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A B S T R A C T   

The renin-angiotensin system (RAS) is one of the oldest hormone systems in vertebrate phylogeny. RAS was 
initially related to regulation of blood pressure and sodium and water homeostasis. However, local or paracrine 
RAS were later identified in many tissues, including brain, and play a major role in their physiology and 
pathophysiology. In addition, a major component, ACE2, is the entry receptor for SARS-CoV-2. Overactivation of 
tissue RAS leads several oxidative stress and inflammatory processes involved in aging-related degenerative 
changes. In addition, a third level of RAS, the intracellular or intracrine RAS (iRAS), with still unclear functions, 
has been observed. The possible interaction between the intracellular and extracellular RAS, and particularly the 
possible deleterious or beneficial effects of the iRAS activation are controversial. The dopaminergic system is 
particularly interesting to investigate the RAS as important functional interactions between dopamine and RAS 
have been observed in the brain and several peripheral tissues. Our recent observations in mitochondria and 
nucleus of dopaminergic neurons may clarify the role of the iRAS. This may be important for the developing of 
new therapeutic strategies, since the effects on both extracellular and intracellular RAS must be taken into ac-
count, and perhaps better understanding of COVID-19 cell mechanisms.   

1. Introduction 

The renin-angiotensin system (RAS) was initially described more 
than a century ago by Tigerstedt and Bergman (1898) using extracts of 
rabbit’s kidney. The RAS is one of the oldest hormone systems in 
vertebrate phylogeny, being already observed in vertebrates such as 
lamprey, and it may have played a key role in the process of adaptation 
from aquatic to terrestrial ecosystems (Nishimura, 2017; Wong and 
Takei, 2018). Consistent with this, the RAS was initially considered a 
circulating hormonal system that plays a major role in regulation of 
blood pressure and sodium and water homeostasis. However, local or 
paracrine RAS were later identified in many tissues, including brain 

tissue, and they play a major role in the physiology and pathophysiology 
of those tissues. In peripheral tissues, both the hormonal RAS and tissue 
paracrine RAS may act together. However, several studies suggest that 
the circulating RAS is notably less important than the paracrine RAS for 
the activity of the tissue (Ganong, 1994). Consistent with this, heart 
local or tissue angiotensin may be 75 % of the total heart tissue angio-
tensin (Danser et al., 1994; De Mello and Frohlich, 2014). However, RAS 
components from the circulation can participate in local angiotensin 
synthesis together local synthesis of RAS components that generate 
angiotensin peptides (Danser et al., 1994) 

Angiotensin II (Ang II) is the principal effector peptide of the system 
and is generated by the sequential action of two enzymes, renin and 
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angiotensin converting enzyme (ACE), on the precursor glycoprotein 
angiotensinogen. Ang II acts on two major G-protein coupled receptors 
(GCPR): Ang II type 1 and 2 (AT1 and AT2) receptors. AT2 receptor 
actions are usually opposed to those exerted by AT1 receptors (McCar-
thy et al., 2013). Overactivation of tissue RAS, via AT1 receptors, leads 
to several oxidative stress and inflammatory processes, which appear to 
be involved in aging-related degenerative changes in a number of tissues 
(Benigni et al., 2009; de Cavanagh et al., 2015d). Activation of the 
plasma membrane NADPH-oxidase complex 2 (Nox2), which leads to 
intracellular generation of superoxide and superoxide-derived ROS 
(reactive oxygen species), plays a major role in the pro-oxidative and 
pro-inflammatory effects of AT1 activity (Grammatopoulos et al., 2007; 
Labandeira-Garcia et al., 2013; Rodriguez-Pallares et al., 2008). 

More recently, several new peptides and receptors have been 
involved in the RAS function. Additional angiotensin peptides such as 
Ang (1–7), Ang III and Ang IV induce functional effects. Ang IV acts via a 
transmembrane enzyme, insulin-regulated membrane aminopeptidase 
(IRAP) (Albiston et al., 2001; Chai et al., 2004). Ang (1–7) and ala-
mandine counteract the effects of activation of the pro-oxidative Ang 
II/AT1 axis by acting via G-protein coupled receptor Mas (Kostenis et al., 
2005; Santos et al., 2003, 2018) and the Mas-related GPCR members 
(Mrg) such as MrgD (Hrenak et al., 2016). Alamandine is formed by 
decarboxylation of the Asp residue of angiotensin-(1–7), leading to the 
formation of Ala as the N-terminal amino acid, and can be generated 
both from the “deleterious” Ang A as well as from the “protective” 
angiotensin 1–7 (Hrenak et al., 2016). New receptors for renin and its 
precursor prorenin were also observed, which bind prorenin giving to 
this precursor catalytic properties similar to those of renin. Furthermore, 
prorenin receptors (PRR) trigger their own signaling pathway that leads 
to pro-oxidative effects similar to those induced by activation of AT1 
receptors (Nguyen and Contrepas, 2008). 

Altogether the data suggest the presence in the RAS of two major 
axes: a pro-oxidative and pro-inflammatory arm constituted by the Ang 
II/AT1 axis and a protective antioxidative and antiinflammatory arm 
that includes the Ang II/AT2, Ang (1–7)/Mas, and alamandine/Mas- 
related receptors; the role of other RAS components such as prorenin/ 
PRR, Ang A, Ang III, Ang IV has been more controversial and possibly 
tissue-dependent (see for review Chappell, 2016; Hrenak et al., 2016; Li 
et al., 2017; Paz Ocaranza et al., 2020). In this field, as in most research 
areas, there are controversial results that should be considered with 
caution when analyzing the literature. Most controversies are possibly 
related to methodological differences. A first methodological problem is 
the use of different experimental doses that may lead to different con-
clusions. Concentrations of RAS components vary depending on 
different tissues, cells and subcellular compartments (see Chappell, 
2016 for a detailed review). A second confusing factor may be the use of 
commercial non-selective antibodies, particularly in the case of GPCRs 
(Benicky et al., 2012; Chappell, 2016) without confirmation of the 
specificity of the antibody and/or without a simultaneous confirmation 
of the results with different methodological approaches such as RT-PCR, 
binding experiments or functional assays with receptor agonists and 
antagonists. We normally use several parallel methods, as well as 
confirmation of specificity of antibodies using methods such as western 
blot analysis of lysates from cells transfected with the corresponding 
GPCR tagged to fusion tail DDK (i.e. a C-terminal DDK epitope tag 
DYKDDDDK) or GFP (green fluorescent protein), or preadsortion with 
the corresponding synthetic peptide antigen (Valenzuela et al., 2016) 

In addition to the circulating and the paracrine or tissular RAS, a 
number of recent studies suggest the presence of an intracellular RAS 
that further increases the complexity of the RAS. An intracellular syn-
thesis of Ang II and other RAS components, as well as different RAS 
receptors, were observed in a number of cells including, fibroblasts, 
vascular smooth muscle cells, cardiac cells, kidney cells, and neurons 
(Escobales et al., 2019; Li et al., 2018; Re, 2018; Re and Cook, 2015). 
Renin is classically known as a secretory glycoprotein produced, stored 
and released by the kidney. However, whereas the kidney expresses 

transcripts encoding secretory renin, other tissues and cells additionally 
or exclusively express transcripts encoding cytosolic renin protein that 
cannot be secreted, and can act on intracellular angiotensinogen. 
Several studies have shown that cytosolic renin exerts effects opposite to 
those of circulating renin, as cytosolic renin appears to be cell protective 
(Nakagawa et al., 2020; Wanka et al., 2018, 2020). This is consistent 
with our observations of cell protective effects of the intracellular RAS 
(see below). However, the functional role of the intracellular RAS is still 
unclear and controversial. 

2. The brain RAS. Dopamine and RAS 

In the brain, the actions of RAS were initially related to neurons 
regulating blood pressure and sodium and water homeostasis (Phillips 
and de Oliveira, 2008) as a result of the activity of the circulating RAS 
via the circumventricular organs, because Ang II does not cross the 
blood-brain barrier in normal physiological conditions (Harding et al., 
1988). However, a paracrine and independent brain RAS has now been 
shown. Brain levels of Ang II are higher than circulating levels (Hermann 
et al., 1984), and other RAS components were shown in several brain 
regions. The precursor protein of the brain paracrine system (angio-
tensinogen) is mainly produced by astrocytes (Hermann et al., 1984; 
Milsted et al., 1990; Stornetta et al., 1988), and other cells such as 
neurons may make small contributions (Kumar et al., 1988; Thomas 
et al., 1992). As renin is located at low levels in the brain, some authors 
were unable to detect it, suggesting that brain Ang II may be taken up 
from the blood and questioning a brain RAS independent from the 
circulating RAS (van Thiel et al., 2017v). However, low levels of renin 
were observed in many other studies (Bader and Ganten, 2002; Lavoie 
et al., 2004) and, more importantly, the brain has high levels of prorenin 
and prorenin receptors, and prorenin bound to prorenin receptors pro-
vides catalytic properties similar to those of renin (Nguyen and Con-
trepas, 2008; Valenzuela et al., 2010). This point has been discussed in 
detail by Sigmund et al., 2017. 

Over the last decade, we have shown a local or paracrine RAS in the 
substantia nigra and striatum of rodents and primates (Joglar et al., 
2009; Rodriguez-Pallares et al., 2008; Valenzuela et al., 2010), including 
humans (Garrido-Gil et al., 2017, 2013). In addition to its physiological 
functions, overactivation of the nigrostriatal RAS, via AT1 receptors, 
enhances neuroinflammation, oxidative stress and dopaminergic 
degeneration (Grammatopoulos et al., 2007; Labandeira-Garcia et al., 
2013; Rodriguez-Pallares et al., 2008). Consistent with this, we have 
observed overactivity of the Ang II/AT1 pro-oxidative/proinflammatory 
axis in animal models with increased dopaminergic neuron vulnerability 
such as aged animals and menopausal animals (Rodriguez-Perez et al., 
2012; Villar-Cheda et al., 2012). Modulation of the neuro-
inflammatory/microglial response is a major mechanism by which brain 
RAS is involved in the progression of a number of brain diseases, 
including neurodegenerative diseases, stroke and traumatic brain in-
juries. However, this has already been reviewed in detail in previous 
articles (Hammer et al., 2017; Labandeira-Garcia et al., 2017; Rodri-
guez-Perez et al., 2020; Saavedra, 2012). 

The dopaminergic system is particularly interesting to investigate the 
RAS as important functional interactions between dopamine and RAS 
have been observed in several tissues. In the CNS, dopamine is a 
neurotransmitter that regulates movement and behavior. However, 
dopamine is also involved in cardiovascular, renal, endocrine, gastro-
intestinal and immune functions (Mackie et al., 2018; Missale et al., 
1998; Vidal and Pacheco, 2019). Dopamine D1-like and D2-like receptor 
subtypes are expressed in the brain, but also in peripheral organs such as 
the kidney, heart, blood vessels, adrenal gland, postganglionic sympa-
thetic nerve terminals, gastrointestinal tract and almost all immune cell 
subpopulations (Mackie et al., 2018; Missale et al., 1998; Vidal and 
Pacheco, 2019). In most of these organs, an important functional 
interaction between dopamine and the local RAS has been demon-
strated. This interaction has been particularly investigated in the 
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regulation of kidney sodium excretion and cardiovascular function, 
where dopamine and angiotensin systems directly counterregulate each 
other (Gildea, 2009; Gildea et al., 2019). In addition, dimerization of 
Ang II and dopamine receptors has been observed in renal cells (Durdagi 
et al., 2019). Consistent with this, several studies have shown that 
dysregulation of interactions between DA and RAS, such as changes in 
dopamine and angiotensin receptor expression (Chugh et al., 2012) or 
dopamine or angiotensin levels (Yang et al., 2012), play a major role in 
renal degenerative diseases and hypertension. 

In the brain, Ang II-dopamine interaction was initially suggested by 
microdialysis studies, which observed that acute striatal perfusion of 
Ang II led to striatal dopamine release that was inhibited by AT1 an-
tagonists (Brown et al., 1996; Mendelsohn et al., 1993). More recently, 
Ang II was observed to regulate the axonal synthesis of norepinephrine 
and dopamine by modulating trafficking and expression of tyrosine 
hydroxylase and dopamine β-hydroxylase, two key enzymes for cate-
cholamine biosynthesis (Aschrafi et al., 2019). We have shown coun-
terregulation between dopamine and angiotensin receptors in the 
nigrostriatal system (Villar-Cheda et al., 2014, 2010), and dimerization 
between AT1 and D2 receptors in striatal neurons (Martinez-Pinilla 
et al., 2015). Similar to that observed in the renal and cardiovascular 
systems, we have shown that dysregulation of RAS/dopamine in-
teractions leads to exacerbation of neuroinflammation and dopami-
nergic neuron degeneration (Dominguez-Meijide et al., 2017; 
Villar-Cheda et al., 2014). 

3. The intracellular RAS 

In the circulating/hormonal RAS and the paracrine/tissue RAS, 
functional effects are induced by angiotensin-related peptides that act 
on different angiotensin receptor types located on the cell membrane, 
which leads to intracellular changes. However, in a variety of cells such 
as cardiomyocytes, kidney cells, fibroblasts, vascular smooth muscle, 
and neurons, among others, a number of studies have shown the pres-
ence of different RAS components at intracellular organelles such as 
nucleus, mitochondria, endoplasmic reticulum and others. In addition, 
introduction of angiotensin at an intracellular level using intracellular 
injections or viral vectors to produce intracellular Ang II led to a series of 
functional effects, including changes in gene expression, independent of 
those derived from activation of plasma membrane receptors (Baker 
et al., 2004; Deliu and Tica, 2011). On this basis, the existence of a third 
level of RAS (i.e. the intracellular or intracrine RAS; iRAS) has been 
suggested (Abadir et al., 2011; Alzayadneh and Chappell, 2015; Cook 
et al., 2001; da Silva Novaes et al., 2018d; Eggena et al., 1993; Gwath-
mey et al., 2012; Kumar et al., 2012a; Re and Cook, 2010). In addition, 
several effects of the intracellular RAS have been shown to be inde-
pendent of administration of extracellular angiotensin receptor antag-
onists, further confirming that changes induced by intracellular 
angiotensin are independent of plasma membrane receptors (De Mello 
and Monterrubio, 2004; Tadevosyan et al., 2017). This is consistent with 
recent studies showing the important role of other intracellular GPCRs, 
such as the purine receptors, 5-hydroxytrptamine (5-HT4) receptors, 
melatonin MT1 receptors or cannabinoid CB1 receptors, in cell function 
(see for review Jong et al., 2018). 

Several studies have shown that the iRAS is involved in important 
cellular processes including ion-channel activity, regulation of Ca2+

homeostasis, or secretion of extracellular matrix components (Deliu 
et al., 2014; Jong et al., 2018; Kamal et al., 2017; Zhuo et al., 2006). In 
addition to the effects of iRAS in mitochondria and nucleus (see below), 
AT1 and AT2 receptors have been observed in the endoplasmic reticu-
lum (ER). ER expresses different proteins regulating Ca2+ storage, and 
Ang II may stimulate the sarco(endo)plasmic reticulum calcium ATPase 
(SERCA) activity, which plays a major role in Ca2+ mobilization (Ferrao 
et al., 2017, 2012). However, the possible interaction between the 
intracellular and extracellular RAS, and particularly the possible dele-
terious or beneficial effects of iRAS activation have been particularly 

controversial (Baker et al., 2004; Cook et al., 2001; Re, 2018; Tade-
vosyan et al., 2017). This is of crucial importance for the design of new 
therapies based on manipulation of RAS components for major cardio-
vascular, renal and possibly brain diseases. A number of studies in pe-
ripheral cells such as cardiomyocytes, fibroblasts and kidney cells have 
shown that high levels of intracellular Ang II, such as those induced by 
diabetic hyperglycemia, lead to oxidative stress and cell and tissue 
damage (Kumar et al., 2012b; Redding et al., 2010; Singh et al., 2008). 
Consistent with this, it has usually been assumed that the iRAS may be 
amplifying the effects of the pro-oxidative Ang II/AT1 axis of the 
extracellular RAS, and that inhibition of the intracellular RAS may 
induce clinical benefits against RAS-induced pro-oxidative 
pro-inflammatory effects (Carey, 2012; Cook and Re, 2012). However, 
the results of our recent studies on effects of iRAS on brain mitochondria 
and nuclei from dopaminergic neurons (Costa-Besada et al., 2018; 
Valenzuela et al., 2016; Villar-Cheda et al., 2017), show that this issue 
may be more complicated. The intracellular RAS may be physiologically 
buffering the pro-oxidative effects of the AngII/AT1/NADPH-oxidase 
activation. However, the buffering capacity of the iRAS may be over-
whelmed by an excess of the Ang II/AT1 activity and/or an excess of 
intracellular Ang II related to excessive internalization of the Ang II/AT1 
complex. Differences in distribution or balance between intracellular 
receptor types in different cell types or circumstances such as aging or 
pathology may modify the effects of iRAS activity. Consistent with this, 
an increase in mitochondrial AT1/AT2 ratio was observed in renal cells 
in diabetic nephropathy, and rats overexpressing mitochondrial AT2 
receptors showed a decrease in diabetes-induced kidney alterations 
(Friederich-Persson and Persson, 2020; Micakovic et al., 2018). Our 
recent observations on the effects of iRAS on mitochondria and nucleus 
of dopaminergic neurons appear particularly interesting to clarify this 
issue. 

4. The mitochondrial RAS 

4.1. The presence of RAS components in the mitochondria 

The possible presence of a mitochondrial RAS was suggested after 
observing different RAS components such as renin, ACE, and Ang II in 
cells from adrenal gland, kidney or cerebellar cortex, particularly using 
electron microscopy or uptake of labelled Ang II studies (Erdmann et al., 
1996; Peters et al., 1996; van Kats et al., 2001). More recently the 
presence of a number of RAS components such as Ang I, Ang II, and Ang 
1–7 was confirmed in mitochondria isolated from kidney cortex (Wilson 
et al., 2016, 2017). Mitochondrial angiotensins may be imported from 
the cytoplasm. It is known that the mitochondrial outer membrane 
contains a multisubunit complex responsible for the recognition and 
translocation of proteins within mitochondria (Model et al., 2002). 
However, the possible uptake of different RAS components has not been 
at present clarified. Interestingly, it has been shown that mitochondrial 
angiotensinogen can be imported from the cytoplasm in kidney cells 
(Wilson et al., 2017).Cytosolic renin has also been localized within 
mitochondria (Clausmeyer et al., 1999; Wanka et al., 2018, 2020). 
Altogether suggests that angiotensins, including Ang 1–7 may also be 
produced within the mitochondria. Consistent with this we have 
observed high levels of ACE2 in the mitochondria, which may mediate 
degradation of mitochondrial Ang II and generation of protective Ang 
1–7 (see below). 

AT1 and AT2 receptors were observed in mitochondria of several 
types of cells (Abadir et al., 2011, 2012), and the presence of G-proteins 
in the mitochondria has been also shown (Lyssand and Bajjalieh, 2007; 
Suofu et al., 2017). As current data indicate that these receptors are not 
encoded by mitochondrial DNA (Calvo et al., 2016), it appears that they 
reach the mitochondria after a translocation process. In the cytoplasm, 
AT1 receptors are available both from internalization of the Ang II/AT1 
complex or de novo synthesized AT1 receptors (Hunyady, 1999; Thek-
kumkara and Linas, 2002). It is usually considered that AT2 receptors 
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are not internalized after binding Ang II and the cytoplasmatic pool is 
derived from de novo synthesized AT2 receptors (Gwathmey et al., 2011; 
Tadevosyan et al., 2010). Posttranscriptional changes including incor-
poration of signal peptides or glycosylations may lead to trafficking of 
AT1 and AT2 receptors to different cell organelles including mitochon-
dria (Helenius and Aebi, 2004; Singh et al., 2008). It has also been 
suggested the possibility that extracellular Ang II induces hetero-
dimerization of AT1 and AT2 receptors so that AT2 receptors may be 
internalized as heterodimers (Ferrao et al., 2012, 2017). 

4.2. Functional effects of the mitochondrial angiotensin receptors 

We have shown the location of AT1, AT2 and Mas receptors in 
mitochondria of cultured dopaminergic neurons and mitochondria of 
neurons of the rodent substantia nigra, as well as mitochondria isolated 
from these sources (Costa-Besada et al., 2018; Garrido-Gil et al., 2017; 
Valenzuela et al., 2016). In addition, we performed functional studies to 
clarify the possible role of angiotensin mitochondrial receptors, 
including functional studies in isolated mitochondria to prevent possible 
effects derived from non-mitochondrial angiotensin receptors, and 
particularly from plasma membrane receptors. We observed that AT2 
receptors were located at the cell membrane level, but were particularly 
abundant at mitochondrial level, while AT1 receptors were more 
abundant at the cell membrane and nucleus but less abundant than AT2 
in the mitochondria, where Mas receptors were also identified (Cos-
ta-Besada et al., 2018; Valenzuela et al., 2016; Villar-Cheda et al., 2017). 
In isolated mitochondria from dopaminergic neurons, we showed that 
AT1 and AT2 receptors play a role in the control of the respiratory 
function. As previously observed for plasma membrane AT1 and AT2 
receptor function (McCarthy et al., 2013; Rodriguez-Perez et al., 2020), 
mitochondrial AT1 and AT2 receptors induce opposite effects on mito-
chondrial respiratory rates. AT2 receptors, which are normally much 

more abundant than AT1 in mitochondria, induce a moderate but sig-
nificant decrease in respiration. However, AT1 activation increases 
mitochondrial respiration (Abadir et al., 2011; Valenzuela et al., 2016). 
Consistent with this, mitochondria isolated from mice deficient in AT2 
or AT1 receptors showed an increase or decrease in respiratory rates, 
respectively (Valenzuela et al., 2016). In isolated mitochondria, we 
observed that AT2 receptor activation promotes nitric oxide synthase 
(NOS) activation leading to an increase in mitochondrial nitric oxide 
(NO) levels, which modulate mitochondrial respiration without signifi-
cant changes in mitochondrial membrane potential, meaning that the 
bioenergetic properties of the mitochondria are not altered. Mitochon-
drial AT1 activation led to superoxide production, via mitochondrial 
Nox4, and increased mitochondrial respiration (Valenzuela et al., 2016) 
(Fig. 1). 

In dopaminergic cells, Ang 1–7 was abundantly located at mito-
chondrial level. Ang 1–7 (see below), increased mitochondrial level of 
nitric oxide and inhibited the Ang II-induced increase in levels of su-
peroxide and changes in mitochondrial respiration (Costa-Besada et al., 
2018). This is consistent with previous studies showing that the 
pro-oxidative proinflammatory effects of the Ang II/AT1/Nox2/super-
oxide axis are counteracted by the Ang 1–7/MasR and the Ang II/AT2 
and protective axes (Paz Ocaranza et al., 2020; Santos et al., 2018). Our 
observations in dopaminergic cells suggest the mitochondria as a major 
site for modulation of ROS levels by the Ang II/AT2 and Ang 1–7 pro-
tective axes. 

Our data in dopaminergic neurons suggest that mitochondrial 
angiotensin receptors may buffer the effects of other factors affecting 
mitochondrial respiration. We observed that an increase in neuronal 
oxidative stress induced by administration of very low doses of the 
dopaminergic neurotoxin MPP+ induces an increase in the levels of 
mitochondrial AT2 receptors. On the contrary, treatment of neurons 
with antioxidants such as N-acetyl cysteine (NAC) led to an increase in 

Fig. 1. Modulation of oxidative phosphoryla-
tion by mitochondrial angiotensin receptors. 
Mitochondrial AT1 receptors, via Nox4, induce 
superoxide production and increase respiration. 
AT2 receptors are more numerous than AT1 in 
mitochondria. AT2 and Mas receptors induce, 
via nitric oxide, a reduction in mitochondrial 
respiration and regulate oxidative phosphory-
lation without significant change in mitochon-
drial membrane potential, which suggests that 
mitochondrial bioenergetic properties are not 
altered. Treatment of cells with oxidative stress 
(OS) inducers leads to a compensatory increase 
in levels of mitochondrial AT2 receptors, while 
treatment of cells with antioxidants increases 
AT1 receptor levels. Mitochondrial AT2 and 
Mas receptors may modulate respiration and 
offset the effects of low levels of OS during the 
normal cell functioning. Aging leads to a 
decrease in AT2 and Mas receptors and an in-
crease in AT1 mitochondrial receptors, which 
may contribute to mitochondrial dysfunction 
and cell death. Images were produced using 
Servier Medical Art (http://www.servier.com).   
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the levels of mitochondrial AT1 receptors. An increase in cell oxidative 
stress may also be the result of activation of the plasma membrane AT1 
receptors by the paracrine Ang II, which induces activation of the 
plasma membrane NADPH-oxidase complex (Nox2), the second major 
intracellular source of superoxide after the mitochondria (Babior, 2004). 
In different cell types, a ROS-mediated interaction (i.e. cross-talk 
signaling) between the plasma membrane Nox2 and mitochondria was 
observed, and ROS derived from the Nox2-released superoxide leads to 
opening of mitochondrial ATP-sensitive potassium channels (mito-
KATP), which enhances generation of mitochondrial ROS (Daiber, 2010; 
Ou et al., 2016; Wosniak et al., 2009; Zhang and Gutterman, 2007). We 
have confirmed this in cultures of dopaminergic neurons, and that 
blockers of mitoKATP channels inhibit the Ang II-induced increase in 
superoxide production in dopaminergic neurons (Rodriguez-Pallares 
et al., 2009, 2012). Enhanced ROS production may lead to mitochon-
drial DNA damage and oxidation of mitochondrial proteins, leading to 
mitochondrial dysfunction. Increased ROS production also affects 
cytoplasm and leads to cell dysfunction. It is known that intracellular 
superoxide is primarily produced by the oxidation of NADPH by 
NAPH-oxidases or by electron leak from aerobic respiration in mito-
chondria. Superoxide is rapidly converted into hydrogen peroxide 
(H2O2) by compartment-specific superoxide dismutases (SODs). H2O2 is 
capable of oxidizing cysteine residues on proteins to initiate redox 
processes. Alternatively, H2O2 may be converted to H2O by cellular 
antioxidant proteins. When cell antioxidant mechanisms are insufficient 
and H2O2 levels increase uncontrollably, hydroxyl radicals (OH⋅) are 
produced via reactions with metal cations (Fe2+), and irreversibly 
damage cellular macromolecules (see for review Schieber and Chandel, 
2014). As indicated above, oxidative stress induced by activation of the 
cell membrane AT1/NADPH-oxidase axis by paracrine Ang II or other 
sources of ROS acting on mitochondria may be counteracted by mito-
chondrial RAS antioxidative components such as AT2 receptors and Ang 
1–7 receptors, possibly within moderate or physiological levels of 
oxidative stress. 

4.3. Mitochondrial RAS in aging and disease 

It is possible that the buffering capacity of the mitochondrial Ang II 
AT2 and Ang 1–7 receptors change in different types of cells or different 
conditions. Interestingly, it was found that aging affects mitochondrial 
AT1/AT2 receptor ratio and the above-mentioned mitochondrial re-
ceptor response to cell oxidative stress (Abadir et al., 2011; Valenzuela 
et al., 2016). Overactivation of the plasma membrane Ang 
II/AT1/NADPH-oxidase axis and an increase in levels of oxidative stress 
were observed in dopaminergic neurons from aged animals (Villar-Ch-
eda et al., 2014, 2012). Mitochondria isolated from aged rats showed an 
increase in mitochondrial AT1 receptor levels and a decrease in mito-
chondrial AT2 and Ang 1–7/Mas protective axis relative to young rats 
(Costa-Besada et al., 2018; Valenzuela et al., 2016). This may contribute 
to the mitochondrial dysfunction observed during normal aging and lead 
to higher vulnerability of aged dopaminergic neurons and aging-related 
neurodegenerative disorders such as Parkinson’s disease (Hauser and 
Hastings, 2013; Rodriguez et al., 2015). Similar changes may occur 
under disease conditions. A recent study in kidney cortex mitochondria 
has found that Ang II, via mitochondrial AT1 receptors, increased 
mitochondria leak respiration in diabetic animals, and AT2 mitochon-
drial activation decreased mitochondrial respiration (Friederich-Persson 
and Persson, 2020). 

4.4. Possible role of mitochondrial ACE2 in the cellular effects of SARS- 
CoV-2 and COVID-19 disease 

As indicated above, ACE2 is a key component of the anti- 
inflammatory antioxidative RAS axis because it mediates degradation 
of deleterious Ang II and generation of protective Ang 1–7. However, 
ACE2 is also the entry receptor for SARS-CoV viruses to invade cells 

(Kuba et al., 2005; Yan et al., 2020). These two opposite effects have led 
to consider ACE2 as a double-edged sword for COVID-19 disease. 
Several organs are affected by the virus, being lung lesions particularly 
dangerous. The CNS is also affected (Baig et al., 2020; Saavedra, 2020), 
and about 36 % of COVID-19 patients (45 % of severe cases) showed 
neurological manifestations (Mao et al., 2020). It is normally considered 
that the virus-induced decrease in tissue ACE2 and the subsequent 
dysregulation tissue RAS function towards the Ang II/AT1 proin-
flammatory and prooxidative axis plays a major role in the inflammatory 
processes observed in COVID-19 disease in the different organs. How-
ever, the exact mechanisms connecting virus-related ACE2 down-
regulation with the cellular pro-oxidative and pro-inflammatory 
responses are unclear. It is usually assumed that the effects of the 
ACE2-derived Ang 1–7 on cell membrane Mas receptors are responsible 
for the intracellular beneficial antioxidative effects, which would be 
downregulated by the effects of the virus on cell membrane ACE2. 

In isolated mitochondria from rat brain (Costa-Besada et al., 2018), 
which was recently confirmed in mitochondria isolated from the brain of 
non-human primates (unpublished), we observed that both ACE2 and 
Ang 1–7 are much highly concentrated in the mitochondrial fraction 
than in the whole cell homogenate, and that levels of Ang 1–7 in the 
mitochondrial fraction are around 3 times higher than those of Ang II. 
This suggests an important role for mitochondrial ACE2 and its product 
Ang 1–7 in the mitochondrial function. Several previous studies have 
shown that viruses, including SARS-CoV viruses, modulate cell function 
by modifying mitochondrial processes (Boya et al., 2004; Yuan et al., 
2006), and dysregulation of the mitochondrial ACE2/Ang 1–7 axis as a 
result of the effects of SARS-CoV-2 internalization and replication may 
play a major role in cell changes in COVID-19 disease. Several proteins 
generated from the SARS-CoV viral genome have mitochondrial tar-
geting sequence (Singh et al., 2020; Yuan et al., 2006). Coronavirus 
spike proteins contain endoplasmic reticulum retrieval signals that can 
retrieve spike proteins to the endoplasmic reticulum (Lontok et al., 
2004; Sadasivan et al., 2017). Although direct interaction between viral 
spike protein and mitochondria has not been demonstrated at the pre-
sent time, the interaction with mitochondrial ACE2 may be via MAMs 
(mitochondrial associated membrane compartment) (Williamson and 
Colberg-Poley, 2009), or mechanisms that remain to be clarified. 

5. The nuclear RAS 

5.1. The presence of RAS components in the nucleus 

Angiotensin receptors have been observed in nuclei from different 
types of renal and cardiovascular cells (Alzayadneh and Chappell, 2015; 
Eggena et al., 1993; Gwathmey et al., 2012; Tadevosyan et al., 2017). 
Ang II binding sites on chromatin have also been suggested (Re et al., 
1984), although the nature of chromatin binding is unclear. The 
mechanisms of transportation of the receptors to the nucleus have not 
been totally clarified. Several studies have shown the translocation of 
AT1 receptors from the cell membrane to the nucleus after binding Ang 
II (i.e. internalization of the Ang II-AT1 receptor complex via 
receptor-mediated endocytosis), although de novo synthesized AT1 re-
ceptors may be also incorporated to the nuclear membranes (Bkaily 
et al., 2003; Cook et al., 2006; Hunyady, 1999; Thekkumkara and Linas, 
2002; Villar-Cheda et al., 2017). Transportation of AT2 receptors to the 
nucleus is more controversial because they do not have common nuclear 
transportation domains (i.e. AT2 lack a canonical nuclear localization 
sequence as AT1 receptors do) (da Silva Novaes et al., 2018d; Zhou et al., 
2014). Translocation of AT2 receptors from the cell membrane to the 
nucleus after binding Ang II has not been observed (Gwathmey et al., 
2012; Tadevosyan et al., 2017). It has been suggested that AT2 receptors 
may be transported to the nucleus by active transport using an impor-
tin/exportin system (Matsushima-Otsuka et al., 2018). A recent in vitro 
study of brain stem neurons has shown that after Ang 1–7 stimulation 
Mas receptors are internalized through clathrin-coated pits and caveolae 
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into early endosomes and slowly recycled back to the plasma membrane, 
and that that in neurons from spontaneously hypertensive rats (SHRs) 
Ang 1–7 induced Mas receptor translocation to the nucleus together with 
its ligand Ang 1–7 (Cerniello et al., 2019). 

We have shown nuclear location of Ang II, Ang 1–7, AT1, AT2, MAS 
receptors and translocation of AT1/Ang II to the nucleus of dopami-
nergic neurons (Costa-Besada et al., 2018; Villar-Cheda et al., 2017). The 
function of nuclear angiotensin receptors has not been clarified. Several 
studies have suggested that the iRAS may lead to amplification of the 
effects of the paracrine RAS that acts on the plasma membrane receptors 
(Carey, 2012; Cook and Re, 2012). However, our recent studies on the 
iRAS of dopaminergic neurons suggest that, at least in physiological 

conditions, the nuclear RAS is a cell protective system that may 
contribute to counteract collateral deleterious effects of activation of the 
plasma membrane Ang II/AT1 pro-oxidative axis during the normal cell 
function. It is known that extracellular Ang II activates the AT1/Nox2 
axis leading to the increase in levels of intracellular superoxide. How-
ever, a simultaneous translocation of the Ang II/AT1 complex to the 
nucleus activates a number of protective mechanisms against oxidative 
stress as detailed below (Fig. 2). 

A number of recent data support this protective view (Nunez et al., 
2014, 2017, 2018; Wanka et al., 2020; Wilson et al., 2016). Several 
studies have also shown that high levels of intracellular Ang II led to cell 
and tissue damage (Redding et al., 2010; Singh et al., 2008). Under 

Fig. 2. Modulation by nuclear angiotensin receptors of the pro-oxidative effects of activation of the plasma membrane AT1-Nox2 axis . Activation of surface AT1 
leads to generation of intracellular superoxide/H2O2 and oxidative stress (red arrows). However, activation of AT1 also induces internalization of the Ang II-AT1 
receptor complex to the nucleus (red arrows). Nuclear AT1 receptor activation leads to an increase in NOX4/superoxide/H2O2 and IP3/Ca2+ levels that, via 
regulation of gene expression, trigger several mechanisms that may protect cells against oxidative stress (green arrows): (i) an increase in the levels of protective AT2 
receptors that traffic to mitochondria and cell membrane leading to a compensatory upregulation of the RAS protective arm (i.e. AII/AT2); (ii) an increase in the 
synthesis of intracellular angiotensinogen/AngII to act on intracellular AT2 receptors and, via Ang 1-7, intracellular Mas receptors; (iii) upregulation of mRNA 
expression for PGC-1α and IGF-1, which, possibly interacting with SIRT1, enhance mitochondrial protection and reduce oxidative damage. Nuclear AT2 and Mas 
receptors modulate the effects of nuclear AT1 receptors by increasing nuclear levels of NO (blue arrows). Abbreviations: ANG, angiotensinogen; Ang II, angiotensin II; 
Ang 1-7, angiotensin 1-7; AT1, angiotensin type 1; AT2, angiotensin type 2; IGF-1, insulin-like growth factor 1; IP3R, inositol 1,4,5-trisphosphate receptor; MAS, Mas 
receptors; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PRR, prorenin/renin receptors; ROS, reactive oxygen species; SIRT1, 
sirtuin 1. Images were produced using Servier Medical Art (http://www.servier.com). 
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pathological conditions, an excess of Ang II/AT1 stimulation at the cell 
membrane level, leading to excessive Nox-derived superoxide and 
intracellular AT1 and Ang II levels, may overwhelm the below described 
iRAS buffer capacity and eventually amplify the cell damage. Interest-
ingly, this may also be the case of aged brains, where we observed that 
the iRAS protective responses were altered (see below). However, 
physiological intracellular levels of angiotensins are more difficult to 
estimate than tissue or circulating levels, as they have been usually 
estimated in cultured cells, which are affected by the culture conditions 
and the absence of the regulatory effect of the extracellular RAS and 
other possible physiological regulatory factors. The levels of intracel-
lular angiotensins varied depending on different cell types and experi-
mental conditions. However, they were around of 150–200 fmol/mg 
protein for Ang II and 250–400 fmol/mg protein for Ang 1–7, which may 
increase and decrease 3–5 times, respectively, under pathological con-
ditions such as high glucose conditions (Alzayadneh and Chappell, 
2014; Lavrentyev et al., 2007; see Chappell, 2016 for a detailed review) 

5.2. Activation of nuclear RAS components after nuclear translocation of 
the Ang II/AT1 complex 

In isolated nuclei from dopaminergic neurons, activation of nuclear 
AT1 receptors by Ang II induced an increase in the expression of AT2 
receptor mRNA. The increase in traffic of AT2 receptors to different cell 
structures may counteract the effects of cell membrane AT1 activation. 
In different types of cells, plasma membrane AT2 receptors have been 
shown to counteract the effects of AT1 activation (Padia and Carey, 
2013; Rodriguez-Perez et al., 2020; Wang et al., 2012). The responsible 
mechanisms include production of nitric oxide that modulates 
Nox2-derived free radical availability (Wang et al., 2012), the down-
regulation of AT1 mRNA expression (Padia and Carey, 2013; Rodri-
guez-Perez et al., 2020; Steckelings et al., 2005) or by forming AT2-AT1 
heteromers at the plasma membrane level (AbdAlla et al., 2001; Patel 
and Hussain, 2018). In addition, AT2 receptors may be transported to 
the mitochondria, where, via NO generation, downregulate mitochon-
drial respiration and cell oxidative stress (Valenzuela et al., 2016) (see 
above). 

Interestingly, activation of nuclear AT1 receptors in isolated nuclei 
also increased the expression of mRNA for angiotensinogen, renin and 
renin-prorenin receptors. This suggests a parallel increase of iRAS 
components, particularly intracellular Ang II and Ang 1–7, that may act 
on upregulated anti-oxidative AT2 and Mas receptors. However, it is 
possible that excessive production of intracellular and/or internalized 
Ang II or changes in the rate of intracellular AT1 receptors as observed in 
aging or disease may result, directly or interacting with other factors, in 
deleterious effects. 

In isolated neuronal nuclei, activation of AT2 receptors with AT2 
agonists, or activation of Mas receptors with Ang 1–7, leads to an in-
crease nuclear NO levels, which counteracts the effect of nuclear AT1 
stimulation. Similar results were observed using isolated nuclei from 
AT2 and AT1 KO mice (Costa-Besada et al., 2018; Villar-Cheda et al., 
2017), and suggest that nuclear Mas and AT2 receptors may regulate the 
protective response induced by activation of nuclear AT1 receptors, in 
order to preserve an adequate equilibrium between the cell deleterious 
and protective RAS arms. In addition, treatment of isolated nuclei with 
Ang 1–7 significantly decreased the expression of AT2 mRNA and did 
not lead to changes in the expression of Mas and AT1 receptor mRNA. 
This suggests a compensatory regulation between nuclear AT2 and Mas 
receptor effects. 

5.3. Other possible protective mechanisms induced by nuclear Ang II/AT1 
activation 

Activation of AT1 receptors in isolated dopaminergic neuronal nuclei 
led to an increase in mRNA expression for PGC-1α (peroxisome 
proliferator-activated receptor γ co-activator 1 α). The PGC-1 family 

members are master transcriptional regulators of the mitochondrial 
function and trigger several mechanisms against mitochondrial 
dysfunction to promote cell survival (Finley and Haigis, 2009; Scarpulla, 
2008). Consistent with this and our observations in isolated dopami-
nergic neuron nuclei, conditional PGC-1α KO mice showed significant 
loss of dopaminergic neurons (Ciron et al., 2015; Jiang et al., 2016), 
while overexpression of PGC-1α was protective for dopaminergic neu-
rons (Borniquel et al., 2006; Mudo et al., 2012). Therefore, the increase 
in the expression of PGC-1α, induced by activation of nuclear AT1 re-
ceptors, may also compensate the pro-oxidative effects of activation of 
the plasma membrane AT1 receptors. 

In the substantia nigra, a series of previous studies have shown that 
Ang II modulates other compounds that regulate mitochondrial func-
tion, such as IGF-1 (insulin-like growth factor 1) or SIRT1 (sirtuin 1) 
(Diaz-Ruiz et al., 2015; Rodriguez-Perez et al., 2016). IGF-1 has been 
found to increase survival of dopaminergic neurons (Kao, 2009; Offen 
et al., 2001), which has been associated to protective effects on mito-
chondrial function leading to a decrease in free radical production, 
oxidative damage and apoptosis (Puche et al., 2008; Sadaba et al., 2016; 
Tang, 2016). SIRT1 increases cell resistance to oxidative stress by 
deacetylation of several proteins involved in cell survival, metabolism 
and stress response (Tanno et al., 2010; Yuan et al., 2016). In fact, IGF-1 
increases the expression of SIRT1 to inhibit oxidative stress-induced cell 
death (Vinciguerra et al., 2009), and it has been shown that SIRT1 
controls mitochondrial function at least in part by modulating PGC-1α 
activity (Finley and Haigis, 2009; Tang, 2016; Yuan et al., 2016). On this 
basis, we investigated possible effects of activation of nuclear AT1 re-
ceptors on these compounds. In neuronal isolated nuclei, activation of 
AT1 receptors increased the expression of IGF-1 mRNA and PGC-1α 
mRNA. However, activation of AT1 receptors did not produce any sig-
nificant increase in SIRT1 mRNA in isolated nuclei from dopaminergic 
neurons (Villar-Cheda et al., 2017). As we observed an increase in 
expression of SIRT1 induced by activation of plasma membrane AT1 
receptors in cultures of dopaminergic neurons (Diaz-Ruiz et al., 2015), 
components located in the cytoplasm are probably necessary. The 
observed increase in expression of IGF-1 may be one of these compo-
nents, since IGF-1 increased SIRT1 expression in other cell types (Vin-
ciguerra et al., 2009). Consistent with this, we observed that nuclei 
isolated from the brain of transgenic mice overexpressing SIRT1 showed 
a decrease in expression of nuclear AT1 receptors, which supports a 
possible feedback regulation of the above-mentioned mechanism (i.e. 
indirect upregulation of SIRT1 by activation of nuclear AT1 receptors). 
This is also supported by observations in muscle cells showing that 
overexpression of SIRT1 downregulates PGC-1α (Gurd et al., 2009). In 
conclusion, activation of nuclear AT1 receptors by intracellular Ang II or 
nuclear translocation of the plasma membrane Ang II/AT1 complex may 
trigger a compensatory mechanism by increasing IGF-1, PGC-1α and 
SIRT1 levels. 

5.4. Nuclear AT1 receptor activation induces an increase in nuclear Ca2+

and superoxide/H2O2 levels 

Nuclear Ca2+ signaling is an important regulator of gene transcrip-
tion (Bezin et al., 2008), and IP3 receptors have been shown to be 
involved in Ca2+ signaling (Kusnier et al., 2006). Calcium directly binds 
transcription factors such as DREAM (Carrion et al., 1999) and activates 
the nuclear CaM kinase pathways that modulate gene expression. 
(Chawla, 2002). We have observed that activation of nuclear AT1 re-
ceptors increases nuclear Ca2+ levels, and that inhibition of IP3 re-
ceptors inhibits the above-mentioned Ang II-induced increase in AT2 
and PGC-1α mRNAs, which indicates that Ca2+ signaling is responsible 
for the above described transcriptional changes (Villar-Cheda et al., 
2017). 

Activation of nuclear AT1 receptors also induces an increase in nu-
clear superoxide/H2O2 levels via Nox4 activation (Pendergrass et al., 
2009; Villar-Cheda et al., 2017). This may have been responsible of the 
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above mentioned protective mechanisms, as Nox4 can regulate gene 
expression in a manner dependent on regulatory DNA sequence 
Maf-recognition element (MARE), constituting part of the antioxidant 
response (Hoshino et al., 2000). However, treatment of isolated nuclei 
with Ang II and the antioxidant NAC or the Nox inhibitor DPI, did not 
block the Ang II-induced AT2 or PGC-1α mRNA expression. Superoxide 
derived from nuclear AT1/Nox4 activation may be responsible for the 
transcription of other components of the antioxidant response. Low 
levels of superoxide/H2O2 derived from nuclear AT1 activation may 
lead to beneficial hormetic adaptations to oxidative stress, similar to 
those described at mitochondrial level (Yun and Finkel, 2014). How-
ever, an excessive production of superoxide may lead to oxidative 
damage of nuclear components and cell and tissue damage, as reported 
in studies that used high levels of intracellular Ang II (Kumar et al., 
2012a; Micakovic et al., 2018; Singh et al., 2008) (Fig. 3). 

5.5. Nuclear RAS in aging and disease 

Aging is a major factor involved in degenerative changes in periph-
eral tissues such as cardiovascular and renal tissues, and the main risk 
factor for neurodegenerative diseases such as Alzheimer’s disease and 

PD. In several peripheral tissues, overactivity of the Ang II/AT1/Nox2 
pro-oxidative proinflammatory axis has been associated to aging 
(Benigni et al., 2009, 2013; Elkahloun and Saavedra, 2019). In tissue 
homogenates from the nigral region of aged rats and mice, we also 
observed overactivity of the Ang II/AT1/Nox2 axis and a marked 
decrease in the expression of AT2 receptors (Rodriguez-Pallares et al., 
2012; Villar-Cheda et al., 2014, 2012), together with an increase in 
markers of oxidative stress and neuroinflammation. The Ang 1–7/Mas 
receptor axis is also downregulated in the aged nigra (Costa-Besada 
et al., 2018). As commented above, isolated mitochondria from aged rats 
also showed an increase in AT1 and a decrease in AT2 receptors, which 
may affect mitochondrial protection against oxidative stress. Interest-
ingly, aged rats also showed a decrease in the levels of IGF-1 and SIRT1 
in the nigral region (Diaz-Ruiz et al., 2015; Rodriguez-Perez et al., 
2016). 

In isolated nuclei from aged rats we observed a significant decrease 
in both nuclear AT1 and AT2 receptor levels (Villar-Cheda et al., 2017). 
In contrast with that observed in the case of nuclei isolated from young 
rats, nuclei from aged animals treated with similar doses of Ang II did 
not produce a significant increase in the expression of AT2, angio-
tensinogen, IGF-1 or PGC-1α mRNA. The lack of a significant nuclear 

Fig. 3. Physiologic compensatory mechanisms may be overwhelmed. Intracellular RAS may buffer the pro-oxidative effects of activation of plasma membrane AT1 
receptors by extracellular Ang II. Internalization of the Ang II-AT1 complex to the nucleus, and activation of nuclear AT1 receptors by intracellular Ang II triggers a 
number of mechanisms that may protect cells against oxidative stress during the normal cell function (see Figs. 1 and 2). However, excessive Ang II /AT1 activation 
or an increase in the AT1/AT2 ratio, as a result of disease-related mechanisms or aging, may overwhelm the compensatory mechanisms, leading to cell damage and 
progression of disease. Abbreviations: Ang II, angiotensin II; Ang 1-7, angiotensin 1-7; AT1, angiotensin type 1; AT2, angiotensin type 2; MAS, Mas receptors; ROS, 
reactive oxygen species. Images were produced using Servier Medical Art (http://www.servier.com). 

J.L. Labandeira-Garcia et al.                                                                                                                                                                                                                 



Progress in Neurobiology 199 (2021) 101919

9

compensatory response to the increase in intracellular levels of Ang II 
may explain the decrease in AT2, IGF-1 and SIRT1 expression observed 
in the nigra of aged animals (Diaz-Ruiz et al., 2015; Rodriguez-Perez 
et al., 2016; Villar-Cheda et al., 2014, 2012), and the increase in cell 
vulnerability to the increase in paracrine Ang II/AT1 levels that takes 
place in aged animals. 

As indicated above, different components of the intracellular RAS 
may be deregulated under pathological conditions such as an excess of 
cell oxidative stress or high glucose conditions (Kumar et al., 2012b; 
Micakovic et al., 2018; Singh et al., 2008; Valenzuela et al., 2016; Vil-
lar-Cheda et al., 2017). 

6. Additional intracellular mechanisms counteract the pro- 
oxidative effects of the paracrine Ang II/AT1 axis 

In addition to the above-mentioned mechanisms, other cell protec-
tive mechanisms compensate the possible deleterious effects of the 
activation of the pro-oxidative Ang II/ AT1 arm. In dopaminergic neu-
rons, we have recently observed that Ang II, alone or combined with 
other pro-oxidative factors, activates the transcription factor NRF2 (i.e., 
NFE2L2, nuclear factor- erythroid 2 related factor 2) pathway (Parga 
et al., 2018). NRF2 is a key regulator of cell antioxidant mechanisms and 
redox homeostasis. NRF2 and other transcription factors promote phase 
II antioxidant enzymes after binding to the promoter regions of the 
antioxidant response elements (AREs) (Zhang et al., 2013). Consistent 
with this, activation of the NRF2 pathway has shown neuroprotective 
properties in dopaminergic neurons by regulation of the expression of 
antioxidant enzymes and other transcription factors, such as KLF9, 
which reduce oxidative stress both in vitro and in vivo. The release of 
superoxide from the AT1/Nox2 pathway induces NRF2 activation 
(Parga et al., 2018). However, AT1 receptor activation may promote 
NRF2 pathway via alternative mechanisms such as ERK1/2 (Huang 
et al., 1996) and PKC (Huang et al., 2000), as phosphorylation of NRF2 
by these kinases promote the dissociation from the inhibitor KEAP1 and 
nuclear localization of NRF2 (Xu et al., 2006). 

7. Conclusions and perspectives for the future 

Previous studies have suggested that the intracellular RAS may lead 
to amplification of the effects of the paracrine or circulating RAS that act 
on the plasma membrane receptors. On this basis, it was assumed that 
intracellular Ang II may contribute to progression of diseases and tissue 
and cell dysfunctions induced by overactivation of the RAS pro- 
oxidative arm. However, the intracellular RAS may buffer the pro- 
oxidative effects of activation of plasma membrane AT1 receptors by 
extracellular (paracrine) Ang II. Internalization of the Ang II-AT1 com-
plex to the nucleus, and activation of nuclear AT1 receptors by intra-
cellular Ang II triggers a number of mechanisms that protect cells 
against oxidative stress. Data from several recent studies suggest that the 
iRAS may play important roles for the normal cell function. Particularly, 
the iRAS may be buffering the potential deleterious effects of activation 
of the pro-oxidative arm of the extracellular RAS and other pro-oxidative 
stimuli. However, the iRAS may be overwhelmed and even enhance the 
cell damage after excessive Ang II /AT1 activation or after changes in 
pro-oxidative/antioxidative receptor (AT1/AT2-MasR) ratios induced 
by disease-related conditions or aging. This may be important for the 
developing of new therapeutic strategies since the effects on both 
extracellular and iRAS must be taken into account. For instance, dif-
ferences in the efficacy of different AT1 receptor blockers to inhibit 
extracellular and intracellular receptors have been observed (Cook et al., 
2001; Filipeanu et al., 2001). The presence of high levels of mitochon-
drial ACE2 open new avenues for research on intracellular effects of 
SARS-CoV viruses. 
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