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Abstract. KRAS is a biomarker for non‑small cell lung 
cancer‑targeted therapy, but there is currently no effective 
KRAS‑targeting medication. Realgar is an impelling anti‑
cancer drug, however its significance in KRAS mutant lung 
cancer is uncertain. According to our findings, the IC50 of H23 
(KRAS mutant) cells is 2.99 times lower than that of H1650 
(non‑KRAS mutant) cells. Flow cytometry and the Hoechst 
33258 staining assay revealed that H1650 cells treated with 
4 µg/ml realgar had an apoptotic rate of 8.2%, while H23 cells 
had a rate of 21.46%. Accordingly, realgar was more sensitive to 
KRAS mutant cells. Transcriptome sequencing test indicated 
that there were 481 different expression genes in H23 cells 
treated with realgar. In H23 cells treated with realgar, mito‑
chondria shrank, inner membrane folding was disturbed, and 
mitochondrial membrane potential crushed. Realgar boosted 
intracellular Fe2+, reactive oxygen species, malondialdehyde 
and glutathione levels, which were all reversed by ferroptosis 
inhibitor Fer‑1. Realgar decreased phosphorylated p‑Raf, 

p‑ERK1/2 and increased p‑p38 and p‑JNK, whereas only 
p‑Raf was abolished by Fer‑1. Raf inhibitor Sorafenib acceler‑
ated the realgar‑induced ferroptosis. On H23 cells treated with 
realgar, the expression of GPX4, SCL7A11 decreased while 
ACSL4 expression increased; this effect could also be ampli‑
fied by Sorafenib. In conclusion, the present study indicated 
that realgar may induce ferroptosis by regulating the Raf, and 
hence plays a role in anti‑KRAS mutant lung cancer.

Introduction

Lung cancer is the leading cause of cancer‑related death 
worldwide (1). It is the deadliest malignancy, regardless of the 
incidence rate (11.4%) or the fatality rate (18.0%), according 
to the 2020 Global Cancer Annual Report  (2). Non‑small 
cell lung carcinoma (NSCLC) accounts for 85% of all lung 
cancer cases  (3). Numerous recurrent genetic alterations 
cause NSCLC, of which KRAS is a classic example. KRAS 
mutations are identified in 32% of patients with NSCLC (4) 
and are associated with a poor prognosis and a high likeli‑
hood of disease recurrence (5). KRAS is an oncogenic driver 
and its mutation can directly accelerate lung tumor growth. 
Therefore, it is considered a prospective therapeutic target and 
a possible diagnostic marker or biomarker for NSCLC‑targeted 
therapy (6). Accordingly, the development of therapeutic drugs 
that target KRAS mutations is one of the most successful lung 
cancer treatments currently available. AMG‑510 (Sotorasib) is 
a potent, orally bioavailable, and selective KRASG12C covalent 
inhibitor with anti‑tumor activity. In a single‑group, phase 
2 trial, treatment‑related adverse events occurred in 88 of 
126 patients (69.8%), including grade 3 events in 25 patients 
(19.8%) and a grade 4 event in 1 (0.8%) (7). In addition, the 
response rate of patients with NSCLC to AMG‑510 is only 
37% (8). It appears that the identification of effective and safe 
treatments for NSCLC caused by KRAS mutations remains an 
ongoing process.

Realgar, also known as tetra‑arsenic tetra‑sulfide (As4S4 or 
As2S2), is a traditional Chinese medicine mainly used in ancient 
China for deworming. However, currently it is extensively 
used as an anticancer treatment, particularly for malignant 
tumors (9) and hematological malignancies (10). The 2020 
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edition of Chinese Pharmacopoeia stipulates that the daily 
dosage of realgar is between 50 mg/70 kg to 100 mg/70 kg 
per day. Then main content of realgar is arsenic, and the thera‑
peutic and toxic concentrations of arsenic in human blood 
were 2‑70 and 50‑250 ng/ml, respectively. Pharmacokinetic 
variables were analyzed in 7 volunteers with APL and HCR 
by using a single dose of As4S4. The single dose of up to 
60 mg/kg As4S4 was well tolerated. Arsenic could be detected 
in the blood 30 min after oral administration of As4S4. The 
time peak was 3.4±1.4 h and the Cmax was 24.9±8.0 µg/l (11). 
Clinicians demonstrated in 1995 that realgar‑indigo naturalis 
formula‑treated patients with acute promyelocytic leukemia 
had complete remission rates between 96.7 and 98% and a 
5‑year overall survival rate of 86.88% (12). Recent studies 
have demonstrated that realgar formulations can also be used 
to treat other malignancies, including NSCLC. Shi et al (13) 
demonstrated that realgar burning could improve the immu‑
nological function and hypercoagulability of patients with 
lung cancer. The total effective rate was 81.25%. An additional 
study indicated that Nano‑realgar suppressed lung tumor 
growth in vitro and in vivo by inhibiting metabolic reprogram‑
ming  (14). Moreover, in our previous study, it was shown 
that realgar could reduce Ras expression via the Ras/MAPK 
signaling pathway in Caenorhabditis elegans (C. elegans) (15), 
suggesting that realgar is a prospective anticancer medication 
that prevents Ras mutations. However, the beneficial effect of 
realgar in KRAS‑driven lung cancer remains unknown. As a 
result, the emphasis of the present study was on the effects of 
realgar on lung cancer cells that possess KRAS mutations.

The vital KRAS‑controlled pathways are important players 
in the growth of certain malignancies (16,17). Activation of 
the Ras/Raf/ERK signaling pathway is crucial for the develop‑
ment and spread of cancer (18). KRAS mediates mitogenic 
signal transduction from cell surface receptors to intracellular 
effectors and pathways such as Raf‑MAPK (19). C‑raf is the 
first known KRAS effector. KRAS recruits Raf proteins 
(A‑raf, B‑raf, and C‑Raf) to the cell membrane, resulting in 
Raf activation (20,21). It has been reported that Raf inhibi‑
tors have been shown to have antitumor activity in KRAS or 
BRAF mutant cancers (22). Recent studies have shown that 
the clinical resistance to the KRAS inhibitor AMG‑510 in 
NSCLC is characterized by various pathways, the majority of 
which converge on the Ras/MAPK pathway (23,24). Inhibition 
of Ras/MAPK is consequently a big hurdle for enhancing the 
efficacy in KRASG12C patients (8). The process of developing 
KRAS inhibitors requires not only examination of the muta‑
tional status of KRAS, but also regulation of the downstream 
Ras signaling pathway, which can boost the effectiveness of 
KRAS inhibitors.

Previous studies have revealed that ferroptosis is pref‑
erentially triggered in cells overexpressing mutant Ras 
oncoproteins  (25‑27). Specific connections have been 
reported between ferroptosis and the KRAS mutant NSCLC. 
Since ferroptosis is strongly associated with cancer progres‑
sion  (28), patients with lung cancer have shown elevated 
ferritin concentrations in their serum, bronchoalveolar lavage 
fluid, and exhaled air condensate samples (29,30). To form 
erythroid cells and other cell types, transferrin receptor 1 
(Tfr1) controls the intake of transferrin‑bound circulating iron 
levels (31). In 88% of NSCLCs, Tfr1 is significantly expressed 

implying that lung cancer cells may be able to boost iron 
intake by enhancing the effects of the transferrin protein and 
the transferrin protein receptor. Increased Tfr1 expression 
is hypothesized to be a mechanism by which Ras enriches 
cellular iron pools, enhancing ferroptosis sensitivity (25). In 
addition, Ras‑selective inhibitors, including NSCLC cells, can 
trigger non‑apoptotic, iron‑dependent cell death in Ras‑mutant 
cancer cells (32‑34). Cancer cells therefore store more iron than 
healthy cells (35), and KRAS mutant cells are more vulnerable 
to ferroptosis. In the present study, the data indicated that H23, 
a KRAS mutant cell line, was more sensitive to realgar treat‑
ment than the non‑KRAS mutant cell line H1650.

Therefore, the objective of the present study was to deter‑
mine whether realgar has an impact on KRAS‑mutant lung 
cancer cells and the potential correlation between ferroptosis 
and the Ras/Raf pathway. The current study aimed to provide 
a new clinical alternative for the treatment of KRAS‑mutant 
NSCLC tumors.

Materials and methods

Preparation of realgar solution. According to the Chinese 
Pharmacopoeia, realgar from Shimen (Hunan, China) was 
refined and identified. Briefly, 100 ml purified water and 
0.1% NaOH were added to 1 g realgar powder. The solution 
was stirred overnight to spread evenly. The supernatant was 
subsequently washed with 0.1 mol/l HCl until the pH reached 
7.38. The solution was filtered through a 0.22‑µm microporous 
filter to be sterilized, sealed and refrigerated at 4˚C. By using 
inductively coupled plasma mass spectrometry, the concentra‑
tion of total arsenic in solution was determined. Following 
assessment, the realgar solution had a total arsenic concentra‑
tion of 2,592.067 µg/ml.

Cell culture and experimental groups. KRAS mutant H23, 
A549 and H460 cells, as well as non‑KRAS mutant H1650 cells, 
were cultured in RPMI‑1640 (cat. no. SH30809.01; Hyclone; 
Cytiva;) with 10% fetal bovine serum (cat. no. 11011‑8611; 
Evergreen; www.hzsjq.com). The cells were incubated at 37˚C 
in a 5% CO2 incubator, digested with trypsin (0.25%; Servier) 
and seeded into plates once they reached the logarithmic 
growth phase. Control, AMG‑510 (10 µg/ml), realgar (1, 2 and 
4 µg/ml), ferrostatin‑1 (Fer‑1, 1 µM), and sorafenib (8, 16 and 
32 nM) were used for the experimental groups. During the 
logarithmic growth phase, all cells used in the experiments 
were harvested.

MTT assay. Cell viability was determined using the MTT 
assay. In 96‑well plates, the cells were seeded at a density of 
5x104 cells/ml. The cells were subsequently treated for 24 or 
48 h with a specific concentration of realgar. MTT assay was 
performed by adding 20 µl of MTT reagent (cat. no. M8180; 
Beijing Solarbio Science & Technology Co., Ltd.) into each 
well and continued with incubation for 4 h. After removing the 
supernatant, 150 µl of DMSO (cat. no. G0004; Beijing Solarbio 
Science & Technology Co., Ltd.) was mixed and then placed 
on a plate shaker to dissolve formazan crystals. A micro‑
plate reader was used to measure the absorbance at 570 nm 
(Bio‑Rad Laboratories, Inc.). The following formula was used 
to calculate cell viability: Cell viability=(OD experimental 
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group‑OD blank control group)/(OD normal group‑OD blank 
control) x100%.

Hoechst 33258 staining assay. Nuclear morphology was exam‑
ined with Hoechst 33258 staining to assess cell apoptosis. A 
six‑well plate was used and the cells were plated at a density of 
1x106 cells/ml. The cells were fixed in 4% paraformaldehyde 
at room temperature for 15 min following 24 or 48 h of specific 
intervention. Subsequently, the cells were gently rinsed three 
times with PBS prior to incubation in the dark for 30 min at 
37˚C with 1 ml (5 µg/ml) Hoechst 33258 solution in each well. 
The images were captured and analyzed using an Olympus 
IX71 fluorescence microscope (Olympus Corporation) with an 
excitation wavelength range of 330‑380 nm.

Apoptosis measurement. Annexin V/propidium iodide (PI) 
double labeling was used to assess the induction of apoptosis 
in H23 and H1650 cells. Annexin V/PI staining was carried out 
according to the manufacturer's instructions using an apop‑
tosis detection kit [cat. no. MA0220‑Jun‑25G; Multi Sciences 
(lianke) Biotech, Co., Ltd.]. Following harvesting and staining 
with Annexin V/PI, the treated cells were analyzed using flow 
cytometry (FACS CelestaTM; BD Biosciences). FlowJo was 
used to analyze the data (version 10.6.2; FlowJo LLC).

Transcriptomic analyses performed through RNA sequencing. 
Briefly, mRNA was isolated using the Isolate RNA mini kit 
(Bioline) and converted into cDNA. Subsequently, cDNA 
was sequenced in a 150  bp paired‑ended fashion on the 
Illumina NovaSeq6000 to a depth of 40 million reads at 
the Amsterdam UMC Genomics Core Facility. The quality 
control of the reads was performed with FastQC (v0.11.2) and 
summarization through MultiQC (v1.0). Differential expres‑
sion (DE) analysis was performed using the limma (v3.32.10) 
package DESeq2 (v1.28.0) in the R statistical environment 
(v3.46.0). Differentially expressed genes (DEGs) were defined 
as genes whose difference presented a limma |log2FC|>=1 
and P‑Value <=0.05. Functional analysis for genes in the key 
module was performed using Metascape (https://metascape.
org/gp/index.html#/main/step1) and Gene Ontology (GO) was 
performed using the DAVID 6.8 database (https://david.ncifcrf.
gov) to elucidate the mechanism of realgar in the treatment of 
H23. Subsequently, building protein‑protein interaction (PPI) 
Network with Cytoscape (V3.8.2; http://www.cytoscape.org/).

Reactive oxygen species (ROS) detection. To detect the 
intracellular ROS levels in H23 cells, a ROS Assay kit (cat. 
no. S0033S; Beyotime Institute of Biotechnology) was used. 
Realgar‑treated cells were incubated for 20 min with 10 µM 
dichlorofluorescin diacetate. Prior to counting the cells with 
a flow cytometer (BD Biosciences), they were washed in PBS. 
FlowJo was used to analyze the average fluorescence intensity 
(version 10.6.2; FlowJo LLC).

Measurement of Fe2+, glutathione (GSH), and malondial‑
dehyde (MDA) levels. A reduced GSH assay kit (Nanjing 
Jiancheng Bioengineering Institute), Ferro Orange (Dojindo 
Molecular Technologies, Inc.), and an MDA assay kit (Nanjing 
Jiancheng Bioengineering Institute) were used to measure 
GSH, Fe2+ and MDA levels, respectively.

Measurement of mitochondrial membrane potential. The 
membrane potential of H23 cells was determined using a 
mitochondrial membrane potential assay kit and JC‑1 (Beijing 
Solarbio Science & Technology Co., Ltd.). H23 cells were seeded 
in a six‑well plate and stained with JC‑1 in the working solution 
for 20 min prior to flow cytometry analysis (BD Biosciences).

Transmission electron microscopy (TEM). H23 cells in the 
logarithmic growth phase were cultivated in six‑well plates 
with 2 ml cell suspension per well for 48 h in culture medium 
containing different concentrations of realgar. The cells were 
digested by trypsin without EDTA, prepared following fixation 
in 2.5% glutaraldehyde 4 h and stored at 4˚C, and observed 
using TEM (Hitachi, Ltd.).

Western blotting and antibodies. The following commercially 
available antibodies were used: Rabbit anti‑c‑Raf antibody 
(1:1,000; cat. no. cst‑9422T), rabbit anti‑phosphorylated (p)‑c‑Raf 
antibody (1:1,000; cat. no.  cst‑9427T), rabbit anti‑ERK1/2 
antibody (1:1,000; cat. no. cst‑4695T), rabbit anti‑p‑ERKl/2 
antibody (1:2,000; cat. no. cst‑4370T), rabbit anti‑JNK anti‑
body (1:1,000; cat. no. cst‑9252T), rabbit anti‑p‑JNK antibody 
(1:1,000; cat. no. cst‑4668T), rabbit anti‑p38 antibody (1:1,000; 
cat. no. cst‑8690T) and rabbit anti‑p‑p38 antibodies (1:1,000; cat. 
no. cst‑4511T) were purchased from Cell Signaling Technology, 
Inc. A rabbit anti‑glutamate‑cystine antiporter (Xct/SCL7A11; 
1:1,000; cat. no.  ab175186) antibody was obtained from 
Abcam. The rabbit anti‑acyl‑CoA synthetase long chain family 
member 4 (ACSL4) antibody (1:1,000; cat. no. abs106075), 
rabbit anti‑glutatione peroxidase (GPX) 4 antibody (1:1,000; 
cat. no. abs136221), anti‑GAPDH (cat. no. abs830030ss) and 
anti‑rabbit/mouse IgG, horseradish peroxidase (HRP)‑linked 
antibody (1:10,000; cat. no. abs20040ss) were obtained from 
Absin (www.absin.cn).

Western blotting was used to assess the changes in protein 
expression. Protein extracts were isolated from each group 
cells using RIPA protein lysis buffer containing 1 mM PMSF 
(cat. no. R0010; Beijing Solarbio Science & Technology Co., 
Ltd.). They were centrifuged at 10,000 x g for 15 min at 4˚C. 
A bicinchoninic acid protein test kit was used to determine the 
protein concentrations (Beijing Solarbio Science & Technology 
Co., Ltd.). The protein lysates (30  µg) were separated by 
10% SDS‑PAGE and transferred to polyvinylidene fluoride 
membranes (EMD Millipore, 0.25 µm). The membranes were 
subsequently blocked in TBST buffer (TBS buffer with 0.1% 
Tween 20) containing 5% BSA (cat. no. PH0420; Phygene) 
for 2  h at room temperature. The membrane was washed 
three times with TBST for 10 min each prior to incubation 
with primary antibodies overnight at 4˚C. The membrane was 
subsequently incubated for 1 to 2 h at room temperature in 
HRP‑conjugated secondary antibodies. Finally, an enhanced 
chemiluminescence detection kit was used with a chemi‑
luminescence detector (C300; Azure Biosystems, Inc.) to 
detect HRP luminescence (Absin). Densitometric analysis was 
conducted to compare the expression level of proteins using 
ImageJ (version 1.8.0; National Institutes of Health).

Statistical analysis. The SPSS Statistics 23 software (IBM 
Corp.) was used for statistical analysis. GraphPad Prism 
(version 8.0.2; GraphPad Software, Inc.) was used for statistical 
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analysis of the results. One‑way ANOVA was used to analyze 
group differences, followed by the Tukey's post‑hoc test. All 
repeated experiments were carried out at least in triplicate. 
*P<0.05 was considered to indicate a statistically significant 
difference.

Results

Realgar induces H23 cell apoptosis and inhibition of H23 
cell proliferation. A total of 4 NSCLC cell lines (H23, A549, 
H460 and H1650) were applied to assess the cytotoxicity of 
realgar. Compared with 24, 48 h of cell treatment resulted in a 
larger inhibition rate which led to the selection of the 48 h time 
point for subsequent experiments. Following 48 h of treatment, 
the half inhibitory concentration (IC50) values for H23, A549, 
and H460 were 2.66±0.33, 4.66±0.76, and 7.02±0.36 µg/ml, 
respectively (Table SI). This result indicated that H23 cells 
exhibited the higher sensitivity to realgar among the three 
KRAS mutant cell lines.

H1650, a non‑KRAS mutant cell line, was selected as 
a control for the KRAS mutant cell line H23 in order to 
evaluate the cytotoxicity of realgar following inhibition of 
KRAS. When realgar was applied to both H23 and H1650 
cells for 48 h, the corresponding IC50 values were 2.66±0.33 
and 7.96±1.00 µg/ml, respectively (P<0.01). Following 48 h 
treatment of the cells with realgar, the cell morphology was 
assessed. It was noted that the proliferation of H23 cells was 
strongly inhibited by realgar, whereas the response of H1650 
cells to realgar at the same concentration and time period was 
not as profound as that of H23 (Fig. S1). The findings revealed 
that realgar was highly effective in inhibiting the proliferation 
on KRAS mutant cells in a concentration‑dependent manner 
following 48 h of treatment (Fig. 1A and B). Realgar was 
suggested to be a promising anticancer compound that targets 
KRAS. Subsequently, the investigation of the induction of 
apoptosis following treatment of the aforementioned cell lines 
with realgar was performed.

When the cells undergo apoptosis, the apoptotic cell 
nuclei can be densely stained from Hoechst 33258. In the 
present study, the number of dense and sparkle‑stained dots 
(red arrows) was increased in realgar treatment compared 
with that of the control group. Concomitantly, the numbers 
of H23 and H1650 cells were reduced and the cells were 
irregularly arranged following treatment with realgar for 
48 h (Fig. 1C and D). Annexin V and PI staining was also 
utilized to identify the number of apoptotic cells. Following 
48 h of treatment with realgar, the apoptotic rates of H1650 
cells and H23 cells were increased in a concentration‑depen‑
dent manner (Fig. 1E‑H). Furthermore, the apoptotic rate 
of H1650 cells treated with 4  µg/ml realgar was 8.2%, 
while that of H23 cells was 21.46% (P<0.01; Fig. 1I). The 
number of H1650 apoptotic cells following treatment with 
8 µg/ml realgar was equivalent to that of H23 apoptotic cells 
following treatment with 4 µg/ml realgar. According to the 
results, realgar was more potent in KRAS mutant cells (H23) 
than in non‑KRAS mutant cells (H1650). Therefore, KRAS 
mutant cells H23 were selected for further analysis. It was 
evident that realgar not only inhibited the proliferation of 
KRAS mutant cells, but also induced their apoptosis, thereby 
exerting a considerable anticancer effect.

Realgar‑mediated anticancer effect involves induction of 
ferroptosis. Based on the aforementioned experiments, the data 
indicated that realgar exhibited an anticancer effect on KRAS 
mutant cells. To investigate further this effect, transcriptome 
analysis was performed on realgar‑treated (2 µg/ml) H23 cells. 
The analysis aimed to identify potential genes regulated by 
realgar in order to gain insight into the molecular mechanism 
by which realgar inhibits lung cancer progression.

In H23 cells, realgar resulted in a >2‑fold upregulation of 
195 genes and >2‑fold downregulation of 286 genes (Fig. 2A). 
Among them, the top‑ranked genes HMOX1, SESN2, CYR61, 
and TRIB3, the remaining upregulated differentially expressed 
genes (DEGs), TNFRSF19, SPOCK2, CTDSP1, TRIB3, as 
well as other downregulated DEGs were involved in a variety 
of biological pathways important for cancer development. To 
further clarify the DEGs, a hierarchical cluster analysis was 
performed (Fig. 2B). The results revealed a clear color contrast 
between the groups examined; the color of the same cluster 
within a group was similar. As a result, the results of the hier‑
archical cluster analysis were trustworthy. Furthermore, the 
DAVID online platform was used to identify gene ontology 
enrichments, such as those for biological process, cellular 
component, and molecular function components. The column 
diagram (Fig. 2C) depicts all of their top 10 pathways (count 
≥3) that are primarily related to cellular response to chemical 
stimulus, extracellular matrix regulation, and sulfur compound 
binding. The functional analysis for genes in the key module 
was performed using Metascape and revealed four pathways 
closely related to ferroptosis among the upregulated pathways, 
namely the p53 signaling pathway, cysteine and methionine 
metabolism  (36), glutathione metabolism and ferroptosis. 
GPX4 has been shown to be a central regulator of ferroptosis 
and a key factor in the regulation of glutathione metabolic 
pathways. Among the downregulated pathways, four have 
been identified that are closely related to cancer as follows: 
The MAPK signaling pathway, the Wnt signaling pathway, the 
TGF‑β signaling pathway, and cancer transcriptional misregu‑
lation (Fig. 2D). Using Cytoscape (degree >3), a protein‑protein 
interaction (PPI) network with 99 nodes and 366 edges was 
generated, with upregulated and downregulated genes labeled 
in blue and red, respectively (Fig. 2E). These results revealed 
that the regulation of cell proliferation by realgar was closely 
related with the ferroptosis pathway and the MAPK signaling 
pathway in KRAS mutant cells.

FerrDb (http://www.zhounan.org/ferrdb/current/) is the first 
worldwide database that contains information on ferroptosis 
regulators and markers with 254 ferroptosis‑related targets and 
ferroptosis‑related illness connections. In the present study, it 
was found that 14 co‑differentially expressed genes were identi‑
fied following treatment of realgar to H23 cells and induction 
of ferroptosis (Fig. 2F), including HMOX1, SLC7A11, SESN2, 
TRIB3, OLFM4, GOT1, and SLC1A4 (Table I). A PPI network 
was constructed using STRING database (37) (Fig. 2G). Based 
on the aforementioned results, it was hypothesized that ferrop‑
tosis was the main mechanism of anticancer action of realgar. 
However, this hypothesis requires further validation.

Ferroptosis mediates realgar‑induced H23 cell death. 
Transcriptome analysis indicated that realgar exerted a 
significant effect on KRAS mutant lung cancer cells via the 
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Figure 1. The cytotoxicity of realgar against H23 and H1650 cells. (A) The effects of realgar on the inhibition of H23 cells proliferation were determined at 
48 h following realgar treatment. (B) The effects of realgar on the inhibition of H1650 cells proliferation were determined at 48 h following realgar treatment. 
(C) The quantification of apoptosis in Hoechst 33258 staining was used for H23 and H1650 cells. (D) Hoechst 33258 staining was used for H23 and H1650 
cells apoptosis analysis. The apoptotic cells are highlighted by red arrows (x100). (E) H23 cells were stained with AV/PI following treatment with different 
concentrations of realgar for 48 h. (F) The number of H23 apoptotic cells was counted and compared with that of the control group. (G) H1650 cells were 
stained with AV/PI following treatment with different concentrations of realgar for 48 h. (H) The number of H1650 apoptotic cells was counted and compared 
with that of the control group. (I) The apoptotic rate of H1650 and H23 cells treated with 4 µg/ml realgar. All data are presented as the mean ± SD of three 
independent experiments. *P<0.05 and **P<0.01. AV/PI, Annexin V/propidium iodide; ns, not significant. 
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induction of ferroptosis. Therefore, subsequent analysis was 
performed to assess whether ferroptosis was actually involved 
in the mechanism of action of realgar.

In order to examine the function of ferroptosis in the 
inhibition of H23 cell proliferation caused by realgar, several 
studies were previously carried out. The intracellular iron 
ions are accumulated during ferroptosis (38). Excessive free 
iron boosts the Fenton reaction, which produces ROS when 
the iron balance is disrupted. This will in turn facilitate lipid 

peroxidation and cause cell death (39). MDA is a marker of 
lipid peroxidation and GSH is an intracellular antioxidant; 
both play significant roles in the induction of cell ferrop‑
tosis (40). The current results indicated that Fe2+, GSH, MDA 
and ROS levels were altered in a dose‑dependent manner 
following treatment with realgar. Treatment of the cells with 
realgar caused a 1.86‑fold increase in the intracellular Fe2+ 
(Fig. 3A) than the corresponding levels noted in the control 
cells (P<0.01). ROS levels were increased 0.71‑fold compared 

Figure 2. Transcriptome analysis of realgar‑treated H23 cells. (a) H23 cells without realgar treatment; (b) H23 cells with realgar treatment (2 µg/ml). 
(A) Determination of DEGs by volcano plots. (B) Heatmap analysis and the relative contents (red and green areas represent high and low expression, respec‑
tively). (C) GO enrichment analysis of DEGs. (D) KEGG pathway enrichment analysis of the upregulated and downregulated genes. (E) PPI network analysis 
of the upregulated and downregulated genes. (F and G) Venn and PPI diagrams of realgar‑related gene and ferroptosis‑related gene intersection. DEGs, 
differentially expressed genes, GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein‑protein interaction. 
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with those noted in the control cells (Fig. 3B). GSH levels were 
decreased following realgar treatment (Fig. 3C), while the 
MDA levels (Fig. 3D) were elevated. Therefore, realgar could 
indeed cause induction of ferroptosis of KRAS mutant cells.

Iron is metabolized primarily by the mitochondria through 
the iron catabolic, anabolic, and utilization pathways, all of 
which are connected to the ferroptosis process (41). The mito‑
chondrial apoptosis process depends on the mitochondrial 
membrane potential (MMP). MMP may be downregulated 
concurrently with ferroptosis causing an alteration in the mito‑
chondrial membrane structure (42). Therefore, the mitochondrial 
morphology and MMP serve as indicators of ferroptosis. TEM 
is the gold standard for detecting mitochondrial abnormalities; 
therefore, JC‑1 labeling was employed to assess mitochondrial 
damage in H23 cells. The ultramorphological features showed 
that the cell membrane was broken and blistered, the mito‑
chondria became smaller, the membrane density increased, 
the mitochondrial ridge decreased or disappeared, the outer 
membrane of mitochondria was broken, the size of nucleus was 
normal, but lack of chromatin condensation. Specifically, mito‑
chondria appeared smaller and the inner membrane folding was 
disturbed (Fig. 3E). However, as the concentration increases the 
cell membrane ruptures, thus it was hypothesized that ferrop‑
tosis occurred under the action of 2 µg/ml of realgar. Following 
treatment of H23 cells with realgar, the aggregated JC‑1 levels in 
the mitochondria were decreased, whereas the monomeric JC‑1 
levels were increased (Fig. 3F). The data implied that realgar 
had the potential to alter the mitochondrial energy metabolism, 
which was essential for the induction of ferroptosis.

Western blotting (Fig.  3G) was used to compare the 
expression levels of specific proteins in the control and realgar 
groups. The ferroptosis negative regulatory proteins that have 

been identified to date are GPX4 and cysteine/glutamate trans‑
porter (SLC7A11/xCT). GPX4 eliminates lipid peroxides by 
employing GSH as a reducing agent and lipid ROS as the main 
substrate (43). SLC7A11/xCT facilitates the transfer of cystine, 
a GSH precursor, and is a key negative regulatory protein 
of ferroptosis (44). ACSL4 is a crucial ferroptosis positive 
regulatory protein that can facilitate the increase in lipid ROS 
levels and induce ferroptosis (45). The results of the present 
study indicated that GPX4 (0.65‑fold, P<0.01) and SCL7A11 
(0.75‑fold, P<0.05) levels were significantly lower in cells 
treated with 4 µg/ml realgar than those noted in the control 
group, while ASCL4 levels were increased dose‑dependently 
(2.70‑fold, P<0.01; Fig. 3H) which were consistent with the 
RNA sequencing results.

These findings demonstrated that realgar increased the 
key monitor of ferroptosis in KRAS mutant H23 cell lines. To 
verify this hypothesis, Fer‑1 was added, a ferroptosis inhibitor, 
and results showed that Fer‑1 abolished the increase in cell 
death caused by realgar (Fig. 3I). The levels of Fe2+, GSH and 
MDA were also reversed by Fer‑1 by 29.17, 13.82, 16.62%, 
respectively in 2 µg/ml realgar (Fig. 3J‑L).

Ras/MAPK pathway plays a critical role in realgar's anti‑
cancer activity of KRAS mutant cells. The initiation and 
development of ferroptosis is influenced by a variety of 
signaling pathways and variables, although it is predomi‑
nantly caused by the metabolism of amino acids and iron, 
the lipid peroxidation, and the levels of lipid ROS (46). The 
ferroptosis pathway is activated by redundant glutamate, 
which also phosphorylates certain MAPKs, such as ERK, 
JNK, and p38 (47). Based on a previous study, it was discov‑
ered that realgar could downregulate Ras expression via the 
Ras/MAPK signaling pathway in a C. elegans model (15). 
To further investigate the mechanism of realgar in H23 cells, 
western blotting was used to examine the expression levels of 
the related signaling proteins following 48 h of cell exposure 
to realgar. JNK and p38 levels were not significantly altered, 
whereas p‑JNK and p‑p38 protein levels were significantly 
increased (2.74‑ and 1.71‑fold, respectively) following treat‑
ment of H23 cells with realgar for 48 h (Fig. 4A). Realgar 
inhibited p‑ERK1/2 and p‑Raf protein levels in H23 cells 
following 48 h of treatment (Fig. 4B), whereas the levels of 
ERK1/2 and Raf were not affected. These findings suggested 
that the anticancer activity of realgar may be associated with 
the Ras/MAPK pathway.

Realgar induces ferroptosis in KRAS‑mutated H23 cells by 
targeting Raf. The Ras/Raf/MEK/ERK pathway is crucial 
in oncogenesis and cancer progression (18). Because all Raf 
family members act directly downstream of Ras, they are 
also important factors in oncogenesis, mediating the effects 
of mutated Ras (48). To further study the functional involve‑
ment of ferroptosis in the realgar‑activated Ras/Raf/JNK/ERK 
pathway in KRAS‑mutant NSCLC, H23 cells were exposed 
to Fer‑1 for 4 h. The result showed that Fer‑1 could abolish 
realgar‑induced cell death (Fig. 3I) and restore p‑Raf protein 
levels in realgar‑treated H23 cells (Fig. 4D), while realgar 
enhanced p‑p38 and p‑JNK protein levels but had no effect on 
Fer‑1 (Fig. 4C and D). It was hypothesized that realgar‑induced 
ferroptosis was primarily related to Raf and not JNK/ERK.

Table I. The intersection genes identified following compar‑
ison of the DEGs of realgar‑associated treatment and those of 
considered as ferroptosis targets.

Symbol	 Features in ferroptosis

SLC7A11	 Suppressor, Marker
HMOX1	 Driver, Suppressor, Marker
SESN2	 Suppressor, Marker
TRIB3	 Marker
GOT1	 Driver
SLC1A4	 Marker
SQSTM1	 Suppressor
PCK2	 Marker
CHAC1	 Driver, Marker
TSC22D3	 Marker
DDIT3	 Marker
SLC2A8	 Marker
SRXN1	 Marker
AIFM2	 Suppressor

Driver‑Genes that promote the induction of ferroptosis; 
suppressor‑genes that prevent the induction of ferroptosis; 
marker‑genes that indicate the occurrence of ferroptosis. DEGs, 
differentially expressed genes.
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Figure 3. Realgar induces ferroptosis, which is linked to cell death. (A) The intracellular Fe2+ levels in H23 cells were measured. (B) ROS levels in H23 
cells following treatment with different concentrations of realgar. (C) GSH reduction in H23 cells treated with realgar. (D) Increase in MDA levels of H23 
cells treated with realgar. (E) Morphological changes in mitochondria isolated from H23 cells following 48 h of realgar treatment at 2 µg/ml or 4 µg/ml. Two 
images are presented for each group and the scale is marked on the bottom right of each image. The diagram is an expanded version of the yellow box area. 
The red arrow represents the mitochondrial membrane, while the blue arrow represents the cristae. (F) Flow cytometry was used to measure the intracellular 
JC-1 levels. (G) Western blot analysis of ferroptosis markers. (H) Indicating a decrease in the expression levels of GPX4 and SCL7A11 and an increase in the 
expression levels of ASCL4 in H23 cells following realgar treatment. (I) H23 cells were incubated with 2 µg/ml realgar for 48 h and subsequently pre‑treated 
with Fer‑1 for 4 h. (J) The intracellular iron levels were determined in H23 cells by using a Fe2+ iron probe known as Ferro Orange. Realgar increased the 
concentration levels of Fe2+; this effect was reversed by the ferroptosis rescue agent Fer‑1 (1 µM). (K) The reduction of GSH in H23 cells treated with realgar 
was reversed by the ferroptosis rescue agent Fer‑1 (1 µM). (L) The increase in the concentration levels of MDA was detected in H23 cells following treatment 
with realgar. All data are presented as the mean ± SD of three independent experiments. *P<0.05 and **P<0.01 compared with the control group. #P<0.05 
compared with realgar treatment at different concentrations. AMG‑510=10 µg/ml. GPX4, glutathione peroxidase 4; SCL7A11, recombinant solute carrier 
family 7, member 11; ASCL4, acyl‑CoA synthetase long‑chain family member 4; ROS, reactive oxygen species; GSH, glutathione; MDA, malondialdehyde; 
Fer‑1, ferrostatin‑1; ns, not significant. 
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Then, Sorafenib was added, a Raf inhibitor, to examine 
the role of Raf in realgar‑induced ferroptosis. Using the 
MTT assay, the effects of Sorafenib on the growth of H23 
cells were analyzed (Fig. 5A). H23 cells were treated either 
with 16 nM sorafenib or 2 µg/ml realgar alone or in combi‑
nation for 48 h. Cell viability was decreased by an average 
of 61.09±0.07 and 57.10±0.05% in Sorafenib and realgar, 
respectively. However, after the addition of Sorafenib, realgar 
reduced cell viability more effectively to 39.40±0.05% 
(Fig. 5B). Simultaneously, Sorafenib also altered the expres‑
sion of ferroptosis‑related proteins SCL7A11, GPX4 and 
ASCL4. These results (Fig. 5C and D) showed that after 
treatment with Sorafenib, realgar significantly decreased the 
expression of SCL7A11 and GPX4 proteins while increasing 
the expression of ASCL4 in H23 cells compared with cells 
treated with realgar alone.

Consequently, realgar‑induced ferroptosis may be targeted 
to regulate Raf kinase, thereby further regulating the down‑
stream JNK/ERK signaling cascade to suppress KRAS cells 
and exert an anticancer activity.

Discussion

KRAS mutant lung cancer remains to find effective therapeutic 
treatment. Realgar has demonstrated an optimal anticancer 
effect (49,50). One of the main goals of the present study was 
to assess the effect of this compound on lung cancer cells 
with KRAS mutations. According to our findings presented, 
realgar exhibited selectivity for the KRAS mutant H23 cells 
compared with non‑KRAS mutant H1650 cells. The inhibi‑
tion ratio followed a dose‑dependent manner in both of these 
cell lines and realgar induced apoptosis more efficiently 

Figure 4. The effects of realgar on the phosphorylation of Raf, ERK1/2, JNK, and p38. (A) The protein expression levels of JNK and p38 MAPK were detected 
by western blotting following treatment of the cells with different concentrations of realgar for 48 h. (B) The protein expression levels of Raf and ERK1/2 were 
detected by western blotting following treatment of the cells with different concentrations of realgar for 48 h. (C) The protein expression levels of JNK and p38 
MAPK were detected by western blotting following treatment of the cells with different concentrations of realgar for 48 h and then pre‑treated with Fer‑1 for 
4 h. (D) The protein expression levels of Raf and ERK1/2 were detected by western blotting following treatment of the cells with different concentrations of 
realgar for 48 h and then pre‑treated with Fer‑1 for 4 h. All data are presented as the mean ± SD (n=3). *P<0.05 and **P<0.01 compared with the control group. 
#P<0.05 compared with realgar treatment group. AMG‑510=10 µg/ml. p‑, phosphorylated. 
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in H23 cells. JNK and p38 have been shown to regulate a 
number of transcription factors, increasing the production 
of pro‑apoptotic proteins while decreasing the expression of 
anti‑apoptotic proteins (8). Through both transcriptional and 
post‑translational mechanisms, ERK can be anti‑apoptotic 
by upregulating anti‑apoptotic proteins and downregulating 
pro‑apoptotic proteins (51). On controlling cell survival and 
apoptosis, they have been shown to have opposite effects. 
According to Huang et al (52), arsenic trioxide (ATO)‑induced 
p38 MAPK overexpression promotes apoptosis in K562 and 
MEG‑01 cells. According to Wu et al (53), activated p38 MAPK 
is a pro‑apoptotic signal for curcumin‑induced mortality of 
chemoresistant human lung cancer cells A549. Theabrownin, a 
component of green tea, suppresses human NSCLC in a xeno‑
graft model via activating the MAPK/JNK signaling pathway, 
according to Xiao et al (54). Liu et al (55) found that elevated 
KLHL17 in NSCLC promotes tumor growth and migration 
via activating the Ras/MAPK signaling pathway. The MEK 
inhibitor, on the other hand, enhances growth inhibition and 
cell death in Calu‑6 lung cancer cells treated with ATO (56). 
JNK and p38 will be activated while ERK is suppressed in 
order to cause apoptosis in cancer cells, as evidenced by the 
effects of dominant‑interfering or constitutively active versions 
of particular JNK‑p38 and ERK signaling pathway compo‑
nents (57). Lee et al (58) reported that As4S4 could decrease 
the expression levels of specific proteins, such as Bcl‑2 and 
p‑ERK in the KRAS mutant cell lines A549 and H460 and 
exert an antiangiogenic effect, which led to the inhibition of 
tumor cell growth, proliferation, invasion, and metastasis. 
However, since tumor cells exhibit antiapoptotic properties, 

novel molecular techniques were used in the current study to 
assess their multiple mechanisms of action.

It is known that ferroptosis levels in tumor tissues are 
typically higher than those noted in adjacent normal tissues. 
Moreover, these levels are related to drug sensitivity, cancer 
metastasis, clinical characteristics, and clinical outcomes (59). 
Transcriptomic sequencing analysis has been widely used to 
identify novel pathways so as to improve the diagnosis and 
therapy of a number of disorders, including cancer, immune 
system diseases, and infectious diseases  (60). Research 
revealed that realgar may exert an anticancer effect by modu‑
lation of the p53 signaling pathway (61), cysteine, methionine, 
and glutathione metabolic pathways. It is interesting to note 
that all of these pathways are considered to be active during 
ferroptosis. Our results also showed that ferroptosis pathway 
was involved in the impact of realgar on KRAS mutant H23 
cells. Therefore, it was proposed that ferroptosis plays an 
important role in the effect of realgar on cancer cells.

Recent studies have revealed that ferroptosis is essential for 
the development of malignancies, particularly lung cancer (26), 
and is considered to be a potential therapeutic target for 
Ras‑mutant malignancies as the Ras mutation has been shown to 
enhance the iron excess in cells and make them more vulnerable 
to substances that promote ferroptosis (32). The activation of 
xCT transcription enables oncogene KRAS to shield cells from 
oxidative stress by increasing intracellular GSH levels (62). This 
therapy‑resistant tumor may respond to xCT preserving redox 
balance and aiding oncogenic KRAS‑mediated transforma‑
tion (63). As a crucial structural element of the Xc cell system 
and a potential biological marker, SLC7A11 has been to shown to 

Figure 5. (A) Cell viability of H23 cells with different concentrations of sorafenib for 48 h was detected by MTT. (B) H23 cells with or without of sorafenib 
(16 nM) and realgar (2 µg/ml), and cell viability was assayed by MTT. (C and D) H23 cells with or without of sorafenib (16 nM) and realgar (2 µg/ml), and 
western blot analyses of SLC7A11, GPX4 and ASCL4 proteins were performed. *P<0.05 and **P<0.01 compared with the control group. #P<0.05 and ##P<0.05 
compared with realgar treatment group. 
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be highly expressed in NSCLC (64). The inhibition of SLC7A11 
mediates KRAS mutant lung cancer cell death by decreasing 
lung cancer cell growth and metastasis in vitro and in vivo (65). 
According to Zhang et al (66), upregulation of SLC7A11 expres‑
sion reduces ferroptosis in A549 and H1299 cells, promoting 
the growth and spread of the tumors. Liu  et al  (67), found 
that capsaicin reduces the growth of the KRAS mutant lung 
cancer cell lines A549 and NCI‑H23 and induces ferroptosis by 
silencing SLC7A11/GPX4 signaling. Zhao et al indicated that 
Fuzheng Kang'ai decoction induced ferroptosis in NSCLC by 
inhibiting GPX4. Our data also showed the expression levels 
of the ferroptosis‑promoting signaling pathway protein ACSL4 
were substantially increased in the presence of 4 µg/ml realgar, 
whereas the expression levels of the ferroptosis‑inhibiting 
signaling pathway proteins GPX4 and xCT were notably down‑
regulated. Thus, regulating the SLC7A11/GPX4 pathway and 
increasing the protein level of ACSL4 is one of the crucial mech‑
anisms for realgar‑mediated ferroptosis to play an anticancer 
role. In addition, realgar may result in a large decrease in intra‑
cellular GSH and an increase in MDA content and intracellular 
ROS levels as well as cell mitochondrial shrinkage. As revealed 
in the present study, the number of mitochondrial ridges was 
dramatically reduced compared with that of the control group. 
These findings confirmed once again that realgar‑induced 
ferroptosis was the cell death‑mediated mechanism of KRAS 
mutant H23 cells. The improvement of the expression levels of 
the aforementioned ferroptosis‑related markers (Fe2+, GSH and 
MDA) by Fer‑1 suggests that further confirming that ferroptosis 
occurs in KRAS mutant H23 cells exposed to realgar.

In a number of diseases, ferroptosis is intimately correlated 
with MAPK signaling (68). Ferroptosis may be selectively 
produced in cells overexpressing mutant Ras oncoproteins. The 
recovery effect of p‑Raf was the most obvious when the ferrop‑
tosis inhibitor Fer‑1 was used to interfere with the changes in 
the MAPK signaling pathway of H23 cells caused by realgar. 
According to Ma et al (69), lidocaine prevented ferroptosis 
and barrier failure in hypoxia‑reoxygenation‑induced A549 
cells by inhibiting the p38 MAPK signaling pathway. In 
addition, Yang et al (70) demonstrated that in KRAS mutant 
colorectal cancer cells, cetuximab increased Ras‑selective 
lethal (RSL3)‑induced ferroptosis via the activation of p38 
MAPK. L‑F001 can prevent RSL3‑induced ferroptosis by 
preserving iron homeostasis and suppressing JNK in HT22 
cells (71). This demonstrated the powerful MAPK‑mediated 
crosstalk mechanism between apoptosis and ferroptosis (72). 
Meanwhile, the realgar‑induced ferroptosis was also aggra‑
vated by adding to Raf inhibitor Sorafenib. However, while 
Sorafenib has tumor‑suppressing efficacy as a single agent, 
its clinical application is limited by numerous complex drug 
resistance mechanisms and side effects. Our findings indicated 
that the concomitant administration of realgar and Sorafenib 
enhanced ferroptosis in H23 cells, suggesting that realgar may 
be used as a synergistic drug for Sorafenib.

The current study contains significant limitations. Not only 
protein expression, but also protein knockdown or knock‑out 
model should be applied to show the unique role of realgar. The 
present study examined only the regulation of ferroptosis by 
realgar in KRAS mutant NSCLC cells, and our experimental 
methods can only prove that Raf plays a partial, not a full, role in 
realgar‑induced ferroptosis. Thus, it is anticipated that different 

cell death pathways may be implicated in the mechanism of 
anticancer action of realgar. In future studies, the causal connec‑
tion between ferroptosis and apoptosis and their potential to 
occur concurrently following treatment of lung cancer cells with 
realgar will be investigated. In addition, in vivo tests will also be 
performed in the future to support these findings.

The findings of the present study included confirmation of 
the role of realgar in inducing ferroptosis in KRAS mutant 
NSCLC tumors and a preliminary investigation of the puta‑
tive mechanisms regulating ferroptosis via the Ras/MAPK 
pathway (Fig. 6). In conclusion, the present study demonstrated 
that realgar could prevent the proliferation of lung cancer cells 
with a KRAS mutation and exert an anticancer function by 
regulating ferroptosis via targeting Raf‑mediated Ras/MAPK 
pathway. These data provided a novel medication for NSCLC, 
moreover, realgar could be a co‑treatment with Sorafenib for 
clinical therapeutic strategy.
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