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The role of ROS and RNS is a long-standing debate in cancer. Increasing the concentration of ROS reaching the toxic threshold can
be an effective strategy for the reduction of tumor cell viability. On the other hand, cancer cells, by maintaining intracellular ROS
concentration at an intermediate level called “mild oxidative stress,” promote the activation of signaling that favors tumor
progression by increasing cell viability and dangerous tumor phenotype. Many chemotherapeutic treatments induce cell death
by rising intracellular ROS concentration. The persistent drug stimulation leads tumor cells to simulate a process called
hormesis by which cancer cells exhibit a biphasic response to exposure to drugs used. After a first strong response to a low dose
of chemotherapeutic agent, cancer cells start to decrease the response even if high doses of drugs were used. In this framework,
β3-adrenoreceptors (β3-ARs) fit with an emerging antioxidant role in cancer. β3-ARs are involved in tumor proliferation,
angiogenesis, metastasis, and immune tolerance. Its inhibition, by the selective β3-ARs antagonist (SR59230A), leads cancer cells
to increase ROS concentration thus inducing cell death and to decrease NO levels thus inhibiting angiogenesis. In this review,
we report an overview on reactive oxygen biology in cancer cells focusing on β3-ARs as new players in the antioxidant pathway.

1. Reactive Oxygen Nitrogen Species

Reactive species or free radicals include reactive oxygen and
nitrogen species collectively and are termed reactive oxygen
nitrogen species (RONS).

Oxygen metabolism generates highly reactive molecules
called reactive oxygen species (ROS). ROS production results
in normal cellular metabolism. Free radical is defined as a
molecule with unpaired electron in the outer shell such as
superoxide anion (·O2

−) or hydroxyl radicals (·OH) and
nonradicals such as hydrogen peroxide (H2O2) [1]. Reac-
tive nitrogen species (RNS) is the subclass of RONS that
contain nitrogen compounds such as nitric oxide (·NO),
peroxynitrite (·ONOO), and nitrogen dioxide (NO2) [2].

1.1. Reactive Oxygen Species. Intracellular ROS are mainly
generated in the mitochondria through activation of redox
reactions catalyzed by specialized enzymes of electron
transporter chain (ETC) where small amounts of oxygen

are univalent and reduced into free radicals [3, 4], to pro-
duce cellular energy (adenosine triphosphate or ATP) [5]
(Figure 1). Reduction of nicotinamide adenine dinucleo-
tide (NADH) and flavin adenine dinucleotide (FADH2),
which work as electron carriers, transfers the electron
through the ETC. Subsequently, during oxidative phos-
phorylation, cytochrome c oxidase (COX or Complex
IV) acts as the final acceptor of these electrons and cata-
lyzed the tetravalent reduction of molecular oxygen (O2)
into water (H2O) [6]. During this process, there is a nonfully
efficient coupling between respiration and phosphorylation
leading to proton and electron leaks. Ubisemiquinone, a
component of Complex I in the mitochondria, represents
the main site of electron leak leading to the generation of
superoxide anions.

ROS could also be generated in response to growth fac-
tors, cytokines, or G protein-coupled receptor (GPCR) ago-
nists through the activation of transmembrane enzymes
called NADPH oxidase (nicotinamide adenine dinucleotide

https://orcid.org/0000-0003-0750-4706
https://orcid.org/0000-0001-7184-0734
https://orcid.org/0000-0002-7715-8207
https://orcid.org/0000-0003-1770-2423


phosphate oxidase or NOX) family existing in different
isoforms, widely distributed in different cell types [7]. Five
NOX proteins have been evidenced and two further
enzymes called Dual Oxidase (DUOX), containing a
peroxidase-like domain [8, 9]. NOX are composed of six
different subunits that interact to form an active enzyme
complex. NOX catalyzes the production of a superoxide
free radical by transferring one electron to oxygen from
nicotinamide adenine dinucleotide phospate oxidase
(NADPH). During this process, O2 is transported from
the extracellular space to the cell interior and H+ is
exported [10]. O2 has a short life, and it is dismutated fast
in H2O2 spontaneously or enzymatically by the superoxide
dismutase enzyme (SOD). Once generated, H2O2 preferen-
tially enters the cell through specific plasma membrane
aquaporin channels [11], activating different signaling.

At physiological condition, ROS have important roles
in normal cellular functions, regulating different intercellu-
lar signaling pathways such as fighting against infection,
facilitating normal maturation and fertilization in repro-
ductive systems [1, 4, 12–15]. Depending on their concen-
tration, ROS could trigger different intracellular pathways,
thus leading to the activation of survival mechanisms or to
the priming of the cell death program. ROS can reversibly
oxidize target molecules such as cysteine (Cys) residues of
phosphatases, increasing the level of protein phosphoryla-
tion. The oxidation of critical thiols is centrally involved
in the transmission of a redox signal initiated by a protein
modification of some amino acid side chains, such as Cys,
methionine (Met), proline (Pro), histidine (His), and tryp-
tophan (Trp) [16].

Redox homeostasis is maintained by the induction of a
cell signaling cascade that controls ROS production and
scavenging ability that efficiently maintain a stable concen-
tration [17]. ROS production higher than physiological
conditions induces temporary expression of many antioxi-
dant molecules [5]. If the ROS increase is quite small, the
antioxidant response can be able to balance the augmenta-
tion of ROS levels and restore the equilibrium between ROS
production and scavenging ability. On the other hand, per-

sistent cellular high ROS levels can lead to pathological
conditions such as diabetes, neurodegenerative disorder,
and cancer onset [18]. The first defense of endogenous neu-
tralization of ROS is represented by enzymes such as SOD,
catalase (CAT), and glutathione peroxidase (GPx). The
nonenzymatic protection consists of different compounds
such as glutathione (GSH), vitamin A, vitamin C, vitamin
E, zinc, and selenium [19]. Among the enzymatic antioxi-
dants, SODs convert ·O2

− to less reactive H2O2, CAT
reduces H2O2 to H2O and O2, and GPx eliminates H2O2
using reducing power derived from GSH. Other important
defensive mechanisms and mediators of redox signaling
are represented by the peroxiredoxin (Prx), the thioredoxin
(Trx), and the glutathione/glutaredoxin systems (GSH/Grx)
[20–27]. Many cytoprotective enzymes, in response to reac-
tive chemical stress, are regulated primarily at the tran-
scriptional level. This transcriptional response is mediated
by elements termed ARE (antioxidant response elements),
initially found in the promoters of genes encoding the two
major detoxification enzymes, glutathione S-transferase A2
(GSTA2) and NADPH quinone oxidoreductase-1 (NQO1).
ARE binding increases the synthesis of many ARE-
dependent antioxidant enzymes in different cells, such as glu-
tathione reductase (GR), GPx, glutaredoxin (Grx), thiore-
doxin reductase (TrxR), heme oxygenase-1 (HO-1), and
peroxiredoxin 1 (Prx-1).

The intracellular antioxidant defense in response to
elevation of ROS content is regulated also by the nuclear
factor erythroid 2-related factor 2 (Nrf2)/Kelch-like ECH-
associated protein 1 (Keap1) pathway [28]. Keap1 is a
cytosolic protein rich in cysteine residues that inhibits
Nrf2 function through its binding, if cysteine residues are
oxidized as a consequence of a change in the electrophilic
balance Nrf2 is released and activated. In this active form,
Nrf2 translocates into the nucleus and binds ARE located
within the gene regulatory regions thereby regulating the
expression of many target genes [29]. The GSH system
and Prx-1 are two mechanisms whose expression is acti-
vated by Nrf2. Prxs are a highly conserved family of per-
oxidases that reduce peroxides, with a conserved cysteine
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Figure 1: Schematic representation of ROS species within a cell.
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residue, serving as the site of oxidation by peroxides. The
peroxidase activity of Prx towards hydroperoxides and
peroxynitrite, produced as a result of normal cellular metab-
olism in the cytosol, is critical to protect cellular components
from oxidative damage [30].

HO are enzymes involved in heme catabolism; in
humans, three isoforms of heme oxygenase are known.
HO-1 is a stress-induced isoform present throughout the
body with the highest concentrations in the spleen, liver,
and kidneys and catalyzes the reduction of heme to biliver-
din (BV), carbon monoxide, and ferrous ions in the presence
of NADPH and oxygen. Biliverdin is subsequently converted
to bilirubin (BR) by biliverdin reductase (BVR). Both BV
and BR function as ROS scavengers. HO-1 expression is
induced by oxidative stress and plays several roles in oxida-
tive balance; in particular related to vasculature and diabetes
[31], indeed, HO-1 knockout mice exhibit high susceptibility
to hypertension [32].

1.2. Nitric Oxide. NO is a labile molecule involved in various
physiological functions including vasodilatation and control
of blood pressure [33], neurotransmission [34], immune
response [35], and smooth muscle relaxation [36]. NO is pro-
duced from the metabolism of the amino acid L-arginine by
nitric oxide synthases (NOS). There are three different NOS
isoforms that differ in localization, regulation, and catalytic
properties. Neuronal NOS (nNOS or type I NOS) and endo-
thelial NOS (eNOS or type III NOS) are constitutively
expressed (cNOS), while the other isoform is inducible and
thus termed inducible NOS (iNOS) [33]. All NOS enzymes
are homodimers. Each monomer contains a C-terminal
reductase domain (NOSred) that binds NADPH, flavin ade-
nine dinucleotide (FAD), and flavin mononucleotide
(FMN) and a N-terminal oxygenase domain (NOSoxy) that
contains the binding site for the cofactors cytochrome P-
450-type heme and (6R-)5,6,7,8-tetrahydrobiopterin (BH4)
and for the substrate L-arginine. NOS contain a zinc tetra-
thiolate cluster which consists in a zinc ion coordinated to
two Cys residues in a CysXXXXCys motif, involved in BH4
and L-arginine binding to facilitate NOS dimerization. Bind-
ing of NADPH to the NOSred domain induces the electron
transfer from NADPH to the heme-containing oxygenase
domain, via reduction of FAD and FMN, with lower capacity
to reduce O2 to O2

-. The binding between Ca2+ and calmod-
ulin (CaM) induces a conformational change of the FMN
subdomain in proximity of the heme-containing oxygenase
domain, and the electron transfers from FMN to the heme
of the opposite monomer, thus explaining why monomeric
NOS enzymes are inactive. The oxygenase domain can also
bind to BH4 and L-arginine which stabilize the dimeric form
of NOS though the heme domain coupling and promote the
efficient O2 reduction and NO production. NOS synthesize
NO by two different oxidation steps. In the first step, NOS
oxidize L-arginine to Nω-hydroxy-L-arginine (L-NOHA),
and in the second step, the enzyme oxidizes L-NOHA to L-
citrulline and NO. BH4 provides the stabilization of the
charge by the recruitment of an electron from the heme iron
with subsequent release of NO out of the active site. nNOS
and eNOS can be activated by Ca2+ and CaM to generate

and release a small amount of NO. iNOS, by contrast, is pri-
marily regulated at the transcriptional level, and it is only
induced when the cell is stimulated by immunological signals
such as proinflammatory cytokines (i.e., tumor necrosis fac-
tor-α, interleukin-1β, and interferon-γ), bacterial lipopoly-
saccharide (LPS), or infection, generating a larger amount
of NO to contrast pathogen invasion. nNOS is mostly local-
ized in specific neurons of the central nervous system and
has been implicated in synaptic plasticity, learning, memory,
and neurogenesis. Besides brain tissues, nNOS has been
found in the spinal cord, skeletal and cardiac myocytes, pan-
creatic islet cells, sympathetic ganglia and adrenal glands,
parasympathetic ganglia, kidney macula densa cells, periph-
eral nitrergic nerves, and epithelial cells [37]. In the periph-
eral nervous system (PNS), NO acts as a neurotransmitter
decreasing the tone of various types of smooth muscle
including corpus cavernosum [38] and blood vessels [39].
Nevertheless, abnormal NO production, due to an overex-
pression or dysregulation of nNOS, leads to toxic effects that
are associated with some human diseases such as septic
shock, cardiac dysfunction, diabetes, and cancer [40]. eNOS
is primarily expressed not only in endothelial cells [41] but
also in platelets, cardiac myocytes, and neurons [39]. NO
generated by eNOS is responsible to regulate cellular pro-
cesses including vasodilation [42, 43] and inhibition of plate-
let aggregation and adhesion [44–46], control of vascular
smooth muscle proliferation [47], angiogenesis [48, 49], acti-
vation of endothelial progenitor cells [50, 51], and inhibition
of leucocyte adhesion and vascular inflammation [52, 53].
Besides Ca2+-CaM-mediated activation, eNOS can interact
with several other proteins like heat shock protein 90
(Hsp90) and caveolar coat protein caveolin-1 (Cav-1) which
activate and repress the enzyme activity respectively [54–56].
Moreover, eNOS can be activated and regulated by phos-
phorylation on serine (Ser) residues and, to a lesser degree,
on tyrosine (Tyr) and threonine (Thr) residues. Phosphor-
ylation of Ser1177 and dephosphorylation of Thr495 stim-
ulate the increase of the intracellular concentration of
Ca2+, resulting in eNOS activation [41, 57, 58], while Tyr
phosphorylation is associated with a decrease in catalytic
activity [55]. In particular, the involvement of Thr495-
dephosphorylation in the uncoupling of eNOS has been
reported and is due to an increase in ROS production
and oxidative stress that lead to several human pathology
such as atherosclerosis, ischemia, diabetes, and hypertension
[57, 59]. ROS production in oxidative stress leads to the pro-
duction of O2

− instead of NO with oxidation of BH4 [60, 61],
depletion of L-arginine [62, 63], and S-glutathionylation of
eNOS [64], resulting in NO reduction and increase of oxida-
tive stress. iNOS is mostly expressed in macrophages to pro-
tect against pathogens; thus, it is critical for the inflammatory
response and the innate immune system, but iNOS is also
expressed potentially in any cells or tissues following stimula-
tion [65]. The binding of NO to the iron in the catalytic sites
of the enzymes and the interference with the DNA of target
cells lead to the inhibition of enzymes involved in the princi-
pal physiological functions (i.e., citric acid cycle, DNA repli-
cation, and ETC) [66] and DNA fragmentation respectively
[67, 68]. In addition to eNOS, iNOS activity can be
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modulated by mutations in amino acid residues. Arg375
mutation of BH4 in the NOSoxy domain and Phe831 and
Leu832 in the NOSred domain result in the decrease of iNOS
activity [69, 70]. Higher levels of NO produced by iNOS of
macrophages can lead to cellular and tissue damage and sep-
tic shock which is characterized by vasodilatation, microvas-
cular damage, and hypertension [71]. Recently, the presence
of a mitochondrial NOS (mtNOS) has been evidenced, and it
seems to be involved in the regulation of mitochondria and
cellular functions in various type of tissues [72]. Mitochon-
dria can produce and consume NO which stimulates
mitochondrial biogenesis, through cGMP upregulation of
transcriptional factors. In particular, NO inhibits mitochon-
drial respiration by binding the binuclear center of cyto-
chrome c oxidoreductase (Complex III), leading to the
inhibition of the enzyme activity with consequent inhibition
of electron transfer and increase in O2

− production [73, 74].

2. ROS and Cancer

Increased levels of ROS have long been associated with dif-
ferent types of cancer, where they play a central role in can-
cer onset and progression [75]. Cancer cells maintain ROS
level lightly higher than physiologic control, activating
pathways that lead to cancer progression and metastases,
and this state is called “mild oxidative” stress. The damages
derived from oxidative stress include genome instability
and consequently the increase of oncogenic mutations, loss
of tumor suppressors, and changes in cancer cell metabo-
lism [76]. At an advanced stage, cancer cell ROS-derived
mutations lead to additional ROS generation by further
supporting cancer progression. A hypoxic microenviron-
ment has been described to play a central role in the
increase of ROS in tumor, through the activation of the
hypoxia-inducible factor 1 alpha (HIF-1α) and its target
genes. In cancer cells, hypoxia leads to the activation of dif-
ferent genes that control cellular growth, survival, and pro-
liferation. The increased rate of ROS production during
cancer is mainly caused by a high metabolic rate in
mitochondria, endoplasmic reticulum, and cell membrane.
Hypoxia and metabolic changes lead to respiratory and
mitochondria dysfunctions by impairing ETC, lowering
coupling efficiency, and increasing electron leakage [18].
To maintain high energy levels, cancer cells switch their
metabolism, enhancing glycolytic rate and lactic acid fer-
mentation even in the presence of oxygen, thus increasing
mitochondrial ROS production. During hypoxic exposure,
many growth factors and cytokines are produced and the
activation of the relative pathways leads to the upregulation
of NOX and consequent increase of ROS, thus affecting
survival pathways such as the PI3K/Akt, RAF/ME-
K/ERK1/2, and JAK/STAT pathways downstream of both
growth factor stimulation and oncogene activity [77]. Vas-
cular endothelial growth factor (VEGF), under hypoxia,
activates NOX and mediates ROS production leading to
amplification of pathways involved in endothelial cell pro-
liferation and angiogenesis [78]. An upregulated expression
of NOX proteins has been evidenced in many cancer cell
types. [79]. ROS produced in transformed cells allow cancer

cells to activate c-Myc oncogene [80], leading to cancer pro-
gression and metastasis. To prevent the increase of ROS
and maintain redox balance, cancer cells increase their anti-
oxidant ability; in this way, cancer cells maintain ROS at a
mild level thus enhancing protumorigenic signaling path-
ways without inducing cancer cell death. Compared with
normal cells, cancer cells have an altered redox environ-
ment, with a high rate of ROS production counter balanced
by a high rate of ROS scavenging [81]. A recent evidence
suggests that modifying the levels of ROS by the action of
antioxidants or prooxidants could modulate tumor growth.
A mild concentration of ROS yields cancer cells vulnerable
to further ROS increase strongly dependent on their antiox-
idant defenses. On the other hand, exacerbate oxidative
stress leads to cell apoptosis by direct or indirect ROS-
mediated damage of proteins, lipids, and nucleic acids.
Antioxidants are the first response of cells to neutralize
ROS and survive. Many enzymes including CAT, SOD,
GPx, and ETC enzymes are responsible for the transforma-
tion of free radicals into more stable and less damaging
molecules. Many nonenzymatic antioxidants work as a
ROS scavenger in cancer cells such as β-carotene and vita-
mins A, E, and C [82]. In addition, redox-sensitive tran-
scription factors, including Nrf2 and HIF-1α, could also
be activated to improve the action of antioxidants as well
as to trigger the elevation of cell survival molecules such
as the antiapoptotic protein Bcl-2 (B-cell lymphoma 2)
and AKT (protein kinase B or PKB) [25]; the adaptive
mechanism established by cancer cells in ROS response
activates resistance to different cancer treatments. It has
been reported that the increased antioxidant pathways
driven by Nrf2 are involved in cancer progression [83–
85]. However, the role of ROS in cancer is not one-sided.
Notably, antioxidant enzyme-deficient cancer cells have less
ability to form tumors in experimental mouse models. It
has been reported that continuous antioxidant enzyme
activity maintains metabolic activity and anchorage-
independent growth in breast cancer cells. Thus, inhibiting
antioxidant enzyme activity may be an effective strategy to
enhance susceptibility to cell death in cancer cells [86].
CAT expression is modified in cancer cell lines that become
resistant to chronic exposures to H2O2 [87, 88] or to certain
chemotherapeutic agents such as doxorubicin [89–92].
Although mechanisms controlling CAT expression have
been partially elucidated, the decreased CAT expression in
cancer cells still remains an unanswered question. Chemo-
therapeutic agents lead to an exuberant increase of ROS
content leading to induction of cellular damage and apo-
ptosis of cancer cells by evoking toxicity. Depending on
the tumor type, this goal can be reached by chemotherapy
or radiation therapy [93]. Alkylating agent (alkyl sulfonates,
ethyleneamines, and hydrazines), anthracyclines (doxorubi-
cin and doxorubicin), platinum coordination complexes
(cisplatin, carboplatin), podophyllin derivatives (etopo-
sides), and camptothecins (irinotecan, topotecan) increase
free radical production [94–97]. Many cytoprotective
enzymes, in response to reactive chemical stress, are regu-
lated primarily at the transcriptional level. This transcrip-
tional response is mediated by ARE that control the

4 Oxidative Medicine and Cellular Longevity



expression of two major detoxification enzyme genes,
GSTA2 and NQO1. Many cancer cells become resistant to
chemotherapeutic agents by activating antioxidant
response. This phenomenon is similar to hormesis, a pro-
cess in which exposure to a low dose of a chemical agent
is damaging at higher doses, induces an adaptive beneficial
effect on the cell following an initial disruption in homeo-
stasis [98].

3. NO and Cancer

Besides the signaling role in the neuronal, cardiovascular,
and immune systems, NO is also involved in the pathogene-
sis and progression of different cancer types. A dual role of
NO in cancer, depending on its localization and concentra-
tion, has been reported. At low concentration, NOmodulates
angiogenesis, cell cycle progression, apoptosis, invasion, and
metastasis, while at higher levels, it acts as an antioncogenic
agent promoting DNA damage, cytotoxic effects, oxidative
stress, and apoptosis [99, 100]. The continuous production
of NO by iNOS, is regulated by the tumor suppressor gene
p53, which inhibits the enzyme through a negative feedback
mechanism that is involved in cancer progression [99]. Sev-
eral studies report the implication of iNOS in cancer. iNOS
overexpression in prostate cancer cells and thyroid cancer
demonstrates an anticancer effect due to cell death induction
[101] and the inhibition of tumorigenesis [102], while in gas-
tric cancers, hepatocellular carcinoma, melanoma, leukemia,
and osteosarcoma, iNOS expression correlates with tumor
progression and with the degree of malignancy [103]. Never-
theless, lower iNOS expression has been reported to promote
pancreas cancerogenesis and liver metastasis [104]. NO can
cause DNA damage by three different mechanisms: (i) inhi-
bition of the DNA repair enzyme; (ii) direct DNA modifica-
tions, causing base deamination, nitration, and oxidation
[105]; and (iii) formation of mutagenic species [106]. In par-
ticular, the inhibitory effect of NO on DNA repair represents
the principal mechanism of inflammation in cancer [107].
The role of NO in angiogenesis is well-established, a critical
event that promotes neovascularization and subsequently cell
proliferation and tumor progression. NO stimulates the
mediators of angiogenesis such as epidermal growth factor
receptor (EGFR) [108], VEGF [109], and cyclooxygenase-2
(COX-2) signaling pathways that stimulate the synthesis of
proangiogenic factors [110]. However, VEGF can stimulate
eNOS itself by the activation of tyrosine kinase and protein
kinase C (PKC) signaling [111], promoting angiogenesis in
various cancer types [112, 113]. Moreover, ROS and RNS
production during inflammation can cause DNA damage
ad mutations that lead to cancerogenesis [114]. NO has been
shown to play important role in modulating apoptosis
through posttranslational modification, with proapoptotic
or antiapoptotic effects, depending on NO concentration
and the types of cells that are involved [115]. In general,
lower concentration of NO can protect from apoptosis,
while high concentration induces apoptosis [116]. The
principal antiapoptotic effects exerted by NO in the mito-
chondrion are the inhibition of caspase-3 expression [117].
S-Nitrosylation of the Cys in the catalytic site of caspase-3

prevents the cleavage of the procaspase-3 to activated cas-
pase-3, occluding the release of cytochrome c, resulting in
apoptosis inhibition [118]. Conversely, S-nitrosylation on
the heme iron of cytochrome c released in the cytosol induces
caspase-3 activation and apoptosis [119]. NO secreted by
iNOS activation induces Fas/CD95-tyrosine nitration (death
receptor), preventing CD95-tyrosine phosphorylation lead-
ing to an antiapoptotic effect [120]. It has been reported that
NO participates in cancer progression and invasion by
inducing epithelial-to-mesenchymal transition (EMT). NO
mediates the upregulation of E-cadherin expression, a cell
adhesion molecule expressed in the early stage of EMT
[121], and impairs the expression of matrix metalloprotein-
ase 2 and matrix metalloproteinase 9 (MMP-2 and MMP-
9) which have a central role in the remodeling of extracellular
matrix and invasion [122]. Recently, NO has been reported
to have a pivotal role in the immune system acting like an
immunosuppressive messenger in the tumor microenviron-
ment. NO may induce immunosuppression by decreasing T
cell-mediated antitumoral responses [123, 124], promoting
the recruitment and activation of myeloid-derived suppres-
sor cells (MDSCs) [125] and inducing the acquisition of stem
features by cancer cells as a mechanism to escape from the
immune system [126].

4. β-Adrenergic Receptors

β-Adrenergic receptors (β-ARs) play an important role in a
wide range of physiological responses mediated by catechol-
amines: adrenaline (A) and noradrenaline (NA). β-ARs
belong to the GPCR family which consists of 7-membrane-
spanning α-helical segments and an intracellular heterotri-
meric G-protein complex (Gαβγ). The receptor molecule also
includes an extracellular N-terminal domain and a cytosolic
C-terminal tail, which contains phosphorylation sites for
GPCR kinases. Ligand binding induces a conformational
change in the receptor that allows the intracellular part of
the receptor to couple with a G-protein leading to the
exchange of guanosine diphosphate (GDP) with guanosine
triphosphate (GTP) and dissociation of the G-proteins into
active Gβγ and Gα subunits. The downstream effects of
GPCR activation are determined by the type of Gα subunit
(Gα.S, Gα.I, Gα.q, and Gα.12) that is coupled to the receptor.
There are three subtypes of β-ARs: β1-ARs, β2-ARs, and
β3-ARs. β1-ARs are found primarily in the striatum car-
diac muscle, juxtaglomerular apparatus, and adipocytes.
β1-ARs activation lead to positive cardiac ionotropic and
chronotropic effect antagonist, increasing heart rate and con-
tractility, while in the kidneys, juxtaglomerular cells and adi-
pocytes stimulate renin secretion and lipolysis respectively
[127]. β2-ARs show a greater binding affinity to noradrena-
line instead of adrenaline. β2-ARs are present on the gastro-
intestinal and bronchial smooth muscle cells, skeletal muscle
cells, and liver. Activation of β2-ARs causes bronchodilation
and general muscle relaxation, redirecting blood flow and
mobilizing energy stores [128]. In addition, β2-ARs are
expressed in multiple immune and nonimmune cells with a
role in immunoregulation and immune response [129, 130].
β2-ARs activation is also associated with cancerogenesis
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[131–134] and EMT in melanoma, breast cancer, gastric
cancer, prostate cancer, and colorectal adenocarcinoma
[135–137]. β3-ARs are located primarily in the small
intestine, adipose tissue (both brown and white), and vas-
cular endothelium [138].

4.1. β3-Adrenergic Receptors. Since their discovery in 1989
[139], it seemed clear that β3-ARs have important physiolog-
ical implication, including modulation of metabolism
through the regulation of the adrenergic β-oxidation of fatty
acids in adipocytes [140], vasodilation and relaxation to car-
diac contractility [141], and relaxation of the smooth muscle
cells of the detrusor muscle in the urinary bladder [142]. β3-
ARs differ from β1- and β2-ARs for molecular structure and
pharmacological profile, and this leads to support differential
intracellular signaling. In fact, the serine (Ser) and threonine
(Thr) residues at the C-terminus region in β1- and β2-ARs
that are subjected to GPCR kinase- (GRK-) mediated regula-
tion through phosphorylation and the consensus sequence
for protein kinase A (PKA) are absent in β3-ARs [143].
Recently, several studies have reported that β3-ARs effects
are either similar or opposite to β1- and β2-ARs stimulation
due to the type of Gα subunits they are coupled to. In the
brown adipose tissue (BAT), β3-ARs can activate Gαs (activa-
tor subunit) signaling [144] promoting lipolysis and thermo-
genesis by activation of the mitochondrial uncoupling
protein 1 (UCP1) which uncoupled mitochondrial oxidative
phosphorylation leading to a proton conductance pathway
across the inner membrane and increasing the energy utiliza-
tion [145]. Otherwise, in the ventricular myocardium, β3-
ARs are coupled with Gαi (inhibitory subunit) proteins
[146] which increases NO production through activation of
eNOS leading to inhibition of cardiac contraction unlike
β1- and β2-ARs [147]. High β3-ARs expression was also
found in retinal diseases like retinopathy of prematurity
(ROP) [148]. Hypoxia induces an increased release of NA
and upregulation and activation of β3-ARs which promotes
migration, invasion, and proliferation of human retinal cells
[149], suggesting that the β3-ARs agonism induces prolifera-
tion of vessels in retinopathies through NO production and
the accumulation of cyclic GMP (cGMP), which increases
the release of VEGF [150]. Ischemic and hypoxic condition
is also present in the tumor microenvironment and deter-
mines the release of NA from the sympathetic nervous sys-
tem (SNS). As a result, the β3-ARs expressed by tumor cells
and endothelial cells are activated, increasing the production
of NO, which in turn modulates the release of VEGF, leading
to final effects such as vasodilation, angiogenesis, inflamma-
tion, and metastasis [151].

Moreover, β3-ARs activation mediates relaxation of the
smooth muscle of urinary bladder [142] and affects the
function of the urothelium [152]. There are several reports
that show two different mechanisms of β3-ARs activation.
The first consists in the activation of adenylyl cyclase
(AC) with the subsequent formation of cyclic adenosine
monophosphate (cAMP) with a small involvement of this
pathway in bladder relaxation. Supporting evidences
showed that β3-ARs can also stimulate large conductance
Ca2+-activated K+ (BKCa) channels in bladders, and this

second mechanism is well established and can mediate
relaxation of detrusor smooth muscle [153]. In the last
few years, Mirabegron, the first β3-ARs agonist, has been
developed. Mirabegron has been approved for its pro-
nounced effect on reducing the bladder tone and the detru-
sor muscle in vitro in the OAB syndrome [154].

4.2. β3-Adrenergic Receptors and Cancer. The relationship
between β-ARs and cancer initiation and progression,
including inflammation, angiogenesis, cell motility and traf-
ficking, apoptosis/anoikis, cellular immune response, and
EMT, has been well established. Over the years, several stud-
ies showed the overexpression of β-ARs across multiple can-
cer types and the clinical efficacy of pharmacological
inhibition of the β-ARs with beta blockers as anticancer
agents, supporting the evidence that β-blockers contribute
to improve survival and decrease tumor proliferation and
progression in multiple cancer types [155–158]. β1- and
β2-ARs are expressed higher in non-small-cell lung cancer
[159, 160], pancreatic cancer [161, 162], breast cancer [163,
164], ovarian carcinoma [165, 166], colorectal carcinoma
[167], prostate cancer [168], and melanoma [169], while
β3-ARs are detected in colon and breast cancer [155, 170],
vascular tumors [171], human leukemia cells [172] and at
very highly levels in melanoma [173]. In the last few years,
numerous reports elucidated the involvement of β3-ARs in
melanoma initiation and progression and the potential role
of β3-ARs blocking to contrast tumor cells proliferation. In
particular, it has been reported that the treatment with the
specific β3-ARs antagonist SR59230A is effective in reducing
melanoma angiogenesis and growth and in inducing apopto-
sis [174]. Besides the key role of β3-ARs in melanoma cancer
cells, these receptors are also expressed in the melanoma
microenviroment, such as cancer-associated fibroblast
(CAF), endothelial cells, and macrophages, promoting secre-
tion of proinflammatoy cytokines and de novo angiogenesis
[173]. Calvani et al. also showed that β3-ARs are able to pro-
mote metabolic switch towards aerobic glycolysis by the
induction of mitochondrial uncoupling protein 2 (UCP2),
leading to proliferation of melanoma cells [175]. Recently,
there has been a new role of β3-ARs reported in the regula-
tion of melanoma immune-tolerance by increasing the num-
ber of cytotoxic immune cells, such as natural killer (NK) and
CD8 T (CD8) cells, and by decreasing MDSC and regulatory
T cells (T-reg) subpopulations [176]. Moreover, the protu-
moral role exerted by the β3-ARs has been recently con-
firmed in neuroblastoma (NB). In particular, β3-ARs
blockade is able to switch from stemness features to a neuro-
nal differentiation phenotype in NB cells, leading to a strong
tumor growth reduction [177] (Figure 2).

5. Antioxidant Effects of the β3-ARs

The role of β3-ARs as antioxidants (Figure 2) has recently
been evidenced in different studies. In the work of Yoshioka
et al. [178], researchers showed that treatment of human
astrocytoma U-251 MG cells with NA leads to an increase
in the intracellular GSH concentration by inducing GCLc
(Glutamate-Cysteine Ligase Catalytic Subunit) protein. In
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astrocytes, GSH synthesis is essential for the protection of
neurons from oxidative damage induced by ROS. GSH acts
either as an antioxidant by scavenging ROS species or as a
cofactor for GPx that detoxifies a wide range of hydroperox-
ides. Results of the study suggested also that the NA-induced
increase in GSH occurs through the stimulation of β3-ARs
coupled to Gi/o-protein but not to Gs-protein. In another
study, Hadi et al. [179] demonstrated the dual antioxidant
capacity of β3-ARs: on the one hand, they reduce ROS pro-
duction by direct inhibition of NOX; on the other hand, they
specifically induce the expression of CAT, a major H2O2
scavenger. Therefore, they observed that β3-ARs stimulation
has no effect on the expression of SOD-1 that would lead to
H2O2 formation and its signaling, but rather it induces
CAT expression. All the antioxidant effects mediated by
β3-ARs depended on the activation of the transcription fac-
tor PPARγ (Peroxisome Proliferator-Activated Receptor
Gamma). Finally, they also confirmed a previously estab-
lished link between ROS production and inflammatory
induction: the authors observed that β3-ARs stimulation
blocks the ROS-dependent NFκB (nuclear factor kappa-
light-chain-enhancer of activated B cell) pathway.

In a recent work, Calvani et al. [175] showed that β3-ARs
are also expressed on the mitochondria of embryonic stem
cells (ESC) and cancer stem cells (CSC), where their stim-
ulation with the β3-ARs agonist BRL37344 induces an
accelerated aerobic glycolysis (Warburg effect). This β3-
AR-induced Warburg effect involves also UCP2, whose
expression is inhibited by SR59230A that is implicated in
mitochondrial ROS (mtROS) content modulation. The
authors showed that SR59230A and Genipin (GN), a specific
UCP2 inhibitor, increased mtROS content in both CSC and
ESC treated with BRL37344, with a major increase in CSC.
The relationship between ROS production and UCPs activity
was revealed in 1997 from experiments where guanosine

diphosphate (GDP), an UCP1 inhibitor, caused an increase
of Δψ and ROS production [180], and later, it was demon-
strated that superoxide directly activates UCPs resulting in
a negative feedback controlling both ROS production and
their levels [181]. Calvani et al. also showed, through func-
tional analysis, that β3-ARs blockade in isolated mitochon-
dria is able to decrease ATP production and to increase
mtROS levels. These results confirm data already present in
literature, where β3-ARs and UCP2 are indicated to have a
strong antioxidant role [179, 182]. Moreover, these results
clearly suggest that the β3-ARs/UCP2 axis promotes mito-
chondrial dormancy by inhibiting ATP production and
mtROS content and leading both cell lines to increase aerobic
glycolysis. In addition, β3-ARs antagonism promotes mito-
chondrial reactivation by inhibiting UCP2 activity and by
increasing mtROS content. Thus, there is accumulating evi-
dence supporting a direct link between mitochondria, oxida-
tive stress, and cell death.

In another study, Pasha et al. [183] evaluated the effects
of the treatment with Apigenin (a nutraceutical antioxidant)
on cell lines derived from Ewing Sarcoma (ES). The authors
observed that Apigenin induces partial ES cell death by
inducing the activation of the apoptotic pathway without
increasing mitochondrial ROS production that on the other
hand is evidenced by administration of SR59230A. Apigenin
inhibits the expression of antioxidant proteins such as super-
oxide dismutase 2 (SOD-2), CAT, Trx, sirtuin-1 (SIRT1),
thioredoxin interacting protein (TXNIP), glutathione S-
transferase Mu4 (GSTM4), and Nrf2 but increases the level
of UCP2 and GSH which on the contrary are strongly inhib-
ited by β3-ARs antagonism. The β3-ARs activity as antioxi-
dants could be mediated by UCP2 protein expression that
could control the redox homeostasis in ES cells. The redox
homeostasis of cells is balanced by ROS generation and
ROS quenching capacity. The disruption of UCP2 signaling
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Figure 2: Schematic representation of β3-AR stimulation pathway and antioxidant function.
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together with the inhibition of β3-ARs activity causes an
imbalanced elevation of ROS production within the cellular
microenvironment that can lead to excessive oxidative stress
resulting in massive cell death. Even if Apigenin inhibits anti-
oxidant proteins, it works as the β3-ARs agonist, by avoiding
the increase of mitochondrial ROS useful to achieve a mas-
sive cell death in ES cells; in this regard, administration of
SR59230A improves the Apigenin effect on cell death.

β-Adrenergic signaling seems also to have a prominent
role among the factors that may modulate the NO pathway
and therefore affect tumor growth. NO contributes to tumor
growth and metastasis by promoting migratory, invasive,
and angiogenic properties of cancer cells in the majority of
human tumors [184]. Different works have associated
reduced NO levels with decreased growth of melanoma cells,
while increased NO levels promote melanoma growth [185,
186]. Studies on melanoma cells suggest that NO derived
from iNOS may stimulate proliferation as well as promote
resistance to apoptosis [187] and reported a remarkable anti-
tumor activity of iNOS inhibition that reduced melanoma
growth and sensitize melanoma cells to chemotherapeutic
agents [188]. In 2013, Dal Monte et al. hypothesized the
involvement of iNOS in the antitumoral effects exerted by
β3-ARs blockade in melanoma cells [174], and in a subse-
quent study, they confirm that the inhibitory effects of β3-
ARs blockade on melanoma growth are mainly mediated
by reduction of iNOS expression, resulting in a decreased
activity in the NO pathway. β3-ARs blockade inhibits iNOS
expression by reducing the basal nitrite production, while
β3-ARs stimulation increases this production by activating
iNOS expression. In addition, β3-ARs blockade effects are
prevented by an NOS activator, and β3-ARs activation
effects are prevented by an NOS inhibitor. These results
show that NO exerts a protumorigenic function and iNOS-

induced NO production is a key event in melanoma growth
and that β3-ARs may regulate melanoma cell proliferation
and survival through the NO pathway [189].

In a recent study evaluating the effect of nutraceutical anti-
oxidant treatment of ES tumor cells A673, Calvani et al.
observed that cells treated with curcumin, retinoic acid, 8-gin-
gerol, and genistein exhibited reduced viability if compared
with cells treated with capsaicin, ascorbic acid, formononetin,
and flavon where the treatment did not affect cell viability.
Moreover, cells treated with prosurvival antioxidants showed
low levels of intracellular mitochondrial ROS, while the cells
treated with antioxidants that are able to reduce cell viability
are shown to be increased in mtROS levels. Interestingly, the
treatments not affecting cell viability upregulated β3-ARs
expression and the treatment that reduced cell viability
strongly downregulated β3-ARs levels. These results identified
the β3-ARs as the main regulators of the cellular response to
oxidative stress under different micronutrient treatments.
They function as ROS sensors in Ewing sarcoma cancer cells
by driving or not antioxidant response and cell death. Since
β3-ARs antagonism leads to massive cell death, inhibiting
β3-ARs in these cells could dramatically increase the ROS
levels by toxic threshold leading to cell death by inhibiting
the antioxidant response of the cells [190].

6. Conclusion

In vitro and in vivo data suggest that β3-ARs act as antioxi-
dants in different cells by activating prosurvival factors and
that their inhibition by a selective antagonist could be a
new strategy to counteract tumor progression by elevating
intracellular ROS concentration and activating apoptotic
pathway (Figure 3). Moreover, β3-ARs antagonism
inhibits NO production thus decreasing angiogenic switch
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Figure 3: β3-AR role in different cells and tissues.
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in melanoma cells. In this review, it fully highlighted the
new concept of β3-ARs as antioxidants and their ability
to decrease ROS production and increase NO with multi-
ple mechanisms (mitochondrial and NOX). Moreover, the
concept that SR59230A strongly reduces cancer cell viabil-
ity is highlighted, supporting the evidences that blocking
β3-ARs function could represent a novel therapeutic strat-
egy for the treatment of cancer by its ability to reduce
antioxidant activity.

Conflicts of Interest

The authors have no relevant disclosures of potential con-
flicts of interest.

References

[1] A. Nunes-Silva and L. C. Freitas-Lima, “The association
between physical exercise and reactive oxygen species
(ROS) production,” Journal of Sports Medicine & Doping
Studies, vol. 5, p. 152, 2015.

[2] S. B. Doshi, K. Khullar, R. K. Sharma, and A. Agarwal, “Role
of reactive nitrogen species in male infertility,” Reproductive
Biology and Endocrinology, vol. 10, p. 109, 2012.

[3] C. D. Schneider and A. R. de Oliveira, “Oxygen free radicals
and exercise: mechanisms of synthesis and adaptation to the
physical training,” Revista Brasileira de Medicina do Esporte,
vol. 10, no. 4, pp. 314–318, 2004.

[4] A. Boveris and B. Chance, “The mitochondrial generation of
hydrogen peroxide. General properties and effect of hyper-
baric oxygen,” Biochemical Journal, vol. 134, no. 3, pp. 707–
716, 1973.

[5] W. Dröge, “Free radicals in the physiological control of cell
function,” Physiological Reviews, vol. 82, no. 1, pp. 47–95,
2002.

[6] H. J. Fromm and M. S. Hargrove, “Electron transport and
oxidative phosphorylation,” in Essentials of Biochemistry,
pp. 223–238, Springer, New York, NY, USA, 2011.

[7] M. Ushio-Fukai and N. Urao, “Novel role of NADPH oxidase
in angiogenesis and stem/progenitor cell function,” Antioxi-
dants & Redox Signaling, vol. 11, no. 10, pp. 2517–2533, 2009.

[8] S. Altenhöfer, K. A. Radermacher, P. W. M. Kleikers,
K. Wingler, and H. H. H. W. Schmidt, “Evolution of NADPH
oxidase inhibitors: selectivity and mechanisms for target
engagement,” Antioxidants & Redox Signaling, vol. 23,
no. 5, pp. 406–427, 2015.

[9] L. L. Hilenski, R. E. Clempus, M. T. Quinn, J. D. Lambeth,
and K. K. Griendling, “Distinct subcellular localizations of
Nox 1 and Nox 4 in vascular smooth muscle cells,” Arterio-
sclerosis, Thrombosis, and Vascular Biology, vol. 24, no. 4,
pp. 677–683, 2004.

[10] D. Pietraforte and W. Malorni, “Focusing at the double-
edged sword of redox imbalance: signals for cell survival or
for cell death?,” Antioxidants & Redox Signaling, vol. 21,
no. 1, pp. 52–55, 2014.

[11] G. P. Bienert and F. Chaumont, “Aquaporin-facilitated trans-
membrane diffusion of hydrogen peroxide,” Biochimica et
Biophysica Acta (BBA) - General Subjects, vol. 1840, no. 5,
pp. 1596–1604, 2014.

[12] A. Agarwal, S. Gupta, and R. K. Sharma, “Role of oxidative
stress in female reproduction,” Reproductive Biology and
Endocrinology, vol. 3, p. 28, 2005.

[13] Y. Keisari, L. Braun, and E. Flescher, “The oxidative burst and
related phenomena in mouse macrophages elicited by differ-
ent sterile inflammatory stimuli,” Immunobiology, vol. 165,
no. 1, pp. 78–89, 1983.

[14] G. Wu, Y. Z. Fang, S. Yang, J. R. Lupton, and N. D.
Turner, “Glutathione metabolism and its implications for
health,” The Journal of Nutrition, vol. 134, no. 3,
pp. 489–492, 2004.

[15] A. Agarwal, G. Virk, C. Ong, and S. S. du Plessis, “Effect of
oxidative stress on male reproduction,” The World Journal
of Men’s Health, vol. 32, no. 1, pp. 1–17, 2014.

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

[17] B. Halliwell, “Free radicals, reactive oxygen species and
human disease: a critical evaluation with special reference to
atherosclerosis,” The British Journal of Experimetal Pathol-
ogy, vol. 70, no. 6, pp. 737–757, 1989.

[18] R. S. Arnold, J. Shi, E. Murad et al., “Hydrogen peroxide
mediates the cell growth and transformation caused by the
mitogenic oxidase Nox 1,” Proceedings of the National Acad-
emy of Sciences of the United States of America, vol. 98, no. 10,
pp. 5550–5555, 2001.

[19] G. Y. Liou and P. Storz, “Reactive oxygen species in cancer,”
Free Radical Research, vol. 44, no. 5, pp. 479–496, 2010.

[20] J. W. Chen, C. Dodia, S. I. Feinstein, M. K. Jain, and A. B.
Fisher, “1-Cys peroxiredoxin, a bifunctional enzyme with
gluthatione peroxidase and phospholipase A2 activities,”
Journal of Biological Chemistry, vol. 275, no. 37, pp. 28421–
28427, 2000.

[21] A. M. Day, J. D. Brown, S. R. Taylor, J. D. Rand, B. A. Mor-
gan, and E. A. Veal, “Inactivation of a peroxiredoxin by
hydrogen peroxide is critical for thioredoxin-mediated repair
of oxidized proteins and cell survival,”Molecular Cell, vol. 45,
no. 3, pp. 398–408, 2012.

[22] V. Helfinger and K. Schröder, “Redox control in cancer devel-
opment and progression,” Molecular Aspects of Medicine,
vol. 63, pp. 88–98, 2018.

[23] S. Di Meo, T. T. Reed, P. Venditti, and V. M. Victor, “Role of
ROS and RNS sources in physiological and pathological con-
ditions,” Oxidative Medicine and Cellular Longevity,
vol. 2016, Article ID 1245049, 44 pages, 2016.

[24] L. A. Pham-Huy, H. He, and C. Pham-Huy, “Free radicals,
antioxidants in disease and health,” International journal of
biomedical science : IJBS, vol. 4, no. 2, pp. 89–96, 2008.

[25] V. L. Dengler, M. D. Galbraith, and J. M. Espinosa, “Tran-
scriptional regulation by hypoxia inducible factors,” Critical
Reviews in Biochemistry and Molecular Biology, vol. 49,
no. 1, pp. 1–15, 2014.

[26] M. Calvani, G. Comito, E. Giannoni, and P. Chiarugi, “Time-
dependent stabilization of hypoxia inducible factor-1α by dif-
ferent intracellular sources of reactive oxygen species,” PLoS
One, vol. 7, no. 10, p. e38388, 2012.

[27] S. S. Donaldson, M. N. Wesley, W. D. DeWys, R. M. Suskind,
N. Jaffe, and J. vanEys, “A study of the nutritional status of
pediatric cancer patients,” American Journal of Disease of
Children, vol. 135, no. 12, pp. 1107–1112, 1981.

[28] E. Kansanen, H. K. Jyrkkänen, and A. L. Levonen, “Activation
of stress signaling pathways by electrophilic oxidized and

9Oxidative Medicine and Cellular Longevity



nitrated lipids,” Free Radical Biology and Medicine, vol. 52,
no. 6, pp. 973–982, 2012.

[29] L. Baird and A. T. Dinkova-Kostova, “The cytoprotective role
of the Keap1–Nrf2 pathway,” Archives of Toxicology, vol. 85,
no. 4, pp. 241–272, 2011.

[30] S. G. Rhee, H. Z. Chae, and K. Kim, “Peroxiredoxins: a histor-
ical overview and speculative preview of novel mechanisms
and emerging concepts in cell signaling,” Free Radical Biology
and Medicine, vol. 38, no. 12, pp. 1543–1552, 2005.

[31] R. C. Siow, H. Sato, and G. E. Mann, “Heme oxygenase-
carbon monoxide signalling pathway in atherosclerosis:
anti-atherogenic actions of bilirubin and carbon monoxide?,”
Cardiovascular Research, vol. 41, no. 2, pp. 385–394, 1999.

[32] P. Wiesel, A. P. Patel, I. M. Carvajal et al., “Exacerbation of
chronic renovascular hypertension and acute renal failure in
heme oxygenase-1-deficient mice,” Circulation Research,
vol. 88, no. 10, pp. 1088–1094, 2001.

[33] W. K. Alderton, C. E. Cooper, and R. G. Knowles, “Nitric
oxide synthases: structure, function and inhibition,” Bio-
chemical Journal, vol. 357, no. 3, pp. 593–615, 2001.

[34] T. J. O'Dell, R. D. Hawkins, E. R. Kandel, and O. Arancio,
“Tests of the roles of two diffusible substances in long-term
potentiation: evidence for nitric oxide as a possible early ret-
rograde messenger,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 88, no. 24,
pp. 11285–11289, 1991.

[35] C. Bogdan, “Nitric oxide and the immune response,” Nature
Immunology, vol. 2, no. 10, pp. 907–916, 2001.

[36] R. W. Grange, E. Isotani, K. S. Lau, K. E. Kamm, P. L. Huang,
and J. T. Stull, “Nitric oxide contributes to vascular smooth
muscle relaxation in contracting fast-twitch muscles,” Physi-
ological Genomics, vol. 5, no. 1, pp. 35–44, 2001.

[37] U. Förstermann, E. I. Closs, J. S. Pollock et al., “Nitric oxide
synthase isozymes. Characterization, purification, molecular
cloning, and functions,” Hypertension, vol. 23, pp. 1121–
1131, 1994.

[38] N. Kim, K. M. Azadzoi, I. Goldstein, and I. Saenz de Tejada,
“A nitric oxide-like factor mediates nonadrenergic-
noncholinergic neurogenic relaxation of penile corpus caver-
nosum smooth muscle,” The Journal of Clinical Investigation,
vol. 88, no. 1, pp. 112–118, 1991.

[39] U. Förstermann, “Regulation of nitric oxide synthase expres-
sion and activity,” Nitric Oxide, vol. 143, pp. 71–91, 2000.

[40] J. N. Sharma, A. Al-Omran, and S. S. Parvathy, “Role of nitric
oxide in inflammatory diseases,” Inflammopharmacology,
vol. 15, no. 6, pp. 252–259, 2007.

[41] I. Fleming and R. Busse, “Molecular mechanisms involved in
the regulation of the endothelial nitric oxide synthase,”Amer-
ican Journal of Physiology, Regulatory, Integrative and Com-
parative Physiology, vol. 284, no. 1, pp. R1–R12, 2003.

[42] E. G. Shesely, N. Maeda, H. S. Kim et al., “Elevated blood
pressures in mice lacking endothelial nitric oxide synthase,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 93, no. 23, pp. 13176–13181, 1996.

[43] P. L. Huang, Z. Huang, H. Mashimo et al., “Hypertension in
mice lacking the gene for endothelial nitric oxide synthase,”
Nature, vol. 377, no. 6546, pp. 239–242, 1995.

[44] U. Alheid, J. C. Frölich, and U. Förstermann, “Endothelium-
derived relaxing factor from cultured human endothelial cells
inhibits aggregation of human platelets,” Thrombosis
Research, vol. 47, no. 5, pp. 561–571, 1987.

[45] R. Busse, A. Lückhoff, and E. Bassenge, “Endothelium-
derived relaxant factor inhibits platelet activation,” Naunyn-
Schmiedeberg's archives of pharmacology, vol. 336, no. 5,
pp. 566–571, 1987.

[46] M.W. Radomski, R. M. J. Palmer, and S. Moncada, “The anti-
aggregating properties of vascular endothelium: interactions
between prostacyclin and nitric oxide,” British Journal of
Pharmacology, vol. 92, no. 3, pp. 639–646, 1987.

[47] T. Nakaki, M. Nakayama, and R. Kato, “Inhibition by nitric
oxide and nitric oxide-producing vasodilators of DNA syn-
thesis in vascular smooth muscle cells,” European Journal of
Pharmacology: Molecular Pharmacology, vol. 189, no. 6,
pp. 347–353, 1990.

[48] R. N. Han and D. J. Stewart, “Defective Lung Vascular Devel-
opment in Endothelial Nitric Oxide Synthase- Deficient
Mice,” Trends in Cardiovascular Medicine, vol. 16, no. 1,
pp. 29–34, 2006.

[49] T. Murohara, T. Asahara, M. Silver et al., “Nitric oxide syn-
thase modulates angiogenesis in response to tissue ischemia,”
The Journal of Clinical Investigation, vol. 101, no. 11,
pp. 2567–2578, 1998.

[50] A. Aicher, C. Heeschen, C. Mildner-Rihm et al., “Essential
role of endothelial nitric oxide synthase for mobilization of
stem and progenitor cells,” Nature Medicine, vol. 9, no. 11,
pp. 1370–1376, 2003.

[51] U. Landmesser, N. Engberding, F. H. Bahlmann et al.,
“Statin-induced improvement of endothelial progenitor cell
mobilization, myocardial neovascularization, left ventricular
function, and survival after experimental myocardial infarc-
tion requires endothelial nitric oxide synthase,” Circulation,
vol. 110, no. 14, pp. 1933–1939, 2004.

[52] P. Kubes, M. Suzuki, and D. N. Granger, “Nitric oxide: an
endogenous modulator of leukocyte adhesion,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 88, no. 11, pp. 4651–4655, 1991.

[53] S. Dimmeler and A. M. Zeiher, “Nitric oxide-an endothelial
cell survival factor,” Cell Death and Differentiation, vol. 6,
no. 10, pp. 964–968, 1999.

[54] P. I. Nedvetsky, W. C. Sessa, and H. H. Schmidt, “There's
NO binding like NOS binding: protein–protein interac-
tions in NO/cGMP signaling,” Proceedings of the National
Academy of Sciences, vol. 99, no. 26, pp. 16510–16512,
2002.

[55] G. García-Cardeña, R. Fan, D. F. Stern, J. Liu, and W. C.
Sessa, “Endothelial nitric oxide Synthase is regulated by Tyro-
sine phosphorylation and interacts with caveolin-1,” The
Journal of Biological Chemistry, vol. 271, no. 44, pp. 27237–
27240, 1996.

[56] S. Bulotta, A. Cerullo, R. Barsacchi et al., “Endothelial nitric
oxide synthase is segregated from caveolin-1 and localizes
to the leading edge of migrating cells,” Experimental Cell
Research, vol. 312, no. 6, pp. 877–889, 2006.

[57] I. Fleming, B. Fisslthaler, S. Dimmeler, B. E. Kemp, and
R. Busse, “Phosphorylation of Thr495Regulates Ca2+/cal-
modulin-dependent endothelial nitric oxide synthase activ-
ity,” Circulation Research, vol. 88, no. 11, pp. E68–E75,
2001.

[58] B. J. Michell, Z. P. Chen, T. Tiganis et al., “Coordinated con-
trol of endothelial nitric-oxide synthase phosphorylation by
protein kinase C and the cAMP-dependent protein kinase,”
The Journal of Biological Chemistry, vol. 276, no. 21,
pp. 17625–17628, 2001.

10 Oxidative Medicine and Cellular Longevity



[59] S. Pennathur and J. W. Heinecke, “Mechanisms for oxidative
stress in diabetic cardiovascular disease,” Antioxidants &
Redox Signaling, vol. 9, no. 7, pp. 955–969, 2007.

[60] U. Landmesser, S. Dikalov, S. R. Price et al., “Oxidation of tet-
rahydrobiopterin leads to uncoupling of endothelial cell
nitric oxide synthase in hypertension,” The Journal of Clinical
Investigation, vol. 111, no. 8, pp. 1201–1209, 2003.

[61] J. B. Laursen, M. Somers, S. Kurz et al., “Endothelial regula-
tion of vasomotion in ApoE-Deficient Mice,” Circulation,
vol. 103, no. 9, pp. 1282–1288, 2001.

[62] Z. Yang and X. F. Ming, “Arginase: the emerging therapeutic
target for vascular oxidative stress and inflammation,” Fron-
tiers in Immunology, vol. 4, 2013.

[63] D. E. Berkowitz, R. White, D. Li et al., “Arginase reciprocally
regulates nitric oxide synthase activity and contributes to
endothelial dysfunction in aging blood vessels,” Circulation,
vol. 108, no. 16, pp. 2000–2006, 2003.

[64] C. A. Chen, T. Y. Wang, S. Varadharaj et al., “S-glutathiony-
lation uncouples eNOS and regulates its cellular and vas-
cular function,” Nature, vol. 468, no. 7327, pp. 1115–
1118, 2010.

[65] D. Chakravortty and M. Hensel, “Inducible nitric oxide syn-
thase and control of intracellular bacterial pathogens,”
Microbes and Infection, vol. 5, no. 7, pp. 621–627, 2003.

[66] C. F. Nathan and J. B. Hibbs Jr., “Role of nitric oxide synthesis
in macrophage antimicrobial activity,” Current Opinion in
Immunology, vol. 3, no. 1, pp. 65–70, 1991.

[67] D. A. Wink, K. S. Kasprzak, C. M. Maragos et al., “DNA
deaminating ability and genotoxicity of nitric oxide and its
progenitors,” Science, vol. 254, no. 5034, pp. 1001–1003,
1991.

[68] K. Fehsel, A. Jalowy, S. Qi, V. Burkart, B. Hartmann, and
H. Kolb, “Islet cell DNA is a target of inflammatory attack
by nitric oxide,” Diabetes, vol. 42, no. 3, pp. 496–500,
1993.

[69] Z. Q. Wang, J. Tejero, C. C. Wei et al., “Arg375 tunes tetrahy-
drobiopterin functions and modulates catalysis by inducible
nitric oxide synthase,” Journal of Inorganic Biochemistry,
vol. 108, pp. 203–215, 2012.

[70] S. Naureckiene, S. R. Kodangattil, E. J. Kaftan et al., “Iden-
tification of critical amino acid residues for human iNOS
functional activity,” The Protein Journal, vol. 27, no. 5,
pp. 309–318, 2008.

[71] J. D. MacMicking, C. Nathan, G. Hom et al., “Altered
responses to bacterial infection and endotoxic shock in mice
lacking inducible nitric oxide synthase,” Cell, vol. 81, no. 4,
pp. 641–650, 1995.

[72] M. S. Parihar, R. R. Nazarewicz, E. Kincaid, U. Bringold, and
P. Ghafourifar, “Association of mitochondrial nitric oxide
synthase activity with respiratory chain complex I,” Biochem-
ical and Biophysical Research Communications, vol. 366,
no. 1, pp. 23–28, 2008.

[73] G. C. Brown, “Nitric oxide and mitochondria,” Frontiers in
Bioscience: a journal and virtual library, vol. 12, no. 1,
pp. 1024–1033, 2007.

[74] M. W. J. Cleeter, J. M. Cooper, V. M. Darley-Usmar, S. A.
Moncada, and A. H. V. Schapira, “Reversible inhibition of
cytochrome c oxidase, the terminal enzyme of the mito-
chondrial respiratory chain, by nitric oxide. Implications
for neurodegenerative diseases,” FEBS Letters, vol. 345,
no. 1, pp. 50–54, 1994.

[75] 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.

[76] D. Trachootham, J. Alexandre, and P. Huang, “Targeting
cancer cells by ROS-mediated mechanisms: a radical thera-
peutic approach?,” Nature Reviews: Drug Discovery, vol. 8,
no. 7, pp. 579–591, 2009.

[77] J. L. Meitzler, S. Antony, Y. Wu et al., “NADPH oxidases: a
perspective on reactive oxygen species production in tumor
biology,” Antioxidants & Redox Signaling, vol. 20, no. 17,
pp. 2873–2889, 2014.

[78] T. Maraldi, “Natural compounds as modulators of NADPH
oxidases,” Oxidative Medicine and Cellular Longevity,
vol. 2013, Article ID 271602, 10 pages, 2013.

[79] M. E. Irwin, N. Rivera-del Valle, and J. Chandra, “Redox con-
trol of leukemia: from molecular mechanisms to therapeutic
opportunities,” Antioxidants & Redox Signaling, vol. 18,
no. 11, pp. 1349–1383, 2013.

[80] M. Gabay, Y. Li, and D.W. Felsher, “MYC activation is a hall-
mark of cancer initiation and maintenance,” Cold Spring
Harbor Perspectives in Medicine, vol. 4, no. 6, 2014.

[81] C. Gorrini, I. S. Harris, and T. W. Mak, “Modulation of oxi-
dative stress as an anticancer strategy,” Nature Reviews Drug
Discovery, vol. 12, no. 12, pp. 931–947, 2013.

[82] G. Bjelakovic, D. Nikolova, L. L. Gluud, R. G. Simonetti, and
C. Gluud, “Mortality in randomized trials of antioxidant sup-
plements for primary and secondary prevention: systematic
review and meta-analysis,” JAMA, vol. 297, no. 8, pp. 842–
857, 2007.

[83] G. M. DeNicola, F. A. Karreth, T. J. Humpton et al., “Onco-
gene-induced Nrf2 transcription promotes ROS detoxifica-
tion and tumorigenesis,” Nature, vol. 475, no. 7354,
pp. 106–109, 2011.

[84] B. Mateescu, L. Batista, M. Cardon et al., “miR-141 and miR-
200a act on ovarian tumorigenesis by controlling oxidative
stress response,” Nature Medicine, vol. 17, no. 12, pp. 1627–
1635, 2011.

[85] M. B. Sporn and K. T. Liby, “NRF2 and cancer: the good, the
bad and the importance of context,” Nature Reviews Cancer,
vol. 12, no. 8, pp. 564–571, 2012.

[86] C. A. Davison, S. M. Durbin, M. R. Thau et al., “Antioxidant
enzymes mediate survival of breast cancer cells deprived of
extracellular matrix,” Cancer Research, vol. 73, no. 12,
pp. 3704–3715, 2013.

[87] I. Kasugai and M. Yamada, “High production of catalase in
hydrogen peroxide-resistant human leukemia HL-60 cell
lines,” Leukemia Research, vol. 16, no. 2, pp. 173–179, 1992.

[88] M. Nenoi, S. Ichimura, K. Mita, O. Yukawa, and I. L. Cart-
wright, “Regulation of the catalase gene promoter by Sp1,
CCAAT-recognizing factors, and a WT1/Egr-related factor
in hydrogen peroxide-resistant HP100 cells,” Cancer
Research, vol. 61, no. 15, 2001.

[89] A. Ramu, R. Spanier, H. Rahamimoff, and Z. Fuks, “Restora-
tion of doxorubicin responsiveness in doxorubicin-resistant
P388 murine leukaemia cells,” British Journal of Cancer,
vol. 50, no. 4, pp. 501–507, 1984.

[90] S. A. Akman, G. Forrest, F. F. Chu, R. S. Esworthy, and J. H.
Doroshow, “Antioxidant and xenobiotic-metabolizing
enzyme gene expression in doxorubicin-resistant MCF-7
breast cancer cells,” Cancer Research, vol. 50, no. 5,
pp. 1397–1402, 1990.

11Oxidative Medicine and Cellular Longevity



[91] H. S. Kim, T. B. Lee, and C. H. Choi, “Down-Regulation
of Catalase Gene Expression in the Doxorubicin-Resistant
AML Subline AML-2/DX1001,” Biochemical and Biophysi-
cal Research Communications, vol. 281, no. 1, pp. 109–
114, 2001.

[92] E. V. Kalinina, N. N. Chernov, A. N. Saprin et al., “Changes in
expression of genes encoding antioxidant enzymes, heme
oxygenase-1, Bcl-2, and Bcl-xl and in level of reactive oxygen
species in tumor cells resistant to doxorubicin,” Biochemistry,
vol. 71, no. 11, pp. 1200–1206, 2006.

[93] D. W. Lamson and M. S. Brignall, “Antioxidants in cancer
therapy; their actions and interactions with oncologic thera-
pies,” Alternative Medicine Review, vol. 4, no. 5, pp. 304–
329, 1999.

[94] J. L. Roh, J. Y. Park, E. H. Kim, H. J. Jang, and M. Kwon,
“Activation of mitochondrial oxidation by PDK2 inhibition
reverses cisplatin resistance in head and neck cancer,” Cancer
Letters, vol. 371, no. 1, pp. 20–29, 2016.

[95] N. M. Alajez, W. Shi, A. B. Y. Hui et al., “Targeted depletion
of BMI1 sensitizes tumor cells to P53-mediated apoptosis in
response to radiation therapy,” Cell Death and Differentia-
tion, vol. 16, no. 11, pp. 1469–1479, 2009.

[96] A. Singh, M. Bodas, N. Wakabayashi, F. Bunz, and S. Biswal,
“Gain of Nrf2 function in non-small-cell lung cancer cells
confers radioresistance,” Antioxidants & Redox Signaling,
vol. 13, no. 11, pp. 1627–1637, 2010.

[97] D. Ren, N. F. Villeneuve, T. Jiang et al., “Brusatol enhances
the efficacy of chemotherapy by inhibiting the Nrf2-
mediated defense mechanism,” Proceedings of the National
Academy of Sciences of the United States of America,
vol. 108, no. 4, pp. 1433–1438, 2011.

[98] S. Yokoo, K. Furumoto, E. Hiyama, and N. Miwa, “Slow-
down of age-dependent telomere shortening is executed
in human skin keratinocytes by hormesis-like-effects of
trace hydrogen peroxide or by anti-oxidative effects of
pro-vitamin C in common concurrently with reduction of
intracellular oxidative stress,” Journal of Cellular Biochem-
istry, vol. 93, no. 3, pp. 588–597, 2004.

[99] S. K. Choudhari, M. Chaudhary, S. Bagde, A. R. Gadbail, and
V. Joshi, “Nitric oxide and cancer: a review,”World Journal of
Surgical Oncology, vol. 11, 2013.

[100] S. Y. Lee, Y. Rim, D. D. McPherson, S. L. Huang, and H. Kim,
“A novel liposomal nanomedicine for nitric oxide delivery
and breast cancer treatment,” Bio-Medical Materials and
Engineering, vol. 24, no. 1, pp. 61–67, 2014.

[101] C. Adams, H. O. McCarthy, J. A. Coulter et al., “Nitric oxide
synthase gene therapy enhances the toxicity of cisplatin in
cancer cells,” The Journal of Gene Medicine, vol. 11, no. 2,
pp. 160–168, 2009.

[102] M. N. Soler, P. Bobe, K. Benihoud, G. Lemaire, B. A. Roos,
and S. Lausson, “Gene therapy of rat medullary thyroid
cancer by naked nitric oxide synthase II DNA injection,”
The Journal of Gene Medicine, vol. 2, no. 5, pp. 344–352,
2000.

[103] S. Pervin, R. Singh, S. Sen, and G. Chaudhuri, “Dual role of
nitric oxide in cancer biology,” inNitric Oxide (NO) and Can-
cer, pp. 39–57, Springer, New York, NY, 2010.

[104] B. Wang, D. Wei, V. E. Crum et al., “A novel model system
for studying the double-edged roles of nitric oxide produc-
tion in pancreatic cancer growth and metastasis,” Oncogene,
vol. 22, no. 12, pp. 1771–1782, 2003.

[105] S. Tamir, S. Burney, and S. R. Tannenbaum, “DNA damage
by nitric oxide,” Chemical Research in Toxicology, vol. 9,
no. 5, pp. 821–827, 1996.

[106] D. A. Wink, Y. Vodovotz, J. Laval, F. Laval, M. W.
Dewhirst, and J. B. Mitchell, “The multifaceted roles of
nitric oxide in cancer,” Carcinogenesis, vol. 19, no. 5,
pp. 711–721, 1998.

[107] J. Laval, J. Jurado, M. Saparbaev, and O. Sidorkina, “Antimu-
tagenic role of base-excision repair enzymes upon free
radical-induced DNA damage,” Mutation Research,
vol. 402, no. 1-2, pp. 93–102, 1998.

[108] Y. Katanasaka, Y. Kodera, Y. Kitamura, T. Morimoto,
T. Tamura, and F. Koizumi, “Epidermal growth factor recep-
tor variant type III markedly accelerates angiogenesis and
tumor growth via inducing c-myc mediated angiopoietin-
like 4 expression in malignant glioma,” Molecular Cancer,
vol. 12, no. 1, p. 31, 2013.

[109] E. S. Robinson, E. V. Khankin, T. K. Choueiri et al., “Suppres-
sion of the nitric oxide pathway in metastatic renal cell
carcinoma patients receiving vascular endothelial growth
factor-signaling inhibitors,” Hypertension, vol. 56, no. 6,
pp. 1131–1136, 2010.

[110] O. Gallo, A. Franchi, L. Magnelli et al., “Cyclooxygenase-2
pathway correlates with VEGF expression in head and neck
cancer. Implications for tumor angiogenesis and metastasis,”
Neoplasia, vol. 3, no. 1, pp. 53–61, 2001.

[111] B. Q. Shen, D. Y. Lee, and T. F. Zioncheck, “Vascular endo-
thelial growth factor governs endothelial nitric-oxide syn-
thase expression via a KDR/Flk-1 receptor and a protein
kinase C signaling pathway,” The Journal of Biological Chem-
istry, vol. 274, no. 46, pp. 33057–33063, 1999.

[112] S. Ambs, W. G. Merriam, W. P. Bennett et al., “Frequent
nitric oxide synthase-2 expression in human colon adeno-
mas: implication for tumor angiogenesis and colon cancer
progression,” Cancer Research, vol. 58, no. 2, pp. 334–341,
1998.

[113] Z. J. Shang and J. R. Li, “Expression of endothelial nitric oxide
synthase and vascular endothelial growth factor in oral squa-
mous cell carcinoma: its correlation with angiogenesis and
disease progression,” Journal of Oral Pathology andMedicine,
vol. 34, no. 3, pp. 134–139, 2005.

[114] K. Harada, Supriatno, S. Kawaguchi, O. Tomitaro,
H. Yoshida, and M. Sato, “Overexpression of iNOS gene sup-
presses the tumorigenicity and metastasis of oral cancer
cells,” In Vivo, vol. 18, no. 4, 2004.

[115] P. K. Kim, R. Zamora, P. Petrosko, and T. R. Billiar, “The reg-
ulatory role of nitric oxide in apoptosis,” International
Immunopharmacology, vol. 1, no. 8, pp. 1421–1441, 2001.

[116] D. C. Jenkins, I. G. Charles, L. L. Thomsen et al., “Roles of
nitric oxide in tumor growth,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 92,
no. 10, pp. 4392–4396, 1995.

[117] Y. Maejima, S. Adachi, K. Morikawa, H. Ito, and M. Isobe,
“Nitric oxide inhibits myocardial apoptosis by preventing
caspase-3 activity via S-nitrosylation,” Journal of Molecular
and Cellular Cardiology, vol. 38, no. 1, pp. 163–174, 2005.

[118] Y. M. Kim, H. T. Chung, R. L. Simmons, and T. R. Billiar,
“Cellular non-heme iron content is a determinant of nitric
oxide-mediated apoptosis, necrosis, and caspase inhibition,”
The Journal of Biological Chemistry, vol. 275, no. 15,
pp. 10954–10961, 2000.

12 Oxidative Medicine and Cellular Longevity



[119] C. M. Schonhoff, B. Gaston, and J. B. Mannick, “Nitrosylation
of cytochrome c during apoptosis,” The Journal of Biological
Chemistry, vol. 278, no. 20, pp. 18265–18270, 2003.

[120] R. Reinehr, B. Görg, A. Höngen, and D. Häussinger, “CD95-
tyrosine nitration inhibits hyperosmotic and CD95 ligand-
induced CD95 activation in rat hepatocytes,” The Journal
of Biological Chemistry, vol. 279, no. 11, pp. 10364–10373,
2004.

[121] S. Hama, O. Takeichi, K. Fujisaki, N. Tanabe, M. Maeno, and
K. Ochiai, “Nitric oxide attenuates vascular endothelial
cadherin-mediated vascular integrity in human chronic
inflammation,” Clinical and Experimental Immunology,
vol. 154, no. 3, pp. 384–390, 2008.

[122] L. A. Ridnour, A. N. Windhausen, J. S. Isenberg et al., “Nitric
oxide regulates matrix metalloproteinase-9 activity by
guanylyl-cyclase-dependent and -independent pathways,”
Proceedings of the National Academy of Sciences, vol. 104,
no. 43, pp. 16898–16903, 2007.

[123] C. Brito, M. Naviliat, A. C. Tiscornia et al., “Peroxynitrite
inhibits T lymphocyte activation and proliferation by pro-
moting impairment of tyrosine phosphorylation and
peroxynitrite-driven apoptotic death,” The Journal of Immu-
nology, vol. 162, no. 6, pp. 3356–3366, 1999.

[124] A. E. Gehad, M. K. Lichtman, C. D. Schmults et al., “Nitric
oxide-producing myeloid-derived suppressor cells inhibit
vascular E-selectin expression in human squamous cell carci-
nomas,” The Journal of Investigative Dermatology, vol. 132,
no. 11, pp. 2642–2651, 2012.

[125] P. Jayaraman, F. Parikh, E. Lopez-Rivera et al., “Tumor-
expressed inducible nitric oxide synthase controls induc-
tion of functional myeloid-derived suppressor cells through
modulation of vascular endothelial growth factor release,”
Journal of Immunology, vol. 188, no. 11, pp. 5365–5376,
2012.

[126] N. Charles, T. Ozawa, M. Squatrito et al., “Perivascular nitric
oxide activates notch signaling and promotes stem-like char-
acter in PDGF-induced glioma cells,” Cell Stem Cell, vol. 6,
no. 2, pp. 141–152, 2010.

[127] Alhayek and C. V. Preuss, Beta 1 Receptors, Stat Pearls Pub-
lishing LLC, Treasure Island (FL), 2018.

[128] D. W. McGraw and S. B. Liggett, “Molecular mechanisms
of 2-Adrenergic Receptor Function and regulation,” Proceed-
ings of the American Thoracic Society, vol. 2, no. 4, pp. 292–
296, 2005.

[129] C. J. Padro and V. M. Sanders, “Neuroendocrine regulation of
inflammation,” Seminars in Immunology, vol. 26, no. 5,
pp. 357–368, 2014.

[130] M. Johnson, “Molecular mechanisms of β2-adrenergic
receptor function, response, and regulation,” The Journal
of Allergy and Clinical Immunology, vol. 117, no. 1,
pp. 18–24, 2006.

[131] D. Liu, Q. Deng, L. Sun et al., “A Her 2-let-7-β2-AR circuit
affects prognosis in patients with Her 2-positive breast can-
cer,” BMC Cancer, vol. 15, no. 832, pp. 147–154, 2017.

[132] E. V. Yang, S. J. Kim, E. L. Donovan et al., “Norepinephrine
upregulates VEGF, IL-8, and IL-6 expression in human mel-
anoma tumor cell lines: implications for stress-related
enhancement of tumor progression,” Brain, Behavior, and
Immunity, vol. 23, no. 2, pp. 267–275, 2009.

[133] A. Barbieri, S. Bimonte, G. Palma et al., “The stress hormone
norepinephrine increases migration of prostate cancer cells

in vitro and in vivo,” International Journal of Oncology,
vol. 47, no. 2, pp. 527–534, 2015.

[134] M. Shi, Z. Yang, M. Hu et al., “Catecholamine-induced β2-
adrenergic receptor activation mediates desensitization of
gastric cancer cells to trastuzumab by upregulating MUC4
expression,” Journal of Immunology, vol. 190, no. 11,
pp. 5600–5608, 2013.

[135] J. Zhang, Y. T. Deng, J. Liu et al., “Norepinephrine induced
epithelial-mesenchymal transition in HT-29 and A549 cells
in vitro,” Journal of Cancer Research and Clinical Oncology,
vol. 142, no. 2, pp. 423–435, 2016.

[136] Y. J. Lu, Z. J. Geng, X. Y. Sun et al., “Isoprenaline induces
epithelial-mesenchymal transition in gastric cancer cells,”
Molecular and Cellular Biochemistry, vol. 408, no. 1-2,
pp. 1–13, 2015.

[137] T. Shan, X. Cui, W. Li et al., “Novel regulatory program for
norepinephrine-induced epithelial-mesenchymal transition
in gastric adenocarcinoma cell lines,” Cancer Science,
vol. 105, no. 7, pp. 847–856, 2014.

[138] A. Cannavo and W. J. Koch, “Targeting Β-3 Adrenergic
receptors in the Heart-Selective agonism and β-blockade,”
Journal of Cardiovascular Pharmacology, vol. 69, no. 2,
pp. 1–78, 2017.

[139] L. J. Emorine, S. Marullo, M. M. Briend-Sutren et al., “Molec-
ular characterization of the human beta 3-adrenergic recep-
tor,” Science, vol. 245, no. 4922, pp. 1118–1121, 1989.

[140] P. M. Simard, C. Atgié, P. Mauriège, F. D'Allaire, and L. J.
Bukowiecki, “Comparison of the lipolytic effects of norepi-
nephrine and BRL 37344 in rat brown and white adipocytes,”
Obesity Research, vol. 2, no. 5, pp. 424–431, 1994.

[141] C. Dessy and J. L. Balligand, “Beta3-Adrenergic Receptors in
Cardiac and Vascular Tissues: Emerging Concepts and Ther-
apeutic Perspectives,” Advances in Pharmacology, vol. 59,
pp. 135–163, 2010.

[142] O. Yamaguchi and C. R. Chapple, “β3-Adrenoceptors in uri-
nary bladder,” Neurourology and Urodynamics, vol. 26, no. 6,
pp. 752–756, 2007.

[143] V. A. Skeberdis, “Structure and function of beta3-adrenergic
receptors,” Medicina, vol. 40, no. 5, pp. 407–413, 2004.

[144] K. J. Soeder, S. K. Snedden, W. Cao et al., “The β3-Adrenergic
receptor activates mitogen-activated protein kinase in adipo-
cytes through a Gi-dependent mechanism,” Journal of Biolog-
ical Chemistry, vol. 274, no. 17, pp. 12017–12022, 1999.

[145] E. S. Bachman, H. Dhillon, C. Y. Zhang et al., “beta AR signal-
ing required for diet-induced thermogenesis and obesity
resistance,” Science, vol. 297, no. 5582, pp. 843–845, 2002.

[146] C. Gauthier, V. Leblais, L. Kobzik et al., “The negative inotro-
pic effect of beta3-adrenoceptor stimulation is mediated by
activation of a nitric oxide synthase pathway in human ven-
tricle,” The Journal of Clinical Investigation, vol. 102, no. 7,
pp. 1377–1384, 1998.

[147] P. Varghese, R. W. Harrison, R. A. Lofthouse,
D. Georgakopoulos, D. E. Berkowitz, and J. M. Hare, “β3-
Adrenoceptor deficiency blocks nitric oxide–dependent inhi-
bition of myocardial contractility,” Journal of Clinical Investi-
gation, vol. 106, no. 5, pp. 697–703, 2000.

[148] C. Ristori, L. Filippi, M. Dal Monte et al., “Role of the adren-
ergic system in a mouse model of oxygen-induced retinopa-
thy: antiangiogenic effects of β-Adrenoreceptor blockade,”
Investigative Ophthalmology & Visual Science, vol. 52, no. 1,
pp. 155–170, 2011.

13Oxidative Medicine and Cellular Longevity



[149] J. J. Steinle, F. C. Cappocia Jr., and Y. Jiang, “Beta-adrenergic
receptor regulation of growth factor protein levels in human
choroidal endothelial cells,” Growth Factors, vol. 26, no. 6,
pp. 325–330, 2008.

[150] L. Morbidelli, C. H. Chang, J. G. Douglas, H. J. Granger,
F. Ledda, and M. Ziche, “Nitric oxide mediates mitogenic
effect of VEGF on coronary venular endothelium,” The
American Journal of Physiology, vol. 270, no. 1, pp. H411–
H415, 1996.

[151] L. Filippi, M. Dal Monte, G. Casini, M. Daniotti, F. Sereni,
and P. Bagnoli, “Infantile hemangiomas, retinopathy of
prematurity and cancer: a common pathogenetic role of
the β-adrenergic system,” Medicinal Research Reviews,
vol. 35, no. 3, pp. 619–652, 2015.

[152] K. Masunaga, C. R. Chapple, N. G. McKay, M. Yoshida, and
D. J. Sellers, “The β3-adrenoceptor mediates the inhibitory
effects of β-adrenoceptor agonists via the urothelium in pig
bladder dome,” Neurourology and Urodynamics, vol. 29,
no. 7, pp. 1320–1325, 2010.

[153] E. P. Frazier, S. L. M. Peters, A. S. Braverman, M. R. Ruggieri
Sr., and M. C. Michel, “Signal transduction underlying the
control of urinary bladder smooth muscle tone by muscarinic
receptors and beta-adrenoceptors,” Naunyn-Schmiedeberg's
Archives of Pharmacology, vol. 377, no. 4-6, pp. 449–462,
2008.

[154] K. E. Andersson, N. Martin, and V. Nitti, “Selective β3-adre-
noceptor agonists for the treatment of overactive bladder,”
The journal of Urology, vol. 190, no. 4, pp. 1173–1180, 2013.

[155] A. Montoya, C. N. Amaya, A. Belmont et al., “Use of non-
selective β-blockers is associated with decreased tumor pro-
liferative indices in early stage breast cancer,” Oncotarget,
vol. 8, no. 4, pp. 6446–6460, 2017.

[156] J. L. Watkins, P. H. Thaker, A. M. Nick et al., “Clinical impact
of selective and nonselective beta-blockers on survival in
patients with ovarian cancer,” Cancer, vol. 121, no. 19,
pp. 3444–3451, 2015.

[157] C. Choy, J. L. Raytis, D. D. Smith et al., “Inhibition of β2-
adrenergic receptor reduces triple-negative breast cancer
brain metastases: the potential benefit of perioperative β-
blockade,” Oncology Reports, vol. 35, no. 6, pp. 3135–3142,
2016.

[158] Y. L. Hwa, Q. Shi, S. K. Kumar et al., “Beta-blockers improve
survival outcomes in patients with multiple myeloma: a retro-
spective evaluation,” American Journal of Hematology,
vol. 92, no. 1, pp. 50–55, 2017.

[159] H. A. Al-Wadei, H. K. Plummer, M. F. Ullah, B. Unger, J. R.
Brody, and H. M. Schuller, “Social stress promotes and γ-
aminobutyric acid inhibits tumor growth in mouse models
of non–small cell lung cancer,” Cancer Prevention Research,
vol. 5, no. 2, pp. 189–196, 2012.

[160] P. G. Park, J. Merryman, M. Orloff, and H.M. Schuller, “Beta-
adrenergic mitogenic signal transduction in peripheral lung
adenocarcinoma: implications for individuals with preexist-
ing chronic lung disease,” Cancer Research, vol. 55, no. 16,
pp. 3504–3508, 1995.

[161] K. Guo, Q. Ma, L. Wang et al., “Norepinephrine-induced
invasion by pancreatic cancer cells is inhibited by proprano-
lol,” Oncology Reports, vol. 22, no. 4, pp. 825–830, 2009.

[162] D. Zhang, Q. Y. Ma, H. T. Hu, andM. Zhang, “β2-Adrenergic
antagonists suppress pancreatic cancer cell invasion by inhi-
biting CREB, NF-κB and AP-1,” Cancer Biology & Therapy,
vol. 10, no. 1, pp. 19–29, 2010.

[163] E. K. Sloan, S. J. Priceman, B. F. Cox et al., “The sympathetic
nervous system induces a metastatic switch in primary breast
cancer,” Cancer Research, vol. 70, no. 18, pp. 7042–7052,
2010.

[164] K. Lang, T. L. Drell, A. Lindecke et al., “Induction of a metas-
tatogenic tumor cell type by neurotransmitters and its phar-
macological inhibition by established drugs,” International
Journal of Cancer, vol. 112, no. 2, pp. 231–238, 2004.

[165] P. H. Thaker, L. Y. Han, A. A. Kamat et al., “Chronic stress
promotes tumor growth and angiogenesis in a mouse model
of ovarian carcinoma,” Nature Medicine, vol. 12, no. 8,
pp. 939–944, 2006.

[166] A. K. Sood, G. N. Armaiz-Pena, J. Halder et al., “Adrenergic
modulation of focal adhesion kinase protects human ovarian
cancer cells from anoikis,” The Journal of Clinical Investiga-
tion, vol. 120, no. 5, pp. 1515–1523, 2010.

[167] H. P. Wong, J. W. Ho, M.W. Koo et al., “Effects of adrenaline
in human colon adenocarcinoma HT-29 cells,” Life Sciences,
vol. 88, no. 25-26, pp. 1108–1112, 2011.

[168] K. S. Sastry, Y. Karpova, S. Prokopovich et al., “Epinephrine
protects cancer cells from apoptosis via activation of cAMP-
dependent protein kinase and BAD phosphorylation,” The
Journal of Biological Chemistry, vol. 282, no. 19, pp. 14094–
14100, 2007.

[169] S. Moretti, D. Massi, V. Farini et al., “β-adrenoceptors are
upregulated in human melanoma and their activation
releases pro-tumorigenic cytokines and metalloproteases in
melanoma cell lines,” Laboratory Investigation, vol. 93,
no. 3, pp. 279–290, 2013.

[170] M. G. Perrone, M. Notarnicola, M. G. Caruso, V. Tutino, and
A. Scilimati, “Upregulation of beta3-adrenergic receptor
mrna in human colon cancer: a preliminary study,”Oncology,
vol. 75, no. 3-4, pp. 224–229, 2008.

[171] K. M. Chisholm, K. W. Chang, M. T. Truong, S. Kwok, R. B.
West, and A. E. Heerema-McKenney, “β-Adrenergic recep-
tor expression in vascular tumors,” Modern Pathology,
vol. 25, no. 11, pp. 1446–1451, 2012.

[172] D. M. Lamkin, E. K. Sloan, A. J. Patel et al., “Chronic stress
enhances progression of acute lymphoblastic leukemia via
β-adrenergic signaling,” Brain, Behavior, and Immunity,
vol. 26, no. 4, pp. 635–641, 2012.

[173] M. Calvani, F. Pelon, G. Comito et al., “Norepinephrine pro-
motes tumor microenvironment reactivity through β3-adre-
noreceptors during melanoma progression,” Oncotarget,
vol. 6, no. 7, pp. 4615–4632, 2015.

[174] M. Dal Monte, G. Casini, L. Filippi, G. P. Nicchia, M. Svelto,
and P. Bagnoli, “Functional involvement of β3-adrenergic
receptors in melanoma growth and vascularization,” Journal
of Molecular Medicine, vol. 91, no. 12, pp. 1407–1419, 2013.

[175] M. Calvani, L. Cavallini, A. Tondo et al., “β3-Adrenorecep-
tors control mitochondrial dormancy in melanoma and
embryonic stem cells,” Oxidative Medicine and Cellular Lon-
gevity, vol. 2018, Article ID 6816508, 10 pages, 2018.

[176] M. Calvani, G. Bruno, M. Dal Monte et al., “β3‐Adrenoceptor
as a potential immuno-suppressor agent in melanoma,” Brit-
ish Journal of Pharmacology, vol. 176, no. 14, pp. 2509–2524,
2019.

[177] G. Bruno, F. Cencetti, A. Pini et al., “β3-adrenoreceptor
blockade reduces tumor growth and increases neuronal dif-
ferentiation in neuroblastoma via SK2/S1P2 modulation,”
Oncogene, 2019.

14 Oxidative Medicine and Cellular Longevity



[178] Y. Yoshioka, H. Kadoi, A. Yamamuro, Y. Ishimaru, and
S. Maeda, “Noradrenaline increases intracellular glutathione
in human astrocytoma U-251 MG cells by inducing
glutamate-cysteine ligase protein via β3-adrenoceptor stimu-
lation,” European Journal of Pharmacology, vol. 772, pp. 51–
61, 2016.

[179] T. Hadi, R. Douhard, A. M. M. Dias et al., “Beta3 adrenergic
receptor stimulation in human macrophages inhibits NAD-
PHoxidase activity and induces catalase expression _via_
PPAR γ activation,” Biochimica et Biophysica Acta. Molecular
Cell Research, vol. 1864, no. 10, pp. 1769–1784, 2017.

[180] A. Negre-Salvayre, C. Hirtz, G. Carrera et al., “A role for
uncoupling protein-2 as a regulator of mitochondrial hydro-
gen peroxide generation,” FASEB Journal, vol. 11, no. 10,
pp. 809–815, 1997.

[181] K. S. Echtay, D. Roussel, J. St-Pierre et al., “Superoxide acti-
vates mitochondrial uncoupling proteins,” Nature, vol. 415,
no. 6867, pp. 96–99, 2002.

[182] R. J. Mailloux and M. E. Harper, “Uncoupling proteins and
the control of mitochondrial reactive oxygen species produc-
tion,” Free Radical Biology & Medicine, vol. 51, no. 6,
pp. 1106–1115, 2011.

[183] A. Pasha, M. Vignoli, A. Subbiani et al., “β3-Adrenoreceptor
activity limits apigenin efficacy in Ewing sarcoma cells: a dual
approach to prevent cell survival,” International Journal of
Molecular Sciences, vol. 20, no. 9, p. 2149, 2019.

[184] A. J. Burke, F. J. Sullivan, F. J. Giles, and S. A. Glynn, “The yin
and yang of nitric oxide in cancer progression,” Carcinogen-
esis, vol. 34, no. 3, pp. 503–512, 2013.

[185] C. H. Tang and E. A. Grimm, “Depletion of endogenous
nitric oxide enhances cisplatin-induced apoptosis in ap53-
dependent manner in melanoma cell lines,” The Journal of
Biological Chemistry, vol. 279, no. 1, pp. 288–298, 2004.

[186] V. V. Prabhu and C. Guruvayoorappan, “Anti-inflammatory
and antitumor activity of the marine mangrove Rhizophora
apiculata,” Journal of Immunotoxicology, vol. 9, no. 4,
pp. 341–352, 2012.

[187] C. H. Tang and E. A. Grimm, “Depletion of endogenous
nitric oxide enhances cisplatin-induced apoptosis in a p53-
dependent manner in melanoma cell lines,” Journal of Biolog-
ical Chemistry, vol. 279, no. 1, pp. 288–298, 2004.

[188] A. G. Sikora, A. Gelbard, M. A. Davies et al., “Targeted
inhibition of inducible nitric oxide synthase inhibits
growth of human melanoma in vivo and synergizes with
chemotherapy,” Clinical Cancer Research, vol. 16, no. 6,
pp. 1834–1844, 2010.

[189] M. Dal Monte, I. Fornaciari, G. P. Nicchia, M. Svelto,
G. Casini, and P. Bagnoli, “β3-adrenergic receptor activity
modulates melanoma cell proliferation and survival through
nitric oxide signaling,” Naunyn-Schmiedeberg’s Archives of
Pharmacology, vol. 387, no. 6, pp. 533–543, 2014.

[190] M. Calvani and C. Favre, “Antioxidant Nutraceutical
approach to Ewing Sarcoma-Where is the Trap?,” Biomedical
Journal of Scientific & Technical Research, vol. 17, no. 3,
pp. 12805–12814, 2019.

15Oxidative Medicine and Cellular Longevity


	Spotlight on ROS and β3-Adrenoreceptors Fighting in Cancer Cells
	1. Reactive Oxygen Nitrogen Species
	1.1. Reactive Oxygen Species
	1.2. Nitric Oxide

	2. ROS and Cancer
	3. NO and Cancer
	4. β-Adrenergic Receptors
	4.1. β3-Adrenergic Receptors
	4.2. β3-Adrenergic Receptors and Cancer

	5. Antioxidant Effects of the β3-ARs
	6. Conclusion
	Conflicts of Interest

