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Abstract

Inflammatory disorders

Inflammation is the host's protective response against harmful external stimulation that helps tissue repair

and remodeling. However, excessive inflammation seriously threatens the patient’s life. Due to anti-inflammatory
effects, corticosteroids, immunosuppressants, and monoclonal antibodies are used to treat various inflammatory
diseases, but drug resistance, non-responsiveness, and severe side effect limit their development and application.
Therefore, developing other alternative therapies has become essential in anti-inflammatory therapy. In recent

years, the in-depth study of stem cells has made them a promising alternative drug for the treatment of inflamma-
tory diseases, and the function of stem cells is regulated by a variety of signals, of which dopamine signaling is one
of the main influencing factors. In this review, we review the effects of dopamine on various adult stem cells (neural
stem cells, mesenchymal stromal cells, hematopoietic stem cells, and cancer stem cells) and their signaling pathways,
as well as the application of some critical dopamine receptor agonists/antagonists. Besides, we also review the role
of various adult stem cells in inflammatory diseases and discuss the potential anti-inflammation function of dopamine
receptors, which provides a new therapeutic target for regenerative medicine in inflammatory diseases.
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Introduction

Dopamine, a neurotransmitter in the human body,
is vital in maintaining various physiological func-
tions. The lack of dopamine is a crucial reason for
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many neurodegenerative diseases [1]. Dopamine has
been applied to treat various cardiovascular diseases
by increasing myocardial contractility, contraction, or
relaxation of peripheral blood vessels to regulate blood
pressure, thereby affecting the function of the circula-
tory system in the body [2—4]. In recent years, the role
of dopamine in inflammatory diseases has been exten-
sively studied, mainly focusing on the NLRP3 inflamma-
some, NF-kB pathway, and immune cells [5]. Meanwhile,
stem cells have become important targets for treating
inflammatory diseases in recent years due to their immu-
nomodulatory function [6].

Stem cells are a group of cells with self-renewal and
self-differentiation functions [7], which are classified
into four categories according to their sources: ESC
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(embryonic stem cells), fetal and adult stem cells, and
iPSC (induced pluripotent stem cells) [8]. Since adult
stem cells do not cause rejection or ethical controversy,
relevant studies on them have been applied in the models
of various inflammatory diseases [9].

The dopamine (DA) receptor is an essential G-protein-
coupled receptor (GPCR), which can be divided into two
families according to its downstream signaling pathways:
D1-like (D1 and D5) and D2-like (D2, D3, and D4) recep-
tor families [10]. Several literatures have reported the
expression of dopamine receptors on the surface of vari-
ous adult stem cells [11-16]. They regulate behavioral,
motor, and endocrine functions and are essential mol-
ecules that connect the nervous system and the immune
system [5].

Neural stem cells

The influence of dopamine-related signaling pathway

on neural stem cells

Most neural stem cells congregate in the subependymal
region (SVZ) and the subgranular region of the hip-
pocampus odontoid gyrus [17, 18]. In the presence of
epidermal growth factors and fundamental fibroblast
growth factors, neural stem cells grow in nerve spheres
and can self-renew and differentiate into new neurons
and glial cells [19]. Neural stem cells differentiate in
three main directions: (1) Type A cells: neuroblasts; (2)
Type B cells: astrocytes; (3) Type C cells: transient expan-
sion cells [17]. The local microenvironment in the sub-
ependymal and sub-granular regions determines the
differentiation direction of neural stem cells and neural
precursors. Dopamine is one of the critical factors regu-
lating the proliferation and differentiation of neural stem
cells.

Dopaminergic neurons originate from the dense
region of the substantia nigra in the midbrain and pro-
ject to the subependymal region, the most active region
of neurogenesis in the brain, and then develop synaptic
connections with stem cells and precursor cells in the
subependymal region [11, 20]. Both neural stem cells and
progenitors in the subependymal region express dopa-
mine receptors, among which D2 and D3 receptors are
considered important dopamine receptors that regulate
the proliferation and differentiation of these nerve cells
[11].

Stimulating dopaminergic nerves by using D2 recep-
tor agonist (quinpirole) in the subependymal region
can stimulate neural stem cells and increase the num-
ber of neurons, indicating that dopamine can promote
the proliferation of neural stem cells after binding to D2
receptors [21]. Moreover, the ciliary neurotrophic factor
(CNTEF) is an endogenous regulatory component that
regulates stem cell growth by dopamine and D2 receptors
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[22]. CNTF is produced by the subpopulation of astro-
cytes [23] and is negatively regulated by cAMP. Under
the impairment of the central nervous system, activation
of the D2 receptor rapidly reduces cAMP and increases
CNTF expression. The application of a D2 receptor ago-
nist (Quinpirole) can stimulate neural stem cells and
nerve growth in CNTF* mice but has no significant effect
on nerve growth in CNTF”" mice, indicating that dopa-
mine regulates the growth of neural stem cells through
the D2-CNTF pathway [21]. CNTF receptor complex
is expressed in neural stem cells and consists of CNTF-
specific receptors, leukemia inhibitor , and gp130. The
number of neural stem cells decreased significantly in
mice lacking these receptor components, which indicates
that CNTF promotes the proliferation of neural stem
cells and nerve growth through binding with its recep-
tor complex [18]. Other studies indicate that CNTF is
associated with activating the JAK/STAT pathway and
increases the expression of Notchl, promoting the self-
renewal and proliferation of precursor cells. However,
the function of neural stem cells regulated through JAK/
STAT and Notch1l/CNTF pathways remains to be further
studied [22].

Studies have also shown that dopamine activation of
D2 receptors inhibits the proliferation of neural stem
cells in the forebrain. Kippin et al. demonstrated that the
D2 receptor antagonist (haloperidol) could promote the
growth of neural stem cells [24], which contrasts with the
opinion that D2 receptors promote neural stem cell pro-
liferation. Several researchers have offered explanations
for this divergence: The first and most widely accepted
explanation is that it may be related to the duration of
D2 receptor antagonist and agonist exposure. Long-term
(14-30 days) and shorter-term exposure completely
reverse the final effect, which is related to the adaptive
changes of the D2 receptor induced by long-term expo-
sure to antagonists and agonists [21]. Secondly, the injec-
tion dose, method, and detection of nerve growth will
also affect the final experimental results [21].

The D3 receptor is another dopamine receptor that
has been implicated in the regulation of neural stem cell
proliferation and nerve growth. Studies have shown that
dopamine acting on D3 receptors promotes the growth
of neural stem cells in the subependymal region and the
growth of the neurons in the hippocampus, striatum, and
substantia nigra. Systemic use of D3 receptor agonists
stimulated the proliferation of type B and C cells, but type
A cells were more significantly reduced in the absence of
D3 receptors than in the absence of B and C cells. Lao
and his team demonstrated [17, 25, 26] that D3 receptor
activation accelerates the cell cycle of neural stem cells
by activating the Akt and ERK1/2 signaling pathways,
especially the Akt pathway, and thus increases the cell
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population [17]. Under conditions of nerve impairment,
such as Parkinson’s disease, activation of D3R supports
the survival of neural precursor cells through the Cdk5/
p35 signaling pathway [27, 28]. However, similar to the
study of D2 receptors, it is controversial whether D3
receptors promote the growth of neural stem cells. Stud-
ies have shown that D3 receptors and D3 agonists have
no significant effect on the proliferation and differen-
tiation of neural precursor cells. Some researchers have
attributed it to different species [29-31], but the specific
reasons remain to be further studied.

Potential role of neural stem cells in inflammatory diseases
Dopamine is not the only factor that regulates neural
stem cells. Acetylcholine, norepinephrine, and serotonin
regulate the proliferation and differentiation of neural
stem cells. The proliferation and differentiation of neu-
ral stem cells play an essential role in different diseases.
Recent studies have found that neural stem cells can be
used as a new therapeutic method for some inflamma-
tory diseases of the nervous system.

First, neural stem cells can reduce the burden of inflam-
mation at the impairment site and reduce the number of
mononuclear macrophages in the inflammatory environ-
ment. In multiple sclerosis, mononuclear macrophages
appear around the white matter, activating the produc-
tion of microglial nodules and T cells, leading to fur-
ther inflammation and irreversible pathological changes
in neurons. It suggests that the inflammatory environ-
ment mediated by mononuclear macrophages aggravates
multiple sclerosis, and neural stem cells can reverse the
pro-inflammatory phenotype of macrophages(M1) to an
anti-inflammatory phenotype by regulating mononuclear
macrophages (M2), thus alleviating inflammation and
reducing inflammatory impairment in central nerve sys-
tem [31].

Second, neural stem cells can secrete extracellular vesi-
cles (E.V.s), which contain cellular proteins, lipids, and
microRNAs. E.V. has low immunogenicity, and biodegra-
dability and can encapsulate endogenous bioactive mol-
ecules and crosses the blood—brain barrier. ReN cells are
a kind of neural stem cells originating from the ventral
midbrain region of the human brain. The E.V.s secreted
by ReN cells are rich in seven miRNAs, which can inhibit
the activation of the MAPK inflammatory pathway and
thus relieve the inflammation caused by stroke-induced
ischemia [32]. In addition, nerve inflammation can fur-
ther impair neurons in spinal cord injury and cause
irreversible nerve impairment. Small extracellular vesi-
cles (sEVs) secreted by neural stem cells can reduce NO
and inflammatory factors produced by LPS-stimulated
microglia, inhibit neuroinflammation and avoid sec-
ondary injury in neurons. Therefore, neural stem cell
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transplantation has attracted massive attention in treat-
ing spinal cord injury in recent years. Meanwhile, more
and more researchers are trying to use neural stem cells
on other inflammatory diseases [32], which gives stem
cell therapy broad prospects in treating inflammatory
diseases.

Mesenchymal stromal cells

Influence of dopamine-related pathway signals

on mesenchymal stromal cells

Mesenchymal stromal cells (MSCs) have pluripotent
differentiation ability in vitro [33], they can be isolated
from various tissues, such as bone marrow, endome-
trium, umbilical cord, and adipose tissue [34, 35]. Under
specific conditions in vitro, mesenchymal stromal cells
can be differentiated into various lineages of endoderm,
mesoderm, and ectoderm, such as bone, chondrocytes,
adipose, muscle, neuron, islet cells, and hepatocytes [36,
37]. Although many studies have defined them as stem
cells [38—40], it is rigorous to define them as stromal cells
instead of stem cells because MSCs isolated in vitro are
not homogeneous which contain not only stem cells, but
also progenitors and differentiated cells [41, 42]. In addi-
tion, recent studies have shown that dopamine affects
mesenchymal stromal cells’ migration, mobilization, pro-
liferation, and differentiation.

Migration mobilization

MSCs play an important role in wound angiogenesis and
healing. It can be recruited to the injured site and differ-
entiate into endothelial cells [43, 44] and release various
pro-angiogenic factors (VEGF) to support the growth,
survival, and differentiation of endothelial cells [45-48].
Recent studies have shown that physiological concen-
trations of dopamine in the synaptic cleft significantly
inhibit neovascularization in wound tissue, which due to
dopamine (1 pM), inhibited VEGF-induced MSCs migra-
tion by regulating the phosphorylation of VEGFR-2 and
Akt and actin polymerization through mesenchymal cell
surface D2 receptors [49]. Treatment with the specific
D2 receptor inhibitor (itopride) significantly increased
the number of MSCs in the mice’s peripheral circula-
tion. It significantly accelerated the mobilization toward
the wound of exogenous MSCs and their infiltration into
blood vessels, thus promoting the progress of angiogen-
esis [49]. However, Isabel et al. found that high dopamine
(50 uM) concentration increased Akt phosphorylation
and hMPCs migration by activating D2 receptors on the
surface of hMPCs (human-derived mesenchymal pro-
genitor cells) in vitro and dopamine (50 mg/kg, perito-
neal injection) also enhanced mobilization of mMPCs
(murine-derived mesenchymal progenitor cells) via D2
receptors [50]. This suggests that dopamine may have
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opposite effects on the mobilization and migration abil-
ity of mesenchymal stromal cells under different concen-
trations, which provides a new aspect for MSCs in the
clinical treatment of vascular injury and other traumatic
incidents.

Osteogenic and adipogenic differentiation

Bone remodeling is a dynamic process between osteo-
blast-mediated bone formation and osteoclast-mediated
bone resorption [51]. Bone marrow-derived mesen-
chymal stromal cells (BMSCs) have the potential for
multi-directional differentiation of osteogenesis, chon-
drogenesis, and adipogenesis [52], which play a crucial
role in bone remodeling. Therefore, it is of great clinical
value to study the mechanism regulating the function of
BMSCs. Recent clinical studies have shown that com-
pared with healthy controls, patients with Parkinson’s
disease have a higher prevalence of osteoporosis [53—55].
These findings suggest that dopamine may play a crucial
role in bone homeostasis. Previous studies have shown
that hBMSCs (human bone marrow mesenchymal stro-
mal cells) highly express D1 and D2 receptors. In terms
of proliferation, dopamine concentration has differ-
ent effects on the proliferation of hBMSCs. There is no
significant effect in the nanomolar range, but when the
concentration reached to micromole, the proliferation
of hBMSCs was promoted, especially at the concentra-
tion of 50 puM. However, the proliferation was signifi-
cantly inhibited at the concentration of 500 uM [12]. In
osteogenic differentiation, Zhang et al. found that dopa-
mine (100 pM) significantly enhanced calcium signal
transduction in BMSC, inhibited CREB activity, and sig-
nificantly reduced CAMP-induced calcium signal trans-
duction in BMSC [56]. As Ca**signaling is an essential
factor that regulates differentiation [57], dopamine may
affect the osteogenic differentiation of BMSC by regu-
lating the cAMP-CREB pathway. Subsequently, Wang
et al. found that low concentrations of dopamine (5 nM)
enhance the phosphorylation of ERK1/2 by activating the
D1 receptor, thereby increasing the transcriptional activ-
ity of Runx2 and promoting the osteogenic differentia-
tion of hBMSCs. When the dopamine concentration was
higher than 5 pM, it inhibited the osteogenic activity of
hBMSCs [12]. A recent study by Hong and colleagues
supported these findings. They found that dopamine
did not interfere with the apoptosis and proliferation of
rBMSCs (rat bone marrow mesenchymal stromal cells)
at a concentration of 10 puM, but inhibited osteogenic
differentiation of rBMSCs through the AKT/GSK-3f3/f3-
Catenin signaling pathway, reduced ALP activity and
minimized nodule formation, and decreased expression
of osteogenic associated genes (Collal, ALB Runx2,
Opn, and Ocn) [58]. These studies indicated that different
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dopamine concentrations might cause different results in
osteogenic differentiation of BMSC.

Dopamine has been reported to have a higher affin-
ity for D2 receptors than D1 receptors [59, 60] and will
have different effects due to the opposite cAMP-modu-
lating ability of D1 and D2 receptors. In addition, it may
be because different cells may have different amounts of
dopamine receptors and respond differently to dopamine
at the same concentration [61]. Furthermore, dopamine
promotes adipogenic differentiation of rBMSCs at 10 uM
dopamine stimulation, but the mechanism needs to be
further studied [61]. In summary, different dopamine
concentrations are a vital factor affecting the differen-
tiation function of bone marrow mesenchymal stromal
cells and may affect their therapeutic potential in diseases
such as osteoporosis and inflammatory bone loss.

Potential role of mesenchymal stromal cells
in inflammatory diseases
In recent years, mesenchymal stromal cells have received
widespread attention in clinical fields, especially in
inflammation. They have been proven to play an essential
role in a variety of inflammatory diseases, such as graft-
versus-host disease (GVHD), systemic lupus erythema-
tosus (SLE), type I diabetes mellitus, multiple sclerosis,
kidney injury, fibrosis and osteoarthritis [62—-65].

Mesenchymal stromal cells alleviate inflammation and
promote tissue repair through the following aspects:
First, MSCs secrete multiple factors in the inflammatory
environment, including anti-inflammatory mediators
(PGE2, TSG6, HOI1, galactolectin) [66], growth factors
(HGF and LIF) [67, 68], cytokines (TGE-P) [69, 70], and
extracellular vesicles [71]. These factors can inhibit the
proliferation and function of pro-inflammatory immune
cells and increase the number of anti-inflammatory
immune cells, further inhibiting the activity and func-
tion of pro-inflammatory immune cells and promoting
tissue repair [72]. Second, MSCs produce a variety of
chemokines in the inflammatory environment, which can
recruit T cells near MSCs [62]. Meanwhile, the inflam-
matory environment can also induce the high expres-
sion of nitric oxide synthase (iNOS) and indoleamine
2,3-dioxygenase (IDO) in MSCs, which can inhibit the
proliferation and activity of surrounding T cells and
reduce inflammatory response [73]. Third, MSCs in
inflammatory states can be attacked by components of
the complement system, activated neutrophils, and per-
forin-positive toxic cells and induce apoptosis [74]. Then,
apoptotic mesenchymal stromal cells can be absorbed
by phagocytes and induce the expression of IDO, which
suppresses immune response [75].

Although there have been no reports of dopamine
combined with mesenchymal stromal cells in treating
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inflammatory diseases, relevant studies have confirmed
that dopamine can promote the proliferation of MSCs
and affect the recruitment at the injured site after vas-
cular trauma. This demonstrates that dopamine and its
corresponding receptor inhibitors may play an essential
role in inflammatory disease and regenerative medicine
therapy in the future.

Hematopoietic stem cells

The influence of dopamine-related pathway signals

on hematopoietic stem cells

Hematopoietic stem cells (also known as long-term
hematopoietic stem cells, or LT-HSCs) are pluripotent
stem cells with the ability to self-renewal and multiple
differentiation potentials. LT-HSCs produce all blood and
immune system cells in the body. LT-HSCs can differenti-
ate into two kinds of cells, called short-term hematopoi-
etic stem cells (ST-HSCs) and multipotent progenitor
cells (MPPs), with limited differentiation potential and
loss of self-renewal ability. LT-HSCs, ST-HSCs, and
MPPs are collectively referred to as hematopoietic stem
and progenitor cells (HSPCs) [76].

Previous analysis of RNA-seq in bone marrow showed
that HSPCs expressed multiple dopamine receptors
[13]. These results suggest that dopamine may directly
act on HSPCs and affect their function. Recently, Liu Y
et al. established a mouse model of dopamine D2 and
D3 receptor deletion and found that deletion of Drd2
(Drd2~'") or Drd3(Drd3~/") alone or together could sig-
nificantly reduce the number of HSPCs. These results
suggest that D2 or D3 receptors may affect the survival
of HPSCs. Then, they constructed Th-CRE/Rosa26-
iDTR (DTRiATh) mice and injected diphtheria toxin
(DTX) to block dopamine synthesis in the central nerv-
ous system. They found that HPSCs were significantly
reduced in DTRIATh mice treated with DTX. In addi-
tion, they interfered with peripheral dopamine synthesis
using carbidopa and found that HPSCs were significantly
decreased in mice treated with carbidopa. It demon-
strates that dopamine can directly affect the survival of
HSPCs by binding to D2-type receptors. This effect prob-
ably was due to the inhibition of cyclic adenosine phos-
phate (cCAMP)/protein kinase A (PKA) signaling pathway
by binding to D2-type receptors, which led to the up-
regulation of Lck protein (a member of the Src family
of kinases). Further, it influenced the phosphorylation
of c-kit and activation of ERK [77]. In addition, Ankita
Kapoor et al. also found that dopamine promoted the
growth and differentiation of hematopoietic stem cells
(HPCs) by investigating the growth and development of
lymph glands in Drosophila flies [78].

Agarwala et al. [79] recently analyzed the ultrastruc-
tural of HSPCs in the zebrafish larval kidney marrow
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(K.M.) niche using two correlative light (CLEM) tech-
niques. Dopamine beta-hydroxylase (DBH) positive
sympathetic ganglion cells were directly adjacent to
HSPCs, and inhibition of DBH significantly reduced
the number of HPSCs. This finding suggests that DBH-
positive cells may be in direct contact with HSPCs and
significantly impact the function of HSPCs. DBH is a
mono-oxygen enzyme that converts dopamine into nor-
epinephrine [80], suggesting that dopamine may indi-
rectly affect the viability of HSPCs by converting them
into norepinephrine.

In recent years, with deep research on the function
of dopamine, the relationship between Dopamine and
HSPCs has attracted more attention. Dopamine’s direct
and indirect effect on HPSCs may provide a theoretical
basis for its future application in various hematopoietic
systems, immune systems, and inflammatory diseases.

Relationship between hematopoietic stem cells
and progenitor cells (HSPCs) and inflammation
Typically, the number of HSCs in the bone marrow is
minimal, and most are inactivated. HSCs are activated
only when other hematopoietic or immune system cells
are significantly reduced for various reasons (inflamma-
tion, infection, and acute blood loss). Once activated,
HSCs can generate a daughter cell with kept HSC poten-
tial and a hematopoietic progenitor cell (HPCs) through
asymmetric division [81, 82]. HPCs entering the myeloid
differentiation pathway are called myeloid progenitors
(CMPs), which can differentiate into myeloid cells (eryth-
rocytes, megakaryocytes, monocytes, and neutrophils).
While HPCs entering into the lymphoid differentiation
pathway are called lymphoid progenitors (CLPs), which
can differentiate into lymphoid cells (such as T and B
lymphocytes and natural killer cells) [83, 84]. Mononu-
clear macrophages, granulocytes, N.K. cells, and other
cells are important components of innate immunity,
while T and B lymphocytes are essential components
of adaptive immunity. Innate immunity and adaptive
immunity constitute the immune response system in
the human body, which eliminates pathogens and aging,
dead cells, and other "non-self" substances.
Inflammation is a physiological response to various
stressors, such as infection and trauma, which trigger
protective immune responses involving immune cells,
blood vessels, and various cytokines [85]. Compared with
secondary lymphoid organs, which are mainly responsi-
ble for immune activation, primary lymphoid organs are
commonly considered to be waived by immunity and less
exposure to immunogenic substances, so the traditional
concept considers HSPCs to play little role in inflamma-
tory damage. However, recent studies have shown that
acute or chronic inflammation in the body can directly
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stimulate HSPCs and thus affect the various processes of
its growth and differentiation. For example, sepsis pro-
motes the myeloid differentiation of HSPCs in the bone
marrow and peripheral blood to produce many neutro-
phils. This adaptive response of HSPCs to inflammation
can promote the elimination of inflammation [76, 86,
87], indicating that HSPCs play a vital role in the body’s
response to inflammation.

Toll-like receptors (TLRs) can recognize the micro-
organism antigen of bacteria or viruses and initiate the
innate immune response. Nagai et al. found that a vari-
ety of TLRs existed on the surface of HSPCs, and the
activation of TLRs could transform HSPCs from inac-
tivated to an active state [88]. Subsequent studies have
further demonstrated that inflammatory states can affect
the function of HPSCs by activating TLRs. For exam-
ple, systemic administration of LPS (a component of the
Gram-negative bacterial outer wall) could enhance the
proliferation ability of HSCs by activating TLR4 recep-
tors and be more inclined to myeloid differentiation to
cope with the body’s inflammatory state [89, 90]. In addi-
tion, various growth factors and cytokines produced in
inflammatory states (such as G-MCF [86, 91], IL-1 [92],
and IFNs) can also affect the function of HSPCs in the
bone marrow and peripheral blood.

In conclusion, inflammation can lead to the prolif-
eration and differentiation of HSPCs, which can elimi-
nate inflammation. The interaction between HSPCs and
inflammation indicates that HSPCs play a significant role
in coping with inflammation.

HSPCs may be a potential target for dopamine to relieve
inflammation

The ability of HSPCs to sense inflammatory stimula-
tion and make adaptive responses plays a crucial role in
acute inflammation or infection. Various inflammatory
cytokines during infection or inflammation enhance the
proliferation and differentiation of HSPCs, but persistent
chronic inflammation may also lead to the failure and
dysfunction of HSPCs [76]. In recent years, many articles
have shown that dopamine plays a crucial role in main-
taining the physiological activity of HSPCs. Although
there are no reports on the role of dopamine and HSPCs
in treating inflammatory diseases, its effect on the func-
tion of HSPCs may be one of the potential targets for
alleviating various inflammatory diseases.

Cancer stem cells

The influence of dopamine-related pathway signals

on cancer stem cells

Cancer stem cells, as a small subgroup of tumor cells
[93], can self-renewal, generating heterogeneous cancer
cells and maintaining tumor growth [94]. Circulating,
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disseminated, and metastatic initiation cancer cells are
all derived from cancer stem cells [95]. Cancer stem cells
are one of the leading causes of cancer growth, metas-
tasis, and drug resistance [96] and are the only tumor
cells capable of infinite growth and metastasis [97]. The
Hedgehog, Notch and Wnt pathways are related to can-
cer stem cells, and blocking these pathways inhibits the
growth activities of cancer stem cells [98]. Traditional
antineoplastic drugs primarily target differentiated can-
cer cells [99]. However, because cancer stem cells often
stagnate in the GO phase of the cell cycle with low prolif-
eration capacity, traditional antineoplastic drugs show lit-
tle effect on cancer stem cells. Such as 5-FU and cisplatin,
two traditional antineoplastic drugs, have been resisted
by many lung cancer patients, resulting in less efficacy in
lung cancer therapy [98]. Moreover, most of these drugs
lack specificity, so they can also produce toxic effects on
normal human cells [99].

Dopamine and its receptors are important factors
in regulating cancer stem cells. A study has shown that
dopamine can reduce the frequency of cancer stem cells
and induce apoptosis of cancer stem cells in vitro in
breast cancer [100], and the signaling pathway of dopa-
mine receptors is the only drug-receptor pathway that
has been found to have specific effects on cancer stem
cells [101]. It makes dopamine-related drugs a new thera-
peutic strategy for cancer. The mechanisms by which
dopamine regulates cancer stem cells are broadly divided
into two categories: inhibiting the proliferation and
inducing death of cancer stem cells, and promoting the
differentiation of cancer stem cells into non-cancer cells,
thereby reducing drug resistance and reducing cancer
recurrence. Due to the specificity of tumor tissues, dopa-
mine receptor types, and distribution, dopamine recep-
tor agonists and antagonists have different antineoplastic
effects in different tumor tissues.

D1 receptor agonists have antineoplastic effects on
breast cancer [99]. D1 receptor agonists fenoldopam
(FEN) and L-SPD significantly inhibited breast cancer
stem cells in traditional antineoplastic drug-resistant
breast cancer, and FEN and L-SPD had sustained inhi-
bition effects on breast cancer stem cells after short
exposure. In drug-resistant breast cancer, one dose of
dopamine can inhibit cancer stem cell proliferation for
72 h, and one-week treatment of FEN can inhibit breast
tumor proliferation for two weeks [95, 102].

In pituitary adenomas, D2 receptor agonists are the
key that inhibits tumor growth. In physiological states,
D2 is responsible for regulating the effect of hypotha-
lamic dopamine on different pituitary cells and inhibit-
ing the secretion and synthesis of pituitary PRL. Clinical
trial results have shown that the D2 receptor was highly
expressed on the surface of pituitary adenoma cells and
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its stem cells in patients with pituitary adenoma with a
significant secretion of PRL [14, 15]. The combined appli-
cation of somatostatin analog, DA, or D2 receptor ago-
nist effectively reduce the secretion of a large amount
of PRL by pituitary adenoma cells through physiological
feedback mechanisms and inhibit the growth of tumors.
Moreover, the D2 receptor agonist plays an antimitotic
role in pituitary adenoma stem cells, significantly reduc-
ing the proliferation rate and activity and playing an anti-
neoplastic function [14]. However, studies have proved
that there is a kind of pellet cell with the characteristics
of pituitary adenoma stem cells in the rat pituitary ade-
noma. D2R was a low expression, but CD133 was high on
the surface of these cells, making them insensitive to D2
receptor agonists.

Moreover, after treatment with a D2 receptor ago-
nist, D2 receptor expression on the surface of these cells
gradually decreased, while CD133 expression gradually
increased. The possible reason for this phenomenon is
the methylation of the D2 receptor DNA promoter. How-
ever, this conclusion remains to be further verified [16].
Tumor recurrence after drug withdrawal is a significant
problem in treating pituitary adenoma, and low expres-
sion of D2 receptors in pellet cells may be the reason.

However, DA receptor antagonists also show antineo-
plastic function in some cancer stem cells. Methoprazine,
a D2 receptor antagonist, has been shown to have a more
specific inhibitory effect on human lung cancer stem
cells, colorectal cancer stem cells, breast cancer stem
cells, glioblastoma cancer stem cells, and T-lymphocytic
leukemia by inhibiting proliferation, inducing apoptosis
and differentiation in tumor stem cells [16]. Methopra-
zine can target the formation of lung cancer stem cell
spheres, inhibit their proliferation, and directly induce
the death of human lung cancer stem cells under high-
concentration dosage. Meanwhile, Methoprazine inhib-
ited the phosphorylation of Akt, an important protein
that maintains the properties of cancer stem cells and
causes stem cells to lose their stem cell character. Metho-
prazine can also inhibit the proliferation and migration
of hepatocellular cancer stem cells by inhibiting stem
cell characteristics associated with genes such as CD133,
EpCAM, OCT4, SOX2, KLF4, and MYC. When the
expression levels of these genes are down-regulated, cell
proliferation is also reduced [104]. Therefore, combining
Methoprazine with traditional antineoplastic drugs 5-FU
and cisplatin can play a more effective antineoplastic
effect in cancer therapy [98].

Though D2 receptor antagonists have been shown to
inhibit the proliferation of glioblastoma neural stem cells
(GNS) [98], several clinical trials results have shown that
D4 receptor antagonists are more specific to glioblastoma
neural stem cells than D2 receptor antagonists in vivo.
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D4 receptor antagonists inhibit cellular autophagolyso-
somal degradation, alter lipid/cholesterol synthesis, and
lead to many intracellular autophagic vacuoles and cho-
lesterol accumulation. Moreover, after the inhibition of
the D4 receptor, the expression of the GNS-specific mol-
ecule PDGFRp and its downstream effector ERK1/2 are
decreased, which finally inhibited GNS self-renewal and
tumor growth [103, 104].

What is more, as a D2 receptor partial agonist, aripipra-
zole stabilizes the activation level of the DRD2 down-
stream signaling pathway through competitive binding. It
can not only inhibit the growth of cancer stem cells and
induce apoptosis of cancer stem cells but also promote
the differentiation of cancer stem cells into non-can-
cerous cells [101, 105]. It has been proven that aripipra-
zole down-regulates the proportion of cancer stem cells
in tumor cells by inhibiting the Wnt/GSK3p/p-catenin
pathway. After binding to receptors on the cell sur-
face, GSK-3f is phosphorylated, and B-catenin migrates
into the nucleus, interacting with T cell-specific factor
(TCF) or lymphoid-enhanced binding factor (LEF) to
promote the expression of downstream genes [106]. On
the other hand, aripiprazole interferes with the locali-
zation of B-catenin in the nucleus, thereby affecting the
Wnt/p-catenin signaling pathway [14] [105]. Conversely,
another study showed that aripiprazole promotes the
phosphorylation of GSK-3p [107]. We suspect this bias
may be related to the source and species specificity, D2
receptor activity, and initial activation of Wnt/GSK3[3/f-
catenin signaling pathway in the tumor stem cells! Sur-
vivin is an anti-apoptotic protein highly expressed on the
surface of cancer stem cells, making tumors resistant to
multiple antineoplastic drugs and inhibiting the human
body’s immune response to tumors. Aripiprazole reduces
the expression of surviving intracellular levels, which can
promote apoptosis in cancer stem cells [107, 108].

The clinical therapeutic prospect of the dopamine
signaling pathway in cancer

Dopamine and its receptor agonists/antagonists have
antineoplastic effects and can enhance the effect of other
antineoplastic drugs. Sunitinib is a multi-targeted anti-
neoplastic drug that can inhibit breast cancer growth by
inhibiting tumor angiogenesis. Still, it may also activate
the Notch signaling pathway, which stimulates the gen-
eration of cancer stem cells [109]. The combination of
dopamine and sunitinib can significantly enhance the
efficacy of sunitinib and inhibit the tumor growth and
the cancer stem cells generation, thus reducing the drug
resistance of tumors and the chance of tumor recurrence

[99].
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Table 1 Role of dopamine and its receptor on mesenchymal stromal cells and neuron, hematopoietic, cancer stem cells

Cell type

Classification

Receptors Signaling pathway

Outcomes

Neural stem cells

Mesenchymal Stromal cells
(MSCs)

Hematopoietic stem and pro-
genitor cells (HSPCs)

Cancer stem cells

Human-derived mesenchymal
progenitor cells
(hMPCs)

Murine-derived mesenchymal
progenitor cells
(mMPCs)

Human bone marrow mesen-
chymal stromal cells
(hBMSCs)

Rat bone marrow mesenchymal
stromal cells
(rBMSCs)

Pituitary adenoma stem cells

Glioblastoma neural stem cells
(GNS)

Breast cancer stem cells

D2

D3
D3

D2

D2

D1/D2

D1

Unknown

D2/D3

D2

D2

D4

D1

D2R(+)-cAMP(=)-CNTF(+)-JAK/
STAT/Notch1(+)

D3R(+)-AKT/ERK1/2(+)
D3R(+)-Cdk5/p35(+)

D2R(+)-AKT(+)

D2R(+)-VEGFR-2/AKT-VEGF(-)

D2R(+)-AKT(+)

Unknown

D1R(+)-ERK1/2(+)-RUNX2

cAMP-CREB-Ca®*

AKT/GSK-3(3/3-Catenin

D2R/D3R(+)-cAMP(+)-PKA(+)-

LCK(+)-c-kit/ERK(+)

D2R(-)-Wnt/B-catenin(-)

D2R(-)-AKT(-)

D2R(+)-PRL(-)

D4R(-)-PDGFRB(-)-ERK1/2(-)

D1R(+)

Promotion of the proliferation
and differentiation of neural stem
cells

Protection against the loss of nes-
tin expression caused by various
stressors to reduce neural stem
cell death

Increased mobilization and migra-
tion capacity of h(MPCs

Reduction of the number
of MMSCs and inhibited their abil-
ity to mobilization and migration

Increased mobilization and migra-
tion capacity of mMMPCs

A low concentration of dopamine
(50 uM) can promote the prolifera-
tion and differentiation of hBM-
SCs, while the high concentration
of dopamine (500 uM) can inhibit

Low concentrations of dopamine
(below 5 nM) can promote osteo-
genic differentiation of hBMSCs,
while high concentrations (above
5 puM) can inhibit

Affects osteogenic differentiation
of rBBMSCs

Reduction of osteogenic differen-
tiation of rBMSCs and promoted
their lipogenic differentiation

Regulation of HSPCs maintenance
and enhance their ability to prolif-
erate and differentiate

D2 receptor antagonists aripipra-
zole and methoprazine can inhibit
the growth of cancer stem cells
and induce apoptosis

While promoting the differentia-
tion of cancer stem cells into non-
cancer cells

Reduction of the proliferation rate
and activity of pituitary tumor
stem cells

Inhibition of GNS self-renewal
and glioblastoma growth

D1 receptor agonists fenoldopam
and L-SPD can inhibit the growth
of mouse breast cancer stem cells

L-SPD: L-Stepholidine

Future perspectives

Many studies have shown that dopamine receptors are
widely present in the cell membranes of neural stem cells,
mesenchymal stromal cells, hematopoietic stem cells,
and cancer stem cells. Dopamine activates CNTF, Akt,
and ERK1/2 signaling pathways by binding with D2/D3

receptors to promote the proliferation and differentia-

tion of neural stem cells. It regulates the phosphorylation
of VEGFR-2 and Akt, actin polymerization, and calcium
signaling by binding to D1/D2 receptors and influences
the mobilization, migration, and osteogenic differen-
tiation of mesenchymal stromal cells. Researchers have
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recently found that dopamine plays a vital role in main-
taining hematopoietic stem cell proliferation and differ-
entiation. Although the underlying mechanism of action
is still unclear, the absence of type D2 dopamine recep-
tors and the dysfunction of dopamine synthesis in vivo
can significantly reduce the number of hematopoietic
stem cells. In addition, dopamine, as the only substance
that has specific effects on cancer stem cells, can sig-
nificantly inhibit the proliferation and differentiation of
cancer stem cells, which makes dopamine and its related
drugs become potential targets for cancer treatment
(Table 1).

In addition, recent studies have shown that neural stem
cells, mesenchymal stromal cells, and hematopoietic stem
cells also play an essential role in inflammatory diseases:
(1) Neural stem cells can regulate the phenotype of mon-
onuclear macrophages or secrete extracellular vesicles to
inhibit the production of various pro-inflammatory fac-
tors, thus relieving neuroinflammation; (2) Mesenchymal
stromal cells can inhibit the activity of inflammatory cells
by releasing various cytokines, to relieve inflammation;
(3) Hematopoietic stem cells can generate a variety of
immune cells through the reactive proliferation and dif-
ferentiation of inflammation to eliminate stressors such
as infection, thus reducing the inflammatory state of the
body.

Senescence, in which cells are subjected to excessive
DNA damage, oxidative stress and other harmful stimuli,
causes cell cycle arrest [110, 111] and SASP secretion
contained various inflammatory cytokines, proteases
and lipids [112], including IL-6, IL-8, membrane cofac-
tor proteins (MCP), macrophage inflammatory proteins
(MIPs), etc. [113]. Thus, the chronic low-level inflamma-
tion associated with the aging SASP phenotype is called
"inflammaging" [114]. During aging, cells continuously
encounter endogenous and exogenous stress, resulting
in senescent cell accumulation, especially senescent stem
cells. A large number of senescent cells secreted SASP
and affect surrounding normal cells, which forces the
organism to be in a stage of chronic inflammation and
affects normal physiological function [115]. This state
of chronic inflammation that correlates with stem cell
dysfunction in aging is a vital risk factor for many age-
related diseases, including Parkinson’s disease, osteoar-
thritis, atherosclerosis, etc. [116—-118].

In addition to being an important neurotransmitter,
dopamine not only plays a crucial role in movement,
learning and memory, etc., but also closely related to
senescence: [1] Dopamine regulates the oxidative stress
and chronic inflammation of the nervous system through
the renin-angiotensin system (RAS) to prevent too many
normal cells transform into senescence cells [119, 120];
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(2) Dopamine inhibit the activation of NF-«B signal-
ing pathway which is a major signaling pathway of SASP
secretion [112, 121, 122]. Recent studies have also shown
that metformin and other drugs inhibit the activation of
NF-xB and SASP gene in senescence cells [123]. There-
fore, dopamine may regulate the production of SASP by
inhibiting the NF-«B signaling pathway; however, another
study shows that dopamine undergoes autooxidation and
enzyme-catalyzed reactions during senescence, causing
reactive oxygen species (ROS) and toxic quinones pro-
duction. The accumulation of these metabolites leads to
the abnormal increase in senescence cells [124].

Dopamine has a potential role in the regulation of stem
cell senescence. Although the oxidative metabolites of
dopamine promote the occurrence of cellular senescence,
they still relieve oxidative stress and chronic inflamma-
tion and reduce the production of SASP through vari-
ous ways and delay cell senescence. Although the current
study on the relationship between dopamine and senes-
cence is unclear, much evidence indicates that dopamine
may positively affect senescent cells. Identifying the rela-
tionship between dopamine and senescent cells may pro-
vide a new therapeutic strategy for various age-related
diseases.

Conclusions

In conclusion, dopamine affects various functions of stem
cells by binding with dopamine receptors, and stem cells
make adaptive responses to the inflammatory state of
the body and, in turn, affect the occurrence of inflamma-
tion (Fig. 1). Therefore, the various effects of dopamine
on the function of stem cells may be a potential target for
alleviating the body’s inflammatory state. Further study
of dopamine and its role in stem cells may provide new
ideas for the therapy strategy of inflammatory diseases.

Abbreviations

ESC Embryonic stem cells

iPSC Induced pluripotent stem cells

DA Dopamine

GPCR G-protein-coupled receptor

Svz Subependymal region

CNTF Ciliary neurotrophic factor

EVs Extracellular vesicles

MSCs Mesenchymal stromal cells

VEGF Various pro-angiogenic factors

BMSC Bone marrow-derived mesenchymal stromal cells
hBMSCs ~ Human bone marrow mesenchymal stromal cells
GVHD Graft-versus-host disease

SLE Systemic lupus erythematosus

LT-HSCs  Long-term hematopoietic stem cells

ST-HSCs  Short-term hematopoietic stem cells

HSPCs Hematopoietic stem cells and progenitor cells
CMPs Myeloid progenitors

CLPs Lymphoid progenitors

TLRs Toll-like receptors

FEN Fenoldopam
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