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Parkinson’s disease (PD) is an extrapyramidal disorder characterized by neuronal
degeneration in several regions of the peripheral and central nervous systems. It is
the second most frequent neurodegenerative disease after Alzheimer’s. It has become
a major health problem, affecting 1% of the world population over 60 years old
and 3% of people beyond 80 years. The main histological findings are intracellular
Lewy bodies composed of misfolded α-synuclein protein aggregates and loss of
dopaminergic neurons in the central nervous system. Neuroinflammation, apoptosis,
mitochondrial dysfunction, altered calcium homeostasis, abnormal protein degradation,
and synaptic pathobiology have been put forward as mechanisms leading to cell death,
α-synuclein deposition, or both. A progressive loss of dopaminergic neurons in the
substantia nigra late in the neurodegeneration leads to developing motor symptoms
like bradykinesia, tremor, and rigidity. The renin–angiotensin system (RAS), which is
involved in regulating blood pressure and body fluid balance, also plays other important
functions in the brain. The RAS is involved in the autocrine and paracrine regulation
of the nigrostriatal dopaminergic synapses. Dopamine depletion, as in PD, increases
angiotensin II expression, which stimulates or inhibits dopamine synthesis and is
released via AT1 or AT2 receptors. Furthermore, angiotensin II AT1 receptors inhibit D1
receptor activation allosterically. Therefore, the RAS may have an important modulating
role in the flow of information from the brain cortex to the basal ganglia. High angiotensin
II levels might even aggravate neurodegeneration, activating the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase complex, which leads to increased reactive
oxygen species production.

Keywords: Parkinson’s disease, renin–angiotensin system, dopaminergic synapse, nigrostriatal circuit,
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INTRODUCTION

Parkinson’s disease (PD) is a complex neurodegenerative disease
closely tied to genetic and environmental factors (Simon et al.,
2020). This form of extrapyramidal disorder affects movement
regulation and emotional management. The progressive loss
of dopaminergic neurons in the substantia nigra (SN) pars
compacta (SNpc) leads to striatal dopamine (DA) depletion and
disrupted motor control. Also, the prefrontal cortex, anterior
cingulate gyrus, and frontostriatal pathways are affected by this
disease (Blesa et al., 2017; Maiti et al., 2017; Bhat et al., 2018).

Following Alzheimer’s disease, PD is the second most frequent
neurodegenerative disease (Delamarre and Meissner, 2017; Cho
et al., 2019). Its estimated prevalence varies according to
ethnicity, sex, geographic location, phenotype, and environment,
and rounds 5–35 cases per 100,000 individuals worldwide (Cho
et al., 2019; Simon et al., 2020). It is a rare condition before the
age of 50 years (Bhat et al., 2018), but its incidence increases 5-
to 10-fold from 60 to 90 years old. In fact, the estimated global
incidence of 0.3% reaches 1% in people beyond their 60s and
3% in those over their 80s (Poewe et al., 2017; Angelopoulou
et al., 2020). The world population is aging. As PD incidence
depends on age, it is expected to rise in the coming years. The
proportion of people over 60 years old might double by 2050,
and so PD incidence (Cho et al., 2019; Angelopoulou et al.,
2020). Thus, this disease is considered an important public health
problem, with high personal, social, and economic burdens.
Mortality does not increase over the first decade after PD onset
and doubles later in the general population (Lee and Gilbert,
2016; Cascabelos, 2017). In the last decades, medical advances
have contributed to increasing life span in PD patients, with
the expected increase in the mentioned burdens and a rising
need for effective therapeutic treatments (De Virgilio et al., 2016;
Delamarre and Meissner, 2017).

Parkinson’s disease presents with motor and non-motor
symptoms. Among the former, slowness of movement
(bradykinesia), postural instability, resting tremor, and muscular
rigidity are the most frequent. Non-motor manifestations are
dysautonomia, sleeping disorder, cognitive impairment, olfactory
dysfunction, and depression and often appear before the onset of
the classic motor symptoms (De Virgilio et al., 2016; Maiti et al.,
2017; Bhat et al., 2018). Cardinal motor features are evident only
after 60–80% of dopaminergic neurons are lost and striatal DA
concentration falls below 70–90%, owing to the work of earlier

Abbreviations: ACE, angiotensin-converting enzyme; ACE2, angiotensin-
converting enzyme 2; ACEi, ACE inhibitor; Ang, angiotensin; ARB, angiotensin
receptor blocker; AT1R, angiotensin receptor type 1; AT2R, angiotensin receptor
type 2; ATIP, AT2 receptor-interacting protein; ATP, adenosine triphosphate;
CHL, cholinergic; CNS, central nervous system; DA, dopamine; GLU, glutamate;
GDNF, glial cell line-derived neurotrophic factor; IL-1β, interleukin-1 beta;
iRAS, intracellular or intracrine RAS; LBs, Lewy bodies; L-DOPA, levodopa;
Leu, leucine; LIDs, levodopa-induced dyskinesias; LNs, Lewy neurites; MasR,
Mas receptor; MDS-UPDRS II + III, Movement Disorder Society (MDS)—
Unified Parkinson’s Disease Rating Scale (UPDRS); NADPH, nicotinamide
adenine dinucleotide phosphate; NMDA, N-methyl-D-aspartate; PD, Parkinson’s
disease; PPAR-γ, peroxisome proliferator-activated receptor gamma; RAS, renin–
angiotensin system; ROS, reactive oxygen species; SN, substantia nigra; SNpc,
substantia nigra pars compacta; TNF-α, tumor necrosis factor alpha; VEGF,
vascular endothelial growth factor.

compensatory mechanisms. The central nervous system (CNS)
cell loss and striatal denervation increase exponentially with the
disease progress, and exacerbated symptoms may turn into a
source of disability (Elbaz et al., 2016; Blesa et al., 2017).

PARKINSON’S PATHOPHYSIOLOGY:
A DELETERIOUS CHAIN REACTION

The main PD pathologic hallmarks include the abnormal
deposition of α-synuclein in intracytoplasmic and intraneuritic
inclusions known as Lewy bodies (LBs) and Lewy neurites
(LNs) in several brain regions (Elbaz et al., 2016; Simon et al.,
2020). Although PD exact etiology remains unclear, a complex
interplay among α-synuclein deposition, oxidative stress,
mitochondrial dysfunction, neuroinflammation, excitotoxicity,
impaired autophagy, and genetic mutations is of consensus
(Maiti et al., 2017; Poewe et al., 2017; Angelopoulou et al., 2020).
PD involves many genetic–molecular entities affecting different
systems, manifesting in a broad spectrum of motor and non-
motor features. The most important histological finding is the
intracellular LBs, composed of misfolded α-synuclein aggregates.
Mitochondrial dysfunction, apoptosis, neuroinflammation,
inadequate protein degradation, altered calcium homeostasis,
and synaptic pathobiology are mechanisms that result in cell
death and/or α-synuclein deposition (Lang and Espay, 2018).

Braak and colleagues () have proposed six stages in
PD development. According to their explanation, the
α-synucleinopathy of the brain spreads in a caudorostrally
ascending and orchestrated way in a bottom-up disease
progression. In the pre-symptomatic PD phases (stages 1 and 2),
LBs and LNs are only in the olfactory bulb, enteric plexus, and
motor branch of cranial nerve X, spreading then to the medulla
oblongata, the pontine tegmentum, and the locus coeruleus. In
stages 3 and 4, the SN, amygdala, pedunculopontine tegmental
nucleus, Meynert nucleus, and temporal cortex are affected,
causing clinical symptoms. During stages 5 and 6, sensory
association areas and the prefrontal cortex become affected,
broadening and deepening PD features, notably those that are
cognitive. However, these stages have been supplemented by a
theory that suggests that the neocortex is not necessarily the final
stage of a bottom-up neurodegenerative process but might be a
starting top-down contributor to PD disease (Foffani and Obeso,
2018). Corticostriatal activity may represent a critical stressor
for nigrostriatal terminals, promoting secretion of striatal
extracellular α-synuclein and its accumulation at dopaminergic
synapses, which causes retrograde nigrostriatal degeneration,
PD focal motor onset, and progression. Bottom-up and top-
down mechanisms could coexist, partly explaining the complex
evolution of PD (Foffani and Obeso, 2018). This hypothesis
assumes that a dopaminergic nigrostriatal synaptopathy may
develop prior to the overt neurodegenerative process. Synaptic
vesicle defects and oxidation caused by DA have been mentioned
as factors contributing to the vulnerability of the nigral neurons
(Wong et al., 2019). Recently, a low level of the synaptic vesicle
protein 2A has been reported early in PD patients (Delva et al.,
2020), reinforcing the importance of the synaptopathy.
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Aging, a striking risk factor for PD, entails changes in
this dopaminergic pathway as well (Labandeira-García et al.,
2014). The inhibition of the lysosomal autophagy system
and/or of the ubiquitin-proteasome system might cause an
increase in α-synuclein. Both systems operate to a lesser
extent in physiological aging. Besides, mutations associated
with genetic PD forms, around 5–10% of total PD prevalence,
are related to decreased lysosomal autophagy activity (Poewe
et al., 2017). Mitochondrial α-synuclein accumulation affects
lysosomal autophagy activity, resulting in oxidative stress;
and, conversely, lysosomal autophagy dysfunction leads to
α-synuclein accumulation. This vicious cycle increases the
reactive oxygen species (ROS) level and decreases adenosine
triphosphate (ATP) production, causing neuronal loss and a
bioenergetic crisis (Maiti et al., 2017; Poewe et al., 2017;
Przedborski, 2017; Surmeier, 2018). In addition, α-synuclein
accumulation can cut down synaptic protein levels, impairing
neuronal excitability and connectivity (Przedborski, 2017).

The factors that make dopaminergic neurons more
vulnerable to degeneration are controversial (Maiti et al.,
2017). Dopaminergic neurons in the SNpc might be vulnerable
to mitochondrial dysfunction and oxidative stress. Four related
reasons may be accountable: (1) the long unmyelinated, or
partially myelinated, axons having many transmitter release sites
that need a huge energy supply; (2) the autonomous pacemaking
activity involves a large calcium influx into the neuron, disturbs
calcium homeostasis, and consumes lots of energy as well; (3)
the increase in cytosolic DA and its metabolites can lead to
oxidative stress; and (4) mitochondrial dysfunction and oxidative
stress can cause lysosomal depletion and impaired lysosomal
autophagy activity (Michel et al., 2016; Poewe et al., 2017; Lang
and Espay, 2018; Surmeier, 2018; Nguyen et al., 2019).

Different neurotransmitter systems in the CNS are involved
in PD pathophysiology. Glutamate plays a central role in
hindering basal ganglia function. Glutamatergic receptors
are involved in neuronal excitability modulation, long-term
synaptic plasticity, neurotransmitter release, and definitely in PD
neurotransmission impairment (Surmeier, 2018). The N-methyl-
D-aspartate (NMDA) receptors, a subtype of GLU receptor,
are widely expressed in the basal ganglia and excitatory on
neurons in the corpus striatum, subthalamic nucleus, globus
pallidus, and SN (Zhang et al., 2019). High permeability
to calcium and ability to trigger a downstream calcium-
dependent signal-transduction cascade of physiological and
pathophysiological relevance shape NMDA receptors as key
regulators in excitatory synaptic transmission. Glutamate-
induced neuronal degeneration might be mediated by NMDA
receptors and exacerbated calcium influx (Zhang et al.,
2019). Also, cytosolic calcium accumulation in dopaminergic
neurons could be related to the sustained engagement of
NMDA receptors due to glutamatergic input overactivity in
the subthalamic nucleus. Mitochondrial impairment could
increase dopaminergic sensitivity to GLU excitotoxicity (Michel
et al., 2016). With symptom onset, glutamatergic neurons in
the subthalamic and pedunculopontine nuclei that innervate
dopaminergic neurons in the SNpc increase glutamatergic firing
in the SNpc to compensate for dopaminergic neurons deficit,

leading to excitotoxicity (Surmeier, 2018). Overactivation of
glutamatergic receptors in corticostriatal, striatopallidal, and
subthalamonigral circuitries contributes to neurodegeneration in
PD (Duty, 2010).

GENERAL ORGANIZATION OF THE
RENIN–ANGIOTENSIN SYSTEM

The renin–angiotensin system (RAS) is now considered relevant
not only in cardiovascular disease but also in physiologic and
pathophysiologic mechanisms in different issues and conditions,
including neurological diseases (Abadir et al., 2012). It is
not only an extracellular canonical system as considered in
the past but can be synthesized and used inside the cell
as well (Abadir et al., 2012). The CNS, among others, has
intracellular binding RAS component receptors (Jackson et al.,
2018). The canonical RAS comprises a two-step enzymatic
cascade catalyzed by renin and the angiotensin-converting
enzyme (ACE) to generate Ang I, II, III, and IV. The
major RAS effector peptide, Ang II, has two binding receptor
subtypes, type 1 (AT1R) and type 2 (AT2R; Unger et al.,
1988; Figure 1). The peptidase activity of renin breaks the
Leu–Val bond in angiotensinogen, producing the decapeptide
angiotensin I. Sympathetic renal activity, a decrease in intrarenal
blood pressure below 90 mmHg of systolic blood pressure in
juxtaglomerular cells, or a decrease in sodium and chloride
supply to the dense macula cells stimulate juxtaglomerular cells’
renin production.

Circulating Ang II is generated from Ang I by ACE
carboxypeptidase activity in the pulmonary endothelial cells
(Herichova and Szantoova, 2013; Su et al., 2015), and its effects
are mediated mainly via AT1R receptors. The RAS axis is of
scientific, medical, and pharmacological interest owing to its
effects on blood pressure and heart hypertrophy (Herichova and
Szantoova, 2013) (Figure 1).

While traditional and canonical functions of the RAS in
the brain have been established, the recognition of multiple
Ang receptor subtypes in the brain and emerging functions
for Ang-7 and Ang-8 metabolites has expanded the activities
attributed to the brain RAS (Wright and Harding, 1994; Saavedra,
2005). Furthermore, other peptides of the RAS process are also
expressed in the CNS. Angiotensinogen can be cleaved into
angiotensin I by cathepsin D and E, elastase, and proteinase
3. Angiotensin I is cleaved by cathepsin B, tonin, elastase, and
proteinase 3 (Rice et al., 2004). Alternatively, angiotensinogen
can be directly cleaved to Ang II by cathepsin G, tonin, elastase,
and proteinase 3. Angiotensin II is transformed into Ang (Lee and
Gilbert, 2016; Blesa et al., 2017; Delamarre and Meissner, 2017;
Maiti et al., 2017; Poewe et al., 2017; Bhat et al., 2018; Cho et al.,
2019; Angelopoulou et al., 2020; Simon et al., 2020) by cathepsin
A and ACE2 and renders Ang (Blesa et al., 2017; Delamarre and
Meissner, 2017; Maiti et al., 2017; Poewe et al., 2017; Bhat et al.,
2018; Cho et al., 2019; Simon et al., 2020) via cleavage by ACE
(Vickers et al., 2002; Figure 1B).

Brain RAS not only regulates blood pressure but also
modulates other central functions, including sensory information
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FIGURE 1 | (A) Canonical pathways of the renin–angiotensin system (RAS). T3, triiodothyronine; 612 T4, tetraiodothyronine (thyroxine); Angiotensin I (10 AA),
Angiotensin I (10 amino acids); Angiotensin II (8 AA), Angiotensin II (8 amino acids); ACE, angiotensin-converting enzyme. Designed using Lucidchart software.
(B) Pathways of angiotensin peptide formation in the brain. ACE, angiotensin-converting enzyme; ACE2, human homolog of angiotensin-converting enzyme; APA,
aminopeptidase A; A-LAP, adipocyte derived leucine-aminopeptidase; TOP, thimet endopeptidase; Pro-EP, prolyl-endopeptidase; DAP, aspartyl aminopeptidase;
P-LAP/IRAP, placental leucine-aminopeptidase/insulin-regulated aminopeptidase; APB, aminopeptidase B; DPP IV, dipeptidyl peptidase I; DPP III, dipeptidyl
peptidase III; ADH, antidiuretic hormone (vasopresin); aa, amino acids. Numbering of amino acid residues in all fragments is based on the numbering in
angiotensinogen. Larger-sized arrows indicate the classical metabolic pathways (Karamyan and Speth, 2007). Designed using Lucidchart software.

processing, learning and memory, and emotional responses
(von Bohlen und Halbach and Albrecht, 2006). Ang-(Blesa
et al., 2017; Delamarre and Meissner, 2017; Maiti et al.,
2017; Poewe et al., 2017; Bhat et al., 2018; Cho et al.,
2019; Simon et al., 2020) mediates its antihypertensive effects,
stimulating synthesis and release of vasodilator prostaglandins
and nitric oxide and potentiating bradykinin hypotensive effects
(Gulati and Lall, 1996).

Ang II binds AT1R and AT2R, two highly specific receptors.
Neuronal AT1R mediates the stimulatory actions of Ang II
on blood pressure, water and salt intake, and vasopressin
secretion. In contrast, neuronal AT2R stimulates apoptosis
and antagonizes AT1R activity (von Bohlen und Halbach
and Albrecht, 2006). Many works consider the AT2R as the
AT1R counterpart (Guimond and Gallo-Payet, 2012; Garrido-
Gil et al., 2013), while others suggest that MasR binding
to Ang (Blesa et al., 2017; Delamarre and Meissner, 2017;
Maiti et al., 2017; Poewe et al., 2017; Bhat et al., 2018;
Cho et al., 2019; Simon et al., 2020) might also antagonize
AT1R. The localization of specific brain regions expressing
AT1 and AT2 receptors has been reported in humans
and mice. Regions related to autonomic function, cognition,
and movement control (Guimond and Gallo-Payet, 2012)
have been described.

More recently, AT1 and AT2 receptors were found in the basal
ganglia, in the SNpc specifically, participating in the DA signaling
pathway (Quinlan and Phillips, 1981; Allen et al., 1992). The
AT1 and AT2 receptors were identified on neuronal membrane
and not in astrocytes in the SNpc (Gendron et al., 2003), and
also in the cytoplasm, the nucleus, and mitochondrial membrane
(Valenzuela et al., 2016; Perez-Lloret et al., 2017).

Expression of the Renin–Angiotensin
System in the Brain
The main angiotensinogen pathway connects the hypothalamus
and medulla and is the primary contributor of locally synthesized
Ang (Wright and Harding, 2013). In addition, RAS components
are synthesized in other brain regions like SN and putamen and
caudate nuclei (Wright and Harding, 2013; Figure 2).

Renin, responsible for initiating the cascade of
angiotensin peptide formation, has been identified in
neurons and astrocytes (Bodiga and Bodiga, 2013).
Receptors AT1Rs, AT2Rs, ACE, ACE2, and MasRs are
found on the cell surface of neurons, endothelial cells,
astrocytes, and microglia (Labandeira-Garcia et al., 2017;
Jackson et al., 2018) (Table 1 and Figure 2). They have
been identified in the mitochondria and cell nuclei
(Bodiga and Bodiga, 2013).

The role of the central RAS was first associated with the
circulating RAS, e.g., the central control of blood pressure and
sodium and water homeostasis, in circumventricular organs
lacking the blood–brain barrier (von Bohlen und Halbach
and Albrecht, 2006; Phillips and de Oliveira, 2008). Over
the last two decades, every component of the classical RAS
has been identified in different brain areas near the blood–
brain barrier. The brain RAS might be involved in other
functions and neurodegenerative processes (Saab et al., 2007;
Saavedra, 2012; Goldstein et al., 2016). The components of
a local RAS are expressed in the nigrostriatal dopaminergic
circuit, and their activation enhances dopaminergic cell
vulnerability, inducing dopaminergic cell death via NADPH-
derived ROS activation (Meffert et al., 1996; Stroth et al.,
1998; Valenzuela et al., 2010; Labandeira-Garcia et al., 2013;
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FIGURE 2 | Expression of renin–angiotensin system (RAS) in different brain tissues. AGT, angiotensinogen; REN, renin; ACE, angiotensin-converting enzyme; ACE2,
angiotensin-converting enzyme 2; AGTR1, angiotensin type I receptor; AGTR2, angiotensin type 2 receptor; TPM, transcript per millions. Source:
https://www.gtexportal.org/home/.

TABLE 1 | Expression of the RAS in neurovascular cells expressed in FPKM.

Gene/protein name Endothelial cells Astrocytes Neurons Oligodendrocyte Microglia

AGTR1 0.812 ± 0.638 0.110 ± 0.006 0.555 ± 0.0432 0.1 ± 0.0 0.1 ± 0.0

AGTR2 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

ACE 0.416 ± 0.018 0.102 ± 0.002 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

ACE2 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

MasR 0.1 0.1 0.1 0.1 0.1

AGT 1.42 ± 0.11 79.51 ± 13.57 3.3807 1.55 ± 0.19 0.15 ± 0.05

AGTR1, angiotensin type I receptor; AGTR2, angiotensin type 2 receptor; ACE, angiotensin-converting enzyme; ACE2, angiotensin-converting enzyme 2; MasR, Mas
receptor; AGT, angiotensinogen; RAS, renin–angiotensin system.
Source: Brain RNA-seq Database. https://www.brainrnaseq.org/.

Labandeira-García et al., 2014; Zawada et al., 2015; Garrido-
Gil et al., 2017). Several studies have shown the nuclear
localization (Villar-Cheda et al., 2017; Costa-Besada et al.,
2018) and mitochondrial expression (Valenzuela et al., 2016;
Garrido-Gil et al., 2017; Costa-Besada et al., 2018) of the
different components of RAS in dopaminergic neurons called
intracellular or intracrine RAS (iRAS; Grobe et al., 2008;
Labandeira-Garcia et al., 2020).

EFFECTS OF RENIN–ANGIOTENSIN
SYSTEM ON DOPAMINERGIC
NEUROTRANSMISSION PATHWAYS

Angiotensin II has been reported to induce DA release in the
brain after infusion, and also in dopaminergic cell cultures
(Labandeira-Garcia et al., 2013). Angiotensin II perfusion raised
the DA level nearly two-fold (Mendelsohn et al., 1993) and
was antagonized by the AT1R antagonist losartan (Brown et al.,
1996). Furthermore, acute or chronic administration of losartan
alone reduced DA synthesis (Dwoskin et al., 1992), suggesting
a tonic constitutive effect of Ang II on dopaminergic synapses.
Furthermore, chronic administration of candesartan markedly
increased DA D1 receptor and decreased DA D2 receptor

expression in normal rats (Dominguez-Meijide et al., 2014;
Labandeira-Garcia et al., 2020). One study reported the effect
of chronic ACE inhibition on striatal DA content and release,
using in vivo microdialysis in awake, freely moving rats (Jenkins
et al., 1997). One week of perindopril treatment largely increased
the DA level compared with the untreated control group. The
non-peptide compound 21, a selective AT2R agonist, reduced DA
synthesis as well (Mertens et al., 2010). These results suggest that
Ang II modulates DA synthesis via AT1 and AT2 receptors, which
may have opposite effects. Furthermore, Ang II may also regulate
postsynaptic dopaminergic receptor level directly or indirectly,
affecting the synaptic DA level.

Reserpine-induced DA depletion upregulated the AT1 and
AT2 receptors and NADPH oxidase proteins (Labandeira-
Garcia et al., 2013). Likewise, 6-OHDA administration induced
overexpression of AT1 and AT2 receptors proteins and
of NADPH oxidase proteins, which decreased by levodopa
(L-DOPA) administration (Labandeira-Garcia et al., 2013).
Furthermore, D1 knock-out mice had increased AT1 receptor
protein expression in the SNpc and corpus striatum and
decreased ACE activity and Ang I, Ang II, and Ang III peptide
levels (Villar-Cheda et al., 2010). Conversely, mice overexpressing
D2 receptors showed AT2 receptor downregulation (Villar-
Cheda et al., 2010). All in all, dopaminergic neurotransmission
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and the AT1 and AT2 receptor proteins are somehow connected,
though the responsible mechanism is not clear. Many studies
have pointed out that AT1 and D1 receptors form heterodimeric
signaling complexes (Khan et al., 2008; Li et al., 2012).The AT1
receptor may counteract D1 receptor activation, so losartan
may induce D1 receptor activation (Li et al., 2012). Also, DA
may induce AT1 receptor internalization, which is line with
the previously discussed results (Villar-Cheda et al., 2014), and
Ang II may induce D1 receptor internalization, reciprocally
(Zawada et al., 2015). Interestingly, losartan activates the D1
receptor regardless of DA presence (Scott et al., 2011). The AT1
receptors also dimerize with adenosine A2A receptors (Oliveira
et al., 2017), which are major regulators of dopaminergic
neurotransmission (Perez-Lloret and Merello, 2014).

These findings suggest sophisticated feedback between DA
and Ang II. Accordingly, AT1 receptor activation induces DA
synthesis (Mendelsohn et al., 1993; Labandeira-Garcia et al., 2013;
Perez-Lloret et al., 2017), which would be inhibited by the AT2
receptor (Brown et al., 1996), and reduces D1 receptor activation.
Overall, blockade of the AT1R would facilitate D1-dependent
pathways, independently of the DA synaptic level.

In animal models, DA depletion induces compensatory
overactivation of the local RAS, which primes microglial
responses and neuron vulnerability, activating NADPH oxidase
(Labandeira-Garcia et al., 2013). In the corpus striatum and
SN, depletion of DA with reserpine upregulated the AT1R,
AT2R, and NADPH subunit p47 (phox), all of which decreased
as DA function was restored (Villar-Cheda et al., 2010).
Neurotoxin-induced loss of dopaminergic neurons is amplified
by local Ang II via ATR1 and NADPH complex activation
(Villar-Cheda et al., 2010).

In conditions like PD with a sustained dopaminergic
deficit, nigrostriatal RAS overactivation is expected to have
proinflammatory and degenerative effects (Ruiz-Ortega et al.,
2001). Overexpression of Ang II would activate the NADPH
oxidase complex, which is responsible for the cell production of
ROS (Qin et al., 2004). A high Ang II level has been suggested
to exacerbate dopaminergic cell death via AT1R overstimulation
and may play a synergistic role in PD pathogenesis and
progression (Rodriguez-Pallares et al., 2008; Labandeira-García
et al., 2014). Neuronal death has been associated with NADPH
oxidase complex activation and ROS production (Joglar et al.,
2009). Ang II also acts on microglia, where NADPH oxidase
activation produces high concentrations of ROS, which are
released extracellularly and affect neurons. Ang II also produces
a low level of microglial intracellular ROS, which acts as a second
messenger in several microglial signaling pathways involved in
the inflammatory response (Babior, 2004; Qin et al., 2004).

In addition to cell death by NADPH oxidase-dependent
ROS production (Fazeli et al., 2012), AT1 receptor activation
also results in microglia cell degeneration involving other
mechanisms like hampering iron homeostasis and releasing
proinflammatory interleukins like the tumor necrosis factor
alpha (TNF-α; Borrajo et al., 2014; Garcia-Garrote et al., 2019;
Garrido-Gil et al., 2013). In sum, the hyperactivation of the
local RAS exacerbates the inflammatory microglial response,
oxidative stress, and dopaminergic degeneration, all of which are

inhibited by Ang receptor blockers and inhibitors of the ACEs
(Labandeira-Garcia et al., 2013).

The role of AT2 receptors in dopaminergic pathways
has been less studied. The abundance of AT2R in fetal
tissues is consistent with high cell proliferation, maturation,
apoptosis, and regeneration activity (Garcia-Garrote et al.,
2019). Treatment of neurospheres with 100 nM of Ang II
during cell differentiation induced a striking four-fold increase
in dopaminergic neuron generation (Rodriguez-Pallares et al.,
2004). Neuronal differentiation and growth have been reported
to follow AT2R activation (Gallo-Payet et al., 2011). The
activation of AT2 receptors promotes neuronal growth associated
with cytoskeleton rearrangements critical to induce neurite
elongation (Laflamme et al., 1996; Meffert et al., 1996).
Neuronal growth is also associated with an increase in mature
neural cell markers like βIII-tubulin and microtubule-associated
proteins (MAPs) like MAP2c (Laflamme et al., 1996; Stroth
et al., 1998). Different mechanisms have been put forward to
explain how AT2 activation causes neuronal differentiation and
growth. Angiotensin promotes neurosphere differentiation and
overexpression of methyl methanesulfonate sensitive 2 (MMS2),
a neuronal growth factor involved in DNA repair (Mogi et al.,
2006). Once activated, AT2 receptors form a complex with the
AT2 receptor-interacting protein (ATIP protein) and translocate
to the nucleus where MMS2 transactivation takes place (Nouet
et al., 2004; Horiuchi and Mogi, 2011). Knockdown of the MMS2
gene by small interfering RNA (siRNA) reduced the number
of neurospheres with loss of sphere formation (Mogi et al.,
2006). The angiotensin II type 1 receptor blocker, valsartan,
enhanced neurosphere differentiation and MMS2 induction,
while the AT2R antagonist PD123319 caused inhibition (Mogi
et al., 2006). The overall evidence supports a neuroprotective role
for the AT2R receptor.

Stimulation of peroxisome proliferator-activated receptor
gamma (PPAR-γ) downregulates AT1 receptors in vascular
smooth muscle cells (VSMCs; Takeda et al., 2000). Angiotensin
II induces PPAR-γ activation in PC12W cells via AT2R
activation (Zhao et al., 2005). The nuclear PPAR-γ receptor
controls lipid and glucose metabolism, energy homeostasis,
and adipocyte and macrophage differentiation and has a
neuroprotective function (Guimond and Gallo-Payet, 2012).
The PPAR-γ was reported to participate in downregulating
several inflammatory cytokines and inhibiting inflammation
(Delerive et al., 2001). These lines of evidence suggest that
neuroprotection via the AT2 receptor might involve PPAR-
γ activation.

Many authors accept that AT2R and AT1R have antagonistic
effects. Ang II protected dopaminergic neurons in vitro
against MPP+ toxicity only in the presence of the AT1R
antagonist losartan, while losartan did not affect MPP+
toxicity (Grammatopoulos et al., 2007). This suggests that
Ang II neuroprotection involves the AT2R. Activation of the
AT2R promotes cell growth and differentiation involving the
MMS2 and PPAR-γ pathways. Angiotensin receptor blockers
(ARBs) activate PPAR-γ receptors. Then, ARBs may act not
as AT1 inhibitors but as AT2 agonists, activating the AT2–
PPAR axis.
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POTENTIAL CLINICAL APPLICATIONS
OF RENIN–ANGIOTENSIN SYSTEM
MODULATION IN PARKINSON’S
DISEASE
Dopaminergic therapy is the most accepted symptomatic
treatment in PD, targeting dopaminergic neuronal loss in the
SN and the resulting striatum dopamine depletion at motor
symptom onset. However, it is not devoid of long-term secondary
effects. An evidence-based alternative treatment targeting RAS
modulation could be used for PD symptom management
upon its participation in SN DA cell survival and function
(Perez-Lloret et al., 2017).

One of the long-term L-DOPA treatment consequences is L-
DOPA-induced dyskinesias (LIDs), bound to neuroinflammation
and angiogenesis, due to overstimulation of the D1-dependent
so-called “direct” pathway, causing abnormal choreoathetotic
movements (Fabbrini et al., 2007; Muñoz et al., 2014).
Most L-DOPA-treated PD patients are eventually affected
by LIDs and become disabled (Olanow et al., 2013). One
study tested the AT1R blocker candesartan on (s.c. injection)
LIDs in 6-OHDA-lesioned rats. Overexpression of vascular
endothelial growth factor (VEGF) and the neuroinflammatory
IL-1β were used in the study as possible LID predictors,
linked to neuroinflammation and angiogenesis (Muñoz et al.,
2014). Dyskinesia was reduced in the candesartan-treated rats
compared with the L-DOPA alone-treated animals (control
group). Candesartan treatment attenuated limb and orolingual
movements without affecting axial LIDs or interfering with
antiparkinsonian L-DOPA efficacy. The L-DOPA-lesioned rats
had increased n VEGF and IL-1β expression in the SN
and corpus striatum areas than had candesartan-treated non-
dyskinetic rats (Muñoz et al., 2014; Perez-Lloret et al., 2017).
Angiotensin II addition to primary mesencephalic cultures
or intracerebroventricularly injected in rats enhanced VEGF
expression, as found postmortem, and its effects were blocked
by candesartan (Muñoz et al., 2014; Perez-Lloret et al.,
2017).

The effects on motor fluctuations of the ACE inhibitor
perindopril were examined in a double-blind, placebo-controlled,
crossover pilot study in seven subjects with PD. The subjects
were diagnosed with moderately severe PD according to the
Hoehn and Yahr scale. Patients received either placebo or
perindopril for 4 weeks while under L-DOPA treatment. The
clinical response to L-DOPA test dose, dyskinesia, “on” and
“off” state daily life activities, and motor fluctuations was
evaluated. Perindopril improved the motor response to L-DOPA
treatment, increasing the overall amplitude of response with
a faster onset of action and a reduction in the “on” phase
dyskinesia peak, although perindopril resembled a dopaminergic
transmission modulator in seven subjects only (Reardon et al.,
2000).

The nigrostriatal local RAS has a promising potential for
the symptomatic management of PD as of its participation in
regulating dopaminergic pathways and inflammatory responses
(Perez-Lloret et al., 2017). The study by Reardon and colleagues
sets a precedent for further clinical studies, as for the positive

response to perindopril, in six out of seven subjects studied
(Reardon et al., 2000). Additional studies should be conducted to
have a better comprehension of the cellular structures involved
in the effects observed and confirm the clinical benefits of
these drugs, if so.

CONCLUSION AND FUTURE
DIRECTIONS

PD is characterized by the loss of dopaminergic synapses
in the nigrostriatal pathway, which may actually precede the
neurodegenerative process. The RAS has a modulatory role
on the dopaminergic synaptic function and affects the survival
of SNpc neurons (Perez-Lloret et al., 2017), highlighting its
potential as a target of new symptomatic and disease-modifying
therapies. Experimental evidence suggests that a low DA level
stimulates angiotensin II synthesis and release from astrocytes
and vice versa, via the AT1 receptor, while AT2R activation might
counterbalance, reducing the DA level. This might help to restore
the nigrostriatal dopaminergic tone in PD. In the long term,
RAS overactivation leads to excessive ROS production, microglia
activation, and cell death. Therefore, AT1R blockade or AT2R
stimulation might contribute to reducing the oxidative stress
burden in the SN during the parkinsonian state or even before.

A negative allosteric relationship has been established between
AT1 and D1 receptors. Blockade of AT1 activates the D1 receptor,
even in the absence of L-DOPA. In theory, the D1-dependent so-
called “direct pathway” would be activated, restoring the balance
with the D2-dependent “indirect pathway” overactivation, lost
after dopaminergic loss (Grace, 2008). The clinical implications
of this hypothesis are straightforward and have been partially
tested. In a small, double-blind, crossover trial, a 2-week
treatment with 2 mg of perindopril not only increased L-DOPA
antiparkinsonian efficacy, which would be expectable by the
activation of D1 receptors, but showed antidyskinetic effects,
as well (Reardon et al., 2000). Studies in rodent models of
parkinsonism showed that candesartan reduced LIDs without
affecting L-DOPA antiparkinsonian effects. These observations
are at odds with the expected pro-dyskinetic effects of the D1-
dependent “direct pathway” activation (Grace, 2008). The effects
of other RAS molecules on the function of the dopaminergic
synapses have been less studied and might be the cause of these
challenging observations.

We conclude that modulating dopaminergic
neurotransmission with ACE inhibitors or AT1 antagonists
might have antiparkinsonian effects, which deserve further
research. Studies focusing on perindopril are encouraged, given
the accumulated evidence on its antiparkinsonian effects. More
research is also needed on the AT2 receptor effects.

AUTHOR CONTRIBUTIONS

SP-L, and MO-L: conception and original idea. TK, SP-L,
GC, LU, SB, and CM-M: investigation. SP-L, MO-L, and TK:

Frontiers in Synaptic Neuroscience | www.frontiersin.org 7 April 2021 | Volume 13 | Article 638519

https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/synaptic-neuroscience#articles


fnsyn-13-638519 April 19, 2021 Time: 7:28 # 8

Kobiec et al. The Renin–Angiotensin System Modulates Dopaminergic Neurotransmission

original drafting. MO-L: critical revision and editing. FC: funding
acquisition. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by Agencia Nacional de Promoción
Científica y Tecnológica (PICT 2018-01105), Argentina.

REFERENCES
Abadir, P. M., Walston, J. D., and Carey, R. M. (2012). Subcellular characteristics

of functional intracellular renin-angiotensin systems. Peptides 38, 437–445. doi:
10.1016/j.peptides.2012.09.016

Allen, A. M., MacGregor, D. P., Chai, S. Y., Donnan, G. A., Kaczmarczyk, S.,
Richardson, K., et al. (1992). Angiotensin II receptor binding associated with
nigrostriatal dopaminergic neurons in human basal ganglia. Ann. Neurol. 32,
339–344. doi: 10.1002/ana.410320306

Angelopoulou, E., Pyrgelis, E., and Piperi, C. (2020). Neuroprotective potential of
chrysin in Parkinson’s disease: Molecular mechanisms and clinical implications.
Neurochem. Int. 136:104612. doi: 10.1016/j.neuint.2019.104612

Babior, B. M. (2004). NADPH Oxidase. Curr. Opin. Immunol. 16, 42–47. doi:
10.1016/j.coi.2003.12.001

Bhat, S., Acharya, U., Hagiwara, Y., Dadmehr, N., and Adeli, H. (2018). Parkinson’s
disease: Cause factors, measurable indicators, and early diagnosis. Comput. Biol.
Med. 102, 234–241. doi: 10.1016/j.compbiomed.2018.09.008

Blesa, J., Trigo Damas, I., Dileone, M., Lopez Gonzalez del Rey, N., Hernandez,
L. F., and Obeso, J. A. (2017). Compensatory mechanisms in Parkinson’s
disease: Circuits adaptations and role in disease modification. Exp. Neurol.
298(Pt B), 148–161. doi: 10.1016/j.expneurol.2017.10.002

Bodiga, V. L., and Bodiga, S. (2013). Renin Angiotensin System in Cognitive
Function and Dementia. Asian J. Neurosci. 2013:102602. doi: 10.1155/2013/
102602

Borrajo, A., Rodriguez-Perez, A. I., Diaz-Ruiz, C., Guerra, M. J., and Labandeira-
Garcia, J. L. (2014). Microglial TNF-α mediates enhancement of dopaminergic
degeneration by brain angiotensin. Glia 62, 145–157. doi: 10.1002/glia.22595

Brown, D. C., Steward, L. J., Ge, J., and Barnes, N. M. (1996). Ability of angiotensin
II to modulate striatal dopamine release via the AT1 receptor in vitro and
in vivo. Br. J. Pharmacol. 118, 414–420.

Cascabelos, R. (2017). Parkinson’s Disease: From Pathogenesis to
Pharmacogenomics. Int. J. Mol. Sci. 18:551. doi: 10.3390/ijms18030551

Cho, B., Kim, T., Huh, Y. J., Lee, J., and Lee, Y. I. (2019). Amelioration of
Mitochondrial Quality Control and Proteostasis by Natural Compounds in
Parkinson’s Disease Models. Int. J. Mol. Sci. 20:5208. doi: 10.3390/ijms20205208

Costa-Besada, M. A., Valenzuela, R., Garrido-Gil, P., Villar-Cheda, B., Parga, J. A.,
Lanciego, J. L., et al. (2018). Paracrine and Intracrine Angiotensin 1-7/Mas
Receptor Axis in the Substantia Nigra of Rodents, Monkeys, and Humans. Mol.
Neurobiol. 55, 5847–5867. doi: 10.1007/s12035-017-0805-y

De Virgilio, A., Greco, A., Fabbrini, G., Inghilleri, M., Rizzo, M. I., Gallo, A.,
et al. (2016). Parkinson’s disease: Autoimmunity and neuroinflammation.
Autoimmun. Rev. 15, 1005–1011. doi: 10.1016/j.autrev.2016.07.022

Delamarre, A., and Meissner, W. (2017). Epidemiology, environmental risk factors
and genetics of Parkinson’s disease. Presse Médicale 46, 175–181. doi: 10.1016/j.
lpm.2017.01.001

Delerive, P., Fruchart, J. C., and Staels, B. (2001). Peroxisome proliferator-activated
receptors in inflammation control. J. Endocrinol. 169, 453–459. doi: 10.1677/joe.
0.1690453

Delva, A., Van Weehaeghe, D., Koole, M., Van Laere, K., and Vandenberghe, W.
(2020). Loss of Presynaptic Terminal Integrity in the Substantia Nigra in Early
Parkinson’s Disease. Mov. Disord. 35:28216. doi: 10.1002/mds.28216

Dominguez-Meijide, A., Villar-Cheda, B., Garrido-Gil, P., Sierrra-Paredes, G.,
Guerra, M. J., and Labandeira-Garcia, J. L. (2014). Effect of chronic treatment
with angiotensin type 1 receptor antagonists on striatal dopamine levels in
normal rats and in a rat model of Parkinson’s disease treated with L-DOPA.
Neuropharmacology 76(Pt A), 156–168.

Duty, S. (2010). Therapeutic potential of targeting group III metabotropic
glutamate receptors in the treatment of Parkinson’s disease. Br. J. Pharmacol.
161, 271–287.

Dwoskin, L. P., Jewell, A. L., and Cassis, L. A. (1992). DuP 753, a nonpeptide
angiotensin II-1 receptor antagonist, alters dopaminergic function in rat

striatum. Naunyn Schmiedebergs Arch. Pharmacol. 345, 153–159. doi: 10.1007/
BF00165730

Elbaz, A., Carcaillon, L., Kab, S., and Moisan, F. (2016). Epidemiology of
Parkinson’s disease. Rev. Neurol. 172, 14–26. doi: 10.1016/ j.neurol.2015.09.012

Fabbrini, G., Brotchie, J. M., Grandas, F., Nomoto, M., and Goetz, C. G. (2007).
Levodopa-induced dyskinesias. Mov. Disord. 22, 1379–1523. doi: 10.1002/mds.
21475

Fazeli, G., Stopper, H., Schinzel, R., Ni, C. W., Jo, H., and Schupp, N. (2012).
Angiotensin II induces DNA damage via AT1 receptor and NADPH oxidase
isoform Nox4. Mutagenesis 27, 673–681. doi: 10.1093/mutage/ges033

Foffani, G., and Obeso, J. A. (2018). A cortical pathogenic theory of Parkinson’s
Disease. Neuron 99, 1116–1128. doi: 10.1016/j.neuron.2018.07.028

Gallo-Payet, N., Guimond, M. O., Bilodeau, L., Wallinder, C., Alterman, M., and
Hallberg, A. (2011). Angiotensin II, a Neuropeptide at the Frontier between
Endocrinology and Neuroscience: Is There a Link between the Angiotensin II
Type 2 Receptor and Alzheimer’s Disease? Front. Endocrinol. 2:17. doi: 10.3389/
fendo.2011.00017

Garcia-Garrote, M., Perez-Villalba, A., Garrido-Gil, P., Belenguer, G., Parga, J. A.,
Perez-Sanchez, F., et al. (2019). Interaction between Angiotensin Type 1, Type
2, and Mas Receptors to Regulate Adult Neurogenesis in the Brain Ventricular-
Subventricular Zone. Cells 8:1551. doi: 10.3390/cells8121551

Garrido-Gil, P., Rodriguez-Pallares, J., Dominguez-Meijide, A., Guerra, M. J., and
Labandeira-Garcia, J. L. (2013). Brain angiotensin regulates iron homeostasis
in dopaminergic neurons and microglial cells. Exp. Neurol. 250, 384–396. doi:
10.1016/j.expneurol.2013.10.013

Garrido-Gil, P., Rodriguez-Perez, A. I., Fernandez-Rodriguez, P., Lanciego, J. L.,
and Labandeira-Garcia, J. L. (2017). Expression of angiotensinogen and
receptors for angiotensin and prorenin in the rat and monkey striatal neurons
and glial cells. Brain Struct. Funct. 222, 2559–2571. doi: 10.1007/s00429-016-
1357-z

Gendron, F. P., Chalimoniuk, M., Strosznajder, J., Shen, S., González, F. A.,
Weisman, G. A., et al. (2003). P2X7 nucleotide receptor activation enhances
IFN gamma-induced type II nitric oxide synthase activity in BV-2 microglial
cells. J. Neurochem. 87, 344–352.

Goldstein, B., Speth, R. C., and Trivedi, M. (2016). Renin-angiotensin system
gene expression and neurodegenerative diseases. J. Renin Angiotensin
Aldosterone Syst. 17:1470320316666750. doi: 10.1177/14703203166
66750

Grace, A. (2008). Physiology of the normal and dopamine-depleted basal ganglia:
insights into levodopa pharmacotherapy. Rev. Mov. Disord. 23(Suppl. 3), S560–
S569. doi: 10.1002/mds.22020

Grammatopoulos, T. N., Jones, S. M., Ahmadi, F. A., Hoover, B. R., Snell, L. D.,
Skoch, J., et al. (2007). Angiotensin type 1 receptor antagonist losartan, reduces
MPTP-induced degeneration of dopaminergic neurons in substantia nigra. Mol.
Neurodegener. 2:1. doi: 10.1186/1750-1326-2-1

Grobe, J. L., Xu, D., and Sigmund, C. D. (2008). An intracellular renin-angiotensin
system in neurons: fact, hypothesis, or fantasy. Physiology 23, 187–193. doi:
10.1152/physiol.00002.2008

Guimond, M. D., and Gallo-Payet, N. (2012). The Angiotensin II Type 2 Receptor
in Brain Functions: An Update. Int. J. Hypertens 2012, 351758. doi: 10.1155/
2012/351758

Gulati, K., and Lall, S. B. (1996). Angiotensin II–receptor subtypes characterization
and pathophysiological implications. Ind. J. Exp. Biol. 34, 91–97.

Herichova, I., and Szantoova, K. (2013). Renin-angiotensin system: upgrade of
recent knowledge and perspectives. Endocr. Regul. 47, 39–52. doi: 10.4149/
endo_2013_01_39

Horiuchi, M., and Mogi, M. (2011). Role of angiotensin II receptor subtype
activation in cognitive function and ischaemic brain damage. Br. J. Pharmacol.
163, 1122–1130.

Jackson, L., Eldahshan, W., Fagan, S. C., and Ergul, A. (2018). Within the Brain: The
Renin Angiotensin System. Int. J. Mol. Sci. 19:876. doi: 10.3390/ijms19030876

Frontiers in Synaptic Neuroscience | www.frontiersin.org 8 April 2021 | Volume 13 | Article 638519

https://doi.org/10.1016/j.peptides.2012.09.016
https://doi.org/10.1016/j.peptides.2012.09.016
https://doi.org/10.1002/ana.410320306
https://doi.org/10.1016/j.neuint.2019.104612
https://doi.org/10.1016/j.coi.2003.12.001
https://doi.org/10.1016/j.coi.2003.12.001
https://doi.org/10.1016/j.compbiomed.2018.09.008
https://doi.org/10.1016/j.expneurol.2017.10.002
https://doi.org/10.1155/2013/102602
https://doi.org/10.1155/2013/102602
https://doi.org/10.1002/glia.22595
https://doi.org/10.3390/ijms18030551
https://doi.org/10.3390/ijms20205208
https://doi.org/10.1007/s12035-017-0805-y
https://doi.org/10.1016/j.autrev.2016.07.022
https://doi.org/10.1016/j.lpm.2017.01.001
https://doi.org/10.1016/j.lpm.2017.01.001
https://doi.org/10.1677/joe.0.1690453
https://doi.org/10.1677/joe.0.1690453
https://doi.org/10.1002/mds.28216
https://doi.org/10.1007/BF00165730
https://doi.org/10.1007/BF00165730
https://doi.org/10.1016/
https://doi.org/10.1002/mds.21475
https://doi.org/10.1002/mds.21475
https://doi.org/10.1093/mutage/ges033
https://doi.org/10.1016/j.neuron.2018.07.028
https://doi.org/10.3389/fendo.2011.00017
https://doi.org/10.3389/fendo.2011.00017
https://doi.org/10.3390/cells8121551
https://doi.org/10.1016/j.expneurol.2013.10.013
https://doi.org/10.1016/j.expneurol.2013.10.013
https://doi.org/10.1007/s00429-016-1357-z
https://doi.org/10.1007/s00429-016-1357-z
https://doi.org/10.1177/1470320316666750
https://doi.org/10.1177/1470320316666750
https://doi.org/10.1002/mds.22020
https://doi.org/10.1186/1750-1326-2-1
https://doi.org/10.1152/physiol.00002.2008
https://doi.org/10.1152/physiol.00002.2008
https://doi.org/10.1155/2012/351758
https://doi.org/10.1155/2012/351758
https://doi.org/10.4149/endo_2013_01_39
https://doi.org/10.4149/endo_2013_01_39
https://doi.org/10.3390/ijms19030876
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/synaptic-neuroscience#articles


fnsyn-13-638519 April 19, 2021 Time: 7:28 # 9

Kobiec et al. The Renin–Angiotensin System Modulates Dopaminergic Neurotransmission

Jenkins, T. A., Mendelsohn, F. A., and Chai, S. Y. (1997). Angiotensin-converting
enzyme modulates dopamine turnover in the striatum. J. Neurochem. 68,
1304–1311.

Joglar, B., Rodriguez-Pallares, J., Rodriguez-Perez, A. I., Rey, P., Guerra, M. J.,
and Labandeira-Garcia, J. L. (2009). The inflammatory response in the MPTP
model of Parkinson’s disease is mediated by brain angiotensin: relevance to
progression of the disease. J. Neurochem. 109, 656–669.

Karamyan, V. T., and Speth, R. C. (2007). Enzymatic pathways of the brain renin-
angiotensin system: unsolved problems and continuing challenges. Regul. Pept.
143, 15–27. doi: 10.1016/j.regpep.2007.03.006

Khan, F., Spicarová, Z., Zelenin, S., Holtbäck, U., Scott, L., and Aperia, A. (2008).
Negative reciprocity between angiotensin II type 1 and dopamine D1 receptors
in rat renal proximal tubule cells. Am. J. Physiol. Renal Physiol. 295, F1110–
F1116. doi: 10.1152/ajprenal.90336.2008

Labandeira-García, J. L., Garrido-Gil, P., Rodriguez-Pallares, J., Valenzuela, R.,
Borrajo, A., and Rodríguez-Perez, A. I. (2014). Brain renin-angiotensin system
and dopaminergic cell vulnerability. Front. Neuroanat. 8:67. doi: 10.3389/fnana.
2014.00067

Labandeira-Garcia, J. L., Rodriguez-Pallares, J., Dominguez-Meijide, A.,
Valenzuela, R., Villar-Cheda, B., and Rodríguez-Perez, A. I. (2013). Dopamine-
angiotensin interactions in the basal ganglia and their relevance for Parkinson’s
disease. Mov. Disord. 28, 1337–1342. doi: 10.1002/mds.25614

Labandeira-Garcia, J. L., Rodríguez-Perez, A. I., Garrido-Gil, P., Rodriguez-
Pallares, J., Lanciego, J. L., and Guerra, M. J. (2017). Brain Renin-
Angiotensin System and Microglial Polarization: Implications for Aging and
Neurodegeneration. Front. Aging Neurosci. 9:129. doi: 10.3389/fnagi.2017.
00129

Labandeira-Garcia, J. L., Valenzuela, R., Costa-Besada, M. A., Villar-Cheda, B.,
and Rodriguez-Perez, A. I. (2020). The intracellular renin-angiotensin system:
Friend or foe. Some light from the dopaminergic neurons. Prog. Neurobiol.
8:101919. doi: 10.1016/j.pneurobio.2020.101919

Laflamme, L., Gasparo, M., Gallo, J. M., Payet, M. D., and Gallo-Payet, N. (1996).
Angiotensin II induction of neurite outgrowth by AT2 receptors in NG108-15
cells. Effect counteracted by the AT1 receptors. J. Biol. Chem. 271, 22729–22735.
doi: 10.1074/jbc.271.37.22729

Lang, A. E., and Espay, A. J. (2018). Disease Modification in Parkinson’s Disease:
Current Approaches, Challenges, and Future Considerations. J. Mov. Disord. 3,
660–677. doi: 10.1002/mds.27360

Lee, A., and Gilbert, R. (2016). Epidemiology of Parkinson Disease. Neurol. Clin.
34, 955–965. doi: 10.1016/j.ncl.2016.06.012

Li, D., Scott, L., Crambert, S., Zelenin, S., Eklöf, A. C., Di Ciano, L., et al.
(2012). Binding of losartan to angiotensin AT1 receptors increases dopamine
D1 receptor activation. J. Am. Soc. Nephrol. 23, 421–428. doi: 10.1681/ASN.
2011040344

Maiti, P., Manna, J., and Dunbar, G. (2017). Current understanding of the
molecular mechanisms in Parkinson’s disease: Targets for potential treatments.
Transl. Neurodegener. 6:28. doi: 10.1186/s40035-017-0099-z

Meffert, S., Stoll, M., Steckelings, U. M., Bottari, S. P., and Unger, T. (1996). The
angiotensin II AT2 receptor inhibits proliferation and promotes differentiation
in PC12W cells. Mol. Cell Endocrinol. 122, 59–67. doi: 10.1016/0303-7207(96)
03873-7

Mendelsohn, F. A., Jenkins, T. A., and Berkovic, S. F. (1993). Effects of angiotensin
II on dopamine and serotonin turnover in the striatum of conscious rats. Brain
Res. 613, 221–229. doi: 10.1016/0006-8993(93)90902-y

Mertens, B., Vanderheyden, P., Michotte, Y., and Sarre, S. (2010). Direct
angiotensin II type 2 receptor stimulation decreases dopamine synthesis in the
rat striatum. Neuropharmacology 58, 1038–1044. doi: 10.1016/j.neuropharm.
2010.01.009

Michel, P. P., Hirsch, E. C., and Hunot, S. (2016). Understanding Dopaminergic
Cell Death Pathways in Parkinson Disease. Neuron 90, 675–691. doi: 10.1016/j.
neuron.2016.03.038

Mogi, M., Li, J. M., Iwanami, J., et al. (2006). Angiotensin II type-2 receptor
stimulation prevents neural damage by transcriptional activation of methyl
methanesulfonate sensitive 2. Hypertension 48, 141–148. doi: 10.1161/01.HYP.
0000229648.67883.f9

Muñoz, A., Garrido-Gil, P., Dominguez-Meijide, A., and Labandeira-Garcia,
J. L. (2014). Angiotensin type 1 receptor blockage reduces l-dopa-induced
dyskinesia in the 6-OHDA model of Parkinson’s disease. Involvement of

vascular endothelial growth factor and interleukin-1β. Exp. Neurol. 261, 720–
732. doi: 10.1016/j.expneurol.2014.08.019

Nguyen, M., Wong, Y. C., Ysselstein, D., Severino, A., and Krainc,
D. (2019). Synaptic, Mitochondrial, and Lysosomal Dysfunction in
Parkinson’s Disease. Trends Neurosci. 42, 140–149. doi: 10.1016/j.tins.2018.
11.001

Nouet, S., Amzallag, N., Li, J. M., Louis, S., Seitz, I., Cui, T. X., et al. (2004).
Trans-inactivation of receptor tyrosine kinases by novel angiotensin II AT2
receptor-interacting protein, ATIP. J. Biol. Chem. 279, 28989–28997. doi: 10.
1074/jbc.M403880200

Olanow, W. C., Kieburtz, K., Rascol, O., Poewe, W., Schapira, A. H., Emre,
M., et al. (2013). Factors predictive of the development of Levodopa-induced
dyskinesia and wearing-off in Parkinson’s disease. Mov. Disord. 28, 1064–1071.
doi: 10.1002/mds.25364

Oliveira, P. A., Dalton, J. A. R., López-Cano, M., Ricarte, A., Morató, X.,
and Matheus, F. C. (2017). Angiotensin II type 1/adenosine A 2A receptor
oligomers: a novel target for tardive dyskinesia. Sci. Rep. 7:1857. doi: 10.1038/
s41598-017-02037-z

Perez-Lloret, S., and Merello, M. (2014). Two new adenosine receptor antagonists
for the treatment of Parkinson’s disease: istradefylline versus tozadenant. Expert
Opin. Pharmacother. 15, 1097–1107. doi: 10.1517/14656566.2014.903924

Perez-Lloret, S., Otero-Losada, M., Toblli, J. E., and Capani, F. (2017). Renin-
angiotensin system as a potential target for new therapeutic approaches in
Parkinson’s disease. Expert Opin. Investig. Drugs 26, 1163–1173. doi: 10.1080/
13543784.2017.1371133

Phillips, M. I., and de Oliveira, E. M. (2008). Brain renin angiotensin in disease.
J. Mol. Med. 86, 715–722. doi: 10.1007/s00109-008-0331-5

Poewe, W., Seppi, K., Tanner, C. M., Halliday, G. M., Brundin, P., Volkmann, J.,
et al. (2017). Parkinson disease. Nat. Rev. Dis. Primers 3:17013. doi: 10.1038/
nrdp.2017.13

Przedborski, S. (2017). The two-century journey of Parkinson disease research. Nat.
Rev. Neurosci. 18, 251–259. doi: 10.1038/nrn.2017.25

Qin, L., Liu, Y., Wang, T., Wei, S. J., Block, M. L., Wilson, B., et al.
(2004). NADPH oxidase mediates lipopolysaccharide-induced neurotoxicity
and proinflammatory gene expression in activated microglia. J. Biol. Chem. 279,
1415–1421. doi: 10.1074/jbc.M307657200

Quinlan, J. T., and Phillips, M. I. (1981). Immunoreactivity for angiotensin II-
like peptide in the human brain. Brain Res. 205, 212–218. doi: 10.1016/0006-
8993(81)90735-6

Reardon, K. A., Mendelsohn, F. A., Chai, S. Y., and Horne, M. K. (2000). The
angiotensin converting enzyme (ACE) inhibitor, perindopril, modifies the
clinical features of Parkinson’s disease. Aust. N Z. J. Med. 30, 48–53.

Rice, G. I., Thomas, D. A., Grant, P. J., Turner, A. J., and Hooper, N. M. (2004).
Evaluation of angiotensin-converting enzyme (ACE), its homologue ACE2 and
neprilysin in angiotensin peptide metabolism. Biochem. J. 383(Pt 1), 45–51.
doi: 10.1042/BJ20040634

Rodriguez-Pallares, J., Quiroz, C. R., Parga, J. A., Guerra, M. J., and Labandeira-
Garcia, J. L. (2004). Angiotensin II increases differentiation of dopaminergic
neurons from mesencephalic precursors via angiotensin type 2 receptors. Eur.
J. Neurosci. 20, 1489–1498.

Rodriguez-Pallares, J., Rey, P., Parga, J. A., Muñoz, A., Guerra, M. J., and
Labandeira-Garcia, J. L. (2008). Brain angiotensin enhances dopaminergic cell
death via microglial activation and NADPH-derived ROS. Neurobiol. Dis. 31,
58–73. doi: 10.1016/j.nbd.2008.03.003

Ruiz-Ortega, M., Lorenzo, O., Suzuki, Y., Rupérez, M., and Egido, J. (2001).
Proinflammatory actions of angiotensins. Curr. Opin. Nephrol. Hypertens 10,
321–329. doi: 10.1097/00041552-200105000-00005

Saab, Y. B., Gard, P. R., Yeoman, M. S., Mfarrej, B., El-Moalem, H., and Ingram,
M. J. (2007). Renin-angiotensin-system gene polymorphisms and depression.
Prog. Neuropsychopharmacol. Biol. Psychiatry 31, 1113–1118. doi: 10.1016/j.
pnpbp.2007.04.002

Saavedra, J. M. (2005). Brain angiotensin II: new developments, unanswered
questions and therapeutic opportunities. Cell Mol. Neurobiol. 25, 485–512. doi:
10.1007/s10571-005-4011-5

Saavedra, J. M. (2012). Angiotensin II AT(1) receptor blockers ameliorate
inflammatory stress: a beneficial effect for the treatment of brain
disorders. Cell Mol. Neurobiol. 32, 667–681. doi: 10.1007/s10571-011-
9754-6

Frontiers in Synaptic Neuroscience | www.frontiersin.org 9 April 2021 | Volume 13 | Article 638519

https://doi.org/10.1016/j.regpep.2007.03.006
https://doi.org/10.1152/ajprenal.90336.2008
https://doi.org/10.3389/fnana.2014.00067
https://doi.org/10.3389/fnana.2014.00067
https://doi.org/10.1002/mds.25614
https://doi.org/10.3389/fnagi.2017.00129
https://doi.org/10.3389/fnagi.2017.00129
https://doi.org/10.1016/j.pneurobio.2020.101919
https://doi.org/10.1074/jbc.271.37.22729
https://doi.org/10.1002/mds.27360
https://doi.org/10.1016/j.ncl.2016.06.012
https://doi.org/10.1681/ASN.2011040344
https://doi.org/10.1681/ASN.2011040344
https://doi.org/10.1186/s40035-017-0099-z
https://doi.org/10.1016/0303-7207(96)03873-7
https://doi.org/10.1016/0303-7207(96)03873-7
https://doi.org/10.1016/0006-8993(93)90902-y
https://doi.org/10.1016/j.neuropharm.2010.01.009
https://doi.org/10.1016/j.neuropharm.2010.01.009
https://doi.org/10.1016/j.neuron.2016.03.038
https://doi.org/10.1016/j.neuron.2016.03.038
https://doi.org/10.1161/01.HYP.0000229648.67883.f9
https://doi.org/10.1161/01.HYP.0000229648.67883.f9
https://doi.org/10.1016/j.expneurol.2014.08.019
https://doi.org/10.1016/j.tins.2018.11.001
https://doi.org/10.1016/j.tins.2018.11.001
https://doi.org/10.1074/jbc.M403880200
https://doi.org/10.1074/jbc.M403880200
https://doi.org/10.1002/mds.25364
https://doi.org/10.1038/s41598-017-02037-z
https://doi.org/10.1038/s41598-017-02037-z
https://doi.org/10.1517/14656566.2014.903924
https://doi.org/10.1080/13543784.2017.1371133
https://doi.org/10.1080/13543784.2017.1371133
https://doi.org/10.1007/s00109-008-0331-5
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1038/nrn.2017.25
https://doi.org/10.1074/jbc.M307657200
https://doi.org/10.1016/0006-8993(81)90735-6
https://doi.org/10.1016/0006-8993(81)90735-6
https://doi.org/10.1042/BJ20040634
https://doi.org/10.1016/j.nbd.2008.03.003
https://doi.org/10.1097/00041552-200105000-00005
https://doi.org/10.1016/j.pnpbp.2007.04.002
https://doi.org/10.1016/j.pnpbp.2007.04.002
https://doi.org/10.1007/s10571-005-4011-5
https://doi.org/10.1007/s10571-005-4011-5
https://doi.org/10.1007/s10571-011-9754-6
https://doi.org/10.1007/s10571-011-9754-6
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/synaptic-neuroscience#articles


fnsyn-13-638519 April 19, 2021 Time: 7:28 # 10

Kobiec et al. The Renin–Angiotensin System Modulates Dopaminergic Neurotransmission

Scott, L., Crambert, S., Li, D., Ibarra, F., and Aperia, A. (2011). Losartan binding
to angiotensin AT1 receptors confers allosteric modification of dopamine D1
receptors. FASEB J. 25:822.3. doi: 10.1096/fasebj.25.1_supplement.822.3

Simon, D., Tanner, C., and Brundin, P. (2020). Parkinson Disease Epidemiology,
Pathology, Genetics, and Pathophysiology. Clin. Geriatr. Medie 36, 1–12. doi:
10.1016/j.cger.2019.08.002

Stroth, U., Meffert, S., Gallinat, S., and Unger, T. (1998). Angiotensin II and NGF
differentially influence microtubule proteins in PC12W cells: role of the AT2
receptor. Brain Res. Mol. Brain Res. 53, 187–195. doi: 10.1016/s0169-328x(97)
00298-2

Su, G., Dou, H., Zhao, L., Wang, H., Liu, G., Huang, B., et al. (2015).
The angiotensin-converting enzyme (ACE) I/D polymorphism in Parkinson’s
disease. JRAAS 16, 428–433. doi: 10.1177/1470320313494432

Surmeier, D. J. (2018). Determinants of dopaminergic neuron loss in Parkinson’s
disease. FEBS J. 285, 3657–3668. doi: 10.1111/febs.14607

Takeda, K., Ichiki, T., Tokunou, T., Funakoshi, Y., Iino, N., Hirano, K., et al. (2000).
Peroxisome proliferator-activated receptor gamma activators downregulate
angiotensin II type 1 receptor in vascular smooth muscle cells. Circulation 102,
1834–1839. doi: 10.1161/01.cir.102.15.1834

Unger, T., Badoer, E., Ganten, D., Lang, R. E., and Rettig, R. (1988). Brain
angiotensin: pathways and pharmacology. Circulation 77(6 Pt 2), I40–I54.

Valenzuela, R., Barroso-Chinea, P., Villar-Cheda, B., Joglar, B., Muñoz, A.,
Lanciego, J. L., et al. (2010). Location of prorenin receptors in primate
substantia nigra: effects on dopaminergic cell death. J. Neuropathol. Exp. Neurol.
69, 1130–1142. doi: 10.1097/NEN.0b013e3181fa0308

Valenzuela, R., Costa-Besada, M. A., Iglesias-Gonzalez, J., Perez-Costas, E., Villar-
Cheda, B., Garrido-Gil, P., et al. (2016). Mitochondrial angiotensin receptors in
dopaminergic neurons. Role in cell protection and aging-related vulnerability
to neurodegeneration. Cell Death Dis. 7:e2427. doi: 10.1038/cddis.2016.
327

Vickers, C., Hales, P., Kaushik, V., Dick, L., Gavin, J., Tang, J., et al. (2002).
Hydrolysis of biological peptides by human angiotensin-converting enzyme-
related carboxypeptidase. J. Biol. Chem. 277, 14838–14843. doi: 10.1074/jbc.
M200581200

Villar-Cheda, B., Costa-Besada, M. A., Valenzuela, R., Perez-Costas, E., Melendez-
Ferro, M., and Labandeira-Garcia, J. L. (2017). The intracellular angiotensin
system buffers deleterious effects of the extracellular paracrine system. Cell
Death Dis. 8:e3044. doi: 10.1038/cddis.2017.439

Villar-Cheda, B., Dominguez-Meijide, A., Valenzuela, R., Granado, N., Moratalla,
R., and Labandeira-Garcia, J. L. (2014). Aging-related dysregulation of
dopamine and angiotensin receptor interaction. Neurobiol. Aging 35, 1726–
1738. doi: 10.1016/j.neurobiolaging.2014.01.017

Villar-Cheda, B., Rodríguez-Pallares, J., Valenzuela, R., Muñoz, A., Guerra, M. J.,
Baltatu, O. C., et al. (2010). Nigral and striatal regulation of angiotensin
receptor expression by dopamine and angiotensin in rodents: implications for
progression of Parkinson’s disease. Eur. J. Neurosci. 32, 1695–1706.

von Bohlen und Halbach, O., and Albrecht, D. (2006). The CNS renin-angiotensin
system. Cell Tissue Res. 326, 599–616. doi: 10.1007/s00441-006-0190-8

Wong, Y. C., Luk, K., Purtell, K., Burke Nanni, S., Stoessl, A. J., Trudeau, L. E.,
et al. (2019). Neuronal vulnerability in Parkinson disease: Should the focus be
on axons and synaptic terminals? Mov. Disord. 34, 1406–1422. doi: 10.1002/
mds.27823

Wright, J. W., and Harding, J. W. (1994). Brain angiotensin receptor
subtypes in the control of physiological and behavioral responses.
Neurosci. Biobehav. Rev. 18, 21–53. doi: 10.1016/0149-7634(94)
90034-5

Wright, J. W., and Harding, J. W. (2013). The brain renin-angiotensin system: a
diversity of functions and implications for CNS diseases. Pflugers Arch. 465,
133–151. doi: 10.1007/s00424-012-1102-2

Zawada, W. M., Mrak, R. E., Biedermann, J., Palmer, Q. D., Gentleman, S. M.,
Aboud, O., et al. (2015). Loss of angiotensin II receptor expression in dopamine
neurons in Parkinson’s disease correlates with pathological progression and
is accompanied by increases in Nox4- and 8-OH guanosine-related nucleic
acid oxidation and caspase-3 activation. Acta Neuropathol. Commun. 3:9. doi:
10.1186/s40478-015-0189-z

Zhang, Z., Zhang, S., Fu, P., Zhang, Z., Lin, K., Ko, J. K. S., et al. (2019). Roles
of Glutamate Receptors in Parkinson’s Disease. Int. J. Mol. Sci. 20:4391. doi:
10.3390/ijms20184391

Zhao, Y., Foryst-Ludwig, A., Bruemmer, D., et al. (2005). Angiotensin
II induces peroxisome proliferator-activated receptor gamma in PC12W
cells via angiotensin type 2 receptor activation. J. Neurochem. 94,
11395–1401.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Kobiec, Otero-Losada, Chevalier, Udovin, Bordet, Menéndez-
Maissonave, Capani and Pérez-Lloret. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Synaptic Neuroscience | www.frontiersin.org 10 April 2021 | Volume 13 | Article 638519

https://doi.org/10.1096/fasebj.25.1_supplement.822.3
https://doi.org/10.1016/j.cger.2019.08.002
https://doi.org/10.1016/j.cger.2019.08.002
https://doi.org/10.1016/s0169-328x(97)00298-2
https://doi.org/10.1016/s0169-328x(97)00298-2
https://doi.org/10.1177/1470320313494432
https://doi.org/10.1111/febs.14607
https://doi.org/10.1161/01.cir.102.15.1834
https://doi.org/10.1097/NEN.0b013e3181fa0308
https://doi.org/10.1038/cddis.2016.327
https://doi.org/10.1038/cddis.2016.327
https://doi.org/10.1074/jbc.M200581200
https://doi.org/10.1074/jbc.M200581200
https://doi.org/10.1038/cddis.2017.439
https://doi.org/10.1016/j.neurobiolaging.2014.01.017
https://doi.org/10.1007/s00441-006-0190-8
https://doi.org/10.1002/mds.27823
https://doi.org/10.1002/mds.27823
https://doi.org/10.1016/0149-7634(94)90034-5
https://doi.org/10.1016/0149-7634(94)90034-5
https://doi.org/10.1007/s00424-012-1102-2
https://doi.org/10.1186/s40478-015-0189-z
https://doi.org/10.1186/s40478-015-0189-z
https://doi.org/10.3390/ijms20184391
https://doi.org/10.3390/ijms20184391
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/synaptic-neuroscience#articles

	The Renin–Angiotensin System Modulates Dopaminergic Neurotransmission: A New Player on the Scene
	Introduction
	Parkinson's Pathophysiology: a Deleterious Chain Reaction
	General Organization of the Renin–Angiotensin System
	Expression of the Renin–Angiotensin System in the Brain

	Effects of Renin–Angiotensin System on Dopaminergic Neurotransmission Pathways
	POTENTIAL CLINICAL APPLICATIONS OF RENIN–ANGIOTENSIN SYSTEM MODULATION IN PARKINSON'S DISEASE

	Conclusion and Future Directions
	Author Contributions
	Funding
	References


