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Abstract: In the last decades, the therapeutic potential of hematopoietic stem cell transplantation
(HSCT) has acquired a primary role in the management of a broad spectrum of diseases including
cancer, hematologic conditions, immune system dysregulations, and inborn errors of metabolism.
The different types of HSCT, autologous and allogeneic, include risks of severe complications
including acute and chronic graft-versus-host disease (GvHD) complications, hepatic veno-occlusive
disease, lung injury, and infections. Despite being a dangerous procedure, it improved patient
survival. Hence, its use was extended to treat autoimmune diseases, metabolic disorders, malignant
infantile disorders, and hereditary skeletal dysplasia. HSCT is performed to restore or treat various
congenital conditions in which immunologic functions are compromised, for instance, by chemo-
and radiotherapy, and involves the administration of hematopoietic stem cells (HSCs) in patients
with depleted or dysfunctional bone marrow (BM). Since HSCs biology is tightly regulated by
oxidative stress (OS), the control of reactive oxygen species (ROS) levels is important to maintain
their self-renewal capacity. In quiescent HSCs, low ROS levels are essential for stemness maintenance;
however, physiological ROS levels promote HSC proliferation and differentiation. High ROS levels
are mainly involved in short-term repopulation, whereas low ROS levels are associated with long-
term repopulating ability. In this review, we aim summarize the current state of knowledge about the
role of β3-adrenoreceptors (β3-ARs) in regulating HSCs redox homeostasis. β3-ARs play a major role
in regulating stromal cell differentiation, and the antagonist SR59230A promotes differentiation of
different progenitor cells in hematopoietic tumors, suggesting that β3-ARs agonism and antagonism
could be exploited for clinical benefit.
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1. Introduction
Hematopoietic Stem Cell Transplantation

Hematopoietic stem cells (HSCs) and progenitor cells (HSPCs) are a small population
of undifferentiated cells localized in the bone marrow (BM). They can sustain self-renewal
by giving rise to mature cells; moreover, under stress conditions, they migrate from the BM
to the peripheral blood (PB) [1]. This process is enhanced as a part of the host’s defense
and repair mechanisms. Multipotent HSCs, which are used for transplantation, are usually
harvested from the PB, BM, and umbilical cord blood [2]. HSCs infused to the blood stream
during the process of hematopoietic stem cell transplantation (HSCT) can return to the
BM and restore the HSC pool, providing a lifelong source of new blood and immune
cells [3]. In the last decades, HSCT has become an attractive therapeutic approach for
different diseases such as cancer, hematologic conditions, immune system dysregulations,
and inborn errors of the metabolism [4]. HSCs can be used in autologous, allogeneic, and
syngeneic transplantations, when the stem cells are derived from the same patient, a donor,
or an identical twin, respectively (Figure 1) [5]. Patients with blood or BM cancer, such
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as leukemia or multiple myeloma, are treated with HSCT [6]. Despite being a promising
therapeutic option, HSCT can also lead to severe adverse effects. Among them, acute and
chronic graft-versus-host diseases (GvHD) are the principal complications of allogeneic
HSCT, but hepatic veno-occlusive disease, lung injury, and infections are of clinical interest
as well. Infections can be extremely threatening in the early stages after transplantation
considering the risk of reactivation of well- and less-known pathogens [7]. Despite its
associated risks, HSCT allowed to improve survival rates. However, its use was not only
restricted to different forms of cancer such as neuroblastoma, lymphoma, Ewing’s Sarcoma,
Hodgkin’s disease, but it has also been extended to chronic granulomatous disease [8],
autoimmune diseases, mucopolysaccharidosis (metabolic disorder) [9], malignant infan-
tile disorders, and hereditary skeletal dysplasia [10]. Nowadays, the prevalent source of
stem cells for HSCT are peripheral blood cells (PBCs) [11] which are collected from the
blood through the process of apheresis. The major curative therapy used to treat several
disorders such as autoimmune diseases, metabolic disorders, hemoglobinopathies, im-
munodeficiencies and many others for over 30 years is HSCT [12,13]. HSCT has become
the most appropriate therapy for a wide variety of hematological and non-hematological
diseases including leukemia [4], lymphomas, anemias, and immunological and genetic
disorders [14]. HSCT is performed to restore or to treat various congenital conditions in
which immunologic and hematologic functions are absent or impaired after a chemother-
apy and a radiation therapy [15]. Further, it implies the administration of healthy HSCs
in patients with dysfunctional or depleted BM. The goal of this therapeutic approach is
to allow long-term improvement of the disease, and to supply an adequate percentage of
marrow engraftment [13]. The type of the transplant used depends on the disease, and
may include autologous, allogeneic, marrow stem cells, or cord transplantation, which can
help to enhance BM function to achieve an anti-tumor immunity to produce functional
cells that can restore the dysfunctional ones in immune-deficiency syndromes [14]. The
time of transplantation depends on the clinical severity of the disease. It is important to
determine the clinical parameters that define the severity of the disease to confirm whether
HSCT is indicated.
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During the 1980s, HSCT increased worldwide [16]: over the past 36 years, more
than 1300 patients with various forms of genetical immunodeficiencies have undergone
HSCT to repair their underlying immune defects [17]. The results of HSCT improved
significantly over the last two decades, possibly also due to early diagnosis before the
development of infections and through the availability of better antimicrobials for infections
treatment [18]. HSCT has been extended to adult populations due to the early success in
pediatric populations. For this reason, nowadays, the majority of HSCTs are performed in
adults [19]. In the past two decades, due to faster engraftment and practicability, peripheral
blood stem cell transplantation (PBSCT) replaced BM as a stem cell fount [20]. There
appeared to be two main problems associated with BMT: rejection and GvHD. In a study
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of 2005, PBSCT was associated with a reduced relapse percentage in patients with late-
stage diseases (hematological malignancies), a rapid neutrophil, and platelet engraftment.
However, PBSCT was also correlated with a higher risk of developing GvHD than BMT [21].
Half of the transplant doctors prefer to perform allogeneic PBSCT than BMT [22]. The
physician has to consider both benefits and drawbacks correlated with each of the treatment
alternatives when choosing between two treatment interventions. When deciding which
stem cell source to use, both doctors and patients should consider the higher risk of disease
recurrence with BMT against the long-term consequences of chronic GvHD [23].

2. Reactive Oxygen Species

ROS include a heterogeneous group of small molecules and free radicals, which
contain oxygen atoms with unpaired electrons in their outer valence shell [24]. They are
produced by internal oxygen metabolites that have polar molecules such as superoxide
anion (O2·-), hydroxyl radical (·OH), hydroperoxyl radical (HO2), peroxyl radical (RO2·),
alkoxyl radical (RO-), and non-polar molecules such as hydrogen peroxide (H2O2). ROS are
produced by numerous enzymatic systems, including the NADPH (nicotinamide adenine
dinucleotide phosphate) oxidases and the mitochondrial electron transport chain. [25]. If a
condition of homeostasis between oxidative species and antioxidants is not maintained,
oxidative stress (OS) can arise, resulting in an increase in oxidant processes due to a lack of
antioxidant defense. These phenomena can induce tissue injuries and activate cell path-
ways involved in cancer progression [26]. The OS reaction is induced by an increase in ROS
levels and/or damage of antioxidant systems. High ROS levels can cause cellular DNA
damage and cell-cycle arrest [27]. These active radicals can damage important cellular
components such as DNA, alter gene expression, induce changes in the activity of critical
metabolites, and determine the survival or death of cells [28]. Two common hallmarks
of tumors strongly implicated in malignant progression and resistance to treatments are
the altered redox balance and deregulated redox signaling [29]. ROS are involved in in-
nate immunity and inflammatory signaling through pathogen elimination, although their
exact functions within the complex metabolic network are unclear [30]. Cardiovascular
diseases, cancer, atherosclerosis, diabetes, and neurological and endocrinological disorders
have been associated with OS upregulation caused by excessive production of ROS or by
decreased scavenging contribution [31,32]. To maintain redox homeostasis, cells have de-
veloped various sophisticated mechanisms to neutralize the deleterious effects of ROS. The
antioxidant ability of the cells appears to be a strong developmental feature to counteract
the damage caused by OS [33]. In case of a small increase in ROS levels, the antioxidant
response can balance the ROS levels and restore the equilibrium between ROS production
and scavenging ability. Tumor cells can regulate multiple enzymes and use their metabolic
pathways (antioxidant enzymes in conjunction with non-enzymatic antioxidants such as
glutathione, thioredoxin, and vitamins A, C, and E) to provide an adequate supply of
antioxidant systems. Superoxide dismutase, catalase, and glutathione peroxidase are the
first defense in the endogenous neutralization of ROS. The peroxiredoxin, thioredoxin, and
glutathione/glutaredoxin systems are also mediators of redox signaling and constitute
another important cell defense mechanism [34–36].

The glutathione/glutaredoxin systems and peroxiredoxin are two mechanisms whose
expression is activated by nuclear factor erythroid 2-related factor 2 (Nrf2). There are
two types of antioxidants: direct antioxidants with redox activity and short half-lives, and
indirect antioxidants, whose physiological effects last longer [37]. They act through an
increase in the cellular antioxidant capacity by enhancing the expression of specific genes,
such as NFE2L2 encoding for Nrf2, a master regulator of the antioxidant [38].

HSCT and ROS

Self-renewal and multi-potent differentiation are two of the basic properties of HSCs [39].
The function of HSCs is regulated by both intrinsic and extrinsic factors: the intrinsic factors
arise from signaling pathways in HSCs, whereas the extrinsic factors arise from multiple
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factors such as the BM niche, the microenvironment where HSCs reside [40]. Most of the
HSCs are quiescent and nonmotile within the hypoxic niche [1]. The BM niche includes
different types of components such as cells, extracellular matrix, cytokines, blood vessels,
and adhesion molecules. Distinct blood vessels with different permeability properties
regulate the maintenance of the BM stem cells. The high permeability of blood vessels
promotes HSCs activation and an increase in bone marrow hematopoietic stem cell ROS
levels, stimulating cell migration and differentiation [41].

The ROS are another metabolic niche factor that has received attention [42]. In normal
conditions, increased glycolytic activity reduces mitochondrial oxidation and decreases
the levels and ROS production [43]. Since HSCs are susceptible to OS, it is important
to maintain their self-renewal capacity [44]. In the normal hematopoiesis process, ROS
regulate migration and myeloid differentiation of HSCs [45]. Primitive HSCs that reside in
a hypoxic BM environment generate energy by maintaining a high rate of glycolysis via
anaerobic glycolysis [42]. This hypoxic BM microenvironment protects HSCs from the OS
that would otherwise inhibit their self-renewal and result in BM failure [46]. The crosstalk
between HSCs and the BM microenvironment is important for normal hematopoiesis.

Quiescent HSCs maintain low levels of ROS to maintain their stemness features.
However, to promote HSC proliferation and differentiation, it is important to maintain
physiological ROS levels [47]. Cells with high ROS levels are mainly involved in short-
term repopulation, whereas cells with low ROS levels have better long-term repopulating
capacity [48]. In adults, and during embryonic development, moderate levels of ROS
are essential for hematopoietic homeostasis [49], whereas high ROS levels may induce
significant defects and eventual depletion of HSCs [50]. It is known that high ROS levels
constitute a risk factor for HSCT in both experimental and clinical settings. The ROS may be
involved in the initiation and progression of myelodysplastic syndromes and acute myeloid
leukemia [51]. ROS play an important role in hematopoiesis through the effects mediated
by the production and secretion of the cytokine CXCL12 of stromal cells; moreover, they can
stimulate the expression of CXCL12 on BM stromal cells, which promotes HSC migration
and retention in the hematopoietic niche [52]. Physiological ROS levels are associated with
an increased expression of CXCR4 on HSCs, providing conditions for their migration to
BM stromal cells.

Bai et al. investigated if the ROS levels correlate with neutrophil and platelet en-
graftment after autologous HSCT; they found that high ROS levels did not correlate with
platelet engraftment [45].

In experiments with mouse models, elevated ROS levels showed the highest negative
impact on HSCT. After total body irradiation (before transplantation), a high production of
ROS was observed that can induce a sort of bystander effect on transplanted HSCs [53].
In quiescent, proliferating, or differentiating stem cells, different amounts of intracellular
ROS are exhibited due to their different metabolisms. ROS have a beneficial effect on stem
cells if maintained in a strict concentration range. If is exceeds this range, it would lead
to senescence of the stem cell and the loss of its functionality [1]. ROS can be involved
in the initiation and progression of hematopoietic malignancies, such as myelodysplastic
syndrome and acute myeloid leukemia, by inducing unspecific oxidative damage of DNA,
lipids, and proteins or by hyperactivation of ROS signaling pathways [54]. Redox regulation
of mammalian HSCs is under intense examination since they are more vulnerable to ROS
than the progenitors, and tend to lose their stemness and die after ROS exposure [42].

The OS is a notorious inducer of autophagy. It is an important component of the
transplantation process and seems to play an important function in oxidative signals during
transplantations. OS and autophagy are both affected by the stress responses triggered in
each step (donor, preservation, and recipient) of the transplantation process [55].

3. β3-Adrenoreceptor

The β3-AR, also known as ADRB3 as the human gene encoding it, is the last identified
member of the β-ARs family. The β-ARs family also includes β1- and β2-Ars, which



Int. J. Mol. Sci. 2021, 22, 2835 5 of 12

are widely found in different types of tumors, such as brain, lung, liver, kidney, adrenal
gland, breast, ovary, prostate, or lymphoid tissues [56]. The ADRB3 gene is localized
on chromosome eight in humans, and it shares a 51% and 46% identity with β1- and
β2-AR amino-acid sequences, respectively; the sequence homology is mostly limited to the
transmembrane domains and membrane-proximal regions of the intracellular loops [57].
The third subtype, β3-AR, was cloned for the first time in 1989 [58], and it differs from
β1- and β2-ARs in both molecular structure and pharmacological profile, suggesting a
different intracellular signaling pathway.

The isotype β3-AR was initially found abundantly expressed in white and brown
adipose rodent tissue, where it mediates lipolysis and thermogenesis [59,60]. Subsequently,
it was described as playing a crucial role in the pathophysiology of the cardiovascular
system [61] and urinary tract [62]. β3-AR expression has been recorded both at mRNA and
protein levels and its presence has been reported across different tumors whose activation
involves a variety of cellular pathways, including vascular tumors, human leukemia cells,
colon, and breast cancer [63–66]. In humans, β3-ARs have a more restricted expression
pattern compared with β1- or β2-ARs [67] due to a unique and species-dependent ligand
recognition profile [68]. Recently, preclinical evidence supports a possible role of β3-ARs in
melanoma. In a recent work, Calvani et al. demonstrated that there might be an additional
dimension with upregulation of β3-ARs in subpopulations of immune cells [69].

Adrenaline and noradrenaline act as β-adrenergic receptor ligands and drive the
development of tumor growth and metastasis through the modulation of cell prolifera-
tion and apoptosis [70]. Quantitative analysis of the human transcriptome showed that
β3-AR expression is far more restricted than previously hypothesized [71]. β-ARs are
proposed as a potential target for a therapeutic approach to cancer, since several studies
suggested that stress-related catecholamine release accelerates cancer progression [72].
β3-AR expression is associated with cancer progression, angiogenesis, and tumor-stromal
cell reactivity [65]. Many types of cancer proved to have an overexpression of β-ARs
and their pharmacological inhibition with β-blockers as anticancer agents showed clinical
efficacy. This suggests that β-blockers can contribute to the improvement in the survival
and decrease in tumor proliferation and progression in many cancer types [66,73]. The
screening for new compounds is progressing at a fast rate since β3-ARs are gaining more
and more importance as therapeutic targets [74].

In the last few years, the first selective β3-ARs agonist, mirabegron, was developed
and approved for its effect on reducing the bladder and detrusor muscle tone in vitro in
overactive bladder syndrome [75]. β3-AR agonists are divided into two classes depending
on the time of their discovery [76]: the first-generation compounds (such as BRL37344
and CL316243) were developed in the 1990s; the second-generation compounds were
developed later. The most-used β3-AR antagonists are SR59230A and L748337.

This receptor is an interesting target for novel therapeutic approaches and targeting
β3-AR has been proposed for the treatment of several conditions, with some drugs already
undergoing Phase II and III clinical trials due to advances over the last two decades [77].

3.1. β3-ARs and ROS

Recently, it was shown that β3-AR exerts a dual role in antioxidant cell response:
it directly inhibits NADPH oxidase activity and induces the expression of catalase, an
enzyme that plays a crucial role as an endogenous antioxidant [78]. Noradrenaline induces
the catalytic subunit of glutamate–cysteine ligase protein, which increases the intracellular
glutathione (GSH) levels through the stimulation of β3-AR in U-251 MG cells and mouse
astrocytes in primary culture [79]. ROS induce GSH synthesis, which is essential for the
protection of neurons from oxidative damage. Calvani et al. showed that β3-AR expressed
in melanoma cells drives the activity of uncoupling protein-2 (UCP2), piloting the ROS
content in the mitochondria [80]. This study demonstrated the β3-AR antioxidant activity
and its role as a mediator for the increase in endogenous antioxidants activity of the cells.
β3-AR could work as an ROS sensor controlling the redox state of the cells, driving cells to
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life or death through mitochondria bioenergetics function [81] by identifying the β3-AR
receptor as the main regulator of the cellular response to OS. Pasha et al. observed that the
nutraceutical antioxidant apigenin induced partial cell death in Ewing Sarcoma (ES) cell
lines by inducing the activation of the apoptotic pathway without increasing the mitochon-
drial ROS production (mtROS), which instead is evident in the administration of the β3-AR
antagonist, SR59230A. Apigenin inhibits the expression of antioxidant proteins (superoxide
dismutase 2, catalase, sirtuin-1, thioredoxin, thioredoxin-interacting protein, glutathione
S-transferase Mu4, and Nrf2), but increases UCP2 and GSH levels. The antioxidant activity
of β3-ARs could be mediated by UCP2 protein expression, which could control the redox
homeostasis in ES cells [82].

In a recent study, Calvani et al. demonstrated that cells treated with curcumin, 8-
gingerol, genistein, and retinoic acid showed reduced viability compared with cells treated
with capsaicin, ascorbic acid, formononetin, and flavon, which did not affect the cell
viability [81]. Moreover, low levels of intracellular mtROS were observed in cells treated
with prosurvival antioxidants, whereas an increase in mtROS levels were evident in cells
treated with antioxidants that can reduce cell viability. β3-ARs expression was u-regulated
when cell viability was not affected by the treatment, and the treatment that reduced cell
viability strongly downregulated the β3-ARs levels. These results identified the β3-ARs as
one of the main regulators of the cellular response to OS under treatment with different
micronutrients. β3-ARs function as ROS sensors in ES cells by inducing, or not inducing,
antioxidant response and cell death. As the antagonism of β3-ARs leads to massive cell
death, inhibiting β3-ARs in these cells could dramatically increase the ROS levels above
the toxic threshold, leading to cell death.

In adipose tissue, β3-AR stimulation displays the same effects as stimulation of the
transcription factor PPARγ, which has commonly been described to exert antioxidant prop-
erties [83,84]. Moreover, it was demonstrated that β3-AR can induce the over-expression
of PPARγ [85]. The antioxidant effects of β3-AR in human macrophages led to potent
anti-inflammatory effects [78].

3.2. β3-ARs and HSCs

Every day, billions of blood cells are produced during the process of hematopoiesis,
which occurs in the BM by HSC proliferation and differentiation. HSC niches are regulated
by sympathetic nerves, a variety of mature hematopoietic cells (such as macrophages,
neutrophils, and megakaryocytes), and non-myelinating Schwann cells [86]. Adrenergic
receptors are expressed by many cellular components of the niche, and the BM cells
can produce and release catecholamines [87]. The first evidence that BM function may
be influenced by an adrenergic system was found after the 1990s [88]. In 1997, Marino
et al. showed that the catecholamines, via α1-AR, may influence hematopoiesis and
that BM contains high amounts of catecholamines due to the secretion of sympathetic
post-ganglionic fibers and endogenous of the BM cells [89]. Moreover, the α-adrenergic
antagonists may highly increase myelopoiesis and platelets production while decreasing
lymphopoiesis after HSCT. In the BM, β-AR stimulation may result in a variety of effects
such as after burn injury if there is an increase in myelopoiesis in situations of increased
sympathetic nervous system activity [90]. Under stable conditions, a small amount of
HSPC leaves the BM and penetrates the tissues, and returns via the blood or lymphatic
system to the BM or peripheral niches [91]. The mobilization is the release of HSPC from
the BM into the peripheral blood, and it may be a danger-sensing response mechanism
triggered by hypoxia or tissue injury [92]. Katayama et al. showed the involvement of an
adrenergic mechanism in HSP mobilization [93].

Studies on circadian rhythms provided the first evidence of sympathetic regulation of
hematopoiesis. Mendez-Ferrer et al. observed that continuous exposure to light or jet lag
altered the number of HSCs in the mouse BM, indicating that photic cues could influence
the trafficking of HSCs [94].
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Calvani et al. demonstrated that SR59230A, a β3-AR antagonist, promotes hematopoi-
etic differentiation by increasing the ratios of lymphoid/HSCs and myeloid progenitor
cells/HSCs by increasing the number of Ter119, natural killer (NK) precursor cells, and
granulocyte precursors [95]. Additionally, pharmacological antagonism of β3-AR induces
mesenchymal stem cell differentiation into adipocytes. Moreover, β3-ARs induce the
recruitment of stromal cells in the tumor microenvironment [65] as β3-AR was shown to
regulate stromal cell differentiation. Antagonism with SR59230A can promote the differen-
tiation of progenitor cells in hematopoietic tumors (Figure 2) [95]. The β-adrenergic system
was identified as one of the principal players in the regulation of the immune system.
β2-adrenergic stimulation inhibits lymphocyte responses, natural killer (NK) cytotoxicity,
and dendritic cell functions [96]. Calvani et al. evaluated the potential role of β3-ARs in
the regulation of melanoma immuno-tolerance by pharmacological approach [69]. They
showed that both β2- and β3-ARs were expressed in mouse PBMCs, but under the hypoxic
condition, only β3-ARs showed a reversible upregulation. Moreover, compared with cir-
culating cells, β3-ARs were remarkably up-regulated in NK, Treg, and myeloid-derived
suppressor cell (MDSC) infiltrating the tumor. The antagonism of β3-adrenoceptor could
reduce melanoma growth in vivo by attenuating Treg and myeloid-derived suppressor cell
(MDSC) sub-populations in the tumor microenvironment and by increasing the number of
NK and CD8 cells [69]. Moreover, β3-ARs blockade could induce a shift in macrophage and
neutrophil phenotypes from both M2 to M1 and N2 to N1. Since hypoxia is considered one
of the most important regulators of cancer immune-tolerance, the hypothesis that β3-ARs
might be involved in the acquisition of an immune-tolerant phenotype under hypoxic
conditions is supported [97]. β2- and β3-ARs are expressed in T lymphocytes; among
them, β3-ARs are upregulated in response to stress [98]. The β3-AR antagonist, SR59230A,
can increase NK and CD8 cells with a strong reduction in Treg cells and MDSC within
the tumor mass, counteracting melanoma growth in vivo [69]. The authors showed the
involvement of β3-ARs in immune tolerance, reinforcing the hypothesis that it could be a
target for a melanoma growth control therapy.
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Figure 2. Effects of β3-adrenoreceptors (Ars) agonists/antagonists on ROS levels and hematopoietic stem cells (HSCs)
differentiation.

The adrenergic modulation of hematopoiesis has considerable potential for pharmaco-
logical therapeutic approaches in hematopoietic disorders and HSCT. However, due to the
complexity of the system, further studies are needed [86].

4. Conclusions

HSCT has emerged as a therapeutic approach that generates healthy and differentiated
cells, and repairs deteriorated or damaged tissues and organs. ROS may influence many
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biological processes, but the knowledge of which ROS are implicated in any given physio-
logical setting is limited. Studying ROS metabolism, how it can be manipulated to generate
stem cells, and its influence on the stem cell fate could be challenging. An increased ROS
level correlates with mammalian blood stem cell differentiation and increased production
of their immediate progenitors, where ROS mediates cell cycle progression. Blood stem cell
activity reduction occurs within regions of the BM that have increased levels of ROS [95].
Low ROS levels are essential to maintain the stemness of quiescent HSCs, but a physio-
logical level of ROS is needed to promote HSC proliferation and differentiation. β3-ARs
antagonist SR59230A induces hematopoietic differentiation of lymphoid/HSCs, myeloid
progenitor cells/HSCs [95], and mesenchymal stem cell differentiation into adipocytes,
reducing the potential renewal of the stem compartment of these cells [65]. In this re-
view, we aimed to suggest that the β3-AR agonist could be tested in the first phase of
transplantation to maintain low to moderate levels of ROS, and to preserve stemness and
long-term differentiation. When HSCs start to differentiate, ROS must be kept at moder-
ate/high levels to stimulate hematopoietic differentiation, as previously demonstrated in
melanoma [96,99]. However, as the molecular biomarkers have not yet been identified, it is
hard to state the necessary dose and timing of agonists/antagonists’ administration. An
accurate determination of the dose and the timing administration is a problem yet to be
solved, so more studies are needed. The adrenergic modulation of hematopoiesis holds
considerable potential for pharmacological therapeutic approaches in hematopoietic disor-
ders and HSCT [86]. Since β3-ARs represent a promising therapeutic target of systemic
disorders, studying the pharmacological effects of β3-ARs’ agonists and antagonists could
represent an exciting opportunity for future explorations.
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Abbreviations

BM Bone marrow
β3-AR β3-adrenoreceptor
GSH Glutathione
GvHD Graft-versus-host disease
HSCs Hematopoietic stem cells
HSCT Hematopoietic stem cell transplantation
HSPCs Hematopoietic progenitor stem cells
MDSC Myeloid-derived suppressor cell
mtROS Mitochondrial ROS
NADPH Nicotinamide adenine dinucleotide phosphate
NK Natural killer
OS Oxidative stress
PB Peripheral blood
PBCs Peripheral blood cells
PBSCT Peripheral blood stem cells transplantation
ROS Reactive oxygen species
UCP2 Uncoupling protein-2

References
1. Ludin, A.; Gur-Cohen, S.; Golan, K.; Kaufmann, K.B.; Itkin, T.; Medaglia, C.; Lu, X.; Ledergor, G.; Kollet, O.; Lapidot, T. Reactive

Oxygen Species Regulate Hematopoietic Stem Cell Self-Renewal, Migration and Development, as well as Their Bone Marrow
Microenvironment. Antioxid. Redox Signal. 2014, 21, 1605–1619. [CrossRef]

2. Mahla, R.S. Stem Cells Applications in Regenerative Medicine and Disease Therapeutics. Int. J. Cell Biol. 2016, 2016, 6940283.
[CrossRef]

http://doi.org/10.1089/ars.2014.5941
http://doi.org/10.1155/2016/6940283


Int. J. Mol. Sci. 2021, 22, 2835 9 of 12

3. Lapidot, T.; Dar, A.; Kollet, O. How do stem cells find their way home? Blood 2005, 106, 1901–1910. [CrossRef]
4. Fagioli, F.; Zecca, M.; Locatelli, F.; Lanino, E.; Uderzo, C.; Di Bartolomeo, P.; Berger, M.; Favre, C.; Rondelli, R.; Andrea, P.; et al.

Allogeneic stem cell transplantation for children with acute myeloid leukemia in second complete remission. J. Pediatr. Hematol.
Oncol. 2008, 30, 575–583. [CrossRef] [PubMed]

5. Felfly, H.; Haddad, G.G. Hematopoietic stem cells: Potential new applications for translational medicine. J. Stem Cells 2014, 9,
163–197.

6. Park, B.; Yoo, K.H.; Kim, C. Hematopoietic stem cell expansion and generation: The ways to make a breakthrough. Blood Res.
2015, 50, 194–203. [CrossRef]

7. Angheben, A.; Giaconi, E.; Menconi, M.; Casazza, G.; Najajreh, M.; Anselmi, M.; Gobbi, F.; Bisoffi, Z.; Tascini, C.; Favre, C.
Reactivation of Chagas disease after a bone marrow transplant in Italy: First case report. Blood Transfus. 2012, 10, 542–544.

8. Center for International Blood and Marrow Transplant Research. CIBMTR Summary Slides I. Archived from the Original; Center for
International Blood and Marrow Transplant Research: Milwaukee, WI, USA, 2012.

9. Langereis, E.J.; den Os, M.M.; Breen, C.; Jones, S.A.; Knaven, O.C.; Mercer, J.; Weston, M.; Paula, M.K.; Jim, K.; Tyler, K.; et al.
Progression of Hip Dysplasia in Mucopolysaccharidosis Type I Hurler After Successful Hematopoietic Stem Cell Transplantation.
J. Bone Jt. Surg. Am. Vol. 2016, 98, 386–395. [CrossRef] [PubMed]

10. Hashemi Taheri, A.P.; Radmard, A.R.; Kooraki, S.; Behfar, M.; Pak, N.; Hamidieh, A.A.; Ghavamzadeh, A. Radiologic resolution
of malignant infantile osteopetrosis skeletal changes following hematopoietic stem cell transplantation. Pediatr. Blood Cancer 2015,
62, 1645–1649. [CrossRef]

11. Cutler, C.; Antin, J.H. Peripheral blood stem cells for allogeneic transplantation: A review. Stem Cells 2001, 19, 108–117. [CrossRef]
12. Storek, J.; Joseph, A.; Espino, G.; Dawson, M.A.; Douek, D.C.; Sullivan, K.M.; Flowers, M.E.; Martin, P.; Mathioudakis, G.; Nash,

R.A.; et al. Immunity of patients surviving 20 to 30 years after allogeneic or syngeneic bone marrow transplantation. Blood 2001,
98, 3505–3512. [CrossRef] [PubMed]

13. Saba, N.; Flaig, T. Bone Marrow Transplantation for Nonmalignant Diseases. J. Hematother. Stem Cell Res. 2002, 11, 377–387.
[CrossRef]

14. Khaddour, K.; Hana, C.K.; Mewawalla, P. Hematopoietic Stem Cell Transplantation (Bone Marrow Transplant); StatPearls Publishing:
Treasure Island, FL, USA, 2020.

15. Levine, D.; Navarro, O.M.; Chaudry, G.; Doyle, J.J.; Susan, I. Blaser Imaging the complications of bone marrow transplantation in
children. Radiographics 2007, 27, 307–324. [CrossRef]

16. Barrett, J. Worldwide bone marrow transplantation activity in the last decade. In New Strategies in Bone Marrow Transplantation;
Wiley-Liss: New York, NY, USA, 1991; pp. 1–6.

17. Buckley, R.H. A historical review of bone marrow transplantation for immunodeficiencies. J. Allergy Clin. Immunol. 2004, 113,
793–800. [CrossRef]

18. Myers, L.A.; Patel, D.D.; Puck, J.M.; Buckley, R.H. Hematopoietic stem cell transplantation for severe combined immunodeficiency
in the neonatal period leads to superior thymic output and improved survival. Blood 2002, 99, 872–878. [CrossRef]

19. Woolfrey, A.E.; Anasetti, C.; Storer, B.; Doney, K.; Milner, L.A.; Sievers, A.L.; Carpenter, P.; Martin, P.; Petersdorf, E.; Appelbaum,
F.R.; et al. Factors associated with outcome after unrelated marrow transplantation for treatment of acute lymphoblastic leukemia
in children. Blood 2002, 99, 2002–2008. [CrossRef] [PubMed]

20. Holtick, U.; Albrecht, M.; Chemnitz, J.M.; Theurich, S.; Skoetz, N.; Scheid, C.; von Bergwelt-Baildon, M. Bone marrow versus
peripheral blood allogeneic haematopoietic stem cell transplantation for haematological malignancies in adults. Cochrane Database
Syst. Rev. 2014, 20, CD010189. [CrossRef] [PubMed]

21. Stem Cell Trialists’ Collaborative Group: Allogeneic Peripheral Blood Stem-Cell Compared with Bone Marrow Transplantation in
the Management of Hematologic Malignancies: An Individual Patient Data Meta-Analysis of Nine Randomized Trials. J. Clin.
Oncol. 2005, 23, 5074–5087. [CrossRef] [PubMed]

22. Cutler, C.; Antin, J.H. Stem cell sources: Peripheral blood stem cells and bone marrow for allogeneic transplantation. In Stem Cell
Transplantation Hematologic Disorders; Soiffer, R.J., Ed.; Humana Press: Totowa, NJ, USA, 2004; pp. 337–356.

23. Mohty, M.; Kuentz, M.; Michallet, M.; Bourhis, J.H.; Milpied, N.; Sutton, L.; Jouet, J.P.; Attal, M.; Bordigoni, P.; Cahn, J.Y.; et al.
Chronic graft-versus-host disease after allogeneic blood stem cell transplantation: Long-term results of a randomized study. Blood
2002, 100, 3128–3134. [CrossRef]

24. Silva, A.N.D.; Lima, L.C. The association between physical exercise and reactive oxygen species (ROS) production. J. Sports Med.
Doping Stud. 2015, 5, 152.

25. Willems, P.H.; Rossignol, R.; Dieteren, C.E.; Murphy, M.P.; Koopman, W.J. Redox homeostasis and mitochondrial dynamics. Cell
Metab. 2015, 22, 207–218. [CrossRef]

26. Liou, G.Y.; Storz, P. Reactive oxygen species in cancer. Free Radic Res. 2010, 44, 479–496. [CrossRef] [PubMed]
27. Weiss, C.N.; Ito, K. DNA damage response, redox status and hematopoiesis. Blood Cells Mol. Dis. 2014, 52, 12–18. [CrossRef]
28. Yahata, T.; Takanashi, T.; Muguruma, Y.; Ibrahim, A.A.; Matsuzawa, H.; Uno, T.; Sheng, Y.; Onizuka, M.; Ito, M.; Kato, S.; et al.

Accumulation of oxidative DNA damage restricts the self-renewal capacity of human hematopoietic stem cells. Blood 2011, 118,
2941–2950. [CrossRef] [PubMed]

29. Panieri, E.; Santoro, M.M. ROS homeostasis and metabolism: A dangerous liaison in cancer cells. Cell Death Dis. 2017, 7, e2253.
[CrossRef]

http://doi.org/10.1182/blood-2005-04-1417
http://doi.org/10.1097/MPH.0b013e31816e2342
http://www.ncbi.nlm.nih.gov/pubmed/18799933
http://doi.org/10.5045/br.2015.50.4.194
http://doi.org/10.2106/JBJS.O.00601
http://www.ncbi.nlm.nih.gov/pubmed/26935461
http://doi.org/10.1002/pbc.25524
http://doi.org/10.1634/stemcells.19-2-108
http://doi.org/10.1182/blood.V98.13.3505
http://www.ncbi.nlm.nih.gov/pubmed/11739150
http://doi.org/10.1089/152581602753658565
http://doi.org/10.1148/rg.272065088
http://doi.org/10.1016/j.jaci.2004.01.764
http://doi.org/10.1182/blood.V99.3.872
http://doi.org/10.1182/blood.V99.6.2002
http://www.ncbi.nlm.nih.gov/pubmed/11877272
http://doi.org/10.1002/14651858.CD010189.pub2
http://www.ncbi.nlm.nih.gov/pubmed/24748537
http://doi.org/10.1200/JCO.2005.09.020
http://www.ncbi.nlm.nih.gov/pubmed/16051954
http://doi.org/10.1182/blood.V100.9.3128
http://doi.org/10.1016/j.cmet.2015.06.006
http://doi.org/10.3109/10715761003667554
http://www.ncbi.nlm.nih.gov/pubmed/20370557
http://doi.org/10.1016/j.bcmd.2013.08.002
http://doi.org/10.1182/blood-2011-01-330050
http://www.ncbi.nlm.nih.gov/pubmed/21734240
http://doi.org/10.1038/cddis.2016.105


Int. J. Mol. Sci. 2021, 22, 2835 10 of 12

30. Morry, J.; Ngamcherdtrakul, W.; Yantasee, W. Oxidative stress in cancer and fibrosis: Opportunity for therapeutic intervention
with antioxidant compounds, enzymes, and nanoparticles. Redox Biol. 2017, 11, 240–253. [CrossRef] [PubMed]

31. Liguori, I.; Russo, G.; Curcio, F.; Bulli, G.; Aran, L.; Della-Morte, D.; Gargiulo, G.; Testa, G.; Cacciatore, F. Oxidative stress, aging,
and diseases. Clin. Interv. Aging 2018, 13, 757–772. [CrossRef] [PubMed]

32. Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative stress:
Harms and benefits for human health. Oxid. Med. Cell. Longev. 2017, 2017, 8416763. [CrossRef]

33. He, L.; He, T.; Farrar, S.; Ji, L.; Liu, T.; Ma, X. Antioxidants maintain cellular redox homeostasis by elimination of reactive oxygen
species. Cell. Physiol. Biochem. 2017, 44, 532–553. [CrossRef]

34. Chen, J.W.; Dodia, C.; Feinstein, S.I.; Jain, M.K.; Fisher, A.B. 1-Cys peroxiredoxin, a bifunctional enzyme with gluthatione
peroxidase and phospholipase A2 activities. J. Biol. Chem. 2000, 275, 28421–28427. [CrossRef]

35. Day, A.M.; Brown, J.D.; Taylor, S.R.; Rand, J.D.; Morgan, B.A.; Veal, E.A. Inactivation of a peroxiredoxin by hydrogen peroxide is
critical for thioredoxin-mediated repair of oxidized proteins and cell survival. Mol. Cell 2012, 45, 398–408. [CrossRef]

36. Calvani, M.; Comito, G.; Giannoni, E.; Chiarugi, P. Timedependent stabilization of hypoxia inducible factor-1α by different
intracellular sources of reactive oxygen species. PLoS ONE 2012, 7, e38388. [CrossRef] [PubMed]

37. Kurutas, E.B. The importance of antioxidants which play the role in cellular response against oxidative/nitrosative stress: Current
state. Nutr. J. 2016, 15, 71. [CrossRef] [PubMed]

38. Vargas-Mendoza, N.; Morales-González, A.; Madrigal-Santillán, E.O.; Madrigal-Bujaidar, E.; Álvarez-González, I.; Garcia-Melo,
R.F.; Anguiano-Robledo, L.; Fregoso-Aguilar, T.; Morales-Gonzalez, J.A. Antioxidant and adaptative response mediated by Nrf2
during physical exercise. Antioxidants 2019, 8, 196. [CrossRef]

39. Laurenti, E.; Gottgens, B. From haematopoietic stem cells to complex differentiation landscapes. Nature 2018, 553, 418–426.
[CrossRef]

40. Wilson, E.; Laurenti, E.; Trumpp, A. Balancing dormant and self-renewing hematopoietic stem cells. Curr. Opin. Gen. Dev. 2009,
19, 461–468. [CrossRef]

41. Itkin, T.; Gur-Cohen, S.; Spencer, J.A.; Schajnovitz, A.; Ramasamy, S.K.; Kusumbe, A.P.; Ledergor, G.; Jung, Y.; Milo, I.; Poulos,
M.G.; et al. Distinct bone marrow blood vessels differentially regulate haematopoiesis. Nature 2016, 532, 323–328. [CrossRef]

42. Suda, T.; Takubo, K.; Semenza, G.L. Metabolic regulation of hematopoietic stem cells in the hypoxic niche. Cell Stem Cell 2011, 9,
298–310. [CrossRef] [PubMed]

43. Takubo, K.; Nagamatsu, G.; Kobayashi, C.I.; Nakamura-Ishizu, A.; Kobayashi, H.; Ikeda, E.; Goda, N.; Rahimi, Y.; Johnson, R.S.;
Soga, T.; et al. Regulation of glycolysis by Pdk functions as a metabolic checkpoint for cell cycle quiescence in hematopoietic stem
cells. Cell Stem Cell 2013, 12, 49–61. [CrossRef] [PubMed]

44. Samimi, A.; Kalantari, H.; Lorestani, M.Z.; Shirzad, R.; Saki, N. Oxidative stress in normal hematopoietic stem cells and leukemia.
Apmis 2018, 126, 284–294. [CrossRef]

45. Bai, L.; Best, G.; Xia, W.; Peters, L.; Wong, K.; Ward, C.; Greenwood, M. Expression of Intracellular Reactive Oxygen Species in
Hematopoietic Stem Cells Correlates with Time to Neutrophil and Platelet Engraftment in Patients Undergoing Autologous Bone
Marrow Transplantation. Biol. Blood Marrow Transpl. 2018, 24, 1997–2002. [CrossRef]

46. Kong, Y.; Song, Y.; Hu, Y.; Shi, M.-M.; Wang, Y.-T.; Wang, Y.; Zhang, X.-H.; Xu, L.-P.; Liu, K.-Y.; Deng, H.-K.; et al. Increased
reactive oxygen species and exhaustion of quiescent CD34-positive bone marrow cells may contribute to poor graft function after
allotransplants. Oncotarget 2016, 7, 30892–30906. [CrossRef] [PubMed]

47. Shinohara, A.; Imai, Y.; Nakagawa, M.; Takahashi, T.; Ichikawa, M.; Kurokawa, M. Intracellular reactive oxygen species mark
and influence the megakaryocyte-erythrocyte progenitor fate of common myeloid progenitors. Stem Cells 2014, 32, 548–557.
[CrossRef]

48. Lewandowski, D.; Barroca, V.; Ducongé, F.; Bayer, J.; Van Nhieu, J.T.; Pestourie, C.; Fouchet, P.; Tavitian, B.; Roméo, P.H. In vivo
cellular imaging pinpoints the role of reactive oxygen species in the early steps of adult hematopoietic reconstitution. Blood 2010,
115, 443–452. [CrossRef]

49. Harris, J.M.; Esain, V.; Frechette, G.M. Glucose metabolism impacts the spatio-temporal onset and magnitude of HSC induction
in vivo. Blood 2013, 121, 2483–2493. [CrossRef]

50. Linping, H.; Zhang, Y.; Miao, W.; Cheng, T. Reactive Oxygen Species and Nrf2: Functional and Transcriptional Regulators of
Hematopoiesis. Oxid. Med. Cell. Longev. 2019, 2019, 5153268.

51. Hole, P.S.; Zabkiewicz, J.; Munje, C. Overproduction of NOX derived ROS in AML promotes proliferation and disassociated with
defective oxidative stress signaling. Blood 2013, 122, 3322–3330. [CrossRef] [PubMed]

52. Nie, Y.; Han, Y.C.; Zou, Y.R. CXCR4 is required for the quiescence of primitive hematopoietic cells. J. Exp. Med. 2008, 205, 777–783.
[CrossRef] [PubMed]

53. Shen, H.; Yu, H.; Liang, P.H.; Cheng, H.; XuFeng, H.; Youan, Y.; Zhang, P.; Smith, C.A.; Cheng, T. An acute negative bystander
effect of γ-irradiated recipients on transplanted hematopoietic stem cells. Blood 2012, 119, 3629–3637. [CrossRef]

54. Mantel, C.; Messina-Graham, S.; Moh, A.; Cooper, S.; Hangoc, G.; Fu, X.Y.; Broxmeyer, H.E. Mouse hematopoietic cell-targeted
STAT3 deletion: Stem/progenitor cell defects, mitochondrial dysfunction, ROS overproduction, and a rapid aging-like phenotype.
Blood 2012, 120, 2589–2599. [CrossRef] [PubMed]

http://doi.org/10.1016/j.redox.2016.12.011
http://www.ncbi.nlm.nih.gov/pubmed/28012439
http://doi.org/10.2147/CIA.S158513
http://www.ncbi.nlm.nih.gov/pubmed/29731617
http://doi.org/10.1155/2017/8416763
http://doi.org/10.1159/000485089
http://doi.org/10.1074/jbc.M005073200
http://doi.org/10.1016/j.molcel.2011.11.027
http://doi.org/10.1371/journal.pone.0038388
http://www.ncbi.nlm.nih.gov/pubmed/23144690
http://doi.org/10.1186/s12937-016-0186-5
http://www.ncbi.nlm.nih.gov/pubmed/27456681
http://doi.org/10.3390/antiox8060196
http://doi.org/10.1038/nature25022
http://doi.org/10.1016/j.gde.2009.08.005
http://doi.org/10.1038/nature17624
http://doi.org/10.1016/j.stem.2011.09.010
http://www.ncbi.nlm.nih.gov/pubmed/21982230
http://doi.org/10.1016/j.stem.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23290136
http://doi.org/10.1111/apm.12822
http://doi.org/10.1016/j.bbmt.2018.06.014
http://doi.org/10.18632/oncotarget.8810
http://www.ncbi.nlm.nih.gov/pubmed/27105530
http://doi.org/10.1002/stem.1588
http://doi.org/10.1182/blood-2009-05-222711
http://doi.org/10.1182/blood-2012-12-471201
http://doi.org/10.1182/blood-2013-04-491944
http://www.ncbi.nlm.nih.gov/pubmed/24089327
http://doi.org/10.1084/jem.20072513
http://www.ncbi.nlm.nih.gov/pubmed/18378795
http://doi.org/10.1182/blood-2011-08-373621
http://doi.org/10.1182/blood-2012-01-404004
http://www.ncbi.nlm.nih.gov/pubmed/22665934


Int. J. Mol. Sci. 2021, 22, 2835 11 of 12

55. Van Erp, A.C.; Hoeksma, D.; Rebolledo, R.A.; Ottens, P.J.; Jochmans, I.; Monbaliu, D.; Pirenne, J.; Henri, G.; Leuvenink, D.;
Decuypere, J.P. The Crosstalk between ROS and Autophagy in the Field of Transplantation Medicine. Oxid. Med. Cell. Longev.
2017, 2017, 7120962. [CrossRef] [PubMed]

56. Moretti, S.; Massi, D.; Farini, V.; Baroni, G.; Parri, M.; Innocenti, S.; Cecchi, R.; Chiarugi, P. Beta-adrenoceptors are upregulated in
human melanoma and their activation releases pro-tumorigenic cytokines and metalloproteases in melanoma cell lines. Lab.
Investig. 2013, 93, 279–290. [CrossRef] [PubMed]

57. Jockers, R.; Da Silva, A.; Strosberg, A.D.; Bouvier, M.; Marullo, S. New molecular and structural determinants involved in
β2-adrenergic receptor desensitization and sequestration. Delineation using chimeric β3/β2-adrenergic receptors. J. Biol. Chem.
1996, 271, 9355–9362. [CrossRef] [PubMed]

58. Emorine, L.J.; Marullo, S.; Briend-Sutren, M.M.; Patey, G.; Tate, K.; Delavier-Klutchko, C.; Strosberg, A.D. Molecular characteriza-
tion of the human beta 3-adrenergic receptor. Science 1989, 245, 1118–1121. [CrossRef] [PubMed]

59. Nahmias, C.; Blin, N.; Elalouf, J.M.; Mattei, M.G.; Strosberg, A.D.; Emorine, L.J. Molecular characterization of the mouse
β3-adrenergic receptor: Relationship with the atypical receptor of adipocytes. EMBO J. 1991, 10, 3721–3727. [CrossRef]

60. Bartness, T.J.; Vaughan, C.H.; Song, C.K. Sympathetic and sensory innervation of brown adipose tissue. Int. J. Obes. 2010, 34
(Suppl. 1), S36–S42. [CrossRef] [PubMed]

61. Dessy, C.; Balligand, J.L. Beta3-adrenergic receptors in cardiac and vascular tissues emerging concepts and therapeutic perspec-
tives. Adv. Pharmacol. 2010, 59, 135–163.

62. Igawa, Y.; Michel, M.C. Pharmacological profile of β3- adrenoceptor agonists in clinical development for the treatment of
overactive bladder syndrome. Naunyn-Schmiedeberg Arch. Pharmacol. Vol. 2013, 386, 177–183. [CrossRef]

63. Perrone, M.G.; Notarnicola, M.; Caruso, M.G.; Tutino, V.; Scilimati, A. Upregulation of beta3-adrenergic receptor mrna in human
colon cancer: A preliminary study. Oncology 2008, 75, 224–229. [CrossRef]

64. Dal Monte, M.; Casini, G.; Filippi, L.; Nicchia, G.P.; Svelto, M.; Bagnoli, P. Functional involvement of β3-adrenergic receptors in
melanoma growth and vascularization. J. Mol. Med. 2013, 91, 1407–1419. [CrossRef]

65. Calvani, M.; Pelon, F.; Comito, G.; Taddei, M.L.; Moretti, S.; Innocenti, S.; Nassini, R.; Gerlini, G.; Borgognoni, L.; Bambi, F.;
et al. Norepinephrine promotes tumor microenvironment reactivity through β3-adrenoreceptors during melanoma progression.
Oncotarget 2015, 6, 4615–4632. [CrossRef]

66. Montoya, A.; Amaya, C.N.; Belmont, A.; Diab, N.; Trevino, R.; Villanueva, G.; Rains, S.; Sanchez, L.A.; Badri, N.; Otoukesh, S.;
et al. Use of non-selective beta-blockers is associated with decreased tumor proliferative indices in early-stage breast cancer.
Oncotarget 2017, 8, 6446–6460. [CrossRef]

67. Michel, M.C.; Gravas, S. Safety and tolerability of β3-adrenoceptor agonists in the treatment of overactive bladder syndrome—
Insight from transcriptosome and experimental studies. Expert Opin. Drug Saf. 2016, 15, 647–657. [CrossRef]

68. Cernecka, H.; Sand, C.; Michel, M.C. The odd sibling: Features of β3-adrenoceptor pharmacology. Mol. Pharmacol. 2014, 86,
479–484. [CrossRef] [PubMed]

69. Calvani, M.; Bruno, G.; Dal Monte, M.; Nassini, R.; Fontani, F.; Casini, A.; Cavallini, L.; Becatti, M.; Bianchini, F.; DeLogu, F.; et al.
β3-Adrenoceptor as a potential immuno-suppressor agent in melanoma. Br. J. Pharmacol. 2019, 176, 2509–2524. [CrossRef]

70. Cole, S.W.; Sood, A.K. Molecular pathways: Beta-adrenergic signaling in cancer. Clin. Cancer Res. 2012, 18, 1201–1206. [CrossRef]
[PubMed]

71. Uhlen, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A.; Kampf, C.; Sjosted, E.;
Asplund, A.; et al. Proteomics. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef] [PubMed]

72. De Giorgi, V.; Grazzini, M.; Benemei, S.; Marchionni, N.; Botteri, E.; Pennacchioli, E.; Geppetti, P.; Gandini, S. Propranolol for
off-label treatment of patients with melanoma: Results from a cohort study. JAMA Oncol. 2018, 4, e172908. [CrossRef]

73. Hwa, Y.L.; Shi, Q.; Kumar, S.K.; Lacy, M.A.Q.; Gertz, M.A.; Kapoor, P.; Buadi, F.K.; Leung, N.; Dingli, D.; Go, R.S.; et al.
Beta-blockers improve survival outcomes in patients with multiple myeloma: A retrospective evaluation. Am. J. Hematol. 2017,
92, 50–55. [CrossRef]

74. Jin, J.; Miao, C.; Wang, Z.; Zhang, W.; Zhang, X.; Xie, X.; Lu, W. Design and synthesis of aryloxypropanolamine as β3-adrenergic
receptor antagonist in cancer and lipolysis. Eur. J. Med. Chem. 2018, 150, 757–770. [CrossRef]

75. Andersson, K.E.; Martin, N.; Nitti, V. Selective β3-adrenoceptor agonists for the treatment of overactive bladder. J. Urol. 2013, 190,
1173–1180. [CrossRef]

76. Perrone, G.M.; Scilimati, A. β(3)-Adrenoceptor agonists and (antagonists as) inverse agonists history, perspective, constitutive
activity, and stereospecific binding. Methods Enzymol. 2010, 484, 197–230.

77. Schena, G.; Caplan, M.J. Everything You Always Wanted to Know about β3-AR * (* But Were Afraid to Ask). Cells 2019, 8, 357.
[CrossRef]

78. Hadi, T.; Douhard, R.; Dias, A.M.M.; Wendremaire, M.; Pezzè, M. Beta3 adrenergic receptor stimulation in human macrophages
inhibits NADPH oxidase activity and induces catalase expression via PPAR γ activation. Biochim. Biophys. Acta 2017, 1854,
1769–1784. [CrossRef] [PubMed]

79. Yoshioka, Y.; Kadoi, H.; Yamamuro, A.; Ishimaru, Y.; Maeda, S. Noradrenaline increases intracellular glutathione in human
astrocytoma U-251 MG cells by inducing glutamate-cysteine ligase protein via β3- adrenoceptor stimulation. Eur. J. Pharmacol.
2015, 772, 51–61. [CrossRef] [PubMed]

http://doi.org/10.1155/2017/7120962
http://www.ncbi.nlm.nih.gov/pubmed/29410735
http://doi.org/10.1038/labinvest.2012.175
http://www.ncbi.nlm.nih.gov/pubmed/23318885
http://doi.org/10.1074/jbc.271.16.9355
http://www.ncbi.nlm.nih.gov/pubmed/8621600
http://doi.org/10.1126/science.2570461
http://www.ncbi.nlm.nih.gov/pubmed/2570461
http://doi.org/10.1002/j.1460-2075.1991.tb04940.x
http://doi.org/10.1038/ijo.2010.182
http://www.ncbi.nlm.nih.gov/pubmed/20935665
http://doi.org/10.1007/s00210-012-0824-1
http://doi.org/10.1159/000163851
http://doi.org/10.1007/s00109-013-1073-6
http://doi.org/10.18632/oncotarget.2652
http://doi.org/10.18632/oncotarget.14119
http://doi.org/10.1517/14740338.2016.1160055
http://doi.org/10.1124/mol.114.092817
http://www.ncbi.nlm.nih.gov/pubmed/24890609
http://doi.org/10.1111/bph.14660
http://doi.org/10.1158/1078-0432.CCR-11-0641
http://www.ncbi.nlm.nih.gov/pubmed/22186256
http://doi.org/10.1126/science.1260419
http://www.ncbi.nlm.nih.gov/pubmed/25613900
http://doi.org/10.1001/jamaoncol.2017.2908
http://doi.org/10.1002/ajh.24582
http://doi.org/10.1016/j.ejmech.2018.03.032
http://doi.org/10.1016/j.juro.2013.02.104
http://doi.org/10.3390/cells8040357
http://doi.org/10.1016/j.bbamcr.2017.07.003
http://www.ncbi.nlm.nih.gov/pubmed/28723418
http://doi.org/10.1016/j.ejphar.2015.12.041
http://www.ncbi.nlm.nih.gov/pubmed/26724392


Int. J. Mol. Sci. 2021, 22, 2835 12 of 12

80. Calvani, M.; Cavallini, L.; Tondo, A.; Spinelli, V.; Ricci, L.; Pasha, A.; Bruno, G.; Buonvicino, D.; Bigagli, E.; Vignoli, M.; et al.
β3-Adrenoreceptors Control Mitochondrial Dormancy in Melanoma and Embryonic Stem Cells. Oxid. Med. Cell. Longev. 2018,
2018, 6816508. [CrossRef] [PubMed]

81. Calvani, M.; Favre, C. Antioxidant Nutraceutical approach to Ewing Sarcoma: Where is the Trap? Biomed. J. Sci. Tech. Res. 2019,
17, 12805–12814.

82. Pasha, A.; Vignoli, M.; Subbiani, A.; Nocentini, A.; Selleri, S.; Gratteri, P.; DaBraio, A.; Casini, T.; Filippi, L.; Fotzi, I.; et al.
β3-Adrenoreceptor Activity Limits Apigenin Efficacy in Ewing Sarcoma Cells: A Dual Approach to Prevent Cell Survival. Int. J.
Mol. Sci. 2019, 20, 2149. [CrossRef]

83. Bogacka, I.; Gettys, T.W.; da Jonge, L.; Nguyen, T.; Smith, J.M.; Xie, H.; Greenway, F.; Smith, S.R. The Effect of β-Adrenergic and
Peroxisome Proliferator–Activated Receptor-γ Stimulation on Target Genes Related to Lipid Metabolism in Human Subcutaneous
Adipose Tissue. Diabetes Care 2007, 30, 1179–1186. [CrossRef]

84. Chiarelli, F.; Di Marzio, D. Peroxisome proliferator-activated receptor-gamma agonists and diabetes: Current evidence and future
perspectives. Vasc. Health Risk Manag. 2008, 4, 297–304.

85. Shi, S.T.; Li, Y.F.; Guo, Y.Q.; Wang, Z.H. Effect of beta-3 adrenoceptor stimulation on the levels of ApoA-I, PPARα, and PPARγ in
apolipoprotein e-deficient mice. J Cardiov. Pharmacol. 2014, 65, 407–411. [CrossRef]

86. Maestroni, G.J.M. Adrenergic Modulation of Hematopoiesis. J. Neuroimmune Pharmacol. 2019, 15, 82–92. [CrossRef]
87. Freeman, J.G.; Ryan, J.J.; Shelburne, C.P.; Bailey, D.P.; Bouton, L.A.; Narasimhachari, N.; Domen, J.; Siméon, N.; Couderc, F.;

Stewart, J.K. Catecholamines in murine bone marrow derived mast cells. J. Neuroimmunol. 2001, 119, 231–238. [CrossRef]
88. Maestroni, G.J.; Conti, A.; Pedrinis, E. Effect of adrenergic agents on hematopoiesis after syngeneic bone marrow transplantation

in mice. Blood 1992, 80, 1178–1182. [CrossRef]
89. Marino, F.; Cosentino, M.; Bombelli, R.; Ferrari, M.; Maestroni, G.J.; Conti, A.; Lecchini, S. Measurement of catecholamines in

mouse bone marrow by means of HPLC with electrochemical detection. Haematological 1997, 82, 392–394.
90. Hasan, S.; Johnson, N.B.; Mosier, M.J.; Shankar, R.; Conrad, P.; Szilagyi, A.; Gamelli, R.L.; Muthumalaiappan, K. Myelo-erythroid

commitment after burn injury is under β-adrenergic control via MafB regulation. Am. J. Physiol. Cell Physiol. 2017, 312, C286–C301.
[CrossRef] [PubMed]

91. Massberg, S.; Schaerli, P.; Knezevic-Maramica, I.; Köllnberger, M.; Tubo, N.; Moseman, E.A.; Huff, I.V.; Junt, T.; Wagers, A.J.;
Mazo, I.B.; et al. Physiological recirculation of hematopoietic stem and progenitor cells through blood, lymph and extramedullary
tissues. Cell 2007, 131, 994–1008. [CrossRef] [PubMed]

92. Asri, A.; Sabour, J.; Akashi, A.; Soleimani, M. Homing in hematopoietic stem cells: Focus on regulatory role of CXCR7 on
SDF1a/CXCR4 axis. EXCLI J. 2016, 15, 134–143. [PubMed]

93. Katayama, Y.; Battista, M.; Kao, W.M.; Hidalgo, A.; Peired, A.J.; Thomas, S.A.; Frenette, P.S. Signals from the sympathetic nervous
system regulate hematopoietic stem cell egress from bone marrow. Cell 2006, 124, 407–421. [CrossRef] [PubMed]

94. Mendez-Ferrer, S.; Lucas, D.; Battista, M.; Frenette, P.S. Haematopoietic stem cell release is regulated by circadian oscillations.
Nature 2008, 452, 442–447. [CrossRef]

95. Jang, Y.Y.; Sharkis, S.J. A low level of reactive oxygen species selects for primitive hematopoietic stem cells that may reside in the
low-oxygenic niche. Blood 2007, 110, 3056–3063. [CrossRef]

96. Marino, F.; Cosentino, M. Adrenergic modulation of immune cells: An update. Amino Acids 2013, 45, 55–71. [CrossRef] [PubMed]
97. Facciabene, A.; Peng, X.; Hagemann, I.S.; Balint, K.; Barchetti, A.; Wang, L.; Gimotty, P.G.; Gilks, C.B.; Lal, P.; Zhang, L.; et al.

Tumor hypoxia promotes tolerance and angiogenesis via CCL28 and T (reg) cells. Nature 2011, 475, 226–230. [CrossRef] [PubMed]
98. Laukova, M.; Vargovic, P.; Csaderova, L.; Chovanova, L.; Vlcek, M.; Imrich, R.; Krizanova, O.; Kvetnansky, R. Acute stress

differently modulates β1, β2 and β3 adrenoceptors in T cells, but not in B cells, from the rat spleen. Neuroimmunmod 2012, 19,
69–78. [CrossRef] [PubMed]

99. Calvani, M.; Bruno, G.; Dabraio, A.; Subbiani, A.; Bianchini, F.; Fontani, F.; Casazza, G.; Vignoli, M.; De Logu, F.; Frenos, S.; et al.
β3-Adrenoreceptor Blockade Induces Stem Cells Differentiation in Melanoma Microenvironment. Int. J. Mol. Sci. 2020, 21, 1420.
[CrossRef] [PubMed]

http://doi.org/10.1155/2018/6816508
http://www.ncbi.nlm.nih.gov/pubmed/30538804
http://doi.org/10.3390/ijms20092149
http://doi.org/10.2337/dc06-1962
http://doi.org/10.1097/FJC.0000000000000133
http://doi.org/10.1007/s11481-019-09840-7
http://doi.org/10.1016/S0165-5728(01)00384-8
http://doi.org/10.1182/blood.V80.5.1178.1178
http://doi.org/10.1152/ajpcell.00139.2016
http://www.ncbi.nlm.nih.gov/pubmed/28031160
http://doi.org/10.1016/j.cell.2007.09.047
http://www.ncbi.nlm.nih.gov/pubmed/18045540
http://www.ncbi.nlm.nih.gov/pubmed/27092040
http://doi.org/10.1016/j.cell.2005.10.041
http://www.ncbi.nlm.nih.gov/pubmed/16439213
http://doi.org/10.1038/nature06685
http://doi.org/10.1182/blood-2007-05-087759
http://doi.org/10.1007/s00726-011-1186-6
http://www.ncbi.nlm.nih.gov/pubmed/22160285
http://doi.org/10.1038/nature10169
http://www.ncbi.nlm.nih.gov/pubmed/21753853
http://doi.org/10.1159/000329002
http://www.ncbi.nlm.nih.gov/pubmed/22248722
http://doi.org/10.3390/ijms21041420
http://www.ncbi.nlm.nih.gov/pubmed/32093135

	Introduction 
	Reactive Oxygen Species 
	3-Adrenoreceptor 
	3-ARs and ROS 
	3-ARs and HSCs 

	Conclusions 
	References

