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ARTICLE INFO ABSTRACT

Keywords: Triple-negative breast cancer (TNBC) is more prone to recurrence and metastasis relative to other
Triple-negative breast cancer subtypes of breast cancer, leading to an extremely poor prognosis. The increasing potential
Statin . chemoresistance of TNBC patients is mainly due to that tumor cells escape from apoptosis. In
Ferroptosis recent years, statins have demonstrated extensive anti-tumor effects. It is worth noting that statins
Mevalonate pathway . . .

Anticancer have more effective anti-tumor effects on TNBC cells and drug-resistant breast cancer cells.

Therefore, this study examines the superior cytotoxic effects of statins on TNBC cell lines and
further explores their potential therapeutic mechanisms. We detected different cell phenotypes
and found that statins significantly reduced the cell viability of TNBC cells. Specifically, pit-
avastatin showed an obvious induction in cell death, cell cycle arrest and oxidative stress in TNBC
MDA-MB-231 cells. The reversal effect of iron chelator desferrioxamine (DFO) on the morpho-
logical and molecular biological changes induced by pitavastatin has revealed a new mode of cell
death induced by pitavastatin: ferroptosis. This ferroptotic effect was strengthened by the
decreased expression of glutathione peroxidase 4 (GPx4) as well as newly discovered ferroptosis
suppressor protein 1 (FSP1). The data showed that ferroptotic death of MDA-MB-231 cells is
autophagy-dependent and mediated by the mevalonate pathway. Finally, we found that thera-
peutic oral doses of statins can inhibit the growth of transplanted tumors, which establishes
statins as a potential treatment for TNBC patients. In conclusion, we found pitavastatin could
induce autophagy-dependent ferroptosis in TNBC cells via the mevalonate pathway which may
become a potential adjuvant treatment option for TNBC patients.

1. Introduction

Breast cancer has now overtaken lung cancer as the most commonly diagnosed cancer. Among all breast cancer cases, triple-
negative breast cancer (TNBC) composes about 10-20% and is more common in premenopausal patients, but is being diagnosed in
younger and younger patients [1]. Patients with TNBC are more prone to local recurrence [2] and distant metastasis [3] when
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compared with other subtypes due to their higher invasiveness and the lack of targeted therapy, leading to a poor prognosis of TNBC
patients. Commonly used chemotherapeutics for TNBC patients usually initiate apoptosis. Unfortunately, TNBC frequently tends to
evade apoptosis and develop chemotherapy resistance, especially as it progresses [4]. The severe situation revealed by the epide-
miology of TNBC requires a deeper exploration of its treatment strategies [5].

Discovering other alternative modes of cell death provides more opportunities for the efficient treatment of TNBC patients. Fer-
roptosis, a relatively new cell death mode, is distinctly different from other forms of regulatory cell death in morphological and
molecular biology indicators [6]. The morphological changes of ferroptosis are mainly manifested in the cell membrane and mito-
chondria, where mitochondria become smaller, cristae decrease or disappear, and the outer membrane subsequently ruptures. The
accumulation of lipid peroxides destroys the redox balance in the cell and triggers cell death, which is the essential biological feature of
ferroptosis. Glutathione peroxidase 4 (GPx4), a membrane lipid repair enzyme, plays an important role by transferring the peroxide
group (-OOH) of polyunsaturated fatty acid (PUFA) to the glutathione (GSH). If GPx4 fails, ferroptosis ensues because of the accu-
mulation of reactive oxygen species (ROS) [7]. Recently, researchers found that ferroptosis suppressor protein 1 (FSP1) also partic-
ipates in the inhibition of ferroptosis in parallel with GPx4 [8,9]. Studies have shown that drug-resistant cancer cells rely on GPx4
activity to eliminate lipid peroxides and thereby selectively sensitive to the ferroptosis due to their exhibition of high mesenchymal
states [10,11]. Interestingly, a study found that when compared with ER-positive breast cancer, TNBC is more sensitive to ferroptosis
due to the expression of ACSL4 (acyl-CoA synthetase long chain family member 4), which is a key enzyme that regulates lipid
composition and maintains membrane architecture [12]. Therefore, triggering ferroptosis could be an effective treatment strategy for
TNBC patients.

Statins are inhibitors of HMG-CoA reductase (HMGCR), a rate-limiting enzyme in cholesterol synthesis. Several studies have found
that statins play positive roles in a variety of tumors [13]. The anti-tumor efficiency of statins may depend on statin type and the target
tumor type [14]. In breast cancer, statins have been reported to show synergistic anti-tumor effects with radiotherapy [15],
chemotherapy [16] and endocrine therapy [17]. More importantly, a meta-analysis shows that lipophilic statins are beneficial for the
clinical outcomes of breast cancer patients [18]. Mechanisms such as inhibition of proliferation and cell cycle, and induction of
apoptosis have been discussed in regards to statins [19,20]. Interestingly, statins have better specific anti-tumor effects in
drug-resistant cells and TNBC cells, which demonstrate dependence on GPx4 and thereby confers increased sensitivity to ferroptosis
[10,11]. Therefore, we hypothesized that ferroptosis has a certain significance in the anti-tumor effect of statins. To reveal the
mechanism(s) of statins, we detected the significance of iron on the anti-tumor effect of pitavastatin on the TNBC cell lines. The results
indicated that co-treatment with the iron chelator, desferrioxamine (DFO) reversed the cell cycle arrest, cell death, and elevated ROS
induced by pitavastatin, reflecting that it is iron-dependent. Overall, these findings demonstrate the occurrence of ferroptosis in human
TNBC MDA-MB-231 cells.

Preclinical animal experiments are the cornerstone of basic research and translational research. However, the dosages and methods
of statin administration in existing studies are not uniform, resulting in poor clinical predictability. We conducted experiments based
on human administration methods and appropriate dosages for the first time and revealed the effectiveness of safe therapeutic dosage
levels of statins on tumor-bearing mice in vivo. This study establishes statins as a promising anti-cancer therapy for refractory TNBC
patients.

2. Materials and methods
2.1. Cell culture and reagents

Human TNBC cell lines (MDA-MB-231, HCC1806, BT-549, Hs578T, and SUM1315) were purchased from the Shanghai Academy of
Biological Sciences, Chinese Academy of Sciences (Shanghai, China). MDA-MB-231 and HCC1806 were cultured in L-15 medium
(BasalMedia, Shanghai, China) and RPMI-1640 medium (KeyGEN BioTECH, Nanjing, China) supplemented with 10% fetal bovine
serum (FBS) (Gibco, New York, USA) separately. Hs578T, and SUM1315 were both cultured in DMEM medium (KeyGEN BioTECH,
Nanjing, China) supplemented with 10% FBS. BT-549 was cultured in DMEM medium supplemented with 20% FBS. All cell lines were
incubated at 37 °C in 5% COs, except for MDA-MB-231 which was grown in ambient air. Four statins were purchased from Aladdin
(Shanghai, China). Dimethylsulfoxide (DMSO) was purchased from Solarbio (Beijing, China). The maximum volume ratio of DMSO
was used as a mock control. DFO and mevalonate (Meva) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-FSP1, anti-
p53 and anti-GAPDH were purchased from ProteinTech (Chicago, USA). Anti-GPx4, Anti-LC3B, and Anti-HMGCR were purchased
from Abcam (Cambridge, UK), Cell Signaling Technology (CST) (Danvers, MA, USA), and Santa Cruz (CA, USA) separately. Goat anti-
Rabbit IgG-HRP and Goat anti-Mouse IgG-HRP were purchased from Beyotime (Shanghai, China).

2.2. Cell administration

Reagents were configured with DMSO as high concentration solutions for storage, typically 10 mM. Cell suspension was seeded in
the plate at an appropriate density and incubated in the corresponding medium overnight. The next day, calculated volume of the
reagent was added into the supernatant, then the whole plate was incubated at 37C for a certain period after slowly and thoroughly
mixed. The maximum volume ratio of DMSO was used as a mock control.
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2.3. Cell counting Kit-8 (CCK-8) assay

100 pL of human TNBC cell suspension was seeded in a 96-well plate at an appropriate density per well and incubated in the
corresponding complete medium overnight. The next day, 100 uL of 2 x concentration gradient of statins (1, 2, 4, 8, 16, 32, 64, 128
pM) were added into each column. 48 h later, 10 pL of CCK-8 (APExBio, Houston, USA) solution was dropped to experimental wells and
then the whole plate was incubated at 37 °C for 1-4 h. The optical density (OD) value was then measured through a microplate reader
(Molecular Devices, USA) at 450 nm and represented a readout of cell viability.

2.4. Cell cycle analysis

TNBC cell lines were seeded in a 6-well plate at an appropriate density per well and incubated in the corresponding complete
medium overnight. The next day, cells were treated with 5 pM pitavastatin for 36, 48, and 60 h. Cells needed to be fixed with absolute
ethanol at —20 °C for at least 24 h upon harvesting. On the day of testing, we centrifuged the fixed cells to discard the ethanol and
added 3 mL of phosphate buffered saline (PBS) to hydrate the cells. Then, cells were centrifuged again to discard the supernatant,
suspended in 500 pL of DNA staining solution with propidium iodide (PI), and then incubated for 30 min in the dark. In the end, the
prepared stained cells were collected by a Flow cytometer (Beckman Coulter, USA) for assessment.

2.5. Cell apoptosis analysis

Cell apoptosis analysis was detected via Annexin V-FITC and PI staining Kit (Beyotime, Shanghai, China). After treated with 5 pM
pitavastatin for 36, 48, and 60 h, the TNBC cell lines were collected, suspended in 500 pL of binding buffer and stained with the probes
mentioned above. Finally, cell apoptosis analysis was analyzed through the Flow cytometer described above. As the cell debris clusters
were also important for us, we classified all except double-negatives as dead cells. The formula to calculate the cell death is as follows:
percentage of cell debris clusters (First Quadrant) + percentage of late apoptotic cells (Second Quadrant) + percentage of early
apoptotic cells (Fourth Quadrant).

2.6. ROS level detection

Intracellular ROS level was measured via dichlorofluorescein diacetate (DCFH-DA) (Sigma-Aldrich, St. Louis, MO, USA) probe.
After treated with 5 pM pitavastatin for 12, 24, and 48 h, the whole plate of MDA-MB-231 cells were treated with 5 pM DCFH-DA
(1:1000 dilution) for 30 min. Prepared cells were then harvested and finally suspended in incomplete L-15 medium to be detected
via flow cytometry (Beckman Coulter, USA). We aggregated the acquired data onto a specific image for analysis.

2.7. Transmission electron microscopy (TEM) imaging

Briefly, the cells were trypsinized and then fixed in 5% glutaraldehyde solution at 4 °C overnight. Then, all subjects were gradually
dehydrated in ethanol. After embedding, samples were sectioned and double-stained with 3% uranyl acetate-lead citrate for obser-
vation on the TEM (JEM-1010, JEOL, Japan).

2.8. Western blot (WB)

Cellular soluble protein was prepared by lysis buffer (Solarbio, Beijing, China) containing Phenylmethylsulfonyl Fluoride (PMSF)
(Beyotime, Shanghai, China) (100:1) on ice. Then, the lysate and loading buffer were mixed and boiled to prepare protein samples.
Protein concentration of the samples was detected via Bradford Protein Assay Kit (Beyotime, Shanghai, China). Briefly, group of
samples were separated on SDS-polyacrylamide gels using electrophoresis and then electro-transferred to the PVDF membranes
(Millipore, USA). After blocked with Quick Block (Beyotime, Shanghai, China), the membranes were incubated at 4 °C overnight with
primary antibodies (1:400 anti-FSP1, 1:1000 anti-GPx4 and anti-LC3B, 1:2000 anti-p53, 1:10000 anti-GAPDH). After washed with
Tris-buffered saline containing 0.05% (v/v) Tween-20 (TBST) three times, those PVDF membranes were incubated with secondary
antibodies (1:1000 Goat anti-Rabbit IgG-HRP and Goat anti-Mouse IgG-HRP) for 1 h at room temperature the next day. Lastly,
Enhanced Chemiluminescent (ECL) Kit (Beyotime, Shanghai, China) was used to detect signals under ChemiDoc™ Touch Imaging
System (Bio-Rad, USA). The chemiluminescence was read out and represented the expression of the target.

2.9. In vivo experiments animal experiments

40 female BALB/c nude mice, 6 week old, were obtained from Charles River (Beijing, China). The MDA-MB-231 cell suspension,
mixed with Matrigel (BD, Franklin Lakes, NJ, USA) in advance, was injected. into the breast pads at a final quantity of 5.0 x 10° cells
per mouse to establish orthotopic xenografts models. Upon the tumor grew to the macroscopic size of approximately 30 mm?>, the
subjects were divided into four groups randomly: Saline, Fluvastatin (8.22 mg/kg/d), Pitavastatin (0.411 mg/kg/d), and Simvastatin
(4.11 mg/kg/d). Then, tumor-bearing mice (8 per group) took statins orally by daily gavage for 20 days. Tumor volume which is
calculated by a x b%/2, where a and b are the largest and smallest diameters of the tumor, respectively. Bodyweight of the mice were
measured every three days. The end of the animal experiments was when the mice were sacrificed and the tumors were taken out and
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photographed. Hematoxylin-eosin (H&E) staining of the main organs was further performed to evaluate the safety of statins.

2.10. Hematoxylin-eosin (H&E) staining

When the mice were sacrificed, we removed main organs and fixed them in 10% formalin. Then, all tissues were gradually
dehydrated in ethanol and embedded in paraffin wax blocks. Paraffin blocks were then cut into 4 pm thick sections. After dewaxed in
xylene, gradually dehydrated in ethanol and washed, the prepared sections were stained and observed by optical microscope (Zeiss,
Germany).

2.11. Immunohistochemical staining (IHC)

Tissue slides were heated in 60 °C for 2 h. Next, they were deparaffinized in xylene twice for 15 min respectively. And then, graded
ethanol from 100% to 70% was used to rehydrated. After washed in PBS for 3 min triple times, tissue sections were put in 10 mM citric
acid buffer (pH = 6.5), heating up to boiling lasting for 10 min in order to unmask antigens completely. 3% hydrogen peroxide was
applied to quench endogenous peroxidase for 10 min after tissue section cooling to room temperature. After washed in PBS for 3 min
triple times, the slides were blocked in 10% goat serum for 30 min at room temperature to remove nonspecific binding and then
incubated with primary antibodies against Ki-67 (1:1000, ab15580, Abcam), FSP1 (1:500, 20886-1-AP, Proteintech), GPX4 (1:250,
ab125066, Abcam) and HMGCR (1:500, 13533-1-AP, Proteintech) at 4 °C overnight. The next day, after washed triple times, the tissue
sections were incubated with secondary antibodies (Biotin-labeled sheep anti-mouse or rabbit IgG) for 10 min. After washed triple
times, streptomyces anti-biotin peroxidase was added to incubate for 10 min. Then DAB detection Kit (DAB-2031, MXB) was used to
detect target protein in tissue section. And tissue sample was counterstained with hematoxylin to emerge cell nucleus. Expression was
scored according to signal intensity and distribution. Evaluation of immunostaining was performed independently by two experienced
pathologists.

2.12. Quantification of the mevalonate pathway metabolites

Liquid chromatography mass spectrometry (LC-MS/MS-004 6500-+LC-MS 6500+, AB SCIEX, USA) was applied to analyze all
metabolites. Standard chemicals isopentenyl pyrophosphate (IPP) and squalene were purchased from Sigma-Aldrich (USA) and
Macklin Biochemical Co., Ltd. (Shanghai, China), respectively. Coenzyme Q10 (CoQ10) and cholesterol were both obtained from
Yuanye Bio-Technology (Shanghai, China).

MDA-MB-231 and SUM1315 cells were dealt with or without 5 pM pitavastatin in absence or presence of 1 mM mevalonate. After
48 h, 1 x 10° cells from each group were harvested and resuspended in 200 pL of PBS. Repeated freeze-thaw cycles were undertaken
for thorough cell lysis. The cell suspension was collected in EP tubes and 1000 pL of n-hexane was added and ground in a prechilled
mortar and pestle. The tissue suspension was then centrifuged for 5 min at 12,000 rpm and 4 °C. 800 pL of supernatant was moved to
clean EP tubes and extracted twice by 1000 pL of n-hexane before vacuum rotary drying. The cell extract was finally resuspended in
200 pL of methanol-ethanol solution (methanol: ethanol 1:4 v/v) and centrifuged at 12,000 rpm for 5 min at 4 °C. Finally, metab-
olomics analyses were carried out on 100 pL of the supernatant.

To prepare the tumor samples for metabolomics analyses, tumors from the mice were dissected and washed with sterile PBS. Tissue
samples were accurately weighed at 25 mg and ground in 500 pL of cold pure water. The tissue suspension was then centrifuged at
12,000 rpm (4 °C) for 5 min. 100 pL of supernatant was moved to EP tubes and extracted twice by 1000 pL of n-hexane solution before
vacuum rotary drying. Tissue extract was finally resuspended in 200 pL of methanol-ethanol solution (methanol: ethanol 1:4 v/v) and
centrifuged for 5 min at 4 °C and 12,000 rpm. Metabolomics analyses were performed on 100 pL of the supernatant. Each detection was
repeated at least three times. Each symbol represents the mean + SD of three experiments.

For the analysis of IPP, a Triart C18 column (YMC, 150 x 4.6 mm, 3 pm) was applied. Phase A 10 mM ammonium hydro-
gencarbonate solution (pH = 11) and phase B methnol were used as the mobile phase at 0.6 mL/mL and gradient elution. A Poroshell
120 EC-C18 column (Agilent, 150 x 4.6 mm, 4 pm) was chosen for the measurement of CoQ1¢. Phase A enthanol containing 0.1%
formic acid and phase B methnol were set as the mobile phase at 0.6 mL/mL and gradient elution. Cholesterol and squalene were both
measured using an Acquity UPLC BEH Amide column (Waters, 100 x 2.1 mm, 1.7 um). Phase A water and phase B methnol were used
as the mobile phase at 0.3 mL/mL and gradient elution. The column temperature was set at 30 °C and injection volume was 10 pL.
Under multiple reaction monitoring (MRM) mode, Electrospray ionization mass spectrometry (ESI-MS) was used to analyze meval-
onate pathway metabolites. The analysis of the spectra analysis was done by comparing with internal reference compounds.

2.13. Statistical analysis
Data were expressed as mean + standard deviation (SD). The significance of our data was measured by GraphPad Prism 8.0

(GraphPad Software, CA, USA). The significance of multiple groups was calculated through One-way ANOVA. The significance of two
groups was calculated through Student’s T-Test. P < 0.05 was considered significant versus control group.
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3. Results
3.1. Statins reduce cell viability of TNBC cell lines

To explore the effect of statins on the cell viability of TNBC cell lines, we first selected four statins including atorvastatin, flu-
vastatin, simvastatin, and pitavastatin, and five TNBC cell lines including MDA-MB-231, HCC1806, BT-549, Hs578T, and SUM1315.
Four statins had a dose-dependent inhibition on the cell viability of all five TNBC cell lines as shown in Fig. 1. In comparison, they had
the weakest inhibition on HUVEC, reflecting their safety and selectivity. The IC50 values were calculated using GraphPad Prism, and
the data showed that pitavastatin, a new lipophilic statin, had the highest efficiency. Thus, pitavastatin was chosen for the follow-up
experiments.

3.2. Pitavastatin induces cell cycle arrest and cell death in TNBC cell lines

The cell cycle plays an important role in tumor progression [21] and may be used as a therapeutic target. We thus tested the effect of
pitavastatin on the cell cycle of TNBC cell lines via flow cytometry. As shown in Fig. 2, pitavastatin significantly changed the pro-
portion of cells at the G1 and S phase, except for SUM1315. This result indicates that pitavastatin can induce G1 phase arrest in the
TNBC cell lines. The previously-mentioned proliferation inhibition might demonstrate the cytotoxicity of pitavastatin, so we explored
the effect of pitavastatin on cell death in TNBC cell lines using Annexin V-FITC/PI double staining. As shown in Figs. 3, 5 pM pit-
avastatin resulted in significant cell death in TNBC cell lines at 60 h. Specifically, the results demonstrated a much higher proportion of
cell debris compared to apoptosis, as such, other mechanisms besides apoptosis need to be investigated. We further studied the
anti-tumor mechanism of pitavastatin to better understand how statins reduce cell viability most in MDA-MB-231.

3.3. Pitavastatin induces iron-dependent cell death in MDA-MB-231 cells

An important mechanism of programmed cell death is oxidative stress. Once redox balance is destroyed, ROS can induce DNA
damage, and cell death [22]. We firstly detected the intracellular ROS level and found that pitavastatin increased ROS levels in
MDA-MB-231 cells (Fig. 4(a)). Further, to explore whether pitavastatin induced mitochondrial functional damage in MDA-MB-231
cells, we detected the mitochondrial membrane potential (MMP) through the JC-1 probe. As shown in Fig. 4(b), pitavastatin decreased
the ratio of red:green fluorescence of JC-1, which means that pitavastatin reduced the MMP of MDA-MB-231 cells. Similarly, it could
be observed that the red fluorescence reduced and the green fluorescence increased in MDA-MB-231 cells after pitavastatin treatment
under a fluorescence microscope (Fig. 4(c)). The aforementioned results reveal that pitavastatin can induce oxidative stress through
the mitochondrial pathway in MDA-MB-231 cells, which may partially contribute to its anti-cancer effect. Besides, we wanted to know
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Fig. 1. Effect of statins on TNBC cell viability. Human TNBC cell lines and HUVEC were treated with four statins (Atorvastatin (Ator), Fluvastatin
(Flu), Simvastatin (Sim) and Pitavastatin (Pita)) for 48 h at different concentrations. The X-axis depicts statins concentration in a log10 scale.
Table represented average IC50 (50% inhibiting concentration) values (unit: pM) of four statins upon 48 h treatment.
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Fig. 2. Effect of pitavastatin on cell cycle positioning in TNBC cell lines. Four TNBC cell lines were plated and treated with 5 pM pitavastatin for 36
h, 48 h, and 60 h. An equal volume ratio of DMSO was always used as a mock control. Cell cycle status was assessed by PI staining. Error bars
represented the mean + SD of at least three independent experiments. *P < 0.05. Values of P were generated by Two-way ANOVA.

the morphological changes associated with pitavastatin treatment on MDA-MB-231 cells. We thus observed cell morphology under
optical and electron microscopes. As shown in Fig. 4(d), pitavastatin could transform the adherent MDA-MB-231 cells into round,
shiny, and weakly-adherent cells. Under the TEM, it could be seen that the secretory vesicles of the cell membrane are reduced and the
intracellular vacuoles are increased. We also observed shrunken mitochondria and notably fewer cristae in the pitavastatin group.

Excessive oxidative stress has been implicated with the initiation of ferroptosis. The aforementioned morphological changes and
biological behaviors indicate that ferroptosis may partially contribute to the cell death caused by pitavastatin. To confirm the
occurrence of ferroptosis in MDA-MB-231 cells, we further explored the importance of intracellular iron (Fe?") in the action of pit-
avastatin. DFO, a classic inhibitor of ferroptosis was used to conduct the follow-up experiments. As shown in Fig. S1, Fig. 4(e) and
Fig. S2, DFO reversed the G1 phase arrest, reduced the cell death and completely inhibited the intracellular ROS level increased by
pitavastatin. The above results revealed that pitavastatin induced an iron-dependent cell death mode.

3.4. Pitavastatin induces autophagy-dependent ferroptosis in MDA-MB-231 cells

GPx4 activity, a membrane lipid repair enzyme, is an important molecular marker of ferroptosis, and its inhibition can lead to the
accumulation of ROS and ferroptosis. Recently, researchers found that FSP1 also participates in the inhibition of ferroptosis in parallel
with GPx4. As shown in Fig. 5(a) and (b), the expression of GPx4 and FSP1 were both significantly decreased in MDA-MB-231 cells
after pitavastatin treatment and this could also be reversed by DFO. In general, pitavastatin induced ferroptosis in MDA-MB-231 cells.

Upon observing the morphological changes of pitavastatin, we could identify many autolysosomes in MDA-MB-231 cells under
TEM (Fig. 5(c)). Autophagy is a process in which cytoplasmic LC3 (LC3-I) will enzymatically digest some peptides and transform into
membrane type (LC3-II) [23]. We further verified the induction of autophagy through Western blotting. As shown in Fig. 5(d), the ratio
of LC3-1I/1 was increased, reflecting the regulation in response to oxidative stress in MDA-MB-231 cells treated with pitavastatin. It is
reported that excessive induction of autophagy can promote ferroptosis as a result of iron accumulation and lipid peroxidation [24].
We compared the sequence of autophagy and ferroptosis in MDA-MB-231 cells after pitavastatin treatment. It was found that auto-
phagy occurred earlier than ferroptosis at the level of protein expression, and DFO could not reverse pitavastatin-induced autophagy,
suggesting that autophagy exists independently of ferroptosis in MDA-MB-231 cells. We speculated that the ferroptosis induced by
pitavastatin might also be autophagy-dependent. At least to some extent, autophagy could strengthen the ferroptosis induced by



W.-J. Tang et al. Heliyon 10 (2024) e27084

Ctr 36 h 48 h 60 h

$0.69% E2: 2527 ] %1 : 0.87% an.m'_ 393 o8 | MDA-MB-231

=,
>
.
b
[y
o
a5
2

P
E

Cell death (%)
g

T R4 0.45% 63 95.21% £4:0.01% €3 : 82.83% [ [E4: 0.01%
10° 4 107 D 7 ] g
o 0 0 o o 0" 0 It w0 0 t e 10 S It Ctr 36h 48h 60h
aia A SUM1315
01 1 1.51%) 2 : 1.73%] "1 : 8.09%] E2 : 1.53%]
10°4 10°
g
10' %
£3: ]
o 8
(] 0 0 0 0 o 13 0 0 0 Ctr 36h 48h 60h
S - 5 o — . HCC1806
= E1: E1:1.06%]  [E2:3.95%
5 J J
o
E 1004 10 0
3 <
E 10" G %
5 g :
S 0 X
g w L4 L " Ctr 36h 48h 60h
1 0.26% £2:0.21% | "1 0.45% e2:0.5% | "TEr:1.20% E2:0.54% | Hs578T
15
1074 1004 10°
: - *
3 £ 10
10" 10' 10' £
£3 : 98.39% £4: 1.14%) £3:99.22%] . [E4:0.18%) 3:97.76%] - 4 : 0.50%) g
B AN g °
100 10 0 3 54
1 1 °
10 10 ¢ 0 10 1 10 0 10 ¢ 10 ¢ 0 o ¢ 10 ¢ e 0

Ctr 36h 48h 60h

Annexin V-FITC

Fig. 3. Pitavastatin induces cell death in TNBC cells. TNBC cell lines were plated and treated with 5 pM pitavastatin for 36 h, 48 h, and 60 h.
Analysis of cell death was performed through flow cytometry by Annexin V-FITC and PI staining. Error bars represented the mean =+ SD of at least
three independent experiments. *P < 0.05. Values of P were generated by One-way ANOVA.

pitavastatin. To address this question, we detected the effect of autophagy inhibitor chloroquine (CQ). As shown in Fig. S3, CQ
significantly inhibited ferroptosis-associated lipid ROS accumulation in MDA-MB-231 cells.

3.5. Pitavastatin induces ferroptosis in MDA-MB-231 cells via the mevalonate pathway

It is widely believed that statins, a class of LDL-cholesterol lowering drugs take HMGCR, a rate-limiting enzyme of cholesterol
synthesis, as the direct target. While mevalonate, an intermediate in the synthesis of cholesterol, is involved in important metabolic
pathways [25]. Statins can directly reduce the synthesis of mevalonate [26] and its supplementation can partially reverse the effects of
statins [19]. To further test that the cytotoxic effect of pitavastatin is due to the inhibitory of HMGCR activity, we add back mevalonic
acid. As shown in Fig. 6(a) and (b), pitavastatin-induced cytotoxicity and reduction in GPx4 and FSP1 expression were prevented by
mevalonate. Thus, we confirmed that pitavastatin induces ferroptosis in MDA-MB-231 via the mevalonate pathway. Furthermore,
metabolomics analysis of intermediates downstream of mevalonate including IPP, squalene, cholesterol and CoQ1o was performed via
liquid chromatography mass spectrometry (LC-MS) coupled to ESI (n = 3, mean + SEM). The results showed pitavastatin induces
inhibitory effect on mevalonate pathway intermediates in both SUM1315 and MDA-MB-231 cells (Fig. 6(c)). These responses were
rescued by the supplemention of 1 mM mevalonate. As shown in Fig. 6(d), the addition of mevalonate abrogated the inhibitory effect of
pitavastatin on IPP and CoQ;o and subsequently eliminated the inhibitory of pitavastatin on GPx4 and FSP1 activity. Moreover, it is
reported that squalene accumulation in cancer cells sensitized them to ferroptosis stimulated by GPx4 inhibitors [27]. The rescue of
squalene also prevented ferroptosis induced by pitavastatin.

As shown in Fig. 6(e), the Cancer Genome Atlas (TCGA) database showed that the expression of HMGCR was lower in TNBC tissues
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Fig. 4. Pitavastatin induces ROS production and mitochondrial damage in MDA-MB-231 cells. MDA-MB-231 cells were plated and treated with 5
pM pitavastatin for 12 h, 24 h, and 48 h. (a) Analysis of intracellular ROS level was performed by DCFH-DA staining and counted by mean fluo-
rescence intensity (MFI) through flow cytometry. MMP was detected by JC-1 through flow cytometry (b) and fluorescence microscope (100 x ) (c)
for the 48 h pitavastatin-treated cells. The blue arrow indicates the mitochondria. (d) Morphological images were taken under an optical microscope
(100 x ) and TEM (10000 x , 30000 x ) for the 48 h pitavastatin-treated cells. (¢) MDA-MB-231 cells were plated and treated with 5 pM pitavastatin
with or without 50 pM DFO, which was added 2 h before pitavastatin treatment. Cell apoptosis was measured via Annexin V-FITC/PI double-
staining at 60 h. Error bars represented the mean + SD of at least three independent experiments. *P < 0.05. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of this article.)

than other breast cancer subtypes. Previous studies have found that high expression of HMGCR shows a better prognosis for the
patients [28,29], which is consistent with our analysis. In 2011, Lehmann et al. found that TNBC is a group of mixed breast cancers,
which can be subdivided into different types [30]. We further distinguished the gene expression level of HMGCR in those different
types. It was shown that the expression of HMGCR was very low in mesenchymal stem-like (MSL) TNBC (Fig. 6(f)). This may explain
why MDA-MB-231, which corresponds to the MSL type, was sensitive to statins. These results indicate the advantages of statins for the
treatment of invasive breast cancer. We hope to identify breast cancer patients who will benefit from statins and discover new
prognostic markers.

3.6. Statins inhibit the progression of TNBC in vivo

The dose of drugs is extremely important in vivo research. As FDA-approved drugs, the daily oral therapeutic doses of fluvastatin,
pitavastatin, and simvastatin are 40, 2, and 20 mg for adults weighing 60 kg, respectively. We used these doses to calculate the daily
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Fig. 5. Pitavastatin induces autophagy-dependent ferroptosis in MDA-MB-231 cells. MDA-MB-231 cells were plated and treated with 5 pM pit-
avastatin with or without 50 pM DFO, which was added 2 h before pitavastatin treatment. (a, b) Total cell proteins were extracted to detect the
expression of GPx4 and FSP1 through Western blotting with the internal reference GAPDH. (c) Morphological images were taken at 48 h and
observed under TEM (30000 x ). The red arrow indicates autolysosomes. (d) Total cell proteins were extracted to detect the expression of LC3B and
GAPDH was used as an internal reference. Error bars represented the mean + SD of at least three independent experiments. *P < 0.05. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

gavage dose of 20 g mice as 0.1644, 0.00822, and 0.0822 mg [32]. Firstly, we subcutaneously injected MDA-MB-231 cells into female
BALB/c nude mice breast pads and constructed tumor-bearing mice in situ. When the tumor volume was about 70 mm?, the mice were
randomly divided into four groups subjected to different protocols: Saline, Fluvastatin, Pitavastatin, and Simvastatin. Then daily
gavage according to the calculated dose was administered and lasted for 20 days. We measured the body weight and tumor volume
every two days. As shown in Fig. 7(a), the body weight of the mice in control group, Fluvastatin, Pitavastatin and Simvastatin-exposure
group tended to increase stably in the 21 days during the experiment. As shown in Fig. 7(b), Fluvastatin, Pitavastatin, and Simvastatin
reduced tumor volume by 30%, 58%, and 23% compared to the negative control, respectively. The mice were sacrificed on the 21st day
and the tumors were taken out and photographed (Fig. 7(c)). The results showed that all three statins significantly reduced tumor
volume and weight (Fig. 7(d) and (e)). We also conducted further research in vivo to confirm the key findings of the in vitro experiments.
As shown in immunohistochemistry (IHC), statins reduced the percentage of Ki-67 positive cells in tumors, which is consistent with the
inhibition of tumor growth (Fig. 7(f)). When exploring how statins induced ferroptosis in solid tumors, we specifically found that
statins caused the accumulation of FSP1 and GPx4 in tumor cell membranes. This suggests that statins activate ferroptosis, upon which
FSP1 and GPx4 are then recruited to the cell membrane to reduce membrane lipid peroxidation. Out of our expectation, statins led to
an increase of HMGCR expression in vivo (Fig. 7(f)). These findings demonstrate that statin treatment led to a compensatory increment
in HMGCR in tumor tissues, which may led by the degradation of HMGCR ubiquitination regulated by sterol was blocked [33]. Despite
the increase in HMGCR expression, mevalonate pathway intermediates IPP, squalene, cholesterol and CoQ;o were all inhibited by
pitavastatin in tumor tissues (Fig. 7(g)). These data demonstrated that the mevalonate pathway is critical for the initiation of fer-
roptosis induced by statins in TNBC cells. To evaluate the side effects of the doses of statins we used in this study, we performed H&E
staining on the main organs of all mice. As shown in Fig. 8, the organs of the mice given the three statins did not show obvious ab-
normalities. The results of in vivo experiments revealed safe and effective anti-tumor properties of lipophilic statins, which have
important guiding significance for clinical medication.

4. Discussion

As a newly raised form of cell death, ferroptosis has shown extensively significance in breast cancer [34]. The present study showed
that pitavastatin is a potential ferroptosis-inducing agent. Through the TEM images of MDA-MB-231 cells treated with pitavastatin, we
verified the morphological changes of mitochondria, indicating the occurrence of ferroptosis in these cells. Notably, many autoly-
sosomes were observed in the TEM images, we then inferred that pitavastatin can induce excessive activation of autophagy in
MDA-MB-231 cells. Autophagy is a highly conserved cellular process, which maintains cellular homeostasis via mediating the recycle
of organelles and proteins. Furthermore, by regulating the mitochondrial number, autophagy can impactlipid metabolism, and thus
influence ferroptosis [24]. The most widely accepted explanation for the relationship between autophagy and ferroptosis is that re-
ceptor co-activator 4 (NCOA4)-mediated ferritinophagy promotes ferroptosis by increasing the Fe?* level [35,36]. Lipophagy, namely
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Fig. 6. Pitavastatin induces ferroptosis in MDA-MB-231 cells via the mevalonate pathway. MDA-MB-231 cells were plated and treated with 5 pM
pitavastatin with or without 1 mM mevalonate, which was added 2 h before pitavastatin treatment.(a) Cell viability was assessed by CCK-8 assay at
48 h. (b) Western blotting was performed to detect the expression of GPx4 and FSP1 at 60 h, taking GAPDH as an internal reference. (c) Metab-
olomics analysis of mevalonate pathway intermediates isolated from extracts of either MDA-MB-231 cells or SUM1315 cells treated with 5 pM
pitavastatin in the absence or presence of 1 mM mevalonate. (d) Schematic of the mevalonate pathway. (e) UALCAN was used to construct an
expression profile of HMGCR in different subclasses of breast cancer. UALCAN analysis utilized TCGA-Assembler based on the TCGA level 3 RNA-seq
database to download transcript per million (TPM) of breast cancer patients as a measure of expression [31]. (f) Detailed classification of TNBC
showed that MSL TNBC patients emerged with much lower expression than others. Error bars represented the mean + SD of at least three inde-
pendent experiments. *P < 0.05.

degradation of lipids via autophagy, promotes the production of free fatty acid, providing substrates for the subsequent lipid perox-
idation during ferroptosis [37]. In addition, studies have shown that in “clockophagy”, ARNTL degradation promotes ferroptosis by
regulating HIF1a and activating lipid peroxidation [38]. Chaperone-mediated autophagy was reported to be able to lead to GPx4
degradation [39]. Based on these studies, we inferred that pitavastatin-mediated autophagy produced a large amount of Fe?™ and
provide free fatty acids for lipid peroxidation, which finally induces ferroptosis. As for the interaction and mechanism between
autophagy and ferroptosis activated by pitavastatin, further research is needed.

To reveal the molecular mechanisms, we first detected intracellular ROS levels and the GPx4 protein expression level. Our results
indicated that GPx4 protein levels decreased, but the increase in ROS level was not rapid, hinting that pitavastatin did not directly
inhibit GPx4 activity. Pitavastatin mainly induced ferroptosis through the regulation of GPx4 protein abundance. Ubiquinone, also
called coenzyme Q1, is representative of lipophilic metabolites known to transport electrons in mitochondrial respiratory chains. As
one of the final metabolites of the MVA pathway, CoQ1 is a necessary substrate of FSP1 which has been discussed hereinbefore as a
glutathione-independent ferroptosis suppressor. In the physiological system, CoQ1o can promote ferroptosis, making FSP1 essential
because it can catalyze the reduction of ubiquinone coenzyme Q;o and subsequently protect cells from ferroptosis. Statins target the
mevalonate pathway and inhibit the activity of CoQ¢. Our data showed that the protein level of FSP1 in MDA-MB-231 cells was
decreased by pitavastatin, indicating that pitavastatin might induce ferroptosis through the non-mitochondrial FSP1 pathway in TNBC
[40].

Within the previous ten years, studies have gradually established the anti-tumor efficiency of statins. Clinical data show that statin
can improve local control and survival, reduce recurrence rate and mortality in patients with breast cancer [41,42]. Statins have been
suggested to have a role in more aggressive breast cancer such as TNBC. Among women with nonmetastatic TNBC, initiation of statin
therapy in the 12 months after breast cancer diagnosis was found to be statistically associated with improved overall survival (OS) and
breast cancer-specific survival (BCSS) [43]. To achieve the application of statins in TNBC treatment, we should on one hand find
greater understanding of ferroptosis to provide key insights into targeting ferroptosis in TNBC. And on the other hand, we need to
develop biomarkers that accurately predict tumor response to ferroptosis induction. Statins can regulate breast cancer progression
through the inhibition of proliferation, arrest of the cell cycle, and induction of apoptosis [19,20]. In particular, statins have specific
effects on breast cancer cells, such as being even more effective on drug-resistant cells and TNBC cells. In colonic adenocarcinoma, liver
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Fig. 7. Anti-tumor efficacy of statins in vivo. After oral administration, the body weight (a) and tumor volume (b) of four groups including Saline,
Fluvastatin, Pitavastatin, and Simvastatin were recorded every three days (n = 8). (c) Image of the removed tumors. Statistical analyses of their
effects on tumor volume (d) and weight (e) were conducted through GraphPad Prism 8.0; Error bars represented the mean + SD of at least three
independent experiments. *P < 0.05. (f) IHC of Ki-67, GPx4, and FSP1 on tumor tissues. The images are representative of each group under an
optical microscope (200 x ). The scale bar represented 50 pm.

cancer and TNBC, p53 mutation up-regulates the expression of the mevalonate pathway related genes, indicating that mutational
status of p53 is potential predictive biomarkers for statin treatment [44,45]. Simvastatin has been found to be a promising candidate to
treat TNBC mediated by the PISK/AKT pathway [46]. Another study found that through the MAPK pathway, statins can reduce the
transcription factor ets proto-oncogene 1 (ets-1) expression via overexpression of dual specific protein phosphatase 4 (dusp4) [47].
Also, atorvastatin is reported to induce caspase-dependent apoptosis of TNBC cells via inhibiting matrix metalloproteinase (MMP)-2
and MMP-9 gene expression [48]. In our research, we found that statins have varying degrees of anti-cancer efficiency among different
TNBC cells. By analyzing the data from different breast cancer subtypes in the TCGA database, we speculate that the mechanism of
TNBC inhibition may be related to the expression level of HMGCR. Although this might hold some merits, TNBC inhibition is still likely
related to other properties of the cell states. For example, studies have shown that the sensitivity of statins is related to the activation
state of Akt. The activation of the Akt pathway caused by PTEN loss might be a potential mechanism for statin resistance [46]. In fact,
ferroptosis induced by pitavastatin does not play a dominant role in all different TNBC cell lines. Studies have revealed that the high
mesenchymal state exhibits dependence on the lipid peroxidase pathway [10,11]. This could explain why only MDA-MB-231 cells,
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which are closely related to epithelial-mesenchymal transition (EMT) and the stemness phenotype, can temporarily induce ferroptosis
by pitavastatin rather than other cell lines. Methods of identifying breast cancer patients who will benefit from statins need more
clinical follow-up and statistics.

Ferroptosis has been recently found to act as a promising therapeutic target to manage cancer. There are very few the Food and
Drug Administration (FDA)-approved drugs that can induce ferroptosis in tumor cells, let alone in clinical use. Statins are approved by
FDA for the treatment of hypercholesterolemia and are effective at improving clinical outcomes when used for cardiovascular disease.
We further investigated the anti-tumor effects of statins in vivo using safe oral doses recommended by FDA. We chose a TNBC tumor-
bearing mouse model, and found that statins of safe doses could significantly inhibit tumor growth, without any obvious side effects in
body weight and organs of mice. Subsequent tumor tissue analysis by IHC showed a decrease in Ki-67 positive cells, indicating lower
TNBC cell proliferation in statins-treated groups. From the IHC images, we found the accumulation of FSP1 and GPX4 in tumor cell
membranes, suggesting the occurrence of ferroptosis in solid tumors. Although in mouse studies, statins showed effective anti-cancer
ability, the greater significance of ferroptosis inducers lies in the combination with existing therapeutics, including chemicals, targeted
agents, radiotherapy, and also immunotherapy [49]. Our data hinted that a combination of statins and other anti-tumor drugs is a
promising means of TNBC-treatment. In the future, we will use a patient-derived tumor xenograft (PDX) model for more accurate
prediction of clinical outcomes of statins in treating TNBC patients. Moreover, integrating ferroptosis with emerging biotechnologies
such as nanomaterials may amplify the anti-tumor effect and provide new opportunities.

In some cancer type, particularly in TNBC cells, ferroptosis is their vulnerability, which can be targeted to treat cancer. Our data
show that TNBC cells to be more sensitive to statin-induced ferroptosis than their corresponding normal epithelial cells. These data
suggest that there is an appropriate therapeutic window to selectively induce ferroptosis in TNBC without affecting normal tissues.
Originally, the daily gavage doses of four statins in mice are objectively calculated by the daily oral therapeutic doses for human
recommended by the FDA. We have searched for other publications and compared our administration and doses with them. The results
indicate that a dose equivalent to cardiovascular protection can be effective [50,51]. Despite supported by the beneficial results of a
large number of randomized controlled clinical trials, some studies have demonstrated that an overconsumption or prolonged use of
statins may cause adverse reactions such as myopathy and hepatotoxicity [52]. The therapeutic regimen of the atorvastatin at a dose
80 mg/day therapeutic regimen has been found to cause |basal DNA damage in human lymphocytes [53,54]. Molecular mechanism
studies suggested that oxidative stress is responsible for statin-induced possible adverse effects. These reports suggest that unpre-
dictable side effects may be one of the greatest obstacles for the application of statins in cancer treatment. In our study, pitavastatin
induces oxidative stress in MDA-MB-231 cells through the mitochondrial pathway, which may partially contribute to its anti-cancer
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effect. Our data indicate that the IC50 value in HUVEC is much higher than TNBC cells and histomorphological study does not show
obvious damage to the main organs of nude mice. The methodology of most in vivo statin safety studies is 8 week continuous treatment
with once-daily administration of statins in the laboratory animals, while we only treated the mice for 3 weeks. Thus, more detailed
study on statin safety is needed in order to provide important guidance for the clinical use of statins. Especially, studies can help to
determine the therapeutic concentrations of statin that will not put TNBC patients with hyperlipidemia to a greater risk are urgently
needed.
5. Conclusion

In summary, our study revealed that statins could inhibit cell proliferation, block the cell cycle, and induce cell death in TNBC cells
in vitro. Particularly, the identification of ferroptosis induced by pitavastatin in MDA-MB-231 cells provided a new strategy for the
treatment of refractory TNBC patients. We found that pitavastatin can induce ferroptosis in TNBC cells in an autophagy-dependent
manner. In vivo experiments have further confirmed the clinical application prospects of statins in TNBC patients. We propose that
this study can serve as a foundation for the research of ferroptosis-inducing agents and mechanisms involved in ferroptosis, whi-
choffers an opportunity for development of ferroptosis-based therapeutic strategies in TNBC.
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