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ABSTRACT:	The	vast	majority	of	membrane	phospholipids	(PLs)	include	two	asymmetrically	positioned	fatty	acyls:	oxidiza-
ble	polyunsaturated	fatty	acids	(PUFA)	attached	predominantly	at	the	sn2	position,	and	non-oxidizable	saturated/monoun-
saturated	acids	(SFA/MUFA)	localized	at	the	sn1	position.	The	peroxidation	of	PUFA-PLs,	particularly	sn-2-arachidonoyl(AA)-	
and	sn2-adrenoyl(AdA)-containing	phosphatidylethanolamines	(PE),	has	been	associated	with	the	execution	of	ferroptosis,	a	
program	of	regulated	cell	death.	There	is	a	minor	subpopulation	(~1-2	mol%)	of	doubly	PUFA-acylated	phospholipids	(di-
PUFA-PLs)	whose	role	in	ferroptosis	remains	enigmatic.	Here	we	report	that	15-lipoxygenase	(15LOX)	exhibits	unexpectedly	
high	pro-ferroptotic	peroxidation	activity	towards	di-PUFA-PEs.	We	revealed	that	peroxidation	of	several	molecular	species	
of	di-PUFA-PEs	occurs	early	in	ferroptosis.	Ferrostatin-1,	a	typical	ferroptosis	inhibitor,	effectively	prevented	peroxidation	of	
di-PUFA-PEs.	Furthermore,	co-incubation	of	cells	with	di-AA-PE	and	15LOX	produced	PUFA-PE	peroxidation	and	induced	
ferroptotic	death.	The	decreased	contents	of	di-PUFA-PEs	in	ACSL4	KO	A375	cells	was	associated	with	lower	levels	of	di-
PUFA-PE	peroxidation	and	enhanced	resistance	to	ferroptosis.	Thus,	di-PUFA-PE	species	are	newly	identified	phospholipid	
peroxidation	substrates	and	regulators	of	ferroptosis,	representing	a	promising	therapeutic	target	for	many	disease	condi-
tions	related	to	ferroptotic	death.	

Introduction	
Ferroptosis	 is	 a	 recently	 identified	 type	 of	 regulated	 cell	
death	 program	 executed	 via	 (phospho)lipid	 peroxidation	
triggered	by	dysregulated	redox-active	iron	and	insufficient	

thiol	control.1	In	ferroptosis,	peroxidation	occurs	on	a	larger	
scale	than	in	any	other	described	cell	death	program,	both	
in	 terms	 of	 the	 amounts	 of	 products	 and	 types	 of	 perox-
idized	lipid	species,	championed	by	arachidonoyl-	and	adre-
noyl-phosphatidylethanolamines	 (PEs).2	 Insufficient	



 

amounts	of	readily	peroxidizable	polyunsaturated	fatty	acid	
(PUFA)-containing	phospholipids	(PLs)	have	been	shown	to	
suppress	ferroptosis;	conversely,	supplementation	of	cells	
with	peroxidation-prone	PUFA,	such	as	arachidonic	acid,	ac-
celerates	ferroptotic	cellular	demise.	In	line	with	this,	sev-
eral	 genes	 and	 their	 corresponding	 products	 regulating	
PUFA-containing	PLs	have	been	identified	as	regulators	of	
ferroptotic	 death,	 including	 ACSL4,	 LPCAT3,	 FATP2,	
MBOAT1/2.3,4,5	 Paradoxically,	 although	 the	 availability	 of	
PUFA-PLs	has	been	recognized	as	a	universal	mechanism	of	
ferroptosis	 regulation,	 the	amounts	of	peroxidation	prod-
ucts	accumulating	in	ferroptosis	are	~two	orders	of	magni-
tude	lower	than	the	total	levels	of	the	respective	oxidizable	
substrates.	PUFA-residues	are	typically	located	in	sn2	posi-
tions	of	PLs	although	there	are	also	doubly-PUFA	PLs	(di-
PUFA-PLs),	 albeit	 at	 much	 lower	 abundance.	 Redox	 lip-
idomics	 of	 these	di-PUFA-PLs	 in	 ferroptosis	 has	not	 been	
studied.	
Three	major	types	of	products	are	formed	during	lipid	pe-
roxidation	 process:	 i)	 hydroperoxy-PLs	 (HOO-PLs	 during	
the	 initiation),	 ii)	 oxidatively-truncated	 electrophilic	 spe-
cies	(secondary	products)	of	HOO-PLs	breakdown,	and	iii)	
covalent	adducts	of	the	oxidatively-truncated	PLs	with	pro-
teins	leading	to	protein	lipoxidation.6,7	Selective	and	specific	
peroxidation	 and	 production	 of	 HOO-PUFA-
phosphatidylethanolamines	 (HOO-PUFA-PEs)	 during	 the	
initiation	 of	 ferroptosis	 is	 catalyzed	 by	 lipoxygenases	
(LOXs),	particularly	by	15LOX.8,9	
Lipoxygenases	(LOXs)	represent	a	family	of	non-heme	iron	
proteins	catalyzing	the	oxygenation	of	free	polyunsaturated	
fatty	 acids	 (PUFA),	most	 commonly	 arachidonic	 acid	 (AA,	
eicosatetraenoic	acid,	ETE,	C20:4).10	This	reaction	yields	a	
variety	of	products	–	lipid	mediators	–	with	a	broad	spec-
trum	of	biological	effects.11	Organization	of	the	LOX	catalytic	
site	 defines	 the	 position	 and	 stereospecificity	 of	 the	 sub-
strate	oxygenation	by	the	members	of	the	LOX	family.	Pre-
cise	catalytic	H-abstraction	from	bis-allylic	carbons	necessi-
tates	their	position	juxtaposed	to	the	catalytic	iron,	thus	re-
flecting	the	nomenclature	of	5-,	8-,	12-,	15-LOXs.12	
Most	of	mammalian	LOXs	do	not	typically	peroxidize	PUFA	
esterified	into	PLs	with	the	notable	exception	of	12-	and	15-
LOXs,10	which	generate	the	respective	12-	and	15-hydrop-
eroxy-AA-PLs	(12-/15-HOO-AA-PEs),	albeit	at	more	than	an	
order	of	magnitude	lower	rates	compared	to	the	peroxida-
tion	 of	 free	 PUFA.	 Several	 possible	 mechanisms	 may	 ac-
count	for	this	difference,	among	them	the	known	fact	that	
PLs	typically	contain	poorly	oxidizable	saturated	or	mono-
unsaturated	 fatty	 acids	 (FA)	 lacking	 bis-allylic	 carbons	 at	
the	sn1	position,	while	readily	oxidizable	PUFA	residues	are	
present	at	the	sn2	position.8,13	If	a	non-oxidizable	FA	non-
productively	occupies	a	position	in	the	proximity	of	the	cat-
alytic	 Fe,	 the	 overall	 peroxidation	 rate	 may	 be	 low.	 Vice	
versa,	 when	 sn2	 readily	 oxidizable	 PUFA	 residues	 are	
properly	 oriented,	 their	 oxidation	 proceeds	 without	 any	
hindrances.	Obviously,	this	limitation	does	not	apply	to	di-
PUFA-PLs,	which	are	rare	molecular	species	with	two	oxi-
dizable	PUFA	residues.	We	hypothesized	that	such	di-PUFA-
containing	 PLs	 will	 undergo	 peroxidation	 at	 significantly	
higher	rates,	primarily	due	to	the	lack	of	non-productive	en-
zyme/substrate	 complexes.	 From	 a	 biological	 standpoint,	
this	would	mean	that	di-PUFA-PLs	may	represent	preferred	

substrates	 for	peroxidation	reactions	during	the	 initiation	
of	ferroptosis.	
In	 the	 current	work,	we	used	biochemical,	 cell	 biological,	
computational	 and	 redox	 lipidomics	 protocols	 to	 explore	
oxidation	of	di-PUFA-PLs.	We	discovered	that	di-PUFA-PEs	
are	oxidized	by	15LOX	at	strikingly	higher	(~14-fold)	rates	
than	 mono-PUFA-PEs.	 Molecular	 dynamics	 (MD)	 simula-
tions	confirmed	that	this	difference	is	mainly	caused	by	the	
lack	of	non-productive	enzymatic	complexes	where	non-ox-
idizable	SFA/MUFA-residues	are	positioned	in	the	proxim-
ity	 of	 the	 catalytic	 Fe.	 The	 regulatory	 effects	 of	 PEBP1,	 a	
scaffold	 protein	 characteristic	 of	 15LOX-catalyzed	 mono-
PUFA-PE	 oxidation,	 are	 not	 observed	 during	 di-PUFA-PE	
peroxidation.	We	further	established	that	di-PUFA-PEs	are	
preferably	oxidized	by	15LOX	in	mixtures	of	natural	brain	
PLs	as	well	as	in	several	different	types	of	cells.	Elevated	lev-
els	of	di-PUFA-PEs	and	increased	sensitivity	to	ferroptosis	
were	observed	 in	wild-type	(WT)	cells,	but	not	 in	ACSL4-
deficient	cells.	
Results	
We	opted	to	comparatively	assess	the	contents	of	di-PUFA-
PLs	vs.	mono-PUFA-PLs	in	several	cell	lines,	focusing	specif-
ically	 on	 the	most	 abundant	 AA-	 and	 adrenoyl	 (AdA,	 do-
cosatetraenoyl,	 C22:4)-containing	 PLs,	 namely	 phosphati-
dylcholines	 (PCs)	 and	 PEs	 (Figure	 1).	 These	 estimates	
showed	that	the	amounts	of	mono-PUFA-PLs	were,	on	aver-
age,	1-2	orders	of	magnitude	higher	than	di-PUFA-PLs	and	

this	difference	was	much	larger	for	PE>>PC.	

	
Figure	1.	Content	of	AA	and	AdA-containing	di-acyl	(A)	PE	and	(B)	PC	
species	 in	Human	melanoma	 cells	 (A375),	 Human	Bronchoalveolar	
cells	(HBE)	and	mouse	Hippocampal	Neuronal	cells	(HT22).	Data	are	
expressed	as	pmol/nmol	of	PL	classes.	Data	are	mean	±	s.d.,	n	=	3.	



 

The	higher	levels	of	di-PUFA-PCs	potentially	make	them	fa-
vorable	candidates	for	pro-ferroptotic	peroxidation.	Given	
that	PCs	and	PEs	are	two	preponderant	PL	classes	of	mem-
branes	and	assuming	the	important	role	of	15LOX	in	the	in-
itiation	of	pro-ferroptotic	peroxidation,	we	 comparatively	
assessed	 the	 oxygenation	 of	mono-	 and	 di-PUFA-PCs	 and	
PEs	 by	 15LOX-2,	 a	 commonly	 occurring	 15LOX	 isoform.	
Specifically,	 sn1-stearoyl-sn2-arachidonoyl-PE	 (SA-PE),	
sn1-stearoyl-sn2-arachidonoyl-PC	 (SA-PC)	 as	 well	 as	 1,2-
di-arachidonoyl-PE	(di-AA-PE)	and	1,2-di-arachidonoyl-PC	
(di-AA-PC)	 were	 examined	 (Figure	 2).	 Interestingly,	
15LOX-2	demonstrated	similar	low	effectiveness	in	oxygen-
ating	SA-PC	and	SA-PE	(Figure	2A).	Di-AA-PC	was	oxidized	
at	 approximately	 the	 same	 rate	 as	 SA-PC	 –	which	 is	~14	
times	slower	than	peroxidation	of	free	AA	(Figure	2B).	In	
sharp	contrast,	15LOX-2	catalyzed	di-AA-PE	oxidation	13.6-
fold	faster	than	SA-PE,	with	a	rate	comparable	to	that	of	free	
AA	oxidation	(Figure	2B).	Peroxidation	of	“canonical”	PEs	
and	generation	of	the	pro-ferroptotic	signal,	15-HOO-AA-PE	
(15-HpETE-PE),	is	executed	by	a	complex	of	15LOX-2	with	

a	scaffold	protein,	PEBP1.9	In	a	biochemical	model,	PEBP1	
did	not	accelerate	the	peroxidation	of	either	SA-PC	or	di-AA-
PC	(Figure	2C).	However,	PEBP1	caused	a	two-fold	increase	
in	SA-PE	oxidation	rate	 (Figure	2D).	When	di-AA-PE	was	
used	as	a	substrate,	PEBP1	did	not	affect	the	oxidation	rate.	
Similarly,	 the	 oxidation	 of	 free	 AA	 was	 not	 affected	 by	
PEBP1	(Figure	2E).	The	selectivity	of	the	PE	oxidation	was	
also	 found	 for	 15-lipoxygenase-1	 (15LOX-1).	 However,	 in	
this	 case,	 the	 oxidation	 rate	 of	 di-AA-PE	 was	 only	 3-fold	
higher	than	for	SA-PE	and	still	8-fold	lower	than	that	of	free	
AA	 (Figure	 2F).	 Similar	 to	 15LOX-2,	 these	 characteristic	
features	of	di-AA-PE	peroxidation	by	15LOX-1	were	insen-
sitive	 to	 the	 presence	 of	 PEBP1	 (in	 contrast	 to	 a	 1.4-fold	
simulation	of	SA-PE	oxidation	rate	by	the	15LOX-1/PEBP1	
complex)	(Figure	2F).	
Given	the	robust	differences	 in	 the	effectiveness	of	oxida-
tion	of	SA-PE	vs	di-AA-PE,	we	further	performed	LC-MS/MS	
analysis	of	products	resulting	from	their	enzymatic	oxida-
tion	 (Figure	 3,	 Supplementary	 Figure	 1).	 SA-PE,	 which	
contains	 only	 one	 oxidizable	 FA,	 was	 found	 to	

	
Figure	2.	Oxidation	of	PE	and	PC	by	15LOX	or	15LOX/PEBP1	complex	in	liposomes	prepared	from	a	mixture	of	PLs.	(A)	Content	of	15-HpETE-PE	
(15-HpETE-PC)	molecular	species	accumulated	during	the	oxidation	of	PE	(PC)	containing	liposomes	by	15LOX-2.	Data	are	mean	±	s.d.,	n	=	4-5,	****	
p<0.0001,	One-way	ANOVA,	Tukey’s	multiple	comparisons	test.	(B)	Accumulation	of	S-15-HpETE-PE	(black	bar),	AA-15-HpETE-PE	(blue	bar)	and	
15-HpETE	(green	bar)	in	the	presence	of	15LOX-2.	Data	are	mean	±	s.d.,	n	=	8,	****	p<0.0001,	One-way	ANOVA,	Tukey’s	multiple	comparisons	test.	
(C)	Accumulation	of	S-15-HpETE-PE,	AA-15-HpETE-PE	and	15-HpETE	in	the	presence	of	15LOX-1	(blue	bar)	or	15LOX-1/PEBP1	complex	(dark	
blue	bar).	Data	are	mean	±	s.d.,	n	=	3,***.	p<0.0005,	**	p<0.005,*	p<0.05,	student’s	t-test.	Accumulation	of	HpETE-PC	(D),	HpETE-PE	(E)	and	15-
HpETE	(F)	in	the	presence	of	15LOX-2	(red	bar)	or	15LOX-2/PEBP1	complex	(dark	red	bar).	Data	are	mean	±	s.d.,	n	=	4-8,	****	p<0.0001,	student’s	
t-test.	

	
Figure	3.	LC-MS/MS	identification	of	oxidized	SA-PE	and	di-AA-PE	molecular	species	accumulated	during	incubation	of	liposomes	with	15LOX-
2	or	15LOX-2/PEBP1	complex.	Content	of	(A)	SA-PE	and	(B)	di-AA-PE	oxidized	species	accumulated	in	a	model	system.	Data	are	mean	±	s.d.,	n	
=	8.	(C)	Typical	MS2	spectrum	(left)	of	AA-15HpETE-PE	(m/z	818.50)	containing	AA	(C20:4,	m/z	303.23)	and	AA-OOH	(molecular	ion	with	m/z	
317.22	is	corresponding	to	C20:4-OOH	–	H2O).	Upper	left	inset,	structural	formula	of	AA-15-HpETE-PE	and	corresponding	fragments.	(D)	Typ-
ical	MS3	spectrum	of	esterified	AA-OOH	to	AA-15-HpETE-PE	after	loss	of	water	molecule.	Upper	inset,	structural	formula	of	molecular	ion	with	
m/z	317.3	and	corresponding	fragments.	Fragments	with	m/z	273.2	formed	by	loss	of	CO2	from	the	carboxylate	anion;	m/z	299.1	originating	
from	the	carboxylate	anion	after	loss	of	water	molecule;	m/z	219.1	fragment	is	generated	via	C14-C15	bond	cleavage,	m/z	139.1	is	formed	after	
the	cleavage	at	C11-C12	double	bond.	The	fragment	with	m/z	113.0	is	produced	after	C13-C14	double	bond	cleavage	and	is	indicative	of	the	
OOH-group	at	15th	carbon	of	the	ketone	group	formed	after	loss	of	water	molecule	from	AA-15-HpETE-PE.	(E)	Typical	MS2	spectrum	(right)	
of	di-15-HpETE-PE	(m/z	850.48)	containing	two	AA-OOH	(molecular	ion	with	m/z	317.2	is	corresponding	to	C20:4-OOH	–	H2O).	Upper	right	
inset,	structural	formula	of	di-15-HpETE-PE	and	corresponding	fragments.	



 

predominantly	yield	S-15-HpETE-PE	as	the	major	product	
(72.7±1.9mol%),	with	lesser	amounts	of	S-15-HO-AA-PE	(S-
15-HETE-PE)	 (24.3±1.9mol%)	 and	 S-HETE/HpETE-PE	
(3.0±0.8mol%)	 (Figure	 3A).	 Hydroxy-	 and	 hydroperoxy-
groups	where	present	in	the	sn2	AA-residue	(Supplemen-
tary	Figure	1A).	PEBP1	strongly	affected	the	accumulation	
of	S-15-HpETE-PE	but	not	of	S-15-HETE-PE.	Di-AA-PE	was	
oxidized	 to	yield	mono-HOO-AA-PE	(AA-15-HpETE-PE)	as	
the	 quantitatively	 dominating	 product	 (60.7±2.9mol%)	
(Figure	3B,C,D,	Supplementary	Figure	1B).	However,	di-
HOO-AA-PE	(di-15-HpETE-PE)	was	also	generated	and	ac-
counted	for	31.3±2.6mol%	of	total	oxidized	products	(Fig-
ure	3B,E,	Supplementary	Figure	1B).	Notably,	the	prod-
ucts	 with	 two	 HOO-groups	 in	 both	 sn1-AA	 and	 sn-2	 AA-
residues	 of	 di-AA-PE	 were	 formed	 accounting	 for	
28.6±0.9mol%	 of	 all	 di-15-HpETE-PE,	 whereas	 less	 than	
2.6±0.9mol%	of	the	products	with	both	HOO-groups	were	
present	 in	 the	 same	 AA-residue	 (Supplementary	 Figure	
1C).	Only	small	amounts	of	a	hydroxy-product	-	AA-15-HO-
AA-PE	(AA-15-HETE-PE)	and	mixed	species	HpETE-HETE-
PE,	both	 featuring	oxidized	sn1-AA	and	sn-2	AA-residues,	
were	detected	at	levels	of	3.8±0.6mol%	and	4.1±0.7mol%,	
respectively.	(Figure	3B,	Supplementary	Figure	1A).	LC-
MS/MS	analysis	revealed	that	the	15LOX-2	oxidation	of	SA-
PE	and	di-AA-PE	displayed	high	positional	specificity,	with	
the	15-isomer	being	the	dominant	product	generated	at	not	
exceeding	 the	 9.8:0.2	 ratio	 vs.	 12-HpETE-PE	 (Figure	 3D,	
Supplementary	Figure	1D).	
To	 explain	 the	 differences	 in	 the	 oxidation	 rates	 and	 the	
supportive	role	of	PEBP1,	exclusively	for	oxidation	of	SA-PE,	
we	 next	 performed	 computational	 modeling.	 MD	 simula-
tions	showed	that	SA-PE	can	bind	15LOX-2	either	through	
oxidizable	 or	 non-oxidizable	 FA	 residues	 (Figure	 4A).	

Examination	of	the	stability	of	FA-residues	 interactions	at	
the	 catalytic	 site	 confirmed	 the	 long-term	 association	 of	
both	conformations	(Figure	4B,	see	Movie	1).	Thus,	non-
productive	occupancy	of	the	catalytic	site	by	the	non-oxidiz-
able	FA-residue	of	 SA-PE	 can	delay	 the	peroxidation	pro-
cess.	 This	 “competition”	 between	 oxidizable	 and	 non-oxi-
dizable	FA	residues	occurred	in	the	absence	of	PEBP1,	occa-
sionally	 leading	 to	 disruption	 of	 the	 oxidizable	 confor-
mation	 (see	Movie	 2).	 The	 non-productive	 conformation	
was	 not	 observed	 in	 the	 presence	 of	 PEBP1	 (Figure	 5A,	
Movie	3,	and	Supplementary	Figure	2A),	thus	explaining	
a	significantly	higher	oxidation	rate	of	SA-PE	in	its	presence	
(Figure	2).	In	contrast,	PEBP1	did	not	affect	di-AA-PE	inter-
actions	with	the	15LOX-2	catalytic	site	(Figure	5B,	Supple-
mentary	Figure	2A-B).	 The	 sn-1	AA-residue	 of	 di-AA-PE	
was	not	attracted	by	PEBP1	which	stayed	close	to	the	α2	he-
lix	of	15LOX-2	(red	oval	and	Movies	4-6).	The	conformation	
of	 the	sn-2	AA-residue	of	di-AA-PE	buried	 in	 the	catalytic	
site	was	not	affected	by	PEBP1:	 the	distance	between	the	
bis-allylic	C13	carbon	atom	and	the	catalytic	iron	remained	
unchanged	in	the	presence	and	absence	of	PEBP1	(Figure	
5C).	
To	assess	whether	di-AA-PE	and	other	doubly-PUFA-PE	(di-
PUFA-PE)	species	are	preferentially	oxidized	by	15LOX-2	in	
a	natural	mixture	of	PLs,	we	employed	liposomes	prepared	

	
Figure	4.	Substrate’s	dynamics	and	binding	sites	on	15LOX-2	identi-
fied	in	MD	simulations.	(A)	Final	conformations	of	SA-PE	after	200	ns	
MD	simulations.	In	the	inset	the	initial	conformation	of	the	system.	(B)	
SA-PE	 binding	 poses	 after	 500-ns	 independent	 runs	 (MD1-3)	 with	
non-oxidizable	sn-1	(upper	panel)	and	oxidizable	sn-2	(lower	panel)	
FA	bound	at	the	catalytic	site.	

	
Figure	5.	15LOX-2/PEBP1	complex	interactions	with	substrates	ob-
served	 in	MD	simulations.	 Final	 conformations	of	 the	 complex	with	
bound	SA-PE	(A)	and	di-AA-PE	(B).	The	time	evolution	of	contacts	be-
tween	 15LOX-2/PEBP1	 residues	 and	 substrates	 are	 also	 displayed	
(distance	<	3.5	Å).	Contacts	are	shown	by	black	shades/bars	for	each	
residue.	Orange	shade	denotes	similar	interactions	with	PEBP1	for	SA-
PE	and	di-AA-PE	at	the	beginning	of	simulations.	(C)	Time	evolution	
plot	of	the	distance	between	C13	of	di-AA-PE	or	SA-PE	(containing	bis-
allylic	hydrogen	for	the	peroxidation	process)	and	catalytic	iron.	His-
togram	of	distances	for	both	systems.	Mean	value	and	standard	devia-
tion	for	C13-Fe3+	distances	are	shown.	

 



 

from	a	mixture	of	all	PE	species	extracted	and	purified	from	
mouse	brain	tissue	(Figure	6).	This	assortment	of	natural	
PEs	included	69	mol%	of	sn1-SFA/MUFA-sn2-PUFA-PE	(33	
individual	 species),	 29.8	 mol%	 of	 poorly	 oxidizable	
SFA/MUFA	in	both	sn1	and	sn2	residues	(16	individual	spe-
cies),	and	only	1.2	mol%	of	di-PUFA-PEs	(10	individual	spe-
cies)	 (Figure	 6B,	 Supplementary	 Table	 2).	 Notably,	 di-
PUFA-PEs	 were	 oxidized	 at	 higher	 rates	 than	 sn1-
SFA/MUFA-sn2-PUFA-PEs	 when	 all	 PE	 species	 were	 pre-
sent	in	the	mixture	(Figure	6C).	Specifically,	the	oxidation	
rate	of	di-AA-PE	by	15LOX-2	was	on	average	2-fold	higher	
than	 that	of	 SA-PE,	with	25	mol%	of	di-AA-PE	being	 con-
sumed	compared	to	8	mol%	of	SA-PE	by	the	oxidation	reac-
tion	(Figure	6A).	This	was	determined	by	considering	that	
the	ratio	of	SA-PE	to	di-AA-PE	was	99.7:0.3	in	the	prepared	
liposomes.	Similar	to	oxidation	of	SA-PE	in	SA-PE:DOPC	lip-
osomes,	PEBP1	was	effective	in	accelerating	peroxidation	of	
sn1-SFA/MUFA-sn2-PUFA-PE	species	in	the	liposomal	mix-
ture	(Figure	6D)	–	in	contrast	to	oxidation	of	di-PUFA-PE	
species	in	the	liposomal	mixture	that	was	not	stimulated	by	
PEBP1.	

We	next	asked	whether	the	discovered	specific	features	of	
di-AA-PE	oxidation	are	 translated	 into	biologically	signifi-
cant	effects.	To	this	end,	we	developed	and	employed	a	new	
model	 utilizing	 15LOX-2	 for	 oxidation	 of	 different	 exoge-
nously	added	PLs,	particularly	SA-PE	and	di-AA-PE,	to	trig-
ger	the	ferroptotic	response	in	cells.	We	used	human	bron-
choalveolar	cells	(HBE)	cells	treated	with	a	low	concentra-
tion	of	a	GPX4	inhibitor,	RSL3,	to	prevent	cellular	reduction	
of	 HpETE-PEs	 into	 their	 respective	 alcohols.14	 We	 chose	
conditions	 in	 which	 RSL3	 alone	 caused	 22.4±2.6%	 cell	
death	vs.	control	(non-exposed	to	RSL3).	A	combination	of	
RSL3	with	15LOX-2	plus	di-AA-PE	containing	liposomes	un-
der	the	same	conditions	caused	77.0±5.7%	cell	death	(and	
an	 increase	 in	 54.6±4.1%	 over	 the	 effect	 of	 RSL3	 alone)	
(Figure	7A).	Cellular	demise	was	due	to	ferroptosis	as	 its	
specific	 inhibitors,	 ferrostatin-1	 (Fer-1)	 and	 liprostatin-1	
(Lip-1),	completely	blocked	cell	death,	whereas	inhibitors	of	
necroptosis	(necrostatin-1S,	Nec-1S)	and	apoptosis	(zVAD-
fmk)	did	not	demonstrate	any	significant	protection	or	dis-
played	only	marginal	levels	of	protection	(Figure	7A).	Un-
der	the	same	conditions,	the	combination	of	RSL3,	15LOX-
2,	 and	 SA-PE	 resulted	 in	 27.4±1.5%	 cell	 death,	 indicating	
only	 a	 5.0±2.1%	 increase	 compared	 to	 the	 effect	 of	 RSL3	
alone.	Finally,	we	demonstrated	that	the	oxidation	of	exog-
enously	 added	 di-AA-PE	 plus	 15LOX-2	 sensitized	 several	
cell	 lines	 to	RSL3-induced	 ferroptosis,	namely	human	Ha-
CaT	 keratinocyte	 cells	 and	 A375	melanoma	 cells	 (Figure	
7B,	Supplementary	Figures	3,4).	In	HaCaT	cells,	the	oxi-
dation	of	di-AA-PE	by	15LOX-2	led	to	41.6±3.1%	cell	death,	
demonstrating	a	significant	32.0±1.9%	increase	compared	
to	 the	 effect	 observed	with	RSL3	 alone.	 Furthermore,	 the	
addition	of	SA-PE	resulted	in	25.1±4.1%	cell	death,	indicat-
ing	 only	 a	 15.5±2.4%	 increase	 compared	 to	 the	 effect	 of	
RSL3	alone	(Figure	7B).	In	A375	melanoma	cells,	the	com-
bination	 of	 di-AA-PE	 plus	 15LOX-2	 demonstrated	 signifi-
cantly	lower	viability	compared	to	RSL3	alone	(40.8±2.9%	
compared	 to	 75.3±3.2%,	 respectively).	 Conversely,	 the	
presence	of	SA-PE+15LOX-2	did	not	result	 in	a	significant	
change	 in	 cell	 viability	 (73.8±4.4%)	 compared	 to	 RSL3	
alone	(Supplementary	Figure	3A).	Additionally,	we	inves-
tigated	di-AA-PC-induced	ferroptosis	in	A375	cells	and	ob-
served	 no	 significant	 change	 in	 cell	 viability	 (72.2±1.5%)	
compared	to	RSL3	alone	(Supplementary	Figure	3B).	This	
corresponds	with	di-AA-PC	being	a	poor	substrate	for	the	
enzyme.	These	findings	support	the	idea	of	the	unique	and	
high	activity	of	15LOX-2	towards	di-PUFA-PE	species	in	in-
ducing	ferroptosis.	Assuming	that	ferroptotic	death	was	due	
to	the	effects	of	HOO-PEs,	we	chose	to	examine	whether	pre-
synthesized	 (using	 15LOX-2)	 15-HpETE-PEs	 would	 also	
cause	quantitatively	 comparable	 effects	 on	 cells.	 Interest-
ingly,	we	 found	that	mono-HOO-PE,	AA-15HpETE-PE,	was	
effective	in	inducing	ferroptotic	death	(Figure	7C).	The	ef-
fect	of	di-15HpETE-PE	was	strikingly	different;	no	cell	death	
over	RSL3-induced	effect	was	observed	when	HOO-groups	
were	 present	 in	 both	 sn1-AA	 and	 sn2-AA	 residues	 of	 di-
HpETE-PE.	This	may	be	explained	by	very	high	solubility	of	
doubly	oxygenated	di-15HpETE-PE	with	both	AA-residues	
having	a	polar	HOO-group.	Indeed,	we	found	that	di-HpETE-
PE	 is	water-soluble	 and	 did	 not	 bind	membranes	 but	 in-
stead	 could	 be	 recovered	 from	 the	 supernatant	

	
Figure	6.	Oxidation	of	PE	species	by	15LOX-2	or	15LOX-2/PEBP1	
complex	 in	 liposomes	 prepared	 from	 a	 natural	 PE	 mixture.	 (A)	
Rates	of	di-AA-PE	and	SA-PE	oxidation	and	mol%	of	their	consump-
tion	in	the	presence	of	15LOX-2	during	the	oxidation	reaction.	Data	
are	mean	±	s.d.,	n	=	3.	**	p<0.005,	student’s	t-test.	(B)	Content	of	PE	
species	in	a	biochemical	model	containing	natural	mixture	of	PEs.	
(C)	Rates	of	15LOX-2	catalyzed	oxidation	of	di-PUFA-PEs	and	sn1-
SFA/MUFA-sn2-PUFA-PEs	 and	 their	 content	 in	 a	 biochemical	
model	 containing	 natural	 mixture	 of	 PEs	 (D)	 Volcano	 plots	 of	
15LOX-2/PEBP1	vs	15LOX-2	 induced	 changes	of	 oxidized	mono-
PUFA-PEox	 (left	 plot)	 and	 di-PUFA-PEox	 (right	 plot),	 (log2	 fold	
change)	versus	significance	(log10	p	value).	Data	are	expressed	as	
pmol/nmol	PEs.	

	



 

(Supplementary	Figure	4).	During	lipid	peroxidation,	not	
only	 reactive	 radical	 intermediates,	 but	 also	 molecular	
products	 –	 HOO-lipids	 and	 electrophilic	 oxidatively-trun-
cated	 species	 generated	 from	HOO-PLs	 form	 covalent	 ad-
ducts	with	proteins.6	Because	of	the	transient	nature	of	PLs	
peroxidation	products,	the	totality	of	their	redox	reactions	
may	be	better	characterized	by	quantitative	assessments	of	
changes	in	the	oxidizable	substrates,	PUFA-PLs.	Indeed,	our	
redox	lipidomics	analysis	of	HBE	cells	revealed	the	changes	
in	the	levels	of	oxidizable	di-PUFA	vs	mono-PUFA	AA-/AdA-
containing	PE	species	after	4h	incubation	in	the	presence	of	
RSL3±15LOX-2+di-AA-PE	(Figure	7D).	Notably,	 the	 levels	
of	 several	 di-PUFA-PE	 species	 were	 markedly	 (by	
12.5±5.1%	–	40.0±6.4%)	decreased	under	these	conditions.	
In	 contrast,	 the	 majority	 of	 mono-PUFA	 species	 did	 not	
change	beyond	4.4±3.4%	with	the	exception	of	one	species,	
PE-(18:0/22:4),	 for	which	 the	 loss	was	21.3±3.2%.	These	
data	 indicate	 that	 di-PUFA-PE	 species	may	be	 acting	 as	 a	
driving	 force	 of	 lipid	 peroxidation	 and	 ferroptotic	 death.	
This	interpretation	is	in	line	with	the	measurements	of	lipid	
peroxidation	using	an	HOO-lipid	specific	fluorescent	probe,	
LiperFluo,	which	indicates	the	intracellular	HOO-lipid	accu-
mulation.15,16	 This	 is	 observed	 as	 a	 robust	 fluorescent	 re-
sponse	in	cells	incubated	with	RSL3+15LOX-2+di-AA-PE	vs	
RSL3	alone	(Figure	7E).	Similarly,	an	overall	stronger	total	
peroxidation	 of	 di-PUFA-PE	 species	 containing	 AA-/AdA-
residues	 was	 also	 observed	 in	 placental	 primary	 human	
trophoblasts	(PHT)	(Supplementary	Figure	5).	

To	determine	how	early	 after	 the	 initiation	of	 ferroptosis	
the	loss	of	oxidizable	di-PUFA-PEs	vs.	mono-PUFA-PEs	oc-
curs,	we	studied	 the	 time	course	of	RSL3-induced	 ferrop-
totic	death	of	A375	melanoma	cells	in	vitro.	We	observed	an	
almost	 linear	 increase	 in	 the	 number	 of	 dead	 cells	 from	
1.4±0.2%	to	40.8±3.2%	of	RSL3	treatment	over	3–16	hours	
(Figure	8A).	Overall,	the	relative	decrease	of	di-PUFA-PEs	
occurred	 to	 a	markedly	 greater	 extent	 (up	 to	43.2±3.1%)	
than	in	mono-PUFA-PE	species,	where	the	loss	did	not	ex-
ceed	21.8±2.4%	(Figure	8B).	Most	remarkably,	the	oxida-
tive	 loss	 of	 both	 di-PUFA-PEs	 and	 mono-PUFA-PEs	 was	
highly	species-specific.	For	some	of	the	di-PUFA-PE	species,	
the	contents	did	not	change	early	(3-6	h)	in	the	ferroptotic	
process	 (20:4/20:4-PE,	 20:4/22:5-PE,	 20:4/22:6-PE)	 and	
became	robust	after	9-16h	of	incubation.	For	several	other	
species,	 the	decreased	amounts	were	observed	already	at	
3h	(20:4/22:4-PE,	22:4/22:4-PE),	and	for	some	other	spe-
cies	(e.g.,	22:4/22:6-PE)	the	changes	in	their	amounts	were	
progressive.	This	species	dependence	was	also	observed	for	
mono-PUFA-PE	 species	with	 three	 types	 of	 characteristic	
responses:	i)	the	emergence	of	oxidative	loss	of	the	species	
very	early	in	the	ferroptotic	process	starting	at	3h	with	only	
minor	 changes	 occurring	 after	 this	 (18:0/20:4-PE,	
18:1/20:4,	 18:0/22:4-PE),	 ii)	 monotonous	 consumption	
(16:0/20:4-PE),	and	iii)	lack	of	any	changes	in	the	contents	
of	this	species	(16:1/20:4-PE).	Overall,	these	data	demon-
strate,	for	the	first	time,	a	remarkable	selectivity	of	PUFA-
PE	oxidative	loss	corresponding	to	their	involvement	in	the	
execution	of	ferroptosis.	Different	stages	of	the	ferroptotic	

	
Figure	7.	Oxidation	of	di-AA-PE	by	15LOX-2	sensitizes	cells	to	ferroptosis.	HBE	and	HaCaT	cells	were	primed	with	RSL3	(A)	HBE	(75	nM),	(B)	HaCaT	
(50	nM)	for	3h	and	then	treated	with	di-AA-PE	or	SA-PE	containing	liposomes	and	15LOX-2	with	or	without	inhibitors	of	different	cell	death	path-
ways	–	ferroptosis	(Fer-1	or	Lip-1),	necroptosis	(Nec-1S),	apoptosis	(zVAD-fmk).	Cell	death	was	analyzed	by	PI-staining	using	flow.	Data	are	mean	
±	s.d.,	n=3-8,	****p<0.0001,	**p<0.01,	One-way	ANOVA,	Tukey's	multiple	comparisons	test.	(C)	HBE	cells	were	primed	with	RSL3	(75	nM	for	3h)	and	
then	treated	with	AA-15HpETE-PE	or	di-15HpETE-PE.	Cell	death	was	analyzed	by	PI-staining	using	flow.	Data	are	mean	±	s.d.,	n=3-5,	****p	<	0.0001,	
student’s	t-test.	(D)	Consumption	(%)	of	di-	and	mono-PUFA-PEs	in	HBE	cells	treated	with	15LOX-2	and	di-AA-PE	and	exposed	to	RSL3	for	4	hours	
compared	to	the	controls,	n=3.	(E)	Detection	of	lipid	hydroperoxides.	Live	cell	fluorescence	imaging	of	Liperfluo	in	HBE	cells	treated	with	RSL3	
alone	or	RSL3+15LOX-2+di-AA-PE.	Left	panel	shows	changes	in	fluorescence	in	one	stage	position	(of	10)	at	0h	and	4h.	Right	panel	shows	the	time	
course	of	changes	in	fluorescence	intensity	from	baseline.	Scale	bars,	20	μm.	

 



 

process	 are	 characterized	 by	 the	 engagement	 of	multiple	
and	alternate	molecular	species	of	di-PUFA-PEs	and	mono-
PUFA-PEs.	
In	the	ferroptotic	models	examined	(Figures	7,8),	we	were	
able	to	detect	the	accumulation	of	peroxidation	products	for	
some	PUFA-PE	species	where	loss	was	observed,	but	not	in	
all	of	them.	More	specifically,	we	were	able	to	detect	up	to	
43.2±3.1%	 losses	 of	 (22:4/22:6)-PE	 and	 38.4±1.3%	 of	
(22:4/22:4)-PE	 species	 (Figure	 8B).	 However,	 no	 HOO-
oxidation	products	 in	 these	 species	were	detectable.	 This	
may	be	due	to	the	conversion	of	the	primary	peroxidation	
products,	 HOO-PUFA-PEs,	 into	 secondary	 oxidatively-

truncated	 species	 or	 covalent	 adducts	 with	 proteins.	 In-
deed,	we	were	able	to	detect	oxidatively-truncated	PE	spe-
cies	 in	 A375	 cells	 (PE-(18:0/C8-hydroxy-oxo-enoyl))	 and	
HBE	cells	(PE-(18:0/C7-hydroxy-anoyl),	PE-(18:0/C5-oxo-
anoyl),	 PE-(18:1/C5-oxo-anoyl))	 primed	 to	 ferroptosis.	
However,	for	some	species,	particularly	for	all	di-PUFA-PE	
species,	 no	 detectable	 amounts	 of	 peroxidation	 and	 trun-
cated	products	accumulated.	We	assumed	that	the	contents	
of	peroxidation	products,	as	transient	intermediates	of	the	
ferroptotic	process,	may	be	dictated	by	two	major	specific	
factors:	i)	specificity	of	the	initiators	of	peroxidation,	and	ii)	
control	of	the	HOO-PUFA-PE	decay	to	oxidatively-truncated	
electrophilic	 species	 and	 their	 reactivity	 towards	 forming	
covalent	adducts	with	proteins.	
When	A375	melanoma	cells	were	 treated	with	 tert-butyl-
hydroperoxide	(TBH)	causing	78.2±0.7%	of	cell	death	(Fig-
ure	 9A),	 we	 observed	 a	 characteristic	 loss	 of	 several	
AA/AdA-containing	 di-PUFA-PE	 substrates	 (Figure	 9B)	
and	simultaneous	accumulation	of	HO-	and	HOO-containing	
peroxidation	products	 (Figure	9C).	While	very	 low	abun-
dance	was	typical	for	some	of	them,	much	higher	levels	of	
AdA-containing	 di-PUFA-OOH-PE	 species	 (up	 to	
18.2±10.4%	 mol%)	 were	 revealed	 after	 incubation	 with	
TBH.	 Under	 these	 conditions,	 oxidative	 consumption	 of	
mono-PUFA-PEs	 was	 detectable	 simultaneously	 with	 the	
accumulation	of	a	variety	of	different	peroxidation	products	
(Figure	9D,E).	Importantly,	both	PE	peroxidation	and	cell	
death	were	strongly	suppressed	by	Fer-1	indicating	the	en-
gagement	of	typical	ferroptotic	mechanisms	(Figure	9A).	
ACSL4	 is	 a	well-known	 regulator	 of	 a	 cell’s	 sensitivity	 to	
pro-ferroptotic	 stimuli	 acting	 through	 the	 regulation	 of	

	
Figure	8.	RSL3	 induced	cell	death	and	consumption	of	di-PUFA-PE	
and	mono-PUFA-PE	 species	 in	 A375	melanoma	 cells.	 (A)	 RSL3	 in-
duced	cell	death	in	a	time-dependent	manner	as	evidenced	by	PI	pos-
itive	cells.	Data	are	mean	±	s.d.,	n=3-4,	****p<0.0001	vs	control,	One-
way	ANOVA,	Tukey's	multiple	comparisons	test.	(B)	Consumption	of	
AA-/AdA-containing	di-PUFA-PE	and	mono-PUFA-PE	species	in	cells	
exposed	to	RSL3.	Data	are	expressed	as	%	of	the	substrate	loss	com-
pared	to	the	controls	and	presented	as	a	heat	map,	n	=	3.	

	
Figure	9.	TBH	induced	cell	death,	accumulation	of	PE-derived	ferroptotic	cell	death	signals	and	consumption	of	di-PUFA-PE	and	mono-PUFA-PE	
species	in	A375	melanoma	cells.	(A)	TBH	induces	cell	death	as	evidenced	by	Trypan	blue	staining.	Data	are	mean	±	s.d.,	n=3,	****	p<0.0001,	One-
way	ANOVA,	Tukey's	multiple	comparisons	test.	Consumption	(%)	of	(B)	di-PUFA-PEs	and	(D)	mono-PUFA-PEs	in	A375	cells	exposed	to	TBH	for	
6	hours	compared	to	the	controls.	Data	are	mean	±	s.d.,	n=3-4.	Accumulation	of	oxidized	(C)	di-PUFA-PEs	and	(E)	mono-PUFA-PEs	in	A375	cells	
exposed	to	TBH.	Data	are	expressed	as	pmol/nmol	of	precursor.	Data	are	mean	±	s.d.,	n=3-4.	



 

PUFA-acyl-CoA	 (particularly	 arachidonoyl-CoA)	 and	 syn-
thesis	 of	 PUFA-PLs,	 particularly	 after	 supplementation	 of	
cells	with	AA.3,17	We	asked	which	of	 the	 two	 types	of	AA-
containing	PLs	–	mono-AA	or	di-AA-PEs	 are	mostly	 regu-
lated	by	ACSL4.	To	address	this	experimentally,	we	used	a	
model	 of	 WT	 and	 ACSL4	 KO	 A375	 plus/minus	 AA-
supplemented	 cells	 (Supplementary	 Figure	 6).	 In	 WT	
cells,	 all	 di-PUFA-PEs	 universally	 responded	 by	 robustly	
(1.5-4.0-fold)	 elevated	 levels	 of	 the	 respective	 molecular	
species	to	AA	supplementation	(Figure	10A).	This	stimula-
tion	was	partially	or	 completely	 suppressed	 in	ACSL4	KO	
cells,	 and	 the	 level	 of	 suppression	was	highly	PE-species-
specific.	 The	 ACSL4-dependent	 increases	 in	 mono-PUFA-
PEs	were	overall	much	lower	vs	di-PUFA-PE	species	in	both	
WT	and	ACSL4	KO	cells	(Figure	10B).	
Importantly,	pro-ferroptotic	stimulation	with	RSL3	caused	
strong	oxidative	loss	responses	in	several	di-PUFA-PE	spe-
cies	 (20:4/20:4-PE	 and	 20:4/22:6-PE)	 of	 both	 WT	 and	
ACSL4	KO	cells	(Figure	10C).	For	four	di-PUFA-PE	molecu-
lar	species	(20:4/22:4)-PE,	(22:4/22:6)-PE,	(22:4/24:4)-PE	
and	 (22:4/22:4-PE)	 the	 oxidation-dependent	 loss	 was	
found	 to	 be	 consequently	 up	 to	 23.9±5.5%,	 53.7±6.9%,	
43.0±12.8%,	19.1±6.5%	in	WT	cells	and	was	strongly	sup-
pressed	for	the	same	species	in	ACSL4	KO	cells.	Essentially,	
no	RSL3	induced	oxidative	loss	was	found	in	mono-PUFA-
PEs	of	both	WT	or	ACSL4	KO	cells	 (with	 the	exception	of	
18:1/20:4-PE	species	with	a	16.3±1.7%	loss)	(Figure	10C).	
The	pro-ferroptotic	response	to	RSL3	treatment	of	non-AA-
supplemented	 WT	 cells	 (46.7±0.5%	 death)	 was	 strongly	
(>3-fold,	 14.8±0.6%)	 inhibited	 in	ACSL4	KO	 cells	 (Figure	
10D).	 AA-supplementation	 expectedly	 sensitized	 cells	 to	
ferroptosis,	 but	 it	 also	 “smoothened”	 the	 difference	 be-
tween	WT	and	ACSL4	KO	cells	(~2.4-fold),	from	64.4±2.1%	

cell	death	in	WT	to	26.6±1.6%	in	ACSL4	KO	cells.	Fer-1	in-
hibited	ferroptotic	responses	to	control	levels	for	both	WT	
and	 ACSL4	 cells	 in	 plus/minus	 AA-supplemented	 condi-
tions.	 Overall,	 these	 results	 clearly	 indicate	 that	 not	 all	
PUFA-containing	 PLs	 contribute	 equally	 to	 ferroptotic	
death,	highlighting	the	important	role	of	di-PUFA-PEs.	
Discussion	
Asymmetry	 of	 PUFA	 vs.	 SFA/MUFA	 distribution	 between	
sn1	and	sn2	positions	of	PLs	 is	 fundamental	 for	 life.18,19,20	
While	there	are	examples	of	deviations	from	this	important	
asymmetric	organization,	they	are	quite	rare.	As	examples,	
one	can	name	the	formation	of	di-PUFA	PLs	as	the	required	
substrates	in	the	biosynthesis	of	N-acyl-PEs,21	precursors	of	
endocannabinoids,	 like	 anandamide,22	 or	 bis(monoacyl-
glycero)phosphates	(BMPs)	participating	in	the	regulation	
of	 hydrolytic	 digestion	 of	 unnecessary	 or	 damaged	mole-
cules	in	the	late	endo-lysosomal	compartment.23	The	pres-
ence	of	non-oxidizable	SFA/MUFA	acyls	is	essential	for	the	
metabolic	engagements	of	PLs	in	the	membrane.24	Indeed,	if	
the	sn2	PUFA	residue	is	involved	in	the	production	of	lipid	
signals,	e.g.	lipid	mediators,	the	second	acyl	chain	in	the	sn1-
position	will	still	anchor	the	lyso-PL	molecule	in	the	mem-
brane	 lipid	bilayer,	 thus	preserving	 it	 for	 remodeling	and	
further	re-use.	If	both	sn1	and	sn2	positions	are	occupied	by	
PUFA-residues,	their	oxidation	or	other	metabolic	involve-
ments	will	eliminate	this	PL	molecule	from	the	membrane.	
Robust	PL	peroxidation	has	been	universally	recognized	as	
a	hallmark	of	ferroptosis.1,13	However,	the	most	frequently	
employed	analytical	methodologies	do	not	permit	direct	es-
tablishment	of	the	identity	and	amounts	of	specific	PL	pe-
roxidation	products.	LC-MS	based	redox	lipidomics	reveals	
a	 large	diversity	 of	 these	peroxidized	 (phospho)lipids,	 al-
beit	 semi-quantitatively,	 as	 calibration	 standards	 are	

	
Figure	10.	 RSL3	 induced	 cell	 death	 and	 consumption	of	di-PUFA-PE	and	mono-PUFA-PE	 species	 in	WT	and	ACSL4	KO	A375	plus/minus	AA-
supplemented	melanoma	cells.	Content	of	AA-/AdA-containing	(A)	di-PUFA-PE	and	(B)	mono-PUFA-PE	species	in	A375	melanoma	obtained	from	
control	cells	and	cells	treated	with	AA.	Data	are	expressed	as	pmol/nmol	of	PLs	and	presented	as	heat	maps	auto-scaled	to	z	scores	and	coded	blue	
(low	values)	to	red	(high	values),	n	=	3.	(C)	Consumption	of	di-PUFA-PE	and	mono-PUFA-PE	species	in	WT	and	ACSL4	KO	A375	AA-supplemented	
melanoma	cells	exposed	to	RSL3	for	12	hours.	Data	are	expressed	as	%	of	the	substrate	loss	compared	to	the	WT+AA	or	ACSL4	KO+AA	conditions.	
Data	are	mean	±	s.d.,	n	=	3.	*	p<0.05**	p<0.005,	***	p<0.0005,	student’s	t-test.	(D)	RSL3	induced	cell	death	in	WT	and	ACSL4	KO	A375	plus/minus	
AA-supplemented	cells.	Data	are	mean±	s.d.,	n=3,	****	p<0.0001,	One-way	ANOVA,	Tukey's	multiple	comparisons	test.	



 

available	for	only	a	few	of	them.7,9,25,26	In	spite	of	that,	our	
study	 discovered	 a	 new	 role	 of	 di-PUFA-PE	 peroxidation,	
driven	 by	 15LOX,	 in	 the	 execution	 of	 the	 ferroptotic	 cell	
death	program.	We	determined	 that	 there	are	 substantial	
differences	 in	 the	 quantitative	 participation	 and	 time	
course	of	the	formation,	transient	accumulation	and	adduc-
tion	with	proteins	of	different	peroxidation	products	gener-
ated	from	di-PUFA-PEs	and	mono-PUFA-PEs.	This	newly	es-
tablished	role	of	di-PUFA-PEs	in	ferroptosis	emphasizes	the	
necessity	of	highly	effective	regulation	of	their	biosynthesis	
to	avoid	unwanted	accidental	cell	death.	It	is	also	apparent	
that	nutritionally	or	metabolically	induced	excessive	eleva-
tion	of	di-PUFA-PEs	may	lead	to	their	rapid	enzymatic	pe-
roxidation	by	LOXs,	transgressing	into	cell	death.	
Results	of	 this	work	demonstrate	 that	mono-HOO-PE	and	
di-PUFA-PE	species	are	potent	inducers	of	ferroptosis.	Our	
demonstration	of	the	early	involvement	of	specific	di-PUFA-
PE	species	in	the	peroxidation	process	points	to	their	possi-
ble	role	in	the	initiation	of	the	ferroptotic	process.	This	ne-
cessitates	 further	 studies	 on	 enzymatic	 mechanisms	 in-
volved	in	the	biosynthesis	and	regulation	of	di-PUFA-PLs	in	
the	cell.	
The	amazing	feature	of	di-PUFA-PEs	is	that	they	can	get	ox-
idized	at	unexpectedly	high	rates	by	15LOX	(Figure	2).	Our	
MD	simulations	revealed	that	this	is	mainly	due	to	specific	
orientations	of	PUFA-	vs.	SFA/MUFA-PE	residues	with	re-
gards	 to	 the	15LOX	catalytic	 iron	(Figure	4,5).	There	 is	a	
substantial	 difference	 in	 the	 catalytic	 competence	 of	 di-
PUFA-PE	 oxidation	 between	 the	 two	 15LOX	 isoforms,	
15LOX-1	and	15LOX-2	(Figure	2).	Further	studies	will	re-
veal	the	molecular	basis	underlying	these	mechanistic	dif-
ferences	and	their	biological	role.	
While	the	contents	of	di-AA-PE	and	other	di-PUFA-PEs	are	
>	than	an	order	of	magnitude	lower	than	sn-1-SFA/MUFA-
sn-2-PUFA-PEs	 (Figure	1),	 the	much	 higher	 peroxidation	
efficiency	of	di-PUFA-PEs	makes	their	peroxidation	possible	
and	demonstrates	their	significance	for	the	execution	of	fer-
roptosis	and	possibly	other	functions.	For	example,	canoni-
cal	biosynthesis	of	lipid	mediators	begins	with	the	hydroly-
sis	of	PLs	and	subsequent	 liberation	of	PUFA,	which	 then	
serve	as	oxidizable	precursors.27	Direct	oxidation	of	di-AA-
PE	points	to	a	possible	alternative	pathway	for	biosynthesis	
of	 lipid	 mediators	 occurring	 as	 a	 sequential	 15-LOX-
catalyzed	peroxidation	of	di-PUFA-PLs	followed	by	the	hy-
drolysis	 of	 peroxidized	di-PUFA-PLs	 by	 group	VI	 PLA2	of	
special	types	–	Ca2+-independent	PLA2	-	capable	of	attack-
ing	oxidatively	modified	PL-substrates.28,29	This	mechanism	
for	 lipid	mediator	 formation	may	 occur	 independently	 of	
the	 canonical	 pathway,	 which	 is	 initiated	 by	 the	 PLA2-
mediated	liberation	of	free	PUFA	from	the	sn-2-position	of	
PLs.	
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