
Review Article
Reactive Oxygen Species (ROS) Regulates Different Types of Cell
Death by Acting as a Rheostat

Gloria E. Villalpando-Rodriguez1,2 and Spencer B. Gibson 1,2

1Research Institute in Oncology and Hematology, CancerCare Manitoba, University of Manitoba, Winnipeg, Manitoba, Canada
2Department of Biochemistry and Medical Genetics, University of Manitoba, Winnipeg, Manitoba, Canada

Correspondence should be addressed to Spencer B. Gibson; spencer.gibson@umanitoba.ca

Received 5 March 2021; Revised 14 June 2021; Accepted 24 July 2021; Published 14 August 2021

Academic Editor: Jesús Tejero

Copyright © 2021 Gloria E. Villalpando-Rodriguez and Spencer B. Gibson. This is an open access article distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Reactive oxygen species (ROS) are essential for cellular signaling and response to stress. The level of ROS and the type of ROS
determine the ability of cells to undergo cell death. Furthermore, dysregulation of the antioxidant pathways is associated with
many diseases. It has become apparent that cell death can occur through different mechanisms leading to the classifications of
different types of cell death such as apoptosis, ferroptosis, and necroptosis. ROS play essential roles in all forms of cell death, but
it is only now coming into focus that ROS control and determine the type of cell death that occurs in any given cell. Indeed,
ROS may act as a rheostat allowing different cell death mechanisms to be engaged and crosstalk with different cell death types.
In this review, we will describe the ROS regulatory pathways and how they control different types of cell death under normal
and disease states. We will also propose how ROS could provide a mechanism of crosstalk between cell death mechanisms and
act as a rheostat determining the type of cell death.

1. Introduction

Cellular reactive oxygen species (ROS) are tightly controlled
to dictate different cell fates, such as differentiation or cell
survival. When ROS are produced in excess, such as in cells
under metabolic stress, this leads to cell death. This suggests
that a “ROS rheostat” exists in cells controlling cellular
survival. This rheostat controls ROS levels in the context of
cellular microenvironmental signals ensuring that appropri-
ate cellular functions are conducted. This is accomplished
by ROS participating in cell signaling pathways, for example,
during cell adhesion, host defense, or gene expression. When
in excess, ROS may have deleterious effects on signaling and
cellular damage leading to cell death.

Cell death was considered a passive event when cells
become damaged or injured to a point that they disintegrate
into cellular debris often termed necrotic cell death. It was
not until genetic studies on C. elegans showed that many
genes could control the amount of cell death, and physiolog-
ical changes in cells undergoing cell death were reproducible
and distinct [1, 2]. Apoptosis was the first cell death type to

be described in this way, where cell membranes become
blebbed and chromatin becomes condensed. This form of cell
death was implicated in many physiological and pathological
conditions such as immune system development and cellular
homestasis [3, 4]. Over time, other forms of cell death were
described under different physiological conditions such as
iron-mediated cell death, ferroptosis, and autophagy- (self-
eating-) induced cell death. Similar to apoptosis, they are
regulated by distinct genes; for instance, some of the key
genes involved in apoptosis regulation are caspases, TP53,
FAS, BCL-2, and BAX. Genes that regulate ferroptosis
include GPx4, Nrf2, LSH, TFR1, and SLC7A11. Necroptosis
is regulated by LEF1, RIP1, and RIP3, and finally, autophagy
regulations are regulated by genes ATG5, ATG7, DRAM3,
and TFEB [5, 6].

The different types of cell death induce specific cell
signaling pathways. Nevertheless, there are common features
among these cell death pathways. One predominant feature
is the reliance on ROS signaling and control. ROS produced
by cells under stress, or cells with reduced antioxidant
capacity, can determine whether the cell survives or dies,
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and the type of cell death mechanism engaged. This ability
of ROS to act as a rheostat determining not only cell death
but the type of cell death is only now coming into focus
under pathological or physiological conditions. This review
will explore the importance of ROS and its signalling on
different types of cell death and how ROS acts a rheostat
to determine different types of cell death.

2. Regulation of ROS Production
and Antioxidants

Reactive oxygen species (ROS) is a type of unstable mole-
cule that contains oxygen and easily reacts with other
molecules in a cell [7]. ROS include reactive molecule
derivatives of oxygen (nonradicals) and also oxygen-
centered radicals (free radicals). Free radicals and nonradi-
cals can react with each other to produce more free radicals
and nonradicals; for instance, two superoxide anions (O•−

2 )
can react to form hydrogen peroxide (H2O2), a nonradical
(2O•−

2 + 2H2 ⟶H2O2 + O2). In turn, hydrogen peroxide
can break down in the presence of transitionmetal ions to pro-
duce hydroxyl radical HO-, the most reactive and damaging of
all oxygen free radicals [4, 8, 9]. Other oxygen-derived free
radicals are peroxide ion (O•2−

2 ), perhydroxyl radical (HO•
2),

alkoxyl radical (RO•), and peroxyl radical (ROO•). Singlet
oxygen (1O2) and hypochlorous acid (HOCL) are other
nonradical derivatives of oxygen [10, 11].

Under physiological conditions, ROS are generated by
numerous sources including mitochondria respiratory chain
(the major source), NADPH oxidases, xanthine oxidases,
lipoxygenases, nitric oxide synthases, and cyclooxygenases
(Figure 1). Ninety percent of ROS are generated when elec-
trons escape from the mitochondrial electron transport chain
(ETC). The ETC is composed of transmembrane protein
complexes (I-IV) and ubiquinone and cytochrome c (elec-
tron transfer carriers); when these complexes are assembled,
together with complex V (F1F0ATP synthase), the oxidative
phosphorylation occurs resulting in ATP production. There
are two electron transport pathways in the ETC: complex
I/III/IV, with NADH as substrate and complex II/III/IV, with
succinic acid as substrate. The electrons in the ETC leak out
and interact with oxygen to produce superoxide or hydrogen
peroxide. CI and CIII, especially CI, are considered to be the
main sites of ROS production in mitochondria. There are 11
sites within the ETC where superoxide or hydrogen peroxide
are produced. In the matrix, at sites IF (FMN site) and IQ
(CoQ binding site), ROS are produced during the transfer
of electrons from NADH to CoQ in CI. CII produces ROS
at site IIF associated with succinate dehydrogenase. CIII
transfers electrons through the Q-cycle; in this process, ubi-
semiquinone (QH−) of the Qo site carrying a single electron
can move freely in CIII, directly leaking the single electron
to O2, forming ROS through a nonenzymatic reaction. Then,
the formed ROS can be released into both the matrix and the
intermembrane space; here, superoxide dismutase converts
superoxide into hydrogen peroxide, which freely disperses
through the outer membrane of mitochondria. It has been
found that superoxide can also translocate to the cytosol

through anion channels [8, 9, 12, 13]. Interestingly, ROS
production by the mitochondria ETC causes oxidation of
cysteine residues in mitochondrial proteins, modifying their
function. For instance, cysteine residues in the 51 and
75 kDa subunits of the hydrophilic arm of complex I are sites
of S-oxidation (oxidation on thioether moieties of cysteine to
form sulfoxides), resulting in decreased complex I activity by
limiting proton-motive force reduction and electron flow
through the respiratory chain, which could become irrevers-
ible upon further oxidation [14]. The electron transport
chain from other membranes in the cell (endoplasmic
reticulum and plasmatic and nuclear membranes) also produce
ROS but at a small scale compared to mitochondria [15–17].
ETC and proton-motive force regulates ROS accumulation,
but how this controls the ROS rheostat remains unclear.

As mentioned before, several enzymes are responsible for
ROS production. The most important, NADPH oxidase
(NOX), catalyzes the process called respiratory burst. There
are seven NOX family members: NOX 1-5 and dual oxidases
1 and 2 (DUOX 1 and 2); upon activation, they reduce dioxy-
gen to superoxide anion using NADPH or NADH as an
electron donor. Despite the fact that NOX members have a
similar structure and enzymatic activity, they differ in their
activation mechanism. For instance, NOX 1-4 require
p22phox, NOX 1 and 3 need NOXO1, and the small GTPase
Rac subunit is associated with NOX 1 and 2. In addition,
NOX5 and DUOX 1-2 are activated by calcium and do not
require any other subunit [18]. The DUOX enzymes have a
double function; they are ROS-generating enzymes and use
H2O2 to carry out oxidations of other substrates using their
peroxidase domain [19]. In neutrophils, NOX activity results
in the release of superoxide that plays a bactericidal role. In
nonimmune cells, NOX activity plays a role in proliferation,
migration, cell adhesion, and growth, and in the nucleus, it
plays a role in gene expression [7, 20–24]. Here, GSH donates
a hydrogen atom from water oxidizing GSSG. Another scav-
enger vitamin is ascorbic acid (vitamin C).

Antioxidants are responsible for ROS elimination or
prevention of ROS formation to avoid damaging oxidative
stress. The antioxidant systems can be divided as enzy-
matic and nonenzymatic (Table 1). The first one consists
mainly in superoxide dismutases, catalase, glutathione per-
oxidases, peroxiredoxins, and thioredoxins. Nonenzymatic
antioxidants are molecules that act by directly quenching
free radicals or by radical scavenging; this include but
are not limited to vitamins E, C, and A; glutathione; and
uric acid [8, 10, 25].

2.1. Enzymatic Antioxidants. Superoxide dismutase (SOD)
enzyme is the most important one that protects the cells
against superoxide anion. According to cation type and cellu-
lar localization, there are three SODs: SOD1 or copper/zinc
Cu/ZnSOD, localized mainly in the cytoplasm (but also
found in mitochondria and nucleus); SOD2 or manganese
MnSOD, localized in the mitochondrial matrix; and extracel-
lular SOD3 or copper/zinc SOD. SODs catalyze superoxide
dismutation into hydrogen peroxide using copper/zinc or
manganese as cofactors that continuously shift between
reduced and oxidized forms in the active site of the enzymes.

2 Oxidative Medicine and Cellular Longevity



SOD activity is important not only because it prevents the
accumulation of superoxide anion but also because it
prevents its reaction to nitric oxide (NO). When these two
molecules react, there is not only the production of peroxyni-
trite, a strong oxidant, but also the inactivation of NO which
has anti-inflammatory and anticoagulant properties. Finally,
superoxide dismutation by SODs produces hydrogen perox-
ide which, as mentioned before, is an important signaling

molecule [10, 26, 27]. SODs catalyze transformation of
superoxide anion by dismutation into hydrogen peroxide.
In turn, catalase decomposes hydrogen peroxide into water
and oxygen. Catalase contains four identical subunits of
62 kDa, each subunit containing four distinct domains and
one prosthetic heme group. One domain has a distal histidine
essential for catalase reaction, the second domain has a
hydrophobic core that confers its tridimensional structure,

III IV V

Xanthine
oxidase

Hypoxanthine Uric acid

SOD3

NO

N
O

X1

N
O

X4

Endoplasmic
reticulum

Arachidonoylv (A
A)

AdA-C
oA/A

A-C
oA

LPCAT3
& lip

oxyg
en

ase
s

AA-PE

AA-O
OH-PE

Lipid ROS

PUFAs

Lipid

autoxidati
on

Lipid
hyd

ropero
xid

e Mitochondria

Fenton
reaction

Lysosome

Nitric oxide
syntase

Cyclooxygenase 1/2

Cyclooxygenase
1/2

Nucleus

Plasma membrane

ACSL
4

Figure 1: Subcellular localization of reactive oxygen species (ROS). The plasma membrane contains NOX enzymes that generate superoxide
and hydrogen peroxide. The mitochondrial electron transport chain generates superoxide and hydrogen peroxide at several locations within
the mitochondria. Lysosome releases reactive iron that generates lipid ROS. The nucleus generates superoxide through cyclooxygenases.
Finally, the endoplasmic reticulum generates lipid ROS.

Table 1: Antioxidants and their targets.

Enzymatic antioxidants
Antioxidant ROS Reaction

Superoxide dismutases Superoxide O2
•- + e- + 2H+⟶H2O2

Catalase Hydrogen peroxide 2H2O2⟶ 2H2O+O2

Glutathione peroxidase Hydrogen peroxide H2O2+2GSH⟶ 2H2O+GSSG

Thioredoxins Oxidized proteins R-S2 +Trx-(SH)2⟶R-(SH)2 +Trx-S2

Peroxiredoxin Hydrogen peroxide
H2O2 + Prx-S

•⟶H2O+Prx-SOH
H2O2 + Prx-SOH⟶H2O+Prx-SO2H

Nonenzymatic antioxidants

Antioxidant ROS Reaction

GSH
Hydrogen peroxide
Oxygen radicals

2GSH+H2O2⟶GSSG+ 2H2O
GSSG+NADPH+H•⟶ 2GSH+NADP+

α •-Tocopherol (vitamin E) Lipid peroxyl radicals
α-TOH+LOO•⟶ α-TO•+ LOOH
α-TO•+AscH-•⟶ α-TOH+Asc•-

Ascorbic acid (vitamin C) Free radicals, iron, and copper AscH-•→Asc•- + 2H+ + 2e
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the third domain has a tyrosine residue for heme group bind-
ing, and the last domain is an α-helical domain for NADPH
binding. Catalase has a nuclear origin and contains a
peroxisome-targeting signal sequence KANL (lysine-ala-
nine-asparagine-leucine) that imports catalase monomers
to the perixosomes where tetramerization and heme addition
occur. The hydrogen peroxide decomposition occurs in two
reactions: in the first reaction, the catalase heme group is oxi-
dized by one molecule of hydrogen peroxide into a hyperva-
lent iron intermediate compound I (an oxoferryl porphyrin
cation radical) with concomitant production of water, and
in the second reaction, compound I is reduced by a second
hydrogen peroxide molecule to its resting state generating
two molecules of water and oxygen [28, 29].

Catalase is not the only antioxidant enzyme that decom-
poses hydrogen peroxide into water. Glutathione peroxidases
(GPxs) belong to a family of enzymes that catalyze the reduc-
tion of hydrogen peroxide into water and organic hydroper-
oxides into alcohols using glutathione as reductant. There are
eight human GPxs. GPx1-4 and GPx6 are selenoproteins,
whereas GPx5, GPx7, and GPx8 have a cysteine in the cata-
lytic site [30, 31]. GPx4 is widely expressed and differs in its
structure and substrate specificity compared to the other
family members. This monomer, can react not only with
hydrogen peroxide but also with a wide range of lipid hydro-
peroxides, including those derived from cholesterol and
cholesteryl esters using GSH as reducing substrate, though
it can also use protein thiols as reductants [32].

Thioredoxins are enzymes that reduce oxidized proteins
through the TXR active site that contains a specific and
highly conserved motif with two residues of cysteine. There
are two isoforms: TRX1, which is localized in the cytosol
and nucleus, and TRX, which is found in mitochondria.
Thioredoxin reductase enzymes continuously reconvert the
oxidized TXR form into the reduced form. Peroxiredoxins
reduce hydrogen peroxide by cycling between oxidation
and reduction reactions thanks to their enzymatic active site
constituted by cysteine amino acids that metabolize H2O2.
During these redox reactions, the cysteine recycling is medi-
ated by GSH, ascorbic acid, or sulfiredoxins [22].

2.2. Nonenzymatic Antioxidant.GSH is a nonenzymatic anti-
oxidant, the most abundant nonprotein thiol GSH. Its
reduced form is tripeptide g-glutamil-cysteinyl-glycine, and
its second form is the disulfide-oxidized GSSG. It localizes
in the cytoplasm, in the outer mitochondrial membrane,
within the endoplasmic reticulum, and in bile and plasma.
GSH is synthesized in the cytosol in two reactions. The first
one is the rate-limiting reaction that generates γ-glutamyl-
cysteine (γ-Glu-Cys) from cysteine and glutamate by the
enzyme glutamate cysteine ligase. In the second reaction,
glycine is added to the C-terminus of γ-Glu-Cys to generate
reduced glutathione (GSH) by the enzyme glutathione
synthetase. GSH has several functions, but when acting as
an antioxidant, its function is accomplished by glutathione
peroxidase (see above) catalyzed reactions. Here, GSH
donates a hydrogen atom from water and the oxidized GSSG.
GSSG in turn is reduced back to GSH by GSSG reductase at
the expense of NADPH, forming a redox cycle. GSH can also

react directly to oxygen radicals by a radical transfer process
giving place to the GSH thiol radical and eventually to GSSG
[33–35]. Other nonenzymatic antioxidants include vitamins.
For instance, the scavenger α-tocopherol (vitamin E) is a
lipophilic compound known as a “chain-breaking antioxi-
dant” that protects membranes from oxidation by intercept-
ing lipid peroxyl radicals, preventing the propagation step in
the lipid peroxidation process. By doing so, α-tocopherol
becomes a tocopheroxyl radical, a stable radical insuffi-
ciently reactive to participate in lipid peroxidation reactions
[8, 36, 37]. Another scavenger vitamin include ascorbic acid
(vitamin C). This hydrophilic molecule acts as an antioxi-
dant by donating electrons, thus acting as a reducing agent
that prevents the oxidation of other molecules. By donating
electrons, ascorbic acid is oxidized, transforming itself into
a free radical called ascorbyl radical; however, this radical
is stable and almost unreactive. Also, ascorbic acid can
regenerate a tocopheroxyl radical by reducing it back to
α-tocopherol [9, 38].

The balance between prooxidant and antioxidant regula-
tory mechanisms within a cell determines whether it survive
or dies. Under physiological conditions, the production of
reactive oxygen species (ROS) is counterbalanced by their
elimination and/or prevention of formation to maintain a
steady-state (stationary) ROS level. This maintains cellular
homeostasis, allowing ROS to act as signaling molecules to
accomplish physiological functions. When this balance is
lost, favouring enhanced ROS levels (through increased
ROS production or decreased antioxidants), oxidative dam-
age can occur on proteins, lipids, DNA, nucleic acids, and
other macromolecules, leading to functional disturbances
and eventually to cell death [11, 39, 38].

Oxidative stress can be classified depending on its inten-
sity. Under physiological conditions, oxidative stress is called
oxidative eustress, while the exposure to supraphysiological
oxidative challenge is called oxidative distress [38]. Another
classification of oxidative stress also based on its intensity
has been proposed. In this classification, there are four zones:
(1) basal oxidative stress (BOS), (2) low-intensity oxidative
stress (LOS), (3) intermediate intensity oxidative stress
(IOS), and (4) high-intensity oxidative stress (HOS) [9]. By
setting a ROS rheostat level, cellular functions can adapt to
microenvironmental signals in favour of cell survival or in
favour of a specific cell death pathway as described in the
following sections.

3. ROS Signaling

Beyond regulating the level of ROS within the cell using anti-
oxidant or oxidative pathways, ROS induces a wide range of
signals within the cell. One of these major signals is the ability
of ROS to activate transcription factors. A study reported that
production of hydrogen peroxide by xanthine oxidase
regulates gene expression of c-jun and c-myc [7]. Hydrogen
peroxide, acting as a signaling molecule, has been shown to
induce gene expression, through activation of transcription
factors c-jun, egr-1, and JE [40, 41]. ROS, in particular hydro-
gen peroxide, also activates transcription factor NF-κB.
Degradation of the NF-κB inhibitory subunit (IκB) is
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necessary for NF-κB activation. IKK phosphorylates IκB
leading to its ubiquitination and degradation. It has been
shown that IKK is S-glutathionylated by ROS inactivating
its kinase activity [42, 43]. The kinase upstream of IKK,
MEKK1, is also regulated by ROS. MEKK1 is a redox-
sensitive kinase that can also be glutathionylated leading to
its inactivation. Finally, ROS can block the ubiquitination
and degradation of IκB through inhibition of UBcl2 [44,
45]. This activation of NF-κB leads to upregulation of genes
associated with cell survival and activation of a negative feed-
back loop where antioxidant genes such as SOD family
members are upregulated (for more detailed information
on NF-κB in oxidative stress, refer to Lingappan) [46].

Besides transcription factors, ROS can regulate several
signaling pathways affecting many cellular functions and
ultimately influencing cell survival or cell death. The MAPK
signaling pathway can be activated by ROS. This pathway
that includes MAPKs Erk, JNK, and p38 play important roles
in cell growth, differentiation, development, cell cycle, and
cell survival. The MAPK pathways are often activated by
growth factor activation of receptor tyrosine kinases. This
leads to the activation of small G proteins such as RAS that
leads to MAPK pathway activation. ROS has been shown to
activate receptor tyrosine kinases without binding of the
ligand and inactivate dual-specificity phosphatase that nega-
tively regulates MAPKs [47]. The JAK/STAT pathway can be
activated by ROS oxidation of glutathione [48]. In addition,
ROS can allow ASK1 oligomerization and autophosphoryla-
tion through oxidizing thioredoxin which inhibits the activa-
tion of ASK1. Similar to Erks, phosphatases may be
inactivated by ROS leading to prolonged activation of JNK.
MAPK p38 is also activated by ROS mediated by MAPK
kinase kinase such as ASK1 or MEKK1-4 [49, 50]. The
PI3K-Akt signaling pathway, which participates in functions
such as protein synthesis, cell cycle progression, prolifera-
tion, and cell death, can also be regulated by ROS. On one
hand, ROS directly activate PI3K, amplifying its downstream
signaling. On the other hand, ROS can inactivate PTEN,
which negatively regulates the synthesis of PIP3, inhibiting
the activation of Akt, via oxidizing cysteine residues within
the active center [51].

Finally, there are regulatory systems responsible for
adaptation in response to oxidative stress. The nuclear factor
erythroid 2-related factor 2 (Nrf2) pathway is one of them.
The Nrf2 protein is ubiquitously expressed, and it is found
in the cytosol interacting with its suppressor E3 ligase
adapter Kelch-like ECH-associated protein 1 (KEAP1). This
interaction happens by binding between the kelch domain
of KEAP1 and the Nrf2 second domain (Neh2) (seven
domains in total) at two amino acid sequences DLG and
ETGE [52–54]. In normal conditions, KEAP1 presents
NRF2 for ubiquitination by the E3 ligase complex formed
by Cullin3 and RBX1 proteins (CUL3/RBX1), resulting in
subsequent NRF2 proteasomal degradation. Additionally,
Nrf2 can be degraded by ubiquitination, independent of
Keap1, and by phosphorylation of the Nrf2 Neh6 domain
[55, 56]. Under redox-challenging conditions, where high
levels of ROS induce glutathionylation and alkylation of
macromolecules, Nrf2-KEAP1 is dissociated and Nrf2 is

translocated to the nucleus. Alteration in KEAP1 cysteine
residues leads to the activation of Nrf2. The Nrf2 Neh5
domain has a redox-sensitive nuclear export signal, and
once in the nucleus, Nrf2 functions as a transcription
factor, and the Neh1 domain enables Nrf2 binding to the
antioxidant region elements (AREs: enhancer sequences
in the regulatory region of Nrf2 target genes) leading to
the expression of antioxidant genes like glutathione perox-
idases and stress response iron genes, like for instance,
heme-oxygenase 1 [57–59].

Based upon the transcriptional signatures that ROS
generates, this could lead to (1) execution of physiological
functions such as cell adhesion, migration, and growth; (2)
cell survival and proliferation; or (3) cell arrest and cell death.
Many ROS-mediated signaling pathways activate cell
survival mechanisms such as upregulation of anticell death
BCL-2 family members (via NF-κB) or increased expression
of antioxidant enzymes that prevents buildup of ROS-
generated cell damage, for instance, through the Nrf2
pathway. Conversely, ROS-mediated signaling could acti-
vate procell death pathways such a JNK signaling [13,
43, 53]. The balance between this competing ROS signal-
ing pathways will set the rheostat for cellular homeostasis
and will determine how a cell will survive or which type of
cell death a cell undergoes.

4. ROS in Different Types of Cell Death

When cells die, there is a corresponding increase in ROS
from different sources within a cell. During an increase in
ROS, damage to cellular organelles such as the mitochondria
occurs. Also, ROS produced by nitroxide synthase causes
damage to the plasma membrane contributing to cell death.
In addition, antioxidant pathways can also be inhibited lead-
ing to increased levels of ROS and cell death. At the same
time, ROS triggers signaling pathways that contribute to cell
survival such as transcription factor NF-κB that increases the
expression of antiapoptotic proteins. This balance will deter-
mine whether the cell dies or survives. However, how ROS
regulate the different types of cell death is only recently com-
ing into focus. For the purpose of this review, four types of
cell death will be described (apoptosis, ferroptosis, autoph-
agy, and necroptosis) and the role of ROS in these types of
cell death (Figure 2) will be discussed:

4.1. Apoptosis. Apoptosis was the type of programmed cell
death that was first described. During apoptosis, three major
events take place: activation of protease, degradation of
DNA, and phagocytization of apoptotic bodies by neighbour
cells. Depending on the proteases activated, we can distin-
guish two different types of apoptosis: caspase dependent
and caspase independent. Caspase-dependent apoptosis can
be triggered by two pathways depending on the nature of
the inducer agent, that is, by extracellular (extrinsic pathway)
or intracellular (intrinsic pathway) perturbations.

The apoptotic extrinsic pathway is initiated by a death
receptor and its ligand or by a dependence receptor and the
drop on the levels of its ligand. Death receptors contain in
their intracellular region a domain called death domain that

5Oxidative Medicine and Cellular Longevity



allows the formation of the death-inducing signaling com-
plex (DISC). The best studied death domains are Fas,
TNFR1, and DR4-5, and the ligands involved in this pathway
are Fas ligand, TNF-α, and TNF-related apoptosis-inducing
ligand (TRAIL). DISC is composed of the death receptor,
an adaptor protein like the Fas-associated death domain
(FADD) or the TNF receptor 1-associated protein (TRADD),
and procaspase 8. This last element suffers autoproteolitic
cleavage that results in the activation of caspase 8 which in
turn will activate executioner caspase 3 [60–63]. Even though
intracellular ROS have been shown to activate intrinsic
apoptosis (described below), there is evidence that ROS also
participate in the execution of extrinsic apoptosis; even more,
it has been found that ROS can induce both extrinsic and
intrinsic pathways at the same time. In a study, HL-7702 cells
treated with matrine showed an increase in ROS levels and
lipid peroxidation as well as a decrease in SOD and GSH
activity in a dose-dependent manner. Matrine also induced
upregulation of Keap1 expression and downregulation of
cytosolic and nuclear Nrf2, and it also inhibited the expres-
sion of Nrf2 downstream targets, heme-oxygenase and qui-
none reductase NQO1, and promoted the KEAP1/Nrf2
complex formation. Mitochondrial membrane potential was
decreased, and cytochrome c was released from the mito-
chondria to the cytosol. Besides the intrinsic pathway,
matrine also increased Fas death receptor expression and cas-
pase 8 activation. In addition, antioxidant N-acetylcysteine
(NAC) partially reduced matrine-induced apoptosis [64]. It
was also shown that TNF-α-sensitive mesangial cells stimu-
lated by the death receptor ligand TNF-α undergo apoptosis
through increased superoxide anion, whereas its downstream

compounds hydrogen peroxide and peroxynitrite remained
unchanged. This was demonstrated by using the superoxide
anion scavenger Tiron, the hydrogen peroxide scavengers
GSH and catalase, and the peroxynitrite scavenger uric acid.
Results showed no effect from pretreatment with GSH,
catalase, or uric acid on cell death; only Tiron was able to
reduce all apoptotic markers. This was further confirmed
by transient transfection with SOD2 plasmid that signifi-
cantly reduced the percentage of apoptotic cells, whereas
catalase transfection had no effect on cell death. Pretreat-
ment with both catalase and uric acid had no effect on
TNF-α induced cell death [65]. Thus, ROS is involved in
the extrinsic apoptotic pathway.

As mentioned before, the apoptotic intrinsic pathway is
initiated by intracellular stress such as DNA damage, endo-
plasmic reticulum stress, and oxidative stress. These stress
signals generally activate proapoptotic proteins BAK and
BAX, belonging to the BCL-2 family of proteins. These two
proteins mediate mitochondrial outer membrane perme-
abilization by forming pores across the outer mitochondrial
membrane. Oxidative stress is a factor that enhances the
opening of the mitochondrial permeability transition pore
(mPTP). A transient opening may occur under physiological
conditions; however, sustained opening of mPTP induces cell
death by increasing oxidant stress, causing ATP depletion,
and/or by triggering matrix swelling and subsequent rupture
of the outer mitochondrial membrane. This permeabilization
leads to the release of apoptotic molecules like apoptosis-
inducing factor (AIF), SMAC/DIABLO, or cytochrome c.
Cytosolic cytochrome c binds to the apoptotic protease-
activating factor-1 (APAF-1) that undergoes oligomerization
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and recruits procaspase 9 forming the apoptosome. Procas-
pase 9 within the apoptosome is activated and liberated from
the complex; caspase 9 then activates the executioner
caspases 3 and/or caspase 7 [62, 66–68]. The intrinsic apo-
ptotic pathway is the most studied form of cell death that
requires increased mitochondrial ROS. This mitochondrial
ROS is generated by dysfunctional oxidative phosphorylation
mediated in part by NOX. It has been shown, in an in vivo
model, that angiotensin II induced sustained activation of
calcium/calmodulin- (Ca2+/CaM-) dependent protein kinase
II due to NOX oxidation, resulting in myocardial apoptosis.
Moreover, transgenic mice p47−/− (unable to assemble the
ROS-producing complex NADPH oxidase) did not show
apoptotic markers after angiotensin II treatment; however,
direct addition of hydrogen peroxide caused apoptosis,
showing that the resistance to induce apoptosis is due to
NOX inability to produce ROS [69]. In addition, inhibition
of thioredoxin reductase leads to increased ROS and apopto-
sis [70]. Another source of ROS comes from the deregulation
of the antioxidant pathways leading to apoptosis. In thymo-
cytes, glucocorticoid methylprednisolone induced produc-
tion of peroxides and depletion of GSH prior to an increase
of intracellular calcium and later DNA fragmentation, as
shown by the oligonucleosomal-length fragments [71].
Another study found that artesunate treatment of
doxorubicin-resistant T leukemia cells resulted in an accumu-
lation of hydrogen peroxide followed by caspase-dependent
apoptosis via the intrinsic pathway as confirmed by the release
of cytochrome c from mitochondria, the activation of caspase
9 and caspase 3, and DNA fragmentation. Moreover, pretreat-
ment with NAC not only decreased hydrogen peroxide levels
but also significantly blocked artesunate-induced apoptotic
cell death [65]. Accumulation of superoxide anion in vascular
endothelial ECV304, treated with Vibrio vulnificus cytolysin,
induced release of cytochrome c, caspase 3 activation, and
DNA fragmentation. In addition, the superoxide anion
scavenger TEMPO successfully blocked its production, totally
blocked cytochrome c release, abolished caspase 3 activation,
and completely inhibited apoptosis [66]. Finally, lysosome-
disrupting agents lead to lysosomal membrane perme-
abilization (LMP), causing increased ROS production followed
by mitochondrial dysfunction and apoptosis [72]. This indi-
cates a central role of ROS in the intrinsic apoptotic pathway.

Mitochondrial dysfunction due to ROS can induce the
release of mitochondrial AIF resulting in its translocation
to the nucleus where it causes DNA condensation and apo-
ptosis through caspase-independent mechanisms [73]. The
effect of oxidized alpha-linolenic acid-rich oils was analyzed
in neuronal SH-SY5Y cells. After 3 hours of treatment with
oxidized perilla and linseed oil (oxidized by heat), cells
presented increased ROS levels followed by loss in mitochon-
drial membrane potential. Annexin V and PI staining
showed that the oxidized oil treatment induced apoptosis,
and pretreatment with antioxidant drug N-acetylcysteine
(NAC) decreased apoptosis. Even more, oxidized oil treat-
ment also induced release of mitochondrial AIF and an
increase in nuclear truncated AIF (tAIF) expression, showing
activation of caspase-independent apoptosis. Blocking ROS
accumulations with NAC results in restoring mitochondrial

AIF levels but had no effect on caspase-3-activated levels
[74]. This suggest that ROS plays a role in both caspase-
dependent and independent apoptosis.

4.2. Ferroptosis. The cell death mechanism called ferroptosis
is a newly described regulated cell death characterized by
the iron-dependent intracellular accumulation of ROS and
lipid peroxidation products. From a biochemical, morpho-
logical, and genetic perspective, ferroptosis is different from
other regulated cell death types. During ferroptosis, cells are
rounded-up and detached and mitochondria size is smaller
than the normal, with increased mitochondrial membrane
density and reduction/vanishing of mitochondria crista and
outer mitochondrial membrane rupture, similar to apoptosis.
Unlike apoptosis, normal nuclear size and nonchromatin
condensation is observed [75, 76].

Ferroptosis was first characterized by treatment of cells
with two small molecules, Ras Selective Lethal (RSL) and era-
stin that were developed to be selectively lethal to cells
expressing oncogenic mutant Ras. Erastin was shown to
inhibit the mitochondrial voltage-dependent anion channel
2 and 3 (VDAC2 and VDAC3) and cysteine/glutamate anti-
porter or system xCT. The xCT system is an antiporter com-
posed of the transmembrane transporter protein SLC7A11
and the single-pass transmembrane regulatory protein
SLC3A2, both linked by a disulfide bridge. It imports extra-
cellular cysteine and exports intracellular glutamate. Cysteine
import is necessary for GSH synthesis, and it has been found
that erastin treatment depletes intracellular GSH [77–79].
GPx4 inhibits lipid peroxidation by catalyzing the transfor-
mation of lipid hydroperoxides into lipid alcohols, utilizing
glutathione downstream of the xCT system. RLS3 induces
ferroptosis by directly inhibiting GPx4 [80].

Iron is an essential component for ferroptosis, and it is
thought that iron chelators block ferroptosis because iron
plays the role of electron donor to oxygen for ROS formation.
For this, iron must be free and in its reactive form (labile iron
pool). A labile iron pool is distributed mainly in lysosomes
and the cytoplasm, and it is supplied by circulating iron
through the following steps. Protein transferrin receptor 1
(TFR1) imports ferric iron Fe+3 (carried by transferrin). It
is located in the endosome where it is reduced to ferrous iron
Fe+2 by the STEAP3 enzyme and released by divalent metal
transporter 1 (DMT1) into the cytoplasm iron labile pool.
Iron is stored by ferritin, and ferroportin exports it.
Ferroptosis-sensitive cells bearing a Ras mutation have
increased TFR1 and decreased ferritin; this is an example of
iron transport protein deregulation that leads to iron over-
load. Under this circumstance, excessive Fe+2 will produce
ROS by the Fenton reaction generating hydroperoxides or
lipid hydroperoxides which damage intracellular structures
such as membranes [81–83]. This lipid oxidation is inhibited
by iron chelator deferoxamine; antioxidants like α-tocopherol,
GSH, and NAC; and specific ferroptosis inhibitors like
ferrostatin-1 (Fer-1), Liproxstatin-1, and Zileuton. Studies
with these inhibitors showed that iron-dependent ROS and
lipid peroxidation are necessary for ferroptosis induction [84].

Besides iron, ferroptosis also relies on disruption of the
antioxidant pathways, for instance, through inhibition of
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GPx4, the xCT system, and heme-oxygenase-1. One study
showed that hemin treatment in human monocytic THP-1
cells induced ROS generation and cell death in a dose-
dependent manner. Pretreatment with antioxidants NAC
and diphenyleneiodonium chloride (NADPH oxidase inhib-
itor) as well as the iron chelator deferoxamine (DFO)
decreased ROS generation and cell death. Fer-1 decreased
hemin-induced cell death, and a combination of hemin and
erastin further increased cell death. In addition, neither
necroptosis inhibitors nor pan-caspase zVAD-fmk affect cell
death rates of hemin-treated cells [85]. Another study also
showed the involvement of NADPH oxidase in ferroptosis.
SH-SY5Y dopaminergic cells were treated with two pesti-
cides, paraquat and maneb, and results showed induction of
ferroptosis associated with NOX. Furthermore, an increase
in lipid peroxidation and reductions in GSH and GPx4 were
found. Inhibition of NOX with apocynin or diphenyleneio-
donium reduced lipid peroxidation, restored GSH and
GPx4, and reduced ferroptotic cell death. In addition, NOX
activation with phorbol myristate acetate or addition of
hydrogen peroxide amplified the effects of both pesticides
on ferroptosis [86]. A study in carbon tetrachloride-
(CCl4-) induced mouse liver fibrosis showed the presence
of ferroptosis biomarkers in fibrotic cells when treated
with artesunate. It also showed that artesunate, in human
hepatic stellate cell line LX2, induced cell death after 24 hr.
Iron accumulation, an increase in ROS production, an
increase in lipid peroxidation, and a decrease in GSH content
and GPx4 activity, were also observed in these cells, indicat-
ing that artesunate triggered ferroptosis in vitro and in vivo.
Furthermore, cotreatment with DFO inhibited iron release,
lipid peroxidation, and ROS and increased cell viability com-
pared with artesunate alone in the cell line [87]. Taken
together, ROS play a central role in ferroptosis.

4.3. Autophagy-Mediated Cell Death. Autophagy is a double-
edged sword providing cell survival but under certain condi-
tions, it induces cell death. Autophagy is activated in the
context of nutrient and growth factor deprivation, endoplas-
mic reticulum stress, bacteria infection, and protein aggre-
gate and damaged organelle elimination. It also has a role
in cell differentiation, development, growth control, remod-
elling tissue, among others [88, 89].

There are at least three types of autophagy: chaperon-
mediated autophagy, microautophagy, and macroautophagy
(hereafter referred to as autophagy, which is the best studied
among the three forms). The genes involved in the execution
and regulation of autophagy are called autophagy-related
genes (ATG), and the resultant proteins form complexes that
regulate the different stages of autophagy such as nucleation,
autophagosome membrane elongation, autophagosome
closure, autophagosome-lysosome fusion, and autolysosome
content degradation. The nucleation complex is the structure
that forms the membrane autophagosome. The endoplasmic
reticulum, mitochondria, Golgi, and plasma membrane are
sources for the autophagosome formation, but they also
recruit and assemble the complex of vsp34, beclin1, vsp15,
and ATG9 in the autophagosome membrane formation.
ATG7, the ATG5/12 complex, conjugation of the light chain

protein 3 (LC3), and phosphatidyethanolamine are responsi-
ble for the autophagosome membrane elongation, and
finally, the autophagosome fuse with a lysosome to form
the autolysosome. Once in the autolysosome, the cargo will
be degraded by hydrolases and the acidification of autolyso-
some lumen by the proton pump. The constituent compo-
nents of the degraded cargo exit the lysosome through
permeases at the lysosomal membrane into the cytosol.
During selective autophagy, proteins like p62 or neighbour
of BRACA1 gene 1 (NBRI) act as receptors and adaptors of
ubiquitinated substrates to be degraded; hence, they act as
bridges between the specific cargo to be degraded and the
autophagic machinery [90–93].

Autophagy-mediated cell death is induced through this
machinery degrading essential cellular structures to a point
where the cell cannot recover. In addition, autophagy could
lead to apoptosis through the intrinsic pathway. Under severe
stress or injury, cells undergo a form of autophagy-induced
cell death called autosis. This autophagy-dependent nonapop-
totic form of cell death is characterized by enhanced cell sub-
strate adhesion, focal ballooning of the perinuclear space, and
dilation and fragmentation of the endoplasmic reticulum.
Autosis is mediated by the Na/K+ ATPase and has been asso-
ciated with neonatal cerebral hypoxia ischemia [94].

Autophagy is regulated by several negative regulatory
pathways. The best characterized mechanism of autophagy
regulation is mTOR dependent. Protein kinase mammalian
target of rapamycin (mTOR) is an autophagy negative
regulator and responds to nitrogen levels in the cell. When
nutrients are sufficient, mTOR is activated and autophagy is
inhibited. There are several mTOR downstream targets that
regulate autophagy. For instance, mTOR complex 1 phos-
phorylates and actively sequesters the mammalian homolog
of Atg1, ULK1, in a complex with Atg13 and FIP200 in an
inactive state inhibiting autophagy. AMP-activated protein
kinase (AMPK) inhibits mTOR activity, reducing ULK1
phosphorylation and promoting its release from mTORC1,
during nutrient deprivation. AMPK can also phosphorylate
and activate Tuberous sclerosis complex 2 (TSC2) and
Raptor inhibiting of mTOR activity. This in turn activates
autophagy [90]. Further downstream, the antiapoptotic pro-
tein BCL-2 binds to Beclin-1 preventing the formation of
autophagosomes. Under starvation conditions, BCL-2 disso-
ciates from Beclin-1 through JNK phosphorylation of BCL-2
allowing autophagy activation. The growth factor receptor
EGFR also binds to Beclin-1 also preventing the induction
autophagy. Under cellular stresses such as hypoxia, EGFR is
degraded allowing Beclin-1 to induce autophagy. When this
negative regulation is eliminated, cells die through an
autophagy mechanism [95–97].

Autophagy-mediated cell death also requires ROS. For
example, a study showed that macrophages treated with lipo-
polysaccharides and the pan-caspase inhibitor zVAD
induced PARP activation downstream of ROS accumulation
inducing autophagic cell death. Another study in our labora-
tory showed that mitochondrial complex I inhibitor rotenone
and complex II inhibitor TTFA induced autophagic cell
death mediated by ROS production in HEK 293, U87, and
HeLa cells but not in nontransformed cells [98, 99]. Bufaline
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treatment in colorectal cancer cell lines induced ROS gener-
ation, JNK activation, autophagy, and cell death. The NAC
antioxidant inhibited JNK activation and decreased autopha-
gic cells and cell death. Also, inhibition of JNK partially
decreased autophagic cells and cell death. This study con-
cluded that ROS were responsible for JNK activation which
in turn induced autophagic cell death [100]. It has been
shown that treatment with amyloid-β peptide Aβ1−42 in
human neuroblastoma cell line SH-SY5Y induced both apo-
ptosis and autophagy, but in the human glioma cell line, U87
induced only autophagy. In both cell lines, Aβ1−42 induced
production of ROS; however, ROS levels were higher in
U87 cells. The NAC antioxidant inhibited autophagy, and
autophagy inhibitor 3-MA and NAC inhibited cell death. In
contrast, although pan-caspase inhibitor zVAD-fmk pre-
vented the apoptosis induced by Aβ1−42 in SH-SY5Y cells,
it failed to rescue cells from death. Finally, downregulation
of beclin-1 inhibited Aβ1−42-induced autophagic cell death,
demonstrating that Aβ1−42 induced autophagic cell death
mediated by ROS [101]. One more study in the U87 cell line
showed that treatment with β-lapachone-induced autophagy
and cell death. Furthermore, neither pan-caspase inhibitor
zVAD-fmk nor necrosis inhibitor Necrostatin-1 were able
to block cell death; however, autophagy inhibitors 3-MA
and bafilomycin as well as siRNA-mediated knockdown of
ATG6 or ATG7 expression inhibited cell death. β-Lapachone
treatment also induced ROS production, and treatment with
NAC, α-tocopherol, or trolox decreased cell death and
autophagy, suggesting that ROS-mediated β-lapachone-
induced autophagic cell death [102]. Taken together, ROS
play a role in autophagy-induced cell death.

4.4. Necroptosis. Necrosis has been considered an accidental,
passive, nonprogrammed, and uncontrolled form of cell
death. Necroptosis is at the crossroads between apoptosis
and necrosis and is characterized (like necrosis) by cell swell-
ing, nuclear membrane dilation, chromatin condensation,
and membrane permeabilization and subsequent release of
cell damage-associated molecular patterns and production
of inflammatory cytokines triggering inflammation in sur-
rounding tissue. This regulated cell death type is triggered
by perturbations of the extracellular or intracellular environ-
ment and is detected by death receptors like FAS and TNFR1
[103, 104]. Necroptosis depends on MLKL, RIPK3, and on
the kinase activity of RIPK1. Once initiated by TNFR1,
RIPK3 is activated by RIPK1 (as long as caspase 8 is inacti-
vated), then RIPK3 and RIPK1 form an amyloid-like signal-
ing complex called necrosome at which point both proteins
undergo a series of trans- and autophosphorylations required
for MLKL recruitment and necroptosis activation [105–107].

Negative regulators of necroptosis include CHIP,
which promotes RIPK1 and RIPK2 ubiquitination; A20,
which promotes deubiquitination of RIPK3; PPM1B,
which induces dephosphorylation of RIPK3; and AURKA,
which inhibits phosphorylation of MLKL; these four regu-
lators act at the necrosome level [108–111]. Finally, some
necroptosis inhibitors are necrostatin-1, 3, and 5 (Nec-1,
Nec-3, and Nec-5, respectively); the three of them inhibit
RIP1 kinase activity [112, 113].

ROS participate in necroptosis regulation. One of studies
reported that selenium nanoparticle (SeNP) treatment
induced mitochondrial ROS, mitochondrial damage, TNF
and IRF1 necroptotic gene overexpression, increase in RIP1
protein expression, and decrease of cell viability. Necroptosis
inhibitor necrostatin-1 increased cell viability [114]. Interest-
ingly selenite has been reported to induce apoptotic cell death
in the PC3 cell line accompanied by superoxide generation
[115]. Other studies on the colorectal adenocarcinoma
Caco-2 cell line treated with an alkynyl gold (I) complex
showed antiproliferative effects in a dose- and time-
dependent manner with the absence of apoptosis markers.
It was also found that this treatment causes loss of mitochon-
drial membrane potential, ROS generation, and increased
RIP1 expression levels. Pretreatment with NAC, necrosta-
tin-1, TNFR1 analog, and NF-κB inhibitor SN50 increased
cell survival [116]. TNF-α treatment with RelA KO and
cIAP1/2 DKO MEF cells induced cell death; however, pre-
treatment with necrostatin-1 blocked TNF-α-induced cell
death and pretreatment with the antioxidant, butylated
hydroxyanisole (BHA), blocked both induced cell death and
ROS accumulation, suggesting that TNF-α-induced necrop-
totic cell death is dependent on ROS. In this study, it is also
shown that necrostatin-1 but not BHA inhibited phosphory-
lation of RIPK1, which suggests that ROS act downstream of
RIPK1 activation regulating necroptois [117].

4.5. Interplay between ROS and Cell Death. In the studies
presented above, the increase in ROS levels is not simply a
consequence of cell death but rather a key player in the
induction of cell death. These examples showed that the use
of antioxidants (scavengers) not only decreased levels of
ROS but also rescued cells, and even more, the use of selective
ROS inhibitors enlightened us on the particular type of ROS
that triggered cell death as shown in Moreno-Manzano et al.
In addition to ROS inhibitors, other strategies were used
(siRNA, overexpression, transgenic mice) in order to prove
that increased ROS or dysfunctional antioxidant systems
were directly responsible for cell death induction. These
examples, with the use of a combination of ROS inhibitors
and cell death inhibitors, also showed the relationship
between ROS and cell death. For example, some studies used
NAC which promoted not only the decrease in ROS levels
but also a decrease in dell death, and then the different cell
death inhibitors like zVAD, Fer-1, 3MA, and/or Nec-1 were
tested in order to determine the type of cell death induced
by ROS. These studies also showed how increased levels of
ROS can be caused by either a decrease in antioxidant levels,
such as a decrease in GSH or SOD activity [64] or by
enhanced ROS production, for instance, by NOX [69] or
both [87]. It is worth noting that even though the types of
ROS that induce ferroptosis are well defined (iron-dependent
ROS and lipid peroxidation), the source of these ROS is not
specific for ferroptosis and, it can be shared between different
types of cell death; for example, NOX produced ROS that can
induce apoptosis [69] or ferroptosis [86]. Another important
concept presented in the previous studies is how one stimu-
lus can increase ROS, which in turn will activate two or more
different cell death pathways within the cell, but in some
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cases only one of those two pathways is responsible for
causing cell death [101], and in other cases, both or more
cell death mechanisms are responsible for cell demise
[118] (see below).

4.6. ROS and Cell Death Crosstalk. For a long time, the differ-
ent cell death types (apoptosis, autophagy, ferroptosis, and
necroptosis) were studied as independent processes; how-
ever, a huge amount of evidence shows that these different
types of cell death often share, for example, signaling path-
ways or initiator molecules and this promotes an interplay
between pathways. Since ROS plays a critical role in different
forms of programmed cell death, it is not surprising that it
could also play a role in crosstalk between these types of cell
death. For instance, a study in pancreatic cell lines showed
that TRAIL treatment increased ROS and induced apoptosis
in the TRAIL-sensitive pancreatic cancer cell lines MiaPaCa-
2 and BxPC-3. Inhibition of peroxide decreased apoptotic
cell death in MiaPaCa-2 cells but had no effect on BxPC-3
apoptotic cells. On the contrary, superoxide anion inhibition
increased apoptosis levels on BxPC-3 cells but had no effect
on MiaPaCa-2 apoptosis. In addition, peroxide inhibition
increased the necrotic-like population in both cell lines while
superoxide inhibition had the same effect but only in BxPC-3
cells. Moreover, addition of necrostatin 1 decreased the
necrotic population in both cell lines. To further confirm
these results, RIP3 siRNA in combination with TRAIL and
peroxide inhibitor in BxPC-3 cells decreased the necroptotic
population and increased the apoptotic population. Interest-
ingly, MiaPaCa-2 cells do not express RIP3, only RIP1. These
results suggested that TRAIL treatment of MiaPaCa-2 and
BxPC-3 cells under inhibition of peroxide promotes RIP1-
dependent necroptosis, and that TRAIL treatment under
inhibition of ROS (peroxide and superoxide) promotes
RIP3-dependent necroptosis in BxPC-3 cells [119].

Combined lysosomotropic agents (siramesine and clem-
astine) and tyrosine kinase inhibitors (lapatinib and ibruti-
nib) induced synergistic cell death; however, the type of
ROS produced and the type of cell death induced were
different depending on the cell type. In breast and lung can-
cers and in glioblastoma, the combination induced ferropto-
tic cell death, while in CLL cells, it induced apoptosis. In
glioblastoma, LMP leads to an increase in reactive iron,
and this leads to iron-dependent oxidation and lipid perox-
idation accompanied by a decrease in HO-1 and its antiox-
idant properties, thus leading to ferroptosis [120, 121]. In
contrast, in CLL, LMP leads to an increase in ROS and a loss
of mitochondrial membrane potential accompanied by a
decrease in antiapoptotic MCL-1, which results in apoptotic
cell death [72]. In another study mentioned above, selenium
nanoparticles (SeNPs) induced necroptosis in prostate
cancer PC3 cells. Interestingly, glucose-decorated selenium
nanoparticles induced apoptosis in the hepatocellular carci-
noma cell line HepG2. In both cases, the treatment caused
mitochondrial damage mediated by ROS [114, 122]. While
these studies show how ROS function as a rheostat, the
regulatory features of this crosstalk and how ROS controls
it remains unclear.

5. ROS and Cell Death in Disease

The setting of the ROS rheostat can maintain cellular homeo-
stasis through balancing cell survival with different types of
cell death. When this ROS rheostat balance is altered, it can
contribute to the development and progression of disease.
The link between ROS and cell death and its connection to
several diseases is discussed below.

5.1. Alzheimer’s Disease. Analysis of post mortem tissue from
Alzheimer’s disease (AD) patients and AD models have
shown, on one hand, increased ROS and elevated markers
of oxidative stress, and on the other hand, the activation
of caspase 3, caspase 8, and caspase 9 in sporadic AD
[123–127]. One characteristic of AD is the presence of amy-
loid beta (Aβ) plaques composed of Aβ peptide. Protein and
lipid oxidation in brain regions rich in Aβ in early stages of
the disease has been found [128]. Aβ peptides produce ROS
in the presence of metal ions; similarly, mitochondria also
generate ROS causing mitochondrial dysfunction which has
been involved in AD pathogenesis [129–131]. The idea that
mitochondrial ROS induce mitochondrial dysfunction comes
from the “mitochondrial cascade hypothesis” proposed by
Swerdlow and Khan. Briefly, it proposes that mitochondrial
function and its ability to counteract and recover from stress
mediated, among others, by ROS comes from inherited
mutations in mtDNA. When oxidative damage amplifies
ROS production, three events are triggered: (1) a reset
response in which cells respond to elevated ROS by generat-
ing Aβ which further perturbs mitochondrial function, (2) a
removal response in which compromised cells are purged via
programmed cell death mechanisms, and (3) a replace
response in which neuronal progenitors unsuccessfully
attempt to reenter the cell cycle, thus giving place to Aβ pla-
ques and neurofibrillary tangles [126]. This indicates that
ROS regulation is a key feature in AD and may play an
important role in future treatments for this disease.

5.2. Kidney Failure. Kidney failure is a serious chronic condi-
tion. One study showed that acyl-CoA synthetase long-chain
family member 4 (Acsl4) is a predictive and pharmacody-
namic biomarker of ferroptosis in vivo in acute kidney fail-
ure. In addition, in vitro experiments showed that deletion
of Acsl4 caused resistance to erastin and RSL3 induced fer-
roptosis; however, cells underwent necroptosis when treated
with a combination of TNF-α and zVAD-fmk. Inversely,
Mlkl-knockout cells were protected against necroptosis
induced by the combination but died by ferroptosis when
treated with erastin and RSL3. These observations were con-
firmed in an in vivo model of ischemia-reperfusion injury.
ACSL4 protein expression significantly increased during the
first 24 hours after reperfusion in Mlkl-knockout animals,
suggesting a switch toward ferroptosis signaling when
necroptosis signaling fails. Even more, an increase in ACSL4
expression in kidney biopsies from patients with acute
tubular injury (ATI) was observed following kidney trans-
plantation and severe thrombotic microangiopathy of native
kidney [132]. This suggests that limiting lipid peroxidation
can inhibit ferroptotic cell death in kidney failure, and
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crosstalk between ferroptosis and necroptosis in a disease
context occurs.

5.3. Cancer. One of the hallmarks of cancer is the avoidance
of cell death. This occurs through overexpression of antia-
poptotic BCL-2 family members and mutations in tumor
suppressor genes. In addition, the antioxidant pathways are
overexpressed. Collectively, these changes in cancer cells
block ROS production in cancer cells to levels that will dam-
age cellular structures leading to cell death. Many chemo-
therapies selectively increased ROS beyond this limit to
induce different types of cell death. Radiation therapy also
generates free radicals that damage cellular membranes and
DNA leading to apoptosis. Drug resistance prevents apopto-
sis by protecting the mitochondria from inducing ROS and
releasing mitochondrial proteins. Cells also upregulate anti-
oxidant defences limiting ROS levels after cells are treated
with chemotherapy or radiation. Immunotherapy for cancer
also allows cancer cells to die from ferroptosis where iron-
generated ROS plays a critical role [133, 134].

There are several examples where increased ROS induce
two or more different types of cell death in different cancer
in vivo models. For instance, it has been shown that the
immunosuppressant FTY720 can induce autophagy, extrin-
sic apoptosis, and necroptosis in glioblastoma cells. It was
also found that autophagy was the promoter of apoptosis
and necroptosis and that upstream autophagy, FTY720,
inhibited the PI3K/Akt/mTOR/p70S6K signaling pathway
by dephosphorylation of Akt, mTOR, and p70S6K. Further-
more, an increase in ROS and the activation of p53 and
JNK were found. Conversely, inhibition of p53 and JNK
reduces ROS generation, and antioxidant NAC inhibited
both p53 and JNK. This suggests the existence of a ROS-
JNK-p53 feedback loop. It was also found that this loop par-
ticipated in the activation of autophagy, apoptosis, and
necroptosis. Finally, it was found that FTY720 induced
autophagy, apoptosis, and necrosis in xenograft mouse models
of human U251 or U87 glioblastoma cells; treatment also
inhibited tumor growth, and the high-dose group resulted in
smaller tumors compared to the low-dose group [118].

There are few studies in vivo showing ROS as a rheostat
for one cell death type or another. One exception is studies
involving BAY 87-2243, a mitochondrial complex I inhibitor.
It was shown that in melanoma cell lines, the inhibitor
induced mitochondrial membrane depolarization and
increased ROS reduced ATP levels and cell death, which
was reversed by vitamin B and glucose. Moreover BAY 87-
2243 was able to reduce tumor growth in both BRAF mutant
melanoma mouse xenografts and patient-derived melanoma
mouse models [135]. It was later found that in melanoma cell
lines G361 and SK-MEL-28, BAY 87-2243 induced a combi-
nation of ferroptotic/necroptotic cell death due to an opening
of the mitochondrial permeability and a decrease in the mito-
chondrial membrane potential which in turn induced autop-
hagosome formation, mitophagy, and an increase in ROS.
zVAD-FMK, a caspase inhibitor failed to prevent cell death;
however, necrostatin-1 and ferrostatin-1 both decreased cell
death induced by BAY 87-2243. Furthermore RIPK1, MLKL,
and GPx4 knockdown prevented loss of cell viability; in con-

trast, GPx4 overexpression inhibited the BAY-induced
increase in intracellular ROS and lipid peroxidation and
inhibited reduction in cell viability [136]. Interestingly, in
hepatoma cell line Hep3B, treatment with BAY 87-2243
had antiproliferative effects and induced cell death by apo-
ptosis; it was also observed that both effects were enhanced
when BAY 87-2243 was combined with histone deacetylase
inhibitors [137]. This mitochondrial complex-1 inhibitor
was the object of a phase I clinical trial (NCT01297530).

Taken together, cancer cells have the capacity to adapt to
toxic ROS levels and different ROS types and to overcome
apoptosis through altering the ROS rheostat. In addition,
cancer cells can switch from one cell death mechanism to
another using ROS as a rheostat. This could be a valuable
therapeutic strategy that should be explored. Thus, more
in vivo studies need to be done in order to confirm the find-
ings presented in vitro (Table 2) in which ROS function as a
rheostat between two different cell death types.

6. Perspective and Future Questions

ROS play major roles in inducing different types of cell death.
One reason ROS induce different types of cell death is the dif-
ferent types of ROS being produced within cells. Ferroptosis
is induced through iron-generated ROS, whereas induction
of apoptosis happens through hydrogen peroxide and super-
oxide. We have published that oxidative stress-induced
autophagy-mediated cell death is driven by a superoxide.
Another reason is the ability of cells to remove ROS through
antioxidant pathways. This could be through inhibition of
GPx4 in ferroptosis or reduced expression of SOD or catalase
during apoptosis. This, however, cannot explain all the
variations in cell death observed in cells. For example,
mitochondrial-derived ROS is detected in many forms of cell
death. Another variable is the cell type undergoing cell death.
Leukemia cells will undergo apoptosis, but under the same
treatment conditions, a glioma cell line will undergo ferrop-
totic cell death.

Cell organelles play another important role in regulating
ROS induction of different types of cell death. Mitochondria
damage precedes cell death often caused by ROS but leads to
different types of cell death. For example, glucose-coated
selenium nanoparticle (SeNP) treatment of prostate cancer
leads to necroptosis, whereas SeNP treatment in HepG2 cells
induce apoptosis. This could be due to the degree of mito-
chondrial damage mediated by ROS. Limited damage will
release mitochondrial protein leading to activation of the
intrinsic pathway, whereas widespread mitochondrial dam-
age will lead to high levels of ROS and lipid oxidation causing
plasma membrane damage and necroptosis. Lysosomes are
also a source of ROS associated with apoptosis and ferropto-
sis. Lysosomes are known as a major iron source. Upon
lysosome disruption, iron-mediated lipid oxidation and
ferroptosis may occur. The same lysosome disruption in
other cell types leads to apoptosis not ferroptosis. One possi-
ble difference could be differing levels of antioxidant activa-
tion allowing for apoptosis before ferroptosis could be
induced. Further investigation is warranted to understand
how ROS regulates different types of cell death.
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Table 2: Drugs and type of cell death.

Drug Model of study ROS/antioxidant Cell death type Ref.

Methylprednisolone Thymocytes0 Peroxides and decreased GSH Apoptosis [71]

Artesunate
Doxorubicin-resistant T leukemia

cells
Hydrogen peroxide Intrinsic apoptosis [65]

Vibrio vulnificus
cytolysin

Vascular endothelial ECV304 cells Superoxide anion Intrinsic apoptosis [66]

Angiotensin II Myocardial ischemia Superoxide anion and/or hydrogen peroxide Intrinsic apoptosis [69]

TNF-α Mesangial cells Superoxide anion Extrinsic apoptosis [65]

Matrine Liver HL-7702 cells

Hydrogen peroxide and lipid peroxidation
Decreased SOD and GSH activity, KEAP1
upregulation, Nrf2 downregulation and

inhibition of HO-1 and NQO1

Intrinsic and extrinsic
apoptosis

[64]

Oxidized perilla and
linseed oil

Neuronal SH-SY5Y cells Hydrogen peroxide
Caspase-independent
apoptosis (AIF) and
intrinsic apoptosis

[74]

Clemastine and
ibrutinib
combination

CLL cells Superoxide anion and/or hydrogen peroxide Apoptosis [72]

Sodium selenite Prostate cancer PC3 Superoxide anion Apoptosis [115]

Glucose-decorated
selenium
nanoparticles

Hepatocellular carcinoma HepG2
cells

Superoxide anion and/or hydrogen peroxide Apoptosis [122]

BAY 87-2243 Hepatoma cell line Hep3B ROS Apoptosis [137]

Siramesine and
lapatinib
combination

Breast cancer MDA MB 231cells,
adenocarcinoma A549 cells, and

glioblastoma U87 cells
Iron-mediated ROS and lipid peroxidation Ferroptosis

[120,
121]

Paraquat and
maneb

Neuronal SH-SY5Y cells
Lipid peroxidation

NADPH-mediated ROS
Decreased GSH and GPx4

Ferroptosis [86]

Hemin Monocytic THP-1 cells
Iron-mediated ROS and NADPH-mediated

ROS
Ferroptosis [85]

Artesunate Hepatic stellate LX2 cells
Iron mediate ROS and lipid peroxidation

Decreased GSH and GPx4 activity
Ferroptosis [87]

Deletion of Acsl4
and RSL3

Acute kidney failure Oxidation of fatty acids Ferroptosis [132]

Deletion of Acsl4
and TNF-α and
zVAD-fmk

Acute kidney failure Oxidation of fatty acids Necroptosis [132]

Rotenone HEK 293, U87, and HeLa cells Superoxide anion and/or hydrogen peroxide Autophagic cell death [99]

Bufaline
Colon cancer HT-29 and

Caco-2 cells
Hydrogen peroxide Autophagic cell death [100]

Amyloid-β1-42
Glioblastoma U87 and

SH-SY5Y cells
Hydrogen peroxide Autophagic cell death [101]

β-Lapachone Glioblastoma U87 cells Hydrogen peroxide Autophagic cell death [102]

Selenium
nanoparticles

Prostate cancer PC3 cells Superoxide anion and/or hydrogen peroxide Necroptosis [114]

Alkynyl gold(I)
complex

Colorectal adenocarcinoma
Caco-2 cells

ROS Necroptosis [116]

TNF-α
Mouse embryonic fibroblast RelA

KO and cIAP1/2 DKO cells
Hydrogen peroxide Necroptosis [117]

FTY720
U87 and U251MG xenograft mouse

model
ROS

Autophagy and
ferroptosis and
necroptosis

[118]

BAY 87-2243
BRAF mutant melanoma mouse
xenografts and patient-derived

melanoma mouse models
ROS and lipid peroxidation

Ferroptosis and
necroptosis

[135]
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There is crosstalk between different types of cell death
where players responsible for one type of cell death may play
another role in other cell death types. ROS is one of these
important players. Indeed, ROS drive different cell death
pathways in disease and under treatments. Even though this
is not a new concept and several studies have shown this,
there are still some questions that cannot be answered
with what we know about crosstalk between different cell
death types: why the same treatment strategy can induce
different types of ROS and in turn different cell death
types? And why ROS from the same source induce differ-
ent cell death types? One way to describe the role of ROS
is as a rheostat that allows different types of cell death to
be induced under different conditions and with different
cell types. How this ROS rheostat is controlled is still
not well understood and need to be investigated in this
context to predict how cells die and used to develop better
treatment strategies for diseases.

7. Conclusion

In conclusion, the role of ROS as a rheostat is evident in
in vitro studies, but its role needs to be further studied
in vivo to confirm that ROS can act as a rheostat under
pathological conditions. Finally, if this phenomenon is
proven in different in vivo disease models, then the therapeu-
tic potential of this ROS rheostat should be explored.
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