Metabolic Brain Disease
https://doi.org/10.1007/5s11011-022-00983-w

ORIGINAL ARTICLE q

Check for
updates

Capsaicin induces redox imbalance and ferroptosis through ACSL4/
GPx4 signaling pathways in U87-MG and U251 glioblastoma cells

Ceyhan Hacioglu'?® . Fatih Kar®

Received: 14 January 2022 / Accepted: 8 April 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

Glioblastoma is one of the deadliest malignant gliomas. Capsaicin is a homovanillic acid derivative that can show anti-
cancer effects by regulating various signaling pathways. The aim of this study is to investigate the effects of capsaicin on
cell proliferation via ferroptosis in human U87-MG and U251 glioblastoma cells. Firstly, effects of capsaicin treatment on
cell viability were determined by MTT analysis. Next, cellular-proliferation and cytotoxicity assays were determined by
analyzing bromodeoxyuridine (BrdU) and lactate dehydrogenase (LDH) activity, respectively. Following, acyl-CoA syn-
thetase long chain family member 4 (ACSL4), glutathione peroxidase 4 (GPx4), 5-hydroxyeicosatetraenoic acid (5-HETE),
total oxidant status (TOS), malondialdehyde (MDA), total antioxidant status (TAS) and reduced glutathione (GSH) levels
were determined by ELISA. Additionally, ACSL4 and GPx4 mRNA and protein levels were analyzed. Capsaicin showed a
concentration-dependent anti-proliferative effects in U87-MG and U251 cells. Cell viability was decreased in the both cell
lines treated with capsaicin concentrations above 50 pM, while LDH activity increased. Treatment of 121.6, 188.5, and
237.2 uM capsaicin concentrations for 24 h indicated an increase in ACSL4, 5-HETE, TOS and MDA levels in U87-MG and
U251 cells (p <0.05). On the other hand, we found that capsaicin administration caused a decrease in BrdU, GPx4, TAS and
GSH levels in U87-MG and U251 cells (p <0.05). Besides, ACSL4 mRNA and protein levels were increased in the glioblas-
toma cells treated with capsaicin, whereas GPx4 mRNA and protein levels were decreased. Finally, capsaicin might be used
as a potential anticancer agent with ferroptosis-induced anti-proliferative effects in the treatment of human glioblastoma.
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Introduction

Gliomas include central nervous system tumors with simi-
lar phenotypic characteristics of glial cells. Glioblastoma
(GB), originating from precursors or glial cells, is one of
the most common malignancies in gliomas, accounting for
45.6% of primary malignant brain tumors (Ostrom et al.
2014b). GB, the most malignant type of glioma, has a poor
prognosis despite various cancer treatment combinations
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including surgical resection (Ostrom et al. 2014a). Although
genome analysis studies in recent years have suggested vari-
ous molecular pathways and various therapeutic targets in
elucidating the pathogenesis of GB (Bush et al. 2017), clini-
cal studies have not yet been successful. This failure indi-
cates that as the molecular information available for glioma
tumors advances, it becomes more obvious that suitable and
predictive animal glioma models and cell lines are of great
importance for studying innovative treatments.

Capsaicin (trans-8-methyl-N-vanilyl-6-nonenamide), a
homovanillic acid derivative consumed as a spice in many
cultures around the world, is the main active ingredient in
hot peppers (Barceloux 2009). Although capsaicin has been
used medicinally for many years, its analgesic, antioxidant,
anti-inflammatory, anti-diabetic and anti-proliferative prop-
erties have been extensively studied recently in different
cancer cell lines (Bley et al. 2012; Clark and Lee 2016).
However, capsaicin still has paradoxical effects on carcino-
genesis. Previous studies demonstrated that capsaicin has
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chemo-preventive and anti-tumorigenic effects in in vivo and
in vitro studies (Zhang et al. 2008; Lu et al. 2010). However,
Yang et al. (2013) showed that low-doses capsaicin may act
as a carcinogen by modulating various intracellular signaling
pathways. Although capsaicin is associated with the afore-
mentioned anticancer mechanisms including cell prolifera-
tion and cell death pathways, its effects on various signaling
pathways have not yet been fully elucidated.

Ferroptosis is defined as an iron-dependent programmed
cell death caused by excessive peroxidation of membrane
phospholipids (Dixon et al. 2012). Ferroptosis has different
features in programmed cell death pathways and necropto-
sis. Ferroptosis is the ultimate fate of cells with increased
lipid peroxidation as a result of impaired pro-oxidant/oxi-
dant balance (Cao and Dixon 2016). The three main mecha-
nisms responsible for regulating ferroptosis are acyl-CoA
synthetase long chain family member 4 (ACSL4), cysteine-
glutamate antiporter system (XC-), and glutathione peroxi-
dase 4 (GPx4) (Doll and Conrad 2017). ACSL4 acts as a
vital regulator of ferroptosis and promotes ferroptosis when
overexpressed (Kagan et al. 2017). GPx4, a selenocysteine-
containing protein that inhibits lipid peroxidation and fer-
roptosis, reduces membrane lipid hydroperoxides (LOOH)
to non-toxic lipid alcohols (LOH) using reduced glutathione
(GSH) (Yang et al. 2014). Ferroptosis may be a potential
signaling pathway in the prevention of tumorigenesis (Lu
et al. 2018). Although the basic mechanisms of ferroptosis
have been identified (Stockwell et al. 2017), the number of
therapeutics reported to regulate ferroptosis is extremely
limited. Thus, investigation of the effects of potential thera-
peutics for ferroptosis regulation would be invaluable.

Imbalance in the production of reactive oxygen species
(ROS) may induce ferroptosis by mechanisms involving
many signaling pathways (Kajarabille and Latunde-Dada
2019). For example, an increase in ROS production by the
iron-mediated Fenton reaction might trigger ferroptosis with
an increase in lipid peroxidation and a decrease in GSH
levels (Yang and Stockwell 2016). Additionally, the reduc-
tion in GPx4 activity along with the decline in GSH levels
accelerates ferroptosis with accumulation in ROS-induced
lipid peroxidation (Imai et al. 2017). Lipid peroxidation is a
cellular process in which ROS accumulation leads to the oxi-
dation of polyunsaturated fatty acids (PUFAs) via signaling
pathways including ACSL4, which mediates the production
of pro-ferroptotic lipid peroxidation products (Yang et al.
2016). PUFAs are involved in maintaining membrane integ-
rity and cellular homeostasis, as well as mediating the regu-
lation of cell proliferation, differentiation and death (Shah
et al. 2018). Friedmann Angeli et al. (2014) showed that
suppression of ACSL4, which is responsible for acylating
PUFAs that participate in the membrane structure, reduced
the oxidation of phospholipids and the release of ferroptosis
mediators such as 5-hydroxyeicosatetraenoic acid (HETE),
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11-HETE and 15-HETE. Following GPx4 inactivation, ROS
may contribute to lipid peroxidation and ferroptosis by oxi-
dizing arachidonic acid and other PUFAs in cellular mem-
branes (Chen et al. 2021). Therefore, these findings reveal
the fundamental importance of the relationship between fer-
roptosis and ROS-mediated lipid peroxidation.

In this study, we hypothesized that the induction of fer-
roptosis in GB cells might play an effective role on prolifera-
tion of glioma cells. Therefore, the study, we first performed
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), bromodeoxyuridine (BrdU) and lactate dehy-
drogenase (LDH) analyzes to evaluate the cytotoxic effects
of capsaicin on cell viability in human U87-MG and U251
glioblastoma cells. Next, we investigated the ACSL4, GPx4,
5-hydroxyeicosatetraenoic acid (5-HETE), total antioxidant
status (TAS), GSH, total oxidant status (TOS), malondial-
dehyde (MDA) levels in capsaicin-treated U87-MG and
U251 cells. Finally, we analyzed the effect of capsaicin on
the ACSL4 and GPx4 mRNA expression levels, specifically
associated with ferroptosis, in U87-MG and U251 cells.

Materials and methods
Cell culture and MTT assay

Human U87-MG and U251 glioblastoma cells were obtained
from the American Type Culture Collection (ATCC, Rock-
ville, MD, USA). The cells were cultured with high glu-
cose Dulbecco’s modified Eagle’s medium (DMEM; D6429
Sigma-Aldrich, St. Louis, MO, USA) containing 1% penicil-
lin 100 pg/mL-100 pg/mL streptomycin (15140148 Thermo
Fisher Scientific, Waltham, MA, USA) and 10% fetal bovine
serum (FBS; 12103C Sigma-Aldrich) in a humidified envi-
ronment with 95% air and 5% CO, at 37 °C.

The cells (5 x 10%) were seeded in 96-well plates and
treated with 25, 50, 100, 150, 200, 250, 300, and 600 pM
capsaicin (M2028 Sigma-Aldrich) concentrations for 24,
48 and 72 h. To calculate the IC50 (concentration of sub-
stance that inhibits 50% of cell viability) following capsai-
cin treatment, the cells were incubated with 100 pL. 0.5 mg/
mL MTT (M5655 Sigma-Aldrich) solution for 3 h at
37 °C. Next, the supernatant was discarded and the formed
formazan crystals were dissolved in 100 pL. 100% dimethyl
sulfoxide (DMSO, 673439 Sigma-Aldrich). The absorb-
ance values of each well were then measured at 570 nm
using a microplate reader (800TS, BioTek Instruments,
Winooski, Vermont, USA). The percentage of viable cells
was calculated as:

Cell viability (%) = [A570 (capsaicin — treated)~A570 (blank)]
/[A570 (control)-~A570 (blank)] x 100%.
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Cytotoxicity analysis and cell proliferation assay

LDH assay was performed to analyze the cytotoxic effects
of capsaicin in U§7-MG and U251 cells treated with 121.6,
188.5 and 237.2 pM capsaicin concentrations for 24 h.
Formazan levels directly proportional to LDH activity were
measured colorimetrically at 490 nm using a commercially
available LDH cytotoxicity assay kit (C20300, Thermo
Fisher) according to manufacturer’s instructions.

Bromodeoxyuridine (BrdU), a thymidine analogue, pro-
vides analysis of cell proliferation by incorporation into
newly synthesized DNA during the cell cycle. U§7-MG
and U251 glioblastoma cells cultured in 96-well plates were
incubated with 121.6 pM, 188.5 pM, and 237.2 uM capsai-
cin concentrations for 24 h. Subsequently, the proliferation
of cells was then analyzed colorimetrically in a microplate
reader (Epoch, BioTek) at 450 nm using a commercially
available BrdU incorporation kit (2750; Sigma-Aldrich)
according to the manufacturer’s instructions.

Preparation of cell lysates and biochemical
measurements

For the analysis of ACSL4, GPx4, 5-HETE, TOS, MDA,
TAS and GSH levels, capsaicin-treated U87-MG and U251
cell lysates were prepared according to our previous study
(Hacioglu et al. 2020). Briefly, the cells treated with 121.6,
188.5 and 237.2 pM capsaicin concentrations for 24 h were
separated from the culture medium by adding trypsin and
then centrifuged at 1000x g for 10 min at 4 °C. Next, the
cells were washed three times with cold phosphate buffer at
pH 7.0. Subsequently, resuspended cells were incubated with
lysis buffer (RIPA) for 20 min at 4 °C. Finally, cell debris
was removed by centrifugation at 10000x g for 20 min at
4 °C. Protein levels were detected according to the method
of Lowry et al. (1951).

ACSL4, GPx4 and 5-HETE assays

ACSL4, GPx4 and 5-HETE levels, which are important
biomarkers of ferroptosis, in the cell lysates untreated
and treated with capsaicin were measured using commer-
cially available kits (MBS9331516, MBS2000338 and
MBS706216, respectively) using a microplate reader accord-
ing to the manufacturer’s instructions.

For ACSL4 analysis, firstly, the kit components were
allowed to come to room temperature. 50 pL cell lysates
were placed in the wells and 100 pL conjugated horserad-
ish peroxidase (HRP) was added and incubated at 37 °C for
60 min. Then, 50 pL chromogen A and 50 pL chromogen B
solutions were added and incubated for 15 min at 37 °C with
an orbital mixer (Thermo MaxQ 2000). The color intensity
formed 10 min after the addition of 50 pL stop solution was

measured with the microplate reader at 450 nm. The results
levels were expressed as ng/mg protein.

For GPx4 analysis, 100 pL cell lysates were added to the
pre-coated plate and incubated for 1 h at 37 °C. To remove
unbound samples, the plate was washed once with phos-
phate buffer (pH 7.0). After, 100 pL detection reagent A
was added to the wells and incubated for 60 min at 37 °C,
and the plate was washed 3 times with phosphate buffer.
Next, 100 pL detection reagent B was added to the wells and
incubated for 30 min at 37 °C. Then, the plate was washed
3 times with phosphate buffer at pH 7.0 and 90 pL substrate
solution was added to the wells and incubated for 15 min at
37 °C. Finally, the color intensity formed by adding 50 pL
stop solution was immediately measured with the microplate
reader at 450 nm. The results levels were expressed as ng/
mg protein.

For 5-HETE analysis, 100 pL cell lysates were added to
the pre-coated plate and incubated for 2 h at 37 °C. After
removing unbound samples, 100 pL biotin-antibody was
added to the wells and incubated for 1 h at 37 °C. Follow-
ing, the plate was washed 3 times with phosphate buffer
at pH 7.0 and 100 pL HRP-avidin was added to the wells
and incubated for 1 h at 37 °C. Subsequently, the plate was
washed 5 times with phosphate buffer at pH 7.0 and 90 pL.
TMB (3,3',5,5’-Tetramethylbenzidine) substrate solution
was added to the wells and incubated for 20 min at 37 °C.
Finally, the color intensity formed 5 min after the addition
of 50 pL stop solution was immediately measured with
the microplate reader at 450 nm. The results levels were
expressed as ng/mg protein.

TAS and GSH assays

Measurement of TAS levels was based on the reduction of
3-ethylbenzothiazolin-6-sulfonate (ABTS) by the antioxi-
dant in cells. TAS levels in the cell lysates untreated and
treated with capsaicin were analyzed at 660 nm using the
microplate reader using a commercially available kit (Rel
Assay Diagnostic®, Turkey) according to the manufacturer’s
instructions. TAS levels were expressed as mmol Trolox
Equiv./L.

GSH levels in the cell lysates untreated and treated with
capsaicin were measured using commercially available kit
(Sigma-Aldrich 354,102) using a microplate reader accord-
ing to the manufacturer’s instructions. Shortly, the volume
in the wells was completed to 900 pL by adding 850 pL
solution 3 to 50 pL cell lysate. Next, 50 pL R1 solution was
added to each well and mixed in the orbital mixer, and then
50 pLL R2 solution was added and mixed. After adding reac-
tion solutions, the plate was covered and incubated at 25 °C
for 10 min in the dark. Absorbance values were measured at
400 nm with the microplate reader. The results levels were
expressed as pM.
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«Fig. 1 Effects of capsaicin on cellular viability in U87-MG and U251
cells. (A) 24 h treatment in U87-MG cells; (B) 48 h treatment in
U87-MG cells; (C) 72 h treatment in U87-MG cells; (D) 24 h treat-
ment in U251 cells; (E) 48 h treatment in U251 cells; (F) 72 h treat-
ment in U251 cells; * p<0.05; ** p<0.001; *** p<0.0001 com-
pared to the control groups. Differences in cell viability in U87-MG
and U251 cells treated and untreated with capsaicin were analyzed
with the Kruskal-Wallis test

TOS and MDA assays

Measurement of TOS levels was based on the measurement of
the color density formed by oxidation of ferric iron by oxidants.
TOS levels in the cell lysates untreated and treated with cap-
saicin were measured by adding other reactants to the reaction
medium containing hydrogen peroxide (H,0,) as a kit stand-
ard, according to the manufacturer’s protocol (Rel Assay Diag-
nostic®, Turkey). Next, the color intensities formed at the end
of the reaction were detected at 530 nm using the microplate
reader. TOS levels were indicated as pmol H,O, Equiv./L.
The analysis of MDA, an important biomarker of the lipid
peroxidation, in the cell lysates untreated and treated with cap-
saicin was performed according to the manufacture’s instruc-
tions using a commercially available kit (MAKO085-1KT
Sigma-Aldrich). Briefly, 600 pL thiobarbituric acid (TBA)
solution was added to 20 pL cell lysate on a 96-well plate and
incubated at 95 °C for 1 h, and then allowed to cool to room
temperature. Following, 200 pL mixture containing 1-butanol
and sodium chloride was added to each well. Color intensity
was measured colorimetrically at 532 nm in the microplate
reader. The results levels were expressed as nmol/mg protein.

Quantitative reverse transcription polymerase chain
reaction

ACSL4 and GPx4 mRNA expression levels were determined
by quantitative real-time reverse transcription-polymerase
chain reaction (RT-PCR). Shortly, total RNA from U87-MG
and U251 cells treated with 121.6, 188.5 and 237.2 uM
capsaicin concentrations for 24 h was extracted using an
GeneJET RNA purification kit (K0732, Thermo Fisher
Scientific) according to the manufacturer’s instructions.
Following, complementary DNA (cDNA) synthesis was
performed with SuperScript™ IV One-Step (12,594,100,
Thermo Fisher Scientific) according to the manufacturer’s
instructions. ACSL4 and GPx4 mRNA expression levels
were amplified on the StepOnePlus System (Thermo Fisher
Scientific) using SYBR Green PCR Master Mix (4,334,973,
Thermo Fisher Scientific). The RT-PCR profiles were as fol-
lows: Pre-incubation at 95 °C for 10 min, 50 cycles dena-
turation at 95 °C for 10 s, annealing at 55 °C for 25 s and
extension at 72 °C for 15 s. The relative expression levels of
ACSL4 and GPx4 were determined according to the 2744CT
method using glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) as a reference gene, and the results are showed as
fold change from control.

Primer sets were determined by NCBI Primer BLAST.
The primers are as follows: ACSL4 forward 5'-CGA CCT
AAG GGA GTG ATG A-3', ACSLA4 reverse 5'-CCT GCA
GCC ATA GGT AAA GC-3', GPx4 forward 5'-AGA GAT
CAA AGA GTT CGC CGC-3', GPx4 reverse 5'-TCT TCA
TCC ACT TCC ACA GCG-3', GAPDH forward 5’-CAG
GGG GGA GCC AAA AGG G-3', GAPDH reverse 5°-TGC
CAG CCC CAG CGT CAA AG-3".

Western blot analysis

U87-MG and U251 glioblastoma cells cultured in a 6-well
plate were treated with 121.6 pM, 188.5 pM, and 237.2 pM
capsaicin concentrations determined by MTT analysis. Fol-
lowing, preparation of cell lysate, removal of cell residues,
transfer of proteins to SDS-polyacrylamide gel, electropho-
resis step, transfer to polyvinylidene fluoride membrane,
blocking and imaging were carried out step by step as in our
previous study (Hacioglu 2022). The antibodies used during
the analyzes are as follows: ACSL4 antibody at dilution of
1:2000; (PA5-27137 Invitrogen), GPx4 antibody at dilution
of 1:1000 (PA5-102521 Invitrogen), GAPDH antibody as an
internal control at dilution of 1:1000 (PA1-987 Invitrogen),
HRP conjugated goat anti-rabbit IgG secondary antibody at
dilution of dilution 1:4000 (A27036 Invitrogen).

Statistical analysis

GraphPad Prism 7 programs were used during statis-
tical analysis. Experimental data are presented as the
mean + standard deviation of seven independent experiments
(n="17). Levene statistic was used to evaluate the variance
homogeneity of the data. Although there was no randomiza-
tion or blinding in the analysis of experimental data, outliers
were not excluded from the data set. The normality analy-
sis of the results was done with the help of Shapiro-Wilk
normality test. Normally distributed data were evaluated
using one-way analysis of variance (ANOVA) and analyzed
with Tukey post-hoc test in multiple comparisons. The non-
parametric Kruskal-Wallis test was used for data that did
not show normal distribution or homogeneity of variance.
p <0.05 was considered statistically significant.

Results

Capsaicin suppressed the viability of U87-MG
and U251 cell

Since MTT test results did not show homogeneous variance,
non-parametric Kruskal-Wallis test was used in the analysis
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of these results. To determine whether capsaicin could inhibit
U87-MG and U251 glioblastoma cells, the cells were treated
with 25, 50, 100, 150, 200, 250, 300 and 600 pM capsaicin
concentrations up to 72 h, and cell viability analyzes were
performed according to the MTT method (Fig. 1, Table 1 and
Table 2). According to MTT results, 25 pM capsaicin treatment
for 24 h did not show a significant decrease in the U§7-MG and
U251 cell viability compared to the control groups (p=0.6911
and p=0.4007, respectively). However, treatment with the
50 pM capsaicin in U87-MG and U251 cells decreased 5.3%
(»p=0.0157) and 4.1% (p=0.022), respectively, compared
to control. Besides, a significant decrease was found in the
100 pM capsaicin concentration for 24 h, where U87-MG
and U251 cell viability was 80.2% and 87.5%, respectively,
compared to the control groups (p <0.0001). At the 150 pM
capsaicin concentration, where U87-MG and U251 cell viabil-
ity decreased dramatically by 40.2% and 28.6%, respectively
(p <0.0001). The cell viability in the U87-MG cells treated
with the 200 pM capsaicin concentration decreased by 45.4%
(Fig. 1a; p<0.0001), whereas the cell viability in the U251
cells decreased by 35.3% (Fig. 1b; p<0.0001). Additionally,
at the 250 pM capsaicin concentration, where U87-MG and
U251 cell viability decreased conspicuously by 63.8% and
57.5%, respectively (p <0.0001). Furthermore, the viability
of U87-MG and U251 cells treated with the 300 pM capsai-
cin concentration decreased by 93.7% and 88.2% respectively,
compared to the control groups (p <0.0001). Finally, almost no
cell viability was detected in the both cell lines at the 600 pM
capsaicin concentration.

The U87-MG cell viability was reduced in a concentra-
tion-dependent manner at the 50 pM and above capsaicin
concentrations for 48 h. According to MTT results, 50, 100,
150, 200 and 250 pM capsaicin treatment for 48 h decreased
the U87-MG cell viability by 17.4%, 50.1%, 62.9%, 75.2%
and 92.8%, respectively (p <0.0001 vs. control). Likewise,
the 50, 100, 150, 200 and 250 pM capsaicin treatment for
48 h inhibited cellular viability in the U251 cells by 11.5%,
38.2%, 54.6%, 64.2% and 91.2%, respectively (p <0.0001 vs.
control). Cell viability was undetectable in the U§7-MG and
U251 cells at the 300 and 600 pM concentrations capsaicin
for 48 h. Besides, 25, 50, 100 and 150 pM capsaicin treatment
for 72 h inhibited the U87-MG cell viability by 25.7%, 39.2%,
67.5% and 92.9%, respectively (p <0.0001 vs. control); simi-
larly, 25, 50, 100, 150 and 200 pM capsaicin treatment for
72 h reduced U251 cell viability by 18.6%, 42.5%, 56.3%,
77.7% and 98.2%, respectively (p <0.0001 vs. control). We
found that cell viability was completely suppressed at the
200 pM and above capsaicin concentrations in the U§7-MG
cells for 72 h, while there was a slightly cellular viability at
the 200 pM capsaicin concentration in the U251 cells.

Finally according to MTT analysis, we determined the
IC50 capsaicin concentration of 121.6 pM for U87-MG cells
after 24 h of capsaicin treatment. Similarly, we found the IC50
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Table 1 Effects of capsaicin treatment (ranging from 25 pM to 600 uM) on cell viability in U87-MG cells up to 72 h. Q1: 25% Percentile; Q3: 75% Percentile; * p <0.05; ** p<0.001; ***

p<0.0001; ns: non significant; # Kruskal-Wallis test

P#

600 pM cap-

saicin

300 pM cap-

saicin

250 pM cap-

saicin

200 pM cap-

saicin

150 uM cap-

saicin

25 pM capsaicin 50 pM capsaicin 100 pM cap-

Control

Groups —

Median (Q1-

Q3)

Median (Q1-

Q3)

Median (Q1-

Q3)

Median (Q1-

Q3)

Median (Q1-

Q3)

Median (Q1-

Q3)

saicin

Median (Q1-

Q3)

Median (Q1-

Q3)

Median (Q1-

Q3)

Treatment
period

6(5-8) 1(0.5-1)%#* <0.0001
<0.0001
<0.0001

33(33-35)%#*
5(4=7)

454347y
22(21-24)%5%

96(95-97)* 80(79-82)*#%  60(58-62)%**
0

99(98-100) ™

100(99-101)

24 h
48 h

42(40-44)%5
9(7-10)%**

83(81-84)" % 60(58-63)
60(58-62)**

95(94-96)*

99(97-100)

37(35-40) %%

75(73—80) %

97(95-97)

72h
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Table 2 Effects of capsaicin treatment (ranging from 25 pM to 600 pM) on cell viability in U251 cells up to 72 h. Q1: 25% Percentile; Q3: 75% Percentile; * p <0.05; ** p<0.001; ***

p<0.0001; ns: non significant; # Kruskal-Wallis test

600pM P*
capsaicin

300 pM cap-

saicin

250 pM cap-

saicin

200 pM cap-

saicin

150 pM cap-

saicin

100 pM cap-

saicin

25 pM capsaicin 50 pM capsaicin

Control
Treatment period Median (Q1-Q3) Median (Q1-Q3) Median (Q1-Q3)

Groups —

Median (Q1-Q3) Median

Median (Q1-Q3) Median (Q1-Q3)

Median (Q1-Q3) Median (Q1-Q3)

(Q1-Q3)

0
0

<0.0001
<0.0001
<0.0001

11(10-12) #*#

97(96-98) * 88(87-90) *** 72(70-73) *** 52(51-53) *** 40(39-41)
10(9-12) #** 0.5(0.3—1) ***

99(99-100) ™

100(99-101)

24 h
48 h

80(79-82) ***  60(58-51) *** 47(45-49) #** 34(33-35) ***

95(94-96) ***

100(99-100) **

79(77-80) **#*  63(60-66) ***  46(42-49) *** 19(18-21) *** 3(2-5) #k*

98(97-99)

72h

capsaicin concentration for U251 cells to be 237.2 uM follow-
ing 24 h of capsaicin treatment. In addition, the capsaicin con-
centration of 188.5 pM was chosen as a third concentration (an
intermediate concentration), since more than 50% reduction in
cell viability complicates interpretation of biochemical assays.

Capsaicin affected LDH activity and cell proliferation
in the U87-MG and U251 cells

The release of LDH into cell culture media associated with
plasma membrane damage is a reliable indicator of cytotox-
icity. The cells treated with the 121.6, 188.5, and 237.2 pM
capsaicin concentrations for 24 h showed a concentration-
dependent increase in LDH activity (Fig. 2). The LDH activ-
ity in the U87-MG cells increased by 21.4% at 121.6 pM,
33.2% at 188.5 pM, and 43.7% at 237.2 pM capsaicin
concentration compared to the control [Fig. 2a; F (1.602,
9.609)=226.9, p <0.0001]. Likewise, treatments with the
121.6, 188.5 and 237.2 pM capsaicin concentrations caused
11.9%, 17.2% and 22.5% increases in the LDH activity in
the U251 cells compared to control, respectively [Fig. 2b; F
(2.356, 14.14)=378.6, p <0.0001].

Additionally, we performed BrdU incorporation analysis
to determine how cell proliferation was affected in U87-MG
and U251 cells incubated with 121.6, 188.5 and 237.2 pM
capsaicin concentrations for 24 h. As seen in Fig. 2¢, BrdU
absorbance levels in the U87-MG cells were reduced by 7%
at 121.6 pM, 13.8% at 188.5 uM and 22.2% at 237.2 pM of
capsaicin concentrations [F (3, 24)=195.2, p <0.0001 vs.
control). In addition, the 121.6, 188.5 and 237.2 pM capsai-
cin treatment decreased BrdU absorbance levels in the U251
cells by 9.1%, 13.6% and 19.2%, respectively [Fig. 2d; F (3,
24)=283.57, p<0.0001 vs. control).

Ferroptosis biomarkers such as ACSL4, GPx4
and 5-HETE were induced in the U87-MG and U251
cells treated with capsaicin

Capsaicin induced ferroptosis in U87-MG and U251 glio-
blastoma cells by increasing GPx4 levels and decreasing
ACSL4 and 5-HETE levels (Fig. 3). ACSL4 and 5-HETE
levels in the both cell lines increased in a capsaicin con-
centration dependent manner. As seen in Fig. 3a, treatment
of 121.6, 188.5, and 237.2 pM capsaicin concentrations
for 24 h increased ACSL4 levels by 29.5%, 44.1%, and
50.8% in the U87-MG cells compared to the control group,
respectively [F (1.948, 11.69)=133.8, p<0.0001]. Simi-
larly, ACSL4 levels in the U251 cells increased by 12.5%
at 121.6 pM, 18.2% at 188.5 uM, and 27.1% at 237.2 pM
capsaicin concentration compared to the control [Fig. 3b; F
(1.725, 10.35)=42.28, p <0.0001].

Another ferroptosis marker analyzed in the U§7-MG and
U251 cells treated with the capsaicin was 5-HETE levels.
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Fig.2 LDH levels in U87-MG and U251 cells treated with capsaicin.
(A) LDH levels in U87-MG cells; (B) LDH levels in U251 cells; (C)
BrdU incorporation assay in U87-MG cells; (D) BrdU incorporation

According to ELISA results, the 121.6, 188.5, and 237.2 pM
capsaicin treatments showed a significant enhancement in
the 5-HETE levels in the U§7-MG and U251 cells compared
to the control groups. At the 121.6, 188.5, and 237.2 pM
capsaicin concentrations, where the 5-HETE levels in the
U87-MG cells increased by 31.5%, 38.4% and 56.3%,
respectively [Fig. 3c; F (2.041, 12.24)=58.96, p <0.0001].
Besides, 5-HETE levels in the U251 cells were increased by
the percentages of 11.9% at 121.6 pM, 17.4% at 188.5 pM
and 26.1% at 237.2 uM of capsaicin concentrations [Fig. 3d;
F (2.069, 12.41)=57.67, p<0.0001].
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assay in U251 cells. LDH: Lactate dehydrogenase; BrdU: Bromod-
eoxyuridine. * p <0.0001 compared to the control groups. Data were
analyzed with the ANOVA test

GPx4 levels, one of the important parameters of fer-
roptosis, decreased in glioblastoma cells treated with the
capsaicin concentrations. As shown in Fig. 3e, treatment
of 121.6, 188.5, and 237.2 pM capsaicin concentrations for
24 h reduced the GPx4 levels by 21.5%, 32.1%, and 40.7%
in the U87-MG cells compared to the control group, respec-
tively [F (2.442, 14.65)=115.8, p <0.0001]. Additionally,
GPx4 levels in the U251 cells were decreased by 15.5% at
121.6 puM, 19.6% at 188.5 puM and 24.2% at 237.2 uM of
capsaicin concentrations (Fig. 3f; F (1.646, 9.876)=34.9,
p<0.0001).
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Capsaicin treatment reduced antioxidant levels
in the U87-MG and U251 cells

TAS and GSH levels in the U87-MG and U251 cells
decreased with increasing capsaicin concentrations (Fig. 4).
TAS levels of U87-MG cells treated with the 121.6, 188.5,
and 237.2 uM capsaicin concentrations decreased by 25.7%,
36.5% and 60.2% respectively, compared to the control
group [Fig. 4a; F (2.029, 12.17)=144.5, p<0.0001]. Simi-
larly, treatments with the 121.6, 188.5 and 237.2 pM cap-
saicin concentrations resulted in 13.6%, 35.7% and 44.2%
decreases in the TAS levels in the U251 cells compared
to control, respectively [Fig. 4b; F (2.337, 14.26)=125.1,
p<0.0001].

Moreover, GSH levels in the U87-MG cells were
decreased by the percentages of 35.8% at 121.6 pM, 44.2%
at 188.5 uM and 59.3% at 237.2 pM of capsaicin concentra-
tions [Fig. 4c; F (1.697, 10.18)=187.2, p<0.0001]. U251
cells treated with the 121.6, 188.5 and 237.2 pM capsai-
cin concentrations caused a decrease in the GSH levels by
13.9%, 22.4% and 32.6%, respectively, compared to the
control group [Fig. 4d; F (2.162, 12.97)=126, p <0.0001].

Capsaicin enhanced oxidative stress and lipid
peroxidation in the U87-MG and U251 cells

To determine the oxidation state and lipid peroxidation,
TOS and MDA levels were measured from the prepared
cell lysates. In Fig. 5, TOS and MDA levels increased in
U87-MG and U251 cells related to increasing capsaicin con-
centrations. TOS levels in the U87-MG cells treated with
the 121.6, 188.5, and 237.2 uM capsaicin concentrations
enhanced by 33.5%, 55.4% and 66.1% respectively, com-
pared to the control group (Fig. 5a; F (2.291, 13.75)=280.43,
p <0.0001). When compared with the control group, treat-
ments with the 121.6, 188.5 and 237.2 pM capsaicin con-
centrations caused 19.4%, 35.7% and 41.6% increases in the
TOS levels in the U251 cells, respectively [Fig. 5b; F (1.687,
10.12)=123.7, p<0.0001].

Furthermore, MDA levels in the U87-MG cells were
increased by 20.5% at 121.6 pM, 35.9% at 188.5 uM and
48.4% at 237.2 uM of capsaicin concentrations [Fig. 5c; F
(2.044, 12.26) =328, p <0.0001]. At the 121.6, 188.5, and
237.2 pM capsaicin concentrations, where MDA levels
in the U251 cells increased by 15.8%, 23.1% and 35.3%,
respectively [Fig. 5d; F (1.345, 8.07)=405.3, p<0.0001].

Capsaicin affected ACSL4 and GPx4 mRNA
expression and protein levels

RT-PCR analysis was performed to determine ACSL4 and
GPx4 gene expression levels in the U87-MG and U251
cells treated with capsaicin. Depending on the capsaicin

concentrations, ACSL4 mRNA levels increased in the both
cell lines, whereas GPx4 mRNA levels decreased (Fig. 6).
Capsaicin treatment caused significant changes in ACSL4
and GPx4 expression levels in the U87-MG cells [fold
change >1; Fig. 6a, F (2.167, 13)=719.2, p <0.0001 and
Fig. 6¢c, F (2.557, 15.34)=176.8, p <0.0001]. Additionally,
capsaicin treatment in the U251 cells up-regulated ACSL4
levels [fold change >1; Fig. 6b, F (2.005, 12.03)=638.3,
p <0.0001] while down-regulated GPx4 levels [fold change
>0.5; Fig. 6d, F (2.579, 15.48)=37.55, p <0.0001].

According to Western blot analysis, the 121.6, 188.5, and
237.2 uM capsaicin treatment caused significant changes in
the relative protein levels of ACSL4 and GPx4 (Fig. 6e).
In both cell lines, ACSL4 levels enhanced with increas-
ing capsaicin concentrations. On the other hand, there was
also a concentration dependent decrease in GPx4 levels in
U87-MG and U251 cells treated with capsaicin.

Discussion

Glioma is one of the most invasive and aggressive tumors
that often recur despite current treatments (Nabors et al.
2013). Capsaicin, the active ingredient of hot pepper, was
studied as an anti-proliferative agent inducing apoptosis
in numerous cancer cell lines (Zhang et al. 2020). In this
study, we investigated the effect of different capsaicin con-
centrations on U87-MG and U251 glioblastoma cell lines,
determined cytotoxic capsaicin concentrations and measured
various biomarkers involved in the ferroptosis mechanism.
To our knowledge, we investigated for the first time that cap-
saicin exerts anti-proliferative effects by inducing ferroptosis
in U87-MG and U251 cells.

Based on MTT analyses, we found that the IC50 of cap-
saicin for U87-MG cells was 121.6 pM for 24 h, while it
was 237.2 pM for U251 cells. In both cell lines, capsaicin
treatment caused a concentration-dependent decrease in
cell proliferation according to BrdU incorporation analy-
sis. Additionally, we detected that LDH activity was more
increased in the U251 cells than in the U87-MG cells fol-
lowing capsaicin treatment, indicating that capsaicin treat-
ment was more effective and cell damage was more severe
in the U87-MG cells. In a previous study, in vitro assays
demonstrated phenotypic differences between U87 and U251
cells (Song et al. 2014). In another study, it was shown that
proliferation and migration in U87-MG cells were higher
than in U251 cells, whereas metabolic activity and protein
expression in U251 cells were reported to be higher than
in U87-MG cells (Li et al. 2017). Tan et al. (2020) found
that dihydrotanshinone I treatment resulted in greater LDH
release in U87-MG cells than in U251 cells. Consistent with
the aforementioned studies, the U251 cells were more resist-
ant to capsaicin treatment than the U87-MG cells. Despite
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«Fig.3 Ferroptosis biomarkers of capsaicin-treated U87-MG and
U251 cells. (A) ACSL4 levels in U87-MG cells; (B) ACSL4 levels
in U251 cells; (C) HETE levels in U87-MG cells; (D) HETE levels
in U251 cells; (E) GPx4 levels in U87-MG cells; (F) GPx4 levels in
U251 cells. ACSL4: Acyl-CoA synthetase long chain family member
4; HETE: 5-hydroxyeicosatetraenoic acid; GPx4: Glutathione peroxi-
dase 4. * p=0.0182; ** p<0.001 and *** p <0.0001 compared to the
control groups. Data were analyzed with the ANOVA test

close IC50 values, we presumed that alterations in cellular
viability and cytotoxicity analyzes may be due to cellular
phenotype and genotype. One of the important results of our
study, differences in the responses of different glioblastoma
cell lines to capsaicin treatment were also detected.

Ferroptosis was discovered during the effects of erastin
on cellular signaling pathways (Dixon et al. 2012). Ferrop-
tosis is an iron-dependent cellular death pathway (Lei et al.
2019). Since ferroptosis might prevent the proliferation of
tumor cells, this signal pathway may be among the potential
therapeutic mechanisms for the treatment of tumors. ACSL4
is one of the important biomarkers of ferroptosis (Cao and
Dixon 2016). ACSL4 plays an important role in fatty acid
metabolism. ACSL4 is one of the enzymes involved in the
metabolism of long chain fatty acids (Ellis et al. 2010). Radif
et al. (2018) showed that ACSL4 may trigger ferroptosis by
activating PUFAs in cancer cells. Besides, Yuan et al. (2016)
reported that overexpression of ACSL4 elevated ferroptosis
levels in gliomas. Moreover, human glioma cells were found
to exhibit significantly lower ACSL4 levels compared to nor-
mal human glial cells (Tan et al. 2020). Based on this, the
researchers suggested that the decrease in ACSL4 mRNA
levels could be related to ferroptosis in glioma. They indi-
cated that ferroptosis levels were decreased in U251 and U87
glioblastoma cells. In line with the aforementioned results,
ACSL4 may be an indicator to find out if cells are undergo-
ing ferroptosis. In this study, according to the results of bio-
chemical analysis, we found that ACSL4 levels increased in
U87-MG and U251 glioblastoma cells treated with capsaicin
compared to the control group. On the other hand, increased
expression of ACSL4 was shown to cause an increase in
5-HETE levels associated with ferroptosis metabolism in
HepG2 and HL60 cells (Yuan et al. 2016). Therefore, we
conclude that capsaicin-mediated ACSL4 regulation plays
a vital role in controlling ferroptosis and proliferation in
glioblastoma cells.

Ferroptosis is characterized by excessive accumulation
of lipid peroxidation products in an iron-dependent manner
(Latunde-Dada 2017). One of the ferroptosis negative regu-
lator mechanisms is the GSH-Gpx4 axis. GPx4 is respon-
sible for reducing LOOHs, and the decrease in GPx4 activ-
ity induces ferroptosis by causing oxidation of membrane
phospholipids via ROS (Li et al. 2019). GPx4 is a GSH-
dependent enzyme and mainly uses GSH, a non-enzymatic
antioxidant, to reduce LOOHs to LOHs (Ingold et al. 2018).

Since GSH may regulate the formation of ferroptosis in cells
by affecting GPx4 activity, depletion of intracellular GSH
has a fundamental role in stimulating ferroptosis (Stockwell
and Jiang 2020). GSH has a tripeptide structure consisting of
glutamate, cysteine and glycine with a reactive thiol group.
In reducing lipid hydroperoxides and maintaining cellular
redox balance, GPx4 converts GSH to oxidized glutathione
disulfide (Yang et al. 2014). Thus, intracellular GSH levels
may regulate the sensitivity of cells to ferroptosis and lipid
peroxidation. Tan et al. (2020) indicated that dihydrotanshi-
none I triggered ferroptosis by enhanced GPx4 and reduced
GSH levels and the GSH/GSSG ratio in human U251 and
U87 glioblastoma cells. Furthermore, the researchers found
that the decrease in GSH levels induced an increase in
MDA levels. Cheng et al. (2020) reported that the decrease
in ACSL4 not only inhibits ferroptosis by directly affecting
the production of lipid peroxides, but also causes an increase
in the expression of GPx4, which supports glioma cell prolif-
eration. This study confirmed that capsaicin affects the lev-
els of GPx4 associated with ferroptosis in the U87-MG and
U251 glioblastoma cells. In the above-mentioned studies,
we found that after capsaicin administration, GPx4 levels
decreased while ACSL4 levels increased in the U§7-MG
and U251 cells. We also detected the decrease in GPx4 lev-
els and the increase in ACSL4 levels by RT-PCR analysis
in the U87-MG and U251 cells treated with capsaicin. In
addition, we analyzed the effect of capsaicin treatment on
oxidant and antioxidant mechanisms in the U87-MG and
U251 cells. According to the results, capsaicin treatment
for 24 h significantly increased TOS and MDA levels in the
U87-MG and U251 cells. Moreover, GSH levels, which are
involved in the regulation of GPx4 activity and indirectly
ferroptosis, decreased with GPx4 in U87-MG and U251 cells
after capsaicin treatment. Besides, TAS levels decreased in
capsaicin-treated glioblastoma levels. These results might
suggest that ferroptosis is one of the mechanisms by which
capsaicin suppresses cell proliferation in human U87-MG
and U251 glioblastoma cells.

Lipid peroxidation, the ultimate result of ferroptosis, is
due to excessive ROS production resulting from the dis-
ruption of the homeostatic balance in pro-oxidant/oxidant
metabolism in the cell. Although ROS at physiological
concentrations are involved in the continuation of cellular
signaling, high levels of ROS cause oxidation of various
macromolecules such as carbohydrates, proteins, nucleic
acids and lipids in cells (Brieger et al. 2012). PUFAs are
converted to hydroperoxyeicosatetraenoic acids (HPETEs),
which are biologically active mediators, by adding oxygen
to their structures via lipoxygenase, and then to HETEs
by glutathione peroxidase (Moreno 2009). The synthe-
sized HETEs bind to membrane phospholipids and modu-
late growth factor-induced cellular signaling mechanisms
in U251 glioma cells (Guo et al. 2005). Therefore, lipid
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Fig.4 Antioxidant levels in U87-MG and U251 cells treated with
capsaicin. (A) TAS levels in U87-MG cells; (B) TAS levels in U251
cells; (C) GSH levels in U87-MG cells; (D) GSH levels in U251

metabolism regulates tumorigenesis and the signaling of
ferroptosis. A previous study, it was reported that overex-
pression of ACSL4 in cancer cells determined the sensitiv-
ity of cells to ferroptosis by promoting the production of
lipid peroxides from long polyunsaturated w6 fatty acids
in cellular membranes (Doll et al. 2017). Recently, Li and
Li (2020) reported that the formation of oxidized lipid
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p=0.0341; ** p<0.001 and *** p<0.0001 compared to the control
groups. Data were analyzed with the ANOVA test

biomarkers such as 5-HETE played a key role in cell death
through lipotoxicity during ferroptosis induced by ACSL4
activation. Our results showed that capsaicin treatment
showed a concentration-dependent increase in 5-HETE
levels in glioblastoma cell lines. Additionally, capsaicin
treatment for 24 h significantly increased TOS and MDA
levels in the U87-MG and U251 cells. Thus, we determined
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Fig. 5 Effects of capsaicin on oxidative stress and lipid peroxidation
in U87-MG and U251 cells. (A) TOS levels in U87-MG cells; (B)
TOS levels in U251 cells; (C) MDA levels in U87-MG cells; (D)

that the increase of lipid peroxidation levels with capsaicin
treatment inhibited cell proliferation by enhancing ferrop-
tosis in glioblastoma cells.

In summary, the current study confirms that capsai-
cin attenuates proliferation in human U87-MG and U251
glioblastoma cells by inducing ferroptosis by increasing
ACSL4, 5-HETE, MDA and TOS levels and decreas-
ing GPx4, GSH and TAS levels. Contrary to our previ-
ous study (Hacioglu 2022), in this study, the effects of
capsaicin on ferroptosis signal were researched only on
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MDA levels in U251 cells. TOS: Total oxidant status; MDA: Malon-
dialdehyde. * p=0.0164; ** p<0.001 and ** p <0.0001 compared to
the control groups. Data were analyzed with the ANOVA test

tumor cells. Therefore, one of the major limitations of this
study is that the effects of capsaicin in non-tumor cells
and in vivo models were not analyzed. Another limita-
tion is that, since our study is a preliminary study on the
effect of capsaicin on ferroptosis and related molecular
mechanisms, the effects of capsaicin treatment for 24 h
were investigated and its long-term effects were not inves-
tigated. Thus, further studies are needed to investigate the
effects of capsaicin on other ferroptosis-inducing biomark-
ers in different cancer types.
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«Fig.6 ACSL4 and GPx4 mRNA expressions and protein levels in
U87-MG and U251 cells treated with capsaicin. (A) ACSL4 mRNA
levels in U87-MG cells; (B) ACSL4 mRNA levels in U251 cells;
(C) GPx4 mRNA levels in U87-MG cells; (D) GPx4 mRNA lev-
els in U251 cells; (E) Protein levels in U87-MG and U251 cells. *
p=0.0271; ** p<0.001 and *** p<0.0001 compared to the control
groups. Data were analyzed with the ANOVA test
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