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Abstract
The presence of a brain renin angiotensin system (RAS) is well documented. An overactive brain RAS contributes to the 
development and progression of cardiovascular and renal disorders among other conditions. In hypertension, an augmented 
brain RAS leads to an increase in sympathetic nervous system activity. In addition, impaired baroreceptor reflex function, 
increased vasopressin activity and neuroinflammation are important contributors as well. The relevance of angiotensins in 
central and peripheral systems, such as neurons and vascular smooth muscle cells, in cardiovascular disease pathogenesis 
is fairly understood. However, the role of astrocytes is less well studied. Astrocytes are a major contributor to neuroinflam-
mation by increased synthesis and secretion of inflammatory mediators, dysregulated astrogliosis and impaired astrocyte 
proliferation. Astrocytes may also contribute to impaired neuromodulation. The precise molecular mechanisms by which 
astrocytes mediate these effects are still not fully understood. Here, we summarize the role of astrocytes in RAS -mediated 
pathogenesis of hypertension and other cardiovascular diseases.
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ACE  Angiotensin converting enzyme
ACEA  Arachidonyl-2′-chloroethylamide
Ang  Angiotensin
APA  Aminopeptidase A
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AP-1  Activator protein 1
AT1R  Angiotensin type 1 receptor
AT2R  Angiotensin type 2 receptor
CB1R  Cannabinoid receptor type 1
cGMP  Cyclic guanosine monophosphate
CNS  Central nervous system
CREB  Cyclic adenosine 3, 5-monophosphate 

response element-binding protein
EGFR  Epidermal growth factor receptor
ERK1/2  Extracellular signal-regulated kinase
IL  Interleukin
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tors of transcription

MAPK  Mitogen-activated protein kinase
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PKC  Protein kinase C
PKG  Protein kinase G
RAS  Renin angiotensin system
ROS  Reactive oxygen species
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TGF-β  Transforming growth factor beta
TNF-α  Tumor necrosis factor alpha
VEGF  Vascular endothelial growth factor
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Introduction

It is widely accepted that the renin angiotensin system 
(RAS) plays a key role in the pathogenesis of numerous 
diseases. In hypertension, an overactive brain RAS leads 
to an increase in sympathetic nervous system activity [1]. 
Impaired baroreceptor reflex function, increased vasopres-
sin activity and neuroinflammation are important contribu-
tors as well [2, 3]. It is no surprise then, that current thera-
peutic strategies for hypertension, renal and cardiovascular 
disorders target the RAS [4, 5]. These therapeutic strat-
egies include the use of angiotensin converting enzyme 
(ACE) inhibitors, angiotensin receptor blockers and direct 
renin inhibitors [4]. Despite several positive outcomes 
with these treatment measures, many patients remain 
resistant to treatment. The classical RAS was mainly 
focused on systemic RAS components and their effects in 
the periphery. RAS components and signaling pathways 
involving tissue RAS and brain or central RAS are now 
emerging. Since the discovery of the brain RAS, numerous 
research efforts have focused on (i) the distribution of the 
RAS components in the various brain cell types, and (ii) 
elucidating the molecular mechanisms involved in brain 
RAS-mediated pathogenesis [6–9].

All RAS components are found in the brain, localized in 
neuronal and non-neuronal cells [10, 11]. There is ongo-
ing debate regarding the presence of the Angiotensin type 
1 (AT1R) and Angiotensin type 2 (AT2R) receptors on 
astrocytes under physiological conditions in vivo [12]. 
In vitro studies in rat models and human astrocytoma 
cell lines have confirmed the presence of AT1Rs and 
AT2Rs in astrocytes [7, 13]. Since this discovery of func-
tional receptors for Angiotensin (Ang) II on astrocytes, 
it is now accepted that glial cells are actively involved 
in brain RAS-mediated actions. As such, astrocytes are 
now emerging as key players in the development and pro-
gression of pathological conditions including hyperten-
sion. The role of astrocytes in RAS-mediated pathogen-
esis of hypertension and cardiovascular diseases, and the 
molecular mechanisms involved are not fully understood. 
Whether the deleterious effects of the RAS are elicited 
directly through neuronal AT1Rs, glial AT1Rs or both is 
not known. It is theorized that in the hypertensive state, 
glial AT1Rs are directly activated contributing to the dis-
ease [12]. These are current areas of active research in our 
laboratory and others.

The aim of this review is to summarize what is known 
about the association between brain RAS and astrocytes 
in the pathogenesis of hypertension and cardiovascular 
diseases. This review covers the RAS components in the 
CNS, and the reported peripheral and central actions of the 
angiotensin peptides that may drive hypertension and other 

cardiovascular diseases. It also covers the role of astro-
cytes in the brain and the RAS-mediated central molecular 
mechanisms that are known to occur in the brain. Finally, 
we propose further studies that would help to understand 
the molecular mechanisms involved in hypertension and 
cardiovascular disease pathogenesis in astrocytes.

Renin Angiotensin System Components

The RAS is described as a hormonal system that regulates 
arterial pressure, tissue perfusion and extracellular volume 
[14]. Over the years, the role of the RAS has widened to 
include functions such as regulation of cell proliferation, 
apoptosis, fibrosis and proinflammatory activities [15]. 
Overactivity of this system has been implicated in a num-
ber of cardiovascular disorders and the metabolic syndrome 
[16]. Ang II, the major effector peptide for the RAS is a 
potent mitogen, a mediator for proinflammatory states, and 
a vasoactive hormone [15]. Studies have shown that the lev-
els of Ang II in the brain are in the picogram range. This 
translates to more than a 1000-fold higher levels in the brain 
compared to circulating Ang II based on the plasma volume 
in the brain [17]. However, the distribution of AT1Rs differ 
by brain region. Ang II is the most widely studied ligand of 
the RAS and is the main focus of this review.

Ang II mediates its effects through two main receptors, 
the AT1R and the AT2R [18]. Most of the actions of Ang II 
are elicited by the AT1R [18]. Data continue to emerge for 
Ang II metabolites and other active RAS peptides (Table 1). 
As new biologically active RAS peptides and receptors are 
discovered, the role of the RAS in disease pathogenesis 
continues to expand. Ang III has similar effects to Ang II 
and binds to the same receptors (AT1R and AT2R). Other 
active RAS peptides include Ang IV and its receptor AT4R 
(IRAP), Ang (1–7) and its receptor Mas, as well as Ang 
(1–9) which binds to AT2Rs. The enzymes renin, ACE, 
ACE2, neutral endopeptidase (NEP)/ACE, aminopeptidase 
A (APA), aminopeptidase N (APN) are involved in the for-
mation of Ang I, Ang II, Ang (1–7) and Ang (1–9), Ang 
(1–9) to Ang (1–7), Ang III and Ang IV, respectively (see 
Fig. 1). Recently identified RAS peptides include prorenin 
and its receptor [19, 20].

Our laboratory and others have studied the components 
of the RAS in rat primary astrocyte cultures. We have used 
primary astrocyte cultures as a brain model system to inves-
tigate various intracellular signaling pathways by which, 
the active neuropeptides Ang II and Ang III elicit neuroin-
flammatory and other cardiovascular actions [21–24]. Other 
laboratories have confirmed the presence of angiotensin 
receptor subtypes in astrocytes in vitro [25] using differ-
ent techniques [6]. However, as previously mentioned, there 
is conflicting evidence for the presence of the angiotensin 
receptor subtypes in non-neuronal cell types in vivo [12, 
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26]. In addition, the precise pathway for Ang II synthesis 
in the brain is not fully characterized. Whether Ang II is 
synthesized intracellularly within all brain cell types or its 
synthesis is predominantly in neurons is yet to be fully estab-
lished [12].

Peripheral and Central Actions of Angiotensin 
Peptides

Mechanisms by which Ang II contributes to the pathogen-
esis of cardiovascular diseases in the periphery include: (i) 
overactive vascular inflammatory responses in arterial walls 
resulting in endothelial dysfunction; (ii) stimulation of reac-
tive oxygen species (ROS) production; and (iii) stimulation 
of hypertrophic growth and accumulation of extracellular 
matrix [15]. Degradation products of Ang II such as Ang III 
and Ang IV also stimulate proinflammatory states, extra-
cellular matrix accumulation, and profibrotic states [15]. 
Moreover, Ang III mediates kidney functions, sodium and 
water retention, vasoconstriction, thirst, sodium appetite, 
and vasopressin release [27].

Overactive brain RAS activity can induce or maintain 
the hypertensive state. Characteristics of brain RAS-medi-
ated hypertension include increased sympathetic vasomotor 
tone, impaired baroreceptor reflex, and overexpression of 
angiotensinogen and renin [3]. The molecular mechanisms 

suggested were enhanced noradrenaline modulation and 
increased tyrosine hydroxylase activity [3]. Veerasingham 
and Raizada have extensively reviewed the contribution of 
brain RAS dysfunction to hypertension with an emphasis on 
the molecular mechanisms in neurons [3]. Another contri-
bution to brain RAS-mediated hypertension is dysfunctions 
involving glial cells, in particular astrocytes. Accumulating 
evidence shows that astrocytes mediate inflammatory and 
proliferative activities and, are the main source of angio-
tensinogen [28] in the brain. The central effects of RAS 
have not been fully investigated, especially in relation to 
the role of astrocytes. It was originally thought that the 
brain RAS-mediated actions occurred mostly in neurons 
with other cell types providing a supporting role. Mounting 
evidence now suggests a role for astrocytes in pathophysi-
ological conditions [23, 24, 29–31]. The interplay between 
neurons and astrocytes, and the RAS-mediated paracrine and 
autocrine signaling mechanisms in the brain require further 
investigation.

Role of Astrocytes in the Brain

Glial cells or neuroglia are non-neuronal brain cells that 
form a scaffold to support neurons. They are also referred 
to as the “glue” of the CNS [32]. Astrocytes or astroglia 
are the most abundant glial cells of the CNS [30]. Neuro-
glia includes astrocytes, microglia, oligodendrocytes and 
progenitor cells also known as radial glia cells [32, 33]. 
Dysregulation of astroglial functions as well as dysfunction 
of astroglial properties may be linked to several neurologi-
cal diseases such as epilepsy, amyotrophic lateral sclerosis, 
ischaemic stroke, and hepatic encephalopathy [31]. The 
TGF-β signaling pathway in astroglia was shown to sus-
tain brain inflammation in mice [34]. This signaling mecha-
nism demonstrated a connection between the CNS and the 
immune system in neuroinflammation and autoimmunity in 
the brain [34].

Astrocytes have multiple subtypes performing different 
functions [30]. They secrete growth promoting and growth 
inhibiting substances that support the growth and develop-
ment of neurons, maintain synaptic homeostasis, form the 
tripartite synapse, maintain the blood brain barrier, provide 
metabolic support for neurons and neuroprotection from 
oxidative stress [30]. They are also a source of extracellular 
matrix and pro- and anti-inflammatory cytokines [23, 24, 35, 
36]. This suggests both neuroinflammatory and neuroprotec-
tive roles for astrocytes. The heterogeneity of the astrocyte 
subtypes may differ by region, and the properties of the 
astrocytes within and between regions may also vary [31]. 
Indeed, this diversity of astrocyte subtypes and functions 
influences mechanisms of neuromodulation effects involving 
astrocytes [37].

Angiotensinogen

Renin

ACE2

Angiotensin I Ang (1-9) (AT2R)*

ACE ACE

ACE2 

Angiotensin II Ang (1-7) (Mas/AT2R)*
(AT1R & AT2R)*

Aminopep�dase A

Angiotensin III
(AT1R & AT2R)*

Aminopep�dase N

Angiotensin IV
(AT4R-IRAP/AT1R)*

Fig. 1  Schematic representation of the Renin Angiotensin System 
highlighting the components that are known to be present in astro-
cytes. ACE angiotensin converting enzyme, AT1R angiotensin type I 
receptor, AT2R angiotensin type 2 receptor, AT4R angiotensin type 
4 receptor, IRAP insulin-regulated aminopeptidase. Receptors are 
denoted by (*)
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In response to CNS injury, astrocytes migrate to the site 
of injury by a process called reactive astrogliosis; this serves 
to protect both injured and uninjured tissue [37, 38]. Reac-
tive astrogliosis is therefore a suitable indicator of tissue 
injury [37]. Regulated reactive astrogliosis serves a neuro-
protective role, however, dysregulated reactive astrogliosis 
may be harmful and can contribute to pathophysiological 
conditions [37, 39]. The role of reactive astrogliosis in dis-
eases has been extensively reviewed [37, 39]. Briefly, reac-
tive astrogliosis can be triggered by numerous signaling mol-
ecules that can have harmful or beneficial effects depending 
on the signaling cascades involved. Mechanisms for harmful 
effects include impaired neurotransmission and neuroinflam-
mation that may be associated with disruption of the blood 
brain barrier. The following signaling pathways were sug-
gested as regulators of cell proliferation and inflammatory 
states associated with reactive astrogliosis: Signal transducer 
and activator of transcription 3 (STAT3), NFkB, suppressor 
of cytokine signaling 3, nuclear factor-like 2, cyclic adeno-
sine monophosphate, and oligodendrocyte transcription fac-
tor [37, 39].

RAS‑Mediated Central Effects and Molecular 
Mechanisms in Astrocytes

The signaling pathways of the angiotensins differ by tissue, 
affinity of ligand for the receptor, structural modifications of 
the receptor, duration of exposure to ligand, and concentra-
tion of ligand [18]. Moreover, for astrocytes, the signaling 
pathways differ by brain region. Numerous signaling path-
ways have been identified in astrocytes linking these cells 
to neurological disorders. These pathways mediate astrocyte 
proliferation, hypertrophy, ROS generation, inflammation, 
and astrogliosis. Indeed, astrocytes have a major role in 
neuroinflammation and maintenance of the blood brain bar-
rier. Under physiological conditions, the brain and periph-
eral RAS act independently due to the blood brain barrier 
that prevents transfer of RAS peptides [17]. In pathological 
states, blood brain barrier breakdown increases permeability 
of circulating peptides [40]. This allows circulating peptides 
such as Ang II to access brain regions, and in particular, the 
central cardiovascular centers [40]. The binding of Ang II to 
its receptors in these regions leads to a cascade of events that 
may result in increased sympathetic outflow and increased 
synthesis of inflammatory mediators [12]. Local production 
of Ang II in the brain is not fully understood. The various 
components are distributed among different brain cell types 
[12]. Locally produced Ang II may also cause sympathoex-
citation and increased synthesis of inflammatory mediators 
[40].

Ang II regulates numerous astroglial functions. Ang III is 
believed to have similar effects to Ang II; however, data for 
Ang III central actions are sparse. Ang II induces astrocyte 

proliferation [23, 41–43], modulates the synthesis and secre-
tion of various proteins involved in the biochemical and 
regulatory functions of astrocytes [44], activates numerous 
intracellular signaling pathways linked to various functions 
such as inflammatory status, cellular growth and prolifera-
tion [23], and neurotransmission. Ang II modulates tran-
scriptional regulation of ACE2 mRNA in astrocytes [23]. 
Moreover, an altered balance of ACE/ACE2 supporting the 
generation of Ang II instead of Ang (1–7) was observed in 
SHRs astrocytes [36]. These findings suggest that in SHRs 
the Ang II counterregulatory peptide Ang (1–7) is produced 
to a lower extent. This impairment of the counterregulatory 
axis, creates an environment in the brain that is susceptible 
to the deleterious effects of Ang II. Physiological levels of 
Ang II and its metabolites are required for maintenance of 
the blood brain barrier [45, 46]. Moreover, Ang II inhibits 
the inflammatory response of astroglial cells by inhibiting 
nitric oxide production after exposure to the bacterial endo-
toxin LPS [47], suggesting a role for Ang II in reactive astro-
gliosis [48]. Ang II stimulation of glucose uptake and the 
glucose transporter in cultured astrocytes was also suggested 
to be associated with reactive astrogliosis and recovery from 
brain injury [48]. Additionally, Ang II stimulated secretion 
of plasminogen activator inhibitor 1 and human related-
tissue inhibitor of metalloprotease in astrocyte cultures [44].

Upregulated expression of AT1Rs in mice astrocytes was 
linked to exaggerated sympathetic nervous system activity in 
myocardial infarction (MI)-induced heart failure. The AT1R 
upregulation was more pronounced in astrocytes compared 
to neurons suggesting a role for astrocytes in MI-induced 
heart failure [49, 50].

Mechanisms in Astrocytes Contributing 
to Cardiovascular Disease Pathogenesis

To date, the role of astrocytes in cardiovascular disease 
pathogenesis includes upregulated angiotensinogen and 
renin levels [3], dysregulated astrogliosis [37, 39], neuro-
inflammation [2], generation of ROS and proinflammatory 
cytokines [23, 36], disruption of the blood brain barrier [37], 
and neuron-astrocyte interaction that favors sympathoexcita-
tion [51]. The precise mechanisms by which these processes 
contribute to cardiovascular disease pathogenesis are not 
fully understood. The signaling pathways and physiological 
responses mediated by the angiotensin peptides in astrocytes 
can be divided into four main categories as shown below.

Crosstalk with Other Receptors

There is accumulating evidence of crosstalk between the 
AT1R and other receptors. Crosstalk has been observed 
for the RAS and the endocannabinoid system, particularly 
the cannabinoid receptor type 1 (CB1R) [52]. Altered Ang 



1302 Neurochemical Research (2018) 43:1297–1307

1 3

II- and Arachidonyl-2′-chloroethylamide (ACEA)-induced 
mitogen activated protein kinase (MAPK) activation was 
observed in astrocytes of hypertensive rat models, suggest-
ing that aberrant or reduced CB1R functions could contrib-
ute to the pathophysiology of hypertension [53]. In renal 
tubules, activation of the dopamine D4 receptor (D4R) was 
shown to decrease AT1R expression [54]. Furthermore, 
Ang II mediated hypertension in mutant mice deficient in 
the D4 receptor [55]. Based on these observations in renal 
tubules, our laboratory is currently investigating the inter-
action between the AT1R and the dopamine D4 receptor 
in astrocytes in relation to hypertension. Transactivation 
was observed for AT1Rs and the membrane bound tyrosine 
kinases platelet derived growth factor (PDGF) receptor and 
epidermal growth factor (EGF) receptor in astrocytes [56]. 
Crosstalk with other receptors provides a mechanism by 
which RAS may regulate other signaling pathways which 
may exacerbate RAS actions directly or indirectly. In the 
case of the CB1R or D4R which may be counterregulatory 
to AT1R, homologous regulation by Ang II dampens their 
inhibitory effects on RAS actions. Some studies have shown 
anti-inflammatory actions of the CB1R which may counter-
act the proinflammatory actions of Ang II in cardiovascular 
disorders [52]. In addition, the D4R is known to regulate 
blood pressure. Dysregulation of these receptors via cross-
talk with AT1R is a potential mechanism by which RAS-
mediated cardiovascular disease actions are exacerbated. 
Moreover, the AT1R crosstalks with tyrosine kinase recep-
tors to induce astrocyte proliferation as discussed below.

Cellular Growth and Proliferation

The MAPKs are a family of protein kinases that are involved 
in pathways that control cell differentiation, cell prolifera-
tion, and cell death [57]. This family of proteins includes 
the extracellular signal regulated kinases (ERKs), c-Jun 
N-terminal kinases (JNKs) and p38 MAPKs. Ang II is a 
potent mitogen that induces proliferation in rat astrocytes 
by multiple signaling cascades. In our laboratory, we have 
shown that Ang II activates the ERK1/2 MAPK pathway 
through non-receptor tyrosine kinases Src and Pyk2 [41], 
and by transactivation of membrane bound receptor tyros-
ine kinases, PDGF and EGF receptors to stimulate astrocyte 
growth [56]. Ang II stimulated astrocyte proliferation via 
JNK signaling with upstream Src but not PKC signaling 
[43]. Astrocytes were also shown to elicit neuroprotective 
effects via MKK4/JNK/c-Jun/AP-1 [58], and stimulate p38 
MAPKs [59]. Ang III also stimulated astrocyte proliferation 
by JNK and ERK1/2 MAPKs [21, 42]. Further, the Ang III 
effects were direct and did not result from its conversion 
from Ang II.

The AT4Rs are found in both astrocyte and neuronal 
primary cells [60]. They are more prevalent however, in 

sensory and cognitive areas compared to the AT1Rs that 
are prevalent in cardiovascular and osmoregulatory areas 
[61]. Ang IV increased ERK1/2 MAPKs in astrocytes with-
out intracellular calcium activation. There were also notable 
increases in growth rate and apoptosis when Ang IV was 
administered with Ang II [62].

Astrocyte proliferation is a potential mechanism by which 
Ang II may contribute to cardiovascular disease pathogen-
esis. The effects may be twofold, astrocytes are a source 
of RAS components and can lead to increased Ang II pro-
duction augmenting the central Ang II effects. Secondly, 
astrocytes are a source of proinflammatory mediators and 
an increase in astrocyte numbers may lead to stimulation 
of proinflammatory effects. It is now accepted that neuroin-
flammation is an important contributor to cardiovascular dis-
ease pathogenesis. Additionally, accumulation of astrocytes 
may contribute to dysregulated astrogliosis and an overall 
augmentation of deleterious RAS-mediated effects in these 
cells.

Neuroinflammation

Inflammation can be described as the local reaction of tissue 
or microcirculation to injury or insult [63]. The inflamma-
tory response is a cascade of events that serves to restore 
damaged tissue with subsequent scar tissue formation. The 
inflammatory cascade can be classified into three general 
steps regardless of the injury. However, the severity and 
extent of the response will vary. The three main aspects of 
the inflammatory response include: (i) changes in vascu-
lar permeability, (ii) phagocytosis and transmigration of 
immune cells, and (iii) growth and reconstitution of tissue 
[63, 64].

Astrocytes are important regulators of neuroinflamma-
tion, and may either suppress or exacerbate the immune 
response [65]. Neuroinflammation is an inflammatory 
response originating in the CNS. It is characterized by accu-
mulation of microglia and astrocytes, and upregulation of 
cytokines and immune system components [66]. Neuroin-
flammation in brain regions controlling sympathetic outflow 
is associated with resistant hypertension [67]. RAS peptides 
have also been implicated in the inflammatory process. Both 
Ang II and prorenin upregulate ROS and proinflammatory 
cytokines (IL-1β; IL-6; TNF-α), while downregulating the 
anti-inflammatory cytokine IL-10 [68]. The mechanisms 
by which Ang II is believed to mediate the inflammatory 
process in peripheral tissues include: (i) upregulation of 
prostaglandins and VEGF with altered pressor action and 
cytoskeletal proteins, (ii) increased proinflammatory medi-
ators, (iii) activation of immune cells, and (iv) increased 
cellular growth, extracellular matrix and angiogenesis [64, 
69]. Ang III was also shown to induce STAT3 leading to an 
increase in IL-6 mRNA expression in astrocytes [24].
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Within the brain, Ang II’s chronic stimulation of sym-
pathetic outflow is a hallmark feature of neurogenic hyper-
tension [67, 70]. In our laboratory, we showed that Ang 
II induced the production of IL-6 and ROS in rat cerebel-
lum and brainstem astrocytes. This was mediated via the 
NF-kB/ROS pathway. However, no significant differences 
were observed in astrocytes isolated from Wistar compared 
to SHRs in Ang II-induced ROS levels [36]. We have also 
shown that activation of the JAK/STAT pathway by Ang II 
induced growth and production of IL-6 in rat astrocytes [23]. 
Leukocyte infiltration, a characteristic of the inflammatory 
response is modulated by Ang II in astrocytes. NF-kB was 
shown to play a role in the regulation of these Ang II effects 
[71].

It is postulated that there are feed forward and feedback 
mechanisms in neurogenic hypertension driven by RAS. 
Ang II and prorenin have direct effects on inflammatory 
states and ROS production in brain regions (feed forward). 
In addition, Ang II mediates systemic cytokine signaling 
across circumventricular organs [67]. Ang II also increases 
blood brain barrier permeability which may cause infiltration 
of peripheral immune cells into the brain tissue [67]. This 
highlights a mechanism by which Ang II may be involved 
in the pathogenesis of diseases.

In human astrocytes, Ang II and Ang III increased pros-
taglandin levels and enhanced  Ca2+ activation of phospho-
lipase C (PLC) [72]. Other active RAS peptides also have 
either a regulatory or a counterregulatory role in mediat-
ing inflammatory states. Ang (1–7) stimulated bradykinin 
production, prostaglandin synthesis and vasodilation [72]. 
The main downstream signaling pathway identified thus 
far for Ang (1–7)/Mas is activation of NO incorporating 
bradykinin receptors and the cGMP/PKG pathway [73]. In 
a mouse model of Alzheimer’s disease, AT4R was shown to 
mediate anti-inflammatory effects [74]. The ACE2/Mas axis 
exhibits anti-inflammatory effects by stimulating bradykinin 
release, reducing Ang II levels and increasing Ang (1–7) 
and NADPH oxidase 4 expression [75, 76]. Bradykinin B2 
subtype receptors are found on astrocytes [77]. Both Ang 
(1–7) and Ang (1–9) stimulate bradykinin release in the 
periphery [76]. Bradykinin facilitates vasorelaxation and 
vasodilation [78]. Other studies have reported proinflam-
matory effects of bradykinin in astrocytes, resulting from 
increased IL-6 expression via a NFkB pathway [79]. The 
role of brain bradykinin on cardiovascular effects is not 
clear; however, enhanced pressor response to bradykinin 
was observed in SHRs compared to Wistar Kyoto rats [80]. 
The bradykinin B1 receptor subtype which is also found 
in the CNS did not mediate the pressor effects observed in 
SHRs [80]. Determining the role of brain angiotensins on 
the bradykinin-mediated pressor effects may identify other 
astrocyte-mediated pathophysiological effects in cardiovas-
cular diseases.

Neuroinflammation is well established as a significant 
contributor to cardiovascular disease pathogenesis. RAS-
mediated generation of inflammatory mediators are outlined 
above. There are numerous mechanisms by which neuroin-
flammation may induce or maintain hypertension and other 
cardiovascular disorders. A number of mechanisms are dis-
cussed elsewhere [2]. Astrocytes are an important source 
of pro- and anti-inflammatory cytokines, they maintain 
the blood brain barrier, they provide metabolic support to 
neurons and they maintain synaptic homeostasis. As such, 
astrocyte dysfunction can lead to a host of neuroinflamma-
tory and deleterious actions including breakdown of blood 
brain barrier giving access to circulating peptides, increased 
sympathoexcitation, neuronal death or impaired neuronal 
functions, and increased ROS generation. RAS-induced pro-
liferation of astrocytes can magnify these effects in addition 
to generating more Ang II, sustaining these effects.

Neurotransmission

A number of roles have been suggested for astrocytes in 
neurotransmission [81]. In addition to forming a scaffold to 
guide neuronal development and facilitate synapse forma-
tion [82], astrocytes are also involved in glutamate clearance 
and energy supply to neurons [82]. Prostaglandins stimulate 
glutamate release by astrocytes in a calcium-dependent man-
ner [83]. Accumulation of glutamate in the synaptic cleft can 
result in overstimulation of neurotransmission [81]. Ang II 
inhibits astrocyte glutamate transporter 1; this stimulates 
sustained neuronal activity and SNS outflow [51]. A sug-
gested mechanism was Ang II induced ROS generation [51]. 
Similarly, impaired calcium signaling possibly resulting in 
neurotransmitter excitation in astrocytes was implicated 
in alcoholism [84]. Ang II at physiological concentrations 
stimulates calcium flux in astroglia cells [85]. An exagger-
ated RAS may result in aberrant calcium signaling, this may 
be another mechanism via which Ang II, and astrocytes are 
involved in disease pathogenesis. Roles for astrocytic cal-
cium mobilization and molecular mechanisms involved was 
reviewed [86]. It was concluded that more effective tools for 
measuring calcium in astrocytes may help to advance our 
understanding of calcium signaling and astrocyte functions. 
Angiotensins are known to stimulate calcium signaling in 
astrocytes [87]; however, the signaling pathways differ by 
brain region and species.

Other RAS‑Mediated Mechanisms in Astrocytes

In astrocytes, Ang II induced the expression of c-fos and 
c-myc via the ERK1/2 MAPK signaling pathway. Ang II 
also induced cjun expression however, inhibition of the 
ERK1/2 pathway did not affect its expression [88]. Addi-
tionally, Ang II activated CREB in rat astrocyte cultures 
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[62]. Others have shown that Ang II differentially activates 
PLC in neonatal rat astrocytes [89].

Another mechanism by which Ang II may modulate 
astrocyte functions is by aberrant gene regulation. Recent 
studies have implicated microRNAs in RAS-mediated car-
diovascular inflammation [90]. MicroRNAs regulate gene 
expression [90], and members of micro RNA subfamilies 
are regulated by Ang II via the AT1R [91, 92]. High levels 
of the microRNA family miR-181 were observed in astro-
cytes compared to neurons, and have been implicated in 
neuroinflammation involving astrocytes [38]. RAS-mediated 
neuroinflammation and the role of microRNAs in astrocytes 
warrants exploration.

Perspectives

The role of RAS in cardiovascular diseases and hypertension 
has been established for over four decades. Brain RAS has 
been highlighted as a significant contributor to the develop-
ment and maintenance of the hypertensive condition. Astro-
cytes have now emerged as major players in RAS-mediated 
central effects. Astrocytes express the major receptors for the 
active RAS peptides Ang II and Ang III. Activation of these 
receptors in brain regions with cardiovascular functions 
modulate cell growth and proliferation, neuroinflammation 
and neurotransmission. Moreover, these receptors interact 
with other receptors such as the CB1R and the D4R to elicit 
other central effects. It is not fully established whether the 
AT1Rs become activated in both neurons and astrocytes to 
cause these effects. In vitro studies have shown increased 
levels of proinflammatory cytokines and ROS after Ang II 
stimulation in astrocyte enriched cultures. These inflam-
matory mediators not only induce neuroinflammation but 
also trigger excitotoxicity. Moreover, a response to trau-
matic brain injury includes activation of the RAS to restore 
homeostasis. However, this is a double-edged sword as this 
response can lead to proinflammatory states and increased 
oxidative stress. Since astrocytes are involved in RAS-
mediated neuroinflammatory and oxidative responses, their 
activation may drive deleterious outcomes to brain injury. 
In support of this, inhibition of AT1Rs improved neurores-
toration, inhibited astrogliosois and decreased proinflam-
matory response during brain traumatic injury [93]. This 
suggests a role for astrocytes in traumatic brain injury. The 
neuroinflammatory role of astrocytes spans multiple areas 
and remain an active area of investigation. In addition to 
astrocytes, other glial cells are major contributors to RAS-
mediated central effects. Studies in individual cell types have 
provided insight into the contributions of each. However, 
there still exists a great need to investigate the interactions 
between the cell types and whether this interaction may 
be dysregulated in hypertension and other cardiovascular 

diseases. When these interactions are known, they can then 
be targeted for therapeutic intervention.

Future Directions

It is evident that astrocytes play a vital role in the CNS and 
in RAS-mediated central effects. Their role in neuroprotec-
tion and neuroinflammation is of particular interest because 
neuroinflammation is a major contributor to pathological 
conditions. Finding therapeutic strategies that could swing 
the pendulum to enhance their neuroprotective capabili-
ties would be a desirable advancement in the field. This 
however, requires more studies elucidating the molecular 
mechanisms involved in the neuroprotective actions of 
astrocytes. Our laboratory has carried out in vitro studies 
on molecular mechanisms in RAS-mediated central effects 
in primary astrocytes. Investigating these molecular mecha-
nisms in neuron-astrocyte cocultures, will help us to deter-
mine whether RAS-mediated neuroinflammatory actions are 
occurring directly in astrocytes or due to paracrine signaling 
from neurons, or both. Neuron-astrocyte interactions have 
been shown to be integral in RAS-mediated central effects. 
Investigations carried out in single cell cultures provide 
baseline responses but do not account for the multiple inter-
actions between cell types that do exist in vivo. Moreover, it 
is postulated that cells grown in culture may exhibit certain 
pathophysiological characteristics not observed in normal 
conditions in vivo. Examining these RAS-mediated mecha-
nisms in vivo, particularly the actions of astrocytes and how 
they interact with other brain cells, would be a welcomed 
step forward in developing therapeutic strategies.
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