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ARTICLE INFO ABSTRACT

Keywords: Reactive oxygen species (ROS) are oxygen derivates and play an active role in vascular biology. These com-
Angiotensin II pounds are generated within the vascular wall, at the level of endothelial and vascular smooth muscle cells, as
Hypertension well as by adventitial fibroblasts. Physiologically, ROS generation is counteracted effectively by the rate of

Reactive oxygen species

elimination. In hypertension, a ROS excess occurs, which is not counterbalanced by the endogenous antioxidant
Sympathetic nervous system

mechanisms, leading to a state of oxidative stress. Angiotensin II, the active peptide of the renin-angiotensin-
system (RAS), is a significant stimulus for ROS generation within the vasculature. It was also documented that at
the level of subfornical cerebral regions an inappropriate RAS stimulation may lead to an increased vascular
sympathetic activity. More recently, in conditions of fetal undernutrition, it was also proposed an increased
vascular sympathetic activity secondary to inappropriate RAS activation, leading to the development of hy-
pertension in adult life. The present review will discuss the complex interaction between RAS activation, vas-

cular ROS generation and increased sympathetic outflow in hypertension.

1. Introduction

Increased peripheral vascular resistance due to functional, struc-
tural and mechanical changes in small vessels, represents a hallmark of
essential hypertension. Functional alterations include an impaired en-
dothelial function secondary to a reduced nitric oxide (NO) availability,
while structural changes imply vascular remodelling, resulting from a
reduced outer diameter that narrows the lumen without net growth
(eutrophic remodelling) or from a thicker media encroaching on the
lumen (hypertrophic remodelling) [1]. Vascular fibrosis provides a
critical contribution to these vascular structural modifications and in-
volves changes in extracellular matrix components, including collagen
type I and III, elastin and fibronectin. In hypertension, media of small
arteries is often characterised by increased collagen and fibronectin, as
well as a decreased elastin contents [2-4].

Angiotensin (Ang) II is greatly involved in the pathogenesis of mi-
crovascular remodelling [5,6]. Ang II can act through two different
receptors: Ang II type 1 (AT1) and type 2 (AT2) receptors. While the
AT2 expression and activity are very low in adults, the AT1 receptor is
ubiquitously expressed in the cardiovascular system and mediates most
of the physiological and pathophysiological actions of Ang II. Major
mechanisms whereby Ang II exerts vascular remodelling include gen-
eration of reactive oxygen species (ROS) and activation of sympathetic

nervous system (SNS) activity [7-9].

The present review will focus on Ang II-induced vascular disease in
hypertension and the complex interaction between RAS activation,
vascular ROS generation and increased sympathetic outflow in hy-
pertension.

2. Vascular reactive oxygen species generation

ROS are reactive derivatives of O, metabolism found ubiquitously in
the body, including in the cardiovascular system. While maintaining
cardiac and vascular integrity in healthy conditions, ROS play a crucial
pathophysiological role in several clinical conditions, including hy-
pertension [10,11]. The ROS family encompasses various molecules,
including the superoxide anion (*O,~ ), hydrogen peroxide, and the
reactive nitrogen species peroxynitrite (ONOO ™), regarded as life-
threatening, and highly destructive oxygen-derived toxicant. Physiolo-
gically, ROS generation is tightly regulated by endogenous cellular anti-
oxidants in a fine equilibrium which defines the intracellular redox
balance, thus modulating the vascular homeostasis [12].

On the contrary, in different diseases including hypertension, ROS
generation exceed the buffering capacities of protective antioxidant
mechanisms, leading to a state of oxidative stress [11]. In these con-
ditions, *O5" reacts with NO to increase the production of the toxic
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ONOO "~ which, in turn, promotes alterations of transcription factors,
kinases, protein synthesis, and redox-sensitive genes. These changes in
the vascular physiology induce functional alterations, increase vascular
contractility, smooth muscle cell growth and apoptosis, monocyte mi-
gration, lipid peroxidation, inflammation, and increased deposition of
ECM proteins, all major processes deeply involved in the pathogenesis
and progression of vascular damage in cardiovascular disease [13,14].

3. Major vascular sources of ROS generation

In hypertension, major sources of ROS are xanthine oxidase, un-
coupled endothelial NO synthase (eNOS), nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase, cyclooxygenase (COX) and the
mitochondrial respiration [15]. The xanthine oxidase system, detect-
able in the vascular endothelium, catalyses the oxidation of hypox-
anthine and xanthine to form O, ™. Major demonstrations of the role of
the xanthine oxidase-system in contributing to the generation of ROS
and regulation of the vascular physiology concern the setting of
ischemia-reperfusion injury and heart failure. Nevertheless, some ex-
perimental reports also suggest the involvement of such complex in
hypertension. In small mesenteric vessels from spontaneously hy-
pertensive rats (SHR), an enhanced activity of xanthine oxidase was
documented [16]. Beyond its effect within the vascular wall, an active
role of xanthine oxidase has also been documented in the kidney from
SHR or Dahl salt-sensitive rats. Usually, the xanthine oxidase enzymatic
system is inhibited by allopurinol.

The enzymatic system eNOS, constitutively delegated to produce
NO, can also generate ROS in those conditions characterised by a de-
ficiency of the substrate arginine [17] or the cofactor tetra-
hydrobiopterin (BH,4). This process, which has been called “NOS un-
coupling”, implies that the physiological activity of the enzyme is
switched from NO production to the NOS-dependent *O,~ generation, a
condition widely documented in hypertension [18]. eNOS uncoupling
has been demonstrated in diabetic and hypertensive patients, where
endothelial oxidant excess was dramatically reduced by administration
of the precursor of BH, [19].

NAD(P)H oxidase represents one of the major sources of *O,™ in the
vasculature, either in the endothelium or in the media and adventitia
[13,20]. The activation of such enzymatic system, which utilises
NADH/NADPH as electron donor to reduce molecular oxygen and
generate *O, ", requires the assembly of cytosolic (p47phox, p67phox)
and membrane-bound (gp91phox/Nox1/Nox4 and p22phox) subunits
to form a functional enzyme complex [15]. Within the vascular wall, all
the NAD(P)H oxidase subunits are expressed to varying degrees [13,15]
and have been involved in the microvascular wall remodelling com-
monly observed in patients with arterial hypertension [20].

COX is another major ROS source in hypertensive disease. Indeed,
COX metabolises arachidonic acid from membrane-bound phospholi-
pids into a final variety of bioactive prostaglandins and thromboxane
(TX) A,, collectively termed prostanoids [21]. Prostacyclin is the major
prostanoid released by endothelial cells mediating several protective
effects on the vascular wall [22]. Its predominant opponent is TXA,,
specifically acting on thromboxane—prostanoid receptors mainly lo-
cated on smooth muscle cells where it causes vasoconstriction [23].
Two distinct COX isoenzymes, COX-1 and COX-2, have been described.
While COX-1 is constitutively expressed to produce physiologically re-
levant prostanoids, COX-2 is regarded as an inducible isoform, which
can be rapidly upregulated by a number of stimuli. In isolated small
resistance arteries from essential hypertensive patients it was recently
found an overexpression and increased activity of COX-2 occur, playing
a major role in reducing NO availability. When incubated with a se-
lective COX-2 inhibitor, the intravascular *O5~ excess was strongly re-
duced, thus demonstrating COX-2 as a major ROS source in hyperten-
sion [24].

A role for mitochondrial dysfunction and excessive ROS production
in the development of arterial hypertension has been repeatedly
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suggested. Mitochondrial abnormalities including mitochondrial
dwelling, decreased mitochondrial mass and density are observed in
hypertension and result in impaired energy production and accelerated
formation of ROS through instability of the mitochondrial respiratory
chain [25].

The profound increase of hypertension with age is associated with
the decline of the NAD* dependent deacetylase activity of Sirt3 which
is accompanied by a reduced mitochondrial energy metabolism and
increased mitochondrial ROS production [26]. SIRT3 is a metabolic
sensor that uses intracellular metabolites such as NAD ™" and acetyl-CoA
to modulate mitochondrial function to match nutrient supply [27]. It
activates mitochondrial superoxide dismutase 2 (SOD2) resulting in a
potent mitochondrial antioxidant activity that is progressively lost with
ageing as its expression declines by 40% by age 65. Importantly, these
molecular alterations parallel the increased incidence of hypertension
with ageing [28].

Beyond its influence on the peripheral vascular system, increasing
evidence suggests that mitochondria-derived ROS play an important
role also in the central regulation of systemic cardiovascular function
[29]. Recent data suggest that activation of the renin-angiotensin
system in the brain stimulates intraneuronal signalling, that leads to an
increased *O,~ generation [29], ultimately resulting in a modulation of
the neuronal membrane potential by activation of specific ion channels
and increased neuronal firing [30]. These alterations are thought to
play a key role in the central regulation of blood pressure.

4. Role of angiotensin II on vascular ROS generation

Ang II represents one of the major vasoactive peptides involved in
the regulation and activation of NAD(P)H oxidase, together with cy-
tokines and growth factors. Ang II, via AT1 receptors, stimulates acti-
vation of NAD(P)H oxidase, increases expression of NAD(P)H oxidase
subunits, and induces vascular ROS generation [13]. Of note, ROS may
regulate AT1 receptor gene expression, which in turn modulates ROS
generation, thus creating a vicious circle [31]. The strict cross-talk
between Ang II and NAD(P)H oxidase is confirmed by in vivo studies.
Thus, in Ang Il-infused hypertensive rats, NAD(P)H oxidase subunit
expression and activity are increased, and administration of a NAD(P)H
oxidase inhibitor reduces vascular *O,~ generation [32]. Chronic ad-
ministration of apocynin, a selective inhibitor of NAD(P)H oxidase,
prevents vascular remodelling, endothelial dysfunction and collagen
deposition at the level of mesenteric resistance arteries from Ang II-
infused mice [33]. These data suggest that activation of vascular NAD
(P)H oxidase plays an important role in vascular functional and struc-
tural changes that accompany the development of hypertension in Ang
II-infused mice.

Moreover, apocynin was also able to attenuate the systolic blood
pressure rise induced by Ang II [33] (Fig. 1), demonstrating that NAD
(P)H oxidase inhibition leads to blood pressure reduction in an Ang II-
dependent hypertensive murine model and supporting the concept that
NAD(P)H oxidase-derived *O,~ plays a role in the Ang II-induced blood
pressure elevation. These findings are supported by other reports as-
sessing the role for the endogenous RAS in increasing ROS production
during hypertension. In the 2-kidney 1-clip model of renovascular hy-
pertension (a model characterised by a high activation of the RAS),
endothelial dysfunction was associated with a NAD(P)H oxidase-de-
rived increase of O~ production, a condition which in part participates
to blood pressure elevation [34]. In salt-sensitive Dahl rats, another
animal model of hypertension characterised by activation of the local
RAS, chronic administration with an Ang II receptor blocker dramati-
cally reduced vascular *O,” production [35]. Importantly, in animal
model of salt-sensitive hypertension, treatment with a gp91phox-con-
taining NAD(P)H oxidase inhibitor also prevented the increased vas-
cular *O," production together with the expression of pro-inflammatory
molecules, thus supporting the concept of a linkage between RAS, NAD
(P)H oxidase activity, and vascular inflammation [36].
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Fig. 1. Systolic blood pressure behavior in Controls and in Angiotensin (Ang) II-
infused mice chronically treated or not with Apocynin or Hydralazine (Hyd). It
is evident that Apocynin was able to attenuate in part the Ang II-mediated
blood pressure elevation. * P < 0.01 vs other groups; ** P < 0.01 vs Controls,
Apocynin and Ang II + Hyd. Adapted from ref. 33.

There is increasing evidence that angiotensin II signals might be
mediated, at least in part, by mitochondria-derived production of ROS
[37]. Supplementation of MitoTEMPO (a mitochondria-targeted SOD2
mimetic) enhances scavenging of mitochondrial *O,~ and protects from
mitochondrial-derived <O,  overproduction. In angiotensin II and
DOCA-salt models of hypertension mitoTEMPO supplementation at-
tenuates endothelial oxidative stress, restores NO+ production, improves
endothelium-dependent vasodilatation and reduces blood pressure
[37]. Supplementation of mitoEbselen, another scavenger of mi-
tochondrial ROS that specifically targets H,O», diminished vascular
oxidative stress and significantly reduced blood pressure in angiotensin
II-induced hypertensive mice [38].

5. Angiotensin II and ROS. Is there a role for the sympathetic
nervous system?

Among multiple mechanisms involved in controlling blood pressure
homeostasis, a critical role is played by the SNS. After the pioneering
evidence of an elevated cardiac output documented in young hy-
pertensive patients, it is now accepted that autonomic dysfunction is a
key mechanism accounting for the development of hypertension. In
particular, the involvement of the central nervous system as a trigger of
an elevated sympathetic outflow is documented [39].

activated
T cell

Sympathetic
activation
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Experimental studies evidenced that the RAS, and in particular the
effector peptide Ang II with its AT1 receptors, is overactivated in the
brains of SHR [40]. The activation of AT1 receptors at the level of
rostral ventrolateral medulla of SHR increases neuronal firing fre-
quency [41]. In line with these observations, it is described that Ang II
administration leads to a selective increment in sympathetic tone in
high-salt hypertensive rats [9]. The potentiation of RAS activity in
brainstems of SHR was further confirmed when AT1 receptor stimula-
tion produced a greater activation of downstream signalling pathways
in brainstem cells from SHRs compared with controls [42]. The hy-
pothalamic paraventricular nucleus (PVN) is another central cardio-
vascular regulatory region which has been shown to mediate sympa-
thetic activity [43]. Inhibition of AT1 receptor in the PVN region from
SHR resulted in a significant reduction of peripheral blood pressure,
demonstrating a crucial role played by PVN in sympathetic overactivity
in this genetic animal model of hypertensive disease [44]. In such a
scenario, a crucial role seems to be also played by ROS. This is because
the activation of NAD(P)H oxidase via the AT1 receptor activation is
considered a major downstream target of Ang II in the brainstem. In
particular, it was documented that an increased ROS is a primary me-
chanism whereby Ang II causes an increased SNS activity [45]. These
mechanisms of central regulation of the blood pressure by hyper-
activation of the sympathetic activity are further complicated by the
contribution of the adaptive immune response and, in particular, T
lymphocytes. Sympathetic nerve terminals activate both the T cells in
lymph nodes and the expression of homing signals in the vasculature
and kidney, promoting the attraction of T cells to these organs. In turn,
T cells release cytokines that stimulate the vessel and kidney NADPH
oxidases, promoting vasoconstriction and overt hypertension [46]
(Fig. 2). In the present issue of the Vascular of Pharmacology, Vieira-
Rocha et al. [47] investigate another interplay between SNS and RAS,
represented by a fetal exposure to RAS overactivity leading to a future
increase in vascular responsiveness and hypertension after delivery.
Demonstration that poor fetal growth contributes to the development of
hypertension in adult life and the activated RAS is one of the proposed
mechanisms represent a crucial background to their working hypothesis
[48]. To this aim, the authors utilised adult Sprague-Dawley rats off-
spring from mothers fed ad-libitum (control) or with 50% intake during
the second half of gestation (maternal undernutrition). Sympathetic
neurotransmission was studied in mesenteric/tail arteries and mesen-
teric veins. The novel aspect of this study is the demonstration that
AT1R inhibition by losartan induced a vascular tonic facilitation only in
offspring from under-nutrited mothers. These findings were supported
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Fig. 2. Proposed cross-talk between cerebral and peripheral oxidative stress and sympathetic nervous system activation in the pathogenesis of hypertensive-related
vascular changes. In this picture, angiotensin (Ang) II stimulates an NADPH oxidase in the subfornical organs (SFO) of the brain, thus stimulating a sympathetic
activation. Sympathetic nerve terminals in lymph nodes activate T cells, which in turn stimulate the vascular and kidney generation of NADPH oxidases, promoting

the hypertensive-related vascular changes.
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by the demonstration that sympathetic vascular innervation and AT1R
density were larger in the group from maternal undernutrition com-
pared with controls. The study provides intriguing information that
may represent the background for future research in this area. In par-
ticular, for the first time in an adult murine model, it is demonstrated
that an increased vascular sympathetic activity secondary to an in-
appropriate RAS activation may play an important role on hypertension
development subsequent to fetal undernutrition. Future studies will
establish the role of oxidative stress in mediating the abnormal and
early interplay between RAS and SNS.

6. Conclusions

ROS are generated within the vascular wall, at the level of en-
dothelial and vascular smooth muscle cells. Under pathological condi-
tions, the ROS generation exceeds the usual protective antioxidant
mechanisms, leading to a state of oxidative stress. Hypertension is
characterised by a high generation of ROS. While in the past a major
source of vascular ROS detected in hypertension was considered the
hyperactivity of the NAD(P)H oxidase, increasing evidence suggests
that also mitochondria dysfunction might significantly contribute to the
burden of vascular ROS. Ang II represents the major vasoactive peptide
derived by a RAS activation which is involved in the stimulation of NAD
(P)H oxidase and might also influence the production of mitochondrial
ROS. In such a scenario, it was also demonstrated the crucial role
played by a potentiation of cerebral RAS activity which, in turn, was
able to trigger several downstream signalling pathways which may
stimulate the SNS activity. An excess of the NAD(P)H oxidase is con-
sidered a major downstream target of Ang II in the brainstem. More
recently, it was proposed that stress factors during fetal life, particularly
undernutrition, might contribute to the development of adult hy-
pertension, throughout mechanisms that involve vascular SNS hyper-
activation and tonic facilitation of prejunctional AT1 receptors by en-
dogenous Ang II. Future research hopefully will clarify the role, if any,
of ROS excess in this strict relationship between RAS and SNS over-
activity which characterises fetal stress condition.
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