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Abstract

Ferroptosis is a regulated non-apoptotic cell death process triggered by excessive iron-induced
lipid peroxidation. Excess intracellular iron promotes lipid peroxidation by increasing reactive
oxygen species formation through the Fenton reaction. Thus, iron and polyunsaturated fatty
acid intake may trigger ferroptosis under certain conditions. The aims of this review were to
compile and examine evidence in the literature for the effects of iron and polyunsaturated fatty
acid supplementation on ferroptosis. Omega-6 polyunsaturated fatty acids have relatively
greater susceptibility to lipid peroxidation and could, therefore, participate in ferroptosis. By
contrast, omega-3 polyunsaturated fatty acids promote intracellular antioxidants synthesis and
reduce the formation of hydroperoxides that induce ferroptosis. As intestinal iron absorption
is regulated by iron nutritional status, individuals with normal functioning of the hepcidin-
ferroportin axis are at low risk of developing iron overload in response to ingestion of iron-rich
foods. Therefore, iron supplementation is potentially toxic mainly for the intestinal epithelium
and the microbiota. In animal models, iron-rich diets increased oxidative damage, lowered the
glutathione concentration within hepatocytes, and downregulated desaturases that synthesize
long-chain polyunsaturated fatty acids. These adverse effects of iron supplementation were
prevented by omega-3 fatty acid co-supplementation. The impact of food and supplement
intake on ferroptosis has seldom been investigated. Scientific evidence still does not allow us
to know for sure whether iron and PUFA supplementation are capable of inducing ferroptosis.
As the mechanisms that control ferroptosis can determine whether cells proliferate or die,
future studies should directly investigate the effects of nutrient supplementation and food
intake on the ferroptosis process in different types of cells and tissues.
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Introduction

Ferroptosis was first reported in 2012. It was described as a new form of regulated
(non-apoptotic) cell death involving morphological and biochemical alterations that differ
from previously identified and characterized types of cell death such as apoptosis, necrosis,
and autophagy. Ferroptosis is triggered by excessive iron-induced lipid peroxidation [1].

Ferroptosis involves the inhibition of glutathione peroxidase 4 (GPX4) and a consequent
increase in lipid peroxide formation. Under normal physiological conditions, GPX4 converts
toxic lipid hydroperoxides (L-OOH) into non toxic lipid alcohols (L-OH) [2]. Ferroptosis is
also associated with excess Fe** in the intracellular medium. The Fe**is then reduced to
Fe?* which catalyzes ferroptosis by increasing reactive oxygen species (ROS) formation by
Fenton and Haber Weiss reactions [3]. Thus, GPX4 inhibition increases ROS by allowing
excess intracellular iron accumulation and reducing the antioxidant capacity. In this manner,
it promotes the peroxidation of polyunsaturated fatty acids (PUFAs) in cell membranes.

Under certain conditions, the consumption of key nutrients, such as iron and PUFAs,
might potentially cause ferroptosis. The efficiency of intestinal iron absorption determines
the iron status in the body, as well as the opposite also occurs (body iron status influences
the efficiency of absorption of this nutrient) [4]. In addition, blood transfusions necessary
in the treatment of some diseases may also increase the iron content in the body. Excess
iron can also be present in some hereditary diseases, such as hemochromatosis [5]. In this
context, it is known that polyunsaturated fatty acids (PUFAs) such as linoleic acid (LA),
alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and
arachidonic acid (AA) are more susceptible to oxidation. The integration of PUFAs into cell
membranes may stimulate ferroptosis in the presence of excess intracellular iron [6]. Hence,
in situations of excess iron in the body, PUFA supplementation could hypothetically trigger
ferroptosis. At the same time, it is known that the Western diet is rich in omega-6 PUFAs [7],
which would also be of concern for individuals with excess iron in the body. In this context,
the main concern about PUFA ingestion is for individuals with excess iron in the body (either
by supplementation, blood transfusion or genetic diseases). On the other hand, the most
likely cellular targets for the occurrence of ferroptosis through iron supplementation may be
the intestinal cells themselves and the intestinal microbiota, since, in humans, the intestinal
absorption of iron is regulated by means of hepcidin [4].

The aim of the present review was to search and compile evidence from the literature
for the effects of dietary iron and PUFA supplementation on ferroptosis. In this sense, the
aim is to find out whether it is possible to control the cell death process via ferroptosis by
means of food or nutritional supplementation.

Ferroptosis

Ferroptosis is driven by two concomitant processes. In the first, the selenoenzyme
phospholipid hydroperoxide glutathione peroxidase 4 (GPX4), which protects cells
against lipid peroxidation, is suppressed [3]. In the second, transferrin receptors increase
intracellular iron flux [8]. Therefore, lipid peroxidation is exacerbated by the presence of
intracellular iron while GPX4 suppression diminishes the detoxification of lipid peroxides
generated in response to increasing intracellular ROS content. Lipid peroxides translocate
the BH3 interacting-domain death agonist pro-apoptotic protein (BID), increase membrane
porosity, attenuate selective permeability, release organelles into the extracellular medium,
and cause ferroptosis [9].

Under physiological conditions, GPX4 reduces lipid peroxides to their corresponding
lipid alcohols [10]. When GPX4 is suppressed, however, lipid peroxides can accumulate in
the cell. GPX4 is composed of eight nucleophilic amino acids including seven cysteines and
one selenocysteine. The latter is directly dependent on selenium [10].
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GPX4 may be suppressed in different ways. Erastin inhibits the cystine antiporter System
Xc- and prevents its entry into the cytosol (Fig. 1). Glutathione synthetase and glutamate
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Fig. 1. Mechanisms of ferroptosis and their relationships with fatty acids. Glutathione peroxidase 4 (GPX4)
inactivation renders cells susceptible to lipid peroxidation. Erastine may suppress GPX4, thereby preventing
cystine from entering the cytosol. Cystine is required for glutathione synthesis and GPX4 activity. GPX4 may
also be inhibited by RSL-3 which binds selenium (Se) at the active site of GPX4 and reduces its antioxidant
activity. FIN56 degrades GPX4 while FINO2 indirectly inhibits GPX4 and oxidizes iron and lipids. Lipid
peroxidation can occur by three distinct mechanisms of which the most common occurs via reactions
involving Fe?. The latter enters the cell via the DMT-1 protein. A cytoplasmic labile iron pool (cLIP) forms
when there is excess intracellular iron. Fe** participates in the Fenton reaction to form hydroxyl radical
which reacts with lipids to form lipid peroxides. In ferroptosis, elongases convert AA to AdA and the latter
is oxidized by acyl-CoA synthase family 4 long chain (ACSL4) to arachidonoyl-CoA (AA-CoA). LPCAT3 then
esterifies the latter to AA-PE. Fe-dependent lipoxygenases then oxidize the latter to the toxic phospholipid
hydroperoxide AA-OOH-PE. Ferroptosis occurs when the AA-OOH-PE level exceeds the cell threshold. PUFAs
also undergo auto-oxidation to lipid peroxides in the presence of iron. Omega-3 PUFAs induce the Nrf2
transcription factor (TF) which, in turn, promotes the synthesis of antioxidant enzymes such as GPX4. The
latter detoxifies the phospholipid hydroperoxides responsible for ferroptosis. Monounsaturated fatty acids
are relatively less susceptible to lipid peroxidation and their integration into membrane phospholipids can
inhibit ferroptosis.
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cysteine synthase form the tripeptide glutathione - which is a cofactor of GPX4 - and consists
of glutamate, glycine, and cysteine [11]. A decrease in cystine results in areduction in cysteine
and the depletion of glutathione. Hence, cystine uptake is essential for GPX4 activity and, by
extension, ferroptosis resistance [11] (Fig. 1). GPX4 is also suppressed by chemoproteomics
such as lethal selective RAS 3 (RSL-3) which binds selenocysteine at the GPX4 active site and
impairs its antioxidant function (Fig. 1) [12]. GPX4 may also be suppressed by ferroptosis
56 inhibitor (FIN56) which promotes GPX4 degradation and by 1, 2-dioxolane-containing
endoperoxide (FINO,) which inhibits GPX4, oxidizes iron, and causes generalized lipid
peroxidation (Fig. 1) [13]. The foregoing findings suggest that endoperoxides such as FINO,
may initiate ferroptosis through multiple mechanisms [13].

Lipid peroxides are produced by Fe-dependent pathways [3]. They are produced
through the Fenton reaction (Fig. 1). The Fe?* in labile iron reservoirs reacts with
hydrogen peroxide in the ambient medium to form hydroxyl radicals (¢OH) (Fig. 1). The
PUFAs in cell membranes contain multiple double hydrogen bonds that can react with
hydroxyl radical, thereby triggering lipid peroxidation (Fig. 1). Lipid peroxides may also
be generated by the oxygenation and esterification of PUFAs such as AA [3]. Elongase
converts AA to adrenoil (AdA) which, in turn, is a substrate for acyl CoA synthetase family
4 long chain (ACSL4). The latter enzyme oxidizes AdA to arachidonyl-CoA (AA CoA). AA-
CoA may also be esterified by lysophosphatidylcholine acyltransferase 3 (LPCAT3) to AA-
containing phosphatidylethanolamine (AA-PE). AA-PE is then oxidized by Fe-dependent
lipoxygenases to the toxic phospholipid hydroperoxide AA-OOH-PE (Fig. 1). Ferroptosis
occurs when the AA-OOH-PE levels exceed the cell threshold (Fig. 1) [3]. The phospholipid
phosphatidylethanolamine (PE) containing AA or AdA can cause ferroptosis. Modulation of
the genes regulating the fatty acid metabolism mediator acyl-CoA synthetase (ACSL4) and
LPCAT3 can cause ferroptosis [12]. ACSL4 preferentially acetylates AA [14] while LPCAT3
catalyzes the integration of acetylated AA into membrane phospholipids [15]. Hence, ACSL4
and LPCAT3 deletion may suppress ferroptosis and limitthe oxidation-sensitive FA pool
in cell membranes. Lipid peroxides may also be generated by lipid auto-oxidation. This
autocatalytic reaction occurs in a free radical chain that generates lipid hydroperoxides in
the presence of iron [3]. GPX4 depletion or inactivation may increase ferroptosis to a greater
extent than PUFA oxidation [3].

Iron metabolism

To determine the participation of ingested iron in ferroptosis the regulation of iron
metabolism must first be clarified. Ingested iron is transformed into heme iron (Fe?*) and
non-heme iron (Fe*®). The food sources of heme iron include red meats, offal (liver and
kidney), poultry, pork, fish, and shellfish. Meat, dark green leafy vegetables and legumes
are the main food sources of non-heme iron.When dietary non-heme iron (Fe**) reaches
the intestinal epithelium, it is reduced to the ferrous form (Fe?*) by cytochrome b duodenal
ferrireductase (Dcytb) localized to the brush edges of duodenal enterocytes. The ferrous
iron is then absorbed into the brush edges via the carrier protein divalent metal transporter
1 (DMT1) [16].The mechanism of intestinal heme absorption has not been fully elucidated. A
putative heme transporter designated heme1 carrier protein (HCP1)was discovered in 2005.
However, its role as an apical heme transporter was deemed unimportant as it also has a high
affinity for folate and transports it [17]. Within the enterocytes, the heme iron is released
from protoporphyrin via heme oxygenase. The released iron then is either stored as ferritin
or is joined to the non-heme iron pool or released from the enterocytes into the blood. The
protein ferroportin exports iron from the intestinal cells to the plasma. Ferroportin exports
iron from enterocytes and macrophages [18, 19]. Hence, the Fe?* out sourced by ferroportin
is oxidized to Fe* by hephaestin and captured by transferrin [20].

Iron absorption in the enterocytes is regulated by negative feedback and involves
hepcidin. This hormone is synthesized in the liver and maintains iron homeostasis by
binding ferroportin [21]. The enterocytes internalize the hepcidin-ferroportin complex.
Then, ferroportin degrades, iron efflux is reduced, and intestinal iron absorption and
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bioavailability decrease [21].

Senescent red blood cells (RBCs;erythrocytes) are also important iron sources. Most
of the iron in the body is associated with hemoglobin. Thus, phagocytosis and degradation
of senescent RBCs release iron [22]. Most of the iron in the human body is recovered from
senescent erythrocytes through the splenic endoplasmic reticulum and the hepatic Kupffer
cells [22]. Aging-related changes in erythrocytes include Band 3 membrane protein exposure,
phosphatidylserine accumulation in the outer membrane, and membrane stiffness. All these
are recognized by specific macrophage receptors [23]. Interaction of these receptors with
RBCs causes the latter to undergo phagocytosis. Then, the RBC components are released.
Heme accumulation in macrophage cytoplasms induces heme oxidase 1 which degrades
heme into Fe?, biliverdin, bilirubin, and carbon monoxide. Fe*may be stored as ferritin in
macrophages or exported by ferroportin [24]. In the latter case, the Fe?* is oxidized to Fe**by
the hepatic protein ceruloplasmin. The Fe*? is then transported by transferrin mainly to the
bone marrow where it participates in erythropoiesis [24].

Iron overload

Ironisan essential microelement with redox properties that are vital to several biological
processes. Iron is a crucial component of hemoproteins such as myoglobin, hemoglobin,
cytochrome p450, ironsulfur proteins and others involved in cellular metabolism.

There is no specific iron excretion mechanism under normal physiological conditions.
Iron metabolism depends upon absorption from the diet (1-2 mg Fe/d) to compensate for
Fe losses from menstrual bleeding and other blood loss [25]. Under aerobic conditions, iron
that is not bound or sequestered by serum transferrin and cellular ferritin can freely interact
with vascular, cellular, and subcellular structures and damage them. In iron overload, labile
iron fractions with strong redox activity appear in the blood and cells. Labile iron in the
plasma is not linked to transferrin. Intracellular iron is known as labile cell iron [26]. Iron
that is not bound to transferrin may target hepatic and other parenchymatous tissue and
is potentially cytotoxic [27]. Unbound iron is captured by parenchyma cells and especially
hepatocytes, is not controlled by iron-regulating protein (IRP) or iron-responsive elements
(IRE) [27], and accumulates in the cells. At transferrin saturation >75-80%, the iron is labile
or in reactive plasma form [27].

Reactive plasma iron is a potentially toxic circulating form of the metal. Cytoplasmic
iron induces ROS through the Fenton reaction and hydrogen peroxide is transformed into
the highly reactive hydroxyl radical. Excess iron can damage cell membranes, mitochondria,
nuclei, and DNA [28].

Certain hereditary or acquired pathological conditions disrupt cellular iron homeostasis
and can lead to iron overload [26]. These disorders are associated with hemochromatosis
which is the progressive and toxic accumulation of iron in parenchymatous organs. Primary
iron overload results from a primary defect in iron homeostasis regulation. Secondary
iron overload is associated with genetic factors and acquired diseases [29]. Hereditary
hemochromatosis is characterized by increased intestinal iron absorption and progressive
iron accumulation in various organs and tissues [30]. The most common mutation associated
with hereditary hemochromatosis involves the gene regulating iron homeostasis. Other
types of hereditary hemochromatosis involve mutations of the genes encoding hepcidin or
ferroportin biosynthesis [30]. Secondary or acquired iron overload in hemoglobinopathies
such as thalassemias and sickle cell disease is often characterized by anemia. Individuals
with these conditions require regular blood transfusions [26]. However, this treatment may
cause iron overload as each unit of transfused blood contains ~200-250 mg Fe [31].

Iron metabolism is altered in both primary hemochromatosis and secondary iron
overload and may increase the morbidity and mortality of these conditions. Under iron
overload, serum iron levels exceed the iron binding capacity of transferrin. Hence, the
unbound iron content and the risk of cellular damage in the body increase. The main clinical
manifestations of iron overload include liver and heart failure. Myocytes use Fe in myoglobin
biosynthesis and are the second largest iron consumers in the body while hepatocytes
intracellularly store up to 20% of all iron [25].
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Iron supplementation

About 33% of the global population has anemia. Iron deficiency and inflammation are
the main causes [32]. Iron deficiency is the leading cause of anemia and the most prevalent
nutrient deficiency worldwide. It affects 33%,40%, and 42% of all non-pregnant women,
pregnant women, and children, respectively [33]. In Brazil, anemia is prevalent in the 6-23
mo age group (19%) and affects ~ 17.3% of all pregnant women [34]. Iron deficiency occurs
mainly as Fe requirements increase during periods of rapid growth and development such
as early childhood, adolescence, and pregnancy. However, it may also occur at other stages of
life [33]. Progressive iron deficiency can result in iron-deficient erythropoiesis, reductions in
RBC counts and hemoglobin, fatigue, impaired physical performance, decreased productivity,
and suboptimal brain development [33].

Inadequate dietary intake may result from an iron-poor diet and/or the ingestion of iron
sources with low bioavailability. When iron deficiency anemia occurs, both dietary Fe sources
and iron supplementation are necessary. Food may also be fortified with iron [35]. Iron-
binding proteins such as transferrin and ferritin should accompany iron supplementation as
excess unbound iron can be toxic. As there is no physiological mechanism for iron excretion,
homeostaticiron regulation is mediated by the modulation of iron absorption mainly through
the hepatic hormone hepcidin [32].

A randomized double-blind trial showed that 50 mg/d Fe supplementation for ~8
mo increased respiratory morbidity in South African children aged 6-11 y. However, the
combination ofiron supplementation, 420 mg/d DHA, and 80 mg/d EPA mitigated respiratory
morbidity [36]. The same authors examined the biochemical effects of Fe and omega-3
polyunsaturated fatty acid (w3-PUFA) supplementation both separately and in combination
[37]. Omega-3 PUFA supplementation alone and in combination with Fe altered lipid-derived
immunological modulator profiles, was anti-inflammatory, and reduced oxidative stress-
related intermediate production [37]. By contrast, iron supplementation alone lowered
serum anti-inflammatory mediator and prodrug concentrations [37]. Thus, w3-PUFAs may
confer protection against the oxidative damage caused by iron supplementation. However,
the foregoing studies did not investigate the effects of Fe and w3-PUFA supplementation on
ferroptosis.

Intestinal absorption regulates ingested iron status. Hence, intestinal cells are the
most susceptible to ferroptosis as the iron concentrations are well regulated in the body.
Adults with normal bowel function are at low risk of developing dietary iron overload [38].
Nevertheless, high doses of iron supplements may have adverse effects on the gastrointestinal
tract including abdominal discomfort, constipation, nausea, vomiting, or diarrhea [39].
Acute ingestion of >20 mg/kg Fe can cause corrosive intestinal necrosis, fluid and blood loss,
shock, tissue damage, and organ failure [38]. The Food and Nutrition Board (FNB) of the
Institute of Medicine (USA) established tolerable upper limits (ULs) for iron intake based
on the negative gastrointestinal impact of excessive supplemental iron consumption. In
pathological situations such as hemochromatosis that lead to primary iron overload, iron
supplementation may cause ferroptosis in organs outside the gastrointestinal tract as well.

Effects of iron supplementation on intestinal physiology

Genetic and environmental factors can modulate the intestinal microbiota. Diet strongly
influences gut microbial abundance and diversity [40]. The relationship between the
intestinal microbiota and iron has been investigated [41]. The biodynamics and interaction
between iron and the gut microbiota must be explored to clarify this relationship and develop
novel iron deficiency treatments.

The World Health Organization (WHO) has recommended oral ferrous sulfate
supplementation for children residing in areas with > 40% iron deficiency [42]. However,
these recommendations have been re-evaluated as iron supplementation may increase the
risks of infection, hospitalizations, and mortality [43-45]. A recent study compared various
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ferritin measurement methods [46]. For efficacious iron deficiency treatment by oral Fe
administration, the effects of excess iron on the intestinal lumen and microbial structure and
function must first be established [47]. Ferritin levels indicate iron reserves, deficiency, and
overload and should be determined before initiating Fe supplementation to mitigate the risk
and damage associated with iron overload.

Excess intestinal iron may occur in children undergoing prolonged Fe supplementation
and especially in those with a genetic predisposition towards low iron uptake capacity [48].
Moreover, Fe supplementation has a substantial impact on the gut microbiota and may
induce necrotizing enterocolitis (Fig. 2) [48]. Alterations in host iron homeostasis can affect
the iron content in the intestinal lumen and the gut microbial composition. Changes in the
latter could lead to infectious diseases [49]. Escherichia coli, Salmonella, Shigella are highly
siderophilic bacterial pathogens [50]. By contrast, beneficial bacteria such as Bifidobacteria
and Lactobacillus have low iron requirements [51] and create barriers against pathogen
colonization in the gut [39]. Iron-rich environments increase the proliferation of other
microbial pathogens (Fig. 2) [50]. Thus, low intraluminal iron content favors the growth of
Lactobacillus and other beneficial bacteria while high intraluminal iron content promotes
potentially pathogenic Bacteroides and E. coli (Fig. 2) [52]. Thus, excess unabsorbed iron
in the colon lumen might have a negative impact on the host intestine-microbiota interface
[39].

Fig. 2. Effect of oral iron supplementation on microbiota and intestinal cells. Alterations in host iron
homeostasis can affect the iron content in the intestinal lumen and the gut microbial composition. Iron
supplementation changes gut microbial homoeostasis and exacerbates siderophilic bacterial pathogens.
Thus, these changes in the latter could lead to infectious diseases and may induce necrotizing enterocolitis.
This alteration in the microbiota caused by excess intestinal iron is also associated with inflammatory
bowel diseases. Mucosal ROS production is increased in inflammatory bowel disease (ulcerative colitis) in
proportion to the disease activity, and iron chelators are known to reduce ROS production and ameliorate
colonic symptoms in inflammatory bowel disease. Taken together, these findings suggest a possible
relationship between inflammatory bowel disease and ferroptosis in which excess iron in the intestine
produces ROS via the Fenton reaction, which triggers oxidative stress. Lipid peroxidation procedurally
appears and ferroptotic cell death is induced. Thereby, the intestinal epithelial cells are destroyed, and
damage to the intestinal mucosal barrier results in inflammatory bowel disease. However, it was observed
that ferroptosis in a dose-dependent manner in different colorectal cancer cell lines promoted an increase in
ROS and cellular labile iron pool (LIP) levels. Thus, ferroptosis allowed the inhibition of growth and spread
of multiple types of cancer, such as colorectal cancer.
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Other factors associated with luminal iron may also perturb the intestinal microbiota
[47]. Fecal pH affects Fe solubility, reduction, and absorption [53]. Microbial galacto-
oligosaccharide fermentation forms short-chain fatty acids (SCFAs), lowers pH, and
facilitates Fe absorption in the gut [54]. SCFAs stimulate the proliferation of epithelial cells by
increasing their absorptive surface. Prebiotics and their fermentation products upregulate
iron-associated genes such as DMT1 in the duodenum and the colon [47]. As most of the
non-heme dietary iron is not absorbed,it may be bioavailable to colonic bacteria [41].

Several studies have testified that excess oral irons can oxidize lipids [55]. Daily feeding
8000 pg of ferrous sulfate to normal rats increased malondialdehyde level by 1.6-fold
[56]. Other studies have also authenticated that a daily iron supplement of 98 mg of iron
in ferrous sulfate to women increased plasma malondialdehyde by more than 40% after
6 weeks of supplementation [57]. Furthermore, signs of gastrointestinal toxicity (nausea,
vomiting, constipation, diarrhea, abdominal pain) have been observed following oral iron
supplementation at different dosages in humans [55].

Excess dietary iron or oral iron supplementation may alter the intestinal phenotype and
lead to inflammatory bowel diseases (IBD) mediated by iron and the regulation of ferroptosis
[58]. On the other hand, iron supplementation is commonly administered in IBD and certain
other intestinal pathologies to mitigate the anemia often associated with these conditions.
However, studies in animals with a diet rich in iron (3, 000 mg/kg) identified that excess
iron in the colonic lumen promoted increased inflammation and lipid peroxidation in colonic
cells (Fig. 2) [59]. Taken together, these findings suggest a possible relationship between
inflammatory bowel disease and ferroptosis in which excess iron in the intestine produces
ROS via the Fenton reaction, which triggers oxidative stress (Fig. 2). Lipid peroxidation
procedurally appears and ferroptotic cell death is induced.

Ferroptosis may positively or negatively regulate intestinal diseases depending on
the cell type and the disease context [60]. Upregulation is associated with the fact that
ferroptosis inhibits cancer growth [60]. It was observed that RSL3-induced ferroptosis in
a dose-dependent manner in different colorectal cancer cell lines promoted an increase in
ROS and cellular labile iron pool (LIP) levels [8]. Thus, ferroptosis allowed the inhibition of
growth and spread of multiple types of cancer, such as colorectal cancer (Fig. 2).

Although iron supplementation has the theoretical potential to cause ferroptosis,
the study by Horniblow et al. (2022) showed that iron supplementation could induce the
expression of antioxidant genes colonocytes in vitro and the murine intestinal mucosa in
mice fed with a high-iron diet [60]. Chronic iron exposure modified colonocyte epigenetics in
vitro and the intestinal mucosae of mice fed an iron-rich diet (50 mg/kg ferrous sulfate) [60].
Evaluation of the methylation status of the CG locus disclosed significant changes in iron-
dependent hypomethylation. The epigenetic changes at the CG locus were targeted by nuclear
factor erythroid 2-related factor 2 (Nrf2) and activated NAD(P)H dehydrogenase quinone 1
(NQO1) and glutathione peroxidase 2 (GPX2). Hence, this mechanism might characterize the
induction of the cellular antioxidant response to iron-mediated oxidative stress [60]. A qRT-
PCR analysis of the main Nrf2 targets NQO1 and GPX2 revealed that their mRNA expression
levels increased in populations administered iron [60]. Furthermore, the NQO1 and GPX2
protein expression levels were 9.4-fold and 2.8-fold higher, respectively, in Fe-treated than
untreated populations [60].The findings were investigated in a murine model and in human
intestinal tissue subjected to chronic high iron levels. Hence, excess iron from diet (50 mg/kg
ferrous sulfate) and/or supplementation alters the intestinal phenotype and, by extension,
modulates the regulation of ferroptosis [60].

Polyunsaturated fatty acids (PUFAs)

PUFA metabolism

Fatty acids are hydrocarbons varying in chain length, double bond number and position,
and degree of saturation. Mammals cannot synthesize LA and ALA from the precursor oleic
acid and the conversion efficiency of LA and ALA to AA, DHA, and EPA is low. Therefore, direct
uptake from diet appears to be significantly more effective [61]. They are classified based on
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the positions of the double bonds in their carbon chains and are designated omega-3 (w3)
and omega-6 (w6) PUFAs [61]. PUFAs have = 2 double bonds and are structural components
of membrane phospholipids [61]. PUFAs enable the flexibility, fluidity, permeability, and
modulation of the proteins embedded in cell and organellar membranes. They also increase
the number of receptors and their affinity for the hormones and growth factors they bind [62].
The organization of biological membranes depends on the length and degree of unsaturation
of their embedded fatty acid chains. PUFAs are highly disordered compared to saturated and
monounsaturated fatty acids. Thus, their presence in membrane phospholipids enhances
membrane flexibility [63].

PUFAs are also precursors of lipid mediators of inflammation, vascular permeability,
chemotaxis, and vasoconstriction [62]. Omega-3 PUFAs are long-chain hydrocarbons with
carboxylic acids at one end (alpha terminal) and methyl groups at the other (omega terminal).
They have = 2 double bonds in the third position (w-3 or n-3) [64]. Desaturases convert
omega-3 PUFA ALA into EPA and the latter into DHA. However, these reactions are slow
and inefficient [64]. Therefore, dietary sources of ALA are beneficial and include flaxseed,
chia, nuts, and their oils [65]. An adequate amount of ALA is equivalent to 0.5% of the total
caloric intake from lipids and should prevent the development of deficiency symptoms [66].
The consumption of fatty marine fish such as mackerel, salmon, and tuna as well as fish oil
supplies EPA and DHA [65].

Omega-3 PUFAs are implicated in several mechanisms involving the cell membrane,
the cytosol, and the nucleus [67] since they bind receptors and regulate signaling processes
influencing gene expression [67]. Alterations in cell membrane fatty acid composition affect
RBC aggregation and deformability, membrane elasticity, and the inflammatory response
[67, 68].

Omega-6 PUFAs include linoleic acid which occurs in soybean and sunflower seeds and
other plant foods. An adequate amount of linoleic acid is equivalent to 2-3% of the total
caloric intake from lipids and should prevent the development of deficiency symptoms [66].
The total intake of omega-6 PUFAs should constitute 2.5-9% of the total caloric value from
lipids [66]. Linoleic acid per se has both physiological action and health benefits.It is also
a substrate for the biosynthesis of other omega-6 PUFAs such as y-linolenic acid (18:3w-
6), dihomo-y-linolenic acid (20:3w-6) and AA [69]. The latter also occurs in meat and eggs.
Omega-6 PUFAs may be incorporated into membrane phospholipids. However, AA is typically
present in relatively larger amounts there [61]. Arachidonic acid reacts with molecular
oxygen via the cyclooxygenase, lipoxygenase, and cytochrome P450 pathways and generates
eicosanoids including prostaglandins, thromboxanes, and leukotrienes. The aforementioned
substances induce inflammation, vasoconstriction, and platelet aggregation [69].

Purposes of fatty acids supplementation

In a typical Western diet, the intake of linoleic acid is five-fold to 15-fold higher than
that of ALA. Consequently, this lifestyle favors proinflammatory mediator production,
vasoconstriction, and platelet aggregation [69]. Hence, the proportion of omega-6:omega-3
PUFAs is 15:1 in the West [61]. A prior study demonstrated that morbidity and mortality
decrease with omega-6:0mega-3 ratio [7]. The most recent WHO report stated that there
is limited empirical evidence for the benefit of applying the omega-6:0mega-3 ratio or
recommending a specific dietary LA:ALA ratio [66]. The report also indicated that intake of
the PUFAs within the established quantities suffices to maintain good health [66]. Excessive
omega-6 PUFAs and very high omega-6:omega-3 ratios promote cardiovascular diseases
(CVDs), cancers, and inflammatory and autoimmune diseases [7]. By contrast, diets with
adequate omega-3 PUFAs and low omega-6:0mega-3 ratios are anti-inflammatory and lower
the risks of developing the foregoing diseases [61].

Supplements containing omega-3 PUFAs have been prescribed to manage diseases
associated with inflammation. Omega-3 PUFAs have been supplied as EPA or DHA or in the
form of fish oils. An increase in the incorporation of omega-3 PUFAs into cell membranes is
associated with decreased prostaglandin and leukotriene production and modulation of the
inflammatory process [68]. EPA and DHA also inhibit NFkB activation [68]. They activate the
anti-inflammatory transcription factor peroxisome proliferator-activated receptor gamma
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(PPAR-y). They disrupt sphingolipid- and cholesterol-rich regions and microdomains in
the plasma membrane that initiate inflammatory signaling and reduce the fluidity of the
membrane by increasing its saturated FA and cholesterol content [68]. EPA and DHA also
activate the gene encoding the G-protein coupled receptor 120 (GPR120) which is expressed
in inflammatory macrophages and in vivo when obese mice are supplemented with these
PUFAs (isocaloric high fat diet containing 27% fish oil supplementation enriched with 50
and 100 mg of DHA and EPA, respectively, per mouse, per Day) [70]. Hence, EPA and DHA are
involved in the inflammatory cascade mediated by GRP120. In this manner, they block the
signaling pathway that activates NK-kB [68, 70]. NF-kB inhibition is related to a reduction
in proinflammatory cytokine biosynthesis, a decrease in adhering molecule expression,
downregulation of the gene encoding cyclooxygenase-2, and the induction of nitric oxide
(NO) synthetase [68]. EPA and DHA are also antioxidants. They stabilized RNAm coding
for Nrf2 when a total of 2, 700 mg/day of omega-3 PUFAswas supplemented in subjects
with type 2 diabetes [71]. Nrf2 transcribes the genes encoding cytoprotective proteins
such as catalase, glucose 6-phosphate dehydrogenase, superoxide dismutase, thioredoxin,
glutathione peroxidase, and glutathione. For these reasons, omega-3 PUFAs supplementation
has been widely tested and used.

Effects of omega-3 PUFA supplementation on ferroptosis

Omega-3 PUFA supplementation could be effective considering the health benefits of
including these substances in the diet and the fact that their intake levels are low in the West.
However, concern has been raised regarding EPA and DHA supplementation when there is
excess iron in the body [72] because lipid peroxides are derived from the oxidation of the
PUFAs in cell membranes [6]. In addition, the accumulation of lipid peroxidation by-products
increases the porosity, destroys the barrier function, thins, and alters the permeability of
membranes [73].

In tumor models, certain lipid-based mechanisms cooperated to increase or decrease
the susceptibility to ferroptosis [6]. Increased lipid absorption can enrich the PUFA content
of cancer cell membranes, thereby promoting ferroptosis [6]. Long-chain-fatty-acid—CoA
ligase 4 (ACSL4) incorporates PUFAs into lipid membranes and increases the susceptibility
of tumor cells to ferroptosis [6]. Other mechanisms such as System Xc- inhibition, blockage
of cellular cystine penetration, and reduction of glutathione synthesis are associated with
alterations in TFs. These events augment the susceptibility of tumor cells to ferroptosis
[74]. However, certain cancer models are resistant to ferroptosis [75] and are characterized
by an aggressive tumor type. Ferroptosis resistance in tumor cells is related to changes in
lipid metabolism and augmented lipogenesis generating saturated and monounsaturated
fatty acids. These Acyl-CoA Synthetase Long Chain Family Member 3 (ACSL3)-mediated
modifications enrich cancer cell membranes with phospholipids and induce ferroptosis
resistance (Fig. 1) [6, 76]. Ferroptosis resistance is also associated with high antioxidant
potential created by cystine transport, glutathione biosynthesis, and GPX4 in tumor cells
(Fig. 1) [6, 16].

There is no published evidence for prior clinical trials evaluating the effects of omega-3
PUFA supplementation on ferroptosis. However, various tumors subjected to omega-3 PUFAs
presented with increased lipogenic enzyme expression and activity that could be associated
with tumor development in experimental studies [6].

The degree of unsaturation of cell membrane FAs may determine whether tumor
cells proliferate or die [6]. Membrane phospholipid composition can influence cell surface
receptor signaling such as epidermal growth factor receptor (EGFR) grouping [6]. Saturated
FAs are associated with tumor development [77] whereas long-chain PUFAs such as AA and
EPA were cytotoxic to glioblastomas and other tumors [78]. Hence, membrane structure
and sphingolipid and cholesterol content, phospholipid FA profiles, and lipogenic enzymes
strongly influence oncogenic signaling and, therefore, tumor development. Omega-3 PUFAs
can stabilize Nrf2 and reduce lipid peroxidation (Fig. 1) [71, 79]. However, the same PUFAs
may themselves be susceptible to lipid peroxidation. EPA and DHA form micelles that
eliminate free radicals and diminish hydroxyl and superoxide radical production [80].
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Evidence from in vivo and in vitro studies demonstrates that EPA and DHA downregulate
NADPH oxidase which contributes to oxidative stress [80]. Though these unsaturated FAs
are susceptible to peroxidation, they can nonetheless reduce free radicals, oxidative stress,
and ferroptosis. EPA and DHA supplementation did not increase lipid peroxides (lipid
hydroperoxides, malondialdehyde (MDA), and isoprostanes) in patients with coronary artery
disease, when they received 1.9g/day omega-3 PUFAs [81]. A randomized double-blind trial
showed that EPA and DHA intervention (6g/d omega-3 PUFAs) increased EPA- and DHA-
rich phospholipids and lowered arachidonic and linoleic acid levels [82]. Therefore, omega-3
PUFA supplementation may lower the incidence of ferroptosis as it lowers the concentration
of AA. The latter is the main FA implicated in ferroptosis. The same study reported that 6 wks
of EPA and DHA supplementation lowered the MDA and lipid peroxide levels. This finding
upheld the aforementioned hypotheses [82]. Glutathione peroxidase activity did not change
after this intervention [82].

A non-insulin-dependent diabetic population was administered 1, 080 mg/d EPA and
720 mg/d DHA. The patients presented with reductions in MDA concentration and increases
in glutathione peroxidase but no alteration in RBC catalase or superoxide dismutase (SOD)
activity [83]. Thus, omega-3 PUFAs increase the antioxidant potential and reduce lipid
peroxidation [83].

A randomized, placebo-controlled, double-blind trial on type 2 diabetic patients
administered 600 mg/d EPA and 300 mg/d DHA supplementation for 10 wks disclosed
that their Nrf2 expression levels were higher than those of placebo-treated controls [71].
The diabetic patients also displayed relative decreases in MDA level and increases in total
antioxidant capacity. Hence, the omega-3 PUFA treatment reduced oxidative stress [71]. Fish
oil supplementation had similar effects on patients with breast cancer [84]. The foregoing
findings demonstrate a possible relationship between omega-3 PUFAs and the reduction of
ferroptosis. Moreover, Nrf2 inhibited ferroptosis in cancer cells (Fig. 1) [85]. Another study
investigated the relationship between monounsaturated fatty acids and ferroptosis [76]. In
human HT-1080 cells, cell death induced by the pro-ferroptotic System Xc- inhibitor erastin
was suppressed by cotreatment with the MUFAs oleic acid (18:1 cis-9) and palmitoleic
acid (16:1 cis-7)(Fig. 1) [76]. Exogenous oleic acid suppressed ferroptosis induced by a
more potent erastin analog in other cell lines such as T98G glioblastoma and A549 non-
small cell lung carcinoma cells, as well as in fibroblasts. Oleic acid blocks the GPX4 inhibitor
erastin and competes against PUFAs for incorporation into phospholipids. ACSL3 integrates
exogenous monounsaturated fatty acids into phospholipids, thereby reducing PUFA
incorporation into phospholipids, displacing them from cell membranes, preventing lipid
accumulation, and inhibiting ferroptosis. Exogenous monounsaturated fatty acids protect
cells against apoptotic lipotoxicity caused by ACSL3-independent saturated FA accumulation
[86]. Monounsaturated FAs are not substrates for the lipid peroxidation that occurs during
ferroptosis [76].

Interaction between iron metabolism and PUFAs

The liver metabolizes iron and omega-3 PUFAs. It synthesizes and activates enzymes
implicated in Fe and PUFA metabolism. Interactions between PUFAs and Fe occur in response
to supplementation with iron and/or omega-3 PUFAs [87, 88].

Omega-3 and omega-6 PUFAs decreased in most tissues and especially the RBCs of
animals fed an iron-rich diet (200 mg Fe/kg food/d). The exception was a decrease in the
long-chain PUFA content of adipose tissue [89]. The same study reported that the brain
had the highest resistance to alterations in FA profile [89]. EPA and DHA were dramatically
reduced in all tissues and particularly the RBCs and adipose tissue [89]. High Fe doses
downregulated the A5 and A6 desaturases required for EPA and DHA synthesis, respectively
(Fig. 3A). This mechanism may explain the observed reductions in endogenous FA synthesis
in response to high iron dosage (Fig. 3A) [89]. These desaturases normally have low activity
(Fig. 3A). Nevertheless, iron-rich diets increased their mRNA expression levels compared
to the control diet (50 mg Fe/kg food/d) [87]. Free radicals might have inactivated these
desaturases. Desaturase activity was negatively correlated with oxidative stress and
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Fig. 3. Interaction between iron and PUFAs metabolisms. (A) Interaction between iron metabolism and PUFAs
under conditions of high Fe doses High doses of Fe in animal studies decreased the desaturases required for
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA) and synthesis, which may explain the reductions
in endogenous FA synthesis in response to high iron dosage. The free radicals produced can inactivate these
desaturases. Changes in intracellular iron content altered the expression levels of certain genes regulating
lipid metabolism. Iron-rich diet increased the activity of the sterol regulatory element-binding transcription
factor 1(SREBP-1), which promoted an increase in endogenous FA biosynthesis (palmitic acid; palmitoleic
acid; oleic acid; vaccenic acid). SREBP-1 promotes the transcription and increases the plasma level of
hepcidin which binds ferroportin. The latter then degrades and iron accumulates in the liver, which can
lead to increased susceptibility to ferroptosis.(B) Effects of Omega-3 PUFA on iron metabolism. Omega-3
PUFAs have the opposite effect of high Fe dosages. They decrease the SREBP, hepcidin, and intracellular
iron levels. Although the mechanism of this phenomenon is unknown, omega-3 PUFAs might lower serum
interleukin-6 (IL-6) concentrations and, by extension, decrease hepcidin expression. Thus, Omega-3 PUFA
supplementation may reduce intracellular Fe by decreasing the susceptibility to ferroptosis.

positively correlated with glutathione concentration. Desaturase inactivation might have
decreased endogenous EPA and DHA biosynthesis. Increases in desaturase mRNA expression
may indicate adaptive responses to diminished enzyme activity. The findings of Valenzuela
etal. (2018) corroborated the ferroptosis mechanism. Excess iron increases oxidative stress
and leads to PUFA oxidation (Fig. 3A).

In rodents, iron supplementation (200mg Fe/kg food/d) lowered the omega-6 and
omega-3 PUFA concentrations, raised the omega-6:omega3 ratios, and decreased hepatic
and adjacent extrahepatic FA unsaturation and A5 and A6 desaturase activity [90]. By
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contrast, extra virgin olive oil supplementation (100 mg/d) prevented increases in the
mRNA expression levels of both desaturases in rodents who received an iron-rich diet [90].
Thus, supplementation with antioxidant FAs may prevent the oxidative changes induced by
Fe-rich diets.

Changes in intracellular iron content altered the expression levels of certain genes
regulating lipid metabolism (Fig. 3A). In certain animals, iron-rich diet increased the
activity of the sterol regulatory element SREBP-1 (Fig. 3A). Consequently, endogenous FA
biosynthesis was increased [87], such as palmitic acid (C16:0); palmitoleic acid (C16:1n7);
oleic acid (C18:1n9); vaccenic acid (C18:1n7) [91]. SREBP-1 promotes the transcription and
increases the plasma level of hepcidin which binds ferroportin. The latter then degrades and
iron accumulates in the liver (Fig. 3A) [92]. Omega-3 PUFAs have the opposite effect (Fig.
3B). They decrease the SREBP, hepcidin, and intracellular iron levels (Fig. 3B)[92] . However,
the mechanism of this phenomenon is unknown. On the other hand, an inverse association
was observed between serum concentrations of omega-3 PUFAs and serum interleukin-6
(IL-6) concentrations in an observational study [93] and, by extension, concentrations of
omega 3 PUFAS decrease hepcidin expression [94]. Omega-3 PUFA supplementation may
reduce intracellular Fe by decreasing the susceptibility to ferroptosis (Fig. 3B).

Conclusion

PUFAs are protagonists in lipid peroxidation and ferroptosis. Nevertheless, omega-3
PUFAs do not apparently contribute to these processes even in the presence of excess
iron. Omega-3 PUFAs activate transcription factors associated with the upregulation of
antioxidant enzymes. On the other hand, excess iron supplementation is usually toxic to the
intestinal epithelium and microbiota. Few studies have investigated the impact of diet and
supplementation on ferroptosis. Controlling ferroptosis determines whether cells proliferate
or die. Therefore, future studies should endeavor to establish the roles of supplementation
and diet in its occurrence.
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