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According to numerous animal studies, adverse environmental stimuli, including physical, chemical, and biological factors, can
cause low-grade chronic inflammation and subsequent tumor development. Human epidemiological evidence has confirmed
the close relationship between chronic inflammation and tumorigenesis. However, the mechanisms driving the development of
persistent inflammation toward tumorigenesis remain unclear. In this study, we assess the potential role of reactive oxygen
species (ROS) and associated mechanisms in modulating inflammation-induced tumorigenesis. Recent reports have
emphasized the cross-talk between oxidative stress and inflammation in many pathological processes. Exposure to carcinogenic
environmental hazards may lead to oxidative damage, which further stimulates the infiltration of various types of
inflammatory cells. In turn, increased cytokine and chemokine release from inflammatory cells promotes ROS production in
chronic lesions, even in the absence of hazardous stimuli. Moreover, ROS not only cause DNA damage but also participate in
cell proliferation, differentiation, and apoptosis by modulating several transcription factors and signaling pathways. We
summarize how changes in the redox state can trigger the development of chronic inflammatory lesions into tumors.
Generally, cancer cells require an appropriate inflammatory microenvironment to support their growth, spread, and metastasis,
and ROS may provide the necessary catalyst for inflammation-driven cancer. In conclusion, ROS bridge the gap between
chronic inflammation and tumor development; therefore, targeting ROS and inflammation represents a new avenue for the
prevention and treatment of cancer.

1. Introduction

Cancer is one of the most severe diseases affecting humans
worldwide owing to its high morbidity and mortality. Over
the past 20 years, the number of cancer cases diagnosed
each year globally has increased by 50%, reaching 17 mil-
lion in 2021. Although the survival rate of certain cancers

has improved substantially in developed countries, 9 mil-
lion people die from tumors annually worldwide [1]. Typ-
ically, tumorigenesis is attributed to unhealthy lifestyles
and environmental pollution [2, 3]. Specifically, increasing
physical, chemical, and biological hazards in our living
environment contribute to approximately 70–90% of neo-
plastic diseases [2]. Hence, in recent decades, international
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research efforts have been dedicated to explaining the role of
endogenous and exogenous factors in cancer development.

A link between inflammation response and tumor
development has been reported in many epidemiological
and experimental studies. In the 19th century, Virchow
first observed the presence of large amounts of inflamma-
tory cells in tumors, as well as tumor development at the
site of chronic inflammatory lesions [4]. Dvorak et al. also
revealed that both tumor masses and inflammatory hyper-
plasia possess abundant mesenchymal, inflammatory, and
angiogenic cells [5]. Moreover, macrophages, which can
account for up to 50% of solid tumors, contribute to
tumor growth, invasion, and metastasis by releasing vari-
ous types of cytokines [6–8]. Thus, cancer is also defined
as a persistent inflammatory process in which lesions “fail
to heal” and invade adjacent tissue [9].

Emerging studies have suggested that continuous expo-
sure to toxic and infectious substances exacerbates inflam-
matory responses, which may underlie neoplastic
progression [10]. Moreover, unhealthy lifestyles character-
ized by a high caloric intake, insufficient exercise, alcohol
consumption, smoking, or stress lead to chronic low-
grade inflammation in the human body, a critical risk
factor for tumorigenesis [2, 11]. To date, most tumors
can be attributed to one or more environmental irritants
or unhealthy lifestyle factors, which are also associated
with a wide spectrum of chronic inflammatory diseases
(Table 1). For instance, alcohol abuse is implicated in
chronic hepatitis and hepatocarcinoma [12], H. pylori
infection can cause chronic gastritis and gastric cancer
[13], asbestos-dependent silicosis contributes to lung can-
cer, patients with gingivitis and periodontitis have a higher
risk of oral cancer [14], and long-term UV exposure can
lead to dermatitis and skin cancer. In addition, smoking-
related bronchitis is associated with lung cancer [15]. In
general, 50% of human cancers are related to long-term
pathogenic infection and chronic inflammatory diseases
[9, 16]. However, the mechanisms by which inflammation
drives tumor formation, growth, and metastasis remain
unknown.

Environmental irritants and unhealthy lifestyles con-
tribute to impaired redox balance, which causes oxidative
damage to proteins, lipids, and DNA [39]. Moreover, oxi-
dative stress and inflammation responses are closely
linked to pathophysiological events, which have been
implicated in many chronic diseases [40, 41]. In brief,
inflammatory cells release a large amount of reactive oxy-
gen species (ROS) and secrete cytokines that also fuel
ROS production in adjacent cells. Moreover, ROS regulate
several transcriptional genes, further enhancing the
expression of proinflammatory cytokines [42]. Many
studies suggest that ROS may also enhance genomic
instability, malignant cell proliferation, tumor angiogene-
sis, invasion, and metastasis [43, 44]. Therefore, in this
study, we review current research evaluating the potential
role and mechanism of ROS in inflammation-induced
tumorigenesis.

2. Cross-Talk between Oxidative Stress and
Inflammation Responses

2.1. Redox Balance, ROS Signals, and Their Functions. Redox
is a crucial biochemical reaction in living organisms that
involves oxidation and reduction. Redox homeostasis plays
a key role in maintaining cellular health, whereas a redox
imbalance can lead to ROS generation exceeding the ROS-
scavenging ability, defined as oxidative stress [45]. To date,
several ROS sources have been identified in organisms,
such as electron leakage from the electron transport chain
(ETC), nicotinamide adenine dinucleotide phosphate oxi-
dases (NOXs), inducible NO synthase (iNOS), and the
cytochrome oxidase P450 (CYP450) system. Mitochondrial
damage and activation of prooxidant enzymes typically
lead to the generation of hydrogen peroxide (H2O2),
superoxide (O2-•), hydrogen peroxide (•OH), nitric oxide
(NO), and peroxynitrite (ONOO-) [46]. Mitochondrial
electron leakage is regarded as the major source of cellular
ROS in both physiological and pathological conditions
[47]. Many TCA cycle metabolic enzymes are implicated
in regulating ROS production, such as succinate dehydro-
genase, malic enzyme, and NAPDH oxidase [48, 49]. The
intracellular antioxidant defense system, consisting of non-
enzymatic antioxidant enzymes (e.g., vitamins (VC and
VE), glutathione (GSH), and coenzyme (CoQ)) and anti-
oxidant enzymes (e.g., catalase (CAT), superoxide dismut-
ase (SOD), glutathione reductases (GSTs), heme
oxygenase-1 (HO-1), and glutathione peroxidases (GPXs)),
is necessary for withstanding oxidative damage [45]. These
antioxidant enzymes and GSH are modulated by several
redox signaling transcription factors, including Nrf2,
PGC-1a, and P53 [46, 50]. Therefore, the ROS generation
and antioxidant systems orchestrate the redox status in
physiological and pathological conditions. Many reports
have shown that various adverse stimuli facilitate oxidative
stress by either activating the ROS generation system or
impairing the antioxidant system [46, 51]. For example,
heavy metal and inhalable particles can result in severe
mitochondrial damage and substantial ROS production
[52]. Furthermore, participants with high stress, low exer-
cise, alcohol abuse, and an unhealthy diet typically have
accumulated oxidative damage [39].

Previously, ROS were regarded as the waste product of
metabolism, a trigger for various diseases, and the cause of
aging [53, 54]. Excess ROS result in oxidative damage to
the major constituents of living cells, including proteins,
lipids, and DNA, ultimately contributing to a wide spectrum
of pathophysiologies, such as sepsis, aging, obesity, cancer,
diabetes, depression, and neurodegeneration [55, 56]. How-
ever, emerging evidence indicates that ROS exert many ben-
eficial biological effects through regulating a series of
transcriptional and phosphorylation processes [45, 57, 58].
For instance, ROS not only maintain the cell cycle and divi-
sion but also play a key role in tumor chemotherapy and
radiotherapy [59, 60]. In general, intracellular ROS levels
determine biological outcomes (Figure 1), whereby low
ROS levels are associated with regulating cell proliferation,

2 Oxidative Medicine and Cellular Longevity



differentiation, and malignant transformation, whereas high
ROS levels directly cause cell apoptosis or necrosis [45].
Patients with acute poisoning, infection, and irradiation
exposure typically exhibit large-scale ROS production and
apoptotic cells throughout the body, whereas patients with
tumor and chronic inflammatory diseases typically exhibit
low-grade oxidative stress and abnormal cell proliferation
in lesions [51]. Moreover, Wang and Hai and Meng et al.
implied that the specific species, application times, and
intracellular spaces of ROS/reactive nitrogen species (RNS)
determine their biological functions [46, 61]. Although
many studies have assessed ROS levels in different disease
models, systematic analysis of ROS dynamics in pathological
conditions is still lacking. To date, there is no effective
method for detecting ROS levels in clinical applications.
Therefore, the redox network in organisms is highly com-
plex, and redox homeostasis is crucial for maintaining
human health. However, the precise evaluation of the redox
status in the human body is still in its infancy, limiting the
use of antioxidants in disease prevention and treatment.

2.2. Inflammation Response and Regulatory Network.
Inflammation is the most common pathophysiological pro-
cess, characterized by the accumulation of inflammatory
cells, cytokines, and chemokines. There are many sources

of inflammation, including physical, chemical, biological,
and unhealthy lifestyle factors, as well as chronic and auto-
immune diseases [62] (Table 2). According to the duration
of inflammation, the inflammation process can be divided
into acute and chronic stages. Acute inflammation is typi-
cally characterized by a sudden onset, a short duration, the
presence of exudative lesions, and granulocyte infiltration.
Conversely, chronic inflammation may last months to years
and is often dominated by hyperplasia lesions, characterized
by macrophage and lymphocyte infiltration [63]. Once an
organism senses infection or trauma, acute inflammation is
triggered, becoming the key mechanism by which the innate
immune system removes pathogens [64]. However, excessive
immune system activation may result in cytokine storms,
sepsis, and subsequent multiple organ dysfunction, the
major cause of death in clinical emergencies [65]. If the irri-
tations persist, aggregation of inflammatory cells and cyto-
kines can transform acute inflammation into the chronic
stage, potentially inducing local and systemic deleterious
effects [62]. Many studies have revealed that uncontrolled
low-grade inflammation is a direct cause of chronic diseases,
including obesity, diabetes, cancer, nonalcoholic fatty liver
disease, and neurodegenerative diseases [65, 66]. Moreover,
chronic systemic inflammation leads to more than 50% of
disabilities and deaths worldwide. Therefore, targeting the

Table 1: Cancers, associated chronic inflammatory diseases, and their risk factors.

Cancer Inflammatory disease Risk factors Reference

Lung cancer Chronic pneumonia Smoking, asbestos, air pollution [17, 18]

Liver cancer Hepatitis Infection, alcohol, chemicals [19–21]

Gastric cancer Chronic gastritis Infection, alcohol, chemicals [22, 23]

Oral cancer Gingivitis and periodontitis Betel-nut, smoking, infection [24]

Kidney cancer Chronic nephritis Infection, chemicals, diabetes [25]

Skin cancer Chronic dermatitis Allergy, radiation, UV [26, 27]

Pancreatic cancer Chronic pancreatitis Infections, alcohol, DDT, diet [28]

Prostate cancer Chronic prostatitis Obesity, alcohol, infection [29, 30]

Ovarian cancer Ovaritis Fertility, chemicals, obesity [31, 32]

Bladder cancer Chronic cystitis Infection, chemicals, diabetes [33, 34]

Breast cancer Chronic mastitis Fertility, obesity, stress [35, 36]

Cervical cancer Chronic cervicitis Infection, sexuality, hygiene [37, 38]

Cell viability and cell fate

Intercellular ROS level

Low-dose High-dose Toxic dose

Proliferation Differentiation/malignant Apoptosis/necrosis

Figure 1: Intercellular ROS determines cell fate. Generally, low levels of ROS facilitate cell proliferation, high levels of ROS cause cell
proliferation and malignant transformation, and toxic levels of ROS result in apoptosis and necrosis.
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immune system has become an effective therapeutic strategy
for cancer and other inflammatory diseases. Hundreds of
natural and synthetic anti-inflammatory drugs that have
successfully cured large numbers of patients are currently
available [67]. Recently, the link between chronic inflamma-
tion and tumorigenesis has garnered substantial attention
[42, 68]. That is, many tumors arise from sites of chronic
irritation, infection, and inflammation [69], and inflamma-
tory cells within the tumor microenvironment (TME) are
indispensable for modulating the neoplastic process [9].
However, despite notable progress in this research field,
how chronic inflammation induces tumor formation
remains unclear. Thus, elucidating this mechanism can con-
tribute to the prevention and treatment of cancer.

Various inflammatory cells are involved in acute and
chronic pathologies. During sepsis, countless immune cells
(such as neutrophils and macrophages) can be recruited to
fight infection, resulting in the uncontrolled initiation of
cytokine cascades [87, 88]. Compared to nonobese subjects,
patients with obesity contain more macrophages in their
adipose tissues; these cells undergo proinflammatory differ-
entiation, leading to low-grade inflammation and insulin
resistance [89]. Notably, inflammatory cells, such as macro-
phages, lymphocytes, neutrophils, mast cells, and immature
myeloid cells, are core components of the TME [8, 90]. Once
activated, these cells release a large range of cytokines and
chemokines, including tumor necrosis factor-α (TNF-α),
interleukin- (IL-) 6, interferon-γ (IFN-γ), NO, monocyte
chemotactic protein-1 (MCP-1), and chemokine ligand 10
(CXCL10), which in turn boost the recruitment of inflam-
matory cells to lesions [88]. To date, several transcriptional
signaling pathways that modulate the onset of inflammatory
signaling cascades have been identified. For example, TLR4
is the ligand of bacterial endotoxins (lipopolysaccharides,
LPS), which plays a critical role in activating macrophages
and dendritic cells. Moreover, LPS, IFN-γ, and TNF-α pro-
mote the activation of nuclear factor κ-B (NFκB), the signal
transducer and activator of transcription (STAT), inducible
nitric oxide synthase (iNOS), activator protein-1 (AP-1),
hypoxia-inducible factor-1α (HIF1-α), cyclooxygenase-2
(COX-2), and NOD-like receptor protein 3 (NLRP3) inflam-
masome [91, 92]. Inhibition of these transcriptional factors
hinders the production of inflammatory mediators and cyto-
kines [91]. Targeting the transcription of inflammatory net-
works can provide new therapeutic strategies for various
chronic diseases, including cancer.

2.3. Relationship between ROS Signals and Inflammation.
Recent research has revealed the relationship between ROS
signaling and inflammation responses. Briefly, oxidative
stress and inflammation mutually interact in a feedback loop
(Figure 2). On the one hand, inflammatory cells and associ-
ated cytokines often contribute to redox imbalances in infec-
tious and cancerous lesions. Evident DNA oxidative damage
is typically observed in hepatocytes and lung epithelial cells
coincubated with activated neutrophils [93]. In response to
infection and trauma, respiratory burst is activated in neu-
trophils and macrophages, generating large amounts of
ROS and RNS, which are crucial for defense against invading
pathogens. Proinflammatory cytokines also boost ROS accu-
mulation in both phagocytic and nonphagocytic cells, lead-
ing to oxidative stress in various acute and chronic diseases
[94, 95]. Moreover, LPS, IFN-γ, and TNF-α stimulation
leads to proinflammatory differentiation of macrophages
and abundant ROS production. On the other hand, cellular
redox signaling plays a critical role in regulating the inflam-
matory response. ROS accumulation contributes to macro-
phagic proinflammatory differentiation and cytokine
secretion, while ROS reduction promotes anti-
inflammatory differentiation of macrophages and inflamma-
tion resolution [94]. For example, Yu et al. found that
mitochondrial fission-dependent ROS production is
required to activate NFκB in differentiated proinflammatory
macrophages [96]. Zhou et al. found that mitophagy inhibi-
tion boosts the NLRP3 inflammasome by inducing mito-
chondrial damage and ROS generation [97]. ROS also
foster the transcriptional activation of abundant proinflam-
matory cytokines through the activation of iNOS, COX-2,
and STAT3 signaling pathways, whereas antioxidants can
curtail these processes [95]. Substantial evidence showed
that increased DNA damage and mutation rates were
observed in the inflammatory microenvironment. Oxidized
mtDNA can drive the assembly of the NLRP3 inflamma-
some, which contributes to the development of chronic
inflammation and associated diseases [98]. Lipid oxidation
is also tightly linked to inflammation responses. Briefly,
low-density lipoprotein oxidation induces activation of
inflammatory cells, whereas high-density lipoprotein
(HDL) exhibits prominent antioxidant and anti-
inflammatory properties [95]. Furthermore, ROS-
dependent necrotic cell death exacerbates inflammation
response by recruiting abundant macrophages and neutro-
phils into lesions. In contrast, clearance of ROS-induced

Table 2: Inflammatory factors and their classification.

Category Proinflammatory factors Reference

Physical factors Radiation, UV, hyperthermia, hypothermia, trauma [70, 71]

Chemical factors Asbestos, heavy metals, organic toxicants, lipopolysaccharides, dust [72–74]

Biological factors Bacterial infection, virus infection, fungal infection [75, 76]

Unhealthy lifestyle Smoking, alcohol, high-calorie diet, stress, sedentary lifestyle [77–79]

Chronic diseases Obesity, diabetes, hyperglycemia, hyperglycemia [80–82]

Pathologic tissues Apoptotic cells, ischemia, hypoxia [83, 84]

Anaphylaxis Allergens, autoimmune diseases [85, 86]

4 Oxidative Medicine and Cellular Longevity



apoptotic cells by macrophages contributes to the resolution
of inflammation [83, 99]. Therefore, inflammation and oxi-
dative stress occur simultaneously and are closely linked to
pathophysiological processes, whereby one is easily stimu-
lated by the other. In brief, an increase in inflammatory
cell-derived ROS exacerbates inflammation, and ROS-
dependent inflammation leads to secondary oxidative stress,
forming a vicious circle [100]. Notably, inflammation onset
and redox signaling are regulated by independent pathways.
The intracellular redox status is determined by the ROS-
generating and ROS-scavenging systems, whereas the
inflammation response is modulated by several inflamma-
tory transcriptional factors, especially NFκB [95]. Therefore,
antioxidant agents or inflammatory drugs alone can only
partially improve oxidative stress and inflammation without
fully eradicating the problem. Combined administration of
anti-inflammatory agents and antioxidants may be a helpful
approach to address acute and chronic inflammatory
damage.

3. Changes in Redox and Inflammatory
States during Neoplasia

Recent literature lists 10 key hallmarks of cancer, including
genome instability, uncontrolled proliferation, evasion of
growth suppression, immune escape, immortality potential,
tumor-promoting inflammation, deregulated metabolism,
angiogenesis, invasion, and metastasis [101]. It is no doubt
that inflammatory cells and associated cytokines play a cru-
cial role in regulating cancer development. Solid tumors
comprise distinct phenotypic cell populations, ranging from
neoplastic cells, nonmalignant stromal cells, migrating
hematopoietic cells, and various immune cells. Elevated
ROS in tumor masses endows malignant cells with the abil-
ity to proliferate rapidly, avoid programmed cell death,
migrate, and invade [42, 44, 102]. Moreover, the increased

ROS in TME affects angiogenesis as well as the survival
and function of nonmalignant stromal cells and immune
cells [103]. Therefore, most of these hallmarks are tightly
linked with ROS signaling; targeting the redox system may
directly determine the survival and death of cancer cells
[102, 104, 105]. In the next section, we introduce the
changes in redox and inflammatory states during
tumorigenesis.

3.1. Redox Fluctuations and Their Functions in Tumors.
Many studies have shown that cancer cells possess higher
levels of ROS than normal cells, which play a vital role in
regulating tumor initiation, promotion, and progression
[42, 44, 106]. In clinical specimens from patients with can-
cer, the ROS level is much higher in tumor masses than in
paracancerous tissues, or in equivalent specimens from
healthy individuals [107]. Interestingly, ROS reportedly play
a dual role in tumor development and treatment. On the one
hand, increased ROS levels endow tumor cells with more
survival advantages through regulating metabolism, prolifer-
ation, and angiogenesis. On the other hand, ROS are also a
powerful weapon for suppressing or killing cancer cells,
which plays a crucial role during chemotherapy and radia-
tion therapy. ROS-dependent apoptosis, ferroptosis, partha-
natos, and autophagy-mediated cell death have been proved
to suppress tumor growth through regulating GPXs,
SLC7A11, and PARP-1 [108–111]. Moreover, several path-
ways have been confirmed to stimulate ROS generation
in tumor cells. Substantial evidence showed that mito-
chondria are the major sources of ROS in both oncogene-
and damage-related carcinogenesis [112]. Mitochondrial
structure and function in malignant cells differ from those
in normal cells, exhibiting increased fission, shortened
morphologies, reprogramed metabolism, and reduced
ATP generation, ultimately promoting increased electron
leakage and ROS generation [47]. Moreover, inhibition of
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Figure 2: Cross-talk between ROS signaling and inflammatory responses. Activation of inflammatory cells results in the production of
primary ROS, which contributes to the accumulation of primary cytokines by activating inflammatory transcriptional factors. In turn,
primary cytokines also stimulate inflammatory cells to generate secondary ROS, leading to the further release of secondary cytokines.
Once intercellular ROS reach a toxic threshold, they can induce necrotic and apoptotic cell death, ultimately causing the recruitment of
more inflammatory cells.
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mitochondrial fission can impair ROS generation and cell
proliferation in Ras-driven cancer [113]. Damaged DNA
also hinders oxidative phosphorylation and ROS release
in mitochondria. Moreover, NOX4 activation and ER
stress lead to increased ROS in cancer cells, which play a
key role in regulating tumor cell hyperproliferation [111].
Many studies have revealed that oncogenes are implicated
in increased ROS production. Myc inhibits PGC-1α
expression and mitochondrial biogenesis, resulting in
ROS accumulation [114]. The knockout of p53 in A549
carcinoma cell lines can also increase ROS by blocking
the expression of several antioxidant genes, such as
SOD2 and GPX1 [115]. Moreover, inflammatory cells
and associated cytokines contribute to disrupting redox
balance in tumor cells [116]. Accumulation of ROS and
DNA damages are observed in hepatocytes coincubated
with neutrophils, macrophages, and TNF-α [117, 118].

Furthermore, the expression of Nrf2 and related antiox-
idant enzymes in tumor cells is much higher than that in
normal cells [104, 105, 119]. Nrf2 is traditionally regarded
as a potent tumor suppressor by reducing exogenous and
endogenous ROS. Generally, Nrf2 is directly or indirectly
involved with most cancer hallmarks, such as carcinogenesis,
aberrant proliferation, evasion of apoptosis, metabolic
reprogramming, imbalanced redox, sustained angiogenesis,
metastasis, and therapy resistance [104]. Nrf2 knockdown
or inhibition may increase the potential for neoplasia in ani-
mals stimulated with various carcinogens [105]. However,
recent evidence has shown that persistent Nrf2 activation
exerts harmful effects in patients with cancer. That is,
Nrf2-induced antioxidant enzymes drive metabolic repro-
gramming and redox homeostasis, fueling cell proliferation
and tumor growth [105]. Inhibition of GPX1 activity and
GSH synthesis are also associated with reduced proliferative
capacity in various tumor cells [120, 121]. However,
increased Nrf2 signaling facilitates tumor-cell resistance to
radiotherapy and chemotherapy by enhancing their ability
to eliminate excessive ROS. Patients with high Nrf2 and
GSH levels in tumor cells typically exhibit malignant pheno-
types implicated in tumor metastasis and poor prognoses

[104, 121]. Hence, the Nrf2-related antioxidant system may
play a double-edged role in tumor development.

Here, we compared the redox homeostasis in normal
and cancer cells (Figure 3). Tumor cells inherently produce
a higher level of ROS than normal cells, including H2O2,
O2-•, •OH, and NO. The increased ROS in malignant cells
originated from mitochondrial ETC, aberrant metabolism,
activation of oncogenes, inactivation of tumor suppressor
genes, and inflammatory stimuli [45]. To counter the oxida-
tive damage, cancer cells deploy a more robust antioxidant
system through the activation of Nrf2 and its target genes,
such as GPX1, CAT, GSH, SOD1, SOD2, and HO-1 [104,
105, 122]. Thus, both normal and malignant cells maintain
cellular redox homeostasis by regulating ROS production
and elimination; however, higher-level redox signaling
endows cancer cells with greater survival potential.

3.2. Role of Inflammatory Status Changes in Tumorigenesis.
The immune system of organisms has a vital role in carcino-
genesis and its treatment. In general, adaptive immunity acts
as a suppressor of cancerization by immunosurveillance,
whereas innate immunity often contributes to the neoplastic
process [123]. Recent studies have shown that most solid
tumors contain large numbers of inflammatory cells, includ-
ing T cells, macrophages, neutrophils, and immature mye-
loid cells. Still, their role in tumor progression remains
complex and controversial [68, 124]. Cytotoxic CD8+ T cells
can directly kill tumor cells, reportedly the most powerful
weapon for cancer immunotherapy [125, 126]. CD4+ helper
T cells (Th), such as Th1, Th2, and Th17, also affect CD8+ T
cell proliferation and cytotoxicity by secreting a series of
inflammatory cytokines [127]. Notably, FasL and PDL-1 in
TME contribute to the apoptosis and exhaustion of CD8+

T cells, which results in tumor immune escape [126].
Encouragingly, genetically engineered T cells, tumor-
infiltrating lymphocytes, and CAR-T cells have been widely
used in tumor immunotherapy, bringing hope to patients
with cancer [128]. In addition, immature myeloid cells are
abundant in cancer patients as well as in mouse models,
which is conducive to immune escape and tumor metastasis

Redox in normal cells Redox in cancer cells

ROS generation: ETC, Oncogenes,Inflammation,O2´,H2O2,>.OH...

ROS elimination: Nrf2,tGSH,tGPX–1, CAT, SOD, SOD2, HO−1...

Figure 3: Redox homeostasis in normal and cancer cells. The production and elimination of ROS regulate cellular redox states. Under
normal conditions, cells reach redox homeostasis because their antioxidant system is sufficient to scavenge low-level ROS. Interestingly,
although malignant cells generate more ROS through the activation of ETC, oncogenes, and inflammatory stimuli, an enhanced Nrf2-
dependent antioxidant system contributes to cellular redox homeostasis.
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[129]. Neutrophil accumulation in TME, regarded as a bio-
marker of poor clinical outcomes in various cancers, also
contributes to cancer initiation, promotion, and progression
[130]. Deleting hepatic neutrophils with specific antibodies
alleviates DNA damage and hepatocellular carcinoma in
diethyl nitrosamine- (DEN-) treated mice [117]. Interest-
ingly, macrophages have a bidirectional regulatory role in
coordinating immune responses, which can hinder or foster
the efficiency of cancer immunotherapies [131]. M1 pheno-
type macrophages, which can directly kill tumor cells or
indirectly activate other antitumor immune cells such as T
cells and NK cells, are abundant during the initial tumor
stages [6, 132]. Conversely, TME is characterized by abun-
dant M2 phenotype macrophages, termed tumor-associated
macrophages (TAMs), which play a critical role in regulating
tumor initiation, angiogenesis, invasion, and chemoresis-
tance [7, 133]. Moreover, TAMs are involved in suppressing
T cell-induced antitumor immunity, and the specific deple-
tion of CD163+ TAMs induces massive infiltration of acti-
vated T cells and tumor regression [134]. TAMs also
facilitate tumor-cell growth and angiogenesis by generating
various types of growth factors, including transforming
growth factor-β (TGF-β), epidermal growth factor (EGF),
and vascular endothelial growth factor (VEGF) [7, 135,
136]. Therefore, immune dysfunction is a hallmark of can-
cer, and targeting these inflammatory cells contributes to
preventing and treating tumors.

Furthermore, recent reports have shown increased
inflammatory cells in the blood of patients with cancer.
Indeed, circulating lymphocytes, neutrophils, and myeloid-
derived suppressor cells (MDSCs) are recognized as useful
prognostic and predictive markers for various types of
tumors [137, 138]. Emerging evidence suggests that a high
count of circulating neutrophils is a strong prognostic factor
for the survival of patients with various cancers [130]. The
accumulation of CD4+ and CD8+ T cells, which fuels cancer
growth and metastases, can be used to predict the prognosis
of cancer patients [139]. Moreover, MDSCs refer to a hetero-
geneous population of early myeloid cells, comprising naïve
granulocytes, macrophages, and dendritic cells at distinct
stages of differentiation. Compared with healthy volunteers,
the number of circulating MDSCs is much higher in cancer
patients, especially those with melanoma, gastrointestinal
cancer, and breast cancer [140]. MDSCs can inhibit NK
cell-mediated cytotoxicity and CD8+ T cell-induced immune
adaptations. An increasing white cell count and neutrophil
to lymphocyte ratio are also independent predictors of poor
outcomes in patients with lung cancer [141].

4. ROS Play a Vital Role in Inflammation-
Induced Cancer

It is now widely accepted that chronic inflammation is
implicated in various steps of carcinogenesis, such as cell
malignant transformation, proliferation, migration, and
resistance to chemotherapy and radiotherapy [9, 69, 142,
143]. In addition, ROS have been recognized as important
contributors in the development of various types of cancer
(Table 3). Here, we discuss the potential role and mecha-

nisms underlying ROS signaling involvement in the
inflammation-associated neoplastic process.

4.1. ROS Drives Inflammation-Induced Genomic Instability.
Genomic instability is a hallmark of cancer cells and the ori-
gin of malignant transformation. In hereditary cancers,
mutations in DNA repair genes cause genomic and chromo-
somal instability, which further drives cancer development.
In nonhereditary cancers, environmental irritants and
unhealthy lifestyle factors induce DNA damage and gene
mutations. Therefore, increased genomic stability is crucial
for the development of carcinogen-induced cancer [153].
The link between inflammation and genomic instability in
carcinogenesis has been confirmed by numerous studies
[154]. For instance, coculture with activated macrophages
and neutrophils causes genetic damage in normal cells,
including DNA strand breaks, sister chromatid exchanges,
and mutations [117, 154]. Neutrophils can lead to DNA
damage accumulation by activating procarcinogens such as
aflatoxins, benzopyrene, and quartz particles [155, 156].
LPS also amplifies aflatoxin hepatotoxicity in a TNF-α-
dependent manner [157]. Increased inflammatory cells and
DNA damage are typically observed in patients with peri-
odontitis and gingivitis [158]. Moreover, as a product of
nitrative DNA damage, 8-nitroguanine is enhanced in clini-
cal specimens from patients infected with tumor-related
pathogens, including human papillomavirus, Helicobacter
pylori, hepatitis B virus, and Epstein–Barr virus [158, 159].
Interestingly, DNA oxidative damage and mutations typi-
cally occur at sites of tumorigenesis induced by infections
or asbestos exposure [118, 160]. Thus, inflammation-
induced DNA damage and genomic instability play a critical
role in the initiation of tumors.

Since the 1990s, several reports have pointed to ROS
as the major driving force of DNA damage and genomic
instability during the neoplastic process [161]. For exam-
ple, ectopic expression of oncogenic Ras induces the
ROS-dependent malignant transformation of human fibro-
blasts. The mutation or knockdown of tumor suppressor
p53 contributes to increasing ROS and DNA oxidation,
indicating the antioxidant function of p53 [162, 163]. Die-
tary supplementation with N-acetyl-L-cysteine (NAC)
impairs the development of lymphomas in p53-knockout
mice and the growth of p53-deficient cancer xenografts
[115]. Moreover, 8-hydroxydeoxyguanosine (8-OHdG), 8-
nitroguanine, γH2AX, and 4-hydroxynonenal (4-HNE)
are sensitive biomarkers of nitrative and oxidative DNA
damage, which contribute to genomic instability [44].
Additionally, the •OH radical is the most reactive ROS,
which can attack the ring structure of guanine in DNA,
forming 8-OHdG. In general, more oxidative DNA
adducts correspond to a greater risk of carcinogenesis.
Recent evidence has revealed the link between environ-
mental carcinogens and DNA oxidative damage, whereby
abundant 8-OHdG and 4-HNE were observed in the urine
of patients suffering from radiation. In addition, phorbol
12-myristate 13-acetate (PMA) and UV exposure led to
8-OHdG accumulation in the skin of animals [164, 165].
Moreover, mice treated with the carcinogen DEN
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exhibited elevated ROS, 4-HNE, and γH2AX in their
hepatic tissues, which can be reduced by dietary antioxi-
dant butylated hydroxyanisole [117]. Therefore, ROS are
a major cause of genomic instability in both hereditary
and nonhereditary cancers.

According to many studies, most inflammation-
induced DNA damage and genomic mutations are associ-
ated with ROS and RNS (Figure 4) [142, 166]. For
instance, mice with inflammatory bowel disease exhibit
ROS-dependent accumulation of 8-OHdG in colon epithe-
lial cells [167, 168]. In DEN-treated mice, the accumula-
tion of hepatic neutrophils stimulates hepatocellular ROS
generation and telomere DNA damage, which is amelio-
rated by antioxidant agents [117]. Asbestos-induced
inflammatory cell infiltration enhances ROS/RNS genera-
tion, further contributing to DNA damage in adjacent epi-
thelial cells [169, 170]. Numerous reports also reveal that
DNA damage can exacerbate inflammatory development,
ultimately leading to the accumulation of DNA damage
[118, 171]. The cross-talk between DNA damage and
inflammation exerts a critical role in cancer, depression,
neurodegeneration, and cardiovascular diseases [118, 142,
166, 168]. DNA damage can also result in mutations and
genomic instability without efficient repair, which under-
lies the malignant transformation of cells. Interestingly,
emerging evidence has revealed that ROS/RNS can disrupt
DNA repair pathways, including base excision repair
(BER), direct reversal, and double-strand break repair
[142, 172–174]. Patients with cancer exhibit lower BER

efficiency than healthy participants, partially due to the
ROS-dependent inhibition of DNA repair enzymes. More-
over, cytokine-induced NO production can inhibit several
DNA repair proteins [175]. DNA nitrative damage is pre-
dominantly repaired by the 8-oxoguanine glycosylase-
(OGG1-) related BER pathway, and S-nitrosylation of
OGG1 leads to reduced OGG1 activity [176, 177]. Nota-
bly, the overdose accumulation of ROS promotes DNA
damage and causes cell apoptosis rather than malignant
transformation [178, 179]. Therefore, low-grade ROS gen-
eration during chronic inflammation contributes to geno-
mic instability by inducing DNA damage and impairing
DNA repair.

4.2. ROS Causes Hyperproliferation in Malignant Cells. The
potential for uncontrolled proliferation is the greatest dif-
ference between malignant and normal cells and an
important feature in cancer. The involvement of ROS as
secondary messengers in the regulation of cell proliferation
has been well documented [45]. In vitro stimulation with
H2O2 leads to increased viability and proliferation of
native hepatocytes and tumor cells, whereas the inhibition
of H2O2 blocks fetal hepatocyte proliferation and liver
regeneration [180, 181]. Moreover, mitochondrial nitric
oxide is critical in regulating cell proliferation during ani-
mal liver development [182]. Overexpression of catalase
delays serum-induced cell proliferation in endothelial cells,
and the catalase inhibitor impairs this process, indicating
that endogenously produced H2O2 is necessary for cell

Table 3: The list of cancers linked to redox imbalance and ROS accumulation.

Cancer classification Cancer types Reference

Digestive cancer
Hepatocellular carcinoma, gastric cancer, bowel cancer, gallbladder cancer, pancreatic

cancer
[44, 105, 117,

144]

Head and neck cancer Oral cancer, throat cancer, thyroid cancer [28, 145]

Urinary tract carcinoma Ureteral cancer, bladder cancer, prostate cancer [30, 146]

Nervous system tumor Spinal cord tumors, astrocytomas, brain cancer [44, 147]

Hematologic tumor Leukemia, multiple myeloma, lymphoma [148, 149]

Respiratory cancer Lung cancer, bronchial carcinoid tumor [122, 150]

Female reproductive
cancer

Cervical cancer, ovarian cancer [37, 110]

Skin cancer Cutaneous squamous carcinoma, melanoma [151]

Other tumors Breast cancer, osteosarcoma [36, 147, 152]

Inflammation ROS Genomic instability

Reduce DNA repair

Induce DNA damage

BER,DR,DSBR

8-OHDG,4-HNE,𝛾H2AX

Figure 4: ROS drives inflammation-induced genomic instability. Higher ROS cause genomic instability by inducing DNA damage and
impairing DNA repair. Furthermore, cross-talk between DNA damage and inflammation leads to ROS accumulation.
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division [183]. Furthermore, cancer cells typically possess
higher ROS levels than normal cells, which is critical for
sustaining their unlimited replicative ability. In Ras-
driven cancer cells, abnormal mitochondria and activated
NOX4 boost ROS-dependent cell proliferation [184]. The
inhibition of mitochondrial fission can hinder ROS gener-
ation and subsequent cell proliferation in hepatocellular
carcinoma cells [185]. H2O2 is also necessary for maintain-
ing increased proliferation in breast tumor cells [106].
Wang Z et al. proved that aloin inhibits gastric cancer cell
proliferation by blocking the NOX2-ROS-Akt signaling
pathway [186]. Additionally, Diao et al. demonstrated that
vitamin E could promote breast cancer cell proliferation
by inhibiting ROS production and p53 expression [187].
Paradoxically, the inhibition of GSH and GPX1 results in
higher levels of ROS, which may impair cell proliferation
and even trigger cell apoptosis [120, 188].

The eukaryotic cell cycle is crucial for DNA replication
and cell proliferation, and its disruption leads to oncogene-
sis. Various studies have suggested that ROS signaling is
involved in driving cell cycle progression from quiescence
(G0) to proliferation (G1, S, G2, and M) and back to quies-
cence [45, 51, 58]. Intracellular ROS levels exhibit regular
fluctuations in different phases of the cell cycle. ROS are gen-
erally maintained at low levels during the G0/G1 phase
before gradually increasing as the cell cycle progresses, peak-
ing in the M phase, and then returning to lower levels at the
end of cell division [102]. The cell cycle is controlled by sev-
eral cyclins and cyclin-dependent kinases (CDKs). Inhibi-
tion of ROS blocks serum-induced G0/G1 to S phase
transition by reducing the activities of cyclin E-CDK2 and
cyclin D-CDK4 complexes [183, 189, 190]. Catalase is
known as an H2O2 scavenger; catalase overexpression yields
decreased CDK activities and an extended G0/G1 phase,
indicating that endogenously generated H2O2 is necessary
for cell proliferation [183]. Studies also show that ROS are
implicated in modulating CDK inhibitors, including p21,
p27, and p53 [58, 190]. Moreover, mitogen-activated protein
kinase (MAPK) is a key redox-sensitive pathway crucial for
cell proliferation. Reportedly, ROS promote serum-induced
cell proliferation and hepatic regeneration in liver-resected
mice via the activation of extracellular regulated protein

kinases (ERK), c-Jun N-terminal kinase (JNK), and p38 sub-
families [180, 191]. Protein kinase C (PKC) and PI3K-Akt
pathways also play a key role in EGF-induced cancer cell
proliferation and migration in ROS-dependent path-
ways [192].

Moreover, emerging evidence emphasizes the critical
role of inflammation-derived ROS in modulating the aber-
rant proliferation of malignant cells. TAMs are the domi-
nant components of TME, which can secrete large
amounts of cytokines (IL-6 and IL-10) and growth factors
(EGF and VEGF). Zhang et al. proved that TAM-generated
TGF-β enhances the survival and proliferation of colorectal
cancer cells [136]. Moreover, IL-10 secreted by TAM regu-
lates proliferation and invasion in gastric cancer cell STAT3
signaling [193], and IL-6 stimulation promotes the increased
proliferation of cancer cells [194]. Interestingly, ROS plays a
critical role in the proliferation of cancer cells induced by
EGF and VEGF by activating MAPK and PKC pathways
[195, 196]. Therefore, higher ROS are associated with the
aberrant proliferation of tumor cells through various path-
ways (Figure 5).

4.3. Inflammation and ROS Fuel Tumor Metastasis. Tumor
metastasis is the dominant cause of most cancer mortality,
which is also a complex and multistep process, including
migration, invasion of tumor cells, and angiogenesis around
tumor lesions [197]. Clarifying the mechanisms involved in
tumor metastasis is critical for improving the survival rate
of cancer patients. Many reports have shown that most
tumor metastasis arises from the spread of inflammatory
lesions [198]. Chronic inflammation contributes to the pro-
gression of tumor metastasis by secreting a range of growth
factors, cytokines, and chemokines [143]. Inflammatory cells
in the TME promote cancer cell metastasis through the
release of several adhesion molecules and chemokines, such
as intercellular cell adhesion molecule-1 (ICAM-1) and
matrix metalloproteinases (MMPs) [143, 199]. Epithelial-
mesenchymal transition (EMT) refers to the biological pro-
cess of epithelial cells transforming into mesenchymal-like
cells, which is involved in inducing chronic inflammation
and cancer metastasis [200]. Emerging evidence has revealed
the cross-talk between chronic inflammation and EMT

NOXs Mito ETC Cytokines

Oncogenes
P53/K-RASHigher ROS

Growth factors
TGF/VEGR

PKC/PI3K-Akt p53/p21/p27 Cyclins-CDKs MAPK/Erk/P38

Hyperproliferation potential in malignant cells

Figure 5: ROS sources in malignant cells and their role in promoting cell proliferation. There are many sources of ROS in malignant cells,
including cytokines, growth factors, NOXs, Mito-ETC, and oncogenes. Higher ROS levels facilitate the aberrant proliferation of cancer cells
by regulating various signaling pathways.
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programs [201]. Macrophages and related cytokines play a
vital role in promoting EMT formation, leading to the gen-
eration of various proinflammatory cytokines in cancer
and pathologic cells [201]. Furthermore, therapies targeting
inflammatory cells can attenuate the metastasis of various
types of cancer. Moreover, many studies show that inflam-
mation is implicated in angiogenesis, which is critical for
various neoplastic conditions [143, 202]. TAM infiltration
also contributes to tumor angiogenesis by producing a series
of proangiogenic growth factors. Additionally, various
inflammatory cytokines and pathways, such as COX2, IL-8,
IL-22, and CXCR-2, are involved in promoting angiogenesis
and subsequent tumor invasion and lymph node metasta-
ses [202].

Growing evidence indicates the critical role of ROS in
modulating the various steps of cancer metastasis [44,
103]. Excessive ROS induce tumor invasion by elevating
the possibility of malignant cell migration. MMPs and
ICAM-1 are master regulators that sustain the migration
properties in various cancer types. Moreover, IL17A stimu-
lates esophageal adenocarcinoma cell invasion via ROS-
NFκB-dependent MMP-9 activation [203], and H2O2
promotes the invasion of colon cancer cells by augmenting

MMP-7 expression [204]. NOX-mediated ROS play a critical
role in modulating cancer cell migration by increasing the
expression and activity of MMPs, which can be blocked by
a series of antioxidant agents [205, 206]. Neutrophils also
promote the ROS-dependent expression of ICAM-1 in
inflammatory lesions and tumor masses [207]. Furthermore,
ROS accumulation has been observed during the EMT of
TGF-β-induced cancer cells [208]. Inhibition of ROS gener-
ation via the targeting of mitochondria and NOX4 blocks
EMT progression and metastasis in various cancers. ROS
reportedly trigger EMT by activating various pathways,
including E-cadherin, N-cadherin, vimentin, and Snail
[209]. Moreover, the Nrf2 level negatively correlates with
the abundance of TGF-β, EMT, and cell migration in
patients with lung cancer [210]. Many antioxidant agents,
including curcumin, resveratrol, and CoQ10, can inhibit
the aggressive metastatic phenotype of malignant tumor
cells by targeting EMT [211]. However, ROS also facilitate
angiogenesis programs, which are indispensable for solid
tumor growth and metastasis [212]. NOX- and
mitochondria-derived ROS are also crucial for VEGF-
induced angiogenesis [213]. ROS also promote tumor angio-
genesis and invasion by modulating the hypoxia-inducible

Table 4: Foods and herbal medicine rich in antioxidants.

Antioxidant agents Foods rich in antioxidants Reference

VA Berries, carrot, edible plant oil, livers, nuts, eggs, fish [281, 282]

VC Most of the fruits and vegetables [261, 273]

VE Edible plant oil, dairy, meats, nuts, eggs, fish oil [274, 283]

Flavonoids Berries, quercetin, curcumin, soy isoflavones, baicalin, rutin [284]

Selenium Eggs, kidneys, oysters, konjac, alfalfa [283, 285]

Polyphenols Cereal brans, Resveratrol, caffeic acid, green tea, Ginkgo [269]

Carotenoids Carrot, broccoli, tomatoes, sweet potatoes, pumpkin [286]

Anthocyanins Purple cabbage, purple onion, berries, purple potato [287]

Others Butylated hydroxyanisole, propyl gallate [288]

Chronic inflammation

Low-grade ROS: O2-•,H2O2, •OH, NO...

8-nitroguanine/
8-OHdG/𝛾H2AX

MAPK/ERK/P38/Akt/
PKC/Cyclins/CKDs

P53/Bax/Bad/
Caspase(3/9)

NF𝜅B/Nrf2/GSH/
GPX-1/HIF-1𝛼

EMT/NF𝜅B/Nrf2/
ICAM1/MMPs

Tumor progression

Tumor invasion
and metastasis

Resistance to
cancer therapy

Tumor promotion

Inhibited survival
of malignant cells

Tumor initiation

DNA damage and
genomic instability

Hyperproliferation
in malignant cells

Figure 6: ROS bridge the gap between chronic inflammation and tumor development. Chronic inflammation results in the generation of
low-grade ROS in the TEM and cancer cells, contributing to tumor initiation, promotion, and progression through the regulation of
various signaling pathways.
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factor (HIF-1) [209]. Furthermore, H2O2 can directly cause
endothelial injury at high concentrations (>125μM), as well
as stimulate angiogenesis at low concentrations (0.1–
10.0μM) [214, 215]. Finally, the Nrf2 signaling pathway
and several antioxidant agents can inhibit angiogenesis in
several types of cancer [216]. Thus, ROS neutralization is
beneficial for inflammation-related tumor metastasis.

4.4. ROS Foster Tumor-Cell Survival and Therapy Resistance.
Tumor cells exhibit a greater survival ability than normal
cells by avoiding apoptosis, which is also a hallmark of can-
cer. Reportedly, ROS can control the survival and death of
tumor cells according to their intracellular concentration
[42, 217]. Indeed, slightly higher ROS in the TME are bene-
ficial for tumor-cell survival. Akt, a well-known serine-
threonine kinase, is critical for enhancing tumor-cell
survival via the phosphorylation and inactivation of several
proapoptotic genes, including Bad, Bax, and caspase 9
[217]. Shearn et al. proved that 4-hydroxynonenal reduces
cell survival in hepatocellular carcinoma by inhibiting
H2O2-dependent Akt activation [181]. Moreover, the inhibi-
tion of NOX-mediated ROS generation leads to cell apopto-
sis by promoting the inactivation of the Akt signaling
pathway in oral squamous cell carcinoma [218]. Many stud-
ies have reported that p53 is implicated in triggering DNA
repair and cell apoptosis. The mutation of p53 typically leads
to increased basal ROS levels in tumor cells, impairing apo-
ptosis and enhancing survival [219, 220]. Tumor cells defi-
cient in wild-type p53 display greater survival ability in
response to radiation and toxic chemicals [219]. However,
evidence suggests that excessive ROS induce cell apoptosis
by modulating various signaling pathways. Furthermore, a
higher concentration of ROS can induce p53 activation
and cell apoptosis in a mitochondrial-dependent and -inde-
pendent manner [221, 222]. Irritant-induced excessive ROS
levels also lead to cell apoptosis by modulating the PI3K/
Akt pathway [223, 224].

Radiotherapy and chemotherapy are widely used treat-
ments for various lymphoma and solid tumors. In fact, radi-
ation and multiple drugs kill tumor cells by inducing ROS
overdose and subsequent cell death [225]. However, cancer
cells can acquire radioresistance and chemoresistance during
therapy, which is a key reason for poor prognosis in oncol-
ogy treatment. One of the most important features of
therapy-resistant cancer cells is their higher antioxidant
capacity compared to that of normal and nonresistant can-
cer cells [42]. Growing evidence suggests that ROS-induced
resistance in cancer cells modulates several redox-sensitive
transcription factors such as Nrf2, NFκB, and HIF-1α
[225]. Recently, targeting the Nrf2-related antioxidant sys-
tem in the TME has been regarded as an effective approach
for killing therapy-resistant cancer cells. For example, Singh
et al. found that a small molecule inhibitor of Nrf2 (ML385)
effectively reverses chemotherapeutic resistance in non-
small-cell lung cancer [226]. Ge et al. and Chen et al. proved
that iASPP, a new antioxidant agent, can drive drug resis-
tance in cancer cells by competing with Nrf2-Keap1 binding
[227, 228]. Xu et al. revealed the critical role of PAQR4 in
promoting chemoresistance in non-small-cell lung cancer

by blocking Nrf2 protein degradation [229]. Many studies
have also emphasized the critical role of GSH and GPX-1
in the development of cancer resistance [188]. Furthermore,
activation of the transcription factor NFκB is linked to
tumor-cell resistance induced by several chemotherapeutic
agents. Cytokines and ROS in the TME can promote NFκB
overexpression in cancer cells, further increasing cell sur-
vival and radioresistance [230, 231]. Moreover, HIF-1α is
associated with both inflammation and tumor therapy resis-
tance. Dong et al. found that ROS can activate metabolic
reprogramming and 5-fluorouracil resistance in colorectal
cancer by inducing the HIF-1α signaling pathway [232].
Lamberti et al. showed that activation of the ROS-Erk1/2-
HIF-1 axis contributes to tumor-cell resistance to photody-
namic therapy [233]. Therefore, these findings reveal that
increased ROS and antioxidant ability in the TME are vital
for inducing survival and tumor therapy resistance.

Inflammatory cells and cytokines in the TME also play
a crucial role in driving tumor-cell survival and therapy
resistance. TAMs, the dominant immune cells in the
TME, contribute to cancer chemotherapy resistance by
releasing survival factors or activating antiapoptotic pro-
grams in malignant cells [234, 235]. For instance, breast
cancer cells cocultured with macrophages exhibit therapy
resistance to paclitaxel, which is related to Akt pathway
activation, or produce TGF-β, VEGF, and IL-10 [236,
237]. Pyrimidine, cholesterol, IL-6, and exosomal miRNA
released by TAMs are also associated with enhanced ther-
apy resistance in various cancer cells [238–240]. Moreover,
the role of ROS in inflammation-associated chemotherapy
has been revealed by many studies. For instance, Xia et al.
showed that TNF-α stimulation boosts hepatocellular car-
cinoma proliferation and resistance to apoptosis by induc-
ing ROS-dependent HIF-1α [241]. Moreover, an in vivo
study showed that the ROS-HIF-1α signaling axis is neces-
sary for chemoresistance induced by multinucleated cells
by secreting VEGF [242]. The ROS/JNK pathway is also
implicated in chaetocin-mediated colorectal cancer cell
apoptosis and macrophage enhancement [243]. Further-
more, the ROS-dependent activation of the NLRP3 inflam-
masome contributes to 5-fluorouracil resistance in oral
squamous cell carcinoma [244]. Thus, increased ROS in
tumor cells explains the relationship between chronic
inflammation and chemotherapy resistance.

5. Antioxidants and Anti-inflammatory
Agents in Tumor Therapy

Recently, substantial progress has been made in treating can-
cer patients, including surgical removal, chemotherapy,
radiotherapy, and immunotherapy. However, high cell
motility and cancer recurrence rates remain a serious prob-
lem for oncology patients. Here, we discuss recent advances
in applying antioxidants and anti-inflammatory agents to
cancer prevention and therapy.

5.1. Anti-inflammatory Drugs for Cancer Prevention and
Treatment. As a hallmark of cancer, inflammation plays a
key role in each step of neoplasia. Although the last decade
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has witnessed the successful application of immunotherapies
for cancer, the role of anti-inflammatory drugs in cancer
therapy remains uncertain. Here, we summarize current
experimental and clinical findings on the usage of anti-
inflammatory treatments for malignant tumors. Many stud-
ies have confirmed the cancer prevention capability of sev-
eral anti-inflammatory drugs, including aspirin, celecoxib,
dexamethasone, ibuprofen, piroxicam, and sulindac [245,
246]. For example, nonsteroidal anti-inflammatory drugs
(NSAIDs), particularly aspirin, have prevented the develop-
ment of many solid tumors by inhibiting COX2 and NFκB
[247–249]. Indeed, COX-2 inhibitors such as celecoxib, rofe-
coxib, and cisplatin have been used to prevent colorectal,
lung, and breast cancers [250]. NSAID administration can
reduce tumor proliferation and metastasis, as well as
increase apoptosis and sensitivity to chemotherapy [251].
Additionally, perioperative NSAIDs can reduce systemic
inflammation and improve the survival rate by up to 40%
after the surgical removal of colorectal tumors [252].

Moreover, research has confirmed the role of dexa-
methasone in preventing and treating cancers. For
instance, Diab et al. found that submolar concentrations
of dexamethasone exert an anticancer effect in breast can-
cer cells [253], and Bertoli et al. showed that dexametha-
sone reduced the proliferation of long-term cultured
leukemic cells by 38% while amplifying the cytotoxicity
of doxorubicin [254]. Dexamethasone can also suppress
cancer-related fatigue, nausea, and vomiting in patients
undergoing chemotherapy [255]. Recently, hydrogen
sulfide-releasing anti-inflammatory drugs have exhibited
high efficacy and low toxicity, making them a promising
option for cancer chemoprevention [256]. Thus, many
anti-inflammatory drugs can not only prevent cancer
occurrence but also be used as an adjunct to conventional
therapy and immunotherapy. Preclinical studies have
shown that anti-inflammatory agents targeting cytokines,
such as TNF-α, IL-6, IL-8, IL-22, and IFN-γ, demonstrate
protective effects against various types of cancer [257,
258]. Additionally, several nonsteroidal and steroidal
anti-inflammatory drugs can remodel the tumor immune
landscape to promote the efficacy of immune checkpoint
blockade [259]. Notably, few anti-inflammatory agents
have been approved by the US Food and Drug Adminis-
tration for cancer treatment owing to their side effects
and toxicity. Furthermore, monotherapy with anti-
inflammatory drugs can lead to cell adaptability and che-
motherapy resistance, fueling disease progression [256].
Therefore, substantial work is required to develop effective
combination regimens in oncology.

5.2. Antioxidant Agents in Tumor Therapy: The Burning
Question. Considering that intercellular redox imbalance
is associated with tumor initiation, progression, and treat-
ment response, the application of antioxidants in tumor
therapy has gained international attention over the past
40 years. Since the 1980s, millions of people have adopted
the daily consumption of vitamins E and C and selenium
to prevent cancer [260, 261]. However, more recent epide-
miological studies have found that the supplementation of

antioxidants has a minimal preventive and therapeutic
effect on cancers and may even lead to adverse effects
[262–264]. In 2000, Halliwell first proposed the concept
of the antioxidant paradox in The Lancet, which refutes
the value of antioxidants in tumor treatment [265]. Cur-
rently, it remains uncertain whether antioxidant interven-
tions should be given to oncology patients [266–268].
However, there is emerging evidence for the highly com-
plex role of redox networks in organisms. To achieve pre-
cise and effective regulation of the intracellular redox state,
antioxidant pharmacology should follow the “5R” princi-
ples, that is, “right species, right place, right time, right
level, and right target” [61]. Accordingly, the antioxidant
capacity of vitamins and selenium is limited as they fail
to completely remove excess ROS from the human body.
Interestingly, complex antioxidants and natural antioxi-
dants exhibit superior antitumor efficacy [269–271]. More-
over, vitamin C intake below the recommended allowance
leads to increased DNA oxidative damage, whereas the
consumption of high-dose vitamin C can kill cancer cells
[272, 273]. Several mechanisms have been proposed to
illustrate the anticancer effects of high-dose vitamin C,
such as induction of ROS accumulation, epigenetic repro-
gramming, enhanced immunotherapy efficacy, and inhibi-
tion of HIF1α-induced hypoxia adaptation [272, 274, 275].

According to the most recent research advances, the
effect of antioxidant agents varies among different stages
of cancer. First, the proper administration of antioxidants
can reduce cancer incidence by scavenging the ROS that
fuel cancer initiation. NAC, GSH, selenium, vitamins,
polyphenolic compounds, flavonoids, and anthocyanins
reportedly prevent or delay the onset of cancer by induc-
ing the removal and detoxification of carcinogens [121,
269–271]. Dietary supplementation of fruit, vegetables,
herbal medicine, and other foods rich in antioxidants
(Table 4) is also recommended to prevent cancer develop-
ment [276, 277]. Second, once cancerization has occurred,
antioxidant supplementation often interferes with cancer
treatment and patient survival by reducing ROS-
dependent apoptosis [44, 268, 269]. Instead of antioxi-
dants, prooxidants should be used to kill cancer cells in
this stage. In fact, many therapeutic drugs and irradiation
therapies destroy cancers by generating large-ROS doses
[42, 44, 103, 217]. Moreover, engineering nanomedicines
for GSH depletion can promote the efficiency of tradi-
tional therapies, which is considered a novel strategy for
combating cancer [278]. Third, many studies have docu-
mented the role of antioxidant agents and Nrf2 activation
in accelerating tumor metastasis; however, the related
mechanisms remain unclear [119, 279, 280]. Lastly, antiox-
idants can also enhance therapy resistance by assisting the
survival of cancer or precancer cells. For example, elevated
GSH and Nrf2 levels in specific drugs may contribute to
tumor progression and chemotherapy resistance [188,
267, 269, 280]. Therefore, both ROS and antioxidants have
twofold effects on cancer, severely complicating the appli-
cation of antioxidants in oncology therapy. Thus, precision
redox-based therapy may help develop new therapeutic
strategies.
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6. Conclusions

Chronic inflammation induced by unhealthy lifestyle factors
and environmental irritants can lead to many diseases,
including cancer. As such, the early diagnosis and treatment
of chronic inflammation will contribute to reduced cancer
incidence and improve the quality of life. Oxidative stress
and inflammation are closely linked to pathophysiological
processes, which easily amplify each other through a feed-
back loop. Thus, the combined usage of antioxidant agents
and anti-inflammatory drugs may be beneficial for treating
chronic diseases and preventing tumorigenesis. This review
highlights the crucial role of ROS in inflammation-induced
tumorigenesis, whereby ROS bridge the gap between chronic
inflammation and tumor development through the malig-
nant transformation of normal cells, as well as the prolifera-
tion, survival, migration, and invasion of cancer cells
(Figure 6). Notably, ROS influence tumor development in
seemingly counterintuitive ways, not only fostering tumori-
genesis but also killing cancer cells. Currently, the role of
antioxidants in cancer treatment remains controversial;
however, the consumption of dietary antioxidants is recom-
mended to reduce the incidence of cancer.

Abbreviations

AP-1: Activator protein-1
BER: Base excision repair
CAT: Catalase
CDKs: Cyclin-dependent kinases
CoQ: Coenzyme
COX-2: Cyclooxygenase-2
CXCL10: Chemokine ligand 10
CYP450: Cytochrome oxidase P450
DEN: Diethyl nitrosamine
EGF: Epidermal growth factor
EMT: Epithelial-mesenchymal transition
ERK: Extracellular regulated protein kinases
ETC: Electron transport chain
GPXs: Glutathione peroxidases
GSH: Glutathione
GSTs: Glutathione reductases
H2O2: Hydrogen peroxide
HIF1-α: Hypoxia-inducible factor-1α
HO-1: Hemoxygenase-1
ICAM-1: Intercellular cell adhesion molecule-1
IFN-γ: Interferon-γ
IL-6: Interleukin-6
iNOS: Inducible NO synthase
JNK: Jun N-terminal kinase
LPS: Lipopolysaccharides
MAPK: Mitogen-activated protein kinase
MCP-1: Monocyte chemotactic protein-1
MDSCs: Myeloid-derived suppressor cells
MMPs: Matrix metalloproteinases
NAC: N-acetyl-L-cysteine
NFκB: Nuclear factor κ-B
NLRP3: NOD-like receptor protein 3
NO: Nitric oxide

NOXs: Nicotinamide adenine dinucleotide phosphate
oxidases

NSAIDs: Nonsteroidal anti-inflammatory drugs
O2-•: Superoxide
OGG1: 8-oxoguanine glycosylase 1
ONOO-: Peroxynitrite
PGC1-α: Peroxisome proliferator-activated receptor coac-

tivator 1-α
PKC: Protein kinase C
PMA: Phorbol 12-myristate 13-acetate
RNS: Reactive nitrogen species
ROS: Reactive oxygen species
SOD: Superoxide dismutase
STAT: Signal transducer and activator of transcription
TAMs: Tumor-associated macrophages
TGF-β: Transforming growth factor-β
TME: Tumor microenvironment
TNF-α: Tumor necrosis factor-α
VEGF: Vascular endothelial growth factor
4-HNE: 4-Hydroxynonenal
8-OHdG: 8-Hydroxydeoxyguanosine.

Data Availability

No data were used to support this study.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Authors’ Contributions

Weihua Yu, Yongmei Tu, and Zi Long contributed equally
to this work.

Acknowledgments

The authors would like to thank the Shanxi Provincial Key
Lab of Free Radical Biology and Medicine, the Ministry of
Education Key Lab of Hazard Assessment and Control in
Special Operational Environment, the School of Public
Health, and Fourth Military Medical University for their
support in the production of this manuscript. This work
was supported by the National Science Foundation (grant
numbers 31800706, 81920108030, and 32171231).

References

[1] A. Sionakidis, L. McCallum, and S. Padmanabhan, “Unravel-
ling the tangled web of hypertension and cancer,” Clinical
Science (London, England), vol. 135, no. 13, pp. 1609–1625,
2021.

[2] D. Schottenfeld, J. L. Beebe-Dimmer, P. A. Buffler, and G. S.
Omenn, “Current perspective on the global and United States
cancer burden attributable to lifestyle and environmental risk
factors,” Annual Review of Public Health, vol. 34, no. 1,
pp. 97–117, 2013.

13Oxidative Medicine and Cellular Longevity



[3] S. E. Steck and E. A. Murphy, “Dietary patterns and cancer
risk,” Nature Reviews Cancer, vol. 20, no. 2, pp. 125–138,
2020.

[4] M. C. Kew and K. Barwick, “Virchow-Troisier's lymph node
in hepatocellular carcinoma,” Journal of Clinical Gastroenter-
ology, vol. 13, no. 2, pp. 217–219, 1991.

[5] H. F. Dvorak, M. Detmar, K. P. Claffey, J. A. Nagy, L. van de
Water, and D. R. Senger, “Vascular permeability factor/vas-
cular endothelial growth factor: an important mediator of
angiogenesis in malignancy and inflammation,” Interna-
tional Archives of Allergy and Immunology, vol. 107, no. 1-3,
pp. 233–235, 1995.

[6] K. Wu, K. Lin, X. Li et al., “Redefining tumor-associated
macrophage subpopulations and functions in the tumor
microenvironment,” Frontiers in Immunology, vol. 11,
p. 1731, 2020.

[7] A. M. Malfitano, S. Pisanti, F. Napolitano, S. di Somma,
R. Martinelli, and G. Portella, “Tumor-associated macro-
phage status in cancer treatment,” Cancers (Basel), vol. 12,
no. 7, p. 1987, 2020.

[8] B. Z. Qian and J. W. Pollard, “Macrophage diversity enhances
tumor progression and metastasis,” Cell, vol. 141, no. 1,
pp. 39–51, 2010.

[9] F. R. Greten and S. I. Grivennikov, “Inflammation and can-
cer: triggers, mechanisms, and consequences,” Immunity,
vol. 51, no. 1, pp. 27–41, 2019.

[10] G. N. Barber, “STING: infection, inflammation and cancer,”
Nature Reviews Immunology, vol. 15, no. 12, pp. 760–770,
2015.

[11] G. Jin, J. Lv, M. Yang et al., “Genetic risk, incident gastric can-
cer, and healthy lifestyle: a meta-analysis of genome-wide
association studies and prospective cohort study,” The Lancet
Oncology, vol. 21, no. 10, pp. 1378–1386, 2020.

[12] N. K. LoConte, A. M. Brewster, J. S. Kaur, J. K. Merrill, and
A. J. Alberg, “Alcohol and cancer: a statement of the Ameri-
can Society of Clinical Oncology,” Journal of Clinical Oncol-
ogy, vol. 36, no. 1, pp. 83–93, 2018.

[13] Y. Guo, Y. Zhang, M. Gerhard et al., “Effect ofHelicobacter
pylorion gastrointestinal microbiota: a population-based
study in Linqu, a high-risk area of gastric cancer,” Gut,
vol. 69, no. 9, pp. 1598–1607, 2020.

[14] P. Harber, “Asbestos, pleural plaques, and lung cancer:
untangling the relationships,” American Journal of Respira-
tory and Critical Care Medicine, vol. 201, no. 1, pp. 4–6, 2020.

[15] M. Yamada and T. W. Prow, “Physical drug delivery
enhancement for aged skin, UV damaged skin and skin can-
cer: translation and commercialization,” Advanced Drug
Delivery Reviews, vol. 153, pp. 2–17, 2020.

[16] E. Shacter and S. A. Weitzman, “Chronic inflammation and
cancer,” Oncology (Williston Park), vol. 16, no. 2, pp. 217–
226, 2002.

[17] L. Corrales, R. Rosell, A. F. Cardona, C. Martín, Z. L. Zatar-
ain-Barrón, and O. Arrieta, “Lung cancer in never smokers:
the role of different risk factors other than tobacco smoking,”
Critical Reviews in Oncology/Hematology, vol. 148, article
102895, 2020.

[18] A. Molfino, A. Iannace, M. C. Colaiacomo et al., “Cancer
anorexia: hypothalamic activity and its association with
inflammation and appetite-regulating peptides in lung can-
cer,” Journal of Cachexia, Sarcopenia and Muscle, vol. 8,
no. 1, pp. 40–47, 2017.

[19] K. Ray, “A complex interplay between inflammation and
immunity in liver cancer,” Nature Reviews Gastroenterology
& Hepatology, vol. 15, no. 1, p. 3, 2018.

[20] N. Fujiwara, S. L. Friedman, N. Goossens, and Y. Hoshida,
“Risk factors and prevention of hepatocellular carcinoma in
the era of precision medicine,” Journal of Hepatology,
vol. 68, no. 3, pp. 526–549, 2018.

[21] A. Gomez-Moreno and U. Garaigorta, “Hepatitis B virus and
DNA damage response: interactions and consequences for
the infection,” Viruses, vol. 9, no. 10, p. 304, 2017.

[22] M. Venerito, R. Vasapolli, T. Rokkas, and P. Malfertheiner,
“Gastric cancer: epidemiology, prevention, and therapy,”
Helicobacter, vol. 23, article e12518, Supplement 1, 2018.

[23] K. B. Hahm, K. J. Lee, J. H. Kim, S. W. Cho, andM. H. Chung,
“Helicobacter pylori infection, oxidative DNA damage, gas-
tric carcinogenesis, and reversibility by rebamipide,” Diges-
tive Diseases and Sciences, vol. 43, 9 Supplement, pp. 72S–
77S, 1998.

[24] R. Grigolato, R. Accorona, G. Lombardo et al., “Oral cancer in
non-smoker non-drinker patients. Could comparative pet
oncology help to understand risk factors and pathogenesis?,”
Critical Reviews in Oncology/Hematology, vol. 166, article
103458, 2021.

[25] S. Kusmartsev, “Acute kidney injury-induced systemic
inflammation and risk of kidney cancer formation,” Cancer
Research, vol. 81, no. 10, pp. 2584-2585, 2021.

[26] V. Lai, W. Cranwell, and R. Sinclair, “Epidemiology of skin
cancer in the mature patient,” Clinics in Dermatology,
vol. 36, no. 2, pp. 167–176, 2018.

[27] C. S. Zhong, C. C. Coughlin, E. B. Hawryluk et al., “Charac-
teristics of nonmelanoma skin cancer in children without
identifiable risk factors,” Journal of the American Academy
of Dermatology, vol. 84, no. 5, pp. 1472–1476, 2021.

[28] J. D. Mizrahi, R. Surana, J. W. Valle, and R. T. Shroff, “Pan-
creatic cancer,” Lancet, vol. 395, no. 10242, pp. 2008–2020,
2020.

[29] C. H. Pernar, E. M. Ebot, K. M.Wilson, and L. A. Mucci, “The
epidemiology of prostate cancer,” Cold Spring Harbor Per-
spectives in Medicine, vol. 8, no. 12, 2018.

[30] H. Brody, “Prostate cancer,” Nature, vol. 528, no. 7582,
p. S117, 2015.

[31] A. R. Mallen, M. K. Townsend, and S. S. Tworoger, “Risk fac-
tors for ovarian carcinoma,” Hematology/Oncology Clinics of
North America, vol. 32, no. 6, pp. 891–902, 2018.

[32] Y. T. Jiang, T. T. Gong, J. Y. Zhang et al., “Infertility and ovar-
ian cancer risk: evidence from nine prospective cohort stud-
ies,” International Journal of Cancer, vol. 147, no. 8,
pp. 2121–2130, 2020.

[33] A. T. Lenis, P. M. Lec, and K. Chamie, “Bladder Cancer,”
JAMA, vol. 324, no. 19, pp. 1980–1991, 2020.

[34] M. Cumberbatch, I. Jubber, P. C. Black et al., “Epidemiology
of bladder cancer: a systematic review and contemporary
update of risk factors in 2018,” European Urology, vol. 74,
no. 6, pp. 784–795, 2018.

[35] P. F. Slepicka, S. L. Cyrill, and S. C. Dos, “Pregnancy and
breast cancer: pathways to understand risk and prevention,”
Trends in Molecular Medicine, vol. 25, no. 10, pp. 866–881,
2019.

[36] N. Harbeck and M. Gnant, “Breast cancer,” Lancet, vol. 389,
no. 10074, pp. 1134–1150, 2017.

14 Oxidative Medicine and Cellular Longevity



[37] P. A. Cohen, A. Jhingran, A. Oaknin, and L. Denny, “Cervical
cancer,” Lancet, vol. 393, no. 10167, pp. 169–182, 2019.

[38] M. Rebolj, T. Helmerhorst, D. Habbema et al., “Risk of cervi-
cal cancer after completed post-treatment follow-up of cervi-
cal intraepithelial neoplasia: population based cohort study,”
BMJ, vol. 345, no. oct31 4, article e6855, 2012.

[39] G. S. Aseervatham, T. Sivasudha, R. Jeyadevi, and D. Arul
Ananth, “Environmental factors and unhealthy lifestyle influ-
ence oxidative stress in humans–an overview,” Environmen-
tal Science and Pollution Research International, vol. 20,
no. 7, pp. 4356–4369, 2013.

[40] T. J. Guzik and R. M. Touyz, “Oxidative stress, inflammation,
and vascular aging in hypertension,” Hypertension, vol. 70,
no. 4, pp. 660–667, 2017.

[41] B. S. Karam, A. Chavez-Moreno, W. Koh, J. G. Akar, and
F. G. Akar, “Oxidative stress and inflammation as central
mediators of atrial fibrillation in obesity and diabetes,” Car-
diovascular Diabetology, vol. 16, no. 1, p. 120, 2017.

[42] S. Reuter, S. C. Gupta, M. M. Chaturvedi, and B. B. Aggarwal,
“Oxidative stress, inflammation, and cancer: how are they
linked?,” Free Radical Biology & Medicine, vol. 49, no. 11,
pp. 1603–1616, 2010.

[43] X. Renaudin, “Reactive oxygen species and DNA damage
response in cancer,” International Review of Cell and Molec-
ular Biology, vol. 364, pp. 139–161, 2021.

[44] J. N. Moloney and T. G. Cotter, “ROS signalling in the biol-
ogy of cancer,” Seminars in Cell & Developmental Biology,
vol. 80, pp. 50–64, 2018.

[45] B. Lee, P. Ghode, and D. Ong, “Redox regulation of cell state
and fate,” Redox Biology, vol. 25, article 101056, 2019.

[46] X. Wang and C. Hai, “Novel insights into redox system and
the mechanism of redox regulation,” Molecular Biology
Reports, vol. 43, no. 7, pp. 607–628, 2016.

[47] L. Ippolito, E. Giannoni, P. Chiarugi, and M. Parri, “Mito-
chondrial redox hubs as promising targets for anticancer
therapy,” Frontiers in Oncology, vol. 10, p. 256, 2020.

[48] E. L. Mills, B. Kelly, A. Logan et al., “Succinate dehydrogenase
supports metabolic repurposing of mitochondria to drive
inflammatory macrophages,” Cell, vol. 167, no. 2, pp. 457–
470.e13, 2016.

[49] J. P. Mazat, A. Devin, and S. Ransac, “Modelling mitochon-
drial ROS production by the respiratory chain,” Cellular
and Molecular Life Sciences, vol. 77, no. 3, pp. 455–465, 2020.

[50] M. Schieber and N. S. Chandel, “ROS function in redox sig-
naling and oxidative stress,” Current Biology, vol. 24, no. 10,
pp. R453–R462, 2014.

[51] G. Pizzino, N. Irrera, M. Cucinotta et al., “Oxidative stress:
harms and benefits for human health,” Oxidative Medicine
and Cellular Longevity, vol. 2017, Article ID 8416763, 13
pages, 2017.

[52] N. D. Saenen, D. S. Martens, K. Y. Neven et al., “Air
pollution-induced placental alterations: an interplay of oxida-
tive stress, epigenetics, and the aging phenotype?,” Clinical
Epigenetics, vol. 11, no. 1, p. 124, 2019.

[53] A. L. Santos, S. Sinha, and A. B. Lindner, “The Good, the Bad,
and the Ugly of ROS: New Insights on Aging and Aging-
Related Diseases from Eukaryotic and Prokaryotic Model
Organisms,” Oxidative Medicine and Cellular Longevity,
vol. 2018, Article ID 1941285, 23 pages, 2018.

[54] H. Sies, “Oxidative stress: a concept in redox biology and
medicine,” Redox Biology, vol. 4, pp. 180–183, 2015.

[55] A. Chandrasekaran, M. Idelchik, and J. A. Melendez, “Redox
control of senescence and age-related disease,” Redox Biology,
vol. 11, pp. 91–102, 2017.

[56] P. Poprac, K. Jomova, M. Simunkova, V. Kollar, C. J. Rhodes,
and M. Valko, “Targeting free radicals in oxidative stress-
related human diseases,” Trends in Pharmacological Sciences,
vol. 38, no. 7, pp. 592–607, 2017.

[57] H. Sies and D. P. Jones, “Reactive oxygen species (ROS) as
pleiotropic physiological signalling agents,” Nature Reviews.
Molecular Cell Biology, vol. 21, no. 7, pp. 363–383, 2020.

[58] E. H. Sarsour, M. G. Kumar, L. Chaudhuri, A. L. Kalen, and
P. C. Goswami, “Redox control of the cell cycle in health
and disease,” Antioxidants & Redox Signaling, vol. 11,
no. 12, pp. 2985–3011, 2009.

[59] Z. J. Zhang, K. P. Wang, J. G. Mo, L. Xiong, and Y. Wen,
“Photodynamic therapy regulates fate of cancer stem cells
through reactive oxygen species,” World Journal of Stem
Cells, vol. 12, no. 7, pp. 562–584, 2020.

[60] C. C. Winterbourn, “Biological production, detection, and
fate of hydrogen peroxide,” Antioxidants & Redox Signaling,
vol. 29, no. 6, pp. 541–551, 2018.

[61] J. Meng, Z. Lv, Y. Zhang et al., “Precision redox: the key for
antioxidant pharmacology,” Antioxidants & Redox Signaling,
vol. 34, no. 14, pp. 1069–1082, 2021.

[62] K. T. Feehan and D. W. Gilroy, “Is resolution the end of
inflammation?,” Trends in Molecular Medicine, vol. 25,
no. 3, pp. 198–214, 2019.

[63] N. A. Nasef, S. Mehta, and L. R. Ferguson, “Susceptibility to
chronic inflammation: an update,” Archives of Toxicology,
vol. 91, no. 3, pp. 1131–1141, 2017.

[64] R. Chakraborty and D. D. Lo, “Chronic inflammation in
mucosal tissues: barrier integrity, inducible lymphoid tissues,
and immune surveillance,” Current Topics in Microbiology
and Immunology, vol. 426, pp. 45–63, 2020.

[65] M. Rostamtabar, S. Esmaeilzadeh, M. Tourani et al., “Patho-
physiological roles of chronic low-grade inflammation medi-
ators in polycystic ovary syndrome,” Journal of Cellular
Physiology, vol. 236, no. 2, pp. 824–838, 2021.

[66] A. B. Kunnumakkara, B. L. Sailo, K. Banik et al., “Chronic dis-
eases, inflammation, and spices: how are they linked?,” Jour-
nal of Translational Medicine, vol. 16, no. 1, p. 14, 2018.

[67] P. Arulselvan, M. T. Fard, W. S. Tan et al., “Role of antioxi-
dants and natural products in inflammation,”Oxidative Med-
icine and Cellular Longevity, vol. 2016, Article ID 5276130, 15
pages, 2016.

[68] I. Piotrowski, K. Kulcenty, and W. Suchorska, “Interplay
between inflammation and cancer,” Reports of Practical
Oncology and Radiotherapy, vol. 25, no. 3, pp. 422–427, 2020.

[69] L. M. Coussens and Z. Werb, “Inflammation and cancer,”
Nature, vol. 420, no. 6917, pp. 860–867, 2002.

[70] E. Damiani and S. E. Ullrich, “Understanding the connection
between platelet-activating factor, a UV-induced lipid medi-
ator of inflammation, immune suppression and skin cancer,”
Progress in Lipid Research, vol. 63, pp. 14–27, 2016.

[71] R. Zhao, H. Liang, E. Clarke, C. Jackson, and M. Xue,
“Inflammation in chronic wounds,” International Journal of
Molecular Sciences, vol. 17, no. 12, p. 2085, 2016.

[72] Q. Shi, R. Godschalk, and F. J. van Schooten, “Inflammation
and the chemical carcinogen benzo[a]pyrene: partners in
crime,” Mutation Research, Reviews in Mutation Research,
vol. 774, pp. 12–24, 2017.

15Oxidative Medicine and Cellular Longevity



[73] G. S. Wilson and J. George, “Physical and chemical insults
induce inflammation and gastrointestinal cancers,” Cancer
Letters, vol. 345, no. 2, pp. 190–195, 2014.

[74] M. Benvenuto, R. Mattera, G. Taffera et al., “The potential
protective effects of polyphenols in asbestos-mediated
inflammation and carcinogenesis of mesothelium,” Nutri-
ents, vol. 8, no. 5, p. 275, 2016.

[75] C. C. Szeto, B. C. Kwan, K. M. Chow et al., “Circulating
bacterial-derived DNA fragment level is a strong predictor
of cardiovascular disease in peritoneal dialysis patients,” PLoS
One, vol. 10, no. 5, article e125162, 2015.

[76] S. A. Read and M. W. Douglas, “Virus induced inflammation
and cancer development,” Cancer Letters, vol. 345, no. 2,
pp. 174–181, 2014.

[77] Z. Li, Y. Gao, D. A. Byrd et al., “Novel dietary and lifestyle
inflammation scores directly associated with all-cause, all-
cancer, and all-cardiovascular disease mortality risks among
women,” The Journal of Nutrition, vol. 151, no. 4, pp. 930–
939, 2021.

[78] D. A. Byrd, S. Judd, W. D. Flanders, T. J. Hartman,
V. Fedirko, and R. M. Bostick, “Associations of novel dietary
and lifestyle inflammation scores with incident, sporadic
colorectal adenoma,” Cancer Epidemiology, Biomarkers &
Prevention, vol. 29, no. 11, pp. 2300–2308, 2020.

[79] V. Frodermann, D. Rohde, G. Courties et al., “Exercise
reduces inflammatory cell production and cardiovascular
inflammation via instruction of hematopoietic progenitor
cells,” Nature Medicine, vol. 25, no. 11, pp. 1761–1771,
2019.

[80] R. Kolb, F. S. Sutterwala, and W. Zhang, “Obesity and cancer:
inflammation bridges the two,” Current Opinion in Pharma-
cology, vol. 29, pp. 77–89, 2016.

[81] E. Lontchi-Yimagou, E. Sobngwi, T. E. Matsha, and A. P.
Kengne, “Diabetes mellitus and inflammation,” Current Dia-
betes Reports, vol. 13, no. 3, pp. 435–444, 2013.

[82] S. C. Chang andW. V. Yang, “Hyperglycemia, tumorigenesis,
and chronic inflammation,” Critical Reviews in Oncology/
Hematology, vol. 108, pp. 146–153, 2016.

[83] I. Kourtzelis, G. Hajishengallis, and T. Chavakis, “Phagocyto-
sis of apoptotic cells in resolution of inflammation,” Frontiers
in Immunology, vol. 11, p. 553, 2020.

[84] T. McGarry, M. Biniecka, D. J. Veale, and U. Fearon, “Hyp-
oxia, oxidative stress and inflammation,” Free Radical Biology
& Medicine, vol. 125, pp. 15–24, 2018.

[85] C. Cayrol, A. Duval, P. Schmitt et al., “Environmental aller-
gens induce allergic inflammation through proteolytic matu-
ration of IL-33,” Nature Immunology, vol. 19, no. 4, pp. 375–
385, 2018.

[86] E. Zanatta, C. Colombo, G. Amico, T. d’Humières, C. Dal Lin,
and F. Tona, “Inflammation and coronary microvascular dys-
function in autoimmune rheumatic diseases,” International
Journal of Molecular Sciences, vol. 20, no. 22, p. 5563, 2019.

[87] K. Hamidzadeh, S. M. Christensen, E. Dalby,
P. Chandrasekaran, and D. M. Mosser, “Macrophages and
the recovery from acute and chronic inflammation,” Annual
Review of Physiology, vol. 79, no. 1, pp. 567–592, 2017.

[88] T. Monkkonen and J. Debnath, “Inflammatory signaling cas-
cades and autophagy in cancer,” Autophagy, vol. 14, no. 2,
pp. 190–198, 2018.

[89] W. Ying, W. Fu, Y. S. Lee, and J. M. Olefsky, “The role of
macrophages in obesity-associated islet inflammation and

β-cell abnormalities,” Nature Reviews Endocrinology,
vol. 16, no. 2, pp. 81–90, 2020.

[90] R. Weinlich, A. Oberst, H. M. Beere, and D. R. Green,
“Necroptosis in development, inflammation and disease,”
Nature Reviews. Molecular Cell Biology, vol. 18, no. 2,
pp. 127–136, 2017.

[91] B. E. Bolivar, T. P. Vogel, and L. Bouchier-Hayes, “Inflamma-
tory caspase regulation: maintaining balance between inflam-
mation and cell death in health and disease,” The FEBS
Journal, vol. 286, no. 14, pp. 2628–2644, 2019.

[92] N. Van Opdenbosch and M. Lamkanfi, “Caspases in cell
death, inflammation, and disease,” Immunity, vol. 50, no. 6,
pp. 1352–1364, 2019.

[93] S. Xiong, L. Dong, and L. Cheng, “Neutrophils in cancer car-
cinogenesis and metastasis,” Journal of Hematology & Oncol-
ogy, vol. 14, no. 1, p. 173, 2021.

[94] B. Brüne, N. Dehne, N. Grossmann et al., “Redox control of
inflammation in macrophages,” Antioxidants & Redox Sig-
naling, vol. 19, no. 6, pp. 595–637, 2013.

[95] Y. Lei, K. Wang, L. Deng, Y. Chen, E. C. Nice, and C. Huang,
“Redox regulation of inflammation: old elements, a new
story,” Medicinal Research Reviews, vol. 35, no. 2, pp. 306–
340, 2015.

[96] W. Yu, X. Wang, J. Zhao et al., “Stat2-Drp1 mediated mito-
chondrial mass increase is necessary for pro- inflammatory
differentiation of macrophages,” Redox Biology, vol. 37, arti-
cle 101761, 2020.

[97] R. Zhou, A. S. Yazdi, P. Menu, and J. Tschopp, “A role for
mitochondria in NLRP3 inflammasome activation,” Nature,
vol. 469, no. 7329, pp. 221–225, 2011.

[98] J. S. Riley and S. W. Tait, “Mitochondrial DNA in inflamma-
tion and immunity,” EMBO Reports, vol. 21, no. 4, article
e49799, 2020.

[99] M. C. Greenlee-Wacker, “Clearance of apoptotic neutrophils
and resolution of inflammation,” Immunological Reviews,
vol. 273, no. 1, pp. 357–370, 2016.

[100] S. K. Biswas, “Does the interdependence between oxidative
stress and inflammation explain the antioxidant paradox?,”
Oxidative Medicine and Cellular Longevity, vol. 2016, Article
ID 5698931, 9 pages, 2016.

[101] D. Hanahan, “Hallmarks of cancer: new dimensions,” Cancer
Discovery, vol. 12, no. 1, pp. 31–46, 2022.

[102] B. Li, Y. Huang, H. Ming, E. C. Nice, R. Xuan, and C. Huang,
“Redox control of the dormant cancer cell life cycle,” Cell,
vol. 10, no. 10, p. 2707, 2021.

[103] R. Malla, N. Surepalli, B. Farran, S. V. Malhotra, and G. P.
Nagaraju, “Reactive oxygen species (ROS): critical roles in
breast tumor microenvironment,” Critical Reviews in Oncol-
ogy/Hematology, vol. 160, article 103285, 2021.

[104] H. Kitamura and H. Motohashi, “NRF2 addiction in cancer
cells,” Cancer Science, vol. 109, no. 4, pp. 900–911, 2018.

[105] D. L. V. M. Rojo, E. Chapman, and D. D. Zhang, “NRF2 and
the hallmarks of cancer,” Cancer Cell, vol. 34, no. 1, pp. 21–
43, 2018.

[106] S. Sen, B. Kawahara, and G. Chaudhuri, “Maintenance of
higher H2O2 levels, and its mechanism of action to induce
growth in breast cancer cells: Important roles of bioactive cat-
alase and PP2A,” Free Radical Biology & Medicine, vol. 53,
no. 8, pp. 1541–1551, 2012.

[107] H. Kitagawa, Y. Kitajima, K. Kai et al., “Predictive value of
the ratio of 8‑hydroxydeoxyguanosine levels between

16 Oxidative Medicine and Cellular Longevity



cancerous and normal tissues in patients with stage II/III
colorectal cancer,” Oncology Reports, vol. 41, no. 5,
pp. 3041–3050, 2019.

[108] J. Liu, X. Xia, and P. Huang, “xCT: a critical molecule that
links cancer metabolism to redox signaling,”Molecular Ther-
apy, vol. 28, no. 11, pp. 2358–2366, 2020.

[109] E. Hocsak, V. Szabo, N. Kalman et al., “PARP inhibition pro-
tects mitochondria and reduces ROS production via PARP-1-
ATF4-MKP-1-MAPK retrograde pathway,” Free Radical
Biology & Medicine, vol. 108, pp. 770–784, 2017.

[110] B. L. Worley, Y. S. Kim, J. Mardini et al., “GPx3 supports
ovarian cancer progression by manipulating the extracellular
redox environment,” Redox Biology, vol. 25, article 101051,
2019.

[111] J. H. Quan, F. F. Gao, J. Q. Chu et al., “Silver nanoparticles
induce apoptosis viaNOX4-derived mitochondrial reactive
oxygen species and endoplasmic reticulum stress in colorectal
cancer cells,” Nanomedicine (London, England), vol. 16,
no. 16, pp. 1357–1375, 2021.

[112] S. S. Sabharwal and P. T. Schumacker, “Mitochondrial ROS
in cancer: initiators, amplifiers or an Achilles' heel?,” Nature
Reviews Cancer, vol. 14, no. 11, pp. 709–721, 2014.

[113] R. Palorini, D. De Rasmo, M. Gaviraghi et al., “Oncogenic K-
ras expression is associated with derangement of the
cAMP/PKA pathway and forskolin-reversible alterations
of mitochondrial dynamics and respiration,” Oncogene,
vol. 32, no. 3, pp. 352–362, 2013.

[114] K. M. Lee, J. M. Giltnane, J. M. Balko et al., “MYC and MCL1
cooperatively promote chemotherapy-resistant breast cancer
stem cells via regulation of mitochondrial oxidative phos-
phorylation,” Cell Metabolism, vol. 26, no. 4, pp. 633–
647.e7, 2017.

[115] A. A. Sablina, A. V. Budanov, G. V. Ilyinskaya, L. S. Agapova,
J. E. Kravchenko, and P. M. Chumakov, “The antioxidant
function of the p53 tumor suppressor,” Nature Medicine,
vol. 11, no. 12, pp. 1306–1313, 2005.

[116] H. Blaser, C. Dostert, T. W. Mak, and D. Brenner, “TNF and
ROS crosstalk in inflammation,” Trends in Cell Biology,
vol. 26, no. 4, pp. 249–261, 2016.

[117] C. L. Wilson, D. Jurk, N. Fullard et al., “NF κB1 is a suppres-
sor of neutrophil-driven hepatocellular carcinoma,” Nature
Communications, vol. 6, no. 1, p. 6818, 2015.

[118] G. Tumurkhuu, S. Chen, E. N. Montano et al., “Oxidative
DNA damage accelerates skin inflammation in pristane-
induced lupus model,” Frontiers in Immunology, vol. 11, arti-
cle 554725, 2020.

[119] H. Wang, X. Liu, M. Long et al., “NRF2 activation by antioxi-
dant antidiabetic agents accelerates tumor metastasis,” Science
Translational Medicine, vol. 8, no. 334, pp. 334r–351r, 2016.

[120] L. Jin, D. Li, G. N. Alesi et al., “Glutamate dehydrogenase 1
signals through antioxidant glutathione peroxidase 1 to regu-
late redox homeostasis and tumor growth,” Cancer Cell,
vol. 27, no. 2, pp. 257–270, 2015.

[121] L. Kennedy, J. K. Sandhu, M. E. Harper, and
M. Cuperlovic-Culf, “Role of glutathione in cancer: from
mechanisms to therapies,” Biomolecules, vol. 10, no. 10,
p. 1429, 2020.

[122] A. Singh, A. Daemen, D. Nickles et al., “NRF2 activation pro-
motes aggressive lung cancer and associates with poor clinical
outcomes,” Clinical Cancer Research, vol. 27, no. 3, pp. 877–
888, 2021.

[123] E. M. Ward, C. R. Flowers, T. Gansler, S. B. Omer, and R. A.
Bednarczyk, “The importance of immunization in cancer
prevention, treatment, and survivorship,” CA: a Cancer Jour-
nal for Clinicians, vol. 67, no. 5, pp. 398–410, 2017.

[124] K. Nakamura, M. J. Smyth, and L. Martinet, “Cancer immu-
noediting and immune dysregulation in multiple myeloma,”
Blood, vol. 136, no. 24, pp. 2731–2740, 2020.

[125] M. Philip and A. Schietinger, “CD8+ T cell differentiation and
dysfunction in cancer,” Nature Reviews Immunology, vol. 22,
no. 4, pp. 209–223, 2022.

[126] J. S. Dolina, N. Van Braeckel-Budimir, G. D. Thomas, and S.-
A. Shahram, “CD8+ T cell exhaustion in cancer,” Frontiers in
Immunology, vol. 12, article 715234, 2021.

[127] D. Y. Oh and L. Fong, “Cytotoxic CD4+ T cells in cancer:
Expanding the immune effector toolbox,” Immunity,
vol. 54, no. 12, pp. 2701–2711, 2021.

[128] M. Sadelain, I. Riviere, and S. Riddell, “Therapeutic T cell
engineering,” Nature, vol. 545, no. 7655, pp. 423–431, 2017.

[129] X. Tian, H. Shen, Z. Li, T. Wang, and S. Wang, “Tumor-
derived exosomes, myeloid-derived suppressor cells, and
tumor microenvironment,” Journal of Hematology & Oncol-
ogy, vol. 12, no. 1, p. 84, 2019.

[130] M. E. Shaul and Z. G. Fridlender, “Tumour-associated neu-
trophils in patients with cancer,” Nature Reviews Clinical
Oncology, vol. 16, no. 10, pp. 601–620, 2019.

[131] N. R. Anderson, N. G. Minutolo, S. Gill, and M. Klichinsky,
“Macrophage-based approaches for cancer Immunotherapy,”
Cancer Research, vol. 81, no. 5, pp. 1201–1208, 2021.

[132] W. Li, K. Song, S. Wang et al., “Anti-tumor potential of
astragalus polysaccharides on breast cancer cell line mediated
by macrophage activation,” Materials Science & Engineering.
C, Materials for Biological Applications, vol. 98, pp. 685–695,
2019.

[133] C. D. Mills, L. L. Lenz, and R. A. Harris, “A breakthrough:
macrophage-directed cancer immunotherapy,” Cancer
Research, vol. 76, no. 3, pp. 513–516, 2016.

[134] A. Etzerodt, K. Tsalkitzi, M. Maniecki et al., “Specific target-
ing of CD163+ TAMs mobilizes inflammatory monocytes
and promotes T cell-mediated tumor regression,” The Jour-
nal of Experimental Medicine, vol. 216, no. 10, pp. 2394–
2411, 2019.

[135] S. Dallavalasa, N. M. Beeraka, C. G. Basavaraju et al., “The
role of tumor associated macrophages (TAMs) in cancer pro-
gression, chemoresistance, angiogenesis and metastasis - cur-
rent status,” Current Medicinal Chemistry, vol. 28, no. 39,
pp. 8203–8236, 2021.

[136] D. Zhang, X. Qiu, J. Li, S. Zheng, L. Li, and H. Zhao, “TGF-β
secreted by tumor-associated macrophages promotes prolif-
eration and invasion of colorectal cancer via miR-34a-
VEGF axis,” Cell Cycle, vol. 17, no. 24, pp. 2766–2778, 2018.

[137] R. C. Miksch, M. B. Schoenberg, M. Weniger et al., “Prognos-
tic impact of tumor-infiltrating lymphocytes and neutrophils
on survival of patients with upfront resection of pancreatic
cancer,” Cancers (Basel), vol. 11, no. 1, p. 39, 2019.

[138] M. Shen, P. Hu, F. Donskov, G. Wang, Q. Liu, and J. du,
“Tumor-associated neutrophils as a new prognostic factor
in cancer: a systematic review and meta-analysis,” PLoS
One, vol. 9, no. 6, article e98259, 2014.

[139] S. M. Toor, K. Murshed, M. Al-Dhaheri, M. Khawar, M. Abu
Nada, and E. Elkord, “Immune checkpoints in circulating
and tumor-infiltrating CD4(+) T cell subsets in colorectal

17Oxidative Medicine and Cellular Longevity



cancer patients,” Frontiers in Immunology, vol. 10, p. 2936,
2019.

[140] C. Bergenfelz, A. Roxå, M. Mehmeti, K. Leandersson, and
A. M. Larsson, “Clinical relevance of systemic monocytic-
MDSCs in patients with metastatic breast cancer,” Cancer
Immunology, Immunotherapy, vol. 69, no. 3, pp. 435–448,
2020.

[141] Z. Yang, J. Guo, L. Weng, W. Tang, S. Jin, and W. Ma, “Mye-
loid-derived suppressor cells-new and exciting players in lung
cancer,” Journal of Hematology & Oncology, vol. 13, no. 1,
p. 10, 2020.

[142] J. Kay, E. Thadhani, L. Samson, and B. Engelward, “Inflam-
mation-induced DNA damage, mutations and cancer,”
DNA Repair (Amst), vol. 83, article 102673, 2019.

[143] J. Liu, P. C. Lin, and B. P. Zhou, “Inflammation fuels tumor
progress and metastasis,” Current Pharmaceutical Design,
vol. 21, no. 21, pp. 3032–3040, 2015.

[144] D. M. Hardbower, T. de Sablet, R. Chaturvedi, and K. T. Wil-
son, “Chronic inflammation and oxidative stress: the smok-
ing gun for Helicobacter pylori-induced gastric cancer?,”
Gut Microbes, vol. 4, no. 6, pp. 475–481, 2013.

[145] J. L. Roh, E. H. Kim, H. Jang, and D. Shin, “Nrf2 inhibition
reverses the resistance of cisplatin-resistant head and neck
cancer cells to artesunate-induced ferroptosis,” Redox Biol-
ogy, vol. 11, pp. 254–262, 2017.

[146] E. Reszka, M. Lesicka, E. Wieczorek et al., “Dysregulation of
redox status in urinary bladder cancer patients,” Cancers
(Basel), vol. 12, no. 5, p. 1296, 2020.

[147] H. Abramczyk, J. M. Surmacki, B. Brozek-Pluska, and
M. Kopec, “Revision of commonly accepted Warburg mech-
anism of cancer development: redox-sensitive mitochondrial
cytochromes in breast and brain cancers by Raman imaging,”
Cancers (Basel), vol. 13, no. 11, p. 2599, 2021.

[148] A. Samimi, M. J. Khodayar, H. Alidadi, and E. Khodadi, “The
dual role of ROS in hematological malignancies: stem cell
protection and cancer cell metastasis,” Stem Cell Reviews
and Reports, vol. 16, no. 2, pp. 262–275, 2020.

[149] Y. Chen, J. Li, and Z. Zhao, “Redox control in acute lympho-
blastic leukemia: from physiology to pathology and therapeu-
tic opportunities,” Cell, vol. 10, no. 5, p. 1218, 2021.

[150] K. Zabłocka-Słowińska, S. Płaczkowska, A. Prescha et al.,
“Systemic redox status in lung cancer patients is related to
altered glucose metabolism,” PLoS One, vol. 13, no. 9, article
e204173, 2018.

[151] D. Xian, R. Lai, J. Song, X. Xiong, and J. Zhong, “Emerging
perspective: role of increased ROS and redox imbalance in
skin carcinogenesis,” Oxidative Medicine and Cellular Lon-
gevity, vol. 2019, Article ID 8127362, 11 pages, 2019.

[152] M. Luo, L. Shang, M. D. Brooks et al., “Targeting breast can-
cer stem cell state equilibrium through modulation of redox
signaling,” Cell Metabolism, vol. 28, no. 1, pp. 69–86.e6, 2018.

[153] S. Negrini, V. G. Gorgoulis, and T. D. Halazonetis, “Genomic
instability – an evolving hallmark of cancer,” Nature Reviews
Molecular Cell Biology, vol. 11, no. 3, pp. 220–228, 2010.

[154] V. Butin-Israeli, T. M. Bui, H. L. Wiesolek et al., “Neutrophil-
induced genomic instability impedes resolution of inflamma-
tion and wound healing,” The Journal of Clinical Investiga-
tion, vol. 129, no. 2, pp. 712–726, 2019.

[155] C. Ventura, J. Pereira, P. Matos et al., “Cytotoxicity and geno-
toxicity of MWCNT-7 and crocidolite: assessment in alveolar
epithelial cellsversustheir coculture with monocyte-derived

macrophages,” Nanotoxicology, vol. 14, no. 4, pp. 479–503,
2020.

[156] P. J. Borm, A. M. Knaapen, R. P. Schins, R. W. Godschalk,
and F. J. Schooten, “Neutrophils amplify the formation of
DNA adducts by benzo[a]pyrene in lung target cells,” Envi-
ronmental Health Perspectives, vol. 105, Supplement 5,
pp. 1089–1093, 1997.

[157] C. C. Barton, P. E. Ganey, and R. A. Roth, “Lipopolysac-
charide augments aflatoxin B(1)-induced liver injury
through neutrophil-dependent and -independent mecha-
nisms,” Toxicological Sciences, vol. 58, no. 1, pp. 208–215,
2000.

[158] T. T. Borba, P. Molz, D. S. Schlickmann et al., “Periodontitis:
genomic instability implications and associated risk factors,”
Mutation Research, Genetic Toxicology and Environmental
Mutagenesis, vol. 840, pp. 20–23, 2019.

[159] N. A. Krump and J. You, “Molecular mechanisms of viral
oncogenesis in humans,” Nature Reviews. Microbiology,
vol. 16, no. 11, pp. 684–698, 2018.

[160] N. Akram, M. Imran, M. Noreen et al., “Oncogenic role of
tumor viruses in humans,” Viral Immunology, vol. 30, no. 1,
pp. 20–27, 2017.

[161] K. Frenkel, “Carcinogen-mediated oxidant formation and
oxidative DNA damage,” Pharmacology & Therapeutics,
vol. 53, no. 1, pp. 127–166, 1992.

[162] L. Erker, R. Schubert, H. Yakushiji et al., “Cancer chemopre-
vention by the antioxidant tempol acts partially via the p53
tumor suppressor,” Human Molecular Genetics, vol. 14,
no. 12, pp. 1699–1708, 2005.

[163] D. C. D. Ferraz, E. Fialho, and J. L. Silva, “Cancer chemopre-
vention by resveratrol: the p53 tumor suppressor protein as a
promising molecular target,”Molecules, vol. 22, no. 6, p. 1014,
2017.

[164] R. Fabiani, A. De Bartolomeo, P. Rosignoli, and G. Morozzi,
“Antioxidants prevent the lymphocyte DNA damage induced
by PMA-stimulated monocytes,” Nutrition and Cancer,
vol. 39, no. 2, pp. 284–291, 2001.

[165] A. Q. Khan, J. B. Travers, and M. G. Kemp, “Roles of UVA
radiation and DNA damage responses in melanoma patho-
genesis,” Environmental and Molecular Mutagenesis, vol. 59,
no. 5, pp. 438–460, 2018.

[166] S. Kawanishi, S. Ohnishi, N. Ma, Y. Hiraku, and M. Murata,
“Crosstalk between DNA damage and inflammation in the
multiple steps of carcinogenesis,” International Journal of
Molecular Sciences, vol. 18, no. 8, p. 1808, 2017.

[167] A. S. Desai, V. Sagar, B. Lysy et al., “Inflammatory bowel dis-
ease induces inflammatory and pre-neoplastic changes in the
prostate,” Prostate Cancer and Prostatic Diseases, 2021,
https://pubmed.ncbi.nlm.nih.gov/34035460/.

[168] C. Pereira, D. Grácio, J. P. Teixeira, and F. Magro, “Oxidative
stress and DNA damage: implications in inflammatory bowel
disease,” Inflammatory Bowel Diseases, vol. 21, no. 10,
pp. 2403–2417, 2015.

[169] Y. Hiraku, K. Sakai, E. Shibata et al., “Formation of the nitra-
tive DNA lesion 8-nitroguanine is associated with asbestos
contents in human lung tissues: a pilot study,” Journal of
Occupational Health, vol. 56, no. 3, pp. 186–196, 2014.

[170] E. Emerce, M. Ghosh, C. Duca et al., “Carbon nanotube- and
asbestos-induced DNA and RNA methylation changes in
bronchial epithelial cells,” Chemical Research in Toxicology,
vol. 32, no. 5, article Deniz Radu, pp. 850–860, 2019.

18 Oxidative Medicine and Cellular Longevity

https://pubmed.ncbi.nlm.nih.gov/34035460/


[171] K. Stratigi, O. Chatzidoukaki, and G. A. Garinis, “DNA
damage-induced inflammation and nuclear architecture,”
Mechanisms of Ageing and Development, vol. 165, no. Part
A, pp. 17–26, 2017.

[172] S. Bakewell, I. Conde, Y. Fallah et al., “Inhibition of DNA
repair pathways and induction of ROS are potential mecha-
nisms of action of the small molecule inhibitor BOLD-100
in breast cancer,” Cancers (Basel), vol. 12, no. 9, 2020.

[173] S. M. Cheng, T. Y. Lin, Y. C. Chang, I. W. Lin, E. Leung, and
C. H. A. Cheung, “YM155 and BIRC5 downregulation induce
genomic instability via autophagy- mediated ROS production
and inhibition in DNA repair,” Pharmacological Research,
vol. 166, article 105474, 2021.

[174] R. Yao, P. Zhou, C. Wu, L. Liu, and J. Wu, “Sml1 inhibits the
DNA repair activity of Rev1 in Saccharomyces cerevisiae dur-
ing oxidative stress,” Applied and Environmental Microbiol-
ogy, vol. 86, no. 7, 2020.

[175] F. Laval, D. A. Wink, and J. Laval, “A discussion of mecha-
nisms of NO genotoxicity: implication of inhibition of DNA
repair proteins,” Reviews of Physiology, Biochemistry and
Pharmacology, vol. 131, pp. 175–191, 1997.

[176] S. Sagar, P. Kumar, R. R. Behera, and A. Pal, “Effects of CEES
and LPS synergistically stimulate oxidative stress inactivates
OGG1 signaling in macrophage cells,” Journal of Hazardous
Materials, vol. 278, pp. 236–249, 2014.

[177] L. J. Jones, L. Ying, A. B. Hofseth et al., “Differential effects of
reactive nitrogen species on DNA base excision repair initi-
ated by the alkyladenine DNA glycosylase,” Carcinogenesis,
vol. 30, no. 12, pp. 2123–2129, 2009.

[178] G. M. Ney, K. B. Yang, V. Ng et al., “Oncogenic N-Ras miti-
gates oxidative stress-induced apoptosis of hematopoietic
stem cells,” Cancer Research, vol. 81, no. 5, pp. 1240–1251,
2021.

[179] C. J. Dunnill, K. Ibraheem, A. Mohamed, J. Southgate, and
N. T. Georgopoulos, “A redox state-dictated signalling path-
way deciphers the malignant cell specificity of CD40-
mediated apoptosis,” Oncogene, vol. 36, no. 18, pp. 2515–
2528, 2017.

[180] H. Bai, W. Zhang, X. J. Qin et al., “Hydrogen peroxide mod-
ulates the proliferation/quiescence switch in the liver during
embryonic development and posthepatectomy regeneration,”
Antioxidants & Redox Signaling, vol. 22, no. 11, pp. 921–937,
2015.

[181] C. T. Shearn, P. Reigan, and D. R. Petersen, “Inhibition of
hydrogen peroxide signaling by 4-hydroxynonenal due to dif-
ferential regulation of Akt1 and Akt2 contributes to decreases
in cell survival and proliferation in hepatocellular carcinoma
cells,” Free Radical Biology & Medicine, vol. 53, no. 1, pp. 1–
11, 2012.

[182] M. C. Carreras, D. P. Converso, A. S. Lorenti et al., “Mito-
chondrial nitric oxide synthase drives redox signals for prolif-
eration and quiescence in rat liver development,”Hepatology,
vol. 40, no. 1, pp. 157–166, 2004.

[183] O. E. Onumah, G. E. Jules, Y. Zhao, L. C. Zhou, H. Yang, and
Z. M. Guo, “Overexpression of catalase delays G0/G1- to S-
phase transition during cell cycle progression in mouse aortic
endothelial cells,” Free Radical Biology & Medicine, vol. 46,
no. 12, pp. 1658–1667, 2009.

[184] M. Zamkova, N. Khromova, B. P. Kopnin, and P. Kopnin,
“Ras-induced ROS upregulation affecting cell proliferation
is connected with cell type-specific alterations of HSF1/

SESN3/p21Cip1/WAF1 pathways,” Cell Cycle, vol. 12, no. 5,
pp. 826–836, 2013.

[185] Q. Huang, L. Zhan, H. Cao et al., “Increased mitochondrial
fission promotes autophagy and hepatocellular carcinoma
cell survival through the ROS-modulated coordinated regula-
tion of the NFKB and TP53 pathways,” Autophagy, vol. 12,
no. 6, pp. 999–1014, 2016.

[186] Z. Wang, T. Tang, S. Wang et al., “Aloin inhibits the pro-
liferation and migration of gastric cancer cells by regulat-
ing NOX2-ROS-mediated pro-survival signal pathways,”
Drug Design, Development and Therapy, vol. 14, pp. 145–
155, 2020.

[187] Q. X. Diao, J. Z. Zhang, T. Zhao et al., “Vitamin E promotes
breast cancer cell proliferation by reducing ROS produc-
tion and p53 expression,” European Review for Medical
and Pharmacological Sciences, vol. 20, no. 12, pp. 2710–
2717, 2016.

[188] A. Bansal and M. C. Simon, “Glutathione metabolism in can-
cer progression and treatment resistance,” The Journal of Cell
Biology, vol. 217, no. 7, pp. 2291–2298, 2018.

[189] I. Z. Sadiq, “Free radicals and oxidative stress: signaling
mechanisms, redox basis for human diseases, and cell cycle
regulation,” Current Molecular Medicine, vol. 22, 2021.

[190] C. H. Foyer, M. H. Wilson, and M. H. Wright, “Redox regu-
lation of cell proliferation: bioinformatics and redox proteo-
mics approaches to identify redox-sensitive cell cycle
regulators,” Free Radical Biology & Medicine, vol. 122,
pp. 137–149, 2018.

[191] Z. Luo, X. Xu, T. Sho et al., “ROS-induced autophagy regu-
lates porcine trophectoderm cell apoptosis, proliferation,
and differentiation,” American Journal of Physiology. Cell
Physiology, vol. 316, no. 2, pp. C198–C209, 2019.

[192] Y. Kudo, M. Sugimoto, E. Arias et al., “PKCλ/ι Loss Induces
Autophagy, Oxidative Phosphorylation, and NRF2 to Pro-
mote Liver Cancer Progression,” Cancer Cell, vol. 38, no. 2,
pp. 247–262.e11, 2020.

[193] L. Chen, Y. Shi, X. Zhu et al., “IL‑10 secreted by cancer‑asso-
ciated macrophages regulates proliferation and invasion in
gastric cancer cells via c‑Met/STAT3 signaling,” Oncology
Reports, vol. 42, no. 2, pp. 595–604, 2019.

[194] I. H. Han, H. O. Song, and J. S. Ryu, “IL-6 produced by pros-
tate epithelial cells stimulated with Trichomonas vaginalis
promotes proliferation of prostate cancer cells by inducing
M2 polarization of THP-1-derived macrophages,” PLoS
Neglected Tropical Diseases, vol. 14, no. 3, article e8126, 2020.

[195] Y. Huo, W. Y. Qiu, Q. Pan, Y. F. Yao, K. Xing, and M. F. Lou,
“Reactive oxygen species (ROS) are essential mediators in
epidermal growth factor (EGF)-stimulated corneal epithelial
cell proliferation, adhesion, migration, and wound healing,”
Experimental Eye Research, vol. 89, no. 6, pp. 876–886, 2009.

[196] M. Ma, F. Shi, R. Zhai et al., “TGF-β promote epithelial-
mesenchymal transition via NF‐κB/NOX4/ROS signal path-
way in lung cancer cells,” Molecular Biology Reports, vol. 48,
no. 3, pp. 2365–2375, 2021.

[197] L. Wan, K. Pantel, and Y. Kang, “Tumor metastasis: moving
new biological insights into the clinic,” Nature Medicine,
vol. 19, no. 11, pp. 1450–1464, 2013.

[198] C. Neufert, C. Heichler, T. Brabletz et al., “Inducible mouse
models of colon cancer for the analysis of sporadic and
inflammation-driven tumor progression and lymph node
metastasis,” Nature Protocols, vol. 16, no. 1, pp. 61–85, 2021.

19Oxidative Medicine and Cellular Longevity



[199] D. F. Quail and J. A. Joyce, “Microenvironmental regulation
of tumor progression and metastasis,” Nature Medicine,
vol. 19, no. 11, pp. 1423–1437, 2013.

[200] R. Chatterjee and J. Chatterjee, “ROS and oncogenesis with
special reference to EMT and stemness,” European Journal
of Cell Biology, vol. 99, no. 2-3, article 151073, 2020.

[201] M. Suarez-Carmona, J. Lesage, D. Cataldo, and C. Gilles,
“EMT and inflammation: inseparable actors of cancer pro-
gression,” Molecular Oncology, vol. 11, no. 7, pp. 805–823,
2017.

[202] S. Sajib, F. T. Zahra, M. S. Lionakis, N. A. German, and C. M.
Mikelis, “Mechanisms of angiogenesis in microbe-regulated
inflammatory and neoplastic conditions,” Angiogenesis,
vol. 21, no. 1, pp. 1–14, 2018.

[203] D. Liu, R. Zhang, J. Wu et al., “Interleukin-17A promotes
esophageal adenocarcinoma cell invasiveness through ROS-
dependent, NF-κB-mediated MMP-2/9 activation,” Oncology
Reports, vol. 37, no. 3, pp. 1779–1785, 2017.

[204] B. Y. Ho, Y. M. Wu, K. J. Chang, and T. M. Pan, “Dimerumic
acid inhibits SW620 cell invasion by attenuating H2O2-
Mediated MMP-7 expression via JNK/C-Jun and ERK/C-
Fos activation in an AP-1-dependent manner,” Interna-
tional Journal of Biological Sciences, vol. 7, no. 6,
pp. 869–880, 2011.

[205] Z. Fan, X. Duan, H. Cai et al., “Curcumin inhibits the inva-
sion of lung cancer cells by modulating the PKCα/Nox-2/
ROS/ATF-2/MMP-9 signaling pathway,” Oncology Reports,
vol. 34, no. 2, pp. 691–698, 2015.

[206] S. Banskota, S. C. Regmi, and J. A. Kim, “NOX1 to NOX2
switch deactivates AMPK and induces invasive phenotype
in colon cancer cells through overexpression of MMP-7,”
Molecular Cancer, vol. 14, no. 1, p. 123, 2015.

[207] A. Woodfin, M. Beyrau, M. B. Voisin et al., “ICAM-1-
expressing neutrophils exhibit enhanced effector functions
in murine models of endotoxemia,” Blood, vol. 127, no. 7,
pp. 898–907, 2016.

[208] J. Jiang, K. Wang, Y. Chen, H. Chen, E. C. Nice, and
C. Huang, “Redox regulation in tumor cell epithelial-
mesenchymal transition: molecular basis and therapeutic
strategy,” Signal Transduction and Targeted Therapy, vol. 2,
no. 1, p. 17036, 2017.

[209] A. Kirtonia, G. Sethi, and M. Garg, “The multifaceted role of
reactive oxygen species in tumorigenesis,” Cellular and
Molecular Life Sciences, vol. 77, no. 22, pp. 4459–4483,
2020.

[210] D. Ryu, J. H. Lee, and M. K. Kwak, “NRF2 level is negatively
correlated with TGF-β1-induced lung cancer motility and
migration via NOX4-ROS signaling,” Archives of Pharmacal
Research, vol. 43, no. 12, pp. 1297–1310, 2020.

[211] P. Zhang, H. Bai, G. Liu et al., “MicroRNA-33b, upregulated
by EF24, a curcumin analog, suppresses the epithelial-to-
mesenchymal transition (EMT) and migratory potential of
melanoma cells by targeting HMGA2,” Toxicology Letters,
vol. 234, no. 3, pp. 151–161, 2015.

[212] J. J. Serrano, B. Delgado, and M. A. Medina, “Control of
tumor angiogenesis and metastasis through modulation of
cell redox state,” Biochimica Et Biophysica Acta. Reviews on
Cancer, vol. 1873, no. 2, article 188352, 2020.

[213] T. Fukai and M. Ushio-Fukai, “Cross-talk between NADPH
oxidase and mitochondria: role in ROS signaling and angio-
genesis,” Cell, vol. 9, no. 8, p. 1849, 2020.

[214] Y. W. Kim and T. V. Byzova, “Oxidative stress in angiogene-
sis and vascular disease,” Blood, vol. 123, no. 5, pp. 625–631,
2014.

[215] M. P. Lisanti, U. E. Martinez-Outschoorn, Z. Lin et al.,
“Hydrogen peroxide fuels aging, inflammation, cancer
metabolism and metastasis: the seed and soil also needs "fer-
tilizer",” Cell Cycle, vol. 10, no. 15, pp. 2440–2449, 2011.

[216] Z. Guo and Z. Mo, “Keap1-Nrf2 signaling pathway in
angiogenesis and vascular diseases,” Journal of Tissue Engi-
neering and Regenerative Medicine, vol. 14, no. 6, pp. 869–
883, 2020.

[217] J. S. Clerkin, R. Naughton, C. Quiney, and T. G. Cotter,
“Mechanisms of ROS modulated cell survival during carcino-
genesis,” Cancer Letters, vol. 266, no. 1, pp. 30–36, 2008.

[218] K. Ito, A. Ota, T. Ono et al., “Inhibition of Nox1 induces apo-
ptosis by attenuating the AKT signaling pathway in oral
squamous cell carcinoma cell lines,” Oncology Reports,
vol. 36, no. 5, pp. 2991–2998, 2016.

[219] J. M. Lee and A. Bernstein, “Apoptosis, cancer and the p53
tumour suppressor gene,” Cancer Metastasis Reviews,
vol. 14, no. 2, pp. 149–161, 1995.

[220] M. Cordani, G. Butera, R. Pacchiana et al., “Mutant p53-
associated molecular mechanisms of ROS regulation in can-
cer cells,” Biomolecules, vol. 10, no. 3, p. 361, 2020.

[221] W. Yu, X. Zhang, J. Liu et al., “Cyclosporine A suppressed
glucose oxidase induced P53 mitochondrial translocation
and hepatic cell apoptosis through blocking mitochondrial
permeability transition,” International Journal of Biological
Sciences, vol. 12, no. 2, pp. 198–209, 2016.

[222] P. Bonini, S. Cicconi, A. Cardinale et al., “Oxidative stress
induces p53-mediated apoptosis in glia: p53 transcription-
independent way to die,” Journal of Neuroscience Research,
vol. 75, no. 1, pp. 83–95, 2004.

[223] X. Gao, X. Li, C. T. Ho et al., “Cocoa tea (Camellia ptilo-
phylla) induces mitochondria-dependent apoptosis in
HCT116 cells via ROS generation and PI3K/Akt signaling
pathway,” Food Research International, vol. 129, article
108854, 2020.

[224] M. A. Chetram, D. A. Bethea, V. A. Odero-Marah, A. S. Don-
Salu-Hewage, K. J. Jones, and C. V. Hinton, “ROS-mediated
activation of AKT induces apoptosis via pVHL in prostate
cancer cells,” Molecular and Cellular Biochemistry, vol. 376,
no. 1-2, pp. 63–71, 2013.

[225] Q. Cui, J. Q. Wang, Y. G. Assaraf et al., “Modulating ROS to
overcome multidrug resistance in cancer,” Drug Resistance
Updates, vol. 41, pp. 1–25, 2018.

[226] A. Singh, S. Venkannagari, K. H. Oh et al., “Small molecule
inhibitor of NRF2 selectively intervenes therapeutic resis-
tance in KEAP1-deficient NSCLC tumors,” ACS Chemical
Biology, vol. 11, no. 11, pp. 3214–3225, 2016.

[227] W. Ge, K. Zhao, X. Wang et al., “iASPP is an antioxidative
factor and drives cancer growth and drug resistance by com-
peting with Nrf2 for Keap1 binding,” Cancer Cell, vol. 32,
no. 5, pp. 561–573.e6, 2017.

[228] B. Chen, Z. Shen, D. Wu et al., “Glutathione Peroxidase 1
Promotes NSCLC Resistance to Cisplatin via ROS-
Induced Activation of PI3K/AKT Pathway,” BioMed
Research International, vol. 2019, Article ID 7640547, 12
pages, 2019.

[229] P. Xu, L. Jiang, Y. Yang et al., “PAQR4 promotes chemoresis-
tance in non-small cell lung cancer through inhibiting Nrf2

20 Oxidative Medicine and Cellular Longevity



protein degradation,” Theranostics, vol. 10, no. 8, pp. 3767–
3778, 2020.

[230] T. Liu, R. Wei, Y. Zhang, W. Chen, and H. Liu, “Associa-
tion between NF-κB expression and drug resistance of liver
cancer,” Oncology Letters, vol. 17, no. 1, pp. 1030–1034,
2018.

[231] R. Zhu, X. Xue, M. Shen et al., “NFκB and TNFα as individual
key molecules associated with the cisplatin- resistance and
radioresistance of lung cancer,” Experimental Cell Research,
vol. 374, no. 1, pp. 181–188, 2019.

[232] S. Dong, S. Liang, Z. Cheng et al., “ROS/PI3K/Akt and Wnt/
β-catenin signalings activate HIF-1α-induced metabolic
reprogramming to impart 5-fluorouracil resistance in colo-
rectal cancer,” Journal of Experimental & Clinical Cancer
Research, vol. 41, no. 1, p. 15, 2022.

[233] M. J. Lamberti, M. F. Pansa, R. E. Vera, M. E. Fernández-
Zapico, N. B. Rumie Vittar, and V. A. Rivarola, “Transcrip-
tional activation of HIF-1 by a ROS-ERK axis underlies the
resistance to photodynamic therapy,” PLoS One, vol. 12,
no. 5, article e177801, 2017.

[234] B. Ruffell and L. M. Coussens, “Macrophages and therapeutic
resistance in cancer,” Cancer Cell, vol. 27, no. 4, pp. 462–472,
2015.

[235] L. Cassetta and J. W. Pollard, “Targeting macrophages: ther-
apeutic approaches in cancer,” Nature Reviews. Drug Discov-
ery, vol. 17, no. 12, pp. 887–904, 2018.

[236] Q. J. Xuan, J. X. Wang, A. Nanding et al., “Tumor-associated
macrophages are correlated with tamoxifen resistance in the
postmenopausal breast cancer patients,” Pathology Oncology
Research, vol. 20, no. 3, pp. 619–624, 2014.

[237] D. Li, H. Ji, X. Niu et al., “Tumor-associated macrophages
secrete CC-chemokine ligand 2 and induce tamoxifen resis-
tance by activating PI3K/Akt/mTOR in breast cancer,” Can-
cer Science, vol. 111, no. 1, pp. 47–58, 2020.

[238] A. El-Kenawi, W. Dominguez-Viqueira, M. Liu et al., “Mac-
rophage-derived cholesterol contributes to therapeutic resis-
tance in prostate cancer,” Cancer Research, vol. 81, no. 21,
pp. 5477–5490, 2021.

[239] P. Kanlikilicer, R. Bayraktar, M. Denizli et al., “Exosomal
miRNA confers chemo resistance via targeting Cav1/p-gp/
M2-type macrophage axis in ovarian cancer,” eBioMedicine,
vol. 38, pp. 100–112, 2018.

[240] C. J. Halbrook, C. Pontious, I. Kovalenko et al., “Macrophage-
released pyrimidines inhibit gemcitabine therapy in pancreatic
cancer,” Cell Metabolism, vol. 29, no. 6, pp. 1390–1399.e6, 2019.

[241] L. Xia, P. Mo, W. Huang et al., “The TNF-α/ROS/HIF-1-
induced upregulation of FoxMI expression promotes HCC
proliferation and resistance to apoptosis,” Carcinogenesis,
vol. 33, no. 11, pp. 2250–2259, 2012.

[242] A. Parekh, S. Das, S. Parida et al., “Multi-nucleated cells
use ROS to induce breast cancer chemo-resistance
in vitro and in vivo,” Oncogene, vol. 37, no. 33,
pp. 4546–4561, 2018.

[243] H. Wang, C. Wen, S. Chen et al., “ROS/JNK/C-Jun pathway
is involved in chaetocin induced colorectal cancer cells apo-
ptosis and macrophage phagocytosis enhancement,” Fron-
tiers in Pharmacology, vol. 12, article 729367, 2021.

[244] X. Feng, Q. Luo, H. Zhang et al., “The role of NLRP3 inflam-
masome in 5-fluorouracil resistance of oral squamous cell
carcinoma,” Journal of Experimental & Clinical Cancer
Research, vol. 36, no. 1, p. 81, 2017.

[245] S. Zappavigna, A. M. Cossu, A. Grimaldi et al., “Anti-inflam-
matory drugs as anticancer agents,” International Journal of
Molecular Sciences, vol. 21, no. 7, p. 2605, 2020.

[246] J. Liu, Y. Sun, X. Liu et al., “Efficiency of different treatment
regimens combining anti-tumor and anti-inflammatory lipo-
somes for metastatic breast cancer,” AAPS PharmSciTech,
vol. 21, no. 7, p. 259, 2020.

[247] N. Joharatnam-Hogan, F. Cafferty, R. Hubner et al., “Aspi-
rin as an adjuvant treatment for cancer: feasibility results
from the Add- Aspirin randomised trial,” The Lancet Gas-
troenterology & Hepatology, vol. 4, no. 11, pp. 854–862,
2019.

[248] Y. Song, X. Zhong, P. Gao et al., “Aspirin and its potential
preventive role in cancer: an umbrella review,” Front Endocri-
nol (Lausanne), vol. 11, p. 3, 2020.

[249] J. H. Park, D. C. McMillan, P. G. Horgan, and C. S. Roxburgh,
“The impact of anti-inflammatory agents on the outcome of
patients with colorectal cancer,” Cancer Treatment Reviews,
vol. 40, no. 1, pp. 68–77, 2014.

[250] R. S. Mahboubi and A. Zarghi, “Selective COX-2 inhibitors as
anticancer agents: a patent review (2014-2018),” Expert Opin-
ion on Therapeutic Patents, vol. 29, no. 6, pp. 407–427, 2019.

[251] E. L. Barry, V. Fedirko, and J. A. Baron, “NSAIDs and colo-
rectal cancer phenotypes: what now?,” Journal of the National
Cancer Institute, vol. 111, no. 5, pp. 440-441, 2019.

[252] D. Wang and R. N. DuBois, “The role of anti-inflammatory
drugs in colorectal cancer,” Annual Review of Medicine,
vol. 64, no. 1, pp. 131–144, 2013.

[253] T. Diab, S. S. AlKafaas, T. I. Shalaby, and M. Hessien, “Dexa-
methasone simulates the anticancer effect of nano-
formulated paclitaxel in breast cancer cells,” Bioorganic
Chemistry, vol. 99, article 103792, 2020.

[254] S. Bertoli, M. Picard, E. Bérard et al., “Dexamethasone in
hyperleukocytic acute myeloid leukemia,” Haematologica,
vol. 103, no. 6, pp. 988–998, 2018.

[255] J. Kleif, A. Kirkegaard, J. Vilandt, and I. Gögenur, “Random-
ized clinical trial of preoperative dexamethasone on postop-
erative nausea and vomiting after laparoscopy for suspected
appendicitis,” The British Journal of Surgery, vol. 104, no. 4,
pp. 384–392, 2017.

[256] A. Ianaro, G. Cirino, and J. L. Wallace, “Hydrogen sulfide-
releasing anti-inflammatory drugs for chemoprevention and
treatment of cancer,” Pharmacological Research, vol. 111,
pp. 652–658, 2016.

[257] J. Hou, M. Karin, and B. Sun, “Targeting cancer-promoting
inflammation – have anti-inflammatory therapies come of
age?,” Nature Reviews Clinical Oncology, vol. 18, no. 5,
pp. 261–279, 2021.

[258] A. Umar, V. E. Steele, D. G. Menter, and E. T. Hawk, “Mech-
anisms of nonsteroidal anti-inflammatory drugs in cancer
prevention,” Seminars in Oncology, vol. 43, no. 1, pp. 65–77,
2016.

[259] V. S. Pelly, A. Moeini, L. M. Roelofsen et al., “Anti-inflamma-
tory drugs remodel the tumor immune environment to
enhance immune checkpoint blockade efficacy,” Cancer Dis-
covery, vol. 11, no. 10, pp. 2602–2619, 2021.

[260] W. C. Willett and B. MacMahon, “Diet and Cancer – An
Overview,” The New England Journal of Medicine, vol. 310,
no. 10, pp. 633–638, 1984.

[261] R. E. Wittes, “Vitamin C and cancer,” The New England Jour-
nal of Medicine, vol. 312, no. 3, pp. 178-179, 1985.

21Oxidative Medicine and Cellular Longevity



[262] “The effect of vitamin E and beta carotene on the incidence of
lung cancer and other cancers in male smokers,” The New
England Journal of Medicine, vol. 330, no. 15, pp. 1029–
1035, 1994.

[263] E. W. Flagg, R. J. Coates, and R. S. Greenberg, “Epidemiologic
studies of antioxidants and cancer in humans,” Journal of the
American College of Nutrition, vol. 14, no. 5, pp. 419–427,
1995.

[264] L. J. Machlin, “Critical assessment of the epidemiological data
concerning the impact of antioxidant nutrients on cancer and
cardiovascular disease,” Critical Reviews in Food Science and
Nutrition, vol. 35, no. 1-2, pp. 41–49, 1995.

[265] B. Halliwell, “The antioxidant paradox,” Lancet, vol. 355,
no. 9210, pp. 1179-1180, 2000.

[266] I. S. Harris and G. M. DeNicola, “The complex interplay
between antioxidants and ROS in cancer,” Trends in Cell Biol-
ogy, vol. 30, no. 6, pp. 440–451, 2020.

[267] R. K. Khurana, A. Jain, A. Jain, T. Sharma, B. Singh, and
P. Kesharwani, “Administration of antioxidants in cancer:
debate of the decade,” Drug Discovery Today, vol. 23, no. 4,
pp. 763–770, 2018.

[268] B. Poljsak and I. Milisav, “The role of antioxidants in cancer,
friends or foes?,” Current Pharmaceutical Design, vol. 24,
no. 44, pp. 5234–5244, 2018.

[269] G. L. Russo, I. Tedesco, C. Spagnuolo, andM. Russo, “Antiox-
idant polyphenols in cancer treatment: friend, foe or foil?,”
Seminars in Cancer Biology, vol. 46, pp. 1–13, 2017.

[270] A. B. Oyenihi and C. Smith, “Are polyphenol antioxidants at
the root of medicinal plant anti-cancer success?,” Journal of
Ethnopharmacology, vol. 229, pp. 54–72, 2019.

[271] A. Rauf, M. Imran, M. S. Butt, M. Nadeem, D. G. Peters, and
M. S. Mubarak, “Resveratrol as an anti-cancer agent: a
review,” Critical Reviews in Food Science and Nutrition,
vol. 58, no. 9, pp. 1428–1447, 2018.

[272] B. Ngo, J. M. Van Riper, L. C. Cantley, and J. Yun, “Targeting
cancer vulnerabilities with high-dose vitamin C,” Nature
Reviews Cancer, vol. 19, no. 5, pp. 271–282, 2019.

[273] J. Kaźmierczak-Barańska, K. Boguszewska, and B. T. Kar-
wowski, “Two faces of vitamin C-antioxidative and pro-
oxidative agent,” Nutrients, vol. 12, no. 5, p. 1501, 2020.

[274] A. Magrì, G. Germano, A. Lorenzato et al., “High-dose vita-
min C enhances cancer immunotherapy,” Science Transla-
tional Medicine, vol. 12, no. 532, 2020.

[275] T. Bedhiafi, V. P. Inchakalody, Q. Fernandes et al., “The
potential role of vitamin C in empowering cancer immuno-
therapy,” Biomedicine & Pharmacotherapy, vol. 146, article
112553, 2022.

[276] R. S. Rivlin, M. E. Shils, and P. Sherlock, “Nutrition and can-
cer,” The American Journal of Medicine, vol. 75, no. 5,
pp. 843–854, 1983.

[277] S. K. Saha, S. B. Lee, J. Won et al., “Correlation between oxi-
dative stress, nutrition, and cancer initiation,” International
Journal of Molecular Sciences, vol. 18, no. 7, p. 1544, 2017.

[278] Y. Xiong, C. Xiao, Z. Li, and X. Yang, “Engineering nanomed-
icine for glutathione depletion-augmented cancer therapy,”
Chemical Society Reviews, vol. 50, no. 10, pp. 6013–6041,
2021.

[279] C. Wiel, K. Le Gal, M. X. Ibrahim et al., “BACH1 stabilization
by antioxidants stimulates lung cancer metastasis,” Cell,
vol. 178, no. 2, pp. 330–345.e22, 2019.

[280] K. Le Gal, M. X. Ibrahim, C. Wiel et al., “Antioxidants can
increase melanomametastasis in mice,” Science Translational
Medicine, vol. 7, no. 308, p. 308r, 2015.

[281] F. F. Zhang, S. I. Barr, H. McNulty, D. Li, and J. B. Blumberg,
“Health effects of vitamin and mineral supplements,” BMJ,
vol. 369, article m2511, 2020.

[282] S. Narita, E. Saito, N. Sawada et al., “Dietary consumption of
antioxidant vitamins and subsequent lung cancer risk: the
Japan Public Health Center-based prospective study,” Inter-
national Journal of Cancer, vol. 142, no. 12, pp. 2441–2460,
2018.

[283] S. P. Fortmann, B. U. Burda, C. A. Senger, J. S. Lin, and E. P.
Whitlock, “Vitamin and mineral supplements in the primary
prevention of cardiovascular disease and cancer: an updated
systematic evidence review for the U.S. Preventive Services
Task Force,” Annals of Internal Medicine, vol. 159, no. 12,
pp. 824–834, 2013.

[284] D. M. Kopustinskiene, V. Jakstas, A. Savickas, and
J. Bernatoniene, “Flavonoids as anticancer agents,” Nutrients,
vol. 12, no. 2, p. 457, 2020.

[285] D. L. Hatfield, P. A. Tsuji, B. A. Carlson, and V. N. Gladyshev,
“Selenium and selenocysteine: roles in cancer, health, and
development,” Trends in Biochemical Sciences, vol. 39, no. 3,
pp. 112–120, 2014.

[286] M. Eggersdorfer and A. Wyss, “Carotenoids in human nutri-
tion and health,” Archives of Biochemistry and Biophysics,
vol. 652, pp. 18–26, 2018.

[287] L. F. de Sousa Moraes, X. Sun, M. D. Peluzio, and M. J. Zhu,
“Anthocyanins/anthocyanidins and colorectal cancer: what is
behind the scenes?,” Critical Reviews in Food Science and
Nutrition, vol. 59, no. 1, pp. 59–71, 2019.

[288] S. P. Felter, X. Zhang, and C. Thompson, “Butylated hydro-
xyanisole: carcinogenic food additive to be avoided or harm-
less antioxidant important to protect food supply?,”
Regulatory Toxicology and Pharmacology, vol. 121, article
104887, 2021.

22 Oxidative Medicine and Cellular Longevity


	Reactive Oxygen Species Bridge the Gap between Chronic Inflammation and Tumor Development
	1. Introduction
	2. Cross-Talk between Oxidative Stress and Inflammation Responses
	2.1. Redox Balance, ROS Signals, and Their Functions
	2.2. Inflammation Response and Regulatory Network
	2.3. Relationship between ROS Signals and Inflammation

	3. Changes in Redox and Inflammatory States during Neoplasia
	3.1. Redox Fluctuations and Their Functions in Tumors
	3.2. Role of Inflammatory Status Changes in Tumorigenesis

	4. ROS Play a Vital Role in Inflammation-Induced Cancer
	4.1. ROS Drives Inflammation-Induced Genomic Instability
	4.2. ROS Causes Hyperproliferation in Malignant Cells
	4.3. Inflammation and ROS Fuel Tumor Metastasis
	4.4. ROS Foster Tumor-Cell Survival and Therapy Resistance

	5. Antioxidants and Anti-inflammatory Agents in Tumor Therapy
	5.1. Anti-inflammatory Drugs for Cancer Prevention and Treatment
	5.2. Antioxidant Agents in Tumor Therapy: The Burning Question

	6. Conclusions
	Abbreviations
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

