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Introduction 
Cancers are malignant tumors that start in epithe-
lial tissues and are extremely dangerous to one’s 
health. The available medical therapies have a 

number of undesirable side effects and harm 
healthy tissues and cells (1). The advancement of 
contemporary medical technology has accelerated 

Abstract 
Background: We aimed to investigate the effect of 4-methyl-N-(piperidin-1-ylmethylene) benzenesulfonamide 
(PMSA) on tumor cell proliferation, migration, ferroptosis, and the potential molecular mechanism of ferroptosis 
in tumor cells.  
Methods: PMSA was produced in the marine biomedical research institute of Guangdong Medical University 
(Zhanjiang, China) and used for tumor cells treatment. MTT and cell colony formation assays were used to 
measure the inhibition of tumor cell proliferation, the scratch assay was used to identified the suppression of 
tumor cell migration, the death of tumor cells was measured by Annexin-V-FITC/PI staining, the level of fer-
roptosis-relative lipid ROS in tumor cells was measured by flow cytometry and MDA detection kit, and the 
expression of ferroptosis-relative protein was measured by Western blot. The Discovery Studio system was used 
for molecular docking and the binding ability was measured by cellular thermal shift assay. 
Results: The PMSA we produced inhibited tumor cell proliferation, colony formation, migration and triggered 
cell death, and Fer-1 could reverse these effects. The amount of ROS and MDA levels in tumor cells was also 
markedly raised by PMSA. PMSA treatment significantly reduced the expression of SLC7A11/XCT, NRF2, and 
GPX4 in tumor cells. The phosphorylation level of NRF2 was also decreased. Through molecular docking, it 
was discovered that PMSA could bind to NRF2 and thereby block its activity. 
Conclusion: The KEAP1-NRF2-GPX4 axis was the target of PMSA’s anti-tumor action, which results in fer-
roptosis of tumor cells. This demonstrated that the compound has the potential to be used as a candidate for 
anti-tumor drugs. 
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the quest for novel cancer therapy approaches. 
Another emerging potential and significant thera-
peutic strategy for the treatment of cancer is the 
induction of ferroptosis in tumor cells (2). 
Ferroptosis, a programmed death reliant on iron 
ions and reactive oxygen species (ROS) (3), has 
been implicated in the inhibition of tumor growth, 
opening up new therapeutic possibilities for can-
cer (4). Numerous genes and associated signaling 
pathways have been found to play a part in the 
control of ferroptosis in tumor cells (5). Among 
them, nuclear factor erythroid 2-related factor 2 (NRF2) 
is an essential regulator of ferroptosis, which binds 
to the DNA sequence of antioxidant response el-
ements (ARE) and triggers transcription of target 
genes. It is also involved in regulating cellular oxi-
dative stress response, detoxification and drug re-
sistance (6). NRF2 can reduce tumor susceptibility 
and enhance tumor cell proliferation and protec-
tion against chemotherapy (7). Kelch-like erythroid 
cell-derived protein with CNC homology-associated protein 
1 (KEAP1) is a key regulatory factor controlling 
the transcriptional activity of NRF2 (8). Glutathione 
peroxidase 4 (GPX4) is a key downstream gene of 
NRF2, and mediates the catabolic breakdown of 
harmful lipid peroxides during lipid peroxidation 
(9). They together form the KEAP1-NRF2-GPX4 
gene axis, which not only regulates the prolifera-
tion and drug resistance of tumor cells, but also 
participates in ferroptosis (10). Therefore, this 
pathway is a convincing therapeutic target for tu-
mor therapy based on (11). 
Recent studies have so far demonstrated the anti-
cancer potential of small compounds, nanomateri-
als, exosomes, and gene technologies based on the 
stimulation of ferroptosis in tumor cells (12). Am-
idines have a crucial role as both an essential me-
dicinal moiety and as the structural backbone of 
small molecule medicines in pharmaceutical de-
sign and synthetic chemistry (13). There are not 
many studies on the use of sulfonamide deriva-
tives in treating cancer, thus further research is 
needed to understand their precise molecular 
pathways. In order to examine its probable molec-
ular mechanism of tumor proliferation and induc-
tion of ferroptosis in tumor cells, 4-methyl-N-(pi-
peridin-1-ylmethylene) benzenesulfonamide 

(PMSA) was produced in the laboratory for the 
current investigation (14).  
We aimed to investigate the effect of 4-methyl-N-
(piperidin-1-ylmethylene) benzenesulfonamide 
(PMSA) on tumor cell proliferation, migration, 
ferroptosis, and the potential molecular mecha-
nism of ferroptosis in tumor cells. 

 
Materials and Methods 
 
PMSA preparation and purity, structure verifica-
tion 
The sulfonamide derivative PMSA was produced 
in the marine biomedical research institute of 
Guangdong Medical University (Zhanjiang, 
China).  
The synthesis method of PMSA was derived from 
Ghorab et al. (15) and shown in Fig. 1. PMSA was 
kept at a concentration of 25.90 mmol/L in dime-
thyl sulfoxide (DMSO). At room temperature, Pi-
peridine (0.1 mmol) and p-Toluenesulfonyl azide 
(1.8 equiv) was mixed, then 3-Butyn-2-one was 
added carefully. The reaction mixture was stirred 
at room temperature for 2 minute to acquire 
PMSA. Silicagel 60 (230–400 mesh, Merck, Ger-
many), and thin-layer chromatography (TLC) 
plates (Kieselgel 60F254, 0.25 mm, Merck, Ger-
many) were used for column chromatography and 
analytical TLC, respectively. The purity of PMSA 
was detected by HPLC system using waters Alli-
ance e2695 Separation Module with a photo-diode 
array detector (Waters 2998) and a reverse phase 
column (Waters Sunfire C18), mobile phase 
(methanol/H2O). Structure verification was rec-
orded on a Bruker Avance 400 MHz (Bruker, 
Fallanden, Switzerland).  
 
Cell culture 
The ovarian cancer cells SKOV3 and the prostate 
cancer cells 22RV1 were stored in our laboratory. 
They were cultured in DMEM medium 
(#8120365, Thermo Fisher Scientific, Shanghai, 
China) supplemented with 10% fetal bovine se-
rum (#2279604CP, Thermo Fisher Scientific, 
Shanghai, China) and 1% penicillin-streptomycin 
(#P1400, Solarbio, Beijing, China). All cells were 
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routinely incubated at 37 ℃ in a humidified at-
mosphere of 5% CO2.  
 
Cell viability 
Tumor cells were seeded into 96-well plates at the 
density of 5000 cells/well. After the adherent cell 
growth, cells were separately or jointly treated with 
PMSA and Fer-1 for 24 h. Cell viability was as-
sessed using a MTT assay (#ST316, Beyotime, 
Shanghai, China), 10 µL thiazolyl blue tetrazolium 
bromide (MTT, 5 mg/mL) was added and incu-
bated for additional 4 h. The supernatant was dis-
carded and the precipitate was dissolved with 
DMSO. Absorbance of 570 nm was measured us-
ing a microplate reader. 
 
Cell colony formation 
Tumor cells were seeded into 6-well plates at the 
density of 1×106 cells/well and cultured until ad-
herent. After 24 h, PMSA at different concentra-
tion were added and incubated for 10 d. Then, the 
cells were fixed with 4% polyoxymethylene at 
room temperature for 15 min. After washing with 
PBS for 3 times, cells were stained with crystal vi-
olet to observe the formation of colonies. Finally, 
the excess crystal violet was washed away and the 
number of colonies were counted under the mi-
croscope. 
 

Cell scratch  
Tumor cells were seeded into 6-well plates at the 
density of 5×105 cells/well. After 24 h, a single 
scratch was scratched in the monolayer cells in a 
straight line by a steriled 10 μL pipette tip. Then 
cells were incubated with DMEM alone or con-
taining 10 μM PMSA. The photographs of the cell 
layer were taken at 0 and 24 h under an inverted 
microscope (Olympus, Tokyo, Japan). The width 
of the scratch was analyzed by ImageJ software 
and the migration rates were calculated. 
 
Apoptosis assay 
Tumor cells were seeded into 6-well plates at a 
density of 5×105 cells/well. After the adherent cell 
growth, cells were separately or jointly treated with 
PMSA and Fer-1. After incubation of 24 h, cells 
were collected with trypsin, washed twice with 

PBS and centrifuged at 1,500 rpm for 5 min. Sub-
sequently, cells were subjected to apoptosis assay 
with Annexin V-FITC/PI Apoptosis Detection 
Kit (#C1062L, Beyotime, Shanghai, China) ac-
cording to the instructions of manufacturer. Then, 
cells were analyzed using a BD Biosciences Fluo-
rescence activated Cell Sorting (FACS, BD 
Pharmingen, NJ, USA) Calibur system with Cell 
Quest Pro software. 

 
Measurement of reactive oxygen species (ROS)   
Tumor cells were seeded into 6-well plates at a 
density of 1×105 cells/well overnight and then 
separately or jointly treated with PMSA or Fer-1 
for 24 h. Cells then were treated with DCFH-DA 
(#S0033S, Beyotime, Shanghai, China) at 37 ℃ 
for 30 min. The ROS levels of collected cells were 
measured by FACS, indicated by fluorescence in-
tensity. 
 
Measurement of malondialdehyde (MDA)  
Tumor cells were inoculated into 6-well plates at a 
density of 1×106 cells/well overnight and then in-
cubated with PMSA or Fer-1 for 24 h. The cells 
were treated with cell lysate, and the protein con-
centration was determined with BCA protein con-
centration determination kit (#P0011, Beyotime, 
Shanghai, China). Lipid Peroxidation MDA Assay 
Kit (#S0131S, Beyotime, Shanghai, China) was 
used to measure the intracellular MDA level ac-
cording to the kit instructions. 

 
Western blot  
Tumor cells were washed with PBS and lysed with 
RIPA buffer (#P0013E, Beyotime, Shanghai, 
China) containing protease and phosphatase in-
hibitors. Protein concentration was determined 
using BCA Protein Assay Kit. Protein was sepa-
rated by polyacrylamide gel electrophoresis 
(PAGE) and transferred onto PVDF membrane. 
After blocking with 5% skim milk for 1 h at room 
temperature, the membrane was incubated with 
the appropriate primary antibodies at 4 ℃ over-
night. Then, the membrane was washed with 
TBST for 3 times and incubated with secondary 
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antibody at room temperature for 1 h. Finally, pro-
tein blots were visualized using ECL substrate re-
agents. Primary antibodies (Sab, Jiangsu, China) 
used in western blot were as follows: GPX4 
(#32506), P62(#13222), ACSL4 (#36176), 
KEAP1 (#32450), SLC7A11/XCT (#43437), 
NRF2 (#41255), p-NRF2 (#13360), HMOX1 
(#32266) and GAPDH (#40493). 
 
Molecular docking  
Molecular docking study was demonstrated to in-
vestigate the interaction between PMSA and 
NRF2. The crystal structure of NRF2 (PDB ID: 
7k2k) was obtained from PDB database. The pro-
tein and ligand molecules were prepared by DS 3.5 
software respectively before docking. Molecular 
docking of PMSA into the NRF2 protein binding 
sites was performed by LibDock protocol. The 
LibDockScore was calculated after conducting the 
molecular docking. 

 
Cellular thermal shift assay  
SKOV3 cells were seeded into 6-well plates at a 
density of 1×106 cells/well overnight and treated 
with 10 μM PMSA for 24 h. The cells were col-
lected, washed, resuspended in PBS with protease 
inhibitors and incubated with temperature gradi-
ent from 40-58 ℃ (100 μL/tube, 2 ℃ intervals) 
for 3 min in thermal cycler. The samples were in-
cubated at room temperature for 3 min and trans-
ferred to liquid nitrogen for 3 min. The thermal 
shift procedures were conducted for 3 cycles and 

the cell lysates were subject to western blot assay 
to measure NRF2 level. The binding stability be-
tween PMSA and NRF2 was analyzed with the 
temperature melt curve. 

 
Statistical analysis 
All statistical analyses were conducted with 
GraphPad Prism 9.0 software. Values were shown 
as means ± SD and all experiments were repeated 
at least three times. Data were analyzed by one- or 
two-way ANOVA. The statistical significance of 
difference between groups was expressed by aster-
isks (*P < 0.05, **P < 0.01). 

 
Results 
 
Preparation and purity, structure verification of 
PMSA 
The synthesis method and chemical structure of 
sulfonamide derivative PMSA was shown in Fig. 
1A and B, chemical formula: C13H18N2O2S, molec-
ular weight: 266.36. The synthesis yield, purity and 
product characteristics of PMSA were 82%, 99% 
and yellow solid (Fig. 1B and C). Structure of 
PMSA was verified via NMR spectra: 1H NMR 
(400 MHz, CDCl3) δ 8.10 (s, 1H), 7.75 (d, J = 8.1 
Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H), 3.56 (d, J = 5.5 
Hz, 1H), 3.38 (d, J = 4.2 Hz, 1H), 2.38 (s, 1H), 1.80-
1.58 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 157.3, 
142.3, 139.7, 129.3 (2C), 126.5 (2C), 51.9, 44.7, 
26.4, 24.9, 24.0, 21.5 (Fig. 1D). 
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Fig. 1: Preparation and purity, structure verification of PMSA. (A) Chemical structural formula of PMSA. (B) Syn-
thesis method of PMSA. (C) Purity verification of PMSA by HPLC system. (D) Structure verification of PMSA by 

NMR system 
 
PMSA inhibited tumor cell proliferation and mi-
gration 
To investigate the effect of PMSA on tumor cell 
viability, we employed a graded concentration of 
PMSA solution to treat tumor cells. PMSA could 
decrease the viability of tumor cells in a dose-de-
pendent manner compared to the control group. 
Furthermore, the IC50 of PMSA in SKOV3 and 
22RV1 cells was 3.451 μM and 1.182 μM, respec-
tively (Fig. 2A). 
Meanwhile, SKOV3 and 22RV1 cells were subject 
to cell colony formation experiments, respectively. 
Compared with the control group, the number of 

colony formation decreased in a dose-dependent 
manner with increasing concentration, and the dif-
ference was statistically significant. Comparing the 
two tumor cell lines, the effect of PMSA on 
SKOV3 cells was stronger, and it could be seen 
that PMSA produced a lower concentration of in-
hibition on SKOV3 cells and had a more pro-
nounced effect on inhibiting proliferation (Fig. 2B, 
**P <0.01). Furthermore, cell scratch assay was 
used to confirm the repressed effect of PMSA on 
tumor cell migration (Fig. 2C, **P <0.01).  
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Fig. 2: PMSA inhibited tumor cell proliferation and migration. SKOV3 and 22RV1 cells were treated with 0-40 μM 
PMSA for 48 h, respectively. (A) MTT assay and IC50 of PMSA on tumor cells. (B) Cell colony formation assay of 

PMSA on tumor cells. (1) SKOV3 cells, (2) 22RV1 cells. (C) Cell scratch assay of PMSA on tumor cells. (1) SKOV3 
cells, (2) 22RV1 cells. The error bars represented standard deviation from three replicates. *P < 0.05 or **P < 0.01 

relative to the control or the differently treated groups, ns: no statistical difference 
 
PMSA triggered ferroptosis in tumor cells 
Ferrostatin-1 (Fer-1), a ferroptosis inhibitor, was 
used in the subsequent experiments. The results 
showed that compared with the control group, 
PMSA significantly inhibited the proliferation ac-
tivity, aggravated the apoptosis effects in tumor 

cells, and increased the ROS and MDA levels, 
while fer-1 could rescue the cell death induced by 
PMSA above (Fig. 3A-D, P < 0.05, P < 0.01). 
PMSA could induce the tumor cell death via me-
diating ferroptosis effects. 
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Fig. 3: PMSA induced tumor cell ferroptosis. (A) MTT assay of Fer-1 and different concentration of PMSA on 
SKOV3 cells. (B) Apoptosis assay of PMSA on SKOV3 cells. They were divided into 4 groups: blank control group, 

PMSA, Fer-1, PMSA and Fer-1. (C-D) Measurement of ROS levels (C) or MDA levels (D) in SKOV3 cells. They 
were divided into 4 groups: blank control group, PMSA, Fer-1, PMSA and Fer-1. The error bars represented stand-
ard deviation from three replicates. **P < 0.01 relative to the control or the differently treated groups, ns: no statisti-

cal difference 
 
PMSA regulated tumor ferroptosis through the 
KEAP1-NRF2-GPX4 axis 
PMSA decreased GPX4 protein expression in 
SKOV3 cells. In contrast, Fer-1 could rebound 
GPX4 protein expression in a dose-dependent 
manner, which indicated that Fer-1 antagonized 
PMSA-induced ferroptosis (Fig. 4A, **P < 0.01). 
Moreover, we revealed that PMSA also repressed 

the expression of ferroptosis-relative genes such 
as Solute Carrier family 7 member 11 
(SLC7A11/XCT), NRF2, and p-NRF2 in a dose-
dependent manner in SKOV3 and 22RV1 cells 
(Fig. 4B and C, *P < 0.05, **P < 0.01). PMSA could 
regulated tumor ferroptosis through the KEAP1-
NRF2-GPX4 axis. Interestingly, the expression 
level of KEAP1 increased. 
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Fig. 4: Regulation of PMSA on ferroptosis-relative signaling pathways in tumor cells. (A) Western blot of GPX4 lev-
els in SKOV3 cells. (B) Western blot of KEAP1, NRF2, GPX4 levels in SKOV3 cells. (C) Western blot of p-NRF2, 
XCT, GPX4 levels in 22RV1 cells. The error bars represented standard deviation from three replicates. *P < 0.05 or 

**P < 0.01 relative to the control or the differently treated groups, ns: no statistical difference 
 
PMSA triggered tumor ferroptosis by targeting 
NRF2 directly  
Molecular docking confirmed the NRF2 gene as a 
target of PMSA. As shown in Fig. 5A and B, 
PMSA could dock with NRF2 protein with a 
LibDockScore of 95 and form a hydrogen bond at 
a distance of 2.78 Å at VAL418. Thermal stability 
studies were conducted to confirm the binding be-

tween PMSA and NRF2 protein. The NRF2 pro-
tein in the control group was rapidly degraded 
with increasing temperature, however, the experi-
mental group did not exhibit substantial degrada-
tion of NRF2 protein due to the addition of 
PMSA (Fig. 5C). Thus, PMSA might bind to 
NRF2 protein and decreased its level in tumor 
cells, which mediated the ferroptosis effects and 
caused tumor cell death.  
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Fig. 5: Molecular docking of PMSA and NRF2 protein ligands. (A-B) 3D views and binding sites of PMSA and NRF2 
protein ligands. (C). Thermal shift assay to analysis of band stability between PMSA and NRF2 protein (40-58 ℃) 

 
Discussion 
 
Amidine is widely found in nature, and derivatives 
formed by its combination with sulfonamides may 
be responsible for the remarkable changes in bio-
logical activities and biological functions (e.g., 
anti-tumor and anti-fungal). Sulfamethoxyl, a de-
rivative of amidine, is a molecule with multiple bi-
ological activities and can be utilized as an insecti-
cide, but its anti-tumor properties and specific mo-
lecular mechanisms are still not clear (16). PMSA, 
a new sulfonamide derivative, was synthesized in 
our laboratory, and it has been previously demon-
strated that it could inhibit the proliferation of tu-
mor cells and then trigger cell death. According to 
bioinformatics analysis, PMSA might be involved 
in the regulation of ferroptosis-relative signaling 
pathways, and play an anti-tumor role by binding 
to NRF2. Therefore, in this study, we focused on 
the specific role of PMSA in tumor cells on fer-
roptosis pathway. Our results confirmed that 
PMSA could trigger ferroptosis in tumor cells by 
increasing lipid peroxidation (MDA) and ROS lev-
els, but ferroptosis inhibitor Fer-1 prevented this 
by clearing ROS. 
To identify the role of ferroptosis regulatory genes, 
we analyzed changes in the protein expression lev-
els of these genes in tumor cells after treated with 
PMSA. The results showed that PMSA reduced 

the expression of NRF2, and GPX4, which indi-
cated that it could induced tumor cells ferroptosis 
through the KEAP-NRF2-GPX4 axis. 
Furthermore, we investigated the interaction be-
tween PMSA and NRF2 gene in depth. The results 
showed that PMSA could bind to NRF2 protein 
and induced ferroptosis in tumor cells. At the 
same time, we also found that PMSA up-regulated 
KEAP1 expression. This might be due to the com-
petitive binding of PMSA to NRF2, which led to 
the dissociation of KEAP1 protein from the 
KEAP1/NRF2 complex in tumor cells (17). Com-
pared with literature reading, it has been found 
that other sulfonamide derivatives also show anti-
NRF2 activity (18). However, PMSA demon-
strated a stronger inhibitory effect with lower con-
centration.  
It is noteworthy that PMSA controls the protein 
expression associated with the SLC7A11/XCT 
pathway (19). Another regulatory target of the 
KEAP1/NRF2 pathway is SLC7A11/XCT path-
way. SLC7A11 is a sodium-independent cystine-
glutamate transporter. Extracellular cysteine is 
brought into cells by XCT, which converts it to 
cysteine to make glutathione (GSH). Reduced 
GSH synthesis may be caused by down-regulation 
of XCT, which triggers ROS-mediated ferroptosis 
(20). We found that PMSA reduced SLC7A11 pro-
tein levels in tumor cells, suggesting that it also 
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contributed to oxidative stress associated with the 
glutathione system. 
 
Conclusion 
 
PMSA could induce ferroptosis of tumor cells by 
targeting the KEAP1-NRF2-GPX4 axis. This is an 
important discovery that this compound can be 
used as a potential anti-cancer drug. On basis of 
our investigations, we propose that PMSA de-
serves further studies as a small molecule targeted 
drug for discovering novel anti-cancer drug. 
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