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Microglia can transform into proinflammatory/classically activated (M1) or anti-

inflammatory/alternatively activated (M2) phenotypes following environmental signals

related to physiological conditions or brain lesions. An adequate transition from the

M1 (proinflammatory) to M2 (immunoregulatory) phenotype is necessary to counteract

brain damage. Several factors involved in microglial polarization have already been

identified. However, the effects of the brain renin-angiotensin system (RAS) on microglial

polarization are less known. It is well known that there is a “classical” circulating

RAS; however, a second RAS (local or tissue RAS) has been observed in many

tissues, including brain. The locally formed angiotensin is involved in local pathological

changes of these tissues and modulates immune cells, which are equipped with all the

components of the RAS. There are also recent data showing that brain RAS plays a

major role in microglial polarization. Level of microglial NADPH-oxidase (Nox) activation

is a major regulator of the shift between M1/proinflammatory and M2/immunoregulatory

microglial phenotypes so that Nox activation promotes the proinflammatory and

inhibits the immunoregulatory phenotype. Angiotensin II (Ang II), via its type 1 receptor

(AT1), is a major activator of the NADPH-oxidase complex, leading to pro-oxidative

and pro-inflammatory effects. However, these effects are counteracted by a RAS

opposite arm constituted by Angiotensin II/AT2 receptor signaling and Angiotensin

1–7/Mas receptor (MasR) signaling. In addition, activation of prorenin-renin receptors

may contribute to activation of the proinflammatory phenotype. Aged brains showed

upregulation of AT1 and downregulation of AT2 receptor expression, which may

contribute to a pro-oxidative pro-inflammatory state and the increase in neuron

vulnerability. Several recent studies have shown interactions between the brain RAS

and different factors involved in microglial polarization, such as estrogens, Rho

kinase (ROCK), insulin-like growth factor-1 (IGF-1), tumor necrosis factor α (TNF)-

α, iron, peroxisome proliferator-activated receptor gamma, and toll-like receptors

(TLRs). Metabolic reprogramming has recently been involved in the regulation of the

neuroinflammatory response. Interestingly, we have recently observed a mitochondrial

RAS, which is altered in aged brains. In conclusion, dysregulation of brain RAS plays a

major role in aging-related changes and neurodegeneration by exacerbation of oxidative
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stress (OS) and neuroinflammation, which may be attenuated by pharmacological

manipulation of RAS components.

Keywords: angiotensin, microglia, NADPH-oxidase, neuroinflammation, neuroprotection, Nox, oxidative stress,

Parkinson

INTRODUCTION

In the late 19th century, Franz Nissl first described microglia

as staebchenzellen (rod cells) for their rod-shaped nuclei. In

1913, Santiago Ramón y Cajal described these cells as a ‘‘third

element’’, and in 1919 microglial cells were characterized by

his disciple Pío del Río Hortega as a phagocytic and distinct

non-neural and non-astrocytic population. During embryonic

development, primitive yolk sac myeloid progenitors enter the

brain and differentiate into microglial cells (Alliot et al., 1999;

Ginhoux et al., 2010). It is usually estimated that around 10%

of the adult brain cells are microglial cells (Carson et al., 2006;

Kettenmann et al., 2011). In the adult mouse brain, microglia

constitute 5%–12% of all glial cells, although these cells are

not evenly distributed throughout the brain, ranging from 5%

in the cerebral cortex to 12% in the substantia nigra (Lawson

et al., 1990; Mittelbronn et al., 2001; Harry and Kraft, 2012).

There are tissue-specific macrophages in practically all tissues

of the body (Gautier et al., 2012), and microglial cells have

been considered as the resident macrophages in the brain.

Consistent with this, the resident microglia mediate the brain

immune and inflammatory responses (Hu et al., 2014; Prinz

and Priller, 2014). Although microglia and brain macrophages

express several common protein markers, microglial cells have

a particular molecular signature, which is different to other

circulating and tissue-resident macrophagic cells (Hickman et al.,

2013; Butovsky et al., 2014).

Microglial cells have been classically described to exist in

two states, resting and activated state. In the healthy brain,

neurons produce several immunosuppressive proteins, which

keep microglia in a classical inactivated state (Harrison et al.,

1998; Hoek et al., 2000). However, the initial concept of

resting microglia has been modified, and recent studies have

shown that the classical ‘‘resting’’ microglia are highly active

by scanning of the surrounding region for disturbances in

physiological conditions (Davalos et al., 2005; Nimmerjahn et al.,

2005). Furthermore, it is now generally admitted that the term

activation includes a set of several ‘‘activated’’ states. The classical

concept of either ‘‘good’’ or ‘‘bad’’ activation states of microglia

has to be reconsidered, and substituted by a range of different

types of functional activation. Microglia can develop a number of

different phenotypes and functions to preserve brain homeostasis

depending on their environment.

MICROGLIAL POLARIZATION

The dual role of microglia is associated with different

polarization of microglia under different context, particularly

after brain injury (Hu et al., 2014; Franco and Fernández-

Suárez, 2015; Kim et al., 2015). Microglia can develop

into proinflammatory/classically activated (M1) or

anti-inflammatory/alternatively activated (M2) phenotypes

depending on the signals present at different stages after

brain lesions. M1/proinflammatory microglia produces

proinflammatory mediators and free radicals that exacerbate

neuronal death. Alternatively, M2/immunoregulatory microglia

induce brain repair and regeneration, produce growth factors

and anti-inflammatory cytokines to protect neurons and

resolve inflammation. In addition, as primarily described in

the periphery, several subclasses of M2/immunoregulatory

activation have been identified. The M2a activation state has a

main function of suppression of inflammation. A second state

of alternative activation is classified as ‘‘M2c’’, which has been

suggested to restore the tissue after the inflammatory process

has been attenuated (Gordon, 2003; Colton, 2009; Sica and

Mantovani, 2012). The class termed ‘‘M2b’’ is least understood;

M2b has been involved in both pro- or anti-inflammatory

responses and related to memory immune responses (Mantovani

et al., 2004; Edwards et al., 2006). The functional polarization

of microglia is modulated by several receptors, transcription

factors, acute phase proteins, and metabolic states. Toll-like

receptors (TLRs), nucleotide-binding oligomerization domains

(NODs) and NOD-like receptors are known to play a major

role in microglia-mediated inflammation (Ransohoff and Perry,

2009; Ransohoff and Brown, 2012). Upregulation and release

of reactive oxygen species (ROS) and activation of inducible

nitric oxide synthase (iNOS), followed by the release of reactive

nitrogen species (RNS), are hallmarks of M1 macrophages/

microglia (MacMicking et al., 1997). Upregulation of the

enzyme arginase 1 (Arg1) is considered as an specific marker of

M2 macrophages/microglia (Sica and Bronte, 2007; Chhor et al.,

2013).

An adequate progression from the proinflammatory/M1 to

immunoregulatory/M2 phenotype is necessary to efficiently

counteract brain lesions. However, when this process is

dysregulated, the persistent release of inflammatory cytokines

and ROS induces neuron death and enhances brain damage

(Kigerl et al., 2009). Interestingly, microglial activation and

enhanced neuroinflammatory responses have been observed

in major neurodegenerative diseases (Frank-Cannon et al.,

2009). Persistently proinflammatory polarized microglia and

release of proinflammatory cytokines leads to a pro-oxidative

and proinflammatory milieu and enhances neurodegeneration

(Heneka et al., 2015; Tang and Le, 2016). New therapeutical

strategies are necessary to modulate microglial activation

and drive microglia polarization to a protective phenotype

(Koenigsknecht-Talboo and Landreth, 2005; Porrini et al., 2015).

Proinflammatory phenotype polarization can be induced

by stimulation with compounds such as the TLR-4

agonist lipopolysaccharide (LPS), interferon (IFN)-γ,

Interleukin (IL)-17A and tumor necrosis factor-α (TNF)-α.

Alternatively, stimuli such as IL-4, IL-10, or transforming
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growth factor β (TGF)-β induce the M2/immunoregulatory

phenotype. However, the effects of the brain renin-angiotensin

system (RAS) on microglial polarization are less known. It

has been shown that angiotensin modulates immune cells in

peripheral tissues, and that inflammatory cells have all RAS

components, including angiotensin II (Ang II). Ang II receptor

antagonists are modulators of macrophagic polarization in

different tissues such adipose tissue, lung, kidney, or tumors

(Fujisaka et al., 2011; Ma et al., 2011; Liu et al., 2012; Shrestha

et al., 2016). There are also recent data showing that brain RAS

plays a major role in microglial polarization.

THE RENIN-ANGIOTENSIN SYSTEM

The RAS was initially considered as a circulating humoral

system, with functions in regulating blood pressure and in

sodium and water homeostasis. Ang II, which is the most

important effector peptide of the RAS, is formed by the

sequential action of two enzymes (renin and angiotensin

converting enzyme, ACE) on angiotensinogen. Ang II acts via

type 1 and 2 (AT1 and AT2) receptors (Unger et al., 1996; Oro

et al., 2007; Jones et al., 2008). AT1 and AT2 receptors have

usually opposite effects on several cell functions (Chabrashvili

et al., 2003; Jones et al., 2008). A number of data suggest,

however, that interactions between AT1 and AT2 receptors

may be more complex, and additional studies are necessary.

Furthermore, new RAS components have emerged, which

appear to contribute to further regulate the system (see below;

Figure 1).

In addition to the ‘‘classical’’ circulating RAS, a second RAS

(local or tissue RAS) has been observed in several tissues. A

local independent RAS has also been observed in the brain

(Ganong, 1994; Re, 2004). The local systems have all components

FIGURE 1 | The brain renin–angiotensin system (RAS). Angiotensin II is formed by the sequential action of two enzymes prorenin-renin (that forms angiotensin I)

and ACE on the precursor protein angiotensinogen. Renin and its precursor prorenin also act on specific PRR receptors. In addition to angiotensin II, several

angiotensin peptides such as Angiotensin (1–7), angiotensin III and angiotensin IV are formed from angiotensin I and II by the action of ACE2, APA and APN.

Angiotensin II, via AT1 receptors, induces pro-inflammatory effects and M1 phenotype. However, these effects are counteracted by a RAS opposite arm constituted

by angiotensin II/AT2 receptor signaling and Angiotensin 1–7/MasR signaling. In addition, activation of prorenin-renin receptors may contribute to activation of the

proinflammatory phenotype. Abbreviations: ACE, angiotensin converting enzyme; ACE2, angiotensin converting enzyme 2; APA, aminopeptidase A; APN,

aminopeptidase N; AT1R, angiotensin type 1 receptor; AT2R, angiotensin type 2 receptor; AT4R, angiotensin type 4 receptor; MasR, Mas receptor;

PRR, prorenin/renin receptor.
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observed in the circulating RAS. The local Ang II plays a

relevant function in pathological changes of the corresponding

tissues (Ruiz-Ortega et al., 2001; Suzuki et al., 2003). Tissue

Ang II, via AT1 receptors, induces oxidative stress (OS) damage

by activation of the NADPH-oxidase complex (Nox; Touyz,

2004; Garrido and Griendling, 2009). In different types of cells,

PKC mediates initiation of AT1-induced Nox activation (Plumb

et al., 2005; Herrera et al., 2010), which was also confirmed

in microglial cells (Joglar et al., 2009). However, this initial

generation of superoxide/H2O2 activates multiple downstream

signals and transcription factors that may further amplify Nox

oxidase activity in a multistep process that remains to be totally

clarified (Seshiah et al., 2002; Balakumar and Jagadeesh, 2014).

Consistent with this, we have recently shown that Nox-derived

superoxide activates NFκB and the RhoA/Rho kinase pathway

in microglial cells, which further increased Nox activation

via p38 MAPK (Borrajo et al., 2014a; Rodriguez-Perez et al.,

2015a).

More recent studies on local RAS have identified new

components and mechanisms controlling RAS effects (Figure 1).

New ACE homologs such as ACE2 and Chymase have been

observed in different cells and tissues (Bacani and Frishman,

2006; Hamming et al., 2007). In addition to Ang II, several

angiotensin peptides such as Ang (1–7), Ang III and Ang IV

have been shown to have functional effects. Ang IV may act

via specific AT4 receptors (Albiston et al., 2001). Ang (1–7),

via a G-protein coupled receptor Mas (Santos et al., 2003), may

counteract the effects of activation of AT1 by Ang II (Clark et al.,

2001; Kostenis et al., 2005). A specific receptor for renin and

its precursor prorenin (prorenin/renin receptor, PRR) may be of

particular interest for the brain RAS (Nguyen et al., 2002). High

levels of PRR were found in heart, brain, placenta and adipocytes,

and lower level of expression in other tissues (Nguyen, 2011).

PRR play a dual function (Nguyen and Contrepas, 2008; Shan

et al., 2008): (i) Ang II-mediated effects; after binding to PRR,

the catalytic activity of renin to hydrolyze angiotensinogen into

angiotensin increases by about 4–5 times, and the precursor

prorenin acquires catalytic properties similar to those of renin

and (ii) Ang II-independent actions; PRR trigger their own

signaling pathway that leads to pro-oxidative effects similar to

those induced by activation of AT1 receptors.

THE BRAIN RAS

Initially, it was considered that the effects of RAS in the CNS

were a consequence of the activity of the circulating RAS, acting

through the circumventricular organs, on neurons regulating

blood pressure and sodium and water homeostasis (Phillips

and de Oliveira, 2008), because active components of the RAS,

particularly Ang II, do not cross the blood-brain barrier (Harding

et al., 1988). However, a local and independent RAS has now

been identified in the brain. Astrocytes are the major source of

brain angiotensinogen (Stornetta et al., 1988;Milsted et al., 1990),

with only a small contribution from neurons (Kumar et al., 1988;

Thomas et al., 1992).

Different RAS components were observed in several brain

regions. In the basal ganglia, particularly in the nigrostriatal

dopaminergic system, we have shown a local RAS using

laser confocal microscopy and other methods such as in situ

hybridization, laser microdissection and PCR or western

blotting. In the substantia nigra, both AT1 and AT2 receptors

were observed in dopaminergic neurons, astrocytes and

microglia of rats (Rodriguez-Pallares et al., 2008), mice

(Joglar et al., 2009), non-human primates (Valenzuela et al.,

2010; Garrido-Gil et al., 2013b, 2017) and human brains

(Garrido-Gil et al., 2013b). In addition, AT1 and AT2 receptors

were observed in dopaminergic neurons and glial cells in

primary cell cultures of the nigral region and several neuronal

and glial cell lines (Rodriguez-Pallares et al., 2004, 2008; Joglar

et al., 2009; Rodriguez-Perez et al., 2015a). In some studies,

expression of AT1 receptors was not detected in microglial

cells (Benicky et al., 2009). However, it is known that the

level of microglial AT1 receptor expression is low in control

(classically non-activated) microglia and is highly upregulated

as part of the pro-inflammatory microglial response (Miyoshi

et al., 2008; Rodriguez-Perez et al., 2015a; Dominguez-Meijide

et al., 2017). Detection of AT1 expression may depend on the

sensitivity threshold of the methodology used, and the level

of pro-inflammatory activation of the microglial cells that are

being analyzed. In addition, cytoplasmatic and membrane Nox

subunits were located in dopaminergic neurons, astrocytes and

microglia (Rodriguez-Pallares et al., 2007, 2008; Joglar et al.,

2009).

A MAJOR ROLE FOR THE
NADPH-OXIDASE COMPLEX ACTIVATION
IN POLARIZATION TO
PROINFLAMMATORY/M1 PHENOTYPE

The complex NADPH-oxidase is a multi-component enzyme

constituted by three cytosolic subunits (p40, p47 and p67) and

at least two membrane subunits (gp91 and p22). The complex

is inactive when the different subunits are spatially isolated.

After stimulation, the complex is assembled and activated.

In cells, mitochondria and the membrane NADPH-oxidase

complex are the major sources of ROS (Babior, 2004). In

addition, NADPH oxidase-derived ROS enhance production

of ROS by mitochondria, intracellular iron uptake and other

intracellular ROS sources (Cai, 2005). It is known that there

is a ROS-mediated cross-talk signaling between the membrane

Nox and mitochondria (Sheh et al., 2007; Alberici et al.,

2009). This feed-forward mechanism enhances and sustains

ROS production. Most cells appear to have Nox. However,

Nox produces high levels of oxidants in phagocytes and low

levels of ROS, particularly for signaling function, in other cell

types (including neurons and glial cells). Initially, Nox-derived

ROS may have been developed in cells as a signaling system,

and then specialized as a defense system in macrophages

(Babior, 2004). In phagocytes-neutrophiles and monocytes,

Nox produces high levels of extracellular superoxide/ROS to

eliminate invading microorganisms or unwanted cells (Babior,

2004; West et al., 2011). Superoxide induces tissue damage

after being transformed into toxic species such as hydrogen
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peroxide and peroxynitrite, formed after reaction with NO.

Furthermore, in the presence of Nox, iNOS oxidation of

L-arginine (L-ARG) produces NO (MacMicking et al., 1997).

ROS derived from Nox may also act indirectly by enhancing the

production of proteases (Reeves et al., 2002). In macrophages

and microglial cells, Nox-derived ROS also act on intracellular

signaling pathways involved in microglial or macrophage

activation and the release of proinflammatory signals (Qin et al.,

2004).

Ang II, VIA AT1 RECEPTORS, IS A MAJOR
ACTIVATOR OF THE NADPH-OXIDASE
COMPLEX. ROLE IN BRAIN DISEASES
AND NEURODEGENERATION

Abnormal upregulation of local Ang II induces OS and

exacerbates inflammation. As indicated above, Ang II, via its

AT1 receptor, is a major activator of the NADPH-oxidase

complex (Zalba et al., 2001; Hoogwerf, 2010), and NADPH-

dependent oxidases mediate several key aspects of OS and

inflammatory processes that are involved in major degenerative

diseases in peripheral tissues (Griendling et al., 2000; Münzel and

Keaney, 2001). In the brain, the RAS has been involved in several

disorders such as anxiety and stress (Peng et al., 2002), depressive

illness (Saab et al., 2007), and alcohol intake (Maul et al., 2005).

Inhibition of AT1 receptors has been reported to improve aging-

related deficits in learning, spatial working memory and motor

performance (Hellner et al., 2005; Kerr et al., 2005). AT1 receptor

blockers and ACE inhibitors (ACEIs) have been shown to inhibit

inflammation in the central nervous system (Platten et al., 2009;

Stegbauer et al., 2009). Indeed, AT1 receptor antagonists exerted

positive effects in several processes mediated by microglial

activation and neuroinflammation, such as experimental models

of multiple sclerosis (Platten et al., 2009; Stegbauer et al.,

2009), Alzheimer’s disease (AD; Kehoe and Wilcock, 2007;

Mogi and Horiuchi, 2009; Torika et al., 2016) and brain

ischemia (Iwanami et al., 2010). Consistent with this, several

clinical and genetic studies suggest a relationship between AD

and RAS (reviewed in Savaskan, 2005; Kehoe and Wilcock,

2007; Mogi and Horiuchi, 2009). In a series of recent studies

in animal models of PD, we have also observed that the

brain RAS plays a major role in progression of dopaminergic

degeneration.
A number of experimental and clinical data suggest

that neuroinflammation is a factor for the progression of

dopaminergic neuron degeneration. Both PD patients (Ouchi

et al., 2005; Ghadery et al., 2017) and PD animal models

(Cicchetti et al., 2002; Rodriguez-Pallares et al., 2007) show

enhancedmicroglial reaction in the substantia nigra and striatum

(Figure 2). It was initially considered that the increase in the

microglial response was a consequence of the neuronal death

to remove dead cells and debris, although this inflammatory

process may also lead to additional damage of the surrounding

neurons and progression of neurodegeneration, as reported

for several autoimmune diseases (Vowinckel et al., 1997).

However, it has been shown that microglial response and Nox

FIGURE 2 | Intense microglial activation in a degenerating rat

substantia nigra (A), iba-1 positive red immunofluorescence. A high density

of activated microglial cells is observed in the nigral region surrounding the

dopaminergic cells. The degeneration of dopaminergic neurons (green;

tyrosine hydroxylase, TH immunolabeled cells) was triggered by over

expression of alpha-synuclein (not shown) after unilateral injection of

adeno-associated viral vectors encoding alpha-synuclein. The contralateral

non-lesioned substantia nigra of the same tissue section (B) shows scattered

microglial cells in an apparent classical “non-activated” state. The areas

squared in (A,B) are magnified in (C–E), and a close interaction between a

dopaminergic neuron and a microglial cell (asterisks) is shown in (E). Scale

bar: 100 µm (A,B), 20 µm (C,D) and 10 µm (E).

activation are major factors for triggering neuronal degeneration,

acting synergistically with different pathogenic factors to induce

neurodegeneration at early stages of the disease (Gao et al.,

2003; Wu et al., 2003). In different PD models, we observed

that Ang II increased the neurotoxic effect of low doses of

dopaminergic neurotoxins, and that administration of ACE

inhibitors (Lopez-Real et al., 2005; Muñoz et al., 2006) or

AT1 receptor antagonists (Rey et al., 2007; Rodriguez-Pallares

et al., 2008; Joglar et al., 2009) induced significant protection

of dopaminergic neurons and reduction in neurotoxin-induced

levels of protein oxidation and lipid peroxidation (Sánchez-

Iglesias et al., 2007). Nox inhibitors also blocked the enhancing

effect of Ang II on dopaminergic neurodegeneration, which

confirmed that Nox activation and Nox-induced ROS play

a major role in the Ang II-induced increase in neuronal

loss (Rey et al., 2007; Rodriguez-Pallares et al., 2008; Joglar

et al., 2009). In summary (Labandeira-Garcia et al., 2013;

Labandeira-García et al., 2014), we suggest that Ang II acts

by a double mechanism; in dopaminergic neurons (i.e., CNS

resident cells), Ang II acts on AT1 receptors to produce low

levels of intraneuronal ROS by activation of neuronal Nox. In

addition, Ang II acts on microglia (i.e., inflammatory cells), and

activation of the microglial AT1/ Nox axis induces the generation
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of high levels of superoxide and superoxide-derived ROS that,

after being released to the extracellular medium, may lead to

neuronal damage. In addition, a small amount of microglial

ROS is used as a microglial second messenger in intracellular

pathways that regulate the inflammatory response (Babior, 2004;

Qin et al., 2004). Consistent with this, overactivation of the

Ang II/AT1/Nox axis enhances vulnerability of dopaminergic

neurons and synergistically contributes to initiation and

progression of the disease. The role of brain RAS in dopaminergic

neuron death and possibly in PD has also been shown

by a number of studies from different research groups

(Grammatopoulos et al., 2007; Zawada et al., 2011; Sonsalla et al.,

2013).

OVERACTIVATION OF THE Ang
II/AT1/NADPH-OXIDASE AXIS IN AGING

Aging is the major risk factor for neurodegenerative diseases,

and particularly for PD and AD (McCormack et al., 2004;

Collier et al., 2007). Aged tissues, including brain tissue, are

characterized by a proinflammatory, pro-oxidant state that leads

to exacerbated responses to lesions and enhanced vulnerability

to neurodegeneration (Csiszar et al., 2003; Choi et al., 2010).

Consistent with this, age-related diseases such as hypertension,

diabetes and atherosclerosis show increased NADPH-oxidase

activity (Griendling et al., 2000; Mehta and Griendling, 2007).

It is known that tissue Ang II, acting on AT1 receptors, plays

a major role in inflammatory processes that induce age-related

degenerative changes (Heymes et al., 1998; Basso et al., 2005).

In normal non-pathological states, there is a tight regulation

of Ang II-induced ROS (de Cavanagh et al., 2004; Garrido

and Griendling, 2009). However, a marked hyperactivity of the

Ang/AT1/Nox axis has been observed in aged tissues (Min

et al., 2009; Cassis et al., 2010). Consistent with this, mice

null for AT1 receptors showed longevity, which was related

to a decrease in OS together with an increase in expression

of the prosurvival gene sirtuin 3 and mitochondrial protection

(Benigni et al., 2009; de Cavanagh et al., 2011; Valenzuela et al.,

2016). Furthermore, AT1 receptor deletion decreased age-related

progression of atherosclerosis (Umemoto, 2008).

We observed that the increase in AT1/Nox activity in

the substantia nigra of aged rats plays a major role in the

increase in vulnerability of dopaminergic neurons with aging

(Figure 3). In aged animals, neurotoxins induced higher levels

of dopaminergic neuron loss than in young animals (Sugama

et al., 2003; McCormack et al., 2004), and nigral RAS was

involved in this effect (Villar-Cheda et al., 2012b). A significant

increase in Nox activity and levels of the pro-inflammatory

cytokines IL-1β and TNF-α was observed in aged rats, which

revealed a pro-oxidative and pro-inflammatory state in the

aged substantia nigra. Aged rats also showed upregulation of

AT1 receptor expression and down-regulation of AT2 receptor

expression, which was inhibited by administration of the

AT1 receptor blocker candesartan. The aging-related increase

in AT1 receptors may lead to the increase in the Nox-derived

OS and dopaminergic cell vulnerability to degeneration. In aged

rats, Nox activation is further increased by the lack of the

FIGURE 3 | Dysregulation of brain RAS with aging and other

pathogenic factors. In young and healthy brains the balance between the

RAS pro-oxidative/proinflammatory and protective arms are tight regulated for

physiological functions. Aging is associated with overactivation of the Ras

pro-oxidative/proinflammatory arm and lack of compensatory upregulation of

the protective arm, which leads to a pro-oxidative pro-inflammatory state and

increased vulnerability to neurodegeneration. Other pathogenic factors

involved in triggering neurodegeneration may also increase the activity of the

RAS pro-inflammatory axis. Abbreviations: Ang, angiotensin; AT1, angiotensin

type 1 receptor; AT2, angiotensin type 2 receptor; ND, neurodegenerative;

Nox, NADPH-oxidase; OS, oxidative stress; PRR, prorenin/renin receptor.

compensatory upregulation of AT2 receptors (see below), which

was observed in young rats after upregulation of AT1 receptor

signaling (Villar-Cheda et al., 2010). Aging-related loss of striatal

D2 and D1 receptors (Wang et al., 1998; Ishibashi et al., 2009)

and alteration of the dopaminergic system (Kubis et al., 2000;

Collier et al., 2007; Cruz-Muros et al., 2009) have been observed

in experimental models and human brains. It is also known that

Ang II, via AT1 receptors, increases the release of dopamine

(Mendelsohn et al., 1993; Brown et al., 1996; Dominguez-Meijide

et al., 2014). Therefore, the upregulation of the Ang II/AT1/Nox

axis that we observed in aged rats may be a compensatory change

to counteract the decreased levels of dopamine or dopamine

receptors (Villar-Cheda et al., 2012b, 2014). However, in addition

to the dopaminergic down-regulation, other factors are probably

involved in the aging-related upregulation of AT1/Nox activity,

as aging has been shown to be associated with overactivation of

the AngII/AT1/Nox axis in different tissues (Thompson et al.,

2000; Min et al., 2009; Cassis et al., 2010).

THE ROLE OF OTHER ANGIOTENSIN
RECEPTORS IN REGULATION OF
MICROGLIAL POLARIZATION

Level of Nox activation has been suggested to be a major factor

for regulation of the shift between proinflammatory/M1 and

M2/immunoregulatory microglial phenotypes, so that Nox
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activation promotes proinflammatory and suppress the

immunoregulatory phenotype (Choi et al., 2012). Consistent

with this, AT1 receptor antagonists reduce proinflammatory

microglia activation and promote immunoregulatory microglia

polarization (Saavedra, 2012; Rodriguez-Perez et al., 2016;

Torika et al., 2016). The classical Ang II/AT1/Nox pro-oxidative

and pro-inflammatory axis plays a major role in the RAS

effects both in the brain and peripheral tissues. However,

it is now known that these effects are regulated by a RAS

opposite arm constituted by Ang II/AT2 receptor signaling

and Ang1–7/MasR signaling. A number of recent data

suggest that activation of AT2 and/or MasRs plays an anti-

oxidative/anti-inflammatory role. In addition, activation of

PRR appears to contribute to activation of proinflammatory

phenotype. However, the mechanisms involved in the

interaction between different RAS receptors signaling to

regulate microglial polarization and neuroinflammation are still

unclear (Figure 4).

AT2 receptors counteract the effects of AT1 receptor

activation and promote the M2/immunoregulatory phenotype.

Reciprocal interaction between AT1 and AT2 receptors may

regulate the effect of Ang II on cells (Sohn et al., 2000).

Several studies in different types of cells have shown that

AT2 activation decreases AT1 expression and NADPH-oxidase

activation, leading to decrease in inflammatory responses (Jin

et al., 2012; Yang et al., 2012; Lu et al., 2015). However, the

intracellular pathways responsible for the interactions have not

been clarified, and several mechanisms may be involved (Wu

et al., 2004; Rompe et al., 2010; Yang et al., 2012; Dhande

et al., 2013). Consistent with this, treatment with AT2 agonists

led to reduction in the inflammatory responses, which were

increased in AT2 receptor KO mice (Dhande et al., 2013;

Iwanami et al., 2015). In the nigrostriatal system of young

animals, we observed that upregulation of AT1 receptors was

accompanied by a simultaneous and apparently compensatory

upregulation of AT2 receptors (Villar-Cheda et al., 2010). In

the nigra and striatum of aged rats, there was an increase

in the expression of AT1 receptors and Nox activation;

however, there was a lack of compensatory increase in

AT2 expression (Villar-Cheda et al., 2010, 2012b). In aged

animals, a decrease in AT2 receptor expression may lead to

further increase in the pro-oxidative, pro-inflammatory effects

and neuron vulnerability induced by activation of upregulated

AT1 receptors.

MasRs, together with AT2 receptors, are considered major

components of the RAS protective arm, which mediates actions

opposing to AT1 (Bader, 2013; Villela et al., 2015). The ACE2

transforms Ang II into the heptapeptide Ang (1–7), which

activates MasRs. It was observed that Mas-protooncogene is

primarily expressed in the brain (Bunnemann et al., 1990; Von

Bohlen und Halbach et al., 2000), and MasRs were identified

in neurons, astrocytes and glial cells (Gallagher et al., 2006; Liu

et al., 2016). Several recent studies suggest that activation of

the Ang (1–7)/Mas axis inhibits the M1 inflammatory response

in microglial cells and peripheral macrophages (Hammer et al.,

2016; Liu et al., 2016; Tao et al., 2016). However, the cellular

mechanisms involved in these effects remain to be clarified.

PRRs have been identified in neurons, astrocytes and

microglial cells in rodents and primates, including humans

(Valenzuela et al., 2010; Garrido-Gil et al., 2013b). PRR, together

with AT1 receptors, promote the inflammatory response and

the M1/proinflammatory phenotype (Shi et al., 2014; Zhu et al.,

2015). The mechanisms involved in interactions of PRR and

other RAS receptors to regulate microglial polarization remain

to be investigated. The peptide Ang IV and its receptor have

been involved in a number of functions in the CNS (Wright

et al., 2015). There are a few data on possible involvement of

Ang IV in inflammatory responses in peripheral tissues (Esteban

et al., 2005; Kong et al., 2015). However, there are no data on the

involvement of Ang IV in the neuroinflammatory response.

INTERACTIONS BETWEEN RAS AND
OTHER MICROGLIAL POLARIZATION
REGULATORS

A number of studies have shown interactions or mutual

regulation between RAS and different compounds involved

in neuroinflammation and microglial polarization, such as

estrogens, Rho kinase (ROCK), insulin-like growth factor-1

(IGF-1), TNF-α, iron, peroxisome proliferator-activated receptor

gamma (PPARγ), and TLRs.

Estrogens protect neurons by mechanisms that are still

unclear. However, modulation of the glial neuroinflammatory

response plays a major role in the estrogen-induced

neuroprotection (Morale et al., 2006; Suzuki et al., 2007;

Vegeto et al., 2008). In several recent studies using PD

models, we observed that estrogens modulate brain RAS

and neuroinflammation acting both on astrocytes and

microglia (Rodriguez-Perez et al., 2010, 2012, 2015b;

Labandeira-Garcia et al., 2016). We observed that activation

of microglial estrogen receptor (ER) β with the agonist 2,3-

Bis-4-hydroxyphenyl-propionitrile (DPN)) inhibited the Ang

II-induced increase in levels of several major mediators of the

microglial inflammatory response such as IL-1β and ROCK

(Villar-Cheda et al., 2012a; Rodriguez-Perez et al., 2013,

2015a).

RhoA/ROCK is a major modulator of the actin cytoskeleton,

which regulates migration of microglia and other inflammatory

cells (Yan et al., 2012; Labandeira-Garcia et al., 2015) into

lesioned areas (Greenwood et al., 2003; Honing et al., 2004).

RhoA/ROCK induces changes in the actin cytoskeleton necessary

for cell motility, process retraction and cell spreading, which

characterize activation of inflammatory cells, includingmicroglia

(Bernhart et al., 2010). Activation of the microglial RhoA/ROCK

pathway plays a major role in the effect of Ang II/AT1/Nox

axis on microglial polarization and neurodegeneration. This was

shown in rodents (Barcia et al., 2012; Villar-Cheda et al., 2012a),

and confirmed using mesencephalic cultures lacking microglial

cells (Villar-Cheda et al., 2012a; Borrajo et al., 2014b). During

Ang II-induced microglial activation, a crosstalk signaling

between Nox and ROCK has been observed: Ang II-induced Nox

activation led to superoxide production, NF-κB translocation

and Rho-kinase activation. In addition, Rho-kinase activation
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FIGURE 4 | Role of different angiotensin receptors in regulation of microglial polarization, and interactions with other microglial polarization

regulators. Angiotensin II, via AT1 receptor and Nox activation, and prorenin/renin, via PRR, induce pro-inflammatory effects and M1 phenotype, which is

associated to increased levels of ROS, NO, TNF-α and IL-1β. These effects are counteracted by a RAS opposite arm constituted by angiotensin II/AT2 receptor

signaling and Angiotensin 1–7/MasR signaling, which promote anti-inflammatory effects and M2 phenotype, which is also associated to TGF-β, IL-4, IL-10, and

Arg-1 overexpression. In addition, there are interactions between RAS and different compounds involved in neuroinflammation and microglial polarization, such as

estrogens, ROCK, IGF1, TNF-α, iron, PPARγ, and toll-like receptors. Abbreviations: Ang, angiotensin; ARG-1, arginase 1; AT1, angiotensin type 1 receptor; AT2,

angiotensin type 2 receptor; IGF1, insulin-like growth factor-1; IL, interleukin; MasR, Mas receptor; NO, nitric oxide; Nox, NADPH-oxidase; O2
−, superoxide; PPARγ,

peroxisome proliferator-activated receptor gamma; PRR, prorenin/renin receptor; ROCK, Rho kinase; ROS, reactive oxygen species; TGF-β, transforming growth

factor β; TNF-α tumor necrosis factor α. Scale bar: 7.5 µm.

was involved in regulation of NADPH-oxidase activation via

p38 mitogen-activated protein kinase. Moreover, Rho-kinase

activation, via NF-κB, upregulated angiotensin type-1 receptor

expression in microglial cells through a feed-forward mechanism

(Rodriguez-Perez et al., 2015a).

For many years, IGF-1 was considered a cytoprotective

factor. However, it has also been suggested that IGF-1 may

be detrimental to health, and that reduced IGF-1 levels lead

to prolonged life (Tao et al., 2007; Suh et al., 2008). Local

brain IGF-1 is produced by neurons and glial cells (Quesada

et al., 2007; Suh et al., 2013), but the effects of IGF-1 in the

brain and particularly in the aged brain are unclear (Bartke

et al., 2003; Brown-Borg, 2007). Inhibitory effects on the

neuroinflammatory response (Nadjar et al., 2009), improvement

in mitochondrial function (Puche et al., 2008), inhibition of

OS and Sirtuin-1 activation (Vinciguerra et al., 2009; Tran

et al., 2014) have been suggested as possible mechanisms.

Interestingly, the brain RAS has been shown to be involved

in neuroinflammation (Borrajo et al., 2014a; Rodriguez-Perez

et al., 2015a), mitochondrial function (Zawada et al., 2011;

Rodriguez-Pallares et al., 2012) and Sirtuin-1 activity (Diaz-

Ruiz et al., 2015). Recently, we observed a reciprocal regulation

between IGF-1 and RAS (Rodriguez-Perez et al., 2016): IGF-1

inhibited AT1/Nox activity in neurons and glial cells (i.e., it

decreased AT1, increased AT2 and decreased angiotensinogen

expression); conversely, Ang II—via AT1 receptors—increased

the levels of IGF-1 in microglial cells, while activation of

AT2 receptors decreased IGF-1 levels. We observed that Ang

II, via AT1 receptors, induced an increase in markers of the

proinflammatory phenotype, which was blocked by treatment

with IGF-1, suggesting that induction of microglial IGF-1 by

Ang II and other OS and pro-inflammatory inducers may

play a major role in repressing the M1-neurotoxic phenotype

and transition to an M2-repair/regenerative phenotype. Our

study showed that IGF-1 and the local RAS interact to

inhibit or activate neuroinflammation (i.e., transition from the

M1/proinflammatory to the M2/immunoregulatory phenotype).

However, in brains from aged rats, particularly in the substantia
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nigra, we observed increased Ang II/AT1/Nox activity, while

IGF-I levels remained decreased. The loss of the mechanism that

upregulates IGF-1 to inhibit the AT1/Nox axis (Rodriguez-Perez

et al., 2016) may lead to the loss of capacity of microglia to

undergoM2/immunoregulatory activation and the pro-oxidative

and pro-inflammatory state that characterizes the aged brain, and

particularly the aged substantia nigra (Rey et al., 2007; Villar-

Cheda et al., 2012b). IGF-1 and the local RAS may interact

to inhibit or activate neuroinflammation and this important

mechanism may be impaired in aged animals.

TNF-α is a pro-inflammatory cytokine that is involved

in the pathogenesis of several neurodegenerative diseases

(Hofman et al., 1989; Fillit et al., 1991; Mogi et al., 1994). In

particular, dopaminergic neurons are highly vulnerable to TNF-α

(McGuire et al., 2001; Qin et al., 2007; Harms et al., 2012).

In primary mesencephalic cultures, we have recently observed

that administration of low doses of the neurotoxin MPP+ led

to significant dopaminergic cell death, which was increased by

co-treatment with Ang II and decreased by administration of

TNF-α blockers (Borrajo et al., 2014a). Furthermore, treatment

with Ang II induced a marked increase in levels of TNF-α

in primary mesencephalic cultures, which was blocked by

administration of AT1 receptor antagonists, NADPH-oxidase

inhibitors and NFK-β blockers. In cultures lacking microglial

cells, however, levels of TNF-α were not significantly affected by

administration of Ang II. We also observed that AT1 receptors,

NADPH-oxidase, Rho-kinase and NFK-β were involved in the

release of TNF-α by microglia (Borrajo et al., 2014a). These

results revealed an important functional interaction between

Ang II and TNF-α, and also that microglial TNF-α is a

major mediator of Ang II-induced neuroinflammation and

dopaminergic neurodegeneration.

Microglia play a major role in iron storage and homeostasis,

and Ang II modulates microglial ferritin/iron storage levels and

the neuroinflammatory response (Garrido-Gil et al., 2013a).

Microglial ferritin levels (i.e., iron storage by ferritin) change in

response to OS and microglial activation, and the release of iron

from ferritin in activated microglia may enhance the oxidative

damage derived from the proinflammatory microglial response

(Mehlhase et al., 2006). Consistent with this, we observed in

PD models that intense RAS overactivity and OS induced an

increase in microglial labile iron and a decrease in ferritin levels.

Although some data are controversial (Zecca et al., 2001), it is

usually accepted that iron and ferritin increase in the substantia

nigra with aging (Dusek et al., 2012). Aging-related increase in

microglial ferritin has been associated to a less efficient control

of iron homeostasis by senescent microglia (Lopes et al., 2008).

In several studies in aged rats, we observed hyperactivity of

the AT1/Nox axis in the substantia nigra, together with an

increase in the levels of iron and ferritin, which were inhibited

by AT1 receptor blockers such as candesartan. This suggests

that overactivity of the Ang II/AT1/Nox axis plays a key role in

aging-related iron and ferritin increase in the substantia nigra

(Garrido-Gil et al., 2013a). The aging-associated upregulation of

Ang II/AT1/Nox activity may lead to upregulation of iron storage

by microglia and induce a pro-oxidative pro-inflammatory state

and higher vulnerability of dopaminergic cells to degeneration

with aging (Collier et al., 2007; Villar-Cheda et al., 2009,

2012b).

PPAR-γ is a member of a group of nuclear receptors (PPARs),

which have been related to regulation of macrophage and

adipocyte differentiation, as well as glucose and lipid metabolism

and energy homeostasis. PPAR-γ receptors are also involved

in inhibition of expression of different inflammatory cytokines

and downregulation of the inflammatory process (Jiang et al.,

1998; Ricote et al., 1998). PPAR-γ receptors are also involved

in regulation of microglial activation and suppression of the

proinflammatory phenotype (Bernardo et al., 2000; Mrak and

Landreth, 2004). It was also shown that activation of the PPAR-γ

induces themicroglial immunoregulatory/M2 phenotype (Benoit

et al., 2008; Rajaram et al., 2010). PPARγ agonists have

been suggested as promising therapy for neurodegenerative

diseases enhanced by neuroinflammation such as AD and

PD (Schintu et al., 2009; Mandrekar-Colucci et al., 2012).

Several studies have shown that AT1 receptor antagonists

activate PPARγ. This has been related to pharmacological

properties of some AT1 blockers such as telmisartan (Xu et al.,

2015). However, studies using AT1 null mice revealed that

blockage of AT1 receptors, independently of the pharmacological

properties of the antagonists, also inhibits neuroinflammation

and neurodegeneration (Garrido-Gil et al., 2012). Inhibition

of AT1 with antagonists (ARBs), in addition to inhibition of

proinflammatory polarization (see above), leads to activation

of PPAR-γ and promotes the immunoregulatory phenotype by

a double mechanism: by a pharmacological AT1-independent

PPARγ agonistic effect (with more or less activation potency

depending on the type of ARB), and by a direct effect of the

blockage of the AT1 itself, which also induces PPARγ activation

(Garrido-Gil et al., 2012). Among ARBS, the role of PPARγ

activation in anti-inflammatory effects is particularly important

for telmisartan, both at peripheral and CNS levels (Garrido-Gil

et al., 2012; Pang et al., 2012; Wang et al., 2014; Villapol and

Saavedra, 2015).

TLRs such as TLR2 and TLR4 are known to mediate classical

microglial activation and neuroinflammation (Rietdijk et al.,

2016). An increasing number of studies suggest a functional

interaction or crosstalk between AT1 receptors and TLR4 and/or

TLR2 (Biancardi et al., 2016). AT1 receptor antagonists inhibit

TLRs in different immune effector cells both in peripheral tissues

(Dasu et al., 2009; Cheng et al., 2011) and in brain microglia

(Daniele et al., 2015; Biancardi et al., 2016). Ang II, via AT1, has

been shown to increase TLR4 expression and Ang II-mediated

ROS production and Ang II-induced microglial activation was

blunted in TLR4 deficient mice (Rietdijk et al., 2016). The

mechanisms involved in Ang II/AT1/TLRs interactions remain

unknown.

Several recent studies suggest a pivotal role of metabolic

reprogramming in the regulation of the innate inflammatory

response (Galván-Peña and O’Neill, 2014; Tannahill et al.,

2015). In the context of the peripheral immune cells, a shift in

the cellular metabolism from oxidative phosphorylation to a

erobic glycolysis for energy production favors the polarization

toward a proinflammatory phenotype. More recently, the link

between polarization and mitochondrial energy metabolism
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has been considered in microglia (see for review Orihuela

et al., 2016). Interestingly, we have recently shown that an

intracellular RAS, including AT1 and AT2 receptors, exists

in brain mitochondria (Valenzuela et al., 2016). Activation

of mitochondrial AT1 receptors regulates (by activation

of mitochondrial Nox4) levels of superoxide and increases

mitochondrial respiration. Mitochondrial AT2 receptors

are much more abundant and downregulate mitochondrial

respiration via NO production. Interestingly, altered expression

ofmitochondrial angiotensin receptors was observed in aged rats.

Altered expression of AT1 and AT2 receptors with aging may

contribute to mitochondrial dysfunction, neuroinflammation

and neurodegeneration.

CONCLUSION

Dysregulation of brain RAS plays a major role in aging-

related changes and neurodegeneration by exacerbation

of OS and neuroinflammation, which may be attenuated

by pharmacological manipulation of RAS components.

Angiotensin II (via AT1 receptor and Nox activation) and

prorenin/renin (via PRR) induce pro-inflammatory effects and

M1 microglial phenotype. These effects are counteracted by a

RAS opposite arm constituted by angiotensin II/AT2 receptor

signaling and Angiotensin 1–7/MasR signaling, which promote

anti-inflammatory effects and M2 microglial phenotype. In

addition, there are interactions between RAS and different

compounds involved in neuroinflammation and microglial

polarization, such as estrogens, ROCK, IGF1, TNF-α, iron,

PPARγ and TLRs. Pharmacological manipulation of brain RAS

components may be an interesting therapeutical approach for

neurodegenerative diseases and aging-related processes in which

OS and neuroinflammation play a major role.
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