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ARTICLE INFO ABSTRACT
Keywords: Objective: This study examined the mechanism through which plumbagin induces ferroptosis of
Colon cancer colon cancer cells.
Plumbagin Methods: CCK-8 assay was performed to examine the viability of colon cancer cells (SW480 and
Egg;’gig;i 1 HCT116 cells) after they were treated with 0-, 5-, 10-, 15- and 20-pmol/L plumbagin. Colony

formation assay and Transwell assay were used to examine the effects of 15-pmol/L plumbagin on
the proliferation, invasive ability. The ferroptosis of SW480 and HCT116 cells and the expression
of p-p53, p53 and SLC7A11 were analysed. The effects of blocking necrosis, apoptosis and fer-
roptosis on the anti-cancer effects of plumbagin were examined. After p53 was silenced, the ef-
fects of plumbagin on proliferation, invasion, ferroptosis and SLC7A11 expression were assessed.
A tumour-bearing nude mouse model was used to examine the effects of p53 silencing and/or
plumbagin on tumour growth, ferroptosis and SLC7A11 expression.

Results: Plumbagin inhibited the proliferation of SW480 and HCT116 cells and their invasive and
colony-forming abilities. It increased Fe?* levels but significantly decreased GSH and GPX4 levels.
When ferroptosis was inhibited, the effects of plumbagin on colon cancer cells were significantly
alleviated. Plumbagin promoted the expression and phosphorylation of p53 and inhibited the
mRNA and protein levels of SLC7A11. Silencing of p53 counteracted the effects of plumbagin on
the ferroptosis and biological behaviour of SW480 and HCT116 cells. In mouse models of colon
cancer, silencing of p53 attenuated the tumour-suppressing effects of plumbagin as well as its
inhibitory effects on the protein level of SLC7A11 and restored the expression of GSH and GPX4.
Conclusion: Plumbagin promotes ferroptosis and inhibits cell proliferation and invasion by
decreasing the protein expression of SLC7A11 through p53.

1. Introduction

Every year, an estimated 1.1 million cases of colon cancer are diagnosed all over the world, making it the fifth most common cancer.
Approximately 0.57 million patients die from colon cancer annually, accounting for 5.8% of all cancer-related deaths [1]. Although

* Corresponding author. Department of General Surgery, Tongren Hospital, Shanghai Jiao Tong University School of Medicine, No.1111, Xianxia
Rd, Shanghai, China.
** Corresponding author. Department of General Surgery, Tongren Hospital, Shanghai Jiao Tong University School of Medicine, No.1111, Xianxia
Rd, Shanghai, China.
E-mail addresses: WBY4230@shtrhospital.com (B. Wang), KWQ4499@shtrhospital.com (W. Kong).
! Bingyi Wang and Weiqi Kong are co-corresponding authors.

https://doi.org/10.1016/j.heliyon.2024.e28364
Received 22 August 2023; Received in revised form 18 March 2024; Accepted 18 March 2024

Available online 21 March 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:WBY4230@shtrhospital.com
mailto:KWQ4499@shtrhospital.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e28364
https://doi.org/10.1016/j.heliyon.2024.e28364
https://doi.org/10.1016/j.heliyon.2024.e28364
http://creativecommons.org/licenses/by-nc/4.0/

B. Wang et al. Heliyon 10 (2024) e28364

surgery and chemotherapy are common treatments for colon cancer, novel immunotherapies are now being more frequently utilized in
clinical practice. Despite this advancement, the prognosis for colon cancer is still bleak [2,3]. Many patients miss out on the best chance
for surgery when they are first diagnosed, potentially leading to the spread of cancer [4,5]. Consequently, developing new drugs that
can effectively treat colon cancer is important.

Compounds of natural origin have evident tumour-suppressing effects and a low resistance potential [6,7]. Plumbagin (C11HgO3) is
a quinone derived from the whole plant of Plumbago indica L. or the root of P. zeylanica Linn. Recent studies have shown that plumbagin
has excellent therapeutic effects against breast cancer and other cancer [8-10]. Although plumbagin can block colon cancer cell cycle
in vitro [11], its effects on cell migration and invasion and its mechanism of action remain unclear.

Abnormal ferrous iron can catalyse the peroxidation of unsaturated fatty acids on the cell membrane, inducing ferroptosis [12].
GPX4 is a selenoprotein that efficiently catalyses the reduction of peroxidised phospholipids. Glutathione (GSH) depletion-induced
inactivation of GPX4 specifically triggers ferroptosis. When ferroptosis is triggered, it inhibits tumour cell proliferation, drug resis-
tance and invasion [13,14]. SLC7A11 is involved in the synthesis of GSH through cystine and inhibits ferroptosis. A bioinformatic study
demonstrated that SLC7A11 was overexpressed in colon cancer and its regulatory effects on ferroptosis were related to
metastasis-associated chemokines [15]. In addition, plumbagin and deletion of SLC7A11 have been shown to enhance ferroptosis in
lung and breast cancers [16,17]. However, whether plumbagin can induce ferroptosis in colon cancer remains unclear.

The present study aimed to examine the impact of plumbagin on colon cancer cells and elucidate its underlying mechanism. The
findings of this study may provide novel insights into the management of colon cancer.

2. Materials and methods
2.1. Cells culture

The normal colonic epithelial cell line NCM460 (CL-0393) and the colon cancer cell lines SW480 (wild-type p53, CCL-228) and
HCT116 (wild-type p53, CCL-247 EMT) were purchased from ATCC (USA). The cells were all cultured in DMEM (Gibco, USA) sup-
plemented with 10% fetal bovine serum (FBS) and 100 x penicillin-streptomycin solution in an incubator at 37 °C with 5% CO5 and
95% humidity.

The cells were treated with plumbagin (99%, CFN90444; Wuhan ChemFaces Biochemical Co., Ltd., Wuhan, China) at final con-
centrations of 0, 5, 10, 15 and 20 pmol/L for 24, 48 and 72 h. Thereafter, plumbagin was used at a concentration of 15 pmol/L for
subsequent experiments (72 h). To assess the safety of plumbagin, normal colonic epithelial cells (NCM460) were treated with 15-
pmol/L plumbagin for 72 h. The resulting cell viability was 72.6 £+ 7.1%, indicating that the dosage was relatively safe.

Before plumbagin treatment, the cells underwent treatment with the ferroptosis inhibitors Fer-1 (1 pmol/L, HY-100579, Med-
ChemExpress) and Lip-1 (0.2 pmol/L, HY-132216) for 24 h. Additionally, the cells were pre-treated with 10 pmol/L Nec-1 (HY-15760)
and 10 pmol/L Z-VAD-FMK (HY-16658B) for 24 h to inhibit necroptosis and pan-caspase apoptosis, respectively.

2.2. Cell transfection

For transfection, cells were assigned into the following groups: si-NC, si-NC + plumbagin, si-p53 and si-p53 + plumbagin. To
examine the mechanism of action of plumbagin, p53 was silenced before plumbagin treatment (15 pmol/L). si-p53 and corresponding
si-NC were synthesized by GenePharma Co., Ltd. (China). To prepare a transfection complex, the procedure involved combining 25 pL
of reagent A with 25 pL of reagent B and mixing them thoroughly by aspirating the mixture 10 times using a pipette, followed by a 15-
min incubation period. After that, cells were transfected with 50 pL of the resulting transfection complex.

2.3. CCK-8 assay

Transfected cells (100 pL; 5 x 10* cells/mL) were placed in 96-well plates. Following incubation, CCK-8 solution was added to cells
and the plates were gently mixed at 37 °C for 1 min to ensure uniform distribution. After 2 h of incubation (for dehydrogenation
reaction), optical density (OD) was measured at 450 nm using the Feyond-A500 microplate reader (AS-19070-00, Aosheng, AS-19070-
00, China).

2.4. Colony formation assay

After digestion and resuspension, 200 single cells were evenly seeded in the medium of each well and cultured for 14 days. The
medium was replaced every 2-3 days. After the appearance of macroscopic colonies, the cells were rinsed with PBS twice. Following
that, the cells were treated with 4% PFA for 15 min and stained with Giemsa for 20 min. After gently washing away any excess stain,
the cells were left to dry. Once dry, a transparent film with grids was placed over the inverted plate. The number of colonies with >20
cells was recorded, and the relative clone formation efficiency was normalised to that of the si-NC group.

2.5. Transwell assay

Matrigel (diluted at a ratio of 1:8; Corning, USA) and complete DMEM (20% FBS) was added to the lower Transwell chamber. They
were then incubated at 37 °C for 30 min. Cells were starved in serum-free DMEM (5 x 10* cells/mL) at 37 °C for 24 h. Following
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digestion, 100 pL of the cell suspension (5 x 10 cells/mL) was added to the upper Transwell chamber. 24 h later, non-invasive cells
were removed, whereas invasive cells were fixed and stained with 0.1% crystal violet. Thereafter, the number of invaded cells was
recorded in five random fields.

2.6. Detection of unstable Fe2+ ions

FerroOrange probe (MX4559, MKbio, China) was used to detect unstable Fe>™ jons. Frozen FerroOrange was incubated at 25 °C for
30 min and centrifuged at a low speed (using a microcentrifuge). The precipitated FerroOrange (24 pg) powder was dissolved in 35 pL
of DMSO by mixing the solution 5 times. Next, the cell culture medium was used to obtain 1-mM FerroOrange stock solution. Cells were
seeded in fluorescent petri dishes and incubated with the stock solution overnight at 37 °C with 5% COs. For laser microscopy, the
excitation wavelength was set to 532 nm, while the emission wavelength was set to 572 nm, and the relative concentration of Fe2* ions
was calculated using siNC as Control.

3. ELISA

A 96-well plate was divided into the following compartments: blank wells (A, blank control; no sample or enzyme-labelling reagent
was added; other steps were the same), standard wells (B; 50-pL standard solution was added) and sample wells (C; 10-pL sample and
40-pL diluent were added). An enzyme-labelling reagent (50 pL, 37 °C, 30 min) and chromogenic reagents A and B (50 pL each, 37 °C,
15 min, GSH assay kit, S0052, Beyotime, China) were successively added to all the wells under dark conditions. OD was measured at
450 nm, and the relative concentration of GSH in C wells was calculated and normalised to that in A and B wells. A GPX4 ELISA kit (EK-
H12496, EK-Bioscience, China) was used to detect GPX4, and the procedure was similar to that used for detecting GSH.

3.1. qRT-PCR

Cells or tissues were treated with 400 pL of Trizol (Thermo Fisher, USA) in a 1.5-mL sterile RNase-free EP tube. After the samples
were homogenised, 600 pL of Trizol was added and the samples were mixed for 5 min, followed by centrifugation of the cell or tissue
lysates for 5 min at 12,000xg and 4 °C. A mixture of Trizol and chloroform in a 1:2 ratio was added to the RNA pellet, mixed for 15 s.
The cDNA was then synthesized using the PrimeScript RT Reagent Kit (RR047A, Takara) at 37 °C for 15 min and 98 °C for 5 min.
Subsequently, qPCR was carried out using SYBR Green (Takara, Japan) at 94 °C for 3 min, then 40 cycles of 94 °C for 15 s, 58 °C for 20
s, and 72 °C for 30 s. The mRNA levels of target genes was determined and normalised to that of p-actin using the 2722t method. The
primer sequences used for PCR are as follows: p53-F, 5-TCCACACCCCCGCCC-3; p53-R, 5-CCTCACAACCTCCGTCATGT-3; SLC7A11-
F, 5- TGAGAGCACGATGCATACACA-3; SLC7A11-R, 5-CCCTGCAGGTAACCTCCTTT-3’; GPX4-F, 5- GGGACCATGTGCGCGTC-3,
GPX4-R, 5-CTTCATCCACTTCCACAGCG-3'; B-actin-F, 5-TTGCCCTGAGGCTCTTTTCC-3’; p-actin-R, 5-~AATGCCAGGGTACATGGTGG-
3.

3.2. Western blot

Samples were gathered and broken down in RIPA buffer (on ice, 30 min), and total proteins were extracted from the cell or tissue
lysates via centrifugation (4 °C, 12000xg, 20 min). The proteins extracted were separated using a 10% sodium dodecyl sulfate-
polyacrylamide gel and then transferred to a PVDF membrane, a semi-crystalline and non-reactive thermoplastic polymer with
excellent piezoelectric properties [18]. The membrane was incubated with rabbit monoclonal primary antibodies against p-p53
(1:1000) (ab33889, Abcam, USA), p53 (1:1000) (ab32389, Abcam, USA), SLC7A11 (ab175186) and GPX4 (ab125066) at 4 °C
overnight. The next day, the membrane was exposed to a secondary antibody (1:2000, ab6721) and incubated at 37 °C for 2 h and
washed thrice with TBST. Blots were detected with an ECL kit from Solarbio, and the IPP6.0 software (Media Cybernetics, USA) was
used to analyse the protein expression.

3.3. Xenotransplantation

Nude BALB/C mice (4 weeks old; Charles River. Co., LTD., China) were kept under 24 + 1 °C and of 60 + 5% humidity. They were
randomly grouped with 4 mice in each group. 5 x 10° SW480 and HCT116 cells, transfected with either si-NC or si-p53, were sus-
pended in 200 pL of PBS and then injected into the axillary regions of the nude mice. Tumour formation was observed after 5-7 days.
On days 1 and 4 of weeks 2-4, the mice were injected with 2-mg/kg plumbagin intraperitoneally. After 4 weeks, the mice were
euthanised and tumours were collected and weighed.

3.4. Statistical analysis

The experiments were conducted three times independently, and the results were presented as the mean + SD. Statistical analysis
was carried out using one-way ANOVA and the Tukey multiple comparison test in GraphPad Prism version 7.0. The t-test was used for
comparing two groups, and the log-rank test was used to analyse survival. A P-value of <0.05 was considered significant.
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4. Results
4.1. Plumbagin inhibited colon cancer cell growth and invasion

To examine the anti-cancer effects of plumbagin, colon cancer cells were treated with 0-, 5-, 10-, 15- or 20-pmol/L plumbagin. The
results showed that treatment with plumbagin at concentrations of 5, 10, 15 and 20 pmol/L significantly inhibited the proliferation of
colon cancer cells. Although these effects followed a dose-dependent trend in cells treated with <15-ymol/L plumbagin, they were
found to be similar in cells treated with 15-pmol/L and 20-pmol/L plumbagin (Fig. 1A and 1B). In addition, the effects of plumbagin at
10, 15 and 20 pmol/L became more significant with increasing time (Fig. 1A and 1B). Therefore, colon cancer cells treated with 15-
pmol/L plumbagin for 72 h were used for subsequent experiments. Treatment with 15-pmol/L plumbagin significantly attenuated the
colony-forming (Fig. 1C and 1D) and invasive (Fig. 1E-1H) abilities of colon cancer cells. These results preliminarily validated the anti-
cancer effects of plumbagin.

4.2. Plumbagin induced ferroptosis in colon cancer cells

Ferroptosis is characterised by an increase in intracellular unstable Fe2+ levels and a decrease in GSH and GPX levels. 15-pmol/L
plumbagin increased Fe?" levels by 3.5-4 folds (Fig. 2A and 2B) but significantly decreased GSH and GPX levels (Fig. 2C-2F) in colon
cancer cells, suggesting plumbagin induced ferroptosis.

4.3. Inhibition of ferroptosis blocked the anti-cancer effects of plumbagin

To verify the key role of ferroptosis in the anti-cancer effects of plumbagin, colon cancer cells were pre-treated with Fer-1 and Lip-1
to inhibit ferroptosis (before plumbagin treatment). In addition, the cells were pre-treated with Nec-1 and Z-VAD-FMK to inhibit
necroptosis and pan-caspase apoptosis, respectively. The results showed that Nec-1 did not have significant effects on the anti-
proliferative effects of plumbagin, whereas Z-VAD-FMK attenuated the antiproliferative effects of plumbagin to some extent. On the
contrary, both Fer-1 and Lip-1 significantly blocked the antiproliferative effects of plumbagin (Fig. 2G and 2H). Similarly, Nec-1 and Z-
VAD-FMK had minimal effects on the colony-forming ability of colon cancer cells in the presence of plumbagin, whereas Fer-1 and Lip-
1 significantly reversed the effects of plumbagin on colony formation (Fig. 21 and 2J). In addition, Z-VAD-FMK and Nec-1 had minimal
effects on the invasive ability of colon cancer cells in the presence of plumbagin, whereas Fer-1 and Lip-1 significantly reversed the
effects of plumbagin on cell invasion (Fig. 3A and 3B), indicating that inhibition of ferroptosis counteracted the effects of plumbagin on
colon cancer cell, indicating that plumbagin exerts anti-cancer effects by inducing ferroptosis.
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Fig. 1. Plumbagin inhibits colon cancer cell proliferation and invasion. (A-B) Effects of 0 pmol/L, 5 pmol/L, 10 pmol/L, 15 pmol/L, 20 pmol/L
Plumbagin on the viability. (C-D) Effects of Plumbagin on the colony formation. (E-H) Effects of Plumbagin on invasion. Scar bar = 50 pm ***P <
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Fig. 2. Plumbagin induces ferroptosis in colon cancer cells and Inhibition of ferroptosis blocks the inhibitory effect of Plumbagin on colon
cancer cell proliferation. (A-B) Effects of Plumbagin on Fe?" concentration. (C-F) Effects of pmol/L Plumbagin on GSH and GPX4. (G-H) Effects of
necroptosis inhibitor (Nec-1), pan-caspase apoptosis inhibitor (Z-VAD-FMK) and ferroptosis inhibitor (Fer-1 and Lip-1) on cell viability. (I-J) Effects
of blocked necroptosis, pan-caspase apoptosis and ferroptosis on colony formation ability. ***P < 0.001 vs. 15 pmol/L or vs. control; #, **P < 0.05,
0.01 vs. Plumbagin; P < 0.01 vs. Z-VAD-FMK.

4.4. Plumbagin regulated the expression of the ferroptosis-related proteins p53 and SLC7A11

Treatment with plumbagin led to a 7-fold increase in the mRNA expression of p53 and a 4-fold increase in the protein expression of
p-p53 and p53 (Fig. 3C and 3D). In addition, treatment with plumbagin significantly decreased the mRNA and protein expression of
SLC7A11(Fig. 3E and 3F). These results suggest that plumbagin regulates the ferroptosis-related p53-SLC7A11 pathway.

4.5. Silencing of p53 blocked the anti-cancer effects of plumbagin

p53 induces ferroptosis by inhibiting the expression of SLC7A11. To verify that plumbagin induces ferroptosis through the
p53-SLC7A11 pathway, p53 was silenced in colon cancer cells using siRNAs (Fig. 4A-4C). The proliferative ability of colon cancer cells
was significantly increased in the si-p53 group and decreased in the si-NC + plumbagin group compared to the si-NC group. The
proliferative ability of colon cancer cells in the si-p53 + plumbagin group was significantly higher than that in the si-NC + plumbagin
group and significantly lower than that in the si-p53 group (Fig. 4D). Treatment with plumbagin inhibited the colony-forming ability of
colon cancer cells. Silencing of p53 not only promoted colony formation but also reversed the effects of plumbagin (Fig. 4E). In
addition, treatment with plumbagin inhibited the invasive ability of colon cancer cells, whereas silencing of p53 promoted cell in-
vasion and reversed the effects of plumbagin on cell invasion (Fig. 5A and 5B). These results indicated that silencing of p53 coun-
teracted the anti-cancer effects of plumbagin, suggesting that the anti-cancer effects of plumbagin are closely related to p53.
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Fig. 3. Inhibition of ferroptosis blocks the inhibitory effect of Plumbagin on colon cancer cell invasion and Plumbagin regulates the
expression of ferroptosis-related p53-SLC7A11 pathway. (A-B) Effects of necroptosis inhibitor (Nec-1), pan-caspase apoptosis inhibitor (Z-VAD-
FMK) and ferroptosis inhibitor (Fer-1 and Lip-1) on invasion. (C-F) Effects of 15 pmol/L Plumbagin on p-p53 and p53 and SLC7A11 protein

expression in cells. Scar bar = 50 pm ***P < 0.001 vs. control or vs. 15 pmol/L; #, ##P < 0.05, 0.01 vs. Plumbagin.

4.6. Silencing of p53 blocked plumbagin-induced ferroptosis and suppression of SLC7A11 expression

The effects of p53 silencing and/or plumbagin treatment on ferroptosis were examined in colon cancer cells. The mRNA and protein
expression levels of SLC7A11 were lower in the si-NC + plumbagin group and higher in the si-p53 group than in the si-NC group. In
addition, the mRNA and protein expression levels of SLC7A11 in the si-p53 + plumbagin group were increased compared to the si-NC
+ plumbagin group and decreased compared to the si-p53 group (Fig. 6A-6C). Plumbagin increased intracellular Fe2+ levels, whereas
silencing of p53 significantly reversed the plumbagin-induced increase in Fe2+ levels (Fig. 6D). In addition, silencing of p53 reversed
the plumbagin-induced decrease in GSH and GPX4 levels (Fig. 6E and 6F). These results indicated that silencing of p53 increased
SLC7A11 expression and inhibited ferroptosis in the presence of plumbagin, suggesting that plumbagin induces ferroptosis by pro-
moting the expression of p53.

4.7. Silencing of p53 blocked the anti-cancer effects of plumbagin and inhibition of SLC7A11 in vivo

To verify the anti-cancer effects of plumbagin and its p53-dependent regulatory effects on SLC7A11 expression in vivo, tumour-
bearing nude mouse models were established using colon cancer cells transfected with si-NC or si-p53. Subsequently, mice with
colon tumours were intraperitoneally injected with plumbagin. The results showed that treatment with plumbagin inhibited tumour
growth in vivo, whereas silencing p53 not only promoted tumour growth but also significantly reversed the anti-tumour effects of
plumbagin (Fig. 7A and 7B). Treatment with plumbagin inhibited the mRNA and protein expression of SLC7A11 in mouse tumour
tissues, whereas silencing of p53 not only promoted SLC7A11 expression but also reversed the effects of plumbagin on SLC7A11
expression (Fig. 7C and 7D). These results indicated that the effects of plumbagin on colon tumour growth and SLC7A11 expression
were closely related to p53 in vivo.

4.8. Silencing of p53 blocked the ferroptosis-inducing effect of plumbagin in vivo
Treatment with plumbagin decreased the levels of GSH and GPX4 in mouse tumour tissues, whereas silencing of p53 reversed these

effects (Fig. 8A-8C). These results indicated that silencing of p53 blocked the ferroptosis-inducing effect of plumbagin in vivo. Fig. 8D
shows a schematic diagram summarising the protocol of this study.
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5. Discussion

The pathogenesis of colon cancer is complex, involving environmental factors, genetic factors, inflammatory bowel disease and an
interaction among these factors [19,20]. Surgery or combination chemotherapy is the primary treatment method for reducing the
tumour burden and prolonging the survival of patients [21,22]. Approximately 60% of patients with colon cancer survive for five years
or more [23,24]. However, colon cancer is difficult to detect at an early stage, and only 8-30% of patients with advanced colon cancer
survived [25,26]. Therefore, understanding the mechanisms underlying colon cancer progression is important.

Many natural drugs are used as first-line treatment agents for several cancers. The use of these drugs is limited owing to their poor
water solubility and potential for causing systemic reactions. These advantages can be addressed by modifying the route of admin-
istration [27,28]; therefore, natural drugs hold great promise in the treatment of cancer. As a natural quinone, plumbagin exhibits
various biological activities, such as antibacterial [29], immunomodulatory [30] and pro-oxidative stress [31] activities. The
anti-cancer effects of plumbagin have been shown in pancreatic cancer [32], liver cancer [33], oesophageal cancer [34], gastric cancer
[35] and other digestive system tumours. Plumbagin also promoted apoptosis in colon cancer cells [36]. We also tested the effect of
plumbagin on apoptosis in colon cancer cells (Supplementary Fig. 1) and the findings aligned with earlier research. However, the
increase of apoptosis rate can’t solely explain the decrease of cell viability. Therefore, it seems that the apoptosis was not the only
mechanism of plumbagin and we explored the involvement of ferroptosis. In this study, plumbagin was found to inhibit the prolif-
erative, colony-forming and invasive abilities of colon cancer cells, suggesting that Plumbagin showed significant efficacy in inhibiting
the growth and spread of colon cancer.

Unlike normal cells, tumour cells rely on the trace element iron for their growth [37]. Excessive iron intake may increase the risk of
breast cancer [38]. Some iron-chelating agents and drugs that increase iron-mediated cytotoxicity (e.g. sulfasalazine, statins and
ferroptosis-causing artemisinin) have been shown to exert anti-tumour effects [39,40]. However, ferroptosis has dual effects on cancer.
On the one hand, moderate ferroptosis is beneficial to the proliferation and metastasis of tumour cells [41]. On the other hand,
depletion of GSH and inhibition of GPX4 significantly induce ferroptosis in tumour cells [42]. In addition, abnormally elevated levels
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of ferroptosis can limit or inhibit the proliferative and metastatic abilities of tumour cells [43,44]. Therefore, targeting ferroptosis
represents a novel therapeutic strategy for tumours. Plumbagin has been reported to enhance ferroptosis. For example, it can induce
ferroptosis by inhibiting GPX4 and suppress tumour growth in nude mouse models of glioma [45]. The primary biochemical event that
initiates ferroptosis is lipid peroxidation, while the enzyme-triggered rise in free radical generation, fatty acid availability, and lipid
peroxidation also significantly contribute to inducing ferroptosis. The ferroptosis-inducing mechanism of plumbagin may be associated
with its inherent pro-oxidative effects. First, inhibition of oxidative phosphorylation by plumbagin has the ability to enhance the
production of ROS, which play a crucial role in inducing ferroptosis [46]. Second, inhibition of OXPHOS and the subsequent pro-
duction of ROS can directly promote lipid peroxidation. ROS can damage the cell membrane via lipid peroxidation [47,48]. The
damaged membrane disrupts cell integrity, eventually triggering ferroptosis. Third, dysfunction of OXPHOS affects iron metabolism,
which is closely associated with ferroptosis [48,49]. Inhibition of OXPHOS causes the accumulation of free iron, which can participate
in Fenton reactions and drive ferroptosis [48]. In this study, the levels of Fe2+, GSH and GPX4 were evaluated to examine whether
plumbagin regulated ferroptosis. Plumbagin increased Fe2* levels but decreased GSH and GPX4 levels in SW480 and HCT116 cells. To
verify the role of ferroptosis in the anti-cancer effects of plumbagin, colon cancer cells were treated with the ferroptosis inhibitors Fer-1
and Lip-1 before plumbagin treatment. In addition, the cells were pre-treated with Nec-1 and Z-VAD-FMK to inhibit necroptosis and
pan-caspase apoptosis, respectively. Inhibition of ferroptosis significantly attenuated the effects of plumbagin on the proliferative and
invasive abilities of colon cancer cells, indicating that plumbagin prevents the proliferation and spread of colon cancer cells, at least in
part, by inducing ferroptosis.

SLC7A11 promotes the transfer of cysteine, a substrate for the synthesis of GSH, thereby alleviating ferroptosis-induced damage
[50]. In a study, analysis of cancer data from TCGA, GEO and GEPIA databases showed that upregulated SLC7A11 was involved in the
metastasis of colon cancer [15]. In addition, increased dietary intake of heme iron and SLC7A11 [51] and increased stability of
SLC7A11 can promote the progression of colon cancer [52]. The transcription and expression of SLC7A11 are regulated by p53. An
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increase in SLC7A11 expression subsequent to a decrease in p53 expression enhances the drug resistance of oesophageal cancer cells
[53]. Tanshinone ITA-induced reduction in SLC7A11 expression has been associated with increased p53 expression in gastric cancer
cells [54]. In addition, upregulated p53 causes ferroptosis and decreased the level of SLC7A11 in osteosarcoma and prostate cancers
[55,56]. p53 mutation has not been reported in SW480 and HCT116 cells used in this study. Treatment with plumbagin promoted the
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expression of p-p53 and p53 and inhibited the expression of SLC7A11 in SW480 and HCT116 cells. However, silencing of p53
significantly blocked the ferroptosis-inducing effects of plumbagin and reversed its inhibitory effects on colon cancer cell. Plumbagin
also exerted excellent anti-cancer effects and inhibited the protein expression of SLC7A11 in nude mice with colon cancer. Silencing of
p53 attenuated the inhibitory effects of plumbagin on tumour growth and SLC7A11 expression and restored the levels of GSH and
GPX4 in mice with colon cancer. In breast and lung cancers, the tumour-suppressing effects of plumbagin have been associated with its
function of inducing p53 expression [57,58]. Notably, although plumbagin could inhibit the colony-forming and invasive abilities of
colon cancer cells after p53 was silenced, its inhibitory effects were significantly weakened. Therefore, we speculate that the action of
plumbagin is not solely dependent on p53. Consistently, previous researches have demonstrated that the effects of plumbagin may be
dependent on other proteins, such as HIF-la, caspase-9 and LC3B [59-61]. In this study, silencing of p53 blocked the
ferroptosis-inducing and anti-cancer effects of plumbagin, suggesting that the mechanism of action of plumbagin is at least partially

10



B. Wang et al.

A

o
]

S
1

GSH (uM/mg)

Relative GXP4 I
expression

O

2.0
8
c -
% 515
(G
[T .
SS9 1.0
=)
©
° ﬁ 0.5
14
0.0-

SW620

HCT116

si-NC
siNC+Plumbagin
si-p53
si-p53+Plumbagin

Heliyon 10 (2024) e28364

. siNC ((\o’bg 6‘0{0
M siNC+Plumbagin N> N
Q L
B sip53 V\O %OX &P Q@fb
mm si-p53+Plumbagin X & & of

mRNA protein
HCT116 i~ ©
m si-NC rb@\ ‘0®g
B siNC+Plumbagin ((\0 &
** *% m sio53 ¥ XQ\\) XQ\§>
AN AN S!—p . eo eC) 9_)(5 ﬁ‘b
# # El si-p53+Plumbagin ‘b\' %\, G}Q é,\'Q
*kk *kk
mRNA protein

D

| Effects of Plumbagin (0-20 umol/L) on colon cancer cell (proliferation and invasion)|

In vitro study

In vivo study

'

|Effects of Plumbagin on ferroptosis in colon cancer cellsl

\

| Effects of Plumbagin on p53 and SLC7A11 expression |

'

Silencing p53 blocks the

Silencing p53 block

Silencing p53

y effect of Pl
on colon cancer cells

suppresfsion of SLC7A11

(proliferation and invasion)

(o]

induced ferrop!vosis

'

Silencing of p53 blocks
the anti-cancer effects of
Plumbagin and inhibition
of SLC7A11

(Tumor volume and mass,
SLC7A11 expression)

Silencing of p53 blocks
the ferroptosis-inducing
effect of Plumbagin

(GSH, GPX4 expression)

Fig. 8. Silencing of p53 blocks the ferroptosis-inducing effect of Plumbagin in vivo. (A) Effects of silencing p53 and/or Plumbagin on GSH
levels in tumor tissues. (B-C) Effects of silencing p53 and/or Plumbagin on GPX4 mRNA and protein in tumor tissues. (D) A scheme that summarizes

11



B. Wang et al. Heliyon 10 (2024) e28364

related to p53-SLC7A11-dependent ferroptosis.

Certain limitations of this study should be recognized. First, plumbagin may induce ferroptosis through pathways other than p53;
these pathways should be comprehensively investigated in future studies. For example, plumbagin has been reported to have tumour-
suppressing effects on p53-mutated ovarian cancer [62]. Second, whether plumbagin exerts ferroptosis-inducing and anti-cancer ef-
fects on p53-mutated or -deleted colon cancer cells warrant further investigation, which is also the focus of our future research.

In conclusion, plumbagin can promote ferroptosis and inhibit cell proliferation and invasion in colon cancer (p53 wild-type).
Mechanistically, plumbagin exerts anti-cancer effects by reducing the expression of SLC7A11 protein through the p53 pathway.
Therefore, plumbagin may serve as a promising drug for certain genotypes of colon cancer.
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