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Abstract In addition to the classical hormonal (tissue-to-tis-
sue) renin-angiotensin system (RAS), there are a paracrine
(cell-to-cell) and an intracrine (intracellular/nuclear) RAS. A
local paracrine brain RAS has been associated with several
brain disorders, including Parkinson’s disease (PD).
Classically, angiotensin II (Ang II) is the main RAS effector
peptide and acts through two major receptors: Ang II type 1
and 2 (AT1 and AT2) receptors. It has been shown that en-
hanced activation of the Ang II/AT1 axis exacerbates dopami-
nergic cell death. Several new components of the RAS have
more recently been discovered. However, the role of new Ang
1-7/Mas receptor RAS component was not investigated in the
brain and particularly in the dopaminergic system. In the pres-
ent study, we observedMas receptor labeling in dopaminergic
neurons and glial cells in rat mesencephalic primary cultures;
substantia nigra of rats, monkeys, and humans; and human
induced pluripotent stem (iPS) cells derived from healthy con-
trols and sporadic PD patients. The present data support a
neuroprotective role of the Ang 1-7/Mas receptor axis in the
dopaminergic system. We observed that this axis is downreg-
ulated with aging, which may contribute to the aging-related
vulnerability to neurodegeneration.We have also identified an

intracellular Ang 1-7/Mas axis that modulates mitochondrial
and nuclear levels of superoxide. The present data suggest that
nuclear RAS receptors regulate the adequate balance between
the detrimental and the protective arms of the cell RAS. The
results further support that the brain RAS should be taken into
account for the design of new therapeutic strategies for PD.
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Introduction

It is now known that in addition to the classical hormonal
(tissue-to-tissue) renin-angiotensin system (RAS), there are a
paracrine (cell-to-cell) and an intracrine (intracellular/nuclear)
RAS. Over the last two decades, all components of the classic
RAS have been identified in the brain. Initially, the brain RAS
was associated with brain areas involved in the central control
of blood pressure. More recently, several studies have shown
local RAS in many brain regions and their involvement in
several brain disorders, including neurodegenerative diseases
such as Parkinson’s disease (PD). We have revealed the pres-
ence of a local RAS in the substantia nigra (SN) and striatum
of rodents and primates, including humans [1–3]. Classically,
angiotensin II (Ang II) is the main RAS effector peptide and
acts through two major receptors: Ang II type 1 and 2 (AT1
and AT2) receptors [4–6]. Ang II is formed by the action of
renin and angiotensin converting enzyme (ACE) on the pre-
cursor glycoprotein angiotensinogen. In several animal
models of parkinsonism, we have investigated the possible
role of the brain RAS in dopaminergic degeneration, and we
have demonstrated that enhanced activation of the Ang II/AT1
axis exacerbates dopaminergic cell death [7, 8]. Other studies
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also support the involvement of brain RAS in dopaminergic
degeneration [9–11]. Furthermore, AT2 receptors have been
shown to exert effects opposed to those mediated by Ang II
via AT1 receptors [9, 12].

In addition to the abovementioned classical effects via AT1
and AT2 receptors, other components mediate the actions of
the RAS, such as (pro)renin receptors (PRR) and other
angiotensin-derived peptides, being Ang 1-7 particularly in-
teresting. Ang 1-7 is a hectapeptide which is formed from
angiotensin I (Ang I) or Ang II by angiotensin converting
enzyme 2 (ACE2). The seven-transmembrane G protein-
couple receptor Mas is the main receptor for Ang 1-7 [13].
Recently, two different RAS arms have been postulated: a
detrimental (i.e., pro-oxidative, pro-inflammatory) arm consti-
tuted by the Ang II/AT1 axis and the (Pro)renin/PRR axis and
a protective axis constituted by the Ang II/AT2 axis and the
Ang 1-7/Mas receptor axis [14, 15]. A few years ago, we
described for the first time PRR in nigral dopaminergic neu-
rons and microglial cells in rats, monkeys and humans [1, 2,
16]. However, nothing is known about the protective axis Ang
1-7/Mas receptor in the dopaminergic system. Moreover, we
have recently observed the existence of a functional intracrine
RAS, in mitochondria and nuclei from rat ventral mesenceph-
alon and dopaminergic cell cultures [17, 18]. However, the
possible existence and functional role of an intracellular Ang
1-7/Mas axis remains to be investigated. In the present study,
we investigated the presence of major components of the Ang
1-7/Mas receptor axis in the dopaminergic system of different
animal and cellular models, including human SN and human-
induced pluripotent stem cells (iPSCs). We also studied the
possible effects of aging and the interactions betweenMas and
AT1 and AT2 receptors using knockout (KO) mice. Finally,
we investigated the presence and functional effects of an in-
tracellular Ang 1-7/Mas axis, particularly at the mitochondrial
and nuclear level.

Materials and Methods

Experimental Design

In a first series of experiments, primary cultures from the rat
nigral region, cultures of dopaminergic neurons derived from
human iPSCs, dopaminergic neuron, astrocytic and microglial
cell lines, and brain sections from adult male rats, monkeys,
and humans containing SNwere used to demonstrate the pres-
ence of the angiotensin 1-7 (Ang 1-7) receptor Mas using
immunofluorescence. In addition, the localization of Mas re-
ceptors in dopaminergic neurons isolated from rat SN was
confirmed by laser capture microdissection (LCM) and RT-
PCR or droplet digital PCR (ddPCR). Experiments using
human-derived cells were approved by the corresponding
committees of the Spanish Advisory Committee for Human

Tissue and Cell Donation and Use and of the University of
Santiago de Compostela and authorized by the local govern-
ment. The human postmortem samples were obtained from
the Neurological Brain Bank of Navarra (Hospital of
Navarra, Pamplona, Spain). Brains were dissected at autopsy
from donors who had given informed consent in accordance
with the Brain Donation Program of the Government of
Navarra (Government directive 23/2001). The samples were
obtained from four adult men (33.75 ± 6.4 years old) with no
history or histological findings supporting any neurological
disease. Following autopsy, brain slices including ventral
mesencephalon were obtained, immediately frozen at
− 80 °C, and stored until processing. Postmortem times varied
from 2.5 to 6 h. Nonhuman primate tissue was obtained from
three adult male cynomolgus monkeys (Macaca fascicularis)
(4.5–5 years old; body weight ranging from 3.8 to 4.5 kg).
Animal handling was conducted in accordance with European
Council Directive 86/609/EEC and with the Society for
Neuroscience Policy on the Use of Animals in Neuroscience
Research. The experimental design for monkey experiments
was approved by the Ethical Committee for Animal Testing of
the University of Navarra (ref: 019/2008) as well as by the
Department of Health of the Government of Navarra (ref: NA-
UNAV-04-08). Rodent experiments were carried out in accor-
dance with the Directive 2010/63/EU and Directive 86/609/
CEE and the Spanish RD/53/2013 and were approved by the
corresponding committee at the University of Santiago de
Compostela. Animals were housed at constant room temper-
ature (RT) (21–22 °C) and 12-h light/dark cycle. All surgery
was performed under ketamine/xylazine anesthesia.

In a second series of experiments, SN from young adult (2–
3 month old, N = 10) and aged (18–20 month old, N = 10)
male rats and wild-type (WT) C57BL-6 mice (Charles River,
L’Arbresle, France, N = 18) were analyzed. All animals used
in the present study were males, as it was previously demon-
strated that estrogen regulates RAS and contributes to gender
differences in dopaminergic degeneration observed in animal
models or epidemiological data of PD [19–21]. The number of
samples from different animals used in each experiment (n) is
detailed at corresponding figure legends. We used Western
blot (WB), RT-PCR, and enzymatic activity to investigate
the effect of aging on the Ang 1-7/Mas receptor axis (Mas
receptor expression, ACE2 expression and activity, and Ang
1-7 levels). In addition, homozygous C57BL-6 mice deficient
for AT1a (the major mouse AT1 isoform and the closest mu-
rine homolog to the single human AT1; Jackson Laboratory,
Bar Harbor, ME, USA, N = 10) and homozygous C57BL-6
mice deficient for AT2 receptors (gift of Dr. Daniel Henrion,
N = 10) were analyzed by WB, RT-PCR, and enzymatic ac-
tivity to investigate the effect of Ang II receptor deficiency on
the Ang 1-7/Mas receptor axis.

In a third series of experiments, cultures of the dopaminer-
gic N27 (SCC048, Millipore, MA, USA), astrocytic C6
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(92090409, Sigma, MO, USA), and microglial N9 (provided
by Dr. Paola Ricciardi-Castagnoli, Singapore Immunology
Network, Agency for Science, Technology and Research,
Singapore) cell lines were immunolabeled with Mas receptor
antibody to investigate co-localization with mitochondrial and
nuclear markers. In addition, pure isolated mitochondria and
nuclei from the nigral region of rat were used to confirm the
expression of Ang 1-7 and Mas receptors in mitochondria and
nuclei. Mitochondria and nuclei isolated from rat brain were
used to investigate the ability of Ang 1-7/Mas receptor axis to
modulate mitochondrial and nuclear reactive oxygen species
(ROS) and nitric oxide (NO) production. For this purpose,
mitochondria or nuclei were incubated with different com-
pounds to assess the effects of Mas receptor activation on
ROS and NO production.

Mesencephalic Primary Cultures and Cell Line Cultures

Ventral mesencephalic tissue was dissected from rat embryos
of 14 days of gestation (E14). The tissue was incubated in
0.1% trypsin (Sigma, St. Louis, MO, USA), 0.05% DNase
(Sigma) and DMEM (Invitrogen, Paisley, Scotland, UK) for
20 min at 37 °C, and was then washed in DNase/DMEM and
mechanically dissociated. The resulting cell suspension was
centrifuged at 50×g for 5 min, the supernatant was carefully
removed, and the pellet resuspended in 0.05%DNase/DMEM
to the final volume required. The number of viable cells in the
suspension was estimated with acridine orange/ethidium bro-
mide. Cells were plated onto 35-mm culture dishes (Falcon;
Becton Dickinson, Franklin Lakes, NJ, USA) previously coat-
ed with poly-L-lysine (100 μg/ml; Sigma) and laminin (4 μg/
ml; Sigma). The cells were seeded at a density of 1.5 × 105
cells/cm2 and maintained under control conditions
(DMEM/HAMSF12/(1:1) containing 10% fetal bovine serum
(FBS; Biochrom KG, Berlin, Germany). The cell cultures
were maintained in a humidified CO2 incubator (5% CO2;
37 °C) for 8 days in vitro (DIV); the entire culture medium
was removed on day 2 and replaced with a fresh culture
medium.

The C6 astroglial cells (Sigma) were cultured in Ham’s F12
medium with 10% FBS, 2 mM L-glutamine (Sigma), 100 U/
ml penicillin, and 100 μg/ml streptomycin. The N9 microglial
cells were cultured in a Roswell Park Memorial Institute me-
dium (RPMI 1640; Invitrogen) supplemented with 10% FBS,
2 mM L-glutamine (Sigma), 100 U/ml penicillin, and
100 μg/ml streptomycin. The N27 dopaminergic neuron cell
line was cultured in RPMI 1640 medium supplemented with
10% FBS, 2 mM L-glutamine (Sigma), 100 U/ml penicillin,
and 100 μg/ml streptomycin. Cultures were maintained at
37 °C and 5% CO2 in a humidified incubator. Cells were then
plated onto 35-mm culture dishes and/or eight-well plates for
treatment and/or analysis.

Human Pluripotent Stem Cell-Derived Dopaminergic
Cultures

Human iPSC lines SP11#1 and SP08#1, previously derived
and characterized [22], were obtained from the Spanish
National Bank of Cell Lines (Banco Nacional de Lineas
Celulares (BNLC)). Undifferentiated pluripotent stem cells
were expanded in feeder-free conditions as previously de-
scribed [23]. Dopaminergic cells were obtained by stepwise
differentiation of the pluripotent stem cells as described pre-
viously [24]. Briefly, iPSC colonies were dissociated and sin-
gle cells plated in Matrigel-coated plates. SB431542 (10 μM;
Tocris) and LDN193189 (100 nM; Sigma) were used for in-
ducing neural differentiation. FGF-8 (50 ng/ml; PeproTech),
SHH (100 ng/ml; Miltenyi Biotec), and purmorphamine
(2 μM; Tocris) were used as patterning factors starting on
day 1 and CHIR99021 (3 μM; Sigma) from day 3.
Maturation started on day 11 by changing the medium to
neurobasal with B27 (Thermo Fisher Scientific), ascorbic acid
(Sigma), dibutyryl cAMP (Sigma), DAPT (Sigma), neuro-
trophic factors BDNF (PeproTech), GDNF (PeproTech), and
TGFβ (PeproTech). Thirteen days after the beginning of dif-
ferentiation, the cells were passaged onto polyornithine/fibro-
nectin/laminin (Sigma) coated glass coverslips in 12-well
plates where the cells completed their maturation before fixing
and processing for immunofluorescent labeling.

Double Immunofluorescent Labeling

Double immunofluorescent labeling was performed in fixed
cellular cultures (primary mesencephalic cultures, iPSCs and
C6, and N27 and N9 cell lines) and brain tissue (rat, monkey,
and human tissue) to identify which type of cells expressed
Mas receptor. Rats and monkeys were anesthetized and per-
fused transcardially with a fixative solution containing 4%
paraformaldehyde in 0.125 M PB, pH 7.4. Once perfusion
was completed, the skull was opened, and the brain was re-
moved and stored for 48 h in a cryoprotectant solution.
Human brain blocks including the mesencephalon were fixed
by immersion in phosphate-buffered 4% paraformaldehyde
for 24 h and cryoprotected for 48 h. Coronal tissue sections
(40-μm thick) were then cut with a sliding microtome and
collected in cryoprotectant solution. Sections at different
rostrocaudal levels of the SN were processed for double im-
munofluorescence for tyrosine hydroxylase (TH) and Mas
receptor. Neuromelanin granules co-localized with TH in hu-
man SN sections and were also used as confirmatory markers
of dopaminergic neurons. Free-floating tissue sections con-
taining SN were pre-incubated in KPBS-1% BSA with 5%
normal donkey serum (Sigma) and 0.03% Triton X-100 for
60 min at RT. Antigen retrieval was required for human SN
sections. Tissue sections were then incubated overnight at
4 °C in primary antibodies raised against Mas receptor

Mol Neurobiol (2018) 55:5847–5867 5849



(1:100; AAR-013, Alomone) and TH (1:5000; mouse mono-
clonal; T2928, Sigma) diluted in KPBS-1% BSA with 5%
normal donkey serum and 0.3% Triton X-100. As several
commercial antibodies against G-protein-coupled receptors
have problems of specificity, we selected the Mas receptor
antibody AAR-013 (Alomone) because its specificity has
been demonstrated in previous studies that showed the ab-
sence of immunoreactivity in brain tissue from Mas receptor
KO mice [25]. The immunoreaction was visualized with the
following fluorescent secondary antibodies: Alexa Fluor 568-
conjugated donkey anti-rabbit IgG (1:200; Molecular Probes)
and Alexa Fluor 488-conjugated donkey anti-mouse IgG
(1:200; Molecular Probes). Finally, tissue sections were
mounted on gelatin-coated slides and coverslipped with
Immumount (Thermo-Shandon).

Cultures grown on glass coverslips were co-incubated
overnight at 4 °C with different cell markers and a rabbit
polyclonal Mas receptor antibody (AAR-013, Alomone,
1:100). Different cell types were identified with the corre-
sponding mouse monoclonal antibodies: anti-NeuN
(Millipore, 1:500) as neuronal marker, anti-TH (Sigma;
1:5000) as dopaminergic marker, anti-glial fibrillary acidic
protein (GFAP, Millipore, 1:500) as astrocyte marker, or
anti-CD11b (complement receptor-3, clone MRC OX42,
Serotec; 1:50) as microglial marker. Primary antibodies were
diluted in DPBS containing 1% BSA and 2% normal donkey
serum. Subsequently, the following fluorescent secondary an-
tibodies were incubated for 2 h at RT: Alexa Fluor 568-
conjugated donkey anti-rabbit IgG (1:200; Molecular
Probes) or Alexa Fluor 488-conjugated donkey anti-mouse
IgG (1:200; Molecular Probes). Cell nuclei were marked with
the DNA-binding dye Hoechst 33342 (10 μg/ml, Sigma) for
30 min at RT. Finally, mounting was performed with
Immumount (Thermo-Shandon).

Both in sections and in cultures, co-localization of markers
was confirmed by confocal laser microscopy (AOBS-SP5X;
Leica Microsystems Heidelberg GmbH, Mannheim,
Germany) performing sequential scan to avoid any potential
overlap. Co-localization percentage rates were calculated for
the cell region of interest (ROI) with the LAS AF software
(Leica Microsystems GmbH).

Mitochondrial and Nuclear Labeling

In order to study the presence of Mas receptor at mitochondri-
al and nuclear level, different cell line cultures were grown on
glass coverslips and incubated with the fluorescent probes for
mitochondria or nuclei. MitoTracker Deep Red (MTDR;
20 nM; Molecular Probes) was used for mitochondrial label-
ing and the DNA-binding dye Hoechst 33342 for nuclear la-
beling. After labeling, the cells were fixed and immunoreacted
for the rabbit polyclonal Mas receptor antibody (AAR-013,
Alomone, 1:100).

Laser Capture Microdissection

Individual dopaminergic neurons were isolated from rat SN
sections using a LCM method, as previously described [26]
with slight modifications. Briefly, rats were sacrificed by de-
capitation, brains were removed, immediately embedded in
O.C.T. (Tissue-Tek), frozen in liquid nitrogen, and stored at
− 80 °C. Serial coronal sections (20-μm thick) containing the
SN were cut on a cryotome, mounted on RNase-free glass
slides, and stored at − 80 °C in sterile Falcon tubes containing
silica gel until further processing. Then, series of SN sections
were processed for a rapid immunofluorescence method with
an antibody against TH (Sigma; 1:100) as a dopaminergic
marker. LCM was performed using a PALMMicroBeam sys-
tem (Zeiss), and isolated dopaminergic neurons were
catapulted into an adhesive cap. Neuronal cell pools (1000
dopaminergic neurons per animal; n = 4) were used for total
RNA extraction using the RNeasy Micro Kit (Qiagen) in ac-
cordance with the manufacturer’s instructions.

Detection of Ang 1-7 in Rat and Mouse Ventral
Mesencephalon and Isolated Mitochondria

The Sep-Pak columns (Oasis HLB 1cc, WAT094225) were
used for the separation of angiotensin peptides. SN from rat
and mice ventral mesencephalon were homogenized with the
use of a polytron homogenizer. Simultaneously, rat SN isolat-
ed mitochondria were diluted with Milli-Q water. Samples
were heated at 96 °C for 15 min and acidified with
heptafluorobutyric acid (HFBA) to a final concentration of
0.1%, sonicated and centrifuged at 20000×g for 20 min at
4 °C. The supernatants were applied to a pre-conditioned col-
umn with 1 ml of methanol and deionized water, and then, the
columns were washed with 1 ml of 0.1% HFBA in deionized
water. Angiotensin peptides were eluted with 1 ml of metha-
nol in 0.1% of HFBA and dried in a vacuum concentrator
(Savant ISS110). Dried samples (n = 5) were resuspended in
Milli-Q water, and Ang 1-7 content was analyzed by a com-
petitive Ang 1-7 EIA kit (LSBio, LS-F10589) following the
manufacturer’s specifications.

Western Blot Analysis

Tissue from rat andmouse ventral midbrain was lysed in RIPA
buffer containing protease inhibitor cocktail (Sigma) and
PMSF (Sigma). Lysates were centrifuged and proteins were
quantified using the Pierce BCA Protein Assay kit (Thermo
Scientific). Equal amount of protein lysates, isolated mito-
chondria, and nuclei was separated on a 10% Bis-Tris poly-
acrylamide gel and transferred to nitrocellulose membranes.
Membranes were incubated overnight with primary antibodies
against the Mas receptor (AAR-013; 1:1000) from Alomone
(see previous section for specificity) and angiotensin
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converting enzyme 2 (ACE2; ab108252; 1:1000) from
Abcam. Blots were reprobed with anti-GAPDH (G9545;
1:50,000, Sigma) as a loading control. The membranes were
incubated with the following HRP-conjugated secondary an-
tibodies: goat anti-rabbit (1:2500) and goat anti-mouse
(1:2500) from Santa Cruz Biotechnology. Immunoreactive
bands were de tec ted wi th an Immun-S ta r HRP
Chemiluminescent Kit (170-5044; Bio-Rad) and visualized
with a chemiluminescence detection system (Molecular
Imager ChemiDoc XRS System; Bio-Rad). The data were
then expressed relative to the value obtained for the control
(100%) to counteract possible variability among batches.
Finally, the results were expressed as means ± SEM.

RNA Extraction and Real-Time Quantitative Polymerase
Chain Reaction

Total RNA from rat or mouse SN or brain isolated nuclei were
extracted with TRIzol (Invitrogen, Paisley, UK) according to
the manufacturer’s instructions. Total RNA (2.5 μg for SN or
1.8 μg for isolated nuclei) was reverse transcribed to comple-
mentary DNA (cDNA) with nucleoside triphosphate contain-
ing deoxyribose, random primers, and Moloney murine leu-
kemia virus transcriptase (200 U; Invitrogen). Real-time PCR
was used to examine the relative levels of ACE2, Mas, AT1,
and AT2 receptors. A real-time iCycler PCR platform (Bio-
Rad) was used to perform the experiments. β-Actin was used
as housekeeping gene in all cases and was amplified in parallel
with the genes of interest. We used the comparative cycle
threshold values (cycle threshold (Ct)) method (2−ΔΔCt) to
examine the relative messenger RNA (mRNA) expression.
A normalized value is obtained by subtracting the Ct of β-
actin from the Ct of interest (ΔCt). As it is uncommon to use
ΔCt as a relative expression data due to this logarithmic char-
acteristic, the 2−ΔΔCt parameter was used to express the rela-
tive expression data. Finally, the results were expressed as
mean values ± SEM. Primer sequences used are shown in
Table 1.

Droplet Digital PCR

ddPCR experiments were performed with a QX200 ddPCR
system (Bio-Rad) and ddPCR Eva Green Super Mix kit (Bio-
Rad), according to the manufacturer’s protocol. Briefly,
cDNA (1.5 μl per sample) and the corresponding primer pairs
(0.165μM; Sigma) were added to the Eva Green SuperMix at
a final volume of 20 μl. Then, droplets were generated with
the aid of a QX200 droplet generator by adding 70 μl of the
ddPCR oil. The emulsion product (40 μl) was subsequently
transferred to a 96-well plate for PCR reaction. Finally, the
samples were read using a Bio-Rad QX200 droplet reader.
Data were analyzed with a QuantaSoft software and expressed
as number of copies per micrograms of RNA [27]. Forward

(F) and reverse (R) primers were designed for each gene by
using the Beacon Designer software (Premier Biosoft). Primer
sequences used are shown in Table 1.

Angiotensin Converting Enzyme 2 (ACE2) Activity Assay

ACE2 activity was measured using a commercial ACE2 ac-
tivity assay kit (AnaSpec, AS-72086) following the manufac-
turer’s specifications. The kit is based on the Mca/Dnp fluo-
rescence resonance energy transfer (FRET) peptide (10 μM).
In the FRET peptide, the fluorescence of Mca is quenched by
Dnp but a cleavage of the substrate produces a separation into
two fragments by the enzyme, so that the fluorescence of Mca
is recovered, and can be monitored at excitation/emis-
sion = 330/390 nm using an Infinite M200 multiwell plate
reader (TECAN).

NADPH Oxidase Activity

NADPH oxidase activity in N27 cell line cultures was mea-
sured by lucigenin-enhanced chemiluminescence with an
Infinite M200 multiwell plate reader (TECAN), as previously
described [28, 29]. Lucigenin is an acridylium dinitrate com-
pound that on reducing and interacting with superoxide anions
emits light that is quantified to measure the production of
superoxide. Cells were seeded (25 × 104 cells/plate) and
grown during 24 h. Cells were treated with Ang II (100 nM)
alone or in combination with Ang 1-7 (1 μM) and/or Mas
receptor inhibitor A779 (1 μM) in order to analyze the effects
of these treatments on the superoxide production byN27 cells.

Seahorse Analysis

To measure the mitochondrial function in N27 cells, a
Seahorse Bioscience XF Extracellular Flux Analyzer was
used (Seahorse Bioscience, North Billerica, MA). Cells
(10 × 103 cells/well) were seeded in eight-well plates and
grown for 24 h and were incubated with or without Ang II
(100 nM) and Ang 1-7 (1 μM) during 24 h, washed (2×) with
assay medium (XF base medium DMEM supplemented with
2 mM glutamine, 10 mM glucose, and 1 mM sodium pyru-
vate, pH 7.4), and then incubated in assay medium for 1 h at
37 °C in a non-CO2 incubator. Cell Mito Stress Kit was per-
formed where oligomycin (1 μM), FCCP (1 μM), rotenone,
and antimycin A (0.5 μM) were added sequentially, and oxy-
gen consumption rate (OCR) was calculated at different pa-
rameters values by the Wave Desktop 2.3. Basal respiration
was calculated as the last rate measurement before the first
injection minus the non-mitochondrial respiration rate.
Maximal respiration was calculated as the maximum ratemea-
surement after the FCCP injection minus non-mitochondrial
respiration. Finally, non-mitochondrial oxygen consumption
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was the minimum rate measurement after the rotenone/
antimycin A injection.

Mitochondrial and Nucleus Isolation

Rat brain mitochondria were isolated and purified according
to the protocol described by Sims and Anderson [30] with
some modifications. This protocol combines differential cen-
trifugation and discontinuous Percoll density gradient centri-
fugation to isolate pure mitochondria with scarce contamina-
tion by synaptosomes and myelin. Rat brain samples were
removed and washed in a cold isolation buffer (0.32 M su-
crose, 1 mM and 10 mM TRIS; pH 7.4). The tissue was cut
into small pieces, transferred to a Dounce homogenizer with
12% Percoll solution, and then homogenized on ice using a
loose fitting and tight fitting glass pestles. The homogenate
was slowly layered on a previously prepared discontinuous
Percoll gradient consisting of 26% Percoll layered over 40%
Percoll and centrifuged using a fixed-angle rotor at 30700×g
for 5 min at 4 °C. This produced three separate bands, and the
enriched mitochondrial fraction, which appeared at the inter-
face between the 26 and the 40% Percoll layers, was carefully
removed with a glass Pasteur pipette. The mitochondrial frac-
tion was diluted by adding isolation buffer and was again
centrifuged at 16700×g for 10 min at 4 °C. This yielded a
mitochondrial pellet, which was gently resuspended in the
residual supernatant. Finally, the pellet was resuspended in
isolation buffer and centrifuged at 7300×g for 10 min at
4 °C, yielding a pellet of pure mitochondria that was used
for WB and functional assays.

Fresh intact rat brain nuclei were isolated and purified from
rats killed by decapitation. All isolation procedures were per-
formed on ice or at 4 °C. Brains were rinsed with ice-cold
isolation buffer A containing 320 mM sucrose, 3 mM
MgCl2, and 20 mM Tris, pH 7.4. Brain pieces were homoge-
nized in buffer A using a glass homogenizer. The homoge-
nates were centrifuged for 15 min at 1000×g at 4 °C. The
supernatants were removed, and the pellets were resuspended
in 4 ml of buffer B (2.2 M sucrose, 1 mMMgCl2, and 10 mM
Tris, pH 7.4) and differentially centrifuged for 60 min at
60,000×g (Beckman XL-90 ultracentrifuge, Brea, CA, USA)

using a swing out rotor at 4 °C. After centrifugation, the pellet
containing the isolated nuclei was resuspended and washed by
centrifugation in 2 ml of buffer A. Protein content in isolated
nuclei was determined with the Pierce BCA Protein Assay Kit
(Thermo Scientific, Fremont, CA, USA). To confirm the in-
tegrity of the fresh isolated nuclei, the nuclei were visualized
without fixation on a phase-contrast microscope immediately
after isolation. Nuclei were also stained on glass coverslips
with the fluorescent nuclear marker Hoechst 33342
(10 μg/ml; Sigma) and examined using an inverted fluores-
cence microscope (Nikon Eclipse TE300, Tokyo, Japan). For
WB analysis, isolated nuclei were processed using the Nuclear
Extract Kit (Active Motif, CA, USA) to eliminate the DNA
and conserve only the nuclear proteins. The purity of isolated
nuclei and mitochondria was confirmed by the absence of
other cellular compartment markers: voltage-dependent anion
channel (VDAC; V2139, 1:1000; Sigma) as a mitochondrial
marker, histone deacetylase 2 (HDAC2; sc-56,685, 1:200;
Santa Cruz Biotechnologies) as a nuclear marker, Na+/K+-
ATPase (sc-21,712; 1:200; Santa Cruz Biotechnologies) as
plasma membrane marker, and α-tubulin (T5168, 1:50,000;
Sigma) as a cytosol marker.

Superoxide and Nitric Oxide Production in Isolated
Mitochondria and Nuclei

Superoxide production was measured using lucigenin-
enhanced chemiluminescence as previously described [31,
32]. Samples were incubated with the compounds in 50 mM
phosphate buffer, pH 7.0 containing 1 mM EGTA and
150 mM sucrose. Five micromolar lucigenin and 100 μM
NADPH were then added to start the reaction. Luminiscence
was measured in an Infinite M200 multiwell plate reader
(TECAN). NO production was measured with a NO fluo-
rometric assay kit (BioVision,Milpitas, CA, USA). This assay
converts the nitrate into nitrite by the nitrate reductase en-
zyme, and the total nitrite concentration was measured as ni-
trite reacted with the fluorescent probe DAN (2,3-
diaminonaphthalene), which is proportional to the total nitric
oxide production. Fluorescence was measured in an Infinite
M200 multiwell plate reader (TECAN).

Table 1 Primers used in this study

Species and genes Forward (F) primer Reverse (R) primer

Rat ACE2 5′-CTCCTTCTCAGCCTTGTTG-3′ 5′-TCCGTAATGTTGGTGTTGT-3′

Rat AT2 5′-AACATCTGCTGA AGACCAATAG-3′ 5′-AGAAGGTCAGAACATGGAAGG-3′

Rat MasR 5′-CTTTGTGGAGAACGGGAT-3′ 5′-GGAGATGTCAGCAATGGA-3′

Rat TH 5′-GGCTTCTCTGACCAGGTGTATCG-3′ 5′-GCAATCTCTTCCGCTGTGTATTCC-3′

Mouse ACE2 5′-TATTACTTGAGCCAGGATTG-3′ 5′-GACCACATACTCTTCATACA-3′

Mouse MasR 5′-AGGGTGACTGACTGAGTTTGG-3′ 5′-GAAGGTAAGAGGACAGGAGC-3′

Rat and mouse β-actin 5′-TCGTGCGTGACATTAAAGAG-3′ 5′-TGCCACAGGATTCCATACC-3′
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Pure isolated mitochondria (30 μg) were treated 10–
20 min at 37 °C with Ang 1-7 (1 μM) alone or combined
with the MasR inhibitor A779 (1 μM). For the superoxide
production assay, isolated mitochondria were previously
treated with Ang II (1 nM) and the AT2 receptor antago-
nist PD123,319 (2 μM). The effect of Nox4 in the Ang II/
AT1mitochondrial-induced O2

− production was assessed
using the Nox4 inhibitor thioridazine (10 μM). For the
mitochondrial nitric oxide production assay, the effect of
the nitric oxide synthase (NOS) was confirmed using the
NOS inhibitor L-NAME (100 μM).

Pure isolated nuclei (15 μg) were treated 20 min at 37 °C
with Ang 1-7 (1 μM) alone or combined with the MasR in-
hibitor A779 (1 μM). For the superoxide production assay,
isolated nuclei were previously treated with Ang II (100 nM)
and the effect of Nox4 was assessed using the Nox4 inhibitor
thioridazine (10 μM). For nuclear nitric oxide production as-
say, the effect of NOS was confirmed using the NOS inhibitor
L-NAME (100 μM).

Effects of Ang 1-7 Treatment on the Transcription of AT1,
AT2, and MasR mRNA in Isolated Nuclei

A standard in vitro RNA transcription system (Promega,
Madison, WI, USA) was used to study the effects of Ang 1-
7 on mRNA transcription in isolated nuclei. Freshly isolated
nuclei (100 μg) were pretreated with Ang 1-7 (1 μM) alone or
combined with the Mas receptor antagonist A779 (10 μM) for
30 min at 37 °C. Pre-treated nuclei were then incubated with
an in vitro RNA transcription system consisting of 500 μM of
ATP, GTP, and UTP; and 2 U/μl RNasin in transcription buff-
er (Promega) at 37 °C for 1 h. After treatments, RNA was
extracted using TRIzol (Invitrogen) according to the manufac-
turer’s instructions. RNA (1.8 μg) was reverse transcribed to
cDNA with deoxynucleotide triphosphate (dNTP), random
primers, and Moloney murine leukemia virus reverse tran-
scriptase (MMLV; 200 U; Invitrogen). In order to evaluate
the expression of AT1, AT2, and MasR genes, RT-PCR was
performed as described previously.

Statistical Analysis

All data were obtained from at least three independent exper-
iments and were expressed as mean values ± SEM. Two-
group comparisons were carried out by Student’s t test and
multiple comparisons by one-way ANOVA followed by the
Bonferroni test. The normality of populations and homogene-
ity of variances were tested before each ANOVA. Differences
were considered statistically significant at p < 0.05. Statistical
analyses were carried out with the SigmaPlot 11.0 (Systat
Software, Inc., CA, USA).

Results

Mas Receptors Are Expressed in Dopaminergic Neurons,
Astrocytes, and Microglia of Rat Mesencephalic Primary
Cultures

We investigated the presence of the main receptor for Ang 1-7
in rat mesencephalic primary cultures using markers for Mas
receptor and different cell types. Immunofluorescence and
confocal microscopy revealed a clear presence of Mas recep-
tor immunoreactivity in neurons in general, and dopaminergic
neurons in particular, which were identified by the neuronal
marker NeuN (Fig. 1a–d) and the dopaminergic neuron mark-
er tyrosine hydroxylase (TH) (Fig. 1e–h), respectively.
Labeling for Mas receptor was more intense at the cytoplasm
and plasma membrane than at nuclear level. Glial cells also
showed immunoreactivity for Mas receptors. Astrocytes were
identified by GFAP-immunoreactivity and showed a Mas re-
ceptor labeling; however, the labeling was weaker than that
observed in neurons, and not all the GFAP-positive cells were
clearly immunoreactive (Fig. 1i–l). OX42-positive microglial
cells showed a notable Mas receptor immunoreactivity, which
was higher at the cytoplasm and plasma membrane than at the
nuclear level (Fig. 1m–p).

Mas Receptors Are Expressed in Dopaminergic Neurons
from Human, Monkey, and Rat Substantia Nigra

Immunofluorescence and confocal microscopy were used to
study the presence of Mas receptors in tissue sections from
human, monkey, and rat SN. In the human SN, we observed
an intense labeling for Mas receptor in dopaminergic neurons,
which were identified by TH immunoreactivity (Fig. 2a) and
confirmed by the presence of neuromelanin. Similarly, dopa-
minergic neurons frommonkey SN showed strongMas recep-
tor immunoreactivity (Fig. 2b). In the rat SN, TH-positive
dopaminergic neurons also showed Mas receptor immunore-
activity. Numerous fibers intensely labeled for Mas receptors,
and apparently coming from the striatum, were observed in
the SN pars reticulata (Fig. 2c). The present results show that
Mas receptors are expressed in the SN of rodents, monkeys,
and humans.

The expression of Mas receptor was confirmed using laser
captured microdissection of dopaminergic neurons from rat
SN sections (Fig. 2d, d’), and the presence of the Mas receptor
mRNA was analyzed by RT-PCR and ddPCR. First, the RT-
PCR analysis of microdissected neurons showed the presence
of the Mas receptor mRNA in the rat SN; nigral tissue homog-
enates were also processed for PCR and used as positive con-
trols, and the PCR mixes were used as negative control
(Fig. 2e). In addition, ddPCR of samples containing microdis-
sected dopaminergic neurons showed that these neurons
contained the Mas receptor mRNA (13,066–19,833
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copies/μg of total RNA), confirming an unequivocal presence
of the Mas receptor in dopaminergic neurons from rat SN
(Fig. 2f).

Mas Receptors Are Expressed in Human iPS Cells
from PD Patients and Healthy Controls

We differentiated human iPSCs derived from a sporadic PD
patient (SP08#1) and from a healthy control (SP11#1) into
dopaminergic neurons. Using immunofluorescence and con-
focal microscopy, we observed a Mas receptor expression in
TH-positive dopaminergic neurons derived from a healthy
control (Fig. 2g–j) and PD patient (Fig. 2k–n) iPSCs. Mas
receptor labeling was intense in both types of cells, and also

in non-TH positive neurons, suggesting that this receptor is
expressed in early steps of the differentiation process (i.e.,
undifferentiated pluripotent cells).

Mas Receptors and ACE2 Expression and Activity
Decrease with Aging

In the present study, SN from 18 to 20-month-old rats and
SN from 2 to 3-month-old rats were compared to investi-
gate the effect of aging on the Ang 1-7/Mas receptor axis.
We observed that aged rats showed a significant decrease
in levels of nigral Mas receptor protein and mRNA rela-
tive to young rats (Fig. 3a, d). ACE2 protein and mRNA
expression were also decreased in aged rats (Fig. 3b, e).

Fig. 1 Localization of Mas receptors in rat mesencephalic primary
cultures. Triple immunofluorescence labeling for Mas receptors (MasR;
red; b, f, j, n) showing its presence in NeuN-positive neurons (a–d;
green), TH-positive dopaminergic neurons (e–h; green), GFAP-positive

astrocytes (i–l; green), and OX42-positive microglia (m–p; green). GFAP
glial fibrillary acidic protein, HOECHST nuclei (blue), TH tyrosine
hydroxylase. Scale bars 10 μm
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In addition, we observed a significant decrease in the
ACE2 enzyme activity (Fig.3c), and Ang 1-7 levels were
also significantly lower in SN from aged rats than in SN

from young rats (Fig. 3f). The results indicate a lower
activity of the Ang 1-7/Mas protective arm in the SN of
aged rats.

Fig. 2 Localization of Mas receptors in dopaminergic neurons from
human, monkey and rat substantia nigra, and human iPSCs from a
healthy control and a PD patient. Double immunofluorescence labeling
for Mas receptors (MasR, red) and dopaminergic neurons (TH, green)
showing co-localization (yellow) in human (a), monkey (b), and rat (c)
substantia nigra (SN). High magnification images of the boxed areas are
also shown (a–c). In human dopaminergic neurons, neuromelanin deposits
are pointed with white arrows (a). Expression of MasR in rat dopaminergic
neurons was confirmed by laser microdissection and RT-PCR or ddPCR
(d–f). Photomicrographs of a SN section showing dopaminergic neurons
before (d) and after (d’) laser microdissection. Representative bands of
MasR and β-actin expression by RT-PCR in laser-microdissected

dopaminergic neurons. Homogenates of SN were used as a positive
control, and PCR mix without a sample was used as negative control for
RT-PCR (e). Concentration ofMasRmRNA (copies/μg of RNA)measured
by ddPCR in four samples of laser-microdissected dopaminergic neurons
(f). Triple immunofluorescence labeling of dopaminergic neurons (TH; g,
k) differentiated from iPSCs from a human healthy control (g–j) and a
sporadic PD patient (k–n) showing co-localization with MasR (h, l) and
the nuclear marker Hoechst (i, m). TH tyrosine hydroxylase, ddPCR
droplet digital PCR, iPSC induced pluripotent stem cells. Scale bars
50 μm for SN (a–d’), 25 μm for high magnification boxed images (a–c),
and 5 μm for iPSC (g–n)
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Effects of AT1 or AT2 Receptor Deletion on the Ang
1-7/Mas Receptor Axis

We used SN from male adult wild-type C57BL/6 mice
and from AT1 or AT2 KO mice to investigate possible
effects on the Ang 1-7/Mas receptor axis. We observed
that AT1 receptor deletion does not induce significant
changes in the Mas receptor expression (Fig. 4a, d).
However, AT1 KO mice showed a decrease in ACE2
mRNA and protein expression and a decrease in ACE2
activity, as well as a decrease in Ang 1-7 levels (Fig. 4b,
c, e, f). AT2 KO mice showed a significant decrease in the
expression of Mas receptor and ACE2 protein and mRNA
(Fig. 4g, h, j, k) and a significant decrease in the ACE2
activity (Fig. 4i) relative to WT mice. Consistent with
this, SN from KOAT2 mice showed lower levels of Ang
1-7 than SN from WT mice (Fig. 4l).

Ang 1-7 Protects Dopaminergic Cells from Ang
II-Induced Oxidative Stress and Metabolic Changes

The treatment of N27 dopaminergic cells with Ang II alone
induced a moderate but significant increase in levels of super-
oxide. Co-treatment of N27 dopaminergic cells with Ang II
and Ang 1-7 for 24 h reversed the increase in superoxide
observed with Ang II alone. This effect was not produced in
the presence of Mas receptor inhibitor, A779, or with Ang 1-7
alone (Fig. 5a).

The analysis of oxygen consumption rate (OCR) with a
Seahorse XFp instrument showed that 24 h treatment of do-
paminergic N27 cells with Ang II induced a significant de-
crease in maximal respiration rate (i.e., the maximum rate of
respiration that the cell can achieve after treatment with the
uncoupler FCCP). The Ang II-induced decrease in maximal
respiration was not observed in the presence of Ang 1-7

Fig. 3 Mas receptor and ACE2
expression and activity decrease
with aging. Mas receptor (MasR)
and ACE2 protein (n = 6) (a, b)
and mRNA (n = 4–6) (d, e)
expression were significantly
reduced in SN from aged rats
compared to young rats. ACE2
activity (n = 5–6) (c) and Ang 1-7
content (n = 4) (f) were
significantly lower in SN from
aged rats compared to young rats.
Data are mean ± standard error of
the mean (SEM). *p < 0.05
compared to control (Student’s t
test). SN substantia nigra, ACE2
angiotensin converting enzyme 2,
Ang 1-7 angiotensin 1-7
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(Fig. 5b, d). The basal respiration rate (i.e., the energetic de-
mand of the cell under baseline conditions) was not signifi-
cantly modified after treatment with Ang II and/or Ang 1-7,
although a tendency similar to that observed for maximal res-
piration was observed (Fig. 5b, c).

Mas Receptors Are Located in Mitochondria and Nuclei
of Neurons and Glial Cells

Recently, we observed AT1 and AT2 receptors in brain mito-
chondria and nuclei [17, 18]. In the present study, we investi-
gated the possible presence of Mas receptors at mitochondrial

Fig. 5 Angiotensin 1-7/MasR counterregulates AII-derived neuronal
oxidative stress and metabolic changes. (a) Co-treatment of N27
dopaminergic cells with Ang 1-7 and Ang II for 24 h reversed the
increase in superoxide observed with Ang II alone; this effect was not
produced in presence of MasR inhibitor, A779, or with Ang 1-7 alone.
(b–d) Using a seahorse XFp instrument analysis of oxygen consumption
rate (OCR), the mitochondrial respiration (OCR levels) was detected in
N27 cells treated with Ang II (red line), or Ang II + Ang 1-7 (green line),
or in untreated cells (control; blue). OCR was estimated under basal

conditions or following the addition of oligomycin (O; 1 μM), the
uncoupler FCCP (F; 1 μM) or the inhibitors rotenone + antimycin A
(R/A; 0.5 μM) (n = 3–6). The rates of basal respiration (previous to
oligomycin injection; c) and maximal respiratory capacity (after the
FCCP injection; d) are shown. Data are mean ± standard error of the
mean (SEM). *p < 0.05 compared to the control, #p < 0.05 compared
to Ang II. One-way analysis of variance [ANOVA] and Bonferroni post
hoc test. Ang 1-7 angiotensin 1-7, Ang II angiotensin II, MasR Mas
receptor

�Fig. 4 Mas receptors and ACE2 expression in SN from AT1 and AT2
receptor-deficient mice. Mas receptor protein (n = 6) (a) and mRNA
(n = 4–5) (d) expression did not show significant differences between
SN from KOAT1 mice and wild-type mice (WT). However, levels of
ACE2 protein (n = 6) and mRNA (n = 4–5) (b, e), ACE2 activity
(n = 4–6) (c), and the Ang 1-7 content (n = 4) (f) were significantly
decreased in SN from KOAT1 mice relative to WT mice. Mas receptor
and ACE2 protein (g, h) (n = 10–11) and mRNA (n = 5) (j, k) expression,
ACE2 activity (n = 4–5) (i), and Ang 1-7 content (n = 4–5) (l) were
significantly reduced in SN from KOAT2 mice relative to WT mice.
Data are mean ± standard error of the mean (SEM). *p < 0.05
compared to control (Student’s t test). SN substantia nigra, ACE2
angiotensin converting enzyme 2, Ang 1-7 angiotensin 1-7
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and nuclear levels using the mitochondrial marker MTDR and
the nuclear marker Hoechst 33342. In the different cell types
studied (i.e., N27 murine dopaminergic neuron, C6 astrocytic,
and N9 microglial cell lines) (Fig. 6a–d, g–j, m–p), we ob-
served a co-localization of the Mas receptor immunoreactivity
with the mitochondrial marker MTDR with a 40–45% co-
localization rate for the different ROIs selected (Fig. 6e, k,
q). The nuclear presence of MasR was mainly observed at
the nuclear membrane level with a co-localization rate of
10–15% for the ROI selected (Fig. 6f, l, r).

Ang 1-7/Mas Modulates Mitochondrial ROS/RNS Levels
in Isolated Mitochondria from Rat SN

After observing a co-localization of Mas receptors and mito-
chondrial markers in dopaminergic neurons and glial cells
(Fig. 6), we further confirmed the presence of Mas receptors
in mitochondria using pure isolated mitochondria from rat
nigral region. We found relatively low expression of Mas re-
ceptors in the mitochondrial fraction in comparison with the
whole cell homogenate. However, the ACE2 expression was
much higher in mitochondrial fraction than in the whole cell
homogenate (Fig. 7a, b), suggesting a major role of this en-
zyme in mitochondria. Furthermore, we observed that Ang 1-
7 is more abundant than Ang II peptide in pure isolated mito-
chondria from rat nigral region (Fig. 7c), suggesting an impor-
tant role for Ang 1-7 in the mitochondrial function.

To investigate the possible role of Ang 1-7/Mas axis in the
mitochondrial function, we measured ROS and RNS produc-
tion after treatment of isolated mitochondria with Ang 1-7 and
the Mas receptor antagonist A779. We observed that the Ang
1-7 treatment inhibited the increase in superoxide induced by
activation of mitochondrial AT1 receptors (i.e., treatment with
Ang II and the AT2 receptor antagonist PD123,319) (Fig. 7d).
Recently, we have shown that mitochondrial AT1 receptors
induce an increase in superoxide production via activation of
the intracellular NADPH isoform NOX4, because this in-
crease was not produced in the presence of the specific
NOX4 inhibitor thioridazine [17]. In the present study, we
observed that the increase in mitochondrial superoxide pro-
duction, via Ang II/AT1/NOX4, is inhibited by activation of
the mitochondrial Ang 1-7/Mas receptor axis (Fig. 7d),
supporting a beneficial function of Ang 1-7/Mas receptor axis
against mitochondrial oxidative stress production.

Regarding mitochondrial reactive nitrogen species (NRS)
production, the activation of Mas receptors with its natural
ligand Ang 1-7 led to an increase in mitochondrial levels of
NO, which was inhibited by pretreatment with the Mas recep-
tor antagonist A779 or the NOS inhibitor L-NAME (Fig. 7e).
The present data suggest that the modulation of mitochondrial
ROS and RNS production contributes to the protective effects
of Ang 1-7.

Ang 1-7/Mas Modulates Nuclear ROS/RNS Levels
in Isolated Nuclei from Rat SN

We used pure isolated nuclei from rat nigral region to investi-
gate the possible presence and functional role of Ang 1-7/Mas
receptors at the nuclear level. The purity of the sample was
confirmed by the absence of the cytosol marker α-tubulin and
the plasma membrane marker Na+/K+-ATPase pump. Using
WB, we observed the presence of the Mas receptor and the
enzymeACE2 in isolated nuclei (Fig. 8a, b). This is consistent
with our recent study showing the presence of other major
RAS receptors (AT1 and AT2) at the nuclear level and their
role inmodulation of Ang II-induced cell oxidative stress [18].
We then studied the effects of nuclear Ang 1-7/Mas receptor
activation on nuclear ROS and RNS levels. Activation of nu-
clear Mas receptors by Ang 1-7 inhibited the increase in nu-
clear superoxide induced by Ang II via nuclear AT1 receptors
(Fig. 8c). This inhibition was not observed in the presence of
the Mas receptor inhibitor A779, which confirmed the action
of the natural ligand of Mas receptors at nuclear level.
Consistent with our previous work, the increase in superoxide
induced by Ang II/AT1 activation was mediated by nuclear
Nox4. Nox4 is a constitutive enzyme, and its effects were
blocked by treatment with the Nox4 inhibitor thioridazine
(Fig. 8c). In addition, Ang 1-7 treatment induced a significant
increase in nuclear NO levels, which was not observed in the
presence of the Mas receptor antagonist A779 or the NOS
inhibitor L-NAME (Fig. 8d). All these data suggest a major
role of the Ang 1-7/Mas receptor axis at the nuclear level.

In a previous work, we have observed that the treatment of
isolated nuclei with Ang II induces, via nuclear AT1 receptors,
an increase in the expression of mRNA for AT2 receptors and
precursors of intracrine Ang II, which we suggested to be a
protective response of the nuclear RAS to counteract Ang II/
AT1-induced cellular oxidative stress [18]. In the present
study, we performed in vitro transcription assays in isolated
nuclei treated with Ang 1-7, and we observed no effects on the
mRNA expression for AT1 and Mas receptors (Fig. 8e, f).
However, Ang 1-7, via Mas receptors, significantly decreased
the expression of mRNA for AT2 receptors (Fig. 8g).

The results suggest a link between AT2 and Mas receptors,
particularly at the intracellular level, which are summarized in
Fig. 9 (see BDiscussion^).

Discussion

Dopaminergic System and RAS Mas Receptors

The classical renin-angiotensin system (RAS) was described
more than a century ago, but several new components of the
system were more recently discovered. The angiotensin-
derived peptide Ang 1-7 and its receptor Mas are particularly

Mol Neurobiol (2018) 55:5847–5867 5859



5860 Mol Neurobiol (2018) 55:5847–5867



interesting. After demonstrating that Ang 1-7 was a ligand of
Mas receptor, the Ang 1-7/Mas receptor axis was definitively
established as a new arm of the RAS [34]. A local paracrine

brain RAS has been identified and associated with several
brain disorders such as anxiety and stress [35], depressive
illness [36], and others. Over the last decade, we and others
have shown a major role of the brain RAS in the progression
of dopaminergic neuron degeneration in PD models. We ob-
served that Ang II, via AT1 receptors and activation of the
NADPH oxidase complex, induces oxidative stress and exac-
erbates neuroinflammation in different cellular and animal PD
models and contributes to the progression of neurodegenera-
tion. AT2 receptors are known to counteract the actions of
AT1 receptors, exerting a neuroprotective role [7, 8, 37].

Our previous studies showed the presence of major
components of the classical RAS in the nigrostriatal

Fig. 7 MasR and ACE2 protein in isolated mitochondria (Mit) from the
rat nigral region. Western blots (WB) of whole homogenate (Wh; n = 3)
and pure isolated mitochondria (Mt; n = 3) from the rat nigral region
showing different markers used to assess the purity of the isolated
mitochondria: voltage-dependent anion channel (VDAC) as a
mitochondrial marker, tubulin as a cytosol marker, and histone
deacetylase 2 (HDAC2) as a nuclear marker (a). ACE2 enzyme
presents a higher expression than MasR in isolated mitochondria
relative to whole cell homogenate (b). Isolated mitochondria from the
nigral region have higher levels of Ang 1-7 than Ang II as measured by
specific EIA (n = 3–5) (c). Treatment of isolated mitochondria with Ang
1-7 inhibits the increase in mitochondrial superoxide production induced
by the activation of mitochondrial AT1 receptors (Ang II + the AT2
receptor antagonist PD123,319). Superoxide is produced via Nox4, as

the Nox4 inhibitor thioridazine blocked the AT1-induced superoxide
production. The inhibitory effect of Ang 1-7 was not observed in the
presence of the MasR antagonist A779, which confirmed that Ang 1-7
acts through MasR in isolated mitochondria (n = 4) (d). Treatment of
isolated mitochondria with Ang 1-7 increased mitochondrial nitric
oxide (NO) production, which was not observed when isolated
mitochondria were pre-treated with the NOS inhibitors L-NAME or the
MasR inhibitor A779 (n = 4–7) (e). Data are mean ± standard error of the
mean (SEM). *p < 0.05 compared to the control; #p < 0.05 compared to
Ang II + PD 123,319 (d) and to Ang 1-7 (e); and &p < 0.05 compared to
Ang II + PD 123,319 + Ang 1-7 (d) (one-way analysis of variance
[ANOVA] and Bonferroni post hoc test). Ang 1-7 angiotensin 1-7, Ang
II angiotensin II, NOS nitric oxide synthase, L-NAME L-arginine methyl
ester hydrochloride

�Fig. 6 Intracellular localization of Mas receptors in dopaminergic
neurons, astrocytes, and microglia. Triple immunofluorescence labeling
for MasR (green, a, g,m), mitochondria (MTDR, red, b, h, n) and nuclei
(Hoechst, blue, c, i, o) in the N27 dopaminergic cell line (a–d), C6
astrocytic cell line (g–j), and N9 microglial cell line (m–p) showing the
presence of MasR at mitochondrial and nuclear levels. Images showing
co-localization and scatter plots of the red (MTDR) or the blue (Hoechst)
versus green (MasR) intensities in N27 (e, f), C6 (k, l), and N9 (q, r) cell
lines. Percentages of co-localization were calculated by the LAS AF
software. MTDR MitoTracker Deep Red. Scale bars: 5 μm
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region of rodents, monkeys, and humans [1–3, 38].
However, the new Ang 1-7/Mas receptor RAS arm was
not investigated in the dopaminergic system. In the pres-
ent study, we observed Mas receptor labeling in dopami-
nergic neurons and glial cells in rat mesencephalic prima-
ry cultures and rat substantia nigra (SN). The Mas recep-
tor immunoreactivity was higher in neurons than in astro-
cytes and microglial cells. Furthermore, we confirmed the
presence of Mas receptors in dopaminergic neurons from
monkey and human SN. We also observed the presence of
Mas receptors in human iPSCs derived from healthy

controls and sporadic PD patients. The results confirm
those observed in the human nigra. More importantly,
the presence of MasR in dopaminergic neurons obtained
from iPSCs may be basis for future functional studies
investigating possible alterations in the Ang 1-7/MasR
axis in iPSCs from PD patients. In the present study, we
just used immunohistochemistry, and we did not detect
any obvious difference between cells from patients and
controls. More detailed and complex studies are necessary
to investigate possible functional or structural differences.
However, this is beyond the scope of the present general

Fig. 8 MasR and ACE2 protein in isolated nuclei from the rat nigral
region. (a) Western blots (WB) of whole homogenate (Wh; n = 3) and
pure isolated nuclei (N; n = 3) from the rat nigral region showing different
markers used to assess the purity of the isolated nuclei: Na+/K+-ATPase as
a plasma membrane marker, tubulin as a cytosol marker, and histone
deacetylase 2 (HDAC2) as a nuclear marker. (b) Relative abundance of
MasR and ACE2 in isolated nuclei compared to whole homogenate. (c)
Treatment of isolated nuclei with Ang 1-7 inhibits the increase in nuclear
superoxide production induced by activation of nuclear AT1 receptors
(Ang II + the AT2 receptor antagonist PD123,319). Superoxide is
produced via Nox4, as Nox4 inhibitor thioridazine blocked the AT1-
induced superoxide production. The inhibitory effect of Ang 1-7 was
not observed in the presence of the MasR antagonist A779, which
confirmed that Ang 1-7 acts through MasR in isolated nuclei (n = 5–6).
(d) Treatment of isolated nuclei with Ang 1-7 increased the nuclear nitric

oxide (NO) production, which was not observed when isolated nuclei
were pretreated with the NOS inhibitors L-NAME or the MasR
inhibitor A779 (n = 6). Levels of AT1 receptor mRNA (e) or MasR
mRNA (f) did not change significantly after treatment of isolated nuclei
with Ang 1-7 or Ang 1-7 and the MasR inhibitor A779 (n = 5–12). (g)
Treatment of isolated nuclei with Ang 1-7 induced a decrease in the
expression of mRNA for AT2, which was inhibited by simultaneous
treatment with the MasR receptor inhibitor A779, indicating that these
effects are mediated via nuclear MasR receptors (n = 5–7). Data are
mean ± standard error of the mean (SEM). *p < 0.05 compared to
control; #p < 0.05 compared to Ang II (c) and to Ang 1-7 (d, g) (one-
way analysis of variance [ANOVA] and Bonferroni post hoc test). Ang 1-
7 angiotensin 1-7, Ang II angiotensin II, NOS nitric oxide synthase, L-
NAME L-arginine methyl ester hydrochloride
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approach showing the presence of an Ang 1-7/MasR axis
in dopaminergic neurons. The results obtained with im-
munological methods were confirmed with different meth-
odological approaches such as laser capture microdissec-
tion and digital PCR. We have also observed that the Ang
1-7/Mas axis is downregulated with aging, and the results
from AT1 and AT2 KO mice revealed interactions be-
tween AT1, AT2, and Mas receptors. Interestingly, we
have identified an intracellular (i.e., mitochondrial and
nuclear) Ang 1-7/Mas axis that modulates mitochondrial
and nuclear levels of superoxide.

Mas Receptors and Aging

Aging is the main risk factor for major neurodegenerative
diseases such as Alzheimer’s disease and PD. Aging is asso-
ciated with a pro-inflammatory and pro-oxidative state that
affects the vulnerability of dopaminergic neurons [39–41].
We have shown that aging-related dysregulation of nigral
RAS is involved in these effects and that aging-related in-
crease in levels of neuroinflammation, oxidative stress, and
dopaminergic cell vulnerability were inhibited by treatment
with the AT1 antagonist candesartan. In the present study,
we observed a decrease in the protective Ang1-7/Mas axis
expression in the SN of aged rats (i.e., a decrease in Mas
receptor and ACE2 expression and Ang 1-7 levels). This is
consistent with previous studies in aged animals that showed a
dysregulation of nigral RAS, particularly an increase in the
pro-oxidative AT1 receptor expression and a decrease in the
protective AT2 receptor expression [42, 43]. The present data
further support that an aging-related decrease in the activity of
the RAS protective axis (Ang II/AT2 and Ang 1-7/Mas recep-
tor) and an increase in the activity of the pro-oxidative pro-
inflammatory axis (Ang II/AT1) are involved in the higher
vulnerability of dopaminergic neurons with aging.

Interactions of the Ang 1-7/Mas Axis with AT1 and AT2
Receptors in KO Mice

In the SN of AT2 KO mice, we observed a decrease in the
expression of theMas receptor protein and mRNA. It has been
shown that AT2 andMas receptors may form heterodimers, as
they have similar signalingmechanisms and protective actions
[44]. Furthermore, a functional dependence between both re-
ceptors has been suggested because Ang 1-7 did not induce
any effect in astrocytes from AT2 KO mice, and the AT2
receptor agonist Compound 21 (C21) was ineffective in astro-
cytes from Mas receptor KO mice [44, 45]. In the SN of AT1
KO mice, we did not observe a significant change in the Mas
receptor expression. However, ACE2 and Ang 1-7 levels and
ACE2 activity were significantly decreased, which may lead
to a decrease in the activity of the Ang 1-7/Mas axis in the
absence of the Ang II/AT1 pro-oxidative pro-inflammatory
axis. Interestingly, a decrease in the AT2 receptor expression
was also observed in the nigra AT1 KO mice [46].

Effects of the Angiotensin 1-7/Mas Receptor Axis
on AII-Derived Neuronal Oxidative Stress and Neuronal
Metabolic Changes

It is known that Ang II is a main source of NADPH oxidase-
derived oxidative stress through the membrane AT1 receptor
activation [33, 47]. In the present study, we have observed that
Ang 1-7, via Mas receptors, inhibits the increase in cellular
ROS produced by Ang II in dopaminergic neurons,

Fig. 9 Model of the role that the intracellular MasR plays, interacting
with AT1 and AT2 receptors, in modulating the pro-oxidative effects of
the activation ofmembrane AT1 receptors by extracellular (i.e., paracrine)
angiotensin II (AII). Extracellular AII induces activation of the membrane
the AT1-Nox2 axis, leading to the generation of intracellular superoxide
and oxidative stress (red arrows) [3, 8, 33]. Extracellular AII also induces
the internalization of the AII-AT1 receptor complex to the nucleus (green
arrows; 18). Internalized and intracellularly produced AII is transformed
by ACE2 into A1-7, which acts on MasR. Activation of nuclear AT1
receptors induces an increase in nuclear NOX4/superoxide levels,
which are known to regulate gene expression, and triggers a number of
mechanisms that protect cells against oxidative stress (green arrows; 18).
These protective mechanisms include (i) an increase in the expression of
AT2 receptormRNA,which leads to an increase in the levels of protective
AT2 receptors that traffic to different cell structures such as mitochondria
and cell membrane, inducing a compensatory increase in the RAS
protective arm (i.e., AII/AT2); and (ii) an increase in angiotensinogen,
renin, and prorenin/renin receptor mRNA, which leads to an increase in
the synthesis of intracellular AII to act on intracellular AT2 receptors and
MasR (via ACE2/A1-7). Nuclear MasR and AT2 [18] receptors modulate
this process (via NOS; red lines) by counteracting the effects of nuclear
AT1 receptors. AII angiotensin II, A1-7 angiotensin 1-7, AT1 angiotensin
type 1 receptors, AT2 angiotensin type 2 receptors, MAS Mas receptors,
ROS reactive oxygen species
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confirming a neuroprotective role of the Ang 1-7/Mas R axis
in these cells. Moreover, treatment of dopaminergic cells with
Ang II produced alterations in some bioenergetic parameters
(i.e., Ang II decreased the maximum rate of respiration that the
cell can achieve to respond to an energetic demand), but not in
the presence of the Ang 1-7 treatment. This is consistent with
the previously described results on ROS production and with
previous observations in neuroblastoma cells showing a de-
crease in OCR in response to different ROS production agents
[48].

Interestingly, it has been shown that ROS derived from the
Ang II-induced activation of neuronal NADPH oxidase are
moderate and normally not sufficient to induce significant
dopaminergic neuron death. This may be explained by the
simultaneous triggering of intraneuronal compensatory mech-
anisms (i.e., activation of the protective AT2/Ang 1-7/Mas
receptor axis) described as follows (Fig. 9). However, addi-
tional or synergistic ROS sources such as neurotoxins [33, 47]
or activation of microglial cells [3, 38] may overwhelm the
neuronal compensatory and antioxidant mechanisms leading
to dopaminergic cell death.

Mitochondrial Mas Receptors

Our previous results revealed the presence of an intracrine
mitochondrial RAS in the substantia nigra. We observed
Ang II and functional AT1 and AT2 receptors in isolated mi-
tochondria from rat brain, which modulate the mitochondrial
function. Mitochondrial AT2 receptors are much more abun-
dant than AT1, increase after treatment of cells with oxidative
stress inducers, and induce, via nitric oxide, a decrease in
mitochondrial respiration [17]. The present data show the
presence of Mas receptors in isolated mitochondria from the
rat nigral region. However, the expression of this receptor in
mitochondria was lower than that observed in the whole cell
homogenate. Interestingly, the Ang 1-7-forming enzyme
ACE2 was much more abundant at the mitochondrial level
than in the whole cell homogenate, suggesting an additional
role for this enzyme in the mitochondria. Both ACE (the Ang
II forming enzyme) and ACE2 have several substrates that
give them multiplicity of functions. The new RAS member
alamandine has been shown to be formed by ACE2 from
angiotensin A and to act through a Mas-related gene receptor
(MrgD) [49]. Another possibility is that Ang 1-7, which is
more abundant than Ang II at the mitochondrial level, acts
via other mitochondrial receptors (i.e., in addition to Mas re-
ceptors). Interestingly, mitochondrial AT2 receptors, which
are the most abundant Ang II receptors in mitochondria, have
been shown to bindAng 1-7 in the cardiovascular system [50].
Furthermore, the abovementioned MrgD receptor has also
been suggested to be an additional Ang 1-7 receptor [51]. In
isolated mitochondria, we have observed that Ang 1-7, via the
Mas receptor, induces an increase in mitochondrial nitric

oxide production and inhibits the increase in levels of super-
oxide produced by activation of Ang II/AT1 (i.e., Ang 1-7
protects mitochondria from detrimental effects of the ROS
production). These protective effects are similar to those in-
duced by the activation of mitochondrial AT2 receptors [17].
A similar protective effect of Ang 1-7/Mas receptor activation
(i.e., reduction of ROS produced by high glucose treatment)
was recently reported in cardiomyocytes [52], and in human
brain microvascular endothelial cells, where Ang-(1-7) sup-
pressed the Ang II-induced pro-apoptotic activity, ROS over-
production, and NO reduction [53].

In a number of cell types, it has been shown that the pro-
inflammatory pro-oxidative effects of the Ang II/AT1/
NADPH oxidase/superoxide axis are counteracted by the
Ang II/AT2 and the Ang 1-7/MasR protective axis. In dopa-
minergic neurons, we have observed that this inhibitory effect
may be exerted at several levels (summarized in Fig. 9), and
the mitochondrial level appears as a major site for RAS-
related ROS production/modulation. Several previous studies
have shown a ROS-mediated interaction (i.e., cross-talk sig-
naling) between the membrane-bound NADPH oxidase com-
plex and the mitochondria, so that ROS generated by the
AngII/AT1/NADPH oxidase (Nox2) may act as a trigger to
induce the opening of ATP-sensitive potassium channels
(mitoKATP), which leads to an increase in the generation of
mitochondrial ROS [10, 45]. In isolated mitochondria, the
activation of AT1 mitochondrial receptors produces Nox4-
derived superoxide [17]. It is known that increased mitochon-
drial ROS results in mitochondrial DNA damage and oxida-
tion of mitochondrial proteins, leading to mitochondrial dys-
function. Mitochondrial-derived ROS also reach the cyto-
plasm and contribute to cellular dysfunction. In the present
study, we have observed that in dopaminergic neurons, Ang
1-7 inhibited the increase in levels of superoxide and changes
in cell respiration induced by Ang II. In isolated mitochondria,
we observed that Ang II-derived ROS were inhibited in the
presence of Ang 1-7. In a previous study [17], we showed that
the activation of mitochondrial AT2 receptors leads to inhibi-
tion of mitochondrial superoxide, as observed for Ang 1-7
Mas receptors in the present study (see Fig. 9).

Nuclear Mas Receptors

We also observed Ang 1-7 and Mas receptors in rat nigral
isolated nuclei. The activation of Mas receptors by their natu-
ral ligand Ang 1-7 produced an increase in the nuclear NO
production and counteracted the increase in Ang II-derived
nuclear superoxide. The activation of nuclear AT2 receptors
by Ang II also induced an increase in nuclear NO production
and counteracted the increase in nuclear superoxide [18].
Previous studies have shown that extracellular (paracrine)
Ang II induces the activation of the cell membrane AT1/
Nox2 axis, leading to the generation of intracellular NADPH
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oxidase-derived superoxide and oxidative stress, but Ang II
also induces the internalization of the Ang II-AT1 receptor
complex to the nucleus (Fig. 9). We have recently observed
that the activation of nuclear AT1 receptors induces an in-
crease in nuclear NOX4/superoxide and IP3/Ca2+ levels,
which are known to regulate the gene expression, triggering
several mechanisms that may protect cells against oxidative
stress [18]. These protective mechanisms include an increase
in the expression of AT2 receptor mRNA, which leads to an
increase in the levels of protective AT2 receptors that traffic to
different cell structures such as mitochondria and cell mem-
brane (i.e., overactivation of the detrimental Ang II/AT1 axis
leads to a compensatory increase in the RAS Ang II/AT2
protective arm). In addition, the activation of nuclear AT1
receptors induces an increase in angiotensinogen, renin, and
prorenin/renin receptor mRNA, which leads to an increase in
the synthesis of intracellular AII and Ang 1-7 to act on intra-
cellular AT2 and Mas receptors [18] (Fig. 9). In the present
study, we have observed that the treatment of isolated nuclei
with Ang 1-7 does not induce changes in the Mas and AT1
receptor mRNA expression. However, the activation of nucle-
ar Mas receptors by Ang 1-7 induces a decrease in nuclear
ROS and in the expression of AT2 receptor mRNA. The re-
sults suggest that nuclear Mas and AT2 receptors buffer the
protective response (i.e., the enhancement of the Ang II/AT2
protective arm triggered by the activation of nuclear AT1 re-
ceptors). Altogether suggests that the nuclear RAS receptors
play a pivotal role in maintaining an adequate balance be-
tween the cell detrimental and the protective RAS arms
(Fig. 9). The present and previous results [18] also reveal that
this important function is impaired in aged animals.

Conclusion

The present data show the presence of the non-classical Ang
1-7/Mas receptor protective arm in the substantia nigra in
animal models and human tissue, and in cultured dopaminer-
gic neurons and glial cells, including iPSCs from healthy hu-
man controls and PD patients. Aging induced a decrease in the
activity of the Ang 1-7/Mas protective axis, which may play a
role in an aging-related increase in dopaminergic vulnerability
to neurodegeneration. Intracellularly, Ang 1-7 is highly
expressed at the mitochondrial level and increases mitochon-
drial levels of nitric oxide via the Mas receptor, leading to a
decrease in mitochondrial superoxide production. At the nu-
clear level, Ang 1-7, via Mas receptors, increases levels of
nitric oxide, decreases nuclear superoxide levels, and de-
creases AT2 mRNA transcription. Nuclear RAS receptors
may regulate the adequate balance between the detrimental
and the protective arms of the cell RAS. The present data
support the beneficial effects of the Ang 1-7/Mas receptor
protective arm in the dopaminergic system. In summary, we

have observed that the Ang 1-7/Mas receptor axis is present in
dopaminergic neurons and counteracts the pro-oxidative ef-
fects of the Ang II/AT1 axis, which has been previously
shown to enhance progression of neurodegeneration in PD
models. Furthermore, the Ang 1-7/Mas receptor axis is down-
regulated in the aged nigra, and aging is the major risk factor
for PD. On this basis, we suggest that the Ang 1-7/MasR axis
is involved in counteracting dopaminergic degeneration and
progression of PD, and it should be taken into account for the
design of new therapeutic strategies for PD.
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