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ARTICLE INFO ABSTRACT
Keywords: Geometrical mono-trans isomers of arachidonic acid (mtAA) are endogenous products of free radical-induced cis-
Trans-fatty acids trans double bond isomerization occurring to natural fatty acids during cell metabolism, including lipid per-

Polyunsaturated fatty acids
Free radicals
Lipid peroxidation

oxidation (LPO). Very little is known about the functional roles of mtAA and in general on the effects of mono-
trans isomers of polyunsaturated fatty acids (mtPUFA) in various types of programmed cell death, including
Cis-trans isomerization ferroptosis. Using HT1080 and MEF cell cultures, supplemented with 20 pM PUFA (i.e., AA, EPA or DHA) and
Ferroptosis their mtPUFA congeners, ferroptosis occurred in the presence of RSL3 (a direct inhibitor of glutathione perox-
NADPH oxidase idase 4) only with the PUFA in their natural cis configuration, whereas mtPUFA showed an anti-ferroptotic effect.
By performing the fatty acid-based membrane lipidome analyses, substantial differences emerged in the mem-
brane fatty acid remodeling of the two different cell fates. In particular, during ferroptosis mtPUFA formation
and their incorporation, together with the enrichment of SFA, occurred. This opens new perspectives in the role
of the membrane composition for a ferroptotic outcome. While pre-treatment with AA promoted cell death for
treatment with HyO2 and RSL3, mtAA did not. Cell death by AA supplementation was suppressed also in the
presence of either ferroptosis inhibitors, such as the lipophilic antioxidant ferrostatin-1, or NADPH oxidase
(NOX) inhibitors, including diphenyleneiodonium chloride and apocynin. Our results confirm a more complex
scenario for ferroptosis than actually believed. While LPO processes are active, the importance of environmental
lipid levels, balance among SFA, MUFA and PUFA in lipid pools and formation of mtPUFA influence the
membrane phospholipid turnover, with crucial effects in the occurrence of cell death by ferroptosis.

molecular pillars (iron, thiols and phospholipids) and their metabolism
in ferroptosis. Notably, GPX4 (glutathione peroxidase 4) enzymatically
reduces toxic phospholipid hydroperoxides (LOOH) to non-toxic phos-
pholipid alcohols (LOH) at the expense of glutathione (GSH) [7]; indi-
rect or direct inhibition of GPX4, by depleting GSH or blocking GPX4
activity, respectively, induces ferroptosis [3,4,7]. Ferroptosis serves as a
tumor-suppressing mechanism, or can be at the onset of neurodegen-
erative and cardiovascular diseases [8,9]. Accordingly, pharmacological
inducers (e.g., RSL3) and inhibitors (e.g., Ferrostatin-1) have been
developed and applied to the treatment of cancer and ferroptosis-related
diseases [8,9]. Fig. 1b shows the non-enzymatic LPO of polyunsaturated

1. Introduction

After the discovery of programmed cell death, named apoptosis [1],
multiple modes of non-apoptotic/necrotic programmed cell death have
been identified, including necroptosis, pyroptosis, and most recently,
ferroptosis, which are governed by different molecular mechanisms [2].
Ferroptosis is a caspase-independent cell death triggered by
iron-dependent lipid peroxidation (LPO) [3,4]. Peroxidation of phos-
phatidylethanolamine (PE) containing arachidonic acid (AA) is consid-
ered a crucial triggering pathway [5,6], and Fig. 1a summarizes three
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Abbreviations

AA arachidonic acid

Apo apocynin

CHX cycloheximide

DFO deferoxamine

DHA docosahexaenoic acid
DPI diphenyleneiodonium chloride
EPA eicosapentaenoic acid
FAME fatty acid methyl ester
Fer-1 Ferrostatin-1

GC gas chromatography
GSH glutathione

GPX4
LOOH
LOH
LPO
MEF
mt
MUFA
PE

PL
PUFA
ROS
TFA
NOX

glutathione peroxidase 4
phospholipid hydroperoxides
phospholipid alcohols

lipid peroxidation

mouse embryonic fibroblast
mono-trans
monounsaturated fatty acids
phosphatidylethanolamine
phospholipids
polyunsaturated fatty acids
Reactive oxygen species
trans-fatty acid

NADPH oxidase

fatty acids (PUFA) residues of phospholipids (PL). It is widely believed,
although actively discussed, that during ferroptosis LPO occurs by both
reactivity
radical-mediated oxidation of PUFA gives random, racemic products,
while 15-LOX oxidizes AAs regio-, stereo-, and enantiospecifically [12,

enzymatic and non-enzymatic

13].

Enzymatically introduced carbon-carbon double bonds in the fatty
acid hydrocarbon chain are only in the cis configuration in the human
body [14]. Trans-fatty acids (TFAs), that contain at least one double
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bond in the trans configuration, are known as side products of industrial
oil processing and can enter the body through dietary consumption [15].
TFA intake has been associated with various pathologies including
ischemic heart disease [16], Alzheimer [17], and bowel cancer [18]. On
the other hand, TFAs are formed during metabolism by an endogenous

free radical-catalyzed isomerization of natural cis lipids [19]. This

process occurs independently of foods, as formerly demonstrated for
mono-trans AA (mtAA) in rats fed a TFA-free diet [20]. In the last twenty
years [15,19,21-23], thiyl radicals (RS®) were mainly individuated as
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Fig. 1. (a) Schematic representation of enzymatic lipid peroxidation (LPO)-induced ferroptosis with its three molecular pillars: iron, thiols and polyunsaturated
phospholipids. AA-PE: esterification of arachidonic acid (AA) into phosphatidylethanolamine (PE). The enzymatic AA-PE peroxidation yielding a specific hydro-
peroxide (15-HOO-AA-PE), a pro-ferroptotic metabolite. Glutathione peroxidase 4 (GPX4) uses glutathione (GSH) to reduce lipid peroxides with formation of the
corresponding alcohols. 15-HOO-AA-PE is subsequently degraded to form adducts with target proteins, eventually leading to cell death. (b) Non-enzymatic
mechanism of free radical-initiated lipid peroxidation (LPO) of polyunsaturated fatty acid (PUFA) moieties incorporated in phospholipids (PL), depicted as free
radical chain reaction (In®, radical initiation). (¢) Mechanism of thiyl radical catalyzed cis-trans double bond isomerization of unsaturated fatty acid moieties in
phospholipids depicted as consecutive addition-elimination process. (d) The four monotrans isomers of arachidonic acid (mtAA) structures, as product mix obtained
from the thiyl radical-catalyzed isomerization of AA.
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responsible reactive species causing the endogenous TFAs formation
[15,19,24], with the mechanism shown in Fig. 1c. In the case of AA, a
mixture of four mtAA isomers is produced (Fig. 1d) [25,26]. They were
synthetically obtained and such library of mtAA used as molecular
standards to check their endogenous metabolic formation in cells [27,
28], animals [29], and humans [27,28]. An example is the treatment of
cells with bleomycin, an anticancer drug known to generate RS®, which
induces cis-trans isomerization of unsaturated fatty acids in membrane
phospholipids [29]. It is important to underline that gas chromatog-
raphy (GC) is the gold standard methodology for lipid analysis con-
cerning fatty acid structures and related modifications, in particular
those without change of molecular mass. Synthetic TFA library
expanded to eicosapentaenoic acid (EPA), and docosahexaenoic acid
(DHA) ensures accurate identification and calibration of the main
mtPUFA isomers in various metabolic situations [26,27].

In this study, we performed a comprehensive analysis to examine the
effect of PUFA and mtPUFA on various types of programmed cell deaths
in cultured cells, identifying peculiar behavior of mtPUFA in ferroptosis.
Indeed, while AA, EPA and DHA promoted a strong pro-ferroptotic ac-
tivity by increasing lipid peroxidation, their corresponding mtPUFA did
not. For the first time membrane remodeling was followed-up during
RSL3-induced ferroptosis evidencing that mtAA formation occurs during
increased lipid peroxidation, and the mtAA content in HT1080 cell
membranes is similar to when these isomers are exogenously supplied at
20 pM in the medium. The fatty acid-based membrane lipidome analysis
identified the complete membrane remodeling after 20 pM of PUFA and
mtPUFA supplementations contributes to the scenario of this important
membrane-dependent process.

2. Materials and Methods
2.1. Reagents

ATP, tunicamycin, and HoO, were purchased from Wako (Tokyo,
Japan). LPS was purchased from Invivogen (San Diego, CA, USA).
Cycloheximide, (1S,3R)-RSL3, and ferrostatin-1 were purchased from
Sigma-Aldrich (Burlington, MA, USA). TNF-a was purchased from Enzo
Life Sciences (Farmingdale, NY, USA). Z-VAD-fmk was purchased from
Peptide Institute (Osaka, Japan). Necrostatin-1 was purchased from
Santa Cruz (Dallas, TX, USA). Rucaparib was purchased from Selleck
Chemicals (Houston, TX, USA). 1-Methyl-3-nitro-1-nitrosoguanidine
(MNNG) and doxorubicin were purchased from Tokyo Chemical In-
dustry (Tokyo, Japan). phorbol 12-myristate 13-acetate (PMA), and
nigericin were purchased from Santa Cruz (Dallas, TX, USA). MCC950,
Deferoxamine, Triacsin C, all cis-AA, EPA and DHA were purchased from
Cayman (Ann Arbor, MI, USA). Apocynin was purchased from Tocris
Bioscience (Bristol, UK). Diphenyleneiodonium chloride (DPI) was
purchased from Abcam (Cambridge, UK). Sapienic acid (6¢-16:1), 8c-
18:1 and sebaleic acid (5c, 8c-18:2) methyl esters were purchased
from Lipidox (Lidingo, Sweden); cis and trans FAME were purchased
from Merck (Darmstadt, Germany) and used without further purifica-
tion; chloroform, methanol, isopropanol, diethyl ether and n-hexane
were purchased from Baker (Phillipsburg, NJ, USA) (HPLC grade) and
used without further purification. Silica gel analytical thin-layer chro-
matography (TLC) was performed on Merck silica gel 60 plates, 0.25 mm
thickness, and spots were detected by spraying the plate with cerium
ammonium sulfate/ammonium molybdate reagent.

2.2. Cell culture

HT1080 and mouse embryonic fibroblast (MEF) cells were cultured
in Dulbecco’s Modified Eagle Medium (Nakalai Tesque, Kyoto, Japan)
containing 10% heat-inactivated fetal bovine serum (FBS, Nichirei
Bioscience, Tokyo, Japan) and 1% penicillin-streptomycin solution
(Nakalai Tesque) in 5% CO» at 37 °C. THP-1 cells were cultured in RPMI
1640 (Nakalai Tesque) containing 10% heat-inactivated FBS (Nichirei
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Bioscience), 1% penicillin-streptomycin solution, and Plasmocin
(Invivogen) at 37 °C under a 5% CO; atmosphere. For experiments, THP-
1 cells were differentiated for 3 h with 100 nM phorbol 12-myristate 13-
acetate (PMA) on the day before stimulation.

2.3. Synthesis of monotrans polyunsaturated fatty acids (mtPUFA)

The synthesis of mono-trans isomers of arachidonic acid (mtAA),
eicosapentaenoic acid (mtEPA), and docosahexaenoic acid (mtDHA),
followed thiyl radical-catalyzed isomerization reaction starting from the
commercially available all-cis PUFA methyl esters in alcohol solvent
followed by isolation of mono-trans isomers mixture of the corre-
sponding methyl esters and hydrolysis to free fatty acids. Under these
conditions the preparation of mtPUFAs as free acids can reach the mg
scale, thus fostering more applications to biochemical and biological
studies. A detailed description of our protocol has been recently pro-
vided [30]. It is worth underlining that the four mtAA isomers (for
structures see Fig. 1d) were isolated in high purity (>98%) and analyzed
by GC to be in the following isomeric ratio: 5 mt: 8 mt + 11 mt: 14 mt =
35 : 36: 29. Similarly, mtEPA and mtDHA were obtained in high purity
(>98%) and they consist of a mix of five and six isomers, respectively, in
approximately equal amounts (for details see Ref. [1]).

2.4. Preparation and treatment of fatty acids

Fatty acids were prepared as described previously [31]. Briefly, fatty
acids were dissolved in 0.1 N NaOH at 70 °C, and then conjugated with
fatty acid-free BSA (Wako, pH 7.4) at 55 °C for 10 min to make 5 mM
BSA-conjugated fatty acid stock solutions containing 10% BSA. Various
concentrations of BSA-labeled fatty acids were added to the culture
medium containing fetal bovine serum to achieve a final concentration
of 1% BSA.

2.5. Phospholipid extraction and fatty acid analysis

HT1080 cells were seeded on 10 cm dish, and treated with or without
20 pM mtPUFAs and 10 pM RSL3 for 6 h. The method of phospholipid
extraction and fatty acid analysis was described recently in some details
[32] and followed the well-established Folch method [33]. Briefly, a
sample of ca. 1 x 10° of HT1080 cells suspended in 1 mL PBS was added
to 0.5 mL triple-distilled H,O and centrifuged at 14,000 rpm for 5 min at
4 °C; lipid extraction was performed with 2:1 chloroform/methanol (4
x 4 mL). The organic layers were dried on anhydrous Na;SO4 and
evaporated to dryness. The total lipid extracts (0.9-1.1 mg), composed
by phospholipids and cholesterol analysis (by TLC n-hexane:dieth-
ylether 9:1) were converted to FAMEs by adding 0.5 M KOH in MeOH
(0.5 mL); the transesterification reaction was stirred for 10 min and
quenched by brine (0.5 mL). FAMEs were extracted with n-hexane (4 x
2 mL), dried on anhydrous NaySOy4, evaporated to dryness and analyzed
by GC in comparison with standard references. The GC (Agilent 6850,
Milan) was used in splitless mode, equipped with a 60 m x 0.25 mm X
0.25 pm (50%-cyanopropyl)-methylpolysiloxane column (DB23, Agi-
lent, USA), and a flame ionization detector with the following oven
program: temperature started from 165 °C, held for 3 min, followed by
an increase of 1 °C/min up to 195 °C, held for 40 min, followed by a
second increase of 10 °C/min up to 240 °C, and held for 10min. A
constant pressure mode (29 psi) was chosen with helium as carrier gas.
Methyl esters were identified by comparison with the retention times of
authentic samples and trans fatty acid references obtained as described
elsewhere [30,32,34].

2.6. Cell viability assay
Cell viability was assayed as described previously [35]. Briefly, cells

were seeded on 96-well plates, and after stimulation/treatment, cell
viability was determined using Cell Titer 96 Cell Proliferation Assay
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(Promega, Madison, WI, USA), according to the manufacturer’s proto-
col. The absorbance was read at 490 nm using a microplate reader
(iMark microplate reader, Biorad). Data are normalized to control
without stimulus, unless noted otherwise.

2.7. Cell death assay

Cell death was monitored by using LDH-Cytotoxic Test Kit (Wako)
according to the manufacturer’s protocol. The activity level of lactate
dehydrogenase (LDH) released into the culture media was quantified as
a percentage of the total activity level of LDH.

2.8. Engyme-linked immunosorbent assay (ELISA)

IL-1p released to culture medium was measured by the IL-1p ELISA
kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions.

2.9. Quantification of lipid peroxidation

Lipid peroxidation was assessed using a flow cytometer as described
previously with modifications [36]. For measurement of lipid peroxi-
dation, HT1080 cells were incubated with 1 pM Liperfluo (Dojindo,
Kumamoto, Japan) for 30 min before collection. The fluorescence in-
tensity of cells was measured by a flow cytometer (CytoFLEX, Beckman
Coulter, Brea, CA, USA) with the excitation wavelength at 488 nm and
the emission wavelength at 525 nm. Data were analyzed by CytoExpert
(Beckman Coulter).

2.10. Statistics

All the values are expressed as means + SD, and statistical analyses
were performed using GraphPad Prism software (v.9.3.0). Two groups
were compared using two-tailed Student’s t-test. Multiple-group com-
parisons were conducted using either the one-way or two-way ANOVA
analysis followed by Tukey-Kramer or Dunnett’s test. NS, not significant;
* p < 0.05; **, p < 0.01; *** p < 0.001 (compared to control unless
stated otherwise).

3. Results and discussion

3.1. PUFA and mtPUFA supplementations evaluating fatty acid-based
membrane lipidome remodeling

We initially examined whether single treatment of PUFAs or mtPU-
FAs causes cytotoxicity in HT1080 and MEF cells. We chose the 20 pM
concentration since a physiological concentration of PUFA in cells with a
biological effect begins at around 5-10 pM and can reach a maximal
response at 50-100 pM [37]. Furthermore, possibility for lipoapoptosis

Q
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and formation of lipid droplets due to lipid accumulation can occur at
higher concentrations. It is also known that AA concentrations of
50-100 pM could be toxic for many cell types [38]. Fig. 2a and b shows
that there was no significant change in cell viability after 24 h of
treatment with 20 pM of AA, mtAA, EPA, mtEPA, DHA or mtDHA in
HT1080 and MEF cells, indicating also that mtPUFA behave as PUFA
concerning cell viability.

We next performed the fatty acid-based membrane lipidome analysis
of HT1080 cells treated with PUFAs or mtPUFAs at 20 pM for 6 h to
investigate the fatty acid remodeling which is a natural process ensuring
the membrane lipid turnover. On the basis of the above-mentioned
viability tests, in 6 h cells are perfectly alive, therefore the metabolic
turnover of fatty acids in cell membranes can be observed in the cultures
at physiological levels of fatty acids provided by the supplementation,
plus the lipids in the medium [37].

Comparing the control cells with those added with AA, no significant
changes in the fatty acid composition of membrane phospholipids are
detectable (Tables S1 and S2), except for a significant DGLA increase.
This can be attributed to the negative metabolic feedback given by the
supplemented AA, slowing down DGLA transformation in the omega-6
cascade (i.e., delta-5 desaturase enzyme to AA) and increasing DGLA
availability for insertion in the membrane phospholipids. It is interesting
to evaluate the effect of omega-3 EPA and DHA supplementations
(Tables S1 and S2) since in both cases the fatty acid remodeling revealed
a clear inhibition of delta-9 desaturase metabolism, with significant
diminution of MUFA (9¢-16:1, 9¢-18:1, 11¢-18:1). The interference of
omega-3 with delta-9 desaturase (i.e., stearoyl-CoA desaturase) has been
reported in breast cancer patients [39]; however, in the case of tumoral
cell cultures this interference has not yet fully assessed, whereas the
interference with delta-6 and delta-5 desaturase enzymes is much more
known, since they are directly involved in PUFA metabolism [40]. As a
consequence of the MUFA decrease, the SFA/MUFA ratio was signifi-
cantly increased in the cell membrane of EPA- and DHA-treated cultures.
Both EPA and DHA had significant incorporation in membrane phos-
pholipids in comparison with AA that did not increase its level in
membrane lipids. Besides, in the case of DHA, the total trans isomers
were increased significantly.

Supplementation of mtPUFA gave distinct results of membrane
remodeling compared to the above-described PUFA supplementation
without affecting cell viability as in the case of PUFA (Tables S3 and S4).
This is the first time that membrane lipidome remodeling is compared
for the three main PUFA and their geometrical mtPUFA isomers. With
20 pM mtAA, this isomer was incorporated in the membrane phospho-
lipid after 6 h (0.26 + 0.10, increased significantly vs controls, see
Table 1) accompanied by a significant increase of SFA. In the supple-
mentations of mtEPA and mtDHA, the total SFA increase and MUFA
decrease are significant compared to the control. Particularly in the case
of mtDHA, significant increase in the omega-6 PUFA (basically, due to
more linoleic acid incorporation) and decrease in the omega-3 PUFA

b
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Fig. 2. PUFAs or mtPUFAs are not cytotoxic. HT1080 (a) and MEF (b) cells were treated with the indicated fatty acids for 24 h at 20 uM, and assayed for cell
viability. Data are shown as mean + SD (n = 3). NS: not significant (vs control without fatty acid). ¢, PUFA; t, mtPUFA.
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Table 1

Trans-fatty acids of PUFA residues quantified by GC analysis (% rel. quant.) measured under PUFA and mtPUFA supplementation (20 pM for 6 h).
FAME® control +AA +EPA +DHA +mtAA +mtEPA +mtDHA
mtAA" 0.05 £+ 0.03 0.15 + 0.04 0.11 £+ 0.02 0.12 £ 0.05 0.26 + 0.10° c 0.04 £ 0.03
mtEPA” - - - - - 0.84 + 0.13f -
mtDHA" - - - 0.14 + 0.05 ¢ - - 0.75 + 0.07 &

¢ Traces; Significance of comparisons between control and treated cells.
dvs. control, p = 0.008.

¢ vs. control, p = 0.04.

fvs. control, p = 0.0004.

8 ys. control, p = 0.0001.

# Quantified by GC as fatty acid methyl ester (FAME) and represented as mean + SD (n = 3) (taken from Tables S1 and S3.

b mt, mix of monotrans isomers.

(DPA and DHA) were observed as well. Importantly, both mtEPA and
mtDHA were significantly incorporated in membrane phospholipids (see
Table 1). In Table 1, we summarized the mtPUFA incorporation in
membranes upon PUFA and mtPUFA supplementations comparing with
controls. Fatty acid levels in membranes are quantified and expressed as
relative percentage (% rel. quant.) over the whole FAME recognized in
the analysis (cf., Supplementary Data). In controls, only mtAA was
present in traces (0.05%). With 20 uM of mtAA, mtEPA and mtDHA, the
incorporation of these isomers occurred (0.26, 0.84 and 0.75,
respectively).

From these results, a first indication can be obtained on possible
inhibitory effects of TFA for desaturase enzymes. In literature, TFA
coming from hydrogenated foods or from MUFA are known to influence
this important lipid metabolism [41]. For mtPUFA there are no specific
studies yet, and we can hypothesize that delta-9 desaturase metabolism
of palmitic acid toward vaccenic acid (palmitic— palmitoleic—vaccenic)
can be impaired, as it is reported for elaidic acid (9t-18:1, the trans
isomers of oleic acid) in HepG2 cell lines [42]. In our previous work we
showed that elaidic acid supplementation has a profound effect on gene
and protein regulations, therefore more insights are needed on “-omics”
profiles that can depend on the specific TFA used. It is worth mentioning
that both the increase of SFA/MUFA ratio and the trans isomer incor-
poration have immediate effects on the structural organization of
membrane phospholipids, the molecular packing and cholesterol
incorporation, with a tendency of decreasing the fluidity, reducing cal-
cium influx [43,44].

3.2. Phenotypic screen on various types of programmed cell death for
identifying a mtAA-specific role in ferroptosis

We previously demonstrated that food-derived TFAs, such as elaidic
acid and linolelaidic acid (LEA), facilitated DNA damage-induced
apoptosis by augmenting generation of mitochondrial ROS and subse-
quent activation of c-jun N-terminal kinase (JNK) [31]. To test whether
mtPUFAs also promote DNA damage-induced apoptosis, we pretreated
HT1080 cells with 20 pM mtAA followed by treatments with the
DNA-damaging reagent doxorubicin, and then assessed cell viability.
Comparison with AA was provided. As shown in Fig. 3a, no effect on cell
death induced by doxorubicin was seen, indicating that mtAA does not
have a pro-apoptotic role in DNA damage-induced cell death as it occurs
with elaidic acid [31]. We also tested tunicamycin, a typical ER stress
inducer well known to trigger apoptosis [45], observing again any sig-
nificant effect of mtAA on tunicamycin-induced cell death (Fig. 3b).
There are two major pathways in apoptosis, i.e., the intrinsic and
extrinsic pathways: (i) intrinsic pathway is activated in response to
stimuli causing mitochondrial damage, such as DNA damage (Fig. 3a)
and ER stress (Fig. 3b), which leads to release of cytochrome c that in-
duces formation of a complex, called apoptosome, to activate caspases;
(ii) extrinsic pathway is triggered by activation of death receptors on the
cell surface, including tumor-necrosis factor receptor (TNFR), in
response to their ligands, leading to the formation of death-inducing
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signal complexes and activation of caspases [46]. The effect of mtAA
on apoptosis through an extrinsic pathway was tested by TNF-induced
apoptosis in mouse embryonic fibroblast (MEF) cells. We found that
20 uM of mtAA did not differ from AA and did not significantly affect cell
death upon treatment of TNF-o along with cycloheximide (CHX),
commonly used in combination with TNF-a to effectively induce
apoptosis by suppressing nuclear factor-xB (NF-kB)-dependent cell sur-
vival signal (Fig. 3c) [36]. Taken together, these results suggest that
mtAA does not promote apoptosis, similarly to AA.

We next sought to determine the role of mtAA in other types of
programmed cell death, such as necroptosis, parthanatos, and pyrop-
tosis. To this end, we treated MEF cells with TNF-a+CHX + Z-VAD and
HT1080 cells with MNNG, which are typical stimuli used for inducing
necroptosis and parthanatos, respectively [47,48]. However, no signif-
icant effect of mtAA was observed in both conditions, as in the case of
AA. Specific inhibitors for necroptosis, necrostatin-1 (Nec-1), and par-
thanatos, rucaparib (Ruc), clearly prevented cell death (Fig. 3d and e).
We also tested nigericin to induce pyroptosis, a pro-inflammatory
necrotic cell death triggered by activation of NLRP3 inflammasomes
[49], in a human monocytic cell line THP-1, differentiated into
macrophage-like cells by PMA treatment, which is commonly utilized to
effectively induce NLRP3 inflammasome activation in response to
various stimuli including nigericin (K" ionophore). Whereas a specific
inhibitor for NLRP3, MCC950, abolished nigericin-induced lytic cell
death (Fig. 3f) and IL-1f release (Fig. 3g), mtAA did not have any effect
on both. These results collectively suggest that mtAA does not affect
non-apoptotic cell death pathways, including necroptosis, parthanatos,
and pyroptosis, similarly to AA.

Interestingly, when HT1080 cells were treated with 100 pM H30,
we found a remarkable difference in cell viability between AA-
pretreated cells and mtAA-pretreated cells; while AA markedly pro-
moted cell death, mtAA hardly affected it (Fig. 3h). Ferroptosis is trig-
gered by peroxidation of membrane phospholipids that contain PUFAs,
including AA, susceptible to attack by ROS due to the existence of
multiple bis-allylic hydrogen atoms, which can be blocked by lipophilic
antioxidants, such as ferrostatin-1 (Fer-1) [3,4]. As expected, Fer-1
cancelled the AA-dependent increase in HyOs-induced cell death but
no differences with and without Fer-1 were detected for mtAA (Fig. 3h),
suggesting that mtAA does not synergize with HoO» to induced ferrop-
totic cell death. In the light of the membrane lipidome changes observed
with mtAA supplementation (Tables S3 and S4), it can be hypothesized
that the higher SFA content in cell membrane phospholipids alters the
membrane organization and functionality thus rendering the cells more
resistant to the HyO5 oxidative effect.

3.3. mtPUFAs do not harbor pro-ferroptotic activities as do PUFAs when
repair systems are impaired

Glutathione peroxidase 4 (GPX4) is primarily responsible for elimi-
nating lipid peroxides to maintain cell survival by constitutively con-
verting toxic hydroperoxidized phospholipids to non-toxic hydroxyl
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a b c Fig..I?. Phenotypic Sf:reen for identifying a mtAA-
100 ¢ 100 - 100 ¢ specific effect on various types of programmed cell
death; all data are shown as mean + SD (n = 3); NS:
F 80 NS Ns g 80 | NS s g 80 f not significant (vs control without fatty acid st.lpple—
= > > ment). (a, b) HT1080 cells were pretreated with 20
fE 60 % 60 g 60 Ns NS UM AA (c) or mtAA (t) for 6 h, treated with 0.25 pg/
g 40 .E 40 | 2 40 mL doxorubicin or 20 pg/mL tunicamycin for 24 h,
; = ; and assayed for cell viability. (¢, d) MEF cells were
8 20 S 20¢f S 20 pretreated with 20 pM AA (c) or mtAA (¢) for 6 h; in
figure ¢, cells were treated with 10 pg/mL CHX for
A‘:\: I{)A: _ c t AOA: _ . t 0.5 h, while in figure d, cells were treated with 10 pg/
mL CHX, 20 pM Z-VAD and 10 pM Nec-1 for 0.5 h; in
doxorubicin tunicamycin TNF-a+CHX both cases, cells were subsequently stimulated with
50 ng/mL TNF-a for 12 h, and assayed for cell
d e Parthanatos | viability. (e) HT1080 cells were pretreated with 20
oo 100 M AA (c) or mtAA (t) for 6 h, treated with or without
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e 80 t NS < 80 MNNG for 12 h, and assayed for cell viability. (f, g)
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s 40 ; 40 MCC950 for 0.5 h, and then stimulated with 20 pM
3 20 8 20 nigericin for 2 h; cell cytotoxicity was measured by
o 0 0 LDH release assay, figure f, and IL-1f release was
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) ) +R pretreated with 20 pM AA (c) or mtAA (t) for 6 h,
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phospholipids at the expense of reduced glutathione; inactivation of
GPX4 causes accumulation of lipid peroxides, leading to ferroptosis [5].
(1S,3R)-RSL3 is a direct GPX4 inhibitor, most commonly used for fer-
roptosis studies [7]. We were interested to follow-up the effect of PUFA
addition since it can cause membrane remodeling with effects such as
membrane fluidity increase and lipid peroxidation, which are known to
increase cell sensitivity to GPX4 inhibition and ferroptosis, as previously
reported in the experiments using LNCaP cell lines treated with this
compound [50].

To further characterize the role of mtPUFAs in ferroptosis, we first
examined the pro-ferroptotic activity of AA and mtAA. Before analysis,
we tested dose response of HT1080 cells to RSL3. Treatment of HT1080
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cells with 1 pM RSL3 (sub-lethal dose) for 6 h hardly affected cell
viability, and using 2 pM RSL3 (minimal lethal dose) a marginal effect
was detected (Fig. 4a). Of note, while 1-2 pM RSL3 strongly induced cell
death in HT1080 cells in the previous reports [3], it caused none or only
mild cell death in this study due to BSA dissolved in the medium used for
ensuring efficient cellular uptake of PUFAs (see Materials and Methods).
As single treatment of AA or mtAA did not induce ferroptosis (Fig. 2a),
we pretreated HT1080 cells with 20 uM AA (c) or mtAA (t) for 6 h and
then treated with RSL3 at 1 or 2 pM, to assess pro-ferroptotic effect in a
condition where GPX4 activity is mildly reduced. Fig. 4b shows that in
both RSL3 concentrations AA pretreatment substantially decreased cell
viability, in line with previous reports [51], whereas mtAA pretreatment
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Fig. 4. mtPUFAs do not harbor pro-ferroptotic ac-

a b c O RS_L3 tivities as do PUFAs. (a) HT1080 cells were pre-
120 ¢ o o+ treated with 1% BSA in the absence of fatty acid, and
120 100 | = - 120 f .. _ns - then treated with the indicated concentrations of
100 ¢ . = g | —— RSL3 for 24 h, assayed for cell viability. Data are
S X g} NS shown as mean 4 SD (n = 3). (b) HT1080 cells were
2 80 2 g‘ 80 pretreated with 20 pM AA (c) or mtAA (t) for 6 h,
E 60 § 60 E 60 | treated with RSL3 at 1 uM or 2 pM, and assayed for
> > 40l 2> cell viability. Data are shown as mean + SD (n = 3).
g 40 g 8 40 1 (c) HT1080 cells were pretreated with 20 pM AA (c)
20 20 f 20 | for 6 h, treated with 5 pM ferrostatin-1 (Fer-1), 100
0 I_x—l 0 M deferoxamine (DFO), or 5 pM Triacsin C (Tri C)
0 0 2 4 6 A: - ¢ ¢ - ¢ t —  Fer1 DFO Tric for 30 min, and then stimulated with 2 pM RSL3 for
24 h, subsequently assayed for cell viability. Data are
RSL3 (uM) RSL3:  1uM 2um all cis-AA shown as mean + SD (n = 3). (d) HT1080 cells were
d e pretreated with 20 pM AA (c) or mtAA (t) for 6 h,
10 - treated with or without 5 pM ferrostatin-1 (Fer-1) for
= 30 min, and then stimulated with 2 pM RSL3 for 4 h.
g 8 | g Lipid ROS level was assessed by a flow cytometer
% 2 after treatment of 1 pM Liperfluo for 30 min, and
3 6 r % represented as fold change of fluorescence intensity
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did not affect cell viability compared to the control. We also confirmed
that AA-dependent reduction in cell viability was reversed in the pres-
ence of either Fer-1, deferoxamine (DFO, an iron chelator) [3], or Tri-
acsin C (Tri C, a long-chain fatty acyl-CoA synthetase inhibitor) [51],
commonly used ferroptosis inhibitors (Fig. 4c).

Next, we considered lipid ROS production (as detected by changes of
fluorescence intensity) [52] in the absence and presence of RSL3. Fig. 4d
(left side) shows that the levels of lipid ROS are low and similar when the
HT1080 cells are pretreated with 20 pM AA (c) or mtAA (t) for 6 h, or
when in the case of AA are further treated with 5 pM ferrostatin-1 (Fer-1)
for 30 min. Fig. 4d (right side) shows a different picture of lipid ROS
production upon 2 pM RSL3 treatment for 4 h. The level of lipid ROS
increase of 4-fold in the control and 7-fold in the cells pretreated with 20
pM AA (c). On the other hand, the analogous experiment with 20 pM
mtAA (t) shows lipid ROS similar to control. The enhanced lipid ROS
level by addition of AA was cancelled by the treatment of 5 uM Fer-1.
These results collectively suggest that mtAA does not possess
pro-ferroptotic activity as does AA.

Fig. 4e illustrates that the omega-3 PUFA, like EPA and DHA, behave
similarly to the omega-3 AA. Indeed, EPA and DHA had potent pro-
ferroptotic activities whereas mtEPA and mtDHA did not affect cell
viability compared to the control. We also repeated similar experiments
in mouse embryonic fibroblast (MEF) cells and found similar results, i.e.,

380

PUFAs had potent pro-ferroptotic activities where no pro-ferroptotic
activities were observed for mtPUFAs (Fig. 4f). We demonstrated for
the first time that mtAA, mtEPA and mtDHA do not have a pro-
ferroptotic effect as their corresponding all cis-isomers do when the
cellular repair system by GPX4 is impaired. In the case of mtDHA and
mtEPA they are present in natural oils treated by industrial processes
such as deodorization, and can be incorporated in liver mitochondria of
rats fed with processed fish oils [53,54]. So far, no evidence of their
endogenous production in the human body is provided. On the other
hand, mtAA isomers have been well characterized as endogenously
produced TFA [19,55], starting from the seminal work reporting mtAA
in tissues and plasma of rats fed a TFA-free diet [20].

3.4. Lipid peroxidation facilitates cis-trans isomerization of AA possibly
leading to NOX activity inhibition

Lipid peroxidation could be triggered not only by ROS but also by
reactive sulfur and nitrogen species, which are also known as potent
inducers of cis-trans isomerization of PUFAs, including AA (see Fig. 1c
and d) [15,19]. Therefore, we speculated that mtAA might be produced
during lipid peroxidation upon RSL3 treatment. It is known that lipid
peroxidation and isomerization can occur together [56,57], and an
example is draw in Fig. 5. In order to understand better the influence of
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Fig. 5. Example of peroxidation and isomerization processes occurring under
Fenton-like conditions to double bond AA moieties in the presence of thiol RSH.

AA and mtAA under GPX4 inhibition, we performed the fatty acid-based
membrane lipidome analysis of HT1080 cells treated with RSL3 in the
absence or presence of mtAA, having for the first time an insight of the
fatty acid remodeling, which is a natural process ensuring the membrane
lipid turnover.

We first examined the dose and treatment time of RSL3 to find an
optimal condition for lipidomic analysis. As shown in Fig. S1, half of the
cells died after 6 h of RSL3 treatment at 10 pM along with 1% BSA, and
we, thus, determined to perform analysis under this condition, when the
majority of cells are in the midst of lytic cell death. Subsequent fatty
acid-based lipidomic analysis showed that RSL3 treatment significantly
increased cellular mtAA level to the same extent as single treatment of
20 pM mtAA (Fig. 6a). On the other hand, the influence of mtAA for-
mation on ferroptosis is supported by the fact that AA, mtAA and con-
trols all give some ROS levels during RSL3 treatment (Fig. 4d, right side),
and under this circumstances thiyl radical production occurs, triggering
the catalytic cycle of the isomerization process, as shown in Fig. 5.
Indeed, cellular mtAA level is higher (~0.6%) in the experiment where
RSL3 and mtAA are together. It is also worth underlining at this point
that mtAA has been reported to repress NADPH oxidase (NOX) activity
by directly interacting with p67phos, one of the components of the NOX
complex, whereas AA rather activates NOX [58]. Given the importance
of NOX as a source of ROS to facilitate lipid peroxidation during fer-
roptosis [59], we propose that the distinct effects on NOX activity of
monotrans and all cis-AAs could account for their different roles in
ferroptotic conditions. As shown in Fig. 6b, NOX inhibitors, including
diphenyleneiodonium chloride (DPI) and apocynin (Apo), strongly
suppressed AA-mediated enhancement of RSL3-induced cell death;
therefore, it cannot be ruled out that mtAA increase, as a consequence of
lipid ROS and thiyl radical production, suppresses ferroptosis through
inhibition of NOX activities.

b
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The role of other membrane fatty acid components, changing with
the membrane remodeling, must be also remarked. In the case of RSL3
alone, PUFA (omega-6 and omega-3) increased, with the remodeling
effect of SFA diminution, as expected for the consequent ferroptosis
outcome (Tables S5 and S6). When 20 pM of AA or mtAA pre-treatment
was performed before RSL3, the same membrane remodeling of RSL3
alone, i.e., SFA diminution and PUFA increase (omega-6 and omega-3),
was observed. However, in the presence of RSL3 a higher incorporation
of mtAA was detected compared with mtAA alone (i.e., 0.61 vs 0.21,
respectively), and the total trans fatty acids content reached 1% of the
total fatty acid quantities in membranes (Fig. 6a and Table S6).

In the experiments of RSL3 with mtAA, also the levels of AA in
membrane phospholipids increased (Table S5), indirectly indicating its
higher presence in the lipid pool, possibly due to the rescue from per-
oxidation process. It is also worth noting that, when AA and EPA (as well
as with their mt isomers) are used without RSL3, no increases of these
PUFA were observed, but significant increases were seen with DHA and
mtDHA (Tables S1 and S3, respectively). This is an interesting difference
of PUFA effects, to be deepened in further studies distinguishing AA,
EPA and DHA for specific biological, biophysical and physiological ef-
fects [60-62]. The mtEPA and mtDHA pre-treatments gave the same
effect of mtAA for inhibiting RSL3-induced ferroptosis; however, the
remodeling was completely different, as previously discussed, with
significant total SFA increase and MUFA decrease together with total
TFA of 1.25 and 1.11, respectively. Intriguingly, we have recently re-
ported that lipid peroxidation increases cell volume and membrane
tension, which opens mechanosensitive channels including Piezol and
induces sodium influx and potassium efflux due to their ion concentra-
tion gradients, thereby promoting ferroptosis [52]. SFA have been
shown to suppress Piezol gating and channel activity by increasing
membrane bending stiffness and decreasing membrane fluidity [63].
Therefore, SFA increase observed when cells were treated with mtPU-
FAs, but not with PUFA, may also contribute to ferroptosis suppression
in synergy with mtPUFA.

Due to the precise analysis of each mtAA isomer by GC, we could also
examine in detail the regiochemistry of the fatty acid isomerization
process. Due to the supramolecular disposition of the hydrophobic fatty
acid chains in membrane phospholipids, it can be expected that the free
radicals diffuse and reach the double bond closer to the carbonyl group
with a higher probability than the other three double bond positions, as
demonstrated in biomimetic models [26,64], as well as in cell [29] and
murine models [20]. Indeed, 5mtAA resulted to be the prevalent isomer
formed in membranes of HT1080 cells triggered by RSL3 (Table 2). It is
interesting to observe that the mtAA isomers ratio in HT1080 mem-
branes reflected the supplemented isomer mix (i.e., 35:36:29, see section

Fig. 6. Lipid peroxidation facilitates cis-trans isom-
NS erization of AA and ferroptosis in a NOX-dependent

120 - NS _T_ manner. (a) HT1080 cells were pretreated with 20
—_ — pM mtAA and/or 10 pM RSL3 for 6 h. Cells were then
c 100 _.r__L Bl collected and subjected to fatty acid-based lipidomic
g X i analysis. Data are shown as mean + SD (n = 3). (b)
= > 80 | = HT1080 cells were pre-treated with 20 pM all cis-AA
© "_f for 6 h, treated with 5 pM DPI or 100 uM apocynin
CE ﬁ 60 | (Apo) for 30 min, and then stimulated with 2 pM
s S RSL3 for 6 h, subsequently assayed for cell viability.
UEJ % 40 F Data are shown as mean + SD (n = 3).
< o
e 20 |
0
mtAA: AA: — + - & - +
RSL3: - + NOX inhibitors: - DPI Apo

RSL3
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Table 2
Total mtAA formation (% rel. quant.) and mtAA isomeric distribution (% rel)
quantified by GC analysis in the experiments with RSL3.

Sample Total mtAA 5 mt:8 mt + 11 mt:14 mt
control 0.05 29:39:32
+RSL3 0.21 53:25:22
+mtAA" 0.26 36:34:30
+RSL3+mtAA” 0.61 45:30:24

# The composition of mtAA supplementation determined by GC analysis gave
the following percentual isomeric distribution 5 mt:8 mt + 11 mt:14 mt =
35:36:29.

2.3.) in the absence of RSL3, whereas in case of (RSL3 and RSL3+mtAA),
the total mtAA content increased and the prevalence of 5mtAA over the
other mtAA isomers is evident.

More details of the mt-isomers incorporation in specific lipid classes
of phospholipids (PC, PE) will be important to understand the ferrop-
tosis inhibition. Further work, using knowledge of the trans-PUFA li-
brary and corresponding analytical protocols developed by our group,
will contribute to fully understand the role of geometrical isomerism and
their biological effects.

Pro-ferroptotic effect of AA was blocked in the presence of NOX in-
hibitors, such as DPI and Apo (Fig. 6b), implying a significant role of
NOX in the enhancement of ferroptosis by AA. It is of note that more
mtAA was incorporated into cells by exogenous addition than AA (% rel
quant: AA vs mtAA = 0.15 vs 0.26, cfr. Table S1 and Table S3) and that
the amount of incorporated mtEPA and mtDHA (% rel quant: 0.84 and
0.75) was much higher than mtAA (Table 1), indicating that in the time
frame of the 6 h of our experiments exogenously added mtPUFAs can
enter membrane acylation/reacylation remodeling cycle (Lands’s cycle)
influencing membrane contents more than AA supplementation, block-
ing one of the most potent pro-ferroptotic fatty acids. Importantly, it has
been reported that PUFAs possess a potency to activate NOXs [65],
whereas mtAA directly interacts with p67phox subunit of NOXs and
functions as suppressor [58], differently from PUFA which are known to
potentiate NOX activity [66].

Our results give complementary information to those of a recent
report on PUFA structures modified at the bis-allylic positions with
deuterium, instead of hydrogen, that display anti-ferroptotic effect in
the same conditions used in our experiments, i.e., HT1080 cell lines and
20 pM dg-AA, dg-EPA and dg-DHA [67]. The deuterated compounds are
exclusively obtained by synthesis and cannot simulate naturally occur-
ring processes. Instead, in our case, mtPUFA can be formed by
radical-based mechanism triggered by the iron cycle, as shown in Fig. 5,
accompanying lipid peroxidation, thus offering a novel pathway in the
scenario so far known for ferroptosis.

4. Conclusions

Our results confirm a more complex scenario for ferroptosis than
actually believed. While LPO processes are active, the importance of
environmental lipid levels and balance among SFA, MUFA and PUFA in
lipid pools and membrane phospholipids is crucial to the occurrence of
cell death by ferroptosis [68,69]. Additionally, when in the PUFA pool
there are mtPUFA, whose production and levels depend on the redox
balance and thiyl radical production during Fenton process [70], the
possible interference with peroxidation inducers, such as NOX, can
occur, thus slowing down degradative pathways and allowing cell
rescue. Further work will be needed to completely unveil the scenario of
mtPUFA in ferroptosis, also deepening the different AA, EPA and DHA
metabolism or incorporation for the final balance of lipid classes, such as
phospholipids containing ethanolamine or sphingolipids [71,72]. We
also showed that there is another element that is synergically crucial for
an anti-ferroptosis effect, i.e., the membrane remodeling with SFA in-
crease in the phospholipids, such as described in the palmitic acid-rich
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diets inhibiting ferroptosis [73], which is known to change membrane
fluidity and oxidation sensitivity, rendering this compartment more
resistant to stress. Our results integrate the known paradigm of the PUFA
enrichment in membrane phospholipids to render cells susceptible to
ferroptosis, also through the activation of desaturase enzymes [12], with
the new aspect of the integrity of the natural cis configuration of PUFA
double bonds and its conversion to the trans geometry by intervention of
thiyl radicals. In conclusion, we advance the hypothesis of “resistance”
to ferroptosis induced by the lipid peroxidation microenvironment
based on the membrane enrichment of the combined SFA and TFA
during remodeling.
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