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the signaling mechanisms have been unclear. The angiotensin Il (ANG II) type 1 receptor (AT,R] is
believed to mediate most functions of ANG Il in the system. AT, R utilizes various signal transduction
cascades causing hypertension, cardiovascular remodeling, and end organ damage. Moreover,
functional cross-talk between AT,R signaling pathways and other signaling pathways have been
recognized. Accumulating evidence reveals the complexity of ANG Il signal transduction in patho-
physiology of the vasculature, heart, kidney, and brain, as well as several pathophysiological
features, including inflammation, metabolic dysfunction, and aging. In this review, we provide a
comprehensive update of the ANG Il receptor signaling events and their functional significances for
potential translation into therapeutic strategies. AT,R remains central to the system in mediating
physiological and pathophysiological functions of ANG I, and participation of specific signaling
pathways becomes much clearer. There are still certain limitations and many controversies, and
several noteworthy new concepts require further support. However, it is expected that rigorous
translational research of the ANG Il signaling pathways including those in large animals and humans
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. INTRODUCTION

The renin-angiotensin-aldosterone system (RAS or RAAS,
hereafter RAS) is involved in numerous physiological func-
tions that regulate vasoconstriction, fluid volume regula-
tion, cardiac output, cell growth, and vascular wall integ-
rity, to name a few. Production of angiotensin peptides is
first initiated by the synthesis and processing of preprorenin
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will contribute to establishing effective new therapies against various diseases.

in juxtaglomerular cells neighboring the renal glomerulus
with subsequent proteolytic cleavage of the signal peptide,
intracellular sorting of prorenin to dense-core secretory ves-
icles, and cleavage of the prosegment, producing catalyti-
cally active renin that is secreted in the systemic circulation.
Classically, renin cleaves liver-derived angiotensinogen
(AGT) into angiotensin I (ANG I), a decapeptide [ANG
(1-10)] which is then further processed by angiotensin-con-
verting enzyme (ACE) into the octapeptide ANG II [Asp-
Arg-Val-Tyr-lle-His-Pro-Phe, ANG (1-8)] (462).

In addition to the systemic circulating RAS (also known as
the endocrine RAS), the importance of local generation and
action of the RAS has been well documented (177, 547,
919). Although ANG II is a vasoactive peptide, it regulates
many aspects of cellular function unrelated to vasoconstric-
tion in different tissues. Under pathological circumstances,
the RAS also contributes to various diseases. At its most
basic function, ANG Il is known to physiologically regulate
blood pressure and is a key player in hypertension. The
continued clinical effectiveness of blockers of RAS as anti-
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hypertensives together with their benefits for target organ
protection evidences the continued clinical importance of
RAS research (189, 1042). The complexity of the system is
further illustrated by recent accumulating findings support-
ing the production and action of alternative angiotensin
peptides such as angiotensin-1-7 [ANG (1-7)], which is
believed to exert its action through a G protein-coupled
receptor (GPCR), Mas. The effects of ANG (1-7)/Mas ac-
tivation are generally considered to be counter to those of
ANG I (46).

Historically, the first non-peptide ANG II receptor antago-
nist, losartan-sensitive receptor was termed the ANG Il type
1/AT1 receptor (AT{R), and the losartan-insensitive recep-
tor was termed AT2 receptor (AT,R) (102). In 1991, two
research groups isolated cDNA (termed AGTR1) encoding
the mammalian AT,R (728, 916). AT,R ¢cDNA (AGTR2)
was then cloned in 1993 (452, 720). Both receptor subtypes
belong to the seven-transmembrane GPCR superfamily. In
the early 1990s, induction of protein tyrosine phosphoryla-
tion and activation of mitogen-activated protein kinase
(p42/p44 MAPK)/extracellular signal regulated kinase
(ERK1/2) through AT R were reported and the concept
that ANG IT has direct growth promoting effects on cardiac
myocytes, fibroblasts, and vascular smooth muscle cells
(VSMCs) causing cardiovascular remodeling was estab-
lished (317, 897). These findings led to identification of
several AT|R signaling mechanisms shared with growth
factor receptors (252, 337, 926, 1060). Another historical
discovery is identification of reactive oxygen species (ROS)
produced via NAD(P)H oxidase activation as a critical sec-
ond messenger of AT{R (336). This finding became a criti-
cal foundation for the concept that ANG II acts like an
inflammatory cytokine (99). The basic understanding that
the AT R contributes to hypertension and various compli-
cations via second messengers, activation of various ki-

nases, and induction of remodeling and inflammation re-
mains solid (470, 1098).

Over the past two decades, several seminal review articles
have highlighted the unique signal transduction mecha-
nisms of ANG II in the cardiovascular system (379, 682,
1060). Since then, research has further uncovered many key
molecular and cellular mechanisms regarding ANG II and
its signaling pathways beyond their roles in blood pressure
regulation (189, 1042, 1098). This review aims to build
upon and expand previous reports and highlights the re-
cently explored novel mechanisms by which ANG II influ-
ences physiology and pathophysiology. The review will
place an emphasis on signal transduction and how it
relates to resultant physiological and pathophysiological
phenotypes in response to ANG II in distinct cell types
and tissues, including those in the vasculature, heart,
kidney, adipose tissue, brain, and skeletal muscle (TABLE
1). We acknowledge that there are many other important
areas and topics in RAS signaling research that are not
covered in this review. Please refer to recent review arti-
cles for ANG II mechanisms involved in regulation of
these topic areas (TABLE 2).

A. New and Old Angiotensin Family Ligands

ANG Il was originally thought to be the main product of the
RAS and primary ligand of the ANG II receptor. An update
regarding the molecular understanding of classical ANG
IT regulation via AGT, renin, and ACE has been described
recently (985). However, the discovery of additional RAS
components has changed the paradigm of ANG Il signaling.
The family of RAS has expanded to include peptides con-
sisting of angiotensin-1-7 [ANG (1-7)], angiotensin-2—8
(ANG III), angiotensin-3—8 (ANG IV), and angiotensin-
1-12 [ANG (1-12)]. ANG (1-7) is formed by the catalytic

Table I. ANG Il physiology and pathophysiology covered in this article

System Physiology/Pathophysiology

Physiology

Vascular Increase in vascular resistance

Heart Increase in cardiac output with positive inotropic and chronotropic effects

Kidney Increase in salt/water intake and suppression of renin secretion

Brain Stimulate sympathetic nervous system, increase in fluid intake and metabolic rate
Pathophysiology

Vascular Hypertension, hypertrophy, fibrosis, atherosclerosis, aneurysms, and endothelial dysfunction

Heart Hypertrophy, fibrosis, ventricular arrhythmias, and atrial fibrillation

Kidney Hypertension, fibrosis, and inflammation

Brain Hypertension, cognitive dysfunction, Alzheimer disease, and stroke

Adipose tissue
Skeletal muscle
Immune cells

Inflammation and insulin resistance
Wasting/atrophy and insulin resistance
Inflammation and cytokine production
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Table 2. ANG Il signal topics not covered in this article

Topics Reference Nos.
Adrenal hormone secretion 755
Angiogenesis 1150
AT, R agonistic autoantibodies 1169
Autoimmune diseases 138
Cancer/malignancies 877
Chronic obstructive pulmonary disease 959
Diabetic retinopathy 1148
Erectile dysfunction 291
Gastrointestinal system 270
Gender differences 1008
Hematopoiesis 364
Insulin secretion 617
Lipid metabolism 841
Nonalcohalic liver disease 335, 717a
Preeclampsia 1091
Pulmonary arterial hypertension 97
Reproduction system 376
Stem/progenitor cells 248
Thrombosis 290

action of ACE2 on ANG II and is thought to balance the
RAS system by promoting an antagonistic effect on the
responses elicited by ANG II-AT,R such as vasodilation
(278,280). ANGIII is produced from ANG II by enzymatic
cleavage by an aminopeptidase which fuels similar physio-
logical responses as ANGII (1228). ANG IV is cleaved from
ANG III by another aminopeptidase and contributes to
blood flow regulation, learning and memory, and neuronal
development (363). ANG (1-12) has been reported to serve
as an upstream renin-independent precursor peptide for
ANGTIand ANGII (15, 734). ANG (1-9) is generated from
ANG I by several carboxypeptidase-type enzymes, includ-
ing carboxypeptidase A, cathepsin A, and ACE2 (767). In
addition to being converted to ANG (1-7) by ACE or ANG
(2-9) by aminopeptidase A, evidence suggests that ANG
(1-9) exerts direct actions that counterregulate ANG II.
ANG (1-9) may also be a competitive inhibitor of ACE
(767). Alamandine [Ala'-ANG (1-7)] is endogenously syn-
thesized from ANG (1-7) and possesses many of the func-
tional properties of ANG (1-7) (121). Angiotensin A has
been identified in human plasma (428), and it differs from
ANG II by substitution of Asp for Ala in the first amino acid
position. Angiotensin A has similar physiological functions
as ANG II in the cardiovascular system (187). ANG II-like
peptide angioprotectin has also been identified in human
plasma. It differs from ANG II by substitution of Prol and
Glu2 in place of Aspl and Arg2. This peptide antagonizes
contractile actions of ANG II via binding to Mas receptor.
A more in-depth review of the basic, as well as new, com-
ponents of the RAS system can be found elsewhere (49, 140,
938).
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B. Receptors for the Angiotensin Peptides

While ANG II-dependent signaling is the focus of this re-
view, significant advancement has also been made for sig-
naling mechanisms utilized by new members of the angio-
tensin family (FIGURE 1). ANG (1-7) has been reported to
elicit its effects through the GPCR Mas receptor whereby it
mediates antagonistic effects of ANG II, including vasodi-
lation and antihypertensive and antifibrosis effects (800).
Similar to Mas activation by ANG (1-7), alamandine also
promotes antihypertensive effects through the Mas-related
GPCR member D, MrgD, to produce nitric oxide (NO)
(542). Interestingly, MrgD appears to be a second receptor
for ANG (1-7). Both Mas and MrgD produce cAMP upon
ANG (1-7) binding (1044). ANG III binds and activates the
classical angiotensin receptors AT,R and AT,R (682).
ANG (1-9) exerts its direct effects via AT,R (767). While
still controversial, AT,R is recognized as a counter balance
to AT R-dependent signaling. General functions of the
AT,R include vasodilation through NO and ¢cGMP stimu-
lation, natriuresis, antiangiogenesis, antiproliferation, and
decreased fibrosis, and these effects are observed in various
tissues including endothelium, vascular smooth muscle,
heart, brain, and kidney (660, 790, 1011) . ANG IV binds
to AT4R, which is also now known as insulin-regulated
aminopeptidase (IRAP). ANG IV activation of AT,R causes
vasorelaxation in renal and cerebral vascular beds, stimu-
lates endothelial nitric oxide synthase (eNOS), enhances
protein synthesis in cardiac fibroblasts, and can increase
renal cortical blood flow and urinary sodium excretion

(132).

C. Limitations and Pitfalls in ANG Il
Signaling Research

It is important to acknowledge several limitations and pit-
falls in ANG II signal transduction research. Pharmacolog-
ical doses of ANG II are most often used in research, which
may or may not mimic physiological conditions. Most of
the in vitro studies use single high-dose stimulation by ANG
IT (~100 nM) whose half-life is quite short in culture me-
dium (note that a constitutive ANG II producing vector is
available) (1032). Alternatively, to maintain chronic ANG
IT stimulation, one can repeatedly add ANG II to the cell
culture. However, rapid conversion of ANG II to ANG III
and ANG (1-7) in culture medium (61) will further compli-
cate the interpretation.

Although systemic ANG II infusion via osmotic mini-pump
may increase the circulating levels of ANGII, it may or may
not reconstitute increasing tissue/local RAS activity under
pathophysiology in humans. In humans, plasma ANG II
concentrations in healthy volunteers were reported to be
5~35 fmol/ml (249). Recent human studies reported that
ANG II and ANG (1-7) concentrations in healthy volun-
teers were ~8.7 fmol/ml and 3.4-5.6 fmol/ml, respectively
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FIGURE 1.

Identified angiotensin (ANG) peptides and receptors in RAS signaling. Prorenin and renin have

both been identified to bind to the (pro)renin receptor. ANG | is cleaved by angiotensin converting enzyme (ACE)
to ANG Il which can stimulate the AT,R and AT,R. ANG | can also be cleaved into ANG (1-3) which can bind
to the AToR. ANG Il can further diverge into either ANG (1-7) through ACE2 or ANG Il through an aminopep-
tidase. ANG (1-7) has been identified to bind to the AT-R, MAS receptor, and the MrgD receptor. ANG (1-7)
can also form alamandine which binds to the MrgD receptor. ANG lIl binds to the AT,R and AT;R. ANG lll can
be further cleaved into ANG IV which binds to the AT,4R.

(385, 761). Physiological plasma and kidney concentra-
tions of ANG II were reported to be ~50 fmol/ml and ~160
fmol/g in rats, which increased to ~130 fmol/ml and ~350
fmol/g, respectively, upon 2 wk ANG Il infusion (40 ng/min
per 180-200 g) (1280). In C57BL/6 mice, physiological
plasma and kidney concentrations of ANG II were reported
to be ~130 fmol/ml and ~520 fmol/g, which increased to
~370 fmol/ml and ~1000 fmol/g, respectively, upon 12 days
of ANG II infusion (400 ng-min~"-kg™') (333). ANG II
infusion is also expected to increase ANG II metabolites in
plasma and tissue as shown in elevation of ANG (1-7) in
kidney cortex (1009). ANG (1-7) concentration in human,
mouse, and rat plasma were quite low and averaged 4-80
fmol/ml (140, 1165). However, it is important to remember
that ANG II stimulation or infusion has indirect effects on
cells and animals via its metabolites including ANG (1-7),
ANG III, and ANG IV, which are regulated cell/tissue spe-
cifically (140, 509).

Biochemical, molecular, and pharmacological tools have
been used without rigorous validations, as have AT,R ag-
onist/antagonists. Moreover, the specificity and selectivity
of the antibodies targeting the receptors remain hotly de-
bated (69, 259, 351, 377).

1630

Ragl—/— mice (lacking both T and B lymphocytes) were
reported to demonstrate significant reduction in blood pres-
sure in response to chronic ANG II infusion (490
ng-min~"-kg ') for 2 wk compared with control C57BL/6
mice (348). Inhibition of ANG Il-induced hypertension in
Ragl—/— mice have been confirmed by several distinct in-
stitutions (432, 829, 1074, 1095). One laboratory, how-
ever, could not confirm their finding (432) when the mice
were repurchased recently (431), suggesting that spontane-
ous mutations might be occurring in the inbred strain. Dis-
tinct expression levels of glomerular ANG II receptors were
suggested to explain the difference according to binding
studies. The readers should be aware of the limitations and
pitfalls that are applicable to many of the publications ref-
erenced in this review and are advised to be careful in rec-
onciling the maze that is ANG II receptor signal transduc-
tion.

Regardless of receptor composition and activation, signal
transduction is at the crux of physiological and pathological
functions carried out by ANG II. The following section will
discuss the basics of angiotensin receptor signaling by fo-
cusing on the AT R, AT,R, Mas, MrgD, and pro(renin)
receptor.
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Il. BASICS OF ANGIOTENSIN RECEPTORS
AND SIGNALING

A. Angiotensin Type 1 Receptor
1. Structure, internalization, and expression

The majority of investigation into ANG II signal transduc-
tion has focused on ANG II stimulation of the ANG II type
1 and type 2 receptors (AT{R, AT,R). The AT,R is present
in various tissues, including vascular smooth muscle, endo-
thelium, heart, brain, kidney, adrenal gland, and adipose
tissue and facilitates most of the physiological functions
induced by ANGII (220). The AT, R is a seven-transmem-
brane (TM) protein belonging to the GPCR superfamily.
The 359 amino acid (~41 kDa) AT, R contains several con-
tact sites for ANG II binding. Hormone docking is facili-
tated by salt bridges connecting the Arg? side chain of ANG
II and Asp?®' of AT,R along with the ANG II COOH
terminus and Lys'”® of AT,R. Receptor activation by ANG
Il is mediated through Phe®(ANG II)/His***(AT,R) and
Tyr*(ANG II)/Asn'"'(AT,R) (462). There are updated re-
view articles available describing structural determinants
for binding, activation, and functional selectivity of AT,R
(50, 970). Moreover, crystal structure of the ATR has been
recently demonstrated with an antagonist, candesartan pre-
cursor ZD7155. Three new AT R residues were found to
form critical interactions, Tyr®®, Trp®* and Arg'®”, in which
Arg'®” may be essential in determining ligand binding and
selectivity. The study further supports the notion that AT, R
has a sodium binding pocket, and Asn''! and Asn*® in
transmembrane domain III and VII, respectively, facilitate
receptor activation (1245, 1246). In addition, AT R activa-
tion by ANG II promotes a conformational change in the
TM3-TMG6 region causing an interaction between TM2 and
TM7 (703). Aside from components for ANG II binding,
AT,R contains an extracellular domain, with two predicted
disulfide bonds, consisting of an NH, terminus and extra-
cellular loops which contain three N-glycosylation sites.
Intracellular loops form the domain responsible for G pro-
tein activation, and the COOH-terminal tail consists of sev-
eral sites for serine/threonine kinase phosphorylation.

ANG II-dependent activation of ATR is transient and re-
sults in receptor internalization upon COOH-terminal
phosphorylation by PKC and GPCR kinases (GRK2 and
GRKS5). The components of AT,R internalization include
GTP hydrolysis-mediated dynamin fission of clathrin-
coated vesicles and B-arrestin-dependent mechanisms, but
can vary depending on AT,R dimer composition (see sect.
ITAG6) (5, 300, 462). Recently, peroxidase-catalyzed prox-
imity labeling combined with mass spectrometry has en-
abled unbiased quantitation of intracellular protein interac-
tions of AT,R. Upon ANG II stimulation, AT,R rapidly and
transiently interacts with known regulators of receptor in-
ternalization including B-arrestin 2, adaptor protein com-

plex 2 B1 subunit, clathrin, FCH domain only 2, and inter-
sectin 2, wheras it exhibits sustained interaction with endo-
somal markers, Rab5 and Rab7. Lysosomal entry is also
confirmed at later time points (10 min) with LAMP1. In
addition, AT,R rapidly (10 s) dissociates from various Ga
proteins (792).

Expression of the AT|R can be regulated by numerous fac-
tors and conditions with complex transcriptional and post-
transcriptional mechanisms (411). Recent data provide ad-
ditional information about these mechanisms. Specifically,
purinergic GPCR P2Y, receptor-mediated inducible NOS
induction in cardiac fibroblasts reduces AT,R expression
via suppression of nuclear factor kB (NF-«B) by p65 S-
nitrosylation (751), insulin-induced upregulation via HuR-
dependent 3’-UTR stabilization (805), and ER stress caus-
ing 3'-UTR stabilization via T cell-restricted intracellular
antigen-1 (45). AT, R activity and protein levels are affected
by posttranslational modification as well. For instance, ev-
idence suggests that tissue transglutaminase (TG2)-medi-
ated modification of AT,R contributes to AT,R autoanti-
body production and hypertension associated with pre-
eclampsia. Posttranslational modification of Q187 in the
second extracellular loop creates a neo-epitope that encour-
ages production of an autoantibody by the adaptive im-
mune system that can activate the receptor (596). In addi-
tion, isopeptide modification of Q315 in the cytoplasmic
tail by TG2 prevents ubiquitination-dependent receptor
degradation (597). The subsequent increased abundance of
AT,R on the cell surface likely contributes to hypertension
as well, due to enhanced ANG II sensitivity and the in-
creased likelihood of autoantibody production.

The rodent AT Rs are products of two separate genes and
share substantial sequence homology. AT 4R is dominantly
expressed in most organs. AT R mediates vasoconstrictor
responses and is essential in regulation of blood pressure.
Therefore, the AT, 4R is believed to be the closest homo-
logue to the human AT,R. AT,zR has a unique role in
mediating thirst responses and is dominantly expressed in
the adrenal gland and certain regions of the central nerves
system (reviewed in Ref. 985).

2. G protein coupling, second messengers, and
activation of protein kinases

ANG II activation of AT,R promotes signaling that is di-
verse, convergent, and convoluted. However, scientific evi-
dence has established key signaling components that are
necessary for ANG II-dependent mechanisms of physiology
and pathophysiology. Briefly, ANG II binding to AT,R
causes AT R interaction with heterotrimeric G proteins,
including Gg/11, G213, and G;. Subsequent second messen-
ger signaling includes inositol trisphosphate, diacylglycerol,
arachidonic acid, and reactive oxygen species (ROS), lead-
ing to activation of downstream effectors, phospholipases
C, A, and D. Depending on the tissue in which these signals
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are activated, the response may differ, such as in vascular
smooth muscle cells (VSMCs) where these components typ-
ically regulate contraction through G, Ca®"-sensitive
myosin light chain kinase (MLCK) activation and G,/
Rho/Rho kinase-mediated inhibition of myosin light chain
phosphatase (MLCP). Importantly, AT,R activates various
intracellular protein kinases including receptor and non-
receptor tyrosine kinases, and serine/threonine kinases in-
cluding mitogen-activated protein kinase (MAPK) family
kinases, Akt, and PKC. FIGURE 2 lists classically known
AT R-activated tyrosine and serine/threonine kinases de-
scribed in past ANG II signal transduction reviews pub-
lished in 2007 (379, 682). This review article has updated
this list with additional tyrosine and serine/threonine ki-
nases that appear to be activated by ANG II via AT,R or
presumably through AT,R. TABLE 3 summarizes the novel
ANG Tl-activated kinases and downstream substrates to-
gether with the functional consequences on signal transduc-
tion. The regulatory mechanism and pathophysiological
significance of several of these key new kinases will also be
described in the following sections.

3. Growth factor receptor transactivation

Recent research has uncovered the dynamic phenomena of
AT, R-dependent growth factor receptor transactivation.
Intermediary signals, including Ca**, ROS, and down-
stream activation of A Disintegrin and Metalloproteinase
(ADAM) trigger epidermal growth factor (EGF) receptor
(EGFR) transactivation (289). In cultured VSMCs,
ADAM17 cleaves heparin-binding EGF-like growth factor
(HB-EGF) thereby producing ligands necessary for EGFR
transactivation. EGFR transactivation by ANG II promotes
Ras-GTP formation and activation of the MARK/ERK and
Akt/mechanistic target of rapamycin (mTOR)/p70 Sé6 ki-
nase (p70S6K) cascades resulting in increased protein synthe-
sis that contributes to hypertrophy and cell migration (251,
253, 254, 258, 771). Although some reports show G-
independent EGFR transactivation (275, 704), ADAM17-
mediated HB-EGF shedding by ANG Il requires G, activation
(697, 772). A yet unidentified tyrosine kinase likely phosphor-
ylates ADAM17 at Tyr”°* upon ANG II stimulation leading to
ADAM17 activation in VSMCs (258). In addition, BMX

Serine/Threonine Kinase Tyrosine Kinase
Newly Recognized
ERK JNK nRTK

JAK c-Src Axl
FAK PYK2

(bone marrow kinase), CHKA (choline kinase alpha), and
TRIO [triple functional domain (PTPRF interacting)] have
been identified as upstream signaling molecules required for
ANG II-induced EGFR transactivation by siRNA library
screening (313).

ANG II is also known to transactivate the platelet-derived
growth factor (PDGF) receptor (PDGFR) (370) and the in-
sulin-like growth factor I (IGF-I) receptor (IGF-IR) (246) in
VSMCs. PDGFR transactivation is reported to mediate
ERK activation (708), vascular hypertrophy, and fibrosis
(925). The ANG II-induced IGF-IR transactivation appears
to be required for phosphatidylinositol 3-kinase (PI3K) and
p70S6K activation, but not for ERK activation (1230).
IGF-IR transactivation is also important for Src kinase-me-
diated cortactin phosphorylation and cytoskeletal reorga-
nization in response to ANG II (1231). IGF-IR partially
mediates ROS production by ANG II leading to p38MAPK
and ERKS activation in VSMCs (1058). However, unlike
the EGFR, information is still limited regarding the role of
ANG TII-induced transactivation of PDGFR and IGF-IR in
cardiovascular pathophysiology.

4. ROS generation by Nox

ANG II is known to stimulate nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidases to produce superox-
ide and H,0, (682). The catalytic subunit of the NADPH
oxidases, the Nox family consists of seven members, Nox1-
Nox35, and dual oxidases, Duox1 and Duox2. The Nox
family interacts with shared as well as specific regulatory
subunits which affect their catalytic activity. Nox1, Nox2,
and Nox3 interact with p22P"°* regulatory subunit and
Nox1 and Nox2 interacts with Rac1. Nox activity is also
significantly altered by interaction with specific regulatory
proteins, Noxal for Nox1, p67°"* for Nox2, and calmod-
ulin for Nox5. Nox4 is considered a constitutively active
enzyme. Nox1, Nox2, and Nox5 mainly produce superox-
ide, whereas Nox4 mainly produces H,O, (29).

In general, ANG II is believed to increase ROS production
via the Nox family proteins by increasing their expression
as well as the catalytic activity (308). For example, in rat

FIGURE 2. List of tyrosine and serine threonine kinases
activated by the AT,R. RTK, receptor tyrosine kinase;
nRTK, non-receptor tyrosine kinase.
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Table 3. Newly identified protein kinases in ANG Il signaling

Kinase Substrates Function Reference Nos.
Ser/Thr kinase
ALK Unstudied Central regulation of hypertension® 331
ALK2 SMAD1 /5 Cardiac hypertrophy, cardiac fibrosis 942
ALK4 SMAD2/3 Cardiac fibrablast proliferation, collagen synthesis 561
AMPK (a1) ACC Endothelial protection, limit Nox2 induction and ROS 931
AMPK (a2) AP2«, ACC AAA protection, limit VSMC MMP2 induction 1117
BCR PPARy VSMC PPARy inhibition and NF-«xB activation 20
DAPK Unstudied Vascular constriction® 1080
ILK Unstudied Cardiac myocyte hypertrophy® 76
Unstudied Cardiac fibroblast NF-«B activation and collagen synthesis® 1045
Unstudied Renal NF-«B activation and inflammation® 23
Unstudied VSMC ROS production, migration, and proliferation® 714
MKK4 JNK Atrial fibrosis® 210
MNK1 Sprouty2° Suppression of cardiac hypertrophy and fibrosis 1225
PAK1 Unstudied VSMC migration 384
Unstudied Suppression of cardiac hypertrophy and fibrosis 602
PERK Unstudied SFO-mediated hypertension® 1216
PKD1 Unstudied Cardiac hypertrophy and perivascular fibrosis® 281
HDAC4/5/7 Intestinal epithelial cell proliferation 974
HDACS® Skeletal muscle atrophy® 245
SGK1 FOXO3A Fibrablast survival 56
Cardiac remodeling and inflammation via macrophage 1193
SPAK NCC Sodium reabsorption 127
NKCC1 Vascular contraction and hypertension 1238
WNK3 SPAK Vascular contraction and hypertension® 1237, 1238
WNK4 SPAK Sodium reabsorption® 127
Tyr kinase
BMX Unstudied Mediates EGFR transactivation® 313
Unstudied Endothelial activation to mediate cardiac hypertrophy 389
CSK® FYN Podocyte apoptosis 1253

*Activation of the kinase is predicted. "Activation of CSK has been predicted in VSMCs (600, 1061). °Predicted substrate. “Function is predicted.
ALK, activin receptor-like kinase; SMAD, small mothers against decapentaplegic; AMPK, AMP-activated protein kinase; ACC, acetyl-CoA
carboxylase; AP2«, activator protein 2«; BCR, breakpoint cluster region protein; CSK, COOH-terminal Src kinase; DAPK, death-associated
protein kinase; MKK4, mitogen-activated protein kinase kinase 4; MNK1, mitogen-activated protein kinase-interacting kinase 1; PAK1,
p21-activated kinase 1; PERK, protein kinase R-like ER kinase; SFO, subfornical organ; PKD1, protein kinase D1; HDAC, histone deacetylase;
SGK1, serum-glucocorticoid regulated kinase 1; FOX03a, Forkhead box group O 3a; SPAK, STE20/SPS1-related proline/alanine-rich kinase;
NCC, NaCl cotransporter; NKCC1, Na/K/Cl cotransporter isoform 1; WNK, with no lysine kinase.

aortic VSMCs, ANG II appears to increase superoxide via
Nox1 leading to both superoxide and H,O, production,
whereas Nox4 maintains basal H,O, production (231). Ez-
rin-radixin-moesin (ERM) binding phosphoprotein 50 has
been shown to be a positive regulator of Nox1 activation by
ANG II in VSMC (18). ANG II has also increased several
Nox proteins and subunits. AP-1 and c¢-Jun activation are
critical for induction of Nox1, Nox4, p67Ph°% p47Phox and
p22Ph°% in human aortic VSMC (644). While ANG Il-in-
duced ROS production was completely blunted in VSMC
cultured from Nox1-deficient mice, Nox1 silencing may
cause global inhibition of AT R signaling in VSMCs includ-
ing attenuation of acute intracellular Ca** response. The
mechanism likely involves reduced H,0O,-dependent phos-
phorylation of caveolin 1 (Cav1) at Tyr'?, altering AT,R
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membrane expression (57). Therefore, Nox1 abundance in
VSMCs will determine physiological function of ANG II. It
has been demonstrated that the G protein-coupled estrogen
receptor activity specifically maintains Nox1 abundance in
VSMCs. ANG Il-induced intracellular Ca®" elevation, su-
peroxide production, and hypertension were attenuated in
mice deficient in G protein-coupled estrogen receptor (693).

In contrast, Nox2 appears to mediate ANG II-induced su-
peroxide production in cytosol and mitochondrial fractions
in cultured aortic endothelial cells (233). In mesangial cells,
Nox4-derived ROS contribute to fibrotic responses, which
require downstream eNOS uncoupling (552). ANG II also
activates Nox5 via Ca?" and calmodulin leading to growth
and inflammatory responses in human microvascular endo-

1633

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 9, 2022.



FORRESTER ET AL.

thelial cells (710). Thus distinct Nox isoform are involved in
ANG II-induced ROS production and downstream func-
tion in given cell types. However, the relation between ANG
I signaling and Nox3, Duox1, and Duox2 remains unclear.
Functional significance of Nox isoforms in ANG II patho-
physiology including hypertension and cardiovascular re-
modeling will be described in tissue-specific context in the
subsequent sections, where the complexity and controversy
surrounding Nox/ROS signaling via AT R are also in-
cluded. The mechanism and significance of ROS production
in ANG II signal transduction have also been reviewed re-
cently (746).

5. G protein-independent signal via B-arrestin

While the above signal transduction events are mostly
known to be G protein dependent, it is increasingly recog-
nized that AT{R also elicits several G protein-independent
signal transduction cascades. One of the well-documented
cascades is through GRKs and B-arrestin, which are classi-
cally known to terminate GPCR signaling by uncoupling
GPCR from a G protein and targeting the receptor for in-
ternalization (960). Recruitment of B-arrestin 2 to AT,R is
required for full activation of ERK and Akt in parallel with
G protein-dependent mechanisms leading to protein syn-
thesis in VSMCs (482, 1052). A study in human embryonic
kidney (HEK)-293 cells utilizing the mutant AT;R-DRY/
AAY or a biased agonist Sar’, Ire*, Ile®-ANG II (SII) suggest
distinct active confirmations of the AT;R. The mutant
AT, R or SII via wild-type AT, R induces G protein-indepen-
dent, but B-arrestin 2-dependent ERK activation (1132).
However, a more sensitive G protein assay via biolumines-
cence resonance energy transfer (BRET) demonstrated G,
and G; activation by SII, whereas the mode of the activation
appears distinct from those by ANG II (920).

In the field of GPCR signaling, it is increasingly recognized
that specific ligands selectively bind and favor the activation
of some signaling pathways over others, a concept termed
ligand bias or “functional selectivity.” In the SII study
(1132), detailed relationships between functional selectivity
and positions 1, 4, and 8 of ANG II were studied in
HEK293 cells. While position 1 does not confer functional
selectivity, position 8 appears critical for G, activation. Po-
sition 8 mutations also reduce G, activation. Position 8 is
also important to partially mediate EGFR-dependent as
well as PKC-dependent ERK activation (239). As men-
tioned above, SII also activates Akt leading to mTOR-de-
pendent protein synthesis in HEK293 cells (482). A recent
BRET assay demonstrated that canonical (ANG II) and bi-
ased agonists including SII cause distinct conformational
changes of AT,R, involving intracellular loop 3 and 2, re-
spectively. The canonical change further requires Gy,
proteins (230). Phosphoproteomic studies to look for dis-
tinct signaling molecules regulated by ANG II or SII have
also been reported (see sect. IIIF). Biased agonism also dif-
ferently affects for the receptor fate. Biased AT,R agonists
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accelerated receptor internalization compared with ANG II
stimulation. This is due to the differences in plasma mem-
brane phosphatidylinositol 4,5-bisphosphate depletion
(1019).

It is interesting to note that such biased agonistic mecha-
nism is utilized with mechanical stretch-induced ANG II-
independent AT,R activation and EGFR transactivation
contributing to cardiac myocyte survival (853). This novel
information has been recently translated to create a B-ar-
restin-biased ATR agonist to potentially treat heart failure
and hypertension (83, 84, 707) (see also the cardiac section
of this review regarding the mechanism and function of this
cascade). TRV120027, which is a B-arrestin biased AT R
ligand, promotes B-arrestin 2 recruitment to AT R but fails
to elicit G protein coupling and prevents ANG Il-induced
elevation in mean arterial pressure in rats (1094). Thus an
importance for B-arrestin signaling has emerged in ANG
[I-induced pathophysiology. However, studies suggest both
benefit and harm of B-arrestin signals. Stimulation of B-ar-
restin 1 or inhibition of B-arrestin 2 seems to be a potential
treatment for VSMC hypertrophy and hyperplasia. How-
ever, B-arrestin 2 stimulation appears to be a desirable ther-
apeutic strategy for cardiac hypertrophy and heart failure.
Importantly, adrenal AT,R stimulation mediates ERK1/2-
dependent aldosterone production via B-arrestin 1 (619).
This mechanism may also explain aldosterone escape,
which occurs in certain patients with AT,R blocker treat-
ment (620). Thus selective B-arrestin 1 inhibition in adrenal
gland may be beneficial. It is important to note that several
AT,R blockers have been classified as G protein-selective
inhibitors or dual G protein/B-arrestin inhibitors (198). The
mechanosensing role of AT;R has also been reported in
VSMC, mediating myogenic tone independently of ANG II
secretion (681). Both AT ,R and AT,yzR appear mechano-
sensitive (81, 928). RGSS appears to inhibit mechano-acti-
vated ATR in VSMCs (390). For a comprehensive layout
of basic ANG II/AT,R signaling mechanisms, please see
FIGURE 3.

6. AT,R-GPCR heterodimer

GPCRs, including AT R, are hypothesized to activate G
protein-dependent signaling in monomeric and homodi-
meric forms (1020, 1146). ATR has been reported to also
exist in a heterodimeric form with other GPCRs, including
the AT,R, a,p adrenergic receptor, B, adrenergic receptor,
B, adrenergic receptor, bradykinin receptor B,, chemokine
(C-C motif) receptor 2 (CCR2), dopamine receptor D, en-
dothelin B receptor, Mas, prostaglandin F receptor, and
P2Y purinergic receptor 6 (4, 5,42,55,330,334,512,752,
1234, 1235). For most receptor dimerization pairs, poten-
tial alteration to AT,R signaling has been described (462).
For example, dimerization with AT,R, endothelin B recep-
tor, and Mas is considered inhibitory, whereas dimerization
with B, adrenergic receptor, 8, adrenergic receptor, brady-
kinin receptor B,, CCR2, prostaglandin F receptor, and
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for @ more in-depth understanding of classical ANG Il signal transduction. Basic ANG Il signaling involves
G mediated Nox, phospholipase C (PLC), and protein kinase C (PKC)-8 signaling. PKC-8 and G, ,4z-induced
RhoA elicits downstream MLC-mediated contraction. PLC stimulates IP5-mediated Ca®* release and subse-
guent MLCK activation. ANG Il and Nox-dependent ROS are involved in HB-EGF shedding through ADAMs
leading to EGFR transactivation. EGFR transactivation is responsible for ANG Il-induced ERK1 /2 and Akt
signaling. ANG Il promotes ER stress and downstream inflammatory activation through NF-«B, apoptosis,
and fibrosis through transforming growth factor (TGF)-8 signaling. ANG Il also stimulates organelle stress
and activation of clearance pathways including mitochondria respiratory dysfunction and autophagy. ROCK
induction through Nox-dependent ROS has also been implicated in microparticle formation in response to

ANG 1.

P2Y purinergic receptor 6 are considered stimulatory. The
mechanisms by which the heterodimers function are di-
verse. The AT,R-AT,R inhibitory interaction requires
PKC-dependent AT,R phosphorylation (416). The AT,R-
apelin receptor interaction inhibits AT;R ANG II binding
(966). AT R-a,, . adrenergic receptor interaction appears to
stimulate G,-cAMP signal (65). Thus ANG II-induced sig-
nal transduction may vary depending on receptor dimer
composition. However, most of the studies were limited to
artificial cell lines with overexpression of the GPCRs. Per-
oxidase-catalyzed proximity labeling further identified
AT,R interacting with two orphan GPCRs, GPRCSA and
GPRC5C (792). Functional relevance and molecular mech-
anisms of the receptor dimers remain largely unclear.

/. Other AT,R interacting proteins

In addition to the GPCRs, AT, R also interacts directly with
other proteins that are not part of the G protein family.
These previously identified AT,R interacting proteins in-
clude Ca?*/calmodulin, JAK2, phospholipase C (PLC)-y1,
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AT1 receptor associated protein (ATRAP), type 1 angioten-
sin II receptor-associated protein (ARAP1), and GEF-like
protein (GLP) (379, 706, 1049). The COOH-terminal cy-
toplasmic domain of AT, R is known to interact with Ca**/
calmodulin, JAK2, and PLC-y1 (21, 1049, 1090). Ca**/
calmodulin also interacts with third intracellular loop of
AT R and competes with Gg, binding (1255). ATRAP
binds to the COOH-terminal cytoplasmic domain of the
AT R, mediates ATR internalization (195, 1040), and
negatively regulates AT, R signal transduction (610, 1071).
ATRAP attenuates AT,R-mediated vascular senescence via
calcineurin/nuclear factor of activated T cells (NFAT) path-
way (700). ATRAP transgenic mice do not reveal a signifi-
cant phenotype; however, neointima formation induced by
vascular injury is inhibited together with ERK, STAT1, and
STATS3 activity (782). ATRAP also mediates ventricular
relaxation through SERCA2a (680) and cardiac-specific
ATRAP transgenic mice are protected from ANG Il-in-
duced cardiac hypertrophy (1101). Unlike ATRAP which is
generally inhibitory, ARAP1 binds to AT;R and mediates
AT,R recycling to the plasma membrane and thus is gener-
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ally stimulatory (344). Proximal tubule-specific ARAP1
transgenic mice exhibit hypertension and kidney hypertro-
phy through enhancement of ATR signaling (343). Over-
expression of GLP, a cytosolic protein, causes hypertrophy
in VSMCs and renal proximal tubular cells via activation of
Akt and inhibition of p28kip1 protein expression (345).

The list of ATR interacting proteins has now been ex-
panded to include filamin A, a cross-linking signal trans-
ducer (1055), tubulin (1258), Coatomer subunit B (B-
COP) (1275), and GABA receptor-associated protein
(GABARAP) (182). Filamin A and tubulin are associated
with the cellular cytoskeleton, and the tubulin/AT,R in-
teraction contributes to ATR trafficking to the cell sur-
face (1055, 1258). B-COP is a component of Coat Pro-
tein I (COPI) transport vesicles involved in the transport
between different Golgi stacks and transport from the
Golgi to the ER. B-COP and AT,R interaction is depen-
dent on Lys®°® in the cytoplasmic domain of AT,R and
functions to repress AT, R forward trafficking as a Lys®°®
mutation enhances AT, R cell surface expression (1275).
GABARAP is involved in GABA, receptor trafficking
through microtubule networks. GABARAP binds the
COOH-terminal domain of the AT;R and promotes
AT,R trafficking to the plasma membrane (182).

In addition, AT,R associates with the EGFR (774) and lec-
tin-like oxidized low-density lipoprotein (oxLDL) receptor
(LOX1) (1185). oxLDL activates AT,R and ERK through
the interaction in cultured ECs, potentially causing endo-
thelial dysfunction (1185). Peroxidase-catalyzed proxim-
ity labeling also identified LMBR1 domain containing 2,
a seven-transmembrane protein, as a novel AT1R inter-
acting protein (792). Cumulatively, newly identified in-
teracting proteins for the AT,R have further highlighted
the complexity and diverse signaling behind the AT,R
cell surface expression and activation. An altered inter-
action between AT,R and receptor binding proteins
likely affects physiological and pathophysiological con-
ditions induced by ANG II.

B. Angiotensin Type 2 Receptor

While AT,R is the most studied, it has been increasingly
attractive to study AT,R due to its role in opposing the
effects of AT,R (168, 660, 790, 1011). However, signaling
mechanisms of AT,R are still speculative compared with
those of AT,R. Similar to AT R, AT,R belongs to the fam-
ily of GPCRs with diverse downstream signaling mecha-
nisms depending on the cell type. AT,R stimulates MAPK
phophatasel (MKP-1) and SH2 domain-containing phos-
phatase 1 (SHP-1) resulting in decreased tyrosine phosphor-
ylation throughout the cell with SHP-1 requiring Ga, for
activation (75). AT,R mediates programmed cell death as
inhibition of AT,R-dependent MKP-1 prevents cell death in
PC12W and R3T3 cells (462), which supports a potential
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involvement of AT,R in cancer protection (469). In addi-
tion, inhibition of ERK MAPK by AT,R appears to induce
myoblast differentiation and potentiate skeletal muscle re-
generation providing a new therapeutic target in muscle
wasting disorders (1211). Within the cardiovascular sys-
tem, AT,R promotes vasorelaxation through PKA-depen-
dent eNOS activation and paracrine signaling through bra-
dykinin/cGMP/NO production (790). The physiological
consequences of this is evidenced in AT,R null mice, as
ANG TI stimulation promotes an exacerbated pressor re-
sponse (1073). Similarly, overexpression of AT,R promotes
vasodilation. Furthermore, pharmacological stimulation of
AT,R by compound 21 (C21) causes natriuresis, lowers
blood pressure, and protects against ANG II-induced hy-
pertension in rats (479, 480). In addition, AT,R-interacting
protein family (759) (ATIP1-ATIP4) has been observed to
promote macrophage polarization and an anti-inflamma-
tory environment in adipose tissue in mice fed a high-cho-
lesterol diet (443), and to contribute to normal brain func-
tion (872). ATIP can also prevent vascular remodeling and
ANG II-dependent vascular senescence, as well as suppress
the growth of various forms of tumors (699, 873). Interest-
ingly, ATIP1 has also been identified as mitochondrial tu-
mor suppressor gene 1 (MTSG1 coded by Mtus1A) whose
overexpression suppresses mitochondrial ROS production,
ERK activation, and hypertrophy in response to phenyleph-
rine in cardiac myocytes. However, the functional relation
of the phenotype with AT,R remains unclear (424).

Inquiry has also indicated conflicting mechanisms of AT,R
signaling. Spontaneously hypertensive rats show vasocon-
striction that is mediated by AT,R, which questions the
typical view that AT,R stimulation is vasodilatory (1214).
Cardiac overexpression of AT,R prevents ANG II-induced
perivascular fibrosis, but does not alter cardiac hypertrophy
(526). However, the mice also developed dilated cardiomy-
opathy and heart failure without any intervention (1188).
The mechanism explaining the discrepancy has been pro-
posed recently with a mouse model of myocardial infarc-
tion. The beneficial or detrimental effect of AT,R in the
heart is largely dependent on AT,R expression levels and
possibly via regulation of Nox2 and transforming growth
factor B1 (TGF-B1) signaling pathways (1178). AT,Rs on
inguinal adipocytes have also been implicated in opposing
the induction of uncoupling protein-1 (UCP1) production
by norepinephrine and aspects of cellular respiration, all of
which has implications for the regulation of resting meta-
bolic rate by the sympathetic nervous system (5935).

Despite the studies referenced above, a growing number of
studies suggest that AT,R signals primarily via noncanoni-
cal, G protein- and B-arrestin-independent pathways (834).
The crystal structure of human AT,R with ligands has re-
cently been reported. The data suggest an active-like con-
formation, but with the helix VIII preventing recruitment of
G proteins or B-arrestins, which is in agreement with lack of
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signaling responses in standard assays (1244). While de-
cades of research have established the distinct signaling
mechanisms of AT,R and AT,R, future experiments should
establish precise signaling mechanisms by which ANG I
modulates physiological and pathophysiological functions.
Please also refer to recent review articles for accumulating
literature regarding the protections and potential mecha-
nisms utilized by AT,R against hypertension, vascular re-
modeling, and end organ damage in heart, kidney, and
brain (168, 660, 1011).

C. Mas Receptor

While knowledge of signal transduction is limited, evidence
exists for a defined role of the ANG (1-7)/Mas signaling
axis. ANG (1-7) generation results from ANG II conversion
by ACE2 into ANG (1-7). ANG (1-7) has been reported to
exert its effects through the Mas receptor in various tissues,
including the kidneys, heart, vasculature, and brain. Mas
receptor activation by ANG (1-7) binding has been impli-
cated in physiological and pathophysiological processes, in-
cluding leukocyte recruitment and inflammation, cardiac
remodeling, renal function, and vascular alteration (141,
969). However, evidence suggests ANG (1-7) may promote
signaling via other receptor(s) or Mas in a G protein-inde-
pendent manner. Mas appears to have strong constitutive
activities with G, and G;,. ANG (1-7) does not stimulate
these G proteins via Mas, while neuropeptide FF activates
G, and Gy, in Mas-expressing cells (1054). Recent research
also points to protective functions of ANG (1-7) mediated
through AT,R. It is shown that ANG (1-7) mediates vaso-
dilation via AT,R in the presence of AT;R blocker (1102).
This link has been expanded in the apolipoprotein E
apoE—/— mouse model of atherosclerosis and isolated
aorta with pharmacological interventions (820). Moreover,
in a model of intracranial aneurysm rupture, ANG (1-7)
protected against rupture that was attenuated in AT,R-
deficient mice and in mice treated with AT,R antagonist,
but not with Mas antagonist (950). Clearly, more research
is needed to determine how ANG (1-7)/Mas signaling and
ANG (1-7)/AT,R signaling affects various physiological
and pathophysiological processes. Clinical studies are also
needed to assess the relative importance of ANG (1-7).
Please note that a detailed review article covering contro-
versies with ANG (1-7)/Mas signaling and function has
been published (461).

D. MrgD

A member of Mas-related GPCR family, MrgD, has been
shown to react with ANG (1-7) to produce arachidonic
acid (461). In addition, the MrgD receptor is responsive to
Alamandine. Alamandine stimulates NO production in
cells transfected with MrgD and not Mas. Moreover, Ala-
mandine administration results in an antihypertensive re-

sponse in SHRs (542). In addition, ANG (1-7) stimulates
cAMP production resulting in increased PKA-dependent
cAMP response element-binding protein (CREB) phosphor-
ylation contributing to vasorelaxation. Likewise, MrgD
KO mice show no reduction in mean arterial blood pressure
in response to a bolus injection of ANG (1-7) (1044).
Taken together, the MrgD receptor has emerged as a coun-
terbalance to the signal transduction elicited by ANG II and
AT,R.

E. (Pro)renin Receptor

Previously identified as a protein associated with the vacu-
olar H*-ATPase, the (pro)renin receptor (PRR) was discov-
ered to bind both renin and its inactive proenzyme form
prorenin. Renin binding induces an increase in the catalytic
efficiency of angiotensin conversion to ANG 1, further in-
creasing ANG II generation as part of a tissue-specific RAS
system. Binding of prorenin to the PRR induces a confor-
mational change in prorenin rendering it enzymatically ac-
tive (748). PRR colocalizes with vacuolar H"-ATPase at the
apex of acid-secreting cells in the collecting duct where it
participates in distal nephron H' transport (12). In addi-
tion, a novel intracellular activity of PRR has been studied
in the kidneys where its activation by prorenin binding (as a
ligand) initiates ERK1/2 signaling leading to downstream
activation of genes associated with fibrosis including TGF-
B1, fibronectin, collagen, and plasminogen activator inhib-
itor-1 (PAI1) (748). This intracellular PRR activity also in-
duces p38MAPK-HSP27 and PI3K-p85 signaling. The
PI3K-p85 pathway leads to downstream nuclear transloca-
tion and activity of the zinc finger transcription factor,
which represses PRR transcription (748). ANG II induces
PRR expression in the collecting duct thereby increasing
renin activity and contributing to local ANG II generation.
This ANG II-induced PRR is elicited through a cascade
involving COX2 and PGE, (1104). Furthermore, collecting
duct PRR mediates the ANG Il-induced hypertensive re-
sponse, most likely through increased a-ENaC-dependent
Na™ transport (818). Transgenic rats overexpressing hu-
man PRR ubiquitously are normotensive, but show pro-
gressive development of nephropathy (454), whereas trans-
genic rats with smooth muscle specific PRR overexpression
are hypertensive at 6 mo of age, which could be due to
intra-adrenal ANG II-induced aldosterone generation
(103). Likewise, brain PRR is hypothesized to regulate
ANG II-dependent hypertensive responses (576, 1179). In
addition, PRR-dependent, but AT,R-indepednent effects
have been reported in neuronal cells, including ROS pro-
duction (814) and iNOS mRNA induction (406). Despite
the growth of this area of investigation, the relative impor-
tance of the ANG II-dependent and ANG Il-independent
actions of PRR in many tissues remains unclear. For a com-
prehensive review on the PRR, please see the following
references (781, 855).
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lil. NOVEL AND EXPANDING ANG II
SIGNAL TRANSDUCTION

Although the other receptor members have received atten-
tion recently, decades of research have accumulated regard-
ing the signal transduction components of the AT,R. His-
torically, past investigation of AT,R has explored the crit-
ical contribution of several tyrosine and serine threonine
kinases, phosphorylation of their substrates, and ROS in
various ANG II target cells and tissues. While these investi-
gations are still expanding, including the identification of
new pathways and their in vivo significance, there has been
remarkable paradigm shift in ANG II signal transduction
research. The key expanding areas of novel investigations
include intracellular as well as extracellular/spatial and
temporal organelle signal communications, cellular and tis-
sue metabolic modulation, signaling through posttransla-
tional protein modification, microRNAs, and long noncod-
ing RNAs. In addition, tissue specific targeting of the recep-
tor and downstream signal transduction in genetically
modified rodents has enabled us to obtain fundamental new
knowledge in signaling mechanisms, physiology, and
pathophysiology of the ANG II receptors.

A. New ANG Il Signaling Pathways
1. Wht/B-catenin pathway

Signaling by the Wnt family of secreted glycolipoproteins is
one of the fundamental mechanisms that direct cell re-
sponses during embryonic development and tissue homeo-
stasis. Wnt/B-catenin pathway is activated when a Wnt li-
gand binds to the seven-transmembrane Frizzled (Fz or Fzd)
receptor and its coreceptor, low-density lipoprotein recep-
tor-related protein 6 (LRP6), or its close relative LRPS. The
formation of Wnt-Fz-LRP6 complex, together with recruit-
ment of the scaffolding protein Dishevelled, results in LRP6
phosphorylation, activation, and the recruitment of the
Axin complex to the receptors. These events lead to inhibi-
tion of axin-mediated B-catenin phosphorylation and
thereby to the stabilization of B-catenin, which translocates
to the nucleus to form complexes with T cell factor/lym-
phoid enhancer factor (TCF/LEF) and stimulate Wnt target
gene expression (627). With the use of cardiac myocyte
specific B-catenin depletion in mice and B-catenin stabiliza-
tion in mice, it has been shown that B-catenin stabilization
promotes cardiac dysfunction and decreased cardiac hyper-
trophy with ANG II infusion, whereas B-catenin depletion
elicits cardiac hypertrophy, suggesting the requirement of
B-catenin for adaptive cardiac remodeling (62). Wnt-induced
secreted protein-1 (WISP1) has been identified as a TCF/LEF-
target to promote cardiac hypertrophy. ANG II induces
WISP1 via CREB and NOX2/Akt/GSK-3 B/B-catenin-depen-
dent TCF/LEF transcriptional activation through AT, R in car-
diac myocytes (944).
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The Wnt/B-catenin pathway has also been implicated in
ANG II-related renal injury and renal fibrosis (1270). In
immortalized mouse podocytes, ANG II induces Wnt1 ex-
pression, B-catenin nuclear translocation, and TCF reporter
transcription. Inhibition of the Wnt/B-catenin pathway by
B-catenin siRNA or overexpression of endogenous Wnt in-
hibitor Dickkopf1 attenuates ANG II-induced podocyte in-
jury as assessed by declines in podocin and nephrin expres-
sion. Ca**/calmodulin kinase II (CaMKII) and CREB ap-
pear to mediate induction of Wntl mRNA. Induction of
Wnt1/3 and nuclear accumulation of B-catenin are con-
firmed in mice infused with ANG II, suggesting involvement
of the Wnt/B-catenin pathway in renal injury by ANG II
(439). In addition, in the mouse collecting duct cell line M1,
ANG II induces B-catenin protein, fibronectin mRNA, and
collagen I mRNA, which are attenuated with B-catenin de-
stabilization reagent pyrvinium pamoate (192). Moreover,
pyrvinium pamoate treatment ameliorates kidney induction
of B-catenin, collagen I, fibronectin, and osteopontin in a
rat model of renovascular hypertension, suggesting the role
of the Wnt/B-catenin pathway in ANG II-dependent renal
fibrosis (193). It is also interesting to note that multiple RAS
genes are targets of the Wnt/B-catenin pathway. Bioinfor-
matics suggests the presence of a conserved TCF/LEF bind-
ing site in the promoter of AGT, renin, ACE, AT,R, and
AT,R. Subsequent in vitro and in vivo experiments con-
firmed upregulation of the RAS components in proximal
tubular cells and kidney upon specific activation of the Wnt/
B-catenin pathway (1269). Thus activation of the Wnt/g-
catenin pathway by ANG II could be further amplified with
multiple feed-forward mechanisms via the RAS component
in vivo, contributing to chronic kidney disease.

A few manuscripts implicate the Wnt/B-catenin pathway in
vascular pathophysiology. In VSMCs, ANG II rapidly stim-
ulates B-catenin nuclear accumulation. Vascular protective
nuclear orphan receptor Nur77 induces proteosomal deg-
radation of B-catenin and inhibits the Wnt/B-catenin path-
way. Loss of B-catenin downregulation could be involved in
enhanced vascular remodeling in Nur77—/— mice infused
with ANG 1T (194). The Wnt pathway has also been re-
ported to contribute to atherosclerosis and abdominal aor-
tic aneurysm (AAA) progression. Overexpression of
sclerostin, a secreted binding inhibitor for the Wnt corecep-
tor LRP4/5/6, attenuates atherosclerosis and AAA develop-
ment in apoE—/— mice infused with ANG II, which is as-
sociated with reduced glycogen synthase kinase 33
(GSK3p) Ser” phosphorylation. In addition, sclerostin ex-
pression is reduced in human aortic aneurysm samples
(516). B-Catenin-dependent, but Wnt-independent ANG II
function is also noted in mice with deletion of VSMC
B-catenin. While ANG II cannot induce proliferation of
human aortic VSMCs in vitro, ANG II infusion in mice
causes macrophage-dependent complement c¢1q produc-
tion, which in turn stimulates B-catenin pathway and pro-
liferation of VSMCs in vivo. However, hypertension in-
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duced by ANG II is unaltered in mice with VSMC B-catenin
deletion (1010).

2. Notch pathway

The Notch pathway is crucial in several developmental pro-
cesses. However, it has been recently implicated in cardio-
vascular pathophysiology (226). In the Notch pathway, the
Jagged and Delta family of ligands bind to a family of four
Notch receptors. In response to ligand binding at the cell
surface, the Notch1 receptor is activated resulting in canon-
ical y-secretase-dependent cleavage and translocation of a
transcriptional activator, Notchl intracellular domain
(NICD), to the nucleus. While suppression of the Notch3
cascade by ANG II in VSMCs was reported more than a
decade ago (114), there has been significant progress re-
garding the Notch pathway playing a role in ANG II signal-
ing and function recently.

In contrast to the earlier report (114), activation of the
Notch pathway via the AT,R has been confirmed in
HEK293 cells expressing ATR and in human VSMCs. In
these cells, enhanced nuclear translocation of NICD is ob-
served with ANG II stimulation, which is sensitive to a
v-secretase inhibitor. The y-secretase inhibitor further at-
tenuates NICD-dependent transcriptional activation,
VSMC migration, and vascular remodeling in response to
ANGII (785). In Notch3 —/— mice, renal vascular constric-
tion induced by ANG II is significantly reduced. The vessel
wall thickness was reduced in Notch3—/— mice, and devel-
opment of ANG Il-induced hypertension was also attenu-
ated. However, ANG Il-induced cardiac hypertrophy was
enhanced in Notch3—/— mice, which correlated with
greater mortality due to heart failure (851). The kidney also
shows enhanced tubular dilation and fibrosis suggesting
that Notch3 is necessary for end organ adaptation in hyper-
tension (92). However, the phenotype could involve devel-
opmental and/or constitutive suppression of Notch3. In in-
ducible y-secretase complex silencing mice, ANG II-
induced blood pressure elevation and left ventricular
hypertrophy are both attenuated (871). In addition, it is
well recognized that NICD partners with the transcrip-
tional activator Mastermind and a DNA-binding protein,
CBF1/Su(H)/Lag2 protein (CSL), targeting the complex to
gene promoters containing the consensus motif
GTGGGAA, for transcriptional activation. In smooth mus-
cle-specific dominant-negative Mastermind-like protein
transgenic mice (inhibits CSL-dependent transcription as a
pan Notch inhibitor), ANG II-induced blood pressure ele-
vation is significantly attenuated. This is because of a tran-
scriptional suppression of the expression of MLCK, a mas-
ter regulator of VSMC contraction (60).

Notch has also been implicated in other ANG II patholo-
gies. In human and an ANG II-dependent mouse model of
AAA, expression of NICD appears enhanced. In
Notch1+/— apoE—/— mice, ANG Il-induced AAA forma-
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tion is attenuated. The mechanism involves macrophage
Notch1 regulating macrophage infiltration and inflamma-
tory activation (353). ANG II-induced AAA formation and
vascular inflammatory responses are also reduced with
v-secretase inhibitors (158, 1267). A growing body of evi-
dence suggests kidney proximal tubule epithelial cells
(PTECs) undergo epithelial cell-mesenchymal cell transition
(EMT) to contribute to interstitial fibrosis in progressive
renal disease. Notch has been shown to promote EMT in
the development of cardiac valves via repression of E-
cadherin through upregulated Snail expression. Notch1 ap-
pears to contribute to ANG II plus TGF-B-dependent EMT
via Snail induction in human tubular epithelial cells (892).
However, negative data regarding Notch participating in
EMT and kidney fibrosis by ANG IT have also been reported
(548). Notch signaling has also been implicated in develop-
ment and expression of renin progenitor cells in both ze-
brafish (868) and mouse (66, 128) and was reported to be
an important regulator of renin transcription (793).

3. NLRP3 inflammasome

Nucleotide-binding domain and leucine-rich repeat con-
taining PYD-3 (NLRP3) is a pattern recognition receptor
that is implicated in the pathogenesis of inflammation and
chronic diseases. Upon activation by danger/damage asso-
ciated molecular patterns, NLRP3 induces the formation of
the inflammasome, a multiprotein complex that consists of
the adaptor molecule apoptosis-associated speck-like pro-
tein containing a caspase recruitment domain (ASC) and the
effector enzyme caspase 1. Activated caspase 1 mediates the
maturation of the proinflammatory cytokines IL-183 and
IL-18 for secretion by innate immune cells (859). However,
the role of NLRP3 in nonimmune cells is unclear. In
NLRP3—/~ cardiac fibroblasts, ANG II-induced myofibro-
blast differentiation is impaired. Moreover, ANG II-in-
duced cardiac fibrosis, but not hypertension or cardiac hy-
pertrophy, is attenuated in NLRP3 —/— mice. An additional
TGF-B study suggests involvement of mitochondrial
NLRP3 which augments ROS production independently
from the inflammasome (96). In contrast, in a mouse model
of preeclampsia with ANG II infusion, hypertension is in-
hibited with restored IL-6 upregulation in NLRP3—/— but
not ASC—/— mice (957). Moreover, in a mouse model of
AAA with apoE—/— mice with ANG II infusion, AAA de-
velopment is attenuated in apoE—/—NLRP3—/— mice,
apoE—/—Asc—/— mice, and apoE—/—Caspl—/— mice,
suggesting a critical role for the NLRP3 inflammasome in
ANG II-dependent AAA formation. Further investigation
suggests additional involvements of mitochondrial ROS
generation by macrophages in the NLRP3 pathway (1079).

4. Hippo pathway

The Hippo signaling pathway controls organ size by medi-
ating the balance between proliferation, differentiation,
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and apoptosis. The core components of the Hippo pathway
are the cotranscription factor Yes-associated protein (YAP)
in mammals. The activity of YAP is controlled by the large
tumor suppressor kinase (LATS), which phosphorylates
and thereby inactivates YAP. For years, factors controlling
the Hippo pathway upstream of LATS kinase were elusive.
However, recently several groups independently discovered
that GPCRs are able to act as modulators of Hippo signal-
ing (689). In HEK293 cells expressing AT,R, ANG II in-
duces dephosphorylation of LATS and YAP, leading to nu-
clear translocation of YAP. In contrast, ANG II does not
affect Hippo pathway activity in podocytes (1140). The
functional significance of the Hippo pathway activation by
ANG II remains elusive.

B. Novel and Expanding Organelle
Communications Induced by ANG II

1. Mitochondria

Under cellular stress both “forward grade” signaling to and
“retrograde” signaling from the mitochondria are gener-
ated to respond to cellular stress. ANG II has been shown to
induce mitochondrial dysfunction leading to mitochondrial
ROS generation, which modulates various ANG 1II re-
sponses, including experimental hypertension (232). The
ANG II-induced mitochondrial alteration has also been im-
plicated in metabolic disease and aging (218). Mitochon-
drial ROS production induced by ANG Il appears to require
NADH/NADPH oxidase such as Nox2 in ECs (233, 242). It
has been demonstrated that mitochondrial cyclophilin D,
which acts as Ca®" sensitizer for mitochondrial permeabil-
ity transition pore opening, mediates ANG Il-induced mi-
tochondrial superoxide production in ECs as well as in
mouse aorta. Pharmacological and genetic inhibition of mi-
tochondrial ROS (233, 1147) or cyclophilin D (421) are
effective in reducing ANG Il-induced hypertension and vas-
cular dysfunction in rodents. ANG II-induced hypertension
and vascular dysfunction also involve mitochondrial ROS-
dependent activation of the L-type Ca>" channel in VSMCs
(139). In contrast, mitochondrial targeted antioxidant pep-
tide or genetic mitochondrial catalase transgene attenuates
mitochondrial oxidative damage and cardiac hypertrophy,
but not hypertension induced by ANG II in mice (200, 201).
Such tissue-specific protection via general mitochondrial
protection has also been shown in ANG Il-enhanced ath-
erosclerosis. A mitochondria-targeted polyphenol mito-es-
culetin activates AMPK and eNOS and attenuates ANG
[I-induced plaque formation in apoE—/— mice, whereas
ANG II-induced aortic aneurysm development is unaffected

(460).

In mice infused with ANG II, cardiac hypertrophy and dia-
stolic dysfunction are associated with reductions in cardiac
glucose oxidation and ATP production, confirming that
ANG II can alter mitochondrial function in vivo. This is
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explained by pyruvate dehydrogenase kinase 4 upregula-
tion via activation of the cyclin/cyclin-dependent kinase-
retinoblastoma protein-E2F pathway in response to ANG II
(716). Fatty acid oxidation (FAO) is a major energy source
for mammalian heart. Decreased FAO contributes to the
reappearance of the fetal metabolic pattern in failing hearts
that leads to increased reliance on glycolysis and anaplero-
sis to maintain the TCA cycle. The rate-limiting step of FAO
is mitochondrial import of fatty acids through carnitine
palmitoyl transferase I. This carnitine palmitoyl transferase
I function is inhibited by malonyl CoA, which is formed via
acetyl CoA carboxylase (ACC). Thus deletion of ACC2, the
primary ACC isoform in oxidative tissues, leads to increases
in FAO (506). It has been reported that ANG II infusion
reduces cardiac FAO associated with enhanced glycolysis.
These effects are reversed by inducible cardiac-specific de-
letion of ACC2. Moreover, associated cardiac hypertrophy,
fibrosis, and diastolic dysfunctions are improved (167).
Therefore, the mitochondrial metabolic shift induced by
ANG II appears to be a cause of cardiac pathophysiology.

It has been demonstrated that mitochondrial quality con-
trol is regulated through a fission and fusion cycle to replace
dysfunctional mitochondria. A GTPase dynamin-related
protein 1 (Drp1) promotes mitochondrial fission. ANG II
induces mitochondrial fission/fragmentation via Drpl
phosphorylation in VSMCs and neuroblastoma cells (590,
844). siRNA silencing of Drp1 attenuates ANG II-induced
ERK activation and matrix metalloproteinase (MMP)-2/9
induction in VSMCs. Drp1 inhibitor mdivil also attenuates
ANG II-induced VSMC migration and proliferation (590).
PKC-8 is proposed to phosphorylate Drp1 Ser®'® for acti-
vation (590, 844). Mitofusion 2 (MFN2), another GTPase,
controls mitochondrial fusion, and MFN2 overexpression
attenuates ANG II-induced cardiac myocyte hypertrophy in
vitro and in vivo (1220). In addition, several RAS compo-
nents have also been detected in mitochondria and these
mitochondrial RAS may mediate ANG II actions (see sect.
ITIB6). These data suggest a presence of alternative forward
and retrograde signals to and from mitochondria, respec-
tively, upon ANG II stimulation in regulating cardiovascu-
lar pathophysiology, which may involve the mitochondrial
RAS.

2. Endoplasmic reticulum

The endoplasmic reticulum (ER) is a complex membranous
network that is vital for protein synthesis, folding, and the
secretory pathway. The discovery of the unfolded protein
response (UPR) has highlighted the influence of ER in the
development of cardiovascular and metabolic pathology
(702, 788). ER stress promotes induction of a three-
branched UPR initiating from three ER transmembrane
sensors, protein kinase-like ER kinase (PERK), transcrip-
tion factor-activating transcription factor 6 (ATF6), and
inositol requiring kinase 1 (IRE1). All three sensors have
luminal domains that bind to the ER chaperone glucose-
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regulated protein 78 kDa (GRP78), which is released from
the sensors upon ER stress, allowing them to initiate the
three UPR pathways. 1) PERK phosphorylates eukaryotic
translation initiation factor (elF)2a upon ER stress result-
ing in the inhibition of most cap-dependent translation, but
paradoxically increasing mRNA translation of ATF4.
ATF4 induces UPR-target genes including chaperones, an-
tioxidants, and proapoptotic basic-leucine zipper transcrip-
tion factor, CCAAT/enhancer-binding protein homologous
protein (CHOP). 2) ATF6 translocates to the Golgi appa-
ratus where it is cleaved. Cleaved ATF6 binds to and acti-
vates the ER stress response element in promoters of UPR
target genes, including chaperones, CHOP, and a transcrip-
tional factor, X box-binding protein-1 (XBP1). 3) IRE1
promotes splicing of XBP1 mRNA. Active (spliced) XBP1
binds to the ER stress response element to induce chaper-
ones and the ER-associated protein degradation pathway.
In addition, IRE1 interacts with TNF receptor-associated
factor 2 (TRAF2), thereby activating NF-kB, JNK, and sub-
sequent inflammatory responses (702, 788).

ANG II infusion increases el[F2a phosphorylation, ATF4
and CHOP mRNA (465) and protein (989) in aorta, as well
as CHOP protein in coronary arteries (1035). ANG II infu-
sion increases phosphorylated PERK in brain circumven-
tricular subfornical organ (SFO). Moreover, ER stress and
UPR have been shown to play causative roles in various
ANG II-induced pathologies, including brain (1216) and
vascular (465, 587) regulation of hypertension, endothelial
dysfunction (465), cardiac hypertrophy and fibrosis (465),
and vascular hypertrophy and fibrosis (465, 989, 1035).
Specifically, CHOP—/— mice are protected from ANG II-
induced NADPH oxidase activation, hypertension, and car-
diovascular pathology (464). ANG II-induced ER stress ex-
ists downstream of the ADAM17/EGFR transactivation
cascade (1034, 1035) and stromal interaction molecule 1
(STIM1) induction (464), and upstream of cardiac (465)
and renal TGF-B induction (1118), vascular apoptotic
pathway (989), and brain SFO NF-«kB activation (1218).
While these studies suggest that ER stress is vital for ANG
[I-induced signal transduction and pathologies, it remains
elusive whether ATR stimulation increases unfolded pro-
teins in ER, or if so, how it happens.

3. Membrane rafts, caveolae, and caveolins

The lipid bilayer of the plasma membrane is organized into
liquid-ordered and disordered domains by virtue of cluster-
ing of particular lipids. Liquid-ordered domains are en-
riched in sphingolipids and cholesterol which provide a
preferential environment for targeting of receptors and
acetylated signaling molecules. Thus these membrane re-
gions form “rafts,” which compartmentalize sets of signal-
ing molecules that float on the plasma membrane. This
molecular arrangement confers specificity to signaling re-
sponses elicited by the myriad factors that interact with cells
and tissue (123, 939). The incorporation of the caveolin

and cavin family of proteins into these lipid domains form
caveolae organelles. Caveolae are 50-70 nm sigma-shaped
invaginations of the plasma membrane and, similar to
membrane rafts, house signaling messengers. Molecular
homing of signaling molecules to caveolae is not only
achieved via interaction with caveolar membrane lipids but
also direct association with caveolin proteins, an interac-
tion which can regulate signaling molecule function. Both
membrane rafts and caveolae can fuse, cluster, and inter-
nalize, thus forming mobile compartments which can regu-
late surface expression of signaling domains (161, 799).

The concept that caveolae can serve as both transport ves-
icles and signaling platforms initiated a wave of exploration
into the relationship between specific receptors and these
plasma membrane microdomains in the late 1990s. Given
the observation that G proteins as well as many other sec-
ond messengers that are activated in response to ANG I are
localized within caveolae and/or interact with caveolins
prompted investigation into the relationship between ANG
IT receptors and these organelles. Early studies showed that
signaling and coupling proteins utilized by AT R are pres-
ent in membrane rafts and coprecipitated with caveolin-1
(Cav1) following ANG II stimulation in cultured VSMCs
(419). Moreover, Cavl serves as a chaperone for AT,R
shuttling to the plasma membrane. The loss of Cav1 (1164)
or mutation in the caveolin consensus binding site of AT,R
(550) results in improper targeting of AT,R and defective
ANG II signaling. Rat aortas treated with methyl-g-cyclo-
dextrin, a compound which ablates raft/caveolae structure,
show a perturbation in AT;R endocytosis and prolonged
receptor expression on the plasma membrane following
stimulation with ANG II. This results in loss of the normal
tachyphylactic or desensitization response in vessels repeat-
edly exposed to ANGII (594). AT,R-mediated intracellular
ANG II uptake is also partially dependent on the presence
of Cavl/caveolae in proximal convoluted tubule cells (577).
Cavl-dependent internalization of ANG II appears neces-
sary for activation of ERK1/2 and the Na*/H™ exchanger in
these cells.

It is highly likely from the above studies that caveolae and
caveolins govern key aspects of ANG II/AT,R signaling.
The relationship between ANG II receptor and caveolae-
based signaling adds an additional layer of cellular regula-
tion. Introduction of the Cav1 scaffolding domain peptide
(residues 82-101), a sequence which recognizes and inter-
acts with consensus binding motifs found within many pro-
teins, including AT R, attenuates ANG II signaling re-
sponses involving Ca?" flux and the PI3K/Akt pathway
(687). The localization of AT R, Gg/1;, NADPH subunit
Nox1, and cSrc to caveolae is also important for vascular
tone regulation. The loss of caveolae integrity with Cavl
siRNA treatment disturbs the compartmentalization of
these elements on the plasma membrane and attenuates
ANG II-induced inhibition of BK channel activity in
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VSMCs (614). A similar pathway has been described for
ANG Il-induced vasoconstriction, where AT|R, Gy,
PKC-¢, and K y1p channels are clustered in caveolae (906).
In VSMCs (979) and ECs (608), ANG II induces ROS pro-
duction through the translocation of p47P"* to caveolae,
where it associates with other NADPH oxidase subunits. In
VSMCs, these responses are positively regulated through
cyclophilin A (979). In ECs, reduction of Cav1 protein at-
tenuates p47P"° translocation and localized ROS produc-
tion. The reduction in oxidative stress reversed eNOS un-
coupling and preserved endothelial cell function (608).
Cavl-mediated ROS production may also be important to
explain endothelial dysfunction associated with hypercho-
lesterolemia. Free cholesterol promotes enrichment of the
lipid raft fraction with Tyr'* phosphorylated Cavl and
Racl, a positive regulatory component of the NADPH ox-
idase complex, and enhances ANG II-induced ROS produc-
tion and eNOS uncoupling (30). EGFR and ADAM17, a
metalloprotease that generates mature ligands for EGFR,
are also localized in Cavl-containing membrane fractions
in VSMCs. Overexpression of Cavl inhibits ANG II-in-
duced transactivation of EGFR and VSMC hypertrophic
responses (1027). In addition, AT,R translocates to the
caveolae of podocytes following ANG II stimulation. De-
pletion of Cav1 via siRNA blocks signaling pathways in-
volving modification of nephrin, an important structural
element of slit diaphragms, and prevents podocyte apopto-
sis (865).

The Cav1 knockout mouse has proven to be a useful tool
for deciphering the physiological function of these mem-
brane organelles. Global Cav1l knockout mice are viable
and reproduce but show a wide variety of phenotypic de-
fects, including cardiomyopathy, enhanced vascular perme-
ability, airway hypersensitivity, and maladaptive angiogen-
esis (852). In response to ANG II plus the NOS inhibitor,
N-omega-nitro-L-arginine methyl ester (L-NAME), Cav1-
deficient mice on the 129/Sv background show a reduction
in biventricular damage and transcript levels of the cardiac
pro-inflammatory marker plasminogen activator inhibitor
type I (PAI-1), and no increase in cardiac mineralocorticoid
receptor levels, despite basal cardiac hypertrophy and
higher blood pressure response (826). A reduced blood
pressure response is reported with ANG II infusion in
Cav1+/— mice on the C57BL/6 background at 16 wk of age
(608). In contrast, no reduction in ANG IlI-increased blood
pressure, nor in ANG II-induced cardiac hypertrophy (al-
though basal hypertrophy was present), was observed in
Cav1—/— mice on the C57Bl6 background at 8 wk of age.
Yet, global Cav1 silencing prevents ANG II-induced vascu-
lar hypertrophy, perivascular fibrosis, and vascular cell ad-
hesion molecule 1 (VCAM-1) induction (288). ANG II-
dependent formation of AAA is prevented in these Cavl
knockout mice, which is correlated with reduced vascular
inflammation, ER stress, and oxidative stress (1033). ANG
[I-induced brain microvascular hypertrophy is also pre-
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vented in global Cavl-deficient mice (1077). These data
suggest the importance of mouse genetic background and
age in influencing Cav1 null mouse phenotypes when they
are stressed. The data also highlight that Cav1l knockout
mice are specifically protected from vascular inflammation
and remodeling induced by ANG II. Targeting this pathway
in the vasculature may hold some therapeutic promise.

4. Microparticle and exosome

The research field of microparticles and exosomes is rapidly
expanding due to their possible involvement in various dis-
eased states, as well as their potential as biomarkers and
therapies. Vesicles larger than 100 nm in diameter originat-
ing from plasma membranes are usually called micropar-
ticles, while smaller vesicles originating from the multive-
sicular bodies are described as exosomes. These cell-derived
vesicles carry microRNAs, hormonal factors, and cell sur-
face receptors, which can transmit information and signal
transduction from originating cells to receiving cells (103,
180, 514). While the exosome field is relatively new, several
recent reports have suggested interesting roles for micropar-
ticles in ANG II signal transduction and functions.

Hypertensive patients display an increase in circulating mi-
croparticles, along with increased chemokine and soluble
adhesion marker expression. Strikingly, treatment with an-
giotensin II receptor blockers (ARBs) in these patients
showed significant reductions in microparticle number, as
well as other measured markers, suggesting a causative role
for ANG II in microparticle release in humans (530, 757).
Furthermore, hypertensive and hypercholesterolemic ham-
sters treated with irbesartan exhibit a decline in micropar-
ticle infiltration into the vascular wall. In addition, isolated
microparticles show a decrease in expression of inflamma-
tory markers (315). Conversely, there may be some benefit
to microparticles. Microparticles derived from human T
lymphocytes show protective effects against ANG II-in-
duced hypertension and vascular dysfunction. ANG II-in-
fused mice show aortic endothelial dysfunction associated
with increased superoxide, and microparticle injection re-
verses this increase as well as promotes increased NO pro-
duction. The Sonic hedgehog receptor antagonist attenu-
ates these benefits suggesting that the protection involves
Sonic hedgehog-positive microparticles (653).

At the cellular level, ANG II appears to stimulate Nox-
dependent ROS generation with downstream Rho kinase
activation, resulting in enhanced microparticle release at
caveolae/lipid rafts in cultured mouse aortic ECs. In addi-
tion, microparticles derived from untreated ECs carry HB-
EGF and stimulate VCAM-1 and PECAM induction and
macrophage adhesion to ECs. These effects involve EGFR
activation and subsequent ROS production. It has been
confirmed that ANG Il infusion in apoE—/— mice enhances
production of EC-derived microparticles, which is mark-
edly reduced with apocynin, an NADPH/NADH oxidase
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inhibitor (104). Senescent ECs and ECs from patients with
acute coronary syndrome produce procoagulant micropar-
ticles that also stimulate endothelial senescence in vitro.
This effect is due to microparticles carrying ACE, which
activate EC AT,R, Nox, and downstream p38MAPK and
ERK1/2 (3). Likewise, ANG II stimulates procoagulant mi-
croparticle release from human mononuclear cells that is
dependent upon AT,R-mediated mobilization of intracellu-
lar Ca®* (185). In addition, high glucose plus ANG II com-
bination enhances production of extracellular vesicles (mix-
ture of microparticles and exosomes), which in turn stimu-
late ERK1/2 and reduce eNOS expression and NO
production in human umbilical endothelial cells (HUVECs)
(1026).

Regarding exosomes and ANG II, a recent study showed
that AT R-expressing HEK 293T cells release exosomes
upon osmotic stretch or ANG II stimulation containing
functional ATRs that stimulate ERK. Moreover, injection
of AT,R KO mice with exosomes from the serum of mice
that underwent transverse aortic constriction (TAC)
causes increases in systolic blood pressure and ERK acti-
vation within the heart via the exosome transfer of the
AT,Rs. B-Arrestin is necessary for the packaging of the
receptor to exosomes and cardiac myocytes are the major
source of AT,R containing serum exosomes (824). In
addition, ANG II stimulation enhances exosome release
from cardiac fibroblasts. These exosomes exhibit hyper-
trophic responses in cardiac myocytes ostensibly via up-
regulation of a local RAS by activation of MAPKs and
Akt. Moreover, pharmacological treatment to block exo-
some secretion attenuates ANG II-induced cardiac hyper-
trophy and fibrosis (621). Clearly, further study is needed
in both the field of microparticle and exosome research.
In ANG II-related diseases, microparticle/exosome for-
mation and release may contribute to organ dysfunction.
However, microparticles/exosomes from healthy or even
artificially modified vesicles may be valuable as potential
therapeutic options.

5. Autophagy and mitophagy

Autophagy is a critical mechanism needed to maintain cell
and organ homeostasis through the stimulation of catabo-
lism. It is initiated by formation of a double-membrane
vesicle termed the autophagosome, which is responsible for
degrading organelles and large protein aggregates (963).
Inquiries into the fundamental mechanisms of autophagy
for adaptation under stress have shed light into how this
pathway may be regulated through various cellular condi-
tions including starvation, ER stress, and oxidative stress
(1,468). In addition to its importance in protein catabolism
during starvation, basal autophagy is now recognized as a
critical housekeeping pathway even in nutrient-rich condi-
tions. This protein quality control mechanism is particu-
larly crucial, where autophagy is important for the removal
of aggregated proteins. For example, loss of autophagy in
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cardiac muscle can result in the accumulation of ubiquiti-
nated proteins and inclusion bodies, leading to cardiac hy-
pertrophy. For general reviews on autophagy in cardiovas-
cular and metabolic diseases, please refer to the following
reviews (328, 543, 762).

ANG II has been shown to enhance autophagy via AT;R in
several cell types. In neonatal rat cardiac myocytes infected
with AT,R-encoding adenovirus, ANG Il-induced myocar-
dial hypertrophy is associated with increased autophagy.
However, while addition of AT,R-encoding adenovirus in
conjunction with AT;R augments ANG II-induced hyper-
trophy, enhancement in autophagy is attenuated by AT,R
(833). In the HL-1 cardiomyocyte cell line, ANG II at con-
centrations between 10 and 100 nM stimulates autophagy,
whereas higher concentrations cause apoptosis and de-
crease autophagy, suggesting a protective role for au-
tophagy (1122). ANG II-enhanced autophagy is associated
with induction of beclin-1, microtubule-associated protein
light chain 3 (LC3), and autophagy protein 9A (Atg9A),
proteins essential for autophagosome formation (401,
1122). Inhibition of beclin-1 or Atg9A with siRNA attenu-
ates the ANG II-induced hypertrophic response in rat neo-
natal cardiac myocytes (401, 794). The ANG Il-enhanced
autophagy and hypertrophic responses are associated
with downregulation of miR-30 and miR-34a, where
miR-30 appears to regulate beclin-1 expression and miR-
34a regulates Atg9A expression (401, 794). Further-
more, AT R activation promotes Nox4 activation at the
mitochondria leading to mitochondrial dysfunction, mi-
tochondrial ROS production, and downstream induction
of autophagy in cardiac myocytes (201). ANG [I-induced
in vivo cardiac hypertrophy is also highlighted by in-
creased autophagy as measured by LC3b-II and p62,
which can be inhibited by the ANG (1-7)/Mas receptor
signaling axis by reducing ROS (592). In line with these
reports, deletion of the cardiac anti-inflammatory cyto-
kine IL-10 enhances cardiac autophagy and hypertrophy
induced by ANG II (500). Likewise, in a swine model of
renovascular hypertension, ARBs alone or in combina-
tion with non-RAS antihypertensive agents similarly
lower blood pressure; however, ARBs but not the com-
bination alleviates left ventricular hypertrophy, myocar-
dial autophagy and mitophagy, and increased mitochon-
drial biogenesis (1256).

The role of ANG II-enhanced autophagy in cardiovascular
pathophysiology is unsettled. Autophagy protein 5 (Atg35) is
an E3 ubiquitin ligase that is necessary for formation of
autophagosomes and autophagy. ANG Il infusion increases
cardiac Atg5 expression and autophagy and mitophagy in
infiltrated macrophages. In Atg5+/— mice, reduction in
macrophage autophagy and mitophagy is associated with
enhancement of cardiac hypertrophy, fibrosis, ROS pro-
duction, and NF-«B activation (12635). Likewise, adiponec-
tin induces macrophage autophagy, thereby inhibiting
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ANG II-induced inflammatory responses and cardiac fibro-
sis in mice (843). These data suggest a protective role of
autophagy against ANG Il-induced proinflammatory re-
sponses.

In cultured VSMCs, ANG II increases the LC3-1I to LC3-I
ratio and beclin-1 expression and decreases p62, suggest-
ing stimulation of autophagy. These responses are atten-
uated with a NADPH oxidase inhibitor and mitochon-
drial K,rp channel inhibitor (1221). Kelch-like protein 3
(KLHL3)-Cullin3 complex was identified as an E3 ubiq-
uitin ligase for with-no-lysine kinases (WNK) (see detail
of this system in the kidney section). In mouse VSMCs,
KLHLS3 is not expressed, but its close homolog KLHL?2 is
expressed. Acute (30 min) ANG II infusion reduces
KLHL2 in the aorta with a concomitant increase in
WNK3 expression, an effect confirmed in mouse VSMCs.
This WNK3 accumulation leads to Ste20/SPS1-related
proline/alanine-rich kinase (SPAK) activation and Na-
K-Cl cotransporter isoform 1 (NKCC1) phosphorylation
and vascular contraction. Mechanistically, KLHL?2 is de-
graded by p62 via enhanced autophagy with ANG II
stimulation, suggesting a role for autophagy in ANG II-
induced hypertension (1237).

6. Intracellular,/organelle RAS

In addition to the role of ANG IT in systemic and tissue RAS,
the presence and functional significance of intracellular/in-
tracrine ANG II has been described. The importance of the
intracellular RAS was highlighted recently in key review
articles (181, 260, 520). Intracellular ANG II binds to the
AT,R expressed in the nuclear membrane causing growth
promoting signal transduction. However, there is contro-
versy over whether intracellular ANG II and its receptors
are internalized or originate within the cells they affect.
Both AT R and AT,R are also reported to be present
within mitochondria (2). However, cautious reading is
recommended as many ANG II receptor antibodies used
in these studies have been reported to be nonspecific. No
evidence has been obtained regarding RAS component
expression in liver mitochondria with proteomic ap-
proaches (38).

It is important to confirm that genetically expressed intra-
cellular ANG II can cause hypertension in AT, ,R knockout
mice, which would suggest a novel intracellular receptor
mechanism for ANG II (260). By using UV light activating
intracellular caged ANGII, intracrine ANG II was shown to
activate ERK in AT,R-expressing HEK cells (1023). Intra-
cellular injection of ANG II also confirms ANG II-depen-
dent intracellular Ca®* signaling in hypothalamic neurons
(228). ANG Il intracrine activation of nuclear ATR is also
shown to mediate cardiac fibroblast proliferation and col-
lagen synthesis (1024).
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C. Novel Posttranslational Modification in
ANG Il Signal Transduction

1. Acetylation/deacetylation

Histone acetylation/deacetylation is a fundamental mecha-
nism for posttranslational regulation of gene expression.
Histone deacetylases (HDACs) deacetylate histones, con-
dense chromatin, and thereby repress transcription. In con-
trast, histone acetyltransferases acetylate histones, resulting
in relaxation of nucleosomes and stimulation of transcrip-
tion. Importantly, class II HDACs interact with myocyte
enhancer factor 2 (MEF2) and appear to repress cardiac
hypertrophy. In VSMCs, ANG II induces PKC/PKD1-de-
pendent class I[lTa HDACS phosphorylation and nuclear ex-
port, leading to MEF2 activation and protein synthesis
(1181). Class I[Ta HDAC4 and HDACS are phosphorylated
by CaMKII8, to activate MEF2-dependent induction of
Nur77 and monocyte chemoattractant protein-1 (MCP1)
in VSMCs (320). A scaffold protein GRK2 interacting pro-
tein 1 mediates ANG II-induced HDAC phosphorylation in
VSMC (795). siRNA studies further confirm the roles of
HDAC4 and GATA6 in VSMC hypertrophy induced by
ANG 1II (492). Global deletion of HDAC6 in class IIb
HDAC6-deficient mice protected mice from ANG II-in-
duced cardiac systolic dysfunction and skeletal muscle
wasting. HDAC6-deficient hearts infused with ANG II are
associated with reduced autophagy (229). In addition,
ANG II-induced cardiac hypertrophy is blocked with a class
IHDAC inhibitor (477). Subsequent study shows that ANG
IT infusion increases class THDAC2 activity in mouse hearts
(476). Class I HDAC inhibitors also attenuate ANG II-
induced cardiac fibrosis (1149).

Histone acetyltransferases, such as CREB-binding protein
(CBP)/p300, steroid receptor coactivator-1 (SRC-1), and
p/CAF mediate nuclear histone lysine acetylation and acti-
vate transcription. Chromatin immunoprecipitation assays
show that ANG II increases histone H3 Lys”''* acetylation
on the IL-6 promoter. IL-6 transcriptional activity is atten-
uated by ERK-phosphorylation site deficient mutants of
CBP/p300 and SRC-1, suggesting activation of these his-
tone acetyltransferases in rat VSMCs (899). In addition,
ANG II-induced acetylation of cyclophilin A stimulates its
secretion in VSMCs enhancing ERK activation and ROS
production (978).

Sirtuin-1 (SIRT1; mammalian homolog of silent informa-
tion regulator in yeast) is a nicotinamide adenine dinucle-
otide™ deacetylase and molecular target of polyphenols and
calorie restriction. SIRT1 is generally associated with ben-
eficial metabolic effects by virtue of antioxidant and anti-
inflammatory effects. Peroxisome proliferator-activated re-
ceptor gamma (PPARYy) coactivator-1a (PGC-1a) is a mas-
ter regulator of mitochondrial biogenesis and function,
oxidative stress, and insulin resistance. ANG II stimulates

Akt-dependent phosphorylation of PGC-la on Ser®”°,
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which is required for binding of the histone acetyltrans-
ferase GCNS (general control nonderepressible 5) to
PGC-1a and for its lysine acetylation. These sequential
posttranslational modifications suppress PGC-1a activity
and prevent its binding to the catalase promoter through the
forkhead box O1 (FoxO1) transcription factor, thus de-
creasing catalase expression and enhancing VSMC ROS
generation and hypertrophy (1174). ANG II also induces
prolonged lysine acetylation of PGC-1a and releases the
PGC-1a-FoxO1 complex from the SIRT1 promoter, thus
reducing SIRT1 expression in VSMCs (1173). Vascular
protective effects of SIRT1 against ANG II will be described
in detail in the vascular section of this review. Mitochon-
drial SIRT3 and SIRT4 play a role in the longevity network
that maintains mitochondrial vitality. In AT, ,R—/— mice,
SIRT3 is upregulated in the kidney, which may contribute
to mouse longevity. ANG II stimulation also downregulates
SIRT3 mRNA in cultured tubular epithelial cells (70). A
subsequent study demonstrates that acetyl-L-carnitine sup-
plementation improved ANG II-induced insulin resistance
in L6 muscle cells, which is associated with SIRT3 reexpres-
sion, mitochondrial protein deacetylation, and reduced mi-
tochondrial ROS production (626). A recent study further
demonstrated that ANG II causes SIRT3 S-glutathionyla-
tion, with resultant increased SOD2 acetylation and inacti-
vation contributing to ANG II-induced hypertension due to
vascular oxidative stress (235).

2. S-Nitrosylation

NO is an important signaling molecule in the cardiovascu-
lar system and a regulator of vascular tone by binding and
activating soluble guanylate cyclase (sGC). NO also reacts
indirectly with biological molecules, and these chemical re-
actions include S-nitrosylation. ANG II has been shown to
enhance S-nitrosylation of various proteins in rat aorta
(164). ANG II induced S-nitrosylation of sGC is associated
with reduced cGMP production in VSMCs (188). It is in-
teresting to note that ATR is also regulated by S-nitrosyla-
tion of Cys**?, which reduces ANG II binding affinity (551).

3. O-GlcNAcylation

Cytoplasmic and nuclear protein O-GlcNAcylation on ser-
ine and threonine residues by the O-linked attachment of
the monosaccharide N-acetylglucosamine (O-GlcNAc) is
rapidly emerging as a critical signaling event in cell biology.
Moreover, enhanced protein O-GlcNAcylation has been
implicated in glucose toxicity and insulin resistance (531).
In cardiac myocytes, the ANG II-induced increase in intra-
cellular Ca®* is inhibited by glucosamine and PUGNAc
[N-acetylglucosaminono-1,5-lactone O-(phenylcarbamoy-
l)oxime], both of which are associated with increased pro-
tein O-GIcNAc levels (736). Moreover, activation of the
hexosamine biosynthesis pathway and increased protein O-
GlcNAcylation in nondiabetic cardiomyocytes suppresses
the hypertrophic signaling response to ANG II (654).
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4. SUMQOylation

SUMOylation is a posttranslational modification in which a
member of the small ubiquitin-like modifier (SUMO) family
of proteins conjugates to lysine residues in target proteins.
SUMOylation alters the activity of target proteins and cross
talks with ubiquitination, acetylation, and phosphoryla-
tion. Protein SUMOylation is a dynamic process that can be
readily reversed by a family of sentrin/SUMO-specific pro-
teases (SENPs). ATF3 is an adaptive-response protein in-
duced by various environmental stresses. ANG II upregu-
lates ATF3 and SUMOT1 in endothelial cells in vitro and in
vivo. ANG Il induces lysine SUMOylation of ATF3 which is
required for endothelial inflammatory responses (1260).

D. MicroRNA

MicroRNAs (miRNA) regulate diverse cellular processes
with important roles in physiology and pathophysiology,
including tissue remodeling (1085, 1092). miRNAs inter-
fere with mRNA translation via inhibition of translation
elongation and/or targeting of mRNAs for degradation.
Under baseline conditions, miRNAs appear to function as a
fine tuner of gene expression. However, under stress or
disease conditions, mRNAs exert pronounced silencing
functions (1085). Note that the RAS components including
AT R are targets of several miRNAs, which can be regu-
lated with ANG II stimulation (481, 764).

Recent investigation into ANG II-linked signal transduc-
tion has shed light on a functional role for miRNAs in
pathophysiology. For example, numerous miRNAs have
been identified as playing a role in regulating ANG II-me-
diated cardiac hypertrophy including miR-98 (target: cyclin
D2) (1197), miR-21 (target unknown) (159), miR-21-3p
(target: HDACS) (1187), miR-26a (target: GATA4) (605),
miR-410 and miR-495 (targets: unknown) (175), miR-101
(target: Rabla)(1133), miR-30a (target: beclin-1) (794),
miR-34a (target: Atg9A) (401), and miR-99a (target:
mTOR) (574). And the list may keep increasing. How all of
these miRNAs fit together, and how they are regulated in
ANG Il-induced cardiac hypertrophy has yet to be deter-
mined, but remains a continued area of investigation.

miRNAs have also been implicated in cardiac fibrosis. MiR-
125b negatively regulates p53 thereby promoting fibroblast
proliferation. In cardiac fibroblasts, miR-125b directly
binds to the 3'UTR of the Apelin gene, which is a negative
repressor of the fibrogenic pathway. Cumulatively, miR-
125b expression stimulates fibroblast proliferation as well
as cardiac fibroblast-to-myofibroblast differentiation, and
in vivo abolishment of miR-125b prevents ANG II-induced
cardiac and perivascular fibrosis (735). In addition, ANG II
decreases miR-let-7i expression in the mouse heart, and
delivery of miR-let-7i in ANG II-infused mice reduces car-
diac inflammation and fibrosis by targeting IL-6 and colla-
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gens (1124). In ANG Il-treated cardiac fibroblasts, osteo-
pontin is essential for AP-1-mediated transcription of miR-
21. MiR-21 inhibits SMAD7, the endogenous inhibitor of
TGF-B signaling, and promotes downstream ERK phos-
phorylation, contributing to fibroblast survival and extra-
cellular matrix (ECM) production (611). MiR-29 also tar-
gets TGF-B1 and ANG II reduces miR-29 expression in
cardiac fibroblasts. Therefore, a decrease in miR-29b en-
hances ANG II-induced cardiac fibrosis (1259). Central to
the inflammatory and fibrotic response, ANG II-induced
NF-kB activation suppresses miR-26a-mediated negative
regulation of collagen I and connective tissue growth factor
(CTGF), thereby promoting cardiac fibrosis. Reexpression
of miR-26a prevents this response and establishes a nega-
tive feedback loop, which suppresses NF-«kB (1131). Thus
ANG II appears to stimulate a dynamic cardiac remodeling
program whereby ANG II induces a distinct miRNA ex-
pression profile where profibrotic gene expression is fa-
vored.

Separate from cardiac-based disease, many miRNAs have
been implicated in modulating vascular pathologies includ-
ing endothelial dysfunction, hypertension, and atheroscle-
rosis (274, 914). Thus how miRNAs regulate vascular ho-
meostasis or its disruption under RAS activation remains an
area of much interest. In cultured rat VSMCs, small RNA
deep sequencing was performed to identify ANG Il-respon-
sive miRNAs. An miR-132 and miR-212 cluster was iden-
tified as the most highly induced miRNAs, in which miR-
132 targets phosphatase and tensin homolog (PTEN) and
p120 Ras GAP to enhance MCP1 induction and CREB
activation, respectively (442). In vivo approaches utilizing
miRNA-deficient mice have further advanced this field.
MiR-143/145-deficient VSMCs exhibit a synthetic pheno-
type with reduced contractile proteins. MiR-143/145-defi-
cient mice exhibit reduced vascular media thickness. As
such, these mice have a reduced contractile response to
ANG II. Unbiased quantitative proteomics combined with
microarray-based transcriptional profiling revealed the vas-
cular targets of miR143/1435, including tropomyosin 4 and
ACE (835). Furthermore, coculture with EC induces VSMC
miR-145 expression, which suppresses TGF-B-mediated
ECM accumulation by targeting the TGF-B receptor IL
Thus miR-145-deficient mice have enhanced cardiac and
perivascular fibrosis with ANG II infusion (1262). ANG II
also decreases miR-145-mediated suppression of Kruppel-
like factor 4 (KLF4) in VSMCs. Increased KLF4 reduces
myocardin expression thereby increasing VSMC prolifera-
tion and migration (962).

Regarding endothelial biology, EC miR-155 targets AT R
expression, decreases HUVEC migration and leukocyte ad-
hesion with ANG II stimulation (1273), and promotes anti-
angiogenic and pro-arteriogenic functions during neovascu-
larization (797). ANG II-induced oxidative stress is also
known to promote SREBP2 transactivation of miR-92a in
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HUVECs. EC miR-92a suppresses expression of SIRT1,
KLF2, KLF4, and eNOS leading to inflammasome activa-
tion, stimulation of endothelial innate immunity, and re-
duction of NO production. Thus ANG II-enhanced athero-
sclerosis in apoE—/— mice is attenuated with miR-92a in-
hibition. Levels of circulating miR-92a are inversely
correlated with endothelial function in humans (157).

In regards to aortic dilation and aneurysm formation, biop-
sies of human thoracic aneurysms show increased miR-29,
whereas miR-29 inhibition induces ECM expression and
inhibits ANG II-induced aortic dilation and aneurysm de-
velopment/progression in mouse models of thoracic and
abdominal aortic aneurysms, although conflicting data are
reported regarding miR-29 regulation by ANGII (86, 632).
Murine-specific miR-712 and the human/murine homolog
miR-205 are induced by ANG II and stimulate MMP activ-
ity through repression of tissue inhibitor of metalloprotei-
nase 3 (TIMP3) and reversion-inducing cysteine-rich pro-
tein with kazal motifs (RECK). MiR-205 is expressed in
human AAA biopsies, and silencing of miR-712 and miR-
205 prevents AAA development in ANG Il-infused
apoE(—/—) mice (491). Mir-21 is also responsive to ANG
I, and overexpression of miR-21 in an elastase AAA infu-
sion model induces cell proliferation within the aortic wall,
but prevents apoptosis and AAA expansion (631). In addi-
tion, miR-195 contributes to ANG II-dependent AAA in
mice by targeting ECM proteins (1233). TABLE 4 summa-
rizes ANG Il-regulated miRNAs, their targets, and the cell/
tissue types involved, together with the functional conse-
quences of miRNA regulation.

E. Long Noncoding RNA

Molecular functions of long noncoding RNA (IncRNA;
>200 nucleotides) include cis- or #rams-acting transcrip-
tional regulation, competing with miRNAs, and stabilizing
mRNAs (558). IncRNAs can interfere with gene expres-
sions and signaling pathways at several stages and are in-
creasingly recognized for their roles in cardiovascular dis-
eases (293, 1075). While IncRNA research is a new field in
ANG II signal transduction, a few interesting findings have
been made in regards to how IncRNAs are potentially in-
volved in ANG II pathophysiology. With the use of RNA-
seq, it has been uncovered that ANG II can promote dy-
namic and transient changes in IncRNA expression. The
responsive IncRNAs appear to be proximal to various
genes. In particular, IncRNA-Ang362 sits proximal to both
miR-221 and miR-222, both of which are involved in vas-
cular proliferation and inflammation. IncRNA-Ang362 is
needed for proper expression of mature forms of both miR-
221 and miR-222, and silencing of IncRNA-Ang362 re-
duces VSMC proliferation suggesting its regulatory role in
vascular remodeling (559). In addition, a bioinformatics
approach used to predict IncRNA-disease associations pre-
dicted four specific IncRNAs associated with hypertension.
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Table 4. ANG ll-regulated microRNA and pathology

MicroRNA Target MicroRNA Function Reference Nos.
Upregulated
miR-21 Unstudied Promote cardiac myocyte hypertrophy 159
PTEN/SMAD7 Enhance Akt/ERK and cardiac fibrosis 611
PTEN Enhance Akt and promote AAA 631
miR-28b ECM proteins Promote TAA and AAA 86
miR-92a SIRT1/KLF2 /KLF4 Induce endothelial inflammasome and atherosclerosis 157
miR-98 Cyclin D2 Negative feedback mechanism to suppress cardiac hypertrophy 1197
miR-99a mTOR Negative feedback mechanism to suppress cardiac hypertrophy 574
miR-125b Apelin/p53 Promote cardiac fibrosis 735
miR-132 PTEN/RASA1 MCP1 induction and CREB activation in VSMCs 442
miR-195 ECM proteins Promote AAA 1233
miR-410 Unstudied Promote cardiac myocyte hypertrophy 175
miR-495 Unstudied Promote cardiac myocyte hypertrophy 175
miR-712/-205* TIMP3 /RECK Activate MMP and induce inflammation and AAA 491
Downregulated
miR-21-3p HDACS8 Inhibit cardiac myocyte hypertrophy 1187
miR-26a GATA4 Inhibit cardiac myocyte hypertrophy 605
CTGF/collagen | Inhibit cardiac fibrosis 1131
miR-29 TGF-B Inhibit cardiac fibrosis 1259
miR-28b ECM proteins Promote TAA and AAA 632
miR-30a Becline-1 Inhibit autophagy and cardiac myocyte hypertrophy 784
miR-34a ATG9A Inhibit autophagy and cardiac myocyte hypertrophy 401
miR-101 Rab1a Inhibit cardiac myocyte hypertrophy 1133
miR-145 KLF4 Induce myocardin and inhibit VSMC proliferation 962
miR-let-7i IL-6/collagens Inhibit cardiac fibrosis and inflammation 1124

*miR-205 is the human homologue of murine miR-712.

Of these four, IncRNAs SLC17A9, SPATAY, and C160rf95
were downregulated in human VSMCs treated with ANG II
(1108).

IncRNA CHREF in cardiac myocytes acts as an antagomir
for miR-489 during ANG II stimulation and increases ex-
pression of the miR-489 target, Myd88, which appears to
drive cardiac hypertrophy (1109). In addition, expression
of IncRNA PVTT1 is increased in hypertrophied mouse
hearts with TAC. In cultured cardiac myocytes, ANG II
increases PVT1, and siRNA silencing of this IncRNA pre-
vents ANG Il-induced cardiomyocyte hypertrophy (1224).
Expression profiling in cardiac fibroblasts in response to
ANG 1II shows a robust expression in IncRNAs such as
NR024118 and Cdknlc via AT,R (440, 441), whereas
their functional significance remain unstudied.

F. System Biology and Bioinformatics

The advent of unbiased system biology and bioinformatic
approaches have paved the way for exploration into tran-
scriptomics and proteomics, which link distinctly regulated
genes and proteins to a pathological phenotype. These fields
have already greatly enhanced our knowledge in all fields,

and ANG II is no exception. Expanding information and
big data sets have been vital in elucidating our understand-
ing of ANG II signaling and its effect on global gene and
protein expression in a wide array of tissues in various
diseased states. An earlier study with DNA microarray
analysis with subsequent bioinformatics identified ANG II
responsive genes and their respective clusters. Furthermore,
in vivo analysis indicated calpactin I and osteopontin are
both involved in the vascular injury response of ANG II
(115). Microarrays have also identified novel transcripts
associated with the RAS system in human atheroma devel-
opment (744). Likewise, serial analysis of gene expression
(SAGE) on mouse kidneys following ANG II infusion iden-
tified cathepsin D as a new gene regulated by ANG II that
was functionally characterized to interact and affect blood
pressure regulation (932). Furthermore, RNA-seq has led to
identification of novel protein-coding and noncoding tran-
scripts associated with ANG II stimulation in VSMCs
(559). As mentioned, bioinformatic analysis has been used
to identify IncRNAs associated with hypertension and
ANG II stimulation of VSMCs (1108). Genome-wide Chip-
seq analysis identified over 2,000 enhancers regulated by
ANG IIin VSMCs (206). In addition, unbiased gene screen-
ing approaches have been employed to explore ANG II
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signal transduction. With the use of a sSiRNA kinome library
targeting 720 kinase genes, siRNA screening was per-
formed to identify a kinase required for EGFR transactiva-
tion by ANG II. Results yielded Trio, Chka, and Bmx as
kinases upstream of the EGFR, supporting the usefulness of
this approach for signal transduction research (313).

Recently, genome-wide transcriptome analyses have been
performed in vivo with ANG Il infusion. Two days after the
infusion, differently expressed genes are identified in the
kidney. Genes in metabolism and ion transport pathways
are upregulated, while genes protective against oxidative
stress, including glutathione synthetase and mitochondrial
SOD2, are downregulated (637). Gene categories specifi-
cally regulated in ANG II-induced AAA in apoE—/— mice
have also been reported, including cytokine-cytokine recep-
tor interaction, leukocyte transendothelial migration, natu-
ral killer cell-mediated cytotoxicity, and hematopoietic cell
lineage (888). Another study on the same subject also dem-
onstrates widespread upregulation of inflammatory, im-
mune, and matrix remodeling genes with ANG II treatment
(988). In addition, vascular transcriptome analysis 2 wk
after ANG II infusion in mice demonstrates sphingosine
kinase 1 in the highest number of pathways affected. Sub-
sequent analysis confirms contribution of sphingosine ki-
nase 1 to ANG II-induced hypertension as well as endothe-
lial dysfunction (967).

Mass spectrometry has shown robust changes in the VSMC
proteome in response to ANG II. Coupled with an algo-
rithm used to study protein coordination allowing for quan-
titative proteomic analysis, ANG II-stimulated VSMCs
show significant upregulation of proteins related to protein
synthesis, folding, and turnover. Alongside this, ANG II
elicits protein coordination associated with contraction and
migration. Some of these proteins include those involved in
mitochondria biogenesis, including PGC1-a. As contrac-
tion is a calcium-dependent and ATP consuming process,
increased mitochondria would allow for continual ATP
production and act as an energy source (307). ANG II also
mediates suppression of the homocysteine biosynthesis
pathway, a pathway largely involved in vascular smooth
muscle proliferation (1281), and increased gluconeogenesis
pathway activation with a concomitant decrease in the gly-
colytic pathway (307). Investigation into the ANG II-in-
duced secretome in VSMCs has also shed light into how
ANG 1II signaling may affect neighboring cells as ANG II is
known to affect ECM homeostasis and participate in vas-
cular inflammation and fibrosis. Sixty-four ECM and cell
adhesion-related proteins were identified as VSMC-secreted
proteins with ANG II eliciting significant upregulation of
specific proteins including collagen a-1(VI), osteopontin,
TGF-B, and lysl oxidase-like 2 (304). In human proximal
tubular cells, proteome analysis using stable isotope label-
ing with amino acids reveals heme oxygenase-1 as the most
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significantly upregulated protein in response to ANG II
(508).

Recent phospho-proteome analysis on an ATR expressing
cell line has significantly contributed to our understanding
of global signaling mechanisms utilized by ANG II, as well
as G protein-independent biased agonists. One study iden-
tified more than 1,000 phosphorylation sites regulated by
ANG II or the biased ligand SII-ANG II. PKD is considered
as a key kinase regulating both G protein-dependent and
-independent phosphorylation events of the AT,R (170).
Another study identified more than 1,500 phosphorylated
proteins with SII-FANG II stimulation, which include cyto-
skeletal reorganization network proteins, cofilin, and sling-
shot (1170). A gel-based phosphoproteomic analysis has
identified much smaller pools of SII or ANG II-induced
protein phosphorylation in HEK cells demonstrating a link
between protein phosphorylation and inhibition of protein
phosphatase 2A associated with B-arrestin 2 (483). In ad-
dition, relevant to ANG I signal transduction and functions
in kidney, phospho-proteomic analysis performed in prox-
imal tubules of rats infused with ANG II, identified several
signaling proteins phosphorylated upon ANG II infusion
(581).

Under sustained metabolic and mechanical stress, such as
observed in the heart with ANG II infusion or aging, en-
hanced misfolding of proteins leads to protein aggregation.
Proteome analysis of hearts from aged or young mice, com-
pared with ANG II-treated mice, shows commonly recog-
nized aggregated proteins linked to the ubiquitin-protea-
some system and autophagy machinery, suggesting the
clearance process for proteins is impaired in ANG II or
age-related cardiac pathologies. Further analysis using a
gene ontology meta-analysis pointed to increases in genes
related to ECM remodeling, the proteasome, and Alzhei-
mer’s disease-related genes, and a decrease in genes related
to mitochondrial and cell respiration. Together these data
suggest the presence of common mechanisms underlying
disease pathology in aging and ANG II-induced hyperten-
sion (43).

A report also used proteomic screening and gene ontology
to observe and delineate specific protein groups that are
affected by ANG II treatment, such as proteins including
HO-1 involved in the ER-mediated apoptotic cascade in
proximal epithelial tubule cells (508). ANG II infusion in
rats stimulates protein degradation without de novo protein
synthesis in the platelet proteome, suggesting that ANG II
may cause accelerated platelet aging (312). As introduced in
the exosome section, proteomic analysis was performed on
exosomes derived from cardiac fibroblasts treated with
ANG I, which contain several factors (osteopontin, EGFR,
etc.) linked to hypertrophic PI3K/Akt and MAPK pathways
(621). Furthermore, proteomic studies have shed light on
the critical control that ANG II-mediated AT,R signaling
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has in other disease states, including diabetic retinopathy.
Proteomic analysis uncovered robust changes in proteins
involved in translation, electron transport, and protein
transport, of which 72% were downregulated when mice
were treated with AT, R antagonist candesartan (303). Pro-
teome peptide pattern profiling in diabetic patient urine has
been used as a clinical indicator of diabetic nephropathy,
and patients receiving ARBs show normalization of these
peptide patterns (879).

ANG 1T interferes with mitochondrial function and alters
target cell and tissue metabolism (219), which can influence
ANG II-linked pathophysiology. Metabolomic study of
hearts from double transgenic rats harboring both the hu-
man renin and angiotensinogen genes showed changes in
112 metabolites associated with decreased fatty acid syn-
thesis; increased hypoxanthine, which is suggestive of en-
hanced purine degradation; alterations in ketogenic amino
acids indicating impaired glucose use; and decreased cyto-
chrome ¢ oxidase activity. Strikingly, mice treated with
ARB valsartan display a reduction in hypoxanthine and a
recovery of cytochrome ¢ oxidase activity (692). In addi-
tion, translational research was reported to use serum
metabolomics data to predict albuminuria response to
ARBs in type II diabetic patients (812).

In summary, the field of systems biology has started to
greatly enhance our knowledge of the diverse signaling that
is carried out by ANG II. Continually pursuing and explor-
ing this area of research will further identify clusters of gene
or proteins that may regulate system function in terms of
metabolism, inflammatory signaling, and apoptotic signal-
ing to name a few. Using these approaches, we may be able
to identify novel and candidate genes/proteins that may be
suitable for therapeutic intervention in a wide-array of
ANG I-related diseases.

G. Tissue/Cell Type Specific ANG Il Signaling

The emergence of genetic engineering has paid dividends in
understanding genetic and molecular links to disease patho-
physiology including ANG II-based diseases. Tissue/cell
type-specific knockouts of the ATR have been used to in-
vestigate the tissue-specific role of ANG II signaling. Re-
cently, the use of several distinct tissue-specific knockout
mice for the AT,R identified adventitial fibroblast-specific
AT, AR signaling but not VSMC or EC as the driving mech-
anism in ANG II-induced medial thickening and hyperpla-
sia in the ascending aorta (825). Likewise, AT, 4R depletion
in ECs or VSMCs in LDLr —/— mice does not affect AAA or
atherosclerosis (858), but EC AT,,R depletion in LDLr
—/— mice attenuates TAA development (857). In these
studies with Cre-loxP technology, Sm22« Cre, Tie2 Cre, or
S100A4 Cre driver was used to knockout smooth muscle,
endothelial, or fibroblast AT, R. Vascular smooth muscle
AT, AR was found to be dispensable for ANG II increasing
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blood pressure (986). However, in a recent study, using Cre
transgenes with robust expression in both conductance and
resistance arteries (Sm22a Cre knock in), it appears that
vascular smooth AT, R deficiency is preventive against
ANG II-induced elevation in blood pressure, which is asso-
ciated with increased urinary sodium excretion and de-
creased vasoconstrictor responses in the renal vasculature
(987). Tie2 Cre is known to be expressed in hematopoietic
cells, and S100A4 expression in vascular smooth muscle
cells was also reported (163). Therefore, cell type specificity
should be more carefully interpreted, and negative study
with Sm22« Cre mice should be confirmed with other types
of smooth muscle Cre driver mouse. In addition, there is a
report that mice with kidney principal cell-specific AT{,R
deletion show a slight reduction in BP elevation in the initial
phase of ANG II-dependent hypertension that is correlated
with decreased a-epithelial sodium channel activation and
increased natriuresis (147).

Hypoxia-inducible factor 1 alpha (HIF-1«) and PPARy are
also considered to regulate ANG II functions with tissue/cell
type specifically. ANG II upregulates HIF-1a expression
and induces ADAM17 promoter activation and protein ex-
pression in VSMCs (766). Moreover, in smooth muscle cell-
specific HIF-1a knockout mice, ANG II-induced vascular
medial hypertrophy and hypertension are reduced (414).
Increased vascular AT R expression and elevated blood
pressure with downregulation of PPARy in VSMC are also
reported in smooth muscle cell-specific HIF-1a knockout
mice (404). It has also been reported that smooth muscle-
specific overexpression of a dominant negative PPARy mu-
tant (P467L) leads to enhanced vasoconstriction (485) and
ERK activation (124) in response to ANG II. ANG II-in-
duced PKC-{ activation, ERK activation, KLF5 expression,
and VSMC proliferation are also inhibited by PPARYy ago-
nist (305). ANG II-induced vascular remodeling, contrac-
tility, inflammation, and endothelial dysfunction are en-
hanced in inducible smooth muscle-specific PPARy-defi-
cient mice, which is associated with decreased expression of
SOD3 (649). Endothelial dysfunction and augmented pres-
sor response to ANG II were observed in endothelial-spe-
cific expression of dominant negative PPARy (V290M)
(77). The mouse phenotype is associated with enhanced
oxidative stress and reduced expression of catalase and
SOD3 (399). Moreover, the antioxidant effects of PPARy
against ANG II-mediated ROS in endothelial cells requires
the PPARy target gene PPARy cofactor retinol binding pro-
tein 7 (398). The above findings illustrate the complex re-
lations among the AT, R, HIF-1a, and PPARy in mediating
hypertension, vascular remodeling, and endothelial dys-
function.

These studies have helped to specify the potential tissue
specific role of ANG II in mediating not only vasoconstric-
tion and blood pressure elevation, but also cardiovascular
remodeling. The following sections covering ANG II-medi-

1649

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 9, 2022.



FORRESTER ET AL.

ated pathophysiology will cover in depth how ANG II sig-
naling leads to downstream alterations in organ and cell
homeostasis and resultant dysfunction.

IV. UPDATE OF VASCULAR SIGNALING
AND PATHOPHYSIOLOGY OF ANG I

A. Vasoconstriction

One of the most understood signaling components of how
ANG II mediates vascular physiology and pathophysiology
is through the control of vascular tone. Readers are referred
to previous reviews on this subject to explain basic signaling
mechanisms (747, 1163).

1. G, 94~ and G,5,,5mediated pathways converging
on MLC phaospharylation

Briefly, ANG II promotes vasoconstriction through AT,R-
dependent heterotrimeric G protein activation of G/;; and
G513, and subsequent activation of the G protein effectors,
PLC-B and a Rho guanine nucleotide exchange factor
(GEF), LARG, respectively. This in turn leads to IP; recep-
tor-dependent intracellular Ca** elevation and Rho kinase/
Rho-associated protein kinase (ROCK) activation, result-
ing in increased MLC phosphorylation through increased
MLCK and decreased MLCP/MYPT1 activity, respectively,
culminating in smooth muscle contraction. The essential
roles of these G proteins and downstream effectors in ANG
[I-induced VSMC signal transduction and vascular contrac-
tion have been well established with in vitro (772, 1018)
and in vivo (593, 846, 1152) support. It is also important to
note that while ANG II-induced hypertension is attenuated
in mice with smooth muscle-specific IP; receptor triple
knockout (IP; has 3 genes and subtypes), ANG Il-induced
vascular remodeling is unaltered, suggesting that ANG II-
induced hypertension is dispensable for vascular remodel-
ing in certain experimental conditions (593). Noteworthy
new regulators of these converging cascades include PKC-
potentiated myosin phosphatase inhibitor of 17 kDa (CPI-
17) and a RhoGAP, GRAF3. CPI-17, a myosin phosphatase
inhibitory protein, predominantly expressed in VSMCs, en-
hances ANG II-induced vasoconstriction along with in-
creases in ROCK2 and PKC-a/8 (1003). GRAF3 deletion in
mice enhances Rho-dependent vascular contractile re-
sponse to ANG II (48). However, whether ANG II modu-
lates GRAF3 activity or expression remains unknown.

2. Tyrosine and serine/threonine kinases involved
in vasoconstriction

While the above cascades represent major signaling path-
ways for VSMC contraction in response to ANG II stimu-
lation of AT R, there have been additional key modulators
reported. The PDZ-RhoGEF/RhoA/Rho kinase signaling
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cascade has been shown to promote ANG II-induced con-
tractile responses in mesenteric arteries through MLCP in-
hibition (380). PYK2-dependent tyrosine phosphorylation
of PDZ-RhoGEF via intracellular Ca*>" elevation appears
to mediate ANG II-induced RhoA activation in cultured rat
VSMCs (1206). Similarly, Ras-related protein 1 (Raplb)
knockdown promotes vascular contraction induced by
ANG 1I through inhibition of MLCP (533). In addition,
ANG 1II stimulates JAK2-dependent phosphorylation
(Tyr”?®) of smooth muscle expressed Arhgefl, a Rho ex-
change factor, which in turn activates RhoA and mediates
ANG II-induced blood pressure elevation and vascular tone
regulation in mice (342). Further research has uncovered
the activation of Arhgef1 by ANG II in human VSMCs and
peripheral mononuclear cells (119). Importance of this
pathway is also confirmed with VSMC JAK2-deficient mice
infused with ANG II. VSMC silencing of JAK2 attenuates
ANG II-induced vascular contraction, which is associated
with decreases in Rho kinase activity, intracellular Ca®™,
and ROS (499). In addition, Src family tyrosine kinases
have a role in ANG II-induced vascular contractility. A Src
family kinase inhibitor prevents ANG II-induced MLC
phosphorylation and vascular contraction (847). More-
over, ANG II-dependent hypertension, but not vascular re-
modeling, is attenuated in c-Src+/— mice (111). ANG II is
known to activate IKK2/IKK-g leading to NF-«B activation
in VSMCs (1252), and inhibition of IKK2 attenuates the
contractile response to ANG II. Furthermore, mice harbor-
ing a smooth muscle-specific deletion of IKK2 exhibit a
blunted hypertensive response to ANG II, which is ex-
plained by direct phosphorylation of MLC by IKK2. The
negative effect with NF-«B RelA/p635 translocation inhibi-
tor ex vivo suggests that the role of VSMC IKK2 in ANG
II-induced hypertension is independent from NF-«B activa-
tion (1205). A new role for CaMKII has also emerged as
smooth muscle specific inhibition of CaMKII prevents L-type
Ca** channel activity and intracellular Ca** elevation, but is
unable to prevent ANG II-induced contraction of mesenteric
arteries. CaMKII inhibition increases MLCK activity pointing
to an alternative route of vasoconstriction separate from
CaMKII-dependent mechanisms of Ca*" homeostasis (837).
In addition, a mitotic kinase PLK1 expressed in VSMCs has
recently been shown to mediate RhoA activity, ANG II-in-
duced hypertension, and vascular integrity (216).

3. Voltage-gated Ca®* channel and CI~ regulation
by WNK

In regards to Ca®" regulation of vascular tone, the impor-
tance of L-type Ca** channel in blood pressure regulation
has been well-established pharmacologically and clinically
and, more recently, has been confirmed genetically in mice.
Mice deficient in the regulatory subunit of L-type Ca**
channel, Ca, B3, show a reduced hypertensive response
upon ANG II infusion. ANG II also increases vascular ex-
pression of the Ca** channel subunits in wild-type mice
(489). How does ANG II cause membrane depolarization to
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activate the voltage-dependent L-type Ca”>" channel? This
long unanswered question seems to have been solved re-
cently. Na-K-ClI cotransporter 1 (NKCC1) mediates intra-
cellular CI™ accumulation, leading to membrane depolar-
ization and activation of voltage-dependent Ca** channels
(779). WNKs phosphorylate and activate oxidative stress-
responsive kinase 1 (OSR1) and SPAK, leading to down-
stream phosphorylation and activation of NKCC and
Na-Cl cotransporter (NCC) (215). ANG II has been shown
to stimulate phosphorylation of SPAK and NKCC1 in
mouse aorta via AT,R, which is attenuated in WNK3
knockout mouse. Moreover, ANG II-induced vasoconstric-
tion and hypertension are attenuated in WNK3 knockout
mice (1238). Bumetanide, an NKCC1 inhibitor, also atten-
uates ANG Il-induced mesenteric artery tension in hyper-
tensive rats (162). ANG II infusion increases NKCC1 ex-
pression in arteries, which involves transcriptional activa-
tion of the promoter via histone modification.

Cullin3 and Kelch-like proteins (KLHL) are part of the
ubiquitin-proteasome system that regulates WNK activity.
In mouse aortic VSMCs and aorta, ANG II decreases
KLHL2 by selective autophagy via sequestosome-1 (aka
ubiquitin-binding protein p62), leading to enhanced
WNK3 expression and NKCC1 phosphorylation in
VSMCs. In addition, cullin3 silencing enhances WNK3 ex-
pression induced by ANG II in VSMCs (1237). In humans,
a cullin3 mutation (CUL3A9) causes pseudohypoaldoste-
ronism type I, a dominant monogenetic form of hyperten-
sion (95). In smooth muscle-specific transgenic mice ex-
pressing CUL3A9, ANG II-induced vasoconstriction is en-
hanced, which is associated with increased RhoA, a
substrate of cullin3, and aortic stiffness (13, 409). These
data suggest that cullin3 mediates ANG II-induced hyper-
tension via 2 pathways (WNK3/NKCC1 and RhoA/
ROCK).

Opening of Cl™ channels within plasma membrane of
VSMCs causes Cl™ efflux and membrane depolarization.
Ca®"-activated chloride currents have been described in
VSMCs and can activate voltage-gated Ca*>" channels. The
Ca’"-activated chloride channel ANO1 (anoctamin-1)/
TMEM16A has been identified to mediate Ca**-activated
chloride currents. ANG II-induced development of hyper-
tension is significantly suppressed in smooth muscle-specific
ANO1-deficient mice (371). In cultured VSMCs, ANG II
increases expression of ANO1, which in part mediates in-
tracellular Ca®* elevation (1103).

4. Transient receptor potential canonical channels
and stromal interaction molecule 1

In addition, the canonical subfamily transient receptor po-
tential canonical channels (TRPC) are thought of as puta-
tive candidates for receptor-operated cation channels
(ROCCs). Among the seven members of vertebrate TRPCs
(TRPC1 to TRPC7), TRPC2, TRPC3, TRPC6, and TRPC7

are activated by DAG. Sustained cation influx induced by
activation of DAG-activated TRPC channels leads to mem-
brane depolarization, resulting in activation of voltage-de-
pendent L-type Ca>" channels. The Ca®" influx-mediated
Ca®" response induced by ANG II is suppressed by knock-
down of TRPC6 in VSMCs, but not TRPC3 or TRPC7
(753). TRPC channel blocker SKF96365 blocks increased
myogenic tone in response to ANG II infusion, and is
associated with cytochrome P-450 omega-hydroxylase
and 20-hydroxyeicosatetraenoic acid (20-HETE) pro-
duction (1057). STIM1 is an ER Ca’" sensor, which
plays a critical role in the activation of Orail channels at
the plasma membrane that mediate store-operated Ca**
entry. Smooth muscle-specific STIM1-deficient mice do
not develop hypertension upon ANG II infusion; the vas-
culature of STIM1-deficient mice exhibits impaired ER
stress responses and is protected from ANG Il-induced
endothelial dysfunction (464).

5. Contribution of other receptors

As mentioned, AT R interacts and forms a heterodimer
with other GPCRs including the prostaglandin F, , receptor
and purinergic P2Y6 receptor. Treatment with a prosta-
glandin F,_ receptor antagonist reduces ANG Il-induced
contraction. Contractile responses elicited through ANG II
or prostaglandin F, , likely involve heterodimer-dependent
activation of the Gofq-PLC-Ca2+ cascade as antagonism of
either receptor reduces IP; production (334). Similar rela-
tion is found between AT R and inflammation-inducible
P2Y6 receptor. The receptor antagonist or genetic knock-
down attenuates ANG II-induced hypertensive responses,
including ROS production and endothelial dysfunction.
Mechanistically, P2Y6 receptor converts VSMC AT, R sig-
nal from B-arrestin-dependent proliferation to G protein-
dependent hypertrophy (752).

Likewise, downstream of ANG II and AT,R signaling,
VSMC mineralocorticoid receptor (MR) stimulation pro-
motes increased blood pressure, oxidative stress, vascular
contraction, and expression of L-type Ca** channels. Po-
tential crosstalks between AT, R signaling and MR signal-
ing independently from aldosterone actions have been re-
ported (677). Also, VSMC MR-deficient mice show de-
creased elevation in systolic blood pressure and oxidative

stress during ANG II infusion, suggesting a regulatory role
of MR on ANG II-induced BP elevation (678).

6. ROS, Nox, and S0OD

As mentioned in an earlier section, ROS production via
NADPH oxidase, Nox, induced by ANG II has been
strongly implicated in ANG II pathophysiology, including
enhanced vasoconstriction, endothelial dysfunction, vascu-
lar remodeling, and hypertension. There are excellent re-
views focusing on the signaling and cellular mechanisms of
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this topic (308, 537, 711, 746, 911). The readers is sug-
gested to refer to these articles for molecular understanding
of ROS regulation in the vasculature.

The roles of ROS in mediating endothelial dysfunction are
well established [at least experimentally (378, 628)]. Recent
accumulating findings further support the roles of EC- and
VSMC-derived ROS in mediating hypertension induced by
ANG ITin vivo, although there are many controversial find-
ings. It has been shown that smooth muscle specific Nox1
transgenic mice demonstrate enhanced ROS production,
hypertension, and vascular remodeling in response to ANG
II infusion, which are attenuated with an antioxidant Tem-
pol (234). As such, ANG II-induced hypertension is atten-
uated in Nox1-deficient mice, whereas conflicting data are
observed regarding the prevention of vascular hypertrophy
(310, 665). Smooth muscle CYP1B1-mediated ROS pro-
duction has also been implicated in ANG II-induced hyper-
tension (430, 823). In p47ph°"—deﬁcient mice, ANG II-in-
duced hypertension (535) and afferent arteriolar contrac-
tion response are attenuated together with renal cortical
NADPH oxidase activation (532). Nox2 deletion in ECs,
but not in myeloid cells, attenuates ANG II-induced hyper-
tension in mice (898). Thus, in EC-specific Nox2 transgenic
mice, ANG II-induced endothelial dysfunction, hyperten-
sion, and cardiac remodeling are augmented (68, 725, 726).

In contrast, in a transgenic mouse that produces human
active renin in the liver, deletion of Nox1 (1208) or Nox2
(1059) does not alter hypertension, while oxidative stress is
attenuated. In endothelial cell-targeted Nox4 transgenic mice,
enhancement of basal H,O, production was observed. How-
ever, ANG II-induced elevation in blood pressure was reduced
in the mice (860). In smooth muscle-specific SOD3 knockout
mice, ANG Il-induced vascular superoxide production is en-
hanced, and NO levels are reduced. However, vascular inflam-
mation and hypertension are not augmented. In contrast, si-
lencing of SOD3 in circumventricular organs, augments hy-
pertension induced by ANG Il infusion emphasizing the role of
brain ROS in ANG II-induced hypertension (607).

ROS are also produced by immune cells in response to ANG
II stimulation. Lysozyme M-positive monocytes mediate
ANG II-induced arterial hypertension, vascular dysfunc-
tion, and ROS production (1141). Specifically, T cells ap-
pear to contribute to ANG II-induced hypertension in mice
(54, 1093). Highly reactive isoketals-dependent dendritic
cell activation is proposed for ANG Il-induced T cell pro-
liferation and activation (498). Mice lacking a transcription
factor, T-box, expressed in T cells, which mediates IFN-vy
formation in immune cells, are protected from ANG II-
induced vascular injury (511). Additionally, T cell-derived
IL-17A mediates ANG II-induced hypertension and inflam-
mation-associated vascular dysfunction (630). In close re-
lation to the role of immune response in ANG II-induced
hypertension, the absence of microbiota in germ-free mice
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protects from ANG II-induced vascular ROS production
and hypertension (459).

The role of copper transport protein antioxidant 1 in ANG
[I-induced hypertension has also been demonstrated.
SOD3/extracellular Cu/ZnSOD is known to protect against
ANG II-induced endothelial dysfunction and hypertension
and is induced by ANG II in VSMC (326). VSMC antioxi-
dant 1 is increased by ANG II and appears to upregulate
SOD3 transcription by binding the promoter. Antioxidant
1 also participates in copper transport for SOD3 via bind-
ing with ATP7A leading to SOD3 activation. Thus, in an-
tioxidant 1-deficient mice, enhanced hypertension and
worsened endothelial function are observed with ANG 1II
infusion (789).

Cumulatively, significant advances have been made in de-
termining the direct signaling ANG II mediates to regulate
vasoconstriction in vivo. Evidence appears to indicate tight
regulation of Ca>" and Cl~ through multiple avenues (FIG-
URE 4) as well as provide clarity into G protein and Rho
kinase signaling (FIGURE 5). However, additional investiga-
tions are desired regarding the potential roles of putative
kinases, other receptors, and ROS/Nox in ANG II-induced
hypertension.

B. Vascular Hypertrophy and Hyperplasia

1. EGFR, JAKZ2, and hypertension-independent
mechanisms

One of the most implicated mechanisms in which ANG II
promotes vascular hypertrophy and hyperplasia is through
downstream ERK1/2 signaling. Specifically, ANG II phos-
phorylates and activates a transmembrane metalloprotei-
nase ADAM17, promoting HB-EGF shedding and transac-
tivation of the EGFR. EGFR stimulation promotes down-
stream ERK signaling and ER stress, as well as working in a
feedback loop to promote ADAM17 induction (289).
Blockade of EGFR or ER stress attenuates ANG II-induced
vascular wall thickening in mice, which highlights the im-
portance of this signaling cascade in hypertensive vascular
remodeling (1035). The VSMC specific mechanism of
EGFR transactivation is further supported by data with
smooth muscle specific ADAM17-deficient mice where
ANG II-induced EGFR transactivation and vascular re-
modeling, but not hypertension, are attenuated (1034).
Note that ADAM17 colocalizes with Cav1 at lipid rafts in
VSMCs (1027), and ANG II infusion increases Cavl ex-
pression in mouse aorta (288). The link between EGFR
activation and Cav1 induction is further supported by the
fact that ANG II-dependent Cav1 expression, EGFR acti-
vation, and cerebral artery hypertrophy are attenuated in
mice carrying the waved-2 mutation in EGFR (136). Thus
Cav1l—/— mice are protected from ANG II-dependent vas-
cular remodeling (288, 1077). Commensurate with a role in
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FIGURE 4. lon regulation and ANG ll-induced vasoconstriction. AT,R stimulation leads to NCC and NKCC
activation via a WNK/SPAK/OSR1 signaling cascade. Furthermore, AT,R-stimulated Ca®" release can
occur through an ORAI1 /STIM1 mechanism leading to ER Ca®" release from the IP5 receptor. Likewise,
AT,R-induced PLC/DAG induces TPRC and LTCC leading to increased Ca®" entry. Elevated Ca®* can also
induce ANO1 and VDCC leading to further Ca®" entry. AT,R-dependent activation of Nox and the MR
induces ROS leading to vasoconstriction. Importance of AT,R/GPCR heterodimer formation in enhancing
vasoconstriction has also been recognized.
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tyrosine kinases in mediating vascular remodeling induced
by ANG IL

One may consider that a decrease in vascular remodeling
should reduce the high blood pressure response to ANG II;
however, in a 2 wk ANG II (1 ugkg 'min~"') infusion
model with both genetic [Cavl or ADAM17 deletion (288,
1034)] and pharmacological [EGFR inhibitor erlotinib or
ER stress inhibitor PBA, 4-phenylbutyrate (1035)] interven-
tions, suppression of vascular remodeling does not alter
hypertension. The concentration of ANG II used in these
protocols (1 ug-kg™'min~!) may maintain hypertension
even with a reduction in vascular remodeling. Many pub-
lished articles using a similar dose of ANG II demonstrate
that near-maximal hypertensive responses occur within a
few days (190, 986). Likewise, time course analysis of vas-
cular remodeling in response to ANG II in mice shows grad-
ual arterial hypertrophy initiating at day 3, and developing
for 4 wk (1263), suggesting that vascular remodeling may
not be required for the establishment of hypertension in
response to a high dose of continuous ANG II infusion. In
contrast, at a 60% lower dose of ANG II, 4-phenylbutyrate
reduces both cardiac fibrosis and hypertension (465). These
data can be interpreted to mean that the mechanism of
vascular remodeling induced by ANG 1II is at least in part
hypertension independent, which is also consistent with
other studies showing that ANG Il-induced arterial medial
thickening is independent of blood pressure in mice (784).

2. Serine threonine kinases

In vivo pharmacological investigation in mice together with
in vitro VSMC data suggests that CaMKII contributes to
hypertension and the hypertrophic response elicited by
ANG II. CaMKII phosphorylates HDAC4, promoting its
nuclear export and activation of hypertrophic transcrip-
tional activator, MEF2 (565). The role of CaMKII in ANG
[I-induced arterial remodeling is further supported by trans-
genic mice constitutively expressing a CaMKII inhibitory
peptide specifically in smooth muscle cells. In addition to
suppression of ANG Il-induced vascular remodeling, en-
hanced arterial stiffness, ECM gene expression, barorecep-
tor activity, and hypertension are reduced (836). Other ser-
ine threonine kinases implicated in ANG II-induced vascu-
lar hypertrophic responses include mitogen-activated
protein kinase-activated protein kinase 2 (MK2) and
PKC-6. MK2 is a downstream target of p38 MAPK and is
phosphorylated in response to ANG II. MK2—/— mice ex-
hibit a delay in ANG Il-induced hypertension associated
with reduced NADPH oxidase activation, VSMC prolifer-
ation, and inflammatory markers (250). PKC-8 may also
play a role in the hypertrophic response (740). ANG II/
AT, R signaling induces phosphorylation (Ser'®') and deg-
radation of SM22« through PKC-8, which in turn promotes
PKC-8 binding to p47P", leading to ROS production, and
hypertrophy and hyperplasia of VSMCs (618). However,
there is concern over in vivo findings regarding the role of
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SM22a, since the adenoviral vector used to target vascular
SM22a may not be effectively transduced.

3. ROS and the NADPH oxidases

Among the components of NADPH oxidase implicated in
ANG 1I pathology, p47PP°* deficiency attenuates medial
expansion of the aorta, and a redox-sensitive gene, ID3,
deficiency reduces hyperplasia within the ascending aorta
(784). As mentioned, it has been shown that smooth muscle
specific Nox1 transgenic mice demonstrate enhanced ROS
production, hypertension, and vascular remodeling in re-
sponse to ANG II infusion, which are attenuated with the
antioxidant Tempol (234). In Nox1 null mice, ANG II-
induced development of hypertension and vascular medial
hypertrophy is blunted (310). The role of ANG II in the
production of superoxide in hypertension and vascular re-
modeling has been further confirmed in SOD1 knockout
and transgenic mice. ANG Il-induced hypertension and in-
ward vascular remodeling are exaggerated in SOD1 knock-
out mice, whereas these responses are reduced in SOD1
transgenic mice (122). In contrast, ANG II-induced hyper-
tension is unaltered in Nox2-deficient mice (1059), while
inward vascular remodeling is attenuated in cerebral arte-
rioles (135). In mice with inducible Nox4 deletion, ANG
[I-induced vascular hypertrophy is exaggerated whereas hy-
pertension is unaltered. The mechanism seems to involve
reduced Nrf2-dependent heme oxygenase-1 expression in
endothelial cells (930). Overall, while these findings suggest
a potential contribution of ROS in hypertension and/or vas-
cular remodeling, the exact roles of VSMC ROS and Nox
components in hypertensive vascular remodeling remain
uncertain.

4. Transcription factors

A role for transcriptional factors has emerged in regulation
of vascular hypertrophy and hyperplasia induced by ANG
II. HIF-1« is upregulated in response to ANG II in mouse
aorta and induces ADAM17 through a transcriptional
mechanism (765). Smooth muscle knockout of HIF-1« at-
tenuates medial wall thickening in response to ANG II
(414). While suppression of ANG II-dependent hyperten-
sion development is reported in the same study (414), other
studies report that smooth muscle HIF-1a-deficient mice
develop hypertension and hyperresponsiveness to ANG II,
which involves PPAR y-mediated upregulation of vascular
AT R (404). Therefore, further research is needed to ex-
plore the role and mechanism of VSMC HIF-1a in modu-
lating hypertensive vascular remodeling. It has also been
reported that ANG II infusion leads to vascular Ets-1 ex-
pression, and ANG II-induced vascular remodeling, but not
hypertension, which is completely blocked in Ets-1-defi-
cient mice (1239). MCP1, VCAM-1, PAI1, CREG, p47Phox,
and ROS production are proposed to be the downstream
targets of Ets-1, mediating ANG II-dependent vascular re-
modeling (583, 750, 1239).
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A few negative regulatory transcriptional factors against
ANG II-induced vascular remodeling have also been re-
ported. ESE-1 belongs to the Ets family of transcription
factors and is induced by ANG II; however, ESE-1 appears
to be a counterregulatory factor of vascular remodeling. In
ESE-1-deficient mice, ANG II-induced vascular remodeling
and hypertension are enhanced compared with control mice
(1240). Nur77 is a nuclear orphan receptor, and ANG II
induces Nur77 in VSMCs via MAPK/CREB activation,
which contributes to VSMC phenotype switching. Like-
wise, Nur77—/— mice exhibit increased aortic collagen de-
position, medial thinking, and disruption of elastin. The
current rationale for Nur77 involvement in ANG Il-in-
duced vascular remodeling is through its suppression of
B-catenin (194). SIRT1, the closest homologue to yeast
silent information regulator 2 (Sir2) protein in the hu-
mans, functions as a nicotinamide adenine dinucleotide
(NAD")-dependent protein and histone deacetylase,
which has been implicated in the processes of aging, me-
tabolism, and tolerance to oxidative stress. SIRT1 ex-
pression and activity declines in ANG Il-infused aorta.
Smooth muscle specific SIRT1 transgenic mice are pro-
tected against ANG II-induced vascular remodeling,
which is associated with reduced MCP1 induction (306).
In addition, VSMC SIRT1 overexpression in apoE—/—
mice protects against ANG II-dependent AAA, which is
associated with inhibition of NF-«B activation, MCP1
induction, and senescence (149).

5. Phosphalipase A5 and vascular remaodeling

ANG II is a known activator of phospholipase A, (PLA,)
and arachidonic acid production, resulting in downstream
eicosanoid production that can exert pro- or antihyperten-
sive effects. Intriguingly, cPLA,a-deficient mice are pro-
tected from ANG II-induced hypertension and show signif-
icant prevention of vascular remodeling (aortic hypertro-
phy, fibrosis) commensurate with reductions in ERK1/2
and cSrc expression (486). In addition, ANG II infusion
increases vascular expression of Ca?"-independent PLA,,
iPLA,B. In smooth muscle specific iPLA, 3 transgenic mice,
ANG II-induced hypertension and vascular remodeling are
enhanced, which likely involves c-Jun activation via the
12/15-lipoxygenase pathway (110).

Overall, significant advancements have been made in un-
derstanding how ANG II can instigate vascular hypertro-
phy and hyperplasia, and a key hallmark to this cascade
appears to be ADAMI17 activation and downstream
ERK1/2 activation (FIGURE 6). However, there is still con-
troversy in this field highlighted by the evidence that EC or
VSMC AT,R depletion does not prevent ANG II-induced
medial thickening. This mechanism can be largely depen-
dent on neural- and fibroblast-specific AT,R in the ascend-
ing aorta based on the data with cell type specific AT, R-
deficient mice (825), although the promoter used for fibro-
blast-specific targeting appears to be expressed in other cell
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types (163). TABLE 5 summarizes cell type specific signal
mediators thus far reported in ANG Il-induced vascular
remodeling. The EGFR pathway appears central in mediat-
ing ANG II-induced vascular hypertrophy, whereas addi-
tional evidence is needed for other kinases and Nox/ROS in
mediating ANG II-dependent vascular remodeling. Further-
more, investigation is needed into the precise role of tissue
specific ANG 1I signal transduction to elucidate the key
roles these tissues play in pathogenesis of vascular hyper-
trophy and hyperplasia.

C. Vascular/Perivascular Fibrosis and
Arterial Stiffness

Arterial stiffness precedes the development of hypertension
and is associated with aging. It is caused by excessive fibro-
sis and reduced elasticity, which is associated with increased
collagen deposition, increased elastin fiber degeneration,
calcification, and cross-linking of collagen molecules. There
is an excellent review article regarding the molecular mech-
anism of vascular fibrosis, where the critical roles and bal-
ance of MMPs and TIMPs, and contribution of TGF-g,
PAI1l, CTGF, and galectin-3 are discussed. Moreover, ANG
IT appears to be central among other factors (i.e., aldoste-
rone and ET-1) in inducing vascular (pro)fibrotic responses
and is capable of activating and/or inducing all of the above
factors (360).

1. Relation between vascular fibrosis and
hypertrophy

While the progression of ANG II-stimulated vascular fibro-
sis may result from stimulation of various cascades, almost
all studies demonstrating attenuation of vascular hypertro-
phic responses by ANG II are associated with suppression
of perivascular fibrosis, suggesting a close causal relation-
ship between these responses. However, one study reports
that N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP), an al-
ternative target of ACE, prevents vascular fibrosis without
altering hypertension or arterial medial thickening in rats
infused with ANG II. This is associated with inhibition of
vascular ROS and TGF-f, suggesting central roles for these
factors in vascular fibrosis induced by ANG II (591). Ge-
netic replacement of IkBa with IkBB also attenuates ANG
[I-induced NF-«B activation, inflammation, and perivascu-
lar fibrosis but not vascular hypertrophy (1180). However,
as mentioned in the previous section, tissue-specific genetic
engineering has highlighted the role of fibroblast AT{R in
promoting ANG II-dependent vascular hypertrophy in the
ascending aorta (825). This highlights the significance and
novelty of adventitial fibroblast signaling in promoting
paracrine signaling whereby activated fibroblasts mediate
changes in endothelial and vascular smooth muscle cell
function through an “outside-in” mechanism in addition to
promoting perivascular fibrosis. Recent reviews have shed
light on this topic (634, 683).
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FIGURE 6. ANG Il signaling in vascular hypertrophy/hyperplasia. Recent studies have uncovered numerous
pathways to ANG I-induced vascular growth. ANG Il induces ADAM17 activity and resultant EGFR activation
leading to downstream ERK /Akt/p70S6K activation, HIF-1« induction, and ER stress resulting in hypertrophy.
AT,R activates p38, MK2, and Nox leading to ROS production. ROS can also be induced through JAK2-
dependent mechanism, whereby ROS induces ROCK activity resulting in hypertrophy. Furthermore, ANG II
induces CaMKIl activation leading to HDAC2 phosphorylation, nuclear export, and resultant MEF2 activity
leading to hypertrophic gene transcription. ANG Il has also been found to regulate hypertrophic/proliferative
signaling via cPLA,a/c-Src/ERK and iPLAB/lipoxygenase/c-Jun signaling.

2. Cytokines and EGFR

Of importance in perivascular fibrosis is the induction of
cytokine and growth factor responses by ANG II. TGF-3
and downstream Smad3 are required for ANG II-induced
vascular fibrosis (1119). ANG II also induces TNF-a ex-

Table 5. Cell type-specific signal mediators in ANG ll-induced
vascular structural remodeling

Reference

Cell Type Mediator Model Remodeling BP  Nos.

VSMC ADAM17 f/f-sm22« Cre l « 1034
VSMC CaMKIl  Inhi* sm22a-Tg | l 836
VSMC HIF1 o f/f-sm22a Cre | l 414
VSMC iPLAoB  smmhc-Tg 1 1 110
VSMC JAK2 f/f-sm22a Cre | l 499
VSMC Nox1 smmhc-Tg 1 1 234
VSMC Sirt1 sm22a Tg l l 306
Fibroblast ~AT,,R  S100A4 Tg l « 825
Macrophage C1q Clga—/— l < 1010
B cell IgG BAFF-R—/— ! l 134

*Ca®* /calmodulin protein kinase Il (CaMKIl) peptide inhibitor.
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pression, contributing to increased blood pressure and car-
diac hypertrophy (991). ANG II-induced TNF-« facilitates
cardiac interstitial and perivascular fibrosis through in-
creased collagen, CTGF, and TGF-B production. In cardiac
tissue, this response is dependent on TNF-a-induced ROS
production through upregulation of Nox2, p22Phox
p47Phox | p67Phox " and downstream activation of NF-kB,
p38MAPK, and JNK (990). Furthermore, TNF-a exacer-
bates the ANG Il response through feedback regulation of
AT,R (817). AT, R signaling appears to be at the crux of
fibrotic signaling as inhibition of prolyl hydroxylase do-
main-containing protein (PHD, HIF-1a target) through
cobalt chloride administration reduces AT, R expression,
ERK1/2 activation, and perivascular fibrosis in response
to ANG II (670). Direct inhibition of AT,R is also pro-
tective against perivascular fibrosis (217). In addition,
ANG II-dependent activation of ADAM17 mediates
EGFR transactivation, ER stress, oxidative stress, and
perivascular fibrosis. Activation of ADAM17 promotes
both HB-EGF and TNF-« production, and the ADAM17
promoter contains an ER stress response element, pro-
moting feedback regulation within this cascade (766,
1034). Showing causality, suppression of ER stress atten-
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uates ANG II-induced collagen accumulation in VSMCs
(1034).

ANG II infusion in aged rats causes vascular calpain 1 in-
duction leading to MMP2 activation (438). Based on the
findings using calpastatin (an endogenous calpain inhibitor)
transgenic mice infused with ANG II as well as cultured
VSMC, calpains have been proposed as downstream of
EGFR transactivation, which mediates ANG II-induced
vascular hypertrophy, fibrosis, and NF-kB activation/
inflammation as well as cardiac hypertrophy (557). In ad-
dition, ANG II-induced cardiac perivascular fibrosis is at-
tenuated in heterozygous Rho-kinase 1 (ROCK1+/—) mice
without altering cardiac hypertrophy (869). This cardiac
phenotype is associated with suppression of mRNAs for
CTGF, TGF-B, and collagen type III. A role for vascular
Notch signaling through +y-secretase in perivascular fibrosis
and vascular remodeling has also been reported (785). A
recent study has pointed to a role for EC-derived ET-1 in
ANG II-induced perivascular fibrosis as well (11).

3. Mineralocorticoid receptor

The transgenic mRen2 (27) rat is a unique model of en-
hanced RAS activity in which tissue renin, ANG II, and
circulating aldosterone are increased leading to hyperten-
sive cardiovascular remodeling and inflammation. Investi-
gation of this model has contributed to our understanding
of the relationship between the RAS, oxidative stress, and
perivascular fibrosis. In young mRen2 (27) rats, an antiox-
idant, Tempol, prevents cardiac oxidative stress and
perivascular fibrosis without altering hypertension (1144).
A subsequent study also showed that low-dose MR blocker,
spironolactone, attenuates perivascular fibrosis and cardiac
NADPH oxidase activity, suggesting the contribution of
MR activation in this model (350). In addition, vascular
MR-deficient mice develop less vascular fibrosis from aging
and are protected from ANG II-induced vascular oxidative
stress and hypertension (678).

The mechanism by which aldosterone stimulates perivascu-
lar fibrosis via MR appears to require apoptosis-signal reg-
ulating kinase 1 (ASK1), which mediates vascular ROS pro-
duction (739). Requirements of smooth muscle MR and
galectin-3 have also been described (112, 838). Taken to-
gether, these reports suggest an important contribution of
VSMC MR activation and subsequent ROS generation in
ANG II- or aldosterone-induced perivascular fibrosis.

4. ANG Il mechanisms of arterial stiffness

The clinical understanding of this topic has been reviewed
before and includes the efficacies of RAS inhibitors (633).
Recent in vivo measurements of arterial stiffness in animal
models of hypertension have advanced our knowledge by
which ANG II contributes to the development of vascular
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stiffness, including mechanisms involving tissue-specific
RAS (34).

A selective AT,R agonist, C21, reduces vascular stiffness in
two distinct hypertension models in rats [stroke-prone SHR
(864) and Wister rats treated with L-NAME (806)] without
altering blood pressure. In the study with stroke-prone
SHR, reduced vascular collagen accumulation by C21 is
observed along with a reduction in oxidative stress and
inflammatory cell infiltration. These findings suggest that
the mechanism causing arterial stiffness in hypertension
could be separate from blood pressure. However, the sig-
naling mechanism by which AT,R stimulation reduces ar-
terial stiffness remains obscure. In contrast, enhanced arte-
rial stiffness induced by ANG II infusion in mice is attenu-
ated with normalization of blood pressure by hydralazine
and hydrochlorothiazide, suggesting a blood pressure-de-
pendent mechanism. The mechanism is attributed to p38
activation in arterial fibroblasts, as mechanical stretch-in-
duced collagen expression is prevented with p38 inhibition.
Moreover, p38 inhibition attenuates hypertension, adven-
titial collagen contents, and arterial stiffness in ANG II-
infused mice (1161). Involvement of inflammatory T cells
and cytokine IL-17 in the development of hypertension and
arterial stiffness are also noted (630, 1161). ANG II reduces
the number of immune inhibitory regulatory T cells (Treg),
and adoptive transfer of Tregs reduces blood pressure, ox-
idative stress/inflammation, endothelial dysfunction, and
arterial stiffness in mice infused with ANG 1I (54, 263).
Furthermore, stimulation of Treg proliferation in ANG II-
infused mice via an IL-2/mAbCD25 immune complex res-
cues mice from collagen accumulation and arterial stiffen-
ing, as well as reduces IL-17 gene expression and immune
cell infiltration (636). However, hypertension is not inhib-
ited in this study, suggesting a complex relationship among
adventitial mechanical stress, inflammation, and hyperten-
sion. In addition, Sca-1" progenitor cells and bone marrow-
derived infiltrating fibrocytes are also required for arterial
fibrosis in ANG II-induced hypertension (1160).

Among the regulators to vascular stiffness, the roles of
MMPs and TIMPs in ECM homeostasis appear essential.
Specifically, enhanced degradation of ECM enables vascu-
lar smooth muscle cells to migrate and proliferate, and in-
flammatory cells to infiltrate the arterial wall during vascu-
lar remodeling (1112). ANG II infusion enhances vascular
MMP2 activity through a mechanism involving ADAM17
and MMP7, and MMP2 siRNA infusion attenuates ANG
[I-induced hypertension in mice (768). Alternatively, if
TIMPs override MMPs, a depressed degradation of col-
lagen type I and elastin may facilitate aortic stiffness and
organ fibrosis (850). In TIMP3 knockout mice, ANG
[I-induced hypertension is attenuated, which is explained
by adverse vascular remodeling associated with reduced
vascular ECM contents due to enhanced MMP2 activity.
However, no phenotypic alteration is observed with
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TIMP1, TIMP2, or TIMP4 knockout mice infused with
ANGII (59).

As introduced in the fibrosis section, ER stress also plays a
role in enhancing arterial stiffness. An ER stress inducer,
tunicamycin, causes hypertension and arterial stiffness, and
inhibition of ER stress using 4-phenylbutyric acid (PBA)
prevents arterial stiffness and hypertension. VSMC apopto-
sis is proposed as a potential mechanism regulated by ER
stress (989). Other potential VSMC mechanisms contribut-
ing to arterial stiffness include arginase-1, lysyl oxidase
(Lox), cullin-3, and COX-2 (see below). Arginase-1 inhibits
NO production by reducing r-arginine availability. It also
elevates ornithine, a substrate for ornithine decarboxylase
and ornithine aminotransferase to potentiate cell prolifera-
tion and collagen formation, respectively. In heterozygous
Argl+/— mice, ANG Il-induced increases in arterial stiff-
ness, vascular stiffness, perivascular fibrosis, and endothe-
lial dysfunction are prevented. In addition, ANG II in-
creases expression and activity of arginase-1 in VSMCs
(78). Lox cross-links ECM to stabilize fibrous ECM pro-
teins and produces H,O,. Lox inhibitor, 8 aminopropion-
itrile (BAPN), reduces ANG II-induced arterial stiffness,
and cross-linked collagen in mice. This is associated with
reduction of adventitial thickness, but not medial thickness.
The contribution of Lox to arterial stiffness is confirmed
with smooth muscle specific Lox overexpressed mice, which
show higher vascular stiffness, but normal blood pressure
(656). ANG II further enhances vascular Lox expression,
and BAPN reduces ANG Il-induced arterial stiffness, oxi-
dative stress, and p38 MAPK activation in mice (656). As
mentioned, loss of cullin-3 mediates hypertension as well as
arterial stiffness (13). Although enhanced RhoA/ROCK sig-
naling mediated vascular dysfunction, it remains unclear if
it also mediates vascular stiffness. ANG II is known to in-
duce COX2 and COX2-derived prostanoids such as PGE,.
COX2—/= mice, COX2 inhibitor celecoxibm, and EP,R
antagonist SC19220, all of which have been shown to re-
duce ANG II-induced vascular stiffness along with collagen
deposition (40).

Another mechanism by which ANG II contributes to arte-
rial stiffness is through vascular calcification. When rabbits
fed an atherogenic diet to induce atherosclerosis and arte-
rial calcification are administrated with an ARB, calcifica-
tion together with expression of BMP2 and osteocalcin are
attenuated (33). Rats treated with warfarin and vitamin K
with or without AT,R blocker losartan also demonstrate
that the ARB reduces aortic calcification with suppression
of BMP2 and Runx2 (570). ANG II also upregulates the
receptor activator of NF-«B ligand (RANKL) system in
VSMCs, which is known to increase BMP2 expression,
and bone-related genes cbfal and msx2, which cumula-
tively promote vascular calcification, and enhanced ACE
expression and AT;R mRNA in vivo. Blockade of AT,R
prevents RANKL expression and vascular calcification in
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ovariectomized apoE—/— mice fed with high-fat diet
(780).

Overall, ANG II-enhanced vascular fibrosis and arterial
stiffness require mechanisms involving adventitial fibro-
blasts, VSMCs, immune cells, and ECM modulation inter-
acting with inflammatory mediators and related signal
transduction (FIGURE 7). Among them, emphasis should be
placed on the roles of ADAM17, TNF-a, TGF-8, EGFR,
MR, and ER stress.

D. Atherosclerosis
1. Clinical evidence and research limitation

Inhibition of the RAS is one of the key pharmacological
approaches in both primary and secondary prevention of
atherosclerotic cardiovascular diseases in humans. Emerg-
ing evidence indicates that the beneficial effects of RAS
inhibitors are not only due to their effects on blood pres-
sure, but due to a direct inhibition of other ANG II actions,
including its inflammatory activity (709). Clinical evidence
suggests that ANG II contributes to initiation and progres-
sion of atherosclerosis by inducing endothelial dysfunction,
inflammation, oxidative stress, thrombosis, and plaque de-
stabilization in humans (1081). Less is clear regarding the
molecular and cellular mechanisms by which ANG II pro-
motes atherosclerosis. It has been proposed that AT,R ac-
tivation on inflammatory cells can be a major mechanism of
ANG 1I contribution to atherosclerosis. However, while
there is a consensus that systemic AT;R deletion prevents
atherosclerosis in mice (1128), no consistent data have been
accumulated for bone marrow deletion of the receptor. In
addition, inconsistent data have been reported regarding
the role of AT, receptor in atherosclerosis (208). There is
also a limitation in studying downstream signal transduc-
tion of the AT R in promoting atherosclerosis. Available
atherosclerosis models require hypercholesteremia to gain
ANG II-dependent enhancement. Thus modulation of the
atherosclerotic phenotype with signal manipulation may
not be directly attributed to a potential AT;R mechanism.
For the most part, recent core review articles have few de-
scriptions of RAS signaling and molecular and cellular
mechanisms of atherosclerosis (72, 196, 484, 982, 1021)
except a few [ANG II promotes hypertension and ROS to
cause endothelial dysfunction (319) and contribution of
leukocyte ACE (see below) (612)]. Taking these limitations
in mind, we will describe recent progresses toward under-
standing the molecular mechanism of atherosclerosis in-
volving RAS.

2. Controversies in the cell type specific ANG Il
mechanisms

It has been shown that in apoE—/— mice, even with low-fat
diet, DOCA/salt treatment accelerates atherosclerosis that
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FIGURE 7. ANG Il signaling and vascular
fibrosis. Transforming growth factor
(TGF)-B1 plays a central role in ANG II-
Collagen ¢ \ induced vascular fibrosis. AT,R can induce

TGF-B1 through an ADAM17/TNF-a path-
T : way as well as through EGFR transactivation
leading to ER stress and ROS generation.
Likewise, AT,R can induce p38 activation
and Arg-1 expression, both of which lead to
collagen production. ANG I-induced MR ac-
tivation also induces ASK1 and downstream

|_[ Ac-SDKP ] Ornithine

is protected with ARB treatment. Adventitial macrophages
are proposed to express local/tissue ANG II in this model
(1137). However, ACE in bone marrow-derived cells has
been shown to contribute to ANG I-enhanced atherosclero-
sis, but not necessarily ANG II (154). In addition, smooth
muscle ACE activity appears to be critical for hypocholes-
teremia-induced atherosclerosis, as smooth muscle specific
ACE knockout mice on an LDR —/— background are resis-
tant against high-fat diet-induced atherosclerosis, a finding
that is not recapitulated in endothelial specific ACE knock-
out mice (153). While there may be a beneficial effect due to
smooth muscle specific deletion of ACE, other components
of the RAS may be dispensable in the development of ath-
erosclerosis, as neither smooth muscle nor endothelial
AT, AR deletion prevents atherosclerosis (858). These stud-
ies suggest that VSMC-derived ANG II acts on other cell
types (possibly fibroblasts) or an ANG II-independent ac-
tion of VSMC ACE may play a role.

3. Inflammatory ANG Il signals

To support the central role of IFN-vy in vascular inflamma-
tory activation, suppression of ANG Il-enhanced athero-
sclerosis is observed in IFN-vy-deficient apoE—/— mice,
which is associated with reduced CXCL10 expression.
However, AAA phenotype is enhanced in the IFN-vy defi-
cient mice, suggesting a distinct molecular mechanism for
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Nox induction leading to ROS and TGF-1
signaling.

ANG II-induced AAA (497). Similar phenotypic modula-
tion is observed with an ET-1 receptor antagonist in
apoE—/— mice (1006). The role of TNF-a has also been
tested in ANG Il-enhanced atherosclerosis. In p55 TNFR-
deficient LDLr—/— mice, ANG II-enhanced atherosclerosis
is significantly reduced, which is associated with downregu-
lation of adhesion molecules, inflammatory cytokines, and
chemokines; however, the AAA phenotype is unaltered
(1166). CCR2 is a cognate receptor for MCP1, and ANG
II-enhanced atherosclerosis and AAA (as well as TAA) are
attenuated in CCR2 apoE double-knockout mice (209).
CD31-derived T cell inhibitory peptide has also been used
to assess the role of T cell activation in atherosclerosis and
AAA induced by ANG II. Peptide treatment reduces both
pathologies and inhibition of T cell activation and macro-
phage recruitment (287). Calpain is a Ca”"-sensitive pro-
tease with several unique substrates. Transgenic mice on
LDR—/— background overexpressing the endogenous cal-
pain inhibitor calpastatin in bone marrow-derived cells
were resistant to ANG Il-induced atherosclerosis but not
AAA. Myeloid cell-specific calpain 1 or 2 deletion also at-
tenuates ANG II-enhanced atherosclerosis, but not AAA.
This is attributed to reduced inflammatory responses, in-
cluding NF-kB activation and macrophage accumulation
(395). However, while bone marrow-derived calpain activ-
ity may be dispensable for AAA development, pharmaco-
logical inhibition of calpain with BDA-410 prevents athero-
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sclerosis and AAA development in LDR—/— mice fed a
high-fat diet with ANG II infusion (1005). In LDLr—/—
mice, calpain 2 appears to compensate for loss of calpain 1
for ANG II-induced AAA formation (1004). In line with the
role of NF-«kB activation in atherosclerosis, ANG II has
been shown to activate the CARM1-Bcl10-MALT1 (CBM)
signaling complex leading to NF-kB activation in vascular
smooth muscle and endothelial cells (see also sect. VC). In
apoE—/— Bcl10—/— mice infused with ANG II, there is
significant reduction of development of atherosclerosis and
AAA compared with control apoE—/— mice infused with
ANG II (673). Mitochondrial ROS are also required for
ANG II enhanced atherosclerosis (460)

While the above findings strongly support the role of leu-
kocytes and inflammatory responses in the development of
ANG II-enhanced atherosclerosis, there are a few conflict-
ing reports in addition to the inconsistent findings of bone
marrow AT,R deletion. As mentioned in the hypertension
section, T cell-derived IL-17A appears to be critical for
ANG II-induced hypertension (630). While IL-17A/apoE
double-knockout mice fed a high-fat diet show reduced
IFN-vy production and oxidative stress, they develop similar
levels of atherosclerosis and AAA in response to ANG II
infusion (629). Endothelial Nox2 transgenic mice bred onto
the apoE—/— genetic background show enhanced vascular
ROS production, VCAM-1 induction, and macrophage ac-
cumulation. However, ANG II-enhanced atherosclerosis or
hypertension is unaltered (243).

4. Athero-protective signaling mechanisms

Several factors have been shown to protect against ANG
II-enhanced atherosclerosis. Ligands to the PPAR family of
nuclear receptors have potent anti-inflammatory capacity.
Expression of dominant negative PPARy specifically in ei-
ther smooth muscle or endothelium worsens atherosclerotic
lesions in apoE—/— mice fed a western diet, although the
cell type specific mechanism may differ (808). Increased
expression of inflammatory markers was a consistent ob-
servation, and a recent study showed that wild-type PPARy
in smooth muscle cells limits NF-«B activation by facilitat-
ing nuclear export of p65 (719). Expression of PPARS is
increased in the vasculature of LDLr—/— mice infused with
ANG II, and treatment with a PPARS agonist attenuates
vascular inflammation and atherosclerosis possibly through
a suppression of ERK and p38 MAPK activation (1030).
Apelin and its cognate GPCR AP]J have opposing physio-
logical roles to the RAS. Apelin treatment prevents ANG
II-enhanced atherosclerosis, which seems to involve en-
hanced NO bioavailability. Apelin also attenuates ANG
[I-induced ERK activation and promoter activation of NF-
kB, AP1, NFAT, and SRE in cultured VSMCs, and
dimerization between APJ and AT,R has been proposed as
an inhibitory mechanism (172). Kinin B1 receptor is ex-
pressed in human atherosclerosis tissue and has been impli-
cated in chronic inflammation. Both atherosclerosis and
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AAA, as well as inflammatory responses are enhanced in
apoE kinin B1 receptor double-knockout mice infused with
ANG II, suggesting this receptor elicits protective signaling
against ANG II pathology (691). In addition, a recent study
demonstrated suppression of ANG Il-enhanced atheroscle-
rosis as well as AAA by inhibitors of factor Xa, which
catalyze the conversion of FII to thrombin (715).

E. Abdominal Aortic Aneurysm

Aneurysm development and rupture is a significant cause of
mortality, whereas no absolute pharmacological treatment
is currently available. Abdominal aortic aneurysms (AAA)
are more common than thoracic aortic aneurysms (TAA).
Both AAA and TAA have strong genetic components. AAA
represent multifactorial genetic variations. Family history is
the second strongest risk factor (next to smoking) for AAA
(915). ANG I and the RAS have been strongly implicated in
development of AAA (613). While generally supportive,
there are some contradictory data regarding the clinical use
of ARBs or ACE inhibitors for prevention of AAA develop-
ment or rupture (639), suggesting the need for additional
research to fill the gap between bench and bedside. Histor-
ically, the development of an AAA model in hypercholes-
teremic mouse (apoE—/— or LDLr—/— background) with
ANG II infusion (207) has contributed to the research field,
dissecting the molecular mechanisms leading to AAA. Sev-
eral additional ANG II-dependent and ANG Il-independent
models of AAA have been described with their pathophys-
iological features (937). Elastase-induced AAA in rats was
prevented by ACE inhibitors but not by losartan (588). In
the mouse model, however, AAA was prevented by AT, ,R
deletion or an ARB, telmisartan (1182). Whether calcium
chloride-induced AAA is also prevented by ARB remains
unclear. ANG Il infusion also causes TAA mainly at ascend-
ing aorta of hypercholesteremic mouse (209). Distinct phe-
notypes in ANG II-dependent AAA and TAA have been
recognized. As these topics have been reviewed recently
(598, 613), we will focus on recent key advancements in the
signaling aspects of the ANG II-dependent AAA and TAA.
In addition, ANG II has been implicated in cerebral/intra-
cranial aneurysm development and rupture, which is sup-
ported with clinical as well as experimental studies. There
are many similarities among the mechanistic findings in
cerebral aneurysms and AAA/TAA. We will then discuss
recent progress regarding the signaling mechanism of ANG
IT in cerebral aneurysm development and rupture.

1. Cell type specific signaling mechanisms leading
to AAA

Recent years have shed light on the role of ANG II signaling
in AAA development. While the exact molecular mecha-
nism(s) by which ANG II promotes AAA development re-
mains unclear, it seems to involve multiple cell types (leu-
kocytes, VSMCs, and endothelial cells) and signaling re-
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sponses, such as oxidative stress, induction of inflammatory
cytokines, and activation of MMPs (212, 261). However,
limited information is available regarding the cell/tissue
type specific signaling mechanism critical for AAA develop-
ment in response to ANG II. LDLr—/— mice with a systemic
AT, AR deletion are protected from ANG II-induced AAA
development. However, AT, 4R depletion in either ECs or
VSMCs does not protect against ANG II-induced AAA de-
velopment in LDLr—/— mice, providing speculation of dif-
ferent cell-type specific mechanisms (858). In contrast,
apoE—/— mice expressing an EC-specific dominant nega-
tive IkBa mutant are protected against ANG II-induced
AAA development and blood pressure elevation. In addi-
tion, inflammatory responses, ROS production, and MMP
induction are attenuated, suggesting that ANG II signaling
via NF-kB within the endothelium is required for ANG
[I-dependent AAA (900). As well, selectively silencing of
NF-kB/RelA in mesenchymal cell by Colla2 promoter-
driven Cre recombinase expression leads to RelA deletion in
VSMCs and fibroblasts and protects mice from ANG II-
induced AAA, but not hypertension (412). ApoE—/— mice
overexpressing SMC-specific catalase are also protected
from early aortic structural remodeling that underlies AAA
development, further highlighting the role of SMC-related
ROS production in AAA pathophysiology (635). As de-
scribed below, VSMC ADAM17-deficient mice are also
protected from ANG II-induced AAA, and this was associ-
ated with reduced oxidative and ER stress in abdominal
aorta (471). VSMC KLF4-deficient mice are also protected
from ANG II-dependent AAA development. The protection
was attributed to KLF4 function promoting inflammation
and phenotype switching of VSMCs (905).

Recent studies provided evidence of immune cell mecha-
nisms contributing to AAA. Spleen removal or lymphocyte
deficiency in apoE—/—Rag2—/— mice similarly impairs
early monocyte-mediated increases in blood pressure in re-
sponse to ANG II, and protects against AAA development,
independently of blood pressure (685). In line with the role
of immune cells in AAA, adoptive transfer of regulatory
T cells reduces ANG II-induced AAA development in
apoE—/— mice via inhibiting macrophage infiltration and
induction of pro-inflammatory cytokines and MMPs (688).
The AAA protective role of endogenous regulatory T cells
has also been confirmed (1207). A terminator of heterotri-
meric Ga; activation, regulator of G protein signal 1 (Rgs1),
appears to be upregulated in activated monocytes in
apoE—/— mice. Systemic Rgsl deletion protected mice
from atherosclerosis. Moreover, leukocyte Rgs1 deficiency
protected mice from ANG II-induced AAA development
and rupture. The proposed mechanism was that Rgs1 ter-
minates chemokine signaling, thereby reducing chemotaxis
to maintain inflammatory cell (macrophage) retention in
the subintimal space in AAA (801). In addition, leukocyte
KLF5 deficiency protected ANG Il-induced AAA forma-

tion, podosome formation, and associated inflammation
linked to the KLF5-Myo9b-RhoA pathway (623).

In addition, the role of perivascular visceral adipose tissue
AT/ AR contributing to ANG II-induced AAA has been re-
ported. Adipocyte-derived osteopontin via AT ,R stimula-
tion appears to contribute to AAA through inflammatory
actions involving macrophage migration and polarization
(902). Taken together, these studies highlight the roles of
distinct cell type-specific signaling mechanisms by which
ANG II may contribute to AAA development and the need
for further investigation.

2. EGFR, Toll-like receptor 4, and Notch contributing
to AAA induced by ANG I

Separate from tissue-specific signaling, several known com-
ponents of ANG II signaling appear to regulate AAA devel-
opment that include membrane receptors, cytosolic kinases,
and intermediators, as well as nuclear transcriptional regula-
tors. The membrane receptors contributing to ANG II-depen-
dent AAA include EGFR, Toll-like receptor 4 (TLR4), and
Notch1 (353) (for Notch1, see sect. IIIA2 for its role in AAA).
Induction of ADAM17 and EGFR Tyr'%®® phosphorylation
are enhanced in human AAA and AAA in C57BL/6 mice with
ANG 1II plus BAPN treatment. EGFR inhibition by erlotinib
attenuates AAA development and downstream mediators of
AAA including IL-6, MMP2, ER stress, and oxidative stress
(766). Building upon this, deletion of Cav1, which is required
for ANG II-induced ADAM17 activation, prevents AAA de-
velopment in mice (1033). In line with these observations,
deletion of VSMC ADAM17 attenuated AAA formation in
mice, which is associated with reduction in aortic EGFR acti-
vation, oxidative stress, ER stress, and immune cell accumu-
lation (471). An ER stress inhibitor is also effective in prevent-

ing ANG Il-induced AAA (848).

TLRs, critically involved in innate immune responses, have
been implicated in inflammatory response induced by ANG
IT (971). TLR4, but not TLR2, deletion protects LDLr—/—
mice from developing AAA and atherosclerosis. TLR4 de-
ficiency in bone marrow-derived cells had no effect on either
pathology. Myeloid differentiation factor 88 (MyD88) is
the major mediator of TLR4 signaling and is indispensable
for both AAA and enhancement of atherosclerosis by ANG
I1. Deficiency in bone marrow-derived cells also attenuates
both pathologies. It is therefore unlikely that TLR4 medi-
ates its effect on AAA via MyD88, but TLR4 and MyD88
independently contribute to the AAA promoting mecha-
nisms of ANG II (783). IAXO-102 is a novel TLR4 antag-
onist. ANG Il-infused mice treated with IAXO-102 show
reduced aortic expansion, incidence, and rupture of AAAs.
IAX0-102 also prevented AAA-associated signal transduc-
tion in aorta, which include phosphorylation of p65, ERK,
p38, and JNK (407). Toll-interleukin receptor domain-con-
taining adaptor protein-inducing interferon-g (TRIF) is a
cytoplasmic adaptor protein for TLR4, and signals NF-«B
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and interferon regulation factor-3 activation. It has been
demonstrated using apoE—/— TRIF—/— mice that TRIF
mediates ANG II-dependent AAA (1097). STAT3 activa-
tion in AAA is also inhibited in apoE—/— TLR4—/— mice,
as well as in Eritoran (a TLR4 inhibitor)-treated mice in-
fused with ANG II. Moreover, STAT3 inhibitor attenuates
AAA development, associated enhancement of M1/M2
macrophage ratio, and expression of MMP2/9. Human an-
eurysm tissue also shows TLR4 expression and STAT3
phosphorylation (849). However, the signaling link be-
tween TLR4 and STATS3 remains obscure. In vitro experi-
ments using THP1 monocytes suggest that AMPK nega-
tively regulates STAT3. An insulin sensitizing AMPK acti-
vator, metformin, attenuates ANG II-induced AAA,
atherosclerosis, and associated inflammatory activation in
apoE—/— mice infused with ANG II (1087). CD14 is a
GPI-linked surface protein pattern recognition receptor
known to participate in signal transduction via TLR4.
CD14-deficient apoE—/— mice develop less AAA compared
with the control apoE—/— mice infused with ANG II (82).

3. Other signal intermediates contributing to AAA

Additional noteworthy signal intermediates involved in
ANG II-dependent AAA include Wnt/LRPs (see sect. IIIA1
and Ref. 516), NLRP3 inflammasome (see sect. IIIA3 and
Ref. 1079), B arrestin-2, focal adhesion protein hydrogen
peroxide-inducible clone 5 (Hic-5), L-type Ca** channel,
AMPKa2, and Nox. B Arrestin-2—/— apoE—/— mice
treated with ANG II show attenuation of AAA formation
with decreased cyclooxygenase-2 (COX2), MCP1, mono-
cyte infiltration, and phosphorylated ERK1/2 in the aorta
along with reduced MMP production (1065). ANG II-in-
duced ROS in VSMCs promotes expression of Hic-5, which
serves as a scaffold for MAPKK4/MKK4 and p54 JNK. The
Hic-5/MKK4/JNK pathway appears to regulate MMP pro-
duction, and disruption of this signaling scaffold using
Hic5—/— mice prevents AAA development in an ANG II
apoE—/— mouse model (556). L-type Ca>" channel also
plays a role in ANG Il-induced AAA development. Dilti-
azem prevents AAA and aortic inflammation in apoE—/—
mice with ANG Il infusion, and this effect appears indepen-
dent of blood pressure (696). L-type Ca** channel inhibi-
tor, nifedipine, reduces AAA incidence, attenuates superox-
ide production, and recouples eNOS, which points to a
ROS-dependent mechanism of AAA formation in this
mouse model (695). Hyperphenylalaninemia (hph)-1 mice
with enhanced uncoupling of eNOS develop AAA with
ANG II infusion. It has been reported that deletion of
p47Ph°* which activates Nox1 and Nox2, prevents ANG
[I-induced AAA formation in apoE—/— mice (1048). Dele-
tion of Nox1, Nox2, or Nox4 further diminished ANG
II-dependent AAA and eNOS uncoupling in these mice
(975). Systemic AMPKa2 deficiency, but not bone marrow
deficiency, in apoE—/— mice prevents ANG II-induced
AAA development. The mechanism involves ROS-depen-
dent VSMC AMPKa2 activation, leading to activator pro-
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tein 2a-mediated MMP2 induction (1117). However, there
is a conflicting report demonstrating that ANG II-induced
AAA is exacerbated in apoE—/— Nox2 —/— mice compared
with control apoE—/— mice, whereas ROS generation in
AAA is attenuated. The mechanism was reported to involve
enhanced macrophage-derived IL-18 production (490). Cu-
mulatively, signal transduction in AAA pathology is com-
plex, but studies point towards key mechanisms whereby
ANG II induces AAA via EGFR transactivation, the TLR4
pathway, and eNOS uncoupling. However, further re-
search is required for defining the roles of ROS and Nox
isoforms in modulating AAA.

4. Signal intermediates and ECM associated proteins
protecting AAA

A few endogenous signaling intermediates are known to
protect against formation of AAA. As mentioned, SMAD3
is involved in canonical TGF-B signaling. SMAD3 muta-
tions have been reported in patients with aortic dissection.
SMAD3~/— mice develop TAA, AAA, and dissection asso-
ciated with augmented systemic and vascular inflammation
upon ANG II infusion. Enhancement of NF-«B, C/EBPS,
and iNOS induction is observed, suggesting the protective
mechanism utilized by activated SMAD3 (1037). CCN
(Cyr61, Ctgf, Nov) proteins are a group of secreted ECM-
associated, partially identical cysteine-rich proteins that
mediate diverse biologic functions. CCN3 expression is re-
duced in ApoE—/— mouse AAA with ANG II infusion and
in human AAA samples. CCN3-deficient mice develop
AAA in response to ANG II infusion, whereas CCN3 over-
expression attenuates ANG II-dependent AAA. The mech-
anism appears to involve suppression of ERK activation
and ROS production by CCN3 in VSMC, which is shown
with CCN3—/— ERK1~/— mice (1243). TIMP3 is the only
ECM-bound TIMP and is increased in abdominal aorta
upon ANG II infusion in mice. ANG II infusion for 4 wk
causes AAA in TIMP3—/— mice, but not in wild-type con-
trol mice. The AAA is associated with reduced ECM con-
tents and enhanced MMP2 activity (58). Interestingly, AAA
protective role of TGF-B has been demonstrated, as cotreat-
ment of C57BL/6 mice with ANG II plus TGF-8 neutraliz-
ing antibody develop AAA (1125). Subsequent studies
show that both AAA and TAA as well as their rupture are
induced with the combination (155). Systemic TGF-8 re-
ceptor II protects from AAA, whereas the VSMC TGF-3
receptor II protects from TAA in mice infused with ANG II
(32).

5. Abdominal aortic dissection

Abdominal aortic dissection (AAD) occurs when AAA rup-
ture. A few studies describe signaling pathways leading to
abdominal aortic dissection, one of which involves the vas-
cular inflammatory response. IL-6 deficiency in mice is
known to protect against ANG Il-induced AAD in mice.
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ANG 1I also promotes accumulation of CD4"-T-helper
(Th) 17 cells in aorta, which are characterized by IL-17A
secretion. The IL-6/STAT3 signaling pathway mediates
ANG II-induced Th17 formation; and IL-17A neutralizing
antibody or systemic IL-17A deletion protected mice from
aortic dissection (447). Furthermore, endothelial Nox2
transgenic mice were used to demonstrate that ANG II-
induced endothelial ROS release promotes vascular inflam-
mation and cyclophilin A secretion, which mediates VSMC
ERK1/2 activation leading to AAD (269).

F. Thoracic Aortic Aneurysm, Aortic
Dissection, and Limitations

Being localized to the ascending aorta, it is speculated that
the most common area for TAA development is the aortic
root, and is a consequence of medial layer degeneration and
degradation of elastic fiber. Smooth muscle and elastic fiber
degeneration creates an environment favoring vessel expan-
sion and dilation, leading to aneurysm development (420).
TAA are known to be associated with certain inherited
connective tissue disorders (syndromic TAA) including
Marfan syndrome and Loeys-Dietz syndrome (915). How-
ever, nonsyndromic TAA are also associated with signifi-
cant genetic alterations. While ANG II appears to play a
critical role in both syndromic and nonsyndromic TAA,
insight into signaling mechanisms of ANG I in TAA is less
clear than AAA (613).

Associated with TAA, aortic dissection (AD or TAD) occurs
when a tear in the intimal and medial area of the aorta
allows blood to flow between the layers. Surgical interven-
tion is usually needed, and untreated aortic dissections of-
ten result in death (1050). Type A AD involves ascending
aorta and type B AA involves descending aorta. However,
AD can occur without aneurysms (324). As ANG II-depen-
dent models of AAA and TAA also develop all types of AD
as well as rupture of the aneurysms, it is difficult to dissect
responsible signal transduction independent for AD. In ad-
dition, there is a report demonstrating that most commonly
used ANG Il-infusion model in ApoE—/— mice may pri-
marily represent a model for AD (1063). Nevertheless, we
will describe recent noteworthy findings regarding the po-
tential role of ANG II signaling potentially involved in TAA
and AD.

1. Cell type specific signaling mechanisms of ANG Il
leading to TAA

Unlike the AAA model, EC-specific deletion of AT{,R in
LDLr—/— mice infused with ANG II show reductions in
medial thickness, elastin breaks, aortic arch area, and
length compared with controls. In contrast, VSMC-specific
AT, sR-specific deletion in LDLr—/— mice has no protec-
tive effect (857). However, these tissue-specific findings are
controversial and need to be verified in other mouse models
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of TAA. VSMC-specific deletion of low-density lipoprotein
receptor-related protein 1 (LRP1) in mice results in elastin
fragmentation and aortic dilation in the ascending aorta in
response to ANG II infusion (211). In another model of
TAA, VSMCs do appear to play a role, as VSMC-specific
fibulin-4 (Fbln4)-deficient mice show TAA development,
which can be prevented using AT R blocker losartan or
ACE inhibitor captopril. Fbln4 deficiency in VSMCs elicits
downstream activation of classical ANG II signaling com-
ponents, including ERK1/2, Smad2/3, and Smad1/5/8,
which are blocked with losartan (402). Subsequent study
further shows Egr1-dependent ACE induction, ANG I pro-
duction, and PI3K-dependent activation of a phosphatase,
slingshot-1, causing activation of actin depolymerizing fac-
tor cofilin as a VSMC mechanism of TAA (1186). Mice
deficient in the smooth muscle specific isoform of a-actin
(SM a-actin), Acta2, have also been used as a model of
ARB-preventive TAA and AD. Loss of Acta2 in VSMCs is
accompanied by ROS and NF-«B-dependent induction of
AT R (152), suggesting the importance of VSMC mecha-
nism leading to ANG II-dependent TAA and AD. Cumula-
tively, these studies highlight the need for further explora-
tion into tissue-specific mechanisms by which ANG II may
contribute to TAA progression.

2. Controversy of TGF-8 contribution to TAA

Other than tissue-specific studies, abnormal action of
TGF-B has been implicated in ANG II/AT,R-dependent de-
velopment of TAA and AD. AT,R blockade using losartan
or TGF-B neutralizing antibody protects against aortic ex-
pansion and rupture through inhibition of TGF-B-depen-
dent ERK1/2 signaling, which is dependent on AT,R in a
Marfan syndrome mouse model of fibrillin1 heterozygous
mutation Fbn1¢1937%* (349). Loeys-Dietz syndrome is a
connective tissue disorder with significant phenotypic over-
lap with Marfan syndrome, including a high risk to develop
TAA and AD. TGF-B acts via a heteromeric complex of
TGF-B type 1 and 2 receptors (TGFBR1 or 2). Mouse mod-
els of Loeys-Dietz syndrome with a knock-in mutation of
TGFBR1 or 2 leads to compensatory enhancement of
TGF-B signaling with upregulation of TGF-, which is de-
pendent on AT, R (301). TGF-B is secreted from cells com-
plexed with latent TGF-B binding protein (LTBP), a protein
that targets TGF-B to the ECM through interaction with
fibrillin-1. LBPT3 deletion in mouse with hypomorphic
fibrillin-1 homozygous mutation prevents TAA (1276).
While these studies strongly support the contribution of
TGF-B signaling, the role of TGF-Bin TAA and AD pathol-
ogy remains controversial (155, 640). The mouse with hy-
pomorphic fibrillin-1 homozygous mutation develops
AT R-dependent TAA and AD, when treated with TGF-3
neutralizing antibody (183). Inducible smooth muscle spe-
cific TGFBR2 deletion in mice causes TAA-like phenotype
with decreased SMAD signaling and enhanced ERK signal-
ing, while the role of ANG II in this model remains unstud-
ied (575). Moreover, inducible smooth muscle selective
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TGFBR1 deletion leads to severe TAA phenotype with en-
hanced ERK activation, which can be rescued with AT R
antagonist (1194).

3. Signal intermediates protecting ANG Il-induced
TAA and/or TAD

Several signaling intermediates appear to protect from de-
velopment of TAA and/or TAD in response to ANG II in-
fusion, which include Akt2, MMP2, and SIRT1. Impaired
Akt2 signaling appears to increase susceptibility to TAA
and AD associated with ANG 1II signaling. Expression
of Akt2, but not Akt1, is reduced in human samples of TAA
and TAD. Akt2-deficient mice develop both AAA and TAA
with their dissections that are associated with enhanced
MMP9 expression and reduced TIMP1 expression through
FOXO1-dependent reciprocal transcriptional regulation
(946). In human TAA samples and ANG Il-infused mouse
aorta, significant reduction of a Rho GAP, Arhgap18, was
observed. Upon ANG II infusion, Arhgap18—/— mice de-
velops TAA with a higher frequency, whereas the incidence
of AAA was eliminated while ANG II-induced hypertension
was unaltered. Arhgap18—/— deficient VSMCs demon-
strate synthetic and inflammatory phenotype associated
with reduction of Akt2 expression (601). Induction and
activation of MMP2 and MMP9 has been described to
contribute to AAA. However, mice lacking MMP2 de-
velop TAA in ascending aorta upon ANG II infusion due
to impairment in ANG II-induced TGF-B/Smad2/3 sig-
naling and LTBT1 cleavage (945). In addition, a missense
mutation of MMP17 is found in patients with TAA.
MMP17-deficient mice have enhanced susceptibility to
TAA and AD upon ANG II infusion. Mechanistically,
reduced osteopontin cleavage by MMP17 reduces JNK
activity and alters VSMC maturation (655). A role for
SIRT1 has also appeared in AD pathophysiology. SIRT1
suppresses AT;R expression in VSMCs, and VSMC
SIRT1 knockout mice show enhanced ROS production,
MMP2/9 gene expression, and reduced TIMP1 expres-
sion, which was associated with increased AD in these
mice. However, VSMC SIRT1 knockout mice fail to
show an elevation in blood pressure (296). Nicotinamide
phosphoribosyltransferase (Nampt) is the rate-limiting
enzyme in the nicotinamide adenine dinucleotide
(NAD+) salvage pathway that converts nicotinamide to
nicotinamide mononucleotide in mammals to enable
NAD+ biosynthesis. VSMC Nampt deletion cause TAD
and AAD upon ANG II infusion, which involves oxida-
tive DNA damage and premature senescence of VSMCs

(1129).

4. Signal intermediates contributing to TAA
and/or TAD

While signal transduction research into TAA development
is in its infancy, there already exists substantial evidence of
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a role for ANG II signaling in mediating TAA pathophysi-
ology. Chemotaxis likely contributes to ascending aorta
dilation and aneurysm development, as deletion of the re-
ceptor for MCP1, CC chemokine receptor 2 (CCR2), pre-
vents ANG II-induced ascending aorta expansion and elas-
tin fiber destruction in ApoE—/— mice, in addition to pre-
vention of AAA and atherosclerosis (209). In patients with
TAD, enhanced smooth muscle contractile protein degra-
dation is observed with the evidence of activation of
NLRP3/caspase-1 inflammasome. Caspase-1 is responsible
for the protein degradation. Thus AAA, TAA, and AD are
attenuated in NLRP3—/— or caspase-1—/— mice treated
with ANG II plus high-fat diet (1158). In addition, in a
novel model of TAD induced by ANG II infusion with
BAPN pretreatment, neutrophil-derived MMP9 is pro-
posed to contribute to TAD (525). Nox1-deficient mice are
also protected from ANG II-induced AD in which Nox1
suppresses vascular TIMP1 expression (311).

Overall, there have been significant advances in recent years
in our understanding of atherosclerosis, AAA, TAA, and
AD pathophysiology. ANG II has emerged as a crucial me-
diator of signal transduction resulting in vascular patholog-
ical complication that appears to be distinct based on the
aortic area and the pathology being studied. TABLE 6 sum-
marizes genetic as well as pharmacological interventions
distinctly altering these vascular pathologies induced by
ANG II infusion.

G. Intracranial Aneurysm

Literature in basic, clinical, and population studies suggests
a strong relationship between the RAS and intracranial an-
eurysm; however, they are largely circumstantial (958).
While several animal models are available for intracranial
aneurysm (1126), there is a model of this disease in mice
with injection of elastase into the cerebrospinal fluid at the
right basal cistern combined with systemic ANG II infusion
(760). This model and others have been employed in the
effort to elucidate potential signaling mechanisms by which
ANG II may contribute to intracranial aneurysm develop-
ment and rupture. As observed in AAA and TAA, inflam-
mation plays an essential role. Incidence of intracranial an-
eurysm is reduced in MCP1-deficient mice and in mice
treated with clodronate liposomes, which induce macro-
phage depletion (453). A general MMP inhibitor, doxycy-
cline, but not a specific MMP2/9 inhibitor, prevents aneu-
rysm rupture while showing no effect on aneurysm devel-
opment (638). In addition, TNF-a deficiency strongly
protects mice from intracranial aneurysm development and
rupture (994). Myeloperoxidase is a major oxidative en-
zyme produced by activated neutrophils, monocytes, and
macrophages. In myeloperoxidase-deficient mice, elastase/
ANG II-induced intracranial aneurysm development and
rupture are significantly reduced. The protection is associ-
ated with reduced inflammatory responses including induc-
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Table 6. ANG Il infusion studies to look for key mediators in atherosclerosis, AAA, and TAA

Protein Model/Intervention Athero AAA TAA Rupture BP Reference Nos.
ADAM17 ADAM1 7ff sm22a Cre/BAPN ? ! ? ! “» 471
AMPKa2 apoE—/— AMPKa2—-/— ? | ? ? “» 1117
Arhgap18 Arhgap18—/— ? | 1 ? > 601
AT, AR LDLr—/— AT, ,R" Tie2-Cre® > “» ? ? > 858

LDLr—/— AT, ,R™ SM22-Cre® > “» ? ? > 858
Barr2 apoE—-/— Barr2—/— ? | ? ? > 1065
Bcl10 apoE—/— Bcl10—-/— ) | ? ? “» 673
Calpain-1/2 LDLr—/— BMT CAST-Tg® ! > ? “> > 395

LDLr—/— calpain® LysM Cre® ! « ? « “ 395

LDLr—/— calpain inhibitor l ! ? ? > 1005
CCR2 apoE—/— CCR2- /- ! ! ) ? © 209
CD14 apoE—/—- CD14-/—- ? | ! ? > 82
CD31 apoE—/— CD31551-574 ! ! ? ? ? 287
CXCL10 apoE—/— CXCL10-/- I 1 1 1 ? 497
ET,, sR apoE—/— ET,,gR antagonist l 1 ? 1 “» 1006
Factor Xa apoE—/~— FXa inhibitors ! | ? ! ? 715
Hic-5 apoE—/— Hic-5" SMMHC Cre ? ! ? ! > 556
IkBa apoE—/— Tie2-dnlkBa-Tg ? ! ? ? | 900
IFN-y apoE—/— IFN-y—/— ! 1 ? 1 > 497
IL-17A apoE—/— IL-17A—/— > > ? ? ? 629
KLF4 apoE—/— KLF4f SMMHC Cre ? ! ? ! ? 905
MyD88 apoE—/— / LDLr—/— MyD88— /-4 ) | ? | > 783
NLRP3 apoE—/— NIrp3—/— ? ! ? ? “» 1079
Notch1 apoE—/— Notch1+/— BMT ? ! ? ! > 353
Nox1 hph-1 Nox1—-/— ? ! ? ? ? 975
Nox2 hph-1 Nox2—-/— ? | ? ? ? 975
Nox2 LDLr—/~ Nox2-/y > 1 > > > 490
Nox2 apoE—/— Tie2 Nox2-Tg < ? ? ? < 243
Nox4 hph-1 Nox4—/— ? | ? ? ? 975
p47Phex apoE—/— p47Phox— /— ? ! “> ? | 1048
RGS1 apoE—/— Rgs1—-/— ! ! ? | > 801
RelA RelA™f Col1a2-Cre ? ! ? ? > 412
SIRT1 Sirt1"f sm22a-Cre ? 1 ? ? ? 149
TGF-B receptor Il Tgfbr2™* Acta2-Cre ? « 0 l « 32
TLR2 LDLr—/— TLR2—-/— ! > ? “» > 783
TLR4 LDLr—/— TLR4—/-° ! ! ? “> Lf 783
TNFR1 p55 LDLr—/— TNFR1—/— ! > ? “» ? 1166
TRIF apoE—/— Trif—/— ? ! ? ? ? 1097
Whnt apoE—/— SOST-Tg? ! ! ! ! > 516

2In attempt to test the role of EC or VSMC AT,R, Tie2 or SM22 promoter was used to delete EC or VSMC AT, R, respectively. "Bone marrow
transplant of calpastatin transgenic mice. “Both calpain-1 flox/flox LysM Cre+ /— or calpain-2 flox/flox LysM Cre+ /— mice are compared with
the control Cre—/— littermates. “The phenotype was confirmed in both apoE—/— MyD88—/— mice and LDLr—/— MyD88-/— mice. In
addition, the phenotype was confirmed with bone marrow MyD88 deficiency. *The phenotype was not confirmed with bone marrow TLR4
deficiency. A slight reduction in blood pressure was observed. 9S0ST is an endogenous Wnt inhibitor.

tion of VCAM-1, intercellular adhesion molecule 1 (ICAM-
1), and TNF-a (171). Tissue-type plasminogen activator
(tPA) is a serine protease expressed and released by endo-
thelial cells, where it displays its fibrinolytic role through
activation of plasminogen into plasmin. The tPA-plasmin
axis is known to promote inflammatory processes and to
enhance extracellular matrix degradation. tPA-deficient
mice are also protected from ANG II-dependent intracra-
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nial aneurysm (529). Hepatocyte growth factor and its re-
ceptor cMet are also identified as being protective against
intracranial aneurysm rupture, but are not preventative
against intracranial aneurysm development (813). In addi-
tion, smooth muscle, but not endothelial, PPARy activity
has been identified to protect mice from intracranial aneu-
rysm development and rupture due to a similar signaling
mechanism as observed in atherosclerosis (361). A tran-
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scriptional factor, Sox17, is essential for vascular develop-
ment and is highly expressed in intracranial ECs. Sox17
deficiency in addition to ANG II infusion induces cranial
aneurysm development and rupture in mice (553). These
data suggest the presence of a partially overlapping mecha-
nism by which ANG II promotes intracranial aneurysm

development and rupture similar to that observed in AAA
and TAA.

H. ANG II/AT,R Mechanism of Endothelial
Dysfunction

The endothelium constitutes the inner lining of all blood
vessels. As such, the endothelial cells are exposed to blood
constituents and the hemodynamic forces generated by
blood flow. By virtue of this unique anatomical positioning,
the endothelium forms a critical interface between humoral
factors and the organ parenchyma. Thus endothelial cells
are viewed as a gateway for both local and systemic regu-
lation of tissue and organ function. In the cardiovascular
system, loss of normal endothelial cell structure or function
is an early and prime indicator of future cardiovascular
pathology. In fact, endothelial dysfunction is an indepen-
dent risk factor for development of cardiovascular diseases
(CVDs) such as hypertension and coronary artery diseases.
The endothelial dysfunction in humans is characterized by
impaired endothelium-dependent vasodilation due to de-
creased NO bioavailability. Endothelial inflammation and
oxidative stress are well established mechanisms leading to
endothelial dysfunction (203).

1. Classical understanding and controversy

The relationship between the RAS and the endothelium is
apparent on several levels. An initial key step in the produc-
tion of ANG II is the metabolism of ANG I to ANG II by
ACE. While this enzyme is present in several cell types, it is
prominently expressed on the surface of lung endothelia.
Thus the functional status of lung endothelium would be
expected to impact both normal and pathological produc-
tion of ANG II. In addition, the local production of ANG II
may have paracrine effects on neighboring endothelium.
Given the associated pathology with ATR activation, it is
important to understand the general mechanisms that lead
to endothelial phenotype shift observed following ANG II
exposure. As is the case in VSMCs, ANG II rapidly and
potently induces overproduction of ROS in the endothe-
lium. While there are multiple sources of ROS in these cells,
ANG II induces early activation of the superoxide generat-
ing enzyme NADPH oxidase. This process involves ANG
II-dependent activation of PKC and Src which, in turn,
phosphorylates the p47°"°* and activate Rac-1, respec-
tively. Each is a necessary subunit for NADPH oxidase
complex formation and ROS production in endothelial cells
(746). ANG II has also been shown to increase production
of mitochondrial ROS. Interestingly, both pharmacological
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(apocynin) and genetic (p22P"* siRNA) inhibition of
NADPH oxidase decrease mitochondrial ROS production,
suggesting a feedforward mechanism through which ANG
II induces oxidative stress in the endothelium (232). An
important pathophysiological consequence of enhanced
ROS production in endothelial cells is the loss of NO bio-
availability. NO exerts a host of beneficial effects on the
endothelium and across the vessel wall including regulation
of cell survival and apoptosis, mediation of vascular tone
and factor into antithrombogenic and anti-inflammatory
pathways. NO can be rapidly sequestered by superoxide
and converted into a long-lived, toxic reactive compound,
peroxynitrite. These reactive oxygen and nitrogen species
can interact with lipids and proteins, modify their structure
and function, and induce endothelial cell dysfunction. An
example is the oxidation of tetrahydrobiopterin, an eNOS
cofactor that is necessary for NO production. This altera-
tion in biopterin results in the uncoupling of eNOS to a state
where the enzyme no longer produces NO but instead adds
to the ROS pool by producing superoxide (100). Thus there
are several mechanisms through which ANG II can reduce
beneficial NO levels and induce endothelial dysfunction via
ROS production (reviewed in Refs. 379, 746). In addition,
ANG 1I has also been strongly implicated in endothelial
inflammation (648). In endothelial cells in vitro and endo-
thelium in vivo, ANG II activates the NF-kB cascade, in-
duces VCAM-1 and ICAM-1, and enhances leukocyte en-
dothelial interaction (648, 922). The roles ROS, inflamma-
tory cytokines and immune cells play in ANG II-induced
endothelial dysfunction are also described in the previous
sections and section X.

While targeting these mechanisms have been shown to pro-
tect endothelial function in several distinct animal models,
there are still some controversies regarding the pathophys-
iological significance of endothelial AT,R function. AT, 4R
depletion in endothelial cells did not protect mice from
ANG II-induced hypertension, medial thickening, AAA
formation, and atherosclerosis (825, 858). However, de-
pletion of AT, R in endothelial cells attenuates TAA
formation (857). ANG II has been shown to produce NO
via eNOS activation in cultured endothelial cells (1017).
Transgenic expression of constitutively active AT;R mu-
tant (N111G) in endothelial cells with Tiel promoter in
mice exhibited reduced systolic blood pressure. Note that
this mutant AT R can be further activated upon ANG II
binding. Acute pressor response of ANG II was inhibited
in the mice associated with enhanced NO production,
thus confirming eNOS activation by the mutant AT;R in
vivo (854).

2. Novel mechanisms of ANG Il causing endothelial
dysfunction

While most of the accumulating literature supports the
mechanism of ANG Il-induced endothelial dysfunction as
described above, there are some noteworthy new mecha-
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nisms by which ANG II may modulate endothelial function.
These new mechanisms include AT;R/P2Y6 receptor het-
erodimer (752), AT,R/LOX1 receptor heterodimer (1185),
ER stress/UPR (465), miR-92A (157), sphingosine kinase
1(Sphk1) (967), Sphk2 (1171), STIM1 (464), SIRT3 S-glu-
tathionylation/SOD2 acetylation (235), and ¢-Src (111) as
described in the above sections. Here, we will describe ad-
ditional noteworthy signaling mechanisms by which ANG
II promotes endothelial dysfunction.

In addition to the well-established eNOS regulatory phos-
phorylation sites such as Ser''”” (stimulatory) and Thr***
(inhibitory) (845), ANG II has been shown to induce eNOS
phosphorylation at Tyr®®” via PYK2, which is activated
through Nox2-derived ROS in endothelium. This phos-
phorylation inactivates eNOS, leading to endothelial dys-
function (609). In line with the importance of sphingosine
kinases in endothelial dysfunction induced by ANG II,
Nogo-B, which inhibits endothelial S1P production, ap-
pears crucial for endothelial dysfunction. Mice lacking en-
dothelial Nogo-B are protected from ANG II-induced en-
dothelial dysfunction and hypertension and have preserved
NO release (117). The protective role of endothelial S1P
receptor (S1PR1) against ANG II-induced hypertension has
also been demonstrated (116).

V. ANG |1l SIGNALING IN CARDIAC
PATHOPHYSIOLOGY

Similar to vascular dysfunction, ANG II is a potent modu-
lator of cardiac function and activates signaling mecha-
nisms that alter cardiac function in regards to contractility,
hypertrophy, fibrosis, heart failure, cardiac protection, and
arrhythmias. A local RAS has been demonstrated for the
heart and, along with the circulating system, implicated in
the adverse remodeling associated with various pathologi-
cal conditions, including myocardial infarction, hyperten-
sive heart disease, and heart failure (227). The major RAS
components are expressed in the heart; however, the source
and functional relevance of renin are debatable (279, 521).
In addition, chymase from either mast cells or cardiac myo-
cytes may be more important than ACE in generating ANG
IT in the human heart from either ANG I or the dodecapep-
tide ANG (1-12) (279, 1076). Local ANG II levels are in-
creased in the heart in pathological conditions, particularly
in diabetes, driven in part by increased expression of AGT.
In diabetes, cardiac myocyte chymase may be responsible
for the intracellular generation and intracrine actions of
ANG I (521). This section will focus on recent in vivo and
in vitro analysis of ANG II signal transduction in the heart.
ANG II signal transduction in cardiac tissue is well estab-
lished, and readers are directed towards a previous review
on the subject (494). However, there seems to be very lim-
ited review of this topic recently except for one article cov-
ering the role of signaling by cardiac GPCRs, including
AT R, in modulating cardiac contractility (118). As with

Physiol Rev . VOL 98 . JULY 2018 . www.prv.org

vascular ANG II signal transduction, general mediators in-
clude the ERK1/2, JNK, and p38MAPK signaling net-
works. Recent advances in the past decade will be discussed
to broaden these and other new cascades.

A. Cardiac Hypertrophy
1. ANG Il in cardiac hypertrophy

Cardiac hypertrophy is one of the most extensively studied
mechanisms of ANG II signaling and generally reflects the
increase in size of individual cardiac myocytes. ANG II has
been implicated in left ventricular hypertrophy associated
with hypertension (277), the remote myocardium after
myocardial infraction (MI) (1096), and diabetic cardiomy-
opathy (408). Increased blood pressure causes a concentric
pattern of LV hypertrophy, which may progress to ventric-
ular dilation and heart failure with reduced ejection fraction
(HFrEF) by poorly understood means. Concentric hyper-
trophy is also a feature of heart failure with preserved ejec-
tion fraction (HFpEF), which generally is associated with
hypertension but does not progress to dilation. While de-
batable, unlike with HFrEF, ANG II does not seem to play
a central role in the etiology of HFpEF (941). At the cellular
level, concentric hypertrophy reflects the addition of new
sarcomeres in parallel to existing sarcomeres. In contrast,
volume overload due to fluid retention or impaired kidney
function may cause a dilated pattern of eccentric LV hyper-
trophy with new sarcomeres added in series to existing sar-
comeres. The mouse model of ANG II infusion at a high
pressor dose exhibits concentric left ventricular hypertro-
phy due to hypertension with a variable contribution of
volume overload caused by aortic valve insufficiency (375).
Unlike the cardiac hypertrophy observed with exercise or
pregnancy, cardiac hypertrophy observed with hyperten-
sion, diabetes, or MI is pathological due to inappropriate
alteration in the gene expression profile, including reexpres-
sion of fetal genes, and induction of death-related signaling
mechanisms (87, 142, 276). Pathological cardiac hypertro-
phy is also associated with endothelial dysfunction, perivas-
cular and interstitial fibrosis, and capillary rarefaction or a
decrease in the capillary to myocyte number (951). Key
signaling pathways required for ANG II-induced patholog-
ical cardiac hypertrophy will be discussed in the following
sections.

A) BLOOD PRESSURE AND CARDIAC HYPERTROPHY. Although a pleth-
ora of in vitro studies have proven that ANG II has direct
growth-promoting action on cardiac myocytes, the ques-
tion of whether ANG II has any direct role in vivo in cardiac
hypertrophy, independent of increased blood pressure, has
been controversial (866). Two lines of evidence from KO
mice suggest that cardiac AT,Rs are not obligatory for car-
diac hypertrophy in response to increased blood pressure:
extrarenal AT, ,Rs were found to be dispensable for hyper-
tension or cardiac hypertrophy in response to ANG II infu-
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sion (190), and pressure overload by either abdominal or
transverse aorta constriction still induced cardiac hypertro-
phy in AT ,R KO mice (355, 356). Of course, issues such as
genetic compensation with germline gene KO, potential ex-
perimental immunosuppression or preconditioning with re-
nal transplants, and the sheer magnitude of the stress on the
heart with pressure overload, could be raised to question
the broad applicability of these findings. Several recent
studies support the conclusion that ANG II can act indepen-
dently of, or in synergy with, increased blood pressure to
induce cardiac hypertrophy (27, 523). Three examples are
cited here. First, cardiomyocyte-specific expression of
AT,R-associated protein (ATRAP), which promotes consti-
tutive internalization of the AT R, suppresses development
of cardiac hypertrophy, activation of p38MAPK, and in-
duction of hypertrophy-related genes in the mouse ANG II
infusion model without affecting increases in blood pres-
sure (1101). However, the possibility cannot be discounted
that AT,Rs in cardiac myocytes function in an agonist-
independent manner, as the AT,R contains mechanosens-
ing sites that can lead to receptor activation (437). Second
and as mentioned in the vascular section, targeting MMP2
in the ANG Il-infused mouse was reported to block hyper-
tension, but not cardiac hypertrophy and fibrosis (768).
Third, deletion of ADAM17 specifically in VSMCs was
shown to prevent cardiac hypertrophy, perivascular fibro-
sis, and vascular medial hypertrophy, in mice infused with
ANGHII, without affecting the induced hypertension (1034).
In addition, while focus has largely been on the role of
AT R in cardiac hypertrophy, evidence was reported that
AT,R overexpression promotes ligand-independent, consti-
tutive cardiomyocyte hypertrophy in vitro (197) and, based
on knockout studies, AT,R couples to pathological cardiac
hypertrophy in the mouse in response to ANG Il infusion or
pressure overload by aortic banding (see sect. VA2 and
Refs. 410, 934).

B) NF-«B AND NOX/R0S. ANG II has been linked to cardiac hy-
pertrophy both in vitro and in vivo via the activation of a
number of canonical signaling cascades, including ERK1/2,
calcineurin/nuclear factor of activated T cells (NFAT),
PKC-q, and CaMKII/MEF2 (951, 1046). Although AT,R
may couple directly to these cascades based on studies on
cultured cells, there is ample evidence that the growth-pro-
moting actions of ANG II on cardiac myocytes in vivo are
amplified and sustained by the upregulation of an innate
immune response and inflammation (295, 652, 971). This
involves induction or activation of a number of growth-
promoting/proinflammatory factors, including IFN-y
(652),1L-18 (1082), NF-«kB (294, 473), and increased ROS
formation due to the engagement of Nox2 (1254) and
Nox4 (1264), as well as downregulation of the TLR4 inhib-
itor signal regulatory protein-a (SIRPA) (436). An adaptor
molecule, connection to IKK and SAPK/JNK (CIKS), which
plays a prominent role in autoimmune and inflammatory
diseases, may couple the ATR to cardiac hypertrophy and
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fibrosis, downstream of Nox2 activation. ANG II enhances
expression and activation of CIKS in cardiac myocytes lead-
ing to IKK/NF-«B and JNK/AP1 activation and subsequent
induction of MMP9 and IL-18, a potent growth factor for
cardiac myocytes. Notably, genetic ablation of CIKS
blocked ANG II-induced cardiac remodeling and dysfunc-
tion, but had no effect on the increase in blood pressure
(1082). Cardiac hypertrophy in the mouse from both ANG
IT infusion and pressure overload is also promoted by the
ubiquitin E3 ligase, tumor necrosis factor receptor-
associated factor 6 (TRAF6), which mediates signal trans-
duction from members of the TNF receptor superfamily
and Toll/IL-1 receptor family. TRAF6 expression is in-
creased in human and murine hypertrophied hearts and is
induced by ROS, which also stimulates its auto-ubiquitina-
tion. This is turn facilitates recruitment of the adaptor pro-
tein TAB2 and subsequent binding of TRAF6 to TGF-g-
activated kinase 1 (TAK1), which undergoes ubiquitination
and activation thereby initiating JNK1/2/p38 signaling that
ostensibly results in cardiac hypertrophy (433). Secretion of
Nampt from cardiac myocytes, which functions extracellu-
larly as a proinflammatory cytokine, may also contribute to
ANG II-induced cardiac hypertrophy and fibrosis (822).

ROS, through NADPH oxidase, stimulates CCL2 (MCP1)
expression through TLR4, and TLR4 KO mice treated with
ANG II are protected from cardiac hypertrophy, whereas
the increase in blood pressure is not affected (662). SIRPA is
an upstream signaling molecule in this response, as cardiac
overexpression of SIRPA protects against cardiac hypertro-
phy through inhibition of ANG II-induced TLR4/NF-«B
signaling (436). Surprisingly, TLR4 antagonism in the brain
also reduces ANG II infusion-induced cardiac remodeling
and elevations of TNF-q, IL-183, NF-kB, and iNOS in the
heart, although central blockade of TLR4 delays progres-
sion of hypertension (205).

The significant role of inflammation to ANG II-induced
cardiac remodeling is illustrated by the protective counter
effects of pentoxifylline, a phosphodiesterase inhibitor with
anti-inflammatory actions. Pentoxifylline attenuates car-
diac fibrosis, hypertrophy, and diastolic dysfunction in
ANG Il-infused rats, as well as myocardial macrophage
infiltration, NF-kB activation, and proinflammatory cyto-
kine expression, while not affecting ANG II-induced hyper-
tension (1257). However, some of the inflammatory actions
of ANG II on the heart may be beneficial for dealing with
the increased wall stress associated with hypertension.
ANG II-induced upregulation of osteoprotegerin by cardiac
cells, including infiltrating macrophages, was found to pro-
tect against the development of eccentric hypertrophy and
dilated cardiomyopathy by enhancing collagen synthesis
and inhibiting cardiac myocyte apoptosis. Osteoprotegerin
is a secretory glycoprotein belonging to the TNF receptor
superfamily that generally acts as a decoy receptor for
RANKL, but that was not so in this case (1070). Although
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not well studied, the engagement of adaptive immunity by
ANG II may also impact on cardiac hypertrophy and over-
all structural remodeling of the heart. For instance, the
pathogenesis of ANG II-induced dilated cardiomyopathy
was reported to depend on the T cell Th2 phenotype (816)
and to involve the Th2 polarizing cytokine IL-4 (815). Oth-
ers recently showed that B cells have a contributory role in
an ANG II-induced model of heart failure (186).

Oxidative stress from enhanced activity of Nox2 (1254)
and Nox4 (1264) may contribute to ANG II-induced car-
diac hypertrophy and fibrosis. ANG II activates Nox2 by
canonical means, and Nox4 by enhancing its expression
(14), likely via ROS (108, 201). Cardiac Nox2 also contrib-
utes to cardiac contractility in response to ANG II. This is
explained by ROS-mediated inhibition of protein phospha-
tase 1 and phospholamban phosphorylation leading to in-
creased SR Ca®™" uptake (1254). In addition, AT,R associ-
ates with both Nox2 (1082) and Nox4 (980), although the
consequences of this interaction are not established. ANG I
infusion enhances cardiac Nox4 expression. Cardiac spe-
cific Nox4 transgene enhances ROS production and NF-«B
and Akt/mTOR signaling, which exaggerate ANG II-in-
duced cardiac hypertrophy and fibrosis (1264). Recent evi-
dence has also highlighted a beneficial role for PPARYy in
blocking ANG II-induced upregulation of Nox2/Nox4 and
nuclear translocation of NF-kB p65 (368). Mitochondrial
oxidative stress with enhanced ROS formation contributes
to ANG II-induced cardiac remodeling as well, likely re-
flecting in part the ROS-induced ROS phenomenon down-
stream of Nox activation (496). A mitochondrial targeted
antioxidant peptide attenuates ANG Il-induced cardiac hy-
pertrophy, fibrosis, and diastolic dysfunction. Interestingly,
this peptide also attenuates ANG Il-induced Nox4 expres-
sion (200). Others report that caloric restriction, which is
expected to tamp down ROS generation, protects against
ANG II-induced mitochondrial remodeling, oxidative
stress, and cardiac hypertrophy (282). Recently, ANG II-
induced mitochondrial ROS that was linked to cardiac hy-
pertrophy and fibrosis was attributed to reduced SOD2 ac-
tivity resulting from interference by SIRT4 in SIRT3-
mediated SOD2 deacetylation (616).

While accumulated evidence referenced above supports the
direct contribution of Nox and mitochondria-derived ROS
in ANG II-induced cardiac hypertrophy there are contro-
versial reports as well. Cardiac Nox4 transgene increases
mitochondria-derived superoxide and subsequent myocyte
apoptosis but not hypertrophy, thus enhancing compensa-
tory cardiac remodeling (14). Slight reductions in systolic
pressure and pulse pressure were observed in Nox4 knock-
out mice infused with ANG II, whereas no protection of
cardiac remodeling was detected (90). In Nox2 knockout
mice, ANG II-dependent cardiac hypertrophy was unaf-
fected, while cardiac ROS levels were decreased (1059).
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C) RHOA, G PROTEINS, AND Ca®*. The small GTPase RhoA is a key
effector in promoting prohypertrophic gene expression. Of
note, Ga,; regulates RhoA activation in the heart in re-
sponse to ANG II (1036), which is linked to activation of
myocardin-related transcription factors, cardiac hypertro-
phy, and eventual heart failure. This Ga, ;-initiated cascade
is independent of ANG Il-activated Geayy; signaling that
was earlier linked to pathological cardiac hypertrophy
(1143). RhoA is also a downstream effector of Nox-in-
duced ROS in response to ANG II treatment (49, 746), as
are various redox-sensitive kinases and transcription fac-
tors linked to cardiac hypertrophy (148, 567, 1107).

A-kinase anchoring protein (AKAP)-Lbc serves as a GEF for
activating RhoA and is a scaffold for various proteins in-
volved in classical signal transduction including PKC,
PKD1, and PKA, and also tethers the tyrosine phosphatase
Shp2. Mice harboring a gene-trap expressing AKAP-Lbc
with a truncated COOH terminus preventing PKD1 bind-
ing show reduced HDACS5 phosphorylation in response to
ANG II and are protected against cardiac hypertrophy, but
show increased cardiac fibrosis (1025). As an effector of
RhoA, ROCK2 has been reported to mediate ANG II-in-
duced cardiac hypertrophy via its substrate, formin homol-
ogy 2 domain containing 3 (FHOD3), which is a cardiac-
restricted member of diaphanous-related formins crucial in
regulating myofibrillogenesis in cardiomyocytes (1272).
However, cardiac fibroblast ROCK2 may also mediate car-
diac hypertrophy and fibrosis induced by ANG II through a
paracrine mechanism involving CTGF and FGF2 (952). G
protein-dependent MAPK/ERK kinase (MEK)-ERK1/2 sig-
naling is also under negative regulation by regulator of G
protein signaling 3 (RGS3) and RGSS5, which attenuate car-
diac hypertrophy in vivo from aortic banding or in vitro
from ANG II (564, 603).

Isoprenylation is important for the signaling function of
members of the Rho GTPase family, such as Rac1 (requisite
component of the NADPH oxidases) and RhoA, and is
dependent on the formation of isoprenoids from meval-
onate, which is synthesized by HMG-CoA reductase
(HMGCR). Evidence indicates that MMP2 may act as an
initial brake on ANG II-induced cardiac hypertrophy by
attenuating sterol regulatory element-binding protein 2
(SREBP-2)-mediated transcription of HMGCR (1121).
Cardiac MMP2 is upregulated by hypertrophic stimuli, and
compared with wild-type mice, MMP2 knockout mice de-
velop cardiac hypertrophy at an earlier time and to a greater
extent with ANG II infusion, as well as greater expression
of inflammatory genes and perivascular fibrosis. This re-
sponse was associated with increased expression of
SREBP-2 and HMGC, although the mechanism by which
MMP2 attenuates SREBP-2 expression was not defined.
Nor was it established whether MMP2 ablation increases
isoprenylation of small GTPases with ANG II treatment. In
any case, these findings highlight the protective role of
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MMP2 in the heart in response to ANG II infusion, in
contrast to its prohypertrophic and profibrotic actions in
the heart under pressure overload (666) or its proinflamma-
tory and ECM disruptive effects in the infarcted myocar-
dium (664).

ANG 1II induces cardiac hypertrophy in part via IP5-medi-
ated Ca®" release downstream of GPCR signaling (742).
Ca?" contributes to cardiac hypertrophy by several means
including activation of NFAT and CaMKII (524, 951). Re-
cently, a background Ca®" entry pathway in cardiac myo-
cytes formed by TRPC1 and TRPC4 channels was impli-
cated in ANG II-induced hypertrophy as well (113). In con-
trast, the Ca®*-activated cation channel TRPM4 was
identified as a negative regulator of ANG II-induced cardiac
hypertrophy, ostensibly by inducing a depolarizing current
that attenuates Ca>" sarcolemmal entry, thus limiting fill-
ing of the IP;-sensitive Ca®" stores (475).

D) g-ARRESTIN. AT, R may also couple mechanical forces to
cardiac hypertrophy independent of G proteins via B-arres-
tin2-biased signaling and Src-mediated activation of
ERK1/2 (1116). Indeed, recent evidence reveals that the
Frank-Starling mechanism of the heart by which increased
cardiac filling leads to enhanced cardiac contractility is a
manifestation of B-arrestin-biased signaling of AT R (6).
TRV120027 (Sar-Arg-Val-Tyr-Ile-His-Pro-D-Ala-OH) is a
selective B-arrestin-biased ligand of AT R that competi-
tively blocks ANG II-stimulated G protein signaling, but
activates several kinase pathways via B-arrestin coupling,
including Src, ERK1/2, and eNOS phosphorylation (1094).
TRV120027 enhances cardiac contractility without in-
creasing myocardial oxygen demand, as this ligand lowers
blood pressure and afterload, and thus preserves cardiac
stroke volume. The inotropic actions of B-arrestin-biased
AT, R ligands may be due to phosphorylation of compo-
nents of the contractile machinery, including ventricular
myosin regulatory light chain 2 (MLC2v) (890, 1041).
AT, R B-arrestin-biased signaling leads to MLC2v phos-
phorylation via the ERK1/2-RSK3 cascade, directly or
through inhibition of myosin phosphatase targeting protein
1/2 (MYPT1/2) (890). RSK3 may also couple to activation
of SRF and induction of SERCA2 protein expression. Its
unique pharmacological profile suggests that TRV120027
may be a useful therapeutic agent for treating acute heart
failure, a condition of poor heart contractile performance
with neurohormonal activation, including activation of the
RAS, and associated increased blood pressure (388,413). In
normal and heart failure dogs, TRV120027 was shown to
have cardiac unloading actions, while renal function is pre-
served (83). However, in the recently completed BLAST-
AHEF trial on patients with acute heart failure, TRV120027
did not exhibit any benefit over placebo in the primary
composite end point or the individual components, but no-
tably plasma renin activity was unexpectedly low in the
patients enrolled in this study (796).
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E) EGFR AND ADAM17. ANG II-induced transactivation of the
EGFR is instrumental in facilitating cardiac hypertrophy
(289, 819). EGFR transactivation is dependent on Src phos-
phorylation and activation of ADAM17, which has shed-
dase activity for cleaving the ectodomain of several precur-
sor molecules, including heparin-binding EGF-like growth
factor. EGFR signaling enhances ERK1/2 and Akt activa-
tion which upregulate cardiac hypertrophy markers includ-
ing MyHC, ANP, BNP, SKA, and B/a-MyHC (819). EGFR
transactivation also elicits downstream ER stress leading to
cardiac hypertrophy and fibrosis (465, 1035). In vitro anal-
ysis indicates ANG II-induced EGFR transactivation is de-
pendent on Nox2/Nox4-mediated upregulation of
ADAM17 (1236). Knockdown of ADAM17 with siRNA
attenuated cardiac hypertrophy in the spontaneously hy-
pertensive rat without diminishing blood pressure, and car-
diac hypertrophy and fibrosis in the mouse with ANG II
infusion, although the increase in blood pressure was mod-
erately attenuated (1123). ADAM17 also plays additional
roles separate from EGFR transactivation in myocardial
hypertrophy. ROS derived from Nox2 mediates ANG II-
dependent activation of p38MAPK and subsequent phos-
phorylation and activation of ADAM17. ADAM17 activa-
tion causes cleavage of ACE2 potentially preventing ANG
(1-7) generation and antihypertrophic signaling of the Mas
receptor (803). On the other hand, cardiomyocyte-specific
ADAM17 silencing enhances pressure overload-induced
myocardial hypertrophy, cardiac fibrosis, and contractile
dysfunction by reducing the proteolytic processing of integ-
rin B1, thereby increasing activation of the focal adhesion
kinase (FAK) pathway (268). However, cardiac hypertro-
phy induced by a subpressor dose of ANG Il is not affected
by ADAM17 knockdown.

F) PARACRINE AND AUTOCRINE MECHANISMS. ANG 1II acts in a para-
crine manner to induce hypertrophy of cardiac myocytes by
the release of growth factors from endothelial cells and
fibroblasts. Endothelial cell-produced endothelin-1 (ET-1)
contributes to ANG II-induced cardiac hypertrophy and
fibrosis, independently from blood pressure (11). ANG II
induces ET-1 expression by activation of c-Jun/c-Fos (AP1)
and formation of chromatin remodeling complex that in-
cludes AP1-mediated recruitment of a histone H3K4 trim-
ethyltransferase, either SET1 or MRTF-A (1138, 1139,
1222). Others report that endothelial tyrosine kinase Bmx
and subsequent activation of STATS3 is necessary for ANG
[I-induced cardiac hypertrophy and fibrosis due to the in-
duction of proinflammatory cytokines (389). ANG II stim-
ulates cardiac fibroblasts to produce FGF-2, which is im-
portant for concentric hypertrophy and preventing dilated
cardiomyopathy (810). Fibroblasts also produce TGF-p,
which contributes to cardiac hypertrophy at subpressor
doses of ANG II. Fibulin-2 is a likely matricellular protein
that is upregulated by ANG II and is required in turn for
upregulation of TGF-B. Knockout of fibulin-2 prevents
ANG II-induced cardiac fibrosis at subpressor and pressor
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doses, but cardiac hypertrophy only at subpressor doses of
ANGII (487, 1247). Recently, evidence was presented that
ANG 1II induces cardiac hypertrophy in vivo through the
release of exosomes from cardiac fibroblasts that are en-
riched in passenger strand miR-21%*, causing the downregu-
lation of sorbin and SH3 domain-containing protein 2
(SORBS2) and PDZ and LIM domain 5 (PDLIMS) in car-
diac myocytes (52). Release of exosomes from cardiac fi-
broblasts in response to ANG II stimulation may be medi-
ated through both AT R and AT,R and may lead to the
upregulation of the local renin angiotensin system in car-
diac myocytes that would further drive cardiac remodeling

(621).

Bone morphogenetic protein 4 (BMP4) signaling contrib-
utes to the development of ANG II- and pressure overload-
induced cardiac hypertrophy via Smad1/5 phosphorylation
and DNA-binding protein inhibitor (Id1) induction (942).
Cardiac hypertrophy and fibrosis are attenuated in ANG
[-infused mice treated with a BMP inhibitor or in cardiac-
specific BMP type 1 receptor ALK2-deficient mice. In addi-
tion to Smad1/5 activation, BMP-induced hypertrophy also
involves calcineurin-NFAT signaling and Nox4-induced
ROS in cardiac myocytes (942, 1012). These findings indi-
cate that ANG II elicits an upregulation of BMP4 expres-
sion, ALK2 receptor binding, and activation of Smad1/5
and Id1 signaling, thereby constituting an autocrine loop
for cardiac hypertrophy (942).

As mentioned in regards to perivascular fibrosis, a role for
TNF-a is emerging in the ANG II response pathway. TNF-«
knockout mice treated with ANG II show reduced cardiac
hypertrophy (991), although an impact on blood pressure
elevation must be taken into consideration. Likewise, the
TNF-a inhibitor etanercept blocks ANG II-dependent acti-
vation of p38MAPK and JNK (990). TRAF2 is a required
component for TNF-a induced downstream signaling, and
in vitro analysis indicates that TRAF2 enhances ANG II-
dependent upregulation in cardiomyocyte area and ANP/
BNP expression through Akt activation and subsequent in-
hibition of GSK3f activation (4035).

G) IMMUNGOPROTEASOME. Generation and activation of the im-
munoproteasome is implicated in ANG II-induced cardiac
hypertrophy. ANG II increases association of TR3 (also
termed Nur77), a member of the steroid/thyroid/retinoid
receptor family, with the tuberous sclerosis (TSC) TSC1/
TSC2 complex, which promotes TSC2 degradation
through the proteasome/ubiquitination pathway. This in
turn activates mTORC1, which increases protein synthesis
(1115). Proteasome activation is also implicated in the deg-
radation of ATRAP in the heart in response to ANG II
infusion, which seemingly is a contributing factor to AT, R-
mediated cardiac hypertrophy and fibrosis (571). However,
this conclusion is based on the use of the proteasome inhib-
itor bortezomib, which significantly attenuates ANG II-in-

duced increases in blood pressure. Finally, ANG II-induced
expression of IGF receptor II (IGF-IIR), which has been
implicated in hypertensive ANG II-induced cardiac myo-
cyte apoptosis, is attributed to proteasome-mediated degra-
dation of SIRT1 downstream of JNK activation via ATR.
Loss of SIRT1 in turn prevents deacetylation of heat-shock
transcription factor 1 (HSF1), which impairs its ability to
act as a repressor at the IGF-IIR promoter. Consequently,
the subsequent expression of IGF-IIR contributes to ANG
[I-induced cardiac hypertrophy and apoptosis (400).

Key signaling pathways required for ANG II-induced path-
ological cardiac hypertrophy are illustrated in FIGURE 8,
which are classified to include four major myocyte mecha-
nisms: 1) canonical G protein and downstream signaling, 2)
the transactivation pathway, 3) inflammatory signaling,
and 4) the noncanoncal/B-arrestin mechanism.

H) COUNTERREGULATORY MECHANISMS. Besides ATRAP, a number
of additional endogenous counterregulatory mechanisms
that attenuate ANG Il-induced cardiac remodeling and
could be exploited therapeutically have recently been iden-
tified (TABLE 7):

1) STATS3 signaling, which is activated by ANG Il in the
heart either directly or indirectly via AT,R, is sug-
gested to be a protective mechanism in hypertrophy.
Mice harboring an S727A mutation, which de-
creases STAT3 activity, show less of an increase in
heart weight in response to ANG II, and this was
associated with reduced myofibril number and den-
sity, as well as foci of necrotic cardiomyocytes and
reparative fibrosis (1283). These observations sug-
gest that STAT3 may serve an adaptive and protec-
tive role in ANG II-associated cardiac hypertrophy.
A contribution of noncardiomyocytes seems likely in
this regard, as cardiomyocyte-targeted STAT3 dele-
tion does not attenuate ANG II-induced cardiac hy-
pertrophy, although contractile function was im-
paired and metabolic homeostasis was disturbed
with ANG 1T treatment (28). These findings are
somewhat reminiscent of a previous report that
global deficiency of either AT,R subtype in the
mouse does not affect normal cardiac morphology,
but lack of both receptors leads to atrophic changes
in the heart, with reduced baseline coronary flow and
left ventricular systolic pressure in the presence of
normal morphology of medium-sized vessels and no
overt fibrosis (1084). Together, these findings indi-
cate that AT R may couple to protective prosurvival
signaling in the heart, besides the better character-
ized pathways that are linked to adverse remodeling.
However, noncanonical STAT3 signaling has been
implicated in ANG II-induced pathological cardiac
hypertrophy and inflammation (1282). In canonical
STAT3 signaling, Tyr’% phosphorylation favors
formation of STAT3 parallel dimers that tightly
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Endothelial Cells Fibroblasts

*ET-1 * FGF-2
« Inflammatory cytokines * Fibulin-2, TGF-B
* Exosomes/miR-21*

AT4R 1BP Angll - AT4R

Canonical (CM) Transactivation (CM) Inflammation

(CM/other)
* Gayg, Gag/11 - Src, Ca2*/ROS
* Ras « ADAM17 * Nox4/Nox2, ROS
* IP3 Calcineurin-NFAT - EGFR + | SIRPA
. Ca2+ CaMKIl — MEF-2 « ERK1/2 & AKT * RhoA
. PKCa TRPC1/TRPC4 - ER Stress . CI.KSI,M.::NI;/QP;L &IKK/NFkB
* ERK1/2 * AKT/mTOR
* p38 * MitoROS
* Nampt

. * Immunoproteosome
[ Noncanonical (CM) ] :

* B-Arrestin 2
* Src
* ERK1/2

FIGURE 8. ANG Il induces cardiac hypertrophy by multiple means involving direct actions on cardiac myo-
cytes (cm) or the release of paracrine factors from other cell types, such as endothelial cells and fibroblasts/
myofibroblasts. Developments within the last 5 yr are noted in darker text and are highlighted here. Three
processes are dominant in cardiac myocytes: canonical signaling, transactivation of EGFR, and inflammatory
signaling. The later may involve other cell types as the source of ROS. For canonical signaling, Ga,5 was
recently shown to regulate RhoA activation that was linked to activation of myocardin-related transcription
factors. A background Ca®* entry pathway formed by TRPC1 and TRPC4 channels was also implicated in ANG
I-induced cardiac hypertrophy via canonical means. AT,R may couple to cardiac hypertrophy as a mechano-
sensor for increased blood pressure (BP) via p-arrestin 2 biased signaling that involves activation of Src and
ERK1/2. As a mechanosensor, AT,R may conceivably activate canonical signaling as well. Inflammation is
driven by Nox4- and Nox2-derived ROS that leads to the engagement of a number of processes that sustain
hypertrophic signaling, such as the downregulation of the TLR4 inhibitor, SIRPA, as well as the activation of
RhoA and Akt/mTOR signaling. Mitochondria are an additional source of ROS for cardiac hypertrophy
(MitoROS). The adaptor molecule CIKS may couple AT,R to cardiac hypertrophy and fibrosis, downstream of
Nox2 activation. ANG Il enhances expression and activation of CIKS in cardiac myocytes leading to IKK/NF-«xB
and JNK/AP-1 activation and subsequent induction of MMP-9 and IL-18, a growth factor for cardiac myocytes.
Secreted Nampt from cardiac myocytes, as well as the generation and activation of the immunoproteasome,
may also contribute to ANG Il-induced cardiac hypertrophy. In response to ANG Il, endothelial cells release ET-1
and inflammatory cytokines that induce cardiac myocyte hypertrophy. Activated fibroblasts stimulate hyper-
trophy by releasing FGF-2, fibulin-2, TGF-B, and exosomes that are enriched in passenger strand miR-21*.

bind GAS-like elements in promoters, while Ser”*” stricted AT R transgenic mice, U-STAT3 levels

phosphorylation may further enhance transcrip-
tion by recruiting p300. Noncanonical STAT3 sig-
naling involves unphosphorylated STAT3 (U-
STAT3), which arises from canonical STAT3-in-
duced STAT3 expression, forms antiparallel
dimers, and perhaps has a distinct acetylation pro-
file. Nuclear U-STATS3 levels were shown to in-
crease in hearts overexpressing human AT R and
in neonatal rat ventricular myocytes and fibro-
blasts treated with ANG II (1226). In heart-re-

2)

correlated with cardiac hypertrophy and dysfunc-
tion, as well as abnormal expression of osteopon-
tin and regulator of G protein signaling 2 (RGS2).
Xin actin-binding repeat-containing protein 2
(Xirp2) is a protein that is highly expressed in
cardiac muscle and plays a role in the formation of
intercalated disks (ICDs) of the heart, which sub-
sequently influence the surface expression or dis-
tribution of ion channels (1114). The Xirp2 gene
of cardiomyocytes is an early direct target of ANG
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Table 7. Newly identified antihypertrophic molecules

Reference
Molecule Overview Mode of Action Nos.
Dusp14 Dual-specificity phosphatase 14; in vivo loss enhanced, Targets TAK1/mitogen-activated protein kinase 562
while overexpression attenuated, pressure overload- kinase kinase 7 in JNK1/2 and p38
induced cardiac remodeling/hypertrophy; cascades
knockdown in vitro enhanced ANG I-induced
hypertrophic gene expression
miR-133a Downregulated by ANG I-induced ERK1 /2 activation; Implicated in silencing expression of 129,
thyroid hormone-mediated cardiac hypertrophy prohypertrophic/fibrotic genes such as 236,
partially attributed to AT,R-mediated miR-133a CTGF, inositol 1,4,5-trisphosphate receptor |l 244,
reduction; adiponectin opposes ANG II's actions on (IPgRIN) calcium channel, collagen 1a1 572,
miR-133a (Col1A1), and nuclear factor of activated T 582
cells, cytoplasmic (4NFATc4)
TIEG1 Transforming growth factor (TGF)-B-inducible early Inhibits expression and transcriptional activity of 573
gene; member of the Sp1/Kruppel-like family of transcription factor GATA4 in cardiac
transcription factors myocytes
IL-10 Interleukin-10; anti-inflammatory cytokine IL-10 deficiency enhances ANG Il-induced gene 500, 528
expression of TNF-a, IL-6, and MMP-2/9, as
well as Akt phosphorylation; IL-10 deficiency
increases p38 phosphorylation; IL-10
activates Akt/mTORC1 signaling and
attenuates ANG Il-induced pathological
autophagy
IRF7 Interferon regulatory factor 7; heart-specific IRF7 Binds IKKB with subsequent NF-«B inactivation 435
overexpression attenuated pressure overload-
induced cardiac hypertrophy, fibrosis, and
dysfunction, while loss had opposite effects;
protected against ANG l-induced cardiac myocyte
hypertrophy in vitro
IL-33 Biomechanically induced by cardiac fibroblasts; Inhibits phosphorylation of inhibitor of NF-xB 908
antagonizes ANG II- and phenylephrine-induced alpha (IkBa) and NF-«B nuclear binding
cardiac myocyte hypertrophy activity
Elabela (ELA) Endogenous peptide ligand for APJ; antagonizes Transcriptionally downregulates ACE expression 918

pressure overload-induced cardiac hypertrophy,

fibrosis, and dysfunction

by downregulating expression of the FoxM1
transcription factor

IT stimulation via activation of the MEF2A tran-
scription factor. Surprisingly, hearts of Xirp2 hy-
pomorphic mice infused with ANG II exhibit less
hypertrophy, as well as markedly reduced fibrosis
and apoptosis, although Xirp2 deficiency is asso-
ciated with basal cardiac hypertrophy in un-
stressed mice ostensibly through increased cal-
cineurin activity (1114). These findings indicate
that a reduction in Xirp2 is beneficial in counter-
ing ANG Il-induced maladaptive cardiac remodel-
ing. Xirp2 deficiency does not affect ANG II-in-
duced activation of ERK1/2, JNK, p38, or PKD1;
however, cardiac GSK3B S9 phosphorylation is
significantly less in ANG Il-infused Xirp2 hypo-
morphic mice (1114). GSK38 kinase activity op-
poses cardiac hypertrophy, and GSK3B is nor-
mally inhibited with ANG II treatment by S9 phos-
phorylation, although in this case no differences
were noted in the activity of the kinase Akt gener-
ally responsible for GSK38 phosphorylation. In
any case, increased GSK3 activity was postulated
to attenuate the hypertrophic actions of ANG II
due to reduced levels of B-catenin, which is tar-
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geted for ubiquitination and degradation follow-
ing phosphorylation by GSK3 8. However, this ex-
planation is at odds with the previously mentioned
finding (62; see sect. IIIA1) that cardiomyocyte-
specific deletion of B-catenin in the mouse enhances
the hypertrophic response to ANG II infusion. On
the other hand, as discussed elsewhere (1043), sev-
eral in vitro and in vivo studies positively associate
B-catenin expression to cardiac hypertrophy after
TAC or agonist stimulation, and overall the role of
B-catenin in cardiac hypertrophy is unsettled. Nota-
bly, Xirp2 appears to be able to bind B-catenin
(165), which in cardiac muscle localizes to adherens
junctions in ICD structures, and thus Xirp2 might
normally influence expression levels of B-catenin by
thwarting its degradation. This might explain why
cardiac B-catenin is not increased in ANG II-treated
Xirp2-deficient mice. Besides that consideration, ac-
tive GSK3 also prevents hypertrophic growth by
additional means, such as phosphorylating and in-
hibiting transcriptional regulators, NFAT and
GATA4, and translation initiation factor EIF2B5
(1043).
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ANG II-dependent JNK1/2 and p38MAPK activation
is dependent on upstream mitogen-activated protein
kinase kinase (MKK) activation (MKK4/7 and
MKK3/6, respectively). Activation of these MKKs de-
pends on activation of TAK1, which can be repressed
by dual-specificity phosphatase 14 (Dusp14). In vivo
genetic loss of Dusp14 aggravates, while cardiac-spe-
cific Dusp14 overexpression attenuates, aortic band-
ing-induced cardiac dysfunction and remodeling, in-
cluding hypertrophy. Interestingly, Dusp14 knock-
down in vitro promotes elevated cardiac hypertrophic
gene regulation in response to ANG II, suggesting that
Dusp14 is a negative regulator of cardiac remodeling in
response to ANG 1II (562). Note, however, that the
contributions of p38 and JNK to cardiac hypertrophy
are uncertain with JNK signaling perhaps being antihy-
pertrophic (951).

ANG II-induced ERK1/2 activation in cardiac myo-
cytes downregulates miR-133a levels (582), an event
that results in cardiac hypertrophy (120, 244). Recent
evidence reveals that thyroid hormone-mediated car-
diac hypertrophy, which is known to be partly medi-
ated by AT,R, proceeds via an AT,R-mediated reduc-
tion in miR-133a levels (236). However, ERK1/2 sig-
naling, rather than being essential for cardiac
hypertrophy, may coordinate concentric and eccen-
tric growth of the heart (951). Cardiac myocytes
from hearts not expressing ERK1/2 demonstrate
preferential eccentric growth with TAC or ANG II
infusion, while cardiac myocytes from MEKI1
transgenic hearts exhibit concentric growth (478).
Interferon regulatory factor 7 (IRF7) is downregu-
lated in the heart with aortic banding-induced hy-
pertrophy and in cardiac myocytes treated with
ANG II. Conversely, overexpression of IRF7 pro-
tects against banding-induced cardiac hypertro-
phy and fibrosis in vivo and ANG II-induced car-
diac myocyte hypertrophy in vitro. IRF7-mediated
attenuation of hypertrophy occurs through bind-
ing of IRF7 to inhibitor of kB kinase-B (IKK) and
subsequent inactivation of NF-kB (435). In con-
trast, IRF3 is activated by ANG Il in cardiac fibro-
blasts via canonical ERK signaling and contributes
to cardiac fibrosis, but plays no role in cardiac
hypertrophy (1072). In addition, ANG Il increases
IRF4 leading to upregulation of CREB and hyper-
trophy-related genes in cardiac myocytes (434).
Elabela (ELA) is a novel endogenous peptide li-
gand for the apelin receptor (APJ). In the TAC
mouse model, continuous infusion of ELA im-
proved cardiac performance and attenuated both
cardiac hypertrophy and fibrosis, and their associ-
ated gene expression. ELA may exert beneficial
effects on the heart by opposing stress-induced
ACE expression via negative regulation of the
FoxM1 transcription factor. ELA also attenuates

ANG II-induced cardiac remodeling in the heart,
although blood pressure is normalized as well
(918).

7) TGF-B-inducible early gene (TIEG1), a member of
the Sp1/Kriippel-like family of transcription fac-
tors, is another potential negative regulator of
ANG II-induced cardiac myocyte hypertrophy. In
cultured cardiac myocytes, ANG II downregulates
TIEG1 expression in association with the induc-
tion of hypertrophy; moreover, by inhibiting the
expression and transcriptional activity of tran-
scription factor GATA4, TIEG1 was shown to
block hypertrophic gene expression in cardiomy-
ocytes (573).

8) The counteraction of adiponectin on ANG II-in-
duced cardiac hypertrophy involves antagonistic
actions on miR-133a levels. Overexpression of
adiponectin prevents cardiac hypertrophy in rats
infused with ANG II by increasing AMPK activity,
which in turn attenuates ERK1/2 activation and
subsequent miR-133a downregulation. However,
ANG II also suppresses adiponectin receptor 1 ex-
pression (582).

9) Induction of the anti-inflammatory cytokine IL-10
in the heart by ANG II may serve to temper its
adverse effects on cardiac structure and function
(528). Loss of IL-10 worsens ANG II-induced car-
diac fibrosis, hypertrophy, pathological au-
tophagy, and contractile dysfunction (500, 528).

10) IL-33 is a biomechanically induced cytokine that
is produced by endothelial cells and cardiac fibro-
blasts and attenuates ANG II-induced cardiac hy-
pertrophy and fibrosis (908).

11) Adrenomedullin, which is secreted by cardiac
myocytes, fibroblasts, and endothelial cells, inhib-
its ANG II-induced cardiac hypertrophy and fi-
brosis by suppressing ERK1/2 activation through
PKC inhibition and PKA activation (754).

2. AT5R in cardiac hypertrophy

The heart has a complete local RAS that generates angio-
tensin peptides from hepatic or endogenously produced an-
giotensinogen (861, 1042). However, the issue of renin ex-
pression in the heart is controversial, and evidence for non-
renin-dependent mechanisms in the local formation of
cardiac angiotensin peptides is reported (16). In addition to
the canonical ACE/chymase-ANG II/AT,R metabolic path-
way that is implicated in adverse cardiac remodeling, the
heart possesses both the ACE2/ANG (1-7)/Mas axis and
the ACE2/ANG (1-9)/AT,R (alternatively ANG II/ANG
ITI-AT,R) axis that have for the most part protective and
anti-inflammatory actions (798, 1042). Like AT R, AT,R is
primarily expressed in the heart by endothelial cells, fibro-
blasts, and VSMCs, with lower levels in cardiac myocytes
(863, 1153). Levels of AT,R in the heart increase with
hypertension, MI, and in the failing heart, most likely due to
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expression by cardiac fibroblasts, with a variable contribu-
tion from cardiac myocytes. Uncertainty still surrounds the
role of AT,R in the heart, which signals through activation
of three main signaling pathways: 1) serine/threonine and
tyrosine phosphatases, 2) phospholipase A,, and 3) brady-
kinin/NO/cGMP pathway (272). Downstream conse-
quences include (for pathway 1) decreased NAD(P)H oxi-
dase activity and ROS formation, reduced inflammatory
cytokine activity and synthesis, as well as increased apopto-
sis; (for pathway 2) cell hyperpolarization and reduced
sympathetic activity; and (for pathway 3) vasodilation.
Most studies have shown increased mortality and im-
paired cardiac function post-MI with AT,R deletion with
variable effects in attenuating cardiac hypertrophy or
fibrosis (463). Conversely, cardiac overexpression of
AT,R is associated with improved contractile function
after MI, which may be due to increased levels of NO.
Little if any effect is observed on cardiac myocyte size or
fibrosis (93, 94, 1198). In contrast, in animal models of
ischemic heart disease, an AT,R agonist C21 improves
systolic and diastolic heart functions, lessens myocardial
fibrosis and oxidative stress, and attenuates inflamma-
tory immune cell infiltration (540, 864). Interestingly,
C21 reinforces post-MI compensatory hypertrophy of
cardiac myocytes (540); however, off-target effects of
C21 may be a concern (675).

Conflicting findings have also been reported on the effect of
overexpressing or deleting AT,R in hypertension-induced
cardiac remodeling (41). Overexpression of AT,R in car-
diac myocytes improves contractile function and attenuates
cardiac hypertrophy and fibrosis in response to chronic
pressure overload (1189). However, others report no effect
on ANG II-induced cardiac remodeling with high levels of
AT,R expression, and a beneficial effect on cardiac hyper-
trophy and fibrosis in response to aortic stenosis only at
lower levels of overexpression. Although controversial,
AT,R has been implicated as a contributing factor in car-
diac hypertrophy (998). Unexpectedly, AT,R knockout in
mice was reported to prevent cardiac hypertrophy and re-
duce fibrosis in response to chronic ANG II infusion or
pressure overload from either TAC or aortic stenosis, al-
though a strain effect may influence outcome at least with
aortic stenosis (41). AT,R is reported to couple to cardiac
hypertrophy via the transcription factor promyelocytic
zinc finger protein (PLZF), which is highly expressed in
the heart and shown to bind to the COOH terminus of
AT,R (935, 1113). With stimulation-induced internal-
ization of AT,R, PLZF localizes in the nucleus and up-
regulates both GATA4, a master transcription factor of
cardiac hypertrophy, and the p85a regulatory subunit of
PI3K. With the latter, the subsequent activation of PI3K/
Akt signaling leads to cellular hypertrophy partially from
enhanced protein synthesis by p70S6K, as well as by
inhibition of GSK3B, which normally phosphorylates
GATA4 to promote its nuclear export. Knockout of
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PLZF in the mouse was found to prevent both cardiac
hypertrophy and fibrosis from ANG II infusion. The hy-
pertrophic actions of AT,R on the heart may also require
increased blood pressure, suggesting that AT,R is a
mechanosensor (1113). Finally, the role of AT,R in mod-
ulating the immune system is an area of ongoing interest.
Recently, a novel regulatory T cell subset that expresses
AT,R was found to have a beneficial impact on infarct
size and heart function after MI in mice (976).

3. ACE2, ANG (1-7), and Mas in cardiac
hypertrophy

In the heart, ACE2 is primarily expressed by vascular endo-
thelium and smooth muscle, and Mas mostly by cardiac
myocytes (46). Loss of ACE2 is associated with cardiac
hypertrophy and fibrosis (1261); loss of Mas, with impaired
cardiac function and increased fibrosis (913). Overexpres-
sion of ACE2 attenuates cardiac hypertrophy, fibrosis, and
dysfunction induced by diabetes (241), myocardial infarc-
tion (1266), and ANG II infusion (1268). Conversely,
ACE2 deficiency exacerbates adverse cardiac remodeling
caused by diabetes (802), MI (466), and ANG I (1268), as
well as other pathologies or treatments (46). Notably, ANG
(1-7) infusion was found to prevent cardiac hypertrophy
and reduce cardiac fibrosis in pressure-overloaded ACE2
KO mice by suppressing NAD(P)H oxidase activity. ANG
(1-7) attenuates cardiac hypertrophy and fibrosis and im-
proves diastolic dysfunction in a model of diabetic cardio-
myopathy (802). ANG (1-7) attenuates cardiac hypertro-
phy and fibrosis caused by ANG II infusion, and this is
associated with upregulation of DUSP1 and decreased
ERK1/2 activation (676). The intermediate-conductance
Ca”"-activated K™ (KCa3.1) channel, which is essential for
ANG II-induced fibrosis, is a downstream target of ERK1/2
activation in cardiac myofibroblasts and is inhibited by the
ACE2/ANG (1-7)/Mas axis (1111).

Under stress conditions, ACE is upregulated in the heart,
whereas ACE2 is downregulated. Recent evidence has shown
that the “ACE2-to ACE pathological switch” is under tran-
scriptional control in endothelial cells via a complex formed by
the Brahma-related gene-1 (Brgl) chromatin remodeler and
forkhead box M1 (FoxM1) transcription factor. Endothelial
cell deletion of Brgl or FoxMI1, or chemical inhibition of
FoxM1, markedly attenuate ANG II-induced cardiac remod-
eling, including hypertrophy and fibrosis. Of note, endothelial
cell expression of Brgl and FoxM1 is increased in human
hypertrophic hearts and correlates with the ACE/ACE2 ex-
pression ratio (1191).

B. Cardiac Fibrosis
1. Roles of ECM and MR

As discussed with cardiac hypertrophy, pathological car-
diac remodeling is a severe alteration in the structure of the
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heart due to changes at the molecular and cellular level that
not only impair contractility and heart function, but en-
hance the vulnerability of the heart to lethal injury (951).
Cardiac fibroblasts are integral contributors to adverse car-
diac remodeling in their capacity to increase ECM produc-
tion and turnover, and to alter its composition and mechan-
ical properties. Humoral and mechanical stimulation of
cardiac fibroblasts may cause fibrosis that leads to myocar-
dial stiffness (eventually manifesting as diastolic dysfunc-
tion) and arrhythmias, or contribute to tissue inflammation
by the formation of proteolytic fragments of the ECM (36,
267,811, 1064). A principal hormone contributing to ECM
deposition is ANG II, which has been implicated in both
reparative fibrosis of scar tissue that is seen post-MI (833,
1130) and reactive fibrosis that occurs for example with
hypertension or aortic valve stenosis (256, 723). Some of
the pro-fibrotic effects of ANG II on the left ventricle may
be mediated by aldosterone, particularly in the presence of
a high-salt diet (131). In fact, high salt may activate the
mineralocorticoid receptor, due to increased Racl activity,
independent of aldosterone (101). Recent evidence has
shown that deoxycorticosterone/salt-induced cardiac fibro-
sis results from activation of the mineralocorticoid recep-
tors of macrophages (867).

In response to various external stimuli, including ANG II,
cardiac fibroblasts are activated and commonly adapt a
myofibroblast phenotype characterized by the presence of
alpha-smooth muscle actin (a-SMA) microfilaments (213,
549, 1130). Historically, expression of a-SMA was used to
identify activated cardiac fibroblasts both in vitro and in
vivo, but recent evidence shows that periostin expression is
a more comprehensive marker for these cells (456, 467).
Periostin is a secreted ECM protein that functions in cellular
adhesion and migration as a ligand for aV/B3 and aV/B5
integrins via its FAS1-2 domains (778). ANG II increases
periostin expression in adult rat cardiac fibroblasts directly
via a Ras/p38MAPK/CREB signaling pathway and indi-
rectly via induction of TGF-B1 expression and Smad2/3
activation (568). ANG II-induced periostin expression, like
a-SMA expression, involves oxidative stress (1159). ANG
IT also increases aV/B3 and aV/BS5 integrin expression and
signaling in rat cardiac fibroblasts (472).

2. Fibroblast lineage

Until recently, the identity of the source of activated fibro-
blasts within the heart was unresolved. Extensive lineage
tracing studies have now shown that with either pressure
overload or ANG II infusion, interstitial and perivascular
myofibroblasts in the mouse heart arise from the expansion
of resident cells of epicardial embryonic origins (456, 712,
713). This is also the case for the myocardial infarction scar
(456, 886). A second population of endocardial embryonic
origins contributes to fibrosis in the interventricular septum
and left ventricular free wall (712). Previously studied
sources of cardiac myofibroblasts, namely, circulating he-
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matopoietic progenitors, endothelial to mesenchymal tran-
sition (EndoMT), and epithelial to mesenchymal transdif-
ferentiation (EMT), were found to have a negligible contri-
bution. This conclusion is seemingly at odds with previous
findings of several groups showing that the infiltration of
bone marrow-derived progenitor cells (“fibrocytes”) into
the myocardium with ANG II plays a critical role in ECM
deposition (362, 981, 1149, 1176).

3. ANG Il concentration

Although multiple in vitro studies have shown that ANG II
has direct stimulatory actions on cardiac fibroblasts that are
profibrotic, the situation in vivo has been controversial due
in part to the wide range in dosage levels for ANG II used in
different mouse studies (523, 866). A few reports (using
high levels of 1,000-1,500 ng-kg ™ '-min~"') have indicated
the requirement for increased blood pressure to mediate or
be permissive for the profibrotic and hypertrophic actions
of ANG Il in the heart (190, 842); for intermediate levels of
ANG 1II infusion (400-1,000 ng-kg™ '-min~"') increased
blood pressure is dependent on induction of IL-6 and IL-6-
mediated upregulation of ANG II within the kidney (645),
which conceivably could have a role in activation of the
local cardiac RAS. Higher levels of ANG IT appear to down-
regulate this positive feedback loop in the kidney. When
blood pressure was elevated by an IL-6-independent means
with high-salt diet and high ANG II (>3,000 ng:
kg 'min~"'), cardiac dysfunction, myocardial inflamma-
tion, and fibrosis were prevented by genetic deletion of IL-6,
although hypertension and cardiac hypertrophy were not
affected (329). This result indicates that ANG II has blood
pressure-independent effects on the fibroblast compartment
of the heart that are mediated by IL-6. Supraphysiological
levels of ANG II (=400 ng-kg ™ '-min ') are associated with
endothelial dysfunction and vascular injury in the heart
concomitant with inflammation and the recruitment of
macrophages that drive fibrosis (325, 995). Surprisingly,
the influence of a subpressor dose of ANG II (~200
ng-kg~"-min ') on cardiac structure has been less well stud-
ied, but reported to induce both cardiac myocyte hypertro-
phy and increased interstitial fibrosis or collagen type I (Col
I) deposition (67, 862, 1247). It was recently proposed that
chronic infusion of the mouse with low-dose ANG II may
serve as a model for studying the pathogenesis of heart
failure with preserved ejection fraction (HFpEF), which is
characterized by concentric cardiac hypertrophy and dia-
stolic dysfunction due in part to increased interstitial fibro-
sis (862).

4. EGFR, Nox, and ROS

As with vascular and cardiac hypertrophy, EGFR plays a
role in cardiac fibrosis at the level of the whole heart. Trans-
activation of EGFR by ANG Il is dependent on ¢-Src phos-
phorylation and EGFR inhibition prevents cardiac fibrosis
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through inhibition of Akt/ERK1/2 signaling (819) and ER
stress (465). In addition, ANG II increases physical associ-
ation of Nox4 and the AT,R in adult mouse cardiac fibro-
blasts (980); however, the functional consequences of this
association on ROS production by Nox4, which is thought
to be constitutively active (541), awaits investigation. In
mouse cardiac fibroblasts, activation of redox-sensitive
NF-«B and AP1 by Nox4-induced ROS is implicated in
ANG -induced expression of IL-18 and collagen, as well as
activation of MMP9 and LOX (980). Proinflammatory cy-
tokine IL-18 has been found to be responsible for ANG
[I-induced cardiac fibroblast proliferation, migration, and
collagen production; MMP9 induction for migration. Re-
cently, evidence shows ANG II-induced Nox4 activity con-
tributes to cardiac hypertrophy and fibrosis in vivo via Akt/
mTOR and NF-«B signaling (1264). However, no protec-
tion of cardiac fibrosis was detected in Nox4-deficient mice
infused with ANG 1II (90).

As discussed elsewhere (732), a number of in vivo studies
have implicated enhanced Nox2 activity to ANG II-induced
cardiac remodeling. For example, genetic deletion of
Nox2—/— in mice inhibits cardiac interstitial fibrosis ob-
served with a pressor dose of ANG II, although cardiac
hypertrophy is unaffected (445). A similar study with
Nox2—/— mice reporting attenuation of hypertrophy
might be explained by differences in the levels of hyperten-
sion that were achieved (108). Nox2 deletion inhibits ANG
II-induced cardiac NF-«B activation, NADPH oxidase and
MMP2 activities, and expression of fibronectin, procolla-
gen I, and CTGF. Similar findings have been reported in
another study using a subpressor dose of ANG II, although
in this case cardiac hypertrophy was inhibited (67). Nox2 is
expressed by coronary endothelial cells and cardiomyo-
cytes, as well as by cardiac fibroblasts in mice though seem-
ingly not in humans (44, 732), but the cell-specific role of
Nox2 in ANG II-induced ventricular fibrosis and cardiac
dysfunction is unclear. New evidence obtained with trans-
genic mice indicates a prominent contribution of endothe-
lial cell Nox2 to ANG II-induced cardiac fibrosis. Mice
overexpressing Nox2 in endothelial cells are phenotypically
normal and develop similar cardiac hypertrophy and sys-
tolic hypertension with ANG II infusion as wild-type mice;
however, with endothelial Nox2 overexpression, ANG II
induced greater cardiac fibrosis, which is associated with
LV diastolic stiffness and isolated LV dysfunction as seen in
HFpEF. The increased fibrosis is attributed to increased
infiltration of inflammatory cells into the heart as a result of
enhanced endothelial expression of the VCAM-1 adhesion
molecule (726).

Other mechanisms besides activation of redox-sensitive
transcription factors may explain the relationship between
ANG II-induced Nox2/4 activity and cardiac fibrosis. For
example, ANG Il-induced collagen production is linked to
ROS-induced activation of the RNA binding protein HuR
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and stabilization of TGF-8 mRNA in mouse cardiac fibro-
blasts (47). Also, mitochondria may constitute an addi-
tional source of ROS for driving fibrosis. Mouse cardiac
fibroblasts express NLRP3, a pattern recognition receptor.
Levels of NLRP3 are increased by TGF-8 and ANG II and
NLRP3 is important for myofibroblast differentiation inde-
pendent of its function in the inflammasome. Evidence in-
dicates that NLRP3 localizes to mitochondria and regulates
mitochondrial ROS production, which in turn is important
for canonical TGF-B signaling via Smad2 phosphorylation
and induction of profibrotic proteins, such as CTGF and
MMP9. Furthermore, NLRP3-deficient mice are protected
from ANG Il-induced fibrosis and exhibit reduced Coll
deposition (96).

5. Src, transcriptional factors, and MAPK family

Although c¢-Src is implicated in both ANG II-induced
NADPH oxidase activity (1062) and EGFR transactivation
(819), its exact role in ANG II-induced cardiac fibrosis is
unclear. ¢-Src deficiency or pharmacological inhibition was
found to attenuate ANG II-induced hypertension, cardiac
hypertrophy, and oxidative stress, as well as improve car-
diac and endothelial function; however, both vascular and
cardiac fibrosis are enhanced (111). While not fully ex-
plained, these findings do provide further support to the
conclusion that ANG II causes cardiac fibrosis independent
of increased blood pressure.

AT;R-dependent activation of G/, activates RhoA
through p63RhoGEF. RhoA activation through this path-
way increases serum response factor (SRF) activity, leading
to increased CTGF production and eventual secretion
(777). ANG II-dependent ERK1/2 activation through Nox-
generated ROS activates both AP1 and STAT3. AP1/
STAT3 upregulation increases miR-21 which in turn sup-
presses MMP regulator reversion-inducing cysteine-rich
protein with Kazal motifs (RECK), Sprouty homologue 1
(SPRY1), and PTEN. Reduction of these proteins increases
MMP2 production or activity and encourages cardiac fi-
broblast migration (965). AP1 and NF-«B also contribute
to fibroblast migration through collagen synthesis and
MMP production, respectively (964).

Interestingly, p38MAPK has opposing roles as witnessed in
cardiac hypertrophy (951). In primary cardiac fibroblasts,
ANG II suppresses p38MAPK activation through PKC-gII
and -8 stimulating proliferation and collagen accumulation
(160). However, the role of p38MAPK is complex and con-
troversial as ANG II-dependent periostin expression within
areas of cardiac fibrosis is dependent on RAS-induced
p38MAPK activation and downstream CREB (568). Nox-
generated ROS and activation of CREB via p38MAPK and
ERK1/2 is implicated in ANG Il-induced IL-6 expression by
cardiac fibroblasts (910). ANG II-induced p38MAPK activ-
ity may be linked as well to gene expression in myofibro-
blasts via SRF (213). Recently, ANG II-induced expression
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of the collagen-specific tyrosine kinase receptor discoidin
domain receptor 2 (DDR2) in cardiac fibroblasts was linked
to activation of NF-«B by p38MAPK, downstream of PLC
and PKC activation, which in turn are linked to NADPH
oxidase-dependent ROS generation. Intriguingly, DDR2 is
critical for ANG II-induced ERK1/2 activation and subse-
quent collagen expression (314).

ANG I activates ERK1/2 in cardiac fibroblasts by increased
intracellular Ca?™ or PKC-6 (88, 775) and stimulates down-
stream TGF-B1/Smad signaling leading to increased perios-
tin expression (568). Interestingly, EGFR transactivation in
cardiac myocytes and not fibroblasts may contribute to fi-
brosis, since cardiac fibroblast EGFR transactivation is dis-
pensable for ANG II-induced ERK1/2 activation (775)
while EGFR inhibitors attenuate ANG II-induced cardiac
remodeling in vivo (819). ANG II increases intracellular
Ca”" in cardiac fibroblasts by enhancing store-operated
Ca®* entry (SOCE), which is critical for the induction of
Col I, fibronectin, a-SMA, and CTGF expression (1241).
SOCE activity is associated with increased Smad2/3 phos-
phorylation, nuclear translocation of NFATc4, and
TGF-B1 protein expression. Likewise, ANG II signals acti-
vation of an NF-«B/TGF-B1/TRIF/TRAF6 pathway in
atrial fibroblasts. Attenuation of this pathway using piogli-
tazone, a PPARYy agonist, protects mice against ANG II-
induced atrial fibrosis (156). NF-«B is also part of the SP1/
TGFB/Smad3 pathway involved in cardiac fibrosis (403,
1134). In addition, the ANG II-induced MAPK/TGFB1/
TRAF6 pathway is necessary for CTGF production and
proliferation in atrial fibroblasts (341). The relationship
between TGF-B1 and ANG II in mediating myofibroblast
transformation and expression of ECM target genes is
highly complex and integrated with many of the profibrotic
actions of ANG II mediated by the upregulation of TGF-£1
(213, 1064). ANG II can enhance both canonical and non-
canonical TGF-B1 signaling in cardiac fibroblasts by induc-
ing Smad2/3 phosphorylation via ERK1/2 activation or by
increasing p38MAPK activity via Ras or other means (213,
776). Recently, ventricular myocytes were identified as an
important source of TGF-B that acts in an early autocrine
manner to induce hypertrophy and in a late paracrine man-
ner to induce fibrosis in response to ANG Il infusion of mice
(284). Expression of TGF-B by cardiac myocytes, which can
be induced by either TGF-B or ANG II, was found to be
normally dampened by TGF-B-induced expression of the
serine protease inhibitor PAI-1 via a negative feedback
loop. Notably, while ANG II-induced hypertension was at-
tenuated in mice with PAI-1 deficiency, cardiac hypertro-
phy was enhanced. In addition, with PAI-1 deficiency,
BMP-7 was found to stimulate activation of inhibitory
Smadé and reduce TGF-B generation and signaling by car-
diac myocytes, thereby inhibiting ANG II-induced fibrosis
and cardiomyopathy. A recent study showed that IL-11 is
required for the profibrotic effects of TGF-B1 in the heart,
acting posttranscriptionally to induce fibrogenic protein
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synthesis via noncanonical, ERK-dependent autocrine sig-
naling (923). Like IL-6, IL-11 signals by causing dimeriza-
tion of the transmembrane glycoprotein 130 (gp130), and
upregulation of IL-11 was found to be the dominant tran-
scriptional response of cardiac fibroblasts to TGF-B1,
which also express its receptor IL-11RA.

Past and recently identified signaling pathways required for
ANG II-dependent cardiac fibrosis are illustrated in FIGURE
9, in which ROS, TGF-B8, EGFR, and MAPKs remain cen-
tral mediators. However, recent studies have also pointed
out the importance of inflammatory responses in cardiac
fibrosis induced by ANG II (see below).

6. Inflammation and cardiac fibrosis

ANG II-induced fibrosis of the heart (perivascular and in-
terstitial) was shown to be dependent on the recruitment of
bone marrow-derived monocytic fibroblast precursors with
conflicting evidence reported on the importance of endothe-
lial cell produced MCP1 (CCL2) as a chemotactic factor
(265, 362). These so-called fibrocytes express both hema-
topoietic (CD45, CD34, and CD133) and mesenchymal
markers (Col-I, «SMA, vimentin). Based on the expression
of CD (cluster of differentiation) cell surface markers, re-
cruited fibrocytes were shown to have initially a “classical”
pro-inflammatory M1 phenotype, while at a later time cells
with an “alternatively activated” M2 phenotype and also
positive for procollagen type I were predominant. Preva-
lence of M1 and M2 was associated with a proinflamma-
tory and profibrotic cytokine milieu, respectively, and evi-
dence was reported that formation of M2 cells was depen-
dent on production of TNF-a by M1 cells (247). However,
the exact identity and function of the myeloid fibrocytes in
ANG II-induced cardiac fibrosis is unclear given the previ-
ously discussed results of lineage tracing and the relative
transient presence of the myeloid fibrocytes in the heart
(672).

ANG II-induced cardiac fibrosis is dependent on the infil-
tration of monocyte-derived macrophages originating from
the bone marrow, which comprise the largest proportion of
leukocytes infiltrating the heart (264). Macrophage levels in
the heart with ANG II infusion are somewhat dose-depen-
dent, but blood pressure-independent (264, 325). Accumu-
lation is MCP1/CCL2-dependent or at least modulated by
MCP1 (624). Activation of the complement system is in-
volved as well in the recruitment and activation of mono-
cytes/macrophages (1242). From an early time point, most
infiltrating macrophages exhibit an alternatively activated
M2 phenotype generally considered profibrotic due to as-
sociated TGF-B production; however, reducing M2 macro-
phage infiltration by knocking out the fractalkine receptor
Cx3crl increases M1 macrophage infiltration, favors a pro-
inflammatory myocardial environment, and worsens car-
diac fibrosis even though myocardial TGF- transcript lev-
els are reduced as expected (264). Thus M2 macrophages
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FIGURE 9. ROS has a critical role in ANG ll-induced fibrosis of the heart. In the context of fibrosis, AT,R
induces ROS formation primarily via engagement of Nox2 and Nox4, but also via mitochondria in a process
involving the pattern recognition receptor NLRP3. ROS leads to the induction of various signaling path-
ways, including NF-«B, ERK1 /2, and Akt/mTOR that are linked to myofibroblast target genes. NF-«xB and
AP1 are implicated in cardiac fibroblast proliferation, migration, and collagen production through the
induction of IL-18. ERK1 /2 activation is linked to both AP1 and STAT3 activation and the upregulation of
miR-21, which in turn suppresses MMP regulator reversion-inducing cysteine-rich protein with Kazal
motifs (RECK), Sprouty homologue 1 (SPRY1), and PTEN. Reduction of these proteins increases MMP-2
production or activity and encourages cardiac fibroblast migration. ANG Il-induced ROS is implicated as well
in both canonical and noncanonical TGF-8 signaling. The former involves association of phosphorylated
Smad2 and 3 with Smad4; the latter activation of SRF or CREB via p38MAPK signaling, which is engaged
directly by an AT,R-linked cascade or indirectly through ROS formation. Increased TGF-3 levels may contribute
to ANG l-induced fibrosis because of the stabilization of TGF-8 mMRBNA resulting from ROS-induced activation of
RNA binding protein HuR. Lastly, EGFR transactivation may contribute to ANG I-induced fibrosis, although
cardiac myocytes and not fibroblasts may be involved in this mechanism. *May involve additional cell types
besides cardiac fibroblasts/myofibroblasts.
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may exert a protective role in ANG II-induced fibrosis by
tamping down the proinflammatory actions of infiltrating
M1 macrophages.

Others previously showed that ANG Il-induced cardiac fi-
brosis is dependent on macrophages and IL-6, with acti-
vated macrophages stimulating cardiac fibroblasts to pro-
duce IL-6, leading to an autocrine loop for TGF-B1 produc-
tion and fibrosis (625). ANG II-induced expression of IL-6
and collagens in cardiac fibroblasts is dependent on the
downregulation of microRNA Let-7i (1124). ANG II infu-
sion may activate macrophages to cause cardiac fibrosis as a
result of the production of cellular debris by injured tissue
cells and the engagement of TLR2, a pattern recognition
receptor of innate immunity (1110). Evidence suggests that
other routes for macrophage activation by ANG II occur in
the heart as well. The upregulation of the ECM glycopro-
tein tenascin C by cardiac fibroblasts with ANG II stimula-
tion is implicated in fibrosis ostensibly by enhancing the
migration and activation of macrophages, as well as their
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IL-6 production, downstream of integrin «V3 activation
(953). With ANG II infusion, monocyte-secreted IL-183
stimulates IL-17A production by 8T cells that in turn in-
duces IL-6 production by cardiac fibroblasts leading to their
differentiation into myofibroblasts and fibrosis (584). Oth-
ers report that ANG II causes the infiltration of IFN-vy pro-
ducing T cells into the heart that on direct interaction with
macrophages produce IFN-vy, which in turn activates CCL2
production by macrophages that is postulated to fuel in-
flammation by recruiting more macrophages and T cells
(352). IFN-v also polarizes macrophages to the M1 pheno-
type. The differentiation of naive T cells into IFN-y-produc-
ing proinflammatory T-helper 1 (Th1) cells is dependent on
IL-12, a heterodimeric cytokine of two covalently linked
p35 and p40 subunits. ANG II infusion markedly increases
the expression of IL12p35 in cardiac macrophages, and
deletion of IL12p35 leads to polarization of CD4™ T cells to
the Th2 phenotype and Th2-dependent accumulation of
TGF-B expressing M2 macrophages in the heart in response
to ANG II. Moreover, IL12p35 knockout M2 macrophages
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can stimulate differentiation of cardiac fibroblasts into col-
lagen producing myofibroblasts, and hearts of IL12p35-
deficient mice exhibited greater fibrosis with ANG II infu-
sion (585). On the other hand, activation of serum and
glucocorticoid-regulated kinase 1 (SGK1) by ANG II is im-
plicated in macrophage recruitment to the heart and polar-
ization of macrophages, upstream of STAT3 activation, to
the M2 phenotype. Loss of SGK1 attenuates the increase in
profibrotic cytokines in the heart in response to ANG II
treatment and blocks cardiac hypertrophy and fibrosis.
ANG II-induced cardiac fibroblast to myofibroblast trans-
formation is observed in cocultures with wild-type bone
marrow-derived macrophages, but not with SGK1-deficient
macrophages (1193).

Myocardial recruitment and activation of CD8" T cells
(cytotoxic T cells), due to IFN-y production by parenchy-
mal cells (including vascular endothelial cells and fibro-
blasts), is required for ANG II-induced cardiac recruitment
and activation of macrophages towards a phenotype char-
acterized by the production of pro-inflammatory and pro-
fibrotic cytokines, including CCL2. Knocking out either
IFN-y or CD8" T cells markedly attenuates ANG Il-in-
duced cardiac fibrosis independent of increased blood pres-
sure or cardiac hypertrophy. Recruitment and activation of

macrophages by CD8™ T cells does not require IFN-v, but
does require their physical contact and is TCR-indepen-
dent, consistent with an innate immune cell-like function of
CDS8™ cells (624). Finally, others report that production
of extracellular heterodimeric proteins $100a8/a9 by
CD11b" Gr1™ neutrophils may be an early initiation factor
in ANG II-induced cardiac fibrosis. $100a8/a9 activates
NF-«B signaling in cardiac fibroblasts via the receptor for
advanced glycation end products (RAGE) and induces ex-
pression of multiple chemokines and cytokines. Blocking
S$100a8/a9 prevents ANG II infusion-induced cardiac cyto-
kine production, inflammatory cell infiltration, perivascular
and interstitial fibrosis, and hypertrophy without affecting
increases in blood pressure (1162). Contributions of the
immune cell types implicated in ANG II-induced cardiac
fibrosis are summarized in TABLE 8.

7. Role of TIMPs

Recent evidence reveals that synthesis of TIMP1 from car-
diac fibroblasts in response to ANG II or pressure overload
contributes to collagen synthesis and cardiac fibrosis in a
MMP-independent manner (1031). Extracellular TIMP1
fosters an interaction in cardiac fibroblasts between the cell
surface TIMP1 receptor CD63 and integrin 1, leading to

Table 8. Role of myeloid or immune cells in ANG ll-induced cardiac fibrosis

Cell Type Notes (In Response to ANG Il Infusion)

Reference Nos.

Fibrocytes
markers

CD45*CD34"CD133" and “mesenchymal”

247, 265, 362

Temporal transition from proinflammatory M1 to
collagen producing M2 phenotype

Macrophages (Me¢)

Activated by cell debris via TLR2 engagement

264, 585, 625, 953,
1110, 1193

Also activated and induced to produce IL-6 by
fibroblast-derived tenascin-C

Activated Mo stimulate cardiac fibroblasts to
produce IL-6, leading to autocrine loop of TGF-

B1 and fibrosis

Polarize T cells to inflammatory Th1 phenotype
by ANG I-induced IL-12p35 production

Relative contribution of M1 and M2 phenotypes
to cardiac fibrosis somewhat unsettled

Th1 cells Produce IFN-y that induces M¢ CCL2 production 352

Th2 cells

vd T cells

Cytotoxic T cell (CTL)

Neutrophils

to sustain inflammation
Polarize M¢ to M1 phenotype

Possibly contribute to polarization of M¢ to TGF-
B producing M2 phenatype

Produce IL-17A in response to monocyte IL-13

IL-17A-induced IL-6 production by cardiac
fibroblasts leads to myofibroblast phenotype

Recruited/activated by parenchymal cell IFN-y

Polarize macrophages to M1 phenotype via
direct interaction/TCR independent

Activate RAGE signaling and cytokine,/chemokine
signaling in fibroblasts via 5100a8 /a3
production/release

Early event

585

584

624

1162
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the phosphorylation and release of B-catenin from N-
cadherin, which in association with activated SMAD2/3
from TGF-B signaling, translocates to the nucleus and in-
duces collagen gene transcription. The roles of TIMP2 and
TIMP3 are similarly complicated in ANG II-induced car-
diac remodeling, with loss of either leading to diastolic dys-
function in the context of a preserved ejection fraction with
ANG II infusion, but for different reasons (266). Knockout
of TIMP2 impairs active relaxation by enhancing ANG II-
induced cardiac hypertrophy (there is no effect on ANG
[I-induced hypertension), while cardiac fibrosis is elimi-
nated due to suppressed collagen deposition attributed to a
reduction in cross-linking enzymes LOX and PLODI.
TIMP3 knockout increases LV passive stiffness due to ex-
cess fibrosis resulting from posttranslational stabilization
and deposition of collagen by matricellular proteins SPARC
and osteopontin. In addition, loss of TIMP3 eliminates
ANG II-cardiac hypertrophy, not simply because ANG II-
induced hypertension is reduced by TIMP3 knockout, but
elimination of TIMP3 attenuates the prohypertrophic ac-
tions of cardiac fibroblasts on cardiomyocytes (266).

C. Ventricular Arrhythmias

Activation of inflammation and an immune response
through engagement of NF-«kB contributes to ANG II-in-
duced cardiac fibrosis and electrical remodeling of the left
ventricle. AT, R couples to NF-«B activation in nonimmune
cells via the CBM signalosome, consisting of three principal
proteins: caspase recruitment domain (CARD) 10
(CARMA3, caspase recruitment domain membrane-
associated guanylate kinase), B cell lymphoma/leukemia 10
(Bcl10), and mucosa-associated lymphoid tissue lymphoma
translocation protein (MALT1) (674). The CBN signalo-
some transmits the signal from AT,R to the IkB kinase
(IKK) complex, which is activated by MALT1-mediated
ubiquitination of the regulatory subunit, IKK+y. The acti-
vated IKK complex phosphorylates I«B to mark it for pro-
teosomal degradation, thereby releasing NF-«kB. A similar
system for AT, R involving CARMA1 may occur in immune
cells (674). Compared with wild-type mice, ANG Il-infused
Bcl10 knockout mice exhibited reduced cardiac fibrosis and
cellular infiltration, as well as improved arrhythmogenic
electrical remodeling, despite similar degrees of hyperten-
sion and cardiac hypertrophy (651). NF-«B activation in
both cardiac and immune cells contributed to adverse car-
diac remodeling by ANG II as evidenced by attenuated in-
flammatory cytokine/chemokine production by the heart,
reduced expression of adhesion molecules on endothelial
cells, impaired chemotaxis of monocytes/macrophages, and
lessened infiltration of bone marrow-derived myofibro-
blasts in Bcl10 knockout mice. QRS interval prolongation
with ANG II treatment can lead to ventricular arrhythmias,
and besides hypertrophy and fibrosis, delocalization of con-
nexin-43 (Cx43) contributes to slowing of ventricular con-
ductance. In Bcl10 knockout mice, Cx43 remained local-

ized at ICD regions after ANG II infusion, whereas in wild-
type mice Cx43 showed partial redistribution toward the
lateral borders of cardiac myocytes. Reduced Cx43 levels
may also contribute to ANG II-induced ventricular arrhyth-
mias and sudden cardiac death. Mice with cardiac-
restricted ACE expression show an increased incidence of
arrhythmic deaths resulting from ventricular tachycardia
degenerating to ventricular fibrillation. This is attributed to
reduced ventricular levels of Cx43 due to the activation of
c-Src tyrosine kinase, as phosphorylated c-Src competes
with Cx43 for a binding site on the ICD scaffolding protein,
zonula occludens-1 (984). Displacement of Cx43 from gap
junctions and its diffusion away from the ICD results in its
enzymatic degradation. Preclinical evidence implicates
AT, R in the increased susceptibility to ventricular tachycar-
dia in cardiac hypertrophy independent of structural re-
modeling, highlighting the importance of Cx43 alterations
in this regard (1199). ANG Il-induced oxidative activation
of CaMKII and PKA via Nox2 likely contributes as well to
ventricular arrhythmias due to increased diastolic SR Ca**
leakage and disturbed Na™ and Ca®* currents, respectively

(1099).

D. Atrial Fibrillation

Cardiac remodeling can lead to profound changes in car-
diac function including the development of arrhythmias.
Atrial fibrillation (AF) is considered to be the most common
sustained type of cardiac arrhythmia and is regulated by
focal ectopic firing and/or reentry manifesting in irregular
atrial electrical activity (425). Cardiac remodeling is a ma-
jor player in the development of AF, and hypertension is a
major risk factor for AF, which can be attributed to in-
creased cardiac fibrosis and left ventricular hypertrophy
that can occur with untreated hypertension (646). Thus
investigation into the mechanisms and etiology of AF has
pointed to a role for ANG II. A meta-analysis conducted on
AF prevention showed ACE inhibitors and ARBs were
moderately protective against AF after cardioversion, al-
though the beneficial effect of these drugs was limited to
patients with LVH or systolic left ventricular dysfunction.
Likewise, hypertensive patients receiving losartan in the
LIFE study showed significant risk reduction in new-onset
AF and associated stroke compared with hypertensive pa-
tients treated with atenolol, suggesting a role for ANG II
signaling in the development of AF (369). These findings
were further confirmed in the VALUE trial (929). Further-
more, AT R blockade reduces the atrial effective refractory
period in a dog model of rapid atrial pacing (741) and
delays promotion of AF most likely through reductions in
interstitial fibrosis (519). Human atrial tissue samples of
patients with AF also show increased expression of ACE
and ERK1/2 along with increased atrial fibrosis (323).
While specifics of how ANG II may promote AF are still
unclear, it appears there is a correlation between ANG II-
dependent fibrosis and AF.
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Whether the fibrotic response is reactive in which fibrotic
tissue separates muscle bundles, or reparative, where the
fibrotic response replaces dead cardiomyocytes, fibrosis can
slow conduction by interfering with electric continuity
(425). As such, elucidating ANG II-dependent mechanisms
of atrial fibrosis and how they affect the development of AF
is critical. For general mechanisms of AF, please see a recent
review (107). Human AF samples show marked elevation in
STATS3 phosphorylation, and in rat atrial myocytes ANG II
induces interaction between Racl and STAT3 causing
STAT3 phosphorylation (1067). Mice with cardiac-specific
overexpression of Racl at 16 mo of age display AF along-
side of increased atrial fibrosis (9). Patients with AF show
decreased NO production and eNOS ™/~ mice infused with
ANG II develop cardiac remodeling and AF through Rac1-
induced TGF-B1 signaling (1184). As discussed in earlier
sections, TGF-B1 is a key player in mediating fibrosis, and
recent evidence has highlighted MKK4 as a negative regu-
lator of TGF-B1. MKK4-deficient mice show susceptibility
to atrial remodeling and arrythmogenesis and primary
cultured cardiomyocytes stimulated with ANG II show
increased TGF-B1 induction (210). Furthermore, rapid
atrial pacing suppresses Smad7, a negative regulator of
TGF-B1, through an ANG II/AT,R-dependent TGF-B1
and ERK/Smad2/3 signaling mechanism that activates
the Arkadia ubiquitin proteasome pathway. AT,R seems
not involved (367). CTGF is upregulated by ANG II
through Rac1 in atrial myocytes and promotes AF and
cardiac remodeling through downstream upregulation of
N-cadheirn and Cx43 (10).

With regard to ROS and AF, ANG II-dependent Nox2/4
induction (1215) and Nox-derived ROS activates CaMKII
through methionine oxidation (sites 281/282). Oxidized
CaMKII increases Ca®" leak from RyR2 through serine
phosphorylation (site 2814), thus promoting increased sus-
ceptibility to AF (839). Likewise, in atrial myocytes, ANGII
induces spontaneous release of Ca** from the sarcoplasmic
reticulum coupled with electrophysiological changes which
could lead to AF susceptibility (309). Nox2-dependent su-
peroxide production is considered to originate from both
atrial fibroblasts and macrophages, as macrophages are re-
cruited to the atria as a result of AF and release superoxide
through p38-mediated activation of Nox2 (884). Inflam-
matory cell infiltration during AF may also be a result of
ANG II-induced inflammatory activation as rapid arterial
pacing increases endocardial VCAM-1 expression through
the AT,R (322). In addition, myeloperoxidase-deficient
mice were used to demonstrate a crucial role of neutrophil
derived myeloperoxidase in ANG II induced activation of
MMPs, atrial fibrosis, and AF (885). Ca?" influx is also
dependent on TRPC3 as blockade using pyrazole-3 pre-
vents ANG II-induced a-SMA expression and ERK1/2-de-
pendent proliferation of cardiac fibroblasts. Pyrazole-3 ad-
ministration in vivo prevents AF development (357). ANG
IT also enhances promoter methylation leading to decreased

1682

protein expression of Pitx2c, a gene involved in AF, through
AT R (457). Recent evidence implicates intracrine ANG II
signaling as well in the pathogenesis of AF. Nuclear AT,R
and AT,R that are linked to IP receptor- and NO-depen-
dent pathways, respectively, were identified in canine atrial
fibroblasts, and intracellular ANG II was found to induce
proliferation and collagen gene transcription. Moreover,
levels of intracellular ANG II and nuclear AT,R in canine
atrial fibroblasts are increased with pacing-induced heart
failure (1024). Taken together, significant progress is made
regarding the signal transduction mechanisms and cell com-
munications by which ANG II contribute to cardiac pathol-
ogies including cardiac hypertrophy, fibrosis, and AF.
However, further research in large animals and humans to
translate the latest information is desired.

VI. ANG Il SIGNALING IN RENAL
PHYSIOLOGY AND PATHOPHYSIOLOGY

A. Basic Understanding of ANG Il Effects
on Kidney

A major physiological role of the RAS is to regulate salt and
water balance, particularly in circumstances of dehydration
and volume depletion (985). Renal control of sodium and
water handling by ANG II is critical to these actions. Fur-
thermore, dysregulation of the RAS can cause hypertension,
and its activity in the kidney is believed to be a central player
in development and maintenance of essential hypertension
(179). In this regard, kidney cross-transplantation studies
have shown that AT R in the kidney are necessary and
sufficient for development of ANG II-dependent hyperten-
sion (190). Angiotensin receptors are expressed throughout
the kidney in vasculature, a range of tubular epithelial pop-
ulations and the juxtaglomerular apparatus (JGA), as well
as podocytes and mesangial cells in the glomerulus (985).
This pattern of angiotensin receptor expression portends
the broad impact of ANG II on renal function. ANG II has
a direct effect on renal VSMCs, causing vasoconstriction of
afferent and efferent arterioles, resulting in reduced renal
blood flow, favoring sodium reabsorption. The role of renal
vascular AT, R in reducing RBF and contributing to ANG
[I-induced hypertension has been recently confirmed with
VSMC AT, s\R-deficient mice (987). A few studies suggest a
contribution of oxidative stress in ANG II-enhanced vaso-
constriction of afferent arterioles (569). In p47P"* knock-
out mice, ANG II-mediated afferent arteriole contraction is
blunted, suggesting that Nox-derived ROS are important to
maintain enhanced renal vascular resistance induced by
ANGII (532). ANG II also directly stimulates reabsorption
of salt and water in multiple nephron segments. Moreover,
ANG I stimulates aldosterone secretion to further augment
salt and water retention in mineralocorticoid-sensitive seg-
ments of the nephron (690).
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The local events at the JGA regulating glomerular filtration
rate (GFR) by tubuloglomerular feedback (TGF) cause a
major realignment of glomerular arteriolar vasomotor
tone. TGF is an intrarenal regulatory system in which NaCl
concentration at a distal nephron site is sensed as a signal of
alterations in glomerular filtration, initiating a response
that acutely modifies GFR. Increased intrarenal ANG II
levels (see below) amplify the sensitivity of TGF to reduce
GFR. As in other target organs, ANG II also has critical
nonhemodynamic functions to alter hypertensive renal
pathophysiology, including enhancement of immune and
inflammatory responses, oxidative stress, endothelial dys-
function, mesangial cell growth, and interstitial fibrosis in
the kidney. In addition to inflammation and oxidative
stress, ANG II-induced generations of ET-1 and TGF-S are
considered to be other major mechanisms in ANG II-in-
duced renal pathophysiology (690).

B. Intrarenal RAS and Hypertension

Kidneys express all necessary components [AGT, renin,
(pro)renin receptor, and ACE] for ANG II generation. Stud-
ies have suggested that this intrarenal RAS is subject to local
regulation (502), and intrarenal ANG II production, which
is paradoxically stimulated under several pathophysiologi-
cal conditions, including ANG II infusion, has been impli-
cated in renal ANG II physiology and pathophysiology.
Regulation and impact of intrarenal RAS in renal physiol-
ogy, pathophysiology including hypertension, fibrosis, and
inflammation have been reviewed extensively (316, 502,
855, 919). The significance of this intrarenal system has
been demonstrated in studies showing that two distinct ge-
netic deletions of renal ACE attenuate hypertension in-
duced with ANG II infusion or L-NAME treatment. These
modified phenotypes are associated with inhibition of acti-
vation of renal sodium transporters and reduced sodium
reabsorption (316, 332). Note that there are some recent
controversies in this field, such as the possible extrarenal
origins of AGT and other RAS components (667, 668, 875).

C. Salt and Water Balance

As mentioned above, AT R are expressed in tubular epithe-
lia across the nephron, where they mediate ANG II-depen-
dent regulation of sodium and water handling. However,
the effects and mechanisms of tubular actions of ANG II
may vary in different nephron segments. For example, ac-
tions of ANG II to affect proximal tubule functions have
been long-recognized, where it targets key sodium trans-
porters. There is evidence of a role for altered transport
preceding blood pressure elevation in ANG Il infusion mod-
els. Within 20 min, ANG II treatment stimulates trafficking
of Na*/H" exchanger (NHE3), Na*/P, cotransporter 2
(NaPi2) and NHE regulatory factor (NHERF)1 into the
proximal tubule brush-border microvilli, where they likely

Physiol Rev . VOL 98 . JULY 2018 . www.prv.org

contribute to rapid increase in salt and water reabsorption
(870). A 3-day nonpressor dose of ANG II also increases
proximal tubule NHE3 cortical NKCC2 and ENaC (749).
NHES3 plays a pivotal role in salt and fluid reabsorption in
the proximal tubule, and is required for ANG Il-induced
hypertension in mice (580). It should also be noted that
renal sympathetic nerve stimulation leads to NHE3-depen-
dent proximal tubule sodium reabsorption via enhanced
generation of intrarenal ANG II (831, 832). ANG II acti-
vates NHE3 via Ca®", calmodulin (CaM), and CaMKII.
This pathway regulates NHE3 interaction with ROS-medi-
ated JAK2-CaM complex (51). Upon ANG II stimulation,
CaMKII also phosphorylates a NHE3 interacting protein,
inositol 1,4,5-trisphosphate receptor-binding protein re-
leased with inositol 1,4,5-trisphosphate (IRBIT) to mediate
trafficking and activation of NHE3 in cultured opossum
kidney proximal tubule epithelial cells (365). It was recently
shown that ANG II induces NHERF1 interaction with
NHE3 and IRBIT, and NHERF1 silencing attenuates
NHES3 activation in these cells (366).

Consistent with these signaling and mechanistic studies,
cell-specific deletion of AT, 4R from proximal tubule epi-
thelia lowers baseline blood pressure and attenuates ANG
II-dependent hypertension (347). These effects on blood
pressure are associated with impaired renal sodium reab-
sorption and reduced abundance of key sodium transport-
ers, including NHE3 and the sodium-phosphate cotrans-
porter. These findings are in line with the reports demon-
strating attenuation of ANG Il-induced hypertension in
NHE3-deficient mice (579, 580). Finally, the role of proxi-
mal tubule AT, 4R in blood pressure regulation is also dem-
onstrated in transgenic mice expressing a constitutively ac-
tive AT sR specifically in proximal tubule, which have in-
creased blood pressure (566).

ANG II also modulates NaCl handling in the thick ascend-
ing limb of Henle (THAL), which avidly reabsorbs NaCl
and contributes to the generation of renal osmotic gradient.
These effects of ANG Il on THAL function are mediated by
both direct and indirect mechanisms. In contrast, NO, an-
other key regulator of THAL function, decreases NaCl re-
absorption via cGMP-dependent inhibition of the Na/K/
2Cl cotransporter (NKCC2) (718). WNK kinases make up
crucial molecular pathway connecting ANG II and aldoste-
rone control of renal sodium and potassium transport (391,
881). WNK kinases have broad actions to regulate traffick-
ing and activation of NKCC2, the sodium-chloride cotrans-
porter (NCC) in the distal convoluted tubule, and the renal
outer medullary potassium channel (ROMK). In general,
the WNK kinase-dependent modulation of the transporters
involves phosphorylation of the transporters via SPAK and
OSR1, two highly homologous kinases that are phosphor-
ylated and activated by WNK kinases (391). In patients
with pseudohypoaldosteronism type II, mutations in
WNK4 or WNKI1, or in either Cullin 3 or Kelch-like 3
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(KLHL3) components of an E3 ubiquitin ligase complex
that targets WNKs for degradation, cause constitutively
increased renal salt reabsorption and impaired K* secre-
tion, resulting in hypertension and hyperkalemia. It has
been shown that ANG II induces PKC-dependent KLHL3
phosphorylation, preventing WNK4 degradation and phe-
nocopying the KLHL3 mutation (949). In addition, aldo-
sterone stabilizes PY motif-containing WNKT1 isoform in
the kidney via SGK1-dependent inhibition of E3 ubiquitin
ligase NEDD4-2 (880). ANG II infusion increases renal
phosphorylation of NKCC2 and SPAK (451, 749), suggest-
ing a direct mechanism of NKCC2 via WNK kinases. The
direct mechanism may also involve Src and the ERK cascade
(717). It was recently shown that ANG II also promotes
NaCl reabsorption through enhanced phosphodiesterase 5
(PDES)-driven degradation of cGMP (856). In addition, in
ANG Il-induced hypertension, IL-1 receptor stimulation
augments hypertension and NKCC2 activity via prevention
of the maturation of intrarenal myeloid cells into
Ly6C*"Ly6G~ macrophages, thereby inhibiting macro-
phage-dependent NO secretion (1249).

NCC activity in the distal convoluted tubule plays an essen-
tial role in Na™ handling, reflected by its importance as a
target for thiazide diuretics, one of the most effective treat-
ments for essential hypertension. ANG II promotes NCC-
dependent sodium reabsorption through WINK4 and SPAK/
OSR1-dependent signaling (127, 907, 1083). Interestingly,
lack of IFN-vyin mice prevents ANG II-induced elevations in
blood pressure, and this is associated with reduced phos-
phorylation of NKCC2, NCC, and SPAK in the distal con-
voluted tubule. Similarly, deficiency of IL-17A reduces
proximal transporter activity in response to ANG II (451),
suggesting a contribution of inflammatory responses to en-
hance sodium reabsorption in hypertension.

The collecting duct is a key target of aldosterone, where it
has potent effects to enhance epithelial sodium channel
(ENaC) activity. ANG II also has direct actions to influence
handling of salt and water by collecting duct epithelia.
ENaC is activated by ANG II in collecting duct, potentially
contributing to sodium reabsorption (643). ANG II-depen-
dent increases in ENaC activity require NADPH oxidase
activation and generation of ROS (642), Ca**-independent
PKC activation (1014), and (pro)renin receptor activity
(818). ATRAP promotes AT, R internalization and is pro-
tective against ANG II-induced pathological signaling.
ATRAP deficiency enhances AT,R signaling, which stimu-
lates ENaC and enhances sodium retention in distal tubules
(769). It is also important to note that unlike aldosterone,
which induces and stimulates ENaC as well as renal outer
medullary channel (ROMK) to accelerate sodium potas-
sium exchange (1232), ANG IT uncouples ENaC-dependent
sodium reabsorption by inhibiting ROMK (1136). The
mechanism of ROMK inhibition by ANG II appears to
involve WNK4, SGK1, and ¢-Src-dependent ROMK phos-
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phorylation (1227). Despite this evidence of direct effects of
ANG II on ENaC to promote sodium reabsorption, cell-
specific deletion of AT, R from principal cells of the col-
lecting duct does not affect baseline blood pressure and only
modestly diminishes ANG II-dependent hypertension
(147). In contrast, deletion of AT, R from both principal
and intercalated cells of the collecting duct is associated
with an exaggerated blood pressure increase with chronic
ANG 1I infusion, due to elimination of AT, R-dependent
generation of vasodilator prostanoids that normally resist
the development of hypertension (999).

Systemic AT, 4R knockout mice have an impaired capacity
to concentrate the urine, which is associated with reduced
aquaporin-2 (AQP2) expression in the inner medulla (578).
The AQP2 water channel is the major protein regulating the
permeability of the collecting duct to water. Specific elimi-
nation of AT R from both principal and intercalated cells
in the collecting duct impairs urinary concentrating capac-
ity. This is associated with a reduction in levels of AQP2
protein in the medulla after water deprivation, suggesting
that AT, sR in epithelial cells of the collecting duct regulate
the concentration of urine via AQP2 (1000). Several studies
suggest that ANG II and AT,R are important regulators of
AQPs including AQP2. ANG II infusion in rats reduces
AQP2 expression in outer medulla, which is associated with
diuresis (501). In inner medullary collecting duct cells from
rats, ANG II rapidly stimulates membrane trafficking of
AQP2 via increases in cAMP through AT,R (554). ANG II
also increased AQP2 protein expression through AT{R in
the immortalized mouse renal collecting duct principal cells
via PKA and PKC (560). ANG II via AT,R also increases
AQP1 expression in renal proximal tubules in vitro and in
vivo (91).

Cumulatively, ANG II signal transduction has a significant
role in regulation of renal ion and water handling. Critical
components of these signal transduction pathways include
AT,R, WNKs, SPAK, NKCC2, NCC, NHE3, ENaC, and
AQP2 (FIGURE 10). Future research will hopefully further
elucidate the specific molecular mechanisms leading to the
development of altered renal function and hypertension
elicited by ANG II.

D. Renal Fibrosis and Inflammation

ANG II-induced renal inflammation and fibrosis are signif-
icant contributors to chronic kidney injury and the devel-
opment of end-stage kidney disease. The importance of
these pathways in chronic kidney disease is reflected in the
clinical efficacy of ACE inhibitors and angiotensin receptor
blockers to slow the progression of renal damage. As with
cardiac and vascular fibrosis, TGF- plays a central role for
this ANG II-dependent pathology. TGF-B contributes to
epithelial cell-mesenchymal cell transition to promote ANG
[I-induced fibrosis in kidney. TGF-B1 induction is regulated
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by p38MAPK activation and JNK/thrombospondin-1 sig-
naling (889). Moreover, EGFR transactivation by ANG II
in renal proximal tubule appears critical for ANG II-in-
duced renal TGF-B induction, epithelial cell-mesenchymal
cell transition, and fibrosis (150, 151). In addition to EGFR,
a recent study demonstrated that ER stress-induced activa-
tion of a transcription factor sterol regulatory element-
binding protein-1 (SREBP-1) contributes to TGF-B induc-
tion and renal fibrosis in ANG II-infused mice (1118).

Along with TGF-B signaling, ANG II-induced fibrogenesis
is also mediated through CTGF, ET-1, COX-2, PAI-1, os-
teopontin, and various inflammatory effectors including
VCAM-1, IL-6, TNF-q, and Lox1, which affect ECM pro-
duction and inflammatory responses, resulting in renal fi-
brosis (889). CTGF and downstream collagen I production
by ANG II is mediated through an ERK/p38MAPK/Smad3
axis (889) and Rho kinase (887). While CTGF/CCN2 has
also been implicated in ANG II-induced renal fibrosis, its
role in general fibrotic responses has been challenged re-
cently (286). HIF-1a has been implicated in ANG II-in-
duced renal fibrosis (1274). EC-selective HIF-1a knockout
mice are protected against ANG Il-induced hypertension
and renal fibrosis, which involves NF-kB-dependent
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HIF-1« induction (615). In addition to the well-established
transcriptional induction of the inflammatory effectors (in-
cluding those by Wnt/B-catenin; sect. [IIA1), ANG II also
enhances stabilization of PAI-1 and COX2 mRNA via
PKC-6-mediated HuR binding to 3'UTR AU-rich destabili-
zation elements in the kidney (238).

In an ANG II-dependent model of chronic kidney disease
(5/6 nephrectomy with ANG II infusion), TLR4 mutant
mice are protected from markers of renal dysfunction in-
cluding albuminuria, increased serum BUN and creatinine,
glomerulosclerosis, and interstitial fibrosis compared with
control mice. Systemic low-grade inflammation was also
reduced in these mice, in part due to attenuation of TLR4-
dependent inflammasome signaling (983). In line with the
role of inflammation in ANG II-induced renal injury,
NF-«B inhibition also protects against ANG II-induced re-
nal injury, and reduces TGF-8 induction (786). It is note-
worthy that AT,R on T lymphocytes appears protective for
ANG Il-induced renal injury, but not hypertension (1251),
whereas blocking T cell accumulation in the kidney limits
renal damage and the hypertensive response to ANG II
(348). The proinflammatory factor produced from Th1 T
cells in the kidney contributing to hypertensive responses
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seems to be TNF-a, according to kidney transplant experi-
ments with TNF-a-deficient mice (1248), and TNF receptor
2 appears to mediate renal inflammation induced by ANGII
(972). In addition, CCR2 knockout mice show attenuated
macrophage accumulation in the kidney, resulting in re-
duced local oxidative stress and renal fibrosis upon ANG II
infusion (589). IL-6-dependent activation of the renal JAK2
and STAT3 pathway also contributes to ANG II-induced
hypertension (98).

In contrast, it has been demonstrated that ANG II-induced
hypertension and renal inflammatory cell infiltration are
enhanced in bone marrow AT, R-deficient mice (191). In
line with this finding, macrophage-specific AT, R defi-
ciency enhances production of proinflammatory M1 cyto-
kines and exacerbates kidney fibrosis induced by unilateral
ureteral obstruction, in part through enhanced IL-1 recep-
tor stimulation (1250). In addition, deficiency of AT, sRs
on T cells also potentiated kidney injury during hyperten-
sion with exaggerated renal expression of chemokines and
enhanced accumulation of T cells in the kidney (1251). TNF
receptor 1-deficient mice also show higher blood pressure
and aggravated renal damage after ANG II infusion (146).
Taken together, these studies suggest that, depending on the
circumstance, ANG II can enhance or inhibit inflammatory
responses in the kidney.

Overall, ANG Il is a well-known instigator of renal fibrosis
and inflammation (FIGURE 11). Key players in this cascade
include TGF-B1 and various mediators of inflammation,
involving several cell types in the kidney, as well as leuko-
cytes and other immune cells. It is also interesting to note
that an NHE3 inhibitor, $3236, reduces ANG II-stimulated
induction of several cytokines in cultured proximal tubular
cells (1172), suggesting a close relationship between renal
inflammation and enhanced sodium reabsorption.

E. AT,R in Renal Physiology

In the kidney, as in other organ and cell systems, AT,R
seems to have effects that oppose actions of ANG II-medi-
ated through the dominant AT,R. In ANG II-dependent
hypertension, renal AT,R activation prevents Na™* reten-
tion and reduces blood pressure via natriuresis in a brady-
kinin-NO-cGMP-dependent manner in rats. The mecha-
nism appears to involve translocation of AT,R to the apical
membrane and internalization of NHE3 and Na™-K™-
ATPase (479, 480). This mechanism is extinguished in
spontaneously hypertensive rats, where AT,R does not
translocate to the apical plasma membrane of proximal
tubules upon intrarenal ANG Il infusion (791). Stimulation
of natriuresis by AT,R also involves inhibition of NADPH
oxidase and ROS (896). In addition, in proximal tubule
cells, the heterodimer of AT,R and dopamine D1-like re-
ceptor on the plasma membrane increases cAMP and cGMP
production, protein phosphatase 2A activation, and Na™-
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FIGURE 11. ANG lI signaling in renal fibrosis. EGFR transactivation
leads to ER stress, SREBP1 and TGF-B1 signaling. Likewise, ANG II
signals Jnk and p38 leading to TGF-B1 induction. TGF-B1 then stim-
ulates epithelial cell-mesenchymal cell transition. ERK and p38 both
induce Smad3 signaling leading to CTGF-dependent collagen expres-
sion. ANG l-induced Rho activity also induces NF-«B leading to CTGF
and HIF-1« expression.

K" -ATPase internalization, while inhibiting sodium trans-
port (318). In addition, suppression of renal fibrosis in re-
sponse to unilateral ureteric obstruction by relaxin appears
to require a heterodimer of AT,R and relaxin family pep-
tide receptor 1 (169). AT,R also has anti-inflammatory and
antioxidative functions in the kidney in obese Zucker rats
but proinflammatory and pro-oxidative functions in lean
Zucker rats (895). An AT,R agonist may also prevent dia-
betic nephropathy through a similar mechanism (130, 513).
However, there are certain limitations in these studies such
as specificity issues of pharmacological AT,R agonists/an-
tagonists and the AT,R antibody utilized.

In agreement with these studies, a few studies genetically
demonstrate that AT,R can be beneficial for renal patho-
physiology. After renal ablation, AT,R-deficient mice show
greater impairment of renal function, glomerular injury,
albuminuria, and mortality, along with increased fibronec-
tin expression and inflammation (71). With a high-fat diet,
AT,R-deficient mice also show enhanced kidney injury with
reduced expression of renal ACE2, ANG (1-7) and Mas
(22). Finally, AT,R deficiency accelerates the development
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of nephropathy in type I diabetes via oxidative stress and
increased ACE/ACE2 ratio (137).

F. ANG Il, Aldosterone, MR, and Renal
Pathology

ANG Il is a major regulator of aldosterone generated by the
adrenal gland, and ANG II-dependent aldosterone release
plays a significant role in renal physiology and pathophys-
iology. The overall actions of aldosterone to enhance renal
sodium reabsorption are congruent with those of ANG II,
and there is significant communication and convergence of
ANG II and aldosterone signaling pathways in the kidney.
Similar to ANG II regulation of Na™ reabsorption, aldoste-
rone promotes mineralocorticoid receptor activation in
principal cells and enhances Na™ reabsorption in the distal
nephron through upregulation of ENaC activity via SGK1
(391, 1232). The actions of aldosterone and ANG II to
influence sodium reabsorption across the nephron are com-
plementary, where ANG II predominantly affects the prox-
imal tubule (347), whereas the major impact of aldosterone
is in the collecting duct. For example, the combined pres-
ence of ANG II and aldosterone simultaneously, as would
occur in hypovolemia, promotes proximal Na* reabsorp-
tion by ANG I and distal Na™ reabsorption by aldosterone
through SPAK/WNK signaling (391, 1232). In the setting of
low Na™ intake, upregulation of renin and ANG II and
downstream AT,R activation increases aldosterone secre-
tion and subsequent SGK1 activation and WNK4 phos-
phorylation, thereby inhibiting the renal outer medullary
K" channel (1120).

The MR-Racl pathway also promotes renal injury, exem-
plified in Tsukuba hypertensive mice that have elevated se-
rum ANG II levels. In this setting, MR and Rac1 inhibition
both prevent ANG II-induced renal injury, and it has been
suggested that ROS mediates induction of Racl (474). In
addition to Racl, EGFR transactivation has been impli-
cated in several nongenomic effects of MR (101). Pharma-
cological inhibition of EGFR by erlotinib in mice attenuates
renal profibrotic responses induced by aldosterone (947).

Vil. ANG Il SIGNALING IN THE BRAIN

The brain is the central regulator of autonomic function and
plays a major role in blood pressure regulation through its
effects on fluid homeostasis and sympathetic nerve activity.
Like other major organs and tissues already discussed, the
brain is responsive to the effects of ANG II. The brain
contains both AT,R and AT,R and is responsive to ANGII,
which gains entry to the brain through the circumventricu-
lar organs, regions of the brain lacking a blood-brain bar-
rier. In addition, the brain contains its own intrinsic RAS,
defined by the capacity for both de novo synthesis and ac-
tion of ANG II inside the blood-brain barrier (340, 893).

Physiol Rev . VOL 98 . JULY 2018 . www.prv.org

Indeed, a preponderance of evidence suggests the brain has
the capacity for both. However, recent studies and editorial
commentary highlight the surprisingly controversial nature
of this conclusion (968, 1086). Due to the complexity and
vastness of this subject, we direct readers to other reviews
that also cover the brain RAS (177,222, 1156, 1217).

A. Localization of RAS Components in Brain

AGT, the substrate for renin, is expressed widely in glial
cells in nearly all regions of the brain (1002). The impor-
tance of glial AGT is illustrated by the dramatic physiolog-
ical effects of its deficiency in transgenic rats (338, 903,
927) and mice (948). AGT is also expressed in neurons, at
least in those regions of the brain controlling the cardiovas-
cular system (1190). Similarly, ACE is expressed in the sub-
fornical organ (SFO), organum vasculosum of the lamina
terminalis (OVLT), paraventricular nucleus (PVN), and su-
praoptic nucleus (SON) (133). Renin is expressed at the
lowest level of all RAS genes, and its localization remains
controversial (737). Several studies using easily detectable
reporters driven by the renin promoter have identified po-
tential sites of synthesis (24, 545, 1175). Importantly, such
studies provided evidence that renin and AGT were either
coexpressed or expressed in neighboring cells in several re-
gions of the brain (544). Recent studies also suggest that an
alternative form of renin is specifically expressed in the
brain. This form of renin, termed renin-b, lacks both the
signal peptide and should remain intracellular, and the first
third of the prosegment and should therefore be enzymati-
cally active. In vitro and in vivo experiments suggest this
form of renin is indeed active (546, 555, 973). Nevertheless,
the physiological significance of endogenous intracellular
renin remains unclear because, surprisingly, deletion of
renin-b caused hypertension and increased activity of the
brain RAS (954, 955).

Numerous studies have identified AT,R expressing cells in
many of the key nuclei regulating cardiovascular function,
and some of those are sites of renin and AGT synthesis (25).
However, as mentioned earlier in this review, the lack of
specificity of AT{R antisera (377) remains a limitation in
identifying ATR containing cells in the brain. To facilitate
identification of AT,R containing cells, the GENSAT proj-
ect developed a mouse (NZ44) carrying a BAC transgene
expressing enhanced green fluorescence protein (eGFP) in-
serted into the AT, ,R locus (327). According to its website,
the GENSAT project aims to map the expression of genes in
the central nervous system of the mouse, using both in situ
hybridization and transgenic mouse techniques (http:/
www.gensat.org/about.jsp). In this model, eGFP serves as a
surrogate marker for activity of the AT, ,R promoter. Stud-
ies of the NZ44 mouse revealed that AT, 4R is highly ex-
pressed in neurons of many nuclei controlling drinking and
blood pressure, including the SFO, OVLT, SON, PVN,
amygdala (CeA), rostral ventrolateral medulla (RVLM),
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and nucleus tractus solitaries (N'TS). Recall rodents contain
two genes encoding AT R, AT, and AT, which may serve
separate functions (214). Unfortunately, there is no model
in which expression of AT R is easily detected. However,
a similar BAC transgenic mouse driving eGFP from the
AT,R promoter has facilitated the identification of neurons
expressing this receptor (224).

B. Brain AT,R Signaling in Blood Pressure,
Fluid Intake, and Metabolism

1. Sympathoexcitatory action

Brain renin-angiotensin is well established to regulate arte-
rial pressure through its effects on the sympathetic nervous
system (SNS) and fluid homeostasis. Increased activity of
the SNS has also been implicated in playing an important
role in heart failure (1284). It is now widely recognized that
AT,Rs in the brain play a critical role in this process. For
example, whereas specific deletion of AT,R from cat-
echolaminergic cells does not alter baseline blood pressure,
it delayed the full pressor response to ANG II and blunted
the ANG II-induced SNS response (427).

Since the demonstration that AT,Rs are important media-
tors of SNS activation by ANG II, numerous studies have
examined pathways downstream of ANG II/AT,R activa-
tion involved in modulating its activity. As examples, ANG
IT has been shown to upregulate brain-derived neurotrophic
factor (BDNF) and its receptor TrkB in catecholaminergic
cells, leading to p38MAPK-dependent reduction in voltage-
gated K* current (64). TrkB blockade decreases the pressor
and sympathoexcitatory effects of centrally administered
ANG II, suggesting that the BDNF/TrkB pathway is re-
quired to mediate ANG II-dependent responses (63). Inter-
estingly, central infusion of an AT,R blocker, losartan, or
an ACE inhibitor, lisinopril, as well as ganglionic blockade
attenuates central BDNF-induced blood pressure elevation
(924), further suggesting a feed-forward relationship in
brain between the BDNF/TrKB pathway and the RAS.

PPAR activation attenuates the pressor and sympathoex-
citatory actions of ANG II in the brain by inhibiting
NADPH oxidase activity through a mechanism involving
regulator of G protein signaling 5 (RGSS) (876). ANG II
infusion decreases PPARy DNA-binding activity in the
brain, while activation of PPARy in the brain blunts pressor
response to systemically administered ANG II (1223). In-
tracerebroventricular (ICV) injection of ANG II activates
Rho kinase in brain of conscious rabbits, and the Rho ki-
nase inhibitor Fasudil attenuates blood pressure elevation
and sympathetic activation in response to the ANG II injec-
tion, suggesting the role of Rho kinase in brain ANG II
function (809). Estradiol, through the estrogen receptor, is
reported to reduce ANG II-induced sodium intake and wa-
ter intake within the lamina terminalis through inhibition of
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ERK1/2 and JNK, respectively. In addition, estradiol pre-
vents arginine vasopressin (AVP) secretion in the hypothal-
amus through MKP1-mediated ERK1/2 dephosphorylation
(26). With the use of double transgenic mice to cause ANG
[I-dependent hypertension, it has been demonstrated that
AT,R mediates brain ACE2 inhibition (1167). ACE2 is a
known substrate of ADAM17 (534). The importance of
neuronal AT,Rs in mediating upregulation of ADAM17
and downregulation of ACE2 in humans and in DOCA-salt
hypertension highlights the importance of neuronal AT,R
clinically and in experimental hypertension (1168, 1177).

2. SFO regulation of fluid and sodium intake and
blood pressure

The SFO, a component of the lamina terminalis, has long
been known to be critical for induction of polydipsia, so-
dium intake, and hypertension. The SFO-dependent mech-
anisms affecting fluid and sodium intake have been re-
viewed previously (177, 383, 386). Recent optogenetic
studies confirm the exquisite sensitivity of SFO neurons to
mediate a drinking response (773), anticipate homeostatic
imbalances leading to drinking (1278), and differentially
control thirst and salt appetite (663). Deletion of ANG II
production in the SFO in a model of brain RAS overexpres-
sion blunts drinking (901).

Deletion of AT, R in the SFO also impaired the blood pres-
sure response induced by DOCA-salt (381). Blockade of
AT{R in the SFO of rats prevented pressor response to
infusion of sodium-rich cerebrospinal fluid (1053). AT,R in
the SFO is also required to mediate a sustained elevation in
blood pressure caused by intermittent hypoxia, a model of
sleep apnea (921). Expression of ATR in the SFO (and
PVN) may be mediated by GRP4, which encodes a proton-
sensing receptor (1015). Because of the importance of ANG
IT in the SFO, the responses mediated by its signaling and
the downstream pathways induced by ANG II has been the
frequent topic of investigation.

The mTOR pathway, which responds to nutritional and
environmental cues, has been implicated in ANG II signal-
ing in the SFO. A single ICV injection or chronic subcuta-
neous infusion of ANG II activates mTORCT1 signaling in
SFO, as evidenced by p70S6K phosphorylation and nuclear
c-Fos accumulation (730). Interestingly, whereas treatment
with the mTOR inhibitor rapamycin does not alter the pres-
sor response to ICV ANG II, it attenuates ANG Il-induced
water intake. This suggests some selectivity in the ANG
II-dependent response mediated by mTOR, which is con-
ceptually interesting as other ANG II-dependent pathways
exhibit a similar selectivity. For example, selective activa-
tion of ANG II production in the SFO is sufficient to stim-
ulate increased fluid consumption, but is insufficient to in-
crease arterial blood pressure (176). The absence of a pres-
sor response in this model may be due to the low expression
level of AGT in the SFO. Indeed, higher level expression of
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ANG II in the SFO of transgenic mice leads to both in-
creased fluid intake and hypertension (339, 901). Mecha-
nistically, the dipsogenic response to either increased ANG
II production in the brain or DOCA-salt hypertension re-
quires PKC-a (178). ANG II-induced drinking via SFO may
also be regulated by a1- and B-adrenergic receptors (1028).

ANG II-induced ROS production via Rac1-dependent Nox
activation in SFO has been implicated in the pressor re-
sponse and hypertension (1217). Both Nox2 and Nox4 are
involved in the acute pressor response to ICV ANG II,
whereas the water intake response is dependent on Nox2
(821). SFO silencing of a Nox subunit, p22P"°*, also atten-
uated hypertension and vascular inflammation in response
to systemic ANG II infusion for 2 wk (606). Interestingly,
SFO-specific delivery of an siRNA targeting the mineralo-
corticoid receptor prevented brain ROS production and the
hypertension caused by systemic ANG II infusion in Wistar
rats (1106).

ER stress is also induced in the SFO in response to systemic
ANG I infusion (1216). ICV injection of the chemical chap-
erone TUDCA or SFO-targeted adenoviral delivery of the
molecular chaperone GRP78 attenuates ANG Il-induced
ROS production and hypertension. A subsequent study sug-
gested NF-kB as a downstream mediator of ROS and ER
stress in the SFO (1218). Surprisingly, however, attenuation
of ER stress through ICV delivery of TUDCA suppresses
increased water intake, but did not affect blood pressure in
the DOCA-salt model of hypertension (444). The effects of
ER stress in the SFO may extend beyond blood pressure, as
recent evidence suggests that hepatic steatosis induced by
high-fat diet is mediated by ER stress in the SFO (393).

3. Metabolic regulation via SFO AT,;R

Recent studies also implicate ATR in the SFO as a regula-
tor of systemic metabolism. For instance, selective deletion
of AT,R in the SFO blunted the weight loss induced by
leptin by impairing sympathetic activation of brown adi-
pose tissue and brown adipose tissue thermogenesis (1219).
A physiological link between leptin and AT, R signaling in
the brain was previously proposed, and recent studies sug-
gest that AT,R on leptin-receptor containing neurons may
regulate metabolism (174, 382, 977). This is consistent with
studies showing that increased activity of the brain RAS,
particularly in the SFO, results in increased resting meta-
bolic rate (339).

4. Regulation via PVN AT ,R

The PVN is a major integrating center for cardiovascular
and metabolic signaling. Elimination of AT,R expression in
the PVN using viruses expressing siRNAs targeting AT,R
mRNA impairs the blood pressure increase caused by sub-
cutaneous ANG II (143). The pressor actions of ANG Il are
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mediated in part by N-methyl-p-aspartic acid (NMDA) re-
ceptors in the PVN, as PVN-specific deletion of NMDA
receptor GluN1 subunit blunts pressor actions of systemi-
cally infused ANG I (321). This is consistent with the acti-
vation of NMDA-evoked inward currents in PVN neurons
induced by ANG II and oxidative stress (1105).

According to one study, AT,Rs are predominantly ex-
pressed in parvocellular neurosecretory neurons in the
PVN, and optogenetic stimulation of these neurons causes
elevated blood pressure and activation of the hypothalamic-
pituitary-adrenal and hypothalamic-pituitary-thyroid axes
(225). Conceptually, the study implicates this specific
AT, R-containing neuronal population in the response to
stress. In another study by the same authors, loss of AT, R in
the PVN decreased inflammation in the hypothalamus, aug-
mented weight gain by increased food intake and reduced
energy expenditure, and simultaneously decreased blood
pressure, suggesting a complex interplay between the myr-
iad of physiological effects regulated by ANG II/AT,R
(223).

More recently, neuroglial signaling through AT,R-contain-
ing astrocytes in the PVN has been identified as a key me-
diator of ANG II-mediated sympathoexcitation (1001).
This is conceptually important, as the study implicates
AT R on astrocytes in the PVN rather than direct action on
PVN neurons themselves (686). Similarly, a link between
AT,R and TLR4 in medicating microglial activation in the
PVN has been reported (79). Interestingly, AT, R is upregu-
lated in glial astrocytes after myocardial infarction, and
glial-cell specific deletion of AT R blunted sympathoexci-
tation in response to myocardial infarction (417). These
studies implicate both neuroglial signaling and AT,R ex-
pression and action in cells other than neurons in the brain
as mediating some of the pathological action of ANG II.

C. ANG Il Signaling in Cognitive Dysfunction,
Dementia, and Alzheimer’s Disease

A growing interest in brain research is the role and mecha-
nism that RAS plays in the development of cognitive dys-
function, dementia, and Alzheimer’s disease (705, 1155).
Much of what is known is based on hypertension as an
independent risk factor for cognitive decline and dementia.
Although robust mechanistic human data are scant, it has
been generally assumed that elevated ANG Il is detrimental
because RAS blockade, particularly by the ACE inhibitors,
reduces cognitive decline in the elderly. ACE inhibitors
which cross the blood-brain barrier are thought to reduce
cognitive decline through anti-inflammatory actions that
are independent of blood pressure lowering effects, whereas
those that act peripherally (cannot cross the blood-brain
barrier) act through lowering blood pressure (891). More-
over, ARBs are effective in preventing many risk factors for
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and are potential therapeutic agents for Alzheimer’s disease

(894).

Chronic ANG II activation decreases cognitive function in
animals (415) and synaptic plasticity in mice through acti-
vation of p38MAPK (202). Hippocampal ANG II is ele-
vated in animal models of postoperative cognitive dysfunc-
tion and promotes NF-«B signaling and alterations in
MMP/TIMP ratio, which contribute to impaired blood-
brain barrier integrity (586). Central neuroinflammation
often involves activation of microglial cells. AT,R partici-
pates in microglial activation and migration primarily
through NADPH oxidase activation, NF-«B activation, and
Rho kinase/ROCK induction. Rho kinase/ROCK induction
promotes a feed-forward mechanism for NADPH oxidase
activation through p38MAPK, and NF-«B activation pro-
motes a feedback mechanism of AT R upregulation (874).
AT, R blockade elicits deactivation of the hypothalamic pi-
tuitary adrenal axis and increased BDNF expression in a
mouse model of chronic psychological stress (1151). How-
ever, the role of BDNF is controversial as increased expres-
sion of BDNF is noted in PVN in hypertensive settings, and
BDNF administration into the PVN increases mean arterial
pressure (262).

ANG I signaling through AT,R promotes neuroinflamma-
tion in a mouse model of Alzheimer’s disease termed 5X
familial AD (5XFAD). ICV infusion of ANG II impaired
cognitive function in SXFAD mice, which was associated
with hippocampal inflammation, oxidative stress, and in-
creased amyloid-B deposition (1029). Telmisartan prevents
neuroinflammation by suppression of lipopolysaccharide-
induced NO production from inducible NO synthase, and
TNF-a and IL-1p secretion by BV2 microglia. Telmisartan
is also protective against amyloid burden and glial activa-
tion in vivo (1056). Whereas ANG II increased amyloid-
protein in a transgenic mouse model of Alzheimer’s disease
(mice expressing human amyloid precursor protein bearing
specific mutations), deletion of AT;R inhibited amyloid-3
protein generation and amyloid plaque formation (599).
Transcriptomic analysis of primary neuronal cultures sug-
gests AT,R inhibition may also provide neuroprotection
independent of effects on blood pressure (257).

D. ANG Il Signaling in Brain Ischemia and
Stroke

While direct mechanistic findings regarding a concrete role
for ANG II in stroke and ischemia-related events remain
elusive, there have been a few reports indicating a direct
correlation between ANG II signaling, stroke susceptibility,
and patient outcomes. For a detailed review on ANG Il and
AT, R signaling in ischemic brain damage, please see Refer-
ence 392. In addition, the ANG (1-7)-Mas axis is an active
area of investigation for the treatment of stroke (73, 74).
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ANG II vaccination induces the production of anti-ANG II
antibody, reduces Nox2 mRNA, and promotes an antioxi-
dant environment, reducing infarct volume in a model of
permanent middle cerebral artery in rats (1100). AT,R ago-
nism with CGP42112 reduced infarct volume, and induc-
tion of the proinflammatory cytokines, TNF-a and IL-18,
in a rat model of middle cerebral artery occlusion, whereas
the opposite occurred with AT,R blockade (622). Activa-
tion of AT,R with C21 accelerated recovery from middle
cerebral artery occlusion through a mechanism that may
require VEGF upregulation and mTORCT1 signaling (661).
In another study, C21 was similarly effective in wild-type
mice but had no effect in AT,R-deficient mice (933).

AT,R antagonism with olmesartan in SXFAD mice, a
model of Alzheimer’s disease, protects from ischemia-in-
duced cognitive decline after transient bilateral common
carotid artery occlusion. This was associated with a protec-
tion of neurons and the blood-brain barrier, and a reduc-
tion of oxidative stress within the hippocampus (738). This
finding is consistent with studies in transgenic mice overex-
pressing AT R showing increased susceptibility to stroke-
like injury caused by injection of ET-1 into the striatum
(426). Moreover, in the two transgenic models studied,
there was a worsening of the phenotype in the model with
high levels of AT R expression. On the contrary, AT R
deletion was protective against ischemia-induced patho-
physiology (733). Furthermore, pretreatment of stroke-re-
sistant spontaneously hypertensive rats with telmisartan be-
fore transient middle cerebral artery occlusion is protective
against stroke-accelerated neuroinflammation (507). Over-
all, clinical and animal studies have pointed towards a ben-
efit in using AT,R antagonists in the treatment of ischemic
stroke (35), although this is not without controversy (909)
and thus the need for additional mechanistic insight.

Vill. ANG |l SIGNALING IN ADIPOCYTES
AND METABOLIC DISORDERS

A link between RAS signaling and metabolic disorders was
first identified by randomized clinical studies that demon-
strated an increased incidence of new-onset diabetes in pa-
tients treated with B-blockers compared with those treated
with ACE inhibitors or ARBs (199, 354). Treatment of rats
with the ACE inhibitor captopril further demonstrated that
ACE inhibition protects against the development of diet-
induced obesity and glucose intolerance (221). Moreover,
mice deficient in ACE appear to have increased energy ex-
penditure with reduced fat mass and improved glucose
clearance (429). Importantly, rodents as well as human adi-
pocyte express AGT, renin, ACE, AT,R, and AT,R consti-
tuting the local adipocyte RAS. The adipocyte RAS has been
implicated in hypertension, obesity, and metabolic disor-
ders (126). While white adipose tissue is the most abundant
source of AGT next to the liver, both white and brown
adipose tissue express the local RAS components as in white
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and brown perivascular adipose tissue (302). A mechanistic
confirmation of the role that the RAS plays in adipocyte
dysfunction in obesity was obtained through genetic manip-
ulation of AGT in the mouse. Transgenic mice expressing
AGT in adipose tissue have increased fat mass (658),
whereas mice deficient in AGT show reduced weight gain in
response to high-fat diet (659). In vitro studies also indicate
stimulation of lipogenesis in 3T3-L1 and human adipocyte
by ANG II (446). Mice overexpressing AGT in white adi-
pose tissue (via aP2 promoter) exhibited systemic insulin
resistance and adipose tissue inflammation (450). Adi-
pocyte deficiency of AGT does not alter body weight or fat
mass in mice fed with normal diet but reduce systolic blood
pressure (1203) and prevents high-fat diet-induced hyper-
tension (1202). However, hepatocytes appear to be the ma-
jor source of systemic AGT regulating blood pressure in
both lean and obese mice (996, 997, 1204). With regard to
the ANG II receptor, one study reported that mice lacking
the AT,R have reduced adipose cell size and are protected
from diet-induced obesity and insulin resistance (1229).
However, a recent study with detailed metabolic analyses in
AT,R-deficient mice found metabolic dysfunction in white
adipose tissue (756). As indicated above, inguinal adipocyte
AT,Rs oppose the induction of uncoupling protein-1
(UCP1) production by norepinephrine, suggesting a brain-
adipose axis regulated by AT,R (595). These clinical and
experimental observations have sparked intensive research
into the mechanisms by which the RAS regulates whole
body metabolism and insulin sensitivity.

Whole body energy homeostasis is a complex phenomenon
involving many organ systems cooperating to orchestrate
food intake and nutrient distribution, storage, and metab-
olism. Alterations of the RAS with ANG II signaling have
been reported in each of the major tissues involved in energy
homeostasis, i.e., the brain, digestive tract, liver, pancreas,
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adipose tissues, muscle, and cells of the immune system. The
reader is encouraged to visit recent reviews on the role that
the RAS of the brain (173), skeletal muscle (373), heart (89,
1145), and microcirculation (721) play in the control of
energy balance and overall metabolism. Additionally, oth-
ers have recently reviewed the role of RAS in glucose ho-
meostasis and insulin resistance (273, 539, 647,650, 1078).

A. Molecular Mechanisms Mediating RAS-
Induced Insulin Resistance

Although the role that the RAS plays in cardiovascular in-
sulin resistance has been extensively reviewed, the molecu-
lar mechanisms behind insulin resistance remain incom-
pletely understood. It is clear though that cross-talk be-
tween insulin and ANG 1II (285, 1089) can modulate the
final outcome of the action of insulin. Studies demonstrat-
ing a close connection between insulin resistance and car-
diovascular disease support the notion that alterations
within the RAS could be related to dysregulation of the
action of insulin (240, 538, 1271). Mechanistically, ANG II
negatively regulates several steps of the insulin-signaling
cascade via AT,R (FIGURE 12), including insulin-induced
phosphorylation of the insulin receptor (IR), IR substrate-1
(IRS-1), and activation of Akt by phosphoinositide 3-kinase
(PI3K) (31, 493, 729). ANG II also directly interferes with
the AMPK signaling cascade causing insulin resistance
(956), as well as indirectly via inhibition of adiponectin
secretion (298). The inhibition of AMPK signaling and sub-
sequent insulin resistance caused by ANG II likely involves
SIRT3 dysfunction in skeletal muscle (626).

Interestingly, though, cytokines have been implicated in

mediating the effects of ANG II on insulin resistance (770,
807), and in states of obesity with insulin resistance cyto-

|
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FIGURE 12. ANG Il signaling in insulin resistance. ANG Il negatively regulates the insulin signaling cascade at
multiple steps, including IRS-1, PI3K, and Akt, causing insulin resistance. ANG Il also inhibits the AMPK
signaling cascade, which together with the associated reduction in Sirt3 expression and resultant mitochon-
drial oxidative stress, contributes to insulin resistance. Furthermore, ANG Il indirectly causes insulin resistance
via induction of pro-inflammatory cytokines, as well as by suppression of adiponectin secretion.
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kines are largely produced by dysfunctional adipocytes
(394). Accordingly, here we review the most recent studies,
which advance our understanding of the signaling mecha-
nism(s) through which the RAS primarily affects adipocyte
function.

B. Roles of ANG Il Receptor Signaling in
Adipose Tissue

Data discussed in the review articles referenced above dem-
onstrate that ANG II has a powerful metabolic effect on
adipose tissue in experimental animal models and human
obesity. During chronic positive energy balance, adipose
tissue expansion occurs by adipocyte hypertrophy (enlarge-
ment of adipocytes) and hyperplasia (adipogenesis). A re-
duced adipogenic capacity leads to adipocyte hypertrophy
associated with dysfunctions of adipose tissue endocrine
function, which can lead to metabolic derangements. For-
mation of new adipocytes (adipogenesis) is, in fact, a phys-
iological adaptive response to overnutrition aimed at main-
taining an overall healthier adipose tissue because newly
differentiated adipocytes have better energy storage capac-
ity, thus remaining more insulin-sensitive (204). Hypertro-
phic adipocytes, instead, are less insulin-sensitive (518). Re-
cent data have emphasized a role for ANG II in opposing
adipogenesis. Studies into the intracellular mechanisms in-
volved in the anti-adipogenic response of human preadi-
pose cells from omental fat exposed to ANG II revealed a
role for the ERK1/2 pathway (297). AGT silencing via
shRNA results in reduced preadipocyte differentiation and
reduced lipid accumulation (1201). Data in the literature
support the existence of counteracting interplay between
ACE2/ANG (1-7)/Mas and ANG II/AT,R/ERK signaling
upon adipogenesis (1047). Recent studies have revealed
that the AT,R inhibits adipogenic differentiation in murine
mesenchymal stem cells (MSC) (669), a major source of
adipocyte generation. This inhibitory effect of the AT,R
was associated with activation of Wnt10b/B-catenin signal-
ing (669), an important regulator of mesenchymal stem cell
fate (917) necessary for the adipogenic differentiation of
preadipocytes (878). In particular, Wnt10b is considered to
act as a brake on adipogenic differentiation by activating
the canonical Wnt signaling pathway that leads to stabili-
zation of cytosolic B-catenin (878). In line with these data,
adipocyte size in obese Zucker rat is reduced following
long-term treatment with an ARB (722).

Signaling through the AT Rs/AT,Rs, ANG II activates dif-
ferent calcium signaling pathways in adipocytes, an area of
investigation that still remains poorly characterized (237).
This study first demonstrated that ANG Il initiates periodic
Ca®" oscillations and transient responses by activating
AT,Rs/AT,Rs and involving branched signaling cascades.
Since the Ca®" signaling system participates in lipogenesis,
lipolysis, adipokine secretion, proliferation and differentia-
tion of the white fat adipocytes, studies of Ca>" signaling
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may uncover novel therapeutics in hypertension, obesity,
and type 2 diabetes. Related to Ca** signaling, it has been
shown that ANG II/AT,R signaling activates the calcium-
dependent protease calpain in the visceral fat microcircula-
tion of the mesentery of rats and mice (922). Activation of
calpain causes inflammatory leukocyte trafficking in the
splanchnic microcirculation via upregulation of endothelial
expressed cell adhesion molecules (993). Interestingly, there
is evidence of increased calpain activity in the Zucker dia-
betic fatty rat (992), a rat model of obesity and type 2
diabetes in which inhibition of ANG II signaling improves
insulin resistance and glucose hemostasis (743).

Another important aspect of ANG Il signaling in adipocytes
is related to the adipocyte production of inflammatory me-
diators and chemoattractant that cause low-grade adipose
tissue inflammation, and obesity and insulin resistance are
closely associated with a state of low-grade inflammation in
adipose tissues (394). Data demonstrate that ANG II en-
hances TNF-a-induced MCP1 expression in 3T3-L1 prea-
dipocytes via a ERK1/2- and p38MAPK-dependent path-
ways (37). An ARB with PPARYy receptor agonist activity,
telmisartan, attenuated the release of the proinflammatory
factors secreted from 3T3-L1 adipocytes and improved
lipid metabolism possibly via activation of the MAPK path-
way and upregulation of eNOS/NOS3 and carnitine palmi-
toyltransferase la. Telmisartan also reduced lipid storage
and increased glucose uptake in 3T3-L1 adipocytes (455).
Silencing of AGT also reduced markers of lipid accumula-
tion and inflammation in cultured adipocytes (125). Specif-
ically, AGT gene silencing in 3T3-L1 adipocytes signifi-
cantly reduced the intracellular level of pro-inflammatory
adipokines, including MCP1, IL-6, and TNF-a. In the same
study, microarray analyses identified that AGT gene silenc-
ing decreased expression of several genes involved in adi-
pose inflammation including Saa3, Nodl1, Statl, and
CXCL12. Saa3, which encodes for the acute phase protein-
serum amyloid A3, was recently identified as a critical pro-
inflammatory adipokine involved in obesity-associated
metabolic disorders (1195). Others have found that several
other chemokines were altered by AGT inactivation. These
include CXCL12 and Ptx3. CXCL12 is mainly expressed in
stromal cells, but is also detected in 3T3-L1 adipocytes
(166). In line with these studies, palmitic acid, a common
saturated fatty acid, can stimulate upregulation of local
RAS (ANG II secretion and AT,R) in 3T3-L1 adipocytes,
via TLR4 and NF-«B signaling (1013).

In vivo data have confirmed the impact of ANG II signaling
on adipose tissue lipid metabolism. Activation of the AT,Rs
has been shown to promote adipocyte differentiation and
restore adipocyte size in high-fat/high-fructose diet-induced
insulin resistance in rats (961). In particular, stimulation of
AT,R was found to restore the adipocyte cell size and to
reduce the insulin resistance induced by high-fat/high-fruc-
tose diet. Therefore, AT,R agonists may be an attractive
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therapeutic tool for patients with metabolic complications
of obesity. Putnam et al. (840) have instead emphasized a
role for adipocyte differentiation in the absence of changes
in lipid uptake and storage. They, in fact, demonstrate that
mice with adipocyte AT, 4R deficiency develop striking adi-
pocyte hypertrophy even though total fat mass is not differ-
ent from wild-type mice.

Recent literature has emphasized a role for the RAS in the
“browning” of white adipose tissue, and browning of white
adipose tissue has been highlighted as a new possible ther-
apeutic target for obesity, diabetes, and lipid metabolic dis-
orders, because white adipose tissue browning could in-
crease energy expenditure and reduce adiposity. Interest-
ingly, deletion of ANG II receptor subtypes, especially the
AT, AR induces white-to-beige fat conversion in vivo
(1069). Therefore, it is possible that blockade of AT,R may
be useful for the treatment of obesity and metabolic syn-
drome by enhancing adipocyte browning.

C. Roles of (Pro)Renin Receptor Signaling in
Adipose Tissue

Human adipose tissue synthesizes the (pro)renin receptor,
with increased expression in visceral adipose tissue. Binding
of this receptor by prorenin or renin induces an increase in
the catalytic efficiency for AGT conversion to Angl and an
intracellular signal with phosphorylation of serine and ty-
rosine residues associated with an activation of MAPKs,
ERK1 and ERK2. Specifically, the binding of renin or pro-
renin to (pro)renin receptor in 3T3-L1 preadipocytes initi-
ates an intracellular signaling cascade associated with the
activation of the ERK1/2 pathway (7). Data also show that
association of postnatal overfeeding and high-fat diet in-
creased plasma renin activity and adipose (pro)renin recep-
tor expression (8). Although the mechanism through which
overfeeding increases (pro)renin receptor expression re-
mains unclear, such phenomenon could explain, at least in
part, the associated disproportionate adipocyte hypertro-
phy and its accompanying increased glucose intolerance. In
line with this concept, Tan et al. (1038) have demonstrated
that administration of the handle region peptide (HRP), a
(pro)renin receptor blocker, decreases body weight gain
and visceral adipose tissue (VAT) in high-fat/high-carbohy-
drate diet-fed mice. Data from this study also suggest that
the effects of (pro)renin signaling are different in VAT ver-
sus subcutaneous adipose tissue (SAT) since blockade of the
(pro)renin receptor normalized adipocyte size in VAT while
increasing adipocyte size in SAT. These differences were
linked to the upregulation of both lipogenesis and lipolysis
in subcutaneous fat promoting a triglyceride (TG)/free fatty
acid (FFA) futile cycling, similar to what was reported in
rats treated with ACE inhibitor or ARB (1279). The activa-
tion of TG/FFA cycling by (pro)renin receptor signaling in
SAT could also affect “beiging”. Interestingly, blocking of
the (pro)renin receptor increased PRDM16 and PGC-1a
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mRNA levels (1038), which suggests that activation of
“beiging” of SAT could also contribute to the reduced body
weight gain observed in mice receiving (pro)renin receptor

blockers (1039).

The role of adipose tissue (pro)renin receptor gene deletion
on energy balance has been studied in adipose tissue specific
(pro)renin receptor knockout mice, which have decreased
body weight and fat mass (943). In addition to a reduction
of adipose tissue mass, deletion of adipocyte-(pro)renin re-
ceptor led to an increase in lipid deposition in liver, suggest-
ing lipodystrophy accompanied by liver steatosis (1157). In
vitro data further revealed that (pro)renin receptor silencing
significantly decreases PPAR7y and Fabp4 expression, thus
suggesting that (pro)renin receptor is a master regulator of
adipocytes differentiation (1157). Because fatty acid-bind-
ing proteins are important carriers for fatty acid uptake and
fatty acid transport to sites of esterification into triglycer-
ides (1277), the lipodystrophy phenotype seen in mice de-
ficient in (pro)renin receptor also suggests an important role
of (pro)renin receptor in fatty acid trafficking and storage in
adipocytes. Overall, emerging evidence suggests that adi-
pose tissue (pro)renin receptor is involved in the develop-
ment of obesity and its associated complications. This indi-
cates that adipose tissue (pro)renin receptor may be an im-
portant target for the development of new drugs for the
treatment of complicated obesity.

D. Roles of ACE Signaling in Adipose Tissue

A paucity of data exists in the literature to support a pri-
mary role for ACE in the regulation of adipose tissue func-
tion in health and disease. It has been demonstrated that an
ACE inhibiton has beneficial effects on adipose tissue func-
tion that are associated with improved insulin sensitivity
(299). ACE gene insertion/deletion polymorphism has also
been associated with obesity in the Turkish population (17).
Data in the literature have demonstrated that ACE expres-
sion levels are comparable among different fat depots (302).
Interestingly, it has been demonstrated that ACE has unique
signaling mechanism independent from its enzymatic activ-
ity. ACE inhibitor binding to ACE leads to phosphorylation
of ACE at Ser'?”° via CK2 and c-Jun-dependent gene regu-
lation in endothelial cells (283). Accordingly, it remains
difficult to dissect the effects of ACE signaling from those
obtained by blockade of its downstream mediator ANG II
or stabilization of bradykinin. Nevertheless, ACE inhibi-
tion has been shown to enhance circulating adiponectin
levels in vitro and in vivo and potentiate the adiponectin-
enhancing effect of the PPARYy agonist rosiglitazone in
oblob mice (504). In this study, the signaling cascade un-
derlying this effect was linked to the expression of CRBP1,
which was identified as a gene regulated by the ACE signal-
ing cascade, as it was attenuated in cells expressing the ACE
S1270A mutant. Increases in the CRBP1 protein led to the
upregulation of adiponectin most probably via activation of
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retinol-dependent nuclear receptor proteins (RAR/RXR)
and cross-activation of PPARs that are activated via het-
erodimerization with RAR/RXR. Similar results were con-
firmed in humans, where plasma adiponectin was increased
dramatically as a result of ACE inhibition and ARB treat-
ment (1051). It has been also shown that adipocyte-derived
lipids increase ACE expression via AMPK signaling in mac-
rophages (505). Further studies are necessary to understand
how alterations in lipid composition of adipocytes affects
the RAS expression and the signaling activities so as to
contribute to metabolic disorders including obesity and
type 2 diabetes.

IX. ANG Il SIGNALING IN AGING

A definitive link between RAS and longevity was first estab-
lished by Benigni et al. (70) by demonstrating that disrup-
tion of the AT,,R promotes longevity in mice, possibly
through the attenuation of oxidative stress and induction of
pro-survival genes. On the basis of data obtained in Caeno-
rhabditis elegans and humans, three major mechanisms of
aging and senescence have been postulated: the free radical
theory (358), programmed cellular senescence (39, 745),
and the inflammaging (184). ANG II has been shown to
induce premature senescence in VSMCs (522). A study
demonstrated that ANG II causes DNA damage and telom-
ere-independent acute stress-induced premature senescence
as well as telomere attrition-dependent chronic replicative
senescence, and both mechanisms require AT,R-mediated
ROS production in VSMCs (374). Nox1-derived ROS ap-
pears to mediate ANG II-induced VSMC senescence
(1068). Importance of intracellular zinc in ANG II-induced
senescence via Nox1 induction has also been demonstrated
in VSMCs (804, 904). The role that activation of the RAS
plays in free radical production and cardiovascular inflam-
mation has been discussed elsewhere in this review. Accord-
ingly, this section will focus on the role that RAS plays in
cellular senescence.

Alteration in certain genes as well as treatments with com-
pounds targeting genes have been shown to extend the lifes-
pan of Caenorbabditis elegans, Drosophbila, and mice, sug-
gesting that signaling cascades actually regulate cell senes-
cence and overall aging (359, 397, 1154). In the past
decades, three major signaling cascades have been exten-
sively studied in cellular senescence (745): 1) the insulin/
IGF-I pathway, 2) TSC/mTOR pathway, and 3) sirtuins. As
the insulin/IGF-I pathway is described elsewhere in this re-
view, here we will discuss the effect that RAS signaling has
on the TSC/mTOR and sirtuin pathways. It should be noted
that the TSC/mTOR pathway is closely related to macro-
molecular degradation and inflammation-induced aging,
termed as inflammaging (292). The signaling pathways re-
quired for ANG II enhancement of aging are illustrated in
FIGURE 13. In addition, notable antiaging mechanisms and
the ANG II signaling mechanism of aging-related muscle
wasting will be described.
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A. mTOR Pathway, ANG Il, and Aging

The serine/threonine kinase mTOR is highly conserved
from yeast to humans. In general, mMTOR regulates nutrient
and growth factor signaling (536). However, mTOR signal-
ing appears to have a negative impact on longevity. In Cae-
norhabditis elegans, the loss of mTOR signaling extends
lifespan by 2.5-fold, which is independent of the insulin/
IGF-I signaling pathway (1088). Moreover, functional in-
hibition of multiple mTOR substrates leads to an extended
lifespan in worms (144). Several studies have confirmed
that mTOR signaling pathways are involved in longevity in
mice (458).

Evidence indicating a role for the RAS in mTOR signaling
in aging is mostly circumstantial and derived from aging-
associated disease conditions (219). Recent data show that
inhibition of ANG II signaling with the ACE inhibitor enal-
april started late in life mitigates several adverse age-related
changes in skeletal muscle, including increased oxidative
stress and proinflammatory signaling via a NO-dependent
mechanism. However, mTOR protein levels are increased
by enalapril (657).

B. Sirtuin Interference by ANG Il in Aging

The sirtuin pathway was originally identified in yeast as a
regulator of lifespan (449). Since then, a large body of work
has demonstrated that sirtuins play an important role in
mediating aging and age-related diseases like cancer, in-
flammation, cardiac function, and cognition through the
regulation of diverse molecular/cellular process, including
genomic stability, senescence, DNA repair, mitochondrial
function, metabolic homeostasis, and stem cell exhaustion.
In general, it is accepted that activation of sirtuins by ago-
nists like resveratrol promotes longevity by inducing phys-
iological adaptations and changes in gene expression that
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FIGURE 13. ANG Il signaling in aging. ANG Il stimulates mTOR
pathway by inhibiting TSC1/2. ANG Il also inhibits the PGC-1q,
sirtuin, and Klotho pathways via inhibition of AMPK or stimulation of
ROS production.
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are similar to dietary restriction (372). Aging-associated
diseases, such as atherosclerosis, obesity, type II diabetes,
and neurodegeneration (Alzheimer’s and Parkinson’s dis-
ease), also correlate with SIRT2 polymorphisms (827, 828).
Thus understanding how systemic regulators of multiple
organ functions such as the RAS impact on function of
sirtuins is of value, and indeed, recent studies have identified
a link between sirtuins and RAS signaling in aging. In the
first study to definitively define the role of ATR in aging,
deletion of AT, 4R was associated with upregulation of nic-
otinamide phosphoribosyltransferase (Nampt) and SIRT3
in the kidney. In SIRT3-deficient mice, ANG II-induced
cardiovascular pathology, but not hypertension, was mark-
edly enhanced. The phenotype was associated with cardiac
mitochondrial dysfunction. This is because SIRT3 inhibi-
tion suppresses Pink/Parkin-mediated mitophagy and im-
pairs angiogenic capacity in endothelial cells (1135). Re-
garding SIRT1, a recent study demonstrates that in the
mouse, caloric restriction protects against aortic aneurysm
formation induced by ANG Il via a SIRT1-dependent mech-
anism in vascular smooth muscle (604). Although ANG II
infusion did not significantly affect SIRT1 expression, ANG
II treatment decreased SIRT1 deacetylase activity and
NAD+ availability in the aortas. As mentioned in the vas-
cular section, ANG II-induced vascular remodeling and hy-
pertension in mice were attenuated by overexpression of
SIRT1 (306). It has also been shown that raising (NAD+)-
dependent SIRT1 activity attenuates ANG II-Induced senes-
cence in VSMCs (563).

C. Anti-Aging Effects by Klotho, PGC-1q;,
ATRAP, ATIP, AT,R, and Mdm2

Klotho gene mutations have been associated with aging.
Transgenic mice that overexpress Klotho live longer than
wild-type mice (527). Klotho overexpression also sup-
presses ANG II-induced Nox2 protein expression through a
cAMP-PKA pathway and prevents VSMC oxidative dam-
age and cellular senescence (1127). The transcriptional fac-
tor nuclear factor erythroid 2-related factor 2 (Nrf2) medi-
ates antioxidant cell defense. Soluble klotho protected
against ANG II-mediated human aortic VSMC apoptosis
and senescence via activation of Nrf2 (641).

PGC-1a, a target of AMPK, regulates mitochondrial ho-
meostasis, and mice deficient in PGC-1a have enhanced
ANG II-induced vascular inflammation and cell senescence
that is largely dependent on mitochondrial ROS production
(517). ANG II promotes PGC-1a acetylation thereby inhib-
iting its cotranscriptional activity and Fox-O1-SIRT1 sig-
naling. Suppression of SIRT1 activity in turn decreases cat-

alase expression resulting in increased intracellular ROS
(1173).

The regulation of the AT,R through ATRAP is also a crit-
ical component to the VSMC senescent phenotype. ATRAP
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promotes ATR internalization, along with reductions in
CAML, calcineurin and NFAT induced-p53 expression,
thus preventing VSMC senescence (700). Stimulation of
AT,R upregulates of methyl methanesulfonate-sensitive
2, a DNA repair factor, in VSMCs and prevents ANG
II/AT,R-induced senescence (701). In line with this find-
ing, AT,R-interacting ATIP overexpression attenuates
VSMC senescence with upregulation of methyl methane-
sulfonate-sensitive 2 and Src homology 2 domain-con-
taining protein-tyrosine phosphatase 1 (699).

Mdm2 (mouse double minute 2 homolog) is an E3 ubiqui-
tin-protein ligase, which protects against senescence by pro-
moting p53 degradation. ANG II increases SM22a in
VSMC in vitro and in vivo, which attenuates Akt-depen-
dent Mdm2 phosphorylation and p53 degradation leading
to VSMC senescence (694).

D. ANG Il Signaling in Promoting Skeletal
Muscle Atrophy

Skeletal muscle shows functional and physiological declines
with aging resulting in skeletal muscle wasting and atrophy.
Muscle atrophy (cachexia) also frequently associates with
several pathological conditions including heart failure, dia-
betes, cancer, and renal failure. In these conditions, en-
hanced RAS appears to be critical in mediating muscle wast-
ing. Specifically, ANG II causes skeletal muscle proteolysis
through the ubiquitin-proteasome system via elevation of
ROS derived by NADPH oxidase as well as mitochondria
(1007, 1213). Additionally, losartan was found to combat
disuse atrophy in muscle sarcopenia (106). The protective
mechanism appears to involve the activation of the IGF-I/
Akt/mTOR pathway. Furthermore, AT, ,R-deficient mice
show a lack of an age-related decline in skeletal muscle
function and enhanced regenerative capacity after injury
through suppression of the AT;R/C1g-Wnt/B-catenin path-
way (1183). However, there is a conflicting report regard-
ing the regenerative capacity of AT, ,R KO mice. A previ-
ous study showed enhanced muscle function in AT, ,R KO
mice despite the presence of reduced muscle mass, but these
mice showed a decline in muscle reparative capacity follow-
ing injury (727). The explanation for the discrepancy be-
tween these two studies regarding the regenerative capacity
of AT, ,R KO mice skeletal muscle is currently unknown.

In skeletal muscle satellite cells, proliferation is also inhib-
ited by ANG II through AT,R-dependent Notch and MyoD
suppression (1210). In contrast, AT,R stimulation leads to
myoblast differentiation and skeletal muscle regeneration
(1211). The AT,R-mediated muscle regeneration capacity
seems blocked in congestive heart failure via suppression of
AT,R gene transcription (1209). Muscle RING-finger-1
(MuRF1) is a muscle specific E3 ubiquitin ligase and medi-
ator of muscle atrophy, and ANG II induces its expression.
This signaling cascade involves ANG II/AT,R-induced
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PKD1 activation, which relieves HDAC5-mediated inhibi-
tion of TFEB resulting in TFEB-dependent MuRF1 pro-
moter activation. PKD1 KO mice are unable to induce
MuRF1 expression in response to ANG II and are spared
from ANG II-dependent skeletal muscle atrophy (245).
Atrogin-1 is another E3 ubiquitin-ligase that can be in-
creased in skeletal muscle upon stimulation of ANG II.
ANG II promotes Akt dephosphorylation and activation of
Foxo which enables transcriptional upregulation of
Atrogin-1. This signaling cascade can be blocked with IGF-I
administration (1212).

Similar to cardiovascular aging mechanisms, AMPK plays a
role in mitochondrial maintenance and skeletal muscle ho-
meostasis. ANG II induces PP2Ce, a negative regulator of
AMPK, with downstream phosphorylation inhibition of
AMPK and reduced PGC-la expression. Suppression of
AMPK/PGC-1a signaling decreases NRF1, TFAM, mito-
chondrial complex IV activity, and ATP production, resulting
in mitochondrial dysfunction associated with increased mito-
chondrial ROS. Knockdown of PP2Ca normalized AMPK
activity, PGC-1a, NRF1, and TFAM levels and blocked ANG
IT inhibition of autophagy-regulating kinase ULK1, leading to
improved mitochondrial biogenesis/recycling/function, energy
production, and inhibition of ANG II-induced wasting (1022).

Overall, ANG II/AT,R promotes every aspect of the cardio-
vascular aging and is a major player in the signaling cas-
cades leading to skeletal muscle atrophy. The cardiovascu-
lar system and skeletal muscle share similar signaling mech-
anisms activated by ANG II that promote their aging
phenotype, including inflammatory activation, Nox induc-
tion, mitochondrial dysfunction, and decline in SIRTs ac-
tivity.

X. ANG Il SIGNALING IN IMMUNE CELLS
AND INFLAMMATION

As described elsewhere, ANG II has been recognized to
promote proinflammatory responses in target organs via
AT R expressed in both immune and nonimmune cell
types. Induction of inflammatory signaling enhances patho-
physiology of various CVDs as mentioned in previous sec-
tions. For example, monocytes and macrophages play an
important role in ANG II-induced hypertension and end
organ damage. MCP1 mediates monocyte recruitment to
the site of inflammation. Bone marrow deletion of MCP1
receptor CCR2 diminished ANG II-induced vascular in-
flammatory responses, vascular hypertrophy, and vascular
fibrosis, but not cardiac hypertrophy (418). ANG II-in-
duced hypertension was also attenuated in CCR2 knockout
mice (589). Bone marrow deletion of MMP2 also prevented
ANG II-induced hypertension in mice (53). Depletion of
lysosome M (LysM), which is expressed by activated mono-
cytes and macrophages, attenuates blood pressure eleva-
tion, endothelial dysfunction, and vascular ROS produc-

1696

tion induced by chronic ANG II infusion (1141). A subse-
quent study demonstrated that ANG II infusion increases
LysM+ monocytes, enhances iNOS expression, and uncou-

ples eNOS, resulting in aggravated vascular nitro-oxidative
stress (510).

In this section, we describe signal transduction pathways
elicited by ANG 1II in distinct leukocyte populations to-
gether with their functional significances including those in
gut inflammation and microbiota. The readers are advised
to refer to previous sections for the ANG II signaling mech-
anisms of immune cells in vasoconstriction and ROS (see
sect. IVAG6), arterial stiffness (see sect. IVC4), atherosclero-
sis (sect. IVD3), AAA (see sect. IVE1), cardiac fibrosis (see
sect. VB6 and TABLE 8), and renal fibrosis/inflammation
(see sect. VID). Please also refer to recent review articles for
ANG II mechanisms involved in regulation of immune cells
such as those in vascular inflammation (648), hypertension
(679, 882, 1142), and cardiac hypertrophy (295). In addi-
tion, it has been demonstrated that ANG II infusion stimu-
lates proliferation, differentiation, and activation of hema-
topoietic stem cells (495). The roles of immune cell subtypes
implicated in ANG II pathophysiology described in the pre-
vious sections and this section are summarized in TABLE 9
(For cardiac fibrosis, see TABLE 8).

However, caution is needed when interpreting these find-
ings. Many of the strategies utilized remove a specific subset
of immune cells. It may be difficult to conclude if the out-
comes are due to ANG II signal transduction in the immune
cell, if the cell function lay downstream of signal transduc-
tion elicited in nonimmune cells, or removing the specific
cell type is affecting the phenotype indirectly. AT ;R dele-
tion in bone marrow cells augmented hypertension and re-
nal inflammation in mice (191) and did not protect against
atherosclerosis in apoE—/— mice infused with ANG II
(503). A few studies are available utilizing immune cell
targeted conditional ATR knockout mice demonstrating
protective roles of immune cell AT,R (see below).

A. ANG Il Signaling in Macrophages

Macrophage infiltration caused by ANG II infusion has
been implicated in target organ damage such as seen in
kidney (787). Stimulation of mouse macrophage cell line
RAW?264.7 cells by ANG II causes both NF-kB and AP1
activation, ROS production, and secretion of inflammatory
cytokines including TNF-a, IL-18, IL-6, and IL-10 through
AT R (346). AT ;R-dependent IL-6 production has been
confirmed in rat lung macrophage-derived cell line,
NR8383 (763). As mentioned in section IIIA1, macrophage
depletion and Clqa gene deletion attenuated ANG II-in-
duced B-catenin signaling and arterial remodeling (1010).
In addition, a recent study demonstrated that AT,R-medi-
ated Nox2-dependent ROS production in perivascular
macrophages contributed to cognitive dysfunction associ-
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Table 9. Roles of immune cell subtypes in ANG Il pathophysiology

Cell Type Pathophysiology Model Mediators Reference Nos.
Macrophages Hypertension | IL-1R1 -/~ Renal NKCC2 1249
VSMC proliferation | Clodronate C1qg/B-catenin 1010
AAA | apoE—/— Notch+/— BMT Notch1 353
AAA 1 LDLr—/~ Nox2-/— BMT ROS/IL-1B 480
Intracranial aneurysm | Clodronate MCP1 453
Cardiac inflammation 1 AtgS+/— Autophagy/R0OS 1265
Renal fibrosis (UUO) 1 AT, ARf/f RysM-Cre M1 cytokines/IL-1R 1250
Cognitive dysfunction | Clodronate or AT,,R—/— BMT Nox2/R0S 271
T cells Hypertension | AT,AR—/— T cell transfer Nox/R0S/TNF-« 348
Hypertension | CTLA4-g, B7(CD80/86)-/— Inflammation 1083
Hypertension | IL-17—/— ROS/cytokines 630
Hypertension | AT, AR CD4-Cre Th1 cytokines 1251
Vascular dysfunction | Tbhx21—/— IFN-y/R0OS/NK cell 511
T cells (CD8") Hypertension | CD8-/—, CD8" T cell transfer Kidney T cell R 1066
v8 T cells Hypertension | TCR6—/— EC dysfunction 109
Tregs Hypertension | Treg adoptive transfer ROS/Inflammation 54
Hypertension/fibrosis | Treg adoptive transfer CD33/neutrophils 263
B cells Hypertension | BAFF-R—/— IgG/macrophage 134
Atherosclerosis apoE—-/— BAFF-R—/— IL-10 Bregs 830
NK cells Vascular dysfunction | NK1.1 depletion antibody Inflammation 511
Neutrophils Aortic dissection | Anti-Gr-1 antibody MMPS 525
MDSCs Hypertension 1 MDSC depletion Hs05 940

ated with hypertension in mice (271). However, macro-
phage AT,R may be reno-protective (1250) as described in
the kidney section.

B. ANG Il Signaling in Dendritic Cells

ANGII has been shown to activate dendritic cells via NF-«B
activation (145). ANG II induces IL-23 by in dendritic cell
/matural killer cell coculture system, which is dependent on
JNK stimulation (1192). As mentioned in section IVAG6,
ANG II-induced dendritic cell activation has been demon-
strated to contribute to hypertension via ANG II-induced T
cell proliferation and activation (498).

C. ANG Il Signaling in T Lymphocytes

T cells express RAS components including AT,R. T cells
also proliferate in response to ANGII (448). As described in
the vascular section (see sect. IVA6), T cell ATR activation
by ANG II appears crucial for ANG II causing vascular
inflammation, ROS production, and hypertension (348). T
cell activation by B7 ligands is also required for ANG II-
induced hypertension (1093). In addition, primary cultured
T cells produce ANG II, which stimulates production of
superoxide and TNF-a via both AT R and AT,R (387).

T lymphocyte activation by ANG II increases CC chemo-
kine receptor (CCR) expression including CCR1, CCR3,
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and CCRS, which are receptors for the RANTES chemo-
kine. RANTES knockout mice have blunted vascular leu-
kocyte infiltration in response to ANG II (698). Further-
more, knockout of T cells as well as Nox2 inactivation is
protective from ANG Il-induced thrombus formation
(936). Involvement of T cell SGK1 in ANG II-induced hy-
pertension and end organ damage has also been demon-
strated (758). y8 T cells appears to mediate ANG Il-induced
hypertension, vascular injury, and T cell activation in mice
(109). Repeated infusion of ANG Il induces memory T cells
in mice. CD70 mediates formation of memory T cells, and
CD70—/— mice are protected from effector memory T cell
accumulation, hypertension, and renal damage upon ANG
II infusion (423).

C-C motif chemokine 5 (CCLS), which binds to CCR3,
CCR4, and CCRS, drives recruitment of macrophages and
T lymphocytes into injured tissues. Unexpectedly, ANG II-
induced albuminuria and glomerular injury, but not hyper-
tension or cardiac hypertrophy, was worsened in CCLS-
deficient mice. The phenotype was associated with renal
macrophage infiltration via enhanced CCL2 generation
(883). In addition, T cell ATR activation in kidney may be
reno-protective in hypertension by attenuating polarization
of T lymphocytes towards the pro-inflammatory Th1 phe-
notype (1251). ANG II-induced T cell mobilization also
requires generation of sphingosine-1-phosphate (S1P) via
S1P-generating enzyme type 2 (SphK2) and S1P receptor
S1P1. This is because S1P1 mediates lymphocyte egress and
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homing. ANG Il-induced vascular inflammation, endothe-
lial dysfunction, and hypertension were attenuated in
Sphk2—/— mice (684). In addition, renal denervation ex-
periments suggest the importance of renal sympathetic
nerve stimulation in ANG II-induced T cell infiltration and
end organ damage (1171).

CD4+ T helper cells are subset of T cells important for
adaptive immune responses. T helper cells are subclassified
to three types based on their cytokine secretion profiles,
Th1, Th2, and Th17, which secrete IFN-v, IL-4, and IL-17,
respectively. As described elsewhere, IFN-y and IL-17 ap-
pear to participate in ANG II-induced hypertension (451,
630). In contrast, IL-4 contributes to cardiac fibrosis in-
duced by ANG I, but has no effect on hypertension induced
by ANG II (815). These data suggest the distinct involve-
ment of T helper cell subsets in ANG II pathophysiology.
However, T-helper 17 cells may also be necessary for pro-
tective effects in response to DOCA plus ANG II as IL-17
knockout mice show increased albuminuria, glomerular in-
jury, and renal infiltration compared with wild-type mice,
suggesting that IL-17 also serves a protective role (515).
Importance of T cell and T cell-derived IL-17A in ANG
II-induced hypertension was also confirmed in humanized
mice with replaced human immune system (422). Th22 cells
are a recently identified subpopulation of Th cells secreting
proinflammatory IL-22. ANG II infusion increases Th22
cells and serum IL-22. IL-22 neutralizing antibody de-
creased blood pressure inflammation and endothelial dys-
function induced by ANG II in mice (1200). CD8+ (cyto-
toxic) T cells have also been shown to play a critical role in
ANG II-induced hypertension. CD8 —/— mice are protected
from ANG II-induced hypertension, endothelial dysfunc-
tion, and vascular remodeling (1066). In CD4-Cre medi-
ated Tcell MR knockout mice, ANG II-induced hyperten-
sion and CD8+ cell accumulation in the kidney were
blunted. In CD8+ T cells, MR seems to regulate IFN-y
production via NFAT1 and AP1 (1016).

D. ANG Il and T Regulatory Lymphocytes
(Tregs)

Tregs suppresses innate and adaptive immune responses.
Adoptive transfer of Tregs prevented ANG II-induced hy-
pertension, endothelial dysfunction, vascular inflamma-
tion, and ROS production, but not cardiac hypertrophy in
mice. The vascular effects were associated with reduced T
cell infiltration to adventitia and periadventitial fat (54).
However, immunosuppression-independent mechanism of
tissue protection by Tregs has also been reported. This
mechanism involves the direct apoptosis of tissue-resident
neutrophils by the ecto-ATP diphosphohydrolase activity
of CD39, which protects mice from cardiac and renal fibro-
sis and hypertension induced by ANG II (263).
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E. ANG Il Signaling in B Lymphocytes

B lymphocytes play an important role in ANG Il-induced
blood pressure elevation and aortic macrophage accumula-
tion and TGF-B expression. These effects are attributed to
IgG production by B lymphocytes (134). However, infusion
of ANG II in B cell replenished ApoE—/— Baffr—/— mice
unexpectedly prevented the progression of atherosclerosis

(830).

F. ANG Il and Natural Killer Cells

Natural killer cells (NK-cells) express RAS components in-
cluding AT, R. NK-cells also proliferate in response to ANG
IT (448). As mentioned in the vascular section, mice lacking
T-box, which mediates [FN-y formation in immune cells,
are protected from ANG II-induced vascular injury (511).
In these mice as well as in IFN-y—/— mice, ANG II-induced
NK-cell recruitment in the aortic wall was eliminated. De-
pression of NK-cells by NK1.1 antibody injection protected
mice from vascular dysfunction in response to ANG II in-
fusion (511).

G. ANG Il Signaling in Neutrophils

Neutrophil accumulation is one of the earliest inflamma-
tory responses to ANG II stimulation (731). ANG II stim-
ulation of isolated human neutrophils leads to AT,R-de-
pendent ROS production via ERK and p38MAPK activa-
tion, and activation of calcineurin and NF-«B (255). ANG
IT also inhibits Nrf2 nuclear translocation and heme oxy-
genase 1 expression in neutrophils, whereas these responses
are independent of ROS or MAPKs (19). As mentioned in
the vascular and cardiac sections, neutrophil activation is
crucial for ANG II-induced aortic dissection (525), cardiac
fibrosis (1162), and atrial fibrillation (8835). Interestingly,
ACE knockout mice and mice treated with ACE inhibitor
are more susceptible to bacterial infection. Neutrophil ACE
is required for ROS production and this effect is AT R
independent (488).

H. Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSCs) are a heteroge-
neous population of immature myeloid cells and have the
ability to suppress T cell activation and limit inflammation.
Circulating MDSCs are increased in animal models of hy-
pertension including ANG II infusion in mice. MDSCs ap-
pear to act as negative regulators of ANG II-induced hyper-
tension and renal inflammation via H,O, production (940).

I. ANG I, Gut Inflammation, and Microbiota

Gut microbiota has been implicated in several pathophysi-
ological processes including CVDs via alteration in intesti-
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nal as well as systemic immune systems (396). ANG II in-
fusion significantly increased rat microbiota Fimicutes/
Bacteroides ratio, which was diminished with
minocycline treatment. Interestingly minocycline signifi-
cantly lowers ANG II-elevated blood pressure in rats
(1196). Subsequent study demonstrated ANG II infusion
increases bone marrow-derived T cells and macrophage
in small intestine and colon, increases sympathetic drive
to the gut, and reduces mesenteric blood flow in rats
(912). As mentioned, the absence of microbiota in germ-
free mice protects from ANG II-induced vascular ROS
production and hypertension, which is associated with
reduced MCP1-dependent chemotaxis of myelomono-
cytic cells (459).

XI. CONCLUDING REMARKS

It has been reported that optimally treated hypertension
patients still have 50% greater cardiovascular risk than un-
treated normotensive subjects (80). The 2017 American
College of Cardiology/American Heart Association guide-
line has provided new recommendations for the definition
of hypertension, systolic and diastolic blood pressure
thresholds for initiation of antihypertensive medication,
and blood pressure target goals. Compared with the past
JNC7 guideline prevalence of hypertension among United
States adults will increase to 45.6% from 31.9%, and anti-
hypertensive medication will be recommended for 36.2%
of adults in the United States (724). While more patients
will be treated with ARB and other antihypertensives, the
statistics indicate that currently available antihypertensive
therapies have certain limitations to sufficiently lower the
risk of cardiovascular mortality. Therefore, further efforts
are desired to look for novel molecular mechanisms of ANG
I causing cardiovascular complications independently
from blood pressure regulation, which will provide an al-
ternative therapeutic target. ANG II stands at the center of
systemic, various local or tissue-confined, and intracellular
systems, which integrate multiple cellular signaling events
that broadly have opposing or counterregulatory actions.
Perturbation in the balance of these processes can lead to
organ dysfunctions and numerous diverse pathologies. Un-
derstanding how these processes are regulated and inte-
grated with each other and other physiological systems in
real time still remains a formidable challenge. While many
studies have taken a “hammer” approach with regard to
defining the actions of ANG II, there is ample evidence that
its actions are often subtle and both context- and time-
dependent, for instance, ANG II-induced modulations of
various immune cells. Further studies with cell-specific
knockouts and transgenics are needed to unravel the role of
innate and adaptive immunity and their interplay in ANG
[I-induced tissue remodeling. Many questions still remain
as well regarding the workings of the local RAS, particu-
larly those of the heart, kidney, and brain, with regard to
the interactions among different cell types. The role of ANG
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IT in fetal development and genetic/epigenetic programing
impacting on adult-onset cardiovascular disease is an
emerging area of study. Another difficult challenge is pro-
viding rigorous evidence for the intracellular/intracrine, au-
tocrine, and paracrine actions of ANG II and the receptors
affecting organelle communication such as those between
mitochondria and nucleus, leading to cardiovascular patho-
physiology. Questions remain as to whether the reported
intracrine actions of ANG II occur at reasonable levels of
expression, and if so, do they occur by activating nuclear,
mitochondrial, or other pools of AT,R or AT, R, or by some
as yet unidentified means. Finally, a systems biology and
bioinformatics approach that integrates elements of genom-
ics, epigenomics, proteomics, and metabolomics is likely to
reveal novel, as yet unimagined, aspects of ANG II signal
transduction.
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