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Preface

The renin angiotensin system (RAS) is a key regulatory mechanism in the body and is
known to play a critical role in cardiovascular physiology and pathophysiology. This
system is accountable for maintaining arterial blood pressure and electrolyte home-
ostasis, as well as regulating organ perfusion. Under pathological conditions, RAS
elicits its response by triggering oxidative stress, inflammation, as well as functional
and structural remodeling of both the blood vessels and myocardium. By inducing
cardiovascular damage, it participates in the pathogenesis of cardiovascular abnor-
malities such as hypertension, ischemic heart disease, and heart failure. It is pointed
out that cardiovascular diseases are the number one cause of death worldwide, with
the morbidity and mortality rate of more than 36% of all deaths. An in-depth study
of the RAS, under both experimental and clinical settings, has revealed the thera-
peutic efficacy of the blockade of this system by various pharmacological agents in
reducing cardiovascular and related events. Treatment of the patients having cardio-
vascular abnormalities with angiotensin-converting enzyme (ACE) inhibitors and
angiotensin II type 1 receptor (AT;R) blockers, alone or in combination, has signif-
icantly improved the global mortality and morbidity. It is also well known that the
RAS is present in both the peripheral system and different tissues and is involved in
the formation of angiotensin II (Ang II) due to the participation of various compo-
nents, including ACE. The circulating Ang II affects different organs in the body
upon binding to its receptor Ang II type 1, located at the plasma membrane. It
then activates signal transduction mechanisms in the cell leading to a variety of
biological effects such as vasoconstriction, sodium retention, hypertension, aldos-
terone and vasopressin production, platelet activation, endothelial dysfunction, cell
growth, connective tissue formation, as well as inflammatory, fibrotic, and oxida-
tive stress activities. On the other hand, the activation of the angiotensin II type 2
receptor mitigates the growth-promoting and other effects of the angiotensin II type
1 receptor stimulation. Thus, RAS can be seen to exert multifactorial (both harmful
and beneficial) effects in the body.



vi Preface

Since several studies underlying physiological, pathological as well as pharmaco-
logical aspects of RAS components have remained a focus of cardiovascular health
and disease over the past decades, the present book intends to summarize the current
status regarding the role of RAS in cardiovascular diseases. Due to a direct link
to neurohormonal dysregulation and cellular dysfunction, excessive activation of
RAS and its interaction with different hormones are considered essential modulatory
mechanisms, which are involved in inducing cardiovascular abnormalities. This book
describes the role of RAS in the pathophysiology of hypertension, atherosclerosis,
and ischemic heart disease with particular focus on vascular remodeling, cardiac
dysfunction, arrhythmias, and heart failure under various stressful conditions such
as pressure and volume overload as well as myocardial infarction. In this context,
the molecular and biochemical regulation, genetic and mechanistic approaches, as
well as signaling transduction pathways in the pathogenesis of these diseases are
discussed. Despite the progress and achievements, in the area of neurohormonal
treatments, the growing global burden imposed by these diseases is emphasized. A
framework of current and futuristic treatment options targeting RAS for the preven-
tion or reversal of cardiovascular and infectious diseases, as well as the translational
success for controlling the expression of RAS, is addressed. In view of the fact that
prolonged activation of RAS is known to induce inflammation, metabolic alterations,
oxidative stress, and Ca2+-handling abnormalities, some information on these mech-
anisms of defects with or without ACE inhibitors and AT R antagonists treatments
of diseased subjects is included.

This book is assembled to contain 25 chapters by international experts in the
field of RAS in cardiovascular health and disease. Overall, this monograph provides
recent developments in our understanding of alterations in RAS due to different
risk factors for cardiovascular disease, as well as highlighting the potential phar-
macological approaches for targeting RAS to improve cardiac function in clin-
ical situations. The 25 chapters of this book are arranged in three different parts,
namely: Part I-Modulatory Aspects of Renin Angiotensin System (9 chapters), Part
II-Pathophysiological Aspects of the Renin Angiotensin System (9 chapters), and
Part III-Pharmacotherapeutic Aspects of Renin Angiotensin System (7 chapters).
All these three parts of the book are interrelated because each chapter will hopefully
motivate investigators to develop innovative approaches to prevent cardiovascular
diseases due to the involvement of RAS. This book will also be particularly useful
for medical students, fellows, residents, graduate students, and health professionals.
It is our contention that the state-of-the-art information about the involvement of
RAS in the pathogenesis of cardiovascular disease, as well as the molecular and
cellular basis of its therapy provided in this book, could be helpful to biomedical
and clinical researchers. Particularly, the development of newer and more effective
treatments that can help in decreasing the disease burden while enhancing the quality
and life expectancy would prove to be challenging.
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Chapter 1 )
Renin-Angiotensin—Aldosterone System e
and LOX-1 Interaction in Hypertension

with a Focus on Modulation

of the Immune System

Weijia Cheng, Fang Shao, Jawahar L. Mehta, and Xianwei Wang

Abstract The renin—angiotensin—aldosterone system (RAAS) plays a key role in
the pathological process of many cardiovascular diseases, including hypertension.
Angiotensin II (Ang IT) and its two receptors, Ang Il type 1 receptor (AT1R) and Ang
II type 2 receptor (AT2R), exert many physiological and pathophysiological effects.
Lectin-like oxidized low-density lipoprotein (LDL) receptor-1 (LOX-1) is responsile
for the uptake and degradation of oxidized low density lipoprotein (ox-LDL). The
activation of LOX-1 is involved in various cardiovascular diseases including hyper-
tension. The interplay of LOX-1 and AT1R or AT2R has been recently shown to play
important part in hypertension and the related cardiovascular diseases such myocar-
dial infarction and stroke. There is increasing evidence that the immune system is
a critical mediator in these physiopathological processes. This chapter reviews the
role of the immune system in the crosstalk between RAAS and LOX-1 in the genesis
of hypertension and the related pathological consequences.

Keywords Renin—angiotensin—aldosterone system - Hypertension - Angiotensin
IT - Ang II type 1 receptor (AT1R) - Ang II type 2 receptor (AT2R) - Lectin-like
oxidized low-density lipoprotein (LDL) receptor-1 (LOX-1)
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Introduction

Hypertension is one of the most important risk factors for the development of cardio-
vascular diseases including myocardial infarction (MI), ischemic stroke, chronic
heart failure, and atherosclerosis. The RAAS is also a major regulator of blood
pressure and salt-water homeostasis [1-5]. Ang II and its receptors are critical for
mediating vasoconstrictor responses, excitation of peripheral sympathetic nerve and
release of arginine vasopressin. Ang Il induces its downstream signaling by activating
two of its major G protein coupled receptors, AT 1R and AT2R [6-8]. The subsequent
G protein-mediated signaling induces most of the effects of RAAS. These two recep-
tors have distinct functions in both physiological and pathophysiological regulation
of blood pressure. Ang II-AT1R complex induces several molecular and cellular
events while the activation of AT2R has the opposite effects.

AT1R is evolutionarily expressed in various species including humans, rats, mice,
dogs and pigs. Its relatively high expression has been found in heart, kidney, blood
vessels, liver, lung, brain, gastric mucosa, adrenal gland, ovine, placenta and adipose
tissues. Among the cell types, AT1R is expressed in cardiomyocytes, endothe-
lial cells, vascular smooth muscle cells (VSMCs), monocytes, fibroblasts, neurons,
embryonic stem cells, intestinal epithelial cells, T lymphocytes and podocytes.

AT1R expression has been determined to be affected in many pathological condi-
tions, including coronary atherosclerotic plaque, myocardial infarct and peri-infarct
regions, failing heart, hypertensive heart, several tissues in type 2 diabetics as well
as in various tumor tissues [9].

The human AT1R gene is located in chromosome 3q21-3q25 and its encoded
protein is a 359 amino acids protein with a 41 KD molecular mass. The protein
belongs to G protein-coupled receptor (GPCR) protein superfamily with extracel-
lular N-terminus, seven-transmembrane domains and intracellular C-terminus. The
serine/threonine and tyrosine-rich residues located in the intracellular C terminus
are the phosphorylation sites of protein kinase C (PKC). Similar to other GPCRs,
ATIR is also a protein that initiates downstream signaling pathway by inter-
acting with different adaptor G protein, Gg/11, G12/13, and Gi/o. The activated
Gg/11 mainly induces the activation PLC-8 and hydrolysis of phosphatidylinositol-
4,5-bisphosphate (PIP2) on the plasma membrane. The generation of the second
messenger inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) are subse-
quently induced, leading to an increase of cytosolic calcium concentration. The
increased intracellular calcium subsequently causes the activation of PKC depen-
dent signaling pathway [10, 11]. In cardiomyocytes, calcium-loaded calmodulin
(CaM) induces the activation of Calcineurin (phosphatase-2B), which then enhances
the expression of hypertrophic markers such as atrial natriuretic peptide (ANP),
B-myosin heavy chain (3-MHC) and a-skeletal muscle (a-SKA) [12, 13]. G12/13
mainly triggers the activation of PLC and Rho kinases. Rho kinases are involved in
various cellular functions including cell morphology, polarity, cytoskeletal remod-
eling, cell-cell adhesion, cell proliferation and cell migration. Rac, a member of
the Rho family, is a component of the nicotinamide adenine dinucleotide phosphate
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Fig. 1.1 Activation of ATIR results in the induction of PKC-PI3K and ROS-MAPKs with subse-
quently production of cytokines and transcription factors. Activation of AT2R has the opposite
effect by promoting the activation of eNOS, MKP-1, SHP-1 and PP2A thus opposing the effects of
AT1R-mediated signaling. Ox-LDL and LOX-1 interaction leads to the activation of PKC-PI3K and
ROS-MAPKSs. All the above signaling pathways facilitate cellular functions including cell prolif-
eration, differentiation, apoptosis, migration, adhesion and inflammation which are critical in the
pathogenesis of different cardiovascular diseases such as hypertension, atherosclerosis and heart
failure

(NADPH) oxidase complex which is involved in the production of reactive oxygen
species (ROS). ROS, in turn, enhance NAPDH oxidase activity through RhoA and
Rac [12, 14] (Fig. 1.1).

Similar to the calcium signal, ROS act as potent secondary messengers in
G12/13- and Gq/11-induced signaling pathways. Several studies have shown that
AT1R-mediated ROS production is essential for its downstream signaling, mitogen-
activated protein kinases (MAPKSs) such as p38 MAPK, P42/44 MAPK and INK [15,
16] (Fig. 1.1). MAPKs are important signals in ATR-mediated cell functions such
as cell proliferation, differentiation, apoptosis and inflammation [17]. In addition
to Ang II-AT1R-G12/13-Rho/Rac-ROS-JNK/p38MAPK pathway, Ang II-AT1R-
Gq—-Ca?*/PKC-PI3K-Akt pathway is another primary signaling pathway in Ang II-
AT1R-mediated cell activities. The activation of PKC induced by Gq/11 activates
PI3 Kinase (PI3K) and its downstream effector Akt. This PKC-PI3K-Akt pathway is
often involved in many pathological conditions including hypertension, heart failure,
ischemic stroke, diabetes and inflammation [18-21] (Fig. 1.1). Gi/o proteins inhibit
adenylyl cyclase and suppress the activation of PKA in some specific tissues.
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Besides its primary effect in regulation of systemic blood pressure and salt-water
balance, increasing evidence suggests that Ang II-AT1R complex participates in
various immune responses. AT 1R activation facilitates the release of various inflam-
matory cytokines such as Interleukin-6 (IL-6), monocyte chemoattractant protein-1
(MCP-1), tumor necrosis factor-o (TNF-a), and initiates inflammatory response.
Expression of matrix-metalloprotease 2 (MMP2) in vascular cells plays a role in the
attraction and recruitment of monocytes and T cells.

TNF-a increases MMP2 expression in vascular cells and plays a pivotal role in
the recruitment of infiltrating inflammatory cells such as T cells and monocytes.
The differentiation process of monocyte-derived macrophages is regulated by Ang
[I-induced cytokines [22, 23]. Ang II-induced inflammatory responses and vascular
remodeling, both contribute to endothelial dysfunction and further promotes the
formation of arteriosclerotic plaques and abdominal aortic aneurisms [24-27].

AT2R is an alternative component of Ang II-mediated downstream physiolog-
ical functions. The receptor also belongs to seven transmembrane GPCRs. AT2R is
generally expressed in low levels in a variety of organs such as heart, brain, kidney,
pancreas and skin [28-34]. Similar to AT1R, AT2R expression is also enhanced
in various pathological conditions including myocardial infarction, type 2 diabetes,
chronic heart failure and inflammation. AT2R mediates its signal transduction by
interacting with Gg/11 and Gi/o. However, the downstream signal cascades are
different from those induced by AT1R. So far, three AT2R-mediated signalling path-
ways have been identified. The first molecular event is the activation of Src homology-
2 domain-containing Tyr phosphatase-1 (SHP-1), protein phosphatase 2A (PP2A),
and mitogen-activated protein (MAP) kinase phosphatase (MKP)-I with a subsequent
inactivation of MAPKSs including ERK1/2, JNK and p38 (Fig. 1.1). The inactivation
of MAPKSs is important in cell growth, proliferation and apoptosis [24]. The second
signal transduction cascade is cyclic guanine 3’,5-monophosphate (¢cGMP)/nitric
oxide (NO) pathway [24-26]. Numerous studies have suggested that NO and its
downstream effector cGMP are critical for several physiological process such as
vasodilation, cell growth, apoptosis, and inflammation. AT2R activation promotes
NO generation by facilitating the expression of endothelial nitric oxide synthase
(eNOS). The accumulation of NO initiates the activation of cGMP, and induction of
vasodilation, cell migration and proliferation. The last signaling pathway is stimula-
tion of phospholipase A2 (PLA?2) and release of arachidonic acid (AA). The enhanced
PLA2 activity and AA release activate lipid signaling pathways [24, 35].

The role of AT2R in the development of blood pressure is controversial. Generally,
AT?2R regulates blood pressure by negatively controlling AT1R’s effects. A variety of
hypertension models, including renal hypertension, genetic modification hyperten-
sion and L-NAME-induced hypertension, have been used to identify the role of AT2R
in the regulation of blood pressure [36—-39]. AT2R-mediated blood pressure-lowering
effect has been demonstrated in a hypertension model, renal wrap hypertensive rats
[40]. Additional observations have been made in the normotensive Sprague—Dawley
rats [41]. A long-term study suggested that AT2R ligand CGP42112A alone had only
a mild blood pressure-lowering and vasodilatory effect in the conscious rats which
could be enhanced by combination with Ang II receptor blockers [41, 42]. Two
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pharmacologic studies showed that AT2R blocker PD123319 amplified the blood
pressure increase in response to Ang II in both brain and uterine arteries [43, 44].
More definitive evidence for the role of AT2R activation in blood pressure was shown
in the AT2R-deficient mice. The AT2R-deficient mice had the elevated basal blood
pressure, sustained hypertension and sodium excretion. These mice also displayed an
enhanced vasopressor response upon Ang II administration [45]. In addition, long-
term administration of Ang II to the AT2R overexpressing mice totally eliminated the
AT1R-mediated pressor effect [46]. AT2R opposes the pressor actions of Ang II by
regulating the generation of cGMP and NO in various tissues including mesenteric,
renal, coronary, cerebral and uterine vascular beds.

Dyslipidemia is observed in a large proportion of hypertensive patients that leads
to high levels of oxidized low-density lipoprotein (ox-LDL) [47, 48]. LOX-1, is
a major single type Il transmembrane receptor for binding and uptake of ox-LDL
in various tissues and cell types including VSMCs, endothelial cells, monocytes,
macrophages, cardiomyocytes and platelets [49-51]. The expression of LOX-1 is
extremely low under physiological conditions but is upregulated in a series of
pathological states, for example, hyperlipidemia, diabetic nephropathy, hypertension,
atherosclerosis, myocardial infarction and chronic renal failure [52-59].

LOX-1 belongs to class E scavenger receptor with a C-type lectin like domain and
totally contains four functional domains: a short N-terminal cytoplasmic domain, a
connecting neck region, a single transmembrane domain and the extracellular C-
terminal ligand binding domain which is the functional domain for recognizing its
stimuli.

The elevated level of soluble form of LOX-1 (sLOX-1) in blood has been
proposed as a biomarker for several cardiovascular diseases including acute coro-
nary syndrome. SLOX-1 is derived from shortening of the full-length LOX-1 through
proteolytic cleavage [60, 61]. Increased sLOX-1 levels have been shown in hyper-
tension, and sLOX-1 levels have been thought of as a diagnostic predictor for early
endothelial damage in hypertension [62]. SLOX-1 level also acts as a biomarker for
plaque instability in patients with acute coronary syndrome and sLOX-1 concen-
tration is higher in the coronary circulation compared to the systemic circulation
[63, 64]. SLOX-1 levels are also much higher in early disease onset of systemic
lupus erythematosus patients, indicating that SLOX-1 may be a diagnostic marker
in SLE patients with high cardiovascular risk. The elevated SLOX-1 levels correlate
with the upregulated levels of IL-8, high-density lipoprotein, ox-LDL and high-
sensitivity C-reactive protein as well as reduced IFN-y. Membrane LOX-1 expres-
sion is significantly increased in CD14+ and CD16+ monocytes in patients with
systemic lupus erythematosus. Ox-LDL enhances the susceptibility of monocytes to
DNA-IC stimulation. Monocytes challenged with both ox-LDL and DNA-immune
complex (DNA-IC) result in TNF-o, IL-18 and IL-6 release. Polymorphonuclear
myeloid-derived suppressor cells (PMN-MDSCs) are important immune regulators
facilitating progression of tumor or different autoimmune diseases [60—62]. LOX-
1 expression is increased in low density granulocytes (LDGs) from patients with
systemic lupus erythematosus. These LDGs have similar phenotype as MDSCs.
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Ox-LDL-LOX-1 signaling facilitates the generation of neutrophil extracellular traps
(NETs) in LDGs, promoting endothelial injury and inflammatory responses [65].

After binding of ox-LDL to LOX-1, the complex internalizes to the cyto-
plasmic compartments and elicits its intracellular signaling, PKC activation, which
further induces the subsequent signals including MAPKSs (p38, p42/44, ERK, INK),
nuclear factor-kappaB (NF-kB), p21-activated kinase (PAK), nuclear translocation
of the transcription factor (Nrf2) and activating protein-1 (AP-1). The activation of
PI3K/AKkt, and protein tyrosine kinase (PTK), AT1R, sirtuin-1 (SIRT1) and NADPH
oxidase are also observed [66—77]. The NF-k B-mediated ROS generation is prompted
by the induction of NADPH oxidase 2 (Nox2) and Nox4 which are the main regula-
tors in vessel walls [78]. Ox-LDL increases the activity of epithelial sodium channel
(ENaC) in endothelial cells through LOX-1-NADPH oxidase-ROS production. The
activation of ENaC can be inhibited by the increased NO. Since LOX-1-PI3K/Akt-
mediated decrease of eNOS-NO production was also been determined, blocking the
activity of ENaC and increasing NO production may protect the ox-LDL-LOX-1-
caused endothelial dysfunction [79]. It has also been shown that rapamycin down-
regulates phosphorylation of its mechanistic target mammalian target of rapamycin
(mTOR) and downstream NF-kB activation, resulting in an attenuated LOX-1 expres-
sion and, ox-LDL uptake in endothelial cells. This finding suggests an important role
of mTOR in ox-LDL-mediated LOX-1 expression [80]. In addition, the activation
of PKC-CD40/CD40L and NADPH oxidase-ROS signaling pathways leads to an
upregulated inflammatory response and LOX-1 expression, facilitating a vicious
effect in LOX-1 activation [71]. A study confirmed the positive function of ROS
formation in the process of atherosclerosis [60]. NF-kB activation is also pivotal
for the expression of adhesion molecules and chemokines [75, 76]. Also, induc-
tion of PKC, p-p38MAPK, p42/44 MAPK, p-JNK, NF-«B, AP-land Nrf2 upregu-
lates LOX-1 expression in human VSMCs and macrophages and amplifies LOX-1-
mediated cellular responses [70, 72], suggesting a positive feedback loop between
above-mentioned signaling activators and LOX-1 expression.

There is evidence that the inhibition of LOX-1 suppresses ox-LDL- or TNF-
a-mediated NOD-like receptor pyrin domain containing (NLRP3) inflammasome
activation in endothelial cells [81]. In addition, LOX-1 mediates NLRP3 activa-
tion through the upregulated ROS generation in SMCs and monocytes treated with
xanthine oxidase [33]. Clinical data suggests that electronegative LDL cholesterol
(L5-LDL)is significantly increased in patients with ST-segment elevation myocardial
infarction. In these studies, L5-LDL induced the activation of caspase-1, NF-kB and
IL-1B8, which was impaired by the downregulation of NLRP3 or LOX-1 in human
macrophages. Furthermore, blocking LOX-1 with a specific antibody suppressed
IL-1B generation, indicating the critical role of LOX-1 in the activation of NLRP3
inflammasomes [82].

LOX-1 has also been demonstrated to be involved in numerous physiological and
pathological events, including inflammation, cell proliferation, differentiation, apop-
tosis, autophagy, the enhanced production of inducible nitric oxide synthase (iNOS),
MCP-1, MMP1, ROS, adhesion molecules and proinflammatory cytokines, as well
as the downregulated secretion of endothelial nitric oxide synthase (eNOS) and NO.
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LOX-1 activation is also critical in the pathogenesis of the CVD-related diseases such
as atherosclerosis, ischemic stroke, acute coronary syndrome, chronic renal failure,
myocardial infarction, hypertension, obesity, hyperlipidemia, diabetic nephropathy,
and arthritis [59, 66, 70, 83—89]. In mice with sustained hypertension, loss of LOX-1
dramatically decreased the cardiac fibroblast number and expression of fibronectin
and procoallagen-1/collagen in the hearts, indicating the essential role of LOX-1
in cytoskeletal organization and growth of cardiac fibroblasts [90]. Recent studies
showed that GATA Binding Protein 4 (GATA4) was essential in LOX-1-mediated
proliferation of cardiac fibroblasts. Knockdown of LOX-1 inhibits PI3K/Akt acti-
vation, GATA4 expression and cardiac fibroblast proliferation and this effect can
be restored by overexpressed LOX-1, indicating the important role in the LOX-1-
PI3K/Akt-GATA4-induced proliferation of cardiac fibroblasts which contributes to
cardiac remodeling [91].

Innate and Adaptive Imnmune Responses in Hypertension

Numerous studies have indicated that the immune system is involved in the devel-
opment and maintenance of hypertension. Also, different immune cells including
adaptive immune cells such as CD8+ T cells, CD4+ T cells, and B cells as well
innate immune cells such as macrophages, monocytes, dendritic cells (DCs) also
play a critical role in the pathogenesis of hypertension and the hypertension-
induced diseases (Fig. 1.2). The immune system is composed of two subtypes, the
innate and adaptive immunity. The innate immune system recognizes pathogen-
associated molecular patterns (PAMPs) or damage-associated molecular patterns
(DAMPs) by the pathogen recognition receptors (PRRs) (Fig. 1.2). Toll-like recep-
tors (TLRs), the most important PRR expressed on various innate immune cells
including neutrophils, monocytes, macrophages, and DCs, are activated by DAMPs
from the damaged tissues under the stress condition in the context of hypertension.
TLRs were identified in human. TLR2, 4 and 5 are expressed on the cell surface
while TLR3, 7 and 9 are located in the intracellular compartments, such as endo-
some, endolysosome and endoplasmic reticulum (ER). The TLRs utilize different
adaptor proteins, myeloid differentiation primary response gene 88 (MyDg88),
TIR-domain—containing adaptor/MyD88 adaptor-like (TIRAP/Mal), TIR-domain—
containing adaptor molecule 1/TIR-domain—containing adaptor-inducing interferon
B (TICAMI1/TRIF), and TRIF-related adaptor molecule (TRAM) to induce two
distinct downstream signalings. Upon binding to its stimulator, TLR2,5,7 and 9
induce MyD88 dependent signaling and TLR3 activates TRIF dependent signaling.
In addition, TLR4 is the only TLR that can induce both MyD88 and TRIF signaling
pathways. Several groups have shown an enhanced TLR4 expression in different
tissues and cells including heart and VSMCs from hypertensive animal models
[92-95]. Inhibition of TLR4 by its specific antibody downregulates expression of
TLR4 and its downstream MyD88-mediated NF-xB and proinflammatory cytokine
signaling pathway, resulting in the decrease of blood pressure in hypertensive animal
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models [96]. TLRY can recognize circulating mitochondrial DNA (mtDNA) that is
associated with vascular dysfunction in spontaneously hypertensive rats [97]. In the
hypertensive environment, the activation of TLRs by diseases-derived molecules
significantly trigger the production of pro-inflammatory cytokines, chemokines, and
the generation of ROS, leading to a low-grade inflammation [98] (Fig. 1.2). These
pathological inflammatory responses including oxidative stress, vascular injury and
remodeling as well as multiple organ damages reveal an association between TLRs
and the hypertension-related diseases. Circulating monocytes and tissue resident
macrophages also play a key role in the pathogenesis of hypertension. The levels of
TNFa and IL-1 are elevated in monocytes from hypertensive patients. The release of
TNFa, IL-18 and ROS by macrophages increases the blood pressure by suppressing
vasculature endothelial and smooth muscle function with consequent vasoconstric-
tion. The hypertension induced by impaired renal sodium excretion also attributes to
higher levels of TNFa, IL-18 and ROS-mediated endothelial cell dysfunction [99].
Furthermore, antigen-presenting cells (APC) can uptake these DAMPs and prime
T cells by major histocompatibility complex II (MHC II) dependent antigen presen-
tation pathway, initiating the activation of T and B lymphocytes [100, 101]. The
accumulation of memory T cells have been observed in hypertensive patients [102];
this phenomenon has also been identified in animal models [103]. In spontaneously
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Fig. 1.2 The key role of innate and adaptive immunity in hypertension. Adaptive immune cells
including CD8+ T cells, CD4+ T cells, and B cells as well innate immune cells including
macrophages, monocytes, dendritic cells (DCs), release cytokines, ROS and antibodies promote the
progress of hypertension and hypertension-induced diseases. The NLRP3 inflammasome activation
in monocytes and DCs is critical in hypertension
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hypertensive rats, reduced numbers of T cells, especially non-helper T cells popu-
lation, were identified in the thymus [104]. Restoring thymic function inhibited the
development of hypertension [105-107]. In RAG1—/— mice that has deficiency in
both T and B cell development, Ang II-induced hypertension is impaired and the
vascular injury is also suppressed. In another T and B cell deficiency model, SCID
(severe combined immunodeficiency) mouse strain, dramatically decreased heart
and kidney injury was determined following Ang II challenge [105]. In hypertensive
patients, percentage of pro-inflammatory and cytotoxic CD8+ cells were increased
together with upregulated production of perforin, granzyme B, interferon-y (IFN-y)
as well as TNF-a (Fig. 1.2).

The Interplay of LOX-1 and RAS System in Hypertension

There is increasing evidence that the crosstalk between LOX-1 and AT1R plays
a key role in pathogenesis of hypertension and hypertension-related diseases. The
positive effect of Ang II in the expression of LOX-1 and consequently uptake of ox-
LDL has been determined in several in vitro studies [108—112]. This dose-dependent
Ang II-mediated response has been determined to be totally inhibited by the ATIR
blocker losartan, but not by the AT2R blocker PD123319 [68, 112]. In in vivo studies,
losartan showed its capability of inhibiting the elevated expression of LOX-1 in
endothelium and neointima of autologous vein grafts and preventing the development
of atherosclerosis in vein grafts [54, 57]. Another clinical investigation showed a
similar effect of Ang II in LOX-1 expression under the stress of obstructive sleep
apnea [113]. High concentration of LDL-cholesterol in hypercholesterolemic state
regulates AT 1R expression. Synergistic effect between LDL-cholesterol and Ang II
in enhanced AT 1R levels was observed in the cultured SMCs derived from rat aortas
[113]. This effect was shown to be modulated by ox-LDL rather than native-LDL in
the cultured SMCs [114]. Thus, ox-LDL mainly acts as a secondary messenger in
the increased AT1R expression of hyperlipidemia. Subsequent in vivo experiments
showed that AT 1R expression was predominantly increased in smooth muscle layers
of aortic intima derived from animal models with hypercholesterolemia. Several-
fold upregulation of AT1R was shown in the aortic intima of hypercholesterolemic
rabbits [115]. Further, the ATIR expression in a myocardial infarction model was
shown to be potentiated by high serum cholesterol and reversed to baseline level by
atorvastatin [116].

The transmembrane and cytoplasmic domains of LOX-1 are required for the prox-
imity between LOX-1 on cell-surface membranes. Interaction of ox-LDL to LOX-1
induces AT1-dependent signaling pathway by interactions between the intracellular
domain of LOX-1 and AT1R. This signaling event in human vascular endothelial cells
is attenuated by either inhibiting the expression of ATIR or use of ATIR blocker,
leading to relaxation of vascular rings from mouse thoracic aorta. Ox-LDL signifi-
cantly increases cytosolic G protein which can be inhibited by AT 1R blockade [117].
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Azilsartan, a potent AT 1R antagonist, was shown to inhibit ox-LDL-induced upreg-
ulation of LOX-1, MCP-1, and CXCL-1 as well as the reduced production eNOS
and NO. In addition, azilsartan blocked the reduced the expression of occludin. This
AT1R inhibitor also reversed the enhanced effect of ox-LDL in endothelial monolayer
permeability. Further, azilsartan inhibited ox-LDL-mediated activation of Kriippel-
like factor 2 (KLF2) which is also required for the activation of Occluding [118].
This study showed the role of AT1R blockade in repair of damaged tight junction.

Loss of LOX-1 significantly decreases Ang II-induced hypertension in the aged
mice. LOX-1 deficiency leads to impaired fibrosis and attenuated fibronectin and
collagen-3 expression, as well as ROS production rather than the expression of
collagen-1 and collagen-4 in the hearts of aged mice. This effect was further deter-
mined in the aged mice with sustained hypertension by long-term Ang II infusion
[119]. Pyrogallol-phloroglucinol-6,6-bieckol, a derivative of Ecklonia cava (E. cava),
dramatically inhibits the excessive expression of adhesion molecule expression, and
VSMCs proliferation and migration, and suppresses the increase of blood pres-
sure, lipoprotein and cholesterol. This compound has also been shown to exert an
inhibitory effect on high-fat diet or ox-LDL induced activation of LOX-1-PKC-
a signaling pathway (Fig. 1.3). This compound reversed the increased expression
of mesenchymal cell markers (a-SMA and vimentin) and reduction of endothe-
lial cell markers (PECAM-1 and vWF) in the aorta or endothelial cells. Moreover,
this compound reduced intima-media thickness as well as high fat diet-induced
hypertension [120].

Stroke-prone spontaneously hypertensive rat is an animal model of severe hyper-
tension and spontaneous stroke. Liang et al. showed that LOX-1 depletion dramat-
ically slowed the development of hypertension-associated cerebral ischemic injury
and brain damage, suggesting a potential role of LOX-1 in blood-brain barrier disrup-
tion after cerebral ischemia [121]. Grell et al. showed that the expression of LOX-1
to be significantly upregulated in the middle cerebral arteries from spontaneously
hypertensive rats compared to wild-type controls, indicating a link between LOX-1
and hypertension-mediated vascular changes and organ injury [122]. LOX-1 defi-
ciency leads to attenuation of angiogenesis in mice infused with Ang II. Lastly,
LOX-1 depletion decreases the expression of pro-inflammatory MCP-1 and IL-18 in
the hypertensive mice hearts. These observations suggest that LOX-1 is important
in Ang II-mediated cardiac angiogenesis in hypertension and its association with
inflammation [123].

Several studies have indicated that ROS might be the common downstream medi-
ators in the crosstalk between LOX-1 and AT1R, and ROS generation is NADPH
oxidase dependent [124—126]. Activation of AT IR regulates the generation of oxida-
tive stress and this process can be inhibited by AT1R antagonist losartan or the
NADPH oxidase (NOX) inhibitor DPI [124, 127]. The increase of LOX-1 expres-
sion leads to ROS generation and AT 1R expression (and activity) via Akt/eNOS and
Ca?* signaling pathways [126]. Ox-LDL and Ang II combination induces capillary
tube formation in a ROS dependent manner which is attenuated by NADPH oxidase
inhibitor apocynin [38, 190]. The suppression of the NADPH oxidase activity also
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Fig. 1.3 The positive feedback loop of interplay between LOX-1 and AT1R is PKC-PI3K and ROS-
MAPKSs-dependent. The AT2R in this crosstalk between LOX-1 and AT1R inhibits ROS-MAPKs
signaling pathways

impedes the expression of AT1R and LOX-1 [128, 129]. Other intracellular molec-
ular factors including angiotensin-converting enzyme 2 (ACE2) and MAPKSs, are also
involved in the crosstalk between AT1R and LOX-1 (Fig. 1.3). The increased ACE2
expression and activity in HUVECSs and in abdominal aorta lead to the downregulated
expression of LOX-1 and AT 1R simultaneously. The ACE2 via ROS generation plays
a regulatory role in the expression of LOX-1 and AT1R [130, 131]. The ROS gener-
ation subsequently induces the activation of ROS-PKC-MAPKSs signaling pathway
which is critical in the crosstalk of LOX-1 and ATIR [16, 66, 124, 132] (Fig. 1.3).
The synergistic function of LOX-1 and AT1R has been demonstrated in the patho-
genesis and development of different cardiovascular diseases. For example, several
investigators have shown that these two receptors coordinate in the formation of
foam cells and progression of atherosclerotic lesions. The increased expression and
activity of LOX-1 and AT 1R serve as key biomarkers of early atherogenesis. In high
cholesterol diet fed animal models, simultaneous activation of AT1R and LOX-1
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promotes atherogenesis by activation of ROS generation and vascular inflammation
[115, 133, 134].

It has been shown that right ventricular systolic pressure is increased in LOX-1
transgenic mice with the hypoxic-pulmonary hypertension. In a rat model of hypoxic-
pulmonary hypertension, expression of LOX-1 was noted to be increased which was
responsible for pulmonary vascular remodeling. Knocking down or blocking LOX-
1 dramatically decreased pulmonary arterial SMCs dedifferentiation via inhibiting
ERK1/2 dependent signaling pathway, suggesting a key role of LOX-1 in the mainte-
nance of pulmonary arterial SMCs phenotype [135, 136]. Furthermore, a recent study
showed that LOX-1-NOX-ROS pathway plays a critical role in hypoxic-pulmonary
hypertension induced right ventricular hypertrophy and cardiac fibrosis in rats [137].

The interplay between LOX-1 and AT2R has not been determined in detail.
Recent studies showed that Ang II-LOX1 interplay might be critical in a variety of
diseases including hyperlipidemia, atherosclerosis, hypertension, myocardial infarc-
tion, ischemic stroke and inflammation. However, Watanabe et al. observed no inter-
regulatory effect between LOX-1 and AT2R as the increased LOX-1 expression did
not influence AT2R expression [138]. These studies suggest that AT1R inhibition,
but not AT2R alteration, can block the increased expression of LOX-1 in the cultured
endothelial cells [112]. These data may be attributed to the low expression of AT2R
in physiologic states and a relatively modest increase in pathologic states.

On the other hand, LDLR deficiency results in significantly enhanced LOX-1
expression. Hu et al. in our laboratory showed that this effect could be partly reversed
by AT2R overexpression utilizing recombinant adeno-associated virus type-2 (AAV)
with AT2R cDNA (AAV/AT2R). The AT2R overexpression in the LDLR deficient
mice also led to decreased atherogenesis in the aorta [109]. The authors of this study
suggested that the increased AT2R expression might play a role in stress states, and
play an inhibitory role in the pathogenesis of cardiovascular disease states.

Overall, AT2R may act as an anti-atherosclerotic modulator, while antagonizing
LOX-1-mediated pro-atherogenic effects [ 139]. Thus, the imbalance between LOX-1
and AT2R may determine the severity of atherosclerosis. Of note, different subtypes
of collagens have been characterized as key components of atherosclerotic plaques
and collagen aggregation has been established as a hallmark of development of
atherosclerotic plaques [140—143]. Dandapat et al. showed that AT2R overexpression
may reduce the expression of collagens as well as MMPs in atherosclerotic plaques
suggesting a new mechanism of decreased atherogenesis in the aorta [144]. This is
important since LOX-1 facilitates collagen aggregation [77, 145]. Loss of LOX-1
suppresses collagen aggregation and increases the expression and activity of MMP2
and MMP?9 in atherosclerotic plaques. LOX-1 deficiency also inhibits components
of NADPH oxidase expression and ROS production in the LDLR deficient mice.
There is also evidence that AT2R activation results in an attenuated ROS generation
via enhanced NO levels [146, 147].

The progression of atherosclerosis has been linked to a continuing inflamma-
tory response [ 148]. Ox-LDL-LOX-1-mediated downstream immune responses have
been shown to be essential in the pathogenesis of atherosclerotic lesions [196].
AT?2R activation suppresses inflammatory responses during atherogenesis [83, 149].
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Thus, the interplay of these two receptors in vascular inflammation might be an
important element in the formation of atherosclerotic plaques. LOX-1 and AT2R
interaction might be involved in other pathological process including the increased
hypertension and fibrosis [150-152]. Though significant progress has been obtained
in the crosstalk of LOX-1 and AT2R in collagen formation and development of
atherosclerotic lesions, further work needs to be done in this realm.

In summary, LOX-1 has been termed as a potent pro-inflammatory mediator in
Ang [I-mediated hypertension via AT IR and AT2R. Further investigations in immune
and inflammatory responses mediated by RAAS system and LOX-1 interaction might
provide new insight and potential therapeutic targets in hypertension and its related
diseases.
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Chapter 2

Renin Angiotensin System and Thyroid Gzt
Hormone Crosstalk: From Experimental
Approaches to Clinical Perspectives

Laura Sabatino, Dario Genovesi, and Cristina Vassalle

Abstract The renin angiotensin system (RAS) plays a central role in the mainte-
nance of regular cardiovascular functions and is involved in several cardiovascular
disease. In addition to the circulating RAS, the existence of independently acting
local RAS has been demonstrated by biochemical and functional data. At cardio-
vascular level, classical RAS components seem to be involved in fine-tuned events
driving to the settlement of pathological processes, such as cardiac hypertrophy,
coronary artery disease and atherosclerosis. In the last decades, in addition to the
classical arm of local RAS, new important factors have been described, belonging
to the so-called “protective arm” of RAS, with beneficial effects in the settings of
cardiovascular diseases. A close relationship has been described between RAS and
TH functions, in particular, in the events associated to cardiac hypertrophy induction
by TH metabolic derangements. In the present review, main aspects and principal
mediators of RAS-TH crosstalk at cardiovascular level have been evaluated.

Keywords Renin angiotensin system - Renin + ACE - Ang Il -+ ACE 2 - Ang
(1-7) - AT1R - Mas - Thyroid hormones

Introduction

The Renin Angiotensin System (RAS) is a fundamental controller of cardiovascular
functions and is involved in a multitude of cardiovascular diseases, which make RAS
an important field of investigation in cardiovascular research. RAS is well known for
itsrole in physiological regulation of blood pressure, extracellular volume and cardio-
vascular control of neuro-endocrine functions. Chronic hypertension causes mechan-
ical stress, with endothelium, heart, and kidneys as the main organs damaged under
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this condition. In addition, hypertension-induced oxidative stress, chronic inflam-
mation, reparative mechanisms activation lead to end-organ damage. In this context,
RAS has been also identified as a critical factor in the pathogenesis of atherosclerosis
and it has been associated with inflammatory biomarkers (e.g. COX-2), oxidative
stress (e.g., activation of the NADH/NADPH oxidase pathway), increased production
of different cytokines (e.g. IL-6, TNF-a) and the recruitment of inflammatory cells to
the injured site [1]. In particular, Angiotensin II (Ang II), one of RAS main compo-
nents, participates in all stages of plaque generation and development, contributing
to NO reduction, release of metalloproteinases and other components of the extracel-
lular matrix, and inducing a pro-coagulant milieu (e.g., downregulating the produc-
tion of tissue plasminogen activator-tPA, acting through bradykinin degradation) [2].
Moreover, oxidized LDL-induced macrophage activation has the potential to locally
enhance the angiotensin-converting-enzyme (ACE), which activates RAS, inducing
progression of the plaque to a phenotype more vulnerable to rupture and throm-
bosis [3]. Shortly after myocardial infarction, there is an elevation in Ang II levels,
followed by an accumulation, differentiation and stimulation of hematopoietic stem
cells to supply the infarcted area of the immune cells.

Cardiomyocyte death promotes the release of damage-associated molecular
patterns (DAMPs), cytokines, chemokines, and adhesion molecules through the acti-
vation of innate immune pathways, facilitating the recruitment and infiltration of
leukocytes (especially monocytes) into the infarcted zone. This fact, although essen-
tial for cardiac repair, may also contribute to adverse remodeling and to the onset of
heart failure. Monocytes release pro-inflammatory cytokines through the binding of
Ang II to type 1 angiotensin-II receptor (AT 1R), which induces the phosphorylation
of nuclear factor-kappa B (NF-kB) and a pro-inflammatory status mediated by tumor
necrosis factor-alpha (TNF-a) and interleukin-1 beta (IL18) [2]. Moreover, also a
RAS-modulated fibroblast activation is elicited in this phase as a part of a repair
process [4]. However, once become chronic, this response induces a ventricular
remodeling, characterized by progressive hypertrophy of myocytes and interstitial
fibrosis, leading to apoptosis, gradual loss of myocytes, and intensified inflamma-
tory events, ultimately resulting in heart failure [5]. The sodium and water retention,
together with the vasoconstriction induced by activation of RAS and the sympathetic
nervous system (SNS), increases ventricular preload, afterload and wall stress, with
the release of natriuretic peptides (NPs), which oppose to RAS and SNS actions that
occur in heart failure [6]. In summary, RAS can represent a possible promising target
for hypertension, atherosclerosis, and cardiovascular diseases, for which current RAS
blocker drugs or new agents may provide effectiveness and further benefits [2].

Even though RAS was initially considered exclusively a circulating system, the
finding of RAS components in a broad variety of tissues revealed the existence of a
“local RAS” with a paracrine/autocrine function and involved in cell survival, differ-
entiation and inflammation [7]. In particular, local RAS activation in the heart is
considered an important modulator of cardiac phenotype and its functional char-
acteristics may be complementary or independent of those served by endocrine
RAS.
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In the years, several large clinical trials have been conducted to evaluate the effects
of inhibition of RAS cascade on post-infarction left ventricular dysfunction and the
possible amelioration of the prognosis of failing heart [8, 9]. For all these consider-
ations, during the time, we assisted to an increasing interest towards pharmacolog-
ical approaches targeting RAS, in order to have a better control on RAS-associated
diseases.

Main Components of “Classical” Arm of RAS

Classically, RAS main components are angiotensinogen (AGT), renin, angiotensin
converting enzyme (ACE), Ang II and its two receptors (AT 1R and AT2R) (Fig. 2.1).

Angiotensinogen

AGT is the unique precursor of all angiotensin peptides and is itself a blood pressure
regulator, as observed in many animal models [10, 11]. It is a non-inhibitory serpin
[12] and is a first rate-limiting step in the RAS function since the cleavage of N-
terminus by the renin releases the decapeptide Ang I, which, in turn, is processed into
other bioactive peptides, among which Ang II is the most investigated [13, 14]. AGT
is present in the plasma at relatively high concentrations (0.8 M) however, its principal
activity is at cellular level, exerting a direct role in the blood pressure control [14,
15]. After its interaction with renin, a complex AGT conformational change occurs,
which is itself a driving force for the modulation of AGT release [16]. At molecular
level, the highly conserved disulfide (S—S) bridge between Cys 18-Cys 138, which
links the N-terminus of AGT molecules is known to have an important functional role
[17]. The oxidation of S—S bridge alters the balance between reduced-to-oxidized
ratio, resulting in a fourfold increase in the Ang I release, which is sufficient to cause
a hypertensive response [18].

Renin

Renin is an aspartyl protease released in the plasma mainly by juxtaglomerular cells.
On release in the circulation, renin cleaves AGT at the N-terminus, forming the
decapeptide AngI[19]. Therefore, renin activity controls the levels of Ang I, obtained
by circulating AGT storage (which is about 1000 times more concentrated than Ang
I and II). The fact that the renin is the rate-limiting enzyme of the RAS makes
this factor particularly interesting for pharmacological research of specific inhibitors
of the renin-angiotensin cascade in cardiovascular diseases. Despite the promising
premises, renin inhibitors so far developed did not show higher efficacy with respect to
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Fig. 2.1 Enzymatic cascade of renin angiotensin system, main factors and biological effects. Renin
catalyzes the conversion of Angiotensinogen (AGT) into Angiotensin (Ang). Ang is cleaved by
angiotensin-converting enzyme (ACE) to angiotensin II (Ang II), which can be metabolized in
angiotensin (1-7) (Ang (1-7)) by angiotensin-converting enzyme 2 (ACE2). Ang can be cleaved
by ACE 2 to obtain angiotensin (1-9) (Ang (1-9)). Ang II type I and II receptors are ATIR and
AT2R and Ang (1-7) receptor is Mas receptor

better-established ACE inhibitors (ACEi) and angiotensin receptor blockers (ARBs),
extensively used in anti-hypertensive treatment. Therefore, renin inhibitors often
need a combination therapy in order to obtain a pharmacological acceptable effect
[20].

Angiotensin-Converting-Enzyme

ACE converts Ang I into Ang II, a strong vasoconstrictor octapeptide. Differently
from renin, ACE activity is not sensitive to variations of Ang II concentration and
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its specific inhibitors (ACEi) are among the most used compounds for treatment of
hypertension and cardiovascular dysfunctions, reducing the rates of death, myocar-
dial infarction, stroke, revascularization, cardiac arrest, heart failure [21]. ACE has
been described in a large spectrum of cell types, tissues and organs where the enzyme
permits the local generation of Ang II [22]. In particular, ACE cardiac expression is
increased in experimental heart failure and ACE inhibition attenuates cardiac dila-
tion after coronary ligation, thus improving rats’ survival and limiting progression
of heart failure [23]. Furthermore, in pressure-overloaded rats, administration of low
doses of ACEi (which did not interfere with blood pressure) prevented the onset of
cardiac hypertrophy [24].

Angiotensin Il

Ang II is the main effector of RAS and was initially characterized as a powerful
vasorepressor, it is involved in electrolyte homeostasis, vascular muscle contraction,
hypertension and coronary heart disease [19]. Successively, it was also considered
an important myocardial inotropic modulator, becoming one of the most investi-
gated regulatory factors in cardiovascular pathophysiology [25]. In the failing heart,
the excessive exposure of myocardium to Ang II leads to an inotropic unbalancing,
progressing to pathological remodeling and apoptosis. In this context, the identifi-
cation of the molecular events of Ang II-mediated inotropic and apoptotic signaling
may constitute a keystone for the development of new therapeutic strategies targeting
heart failure [26].

As confirmed by in vivo and in vitro studies, Ang II acts through endocrine,
paracrine and intracrine actions and promotes cardiomyocyte growth, fibroblast
proliferation, growth factors’ production [27, 28].

Administration of Ang II to primary cultured myocytes and fibroblasts induces
hypertrophy of myocytes and hyperplasia of fibroblasts and the activation of the
the so-called immediate-early genes (IE), such as c-fos, c-jun and Egr-1 within a
few minutes [28]. In particular, in neonatal rat cardiomyocytes, the Angll-induced
c-fos gene expression requires activation of multiple phospholipid-derived second
messenger system, more specifically, phospholipase C (PLC) and D (PLD) and
protein kinase C (PKC) and subsequent release of Ca?* from cellular storage [29].
Furthermore, Ang Il induces the “fetal program” with the induction of skeletal-actin
and atrial natriuretic factor (ANF) and stimulates AGT expression, probably for a
feedback regulation of cardiac growth, and TGF-f1 gene, which is known to be
the main inducer of fetal gene expression in cardiomyocytes and of synthesis in
extracellular matrix [30].
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Ang II Receptors: ATIR and AT2R

The effects of Ang II on cardiac tissue are associated with the activation of specific
Ang II receptors, AT1R and AT2R [27]. Whereas cardiac AT1R gene expression is
relatively unchanged in the passage from fetal to newborn life, it has observed that
AT?2R gene expression is particularly high during fetal growth and decreases imme-
diately after birth [27]. AT1R is the more abundant of the two receptors to which are
attributed the main physiological and pathological conditions associated with Ang II
action. Differently, AT2R is more diffusely expressed in adult tissues and its relevance
often moves to the background because of ATIR predominance, therefore, AT2R
effects are not evident in experimental contexts, unless AT1R is blocked and AT2R
effects unmasked [31]. Ang II receptors are 7-transmembrane domain receptors in
the plasma membrane and their activation is coupled to a cascade of intracellular
proteins, starting with a G protein [32]. Upon interaction with its ligand, AT1R-
Ang II complex is rapidly translocated inside the cell by endosomal vesicles and
Ang II, once performed its specific intracellular functions, is degraded [33]. Differ-
ently, AT2R is not internalized in the cell and counteracts AT 1R-mediated effects on
myocardium [33], therefore, the action of both AT1R and AT2R is of central interest,
particularly to cardiac pathology. For example, in infarcted rats, it was observed
that the beneficial effects of AT1R antagonist on heart function and on hypertrophy
reduction are strongly repressed by simultaneous administration of AT2R antagonist
[34]. Similarly, AT2R blockade induces early signals of AT 1R-mediated myocardial
growth in hypertrophied heart in rats, supporting the counteracting role of AT2R
versus ATIR [35].

Main Components of “Protective’’ Arm of RAS

In the last decades, new components of RAS have been described as part of the
so-called “protective” arm of RAS and include as main components the enzyme
ACE2 (homologous of ACE) and the two products Ang (1-7) (from Ang II) and Ang
(1-9) (from AGT) (Fig. 2.1) [36, 37]. Furthermore, the G-protein-coupled receptor
Mas was identified as the Ang (1-7) functional receptor [38]. In cardiomyocytes,
the administration of Ang (1-7) induces a consistent release of NO, providing direct
evidence that endothelial NO synthase (eNOS) and phosphatidylinositol-3-kinase
(PI3K)/Akt are downstream mediators for Ang (1-7) signaling [39]. Furthermore, in
Mas™/~ cardiomyocytes, it was observed a complete absence of Ang (1-7)-mediated
NO production, suggesting an important link between Mas receptor and eNOS enzy-
matic complex in these cell type [40]. Another relevant evidence reported in Mas ™'~
cardiomyocytes was the dysfunction associated with Ca®* signaling, indicating the
important role of Mas in long-term Ca®* handling in cardiac cells [41].



2 Renin Angiotensin System and Thyroid Hormone ... 29

Thyroid Hormone and Renin Angiotensin Systems Crosstalk

Thyroid hormones (THs), tetraiodothyronine (T4) and triiodothyronine (T3) are
produced in the thyroid gland and released in the blood stream where, transported
almost entirely by specific binding proteins, reach the target organs. T3 is considered
the biologically active form of THs and derives from outer ring monodeiodination of
T4 molecule, both in thyroid gland and peripheral tissues by specific enzymes called
deiodinases [42]. So far, three deiodinases have been described and called D1, D2
and D3, which differ in their catalytic activity and tissue distribution, allowing a fine
regulation of TH homeostasis in target cells and promoting the activation (D1 and
D2) or inactivation (D3) of THs [43-46].

THs exert multiple effects on the heart and vascular system, where they increase
cardiac contractility and arterial relaxation and reduce vascular resistance. TH
activity in the cell may act by genomic or non-genomic activities. T3 can act through
specific nuclear TH receptors (TRs) that recognize and bind TH response elements
(TREs) in the promoter of target genes, directly regulating their expression [47,
48]. Differently, non-genomic effects are more rapid and require the involvement of
several intracellular signaling pathways in cardiomyocytes and vascular cells [49].

In addition to genomic and non-genomic actions, several studies have investigated
the less debated issue about the role of RAS as important mediator of TH effects on
heart and cardiovascular system [50]. Furthermore, the crosstalk between the two
systems is considered bidirectional since several in vivo and in vitro studies showed
the importance of THs in regulation of expression and function of RAS elements
both at circulating and local levels [51].

The interaction between RAS and TH system is particularly evident in thyroidal
pathological contexts [52]. Patients with hyperthyroidism show an increased risk of
cardiac disease and the activation of RAS is, at least in part, involved in the causal
progression of these conditions, in particular of cardiac hypertrophy [53]. In exper-
imental models of hyperthyroidism, the treatment with ACEi or ARBs prevents the
cardiac pathological hypertrophy induced by THs [54] and, analogously, in cultured
cardiomyocytes, ATIR silencing inhibits hypertrophic effects mediated by THs.
Diniz et al. demonstrated a rapid T3-mediated increase of PI3K in cultured cardiomy-
ocytes, and a possible downstream activation of the pathway Akt/GSK-3b/mTOR
in the progression of hypertrophic signaling [55]. These experimental approaches
permitted to highlight the existence of a dual modality of TH-induced cardiac hyper-
trophy by mediation of classical RAS: (1) by stimulating the increase of local Ang
II concentration and (2) by promoting AT 1R expression [55].

Further insights on the molecular mechanisms of T3-induced hypertrophy derived
from recent studies on the involvement of some small RNAs (miRNAs) in the regu-
lation of ATIR gene expression at cardiomyocyte level, after T3 treatment [56].
MiRNAs are implicated in many aspects of cellular physiological and pathological
processes, they are short-non coding RNA molecules acting as post-transcriptional
regulators of gene expression by affecting the degradation and translation of target
mRNAs [57]. In particular, miR-208a and miR-208b, encoded within «-MHC and
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B-MHC genes and important in controlling muscle myosin content, are believed to
be under AT1R regulation in hyperthyroidism [58, 59]. More in detail, like 8-MHC,
miR-208b is down-regulated in hyperthyroid state whereas, miR-208a, like ¢-MHC,
is up-regulated in high TH conditions. In vitro and in vivo experiments showed that
AT1R mediates TH-induced cardiac miRNA208a/«-MHC up-regulation, whereas it
is not clear if ATIR plays a role in down-regulation of miRNA208b/B-MHC [59].

In addition, beneficial effects of protective RAS component activation have been
investigated and the Ang (1-7)/ACE2/Mas pathway involvement evaluated. Ang (1-
7) cardioprotective role has been observed in several animal models and some studies
have been performed in order to define a possible association with TH signaling [60].

The discovery of the new components of RAS permitted to develop a novel defini-
tion of RAS-mediated mechanisms regulating cardiac homeostasis in cardiovascular
diseases [60]. In hyperthyroid state, local Ang (1-7) is increased in hypertrophic
heart and prevents deleterious effects of Ang II activation, such as cardiac remod-
eling, hypertrophy and fibrosis [61, 62]. Cardioprotective effects of Ang (1-7) are
generally mediated by Mas receptor, whose deletion provokes detrimental conse-
quences on heart function and structure [63]. Moreover, in vitro and in vivo studies
showed that FOXO3, a downstream target of Akt, is important in the counteraction
of T3-induced cardiac hypertrophy and that FOXO3 is activated by Ang (1-7) via
Mas receptor [64]. FOXO3 is a transcription factor that negatively regulates cardiac
growth [65] and upregulates antioxidant genes (superoxide dismutase SOD1 and
catalase) and redox-sensitive nuclear factor-kB, NF-kB [66].

The role of AT2R in cardiac functional profile is less clear than AT1R. However,
in an ex vivo ischemia/reperfusion (I/R) rat model, it was observed that AT2R may
be involved in the response to T3 precondition, improving post-ischemical recovery.
AT2R cardioprotector activity requires NO production and Akt pathway mediation
[67]. Recently, we evaluated the expression profile of main components of protective
and detrimental RAS arms in an I/R rat model, after the infusion of low dose of T3
and observed that, at least in part, throughout gene expression regulation, T3 could
be involved in the local cardiac ameliorative response to I/R procedure [68]. These
data suggest that strategies targeting AT2R agonists can ameliorate cardiac function
and suggest potential therapeutical strategies in heart disease.

THs and RAS interaction has been observed also at systemic vasculature level
where the TH increase produces the reduction of systemic vascular resistance
(SVR). In contrast, high SVR is observed in TH deficiency or hypothyroidism and
is efficiently reversed with TH replacement. Vascular resistance is mainly due to
the contractile conditions of smooth muscle cells in the vascular wall (VSMC)
and vasoactive factors can act directly modifying the vascular tone or by indi-
rect action, stimulating the release of vasoactive molecules by endothelial cells,
such as NO by TRal-mediated PI3K/Akt/eNOS pathway [69]. More recently,
some studies evidences that NO production may occur in VSMCs, through the
activation of PI3K/Akt signaling pathway and the involvement of iNOS, a Ca**-
independent enzyme and that requires also the activation of NF-kB [70]. Fukuyama
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et al. demonstrated that THs down-regulate AT1R both at transcriptional and post-
transcriptional levels in VSMC, thus attenuating Ang II activity and promoting TH
anti-atherosclerotic and vasorelaxing effects [71].

Thyroid Hormone and Renin Angiotensin Systems
Interaction in Some Organ Diseases

In the present review, the principal interaction of RAS with THs at cardiovascular
level have been explored and summarized. However, it is important to take into
consideration the possibility that the two systems may functionally interact also in
body contexts other than the cardiovascular system.

As an example, thyroid dysfunctions induce important changes in different
brain compartments, interfering with their general secretory activities [72] and
hypo/hyperthyroidism may directly or indirectly affect the different components of
RAS system and, consequently, RAS paracrine and endocrine regulatory activities.

In the liver, THs stimulate renin production, contributing to the increase in plasma
renin activity (PRA) [73]. Furthermore, both in hyper and hypothyroid rats, a signif-
icant decrease of plasma AGT concentration (PAC) was found, whereas liver AGT
content (LAC) showed a significant increase in hyperthyroidism and a marked
decrease in hypothyroidism. As PAC is regulated by AGT production by liver and
by plasma degradation by renin, the decrease in PAC observed in hyperthyroidism
could be due to an increase in PRA, which would overcome the increased synthesis
of liver AGT observed in these animals [74].

Several studies indicate that RAS components are expressed in bone and that their
action stimulates osteoclast formation and inhibits osteoblast activity, thus inducing
increased bone turnover and decreased bone density [75, 76]. Vitamin D, related to the
regulation of bone turnover and phospho-calcium homeostasis, results as a negative
endocrine regulator of RAS and some evidence suggests an association between
vitamin D deficiency and autoimmune thyroid disease [77, 78]. Interestingly, vitamin
D has been shown to be associated with an increase of D2 levels and peripheral T4 to
T3 conversion in tissue homogenates (from liver, kidney, muscle, femur bone, heart
and brain) of diabetic rats [79].

Clinical Features in Thyroid Hormone and Renin
Angiotensin Systems Crosstalk

THs have various effects on the heart and vascular system and most of the clin-
ical manifestations of a thyroid dysfunction are due to the cardiovascular hemody-
namic alteration induced by THs, whose effects are opposite depending on whether
a condition of hyperthyroidism or hypothyroidism occurs [80].
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Parameters such as heart rate, cardiac output and systemic vascular resistance
are closely related to the thyroid activity. In fact, if on one hand THs have a direct
metabolic effect on the increase in oxygen consumption, on the other hand they
carry out their actions through interaction with RAS [81]. In particular, blood pressure
changes are observed in both hypothyroid and hyperthyroid patients: hypothyroidism
is usually associated with reduced cardiac output and reduced blood pressure with
low plasma renin activity [80], while hyperthyroidism is frequently associated with
hyperdynamic hemodynamic alterations and high blood pressure values are accom-
panied by RAS hyperactivity [82]. The increase in cardiac output during hyperthy-
roidism is not the only factor responsible for the increase in blood pressure, in fact,
in hyperthyroid mice, ACE blockade does not reduce cardiac output, but normalizes
blood pressure values. Furthermore, the prolonged administration of ACEi prevents
the onset of hypertension induced by excess of T3 [83].

A severe complication of not-treated hyperthyroidism is thyrotoxic cardiomy-
opathy. In this condition the heart, essentially working in hyperdynamic state, is
unable to exploit its physiological functional reserve since it works at its maximum
capacity. Therefore, patients with thyrotoxic cardiomyopathy usually presents tachy-
cardia, dyspnea, exercise intolerance, systolic hypertension and peripheral edema
[84]. The pathogenesis of thyrotoxic cardiomyopathy is mainly related to the direct
action of THs at cardiac level, causing an increase in heart rate, myocardial contrac-
tility and output, as well as at peripheral level, with reduction of vascular resis-
tance, higher basal tissue metabolism and consequent increased needs in energy and
oxygen. Moreover, thyrotoxic cardiomyopathy is also related to the TH-induced RAS
activation.

The RAS-mediated vasoactive action of THs is strongly associated to the progres-
sion of atherosclerosis and in this regard, a condition of euthyroidism seems to
be protective because of the presence of a better lipid metabolism and endothelial
function, a lower arterial stiffness/inflammation and a down-regulation of the AT1
receptors [85-91].

Furthermore, THs play a key role in kidney development, growth, and function.
In hypothyroid patients, a reduction in renal perfusion and glomerular filtration rate
(GFR, index of renal filtration capacity and function) is often observed, and it is
determined both by the reduction of cardiac output and RAS activity [92]. Functional
changes in the kidney due to abnormal TH levels are not only related to extrarenal but
also to intrarenal RAS; in particular, in hyperthyroid subjects, the increased intrarenal
activity of RAS is partially responsible for the increase in blood pressure associated
to the increase in tubular reabsorption of sodium [93].

Conclusions and Perspectives

For many years, biomedical investigations on RAS and THs have been kept sepa-
rated and independent and specialized researches have long been performed on the
two systems. In the last decades, evidence of their functional interconnection in
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several pathological contexts has encouraged the search and development of new
experimental models towards more effective therapeutical approaches.

Major evidence has been obtained in the cardiovascular settings, where the modu-

lation of RAS and THs may be strategical in the management of different cardio-
vascular diseases. Analogously, also the THs-RAS crosstalk observed in other func-
tional contexts (e.g., liver, bone, CSN, kidney) may offer new perspective of study
to better understand the maladaptive mechanisms driving to pathological conditions
and, consequently, new insights in the development of a potential clinical use of
drugs targeting RAS elements.
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Chapter 3 ®)
Crosstalk Between Abnormal Electrical ez
Activity and Angiotensin II Cell Signaling

in the Hyperglycemic Mammalian Heart

Belma Turan

Abstract It has been well-accepted that an up-regulation of not only the systemic
but also local cardiac renin angiotensin system (RAS) leads to end-stage damage in
the heart under pathological conditions. So, a well-controlled RAS has an important
impact on the prevention of morbidity and mortality of patients with cardiovascular
disorders. Local cardiac RAS is composed of renin, angiotensin-converting enzyme
(ACE), angiotensin I (Ang I), and it products Ang(1-9), angiotensin II (Ang II),
and its product Ang(1-7), while the main effector peptide of the RAS is Ang II. Ang
II plays prominent roles in cardiovascular pathology through its fundamental roles in
the modulation of cellular signaling mechanisms, such as participation in immunity,
lipid peroxidation, and insulin resistance. An overall insight to the literature data,
activation of cardiac RAS may be pivotal in the pathogenesis of cardiac dysfunction in
diabetes, metabolic syndrome, obesity, and/or other types of pathological conditions.
Herein, the aim of this review article is particularly focused to discuss the evidence
on the role of crosstalk between Ang II cell signaling and abnormal electrical activity
and in the hyperglycemic mammalian heart. In the content of the article, it will be
discussed characteristics and mechanisms of Ang II-related cardiac remodeling such
as effects of Ang II receptor activation on electrical and mechanical activities of the
heart under pathological stimuli, in both cellular and organelle level alterations. It
will be also documented the literature data related to the roles of Ang II receptors
on structural and electrophysiological remodeling in the hyperglycemic and insulin-
resistant heart.
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Introduction

The mammalian renin angiotensin system (RAS) is a hormone system and acts at
multiple targets in organs including the heart, basically to regulate blood pressure
and fluid balance in the body. In other phrase, RAS functions in the body via regu-
lating the extracellular fluid volume and therefore is responsible for the homeo-
static mechanisms of several organ systems, including the cardiovascular system. A
well-controlled RAS has an important impact on the prevention of high percentage
morbidity and mortality of patients with cardiovascular system disorders [1, 2]. Until
the beginning of 2000, it was still not known whether or not every organ system has
its own RAS, and therefore, the existence of a local RAS in the heart was still a
controversial issue [3]. Recent studies demonstrated RAS as not only a cardiovas-
cular circulating hormonal system but also a local tissue system. The heart RAS can
function either dependently or independently with this circulating system [4-9].

The RAS, besides its systemic importance, has various critical roles in cardiovas-
cular function under both physiological and pathophysiological conditions affecting
the directly cardiovascular system and/or several signaling pathways [5, 10, 11].
Therefore, the RAS in the heart behaves as a key contributor to the development
and progression of cardiovascular disease, and thereby its inhibition has important
benefits in the treatment of cardiovascular disease [12, 13]. Although most of the
studies are supporting this statement, however, despite optimal medication with this
system inhibitors, the up-regulated systemic and local RAS in the heart may not be
well-controlled due to its irreversible effects, and, so, its inhibitors may not always
provide expected cardioprotection [14, 15].

The discovery history of the RAS began in 1898 with the studies by Tigerstedt
and Bergman [16], and later, this system has wide importance in mammalians, basi-
cally in both cardiovascular and renal systems. The classical RAS in the heart is
composed of renin, angiotensin-converting enzyme (ACE), angiotensin I (Ang I), and
its product, Ang(1-9), angiotensin II (Ang II), and its product Ang(1-7) (Fig. 3.1). In
our classical knowledge, the main effector peptide of the RAS is the Ang II, whose
synthesis starts with the cleavage of angiotensinogen into Ang I by the renin and
then its conversion into Ang II by the ACE [4, 17, 18]. Angiotensin II is localized
in different areas of the heart such as the atria, conduction system, valves, coro-
nary vessels, ventricles, fibroblasts, and myocytes [19, 20]. Cardiac angiotensinogen
is synthesized in the cardiac muscle, whereas they are lower concentration in the
ventricles as compared to atria in the heart. Ang II, besides its role in other systems,
plays prominent roles in cardiovascular pathology through its fundamental roles in
the modulation of cellular signaling mechanisms, such as participation in cell-to-cell
communication, immunity, lipid peroxidation, and insulin resistance.

Taking into consideration the various roles of RAS in several organ functions,
one can point out its crucial role in the whole-body homeostasis as well as can
emphasize the central role of its activation in many common pathologic conditions
including hypertension, heart failure, and renal disease. Various pathological stimuli
can activate the myocardial RAS, further leading to elevation of the local Ang II
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Fig. 3.1 A schematic presentation of the renin angiotensin system (RAS). Angiotensinogen is
produced and secreted by the liver and enzymatically cleaved by the protease, renin to form
angiotensin I (AngI). AngIis cleaved by angiotensin-converting-enzyme (ACE) to form angiotensin
II (Ang II). Other bioactive angiotensin peptides are Ang-(1-9) and Ang-(1-7)

level, while its chronic activation can more importantly further lead to induction of
pathological cardiac function. In this concept, cellular oxidative metabolic stress and
endothelial dysfunction are pivotal in the generalized pathogenesis of cardiovascular
disease and are closely linked to circulating and tissue levels of Ang II. Furthermore,
the association of the RAS with the endocrine system is particularly illustrated by
the prominent role of Ang II in diabetes and metabolic syndrome [21-30].

An overall insight to the literature data, activation of cardiac RAS may be pivotal
in the pathogenesis of cardiac dysfunction in diabetes, metabolic syndrome, obesity,
and/or other types of pathological conditions. Herein, the aim of this review article is
particularly focused to discuss the evidence on the role of crosstalk between Ang 11
cell signaling and abnormal electrical activity and in the hyperglycemic mammalian
heart.
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Characteristics and Mechanisms of Ang II-Related Cardiac
Remodeling

Physiological, pharmacological, and clinical studies have demonstrated that activa-
tion of the RAS is a key mediator of the progression of heart failure. It has been
defined with several studies that a classical view of RAS consists of a series of enzy-
matic reactions, further leading to the generation of Ang II (Fig. 3.1). Studies in
later decades demonstrated the discovery of many new components in this system.
These new components include ACE2 (a homolog of ACE), which is responsible
for the conversion of Ang II to Ang(1-7) [1, 4, 17, 18]. Furthermore, it is accepted
that ACE2 is widely expressed in cardiomyocytes, cardiofibroblasts, and endothe-
lial cells. The Ang(1-7) opposes the molecular and cellular effects of Ang II via
enhanced susceptibility to heart failure with loss of ACE2 as well as prevention and
reversing of the heart failure phenotype with increasing ACE2 level.

Biologically active peptide, ACE, acts on both Ang II type 1 and type 2 receptors
(AT receptors and AT, receptors; Fig. 3.2) inducing opposite effects on patholog-
ical conditions. In the mammalian heart, activation of AT receptors via activation of
Ang II promotes mainly depression in contractile activity, vasoconstriction, inflam-
mation, salt and water reabsorption, and oxidative stress [31]. The activation of Ang
II/AT| receptors and the detrimental effects of this pathway underlies the develop-
ment of heart failure in various pathological conditions, such as pressure overload,
diabetes (both type 1 and type 2), obesity, and post-remodeling (Fig. 3.2). Increases
in reactive oxygen species (ROS), hypertrophy, mitogen-activated protein kinase
(MAPK), matrix metalloproteinase (MMP), lipotoxicity, and fibrosis are the common
altered parameters in the heart under these pathological conditions via detrimental
effects of activation of Ang II/AT; receptors. Furthermore, cardiac metabolic abnor-
mality (mainly insulin resistance) is existing in diabetes (type 2) and obesity (also
in metabolic syndrome, MetS) [32], besides the others via activation of Ang II/AT;
receptors. These alterations as activation of Ang II/AT| receptors, which are members
of several intracellular signaling pathways, play important roles in cardiomyocyte
dysfunction, as well. Insulin contributes to hemodynamic regulation in the cardio-
vascular system, by multiple mechanisms, through contribution to either protective
or injury in these tissues [33].

Two important hormones, insulin and Ang II (at most via AT, receptors) have
an impact on the control of metabolic and hemodynamic homeostasis, as systemic
and cellular levels [34], as well as their signal transduction pathways, share many
downstream effectors and cross-talk at multiple levels [35]. In other words, metabolic
disturbances in cells and/or other cardiovascular risk factors stimulate RAS which
further leads to increased production of ROS. ROS activate redox-sensitive several
signaling pathways including phosphorylation of insulin receptor substrate-1 (IRS-1)
at serine residues, then inhibit insulin-stimulated phosphorylation of IRS-1 at tyrosine
residues [36, 37]. Through this pathway, as consequence, insulin signaling is inhibited
via the phosphatidylinositol 3-kinase (PI3K) pathway, resulting in insulin resistance,
hyperinsulinemia, type II diabetes, and other metabolic diseases such as obesity or
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Fig. 3.2 Pathway associated with Angiotensin II receptors and heart function. Ang II binds to both
type I (AT ) and type I (AT, ) receptor subtypes in tissues. The AT receptors, mediating most of the
cardiovascular effects of Ang II, included in the development of oxidative stress, vasoconstriction,
aldosterone secretion, sympathetic stimulation, cardiac cell hypertrophy, and cell proliferation. On
the other hand, there is concomitant stimulation of AT, receptors by blocking of AT receptors with
angiotensin receptor blockers, which can in turns prevent the pathophysiological effects such as
myocardial and vascular improvements

MetS. On the other hand, Ang II/ROS activates the mitogen-activated protein kinase
(MAPK) pathway to induce vascular remodeling, which promotes cardiovascular
disease, as well [38]. The angiotensin AT, receptor has been increasingly recognized
as an integrative part of the protective arm of the RAS. Although it shares with
the AT; receptors the same endogenous ligand, Ang II, it promotes different, and
often opposing effects to those of the AT receptors. The current knowledge on the
role of the AT, receptors in health and disease for the cardiovascular system, the
underlying protective molecular mechanisms as well as the therapeutical potential
of AT, receptors agonism in acute and chronic heart diseases [39]. In this context, it
has been shown that deletion of the AT, receptors can reduce adipose cell size and
protect from diet-induced obesity and insulin resistance [40], while it is upregulated
and contribute to Ang II-induced vasodilation in resistance arteries of hypertensive
diabetic patients treated with AT receptors blockers [41].

Overall, Ang I1 is the main biological effector of the RAS, through its major role in
cardiovascular homeostasis. Most of the physiological and pathophysiological effects
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of Ang II are mediated by the AT, receptors, which are widely expressed by most
cell types, including heart cells. Although expression of the AT, receptors is more
limited and occurs predominantly in fetal tissues [42], the later studies, mostly in
cellular and adult animal models, showed the distribution of AT, receptors in certain
areas of various tissues including the cardiovascular system [43, 44]. Interestingly,
although the increased AT, receptors expression has been observed under patholog-
ical conditions, such as myocardial infarction [45] and congestive heart failure [46],
its pharmacological potential for the treatment of cardiovascular diseases has only
started with the development of selective AT, receptors agonists [5].

Ang II Receptor Activation Effects on Electrical
and Mechanical Activities of the Heart Under Pathological
Stimuli

The RAS, particularly local RAS in the heart, has a critical role in the not only phys-
iological condition but also the pathophysiological condition in mammalians. As
mentioned in previous sections, local activated RAS, primarily via effector hormone
Ang II, mediates high blood pressure, endothelial dysfunction, metabolic distur-
bances, and cardiac dysfunction, while Ang II receptor activation is related to the
different actions of Ang II in the heart [47]. As shown in Fig. 3.2, Ang II, via
AT receptors, can induce G protein- and non-G protein-related signaling pathways,
and the activation of AT, receptors in the heart can underlie different patholog-
ical conditions including diabetes. Furthermore, studies have shown that cardiac
AT receptor gene expression level is not changed by age starting from fetal devel-
opment, whereas the AT, receptor gene expression level decreases rapidly after birth
[48].

The Ang II synthesis in the heart under pathological conditions [49, 50]. The
dynamics of cardiac RAS during any pathological stimuli (i.e. pressure-overload,
hypertrophy, myocardial infarction, metabolic disturbances, etc.) can vary and the
contributing factors are numerous to these dynamics. For instance, rice in plasma
renin level and the end-stage heart failure can appear to be parallel in individuals
[51]. Furthermore, it has been shown that activation of Ang II exerts direct actions on
cardiac tissue inducing cardiomyocyte hypertrophy and both electrical and mechan-
ical dysfunctions [52]. The contribution of RAS level in heart tissue to ventricular
remodeling in myocardial pathology was documented by early several experimental
and clinical studies [53]. The cardiac remodeling following exposure to pathological
stimuli eventually is maladaptive and result in heart failure further leading to end-
stage heart disease. By using the different approaches to this event such as either
inhibition of ACE, usage of Ang II antagonists, or both, the role of activated cardiac
RAS in the development of heart diseases have been documented even in early studies
[54, 55]. Supporting data to the above statements were given by various studies, in
which it has been demonstrated the increased mRNA level of angiotensinogen in the
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heart tissue of rats after experimental myocardial infarction [56], marked increase
in the ACE activity in scar tissue [57], and enhanced production of Ang II in the
infarcted heart tissue and fibroblasts [58].

Randomized controlled trials have renewed focuses on the role of Ang II for
circulatory shock [59-61]. In these studies, it has been considered that Ang II could
increase mean arterial pressure in patients with circulatory shock [59], thereafter,
considerable literature surrounds the clinical and experimental use of Ang I1[62, 63].

There are marked alterations in the parameters of the surface electrocardiogram
(ECQG) in patients with cardiac hypertrophy and/or heart failure. Among other alter-
ations, it is commonly observed a prolonged QT interval duration and dispersion
as well as increased incidence of arrhythmias in these patients [64]. Although Ang
II is an important modulator of fluid balance in the body, cardiac Ang II exerts
direct actions on the heart via inducing cardiomyocyte hypertrophy and mechanical
dysfunction [65]. Studies performed with experimental animal models and the clin-
ical setting demonstrated important relation between increased level of local Ang 11
level in the heart and development of cardiac hypertrophy and heart failure [66, 67].
Moreover, some experimental data have demonstrated the efficacy of RAS inhibitors
in the treatment of arrhythmias [68]. In addition, clinical evidence has demonstrated
the efficacy of ACE inhibition in the reduction of long QT intervals in hypertensive
patients with left ventricular hypertrophy [69]. However, there is yet some uncer-
tainty about the underlying mechanisms of a direct action of Ang II activation and
electrical remodeling in the heart.

There are also some important experimental animal model studies supporting the
above statements related to cardiac RAS and the role of its local activation. The
authors examined the role of cardiac Ang II overproduction on cardiac electrophysi-
ological activity by using animal models [70]. In their model animals, the increased
Ang II production in cardiac tissues but not any change in circulating Ang II, cardiac
hypertrophy, and heart failure were developed via the mediation of AT, receptors
while the blockade of these receptors could prevent the development of ventricular
hypertrophy [71]. In another study, authors demonstrated recovery in blood pres-
sure and reduction in prolonged QT-interval following chronic treatment of an ACE
inhibitor [72, 73]. As mentioned above statements, some findings have shown that
activation of the AT receptors is involved in both electrical and mechanical as well as
structural remodeling of the heart, but these outcomes may be regulated by different
pathways downstream of AT, receptor activation.

Most of the studies on the key role of the AT, receptor have been extensively
studied in the development of the embryo while their roles in the adult mammalians
remain unanswered yet [74]. Among some early studies in this subject include the
investigations performed under in vitro conditions in cultured cells and isolated
organs [75-80]. Although experimental studies associated with AT, roles focused
on their roles in vascular function and blood flow at most, through the production
of vasoactive substances, NO, the AT, receptors do not seem to play a major role
in baseline conditions [81]. However, it has been demonstrated that other vasoactive
substances can also mediate AT, receptor-dependent dilation in different organs
or small arteries [82]. Moreover, it has been also mentioned that the stimulation
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of the AT?2 receptor can also have a role in shear stress-induced dilation through an
endothelial production of NO in isolated arteries even under physiological conditions
[83]. Thus, if one can interpret the early findings in the perspective of a chronic AT,
receptor blockade in patients, it can be suggested the beneficial role of AT, receptors
overstimulation via their vasodilator effect.

Also, activation and/or overstimulation of Ang II, in addition to their roles in
cardiac electrical and mechanical functions, is known as an Ang II-mediated effect
on cell growth and apoptosis and to have pro-oxidative and proinflammatory effects
[46, 84, 85]. Indeed, Ang II has been shown in both human and animal models to
be involved in the development of cardiomyocyte hypertrophy and cardiac fibrosis
and the modulation of cardiac fibroblast growth and collagen synthesis [10, 86]. For
instance, in in vitro studies, authors have reported that mechanical factors stimulated
a local synthesis of Ang II, which in turn induces an increase in the synthesis of
extracellular matrix proteins, such as fibronectin and collagen, via the AT R in various
organ cultured cells [87, 88]. In vivo studies also provided information about the
involvement of Ang II in the increase of cardiovascular fibrosis in the induction
of hypertension and with the stiffness of the cardiac muscle in the development of
diastolic dysfunction [§9-91].

Besides, the AT, receptors have some important contributions to the control of
not only heart function but also cardiovascular structure. In that content, Mifune
and coworkers examined the effects of stimulation of AT, receptors on collagen
synthesis in vascular smooth muscle cells [92]. In that study, they determined a
dose- and time-dependent increase in collagen synthesis and a 50% decrease in
protein tyrosine phosphatase activity, which were completely inhibited by an AT,R
antagonist while there was no effect with an AT receptors antagonist. These studies
together with others in similar experimental conditions suggested that AT, receptors
stimulation could increase collagen synthesis in vascular smooth muscle cells via a
Gj-mediated mechanism through heterogeneous effects of AT, receptors stimulation
in different tissues [92]. There are also studies related to the effects of AT, receptors
on extracellular matrix synthesis as well as elevation in collagen and fibronectin
synthesis in cardiac tissues in cardiomyopathic animals [46]. Moreover, it has been
also shown that the AT, receptor density increases by 153% during heart failure
and by insulin, whereas AT R density increases in the hypertrophy stage and then
return to control level during heart failure [46, 82, 93]. Interestingly, it has been
shown a marked reduction in ventricular tachycardia risk by altering connexin43
via inhibition of RAS under either an ACE inhibitor or an AT; receptor blocker
[94]. Taking into consideration the clinical relevance of ventricular tachycardia in
the development of sudden cardiac arrest as well as under the light of early and recent
documents, overall, it can be pointed out the contribution of local RAS activation
through multicentric signaling of Ang II in the cardiovascular system, particularly
under pathological conditions [95].
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Ang II-Induced Cellular and Organelle Level Alterations
in Cardiomyocytes

As mentioned in the previous sections, the Ang II, at both systemic and organ levels,
is known to mediate multicentral endogenous effects in cells such as cell growth,
apoptosis, oxidations, and inflammations as well as important impacts on organelle
function and ultrastructure [82]. Indeed, Ang II is involved in the remodeling of
the cardiovascular system under pathological stimuli. For instance, early studies
have shown its role in cardiac myocyte loss in ischemia—reperfusion injury and
myocardial infarction [20, 96]. Treatment of wild-type experimental animals with
an ACE inhibitor or AT, receptor blocker induced a marked shortening of AV nodal
conduction, whereas no significant change in sinus rate, surface PR and QT inter-
vals, atrial and ventricular refractory periods, or ventricular tachycardia inducibility
[94]. Indeed, cardiac electrical remodeling is one of the most serious complications,
creating a cardiac microenvironment that evokes fatal ventricular arrhythmias [97].

Various experimental studies are focused on the roles of Ang II activation and
its accessories in isolated cardiomyocytes to show the underline mechanism of its
contribution to heart dysfunction under pathological conditions. At the cardiomy-
ocyte level, there are serious electrical modifications, generally, including prolon-
gation of the action potential duration (APD) caused by differential expression of
ion channels [98—100]. Among them, it is generally observed downregulation of
K*-channels responsible for the APD. However, studies to demonstrate a direct
association between Ang Il and cardiomyocyte electrical remodeling seem to need
more molecular examinations. A supporting data of this statement has been given
by researchers to evaluate the direct effects of high levels of intracardiac Ang II on
cardiac electrophysiology by using a transgenic mouse model with cardiac-specific
and overproduced Ang II [101]. They demonstrated that correlations between the
reduced inwardly rectifying potassium current, prolonged APD at 90% repolarization
in cardiomyocytes, and prolonged QT interval in surface ECGs in those transgenic
mice. In another study, this team also demonstrated an Ang II-mediated cardiac hyper-
trophy in transgenic mice by analysis of isolated cardiomyocyte isotonic shortening.
Their data strongly supported marked phenotypic changes in cardiomyocytes during
the adaptive response to chronic cardiac-specific endogenous Ang II stimulation via
determination of impaired contractility in the cardiomyocytes isolated from these
transgenic mice (developed dilated cardiomyopathy). They demonstrated signifi-
cantly impaired contractility in these isolated cardiomyocytes, parallel to a down-
regulation of the sarcoplasmic reticulum (SR) Ca?*-pump (SERCA) and depressed
intracellular Ca?* releases under electrical stimulation. Overall, these and other
studies clearly show that a chronic Ang II activation in cardiac myocardium, without
fluid overload, can produce cardiomyocyte dysfunction in terms of electrical and
mechanical activities which are further leading to heart failure. Indeed, these above
effects have been described previously in the setting of various pathological condi-
tions, including hypertensive cardiomyopathy, in which the administration of ACE
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inhibitors could normalize the abnormal intracellular Ca?*-handling and increase
SERCAZ2a expression [102].

Similarly, it has been demonstrated that a transmural gradient in the amplitude
of transient outward K*-channel current (I,) was induced by an AT, receptor acti-
vation in canine ventricular cardiomyocytes via a co-internalization of o subunit of
this channel protein with the AT; receptors [103, 104]. Consequently, these exper-
imental studies demonstrated a cross-correlation between the magnitude of I, and
Na/K-pump activity through internalization of the activation of AT; receptors in
the cardiomyocytes, without any contribution that G protein signaling. Additional
studies have shown the role of activated local RAS in cardiomyocytes to increase
contractility of the heart [105].

The experimental data demonstrated the multi-signaling pathways of Ang II
through AT; receptors such as its role in MAP kinases, receptor tyrosine kinases
(i.e. insulin receptor), and nonreceptor tyrosine kinases [47]. In addition, AT,
receptors-mediated NAD(P)H oxidase activation leads to the generation of reac-
tive oxygen species, ROS, widely implicated in vascular inflammation and fibrosis
[106]. Most importantly, some studies also mentioned the high-level genera-
tion of ROS via AT receptor-mediated NAD(P)H oxidase activation [107-110].
Moreover, in later studies, authors have shown the role of Ang Il-induced high-
level production of Mitochondrial-ROS to cardiovascular disease [111]. Indeed,
although Mitochondrial-ROS plays an important role in normal physiological cell
signaling, similar to high glucose, activated Ang II, can cause the overproduction of
Mitochondrial-ROS, which leads to the stimulation of NAD(P)H oxidases. Another
study is also supporting this action of Ang II via activation of AT receptors results
in the initiation of a variety of events, such as the stimulation of phospholipase C,
with subsequent activation of protein kinase C (PKC) and release of Ca** from intra-
cellular stores, including SR and Mitochondria, while tyrosine kinase and MAPK
are phosphorylated [112—-114]. Other studies also mentioned that Ang II, through
the activation of AT, receptors and PKC, can lead to apoptosis in cultured neonatal
rat ventricular myocytes via activation of p53 [115]. Interestingly, it has been also
demonstrated the AT, receptor stimulation associated apoptosis, at the cellular level
as well [116]. More importantly, some findings implied an interesting contribution
of AT, receptor blockade to increase the early signals of AT; receptor-mediated
cardiac growth responses in the heart [117]. Consequently, these studies pointed out
a possible counteractive action of AT, receptors on the effects of AT; receptors,
particularly under pathological stimuli.

The COOH-terminal of AT receptors can be phosphorylated with PKC, which
leads to their internalization transiently under their Ang II-dependent activation,
further leading to GTP hydrolysis-mediated and B-arrestin-dependent mechanisms
incells [118, 119]. Activation of Ang I, at most via AT receptor stimulation, cannot
only activate PKC but also inhibit PKA phosphoinositide 3 kinase (PI3K) [120].
These alterations are generally responsible for the development of hypertrophic
cardiomyocytes. In this signaling pathway, when the G-protein activation is ended,
the B-arrestin associated receptors are internalized to play role in a new signaling
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pathway [121]. Supporting, literature documents show new signaling pathways asso-
ciated with the role of local RAS activation in the heart published in numerous orig-
inal and updated review articles, describing particularly structural components and
functional selectivity of AT receptors [5, 122, 123]. Besides these above subjects,
there are the second messengers that are involved in the synthesis of Ang II in the
heart under pathological conditions, which play important role in the control of cell
communication and inward Ca®* current in cardiomyocytes, as well.

In addition above effects with Ang II activation, its activation is closely associ-
ated with induction of fibrosis, an increase in pacemaker activity, and a decrease in
conduction velocity in the heart through changes in cellular Ca?* cycling, inhibi-
tions of both inward depolarizing Na*-current and repolarizing K*-currents [124].
Supporting these experimental findings, ACE inhibitors and AT; receptor blockers
could provide cardioprotection preventing the occurrence of antiarrhythmic poten-
tials in humans [125]. Studies from mice with high cardiac Ang II levels showed
sudden cardiac arrest, atrial and ventricular, and a marked long QT syndrome with
normal blood pressure [126, 127].

Dikalov and Nazarewicz (2013) widely documented and discussed Ang II-induced
mitochondrial ROS production and its relevance for cardiovascular disease [111].
The molecular mechanisms of Ang II pathophysiological activity involve the stimu-
lation of NADPH oxidases, which produce superoxide and hydrogen peroxide. Ang
II also increases the production of mitochondrial ROS, while the inhibition of Ang
II improves mitochondrial function; however, the specific molecular mechanisms of
the stimulation of mitochondrial ROS are not clear. However, it has been well docu-
mented that AT receptors activate at least two different cell signaling axes, where
one, represented by ERK1/2 and its downstream targets, is redox independent, and
the other involves the activation of redox-dependent pathways [128]. The activa-
tion of the redox-dependent pathways involves the stimulation of NADPH oxidases,
leading to ROS production and oxidative stress in cells. This redox-dependent acti-
vation further causes hypertrophic cell growth, cell senescence, and cardiovascular
remodeling. In line with these findings, the pharmacological inhibition of AT, recep-
tors could preserve the energy state of, indicating the significance of AT, receptor
signaling in the pathology of ischemia-induced heart damage and links AT, receptor
signaling and mitochondria functions under ischemic mitochondria conditions [129].
However, the Ang II-induced high ROS production is not completely understood and
still requires extensive studies.
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Roles of Ang II Receptors on Structural
and Electrophysiological Remodeling in Hyperglycemic
Heart

The actions of Ang II have been implicated in many cardiovascular conditions,
including diabetic cardiomyopathy. Supporting this statement, the authors exam-
ined whether hyperglycemia activates the cardiac intracellular RAS in vivo and
whether angiotensin-receptor-blocker, ACE, or renin inhibitors block synthesis and
effects of intracellular Ang II. They demonstrated an intracellular Ang II produc-
tion in diabetic rats, being correlated with cardiomyocyte apoptosis, oxidative stress,
and cardiac fibrosis [130]. These data and others can demonstrate the important
involvement of Ang II activation in the development and pathological changes in
diabetes and metabolic syndrome (MetS) [26, 131]. More importantly, some studies
also mentioned the involvement of mitochondria as the critical contributor to these
changes under Ang II activation in diabetes. For instance, it has been recently
shown that the AT, receptor blockade protected mitochondria via inhibiting high
oxidant production, as well as recovered significantly prolonged action potential
and depressed potassium currents, and altered Ca’*-homeostasis in type-I diabetic
rat cardiomyocytes [131-133]. Furthermore, even early studies have shown the
marked recoveries by application of AT receptor blockers, ACE inhibitors, or both
in the depressed potassium currents and prolonged action potentials in streptozo-
tocin (STZ)-induced type-I diabetic ventricle cells, at most, due to inhibition of
activated PKC [100, 134]. Overall, these experimental data showed that treating
STZ-induced type-I diabetic rats with an AT; receptor blocker could restore the
altered kinetics of cardiac intracellular Ca**-transients and contractile activity of
cardiac tissue. These results have important implications in searching for a better
treatment for understanding the physiopathology of diabetic cardiomyopathy with
Ang II receptor blockers. Supporting clinical outcomes from LIFE, CHARM, and
VALUE trial groups also strengthened the role of blockage of RAS in the prevention
of diabetes-associated organ dysfunction [135—-137]. In addition, an application of
AT receptor blocker could prevent intra-fibrosis, apoptosis, and oxidative stress in
tissues from Zucker diabetic rats [138]. Similarly, we determined important recovery
in alterations of STZ-induced type-I diabetic rat heart tissue with the treatment of
an AT receptor blocker candesartan such as decreases in the number of undulations
and lipid droplets, recovery in the heterogeneity of cytoplasm, and decrease in the
connective tissue (Fig. 3.3). Furthermore, in in vitro experimental study with hyper-
glycemic ventricular cultured cardiomyocytes, the candesartan pretreatment induced
significant prevention of high ROS production and mitochondrial membrane depo-
larization. Interestingly, it has been studied whether an ACE2 activator, diminazene
aceturate, could improve the STZ-induced electrical changes in ventricular repolar-
ization in hyperglycemic rats through a beneficial effect on long QT and QTc inter-
vals with important cardiovascular benefits [139, 140]. In another study, it has been
tested whether Ang II receptor blockade improves cardiovascular function during
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Fig. 3.3 Structural benefits by AT receptors of Ang II blockage in diabetic heart. A treatment of
streptozotocin-induced diabetic rats with 5 mg/kg/day candesartan-cilexetil for 4 weeks induced
marked recoveries in the damage left venticular part of the heart tissue. Light microscopy exami-
nations represent either hematoxylin and eosin-stained (HE, upper part) or Masson trichrome (MT,
lower part)-stained heart sections. Myocardial arrangements in longitudinal sections of control
(CON, left), diabetic (DM, middle), and candesartan-cilexetil treated DM rat heart (DM + CAN,
right). The abnormal myofibre arrangements and ondulations observed in DM group. There are also
increases in thickness of tunica media, foamy cells, and irregular elastic lamellae in DM group. These
abnormal observations were markedly disappeared in the candesartan-cilexetil treated DM group.
A normal histological structural appearence in normal rat heart (CON group). Shorten symbols: n
nucleus, arrow Z-line, arrowhead ondulation. Magnification: Bar is 50 uM

hypoglycemia and they could not observe any benefit with a candesartan treatment
on the long QT interval in the ECG [141].

Cellular oxidative metabolic stress and endothelial dysfunction are pivotal in the
generalized pathogenesis of cardiovascular disease and are closely linked to circu-
lating and tissue levels of Ang II which has an important impact on remodeling
in many ways [142]. As a result of the experimental studies, it can be concluded
that Ang II directly acts on cardiomyocytes and through several signaling events,
including ROS-generation associated signaling in the cytoplasm and mitochondria
of cardiomyocytes [111]. Most of Ang II actions in the heart are mediated by AT,
receptors-initiated signaling with ROS. Indeed, it has been shown that under patho-
logical conditions such as hyperglycemia and/or hyperinsulinemia, the pharmaco-
logical inhibition of AT, receptor preserves the energy state of mitochondria, indi-
cating its significance signaling in the pathology of heart damage, and links AT,
receptor signaling and mitochondria functions under diabetes, as well [111, 129,
143]. For instance, the role of the mitochondrial K rp channel and its relations with
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high ROS production in hyperglycemic cells has been implicated under Ang II acti-
vation [144]. Overall, both experimental data and clinical outcomes supported a
process in diabetic cardiomyopathy that activated RAS, at most, activation of AT
receptors, in the heart and, has impact through associations between endothelium
function and insulin signaling transduction pathways as well as the putative role
of ACE2-Ang-(1-7)Mas axis in diabetes pathogenesis [28, 29]. In another study,
taking into consideration the role of ACE2 and Ang-(1-7) (Ang 1-7)/Mas receptor
axis in the modulation of the development of diabetic cardiomyopathy, it has been
studied the effects of Ang 1-7 on diabetic cardiomyopathy in diabetic mice. Their
results could identify a novel beneficial effect of Ang 1-7 on diabetic cardiomyopathy
on the involvement of a reduction in cardiac hypertrophy and lipotoxicity, adipose
inflammation, and upregulation of adipose triglyceride lipase, providing a promising
therapy for diabetic cardiomyopathy in type-II diabetes [145]. Ang II activation has
also an impact on the vascular smooth muscle cells. In this field, authors designed
a diabetic-like condition in cardiomyocytes with high glucose, and therefore stim-
ulated Ang II activation via ERK1/2 activation in rat vascular smooth muscle cells
which is flowed with an ACE decrease in the same cells [146]. Overall, if one can
consider the recent data related to the association between high plasma renin activity
and obesity-related diabetes and arterial hypertension, leading to persistent hyper-
tension [147], the role of cardiac RAS in the development of cardiovascular disease
in MetS, obesity, and/or diabetes can get more attraction than the before.

Effects of Ang II Receptor Antagonists on Cardiac
Remodeling in Insulin-Resistant Elders

Both experimental animal model studies and clinical outcomes have consistently
shown that the use of RAS blockers, apart from their antihypertensive effects, could
not completely prevent but slows down the progressive age-related organ damage,
particularly, insufficient heart function [148—151]. Those effects seem to be main-
tained, at most, via drugs that inhibit Ang II synthesis/biological activity in target
tissues. As mentioned in the previous sections, the mammalian heart has a local Ang
II production and plays important role in the induction of RAS-associated cardiac
pathophysiology development [67, 152]. Although a direct role of Ang II on the
induction of cardiomyocyte hypertrophy and the efficacy of RAS blockade in the
treatment of cardiac remodeling has been demonstrated [153], the direct effects of
its activation and/or blockade targeting heart function to cause mechanical dysfunc-
tion and heart failure independently from hemodynamical alterations remained to
be clarified. In this content, Domenighetti, et al. [70] investigated the phenotypic
changes in cardiomyocytes from Angll-mediated cardiac hypertrophy induced trans-
genic mice without elevated blood and performed in vivo analysis of age-dependent
cardiac function such as systolic and diastolic dysfunction. Their analysis in isolated



3 Crosstalk Between Abnormal Electrical Activity ... 53

cardiomyocytes also has shown important impaired contractility through downreg-
ulation of the SERCA?2 and diminution of the amplitude of transient Ca>* releases
under electrical stimulation. Their data, overall, demonstrated the role of direct and
chronic cardiac Ang II stimulation in the induction of cardiac dysfunction leading to
heart failure in aged mammalians.

Interestingly, since the functions of the AT, receptors are opposite to those of the
AT receptors, AT, receptor activation could show a protective role in aging condi-
tions. Supporting this statement, deletion of the AT, receptors induced several types
of cardiac injury and functional changes [154], whereas their activation could provide
marked cardioprotective action [155]. It has been also pointed out a possible pathway
for the beneficial role of AT, receptors in the aging heart, colocalized with AT recep-
tors on the inner membrane of mitochondria, in which, mitochondrial AT, receptor
density may decrease in cardiac cells paralleled by an increased expression of mito-
chondrial AT receptors with aging in the heart [156]. Although various signaling
pathways contribute to these effects, experimental data emphasize the role of cellular
aging as the consequence of the accumulation of damaged macromolecules, through
amodification by excessive ROS via mitochondria in aged tissues [157, 158]. Exces-
sive production of ROS compromises mitochondrial integrity and function, leading
to decreases in ATP generation, as well. In this pathway, there is a role of activation
of intracellular NADPH oxidase with Ang II via the AT receptors. Although Ang
II can regulate oxidative stress under physiological conditions, abnormal activated
Ang II-dependent ROS generation can arise associated with age-related activation
of local RAS in the heart [159]. Likely, experimental findings have shown induction
of cardiac hypertrophy and fibrosis in aged animals while they can be recovered by
an application of an Ang II blocker [160]. Additional studies are further supporting
the beneficial effects of either ACE inhibitors, Ang II receptor blockers, or both in
reducing heart damage during the aging period, at most, their effects through inhibi-
tion of high ROS production and preserving of mitochondrial function [161]. The later
studies did further support the early results. For instance, it has been documented
that decreased age-related cardiac mitochondrial dysfunction in patients could be
reversed by treatment of Ang II receptor blockers, at most, through the regulation of
mitochondrial redox hemostasis [162]. Furthermore, it has been also demonstrated
the cardioprotective effects of RAS blockers against atrial fibrillation in aged patients
[163]. Recently, the role of the renin—angiotensin—aldosterone system (RAAS) in the
heart is also greatly documented by Mascolo et al. [9].

In conclusion of this section, it has been summarized that mitochondrial dysfunc-
tion and oxidative stress are closely associated with activation of local RAS and
can underlie many abnormalities in the aging heart. Taking into consideration the
existence of high risk for the development of insulin resistance as well as cardiac
insufficiencies in aged mammalians at high percentage although, with mild blood
glucose level, one has to reconsider the role of activated local RAS in the heart for
prevention of cardiac dysfunction during the aging period.
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Conclusions and Future Perspectives

Over the half-century, a wide range of publications indicates that Ang II represents
a key molecule in physiological and pathological mechanisms of the heart, besides
other organs in the human body. At cellular and mitochondrial levels, Ang Il regulates
energy metabolism and redox state of cells and affects the onset and the progression
of cell damage under not only hyperglycemia and hyperinsulinemia but also under
the progression of age in mammalians. It is well documented and got consensus
that chronic activation of RAS in organs can promote end-stage organ injury and
dysfunction, at most, through being associated with increased mitochondrial oxida-
tive stress besides others, So, the use of inhibitors of either ACE, Ang receptor or
both, will be able to reduce those associated cardiovascular function under any type
of pathological stimuli. A schematic representation of sites of actions of Ang II/ACE
inhibitors associated with going beyond the classical paradigms to provide benefits
for cardioprotection under pathological stimuli (Fig. 3.4).

Angll/ACE
INHIBITORS

ACTIVATED
Angll/ACE

ABNORMAL
SARCOLEMMAL

ABNORMAL
MITOCHONDRIA g
ATP/ADP
Ca?* HOMEOSTASIS LECTRICAL

OXIDATIVE
APOPTOSIS

BENEFICIAL CARDIAC

RESPONSE

Fig. 3.4 Ang II/ACE inhibition and beneficial cardiac response. A schematic representation of
sites of actions of Ang II/ACE inhibitors associated with going beyond the classical paradigms to
provide benefits for cardioprotection under pathological stimuli
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Therefore, it can be concluded that a well-controlled local RAS activity, via its
vital importance because of its links to both mitochondrial function and dysfunc-
tion, will be a future focusing field to get important cardioprotection against hyper-
glycemia, hyperinsulinemia, and even physiological aging. Although many prior
studies have advanced our understanding of each of these aging-relevant biological
systems, the progress in delineating the molecular mechanisms involved has been
rather slow. Given the availability of selective, and relatively safe blockers of RAS,
studies focusing on the interface between mitochondria, RAS, and types of patho-
logical stimuli may prove to be very important in the clinical translation of these
investigations.

Conflict of Interest The author declares that there is no competing interests.

References

1. Patel VB et al (2016) Role of the ACE2/angiotensin 1-7 axis of the renin—angiotensin system
in heart failure. Circ Res 118(8):1313-1326
2. Gomes ER, Santos RA, Guatimosim S (2012) Angiotensin-(1-7)-mediated signaling in
cardiomyocytes. Int J Hypertens
3. Danser AJ et al (1999) Is there a local renin—angiotensin system in the heart? Cardiovasc
Res 44(2):252-265
4. Mascolo A et al (2020) Angiotensin II and angiotensin 1-7: which is their role in atrial
fibrillation? Heart Fail Rev 25(2):367-380
5. Forrester SJ et al (2018) Angiotensin II signal transduction: an update on mechanisms of
physiology and pathophysiology. Physiol Rev 98(3):1627-1738
6. Santos RAS etal (2019) The renin-angiotensin system: going beyond the classical paradigms.
Am J Physiol-Heart and Circulatory Physiol
7. Wu C-H et al (2018) Renin-angiotensin system and cardiovascular functions. Arterioscler
Thromb Vasc Biol 38(7):e108—116
8. Mascolo A et al (2017) New and old roles of the peripheral and brain renin—angiotensin—
aldosterone system (RAAS): focus on cardiovascular and neurological diseases. Int J Cardiol
227:734-742
9. Mascolo A et al (2021) The role of renin-angiotensin-aldosterone system in the heart and
lung: focus on COVID-19. Front Pharmacol 12
10. Mehta PK, Griendling KK (2007) Angiotensin II cell signaling: physiological and pathological
effects in the cardiovascular system. Am J Physiol Cell Physiol 292(1):C82-C97
11. Paul M, Mehr AP, Kreutz R (2006) Physiology of local renin-angiotensin systems. Rev Physiol
Rev 86:747-803
12. Ferrario CM, Mullick AE (2017) Renin angiotensin aldosterone inhibition in the treatment
of cardiovascular disease. Pharmacol Res 125:57-71
13. Dell’Italia LJ (2011) Translational success stories: angiotensin receptor 1 antagonists in heart
failure. Circ Res 109(4):437-452
14. Verbrugge FH, Tang WW, Mullens W (2015) Renin-angiotensin-aldosterone system activa-
tion during decongestion in acute heart failure: friend or foe? 2015, American College of
Cardiology Foundation Washington, DC
15. Iravanian S, Dudley SC Jr (2008) The renin-angiotensin-aldosterone system (RAAS) and
cardiac arrhythmias. Heart Rhythm 5(6):S12-S17



56

—

6

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

B. Turan

Tigerstedt R, Bergman P (1898) Niere und Kreislauf 1. Skandinavisches Archiv fiir
Physiologie 8(1):223-271

Mascolo A et al (2021) SGLT-2 inhibitors reduce the risk of cerebrovascular/cardiovascular
outcomes and mortality: a systematic review and meta-analysis of retrospective cohort studies.
Pharmacol Res 105836

Unger T (2002) The role of the renin-angiotensin system in the development of cardiovascular
disease. Am J Cardiol 89(2):3-9

Basso N, Terragno NA (2001) History about the discovery of the renin-angiotensin system.
Hypertension 38(6):1246-1249

Horiuchi M, Akishita M, Dzau VJ (1999) Recent progress in angiotensin II type 2 receptor
research in the cardiovascular system. Hypertension 33(2):613-621

Group UPDS (1998) Intensive blood-glucose control with sulphonylureas or insulin compared
with conventional treatment and risk of complications in patients with type 2 diabetes (UKPDS
33). Lancet 352(9131): 837-853

Sleight P (2000) The HOPE study (heart outcomes prevention evaluation). J Renin-
Angiotensin-Aldosterone Syst 1(1):18-20

Brenner BM et al (2001) Effects of losartan on renal and cardiovascular outcomes in patients
with type 2 diabetes and nephropathy. N Engl J Med 345(12):861-869

Lewis EJ et al (2001) Renoprotective effect of the angiotensin-receptor antagonist irbesartan
in patients with nephropathy due to type 2 diabetes. N Engl J Med 345(12):851-860
Parving H-H et al (2001) The effect of irbesartan on the development of diabetic nephropathy
in patients with type 2 diabetes. N Engl J Med 345(12):870-878

Lim HS, MacFadyen RJ, Lip GY (2004) Diabetes mellitus, the renin-angiotensin-aldosterone
system, and the heart. Arch Intern Med 164(16):1737-1748

Jandeleit-Dahm KA et al (2005) Why blockade of the renin—angiotensin system reduces the
incidence of new-onset diabetes. ] Hhypertens 23(3): 463—473

Ribeiro-Oliveira A Jr et al (2008) The renin—angiotensin system and diabetes: an update.
Vascular Health Risk Manage 4(4):787

Goossens GH (2012) The renin-angiotensin system in the pathophysiology of type 2 diabetes.
Obes Facts 5(4):611-624

Bernardi S et al (2016) Update on RAAS modulation for the treatment of diabetic
cardiovascular disease. J Diabetes Res

Bader M, Ganten D (2008) Update on tissue renin—angiotensin systems. J Mol Med 86(6):615
Wondmkun YT (2020) Obesity, insulin resistance, and type 2 diabetes: associations and
therapeutic implications. Diabetes, Metabolic Syndrome Obesity: Targets Therapy 13:3611
Muniyappa R et al (2007) Cardiovascular actions of insulin. Endocr Rev 28(5):463-491
Folli F et al (1997) Angiotensin II inhibits insulin signaling in aortic smooth muscle cells at
multiple levels. A potential role for serine phosphorylation in insulin/angiotensin II crosstalk.
J Clin Investigat 100(9): 2158-2169

Andreozzi F et al (2004) Angiotensin II impairs the insulin signaling pathway promoting
production of nitric oxide by inducing phosphorylation of insulin receptor substrate-1 on
Ser312 and Ser616 in human umbilical vein endothelial cells. Circ Res 94(9):1211-1218
Blendea MC et al (2005) Abrogation of oxidative stress improves insulin sensitivity in the
Ren-2 rat model of tissue angiotensin II overexpression. Am J Phys-Endocrinology Metabol
288(2):E353-E359

Sloniger JA et al (2005) Selective angiotensin II receptor antagonism enhances whole-
body insulin sensitivity and muscle glucose transport in hypertensive TG (mREN2) 27 rats.
Metabolism 54(12):1659-1668

Lee MH et al (2008) Angiotensin receptor blockers improve insulin resistance in type 2
diabetic rats by modulating adipose tissue. Kidney Int 74(7):890-900

Kaschina E, Namsolleck P, Unger T (2017) AT2 receptors in cardiovascular and renal diseases.
Pharmacol Res 125(Pt A):39-47

Yvan-Charvet L et al (2005) Deletion of the angiotensin type 2 receptor (AT2R) reduces
adipose cell size and protects from diet-induced obesity and insulin resistance. Diabetes
54(4):991-999



3 Crosstalk Between Abnormal Electrical Activity ... 57

41

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

. Savoia C et al (2007) Angiotensin type 2 receptor in resistance arteries of type 2 diabetic
hypertensive patients. Hypertension 49(2):341-346

de Gasparo M et al (2000) International union of pharmacology. XXIII. The angiotensin II
receptors. Pharmacol Rev 52(3): 415-72

Cosentino F et al (2005) Angiotensin II type 2 receptors contribute to vascular responses in
spontaneously hypertensive rats treated with angiotensin II type 1 receptor antagonists. Am J
Hypertens 18(4 Pt 1):493-499

Savoia C et al (2005) Negative regulation of RhoA/Rho kinase by angiotensin Il type 2 receptor
in vascular smooth muscle cells: role in angiotensin II-induced vasodilation in stroke-prone
spontaneously hypertensive rats. J] Hypertens 23(5):1037-1045

Zhu YZ et al (2000) Effects of losartan on haemodynamic parameters and angiotensin receptor
mRNA levels in rat heart after myocardial infarction. J Renin Angiotensin Aldosterone Syst
1(3):257-262

Ohkubo N etal (1997) Angiotensin type 2 receptors are reexpressed by cardiac fibroblasts from
failing myopathic hamster hearts and inhibit cell growth and fibrillar collagen metabolism.
Circulation 96(11):3954-3962

De Mello WC, Danser AH (2000) Angiotensin II and the heart : on the intracrine renin-
angiotensin system. Hypertension 35(6):1183-1188

Samyn ME et al (1998) Ontogeny and regulation of cardiac angiotensin types 1 and 2 receptors
during fetal life in sheep. Pediatr Res 44(3):323-329

Heller LJ et al (1998) Myocardial and plasma renin-angiotensinogen dynamics during
pressure-induced cardiac hypertrophy. Am J Physiol 274(3):R849-R856

Hirsch AT et al (1999) Active renin and angiotensinogen in cardiac interstitial fluid after
myocardial infarction. Am J Physiol 276(6):H1818-H1826

Danser AH et al (1997) Prorenin, renin, angiotensinogen, and angiotensin-converting enzyme
in normal and failing human hearts Evidence for renin binding. Circulation 96(1):220-226
Ozdemir S et al (2005) Treatment with AT(1) receptor blocker restores diabetes-induced
alterations in intracellular Ca(2+) transients and contractile function of rat myocardium. Arch
Biochem Biophys 435(1):166-174

Dzau V, Braunwald E (1991) Resolved and unresolved issues in the prevention and treatment of
coronary artery disease: a workshop consensus statement. Am Heart J 121(4 Pt 1):1244-1263
Gay RG (1990) Early and late effects of captopril treatment after large myocardial infarction
in rats. J Am Coll Cardiol 16(4):967-977

Lamas GA, Pfeffer MA (1991) Left ventricular remodeling after acute myocardial infarction:
clinical course and beneficial effects of angiotensin-converting enzyme inhibition. Am Heart
J121(4 Pt 1):1194-1202

Drexler H et al (1989) Transient increase in the expression of cardiac angiotensinogen in a
rat model of myocardial infarction and failure. Circulation 80(Suppl 2):459

Yamagishi H et al (1993) Contribution of cardiac renin-angiotensin system to ventricular
remodelling in myocardial-infarcted rats. J Mol Cell Cardiol 25(11):1369-1380

Johnston Cl et al (1991) Changes in cardiac angiotensin converting enzyme after myocardial
infarction and hypertrophy in rats. Clin Exp Pharmacol Physiol 18(2):107-110

Busse LW etal (2017) The effect of angiotensin I on blood pressure in patients with circulatory
shock: a structured review of the literature. Crit Care 21(1):324

Khanna A et al (2017) Angiotensin II for the treatment of vasodilatory shock. N Engl J Med
377(5):419-430

Chawla LS et al (2014) Intravenous angiotensin II for the treatment of high-output shock
(ATHOS trial): a pilot study. Crit Care 18(5):534

Bussard RL, Busse LW (2018) Angiotensin II: a new therapeutic option for vasodilatory
shock. Ther Clin Risk Manag 14:1287-1298

Busse LW et al (2017) Clinical experience with IV angiotensin II administration: a systematic
review of safety. Crit Care Med 45(8):1285-1294

Swynghedauw B, Baillard C, Milliez P (2003) The long QT interval is not only inherited but
is also linked to cardiac hypertrophy. J Mol Med (Berl) 81(6):336-345



58

65

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

B. Turan

. Sadoshima J, Izumo S (1993) Molecular characterization of angiotensin II--induced hyper-
trophy of cardiac myocytes and hyperplasia of cardiac fibroblasts. Critical role of the AT1
receptor subtype. Circ Res 73(3): 413-423

Barlucchi L et al (2001) Canine ventricular myocytes possess a renin-angiotensin system that
is upregulated with heart failure. Circ Res 88(3):298-304

Neri Serneri GG et al (2001) Increased cardiac sympathetic activity and insulin-like growth
factor-I formation are associated with physiological hypertrophy in athletes. Circ Res
89(11):977-982

Yahiro E et al (2003) Reperfusion-induced arrhythmias are suppressed by inhibition of the
angiotensin II type 1 receptor. Cardiology 99(2):61-67

Naccarella F et al (2002) Do ACE inhibitors or angiotensin Il antagonists reduce total mortality
and arrhythmic mortality? A critical review of controlled clinical trials. Curr Opin Cardiol
17(1):6-18

Domenighetti AA etal (2005) Angiotensin II-mediated phenotypic cardiomyocyte remodeling
leads to age-dependent cardiac dysfunction and failure. Hypertension 46(2):426—432

Wang Q, Brunner HR, Burnier M (2004) Determination of cardiac contractility in awake
unsedated mice with a fluid-filled catheter. Am J Physiol Heart Circ Physiol 286(2):H806—
H814

Coutinho DC et al (2014) Cardiovascular effects of angiotensin A: a novel peptide of the
renin-angiotensin system. J Renin Angiotensin Aldosterone Syst 15(4):480—486

Fogari R et al (2012) Effects of aliskiren on QT duration and dispersion in hypertensive
patients with type 2 diabetes mellitus. Diabetes Obes Metab 14(4):341-347

Maeso R et al (1996) Losartan reduces phenylephrine constrictor response in aortic rings
from spontaneously hypertensive rats. Role of nitric oxide and angiotensin II type 2 receptors.
Hypertension 28(6): 967-972

Sohn HY et al (2000) Differential role of angiotensin II receptor subtypes on endothelial
superoxide formation. Br J Pharmacol 131(4):667-672

Li DY et al (1999) Upregulation of endothelial receptor for oxidized low-density lipoprotein
(LOX-1) in cultured human coronary artery endothelial cells by angiotensin II type 1 receptor
activation. Circ Res 84(9):1043-1049

Muller C, Endlich K, Helwig JJ (1998) AT2 antagonist-sensitive potentiation of angiotensin
II-induced constriction by NO blockade and its dependence on endothelium and P450
eicosanoids in rat renal vasculature. Br J Pharmacol 124(5):946-952

Munzenmaier DH, Greene AS (1996) Opposing actions of angiotensin II on microvascular
growth and arterial blood pressure. Hypertension 27(3 Pt 2):760-765

Ichiki T et al (1995) Effects on blood pressure and exploratory behaviour of mice lacking
angiotensin II type-2 receptor. Nature 377(6551):748-750

Tofovic SP, Pong AS, Jackson EK (1991) Effects of angiotensin subtype 1 and subtype 2
receptor antagonists in normotensive versus hypertensive rats. Hypertension 18(6):774-782
Stromberg C, Néveri L, Saavedra JM (1993) Nonpeptide angiotensin AT1 and AT2 receptor
ligands modulate the upper limit of cerebral blood flow autoregulation in rats. J Cereb Blood
Flow Metab 13(2):298-303

Henrion D, Kubis N, Lévy BI (2001) Physiological and pathophysiological functions of
the AT(2) subtype receptor of angiotensin II: from large arteries to the microcirculation.
Hypertension 38(5):1150-1157

Endo Y et al (1998) Vasodilation mediated by angiotensin II type 2 receptor is impaired in
afferent arterioles of young spontaneously hypertensive rats. J Vasc Res 35(6):421-427
Ferder L, Inserra F, Martinez-Maldonado M (2006) Inflammation and the metabolic syndrome:
role of angiotensin II and oxidative stress. Curr Hypertens Rep 8(3):191-198

Kim JM et al (2011) Mechanism of attenuation of pro-inflammatory Ang II-induced NF-«B
activation by genistein in the kidneys of male rats during aging. Biogerontology 12(6):537-550
Gavras I Gavras H (2002) Angiotensin II as a cardiovascular risk factor. ] Hum Hypertens
16(Suppl 2)S2-6



3 Crosstalk Between Abnormal Electrical Activity ... 59

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

10s.

106.

107.

108.

109.

Bardy N et al (1996) Pressure and angiotensin II synergistically induce aortic fibronectin
expression in organ culture model of rabbit aorta. Evidence for a pressure-induced tissue
renin-angiotensin system. Circ Res 79(1): 70-78

van Kleef EM, Fingerle J, Daemen MJ (1996) Angiotensin II-induced progression of neoin-
timal thickening in the balloon-injured rat carotid artery is AT 1 receptor mediated. Arterioscler
Thromb Vasc Biol 16(7):857-863

Brilla CG, Janicki JS, Weber KT (1991) Impaired diastolic function and coronary reserve in
genetic hypertension. Role of interstitial fibrosis and medial thickening of intramyocardial
coronary arteries. Circ Res 69(1): 107-115

Levy BI et al (1996) Chronic blockade of AT2-subtype receptors prevents the effect of
angiotensin II on the rat vascular structure. J Clin Invest 98(2):418-425

Park KW et al (2000) Dilation by isoflurane of preconstricted, very small arterioles from
human right atrium is mediated in part by K(+)-ATP channel opening. Anesth Analg 91(1):76—
81

Mifune M et al (2000) Angiotensin II type 2 receptors stimulate collagen synthesis in cultured
vascular smooth muscle cells. Hypertension 36(5):845-850

Ichiki T, Kambayashi Y, Inagami T (1996) Differential inducibility of angiotensin II AT2
receptor between SHR and WKY vascular smooth muscle cells. Kidney Int Suppl 55:S14-S17
Iravanian S et al (2011) Inhibition of renin-angiotensin system (RAS) reduces ventricular
tachycardia risk by altering connexin43. J Mol Med (Berl) 89(7):677-687

Verma K et al (2021) An insight on multicentric signaling of angiotensin II in cardiovascular
system: a recent update. Front Pharmacol 12:734917

Diep QN, Li JS, Schiffrin EL (1999) In vivo study of AT(1) and AT(2) angiotensin receptors
in apoptosis in rat blood vessels. Hypertension 34(4 Pt 1):617-624

Magyar J et al (1992) Action potentials and potassium currents in rat ventricular muscle during
experimental diabetes. J Mol Cell Cardiol 24(8):841-853

Malhotra A et al (1997) Experimental diabetes is associated with functional activation of
protein kinase C epsilon and phosphorylation of troponin I in the heart, which are prevented
by angiotensin II receptor blockade. Circ Res 81(6):1027-1033

Fiordaliso F et al (2000) Myocyte death in streptozotocin-induced diabetes in rats in
angiotensin II- dependent. Lab Invest 80(4):513-527

Raimondi L et al (2004) Restoration of cardiomyocyte functional properties by angiotensin
II receptor blockade in diabetic rats. Diabetes 53(7):1927-1933

Domenighetti AA et al (2007) Chronic angiotensin II stimulation in the heart produces an
acquired long QT syndrome associated with IK1 potassium current downregulation. J Mol
Cell Cardiol 42(1):63-70

Takeishi Y et al (1999) Effect of angiotensin-converting enzyme inhibition on protein kinase
C and SR proteins in heart failure. Am J Physiol 276(1):H53-62

Gao J et al (2014) Autocrine A2 in the T-system of ventricular myocytes creates trans-
mural gradients in ion transport: a mechanism to match contraction with load? Biophys J
106(11):2364-2374

Yu H et al (2000) Effects of the renin-angiotensin system on the current I(to) in epicardial
and endocardial ventricular myocytes from the canine heart. Circ Res 86(10):1062—-1068
Cordeiro JM et al (2010) Overlapping LQT1 and LQT?2 phenotype in a patient with long QT
syndrome associated with loss-of-function variations in KCNQ1 and KCNH2. Can J Physiol
Pharmacol 88(12):1181-1190

Fischer TA et al (1998) Role of AT1 and AT?2 receptors in regulation of MAPKs and MKP-1
by ANG II in adult cardiac myocytes. Am J Physiol 275(3):H906-H916

Griendling KK et al (1994) Angiotensin II stimulates NADH and NADPH oxidase activity in
cultured vascular smooth muscle cells. Circ Res 74(6):1141-1148

Liu J et al (2003) NAD(P)H oxidase mediates angiotensin II-induced vascular macrophage
infiltration and medial hypertrophy. Arterioscler Thromb Vasc Biol 23(5):776-782
Dikalova A et al (2005) Nox 1 overexpression potentiates angiotensin II-induced hypertension
and vascular smooth muscle hypertrophy in transgenic mice. Circulation 112(17):2668-2676



60

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

B. Turan

Garrido AM, Griendling KK (2009) NADPH oxidases and angiotensin II receptor signaling.
Mol Cell Endocrinol 302(2):148-158

Dikalov SI, Nazarewicz RR (2013) Angiotensin II-induced production of mitochondrial reac-
tive oxygen species: potential mechanisms and relevance for cardiovascular disease. Antioxid
Redox Signal 19(10):1085-1094

Thomas WG, Thekkumkara TJ, Baker KM (1996) Cardiac effects of AIl. AT1A receptor
signaling, desensitization, and internalization. Adv Exp Med Biol 396:59-69

Haller H et al (1999) Intracellular actions of angiotensin II in vascular smooth muscle cells.
J Am Soc Nephrol 10(Suppl 11):S75-83

Hanna IR et al (2002) NAD(P)H oxidase-derived reactive oxygen species as mediators of
angiotensin II signaling. Antioxid Redox Signal 4(6):899-914

Kajstura J et al (1997) Angiotensin I induces apoptosis of adult ventricular myocytes in vitro.
J Mol Cell Cardiol 29(3):859-870

Tamura M et al (1999) Intracellular sodium modulates the expression of angiotensin II subtype
2 receptor in PC12W cells. Hypertension 33(2):626-632

Bartunek J et al (1999) Angiotensin II type 2 receptor blockade amplifies the early signals of
cardiac growth response to angiotensin II in hypertrophied hearts. Circulation 99(1):22-25
AbdAlla S, Lother H, Quitterer U (2000) AT 1-receptor heterodimers show enhanced G-protein
activation and altered receptor sequestration. Nature 407(6800):94—-98

Gaborik Z et al (2001) Beta-arrestin- and dynamin-dependent endocytosis of the AT1
angiotensin receptor. Mol Pharmacol 59(2):239-247

Adams JW et al (1998) Enhanced Galphaq signaling: a common pathway mediates cardiac
hypertrophy and apoptotic heart failure. Proc Natl Acad Sci U S A 95(17):10140-10145
Brown VI, Greene MI (1991) Molecular and cellular mechanisms of receptor-mediated
endocytosis. DNA Cell Biol 10(6):399-409

Balakumar P, Jagadeesh G (2014) A century old renin-angiotensin system still grows with
endless possibilities: AT1 receptor signaling cascades in cardiovascular physiopathology. Cell
Signal 26(10):2147-2160

Singh KD, Karnik SS (2016) Angiotensin receptors: structure, function, signaling and clinical
applications. J Cell Signal 1(2)

Delp6n E et al (2005) Angiotensin II, angiotensin II antagonists and spironolactone and their
modulation of cardiac repolarization. Trends Pharmacol Sci 26(3):155-161

Struthers AD, MacDonald TM (2004) Review of aldosterone- and angiotensin II-induced
target organ damage and prevention. Cardiovasc Res 61(4):663-670

Ouvrard-Pascaud A et al (2005) Conditional mineralocorticoid receptor expression in the
heart leads to life-threatening arrhythmias. Circulation 111(23):3025-3033

Verheule S et al (2004) Increased vulnerability to atrial fibrillation in transgenic mice with
selective atrial fibrosis caused by overexpression of TGF-betal. Circ Res 94(11):1458-1465
Brewer AC et al (2011) Nox4 regulates Nrf2 and glutathione redox in cardiomyocytes in vivo.
Free Radic Biol Med 51(1):205-215

Kimura S et al (2005) Role of NAD(P)H oxidase- and mitochondria-derived reactive oxygen
species in cardioprotection of ischemic reperfusion injury by angiotensin II. Hypertension
45(5):860-866

Singh VP et al (2008) Intracellular angiotensin II production in diabetic rats is correlated with
cardiomyocyte apoptosis, oxidative stress, and cardiac fibrosis. Diabetes 57(12):3297-3306
Hsieh TJ et al (2002) High glucose stimulates angiotensinogen gene expression via reactive
oxygen species generation in rat kidney proximal tubular cells. Endocrinology 143(8):2975—
2985

de Cavanagh EM et al (2008) Renal mitochondrial impairment is attenuated by AT1 blockade
in experimental Type I diabetes. Am J Physiol Heart Circ Physiol 294(1):H456-H465
Ozdemir S et al (2005) Treatment with AT1 receptor blocker restores diabetes-induced alter-
ations in intracellular Ca®* transients and contractile function of rat myocardium. Arch
Biochem Biophys 435(1):166-174



3 Crosstalk Between Abnormal Electrical Activity ... 61

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Shimoni Y (2001) Inhibition of the formation or action of angiotensin II reverses attenuated
K+ currents in type 1 and type 2 diabetes. J Physiol 537(Pt 1):83-92

Lindholm LH et al (2002) Risk of new-onset diabetes in the Losartan Intervention For Endpoint
reduction in hypertension study. J Hypertens 20(9):1879-1886

Pfeffer MA et al (2003) Effects of candesartan on mortality and morbidity in patients with
chronic heart failure: the CHARM-Overall programme. Lancet 362(9386):759-766

Julius S et al (2004) Outcomes in hypertensive patients at high cardiovascular risk treated
with regimens based on valsartan or amlodipine: the VALUE randomised trial. Lancet
363(9426):2022-2031

Tikellis C et al (2004) Improved islet morphology after blockade of the renin- angiotensin
system in the ZDF rat. Diabetes 53(4):989-997

Coutinho DC et al (2014) Activation of angiotensin-converting enzyme 2 improves cardiac
electrical changes in ventricular repolarization in streptozotocin-induced hyperglycaemic rats.
Europace 16(11):1689-1696

Bernardi S et al (2016) Update on RAAS modulation for the treatment of diabetic
cardiovascular disease. J Diabetes Res 2016:8917578

Farch LH et al (2015) Effects of angiotensin II receptor blockade on cerebral, cardiovascular,
counter-regulatory, and symptomatic responses during hypoglycaemia in patients with type
1 diabetes. J Renin Angiotensin Aldosterone Syst 16(4):1036-1045

Tse G et al (2016) Molecular and electrophysiological mechanisms underlying cardiac
arrhythmogenesis in diabetes mellitus. J Diabetes Res 2016:2848759

Doughan AK, Harrison DG, Dikalov SI (2008) Molecular mechanisms of angiotensin II-
mediated mitochondrial dysfunction: linking mitochondrial oxidative damage and vascular
endothelial dysfunction. Circ Res 102(4):488-496

Nishino Y etal (2004) Ischemic preconditioning activates AMPK in a PKC-dependent manner
and induces GLUT4 up-regulation in the late phase of cardioprotection. Cardiovasc Res
61(3):610-619

Mori J et al (2014) Angiotensin 1-7 mediates renoprotection against diabetic nephropathy
by reducing oxidative stress, inflammation, and lipotoxicity. Am J Physiol Renal Physiol
306(8):F812-F821

Lavrentyev EN, Estes AM, Malik KU (2007) Mechanism of high glucose—induced angiotensin
1I production in rat vascular smooth muscle cells. Circ Res 101(5):455-464

La Sala L et al (2021) High plasma renin activity associates with obesity-related diabetes and
arterial hypertension, and predicts persistent hypertension after bariatric surgery. Cardiovasc
Diabetol 20(1):1-12

Conti S, Cassis P, Benigni A (2012) Aging and the renin-angiotensin system. Hypertension
60(4):878-883

Benigni A et al (2011) Inhibiting angiotensin-converting enzyme promotes renal repair by
limiting progenitor cell proliferation and restoring the glomerular architecture. Am J Pathol
179(2):628-638

Wright JW, Harding JW (2010) The brain RAS and Alzheimer’s disease. Exp Neurol
223(2):326-333

Shah K et al (2009) Does use of antihypertensive drugs affect the incidence or progression of
dementia? A systematic review. Am J Geriatr Pharmacother 7(5):250-261

van Kats JP et al (1998) Angiotensin production by the heart: a quantitative study in pigs with
the use of radiolabeled angiotensin infusions. Circulation 98(1):73-81

Bohm M et al (1996) Reduction of cardiac hypertrophy in TGR (mREN2) 27 by angiotensin
II receptor blockade. Mol Cell Biochem 163(1):217-221

Adachi Y et al (2003) Angiotensin II type 2 receptor deficiency exacerbates heart failure and
reduces survival after acute myocardial infarction in mice. Circulation 107(19):2406-2408
Iwai M et al (2004) Possible inhibition of focal cerebral ischemia by angiotensin II type 2
receptor stimulation. Circulation 110(7):843-848

Abadir PM et al (2011) Identification and characterization of a functional mitochondrial
angiotensin system. Proc Natl Acad Sci 108(36):14849-14854



62

157.

158.

159.

160.

161.

162.

163.

B. Turan

Sastre J, Pallardé FV, Viiia J (2000) Mitochondrial oxidative stress plays a key role in aging
and apoptosis. [IUBMB Life 49(5):427-435

Harman D (1956) Aging: a theory based on free radical and radiation chemistry. J Gerontol
11(3):298-300

Herbert KE et al (2008) Angiotensin [I-mediated oxidative DNA damage accelerates cellular
senescence in cultured human vascular smooth muscle cells via telomere-dependent and
independent pathways. Circ Res 102(2):201-208

Ito N et al (2007) Renin-angiotensin inhibition reverses advanced cardiac remodeling in aging
spontaneously hypertensive rats. Am J Hypertens 20(7):792-799

Modrick ML et al (2009) Role of oxidative stress and AT1 receptors in cerebral vascular
dysfunction with aging. Am J Physiol-Heart Circulatory Physiol 296(6):H1914-H1919
Vajapey R et al (2014) The impact of age-related dysregulation of the angiotensin system on
mitochondrial redox balance. Front Physiol 5:439

Hung CY et al (2015) Age and CHADS?2 score predict the effectiveness of renin-angiotensin
system blockers on primary prevention of atrial fibrillation. Sci Rep 5:11442



Chapter 4 ®)
Cardiovascular Physiopathology oo
of Angiotensin II and Its Plasma

and Nuclear Envelop Membranes’

Receptors

Danielle Jacques and Ghassan Bkaily

Abstract In 1934, the discovery of angiotensin II opened an Eldorado in the field
of the cardiovascular system. Until today, this Eldorado is still evolving due to the
implication of this octapeptide, not only in normal physiology but also in its effect on
the remodeling of the cardiovascular system. The intense scientific research led to the
discovery of components that regulates the conversion of Angiotensin I to angiotensin
II including angiotensin II converting enzyme and chymase-dependent production
of angiotensin II. One important advancement is discovering an inhibitor of the
angiotensin II converting enzyme, which is the most clinically used antihypertensive
drug. Identifying the receptors of angiotensin II, AT and AT, also led to determining
the signaling pathways of these two receptors and their contribution to the regulation
of the cardiovascular system in health and disease. This made it possible to develop
two specific AT and AT, receptor antagonists. Its is not until recently that the AT
receptor antagonist, losartan, is used as an antihypertensive drug. The role of the AT,
receptor in the angiotensin II effect is still a matter of debate. These two receptors
were also found to be localized at the nuclear envelope membranes, and the normal
crosstalk between the plasma and the nuclear envelope membranes angiotensin II
receptors seems to be an important factor in the angiotensin II effect. Remodeling
this crosstalk may contribute to the angiotensin II effect in cardiovascular diseases.
(Dedicated to Prof. Domenico Regoli, a pioneer in the pharmacology of the renin
angiotensin system).
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Introduction

It is in 1934 that in observing a decrease in blood flow through the kidneys causes
hypertension in dogs Goldblatt and colleagues [1, 2] hypothesized that this hyper-
tension could be due to renal ischemia that is not controlled by a nervous system
but rather by a humoral mechanism [2]. Three years later, Houssay and Fasciolo
showed the presence of a vasopressor factor in the blood of renal veins from an
ischemic kidney [3-5]. In 1939 and 1940, two groups independently described the
presence in the plasma of a vasoconstrictor factor, which was called hypertension
[5], and angiotonin [3, 6-9]. It is only in 1958 that there was an agreement between
scientists in the field [10] to give this factor a new name: Angiotensin [1]. Since
then, this hypertensive octapeptide has gained a lot of interest more particularly
at the level of the cardiovascular and renal systems [11]. Under physiological and
pathophysiological conditions, Angiotensin II (Ang II) exerts different biological
actions in several organs [12]. Indeed, Ang II acts on the kidneys, the cardiovascular
system, the adrenal glands, and the central nervous system [12]. In the cardiovas-
cular system, Ang II modulates local and systemic blood pressure via modulating
vascular smooth muscle contraction [13, 14]. In addition, several in vivo and in vitro
studies have reported the involvement of Ang II in the regulation of the growth of
vascular smooth muscle cells (VSMCs) [15-18]. Ang II was also found to induce
ventricular cardiomyocytes hypertrophy [13, 14]. This octapeptide was also reported
to stimulate the release of aldosterone from the adrenal gland and the retention of
sodium and water in the renal tubules [19, 20].

In 1956, the discovery of the presence of an Ang II converting enzyme (ACE)
open the way to a new era in the field of Ang II [21]. The enzyme was reported to
be present in endothelial cells and converts circulating Angiotensin I (Ang I) to Ang
II. Ang II can also be generated from Ang I by a number of other peptidases capable
of cleaving the Phe®His® bond of the decapeptide [22]. A novel homolog of ACE
named ACE2 has been identified as a receptor for SARS-CoV [23] and COVID-19
[24, 25]. In addition, it has been demonstrated that Ang II modulates the func-
tion of cardiomyocytes, vascular endothelial (VECs), and (VSMCs) by increasing
intracellular calcium (Ca?*) via activation of both Ang II receptors, AT; and AT,
[26-28].

Ang II Biosynthesis

The synthesis of Ang II occurs mainly in the circulation by sequential proteolytic
cleavages of its precursors [29, 30] and involves two main enzymes: renin, an aspartyl
proteinase synthesized as prorenin, a proenzyme that continues its maturation into
renin in the juxtaglomerular cells of the kidney, before being released into the plasma
[31], and ACE, a metalloproteinase also called kininase II [22].
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If the classical pathway of Ang II synthesis via the action of renin and ACE
remains the major concern of scientists [32], some studies suggest alternative path-
ways leading to its formation [22]. Indeed, Ang II can be formed directly via the
Cathepsin-Tonin pathway [22]. Moreover, a serine proteinase, chymase, discovered
in the 1980s, is capable of converting Ang I to Ang II [22, 33]. Chymase has been
identified in human heart homogenates [34] and in human, monkey, and dog blood
vessels [35, 36]. It should be noted that the importance of chymase in the synthesis
of Ang Il in these different tissues is highly controversial [22].

Ang I1 Receptors

The existence of Ang Il receptors was first suspected in the 1970s with the discovery
that Ang Il is able to bind to isolated membranes of the adrenal gland [37, 38]. In 1989,
the presence of several types of Ang II receptors became evident [39]. Four types of
Ang II receptors have been identified so far: AT, AT,, AT3, and AT, receptors [40].
The AT receptor relays most of the known effects of Ang Il such as vasoconstriction,
aldosterone release and proliferation of VECs and VSMCs and other cell types [20,
28, 41]. The AT, receptor, widely distributed in fetal tissues [42], including human
[28, 43], is involved in differentiation, migration, inhibition of proliferation [20,
44, 45], induction of apoptosis [43, 46], endocardial endothelial cells secretion [47]
and VSMCs function [41, 48, 49]. In human left and right ventricular endocardial
endothelial cells (EECs), Ang II-induced apoptosis in a dose-dependent manner
where blockade of the AT receptor with losartan partially but significantly prevented
Ang II-induced apoptosis in right ventricular EECs but potentiated the effect in left
ventricular EECs (Fig. 4.1a, b). This shows that the contribution of AT, receptors
to Ang II-induced apoptosis is cell-type dependent [43]. Contrary to AT, receptor
blockade, inhibition of AT, receptors by PD123389 completely blocked Ang II-
induced apoptosis (Fig. 4.1a, b). These results show the differences between AT,
and AT, receptors’ implication in Ang II-induced apoptosis and demonstrate the
importance of AT, receptors in endothelial life and death [43]. In addition, stimulation
of the AT, receptor seems to oppose the actions of Ang Il relayed by the AT receptor
[50]. The AT, receptor is localized at the nuclear membranes level of human VSMCs
[48, 49], and this localization seems to be species and cell-type dependent [43, 51].
As for apoptosis, stimulation with Ang II-induced a time-dependent increase of AT,
receptors density in right ventricular EECs; however, in left ventricular EECs, Ang
II-induced a time-dependent decrease in AT, receptor density (Fig. 4.2a, b). These
results show that Ang II modulates the density of AT receptors and this depends on
the cell type [51]. Contrary to AT receptors activation by Ang II, activation of AT,
receptors induced an increase in this type of receptor in both right and left ventricular
EECs (Fig. 4.2c and d). This suggests that the Ang II modulation in the density of
its AT, receptors does not depend on the type of endothelium [51].

The ATj3 receptor corresponds to an Ang II binding site expressed on a neurob-
lastoma cell line and is not blocked by specific AT and AT, receptor antagonists
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Fig. 4.1 Blockade of AT, receptors with AT, receptor antagonist PD123319 (107 M; blue curve)
prevents Ang II from inducing apoptosis (labeled with annexin V; orange curve) in both right
(EECRs) (a) and left (EECLs) (b) ventricular endocardial endothelial cells (EECs). However,
blockade of AT; receptor with losartan (107 M; green curve) potentiated the Ang Il-induced
apoptosis effect in EECLs (b) and depressed its effect in EECRs (a). Values are presented as mean
+ SEM. *p < 0.05, ***p < 0.001 versus control without Ang II; $$$p < 0.001 losartan + Ang
II versus losartan without Ang II; + p < 0.05, + 4+ p < 0.01, + + + p < 0.001 losartan 4+ Ang
1 108 M vs. Ang IT 108 M. ###p < 0.001 PD123319 + Ang II vs. Ang II. N is the number of
different experiments (Reproduced with permission from Jacques et al. 2019)
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(Reproduced and modified with permission from Jacques et al. 2017)
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[52]. However, since its initial description, few studies have focused on this receptor,
whose presence is widely controversial [40].

The AT, receptor has been observed in the human brain [53] and kidney [54],
but this receptor does not seem to be present in the cardiovascular system except in
bovine endothelial cells [55]. The AT3 and AT, receptors have not yet been cloned
[56-58], and the AT, receptor seems to be more specific for angiotensin IV than
Ang II [40] and is localized in the brain and the kidney [59]. On the other hand,
recent studies have demonstrated the presence of a common receptor for Ang II and
endothelin-1 (ET-1) (dual ET-1/Ang II receptor). This receptor seems to have two
distinct binding sites, one for Ang II and the other for ET-1 [60].

The AT Receptor

The AT receptor, responsible for almost all the effects of Ang I1 [26, 27, 56-58, 61,
62], has been characterized pharmacologically and cloned in different species [63]. It
has been identified in several adult tissues such as blood vessels, heart, kidney, adrenal
gland, liver, brain, and lung [14, 26-28, 51, 64]. Several selective non-peptide antag-
onists of the AT, receptor have been developed, such as losartan and candesartan,
which are used clinically for the treatment of hypertension [64—70]. In humans, the
gene encoding the AT, receptor is located on band q22 of chromosome 3 [71, 72].
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Unlike humans, rodents have two subtypes of the AT; receptor (AT 5 and ATp),
encoded by two different genes, located on chromosomes 17q12 and 2q24 [73]. The
properties of the AT g subtype are similar to those of the human AT receptor [56].
The AT receptor is a member of the large family of so-called “serpentine” receptors
with seven transmembrane domains coupled to the G protein [40]. It consists of 359
amino acids and has three glycosylation sites, eight phosphorylation sites, and six
cysteines. In addition, two disulfide bridges maintain the three-dimensional structure
of the receptor [56].

The AT receptor has been identified in human aortic VECs (Fig. 4.3) and VSMCs
[28, 48, 49], human EECs (Fig. 4.2) [74], rat aortic and coronary VECs [75, 76],
bovine aortic VECs [77], and human umbilical vein VECs [78]. Moreover, the AT}
receptor relays the majority of the biological actions of Ang II in ECs. Indeed, Ang
II induces, via the AT; receptor, the proliferation of bovine aortic VECs [77], the
increase of PLC and PLA?2 in rat aortic VECs, and the modulation of intracellular
Ca?* in human VECs [28], VSMCs [41, 48, 49], EECs [51, 74], and umbilical artery
VECs [79].
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Fig. 4.3 In vascular endothelial cells, the presence of Ang II in the cytosol and the nucleus (a) as
well as its receptors AT (b) and AT (c¢). The relative density of Ang II in the nucleoplasm is lower
than in the cytoplasm (a). However, the relative density of its receptors AT (b) and AT, (c) is
higher in nuclear envelop membranes compared to the plasma membrane. The results are presented
as mean = SEM and n is the number of cells from at least three different experiments. ***P <0.001
(Reproduced with permission from Kamal and al. 2017)
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Signaling Pathways Induced by the AT; Receptor

The AT receptor exists in two isomeric forms: active and inactive, the active form
being stimulated by Ang II binding [80-83]. A kind of equilibrium exists between
the active and inactive forms, and any change in this equilibrium allows the coupling
of the receptor to different signaling pathways [81].

Following Ang II binding, the AT, receptor activates five classical signaling
through G-protein coupled receptors (GPCRs) pathway: 1-Activation of Gq protein
[82, 83] leading to activation of phospholipase C (PLC), which in turn induce the
hydrolysis of phosphoinositides to inositol 1,4,5-trisphosphate (IP3) and diacylglyc-
erol (DAG) [82, 83]. Increased intracellular levels of IP; induced release of intracel-
lular Ca?* from the endoplasmic/sarcoplasmic reticulum (ER/SR) [82-84], whereas
DAG in the presence of intracellular Ca®* activates protein kinase C (PKC). Increased
intracellular Ca?* activates several protein kinases such as Ca®*-calmodulin kinase
(CaMK) and transcription factors that modulate the synthesis and/or release of pro-
and anticoagulants, growth factors, and vasoactive substances [82, 83, 85, 86]. The
activation of CaMK stimulated myosin light chain kinase (MLCK) in the vascular
smooth muscle, which induces contraction leading to vasoconstriction and hyperten-
sion; 2-Activation of the mitogen-activated protein kinase (MAPK) pathway, which
is involved in cell proliferation and differentiation via activation of c-fos, c-myc and
c-jun [82, 87]. By activating a phosphorylation cascade involving signal activators
and transducers of transcription-1 (STAT1) [82, 83, 88], Janus kinase 2 (JAK?2) is able
to translate a signal from the membrane surface to the nucleus, where it stimulates
the transcription of different genes [82, 89]; 3-Activation of the Akt pathway, which
inhibits glycogen synthase kinase 3 and stimulates p70S6 kinase (p70S6K) [82, 90];
and 4-Activation of the phospho-p90RSK (p90RSK) signaling pathway [82, 91].

Furthermore, AT receptor activation stimulates membrane nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase and the generation of reactive oxygen
species (ROS) [83]. This latter inhibits endothelial nitric oxide synthase (eNOS),
leading to endothelial dysfunction [89] and hypertension [83]. The AT, receptor can
also dimerize with the bradykinin B, receptor in VSMCs, leading to an increase in
the efficiency of Ang II in IP; production [92].

Internalization of the AT; Receptor

Several binding studies have demonstrated, in vivo, that Ang II binding to its receptor
induces its internalization and sequestration (Fig. 4.4) [41, 93-96]. Specific inter-
nalization motifs in the 3rd intracellular loop and in the C-terminal tail of the AT}
receptor have been identified [97-99]. Internalization occurs via clathrin vesicles
through the interaction of the AT receptor with members of the arrestin family [41,
100]. Internalization of the AT receptor may also occur via the caveolin pathway
[101] or via uncoated clathrin vesicles [102].

Indeed, Ang II-induced PLC activation is closely linked to AT; receptor inter-
nalization [103]. On the other hand, the internalization of the AT; receptor controls
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Fig. 4.4 Schematic of internalization of Ang II receptors AT and AT, in human vascular smooth
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the number of receptors at the surface membrane and the elimination of Ang II via
its degradation in lysosomes (Fig. 4.4) [104]. Studies have also shown that internal-
ized AT receptors are recycled to the surface membrane following ligand removal
(Fig. 4.4) [104]. Finally, it has been suggested that internalization may be a way to
accumulate Ang II within cells, which in turn activates cytosolic and nuclear AT,
receptors (Figs. 4.4 and 4.5) [41, 105]. In human VSMCs, Ang II rapidly induces
the internalization of the AT, receptor, which accumulates at the outer membrane
of the nucleus and promotes activation of the nuclear envelop membranes receptors
(Fig. 4.5) [41], more particularly AT, receptor, which is the main Ang II receptor
present at the nuclear level of human aortic VSMCs (Fig. 4.4) [48, 49]. In both human
VECs and EECs (Fig. 4.3) as well as VSMCs, Ang II and its receptors, AT, and
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internalization and nuclear translocation of AT receptors upon stimulation with Ang II (10~° M).
Panel F shows nuclear labeling with Syto 11 (green color has no measurable meaning). The pseu-
docolor scale represents the hAT | R—GFP fluorescence intensity from O to 255. In panel F, the green
color has no measurable meaning. The white scale bar is in pum (Reproduced with permission from
Bkaily et al. 2003)

AT),, are present at the nuclear level [28, 49, 51]. The level of Ang II was lower in
the nucleus compared to the cytosol in human VECs (Fig. 4.3). However, its level in
human EECs, is similar in both the cytosol and the nucleoplasm [51]. These results
demonstrate that Ang II is present near its receptors, whatever is its localization,
including the nuclear envelope membranes. For AT and AT} receptors in VECs and
EECs, their density is higher in the nuclear envelop membranes when compared to
the plasma membrane [28, 51]. However, in human aortic VSMCs, the AT, receptors
are limited to the nuclear envelope membranes (Fig. 4.4) [48].

AT); Receptor

Since its discovery in 1989, the AT, receptor has proved to be a real enigma [50,
106]. Its physiological functions are not been clearly defined till now [58]. The AT,
receptor has been characterized and cloned in different species, including humans,
rats, and mice [107, 108]. The AT, receptor was reported initially to be abundantly
and exclusively present in fetal tissues [106, 109, 110]. In addition, the expression
of the AT, receptor was reported to decrease considerably after birth, suggesting an
important role for this receptor during development [40, 50, 106, 110]. However, in
the cardiovascular system, this type of Ang Il receptor was reported to be abundantly
present in adult human VECs and VSMCs [28, 48, 49]. However, its membrane
localization and density depend on the cell type [48, 49]. It was also reported to
be present in adult cell types but at a very low density [106, 109, 111-116]. It is
also reported that its density may increase in some cardiovascular diseases such
as hypertension, heart failure, cardiac fibrosis, stroke, renal diseases, type 1 and 2
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diabetes, and atherosclerosis [106, 110]. Its effect was also reported to oppose that
of AT receptor activation [92, 106].

The gene coding for the AT, receptor is located on the X chromosome in humans
and mice [117]. The AT, receptor has a high affinity for its antagonist PD 123,319
[118]. The AT, receptor does not have specific internalization motifs, which would
explain why this receptor is not internalized following its stimulation with Ang II
[104].

The AT, and AT, receptors share only 32-34% amino acid homology [106].
Unlike the AT receptor, the signaling pathways relayed by the AT, receptor vary
according to cell type [119].

Nuclear Targeting of Ang II Receptors

During the 1980s, several studies demonstrated the presence of Ang II binding sites
in the nuclei of rat hepatocytes [120, 121] and rat spleen cells [120]. Some studies
have succeeded in proving the presence of intracellular targets of action for Ang II.
Indeed, studies have reported that Ang Il increases RNA synthesis and is able to bind
to chromatin and alter its solubility in isolated nuclei [122, 123]. During the 1990s,
several studies targeting the characterization of these intracellular Ang II binding
sites followed one another. Studies in rat hepatocytes have shown that the binding
profile of Ang II to these receptors at isolated nuclei is different from that of Ang
II binding to these receptors at the plasma membrane [105, 124]. However, these
receptors resemble those at the surface membrane in their coupling to Gs proteins
[105]. Moreover, these nuclear Ang Il receptors are functional [41, 125]. Indeed, their
stimulation by Ang II induces an increase in Angiotensin-0 and renin mRNA levels
in isolated rat hepatocyte nuclei [41]. On the other hand, Haller and his collaborators
have demonstrated that, in VSMCs, Ang II injected into the cytoplasm induces, via
its binding to specific intracellular receptors, the increase of intracellular Ca?* [126].
Our group has also identified functional nuclear receptors for Ang II in ventricular
cardiomyocytes [49]. Their activation induced a transient increase in nucleoplasmic
Ca* (Fig. 4.6).

In 1998, LU and colleagues established that the AT, receptor has a nuclear
localization sequence (NLS) in its cytoplasmic tail and that Ang II induces a dose-
dependent time-dependent nuclear targeting of this receptor in brain neurons [127].
These same studies also demonstrated that, unlike the AT receptor, the AT, receptor
is not translocated to the nucleus following its stimulation by Ang I [127]. Moreover,
the AT, receptor does not possess an SLN [128, 129].

Finally, our group and other laboratories have demonstrated the nuclear translo-
cation of the AT receptor coupled on the C-terminal side to a fluorescent protein,
green fluorescent protein (GFP), in Chinese hamster ovary cells [130], and in VSMCs
isolated from adult human aortas (Fig. 4.5) [41]. Stimulation of Ang II receptors
induced a dose-dependent increase in cytosolic and nuclear Ca’>* in both human
VSMCs (Fig. 4.7a) and VECs (Fig. 4.7b). The ECs( of Ang Il-induced increase
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in cytosolic Ca”* is relatively lower at the plasma membrane (2 x 10~'! M) when
compared to its effect at the nuclear level (8 x 107" M) (Fig. 4.7a). However, in
VEC:s, the ECsy of Ang II-induced increase of intracellular Ca®* was similar at the
plasma membrane level compared to the nucleus (Fig. 4.7b). The effect of Ang II
on cytosolic and nuclear Ca®* reached a plateau at 10~'° M (Fig. 4.7b); however,
in human VSMCs, the plateau of the effect of Ang II-induced increase in cytosolic
and nuclear Ca”* reached a plateau at 10~* M (Fig. 4.7a). In addition, the ECso of
Ang Il-induced increase in cytosolic and nuclear Ca>* was far lower in VECs (4 x
10~'% M) when compared to the ECsy in VSMCs (near 4 x 10~ M) (Fig. 4.7a).
Thus, human VECs are more sensitive to Ang II compared to human VSMCs. In
addition, the sensitivity to Ang II seem to depend in the cell type and this could be
due to differences between cell types density of AT; and AT, receptors present at
the plasma and nuclear envelop membranes.

Conclusion and Perspective

There is no doubt that Ang II and its AT, receptor are the most studied compo-
nent of the cardiovascular system. Although the mechanism of action, as well as
their implication in cardiovascular diseases, is well-documented, it is not surprising
that the field of Ang II will continue to progress. The fact that an increase in Ang
IT is implicated in many cell disorders and remodeling demonstrates the impor-
tance of this octapeptide in physiology and pathology again. Its importance in the
renin-angiotensin II-aldosterone system makes it difficult to generalize its actions.
Its implication in the secretion of other cardiovascular active factors such as ET-
1 should be better clarified. In addition, heterodimerization of AT|-ET-1 receptors
waits to be studied in depth. The most important aspect that should be pursued is to
understand the role of AT, receptors in the regulation of the cardiovascular system.
We should explore more in-depth the physiological antagonism of AT, receptors to
AT receptors.
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Fig. 4.7 Dose-response curves showing the effect of different concentrations of Ang I on cytosolic
and nuclear calcium levels in human vascular smooth muscle cells (hWSMCs) (a) and vascular
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of RAS in Cardiovascular Diseases

Aylin Caliskan, Samantha A. W. Crouch, and Seema Dangwal

Abstract The renin angiotensin system (RAS) is well-known for its function
in blood pressure regulation and its association with numerous cardiovascular
diseases (CVDs). Dysregulation of the RAS can result in hypertension, subsequently
promoting cardiovascular disorders, including hypertrophy, cardiac fibrosis, and
heart failure. During the Coronavirus disease 2019 (COVID-19) pandemic, further
functions of the RAS came to attention, as it was associated with the viral entry.
Moreover, the RAS has always been of great research interest due to its importance
in physiology. Advances in research have revealed that in addition to the canonical
RAS, several organs, for instance, the heart, appear to have their own local RAS.
Furthermore, technical advances have led to the discovery of new RAS components
and a greater understanding of their interactions and epigenetic regulation. Several
mechanisms are associated with epigenetics, including histone modification, DNA
methylation, and non-coding RNAs (ncRNAs) such as microRNAs (miRNAs). The
role of epigenetic modifications and miRNAs has been of great research interest
since miRNAs and their possible functions were discovered. In addition to estab-
lished laboratory methods, new methods such as next-generation sequencing and
bioinformatics provide the necessary tools for finding novel miRNAs with thera-
peutic value as biomarkers of disease or potential medication. Thus, we aim to give
a brief overview of RAS-related miRNAs and their impact on CVDs.
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Introduction

The renin angiotensin system (RAS) is a widely studied homeostasis regulator that
mainly regulates blood pressure through electrolyte balance, impacting multiple
organs including the heart and vessels. The major pathophysiological effects due
to disturbances in RAS lead to blood pressure irregularities, fibrosis, and inflamma-
tion in the cardiovascular system [1]. RAS can be divided into classical and local
tissue-specific RAS [2, 3]. The Coronavirus disease 2019 (COVID-19) pandemic
highlighted the pathophysiological importance of RAS due to the interaction of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [4].

Classical RAS: Mechanism of Action

Classical RAS has been described as an endocrine system with protective or dele-
terious physiological effects, for instance, anti- and pro-inflammatory effects [1-3,
5]. The protective components include the axis of angiotensin-converting enzyme 2
(ACE2), heptapeptide angiotensin (1-7) (Ang 1-7), and Mas receptor (MasR, short
for MAS1 proto-oncogene G-protein-coupled receptor 