cor-
responding protein expression. The downregulation of GPX4 and 
SLC7A11 led to the depletion of intracellular GSH and inhibition of 
the antioxidant system. However, when the expression of transferrin 
was upregulated, the downregulation of SLC40A1 promoted intra-
cellular iron level upregulation, which was accompanied by lipid 

Figure 6. inhibitory effects of cephaeline on lung cancer cells are alleviated by an NrF2 agonist. (a) the ccK-8 was used to detect the reversal effect of tBhQ (10 μm) 
on cephaeline (100 nm) induced lung cancer cell death, n =  3, mean ± SD, **p  <  0.01 vs. the control group. (B) using DcFh-Da probe to detect roS level in control 
group, cephaeline treatment group and cephaeline combined tBhQ group. Scale bars, 50 μm. (c) the lipid peroxidation was measured by c11 BoDiPy 581/591 fluo-
rescent ratio-probe in control group, cephaeline treatment group and cephaeline combined tBhQ group. Scale bars, 20 μm. (D and e) effect of cephaeline on lDh 
release and the key antioxidant gSh was detected in control group, cephaeline treatment group and cephaeline combined tBhQ group, n  =  3. mean ± SD, **p  <  0.01 
vs. the control group. (F and g) the ferroptosis-related proteins gPX4, Slc7a11 were detected by western blot in control group, cephaeline treatment group and 
cephaeline combined tBhQ group, repeated three times, mean ± SD, *p  <  0.05, **p  <  0.01 vs. the control group.
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peroxidation. Therefore, cephaeline-induced ferroptosis ultimately 
results from the inhibition of the antioxidant system and the exac-
erbation of lipid peroxidation.

NRF2 is a critical transcription factor has the function of regu-
lating iron homeostasis and redox balance in cells, which is strongly 
associated with ferroptosis (Kerins and Ooi 2018; Zhang et al. 2021). 
Moreover, there are studies showing that the expression of NRF2 in 
normal samples is lower than that in LUAD samples, especially in 
advanced LUAD stages (Wang et  al. 2008). Due to the mutant of 
KEAP1, an inhibitor of NRF2, lead to the strong and persistent 
induction of NRF2 in cancer tissues (Hellyer et  al. 2021; Scalera 
et  al. 2022). Therefore, NRF2 should be regarded as a potential tar-
get for tumor therapy. In our study, we found that cephaeline could 
promote the downregulation of NRF2. Existing studies have shown 
that NRF2 affects redox homeostasis by regulating its downstream 
target genes GPX4 and SLC7A11 (Shin et  al. 2018; Dong et  al. 
2020). However, NRF2 affects iron homeostasis by regulating its 
downstream iron regulation-related protein SLC40A1 (Harada et  al. 
2011; Wu et  al. 2017). Therefore, with this in mind, we believe that 
cephaeline inhibits NRF2, leading to the downregulation of the 
downstream key antioxidant proteins GPX4 and SLC7A11, resulting 
in the inhibition of the antioxidant system. In addition, cephaeline 
promotes iron overload in cells by downregulating SLC40A1, a key 

protein that promotes iron efflux, and upregulating transferrin, a 
key protein that regulates iron influx. These events in combination 
lead to the induction of ferroptosis. Subsequently, the NRF2 agonist 
TBHQ was used to reverse the inhibitory effects of cephaeline on 
lung cancer cells. We found that the antitumour effects of cephae-
line were reversed. Moreover, we also found that TBHQ could 
restore redox homeostasis altered by cephaeline, thereby reversing 
the occurrence of ferroptosis.

Finally, we used a subcutaneous tumor xenograft model to 
investigate the antitumor effects of cephaeline. Our findings indi-
cate that cephaeline exhibits significant and highly efficient anti-
tumor effects. Furthermore, to verify the antitumour mechanism 
of cephaeline by inducing ferroptosis in vivo, the expression of 
key ferroptosis-associated proteins was measured in different 
groups of tumor tissues by western blotting. These results were 
consistent with the in vitro findings, which further confirmed 
that cephaeline plays an antitumour role by inducing ferroptosis.

Conclusions

Our study has demonstrated that cephaeline has a significant 
inhibitory effect on lung cancer cells by inducing ferroptosis. In 

Figure 7. inhibitory effect of cephaeline on lung cancer cells in vivo. (a) Schematic diagram of the anti-lung cancer effect of cephaeline in vivo. (B) the antitumour 
effect of erastin (20 mg/kg) and cephaeline (5 and 10 mg/kg) in vivo were studied by using the subcutaneous tumor xenograft model, n = 6. (c and D) the tumor 
volume and tumor weight were measured both in control group, erastin group and cephaeline treatment group, mean ± SD, **p  <  0.01 vs. the control group. (e) the 
body weight was measured both in control group, erastin group and cephaeline treatment group, mean ± SD. (F) the proteins gPX4, Slc7a11 and Slc40a1 associated 
with ferroptosis were detected in tumor tissues by Western blotting.
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addition, this study also demonstrated that NRF2 is a key target 
for cephaeline induced ferroptosis of lung cancer cells. The 
research on the anti-lung cancer efficacy of cephaeline and its 
mechanism will provide potential candidate drugs for the treat-
ment of lung cancer patients in the clinic.
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