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Abstract: Ferroptosis is a special kind of programmed cell death that has been implicated in the
pathogenesis of a large number of human diseases. It involves dysregulated intracellular iron
metabolism and uncontrolled lipid peroxidation, which together initiate intracellular ferroptotic
signalling pathways leading to cellular suicide. Pharmacological interference with ferroptotic signal
transduction may prevent cell death, and thus patients suffering from ferroptosis-related diseases
may benefit from such treatment. Butylated hydroxytoluene (BHT) is an effective anti-oxidant that is
frequently used in oil chemistry and in cosmetics to prevent free-radical-mediated lipid peroxidation.
Since it functions as a radical scavenger, it has previously been reported to interfere with ferroptotic
signalling. Here, we show that BHT prevents RSL3- and ML162-induced ferroptotic cell death
in cultured human neuroblastoma cells (SH-SY5Y) in a dose-dependent manner. It prevents the
RSL3-induced oxidation of membrane lipids and normalises the RSL3-induced inhibition of the
intracellular catalytic activity of glutathione peroxidase 4. The systemic application of BHT in a
rat Alzheimer’s disease model prevented the upregulation of the expression of ferroptosis-related
genes. Taken together, these data indicate that BHT interferes with ferroptotic signalling in cultured
neuroblastoma cells and may prevent ferroptotic cell death in an animal Alzheimer’s disease model.

Keywords: lipid peroxidation; biomembranes; iron metabolism; free radicals; Alzheimer’s disease;
anti-oxidants; glutathione peroxidase

1. Background

Ferroptosis is a special form of regulated cell death that is characterised by the ex-
cessive intracellular deposition of iron ions and strongly upregulated lipid peroxidation,
which exceeds the anti-oxidative capacity of the cells [1-3]. It was first discovered some
10 years ago [4] as a programmed cell-death pathway, which is initiated under certain
metabolic conditions in tumour cells to prevent excessive cell proliferation and thus tumour
growth. Although intracellular ferroptotic signalling can be initiated in different ways and
although a number of different ferroptotic signalling cascades have been described [5-7],
the final cell-death mechanisms are rather simple. Ferroptotic cell death involves three
major metabolic hallmarks, which partly interfere with each other: (i) Intracellular iron
deposition [8]: These iron deposits are a functional consequence of a dysregulated cellular
iron homeostasis that usually develops when the transferrin receptor-mediated iron import
exceeds the cellular iron export. Iron is essential for the function of all cells but excessive
intracellular iron accumulation is clearly detrimental [9,10]. (ii) Reduced anti-oxidative
capacity: Under normal conditions, the intracellular redox homeostasis is usually balanced
and there is an equilibrium between pro- and anti-oxidative reactions [11,12]. When pro-
oxidative reactions are upregulated or when anti-oxidative processes are downregulated,
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oxidative stress is induced and this alters the functional phenotype of the cells [13]. In
ferroptosis, the anti-oxidative defence system is frequently impaired, which is either caused
by the downregulation of glutathione peroxidase 4 (GPX4) expression, by the inhibition
of its catalytic activity [14], or by the dysfunction of the NAD(P)H/ferroptosis-suppressor
protein-1/ubiquinone axis [15]. (iii) Elevated lipid peroxidation: Since ferrous iron (Fe?*)
is a strong oxidant, intracellular iron accumulation increases the cellular oxidation poten-
tial [9,10]. Under aerobic conditions, ferrous iron (Fe?*) delivers an electron to molecular
dioxygen, which leads to the formation of ferric iron and superoxide (eO,- ™). This reactive
oxygen species (ROS) can then initiate free radical-mediated secondary reactions, such as
the peroxidation of unsaturated membrane lipids [16].

Butylated hydroxytoluene (BHT, 2,6-di-tert-butyl-4-methylphenol) is a lipophilic anti-
oxidant [17]. Since it prevents free radical-mediated oxidation reactions [17,18], it has
previously been used as a preservative in food chemistry. Although it exhibits anti-viral
properties [19], it was not approved by the FDA for anti-viral therapy. As with many related
phenolic anti-oxidants, BHT has low acute toxicity [20], and the overall evaluation of the
potential health risks of BHT application was rather positive [21,22]. On the other hand,
several studies suggested a possible link between BHT intake and the risk of developing
cancer [23-25], and because of this uncertainty the routine use of BHT in food chemistry is
not encouraged anymore.

Because of its anti-oxidative properties [17,18], BHT can be used to interfere with free-
radical-mediated reactions taking place in the lipid compartment of complex lipid—-protein
assemblies, such as biomembranes and lipoproteins. Since ferroptosis involves the iron-
dependent lipid peroxidation of complex membrane lipids [1,15], BHT might interfere with
ferroptotic signalling and thus might protect cells from ferroptotic cell death. In this study,
we explored the impact of BHT on ferroptosis in cultured human neuroblastoma cells and
found that SH-SY5Y cells are strongly protected from RSL3- and ML162-induced ferroptosis
at sub-micromolar concentrations in a dose-dependent manner. RSL3-induced oxidation
of the cellular membrane lipids was prevented by BHT, and in an in vivo Alzheimer’s
disease model we observed that the upregulated expression of ferroptosis-related genes
was normalised when the animals were pre-treated with BHT. From these data, it can
be concluded that BHT might interfere with ferroptotic signalling and that Alzheimer’s
patients might benefit from treatment with radical scavenging drugs.

2. Materials and Methods
2.1. Chemicals and Devices

The chemicals used were purchased from the following vendors: SH-SY5Y cells from
the German Collection of Microorganisms and Cell Culture GmbH (DSMZ, Braunschweig,
Germany); phosphate-buffered saline (PBS) from PAN Biotech (Aidenbach, Germany); cell
culture materials and media from PAN Biotech (Aidenbach, Germany), authentic HPLC
standards (15S5/R-HETE, 125/R-HETE, 55/R-HETE) from Cayman Chem (distributed
by Biomol GmbH, Hamburg, Germany); acetic acid from Carl Roth GmbH (Karlsruhe,
Germany); sodium borohydride from Life Technologies, Inc. (Eggenstein, Germany);
butylhydroxy toluene (BHT) from European Pharmacopoeia (Strasbourg, France). RSL3
and Ferrostatin-1 from Cayman (Ann Arbor, MI, USA), ML162 and Liproxstatin-1 from
Tocris Bioscience (Bristol, UK). Oligonucleotide synthesis was performed at BioTez Berlin
Buch GmbH (Berlin, Germany). HPLC-grade methanol, acetonitrile, n-hexane, 2-propanol,
and water were from Fisher Scientific (Newington, NH, USA).

For HPLC analysis of the cellular lipids, a Shimadzu instrument (Shimadzu Germany,
Berlin, Germany) involving two LC-20 AD pumps, a DGU-20A3 degassing unit, an SPD-
M20A diode array detector, a CTO-20 AC column oven, a CBM-20A steering unit, and a
SIL-20AC auto-injector were used.
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2.2. Cell-Viability Assay (CCK8)

The cell-viability assessment was carried out using the CCKS kit from Elabscience
(Houston, TX, USA). SH-SY5Y cells are adherent cells, which rapidly grow to confluency.
For our routine ferroptosis experiments, we suspended the cells in culture medium at a
density of 3 x 10° cells per mL (seeding density) and transferred 100 pL into the wells
of a 96-well plate. The cells were then cultured to reach near confluency and then the
experiment was started. In experiments, for which more cells are needed (HPLC analyses,
GPX4 activity assays), we prepared a cell suspension with a seeding density of 10° cells
per mL and added 10 mL of this suspension to 10 cm Petri dishes or T75 cell culture flasks
(107 cells per dish). Afterwards, the cells were allowed to grow the near confluency and
then the experiment was started. The pre-confluent cells were then pre-incubated for 2 h
with different concentrations of BHT (0.03 uM to 30 uM) or other ferroptosis inhibitors of
ferrostatin-1, liproxstatin-1, and then ferroptosis was induced by the addition of different
concentrations of RSL3 or ML162. After a 24 h incubation period, cell viability was assayed
as described in the CCKS test kit manual using a microplate reader (Promega, Madison,
WI, USA). The numbers of repetitions and statistical evaluations of the experimental raw
data were performed as described in Section 2.8.

2.3. Lipid Extraction, Hydrolysis, and HPLC Analysis

For these experiments, SH-SY5Y cells were seeded into 10 cm Petri dishes at a density
of 1 x 107 cells per dish and then the cells were allowed to grow to near confluency. Then,
BHT was added to reach a final concentration of 1 uM and the cells were incubated with
BHT for two additional hours. Following this pre-incubation, ferroptosis was induced by
the addition of 10 uM (final concentration) of RSL3 or ML162. After a 24 h incubation period,
cells and cellular remnants were spun down (100.000 g), reconstituted in 1 mL of PBS, and
the hydroperoxy lipids were reduced to the corresponding hydroxy compounds by the
addjition of solid sodium borohydride (1 mg/mL final concentration). Following sonication,
2.5 mL of methanol and 1.25 mL of chloroform were added, and the cellular lipids were
extracted according to [26]. The solvents were evaporated, and the extracted lipids were
reconstituted with 450 pL. of anaerobic methanol. After the addition of 75 pL of anaerobic
KOH (40%), the ester lipids were hydrolysed for 15 min at 60 °C. Then, the samples were
cooled down on ice and 75 pL of concentrated acetic acid was added. Precipitate was
removed by centrifugation and the clear hydrolysates were analysed by RP-HPLC to
quantify the amounts of major PUFAs and their mono-hydroxylated derivatives.

2.4. Measurements of the Cellular Oxidation Potential

The cellular oxidation potential was quantified using the fluorescence detection kit
from Kushan Zist (Tehran, Iran). This kit is based on the oxidation of the fluorescence
indicator dichloro-dihydrofluorescein diacetate (DCF-DA) by intracellular oxidizing agents.
The fluorescence indicator in its reduced form is taken up by cells but it is not fluorescence-
active as long as it remains in its reduced form. However, when oxidized by intracellular
oxidizing agents, such as reactive oxygen species, it becomes fluorescent and emits light
when stimulated by irradiation (480-500 nm). For our experiments, SH-SY5Y cells were
plated at a density of 3 x 10* cells per well in the wells of a 96-well plate. After a 24 h
culturing period, the cells reached near confluency and BHT (1 uM final concentration) was
added. Then, the cells were pre-incubated with this compound for 2 h. Next, RSL3 (10 uM
final concentration) was added to initiate ferroptosis. After 24 h, the cells were washed three
times with PBS and incubated with 30 uM DCEF-DA (redox-active fluorescence indicator)
for 45 min at 37 °C in the dark. Finally, cells were washed again with PBS and resuspended
in a buffer containing 130 mM NaCl, 5.4 mM KCl, 0.8 mM MgCl,, 1.8 mM CaCl,, 15 mM
glucose, and 5 mM HEPES at pH 7.4. The relative levels of fluorescence were quantified
by fluorescence spectrophotometer (microplate reader, Promega, Madison, WI, USA). The
excitation wavelength was 480-500 nm, and the emission wavelength 510-550 nm.
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2.5. RNA Extraction, Reverse Transcription and gRT-PCR of GPX4- and ALOX-Isoforms

SH-SY5Y cells were seeded in 6-well plates at a density of 1 x 10° cells per well.
After a 24 h culturing period, BHT was added at different concentrations and the cells
were pre-incubated for 2 h. Subsequently, ferroptosis was induced by the addition of
10 uM (final concentration) of RSL3. After 24 h, total RNA was extracted using the Takara
RNA extraction kit (Takara, Tokyo, Japan), and concentrations of the RNA preparations
were determined. RNA was reversely transcribed using the First Strand cDNA Synthesis
Kit (Takara, Kyoto, Japan) and for this purpose 0.1-2 ug of the total RNA preparation
was employed. Quantitative real-time PCR (qRT-PCR) was carried out with a Rotor-
Gene 3000 device (Corbett Research, Sydney, Australia) using the SensiFast SYBR PCR Kit
(Bioline, Luckenwalde, Germany). The following primer combinations were employed
for the different gene products. GAPDH: 5'-CCA TCA CCA TCT TCC AGG AGC GA-3'
(forward) and 5-GGA TGA CCT TGC CCA CAG CCT TG-3' (reverse); allGPX4: 5'-TGT
GCG CGC TCC ATG CAC GAC T-3' (forward) and 5-CGA ATT TGA CGT TGT AGC
CCG-3' (reverse); mGPX4: 5'-CTC GGC CGC CTT TGC CGC CTA-3’ (forward) and 5'-CGA
ATT TGA CGT TGT AGC CCG-3' (reverse); nGPX4: 5'-CCG GCG GAA GAA GCC CTG
TCC-3' (forward) and 5-CGA ATT TGA CGT TGT AGC CCG-3’ (reverse); ALOX15: 5'-ACT
GAA ATC GGG CTG CAA GGG G-3’ (forward) and 5'-ACT GAA ATC GGG CTG CAA
GGG G-3' (reverse); ALOX15B: 5-GTG CAG TGG AAC GCT TTG TCT C-3’ (forward)
and 5'-AAG CAC AGG AGT CAA ACT GCC C-3/ (reverse); ALOX12: 5'-GGG CGA GGA
GGA GGA GTT TGA T-3' (forward) and 5'-TCC AGG TGG CCC AGC AGT AGA T-3
(reverse); ALOX12B: 5'-TCC AGG TGG CCC AGC AGT AGA T-3' (forward) and 5'-TCC
AGG TGG CCC AGC AGT AGA T-3’ (reverse); ALOX5: 5'-GTG GCG CGG TGG ATT CAT
A-3' (forward) and 5'-GGG TTC CAC TCC ATC CAT CG-3’ (reverse); ALOXE3: 5'-GCC
GGC ACA CTG GAC AAC ATC-3’ (forward) and 5'-CAC GGT GCA GTA GCC TTC AAT
CC-3’ (reverse). The amplification protocol involved the following steps: denaturation
phase (15 s at 95 °C), annealing phase (30 s at 65 °C), and synthesis phase (20 s at 72 °C).
Forty denaturation—-annealing-synthesis cycles were usually run and melting curves of the
amplification products were recorded online. The Rotor-Gene Q software (6.07) was used
to analyse the PCR raw data. Specific amplicons were prepared as external amplification
standards for all mRNA targets and for the reference mRNA (GAPDH), and this procedure
allowed for the exact quantification of the copy numbers of the target mRNA species
in our RNA preparation. Finally, we calculated the copy numbers of target mRNA per
10° GAPDG mRNA copies.

2.6. In Vitro GPX4 Activity Assay

To assay the catalytic activity of GPX4 in SH-SY5Y cells, about 107 cells were seeded
into T75 cell culture flasks (Sarstedt, Niimbrecht, Germany). After a 24 h culturing period,
the cells reached near-confluency and BHT was added to reach a final concentration of
1 uM. Then, the cells were pre-incubated for 2 h. After the pre-incubation period, RSL3 was
added at a final concentration of 10 uM and cells were kept in culture for an additional 24 h.
After this, the cells were harvested and reconstituted in 200 pL of cell lysis buffer (50 mM
Tris-HCL, pH 7.5 containing 1% Triton X100, 10% glycerol, 0.3 M KCI, protease inhibitor,
5 mM TCEP, 0.1 mM EDTA). The cellular lysates were centrifuged (20,000 g) and aliquots
of the cellular lysate supernatants were added to the activity assay mixture.

The reaction buffer for the activity assays was a 100 mM Tris-HCI buffer (pH 7.5)
involving 5 mM EDTA, 1% Triton-X100, 2 IU of glutathione reductase 3 mM glutathione,
and 0.2 mM NADPH. For the measurements, 50 pL of the cell lysate supernatant was
mixed with 445 uL of the reaction buffer and pre-incubated for 1 min. Then, the GPX4
reaction was started by the addition of a small aliquot (10 uL) of a methanolic stock
solution of phospholipid hydroperoxides (50 uM final concentration in the assay mixture),
which was prepared with soybean lipoxygenase-1 [27] and purified by RP-HPLC. As
primary readout parameter, the decrease in absorbance at 340 nm was assayed using
the Shimadzu uv/vis spectrophotometer UV-1900i. The GPX4 activity was calculated in
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nmoles of consumed NADPH per mg of lysate supernatant protein per second using a
molar extinction coefficient of NADPH of 6.22 x 103 (M x cm) ™.

2.7. In Vivo Rat Ferroptosis Model

To test whether BHT may also impact ferroptosis in vivo, we employed the rat
streptozotocin-induced Alzheimer’s disease model. This model has frequently been used
in the literature [28-30]. It involves the stereotactic intraventricular application of strepto-
zotocin and induces functional AD symptoms such as cognitive impairment and memory
defects. Streptozotocin disrupts insulin-signalling in the brain and induces oxidative stress,
inflammation, and neurodegeneration, which are canonic clinical symptoms of human AD.
In other words, the rat streptozotocin AD model mirrors important functional character-
istics of human AD, but the morphological AD characteristics such as extracellular Af3
plaque formation and the intracellular deposition of hyperphosphorylated tau proteins
(NFT) are less adequately mirrored.

The in vivo rat experiments (Alzheimer’s disease model, preparation of hippocampus,
RNA extraction, semi-quantitative RT-PCR) were carried out at the University of Tehran in
strict compliance with the Animal Ethics guidelines of this university (allowance certificate
IR.UT.SCIENCE.REC.1401.015, University of Tehran). For the experiments, healthy male
albino Wistar rats with an initial body weight ranging between 180 and 200 g were used.
The rats were housed at the Central Animal House of the Medical Physiology Department
at the University of Tehran. Throughout the treatment and the surgical procedures, the rats
were maintained under controlled environmental conditions, including a room temperature
of 25 & 2 °C, a relative humidity between 45 and 55%, and a 12 h light/dark cycle. They
had unrestricted access to a standard rodent-pelleted diet and water. Moreover, the rats
were fasted for 12 h before surgical intervention.

To explore the impact of BHT (Sigma, Deisenhofen, Germany) on the expression of AD-
related genes, a total of 30 rats were grouped into 3 experimental categories each consisting
of 10 individuals. Sham group: These animals received BHT at a dose of 120 mg/kg
body weight. They underwent surgery but PBS was injected intraventricularly instead
of the streptozotocin solution. AD group: These animals did not receive any BHT. They
underwent surgery and a streptozotocin solution was injected intraventricularly. AD + BHT
group: These animals received BHT at a dose of 120 mg/kg body weight. They underwent
surgery and streptozotocin was injected intraventricularly to induce AD symptoms.

To induce the development of AD-related symptoms, animals were anesthetised
intraperitoneally with a mixture of ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.).
They were then placed on a stereotaxic frame. Intraventricular injections of a streptozotocin
solution were carried out with a 5 pL Hamilton micro-syringe. AD and AD + BHT groups
received bilaterally 3.0 mg streptozotocin (Sigma-Aldrich, Saint Louis, United States) per kg
body weight dissolved in PBS (2.5 pL each site). After surgery, the rats were kept in separate
cages for recovery in a well-ventilated room at 25 °C. In this in vivo rat model of AD, the
animals developed AD-related symptoms approximately 3 weeks after surgery [31].

For RT-PCR quantification of AD-related gene products, three animals from each group
were sacrificed, the brain was perfused with PBS, and the hippocampus was prepared.
Total RNA was extracted with the RNA extraction kit RiboEx™ (GeneAll Biotechnology,
Seoul, Republic of Korea). RNA extracts were quantified and aliquots were reversely
transcribed using reverse transcriptase (Parstus Biotechnology, Tehran, Iran) and semi-
quantitative RT-PCR (Qiagen Rotor Gene, Hilden, Germany) was carried out for three
different AD-related genes (Alox15, Acsl4, Fthl) and the reference gene (Gapdh) using
the Power SYBR™ Green PCR Master Mix (Amplicon, Copenhagen, Denmark). For this
purpose, PCR samples were first incubated for 2 min at 50 °C and then for 2 min at 95 °C.
After this pre-treatment, 40 amplification cycles were run, each consisting of a denaturation
phase (15 s at 95 °C), an annealing phase (60 s at 60 °C), and a synthesis phase (1 min at
72 °C). The relative expression of the target genes (Alox15, Acsl4, Fth1l) was normalised for
Gapdh gene expression and the AAC; method was used for quantification of the relative
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expression levels. The following primer pairs were employed for the amplification protocol.
Acsl4: AAA ATG AAG TTG AGC CTG TCG (forward), GCC ACC GAT CAC AAT CTCA
(reverse); Alox15: TGG CTG CAC CGT GGT TG (forward), CAG TTG CCC CAC CTG TAC
AGA (reverse); Fthl: GCC AGA ACT ACC ACC AGG AC (forward), CGG TCA AAA TAA
CAA GAC ATG G (reverse); and Gapdh: GGT GAA GGT CGG TGT GAA C (forward), TTG
TCA CAA GAG AAG GCA GC (reverse).

2.8. Numbers of Repetitions and Statistic Evaluation of the Experimental Raw Data

Statistical calculations and figure design were performed using GraphPad Prism
version 8.00 for Windows (GraphPad Software, La Jolla, CA, USA). The experimental
data shown in each figure originate from single experiments, which were designed on
the outcome of a number of preliminary experiments testing the optimal experimental
conditions, such as cell number, incubation time, pre-incubation period, concentrations of
additives, and others.

For the cell survival experiments (Figures 1-3), four independent wells of a 96-well
plate were set up for each experimental group representing each column in the images.
Means + SD were determined. For significance calculations, normal distribution of the
numeric values was tested and one-way ANOVA was performed to obtain p-values.

For the HPLC analyses (Figures 4 and 5A), four different Petri dishes were set up for
each of the four different experimental groups (control cells, BHT-treated cells, RSL3-treated
cells, BHT- + RSL4 treated cells). All samples were worked up and analysed separately
and no sample pooling was carried out. Here again, means & SD were determined and
significance calculations were carried out as described above for the cellular survival
experiments. For measurements, the cellular oxidation potential (Figure 5B) cells were
seeded into the wells of a 96-well plate, and for each experimental group (column) three
different wells were used. After the work-up procedure the fluorescence of the cells of each
well was quantified separately.

For the subcellular GPX4 activity assays (Figure 6A), SH-SY5Y cells were cultured in
T75 cell-culture flasks, and for each experimental group (each column in the image) two
separate culture flasks were used. Cells from each flask were disrupted separately (not
pooled); the lysates were centrifuged and two independent GPX4 activity measurements
were carried out with each lysate. Means & SD were calculated and one-way ANOVA was
carried out to obtain the numeric p-values.

For the gene expression studied (Figure 6B-D), SH-SY5Y cells were cultured to near-
confluency in the wells of six-well plates, and two wells were set up for each experimental
group. RNA was separately extracted from the cells of each well, and for each RNA
extract two different QRT-PCR samples were run. Expression levels of the target genes
were normalized for GAPDH expression and means & SD were determined. Significance
calculations were performed with one-way ANOVA.

For the in vitro activity assays of recombinant human GPX4 (Figure 7), four indepen-
dent activity measurements were carried out for the DMSO control and two activity assays
were performed for each ferroptosis inducer (RSL3, ML162). A single enzyme preparation
of recombinant selenocysteine-containing human GPX4 was employed.

For the in vivo experiments (Figure 8), three different rats were set up for each of
the three experimental groups (three different columns in the image). After appropriate
treatment, the hippocampus was prepared from each rat, RNA was extracted, and two
independent RT-PCR runs were carried out with each RNA extract. Means £ SD were
quantified and one-way ANOVA was used to calculate the p-values. The degree of statis-
tical significance was always defined the same way: * p < 0.05, ** p < 0.01, *** p < 0.001,
% p< 0.0001.
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3. Results
3.1. Butylated Hydroxytoluene Does Not Impact the Viability of Human Neuroblastoma Cells

Butylated hydroxytoluene (BHT) is a powerful radical scavenger that prevents free
radical-mediated lipid peroxidation [17]. Since ferroptosis involves lipid peroxidation as
a crucial step, we reasoned that BHT might prevent ferroptotic cell death. To test this
hypothesis, we first explored whether standard ferroptosis inhibitors such as ferrostatin-1
and liproxstatin-1 [32] but also BHT might impact the viability of human neuroblastoma
cells (SH-SY5Y).

For this purpose, SH-SY5Y cells were seeded in the wells of 96-well plates at a density
of 30,000 cells/well (cells were resuspended in 0.1 mL of cell culture medium) and cultured
under standard conditions in the presence and absence of different concentrations of
ferrostatin-1, liproxstatin-1, and BHT to near-confluency. From Figure 1, it can be seen
that neither of these compounds significantly altered cell viability. Even at concentrations
in the two-digit micromolar range, cell viability was similar to that of the solvent control
(DMSO) experiments.

A Ferrostatin B Liproxstatin C BHT
150 ik 150 ns 150 ns
i ——
= ns ns b o r—
-
°;1oo- 100 100
'f,
3
2 50 50 50
3
0- 0- T T 0-
AN L0 N N N AN > N N N N AN 3 LA A LA L L& L&
E P& & ST T T F S FLFFTF T EE
S O C TN ST IS
NV R ,f,Q X (W N9 0 LN

Figure 1. Standard ferroptosis inhibitors and BHT do not impact the in vitro cell viability of SH-SY5Y
neuroblastoma cells. SH-SY5Y neuroblastoma cells were seeded in 96-well plates at a density of
30,000 cells/well (0.1 mL of culture medium) and were cultured under standard conditions to near-
confluency in the presence and absence of different concentrations of ferrostatin-1 (A), liproxstatin-1
(B) and BHT (C). Cell viability was assayed as described in Section 2.2. Four independent wells (1 = 4,
four biological replicates) of a 96-well plate were set-up for each experimental group. Means + SD
were determined. For significance calculations, normal distribution of the numeric values was tested
and one-way ANOVA was performed to obtain p-values. ns, not significant.

3.2. Butylated Hydroxytoluene Protects Human Neuroblastoma Cells from RSL-3-Induced Ferroptosis

To explore whether ferroptosis can be induced in SH-SY5Y cells, we incubated the cells
in the presence and absence of the ferroptosis-inducer RSL3. This compound interferes with
cellular glutathione peroxidase 4 (GPX4) and thus induces ferroptotic cell death [33-35].
When we cultured confluent SH-SY5Y cells in the presence of 7.5 uM of RSL3 (Figure 2A),
we observed a strong reduction in cell viability. This effect was prevented when the cells
were pre-incubated with the standard ferroptosis-inhibitors ferrostatin-1 (Figure 2A) and
liproxstatin-1 (Figure 2B). Most interestingly, BHT also prevented RSL3-induced ferroptosis
(Figure 2C) at concentrations as low as 0.6 pM.

To test whether the protective effect of BHT was dose-dependent, we carried out an
additional experiment using 10 pM of RSL3 as a ferroptosis inducer and employed different
BHT concentrations to rescue the cells. Here, we observed that the pre-incubation of the
cells with BHT prevented RSL3-induced ferroptosis in a dose-dependent manner with an
approximate ICs of about 30 nM (Figure 2D).
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Figure 2. The standard ferroptosis inhibitors ferrostatin-1 and liproxstatin-1 but also BHT prevented
RSL3-induced ferroptosis in SH-SY5Y neuroblastoma cells. SH-SY5Y cells were cultured in 96-well
plates to near-confluency. Then, the cells were pre-incubated for 2 h with different concentrations
of the standard ferroptosis inhibitors ferrostatin-1 and liproxstatin-1 as well as with BHT. Finally,
ferroptosis was induced by the addition of RSL3, and after a 24 h incubation period cell viabil-
ity was assayed as described in Section 2.2. (A) RSL3 + ferrostatin-1; (B), TSL3 + liproxstatin-1;
(C) RSL3 + BHT; (D) RSL3 + BHT, dose-dependence. Four independent wells (1 = 4, four biological
replicates) of a 96-well plate were set up for each experimental group. Means & SD were determined.
For significance calculations, normal distribution of the numeric values was tested and one-way
ANOVA was performed to obtain p-values. ****, p < 0.001; ns, not significant.

3.3. Butylated Hydroxytoluene Also Protects SH-SY5Y Cells from ML162-Induced Ferroptosis

RSL3 is the most frequently used ferroptosis-inducer in cellular systems, but alternative
compounds are also available. ML162 is one of these compounds [36], and we explored
whether ML162-induced ferroptosis can also be inhibited by BHT.

As indicated in Figure 3, ML162 induces ferroptosis in SH-SY5Y cells at one-digit
micromolar concentrations. When cells were pre-incubated with different concentrations
(0.03-3 uM) of BHT, the degree of ferroptosis was reduced in a dose-dependent manner, and
at 3 uM BHT complete prevention was observed. These data indicate that BHT prevented
ferroptosis independent of the chemical properties of the ferroptosis inducer.

3.4. Butylated Hydroxytoluene Prevented RSL3-Induced Oxidation of Membrane Lipids

When membrane lipids are oxidised by non-enzymatic and/or enzymatic processes,
the membrane structure is disturbed, which might impair the barrier function of the
membrane. This has previously been reported for endoplasmic membranes [37] but also
for the plasma membrane of human erythrocytes [38]. To test whether RSL3-treatment
impacts the oxidation of the membrane lipids, we incubated SH-SY5Y cells for 24 h in the
presence and absence of RSL3, prepared the cellular membranes, extracted the membrane
lipids, hydrolysed them under mild alkaline conditions, and analysed the hydrolysates by
RP-HPLC to quantify both the cellular content of polyunsaturated fatty acids (PUFA) and
of the oxygenated PUFAs (OH-PUFAs). From these two primary readout-parameters, we
calculated the OH-PUFA /PUEFA ratio (in %), which quantifies the degree of oxidation of
the membrane lipids [39,40]. Example chromatograms of the membrane lipids prepared
from solvent control cells (Figure 4A,B) and from RSL3 treated cells (Figure 4C,D) are
shown. For better comparison, we normalised the intensity scale of the chromatograms
for the most abundant PUFA (linoleic acid) peak. Following the chromatograms at 210 nm
(Figure 4B,D), we quantified the non-oxidised PUFAs, and these data show that arachidonic
acid (AA) and linoleic acid (LA) are the dominant PUFAs in the cellular membrane lipids.
Smaller amounts of alpha-linolenic acid (ALA) and gamma-linolenic acid (GLA) were
also detected. Interestingly, the relative contributions of DHA, AA, LA, and GLA to the
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sum of the major PUFAs were similar in control to SH-SY5Y cells (Figure 4B) and RSL3-
treated cells (Figure 4D). In contrast, the relative share of ALA was lower in control cells
when compared with the RSL3-treated cells. The mechanistic basis for this observation
has not been explored in detail, but it might be possible that RSL3-treatment stimulates
intracellular ALA synthesis. Alternatively, ALA might be protected from RSL3-induced
lipid peroxidation so that its relative share is elevated after RSL3-treatment.
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Figure 3. BHT prevented ML162-induced ferroptosis in SH-SY5Y neuroblastoma cells. SH-SY5Y
cells were cultured in the wells of a 96-well plate to near-confluency. Then, the cells were pre-
incubated for 2 h with different concentrations of BHT. Finally, ferroptosis was induced by the
addition of ML162, and after a 24 h incubation period cell viability was assayed as described in
Section 2.2. Four independent wells (1 = 4, four biological replicates) of a 96-well plate were set-up
for each experimental group. Means + SD were determined. For significance calculations, normal
distribution of the numeric values was tested and one-way ANOVA was performed to obtain p-values.
#%, p < 0.0001; ** p < 0.01; ns, not significant.

Comparing the chromatograms recorded at 235 nm of RSL3-treated (Figure 3C) and
control SH-SY5Y cells (Figure 3A), we found higher levels of oxygenated PUFAs (higher
peaks in the OH-PUFA region) in the RSL3 cells.

Finally, we calculated OH-PUFA /PUFA ratios (in %) from the RP-HPLC chromatograms
as suitable measures for the oxidation degree of the membrane lipids [34,35], and these
data are summarized in Figure 5A. Under basic conditions (no RSL3 treatment), the OH-
PUFA /PUFA ratio of the membrane lipids was 0.73 £ 0.06% (Figure 5A, green column),
and these data (four independent cell preparations) indicate that about seven OH-PUFA
residues were present in the membrane lipids per 1000 PUFA residues. These data indicate
that the degree of membrane lipid oxidation was low in resting SH-SY5Y cells. When the
cells were cultured in the presence of BHT (1 uM), the OH-PUFA /PUFA ratio was hardly
altered (Figure 5A, yellow column). However, when the cells were incubated in the presence
of RSL3 (Figure 5A, red column), the OH-PUFA /PUFA ratios went up to 2.26 & 0.89%,
indicating a three-fold increase in the degree of membrane lipid oxidation. In the presence
of BHT (Figure 5A, blue column), this increase was completely prevented (Figure 5A, blue
column). Taken together, these data indicate that BHT prevented RSL3-induced membrane
lipid oxidation.
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Figure 4. RP-HPLC analysis of the oxidation degree of SH-5Y5Y membrane lipids. SH-SY5Y cells were
grown to near-confluency in 10 cm Petri dishes and ferroptosis was induced by the addition of 10 pM
RSL3. After a two-hour incubation period, the cells were harvested, washed, and the membrane
lipids were extracted according to Bligh—Dyer [26]. The solvents were evaporated, the remaining
membrane lipids were hydrolysed under alkaline conditions, and the free fatty acid derivatives were
analysed by RP-HPLC (see Section 2.3.) following the chromatograms simultaneously at 235 nm
(oxygenated PUFA derivatives) and 210 nm (non-oxidised PUFAs). (A) Analysis of the hydroxy-PUFA
of confluent SH-SY5Y cells cultured in the absence of RSL3. (B) Analysis of non-oxidized PUFAs of
SH-SY5Y cells cultured in the absence of RSL3. (C) Analysis of hydroxy-PUFA of confluent SH-SY5Y
cells cultured for 2 h in the presence of RSL3. (D) Analysis of non-oxidised PUFAs of SH-SY5Y cells
cultured for 2 h in the presence of RSL3. ALA, alpha-linolenic acid; GLA, gamma-linolenic acid;
AA, arachidonic acid; LA, linoleic acid; DHA, docosahexaenoic acid. Four independent cell cultures
(n = 4, four biological replicates) were set up for each incubation condition (absence of RSL3 vs.
presence of RSL3) and representative chromatograms are shown. Example chromatograms for the
other experimental groups (SH-SY5Y cells + BHT, SH-SY5Y cells + 1 uM BHT + 10 uM RSL3) are
shown in Supplementary Figure S1.

The elevated OH-PUFA /PUFA ratio measured in RSL3-traeted SH-SY5Y cells suggests
an increased cellular oxidation potential, which might be related to an increased formation
of reactive oxygen species (ROS). The cellular oxidation potential can easily be quantified
using membrane-permeable redox-sensitive fluorescence probes [41]. For our study, we
used the fluorescence-indicator dichloro-dihydrofluorescein diacetate (DCF-DA), which
is membrane permeable and becomes fluorescent when converted intracellularly to its
oxidized form. DCE-DA oxidation can be induced by reactive oxygen species (ROS), but
also by other oxidizing agents that are formed during ferroptotic signalling. When we
used this method (Figure 5B), we found that RSL3-treatment increased the intracellular
fluorescence levels by a factor of two (Figure 5B, red column), and BHT (Figure 5B, blue
column) prevented the RSL3-induced increase. In other words, the alterations in the
intracellular oxidation potential parallels the oxidation of the membrane lipids.
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Figure 5. BHT prevented RSL3-induced oxidation of membrane lipids. (A) RP-HPLC quantification
of the OH-PUFA /PUFA ratio as suitable readout parameter characterising the oxidation degree of
the cellular membrane lipids. Panel (A): SH-SY5Y cells were cultured in 10 cm Petri dishes in the
absence (solvent control, DMSO, green column) and presence of 10 uM RSL3 (red column). After
reaching near-confluency, 1 uM BHT was added and the cells were further cultured for 2 h. Then,
cells were harvested, membrane lipids were extracted, the ester lipids were hydrolysed, and the
hydrolysates were analysed by RP-HPLC as described in Section 2.3. Four different Petri-dishes
(n =4, four biological replicates) were set up for each of the four different experimental groups
(control cells, BHT-treated cells, RSL3-treated cells, and BHT- + RSL4 treated cells). All samples were
worked up and analysed separately. Means + SD were determined and significance calculations were
carried out as described above for the cellular survival experiments. ** p < 0.01; ns, not significant.
Panel (B): For measurements of the cellular oxidation potential, SH-SY5Y cells were seeded into the
wells of a 96-well plate, and for each experimental group three different wells (n = 3, three biological
replicates) were used. After the work-up procedure the fluorescence of the cells of each well was
quantified separately. Means 4 SD were determined and significance calculations were carried out as
described above for the cellular survival experiments. ** p < 0.01; ** p < 0.001; ns, not significant.

3.5. RSL3 Inhibits Intracellular GPX4 Activity but Does Not Modify GPX4 Gene Expression

Glutathione peroxidase 4 (GPX4) [42] is a key player in ferroptotic signalling [1-3]. It
reduces organic and inorganic peroxides to the corresponding alcohols and thus prevents
free radical-mediated secondary reactions [42]. RSL3 induces ferroptosis by inhibiting the
catalytic activity of the enzyme in cellular systems and thus drives cells into ferroptotic cell
death [33,34]. On the other hand, in vitro GPX4 activity assays carried out with selenium-
containing recombinant GPX4 did not inhibit the catalytic activity of human GPX4 [43].
When we assayed the activity of GPX4 using a cellular lysate of SH-SY5Y cells as enzyme
source using hydroperoxy phospholipids as substrate, we found that RSL3-treatment
strongly reduced the catalytic activity of this enzyme (Figure 6A, green vs. red columns).
Interestingly, the RSL3-induced decline in catalytic activity was prevented when the cells
were pre-treated with BHT (Figure 6A, red vs. blue column). The molecular basis for the
protective effect of BHT has not been explored, but possible mechanisms are discussed in
Section 4.

Next, we investigated whether or not the cellular mRNA concentrations encoding for
the different GPX4 isoenzymes were modified by RSL3. Here, we found that the steady-
state mMRNA concentration of any GPX4 isoform was neither modified by RSL3, liproxstatin,
nor BHT (Figure 6B-D), and these data indicate that GPX4 expression was hardly modified
by these compounds.
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Figure 6. Expression of GPX4 isoforms in control and ferroptotic SH-SY5Y cells. Panel (A): GPX
activity assays. SH-SY5Y cells were cultured to near-confluency in T75 cell-culture flasks, and for
each experimental group two separate culture flasks (two biological replicates) were set up. Then,
cells were pre-incubated in the presence and absence of BHT and after a 2 h pre-incubation period
ferroptosis was induced by the addition of RSL3. Cells from each flask were disrupted separately, the
lysates were centrifuged, and two independent GPX4 activity measurements (two technical replicates)
were carried out with each lysate using hydroperoxy phospholipids as substrate. Means + SD
were calculated and one-way ANOVA was carried out. Panels (B-D): Expression of GPX4-isoforms.
SH-SY5Y cells were cultured as described in the legend to Panel A (two biological replicates). After
reaching near-confluency, cells were pre-incubated with ferroptosis inhibitors Lip-1 or BHT. After a
2 h pre-incubation period, ferroptosis was induced by the addition of RSL3. Cells were prepared,
total RNA was extracted, and the steady state concentrations of the different GPX4 isoforms were
determined by qRT-PCR using isoform-specific primer combinations (see Section 4 for methodological
details and primer sequences). Two separate qRT-PCR runs (two technical replicates) were run for
each mRNA extract. (B) Quantitative RT-PCR of the mRNA species encoding for all GPX4 isoforms
(cytosolic GPX4, mitochondrial GPX4, nuclear GPX4). (C) Quantitative RT-PCR of the mRNA species
encoding for mitochondrial GPX4 only. (D) Quantitative RT-PCR of the mRNA species encoding for
the nuclear GPX4 only. *, p < 0.05; ***, p < 0.001; **** p < 0.0001; ns, not significant.

3.6. RSL3 Does Not Inhibit Recombinant Selenium Containing GPX4

RSL3 is a frequently employed inducer of ferroptosis [33,34,44], and mechanistic
experiments suggested that this compound inhibits the catalytic activity of this enzyme [45].
To test the putative inhibitory effect of RSL3 on recombinant selenium containing GPX4,
we pre-incubated the purified enzyme with RSL3 for 15 min and found that the compound
did not inhibit the catalytic activity of the recombinant enzyme (Figure 7). This result
is consistent with a recent literature report [45]. In addition, we also tested the GPX4
inhibitory activity of ML162 [46]. Here, we observed a 60% inhibition of the recombinant
selenocysteine-containing enzyme.

3.7. Lipoxygenase Isoforms Are Neither Expressed in Resting nor in RSL3-Treated SH-SY5Y Cells

Arachidonic acid lipoxygenases (ALOX-isoforms) are lipid-peroxidizing enzymes,
which have been implicated in the mechanisms of ferroptosis [47-49]. To explore the
expression patterns of the six human ALOX isoforms under basal conditions in SH-SY5Y
cells, we employed a quantitative reverse transcriptase polymerase chain reaction (qRT-
PCR) that involved the use of external amplification standards for each ALOX-isoform
and for the reference enzyme GAPDH. This method allowed for the precise quantification
of the cellular steady-state mRNA concentrations of each target enzyme, which is given
in the number of mRNA copies of the ALOX-isoforms per 10° GAPDH mRNA copies.



Antioxidants 2024, 13, 242

13 of 20

Unfortunately, we did not obtain specific amplification signals. When we repeated the
measurements with RNA extracts of RSL3-treated cells, we obtained similar results. Taken
together, these data indicate that the steady-state ALOX mRNA isoforms were below the
detection limits of our gRT-PCR system, which were about 10 copies of ALOX mRNA
per 10° GAPDH mRNA copies.
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Figure 7. RSL3 does not inhibit the catalytic activity of recombinant selenium-containing human
GPX4. Expression of recombinant selenium-containing human GPX4 and in vitro GPX4 activity
assays were carried out as described in Section 2.6. Aliquots of the recombinant enzyme preparation
were pre-incubated in the assay mixture with 20 pM RSL3 and ML162 for 1 h, and then the GPX4
reaction was started by the addition of tert-butyl hydroperoxide as substrate. The decrease in
absorbance at 340 nm was assayed. Four independent activity measurements (1 = 4, four technical
replicates) were carried out for the DMSO control and two activity assays (n = 2, two technical
replicates) were performed for each ferroptosis inducer (RSL3, ML162). Each symbol represents an
individual measurement. A single enzyme preparation of recombinant selenocysteine-containing
human GPX4 was employed. The mean of the DMSO activity assays was set at 100%.

3.8. Oral Application of BHT Normalizes the Expression of Ferroptosis-Related Genes in a Rat
Alzheimer’s Disease Model

Alzheimer’s diseases (AD) is the most prevalent neurodegenerative disease worldwide
and has a big socio-economic impact [50,51]. In its early stages, it is characterised by
neuronal dysfunction, which finally leads to neuronal cell death, and ferroptosis is one of the
major cell-death mechanisms in the brains of AD patients [52,53]. To explore whether BHT
is capable of preventing ferroptotic cell death in vivo, we orally pre-treated rats with BHT
at a dose of 120 mg/kg body weight for 4 days. The low acute toxicity of BHT [20] allowed
for the application of this dose, and previous results indicated that rats do not develop any
symptoms of toxicity when treated this way [20]. Although we did not quantify any blood
parameter to search for malfunctions of specific organs, we did not observe major signs of
acute toxicity when we evaluated the overall health status (daily inspections) of the animals.
To induce the formation of AD-related symptoms, streptozotocin at a dose of 3 mg/kg was
locally administered through bilateral intracerebroventricular injections on both sides [54].
After surgery, the rats were allowed to recover for three weeks, and then the animals were
sacrificed. The hippocampal regions were prepared and the expression of three AD-related
gene products (Fthl, Acsl4, Alox15) were quantified by semi-quantitative RT-PCR.

Ferritin (Fth1) is an intracellular iron-binding protein [55], the expression of which
is upregulated when cells are about to undergo ferroptosis [56]. We found a significant
upregulation of Fth1 expression in streptozotocin-treated rats when compared with Sham-
operated animals. Interestingly, this upregulation was prevented when the animals received
BHT four days before streptozotocin installation. Fatty acid CoA ligase 4 (FACL4) is an
enzyme that is encoded by the ACSL4 gene. It catalyses the formation of arachidonyl-CoA
and thus facilitates the incorporation of this PUFA into the cellular ester lipid fraction. It
has been implicated in ferroptotic signalling [57] and is frequently used in cellular systems
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as a ferroptosis marker. We observed that intraventricular streptozotocin installation up-
regulated the expression of Acsl4 mRNA (Figure 8B). Although this upregulation did not
reach the level of statistical significance, it was completely prevented by BHT. Arachidonic
acid 15 lipoxygenase (Alox15) has also been implicated in ferroptotic signalling [49]. Un-
fortunately, in the rat hippocampus, this lipid peroxidizing enzyme is only expressed at
rather low levels (Figure 8C). However, streptozotocin installation significantly elevated
the hippocampal Alox15 mRNA concentrations, and BHT treatment completely prevented
this elevation.
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Figure 8. BHT prevents the upregulation of ferroptosis-related genes in an in vivo model of
Alzheimer’s disease. Rats were orally pre-treated with BHT at a dose of 120 mg/kg body weight for
4 days and then the formation of AD-related symptoms was induced by bilateral intracerebroventric-
ular injections of streptozotocin (3 mg/kg on both sides). Hippocampal tissue was prepared, RNA
was extracted, and semi-quantitative RT-PCR of selective Alzheimer’s disease-related genes was
carried out. Three different rats (n = 3, three biological replicates) were set-up for each of the three
experimental groups. After appropriate treatment, the hippocampus was prepared from each rat,
RNA was extracted, and two independent RT-PCR runs were carried out with each RNA extract.
Means + SD were quantified and one-way ANOVA was used to calculate the p-values. (A) Fthl
expression, (B) Acsl4 expression, (C) Alox15 expression. * p < 0.05, ** p < 0.01, *** p < 0.001, ns,
not significant.

In additional experiments, we also quantified the expression of the amyloid precursor
protein (APP), which is of relevance for the pathogenesis of AD. In brain cells, the APP
protein is metabolized by secretases forming the Afi-cleavage peptides. In AD patients,
these cleavage peptides aggregate extracellularly to form the characteristic A3 plaques [58].
When we quantified the tissue concentrations of the APP mRNA in the hippocampus
(Supplementary Figure S2), we obtained specific amplification signals. These signals were
more intense after the induction of the AD symptoms although the difference between the
two groups did not reach the level of statistical significance. Most interestingly, however,
BHT treatment prevented the increase in APP expression and even reduced the basic
expression of this gene (Sham group). Statistic evaluation revealed a significant difference
(p < 0.05) between the AD rats (no BHT administration) and the HBT-treated AD animals
(Supplementary Figure S2).

Taken together, our expression data suggest that ferroptosis-relevant genes are upreg-
ulated in this in vivo Alzheimer’s disease model and that this upregulation is prevented by
BHT. Thus, BHT does not only prevent ferroptosis in our cellular in vitro systems but also
in this in vivo model of Alzheimer’s disease.
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4. Discussion
4.1. BHT Does Not Impact the Viability of SH-SY5Y Cells under Baseline Conditions but Protects
Cells from RSL3-Induced Ferroptosis

2,6-Di-tert-butyl-4-methylphenol (BHT) is a powerful anti-oxidant which is frequently
used as a preservative in lubricants and embalming fluids but also in cosmetics [17].
On the other hand, previous reports suggested that BHT may exhibit deleterious effects.
A few reports suggested mutagenic and genotoxic activities of BHT [23-25], but more
detailed investigations into these effects suggested that BHT does not represent a relevant
mutagenic/genotoxic risk to man [23]. Some of the deleterious activities have been related
not to BHT itself but to BHT metabolites. The pharmacological properties of some of these
BHT metabolites have been explored [59], and most of them do not exhibit toxic effects.
However, because of the complexity of the metabolite pattern, it still might be possible that
some of the minor metabolites might exhibit toxic properties, and thus the use of BHT in
food chemistry is problematic.

Because of its strong anti-oxidative properties, we tested the anti-ferroptotic properties
of BHT in an in vitro cell culture model. For these experiments, we used the compound
at concentrations of up to 30 uM but did not observe any signs of cell toxicity. Under the
microscope, the cells looked normal and we did not observe any impact of BHT on cell
viability. However, when we pre-incubated the cells with BHT and then induced ferroptosis
by two different ferroptosis inducers (RSL3, ML162), we induced the resistance of the cells
for this type of programmed cell death (Figure 2C,D and Figure 3A,B). The effects were
dose-dependent and they appeared at sub-micromolar BHT concentrations. For RSL3-
induced ferroptosis an ICsj in the two-digit nM range was estimated (Figure 2D). With
such a low IC5yp BHT was more effective in preventing ferroptosis when compared with
the frequently employed standard ferroptosis-inhibitors ferrostatin-1 and liproxstatin-1
(Figure 2).

4.2. The Anti-Ferroptotic GPX4 Is High-Level Expressed in SH-SY5Y Neuroblastoma Cells but
ALOX-Isoforms Are Absent

Glutathione peroxidase 4 (GPX4) is a key player in the ferroptosis-signalling cascade [1-3].
This enzyme is ubiquitously expressed in most mammalian cells, but the highest expres-
sion levels have been reported in the testis. In this organ, the GPX4 mRNA steady-state
concentrations are similar to those of GAPDH [60]. To quantify the level of GAPDH expres-
sion in SH-SY5Y cells, we carried out qRT-PCR and measured more than 2 x 10° GPX4
mRNA copies per 10° GAPDH mRNA copies (Figure 4B). These data indicate that GPX4 is
expressed at rather high levels in SH-SY5Y cells. The major GPX4 isoform in these cells is
the cytosolic enzyme since the mRNAs encoding for the mitochondrial and nuclear GPX4
isoforms were detected at much lower steady-state concentrations (Figure 4C,D).

GPX4 activity assays using the lysate supernatant of SH-SY5Y cells as an enzyme
source revealed the RSL3-treatment reduced the catalytic activity of GPX4, and this reduc-
tion is prevented when the cells were pre-treated with BHT (Figure 6A). The molecular
mechanism for the observed GPX4 inhibition by RSL3 in intact SH-SY5Y cells has not been
studied in detail. However, the protective effect of BHT suggests the involvement of cellular
oxidation reactions, which might lead to the oxidative inactivation of the enzyme. Native
GPX4 involves a number of redox-sensitive amino acids including the catalytically active
selenocysteine [46,61], and the oxidation of these residues may alter the catalytic activity of
the enzyme. Such oxidation reactions may not occur when purified GPX4 is incubated with
RSL3 since under these conditions the catalytic activity is not inhibited (Figure 7). Thus, a
direct interaction of RLS3 with the GPX4 protein appears unlikely.

Glutathione peroxidase 4 (GPX4) and arachidonic acid lipoxygenases-15 (ALOX15) are
antagonising enzymes in the metabolism of hydroperoxy lipids, and they are inversely reg-
ulated by cytokines [62]. ALOX15 oxygenates unsaturated ester lipids such as membrane
phospholipids [39] and lipoprotein cholesterol esters [40] to their hydroperoxy deriva-
tives, and GPX4 reduces these hydroperoxides to the hydroxy derivatives. Moreover,
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GPX4 downregulates the catalytic activity of ALOX-isoforms by lowering the intracellular
peroxide tone [63]. Since ALOX isoforms have also been implicated in ferroptotic sig-
nalling [49,64], we also tested whether ALOX isoforms are expressed in SH-SY5Y cells. The
human genome involves six distinct ALOX genes [65]. We worked out qRT-PCR systems
including external amplification standards for each ALOX isoform and first tested which of
these enzymes are expressed in resting SH-SY5Y cells. Unfortunately, for none of the six
different human ALOX isoforms did we obtain reliable amplification signals. These data
indicate that ALOX isoforms are not expressed at significant levels in SH-SY5Y cells. To
confirm these conclusions for human ALOX15, ALOX15B, ALOX12, and ALOX5, we also
performed in vitro activity assays. When incubating the cells in the presence of arachidonic
acid we did not detect the formation of specific ALOX products. Even after the stimulation
of the cells with RSL3 we neither detected specific amplification signals in qRT-PCR nor
the formation of ALOX products in activity assays. Thus, in this cellular model, ALOX
isoforms are not needed for RSL3-induced ferroptosis.

4.3. RSL3 Inhibits Cellular GPX4 Activity but Does Not Prevent the Catalytic Activity of the
Selenocysteine-Containing Recombinant Enzyme

As indicated in Figure 5A, RSL3 inhibits GPX4 activity when SH-SY5Y cells were
treated with RSL3. In contrast, when the recombinant selenocysteine-containing enzyme
was used, no inhibition was observed (Figure 6). At first glance, these results contradict
each other. However, in cellular systems, RSL3 inhibits the catalytic activity of GPX4 but
this inhibition may not be caused by direct GPX4-inhibitor interaction. In fact, in a previous
study, an adapter protein (14-3-3 epsilon) was identified, which appears to be indispensable
for the RSL3-induced inactivation of intracellular GPX4 activity [66]. Overexpression
and expression silencing of the 14-3-3 epsilon protein consistently controlled the RSL3-
induced inactivation of intracellular GPX4 [66]. The 14-3-3 epsilon protein is encoded
by the YWHAE gene, which is located close to the telomere region on the short arm of
chromosome 17. On the other hand, RSL3 directly interacts with recombinant human GPX4
(Sec46Cys mutant), and the crystal structure of the enzyme-inhibitor complex indicates that
Cys66 may play an important role in this interaction [67]. We found that the selenocysteine-
containing human recombinant GPX4 (Figure 5A) is not inhibited by RSL3, and thus the
inhibitor may not directly interact with the purified GPX4 protein. This conclusion is
consistent with the previous observation that Cys66 is important for enzyme-inhibitor
interaction [67] since our enzyme preparation lacks Cys66. The preparation procedure of
our selenocysteine-containing GPX4 involved the mutation of all cysteine residues except
Cys46, which was expressed in E. coli as Sec using a special type of expression strategy [61].

ML126 is another commercial ferroptosis-inducer [43], and in Figure 3 we show that it
induces ferroptosis in SH-SY5Y cells that can be prevented by ferrostatin. When we tested
this compound as an inhibitor for recombinant Sec-containing GPX4, we observed 65%
inhibition. Thus, ML162 directly interacts with Sec-containing GPX4, and the covalent
binding of this compound to Sec has been reported [46]. In other words, no special adapter
protein is needed to explain the pro-ferroptotic activity of ML162. However, these data do
not exclude the possibility that intracellular adapter proteins may play a role.

4.4. BHT Prevents Upregulation of Expression of Patho-Physiologically Relevant Genes in a Rat In
Vivo Model of Alzheimer’s Disease

Alzheimer’s disease is the most frequent neurodegenerative disorder [51], and its
pathogenesis involves the ferroptotic death of neurons [52]. Here, we observed (Figure 8)
that oral the application of BHT prevented the upregulation of the expression of ferroptosis-
relevant genes in an in vivo Alzheimer’s disease model. These data suggest that BHT
does not only effectively interfere with ferroptotic signalling in cellular in vitro models
but that it might also be capable of preventing ferroptosis in vivo. However, our ex vivo
expression profiles (Figures 8 and S2) do not prove that BHT protects animals from the
development of functional AD symptoms, such as memory defects. More detailed in vivo
studies are needed to address this point, and corresponding experiments are currently
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underway in our group. Moreover, based on our data it was impossible to conclude
whether the in vivo effects were related to BHT itself or to BHT metabolites. Moreover, the
molecular basis for the observed expression regulations has not been explored. Because of
its anti-oxidative properties [17], BHT modifies the intracellular oxidation potential and
thus should modify the expression of redox-sensitive genes. However, it remains unclear
whether the expression of the quantified genes is redox-sensitive and which transcription
factor might be involved.

4.5. Degree of Novelty, Advancement of Science, and Limitations of Our Study

It has been reported before that lipophilic anti-oxidants such as vitamin E deriva-
tives or BHT are capable of inhibiting ferroptosis because of their radical-scavenging
properties [17,18]. However, the impact of BHT on the RSL3- and ML162-induced ferrop-
tosis of SH-SY5Y neuroblastoma cells has not been reported before. Moreover, we did
not only show that BHT inhibits ferroptosis in SH-SY5Y cells but we also explored the
molecular basis for its anti-ferroptotic activity. We showed that the degree of oxidation of
the cellular membrane lipids is elevated after the induction of ferroptosis (Figure 4) and
that BHT suppressed this elevation (Figure 5A). In addition, RSL3 elevated the cellular
oxidation potential (Figure 5B), and BHT prevented this effect. Since both the increase in the
cellular oxidation potential and the increase in the degree of membrane lipid oxidation are
mechanistic elements in ferroptotic signalling, we concluded that BHT inhibits ferroptotic
cell death via interfering with these two deleterious processes.

RSL3-induced ferroptotic signalling alters the cellular gene-expression patterns [68-70],
and the expression alterations of pro- and anti-oxidative enzymes have been implicated.
Here, we show that in our cellular ferroptosis model neither the expression of the pro-
oxidative ALOX isoforms nor the expression of the anti-oxidative GPX4 was modified.
These data prompted the conclusion that ferroptotic signalling in SH-SY5Y cells does not
involve ALOX isoforms.

The anti-ferroptotic activity of BHT might be of direct medical interest since the data
reported here may qualify BHT as a potential drug for treating ferroptosis-related diseases.
This may be the case for different neurodegenerative diseases, for which ferroptosis has
been suggested as a relevant patho-physiological mechanism, but also for diseases of the
cardiovascular, urinary, reproductive, and the digestive systems [3]. The data presented
in Figure 8 indicate that oral BHT administration normalized the cerebral expression of
ferroptosis-related genes. Whether these observed expression regulations are a functional
consequence of ferroptosis inhibition can hardly be judged at the moment, but work is in
progress in our laboratory to address this point.

Ferroptosis is not always a deleterious process since it also constitutes a physiological
defence mechanism in tumour biology. Ferroptosis kills cancer cells, and thus it prevents
tumour growth and metastasis [1-3]. In other words, the systemic application of BHT
in humans might slow down the development of neurodegenerative diseases but may
also facilitate the growth of tumours. In fact, the pro-carcinogenic effects of BHT, which
have previously been described to occur at high BHT concentrations [23-25], might be
related to the inhibition of tumour-cell ferroptosis. Thus, before the clinical use of BHT as a
ferroptosis-inhibitor in neurodegenerative diseases can be recommended, more detailed
mechanistic studies on the possible adverse effects of this compound are needed.

5. Conclusions

Butylated hydroxytoluene (BHT) is frequently used as an anti-oxidative preservative
in oil chemistry and cosmetics but owing to the adverse health effects its use in food
chemistry it has not been recommended any more. Here, we report that BHT effectively
prevents RSL3- and ML162-induced ferroptotic cell death in a human neuroblastoma cell
line by inhibiting the ferroptosis-related oxidation of membrane lipids. Its anti-ferroptotic
effect was confirmed in an in vivo rat model of Alzheimer’s disease. Taken together, our
results suggest that BHT might exhibit neuroprotective effects preventing ferroptosis-
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induced neuronal cell death. Eventually, Alzheimer’s disease patients might benefit from
BHT treatment.

Supplementary Materials: The supplementary materials can be found at https://www.mdpi.com/
article/10.3390/antiox13020242/s1. Figure S1. RP-HPLC analysis of the oxidation degree of SH-SY5Y
membrane lipids; Figure S2. Streptozotocin treatment induced the expression of the APP gene but
pre-treatment of the animals with BHT prevented this effect.
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