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Lanatoside C induces ferroptosis in non-small cell lung cancer  
in vivo and in vitro by regulating SLC7A11/GPX4 signaling pathway
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Background: Non-small cell lung cancer (NSCLC) is a common malignant tumor worldwide, remaining 
resistant to chemotherapy drugs. Lanatoside C can inhibit the growth of cancer cell lines. In this study we 
aimed to investigate the relationship between lanatoside C and ferroptosis, exploring the possible mechanism 
in NSCLC.
Methods: Experiments in vitro and in vivo were conducted. A549 cells were used for in vitro, including 
cell counting kit-8 (CCK-8) assay, lactate dehydrogenase (LDH) release, western blotting, flow cytometry, 
transmission electron microscopy (TEM), and confocal microscopy. In vivo, a subcutaneous tumor model in 
nude mice using A549 cells was built and body size of the mice was observed. Ki67 immunohistochemistry, 
hematoxylin-eosin (HE) staining, and western blotting were conducted respectively.
Results: The results showed that lanatoside C had an inhibitory effect on the growth of A549 cells, and the 
dose of lanatoside C used in this experiment was set at 0.4 μM for 24 hours. When A549 cells were treated 
with lanatoside C, the cell viability was decreased observably (P<0.001) and LDH release was significantly 
enhanced (P<0.01) compared with the control group. However, when A549 cells were treated together with 
lanatoside C and five different inhibitors, containing ferroptosis inhibitors, necroptosis inhibitors, apoptosis 
inhibitors, pyroptosis inhibitors, and autophagy inhibitors, the results showed that the viability of A549 cells 
with lanatoside C and ferrostatin-1 (Fer-1) was reduced (P>0.05) and the LDH release was significantly 
enhanced (P<0.05). Besides, TEM and confocal microscopy showed that the mitochondria of A549 cells in 
the lanatoside C group disappeared and the mitochondrial membrane potential decreased. In vivo, lanatoside 
C efficiently enhanced the sensitivity of the xenograft tumors, as well as reducing the size and weight of 
the tumor. Moreover, immunohistochemical staining analysis revealed that the SLC7A11 and GPX4 levels 
significantly decreased in the lanatoside C group. In addition, the expression of GPX4 and SLC7A11 by 
western blotting was decreased in lanatoside C group.
Conclusions: Collectively, lanatoside C could inhibit the proliferation and induce ferroptosis, and have a 
biological effect on inducing ferroptosis in NSCLC.
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Introduction

Lung cancer is one of the most common malignant tumors 
in China, among which non-small cell lung cancer (NSCLC) 
accounts for about 85% (1), and more than 70% of NSCLC 
patients are already in advanced stage at initial diagnosis 
and cannot be treated surgically (2). As one of the common 
treatments, chemotherapy is useful for NSCLC patients 
with advanced age or poor clinical performance. However, 
a great challenge to the efficacy of chemotherapy comes out 
due to treatment resistance (3). Therefore, it is important 
to explore therapeutic drugs for NSCLC to improve the 
targeted diagnosis and treatment.

It is reported that many chemotherapeutic drugs may 
play a part in resisting NSCLC by regulating ferroptosis (4). 
Ferroptosis is an iron-dependent programmed cell death 
mediated by massive lipid peroxidation (5,6). It is crucial 
for the control or the treatment or the development of 
various diseases such as acute lung and kidney injuries (7-9).  
The induction of ferroptosis can lead to a restriction of 
tumor cell growth and significantly improve the therapeutic 
outcome of tumors. Recent studies have found that 
ferroptosis plays a critical role in both malignant progression 
and treatment of NSCLC. For example, ferroptotic damage 

triggers inflammation-associated immunosuppression in 
tumor microenvironment (10); erastin, as an inducer of 
heterologous ferroptosis, exhibits significant tumor growth 
inhibition effects in lymphoma models (11); bufotalin 
induces ferroptosis in NSCLC cells by facilitating the 
ubiquitination and degradation of GPX4 (12); and Nrf2/
heme oxygenase-1 signaling pathway and thereby inhibits 
NSCLC cell growth (13). These findings suggested that 
ferroptosis may play a key role in the development of 
NSCLC, and the ferroptosis regulatory proteins such as 
SLC7A11 and GPX4 may be important regulators in the 
process of the progress of malignant of NSCLC. As a result, 
exploring the mechanisms of ferroptosis in the process of 
cancer makes it significance for cancer therapy, so there is 
an urgent need to find new NSCLC drugs that may induce 
ferroptosis.

Lanatoside C is one of the cardiac glycosides (14-16), 
which is used in clinical practice to treat heart failure 
by inhibiting sodium-potassium pump. In recent years, 
the anti-cancer effect of lanatoside C has been gradually 
explored, and a previous study reported that in cancer cell 
lines lanatoside C could inhibit cell proliferation and induce 
apoptosis (17). In addition, it has been demonstrated that 
lanatoside C can control the development of liver cancer 
by accelerating apoptosis and slowing down the rate of 
tumor metastasis in nude mice, and tumor cells are more 
susceptible to cardiac glycosides than normal cells (18,19). 
Unfortunately, the mechanism of the inhibiting effect of 
lanatoside C on lung cancer has not been reported.

There is a lack of evidence that whether the inhibiting 
effect of lanatoside C on lung cancer is related to 
ferroptosis. So, in this study we aimed to investigate the 
relationship between the inhibiting effect of lanatoside 
C and ferroptosis in vitro and in vivo, and explore the 
possible mechanism of the action, which is beneficial to 
the provision of new therapeutic insights for NSCLC. A 
protocol was prepared before the study without registration. 
We present this article in accordance with the ARRIVE 
reporting checklist (available at https://tcr.amegroups.com/
article/view/10.21037/tcr-23-2285/rc).

Methods

Cell line and culture

The human NSCLC cell line A549 was purchased from 
the American Type Culture Collection. A549 cell line was 
removed from the liquid nitrogen storage tank, immediately 
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placed in a 37 ℃ water bath, shook for 1 min, and observed 
until completely melted. An appropriate amount of penicillin-
streptomycin was added, and A549 cell line was incubated in 
5% CO2, 37 ℃. When the adherent cell coverage reached 
70–80%, 3 mL phosphate-buffered saline (PBS) was used 
to rinse for three times. One mL 0.25% pancreatic enzyme 
was included to cover the bottom for digestion for 2 min, 
and the cells were maintained in RPMI-1640 medium with 
10% fetal bovine serum at 37 ℃ with 5% CO2 to terminate 
digestion, along with being centrifuged at 1,000 rpm at 4 ℃  
for 3 min. Two mL of complete medium was added to 
resuspend the cells, which were transferred to a new cell 
culture at a ratio of 1:10, and 8 mL RPMI-1640 medium 
with 10% fetal bovine serum also was put into it. The cell 
line was incubated at 37 ℃ with 5% CO2.

To explore the anti-proliferative effect of lanatoside C, 
A549 cells were divided into six groups, five of which were 
each given a different inhibitor into the medium during 
the incubation, for example, the control group (without an 
inhibitor), Z-VAD-FMK (an inhibitor for apoptosis) group, 
necrosulfonamide (an inhibitor for necrocytosis) group, 
VX-765 (an inhibitor for pyroptosis) group, ferrostatin-1 
(Fer-1; an inhibitor for ferroptosis) group, and 3-MA (an 
inhibitor for autophagy) group.

Cell counting kit-8 (CCK-8) assay

Ten μL mixed cell suspension was added to a beef counting 
plate, and according to the counting results the 100 μL cell 
suspension was needed to be inoculated in each well. The 
100 μL cell suspension was seeded into the 96-well plate, 
and then put into the conventional incubator at 37 ℃ and 
5% CO2 for 24 hours. When the cells grew completely, they 
were divided into nine groups: control group and  lanatoside 
C group (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 μM). For 
detection, 100 μL fresh medium containing 10 μL CCK-8  
solution (Beyotime, Shanghai, China) was added to each 
plate and incubated for 1 hour. Absorbance at 450 nm was 
detected using microplate reader, which could indirectly 
reflect the number of living cells according to the change of 
absorbance.

Lactate dehydrogenase (LDH) release

Cells were inoculated in 96-well plates at the density of 
1×104 per well and incubated overnight. After receiving 
the corresponding treatments, the LDH release assay 
was performed using the LDH Cytotoxicity Assay Kit 

(Beyotime) according to the manufacturer’s instructions.

Western blotting

Total proteins were extracted using radioimmunoprecipitation 
assay buffer. Proteins were separated according to molecular 
weight using 8% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred onto 
polyvinylidene fluoride membranes. The membranes were 
immersed in 5% skimmed milk for 2 hours at 25 ℃ and 
then incubated with the primary antibodies [SLC7A11 
(1:6,000), GPX4 (1:4,000), β-actin (1:5,000)] overnight at 
4 ℃. After washing with tris-buffered saline tween (TBST) 
three times, the secondary antibody (1:8,000 dilution) was 
added and incubated at 25 ℃ for 2 hours. After washing 
with TBST three times, the expression of proteins was 
visualized by chemiluminescence.

Flow cytometry

Pyroptosis was measured using flow cytometry. Cells were 
seeded into six-well plates with indicated treatments, after 
which the cells were trypsinized in 0.25% trypsin, and 
washed thrice with PBS. Then the cells were stained with 
7-AAD for 15 min, and 450 μL binding buffer was added, 
followed by incubation with 1 μL Annexin V-phycoerythrin 
(PE) at 37 ℃ in the dark for 15 min. Finally, the samples 
were examined with a flow cytometer (FACSCalibur, BD, 
Franklin Lakes, NJ, USA).

Transmission electron microscopy (TEM)

The cells were prefixed with 3% glutaraldehyde and post-
fixed in 1% osmium tetroxide, dehydrated in series acetone, 
and then infiltrated in Epox 812 and embedded in it. The 
semithin sections were stained with methylene blue, and 
ultrathin sections were cut with diamond knife, stained with 
uranyl acetate and lead citrate. The sections were examined 
with the JEM-1400-FLASH TEM.

Confocal microscopy

The cells were inoculated in 24-cell plates to make cell 
climbing sheets. After adherent growth, the cells were 
treated with drugs for 24 hours. Then, 0.5 mL/well  
tetramethylrhodamine ethyl ester (TMRE) staining 
solution was added for 20 min, and washed with PBS thrice. 
Then, the atomic nucleus was dyed with 4,6-diamino-2-
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phenylindole (DAPI) in the installation medium, and images 
were obtained using the confocal laser scanning microscope 
(Nikon, Tokyo, Japan).

Xenograft nude mice model

Experiments were performed under a project license (No. 
CMC-IACUC-2022050) granted by the Experimental 
Animal Ethics Committee of Chengdu Medical College, in 
accordance with the Chengdu Medical College’s guidelines 
for the care and use of animals. Female nude mice (BALB/c, 
5–6 weeks) were purchased from GemPhamatech Limited 
(Chengdu, China) and kept under controlled temperature 
and specific pathogen-free (SPF) conditions and the cage, 
bedding and drinking water were autoclaved and replaced 
regularly. For the xenograft tumor growth assay, each mouse 
was subcutaneously injected with 4×106 cells into the right 
armpit. On the 10th day after tumor inoculation, 12 mice 
were randomly divided into three treatment groups: control 
group; low-dose lanatoside C group (4 mg/kg/day, dissolved 
in solvent); high-dose lanatoside C group (8 mg/kg/day, 
dissolved in solvent) for 4 weeks. To guarantee biological 
duplication, the mice number of each group was four (n=4). 
The body weight and tumor volume were measured every 
7 days. The tumor volume (mm3) was calculated according 
to the following formula: volume = (length × width2)/2. 
At the end of the study, the mice were anesthetized with 
0.3% sodium pentobarbital by intraperitoneally injected at 
50–60 mg/kg, and performed a cervical dislocation resulting 
in death. Moreover, the tissue was carefully removed for 
further study.

Hematoxylin-eosin (HE) staining

The tumor tissue was dehydrated and transparent, and 
then the tissue was immersed in melted paraffin at 65 ℃ for  
4 hours to be embedded. The embedded tissue was placed 
on a low-temperature plate for pre-cooling and then sliced 
conventionally, with a thickness of 5 μm. Suitable and 
complete slices were selected and placed at 65 ℃ for 2 hours, 
therewith dewaxed immediately (xylene I 10 min, xylene 
II 10 min, 100% ethanol I 2 min, 100% ethanol II 2 min,  
95% ethanol 2 min, 85% ethanol 2 min, respectively, 75% 
ethanol 2 min), placed in a shaker and rinsed with distilled 
water for three times (each time for 3 min). The dyeing 
process was followed by using hematoxylin for 4 min, then 
washing with running water for 10 min, eosin for 20 s, and 
running water for 60 s. After dyeing, the slides were left at 

room temperature to dry, sealed with a neutral resin, fixed, 
and then viewed under a microscope to take photos.

Ki67 immunohistochemical staining

The selected tissue slices were put into the sheet oven to 
be dewaxed for 2 hours, and immediately transferred into 
xylene for 10 min; Then soaking in 100%, 100%, 95%, 
85%, 75% ethanol, each step was processed for 5 min; 
Finally, distilled water was used to wash for three times 
(each time for 5 min). Antigen repair was carried out in 
high-pressure steam for 10 min, then cooled to room 
temperature and washed for three times by PBS with 5 min 
each time. Then 3% H2O2 was added to block the non-
specific antigen of the section tissue, and was incubated at 
room temperature for 10 min away from light to inhibit 
endogenous peroxidase interference, subsequently with PBS 
for washing three times, 5 min each time. Then the tissue 
slices were boiled in citrate buffer (pH: 6.0) for antigen 
retrieval and blocked with 5% goat serum at 37 ℃ for  
1 hour. The tissues were then incubated with the primary 
antibodies at 4 ℃ overnight, and incubated with the 
secondary antibodies. To visualize the immunocomplexes, 
diaminobenzidine (DAB) was used as the chromogen.

Statistical analysis

Each experiment was performed independently at least 
thrice. Statistical significance was determined using an 
unpaired Student’s t-test for comparisons between the two 
groups. Experimental results were statistically analyzed 
using a one-way analysis of variance or two-way analysis of 
variance with Tukey’s multiple comparison post-hoc test. 
All statistical analyses were performed with the GraphPad 
Prism 7 software (San Diego, CA, USA) and were 
presented as the mean ± standard deviation (SD). Statistical 
significance was set at P<0.05.

Results

Lanatoside C suppressed the growth of lung cancer cells

The structure of lanatoside C is shown in Figure 1A. To 
explore the effect of lanatoside C on lung cancer cells, 
different concentrations of lanatoside C were added to A549 
cells, and the results showed that lanatoside C reduced 
the cell viability (Figure 1B), increased the release of LDH 
(Figure 1C) and decreased the clone formation of A549 
cells (Figure 1D) in a dose-dependent manner. In addition, 
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lanatoside C significantly changed the morphology of A549 
cells (Figure 1E). 5-ethynyl-2'-deoxyuridine (EDU) staining 
and flow cytometry showed that lanatoside C significantly 
enhanced A549 cell death (Figure 1F,1G). In conclusion, 
lanatoside C had an inhibitory effect on the growth of A549 
cells, and the dose of lanatoside C used in this experiment 
was set at 0.4 μM for 24 hours.

Lanatoside C induced ferroptosis of lung cancer cells

To further evaluate how lanatoside C inhibited the growth of 
A549 cells, we used different inhibitors together with 0.4 μM  
lanatoside C. The results showed that compared with the 
control group, there were no statistical differences in the 
viability of A549 cells treated together with lanatoside C  
in Z-VAD-FMK group, Fer-1 group, and VX-765 group 
(Figure 2A). Compared with the control group, the LDH 
release significantly enhanced in lanatoside C group, 
namely when the control group were treated with 0.4 μM 
lanatoside C; Meanwhile, when A549 cells were treated 
with lanatoside C, the LDH release in Z-VAD-FMK group 
and Fer-1 group decreased significantly compared with 
the lanatoside C group, especially with a more reduction 
in Fer-1 group (Figure 2B). These results demonstrated 
that ferroptosis inhibitors were more effective in inhibiting 

lanatoside C-mediated cell death, so experiments focused on 
ferroptosis were conducted. As a result, the protein content 
of SLC7A11 and GPX4 by western blotting in lanatoside 
C group were significantly decreased compared with the 
control group (Figure 2C), and so was the fluorescence 
intensity by confocal microscopy (Figure 2D,2E). In 
addition, TEM and mitochondrial membrane potential 
detection analysis showed that the mitochondria of A549 
cells in lanatoside C group disappeared (Figure 2F) and the 
mitochondrial membrane potential decreased (Figure 2G).

Lanatoside C suppressed the growth of lung cancer in vivo

In order to assess the anti-proliferative effect of lanatoside 
C in vivo, we established a subcutaneous tumor model 
in nude mice using A549 cells. The body size of the 
mice was not affected by tumor xenograft. However, 
lanatoside C efficiently inhibited the growth of xenograft 
tumors, as well as reducing the size and weight of the 
tumor (Figure 3A-3D). We investigated the influence of 
lanatoside C on cell proliferation and cell death using Ki67 
immunohistochemistry and HE staining of tumor sections. 
We found that lanatoside C significantly suppressed the 
proliferation of tumor cells and enhanced tumor cell death 
(Figure 3E).

Figure 1 The effect of lanatoside C on lung cancer cells. (A) Chemical structure of lanatoside C. (B) Cell viability was assessed using CCK-8  
assay at different lanatoside C concentrations. (C) The LDH release was evaluated at different lanatoside C concentrations. (D) Clone 
formation was observed at different lanatoside C concentrations by clone formation assay. Scale bar =1 cm. (E) The morphology of A549 
cells was detected at different lanatoside C concentrations by TEM. Scale bar =50 μm. (F,G) Assessments of EDU staining by confocal 
microscopy (F) and flow cytometry (G) were conducted in A549 cells with lanatoside C at different concentrations. Scale bar =50 μm. Data 
was presented as mean ± SD, and statistical significance was calculated using one-way ANOVA with Tukey’s multiple comparison test. 
ns, P>0.05; **, P<0.01; ***, P<0.001. MW, molecular weight; Con, control group; LDH, lactate dehydrogenase; DAPI, 4,6-diamino-2-
phenylindole; EDU, 5-ethynyl-2'-deoxyuridine; PE, phycoerythrin; CCK-8, cell counting kit-8; TEM, transmission electron microscopy; 
SD, standard deviation; ANOVA, analysis of variance.
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Figure 2 The effect of LC on A549 cells was induced by ferroptosis. (A) The viability of A549 cells with different inhibitors was assessed 
using CCK-8 assay, including Z-VAD-FMK for apoptosis, necrosulfonamide for necrocytosis, VX-765 for pyroptosis, Fer-1 for ferroptosis, 
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Ferroptosis is induced by iron accumulation and lipid 
peroxidation, and is characterized by mitochondrial 
contraction. In the subcutaneous tumor model in nude mice, 
ferroptosis was assessed by measuring GPX4 and SLC7A11 
levels. As shown in (Figure 4A), Immunohistochemical 
staining analysis revealed that the SLC7A11 and GPX4 
levels significantly decreased in mice in the lanatoside C 
group. In addition, the expression of GPX4 and SLC7A11 
protein was decreased in the lanatoside C group (Figure 4B). 
The results demonstrated mechanism by which lanatoside 
C suppressed tumor growth by promoting ferroptosis  
(Figure 4C).

Discussion

Lung cancer is the most common and fast-growing 
malignant tumor in China (20). The high ability of cancer 
cells to invade and metastasize is the main reason limiting 
the improvement of survival after lung cancer surgery 
(21,22). Recent studies have found that lanatoside C has 
potential anti-tumor cell proliferation effects, and its 
anti-tumor mechanism mainly focuses on induction of 
autophagy, cell cycle arrest and induction of cell death, 
and has a good inhibitory effect on liver cancer and gastric 
cancer (18,19,23). In this study, we evaluated the effect of 
lanatoside C on ferroptosis in A549 cells, the results showed 
that the survival of A549 cells was significantly reduced by 
the treatment of lanatoside C, and the dose correlation was 
also observed.

Ferroptosis is a newly discovered iron-dependent mode 
of cell death that differs from other cell death types such as 
autophagy, apoptosis, necrocytosis, and pyroptosis (24,25). 
This form of cell death is characterized by shrinking 

mitochondria, dense and thickened membranes, reduced 
activity of SLC7A11 and GPX4 proteins (26), depletion 
of glutathione (GSH) content, and excessive accumulation 
of ROS resulting in elevated lipid peroxidation on cell 
membranes. It has been shown that ferroptosis is also 
an important regulator of tumor growth (10), in which 
SLC7A11 and GPX4 act as central regulators. An essential 
mechanism of ferroptosis by GSH-dependent GPX4 
reductive system in NSCLC has been concluded (27), 
indicating that GPX4 can convert lipid hydroperoxides 
to lipid alcohols combined GSH as a cofactor, and once 
GSH deficiency induces cysteine deficiency, GPX4 activity 
is directly inactivated, causing the accumulation of lipid 
peroxides, which in turn leads to ferroptosis (28). The 
system xc−, a cystine/glutamate antiporter, is comprised 
of SLC7A11 and SLC3A2. SLC7A11, as a sodium-
independent cystine-glutamate reverse transporter, is 
responsible for transporting extracellular cystine into 
the cell, which is then processed into cysteine, the rate-
limiting substrate for GSH synthesis (29,30). A decrease in 
SLC7A11 may lead to a decrease in GSH, and the function 
of GPX4 is suppressed, contributing to the inhibition 
of SLC7A11/cysteine/GSH axis, ultimately triggering 
ferroptosis (31). In this study, we found that lanatoside C 
could inhibit the expression of ferroptosis-related proteins 
(SLC7A11 and GPX4) and promote cellular ferroptosis. 
It is suggested that lanatoside C can induce ferroptosis in 
A549 cells.

To further investigate whether the ferroptosis pathway 
affects the inhibitory effect of lanatoside C on A549 cells, 
this study first pretreated A549 cells with lanatoside C 
and then treated the cells with Fer-1, a specific inhibitor 
of ferroptosis, which is a lipophilic free radical trapping 

and 3-MA for autophagy, when treated with 0.4 μM LC or not. (B) The LDH release of A549 cells with different inhibitors was evaluated 
when treated with 0.4 μM LC or not. Compared with the con group, the LDH release significantly enhanced in LC (0.4 μM) group, and 
the LDH release in Z-VAD-FMK group and Fer-1 group treated with LC decreased significantly compared with LC (0.4 μM) group. (C) 
Protein expression of SLC7A11 and GPX4 was measured by western blotting. (D,E) Fluorescence intensity of GPX4 (D) and SLC7A11 
(E) was detected by confocal microscopy. Scale bar =50 μm. (F) Analysis of mitochondria in A549 cells by TEM was performed. Scale bar 
=50 μm. The yellow frames in the con group showed that the inner mitochondrial structure was intact and the inner mitochondrial ridge 
structure was obviously visible; the yellow frames in the LC (0.4 μM) group showed the inner mitochondrial structure was destroyed, 
the whole mitochondrial wrinkle was shrunk, and the inner mitochondrial ridge structure disappeared, showing characteristic changes of 
ferroptosis. (G) Changes in mitochondrial membrane potential was assessed by TEM. Scale bar =50 μm. Data were presented as mean 
± SD, and statistical significance was calculated using one-way ANOVA with Tukey’s multiple comparison test. ns, P>0.05; *, P<0.05; **, 
P<0.01; ***, P<0.001 vs. Con; #, P<0.05 vs. LC (0.4 μM). CCK-8, cell counting kit-8; Con, control group; Fer-1, ferrostatin-1; LC, lanatoside 
C; LDH, lactate dehydrogenase; TEM, transmission electron microscopy; DAPI, 4,6-diamino-2-phenylindole; SD, standard deviation; 
ANOVA, analysis of variance.
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Figure 3 The analysis of the anti-proliferative effect of LC in vivo. (A) Body size of subcutaneous tumor model mice at different LC 
concentrations was calculated. (B) Means of body weight in subcutaneous tumor model mice at different LC concentrations were analyzed. 
(C) Tumor volume with different concentrations of LC was measured. (D) The changes of tumor volume with different concentrations of 
LC during the growth were figured out. (E) The results of immunohistochemistry and HE staining were monitored. Data were presented 
as mean ± SD, and statistical significance was calculated using one-way ANOVA with Tukey’s multiple comparison test. Con, control group; 
LC, lanatoside C; HE, hematoxylin-eosin; SD, standard deviation; ANOVA, analysis of variance.
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Figure 4 Ferroptosis was assessed by measuring GPX4 and SLC7A11 levels. (A) Immunohistochemical staining analysis of SLC7A11 and 
GPX4 was performed by Ki67 immunohistochemical staining. Scale bar =100 μm. (B) The expression of GPX4 and SLC7A11 by western 
blotting was detected. (C) The schematic diagram showing that LC can regulate SLC7A11/GPX4 signaling to induce ferroptosis. Con, 
control group; LC, lanatoside C.
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antioxidant that prevents ferroptosis. The results showed 
that cell viability was restored in the lanatoside C + Fer-1  
group compared with the lanatoside C alone group, 
suggesting that ferroptosis may affect the inhibition of 
A549 cell proliferation by lanatoside C. The effect of Fer-1, 
a specific inhibitor of ferroptosis, on lanatoside C-induced 
restoration of SLC7A11 and GPX4 protein expression in 
A549 cells was further investigated. The results showed that 
Fer-l restored the lanatoside C-induced down-regulation of 
SLC7 and GPX4 expression. Mitochondrial morphology 
and membrane potential changes are importantly linked 
to ferroptosis progression and can be used as markers 
of mitochondrial damage. In this study, Fer-l reversed 
lanatoside C-mediated mitochondrial damage. In vivo results 
showed that lanatoside C significantly suppressed the tumor 
size and weight. Ki67 is a well-known proliferation marker 
used to assess cell proliferation. In this study, both high and 
low concentrations of lanatoside C significantly decreased 
Ki67 expression, suggesting that lanatoside C could inhibit 
tumor cell proliferation, and promote apoptosis of tumor 
cells.

Conclusions

In  summary,  we  found tha t  l anatos ide  C exer t s 
antiproliferative effects in vivo or in vitro by regulating 
SLC7A11/GPX4 signaling to induce ferroptosis. Despite 
these findings, one of the main limitations of this study is 
that the effect of lanatoside C on ferroptosis in cells has 
not been studied. It is concluded that lanatoside C can be 
considered as an anticancer agent that induces ferroptosis in 
the treatment of NSCLC.
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