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Short title
The effect of ROS on tumor

Summary

Reactive oxygen species (ROS) are small reactive molecules produced by cellular
metabolism and regulate various physiological and pathological functions. Many
studies have shown that ROS plays an essential role in the proliferation and inhibition
of tumor cells. Different concentrations of ROS can have a "double-edged sword"
effect on the occurrence and development of tumors. A certain concentration of ROS
can activate growth-promoting signals, enhance the proliferation and invasion of
tumor cells, and cause damage to biomacromolecules such as proteins and nucleic

acids. However, ROS can enhance the body's antitumor signal at higher levels by
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initiating oxidative stress-induced apoptosis and autophagy in tumor cells. This
review analyzes ROS's unique bidirectional regulation mechanism on tumor cells,
focusing on the key signaling pathways and regulatory factors that ROS affect the
occurrence and development of tumors and providing ideas for an in-depth

understanding of the mechanism of ROS action and its clinical application.
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Introduction

As the second leading cause of death globally, malignant tumors have threatened
the health and safety of human beings for a long time and relate to the development of
the social economy. By 2030, 13 million people will die from different malignancies
yearly, and three-quarters of the deaths will occur in low- and middle-income
countries [1]. Previous studies have shown that the destruction of intracellular redox
balance is one of the important causes of tumors. Reactive oxygen species (ROS), an
inevitable by-product of cell metabolism, have a dynamic influence on the
microenvironment of tumor growth [2]. Metabolic imbalance of antioxidant system
used to remove excess ROS in vivo, excessive accumulation of ROS resulting in
increased oxidative stress, the damage of biological macromolecules such as nucleic
acid, protein, and lipid in cells, induces the malignant transformation of cells and
promotes tumor occurrence. However, with the continuous increase of ROS
concentration, both endogenous ROS and exogenous ROS can mediate the activation
of multiple apoptosis-promoting signal pathways [3] and produce antitumor effects.
Therefore, it is of far-reaching significance to explore the mechanism of ROS in
tumorigenesis and development for the prevention and treatment of malignant tumors.
This paper reviews the metabolic mechanism of ROS, the bidirectional induction of
ROS on tumor cell growth, ROS-related signal pathways, and their relationship with

tumor therapy.

1. Generation and elimination of ROS

Since Gershman put forward the theory of "oxygen-toxic free radicals™ in 1954,
people began to have a new understanding of oxygenated metabolites. ROS is a kind
of small molecule with a short life, high activity, and strong oxidation, including
free radicals derived from oxygen, such as hydroxyl radical (-OH) and superoxide
anion (O2--), as well as non-free radical molecules, such as hydrogen peroxide (H202)
and hypochlorous acid (HOCI). Both endogenous and exogenous stimulation can
produce intracellular ROS. Endogenous ROS accounts for more than 90% of the total

ROS production and mainly depends on mitochondria and NADPH oxidase (NOX)
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[4]. O2-- is generated by catalyzing the reaction of NOX with NADPH, enters the
mitochondrial electron transport chain, and transmits through complex 1 (skeletal
muscle cells and nerve cells) or complex Il (endothelial cells). Part of it leaked into
membrane space and mitochondrial matrix and reacted with NO- to form ONOO",
while the rest was further disproportionated by superoxide dismutase (SOD) into O>
and H20». These H202 can be decomposed by glutathione (GSH), catalase (CAT), and
other antioxidants to generate non-toxic H20, which metal ions can also reduce and
generate -OH through the Fenton reaction. Once the toxic substances ONOO™
and -OH under oxidative stress accumulate excessively, they will cause irreparable
damage to biological macromolecules such as DNA and protein, arrest the cell cycle,
and start apoptosis and autophagy (Figure 1).

The influence of external toxic factors on ROS production is equally important.
When attacked by ultraviolet rays, ionizing radiation, quinones, inflammatory
cytokines, heavy metals, and other exogenous factors, the steady state of maintaining
the dynamic balance of cells and tissues is broken, and the body enters a state of stress.
If the organism is exposed to oxidative stress for a long time, it will impede the
growth of cells, tissues, or organisms [5], which is not conducive to health. Under
normal physiological conditions, the production and scavenging of ROS tend to be
balanced, which can maintain the functional homeostasis of organisms. The
thioredoxin (TRX) and GSH systems are the most representative antioxidant systems.
TRX system mainly includes TRX, thioredoxin reductase (TRXR), and NADPH. The
GSH system comprises glutathione reductase (GR) with NADPH as a co-factor to
form GSH which provides electron for various enzymes, like glutathione peroxidase
(GPX) in antioxidant reduction signals through catalytic reversible thiol modification
[6]. TRXR can catalyze NADPH-dependent oxidized TRX into the active reduced
form of TRX. Many small-molecule substrates, including H20, and selenite, are also
reduced in this process [7]. GSH is the most abundant antioxidant in cells. Under
glutathione peroxidase (GPX), GSH is oxidized to GSSG, and H20- is decomposed
into H20. Meanwhile, NADPH works with glutathione reductase (GR) to reduce
GSSG to GSH.
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2. Promoting effect of ROS on tumor

ROS content in different tumor cells is higher than that in normal cells, and the
occurrence and development of tumors is a complex multi-stage process, including
genetic mutations, gene translocations, abnormal activation of signaling pathways
initiated by growth factors or hormones, and some external factors (environment,
infection, radiation, and diet). Key genes such as proto-oncogenes and oncogenes are
altered, and oxidative stress triggered by cell intermediates ROS (H20., 02--, and
-OH) can accompany all stages of tumor generation, proliferation, and metastasis.
2.1. ROS regulates inflammation and induces tumor

Since Virchow discovered in 1863 that many inflammatory cells were infiltrated
in tumor tissues, and the tumors were prone to chronic inflammatory sites, the
complex relationship became a wide concern. At present, it is known that about 25%
of tumors in the world are caused by chronic inflammation [8], and ROS is a key
regulatory component between them, which can affect the types and levels of
inflammatory regulators. Inflammation can be divided into two stages: (A) Acute
inflammation refers to the initial stage of inflammation. Activating the immune
system, mast cells and white blood cells accumulate in the damaged part quickly,
leading to a "respiratory burst". Neutrophils produce ROS molecules, including O2:-,
H202, -OH, and HOCI, effectively inducing the apoptosis of damaged cells [9]. If the
duration of inflammation is prolonged, it will evolve into chronic inflammation. At
this time, inflammatory cells produce soluble mediators, such as cytokines,
chemokines, and arachidonic acid metabolites. These mediators continue to make
inflammatory cells reach the injured site, activate, and produce more and more ROS.
When the accumulated reactive oxygen species (ROS) in the system exceeds the
scavenging capacity of the system, it may be caused by oxidation/nitrosation stress,
causing DNA and protein damage [10]. Suppose the repair procedure after DNA
damage is destroyed. In that case, it will further lead to point mutation and K-ras
mutation (G-T inversion), resulting in an oncogene with dominant function and loss

of tumor suppressor gene with recessive function. (B) Chronic inflammation, an
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important promoter of tumor development, is mainly caused by the activation of the
nuclear factor kappa-B (NF-kB). NF-«kB plays a key role in inflammation, cell cycle
regulation, immune responses, and drug resistance [11]. As an oxidative stress sensor,
the NF-«xB protein can be changed by H202 production. When the death receptor on
the upstream cell membrane surface binds to the corresponding ligand, tumor necrosis
factor (TNF) is activated to resist the inflammatory reaction. Many ROS can act on
the inhibitor of the kappa B kinase (IKK) complex, stimulate the production of
downstream target molecules, and then selectively induce the phosphorylation of the
inhibitor of NF-xB (IxB) so that it dissociates from NF-kB dimer, and the binding rate
between NF-kB and DNA in the nucleus is increased, which promotes the expression
of a variety of inflammatory factors. Continuous accumulation will cause
uncontrolled cell growth [12].

When malignant cells enter the clonal expansion stage, with the help of
proliferation-promoting factors such as epidermal growth factor receptor (EGFR),
ROS-mediated continuous oxidative stress conditions make tumor cells proliferate
autonomously and uncontrollably [13]. EGFR is a tyrosine kinase receptor that
activates NF-«xB, signal transducer and activator of transcription 3 (STAT3), activator
protein-1 (AP-1), and other transcription factors that can aggravate oxidative stress in
an inflammatory environment and promote the progression of cancer [14].

2.2. ROS promotes angiogenesis and induces tumor

Goldman et al. first proposed that angiogenesis has a great relationship with
tumor growth[15]. Folkman further clarified that angiogenesis played a leading role in
the tumor process and proposed that suppressing angiogenesis can keep tumor growth
stable [16, 17]. Since then, the concept that tumor growth needs angiogenesis to
provide nutrition has been widely concerned by researchers. Studies in the past 20
years have shown that ROS plays a vital role in tumor angiogenesis. In the initial
stage of tumorigenesis, new blood vessels extend from the original blood vessels,
supporting the survival and development of the tumor [18]. Tumors larger than 2 mm
in diameter need a sufficient blood supply, gas exchange space, and various nutrients

to grow. However, when tumor growth enters the stage of continuous proliferation,
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due to the oxygen consumption of cells being far greater than the oxygen supply
capacity, the metabolic rate of the tumor microenvironment increases significantly,
which leads to the hypoxia condition becoming a common feature of tumor
development. At this time, a high ROS level stimulates the oxidative stress reaction to
intensify, and a variety of cytokines, growth factors and transcription factors
participate in metabolism. ROS-mediated signal cascade pathway accelerates
angiogenesis, endothelial cell migration, and proliferation (Figure 2).

A phosphatidylinositol-3 kinase (PI3K)/Akt/mTOR is an important signal
pathway in tumorigenesis and migration, and the activation of this pathway may occur
through RAS mutation, key gene imbalance, or EGFR expression increase. Protein
kinase B (Akt) is a proto-oncogene that can directly inhibit pro-apoptotic proteins
(such as Bad) and transcription factors (such as FOXO transcription factor) [19] and
activate the mammalian target of rapamycin (mTOR) to regulate cell growth. The
activated mTOR can phosphorylate the downstream translation inhibitor eukaryotic
translation initiation factor 4E-binding protein 1(4EBP1) and translation regulatory
kinase ribosomal protein S6 kinase (S6K) and promote the high expression of
eukaryotic translation initiation factors 4E (elF4E1) in the process of protein synthesis
and cell growth, which lays the foundation for releasing transcription factor
hypoxia-inducible factor-1 alpha (HIF-1a) to promote angiogenesis [20, 21]. HIF-1a
is called "the main regulator of oxygen homeostasis"”, and can up-regulate the genes
that express angiogenesis, migration, and antioxidant stress, control the anaerobic
metabolism of cells and maintain the growing vitality of cells under anoxic conditions.
The effect of ROS on the PI3K/Akt/mTOR pathway is mainly controlled by the
expression of the PTEN gene. PTEN is a tumor suppressor gene, usually dysregulated
in breast cancer, melanoma, glioblastoma, prostate cancer, and other diseases because
a high ROS environment inhibits PTEN expression and promotes tumor growth. After
that, this gene can be used as a negative regulator of PI3K and Akt signals, reducing
Akt activation through dephosphorylation and preventing downstream signal
transduction related to Akt [22]. In the process, many ROS represented by H>O> can

also oxidize translation-related protein kinase S6K and other protein tyrosine
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phosphatase (PTP) family members except for PTEN, stimulating PI3K/Akt signaling
pathway, and increase the expression of growth-promoting mTOR signaling pathway
ribosomal protein S6 kinase beta-1 (p70S6K1). Downstream HIF-1o and vascular
endothelial growth factor (VEGF) were activated [23], and VEGF was secreted with
the increase in HIF-1a level. VEGF has many isoforms, such as VEGF-A, VEGF-B,
VEGF-C, and VEGF-D. There are oxidative stress response elements in the promoter
region of VEGF-A. ROS can induce VEGF-A transcription and participate in
angiogenesis by increasing the activity of specificity protein 1 (Spl) [24]. VEGF-C
and VEGF-D can bind VEGF receptor 2 (VEGFR2), phosphorylate KDR tyrosine
kinase, and stimulate endothelial cell proliferation, migration, and tubular formation
[25].

In the past, many studies have used the elimination of ROS as an important
means to inhibit tumor metastasis, but with the development of medical technology in
recent years, the positive regulation of ROS to promote angiogenesis is being studied
extensively. For local tissue ischemia caused by insufficient oxygen supply, the
reasonable regulation of ROS content in patients' tissues can promote the formation of
blood vessels in damaged areas and promptly restore normal blood supply to the body.
The clinical application of this area still needs more studies. ROS has different effects
on different diseases, and we need to judge the benefits and disadvantages of ROS
correctly.

2.3 ROS and tumor migration

Migration is the main cause of recurrence and death. It is a complicated and
programmed process for cells to spread from primary to surrounding tissues and
distant organs. These processes include epithelial-mesenchymal transition (EMT),
stem cell mutation accumulation, matrix metalloproteinases (MMPs), and
up-regulated expression of some transcription factors (Snail, Twist, ZeB) [26].

The MMP family participates in the degradation of various extracellular matrix
(ECM) proteins, affecting the migration, proliferation, calcium signal, and contraction
of endothelial and vascular smooth muscle cells. It has been confirmed that MMPs are

closely related to ROS, such as O2-- and H>O,. These metabolites can activate
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PI3K/Akt, mitogen-activated protein kinase (MAPK)/extracellular regulated protein
kinases (ERK), and other classical signal pathways and induce the high expression of
downstream transcription factors HIF-1a and NF-«B, respectively. MMPs are secreted
as inactive Pro-MMPs and then cut into active forms by various proteases, which
promote tumor metastasis and angiogenesis (Figure 2). MMP-2 and MMP-9 are
MMPs with the greatest attention and can degrade type IV collagen. It has been
confirmed that the experimental mice with MMP-2 and MMP-9 knocked out will
have different degrees of cell proliferation and angiogenesis disorders [27].

In addition, the relationship between ROS and the RAS/Raf/MAKP system can
be regulated by modifying the cysteine-rich zinc finger region of protein kinase C
(PKC). PKC is a multifunctional serine/threonine kinase. Stimulated by many ROS,
PKC activity is enhanced and often participates in the proliferation and migration of
tumor cells in two ways [28]. One way is to activate the MAPK signal pathway,
typical of the RAS/mitogen-activated protein kinase/extracellular signal-regulated
kinase (MEK)/ERK system, and then activate downstream Snail, MMP-2 and MMP-9
to start EMT to accelerate tumor migration. The other way is to phosphorylate
pyruvate dehydrogenase kinase 1 (PDK1), release kB protein from trimer, and then
NF-kB dimer migrates from cytoplasm to nucleus under the action of nuclear
localization sequence, combines with specific DNA sequences in the nucleus, and
transcripts and expresses genes related to MMP-9, VEGF, CyclinD1 [2, 5, 29].
PKC-initiating EMT can be accompanied by an obvious expression of Slug (Slug is
an EMT transcription factor with a zinc-finger structure, which induces cell
proliferation and migration), which depends on histone H3 acetylation and ROS
signal regulation [30]. Many tumor inhibitors inhibit ROS/PKC/ERK pathway,
E-cadherin was up-regulated, and tumor cells ' invasion and migration activity was
decreased [31].

The tumor microenvironment plays an indispensable role in tumor colonization
and growth in the later stage of a successful migration. ROS can establish tumor
microenvironment "soil" conditions for metastatic tumor cells in distant tissues and

organs [32]. Transforming growth factor-B1 (TGF-f1) can promote the degradation of
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extracellular matrix and enhance EMT ability, and it is an important factor in the late
stage of tumor progression [33]. TGF-f1 can activate NF-xB through Racl/ NADPH
oxidases (NOXs) /ROS pathway to produce urokinase-type plasminogen activator
(uPA) and MMPs, and the expression yield of both increased with the activation of

NOXs/ROS and NF-«xB pathway [34].

3. Inhibitory effect of ROS on tumor
3.1 ROS and apoptosis

Apoptosis is a strictly regulated and highly conservative process of cell death. Its
morphological characteristics are nuclear chromatin condensation or pyknosis, cell
body contraction, nuclear fragmentation, and plasma membrane blistering. Excessive
ROS in cells will damage proteins, nucleic acids, lipids, cell membranes, and
organelles, including inducing apoptosis, which is irreversible once initiated. It is
generally regarded as an effective method for tumor treatment. This part of ROS
mainly comes from endogenous pathways such as the mitochondrial respiratory chain
and lipid peroxidation of the mitochondrial membrane.

In cell apoptosis, the biological mechanism that plays a key role comes from

two distinct but interrelated apoptotic pathways: the intrinsic apoptotic pathways of

mitochondria and the extrinsic apoptotic pathway of death receptors (Figure 3).

3.1.1 ROS participates in the mitochondrial apoptosis pathway

Under normal circumstances, the mitochondrial outer membrane (OMM) is
permeable to molecules below 5 kDa, which is the exchange channel of respiratory
chain substrate and product between mitochondria and cytoplasm, while the
mitochondrial inner membrane (IMM) is highly impermeable, which plays an
important role in triggering and regulating apoptosis. Stimulated by ROS, the
permeability of IMM increased, allowing it to be lower than 1.5 kDa molecules
(including protons) freely enter the mitochondrial matrix, which leads to the
interruption of oxidative phosphorylation osmotic swelling of the mitochondrial

matrix, and inward folding and compression of crista gaps. The increase of
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mitochondrial membrane permeability is also accompanied by the opening of the
mitochondrial permeability transition pore, which interferes with the normal operation
of the mitochondrial electron transport chain. Causes pro-apoptotic proteins such as
cytochrome,  apoptosis-inducing  factor  (AIF), endonuclease G, and
mitochondrial-derived caspases activators (Smac, Bax, and Bcl-2 proteins) to be
released into the cytoplasm [35, 36].

Cytochrome ¢ (cyt c) is a redox small molecule belonging to a group of
hemoproteins located in the inner membrane of mitochondria. Cyt c participates in
electron transfer in normal cells, maintaining the balance of the electron transfer chain
and reducing ROS production [37]. However, excessive ROS aggregation in cells will
promote the migration and release of cyt c. Once enough cyt c is released and
accumulated in cells, with the assistance of dATP, it can form a complex with
apoptosis protease activating factor-1 (Apaf-1) and Pro-caspase-9 (also known as
"apoptotic body"), then induce the automatic activation of caspase-9, activate
effectors caspase-3, caspase-6, and caspase-7, and lead to DNA and protein breakage
[38, 39]. With the excessive loss of cyt ¢ in mitochondria, the oxidation products
produced by metabolism can not be cleared in time and can indirectly promote ROS
production and release [40]. The B-cell lymphoma-2 (Bcl-2) family is essential for the
regulation of mitochondrial apoptotic pathways, especially major outer membrane
proteins, including anti-apoptotic proteins (Bcl-2, Bcl-X., Bcl-W, Bcl-B, and Mcl-1)
located in OMM and pro-apoptotic proteins present in the cytoplasm (Bad, Bak, Bax,
Bid, Bim, Puma, and Noxa). Under normal circumstances, anti-apoptotic Bcl-2 and
Bcl-XL can combine with Bax, Bim, Bak, and Bad to form heterodimers, thus
inhibiting the activity of pro-apoptotic proteins. If intracellular ROS is elevated, the
conformation of Bcl-2 family proteins changes [41], their proportion is unbalanced,
and pro-apoptotic Bcl-2 is close to mitochondria [42]. The Bid was cleaved by
activated caspases-8 protease, and its active fragment tBid responded to stimulation
and moved actively. At this time, Bax and Bak near mitochondria received this signal
and formed homologous oligomers on OMM, thus promoting the release of cyt ¢ into

the cytoplasm [43]. After ROS causes DNA damage, it activates the expression of
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BH3-only domain-like pro-apoptotic proteins such as Bax, Noxa, and Puma induced
by p53. These proteins have a high affinity for Bcl-2, Bcl-X., and Bcl-W, which can
actively neutralize the growth-promoting effect of anti-apoptotic proteins on cell
development and play a key role in activating pro-apoptotic signals [44]. Inhibitors of
apoptosis proteins (IAPs) are apoptosis inhibitors that act on caspase and participate
in cell apoptosis in two ways. Mitochondrial protein Smac/Diablo can bind IAPs to
inhibit its anti-apoptotic biological activity; IAPs can be directly transferred into the
nucleus, combine with DNA, induce chromatin condensation and fragmentation, and
participate in caspase-independent apoptosis [45].

3.1.2 ROS participates in the apoptosis pathway of death receptors.

The exogenous receptor-mediated apoptosis pathway is triggered by the
connection of death receptors and their homologous ligand. The most well-known
death receptors are Fas, TNF receptor (TNFR), and TNF-related apoptosis-induced
ligand-receptor (TRAILR). The ligands that act on them include FasL, tumor necrosis
factor-o. (TNF-a)), and TNF-related apoptosis-induced ligand (TRAIL). The receptors
bind to their respective ligands. Through receptor trimerization and disulfide bond
cross-linking, signal transduction mediated by the death receptor is activated, and
downstream linker protein is then recruited to the corresponding receptor, which
initiates the caspase cascade reaction and induces apoptosis [5]. In this process, ROS
can induce the up-regulation of FasL expression, activate Fas-related adaptor protein
FADD, and mediate apoptosis by promoting the expression of Caspase-8 and
caspase-2 [46]. The apoptosis pathway mediated by TNF-R and TRAILR is also
affected by ROS. Pro-caspase-8 is recruited by tumor necrosis factor receptor type
1-associated death domain protein (TRADD), which can promote the expression of
caspase-8. Caspase-8 can induce cell apoptosis through two cascade reactions. On the
one hand, it can directly cut and activate the expression of downstream caspase
protease. On the other hand, it can also cut the pro-apoptotic protein Bid to shift the
cleavage product tBid to mitochondria, produce the abundant Bax and Bak oligomers
on OMM, accelerates cyt c's release, and activate caspase-3, caspase-6, and caspase-7

[47, 48]. After the death receptor pathway is activated, the activated caspase-8 binds
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to ROS regulator-1 (ROMO1) in IMM. After that, ROMOL1 decreased mitochondrial
membrane potential, increased cyt ¢ emission, and produced more ROS by blocking
Bcel-X¢ [49].

Death receptors, such as Fas, TNFR, and TRAILR, are widely distributed on
most cells' surfaces and regulate physiological mechanisms related to cellular
immunity. When caspase-8 is inactivated or absent in the absence of apoptosis
conditions, Fas can activate receptor-interacting protein (RIP), start the programmed
necrosis pathway mediated by RIP, and cause non-apoptotic cell death [50]. The study
also found that, If RIP and tumor necrosis factor receptor-associated factor 2 are
active in large quantities and transcription factor NF-«xB is activated [51], it will have
a reverse effect. NF-xB can promote the inflammatory response and induce cell
proliferation by activating many inflammatory mediators in tumor cells or activating
the expression of apoptosis-inhibiting molecules Bcl-2, Bcl-X. protein, and IAPs
[52].

3.2 ROS and cell autophagy

Autophagy is a regulated process of cell self-catabolism, which can eliminate
damaged or redundant cytoplasmic contents and organelles (such as mitochondria and
endoplasmic reticulum) [53]. Autophagy is regulated by all autophagy-related genes
(Atg) and the mTOR signaling pathway. Tumors usually activate the ROS-mediated
autophagy pathway under hypoxia and energy deficiency. LC3 protein is an important
element in forming the autophagy membrane, which can be transformed into an
LC3-1I-PE complex under the joint action of Atg4, Atg7, and Atg3 binds to the
autophagy membrane, assisting the extension of pro-autophagy. With the rapid
proliferation of tumor cells, the lack of intracellular nutrients, and the inability to
induce normal autophagy, it is necessary to modify Atg4 with the strong oxidizing
property of H>O» to inactivate its decreasing activity to promote LC3-related
autophagosomes production [54]. When intracellular ATP levels decline, and AMP
increases, hypoxia, and nutritional deficiency cause AMP-activated protein kinase
(AMPK) activation, and the autophagy molecule initiator mTORCL1 is antagonized to
start the autophagy program [55].
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Meanwhile, when H20 and other oxidative stress products accumulate, AMPK
can be phosphorylated by upstream AMPK kinase (AMPKK), indirectly inducing
autophagy [56]. Tumor cells continue to grow under hypoxia. Bcl-2 interaction
protein  BNIP3 and mitochondrial autophagy receptor Nix protein are also
continuously expressed with the help of HIF. With the production of mitochondrial
ROS, these proteins are activated by the autophagy gene Beclin 1 to up-regulate
autophagy [57].

The complex relationship between ROS and autophagy also includes ROS's
reverse regulation by initiating autophagy. Autophagy-related signal pathways
Nix/BNIP3L and Parkin/PTEN can induce protein kinase PINK1 to participate in a
special autophagy regulation, which leads to the decrease of ROS level due to
mitochondrial autophagy, damaged or toxic mitochondria are largely cleared [58].
SQSTMI/p62 and Nrf2/Keapl interact to form a complex with Kelch-like
ECH-associated protein 1 (keapl), increasing the stability of nuclear factor erythroid
2 related factors 2 (Nrf2), which leads to the selective degradation of ROS, and then
Nrf2 is released and migrated to the nucleus, which can produce the antioxidant effect

[59].

4 Strategy and practice of ROS tumor therapy

In recent years, ROS has been used as an important means of tumor treatment as
a new antitumor idea and strategy. Grasping the characteristic that the tumor growth
process is extremely sensitive to oxidative stress, we can eliminate malignant tumors
by regulating the ROS level in the tumor microenvironment. The two feasible
treatment strategies are anti-oxidation and pro-oxidation therapy (Figure 4).

Compared with normal cells, tumor cells grow in a state of high oxidative stress,
and the growth environment is conducive to their uncontrolled proliferation. Using
antioxidants to inhibit ROS production or promote ROS clearance in vivo can inhibit
tumor growth. Vitamin C (VitC) is an important antioxidant drug that can reduce
TNF-a and IL-6 in whole blood cells, decrease ROS induced by lipopolysaccharide,

and alleviate DNA damage [60]. However, if excessive VitC intake, the transporter
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SVCT-2 can increase intracellular ROS through the obtained VitC, and cell cycle
arrest and apoptosis occur after ROS accumulation to a certain extent [61]. Therefore,
antioxidant therapy has a certain contingency. Sometimes not only can it not play a
negative regulatory role on ROS, but it may also promote tumor cell growth [62].
Treating tumor patients with pro-oxidant therapy will show a better clinical prospect.

The main way of pro-oxidation therapy is to treat cells with drugs that interfere
with ROS clearance, produce excessive ROS, and reduce the clearance rate so that
tumor cells can reach the tolerance threshold of ROS first than normal cells, resulting
in malignant cell apoptosis (Table 1). In 1981, Nathan and Cohn first tried to use
pro-oxidants in tumor patients and achieved a significant tumor inhibition effect[63].
In 1987, Procarbazine was considered the first ROS inducer for anticancer
therapy[64], and it is still an important treatment for brain tumors and Hodgkin's
lymphoma. In the following 20 years, more and more attention has been paid to the
antitumor drugs induced by reactive oxygen species. Several common
chemotherapeutic drugs, such as paclitaxel, vincristine, and antifolate, promote
mitochondrial cell death by releasing cyt c. Adriamycin and anthracycline are widely
used in the clinical treatment and research of acute lymphoblastic leukemia, bladder
cancer, lymphoma, Kaposi's sarcoma, breast cancer, and other malignant tumors [65,
66]. 5-fluorouracil (5-FU) and Oxaliplatin inhibit cell proliferation and differentiation
by promoting ROS formation and interfering with DNA replication. Piperlongumene
and phenethyl isothiocyanate (PEITC) are two common antitumor drugs promoting
oxidation in recent years. Piperlongumene is a ROS inducer, which can reduce the
content of GSH in cells and downregulate the expression of oncogenes SP1, SP3, and
SP4 [67]. PEITC inhibits the expression of cancer stem cell marker acetaldehyde
dehydrogenase 1 (ALDHL1) [68] and increases phosphorylation/activation of ERK1/2
and JNK signaling pathways [69]. It is worth mentioning that these two drugs can
lead to tumor cell apoptosis but will not induce healthy cell apoptosis. Therefore, such
selective inducers are favored by more and more researchers.

With the in-depth exploration of pro-oxidant therapy for tumors, it has been

found that long-term use of a single treatment drug may produce certain drug
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resistance and increase the risk of side effects. In recent years, taking various drugs
for some patients with severe conditions has become a hot direction. Elesclomol is a
ROS-inducing agent with antitumor activity against many cancer cells. In a trial of
clinical evaluation in melanoma, patients treated with the combination of elesclomol
and paclitaxel had a treatment phase PFS (progression-free survival) twice as high as
those treated with paclitaxel alone [70]. In patients with HER2-positive breast cancer,
upfront administration of an amount of paclitaxel-aloumin followed by a combination
of 5-FU, epirubicin, and cyclophosphamide cyclically improved the patient's
chemotherapy pathologic complete remission rate [71].

From the late 20th century to the early 21st century, photodynamic therapy (PDT)
and sonodynamic therapy (SDT) began to gain widespread attention for their unique
advantages in antitumor therapy, such as high specificity, low toxic side effects, and
low invasiveness [72]. The results of a study using CIAIPcS2 as a therapeutic
sensitizer showed that Hela cells treated with PDT and SDT showed a substantial
increase in DNA fragmentation, ROS production, and cell viability index [73].
However, PDT and SDT have yet to be widely put into clinical use. Ensuring that
patients' tumor sites are always in a high oxygen state and the high cost to be paid
after treatment are still issues that need to be actively explored in current clinical work.
A sensitizer with high oxygen production rate and more efficient ROS generation is

expected to be developed shortly to benefit tumor patients.

5 Outlook

Through decades of continuous research on ROS, its origin and scavenging
mechanism have been recognized. ROS's important role in cell proliferation and
apoptosis has attracted more and more attention. To sum up, ROS, like a
"double-edged sword", plays a two-way inducing role in cell growth.
Low-concentration ROS is one of the indispensable factors in regulating the signal
cascade, and high-concentration ROS has an irreversible effect on cell apoptosis and
injury. Therefore, in tumorigenesis and development, the production and metabolism

of ROS should be closely monitored. Because of the bidirectional effect of ROS, it is
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surprising to find its broad application prospect in tumor treatment. When the level of
ROS in vivo increases significantly, it can interfere with the production of some tumor
markers and activate apoptosis and autophagy pathways. Monitoring ROS content in
tumor patients during treatment is still a long-term research topic. If the intracellular
ROS production is insufficient to start apoptosis and autophagy, it may promote tumor
cell proliferation through PI3K/Akt/mTOR, RAS/Raf/MAPK, and other pathways. If
the excessive use of pro-oxidant drugs exceeds the therapeutic load of ROS in vivo, it
may aggravate systemic toxicity.

Of course, the problems caused by ROS in practical application come from the
influence of abnormal ROS production and many other aspects. For example, ROS
promotes the secretion of inflammatory cytokines by activating NF-xB, which will
increase chemotherapy resistance in the long run; different types of tumor cells have
certain differences in molecular background and growth microenvironment. Based on
the complexity and unknowns of the above treatment process, it is still necessary to
establish a large number of cell models and animal models in the future to identify the
effects of ROS on specific tumor cells, monitor the metabolic output of ROS, and find
out the reasonable dosage of drugs for regulating oxidative stress, to achieve a safer

and more effective treatment effect.
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Figure 1. The formation and metabolic mechanism of ROS.

The O2-- produced by NADPH oxidase and mitochondrial electron transport chain can react with
NO- or be catalyzed by SOD. H,O, can be converted into H,O by antioxidant detoxification
substances in mitochondria or cytoplasm and can also be generated into -OH by the Fenton
reaction. Toxic metabolites such as ONOO™ and -OH cause damage to biological macromolecules,
apoptosis, and autophagy. The GSH, as a part of Glutathione peroxidase and TRX systems, are
antioxidant enzymes that catalyze the efficient decomposition of H,O5.

I-1V: mitochondrial complexes | to IV; NOX: NADPH oxidase; SOD: superoxide dismutase;

GSSG: glutathione disulfide; GSH: glutathione; TRX: thioredoxin; TRXR: thioredoxin reductase.
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Figure 2. The relationship between ROS and angiogenesis and tumor metastasis.

The increase of endogenous or exogenous ROS levels can affect the progress of tumor cells in
many ways, such as releasing downstream growth factors and cytokines through PI3K/Akt/mTOR,
RAS/Raf/MAPK, and other signal pathways, promoting the up-regulation of HIF-1a, VEGF and
MMPs expression, activating NF-xB signal to cause angiogenesis and starting EMT to induce
tumor invasion and migration.

EGFR: epidermal growth factor receptor; PTEN: phosphatase and tensin homolog deleted on
chromosome ten; PI3K: phosphatidylinositol 3 kinases; PKC: protein kinase C; PDK1.:
phosphorylate pyruvate dehydrogenase Kkinase 1; Akt: protein Kkinase B; MEK:
MAPK/extracellular signal-regulated kinase; JNK: c-Jun N-terminal kinase; mTOR: mammalian
target of rapamycin; ERK: extracellular regulated protein kinases; NF-xB: nuclear factor kappa-B;
S6K: ribosomal protein S6 kinase; 4EBP1: recombinant eukaryotic translation initiation factor 4E
binding protein 1; MNK: mitogen-activated protein kinase interacting kinases; elF4E: eukaryotic
translation initiation factors 4E; HIF-1a: factor hypoxia-inducible factor-1 alpha; VEGF: vascular
endothelial growth factor; MMP-2: matrix metalloproteinases-2; MMP-9:  matrix

metalloproteinases-9.
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Figure 3. The ROS-mediated apoptosis.

Excessive ROS's endogenous or exogenous production activates apoptosis signals of
mitochondrial and death receptor pathways. ROS damages the mitochondrial membrane, releases
cytochrome C to the cytoplasm, forms autophagosomes with Apaf-1 and Pro-caspase-9, induces
caspase-3, -6, and -7 to crack, and leads to apoptosis. Caspase-8 is activated, and caspase-3,-6,-7 is
cleaved after the related death receptor binds to the homologous ligand. Caspase-8 can also
indirectly lead to the release of cytochrome C in the endogenous apoptosis pathway by cutting the
bid protein into tBid.

TNF-a: tumor necrosis factor-o; TRAIL: TNF-related apoptosis-induced ligand; ASK-1: apoptosis

signal-regulated kinase 1; MKK-7: mitogen-activated protein kinase kinase 7; FADD:
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Fas-associated protein with death domain; TRADD: tumor necrosis factor receptor type
1-associated death domain protein; Puma: p53 unregulated apoptosis modulator; Noxa: NADPH
oxidase activator; Bak: Bcl2 antagonist/killer 1; Bax: Bak/Bcl 2-associated X; Bid:
BH3-interacting domain death agonist; tBid: the truncated activator protein Bid; IPAS: inhibitory

PAS domain protein; Apaf-1: apoptosis protease activating factor-1.
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Y

The regulation of tumor therapy by changing redox status was first used in the anti-oxidation
treatment of tumors. It was later proved that this treatment method has certain limitations and
contingencies. It has become a hot spot in clinical treatment to inhibit the occurrence and

development of tumors by pro-oxidation.
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Table 1. FDA-approved drugs induce apoptosis/autophagy of tumor cells by

pro-oxidation.

Name of drug

Mechanism of action

clinical application

AS;03

Auranofin

BITC

Carboplatin

Cisplatin

Doxorubicin

Enasidenib

Ivosidenib

It can promote ROS production, induce
GSH and Bcl-2 down-regulation, and
release AIF and Smac from
mitochondria.

A TRX system inhibitor reduces ROS
clearance and induces tumor cells'
caspase-dependent apoptosis.

ROS production was increased, and JINK

and p38 pathways were activated.

A high ROS level was maintained, and
EGFR expression was increased to
induce cell death.

A cell cycle nonspecific drug inhibits
cancer cells' mitosis and stimulates ROS

production by binding with DNA.

It is a nonspecific cell cycle drug that
inhibits RNA and DNA synthesis and
topoisomerase Il activity and promotes

mitochondrial ROS production.

IDH1/2 mutant-specific inhibitor is an
antitumor drug targeting mitochondrial

ROS.

Promyelocytic
leukemia, ovarian
cancer, and lung cancer
[74-76]

Rheumatoid arthritis,
colorectal cancer, and
lung cancer [77, 78]
Pancreatic cancer,
breast cancer, and lung
cancer [79-81]

Breast cancer, lung

carcinoma [82, 83]

Ovarian cancer,
prostate cancer,
testicular cancer, lung
cancer, and thyroid
cancer [84-86]

Acute myeloid
leukemia, acute
lymphoblastic
leukemia, and breast
cancer [87, 88]

Acute myeloid
leukemia, glioblastoma

[89-91]




Itraconazole

Jolkinolide B

Lanperisone

Metformin

Methotrexate

Oxaliplatin

Paclitaxel

Panitumumab

With the increase in ROS production,
the ratio of Bax/Bcl-2 increased, and
many apoptosis pathways were
activated.

Inhibit TRXR and deplete GSH to
trigger cellular ROS accumulation,
which results in reticulum stress and
activation of MAPK pathways.
Inhibit cystine/glutamic acid to reverse
transport function, induce iron death,
and increase ROS production.
Mitochondrial complex I inhibitor
inhibits tumor growth through the

PP2A-GSK3B-MCL-1 pathway.

Folic acid antitumor drugs can inhibit
the growth and reproduction of tumor
cells by inhibiting dihydrofolate
reductase.

It can promote ROS production and
form an adduct with DNA to inhibit the
replication and transcription of tumor
cells. It is often used in combination
with 5-FU.

Stimulate the JAK-STAT signaling
pathway and increase mitochondrial
ROS and caspase protein.

It has a high affinity for EGFR, prevents

EGFR from combining with

Liver cancer [92]

Bladder cancer [7]

Lung cancer [93]

Liver cancer, lung
cancer, colorectal
cancer, and prostate
cancer [94-96]

Acute leukemia,
choriocarcinoma, and
malignant hydatidiform
mole [97, 98]

Colon cancer, ovarian
cancer, and lung cancer

[82, 86]

Breast cancer, lung

cancer [99]

Colorectal cancer [100]
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downstream growth factors, and causes
the oxidation-reduction imbalance of
tumor cells, causing apoptosis and
autophagy.

Piperlongumine ROS inducer can inhibit Colorectal cancer,
PI3K/Akt/mTOR signal pathway and ovarian cancer, lung
selectively kill tumor cells. cancer, and gastric

cancer [101-103]

Sorafenib Multi-target  kinase inhibitors are Liver cancer, advanced
involved in autophagy and apoptosis of renal  cancer, and
cells triggered by various signal differentiated thyroid
pathways and inhibit angiogenesis. cancer [104, 105]

Temozolomide Promote ROS accumulation, increase Glioblastoma stem
IMM permeability, and induce the cells [106]
expression of pro-apoptotic proteins.

Vinblastine Inhibit tubulin polymerization, inhibit Acute lymphocytic
spindle production, and stop cell leukemia, breast cancer
division in metaphase. [107, 108]

5-FU Thymidine synthase inhibitors can block Colorectal cancer,
DNA and RNA synthesis and increase breast cancer, and

ROS. pancreatic cancer [109]

834  FDA (U.S. Food and Drug Administration)
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